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Abstract 

Plasmonic photothermal therapy (PPTT) emerges as a transformative approach for cancer treatment at 

the intersection of nanophotonics, biotechnology and cell biology, promising to overcome the limitations 

of conventional cancer treatments. In PPTT, gold nanoparticles are illuminated to induce localised 

heating, selectively targeting malignant cells in a minimally invasive treatment. However, despite its 

potential, the lack of comprehensive data and clarity on the reporting of crucial parameters of PPTT 

hampers its adoption into clinical settings. Moreover, while PPTT is strongly dependent on the cell line, 

available data are sparse. 

To address this gap, we established a standardised guideline for in vitro PPTT experimentation, covering 

the main aspects of research, including nanomaterials, biological samples and comprehensive pre-, 

during and post-irradiation characterisation. Adhering to this framework, our study systematically 

investigated the cytotoxicity and uptake of gold nanorods (AuNRs) across various cancerous and non-

cancerous cell lines derived from diverse tissues. Our findings revealed differences in uptake and 

cytotoxicity across cell lines, with AuNR concentration demonstrating a direct link with toxicity. After 

PPTT, the cell death mechanism triggered depended on the intensity of the irradiated light, and the 

resulting temperature increase, placing importance on monitoring cell viability over time. We observed 

a preferential activation post-PPTT of programmed cell death, prompting the evaluation of the 

involvement of specific proteins in the apoptotic pathway, and a comparative analysis with conventional 

heating methods. Additionally, we evaluated the cytokine secretion capacity in immune cells, to reveal 

possible pro-inflammatory signals after PPTT. 

Our systematic approach to study in vitro PPTT highlighted significant variances in the susceptibility of 

different cell lines and tissues to targeted plasmonic hyperthermia, with the added value of simultaneous 

evaluation of viability in different cell times with complementary approaches at more than one 

timepoint, underscoring cell death as a dynamic process. This dissertation offers valuable insight into 

the efficacy and mechanisms underlying PPTT, laying the foundations to refine the therapy, e.g. 

optimising laser dosage and nanoparticle delivery strategies, enhancing therapeutic control and 

broadening applications beyond cancer treatment. 
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Zusammenfassung 

Plasmonische Photothermale Therapie (PPTT) etabliert sich als ein innovativer Ansatz für die 

Krebsbehandlung an der Schnittstelle von Nanophotonik, Biotechnologie und Zellbiologie und 

verspricht, die Grenzen herkömmlicher Krebstherapien zu überwinden. Bei der PPTT werden 

Goldnanopartikel beleuchtet, um eine lokalisierte Erwärmung zu induzieren und somit bösartige Zellen 

gezielt in einer minimalinvasiven Behandlung anzusprechen. Trotz ihres Potenzials behindert der 

Mangel an umfassenden Daten und Klarheit bei der Berichterstattung über wichtige Parameter der PPTT 

deren Einführung in klinische Umgebungen. Darüber hinaus sind die verfügbaren Daten zur PPTT stark 

von der Zelllinie abhängig, jedoch spärlich. 

Um diese Lücke zu schließen, haben wir eine standardisierte Richtlinie für in-vitro-PPTT-Experimente 

entwickelt, die die wichtigsten Aspekte der Forschung abdeckt, einschließlich Nanomaterialien, 

biologischer Proben und umfassender Charakterisierung vor, während und nach der Bestrahlung. Unter 

Einhaltung dieses Rahmens untersuchte unsere Studie systematisch die Zytotoxizität und Aufnahme von 

Goldnanorods (AuNRs) in verschiedenen Krebs- und nicht-krebsartigen Zelllinien verschiedener 

Geweben. Unsere Ergebnisse zeigten Unterschiede in der Aufnahme und Zytotoxizität zwischen den 

Zelllinien, wobei die Konzentration von AuNR eine direkte Verbindung mit der Toxizität aufwies. Nach 

der PPTT hing der ausgelöste Zelltodmechanismus von der Intensität des Lichts und dem resultierenden 

Temperaturanstieg ab, was die Überwachung der Zellviabilität im Laufe der Zeit wichtig macht. Wir 

beobachteten eine bevorzugte Aktivierung des programmierten Zelltods nach der PPTT, was die 

Bewertung der Beteiligung bestimmter Proteine im apoptotischen Signalweg und einen Vergleich mit 

herkömmlichen Erwärmungsmethoden nahelegt. Darüber hinaus bewerteten wir die Fähigkeit zur 

Zytokinsekretion in Immunzellen, um mögliche proinflammatorische Signale nach der PPTT 

aufzudecken. 

Unser systematischer Ansatz zur Untersuchung der in vitro PPTT zeigte signifikante Unterschiede in 

der Anfälligkeit verschiedener Zelllinien und Gewebe für die gezielte plasmonische Hyperthermie auf, 

wobei der zusätzliche Wert der gleichzeitigen Bewertung der Viabilität in verschiedenen Zellzeiten mit 

ergänzenden Ansätzen zu mehreren Zeitpunkten den Zelltod als einen dynamischen Prozess betonte. 

Diese Dissertation bietet wertvolle Einblicke in die Wirksamkeit und Mechanismen der PPTT und legt 

damit die Grundlagen zur Verfeinerung der Therapie, z. B. zur Optimierung der Laserdosierung und der 

Nanopartikel-Lieferstrategien, zur Verbesserung der therapeutischen Kontrolle und zur Erweiterung der 

Anwendungen über die Krebsbehandlung hinaus.  
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1 
1. Introduction 

The human body operates optimally within a defined range of temperatures, ensuring the correct 

functioning of physiological processes at their maximal capacity. With an average temperature of 37ºC, 

the body retains its ability to function within slight deviations below and above this threshold.1 However, 

prolonged exposure to extreme temperatures can impact specific molecular processes and induce 

irreparable damage to body tissues, leading to cellular demise, and death. 

The significance of human temperature regulation has long been known, prompting historical 

applications of heat and cold as therapeutic modalities for certain diseases. Notably, the human body 

exhibits fever as a natural defence mechanism where temperature elevation, in response to bacterial and 

viral infection, is employed to combat and eliminate these. Heat for therapeutic purposes extends for 

more than five centuries,2,3 and nowadays it is used as a treatment for rheumatic diseases (such as 

arthritis or fibromyalgia), sepsis and cancer.4–6 

Hyperthermia, defined as an elevation in body temperature, encompasses a spectrum ranging from 

moderate increases (39-42ºC) to lethal levels (>42°C).2 When used in a clinical scenario, hyperthermia 

can be broadly categorized into whole-body hyperthermia and localised hyperthermia. The latter is 

particularly preferable, as temperature elevation and its secondary effects are confined to a specific 

region of the body. 

In oncology, heat is commonly used as an adjunct to conventional methods of treatment,7 as it enhances 

the effectiveness of other treatment modalities. Notably, hyperthermia and radiotherapy can act 

synergistically.8 But the method of application of heating for cancer treatment can delimit its uses. For 

instance, ultrasound hyperthermia is suitable for both superficial and deep regional tumours, while 

microwaves have higher effectivity for superficial tumours on certain regions.2 

Hyperthermia for cancer treatment can be categorized into different modalities: thermal ablation 

(temperatures above 47°C, usually employed as a standalone therapy), thermal sensitisation (range of 

41-45°C, as a sensibilisation technique for other methods), and as nanoparticle and drug delivery 

enhancement.9,10 The latter involves locally increasing the temperature of a region of interest to increase 

blood blow and facilitate targeted delivery of nanoparticles or drugs,10 whereas as a standalone modality, 

hyperthermia has demonstrated success in causing tumour shrinkage and, in some cases, complete 

eradication.11–14 

The impact of hyperthermia is based on its thermal effects on tumours. Therefore, controlled heating is 

a crucial aspect to consider, requiring specialised equipment with sufficient power and steering 

capability to control the area of treatment. Additionally, precise measurement and control of heat 

distribution during treatment is essential.15  

Given that cancer is the second leading cause of global mortality, with almost 10 million deaths in 

2020,16 improving treatments that selectively target cancerous cells is essential for reducing the 

secondary effects usually associated with more conventional methods of treatment. An innovative and 

targeted approach is plasmonic photothermal therapy (PPTT). 

In recent years, the field of nanomedicine has been harnessing the unique properties of materials at the 

nanoscale. Many materials exhibit distinct characteristics at the nanoscale compared to when observed 

in bulk, opening avenues for many applications. Notably, the interaction between nanoparticles and light 
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has become a significant area of research. At first, heat losses produced with nanoparticle illumination 

were perceived negatively associated with their original application.17 However, the potential of using 

localised heat generation for therapeutic purposes shifted engineering to deliberately enhance light to 

heat conversion. 

The increasing interest in plasmonic nanoparticles led to their application in cancer therapy, specifically 

in PPTT. PPTT strategically exploits the enhanced optical absorption of noble metal nanoparticles, such 

as gold nanoparticles, to induce therapeutic hyperthermia in malignant cells upon exogenous 

illumination.18,19 By irradiating the nanoparticles at their localised surface plasmon resonance (LSPR), 

there is controllable temperature generation, facilitating targeted and localised therapeutic effects.20,21 

Gold nanoparticles (AuNPs) have attracted special attention in PPTT due to their unique combination 

of physical and chemical properties.22,23 AuNPs exhibit robust light absorption in a specific range of 

wavelengths. The results of the interaction of nanoparticles with light, inducing their LSPR, relies on 

the coherent oscillation of free electrons of the metal. LSPR is strongly dependent on the illumination 

wavelength, nanoparticle shape and size. 

Nanoparticles can be fashioned in a variety of shapes based on their intended applications. In the context 

of PPTT, rod-shaped gold nanoparticles (AuNR, gold nanorods) are advantageous due to their two 

absorption bands along the two axes of the rod. Controlling the aspect ratio of the rods enables shifting 

the excitation wavelength to the near-infrared (NIR) region,21 aligning with the optical biological 

window, which extends from 700 to 980 nm. This trait makes AuNRs attractive for in vivo applications, 

as tissues have minimal light absorption at the NIR region.24–26 When AuNRs are photoexcited at their 

LSPR resonance, they can efficiently convert photon energy into heat, whilst the use of a NIR laser light 

allows performing a minimally invasive therapy due to its deeper tissue penetration, reducing the risks 

associated with extensive surgery. 

Nonetheless, nanoparticles are foreign bodies when introduced into the body, and this raises concerns 

regarding the consequences of potential adverse effects.27–31 Importantly, the method of administration 

influences the observation of secondary effects. Intravenous (IV) administration distributes the 

nanoparticle throughout the entire body via the bloodstream, reaching the target tissue as well as healthy 

cells.32–34 In contrast, intratumoral (IT) administration minimises the delivery of nanoparticles to 

undesired areas, but the nanoparticle distribution within the tumour is very confined to the insertion 

place.35–37 The inherent toxicity of nanoparticles relies on factors such as shape, size, material and 

manufacturing. Accordingly, nanoparticle toxicity must be carefully considered and evaluated. 

The prevalent method in AuNR synthesis is the seed-mediated method, developed by Nikoobakht et 

al.38 and modified many times to better accommodate the specific requirements of each study.33,38,39 This 

method involves the use of cetyltrimethylammonium bromide, most commonly known as CTAB, a 

highly toxic surfactant.40,41 To mitigate its toxicity, CTAB can be replaced with more biocompatible 

moieties, including polyethylene glycol (PEG) or mercaptoundecanoic acid, or encapsulation methods.41 

PEGylation, for instance, not only improves biocompatibility but produces hydrophilic nanoparticles 

and increases blood circulation time, reduces recognition by the mononuclear phagocyte system (MPS) 

and helps evade the immune system, overall improving the status of nanoparticles to be administered in 

vivo. However, PEG can diminish overall cellular internalisation efficiency.42,43 

Additional moieties can be fixed into nanoparticles to target specific body locations and cellular 

types.44,45 Surface modifications with antibodies or peptides can provide specific biochemical 

interactions with tumour cells while avoiding healthy ones, improving targetability. However, 

nanoparticle functionalisation and targeting can be rendered invisible by the formation of a protein 

corona that covers these modifications.30,46 Further studies on IV administration and protein corona 

formation are highly requested. 

In the context of PPTT, other factors beyond nanoparticle toxicity can also be lethal to cells. Laser 

irradiation possesses a highly cytotoxic potential dependent on laser dosage (power density and time of 
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irradiation). Monitoring both nanoparticle and light toxicity, independently of each other, is a must. 

Moreover, laser power density should remain viable for healthy and cancerous cells in the absence of 

nanoparticles, preventing temperature elevation or cell damage in those regions where there is no 

overlap of plasmonic nanoparticles and laser irradiation. 

In PPTT, the damaging effects of heat are localised at the intersection of plasmonic nanoparticles and 

light, resulting in selective destruction of specific cells. Only where the laser light strikes the 

nanoparticle LSPR there will be a local increase of temperature that triggers a series of molecular events 

that cause the demise of cancer cells. With precise control over illumination and temperature 

measurements, secondary effects are confined to specific regions, minimising overall damage. 

While initially applied to cancer, PPTT holds the potential for various biomedical applications. Gold 

nanoparticles have already been tested in models of Alzheimer's disease to produce structural changes 

to αβ amyloid plaques. The introduction of PPTT could potentiate the unfolding effect of these gold 

nanoparticles and reduce the neuropathological effects of Alzheimer.47,48 PPTT has been tested as a 

proof-of-concept for treatments ranging from retinal degenerative diseases,49 hepatic fibrosis,50 biofilm 

inhibition,51 acne therapy and hair removal, on top of cancer treatments.52–54 In addition, applications of 

PPTT will be manyfold when used as an adjuvant to other technologies. 

Importantly, PPTT has already been employed for the treatment of prostate cancer in clinical trials in 

2016, showing promising results with a significant percentage of the patients experiencing total ablation 

12 months after irradiation.55 However, the number of clinical trials on PPTT remain considerably lower 

compared to the extensive research performed on the topic at the pre-clinical level. To close this gap, 

and further advance PPTT, rigorous studies on various cell types, with high standards and 

reproducibility, are essential. Well-performed PPTT research at the pre-clinical stages, in addition to 

understanding the cellular reactions activated during treatment, will catapult its transition to clinical 

studies. 

This dissertation aims to underscore the significance of in vitro studies as a fundamental basis for 

building strong pre-clinical models, identifying potential PPTT candidates and affected death molecular 

pathways. The objectives of this dissertation were to: 

1. Determine non-toxic laser powers and irradiation times for non-cancerous cells and cells 

without nanoparticles. 

2. Identify differences in the response to PPTT among different cell lines, focusing on uptake, 

nanomaterial cytotoxicity and response to treatment. 

3. Examine differences at the molecular level, emphasizing the apoptotic pathways. 

4. Detect distinct patterns of cytokine expression on immune T-cells after PPTT-induced 

hyperthermia. 

5. Establish guidelines for the standardisation of in vitro PPTT studies for better understanding 

and development of the technique. 

This comprehensive approach aims to propel PPTT research towards effective clinical applications, from 

the bench to the bedside. 

  



Plasmonic photothermal therapy: past, present, and future challenges 

5 

 

2 
2. Plasmonic photothermal therapy: past, present, 

and future challenges 

Plasmonic photothermal therapy (PPTT) is a very interdisciplinary research topic where a landscape of 

disciplines work together with the same purpose: to develop a novel technique to treat cancer and other 

diseases with precision. The background of researchers involved in PPTT extends from physics, 

chemistry and material science to biology and medicine, and each discipline holds expertise in a specific 

area of PPTT. Communication and clarity in reporting key parameters and results from experimentation 

in PPTT are important to ensure comprehensive understanding between disciplines. 

This chapter will explore some key concepts of PPTT, tracing its recent past, rapid evolution and future 

challenges. As research on PPTT involves various distinct factors, we will delve into hyperthermia, the 

development of nanotechnology and nanomedicine, the expansion of plasmonic gold nanoparticles, and 

PPTT. This will be done with a focus on human disease and emphasis on the goal of comprehension to 

a diverse array of disciplines. 

2.1. Hyperthermia 

Hyperthermia is the increase of body temperature over 39°C. It can be a natural process during a viral 

or bacterial infection as part of fever, raising the body temperature enough to eliminate those 

microorganisms.5 This increase of temperature is very controlled, but prolonged periods of fever, or 

fevers higher than 40.5°C, can have serious side-effects and medical attention should be provided. 

Therapeutic hyperthermia, on the other hand, is defined as raising the temperature of the entire body or 

a specific region above normal temperature for a defined duration.2 In this case, temperature elevation 

in the body is induced externally. Given that maintaining normothermia is typically recommended for 

the patient well-being, whole-body hyperthermia is generally discouraged, and more targeted 

approaches have been developed. Habash2 provides an extensive review detailing the classification of 

various types of therapeutic hyperthermia. 

The method employed to induce hyperthermia have distinct advantages and disadvantages that will limit 

their application. Additionally, each heating approach results in different types of cellular damage. 

Traditional methods include ultrasound hyperthermia56, radiofrequency and microwaves.57,58 These are 

usually applied in combination with conventional cancer therapies to enhance the effectiveness of each 

other. For instance, ultrasound hyperthermia is a great sensitiser to radiotherapy, whereas radiofrequency 

and magnetic hyperthermia are usually combined with chemotherapy.59 

Numerous combinations of hyperthermia and cancer treatments exist. Breast, bladder, head and neck 

and prostate cancer have been effectively treated with hyperthermia or combinations of elevated 

temperatures with other methods.9,55,60 With the development of nanobiotechnology, the methods to 

induce hyperthermia continue to expand, consequently the range of cancers being successfully treated 

using these approaches continues to grow. 

Hyperthermia can induce changes in cellular metabolism that can either produce a stress response that 

reduces cellular functionality, but cells are still viable, or if the heat stress is strong enough, trigger the 

cellular death mechanisms. 
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2.1.1. Molecular mechanisms triggered by hyperthermia 

The mechanisms in which hyperthermia can impair cellular viability are manyfold and depend on the 

method of application, temperature, and exposure time, among others. One of the most detrimental 

effects of hyperthermia at the molecular level is the unfolding and aggregation of proteins. Protein 

denaturation causes the loss of the three-dimensional arrangement of amino acids in a protein, exposing 

hydrophobic regions to the medium. This loss of quaternary, tertiary and secondary structures lead to 

interactions with other proteins and aggregation. When protein structure is lost, its functions are 

inhibited, and cellular functionality and viability are vastly affected. 

To prevent this, cells have a certain tolerance to heat stress dictated by the presence of basal levels of 

heat shock proteins (Hsps). Nonetheless, Hsps only offer a certain amount of protection to the negative 

effects of elevated temperatures. If heat is too elevated, instead of initiating the heat shock response and 

affecting molecular events inside the cells, the cell death program will be activated. Other important 

cellular alterations are described in the following sections. 

2.1.1.1. Mitochondrial damage 

Mitochondria are one of the most important organelles in the cell. They generate most of the energy 

required to produce the biochemical reactions needed in a cell. This energy is generated through 

oxidative phosphorylation in the mitochondrial respiratory chain. Alterations in their membrane 

potential and electron transport chain result in reduced production of ATP and cellular impairment. 

Moreover, loss of mitochondrial permeability and release of cytochrome C to the cytosol serve as 

inductors for apoptosis.61,62 Nanoparticles that can heat up when irradiated are being specifically 

designed to target mitochondria (in particular tumour cell mitochondria) to increase cellular damage,63 

and many research papers report on mitochondrial damage and increased production of reactive oxygen 

species (ROS) after hyperthermia.59,64,65 

Generation of ROS in the cell is necessary for many physiological processes and is closely associated 

to oxidative phosphorylation during cellular respiration in mitochondria. However, elevated production 

of ROS radicals renders cells reactive to oxidative stress and promotes apoptosis.62,66 

2.1.1.2. Cell adhesion 

Cellular architecture is a very important feature, in vivo and in vitro, as it governs the way cells move 

and interact. Epithelial cells have two main types of interactions, through cell-cell junctions as well as 

cell-matrix interactions. These connections control the orientation and behaviour of the cytoskeleton, 

which at the same time affect the intracellular location of organelles and can dictate cellular division.67 

In the case of cancer, cellular adhesion is crucial, as the dissemination of cells from a primary tumour 

can result in metastasis and the formation of secondary tumours elsewhere in the body. Heat stress can 

affect the cytoskeleton and induce cellular rearrangements.64,68 It was observed in hyperthermia-treated 

platelets, which experienced reduced adhesion under flow conditions.69 Neuroblastoma cells also 

showed reduced cellular adhesiveness and integrin expression after an hyperthermic treatment in a water 

bath at 43°C, reporting “floating cells” after the heat stress.70 

In fact, targeting of adhesion molecules with hyperthermia has been reported for cancer treatment. 

Integrins are transmembrane proteins that provide a physical linkage between the cytoskeleton and the 

extracellular matrix (ECM). They are found to be over-expressed in many cancer types and this has been 

exploited to target drugs and nanoparticles specifically to the tumour. Integrins have a highly conserved 

binding motif, the Arg-Gly-Asp (RGD),71 and the idea is that by adding this peptide to the drug it will 

preferentially accumulate in regions with high density of integrins, such as tumours.  

By targeting integrins with gold nanoparticles (AuNR-RGD) and irradiating them with 5.8 W/cm2 for 1 

minute, temperatures reached 42°C and cancer cell migration was stunted.72 The studied human oral 

squamous cell carcinoma (HSC-3) saw their cytoskeleton affected after this mild increase in 

temperature, observing changes in downstream regulators of integrin signalling. However, the authors 
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also reported that the exposure to AuNR-RGD alone had an inhibiting effect on cell adhesion and 

migration, only that NIR light exposure enhanced this result.72 

This is of particular interest, as another research studied the promotion of cancer cell migration by 

nanoparticles. This study showed the potential of titanium oxide, gold and silica nanoparticles to produce 

nanomaterial-induced endothelial leakiness (NanoEL).73 In this case the presence of the nanomaterial 

designed to kill the tumour could be producing gaps in the endothelium by binding to adherens junctions. 

This enabled metastasis of cancer cells, by facilitating cellular intravasation and extravasation.73 

Promotion of metastasis by nanoparticles is an undesirable effect and further studies on the combination 

of nanoparticles and hyperthermia on cellular adhesion must be considered to determine if this is an 

effective cancer treatment that will not induce metastasis. Both papers described here convey different 

valid results on the migration abilities of cancer cells after nanoparticle and heat exposure. Of course, 

nanoparticle and cellular type are playing an important role in the conclusion of the study, but for these 

reasons, further investigation on this topic is crucial. 

2.1.1.3. Cellular communication 

Intercellular communication has evolved to allow the collaboration and coordination of cellular 

functions. Cellular signalling is mediated mainly by extracellular signal molecules. These molecules can 

work in close contact with surrounding cells from the emitting cell (paracrine signalling) or reach further 

destinations via the bloodstream (endocrine signalling). 

Extracellular signal molecules encompass a wide range of molecules, including hormones, growth 

factors, ROS, cytokines, and extracellular vesicles. The information they convey determines the fate of 

the recipient cell, prompting survival, cell death, mitosis, or differentiation.74  

Whole body hyperthermia induces an increased expression of cytokines IL-1β, IL-6, IL-8 and TNF-α 

on peripheral blood around 3 hours after the event.75 Increased expression of cytokines after elevated 

temperatures can trigger an immune response to induce an anti-cancer immune reaction. Moreover, 

hyperthermia targeting the tumour microenvironment can induce the formation of danger signals and 

promote the formation of extracellular Hsp. This enhances the activation of the immune system: 

increased production of inflammatory cytokines (such as IL-1β and IL-6) and overexpression of PD-L1 

help lymphocytes to infiltrate the tumour microenvironment and attack solid tumours.76 Nonetheless, 

the profile of cytokine expression and communication with other cells is complex.77 

Hyperthermia creates a favourable tumour microenvironment for cancer treatment and synergies with 

conventional treatments. Interestingly, mild hyperthermia enhances the efflux of exosomes in breast 

cancer cells and macrophages.78,79 The size and content of exosomes varied under different hyperthermic 

stress.79 This is of importance as exosomes can carry antioncogenes that reduce the resistance to certain 

drugs in breast cancer cells.78 Exosomes are important mediators of intracellular communication and 

carry specific information from their progenitors. Understanding exosome secretion during 

hyperthermia and the potential of exosomes to carry antitumour molecules80 is important for targeted 

therapy. 

2.1.1.4. Cell cycle 

The cellular cycle is characterised by having two different phases: the interphase (which comprises the 

S phase and the two gap phases, G1 and G2) and the M phase (in which cellular division is accomplished). 

Although the S and M phases are critical due to the importance of DNA synthesis (chromosome 

duplication) and production of two identical copies in mitosis, the gap phases function as more than 

pauses that give time for the cell to grow. 

During G1 and G2 the cell monitors the internal and external microenvironment to decide if it can commit 

to cellular division. If the conditions are favourable, the cell will continue with the cell cycle and 

division. However, if unfavourable circumstances are detected, the cell may arrest the cell cycle and 



Plasmonic photothermal therapy: past, present, and future challenges 

8 

 

enter G0. This state, also known as quiescence, is non-proliferative and is characterised by lower 

metabolic activity. Many cells leave G0 when conditions are favourable again, but many others stay 

permanently in quiescence. 

The cell cycle control system has several restriction points, or transition checkpoints, that allow the cell 

to continue with cellular division. The G1/S checkpoint allows the cell to start duplicating their genetic 

content. The G2/M transition checks the alignment of the chromosomes in the mitotic spindle and if 

DNA replication is completed before committing to mitosis. The last checkpoint is during the metaphase 

to anaphase transition, where chromosomes must be attached to the spindle before sister-chromatid 

separation. 

The control of the cell cycle is done through a variety of cyclins and cyclin-dependent kinases (Cdks). 

Their activity and levels cycle during the process of cellular division and they themselves are controlled 

by many other enzymes and signalling cascades. During cancer, the rules of cell cycle and cell growth 

are transgressed, and cells grow and proliferate out of control. 

Hyperthermia is closely related to the cell cycle and heat sensitivity varies during the different phases 

of the cycle.7,64 The M phase seemed to be the most sensitive phase of cell cycle, as elevated 

temperatures showed damage of the mitotic spindle, indicating inefficient mitosis. Different sensitivity 

to hyperthermia at different phases can indicate that different molecular signalling pathways are being 

activated.7 

Treatment of uterine cervical cancer cell line CaSki with heat (43°C, 45°C and 47°C) lead to heat shock 

arrest of cells in the S phase.81 Moreover, cells at the S phase have increased thermal hypersensitivity,82 

which could be exploited in synergistic treatment of hyperthermia with gene therapy. 

2.1.1.5. Cell death 

Cellular death has a vital role during development, damage, or infection.74 In most cases, cells follow a 

programmed cell death mechanism, apoptosis, in which the cell loses many of its characteristics and 

dies. Apoptosis is characterised by several morphological changes, including membrane blebbing, 

cellular shrinkage, chromatin condensation, DNA breakage, and formation of apoptotic bodies, among 

many others. Importantly, on in vivo situations, apoptotic cells express “eat me” signals to macrophages, 

that engulf these dying cells. All these events are not associated with an inflammatory response, as cells 

do not spill their constituents into the extracellular environment and they are quickly phagocytosed by 

scavenger cells.83 

Many stimuli can determine if a cell must undergo apoptosis, but not all cells will respond equally to 

the same stimulus. Stimuli can have a physiological origin in case the cell must die (e.g. during 

development). However, in the adult, the inductors of apoptosis are mainly pathological and have diverse 

origins: heat, radiation, hypoxia or cytotoxic drugs, among others.83 The dose at which these stimuli are 

perceived will dictate if the cell undergoes apoptosis, or on the contrary, endures the degradative process 

of necrosis. As a rule, low doses of pathological stimuli trigger apoptosis, whereas higher doses or acute 

insults induce necrosis. 

Apoptosis depends on a proteolytic cascade mediated by caspases. Caspases cleave proteins and lead to 

inappropriate activation or disablement of key proteins and enzymes.84 Initiator caspases have the role 

to activate executioner caspases when an apoptotic signal triggers the apoptotic cascade. When 

executioner caspases are activated, they cleave downstream effectors of the apoptotic cascade and many 

other proteins. This execution phase is activated through the intrinsic or extrinsic pathway. The latter is 

mediated by death membrane receptor proteins, which contain a death domain (DD). In many instances 

of activation via the extrinsic pathway, upon binding of the death signal to the receptor, there is a 

clustering of receptors that recruit and activate a death-inducing signalling complex (DISC) that 

activates initiator caspases.74 On the other hand, the intrinsic apoptotic pathway detects intracellular 

stimuli, such as free radicals, hyperthermia or radiation.83 During activation of the intrinsic pathway, 
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changes to the permeability of the outer mitochondrial membrane allow cytochrome C to flow to the 

cytosol and form and activate the apoptosome, leading to caspase activation. A whole family of proteins, 

the inhibitors of apoptosis (IAPs), are in charge of controlling their activation and avoiding an undesired 

proteolytic cascade. 

Necrosis is different from apoptosis in that it is an energy-independent form of cell death. Necrotic cells 

experience swelling and their membranes lose integrity, spilling their molecular contents into the 

extracellular space and eliciting an inflammatory response.74 On special cases where no scavenger cells 

are present to remove apoptotic cells, the cell completes the cell death process through secondary 

necrosis.85,86 This is a case in which kinetics of cell death are important to determine the cell death 

mechanism occurring. An initial apoptotic scenario may be incorrectly labelled as necrosis because of 

the observation of secondary necrosis features (membrane permeabilization and swelling). Nonetheless, 

secondary necrotic cells still present apoptotic features that are distinguishable, such as release of 

caspase 3.85 Many other cell death mechanisms have been reported, an extensive review of them can be 

found in Galluzi et al.87 

Activation of apoptosis rather than necrosis for cancer treatment would be preferable for the lack of an 

inflammatory response. During hyperthermia, apoptosis is predominantly activated rather than 

necrosis.2,64,70,88–90 However, this is modulated by the temperatures achieved and the method of 

application of hyperthermia, among other considerations. In many instances, lower temperatures 

promote apoptosis, whereas acute temperature elevations cause necrosis.91 

The application of hyperthermia may also play a role in the molecular events triggered during and after 

heating, as in the case of PPTT the laser effects and properties of the gold nanoparticles may induce 

different mechanisms.92. Zhou et al.81 reported that in hyperthermia induced with a water bath, 45°C 

induced apoptosis, while 47°C activated necrosis. Ali et al.92 reported that temperatures over 44°C with 

PPTT induced apoptosis, whereas over 46°C, necrosis would be activated. However, the time exposed 

to the elevated temperatures where different. Adjusting the treatment parameters, it is possible to 

modulate the cell death activated. 

2.1.2. Thermotolerance 

Thermotolerance, or heat tolerance, refers to the cellular capacity to withstand temperatures beyond the 

normal homeostatic range without significant disruption to metabolism. Heat susceptibility is dependent 

on the cellular type, environmental conditions, pH levels, and expression of molecular chaperones. 

Thermotolerance can have multiple origins, but non-lethal increases of temperature (38-42°C) are 

associated with increased levels of Hsps, and are key in rendering cells resistant to therapeutic 

hyperthermia.7,91,93,94 

Hsps prevent misfolding of proteins and concede higher resistance to elevated temperatures and other 

cellular stressors that trigger protein unfolding. They first received their name after being observed in 

experiments on Drosophila flies experiencing hyperthermia.93 Some Hsps are constitutively expressed 

to allow rapid responses to cellular stress and increase their expression in response to an insult, whereas 

others are uniquely expressed to respond to a physiological stress.95 

Hsps are closely related to apoptosis, regulating many of the downstream effectors of the apoptotic 

pathway. Hsps maintain cellular survival by inhibiting caspase activity and blocking pro-apoptotic Bcl-

2 proteins to prevent mitochondrial permeabilization.96 The regulation of apoptotic pathways by Hsps 

is a pivotal point for reducing cellular sensitivity to damaging stressors, allowing cells to escape 

apoptosis.96 Thermotolerance is associated with higher drug resistance,7 and this could be one of the 

reasons. 

To increase the effectiveness of cancer treatments, approaches to inhibit Hsps have been tested to 

enhance the cytotoxic effects of anti-cancer drugs.97–99 Moreover, the activity of Hsps on cancer cells is 

altered and many tumour cells depend on their function, so they become a potential therapeutic target 
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that could be exploited together with hyperthermia.100 Targeting of Hsp90 and other important Hsps can 

be the gateway to improve the effect of drug- and heat-resistant cells.97–99  

2.2. Nanomedicine and nanotechnology 

Nanotechnology encompasses various areas of science and technology focused on products and 

phenomena at the nanometre scale. The potential of working at the nanoscale stems from the unique 

phenomena that occurs at this scale, which are not observable at larger dimensions. These arise due to 

changes in the surface-to-volume ratio, resulting in distinct material properties, obtaining new functions 

and enhanced phenomena.101 

The design, production, and application of materials with precise control at the nanometre scale offers 

almost limitless possibilities for various sectors, including industry, energy technology, communication, 

food industry and healthcare. For instance, in healthcare, nanotechnology has led to advancements on 

targeted drug delivery systems, medical imaging techniques and disease detection methods. Moreover, 

emerging nanotechnologies develop tools such as microfluidic devices, droplet microfluidics and labs-

on-a-chip that are revolutionising bio-nanomedicine.102,103 These technologies allow precise 

manipulation and analysis of nano-sized components and small volumes of sample, improving imaging, 

analyte capture and diagnostics.104 

However, despite its promising prospects, nanotechnology can pose significant risks to humans, animals, 

and the ecosystem due to their small scale. Their application will determine the health hazards the 

nanomaterial can cause, and to control this, numerous organisations oversee nanotechnology-associated 

particles and conduct risk analysis.105,106 

Nanomedicine, a subset of nanotechnology, refers to the application of nanotechnology in medical 

products and healthcare. It holds the potential of transforming disease detection and prevention, novel 

drug development and medical imaging techniques. Nanomedicine has the capacity to address unmet 

medical needs and overcome challenges that traditional medicine struggles to fix. It can modernise 

healthcare towards precise medicine, with personalised therapies tailored to individual patients, 

pathologies, or preferences.107,108 

The field of nanomedicine is propelled by various types of nanoparticles, including organic materials 

like liposomes and micelles, and inorganic materials such as gold nanoparticles and quantum dots.108,109 

Liposomal nanoparticles are usually employed together with chemotherapy drugs, as they are 

biocompatible and have low antigenic effects. But these drug-loaded nanoparticles are easily 

sequestered by the mononuclear phagocyte system (MPS) and must be coated with stealth moieties, 

such as polyethylene glycol (PEG), albumin and hydrogels.110 Liposome-based nanoparticles are the 

most common type of nanoparticle found in clinical trials.110 Two very well-known examples are 

doxorubicin111 and paclitaxel.112 

Inorganic nanoparticles have unique qualities that make them more attractive to diagnosis, imaging and 

light-based therapies.113 They fill purposes that organic nanoparticles cannot account for, but their 

application is also limited because they tend to have lower biocompatibility and solubility, and are more 

difficult to metabolise.109 Nonetheless, their unique electrical, magnetic and optical properties make 

them very valuable nanotools. Inorganic nanoparticles are flexible enough to be tuneable for specific 

applications, as many of their features (shape, size, material, conjugation, etc.) are adaptable, and their 

functions manyfold.108 

Among these, gold nanoparticles are particularly noteworthy due to their unique combination of physical 

and chemical properties. They have the ability to strongly absorb and scatter light, which makes them 

especially attractive for photothermal therapies, light-based biosensors, surface-enhanced Raman 

spectroscopy (SERS) and as bright contrast agents for two-photon luminescence.92,114,115  
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Despite the potential of nanomedicine, significant challenges still stand on the path for translating many 

nanoparticle-based therapies into clinical practice.116 Nanoparticles as multifunctional agents that carry 

multiple clinically relevant functions have higher versatility, but are faced with more scrutiny from 

regulatory agencies due to concerns about the safety of each novel component and their combined 

effects.117,118 Balancing innovation with safety in nanotechnology and nanomedicine is paramount for 

clinical translation. Interdisciplinary collaboration and early involvement of clinicians, together with 

robust and standardised assessment methodologies and protocols are crucial for the effective utilisation 

of nanomedicine in healthcare.117,119,120 

The development of new technologies that allow manipulation of nano-sized molecules and unravelling 

of the complexity of phenomena at the nanoscale will only increase in the coming years, allowing precise 

medicine based on nanotechnology to address unmet clinical needs with minimal side effects. 

2.2.1. Gold nanoparticles 

Gold nanoparticles have attracted special attention in nanomedicine due to their unique combination of 

physical, chemical and biological properties, as well as their low associated toxicity due to the inert 

nature of gold, ease of functionalisation, colloidal stability and scalable synthesis.26,30,31,121,122 Their 

unique plasmonic capabilities, stemming from their localised surface plasmon resonance (LSPR), make 

them ideal for several applications, including hyperthermia and sensing applications.23,114,123 

The LSPR is an optical phenomenon driven by the collective oscillations of free electrons on the metal 

surface upon incident light. The oscillation of electrons on nanostructures is spatially confined to the 

size of the nanoparticle and it rapidly decays away from the nanoparticle.9,21,48 The LSPR is highly 

dependent on the nanoparticle shape, size, and composition, and can be tuned by changing these 

parameters. Multiple particle designs allow to have gold nanoparticles with peak absorption at many 

wavelengths, including the near-infrared (NIR) region.48 

The exploitation of the plasmonic characteristics of gold nanoparticles has found applications in fields 

that range from solar harvesting and fluid control to cancer treatment and biosensing.124 LSPR-based 

biosensors depend on the gold nanoparticle to shift their refractive index LSPR upon binding of a target 

of interest.114,125 These LSPR-biosensors are very sensitive to detect small changes in the dielectric 

environment of the nanostructure.114 Gold nanoparticles, specially gold nanorods, are great contrast 

agents for imaging thanks to their two-photon luminescence,115,126 simplifying imaging procedures. 

Many gold nanoparticles, when illuminated, scatter part of the light to their surroundings, but their 

enhanced optical absorption of light is transformed into heat, known as thermoplasmonics. 

Thermoplasmonics can be applied for biophysical manipulation and biomedical applications, being 

plasmonic photothermal therapy (PPTT) for cancer treatment the most recognisable.23,48,124 Polymerase 

chain reaction (PCR)-chips are one of the applications of gold nanoparticles and thermoplasmonics, in 

which heat generated by illumination and rapid cool off upon turning it off, is used to allow efficient, 

rapid and small volume PCR assays.127 

Specifically gold nanorods (AuNR), in which we focus during this dissertation, are ideal candidates for 

PPTT because of their tuneable peak of absorption. AuNRs possess different absorption bands 

(longitudinal and transversal), and modifying their aspect ratio can tune the longitudinal LSPR to the 

NIR region.21 In this region, AuNR match the biological optical window and ensures that there is 

minimum light absorption by the tissue.20 

Interestingly, AuNRs are also ideal candidates as their shape can easily be modified by changing the 

concentration of their reagents during synthesis. By modifying the concentration of Au seed, 

cetyltrimethylammonium bromide (CTAB), gold, ascorbic acid and silver nitrate it is possible to modify 

the anisotropic growth of gold nanorods and obtain different shapes and functions.28 

Within the group, studies on the optimum morphology of AuNR were conducted to determine the 

optimal aspect ratio of AuNR that provided the most efficient heat generation upon illumination, high 
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cellular uptake and low in vitro cytotoxicity.128 The chosen candidate were AuNRs of 11×44 nm, with 

their LSPR localised at 808 nm, right at the centre of the biological transparency window. 

Importantly, the use of CTAB as a surfactant during AuNR synthesis is an inconvenience for their use 

on in vivo settings, as CTAB is highly cytotoxic, so several steps must be taken to remove this moiety 

from the nanoparticle surface.40,129 The approaches to remove CTAB are usually based on their 

substitution by other stabilising molecules, such as polyethylene glycol (PEG) or human serum 

albumin.130,131 Nanoparticle functionalisation improves biocompatibility and maintains AuNR colloidal 

stability. 

On top of the concerns of cytotoxicity of nanoparticles during in vivo uses, another difficulty is the 

sterilisation of nanomaterials for clinical use. Sterilisation is a requirement for nanoparticles tested in 

animals and clinical applications.132 For in vitro settings, sterilisation is crucial during assessment of the 

cytotoxicity of nanomaterials to prevent cross-contamination and ensure accurate results.133 The 

sterilisation process must be carefully chosen to avoid spoiling the AuNR shape, so freeze-drying and 

formaldehyde cycles and filtering are the most popular methods.40,132,133 

2.2.1.1. Passive vs active targeting 

The extravasation of nanoparticles into the target tissue is crucial for their effective application. 

Extravasation is heavily affected by the nanoparticle characteristics, such as size: smaller nanoparticles 

can more readily leave blood vessels and reach tissues than large nanoparticles.113  

The process of nanoparticle uptake can be divided into passive and active methods. Although both are 

different, they rely on the extravasation capacity of the nanoparticle. The nature of tumours and their 

leaky vasculature promised advantageous accumulation of nanoparticles into the tumour. This effect, 

termed enhanced permeability and retention (EPR), implied that due to the chaotic growth of tumours 

and their associated new blood vessels, these would be more porous and prone to leakage, allowing 

molecules to be accumulated in tumours.134,135 The lack of a lymphatic system on tumours would 

improve their retention.20 However, this EPR effect, firstly observed in animals, is not a universal 

consequence of tumour growth and is not present in most human solid tumours.118 Therefore, solely 

relying on the EPR effect for justifying enhanced accumulation in tumours is a highly controversial topic 

in nanomedicine. 

To improve tumour accumulation and enhance the specificity of nanoformulations, researchers turned 

to active targeting strategies for nanoparticles. Gold nanoparticles are well-suited for conjugation with 

targeting moieties via gold thiol-chemistry.136 This approach involves fixing a molecule, usually an 

aptamer, peptide or antibody, to the surface of the nanoparticle to direct them to target tissues or cells.130 

These targeting moieties are designed against specific biomarkers that are upregulated in the tissue of 

interest. For example, and as described before, the peptide RGD has been added to nanoparticles to 

target the increased expression of integrins found in cancer.71 

Unfortunately, regardless of the functionalisation strategy used for nanoparticles, whether passive or 

active targeting, more than 99% of the administered in vivo nanoparticles ultimately accumulate in the 

mononuclear phagocytic system.137 A meta-analysis on nanoparticle delivery to tumours found that the 

delivery efficiency of active-targeting nanoparticles was only 0.3% higher than passive strategies, and 

in total, only 0.7% of the injected dose reached the tumour, independently of the conjugation.138 

Indeed, our group determined that in vitro there was higher binding affinity for AuNR-RGD in 786-0 

cancerous kidney cells compared. However, studies on in vivo accumulation revealed no statistically 

improvement using RGD-targeted AuNRs in comparison to passive AuNR-PEG, as pointed out in the 

literature.11,44 

The inefficiency of active targeting on in vivo experimentation may be attributed to the formation of a 

protein corona upon contact of gold nanoparticles with a biological medium, altering the nanoparticle 
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identity.137 The protein corona is far from being completely understood and its dynamics change over 

time. Adsorption of proteins to the nanoparticle surface is time dependent. First, the more abundant 

proteins with higher mobility, like albumin, encounter the nanomaterial and interact with it. Over time, 

smaller and less abundant molecules, but with higher affinity, such as lipids and immunoglobulins, 

compete with albumin and change the composition of the protein corona.139,140 

The formation of the protein corona is dependent on many factors: the nanoparticle (surface charge, 

functional groups and ligands, hydrophobicity vs hydrophilicity, etc.), the biological media (proteins, 

acids and bases, salts and ions, etc.), and the nano-bio interface, to mention some.141 The adsorption of 

proteins can cause nanoparticle agglomeration, change the hydrophilicity and charge, and influence the 

uptake pathway.113,142 The protein corona facilitates the recognition and uptake of gold nanoparticles by 

macrophages,113,137 and generally, improve their biocompatibility at the cost of reduced uptake.143 

Understanding the protein corona is crucial for predicting the biological fate, behaviour, uptake and 

potential therapeutic effects of nanoparticles in nanomedicine. However, the multitude of cell types and 

microenvironments found in vivo challenge the study of the interaction of nanoparticles with biological 

systems.143 Further investigation on the protein corona effect will improve clinical use of nanoparticles 

by achieving useful and effective targeting.144 

2.2.2. Plasmonic photothermal therapy (PPTT) 

In the realm of cancer therapy, gold nanoparticles are the ideal tool to induce hyperthermia in a 

controlled and specific manner. In PPTT, the intrinsic plasmonic properties of gold nanoparticles are 

used to transform photon energy into heat for selective tumour ablation.23,26,92,121,145 PPTT can be used 

to treat malignant cells, inducing localised hyperthermia in response to an exogenously applied laser 

light, with minimal side effects. 

Gold nanorods stand out for PPTT due to their good biocompatibility, ease of functionalisation, and 

scalable synthesis. Moreover, their tuneable light absorption, achieved by modifying their aspect ratio, 

enables the shift of their LSPR towards the NIR. This feature grants PPTT access to the optical biological 

window, eliminating the need for surgical intervention as the laser light will be able to penetrate the 

tissue.145 Consequently, PPTT is a targeted approach that reduces invasiveness compared to more 

conventional therapies against cancer. 

PPTT is a highly localised cancer treatment capable of selectively target and destroy cancer cells while 

minimising the damage to healthy tissue. This occurs because with the correct nanoparticle and laser, 

increases of temperature and damage will only occur at the interface of the laser with the nanoparticle.26 

This spares all tissue that is not being illuminated. The specific targeting of the tissue of interest occurs 

by directing the nanoparticles to the tumour (via the above-mentioned methods or intratumoural 

injections) and directing the laser light only to the region of interest. This minimises side effects and 

improves the precision of the therapy. 

Recent advancements in PPTT have demonstrated the potential of this therapy. Clinical trials for prostate 

cancer have shown sustained remission (12 months) in patients treated with gold-silica nanoshell 

particles and repeated laser exposures (25 excitations ranging from 4.5 to 6.5 W).55 The same gold 

nanoparticles have been tested for lung metastatic tumours and head-and-neck tumours, but the results 

have not yet been published. 

However, the clinical translation of PPTT still faces several challenges, as can be seen from the 

difference on numbers between pre-clinical and clinical studies. Optimisation of the nanoparticle design 

for enhanced photothermal conversion efficiency and ensuring precise tumour targeting, whilst 

controlling protein corona formation is crucial for improving the translation of PPTT. The protein corona 

influences the behaviour of the nanoparticles and conceals active targeting strategies. Overcoming these 

tasks demands comprehensive understanding of bio-nano interactions and the subsequent development 

of improved targeting strategies. 
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Innovative particle designs with tuneable plasmonic properties offer opportunities to enhance treatment 

efficacy and expand therapeutic applications. Combinations of plasmonic hyperthermia with other 

modalities, such as chemotherapy or immunotherapy, hold promise for synergistic effects and improved 

treatment outcomes.3 An example of this is the development of multifunctional nanoparticles. Chen et 

al. developed AuNRs functionalised with moieties for the specific targeting of CD44 and hyaluronic 

acid, together with diclofenac, an inhibitor of Glut1. The sequence of action required AuNR to reach 

target cells and hyaluronidase to release diclofenac, which depleted Glut1 in the cell and triggered a 

cascade of intracellular events that rendered cells sensitised for photothermal therapy upon laser 

irradiation of those same AuNRs.146 

Another synergistic effect that is highly sought after is photothermal therapy in combination with 

photodynamic therapy (PDT). Dual plasmonic nanoparticles that can locally increase the temperature 

upon laser illumination and produce ROS highly decreased viability in cancerous HeLa cells.147 The 

challenges of combining both anti-cancer modalities are numerous, as both PPTT and PDT require 

oxygen, but PDT depletes oxygen during operation. A very extensive review on this topic, by Overchuk 

et al.,10 emphasises on all the combinations and roles that PTT+PDT can adopt to increase the therapeutic 

effectiveness of both types of modalities. 

The challenge lies in multifunctional nanoparticles offering additional capabilities to standard plasmonic 

nanoparticles also introduce complexities that hinder their clinical translation. Simply adding extra 

functionalities to nanoparticles does not necessarily help developing PPTT.117 Nanoparticles need to be 

designed to prioritise efficiency and efficacy.117 In the context of PPTT, this entails plasmonic 

nanoparticles that can efficiently convert light-to-heat, with high biocompatibility and targetability, 

within the NIR region in the target tissue, may be more desirable than overly complex nanoparticles 

with multiple functions. Regulatory agencies examine new drugs and techniques for human use, and as 

mentioned above, obtaining their approval requires more preclinical and clinical data for each element 

of the multifunctional nanoparticle.117,118 In the case of the clinical trials with PPTT and gold nanoshells 

(Aurolase®Therapy), the Food and Drug Administration (FDA), branded the modality as a medical 

device instead of as a drug because the nanoshells are metabolically inert unless irradiated.34 Their effect 

is physical, not biological or chemical. Nanoparticles with multiple functions, may be metabolically 

active without laser activation, and may result in other regulatory protocols. 

The shortages of conventional cancer therapies, particularly in addressing drug resistance, create a niche 

where PPTT could prove its potential.99 Solid tumours usually have an acidic microenvironment that 

renders them particularly susceptible to hyperthermia, whereas normal cells with their normal pH levels 

will exhibit greater resistance to elevated temperatures.148 This differential sensitivity leaves cancer cells 

more vulnerable to treatment with PPTT, sparing healthy tissues. In its most basic form, PPTT relies 

solely on the plasmonic nanoparticles, such as AuNR in our project, exposed to NIR laser light to induce 

hyperthermia. The resulting heat generation can produce a range of cellular damage, dependent on the 

applied temperature.118,136 PPTT-induced heat can also be applied to activate the release of a drug, trigger 

different functions, or make the drug work at different rates, as the drug response can be different at 

elevated temperatures than at 37°C.148 

In conclusion, gold nanoparticles and PPTT represent a paradigm shift in cancer therapy. The outlook 

of PPTT is offering targeted and local treatment modalities with minimal off-target side effects. Because 

of its relative simplicity and facility to combine it other therapies, it holds great potential for cancer 

therapy and other diseases, including opportunistic use on veterinary medicine. Continued research on 

PPTT, elucidating its molecular mechanisms, refining nanoparticle design and optimising targeting, is a 

collaborative effort of researchers from different disciplines, crucial to harness the full potential of PPTT 

for clinical applications. 
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2.3. Study limitations 

2.3.1. In vitro vs in vivo experimentation 

The differences between in vitro and in vivo experimentation are readily apparent. Both research 

methods have their own advantages and disadvantages. In vitro models are key in basic research as they 

provide great information on biological responses and allow for high-throughput drug screening, without 

elevated costs nor ethical concerns. However, they lack dimensionality and the complexity and 

interactions of in vivo tissues. The limitations of in vitro cell culture must be acknowledged, as they 

serve as a representative model of a real complex situation. 

Development of stablished cell lines, as well as primary cell lines, is central in laboratory and medical 

research and are highly dependent on it. It helps extensively in the development of nanotechnology and 

nanomedicine, ensuring nanoparticles are suitable for in vivo usage, with minimal risk for the animal 

models, although the in vitro-in vivo translation is sometimes deficient. A hypothesis theorises that this 

deficient translation could be due to the different protein corona formed in both situations,144 but many 

other factors are crucial in the jump from the bench to the bedside. In PPTT, in vitro experimentation 

allows to test and validate many of the factors and variables that make plasmonic hyperthermia, but 

keeping up high standards is essential to validate all newly developed nanotools.149 Moreover, there is 

high variability on the cell death effects of hyperthermia depending on the tumour type and cellular 

line.7 All this highlights the importance of the need to replicates and standardisation of protocols for 

nanomedicine, specifically for PPTT. 

2.3.2. PPTT: thousands of possibilities 

In PPTT the combination of possibilities is endless. It is possible to manipulate the laser source and 

power, the time of irradiation, temperature reached and the nanoparticle type. PPTT can be used in 

synergy with other therapies or as a standalone technique. It can be used to treat cancer, but other 

maladies as well. 

If the reader is familiar with a Rubik cube, they will know that to solve it, many times the already 

completed colours must be scrambled to finish the Rubik cube. In PPTT many factors are considered in 

each of the faces. An experimental protocol may determine the best material, size, and shape of 

nanoparticle, but when laser power and viability are considered, these already tested components of 

PPTT may become outdated. Even when PPTT’s Rubik cube is solved, different types of cubes (e.g. 

laser settings) and colours (e.g. nanoparticle types) may have been developed, and the protocol defined 

may not be appropriate anymore. 

This is not discouraging for PPTT, in fact, it opens the possibilities of hyperthermia for many cancer 

types and diseases, including their combination with chemo- and radiotherapy. PPTT can be used to 

enhance drug delivery and sensitise tissues.3,10 

This endless combination possibilities difficult the comparison of experiments. Standardisation on 

reporting data, results, and protocols on PPTT, nanomedicine and nanotechnology are key for their 

development and translation to clinical settings. It is a thought process that requires expertise from 

researchers in very different fields working simultaneously. 

This study has been performed with the same AuNR-PEG concentration, laser power density and time 

of irradiation, selected to study the effect of PPTT on seven different cell lines at the same times after 

treatment. Both cancer and healthy cell types were picked to determine differences between both 

conditions. However, this arrangement excluded other cell types and nanoparticle models that have also 

been studied for PPTT. This is to show that results may vary among different cell lines, as observed in 

the cells studied in this dissertation. The studied cancerous cells were derived from human kidney, lung, 

and liver cancers. Lung cancer, together with breast and colorectal cancers, comprise one third of all 

new diagnosed cancers worldwide. Liver cancer, on the other hand, was the third leading cause of cancer 

mortality in 2020, and kidney cancer accounts for 4 % of all cancer cases in Europe.16 
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This research shows that systematic approaches can be used to assess similar models.150 Here, we 

compared the response to PPTT across various cell types, as well as delving into the molecular effects 

triggered. This was possible by adhering to a systematic methodology for studying the effects of PPTT 

in vitro. The merit of this dissertation is not on determining which cell type is a better fit for PPTT or 

which powers and concentrations are better suited to treat cancer cells, but on comparing different 

outcomes resulting from the same treatment. 
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3 
3. General methods and instrumentation 

3.1.  Gold nanorods 

Nanoparticles made of noble metals possess certain physicochemical characteristics that when 

exploited, are well-suited for medical application. The choice of material for nanofabrication is critical 

to determine their utility. Most materials were initially chosen as they were deemed inert at the 

macroscale, but when reduced to the nanoscale their properties undergo important changes.151 For 

instance, silver is commonly used in jewellery, but in nanoquantities it produces reactive oxygen species 

(ROS), inducing toxicity to cells and rendering them more sensible to other aggressions.141 

Gold is typically considered biocompatible in bulk, but at the nanoscale it can trigger disruption on 

protein conformation and lethal effects within the cell.141 AuNRs are desired for biomedical applications 

due to the optical assets, like the presence of a LSPR, as well as their physical advantages such as the 

modification of their aspect ratio, and chemical attributes, such as easy functionalisation.26 

In our case, previous studies conducted within the group allowed to optimise the synthesis of gold 

nanorod (AuNRs) to create in-house nanoparticles. These previous studies determined the optimum 

morphology128 to reduce AuNR toxicity, which proved to be associated to the quantity of nanomaterial 

and independent of shape and size. This line of research also set the ideal aspect ratio and size for 

optimum light-to-heat conversion in the field of in vitro PPTT. 

3.1.1. AuNR synthesis 

AuNRs of 11 × 44 nm were synthetised in-house using a slightly modified seed mediated method33,38,39 

optimised by Dr. Ignacio de Miguel. The aspect ratio and volume of AuNRs produced was controlled 

by the quantity of silver nitrate (AgNO3) and gold seed size added to the growth solution containing 

cetyltrimethylammonium bromide (CTAB, H5882, Sigma-Aldrich). Controlling the aspect ratio 

determined the position of the LSPR. Synthetised AuNRs following this method are chemically and 

morphologically stable for several months at 31ºC. 

The CTAB chains allow to sculpt the seed into a rod-shape nanoparticle by acting as a stabiliser that 

hampers nanoparticle growth in one axis, encouraging growth in the other.41 CTAB forms a bi-layer 

structure on the surface of the nanoparticle that promotes their stability in aqueous solution and prevents 

sedimentation. Unfortunately, CTAB is a highly cytotoxic component that can reduce their applicability 

in vitro and in vivo.41 For these reasons, it is imperative to remove CTAB chains from the AuNRs after 

synthesis. 

3.1.2. PEGylation 

Polyethylene glycol (PEG) was used to enhance stability and biocompatibility of AuNRs after 

elimination of CTAB moieties. PEGylation – coupling PEG chains to a molecule – is one of the many 

methods and coatings that can be employed to improve nanoparticles for clinical settings. Mitigation of 

CTAB in seed-mediated synthesis is still a problem for the development of biomedical nanoparticles. 

An extensive review on the current methods being employed was produced by Shi et al.41 

PEGylation increases the biocompatibility of AuNRs by replacing CTAB on the nanoparticle surface, 

thereby improving their stability and preventing the sedimentation of the AuNR.42 However, it does not 

entail specific tumour targeting. 
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Following the method detailed in Morales et al.,128 AuNRs suspended in CTAB were concentrated by 

ultra-centrifugation for 25 min at 30ºC at 23708 x g (Avanti J-E rotor JA-25.50, Beckman Coulter) and 

90% of supernatant discarded. The substitution of CTAB by PEG occurred by mixing ultra-purified 

water (MilliQ, Merck KGaA), 50 % v/v of citrate 0.1 M pH 4 (C3434, Sigma Aldrich), 3 kDa PEG 

(PEG1099, Iris Biotech) at 1 mg/mL and the concentrated suspension of AuNR at 0.25 OD/mL. The 

mixture was sonicated for 30 min and stored overnight at 30ºC to allow the ligand exchange reaction to 

occur. The following day, the pH of the functionalised solution of AuNR-PEG was adjusted to 7-7.4 to 

prevent aggregation and sedimentation of the nanorods in the next steps. 

3.1.3. Dialysis and purification 

PEGylation removes CTAB from the nanoparticle surface and reduces AuNR clusters, but CTAB 

remains in the solution, therefore, its removal is a priority for their use in clinical settings. In our case, 

the AuNR-PEG solution was ultra-centrifuged (25 min, 30ºC, 23708 x g), the supernatant discarded and 

the pellet containing the AuNRs redispersed in MilliQ water. These AuNR-PEG were dialysed 

(Spectra/Por™ Standard RC Dialysis, 1-50 kDa, Spectrum™) in a bucket containing 5 L of purified 

water with 0.1 M phosphate buffered saline (PBS). PBS induced CTAB to flow outside, whilst the 

dialysis membrane acted as a net that trapped the nanoparticles inside. Water was exchanged a minimum 

of 2 times in a period of 2 days. 

After dialysis, the AuNR-PEG suspension was filtered (25 mm RC syringe filter, 0.2 µm pore size, 

Corning Inc.) to remove impurities such as bacteria. Finally, the AuNR-PEG were centrifuged as 

described above and concentrated in ultra-purified water. 

3.1.4. Spectra measurement 

The spectral characterisation with UV-VIS spectroscopy allowed us to determine the final AuNR 

suspension concentration. Clear flat 96-well plates (polystyrene, Nunc MicroWell, Thermo Fisher 

Scientific) were used to measure the optical density (OD) between 400 and 999 nm with a Synergy H1 

multi-mode microplate reader (BioTek Instruments Inc.). For each sample, 250 µL of volume and a 0.69 

cm path length was used. Triplicates of each sample were taken, and water spectrum measurements were 

subtracted. AuNR-PEG concentration was obtained as: 

𝑐 = 𝑂𝐷
𝑙

𝜖
 

were molar concentration (𝑐) is expressed as mol/L, 𝑂𝐷 (a.u.) is the optical density, 𝑙 (cm) is the path 

length, and 𝜖 (𝑙/(cm × mol/L)) is the AuNR-PEG molar extinction coefficient. More detailed 

instructions on the method are described in Morales et al.128 

3.2. Cell culture 

Cellular culture is a cornerstone of biomedical research, providing a controlled environment for cell 

manipulation and experimentation for the investigation of disease, treatment, and diagnosis exploration. 

It is a reliable and cost-effective platform for screening drug testing before advancing to more complex 

and representative animal models and human trials. Cell culture allows the meticulous examination of a 

wide range of specific parameters and testing the reproducibility of experiments, key aspects in scientific 

research. The extensive availability of primary and established cell cultures (also known as immortalised 

or transformed) provides researchers with an enormous opportunity to work with a diverse array of cells, 

considering their origin, type, and source. 

Animal experimentation has higher resemblance to the human organism than in vitro experimentation. 

However, it is associated with soaring ethical concerns and high experimental costs. In this regard, 

cellular culture has the advantage of providing a preliminary alternative for parameter screening before 

resorting to in vivo experimentation. Nonetheless, it is also crucial to acknowledge the limitations of cell 

culture. The reduction of the inherent complexity of whole organisms and complex tissues to simpler 

models must be ascertained, as outcomes can bring discrepancies, particularly with changes in 
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physiological characteristics.152 With careful control and consideration of all factors during data 

generation, cell culture results can be reliable and serve as a model for understanding potential 

consequences in animal models. 

Despite these limitations, cell culture remains indispensable in nanomedicine to assess the safety and 

efficacy of nanomedicines and nanoparticles.106,153 Well-judged cell culture use, in combination with 

other techniques, is vital for drug approval and unravelling the associated complexities of cellular 

processes. 

In this dissertation, seven different cell lines were used, six of them grown as adherent cell cultures and 

one of them in suspension. All cellular cultures were always manipulated under strict sterile conditions, 

as well as manipulated individually to prevent cross-contaminations, ensuring the integrity and 

reliability of the research. 

3.2.1. Cellular lines 

Following the manufacturer instructions, each cell line was maintained in a 37ºC and 5 % CO2 

humidified environment (Table 3.1). Culture medium was supplemented with 5 or 10 % (v/v) foetal 

bovine serum (FBS, 10270106, Gibco) and 1 % (v/v) penicillin-streptomycin (PS, Pen-Strep, Gibco). 

From here on, the culture medium supplemented as detailed in the provided table will be denoted as 

“complete medium”. In contrast, the culture medium without the addition of FBS will be referred to as 

“fresh medium”. 

3.2.2. Subculture and maintenance 

All cell lines were cultured as per the manufacturer instructions to maintain the cells at an optimal 

density for proliferation. Routine subculture of cells was modified based on cellular needs, usually when 

cells in the flask reached an 80-90 % confluence, but always a minimum of two to three times per week. 

Cells were controlled under the microscope daily to split cells before they reached confluence. 

For all adherent cells, complete medium was removed by aspiration and cells were washed with fresh 

medium to remove traces of FBS that could reduce the action of the desired dissociation reagent. After 

aspirating the washes, 1x Trypsin-EDTA 0.05 % (Gibco 25300-062, Thermo Fisher Scientific) was 

added to cover the surface of the flask and briefly incubated at 37ºC to encourage cellular detachment. 

Once cells could be seen detached under the microscope, pre-warmed complete medium was added to 

stop the dissociation reagent and cells were recovered to a 15 mL Falcon tube to be centrifuged at 200 

x g for 5 minutes. Supernatant containing trypsin was removed and the cellular pellet was diluted in 

growth medium, ready to be reseeded at the desired concentration. 

The lung non-cancerous cell line NL20 was subcultured as described above. However, instead of the 

conventional use of trypsin, cell dissociation buffer (#13150016, Gibco, Thermo Fisher Scientific) was 

used following the instructions provided by ATCC©. 

Non-adherent Jurkat T cells do not require the use of dissociation reagents. Cell cultures were 

maintained by adding a portion of the volume from the original flask to a new flask with pre-warmed 

complete medium. Depending on the volume moved, cellular splits allowed to maintain cellular 

concentrations between 1×105 and 2×106 cells, never exceeding higher concentrations for the viability 

of the cells.
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Table 3.1. Outline of the specific cell lines used in this dissertation. Specific information for each cell line, including cell line reference, seeding density and incubation conditions. 

*EGF: Epidermal growth factor, †GA: Gentamycin/Amphotericin, BSA: Bovine Serum Albumin, EDTA: Ethylenediaminetetraacetic acid, DMSO: dimethyl sulfoxide 

Cell line Reference Tissue-

Type 

Type of 

culture 

method 

Culture 

medium 

Supplements Precoating Cellular 

dissociation 

Freezing 

medium 

786-0 CRL-1932 

(ATCC©) 

Kidney - 

Cancer 

Adherent RPMI 1640 10 % FBS, 1 % PS None Trypsin-

EDTA 0.05% 

10 % DMSO 

A549 CCL-185 

(ATCC©) 

Lung - 

Cancer 

Adherent DMEM 10 % FBS, 1 % PS None Trypsin-

EDTA 0.05% 

10 % DMSO 

HepG2 HB-8065 

(ATCC©) 

Liver - 

Cancer 

Adherent EMEM 10 % FBS, 1 % PS None Trypsin-

EDTA 0.05% 

10 % DMSO 

Hek293 CRL-1573 

(ATCC©) 

Kidney - 

Healthy 

Adherent EMEM 10 % FBS, 1 % PS None Trypsin-

EDTA 0.05% 

10 % DMSO 

NL20 CRL-2503 

(ATCC©) 

Lung - 

Healthy 

Adherent Ham’s F12 1.5 g/L sodium bicarbonate, 2.7 g/L 

glucose, 2.0 mM L-glutamine, 0.1 

mM nonessential amino acids, 

0.005 mg/ml insulin, 10 ng/ml 

EGF*, 0.001 mg/ml transferrin, 

500 ng/ml hydrocortisone, 4% FBS 

None Cell 

dissociation 

buffer 

(#13150016, 

Gibco) 

5 % DMSO 

THLE-3 CRL-

11233 

(ATCC©) 

Liver- 

Healthy 

Adherent BEGM 

+ Bullet kit 

(Lonza-

Clonetics, 

CC3170) 

Add all separate additives provided 

in the kit expect GA† and 

Epinephrine. Add 5 mg/mL EGF, 

70 ng/mL Phosphoethanolamine, 

10 % FBS 

Mixture of 0.01 

mg/mL fibronectin, 

0.03 mg/mL bovine 

collagen type 1, 

0.01 mg/mL BSA 

dissolved in BEBM 

medium 

Trypsin-

EDTA 0.05% 

5 % DMSO 

Jurkat ACC 282 

(DMSZ) 

T cell 

lymphob

last 

Suspension RPMI 1640 10 % FBS, 1% PS, 25 mM HEPES, 

2mM L-glutamine 

None None 70 % RPMI, 20 

% FBS, 10 % 

DMSO 
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3.2.3. Cryopreservation and thawing 

Many experiments require considerable numbers of cells, and it is critical that these cells are at low 

passage number. Each cellular replication can be subject to genetic modifications, which are passed to 

daughter cells. To adhere to good laboratory practises, long-term storage of cells is crucial. 

Cryopreservation requires the use of a cryopreservant that avoids the formation of crystals, preventing 

membrane disruption and reduction of viability. However, many cryopreservants used, as dimethyl 

sulfoxide (DMSO), are very toxic to cells at room temperature, so freezing cells quickly after adding it 

to the medium is imperative. 

 The process of cryopreservation starts by trypsinising cells as described in section 3.2.1. After cell 

counting, cells are centrifuged at 200 x g for 5 minutes. Supernatant is discarded and replaced with 

cryopreservation medium, consisting of complete growth medium and DMSO. The quantity of DMSO 

is specific to each cellular type and are outlined in Table 3.1. Cellular pellets were resuspended, and 1 

mL aliquots containing 1×106 cells were prepared in specialised freezing vials. Cryovials were 

transferred to a dedicated container (Frosty, Nalgene Inc.) and placed inside an ultra-freezer to 

controllably reduce temperature overnight before being transferred to a liquid nitrogen tank. 

Cellular thawing is as critical as cell freezing. The typical procedure is applicable across cell types to 

achieve a good survival rate. As DMSO is toxic, good planning and timing is key. Before starting the 

thawing process, it is recommended to prepare a 15 mL Falcon tube with pre-warmed complete medium. 

Subsequently, place the cryovial containing the cells in a water bath at 37ºC for 1-2 minutes. When no 

ice is observed, promptly transfer the cells into the previously prepared falcon tube under a cellular 

safety cabinet and immediately centrifuge them for 5 minutes at 200 x g. Remove supernatant and gently 

resuspend the cellular pellet to transfer it to a T25 flask. Place the cells in an incubator and monitor them 

daily to ensure attachment and survival. After 24 hours, medium was replaced to remove any DMSO 

impurities and non-attached cells, preventing potential reduction of viability. 

3.3. Bio-nano interactions 

In experiments that entail the interaction of nanoparticles with biological systems, such as cells, tissues, 

or organisms, is important to understand their interaction for applications spanning medicine, diagnostic 

and environmental sciences.143 As scientists continue to harness the unique properties of materials at the 

nanoscale, ensuring the safety and efficacy of these interactions is crucial. Key considerations regarding 

bio-nano interactions will depend on the application they are intended for, but will have to encompass 

biocompatibility and toxicity, cellular uptake, and surface modifications. 

To better understand the intricate connection between biological and nanoengineered components, the 

MIRIBEL guidelines119 (Minimum information reporting in bio-nano experimental literature) provide a 

framework for designing and reporting bio-nano experiments. To do so, it establishes a framework of 

research guidelines, reporting standards, and checklists to create robust and reproducible research in the 

field of bio-nano interactions. 

This dissertation followed the MIRIBEL recommendations with the objective to improve the quality of 

the research and improve the accessibility and quality of the data. Building upon these guidelines, the 

upcoming chapter will examine standardisation of the minimum information to be reported, tailored for 

PPTT. 

3.3.1. Nanoparticle cytotoxicity 

In vitro cytotoxicity assays include a range of approaches that evaluate crucial factors influencing cell 

viability. These assays are fast, convenient, and cost-effective, offering advantages over more specific 

methods that target specific markers. Assays that measure cytotoxicity may be classified as enzymatic, 

metabolic, reactive, and staining techniques.27 

Given than the interaction between nanoparticles and cells can lead to undesirable effects, studying 

cellular viability upon contact with nanomaterials is a critical aspect for their use in food and health 
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applications. Cytotoxicity may arise from the shape and size of the nanoparticle, as well as their 

materials.28,141,154 Most nanoparticles are produced with materials which in bulk are considered non-

toxic for humans, but their cytotoxicity is different at the nanoscale. Therefore, it is important to check 

viability of cells on nano-interactions. 

3.3.1.1. MTT assay 

To study the cytotoxic potential of AuNR-PEG and laser irradiation, thiazolyl blue tetrazolium bromide 

(MTT) was used in cancerous and non-cancerous cell lines upon contact and incubation with the 

nanoparticle suspension. MTT measures the metabolic activity of cells, directly dependent on 

mitochondrial respiration, interpreted as a measure of cellular viability. Considered a quantitative 

colorimetric test, the MTT assay relies on the metabolic conversion on viable cells of MTT into insoluble 

formazan crystals. Unviable or dying cells do not retain their redox potential and are unable to transform 

MTT. 

The MTT assay allows to rapidly quantify the metabolic activity of cells, but some considerations must 

be taken. This assay is very susceptible to the number of cells, concentration of MTT added to the 

cellular suspension, and time the MTT salt is in contact with the cells.155 By controlling all these 

parameters and making them highly reproducible, including replicates and internal controls, we ensure 

that analysis of AuNR-PEG cytotoxicity with MTT is a robust method. Nonetheless, the MTT assay 

measures only one aspect of cellular viability, so complementary methods that observe other parameters 

are highly encouraged to perform simultaneously. 

3.3.1.2. Trypan blue staining 

The trypan blue assay studies the membrane integrity of cells. Trypan blue is a non-permeable dye that 

requires membrane permeabilization or fractures to travel inside the cell. It relies on the nuclear-

exclusion principle in which membrane-impermeable trypan is excluded from viable cells but can enter 

cells whose membrane integrity has been compromised. However, trypan blue is inherently toxic to 

cells. Consequently, viable cells may eventually stain after long exposures to the dye, potentially 

impacting measurements if time of exposure changes between analysis. To mitigate this, the exact same 

short incubation times (1 to 2 minutes) and immediate counting is crucial to prevent the dye from 

permeating to viable cells. 

This assay, characterised by its simplicity and rapidity, measures viability exclusively by observing dye 

exclusion in cells placed inside a haemocytometer or cell counter. Nevertheless, and similarly to the 

MTT assay, it has the limitation to measure viability based exclusively on membrane integrity.156 Thus, 

viability may have been compromised through other means that this assay cannot evaluate. Employed 

with complementary viability assays trypan blue can be an indispensable tool to AuNR-PEG, and PPTT 

toxicity. 

3.3.2. Nanoparticle uptake 

Studying the uptake of gold nanoparticles is crucial, particularly in the context of PPTT, where 

differences observed between cells irradiated with or without nanoparticles can be attributed to their 

presence or absence during irradiation. Namely, only cells that have internalised the plasmonic 

nanoparticles will efficiently convert light to heat and increase their temperature. 

The process of cellular internalisation is widely affected by the size of the nanoparticle, and 

understanding how different cell lines internalise them is important for nanotoxicology and drug 

development. The intricacies of cellular uptake are not only associated to the size, but also to the shape, 

material and functionalisation that the nanoparticle may have. Various factors urge to investigate the 

internalisation of nanoentities by cells.157,158 One example that becomes more apparent in vivo than in 

vitro is the protein corona. This layer of proteins that adsorb to the nanoparticle surface upon contact 

with biological fluids can impact uptake and cellular distribution. Therefore, models that incorporate 
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these and other complexities, such as an immune system, whilst studying uptake are essential for a 

complete understanding of the internalisation process.154,159,160 

In vitro uptake studies, nonetheless, are efficient approaches to obtain valuable insights and preliminary 

understanding of potential differences in uptake between cell lines, nanoparticles, and specific targeting.  

3.3.2.1. TPL microscopy 

Two-photon luminescence (TPL) microscopy enabled the measurement of AuNR-PEG concentrations 

in cell culture. The unique light scattering properties of gold nanorods eliminate the necessity for 

specialised staining or use of fluorophores to quantify AuNR uptake. AuNR are attractive for TPL as 

they possess TPL at the near-infrared, where minimal scattering by biological molecules and tissues 

occurs.161 TPL from the absorption of two photons by AuNR provides a robust signal that is resistant to 

photobleaching.126,162 

When compared to confocal microscopy, both techniques remove out-of-focus light, improving the 

signal and making it clearly distinguishable from tissue background. However, in TPL microscopy, 

photodamage and toxicity in biological samples is reduced, still providing deep imaging 

capabilities.33,115,126,161 AuNR excited at their LSPR enhance two-photon absorption and are suitable for 

bright, stable and long-term tracing. Correlation between TPL signal and concentrations of AuNR-PEG 

is built on the linear relationship between both factors by using calibration factors. 

3.3.2.2. Microscope calibration 

Following the calibration between TPL signal and AuNR-PEG concentration performed previously in 

the group by Morales et al.33 we were able to determine the uptake of AuNR-PEG by the different cell 

lines. Details for obtaining the calibration factors entailed the acquisition and characterisation of the 

point spread function (PSF) for the specific studied nanoparticle. The PSF served as the acquisition 

voxel for all TPL images and was maintained stable for all future measurements. For establishing the 

correlation between the mean TPL signal and AuNR concentration, TPL images of suspensions of 100 

µL of AuNR dispersed in dH2O were measured at different molar concentrations. By extracting the slope 

from the linear fit between the drak-substracted TPL in each voxel of the image, and the concentration 

of AuNRs, the calibration factor was obtained. This method was repeated in triplicate to eliminate 

uncertainties. 

3.3.2.3. Imaging system 

TPL images for AuNR-PEG in vitro quantification were obtained using a confocal microscope (Leica 

TCS SP5, Leica Microsystems) coupled to a Kerr lens, mode-locked, Ti:sapphire laser with a 200 fs 

pulse duration (Mira900, Coherent) tuned around the absorption peak of the used AuNR-PEG (810 nm). 

3.4. Platform for in vitro PPTT 

AuNR-PEG have their peak absorbance where their LSPR is. To optimise the conversion of light to heat 

during irradiation, the light source illuminating the nanoparticles should align with their maximum peak 

of absorbance. In the context of in vitro applications, ideally, the laser emission wavelength and 

nanoparticle LSPR should align with the optical biological window (700 to 980 nm). In this range of 

wavelengths, NIR lasers encounter lower absorption by water, blood and haemoglobin.22,25,26,163,164 These 

characteristics that are advantageous for in vivo irradiation, prove also valuable on in vitro experiments, 

where models simulating tissues, such as with 3D structures, skin-like models and cellular phantoms, 

can benefit from deeper tissue penetration lasers.165–167 

The platform that was developed in the group for in vitro PPTT allowed us to irradiate cells in a semi 

3D-like situation, where cells were not attached to a surface, with the possibility to control the laser 

power density and time of irradiation. Moreover, the addition of a thermal bed and IR thermal camera 

granted us the possibility to control and observe temperature generation before, during and after 

irradiation. 
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3.4.1. Illumination source 

For this project, a continuous wave (cw) collimated laser beam from a Ti:sapphire laser (LU0808D 180 

diode laser, LuOcean Mini, Lumics GmbH) with a 808 nm wavelength was used to illuminate the 

samples. With an original maximum output power of 18 W, the laser was coupled to a 400 µm fibre 

(NA=0.22) to reach a collimating lens (F810SMA-780, NA=0.25, Thorlabs) fixed to a graduated 

diaphragm or iris (SM1D12C, Thorlabs) to control the irradiation beam diameter and power density 

output (Figure 3.1- A). The control of the aperture of the iris allowed us to change the diameter of the 

collimated laser beam between 0 and 12 mm.  

 

Figure 3.1 Schematic representation of the in vitro PPTT laser irradiation platform. A) Interior and exterior components of the 

Hyperbox. B) Close-up of the elements inside the Hyperbox. The components listed are: a: Computer/External controlling 

software, b:Laser power supply, c: Laser and cooling block, d: Optical fibre, e: Interlock, f: Hyperbox, g: Collimating lens, h: 

Iris, i: Thermal camera, j: 96-well plate with samples, k: heating bed, P0,P1: Laser power before and after collimating lens, 

P2: Laser power density at sample. 

For the in vitro PPTT experiments discussed, and unless otherwise specified, the laser characteristics 

were adjusted to a 3 mm laser beam diameter, single laser power of 3 W/cm2 and 3 minutes time of 

irradiation. Prior to the selection of these parameters, several power densities and time of irradiation 

were tested on the 786-0 cell line. These results are briefly discussed in Chapter 5. 

 

Figure 3.2. Images showcasing the schematic representation of Figure 3.1. A) Hyperbox overview illustrating the structural 

design and external features. B) Close-up of Hyperbox contents. Zoomed-in view showcasing the only items contained inside 

the box during irradiation. 
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3.4.2. Laser irradiation platform 

To safely illuminate the samples without the risk of getting into direct contact with either the laser or 

the irradiated cells, all components needed for PPTT and measurements were contained inside a black 

box, from here on named Hyperbox. This box was kept closed during irradiation (Figure 3.2-A). The 

box contained the laser collimator and diaphragm (Figure 3.1-B, g and h), the thermal camera (i), a 

heating bed (k, homeothermic monitoring system, 55-7020, Harvard Apparatus) and the 96-well plate 

with U-bottom that contained the samples during irradiation (j). 

3.5. Experimental workflow 

To maximise the output of each of our experiments and maintain high reproducibility and standardise 

the process, we followed for all experiments a similar protocol: first cells were seeded in the most 

appropriate vessel, then incubated with AuNR-PEG and, finally, the experiment of interest was 

performed. For each experiment, the details are written in the following sections. In Figure 3.3 it is 

possible to observe the experimental details for the uptake, cytotoxicity and PPTT experiments regarding 

number of cells, nanoparticle concentrations and timings. 

This experimental workflow was repeated for all attached cells without additional variations. 

Exceptionally, and detailed in their specific section, Jurkat cells required of specific changes to the 

protocol to fit their specificities (suspension culture).  

 

Figure 3.3. Schematic representation of sample preparation process. Schematic overview illustrating variations in the number 

of cells seeded, AuNR-PEG concentrations and experimental setups. Each column is a distinct experiment. The different 

timelines are also represented. 

3.5.1. Sample preparation 

As shown in Figure 3.3, for each experiment a different total number of cells were used. For uptake 

quantification, 5000 cells were seeded in 96-well plates (polystyrene clear flat bottom, Thermo Fisher 

Scientific) and allowed to expand for two days. For cytotoxicity assays, 2×105 cells were seeded in 24-

well plates (polystyrene clear flat bottom, Thermo Fisher Scientific) and allowed to grow for 3 days. For 

PPTT, 2×106 cells were seeded in 6-well plates (polystyrene clear flat bottom, Thermo Fisher Scientific) 

and allowed to grow for 2 days, eventually containing 8×106 cells in each well. 
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Prior to incubation with AuNR-PEG, wells were washed with appropriate cell culture medium without 

supplements and AuNR-PED were added diluted in culture medium without FBS at the desired 

concentration to each well. In the case of non-cancerous cell lines (Hek293, NL20 and THLE-3) 

incubation with AuNR-PEG had to be performed with medium containing FBS due to the delicate nature 

of the cell lines, as 24 hours without FBS proved to be highly lethal. 

3.5.2. In vitro quantification of uptake 

AuNR-PEG were incubated with all cell lines at four different molar concentrations (0 nM, 1 nM, 2 nM 

and 5 nM) for 24 hours. Before imaging, excess AuNR-PEG was removed, and all wells washed twice 

in PBS. Cells were fixed with 4 % paraformaldehyde (PFA) for 5 minutes, washed twice with PBS, 

incubated with 2 % PFA for 15 minutes, washed and let in 1 % PFA. Bright field (BF) and TPL images 

of two random positions from each well, and triplicates for each concentration, were taken. Six images 

per cell line and concentration were obtained, except for controls (0 nM) where only three images were 

taken. 

A calibration curve of the TPL signal of the AuNR-PEG in each cell line was acquired using different 

concentration of AuNR-PEG diluted in purified water. Image processing of TPL and BF images was 

done using open-source Image J software. Borders of cells were delimited in BF images to detect TPL 

signal coming only from internalised AuNR-PEG. 

3.5.3. In vitro quantification of cytotoxicity 

AuNR-PEG cytotoxicity was analysed at six different molar concentrations (0 nM, 1 nM, 2 nM, 4 nM, 

6 nM and 8 nM) after 24 h of incubation by the addition of MTT (M2128, CAS 298-93-1, Sigma Aldrich) 

to a final concentration of 0.5 mg/mL. Plates were incubated at 37°C for 30 minutes. MTT solution was 

removed and formed formazan crystals were dissolved in 300 µL DMSO. Plates were read at 550 and 

750 nm on a microplate reader (Synergy H1, BioTek Instruments). Every cell line had appropriate alive 

controls (0 nM) and four replicas per condition. Viability was calculated as a percentage of the alive 

group. 

3.5.4. Photothermal irradiation 

For PPTT effects on cellular lines, a suspension of 8×106 cells in 20 µL on a 96-well plate with round 

bottom (polypropylene, round bottom, costar3879 Corning Inc.) was irradiated from the top with a 3 

mm diameter cw collimated laser beam from an illumination source according to the description above. 

A single laser power density and time of irradiation (3 W/cm2 – 3 minutes) were used throughout the 

experiments. 

Baseline well plate temperature was controlled with an auto-regulated thermal bed to keep constant 

starting temperatures, as well as not allowing cell temperature to drop below 34°C during irradiation. 

After irradiation, viability was studied at two different timepoints (Figure 3.4). Immediately after 

illumination, cell suspensions were recovered in 1 mL of appropriate cell culture medium without FBS 

and the sample was divided into two equal parts (500 µL) to examine viability immediately after 

treatment (TAT 0 h) or 24 hours later (TAT 24 h). For the TAT 24h the cell suspension was reseeded in 

a 6-well plate with 1 ml complete cell culture medium and let it rest at 37°C in a 5 % CO2 incubator. 

The remaining 500 µL cellular suspension of the TAT 0h is analysed with two complementary cell 

viability assays: MTT assay and trypan blue staining. For the trypan blue staining, 50 µL of the sample 

was stained with 12.5 µL trypan blue solution (0.4 %, Gibco, Thermo Fisher Scientific), and counted in 

a haemocytometer under an inverted microscope. For the MTT assay, 50 µL MTT 5 mg/mL were added 

to the remaining 450 µL cell suspension and incubated 30 minutes at 37°C. After incubation, samples 

were centrifuged to pellet cells and formazan crystals and 90 % of supernatant removed before adding 

1 mL DMSO and read samples as with the cytotoxicity studies. 

For the TAT 24h assessment of viability, cell culture medium and attached cells were recovered from 

each well and centrifuged to pellet cells and were re-suspended in 500 µL of appropriate culture medium 
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without FBS. The same protocol than in the TAT 0h sample was implemented for the analysis of the 

TAT 24h (Figure 3.4). 

Viability was calculated as a percentage of the alive control group (without AuNR-PEG and not 

irradiated) for the MTT assay. In the case of trypan blue, results are the percentage of cells, dead and 

alive, for each condition. 

 

Figure 3.4. Experimental workflow of PPTT. Schematic overview of the workflow for laser irradiation and post-irradiation 

procedures. This representation outlines laser application and cell recovery after irradiation, as well as visual organisation of 

the methodology used to analyse viability after treatment. 

3.5.5. Statistical analysis 

Statistical analysis was performed using R studio (R Core Team, 2020) and Graphpad Prism (Graphpad 

Software Inc.). All data are expressed as mean ± SEM (standard error of mean). SEM was the preferred 

method to express error as the number of samples per experiment was equal between groups. The 

number of samples (n) used is provided in each experiment, meaning the standard deviation (SD) is 

easily extractable. For comparisons between multiple groups, one-way ANOVA or Kruskal-Wallis tests 

were used (depending on the normality of the data), followed by a post-hoc test for multiple 

comparisons. For all statistical analyses, significance level is 0.05 (*p<0.05, **p<0.01, ***p<0.001). 

3.6. Molecular responses to PPTT 

Exploring the effects of PPTT on cellular viability provided a lot of insight on what is occurring to cells 

after irradiation, with and without AuNR-PEG. In tandem with these findings, a closer examination of 

molecular events that could be triggered can unravel the intracellular processes occurring after locally 

increasing the temperature via PPTT. 

3.6.1. Human apoptosis protein array 

The decrease in viability observed during the MTT assay with irradiated cells, in contrast to the 

unaffected membrane integrity spotted during trypan blue staining, suggested that apoptosis rather than 

necrosis was being triggered during in vitro PPTT. This aligned with the findings from previous studies, 

described in Chapter 5. 

For a comprehensive apoptotic cellular response analysis post-irradiation, the protein profiler for human 

apoptotic proteins was employed. It is a rapid and sensitive test capable of detecting the relative 

expression of 35 proteins on each membrane. Each membrane was used to study a single sample. The 

samples were obtained in triplicates for controls, cells irradiated with AuNR-PEG, without AuNR-PEG 
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and heated in an oven. For irradiated samples (with and without AuNRs) two different timepoints were 

studied. 

Following irradiation as detailed in section 3.5.4., cells were recovered and reseeded in 6-well plates 

until 6 and 24 h after treatment. After the specified duration, cells from three wells under the same 

condition and treatment were recovered together and centrifuged at 300 x g for 5 minutes to pellet cells. 

Supernatant was removed and the cell pellet washed with 1 mL PBS. Cells were centrifuged again and 

supernatant discarded. The pelleted sample – containing the cells of 3 irradiated samples, approximately 

2.4×106 cells – was stored at -80°C until the proteome profiler experiment. 

As a control to hyperthermia, cells heated in an oven were used to compare them to PPTT-induced 

heating. To do so, cellular pellets as described in section 3.5.4. (800,000 cells in 20 µL), were placed in 

a pre-heated oven at 60°C for 5 minutes. After this, cellular pellets from three wells were recovered and 

resuspended in 3 mL of medium and centrifuged at 300 x g for 5 minutes to pellet them, obtaining a 

sample with approximately 2.4×106 cells. This sample was washed in 1 mL PBS, centrifuged and 

supernatant discarded. The oven-cells pelleted sample was stored at -80°C until the proteome profiler 

experiment. 

After sample collection, cellular pellets were thawed and solubilised in 240 µL Lysis Buffer, following 

the kit manufacturer instructions. The lysates were gently rocked at 2-8°C for 30 minutes and briefly 

sonicated 2 seconds before centrifugation at 14000 x g for 5 minutes. The resulting supernatant was 

transferred into a clean test tube and total protein quantification was performed (Pierce™ BCA Protein 

Assay Kit, Thermo Fisher Scientific). It’s crucial to use cell lysates immediately, working with them on 

ice or storing them at -80°C. For the array, 220 µg of total protein were used for each experiment, using 

the same total concentration to ensure uniformity for relative quantification comparisons. Subsequent 

steps were performed in accordance to the manufacturer instructions. 

Membranes were read on a chemiluminescence reader (Chemidoc XRS+ System, Bio-Rad Laboratories 

Inc.) immediately after mixing with the chemiluminescence detection reagents. Image analysis was 

performed with Image Lab software (Bio-Rad Laboratories Inc.). 

3.6.1.1. Data analysis 

The mean values of each protein spot signal were used to analyse the data. To ensure uniformity, the 

same amount of data pixels was used for each spot, even across samples. Duplicate values of each 

membrane repeated spot were averaged and normalised to reference spot values. Reference spot values 

should be consistent across all membranes and were used for data normalisation between samples. This 

involved the average of the reference spots of all membranes, comparing them to the reference spots of 

control samples (cells without AuNR-PEG and not irradiated), and creating a factor to which they correct 

to. The signal values of each membrane were multiplied by their respective correction factor. 

To create a ratio of relative expression, we averaged the values of controls samples as the standard 

protein expression. We then divided the protein signal values against the same protein control signal 

value. This way, we were able to obtain the relative expression for each of the 35 proteins against 

controls, and it allowed us to do a meaningful comparison of protein expression between conditions. 

For statistical analysis, the normalised values after correcting for membrane differences were used. We 

assessed normality with the Shapiro-Wilk. An ANOVA or Kruskal-Wallis test was performed, depending 

on the normality of the data. A post-hoc multiple comparison test was performed a posteriori. All 

statistical data and graphs were created with Graphpad Prism (Graphpad Software Inc.). Statistical 

information is presented in tabular format, highlighting relevant comparisons for clinical needs. Graphs 

depict ratioed values against controls. 
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3.6.2. Cytokine expression 

To determine if PPTT stimulated the cytokine expression of human immune Jurkat cells, we first defined 

the experimental conditions. After irradiation of cells as described in section 3.5.4., each of the 8×105 

cells sample was recovered in 1 mL. After recovery, 10 samples from the same condition were combined, 

and 100 µL of this mixture was reseeded in well of a 96-well plate. At each desired timepoints (30 

minutes, 60 minutes, 90 minutes, 2 hours, 3 hours, 4 hours and 6 hours) contents of the wells were 

recovered. Cells were centrifuged and the supernatant was transferred to another tube, which was then 

frozen at -80°C until the moment of analysis. 

Cytokine expression was studied using an uncoated ELISA kit (Thermo Fisher Scientific) for cytokines 

of interest IL-1b, IL-2, IL-6 and TNF-α. Following the manufacturer’s instructions, the capture antibody 

was applied to the ELISA microplates overnight at 4°C. The next day, plates were blocked, followed by 

a 3-hour incubation with the samples. To obtain a calibration curve for cytokine concentration values, 

serial dilutions of cytokine standards were introduced for each cytokine assay. The detection antibody 

was added to the microwells, followed by incubation with Avidin-HRP and substrate solution for colour 

development. After the recommended incubation times, stop solution was introduced and the ELISA 

microplate was read at 450 and 570 nm. Between all incubation steps, several washes with PBST 

(Phosphate Buffered Saline- 0.05 % Tween) were done. 

For data analysis, replicates for each condition and time analysed to obtain the mean expression and 

standard deviation of the mean. Statistical analysis was performed using Tukey’s multiple comparison 

test, comparing first the expression differences at different time points for each condition, and testing 

the differences between control samples and samples irradiated with and without nanoparticles at each 

different timepoint. 
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4 
4. Standardisation of in vitro studies for plasmonic 

photothermal therapy 

This chapter was published in ACS Nanoscience Au 2023, 3 (5), 347-352 with DOI: 10.1021/acsnanoscienceau.3c00011 

As we have learned in Chapter 3, the methodologies and techniques used in studying in vitro plasmonic 

photothermal therapy (PPTT) are pivotal for achieving high accuracy and reproducibility. Translation 

from preclinical to clinical stages faces great challenges that impact the application of nanomaterials for 

human use. Drug regulatory agencies, including the FDA (US Food and Drug Administration) and the 

EMA (European Medicines Agency), are responsible for granting licenses for diagnostic and therapeutic 

nanomaterials,110 setting high standards to guarantee the safety and effectiveness of nanoformulations. 

Their rigorous regulatory framework, combined with a lack of systematic experimentation in 

nanomedicine and challenging data comparison from different studies, affects the approval process for 

nanoparticles.119,153,154 

Standardisation addresses the commercial, academic, and societal concerns119 associated with scientific 

research by creating experimental protocols that produce robust and reproducible data, easily accessible 

by researchers and allowing comparisons between different studies and groups.154,168 Obtaining and 

presenting data through standardised procedures improves the validity of the results, accelerating the 

approval process with regulatory authorities. 

Guidelines that outline the minimum information to be reported improve our understanding of acquired 

data. In the bio-nano experimental literature, the MIRIBEL guidelines119 (Minimum Information 

Reporting in Bio-nano Experimental Literature) improve the development of novel technologies for 

biomedical use by encouraging the application of methodical approaches for material characterisation, 

risk assessment and experimental design. For animal experimentation, the ARRIVE guidelines169 

(Animal Research: Reporting of In Vivo Experiments) stablish the items that must be reported on in vivo 

experiments. All in all, adhering to these guidelines ensures reproducibility and comparability across 

scientific studies, cultivating a robust foundation for the transition from preclinical to clinical settings. 

In PPTT, lack of standardisation is one of the main hindrances for the development of the therapy, as 

already pointed out by Sharifi et al.122 Albeit the many obstacles present on the translation to clinical 

practice, following methodical approaches improves the creation of robust and comprehensive data. At 

the same time, standardisation facilitates the evaluation of different types of nanoparticles, biological 

systems -their interaction- as well as identification of sources of variability by using systematic studies 

and keeping reference standards.149 Systematic in vitro PPTT studies will push the field forward by 

addressing concerning questions about biocompatibility, delivery and effectivity. 

PPTT can be useful as a standalone treatment for cancer treatment or by locally combining it with more 

conventional treatment methods. The potential of this therapy has been repeatedly proven in vitro, and 

has been performed with success in clinical human pilot studies.55 Nonetheless, validation in vivo is 

challenging due to the ethical concerns and increased costs than animal experimentation impose. On the 

other hand, in vitro studies have a limited ability to replicate complex in vivo environments, limiting the 

reflection of results on what happens in organisms. Moreover, the heterogeneity of cell lines, 

nanoparticles and protocols used by researchers, render preliminary conclusions that are difficult to 

contrast and hinder data comparison.159 
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The ability to contrast findings 

after an experiment is important for 

the outcome of the research. This 

work was motivated by the 

observation of the large 

discrepancy on the data reported in 

the literature. A 25-article sample 

on papers carrying PPTT was 

carefully examined, and key 

aspects of the therapy were 

recorded to obtain information on 

what, and how, each researcher was 

reporting when performing in vitro 

PPTT. Figure 4.1 illustrates the 

disparity observed when reporting 

PPTT information. A striking 

example is the lack of clear 

mention of removal of 

nanoparticles prior to irradiation 

(Figure 4.1-D). From the 25-article 

sample, 40 % of the authors do not 

specify the removal, giving the 

impression that increases of 

temperature experienced by cells 

during illumination is the result 

from the irradiation of suspended 

nanoparticles in the medium, not of 

internalised nanoparticles. 

This exhaustive analysis of published papers, focusing on key parameters for the field of PPTT, led to 

the work published in ACS Nanoscience Au.120 Given the broad spectrum of the community, a didactic 

and synthetic format of communication was chosen to reach a wider audience, making it accessible to 

everyone in the field, independently of their level of expertise and scientific background. Within the 

published work, we proposed a series of best laboratory practices along with a checklist of minimum 

data to be reported (Figure 4.2and Table 4. 1). Detailed explanations are given on how to easily improve 

various aspects of in vitro PPTT. This guideline format is fully complementary with in-depth reviews 

available in the field for the numerous topics involved in PPTT.9,10,14,26,135,163,170 

4.1. Material characterisation 

4.1.1. Nanoparticle purification 

The goal of nanoparticle purification is to remove the cytotoxic fraction of nanoparticle synthesis, 

remove medium-related impurities and obtain sample homogeneity for enhancing biocompatibility. 

Seed-mediated growth synthesis, one of the most versatile methods to produce gold nanoparticles 

(AuNPs), uses cetyltrimethylammonium bromide (CTAB) as a stabilising agent. CTAB has shown high 

cytotoxicity levels, and several strategies have been adapted to remove this moiety from nanoparticles 

after synthesis.159 

Ligand exchange and functionalisation improves biocompatibility and reduces the formation of clusters, 

however, CTAB remains in the medium and washes by centrifugation do not eliminate it completely. To 

further increase biocompatibility of nanoparticles, dialysis can be used to eliminate CTAB in solution.171 

Dialysis is an effective, but time-consuming method, in removing unbound moieties and organic 

Figure 4.1. Pie charts depicting the answers across 25 articles that carry out 

PPTT in response to the following questions (A-I). A) Does it mention the 

nanoparticle LSPR? B) Do the authors explain why the used cell lines were 

selected? C) Is there a cell line used as a control for the results? D) Are the 

nanoparticles removed prior to irradiation? E) Is the initial temperature before 

irradiation reported? F) Is the temperature monitored continuously or 

intermittently during irradiation? G) Is the power given as power density? H) Is 

the laser spot size reported? I) Is more than one timepoint after irradiation 

analysed? Each chart represents the proportion of articles that answered “yes” 

or “no” to the question, as indicated in the legend. 
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solvents used during functionalisation or synthesis, thereby reducing the overall cytotoxicity. The 

dialysis membrane acts as a net, trapping the nanoparticles inside while allowing CTAB to flow outside. 

Other high-yield processes can also be used for nanoparticle functionalisation, such as tangential flow 

filtration and salt/buffer-exchange columns. Each method presents distinct advantages and 

disadvantages to remove medium-related impurities in nanoparticle solutions.43 Considered a highly 

useful method for reducing large quantities of unbound moieties from the supernatant, 

ultracentrifugation has the challenge of removing the supernatant closer to the nanoparticles without 

disturbing the pellet. This challenge can be overcome by combining several ultracentrifugation cycles 

with other methods. In our case, the presence of traces of CTAB in the pellet after centrifugation affected 

the sterilisation process by filtration, resulting in sample loss due to the gold nanorods (AuNR-PEG) 

adhering to the filter. This risk can be mitigated by doing several centrifugation cycles, followed by 

dialysis and posterior filtration. 

The most suitable purification method will depend on the specific requirements of each type of 

nanoparticle. Considerations of time, cost and scalability are crucial to select the most appropriate 

technique. 

4.1.2. Simple surface modifications 

Nanoparticle functionalisation has three main objectives: targeting, increasing colloidal stability, and 

reducing cytotoxicity. Surface modifications are essential in many nanoparticle types to increase their 

biocompatibility. A myriad of molecules, ranging from inorganic moieties to antibodies, can be 

conjugated to nanoparticles to produce multifunctional nanostructures e.g., to target specific tissues. 

However, the complexity of multiple functionalisation nanoparticles can lead to increased costs of 

production and less consistent large-scale batches, posing challenges in commercialisation and approval 

by regulatory agencies. 10,105,116–118,122 When combining a nanoparticle with a functionalisation, targeting 

or drug, it is necessary to test the toxicity of all excipients in both bound and released states, considering 

all potential combinations.105,118 Regulatory agencies often demand more rigorous testing for complex  

Figure 4.2. Schematic representation of the main key aspects to ensure meaningful and reproducible data for in vitro PPTT. 
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Parameter Representative units Information 

Material Characterisation 

Method of purification   Dialysis, ultracentrifugation… 

Conjugation-stabilizer     

Laser wavelength nm   

Nanoparticle LSPR nm   

Nanoparticle type and ligand 

information 
  MIRIBEL guidelines* 

      

Biological Characterisation 

Cell culture details   MIRIBEL guidelines* 

Cell type and origin   Epithelial, human, cancerous… 

Appropriate controls     

      

Experimental Protocol 

Nanomaterial quantity ng/mL, µg/µL Amount of material in the nanoparticle samples 

Time of incubation min, h   

Nanoparticle removal prior 

to irradiation 
Yes, no    

Irradiation dimension   2D, 3D, organoid, suspension… 

Type of well plate   Flat bottom, U-bottom, cuvette… 

Time between 

administration and therapy 
min, h   

      

Irradiation Protocol 

Temperature     

       Initial temperature °C   

       Final temperature °C   

       Temperature increase °C Difference between initial and final temperature 

Temperature recording     

       Type   IR thermal camera, probe… 

       Time period   Continuous, intermittent… 

       Position   Position regarding the sample (top, lateral, bottom…) 

       Baseline and cool-off s, min Temperature recorded before and after irradiation 

Laser     

       Type   Collimated, divergent 

       Position cm Position and distance to the sample (top, lateral, bottom…) 

       Beam diameter/Area mm, mm2   

       Power density W/cm2   

       Time of irradiation s, min   

      

After Irradiation 

Method of assessment   Techniques used to assess viability, toxicity… 

Time after treatment min, h Time between the end of irradiation and viability assessment 

Table 4. 1. Summary and checklist of parameters to be reported on in vitro PPTT experiments. This table provides a 

summary of the parameters to be included on in vitro PPTT experiments. We provide representative units to use when 

reporting results. *MIRIBEL guidelines119 complete the proposed table for characterization of bio-nano interactions. 
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nanoparticles, resulting in additional protocolary steps.105,116 Simple surface modifications overcome 

this, offering more scalable synthesis, less time-consuming and more cost-effective formulations.  

A study conducted by Wilhelm et al.138 performed a meta-analysis of 117 research papers regarding in 

vivo delivery of nanoparticles to target tissues. On average, AuNPs had only 1 % delivery efficiency to 

target cells. For all types of nanoparticles, findings showed that active targeting, although slightly better 

that passive targeting for tumour accumulation of nanoparticles (0.9 % and 0.6 % delivery efficiency, 

respectively), still had low delivery efficiency to the target tissue. A head-to-head comparison between 

both methods revealed a lack of significant differences in tumour accumulation.44,138,172 As of today, 

strategies developed to enhance nanoparticle delivery have not effectively addressed the challenges of 

sequestration and targeting. Therefore, targeting modifications are still debatable on their efficacy to 

target certain tumours or cellular regions. 

This phenomenon of lack significant differences in tumour accumulation between targeting types is 

partially attributed to the formation of the protein corona when nanoparticles interact with biological 

fluids. This dynamic process changes the physiochemical properties of the nanoparticle and their 

interaction with the cell membrane.141 The protein corona formation on the nanoparticle obscures the 

targeting strategies, reducing the distinctiveness between passive and active targeting. The complexity 

introduced with the protein corona highlights the challenge in achieving precise control of nanoparticle 

behaviour in vivo.46 Understanding its formation can be useful to pre-functionalise the nanoparticles to 

better suit the method of administration and specific target objective.160,173 This knowledge can be used 

to improve nanoparticle design and customisation for specific biological environment. Nonetheless, 

characterisation of nanomaterial behaviour within a biological fluid cannot be fully assessed in vitro. 

4.1.3. Localised surface plasmon resonance 

Plasmonic nanoparticles have attracted special interest in nanomedicine due to their unique combination 

of physical and chemical properties.22,174,175 They feature unique photophysical properties, which endow 

them the capacity to strongly absorb light at their localised surface plasmon resonance (LSPR). The 

LSPR is based in the coherent oscillation of free electrons of the metal and is strongly dependent on the 

constitutive material and geometry of the nanoparticle. 

Non-symmetrical nanoparticles, like gold nanorods (AuNR), feature different absorption bands 

(longitudinal and transversal). Modifying the aspect ratio of AuNRs is used to tune the longitudinal 

LSPR to the near-infrared region (NIR),176 to match the biological optical window, ensuring minimal 

light absorption by the tissue.177 The points exemplified with AuNR are also applicable to other types of 

nanoparticles. 

Optical properties of nanoparticles can be varied by changing their properties and the surrounding 

environment.178 Measuring the detuning of the laser wavelength with respect to the LSPR peak of 

nanoparticles is important as it directly affects the efficiency of light-to-heat conversion. 

4.2. Biological characterisation 

4.2.1. Cell type and origin 

Cell line selection for in vitro experimentation must account for their different behaviours. Immortalised 

cell lines will conduct themselves differently to primary cell lines and will have unique limits to what 

can be characterised with them. The choice of cell type (epithelial, fibrotic, tumoral…), source of origin 

(lung, kidney, skin…) and organism (human, mice…) affects the outcomes of in vitro PPTT and 

determines follow-up research based on these results. Cell type and cellular manipulation have an 

important effect on the outcomes of in vitro variability,149,151,154 which will impact interpretation of PPTT 

data. As an example, nanoparticle internalisation depends not only on the properties of the nanomaterial 

and experimental protocol, but also on the cellular type, observing different trends between type and 

origin of cells.158,179 
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Extreme precaution should be taken when selecting the cell line to study the effects of PPTT in vitro. 

Data comparisons and future research will be heavily influenced by the chosen cell line, and therefore, 

justification of cell line selection is essential to fully comprehend the outcomes of the therapy. 

4.2.2. Appropriate controls 

The use of appropriate controls ensures the validity and robustness of scientific research. Studies across 

different cell types and their correlation with in vivo data provides the consistency needed to advance to 

clinical settings.180 Currently, researchers have at their disposal thousands of cell lines available to 

perform in vitro experiments. 

PPTT aims to eliminate malignant cells that have internalised the nanoparticles of interest. However, 

non-malignant cells will also be exposed to both laser and nanoparticles. It is important to study the 

influence of both factors -and their combination- will have on the viability of non-malignant cells. Non-

carcinogenic cell lines used as a control should be from the same type, tissue, and organism, to confirm 

data robustness and safety of the nanomaterial. These characteristics are applicable to any research that 

involves the elimination of malignant cells, where the drug or nanomedicine will also encounter non-

cancerous cells. 

In addition, during systemic administration of nanoparticles, such as intravenous (IV) administration, 

only 1% of the administered dose reaches target cells,138 observing a lot of off-target interactions of 

nanoparticles with cells.118 Therefore, it is important to conduct experiments on malignant and non-

malignant cells from different tissues.151,153 Investigation in a myriad of cell lines provides information 

regarding effectivity of PPTT in different cancers, and it is possible to identify possible side effects on 

off-target cells, setting limits for light and nanoparticle dose safety. 

4.3. Experimental protocol 

4.3.1. Nanomaterial quantity 

Nanomaterial cytotoxicity is assessed by performing sequential dilutions of nanoparticle concentrations 

and studying, by one or more methods, the viability after exposure at different endpoints. Concentrations 

are usually reported in molar concentration or as optical density, which becomes an obstacle to compare 

different studies, as the material, size, and geometry of the particle, among other factors, could also be 

responsible for the cytotoxicity of nanoparticles. 

Figure 4.3. Pie chart representing the vocabulary employed to describe the concentration of nanoparticles used in experiments. 

Some authors prefer to refer to the concentration of nanoparticles used, whereas others opt to report the amount of 

nanomaterial. Nonetheless, there are discrepancies in the use of molarity or concentration (grams per millilitre or equivalent). 

Other authors report concentrations used of surface functionalisation or the optical density of the nanoparticles. 

Lack of standardisation regarding nanoparticle concentrations makes it difficult to obtain consensus 

regarding cytotoxicity of nanoparticles (Figure 4.3), as reported by Jauffred et al.145 Providing the 

concentration of the nanomaterial (e.g. mg/mL of gold, in AuNRs) is essential to assess the 

biocompatibility of nanoparticles. 
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Owing to their high biocompatibility, stability and photothermal efficiency, AuNRs are of the most used 

nanoparticles for PPTT. For AuNRs, cytotoxicity increased with the total gold concentration in the 

suspension, and was found to be independent of the shape.128 Defining the nanomaterial quantity in a 

ng/mL format helps contrasting data between researchers and determining which factors govern the 

toxicological events of plasmonic nanoparticles. Similarly, internalised doses of the nanomaterial should 

be specified to obtain direct definitions of toxicity of nanoparticles, in contrast to exposure doses.154 

4.3.2. Nanoparticle removal from the medium 

For PPTT to be a valid therapy to treat cancers as a minimally invasive technique, it is important that 

cells can incorporate the nanoparticles and that they are equally distributed inside tumours. Ideally, non-

target cells would not incorporate them. Moreover, it is critical that internalised nanoparticles can be 

irradiated externally. The efficacy of PPTT depends on the combination of biocompatibility, cellular 

uptake, and heat generation efficiency. 

When studying in vitro PPTT, cells are exposed to plasmonic nanoparticles, so they are internalised, and 

later irradiated. Between these two steps, most protocols require several washes to remove nanoparticles 

not incorporated by the cells. Omitting the removal of unbound nanoparticles from the medium can have 

an impact on temperatures achieved during laser irradiation, consequently leading to incorrect 

conclusions about the efficacy of PPTT to eliminate targeted cells. 

Some protocols omit the washing step and irradiate cells in a suspension of nanoparticles. This leads to 

measurement of temperature of nanoparticle suspensions, and not of internalised nanoparticles. 

Specifying the removal of non-incorporated nanoparticles from the medium prior to irradiation is key 

to ensure reproducibility between experiments and detecting differences in the final temperature 

achieved. 

4.3.3. 3D-like irradiation 

In vitro research encounters a significant challenge due to the lack of dimensionality of conventional 

cell culture methods. Nowadays, this challenge is often addressed by working with spheroids, organoids, 

or cellular scaffolds. While these approaches improve the physiological relevance of the cell culture, 

they are difficult to master, and manipulation of cells is more complex.  

In the context of in vitro PPTT, most research is performed in 2D settings, where cells in a single attached 

layer are being illuminated. An alternative to 2D irradiation was described by Yang et al.,181 where cells 

grown and incubated with nanoparticles in standard 2D conditions, were detached from the surface and 

illuminated in suspension. This irradiation in a 3D-like arrangement increases the collective thermal 

effects, hence increasing the homogeneity of the temperature profile, as well as maximum temperature 

increments. Moreover, it reduces heat dissipation with the surrounding environment. 

Experiments on medium droplets containing high cell concentrations are better mimicking in vivo 

scenarios, where cells are in a disorganised distribution, and not uniformly irradiated. The effect of light 

and temperature is better reproduced than for 2D attached cells, as a thermal gradient to the outskirts of 

the irradiated area can impair the viability study after treatment. In a typical cell culture irradiated in an 

attached 2D cell culture, it is possible to distinguish the illuminated area from the region kept in the 

dark.182 The creation of 3D models and phantoms that mimic tissue environments are useful to study 

laser penetration and obtaining more in vivo relevant temperature measurements. Laser penetration 

depth is crucial to ensure the accurate irradiation of the laser to the region of interest. Numerous papers 

address these concerns computationally by simulating photothermal therapy,183 whilst in vitro efforts 

focus their aim in recreating human skin with phantoms.166 These are useful methods to translate bio-

optics to the clinical settings, as well as reducing racial bias by understanding different skin tones. 

Irradiation of cells  briefly mimicking a 3D arrangement as proposed by Yang et al.,181 and used 

throughout this dissertation, better defines laser illumination than irradiation of a single layer of cells. 

Selecting suitable cell lines for 3D culture is important, considering varying resistance to external 

sources of stress, which may affect viability. Importantly, 3D cell arrangements increase the density of 
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irradiated cells, influencing the accumulation of signalling molecules (such as cytokines, growth factors 

and proteins) that impact cellular biology.149 Besides, spatial organisation and cell interactions differ 

from 2D models, consequently affecting the outcomes of the therapy. 

While not inherently superior, the move towards 3D culture methods in PPTT increases the predictability 

of in vivo-in vitro comparisons,184 and improves clinical translation by better representing tissue and 

tumour environments. 3D methods present their own disadvantages, but more focus should be deposited 

in developing these procedures. The addition of dimensionality and complexity to the model will report 

more realistic tissue environments for PPTT. 

4.4. Irradiation protocol 

4.4.1. Initial temperature 

Cell culturing requires, in most mammalian cell lines, maintaining a temperature of 37°C for optimal 

cell growth and maintenance. Nonetheless, typical laboratory temperatures are usually between 20-25°C 

and cells are commonly manipulated for prolonged periods of time in mild hypothermia conditions, 

hence influencing the cellular stress response.178 

PPTT relies on increases of temperature to decrease cellular viability by introducing cells in a 

hyperthermia environment in a controlled manner. Therefore, it is essential that cells are maintained in 

a homoeothermic state closer to 37°C, so increases of temperature achieved during light-to-heat 

conversion are biologically and therapeutically meaningful by reaching temperatures over 42°C. 

Cells that are originally at room temperature (20-25°C), eventually experience lower temperatures when 

irradiated and any impact observed on viability could be the effect of light irradiation and not of 

temperature increase. Recorded temperatures with a temperature sensing device will also be skewed. By 

maintaining a starting temperature over 34°C, all starting conditions are over mild hypothermia, hence 

the stress response only starts upon irradiation. 

4.4.2. Illumination power 

When it comes to illumination, relevant parameters are laser power, dosage and irradiation time.118 Laser 

power and laser beam diameter indicate the amount of energy per unit of area (W/cm2, commonly known 

as power density) delivered to the cells. Providing power intensity without informing of the illuminated 

area or beam diameters can lead to confusions and misleading data. Standardising the format in which 

laser power is reported will make it easier to note similarities or discrepancies with data from other 

researchers. 

Distance of the light source to the sample can affect the efficacy of the treatment. Indeed, in the case a 

non-collimated laser is used to illuminate the sample, it becomes highly important to report distance to 

determine the real light power experienced by the cells. For collimated laser beams, the divergence that 

occurs between the laser output and the sample for intermediate beam diameters (e.g. 3 mm) is not of 

relevance to produce changes in noise and temperature calculations. 

Control of the laser beam power enables researchers to precisely control temperature generation in cell 

lines,185 to study similarities and differences of heat generation efficacy and the outcomes it has on cells. 

4.4.3. Continuous temperature recording 

Light-induced heat generation in plasmonic nanoparticles can be measured by using thermal imaging or 

temperature probes. Temperature monitoring allows studying the photothermal conversion efficiency 

and photothermal stability of the nanomaterial. Bulk measurements of temperature of nanoparticles in a 

concentrated solution are not equivalent to measuring the temperature increase arising from internalised 

nanoparticles in cells. As mentioned above, specifying the removal of nanoparticles before irradiation 

is important in these cases, as different uptake process by different cell lines exposed to the same 

nanoparticle concentration will lead to different degrees of internalisation, and hence different 
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hyperthermia levels. Temperature estimation in nanoparticle suspensions lead to false assumptions and 

have an impact on the proper interpretation of results. 

Additionally, continuous real-time recording of temperature provides better understanding of heat 

generation and insight into differences between irradiated cells. Indeed, continuous measurements help 

identify laser power settings that do not increase temperature in absence of nanoparticles and detect the 

appearance of temperature gradients186 of cells in a 2D arrangement. The collection of this data, together 

with viability assessments after treatment, increases the possibility to tune temperatures, reaching and 

maintaining certain values for determined periods of time via feedback mechanisms. 

4.5. After irradiation 

4.5.1. More than one timepoint for analysis 

Broadly speaking, cell death is classified as necrosis and apoptosis. The former is a mechanism that 

occurs almost immediately after the heat-induced damage, producing loss of membrane integrity and 

leading to pro-inflammatory responses. The latter leads to a delayed demise, producing eat-me signalling 

to favour phagocytosis and avoid the activation of inflammatory signals.180 An increase of temperature 

initiated by PPTT can cause both mechanisms to be activated depending on the power, exposure time 

and heating dose. Cell death is a dynamic process and evaluating viability at a single timepoint can miss 

events occurring on the cellular level. Studying at several timepoints the molecular mechanisms 

activated after treatment provides more reliable data and crucial information to differentiate between 

necrosis, apoptosis, ferroptosis, pyroptosis and other cell death types by characterising early and late 

stages of cell death pathways.187 Findings in an experiment performed with radiofrequency ablation, a 

non-invasive thermal treatment for hepatocellular carcinoma, showed how different temperatures during 

different exposure times results in different patterns for early and late apoptosis in irradiated cells.186 

Characterisation at more than one timepoint provides new insights into cytotoxicity of nanomaterials 

and new possibilities of PPTT. 

In this line, analysing viability of different cell lines after in vitro PPTT we observed different levels 

immediately and 24 h after irradiation. The drops in viability after 24 h of irradiation were not equivalent 

between cell lines, highlighting the importance of evaluating cellular mortality at more than one 

timepoint, and in more than one cell line.179 

4.5.2. Two or more methods to assess cellular viability 

Different cell death mechanisms activate different molecular machinery, therefore, evaluating cellular 

viability with more than one read out system is as important as assessing viability at different timepoints. 

Complementary assays that provide insight into different cellular parameters can be used to evaluate the 

activation of a cell death mechanism over another. It is essential to identify the information provided by 

the viability assay, as different experimental readouts can be interpreted in various ways.149 The most 

common assays measure metabolic active cells (MTT, WST-1, ROS generation assays) or membrane 

integrity (trypan blue staining and LDH assay). Integrating methods that assess different end points 

simultaneously will provide a more comprehensive readout and can reveal discrepancies that could 

otherwise not be observed.188 It is critical to systematically use multiple methods to assess viability at 

multiple timepoints. 

4.6. Conclusions 

As research in nanomedicine is foreseen to keep growing, involving new nanoparticles and drugs 

towards improved treatments, establishing criteria on experimental protocols should simplify 

contrasting data sets and allow for greater reproducibility of results. The adoption of these best practises 

can be generalized to other diseases beyond cancer, allowing PPTT to benefit a broader range of clinical 

scenarios. Likewise, reporting the items enumerated in the checklist will allow better comparison of 

results and more synergetic contributions from different laboratories.  
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5 
5. Determination of main experimental parameters 

The research project for determining which parameters are crucial for in vitro plasmonic photothermal 

therapy (PPTT) originated during my master’s thesis and served as the basis for this dissertation. In this 

phase of the project, we focused on establishing the laser optimal conditions (laser power density and 

time of irradiation) for plasmonic hyperthermia. Previous work in the group already set a concentration 

of nanoparticles of 2 nM as non-toxic for 786-0 cell line. Our primary work was to identify a laser power 

density that selectively induced hyperthermia and affected cellular viability in 786-0 cells that had 

incorporated gold nanorods (AuNR-PEG). We considered time of irradiation and post-treatment 

duration within the hypothesis and observed their effects on both types of conditions, cells previously 

incubated with and without AuNR-PEG. 

Additionally, we aimed to discriminate the cell death mechanism triggered by hyperthermia by 

evaluating the activation of caspase-3 (Ca-3) as a key apoptosis indicator. These findings provided 

insight into the molecular effects of in vitro PPTT and laid the groundwork for the experiments 

elaborated in this dissertation, while also laying the foundation for standardisation of PPTT and 

improving its future prospects for cancer treatment. 

5.1. Heating behaviour validation 

An important aspect of hyperthermia with PPTT is how different the temperature profile is in cells being 

irradiated with and without nanoparticles. During the preface of this dissertation, we were able to test 

different irradiation protocols, in which we irradiated cells in a 2D conformation (attached to a well 

plate) and 3D-like format (in suspension). We observed that when cells were attached to the well, 

increases of temperature were not substantial, in contrast to cells irradiated with AuNR-PEG in a 3D-

like conformation. Moreover, in this conformation we were able to irradiate many more cells (8×106 

cells in a 20 µl volume) than when they are attached, where the laser diameter limits the space of cells 

that can be irradiated at the same time.  

Additionally, the incorporation of a heating bed during irradiation allowed us to maintain stable starting 

irradiation temperatures of the well plate, over 34°C. As mentioned in Section 4.4.3, laboratories are 

kept between 20 and 25°C178 and cells should be maintained around 37°C to maintain physiological 

conditions. By adding a thermal bed under the well plate being illuminated, we were able to measure 

physiological relevant increases of temperature, as we avoided initial cellular temperatures of 21-22°C. 

Using a thermal IR-camera, allowed us to record bulk increases of temperature, validating which powers 

and times of irradiation cells need to be illuminated for to reach mild hyperthermia conditions. 

 

Figure 5.1.Temperature behaviour in cells with and without 

AuNR-PEG during laser illumination. 786-0 cells 

irradiated with a power dosage of 3 W/cm2 and 3-minute 

irradiation. Mean ±SD 
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The temperature elevation in cells irradiated with AuNR-PEG was higher than in control groups, up to 

20 times more elevated with the higher laser power densities and longer irradiation times (Table 5.1 and 

Figure S.5. 1). Temperature increase occurred rapidly at the onset of irradiation, swiftly stabilising, and 

slowing the initial temperature increment. In many cases, the stabilisation of the temperature increase 

during irradiation is influenced by the exchange at the air-medium interface.189 Once laser irradiation is 

stopped (minute 3), a rapid dispersion of heat to the air was observed and temperature dropped to 

temperatures pre-irradiation (Figure 5.1). 

 

Table 5.1. Cellular viability (%) and temperature increase (°C) of cells with (+AuNR-PEG) and without (ØAuNR-PEG) 

irradiated. Cellular viability (%) was measured with MTT relative to controls (not irradiated, ØAuNR-PEG). Temperature 

increase calculated as difference from initial temperature to maximum temperature achieved. SEM: standard error of the mean. 

n: number of samples. P-values indicate statistical differences between cells irradiated with and without AuNR-PEG under the 

same laser power and time of irradiation: *<0.05, **<0.01, ***<0.001, ****<0.0001. 

Median SEM Median SEM n

+AuNR-PEG 115.40 30.56 4.50 0.52 3

ØAuNR-PEG 107.03 18.12 0.73 0.35 3

p-value 0.7000 0.07652

+AuNR-PEG 127.17 14.47 6.10 1.01 3

ØAuNR-PEG 123.48 33.58 0.93 0.40 3

p-value 1.0000 0.0765

+AuNR-PEG 66.99 16.23 9.08 4.39 8

ØAuNR-PEG 95.22 14.67 0.60 0.29 8

p-value 0.0111* 0.0004***

+AuNR-PEG 58.32 17.85 15.27 3.18 17

ØAuNR-PEG 99.03 16.23 1.13 0.41 17

p-value 1.37E-13****

+AuNR-PEG 33.54 7.73 19.13 2.06 3

ØAuNR-PEG 76.55 16.02 2.33 0.15 3

p-value 0.1000 0.1000

+AuNR-PEG 58.88 6.64 15.77 1.33 3

ØAuNR-PEG 100.02 10.79 0.87 0.21 3

p-value 0.1000 0.1000

+AuNR-PEG 31.65 11.04 19.47 3.21 6

ØAuNR-PEG 73.96 10.88 1.30 0.28 6

p-value 0.0022** 0.0050**

+AuNR-PEG 21.09 10.68 20.80 14.96 4

ØAuNR-PEG 75.67 28.89 1.55 0.84 4

p-value 0.0286* 0.02856*

+AuNR-PEG 19.70 0.58 24.70 1.47 3

ØAuNR-PEG 46.75 6.40 3.40 1.95 3

p-value 0.1000 0.1000

+AuNR-PEG 7.20 1.91 34.63 1.12 3

ØAuNR-PEG 58.59 9.16 6.37 0.70 3

p-value 0.1000 0.1000
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5.2. Exposure time and laser dosage analysis on cellular viability 

The data obtained from assessing the impact of different laser dosages and exposure times in temperature 

and cellular viability let us identify the optimal experimental conditions toward decreasing viability 

exclusively in irradiated cells that contained AuNR-PEG. 

Four different laser power densities ranging from 1 W/cm2 to 6.3 W/cm2 were tested, as well as three 

different times of irradiation: 1, 3 and 8 minutes (Table 5.1 and Figure S.5. 1). As expected, with cells 

incubated with AuNR-PEG, as laser dosage and time of irradiation increased, temperature augmented 

with the consequent loss of viability. Low laser dosage and times of irradiation (e.g. 1 W/cm2 - 3 min) 

didn’t significantly increase temperature compared to cells without AuNR-PEG (ΔT= 4.5°C, p = 0.077) 

and viability was not significantly affected (p = 0.700), therefore, we discarded the lowest power density 

for posterior experiments. 

On the other hand, in irradiated cells without AuNR-PEG, no remarkable changes in temperature could 

be observed. Maximum temperature increases were around 1°C for tested low to medium laser powers 

and times of irradiation (e.g. 3 W/cm2 - 3 minutes), whereas for the higher laser powers and times of 

irradiation (e.g. 6.3 W/cm2 - 8 minutes) a maximum increase of temperature of 6°C was observed. In 

these cases, viability was decreased down to 46.75 % and 58.59 % (6 W/cm2, 3 and 8 minutes, 

respectively) (Table 5.1). The international organisation for standardisation (ISO) defines a substance as 

cytotoxic if cell survival is less than 70 %. Therefore, a power of 6.3 W/cm2 was discarded. Moreover, 

the decline in viability observed in cells without AuNR-PEG after illumination indicated that laser light 

was too toxic for the cells. For these reasons, 4 W/cm2 and ≥ 3 minutes of irradiation (e.g. 73.96 %) 

were discarded as cellular death approached the 70 % viability boundary.  

After these experiments, we defined a power density of 3 W/cm2 and 3 minutes of irradiation as the ideal 

illumination conditions to harness the light-to-heat potential of AuNR-PEG and locally increase 

temperature (15.27°C) and reduce viability (58.32 %), without risking harming cells that had not been 

exposed to nanoparticles prior to illumination (99.03 % viability) (Table 5.1). 

To further validate viability in 786-0 cells after PPTT, we analysed cells under an automated 

fluorescence microscope with the help of the CellEvent® Caspase3/7 Green Detection Reagent kit 

(C10427, Invitrogen) and Hoechst solution (Hoechst33528, Sigma-Aldrich). Staining of the nucleus 

(blue stain in Figure 5.2) and of activation of caspase-3 (red stain), allowed the measurement of caspase 

activity and the area of the nuclei. Measurements were taken at four different timepoints (2, 4, 6 and 24 

hours). Thereby, the ratio of cells expressing caspase-3 activity was derived from dividing the number 

of active caspase-3 cells to the nuclei count. Results showed an increase in the ratio of activation of 

caspase in cells, indicating the activation of apoptosis in irradiated cells with AuNR-PEG, with up to a 

5-fold increase in expression after 24 hours (Figure 5.3-A). 

In parallel, the cellular morphology after irradiation was examined (Figure 5.3-B). Cells with AuNR-

PEG after irradiation had decreased their well plate attachment compared to the other conditions. By 

measuring the nuclei area changes at the different studied timepoints we were able to observe a 

significant shape change in control cells (from spherical, to flattened structures). Two hours after 

irradiation, cells were not yet attached to the surface, translating to spherical nucleus shapes for all 

conditions (similar nucleus areas, around 150 µm2). As duration after treatment increased, cells adhering 

to the surface expanded, translating to a grow of their nuclei area (flattening, over 200 µm). AuNR-PEG 

cells did not reattach at the same capacity, keeping spherical shapes and maintaining a constant nuclei 

area throughout the experiment. 

Once this information was collected and analysed, we confirmed the validity of the used power density 

and time of irradiation to exclusively induce apoptosis in cells irradiated that contained AuNR-PEG, but 

not on 786-0 cells without nanoparticles. Our light settings were not toxic to cancerous kidney cells; 

however, the open question was to understand how non-cancerous cells and cell lines from different 

tissues reacted to PPTT under these same parameters: testing their toxicity to AuNR-PEG, 
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internalisation efficiency, and response to irradiation. Observing the effects of PPTT in different cell 

types is important for clinical settings, as irradiation can reach non-tumorous tissues and PPTT could be 

applied to many cancer types. 

 

Figure 5.2. Representative images of cells irradiated with (+AuNR-PEG) and without at 2 and 24 hours after treatment. 

Hoechst (blue, nuclei staining) and activated caspase 3 (red) staining of 786-0 cells irradiated (3 W/cm2-3 minutes). Upper 

panels show cells irradiated without AuNR-PEG (ØAuNR-PEG) 2 and 24 hours after illumination. Lower panels show AuNR-

PEG cells (+AuNR-PEG) 2 and 24 hours after illumination. 10x augmentation. Scale bar: 100 µm. 

 

 

Figure 5.3. Analysis of Caspase-3 (Ca-3) activation and Nuclei size. A) Quantification of caspase-3 activation per cell (nuclei 

count). B) Measurement of nuclei area size (µm2). 
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6 
6. Influence of cell type on the efficacy of plasmonic 

photothermal therapy 

This chapter was published in ACS Nanoscience Au 2022, 2 (6), 494-502 with DOI: 10.1021/acsnanoscienceau.2c00023 

6.1. Introduction 

The significance of selecting the appropriate laser and laser conditions for plasmonic photothermal 

therapy (PPTT) using gold nanorods (AuNR-PEG) is important for both in vitro and in vivo applications. 

The combination of the laser used with the nanoparticle type should allow for high efficiency regarding 

light-to-heat conversion, meaning that the laser should have an emission wavelength on the peak of 

absorbance of the nanoparticle.21 Moreover, the laser wavelength would ideally fit within the optical 

biological window (700 to 980 nm) to allow deeper laser penetration with minimal light absorption by 

the tissue.24–26,190 Regarding nanoparticle delivery, the method of administration will determine the 

distribution of the nanomaterial throughout the body, either clustered within the tumour site injection in 

the case of intratumoral injection (IT)36,191 or disseminated throughout a multitude of body tissues and 

organs in the case of intravenous administration (IV).32,34,192 

The nature of PPTT implies that when administering the therapy, several cellular types will be in contact 

with AuNR-PEG during administration (e.g. in the case of IV delivery), and during laser irradiation. For 

example, target cells, as well as their microenvironment and surrounding tissues are illuminated to 

ensure that tumour cells are destroyed and cannot escape death. Nonetheless, when addressing the 

existing literature of PPTT, a gap was identified regarding the understanding of how different cell lines 

react to PPTT and its multiple components. Most papers examined a single cancerous cell line during 

the experimental section, disregarding comparing the effects of PPTT, nanoparticle toxicity and laser 

illumination in healthy cells and cells from different tissues. Certainly, it is essential to understand and 

address the differences between cell types, particularly considering the implication during in vivo 

irradiation. In the context of therapeutic applications of PPTT, potential exposure of non-cancerous cells 

to treatment and nanoparticle presence is a critical factor for comprehensive pre-clinical assessments.  

To bridge this gap, this chapter delves into understanding at the in vitro level, the differences in 

cytotoxicity and uptake of AuNR-PEG across various cell types and tissues, as well as assessing the 

effects laser light treatment had in cellular viability. Recognising the differences of these elements of 

PPTT between cell types can contribute to more robust and accelerated translational efforts from pre-

clinical to clinical applications. 

In vitro studies allow biomedical research to work within the principle of the 3R framework 

(replacement, reduction and refinement)193,194, avoiding the unnecessary use of animals for 

experimentation in pre-clinical phases of development of drugs and therapies. However, particular care 

must be taken when selecting the appropriate cell lines for the study of in vitro PPTT, as they must be 

suitable to compare them to each other. 

This pivotal aspect of cell line selection for PPTT led us to report on lung cancer cell lines as an example 

of a target tissue for therapy. Lung tissues are generally exposed to external aggressions (virus, bacteria, 

changes in air temperature, etc.)195 and lung cancer was the second most diagnosed cancer in the world 

in 2020.16,196 At the same time, liver and kidney derived cell lines were chosen as they will, as part of 

the mononuclear phagocytic system and renal clearance, respectively, be responsible for a high 
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sequestering of nanoparticles during IV delivery of nanoparticles.138 Moreover, liver was the third cause 

of cancer mortality in 2020.16 For each tissue, both cancerous and non-cancerous human cell lines were 

selected, to establish differences between healthy and cancer cell types. 

Validity of laser illumination conditions was done by testing different power densities and time of 

irradiation on 786-0 cells (epithelial cancerous kidney cell line) (Chapter 5), establishing a protocol that 

impaired viability of cells irradiated with AuNR-PEG under 70 %, but did not alter cellular viability of 

cells irradiated without nanoparticles. 

To further endorse PPTT, subsequent experiments reported the effects of PPTT – from the cytotoxicity 

of the nanoparticle to the outcomes of hyperthermia – in cancerous and non-cancerous cell lines of three 

different tissues. Epithelial human kidney, lung and liver cell lines were used to determine differences 

in the efficacy of PPTT in eradicating cancer cell lines, whereas non-canceorus cell lines were used as 

controls to determine the safety of AuNR-PEG, as well as evaluating the consequences of collateral 

uptake and illumination. Cytotoxicity was assessed by means of mitochondrial activity, whereas uptake 

was quantified with two-photon microscopy. PPTT was evaluated at two different time-points by 

studying their mitochondrial activity and membrane integrity. With this systematic study, we 

demonstrated the safety and efficacy of PPTT in an in vitro set up, highlighting the importance of 

creating reliable, reproducible, and meaningful data sets that are comparable between studies and groups 

that use different types of nanoparticles or laser irradiation. 

6.2. Results and discussion 

6.2.1. In vitro quantification of AuNR-PEG uptake 

Quantification of AuNR-PEG internalised by various cell types and tissues was performed to explore 

uptake performance differences. Uptake is dependent on the type and surface charge of nanoparticles 

used,197 but their functionalisation and cell type will also have a role in the process of internalisation. 

Uptake (AuNR-PEG/cell) was measured over a fixed incubation time (24 hours) and increasing AuNR 

concentrations (0, 1, 2, and 5 nM). The objective of this experiment was to determine the highest uptake 

while maintaining cellular viability, not to obtain the maximum uptake possible, as higher concentrations 

than 5nM could have been used. 

Cancer cell lines had a statistically higher uptake per cell compared to non-cancerous cells of the same 

tissue (p ≤ 0.04) for incubations with 2 and 5 nM (Figure 6.1 and Figure S.6. 1). It has been described 

that cancer cells more readily incorporated AuNP with higher concentrations compared to healthy 

cells198 but we remark that for all cell types there was an increase in uptake with concentration. The 

lower uptake of normal cell lines is consistent with the incubation of AuNRs in cell culture medium 

containing 5 to 10 % FBS, compared to FBS-free medium in cancer cell lines. The protein-containing 

medium presence during AuNR incubation can decrease the surface reactivity and uptake of AuNP by 

cells.199,200 These in vitro findings on uptake underscore the complexity of nanoparticle uptake dynamics, 

emphasizing the multifaceted interplay between nanoparticle characteristics, cell type and the 

surrounding environment.42,141,196 

786-0 cell line had a statistically lower uptake than A549 for all studied concentrations (p ≤ 0.04), and 

lower than HepG2 at 5 nM (p < 0.03). Hek293 also had lower uptake than the other non-cancerous cell 

lines studied, showing a trend in kidney cells of lower uptake of AuNR-PEG in vitro than lung or liver 

cell lines under the same conditions. 

Among the studied concentrations, the highest uptake observed was obtained with a AuNR-PEG 

concentration of 5nM (Figure 6.1-A and Figure S.6.2). However, higher concentrations of gold also 

presented the lowest viabilities (Figure 6.2). For non-toxic concentrations of gold (viability >70 %, ≤ 2 

nM, Figure 6.2-A), incubations with 2 nM meant higher uptake for all studied cell lines without 

compromising cellular viability under 70 % (Figure 6.1-B).201 Selecting the correct concentration for 

incubation will determine the cytotoxicity of AuNR-PEG and impact their performance during 

irradiation, as temperature generation will be influenced by the presence of AuNR-PEG in cells. 
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Figure 6.1. Uptake of AuNR-PEG as a function of concentration for different cell lines. A) Increase of uptake for different cell 

lines with the increase of concentration.  B) Uptake of AuNRPEG at 2 nM (104 µg/mL gold). *p<0.05, **p<0.01, ***p<0.001. 

Error bars represent SEM (n=3-6). No statistical differences were observed between all conditions for Hek293. 

Overall, under the same conditions, cancerous and non-cancerous epithelial cell lines have different 

uptake capability, which is also seen between different tissues, compromising the efficacy of PPTT, and 

highlighting the importance of studying more than one cell type to determine the uptake of nanoparticles. 

6.2.2. In vitro determination of AuNR-PEG toxicity 

Nanoparticle toxicity can originate from the size and shape of the nanoparticle, their biological activity 

and interactions, and the surface functionalisations,199 but the cellular type and endpoint examined play 

an important role in determining the biocompatibility of nanoparticles for PPTT. Several papers have 

tried to find the optimal nanoparticle for increased light-to-heat conversion and minimal toxicity.26,128,199 

In the case of our AuNR-PEG,128 viability was found to be affected by the quantity of gold and not by 

the size of the nanoparticles. 

To assess nanomaterial cytotoxicity, thiazolyl blue tetrazolium bromide (MTT) was used to determine 

the toxic potential of AuNR-PEG in cancerous and non-cancerous cell lines of three different tissues. 

Results showed how exposure to low AuNR-PEG concentrations (≤ 2 nM) equivalent to lower than 104 

µg/mL of gold were not toxic to cells, whereas increases in concentration decreased the survival rate 

below 70 % after 24h of exposure (e.g. THLE-3 had 84 % viability at 2 nM, but lowered down to 58 % 

at 4nM, Figure 6.2. and Figure S.6.3). As stated by Kim et. al, and according to the International 

Organisation for Standardisation (ISO), if the cell survival rate is less than 70 %, a substance is defined 

as cytotoxic. In this particular case, cytotoxicity is both concentration and cell type dependent.201 The 

impact of high gold concentrations was more pronounced in non-cancerous NL20 and THLE-3 cell 

lines, while Hek293 showed high resistance to various gold concentrations (65 % viability at 8nM, 

compared to values ≤30 % for the other normal cell lines) (Figure 6.2), indicating dissimilarities between 

healthy cells from different tissues. Between cancerous cell lines, no statistical relevant differences were 

found at any of the concentrations evaluated (p ≥ 0.05). Regarding differences between same tissue cell 

types, only at concentrations ≥ 4 nM statistical differences were observed (Figure S.6.3). Non-cancer 

cell lines had statistically lower survival rates than cancerous cell lines; however, Hek293 had 

statistically higher viability than cancer kidney cell line 786-0 (p ≤ 0.034, at > 4 nM). 

To determine sensitivity of the different cell lines to AuNR-PEG, the inhibitory concentration (IC50) was 

calculated (Figure 6.2-B). The concentration at which the survival rate dropped to 50 % was around 7 

nM for all three cancer cell lines, confirming they have a similar response to the toxic potential of AuNR-

PEG in the absence of light. Normal NL20 and THLE-3 had lower IC50, around 5 nM, being the least 

resistant to higher gold concentrations. On the other hand, Hek293 had an IC50 of almost 15 nM, 
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showing high resistance to AuNR-PEG. The synthesis of non-intrinsically toxic nanoparticles is crucial 

for ensuring their safety.202 

Remarkably, no statistically relevant differences between the two lowest concentrations used (52 and 

104 µg/mL, 1-2 nM, p ≥ 0.05) were found for any of the cell lines. This is relevant as cell survival is 

elevated with the highest non-toxic concentration of 2 nM, and at the same time, more uptake is observed 

when studying internalisation for all cell lines after the same incubation time. For this reason, 

maintaining a constant incubation of AuNR of 2 nM (104 µg/mL gold) and 24h was ideal to further 

study the effects of PPTT in different cell types at different times after treatment. 

Nanomaterial cytotoxicity will greatly influence clinical translation of PPTT. Resistance to different 

doses or exposure times will be cell type dependent, but most nanotoxicology studies focus their efforts 

on targeting cells, disregarding the impact on non-target cells.203,204 In vitro PPTT data focuses mostly 

on the cellular response of cancer cells, but the differences in uptake shown above confirm the need to 

study cytotoxicity in off-target tissues, as the mechanisms triggered after contact with the nanomaterial 

may differ between cell types. Zhao et al. determined non-cancerous cell line HK-2 is more resistant 

than 786-0 cancer kidney cell line to spherical AuNPs of different sizes at increasing concentration, as 

the autophagy mechanism employed to incorporate the nanoparticles seemed to protect them from 

harm,205 and agree with our findings that cancer 786-0 cell line is more susceptible to high concentrations 

of AuNRs than normal cells. Moreover, increased susceptibility of non-cancerous hepatic L02 cells 

compared to HepG2 with spherical AuNPs,198 is also in good agreement with our results showing lower 

IC50 for normal THLE-3 than cancer HepG2 hepatic cells. 

6.2.3. Photothermal irradiation 

The temperature of all six cell lines irradiated at a fixed power density (3 W/cm2) and time of irradiation 

(3 minutes) are shown in Figure 6.3. The rise of temperature followed a quasi-exponential increase until 

it stabilised for cell lines with AuNR-PEG. After 3 minutes, when laser irradiation stopped, a rapid 

diffusion of heat to the air and medium was observed, which translated into a drop of temperature. 

Differences in final temperatures achieved were detected among cell lines (Figure 6.3-B). Cancer cell 

lines (786-0, A549 and HepG2) experienced larger increases in temperature compared to non-cancerous 

ones (Hek293, NL20 and THLE-3). For non-cancerous cell lines, PPTT treatment resulted in maximum 

temperatures around 42°C, while for cancer cell lines, maximum temperatures were over 47°C. In the 

case of 786-0, the increase of temperature (over 53°C) was statistically significant compared to A549 

and HepG2 cells (p ≤ 0.026). 

Figure 6.2. Effect of AuNR-PEG concentration on cellular viability. A) Viability of cell lines for all studied concentrations 

shown and percent of controls (0 nM). B) IC50 of cell lines. Only statistically relevant data is shown. Error bars represent SEM 

(n=4). 
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For cells irradiated without AuNR-PEG (Fig. 3), no statistically relevant increase of temperature was 

detected (p ≥ 0.05). Namely, an average increase of 0.28°C, up to a maximum temperature of 34.58°C, 

was observed for all six cell lines studied (Figure S.6.6). 

This data allows us to observe the dynamics of light-to-heat conversion inside cells by AuNR-PEG, 

emphasizing the importance of recording the temperature of the different cell lines being irradiated. In 

all cases, cancer cell lines achieved statistically higher temperatures than non-cancerous cell lines in the 

presence of AuNR-PEGs. At the same time, we confirm that increases of temperature are caused by the 

interaction of AuNR-PEGs with laser light, as cells irradiated in the absence of nanoparticles did not 

experience light-to-heat conversion. The addition of a third dimension during irradiation has two main 

consequences: collective thermal effects increase while heat dissipation with the surrounding gets 

reduced. Eventually both effects contribute to increase the temperature experienced by the cells.206 

Differences in the increase of temperature can be the result of the different amount of internalised 

nanoparticles and the total amount of gold in the suspension207 which will elicit different responses from 

the cells. 

Viability after irradiation was assessed at two different timepoints after treatment (0 and 24 hours) with 

two complementary methods (MTT assay and trypan blue staining), shown in Figure 6.4 and Figure 6.5, 

respectively. The MTT assay studied mitochondrial activity as a reporter of cellular viability, whereas 

trypan blue staining reported on the loss of membrane integrity, labelling cells as non-viable. The 

assessment of multiple endpoints with more than one method208 allows to identify the molecular 

pathways activated by PPTT in both target and non-target tissues.  

For the MTT assays, cells without AuNR-PEG and not irradiated were used as a viability control (CTL). 

Irradiated cells without AuNR-PEG (labelled as ØAuNR) maintained their viability over 70 %, 

immediately and 24 hours after treatment (Figure 6.4, A-F). Following the cytotoxicity evaluation of 

AuNR, we established > 70 % viability of cell lines as a criterion to determine if laser light conditions 

were toxic to cell lines. Altogether, we show that the laser parameters used (c.w. 808 nm, 3 W/cm2, 3 

minutes irradiation) can be considered non-toxic for all 6 cell lines studied. 

Cells irradiated that contained AuNR-PEG (+AuNR) experienced in some cases pronounced increases 

of temperature (Fig. 3), which severely impaired their viability after irradiation (Figure 6.4). High 

temperatures impaired mitochondrial activity, reducing viability of cell lines drastically, occasionally, 

down to 50 % immediately after treatment. This initial drop of cellular viability could be observed in all 

cell lines except for Hek293, which even after 24 hours, the mild increase of temperature experienced 

(maximum of 42°C) seemed not to impair mitochondria (viability ≥ 90 %). All non-cancerous cell lines 

had higher viabilities after irradiation compared to their diseased counterparts (Figure S.6.5). In the case 

of kidney cell lines, these differences between cancer and non-cancer cell line were very pronounced, 

Figure 6.3. Temperature dynamics in +AuNR-PEG and ⌀AuNR cells upon irradiation. A) Increase in temperature as a function 

of time for cell lines irradiated 3 min with an 808 nm laser light at 3 W/cm2. Continuous line indicates cells with AuNR-PEG 

(+AuNR-PEG) and dotted line cells without AuNR-PEG (⌀AuNR-PEG). Shaded line represents the SEM. B) Averaged absolute 

increases of temperature of cells irradiated + AuNR-PEG. 
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being 786-0 much less viable than Hek293 (24 hours after irradiation, 25 % and 93 % viability 

respectively, p=0.03*). This difference could be explained by the different temperatures reached during 

irradiation. However, large changes in temperature were also recorded for lung and hepatic cells, but in 

this case, differences in viability were much less pronounced. Both lung cell lines seemed to recover 

some mitochondrial activity 24h after irradiation (between 2-5% increase in viability), and the 

differences found immediately after treatment faded after 24 hours. In contrast, hepatic cell lines had 

very similar viabilities immediately after treatment, but after 24 hours significant differences were found 

after a drop in viability of HepG2 cells (decrease of > 25 % of viability, p < 0.05). 

We also studied viability with trypan blue staining (Figure 6.5). For cancer cell lines with AuNR-PEG, 

the increase of temperature had an impact on membrane integrity. All three cell lines had lower 

viabilities 24 hours after irradiation than immediately after treatment (Figure 6.5, A-C), although this 

decline of viability was only significant for 786-0 cells. On the other hand, A549 cells appeared to have 

more resistant membranes to hyperthermia and laser irradiation, with viability over 90% (Figure 6.5-B). 

In the case of non-cancerous cell lines, no differences were found between the different conditions (CTL, 

ØAuNR, +AuNR) at any timepoint after treatment (p ≥ 0.05) (Figure 6.5-G). Hek293 showed high 

resistance to either light or light + AuNR-PEG, immediately and after 24h (viability ≥ 92%), whilst 

NL20 cells seemed to be more affected by the increase of temperature (87% after 24 hours of 

irradiation). On the other hand, THLE-3 cells lost membrane integrity by the application of light alone, 

and its impairment increased with the presence of AuNR-PEG (66 % viability after 24 hours). 

When comparing cell types irradiated with AuNR-PEG, 786-0 and Hek293 reach the highest 

temperatures when compared to cancerous and non-cancerous cell lines, respectively, however they 

showed opposite responses (786-0 decreased their viability down to 50 % after 24 hours of irradiation, 

whereas Hek293 was close to 100 %, this difference was statistically significant (p = 0.03). 786-0 cells 

were less viable than A549 and HepG2, although not statistically significant (Figure S.6.4). However, 

Hek293 had statistically significant higher resistance to hyperthermia than NL20 and THLE-3 (p ≤ 0.05). 

Figure 6.4. Cellular viability (%) after treatment assessed with MTT assay. A–F) Viability at 0 and 24 h after irradiation in 

control (CTL) and in cells irradiated with AuNR-PEG (+AuNR-PEG) and without (⌀AuNR-PEG). G) Statistical comparison 

for each cell line at different timepoints between conditions from panels A to F. Differences between 0 and 24 h are shown in 

the graphs. Statistical comparisons were made using Tukey/Wilcox post hoc tests. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not 

significant. 
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This seemingly higher thermotolerance of low hyperthermia of Hek293 could be an adaptative response 

of the embryologic nature of this cell line. In any case, 24h after irradiation, viabilities for non-cancerous 

cell lines with AuNR-PEG were higher than their diseased counterparts. 

Our results indicated that increases of temperatures favoured an apoptotic cell death mechanism (loss of 

mitochondrial function) over a necrotic one (membrane rupture) with low power density irradiation. 

Other studies showed how high temperatures achieved with higher laser powers favour the induction of 

necrosis,209 although apoptosis can be triggered with the combination of different types of nanoparticles 

and laser irradiation.210–213 Under the laser conditions used, we can confirm that the laser irradiation 

settings employed are non-toxic for these cell lines in vitro, but in cells with AuNR-PEG, maximum 

temperature, mitochondrial activity and membrane integrity differed between cell types. Our findings 

are in good agreement with the use of low AuNR concentration, laser power and exposure time to 

promote apoptosis.214 

6.2.3.1. Correlations 

Studying the variables of PPTT in parallel can be used to observe associations between them. 

Nanoparticle toxicity, together with cellular uptake, can provide a lot of information regarding cellular 

resistance to nanoparticles and their materials. Bhamidipati et al.203 studied the correlation of uptake of 

AuNRs, gold nanostars and gold nanospheres in U87 cells (human glioblastoma) and fibroblasts, but no 

correlation could be stablished between the two factors for the values reported. Our results, disagreeing 

with the outcomes of Bhamidipati, found a negative correlation between the number of nanoparticles 

incorporated and cytotoxicity (r = -0.83). Higher uptake by cells agreed with a decrease of cellular 

viability when studied with the MTT assay, the gold standard assay for cytotoxicity.204 Discrepancies 

between studies highlight the importance of studying cytotoxicity for different cell types, tissues and 

nanoparticles individually, almost erasing the possibility of extrapolating results. 

Figure 6.5. Cellular viability (%) after treatment assessed with Trypan Blue staining. A–F) Viability at 0 and 24 h after 

irradiation in control (CTL) and in cells irradiated with AuNR-PEG (+AuNR-PEG) and without (⌀AuNR-PEG). (G) Statistical 

comparison for each cell line at different timepoints between conditions from panels A to F. Differences between 0 and 24 h are 

shown in the graphs. Statistical comparisons were made using Tukey/Wilcox post hoc tests. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 

0.001; ns, not significant. 
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Cellular uptake will also impact the 

temperatures reached during 

irradiation. Although this 

correlation will be prone to 

fluctuations depending on the laser 

set up, with the settings used 

throughout our research (3 W/cm2, 

3 minutes, 808 nm), a positive 

correlation was established 

between the number of AuNR-PEG 

incorporated and temperature (r = 

0.85) (Figure 6.6). Additionally, 

cell size and exocytosis rate also 

have a role on cellular uptake and 

photothermal heating.215 Different 

cell sizes denote different cell 

volumes, which influences the 

location and distribution of 

internalised nanoparticles. Two cell 

lines may have similar number of 

internalised nanoparticles when the 

used metrics are nanoparticle/cell, 

however, a bigger cell will have a 

larger dispersion of nanoparticles 

inside the cell, affecting the 

collective thermal effects and intra-

cellular heat dissipation. This is a 

limitation of the dose metrics 

typically used to express uptake, 

and a factor to consider during 

results extrapolation and standardisation. Moreover, different cell size affects biocompatibility of the 

material due to changes in mass concentration inside the cell. 

Increases of temperature should be inversely correlated with viability. Both immediately and 24 hours 

after treatment, high temperatures agreed with a decrease in viability studied by mitochondrial activity. 

Although the correlation coefficients are similar between the two timepoints (r = -0.68 and r = -0.65), a 

trending line emphasises a more pronounced decrease of viability 24 hours after irradiation (Figure 6.6). 

As previously mentioned, this further decrease of viability might be the result of a dynamic cell death 

process, instead of a single event. Loss of membrane integrity shows slightly different results compared 

to mitochondrial activity, as immediately after irradiation high temperatures do not strongly correlate 

with loss of viability (r=-0.50). However, this trend changes after 24 hours (r = -0.75), indicating that 

the effects of temperature on cell lines are not immediate and studying viability at two different 

timepoints, with different methods, is recommended. The approaches selected should look at different 

markers of viability: metabolic activity (e.g. MTT, XTT), membrane permeability (e.g. trypan blue or 

Propidium iodide staining), enzymatic activity (e.g. LDH) or DNA synthesis/replication.216 

6.3. Conclusions and outlook 

Nowadays, there is a remarkable imbalance between the large number of pre-clinical studies on 

photothermal therapy and the few clinical trials conducted to date. There are multiple and varied factors 

underlying this disproportion, from nanoparticle-related issues to technical hurdles of the treatment 

itself.217 At this stage of maturity of PPTT, animal experimentation is unavoidable, but in vitro models 

play a key role in the reduction and refinement of the number of animals required. Identifying potential 

Figure 6.6. Plots showing the correlation between the different parameters 

studied in all cell lines. A) Correlation between uptake and cytotoxicity. B) 

Correlation between uptake and averaged maximum temperature. C and D) 

Correlation between maximum temperature and cellular viability with the MTT 

assay at 0 (C) and 24 hours (D) after treatment. E and F) Correlation between 

maximum temperature and cellular viability studied with trypan blue staining at 

0 (E) and 24 hours (F) after treatment. 
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obstacles at the in vitro level of development, such as toxicity to non-target organs either from the 

nanomaterial or from light treatment, allows for changes and refinements of the technique without need 

for large cohorts of animals. 

The current work highlights the differences in cellular uptake, toxicity, and viability after treatment with 

PPTT for different cell types and tissues while maintaining the parameter space constant through the 

experiment. This study selected a single nanoparticle type, power, and time of irradiation to be tested 

against six different cell lines as a systematic approach to directly compare PPTT on different cellular 

types. 

This study showed differential uptake and sensibility to AuNR-PEG, translating to different cell type 

susceptibility to PPTT. Hence, in vitro experiments should be thoroughly designed to produce robust 

and reliable data to set a solid basis for further in vivo experiments. Using more complex in vitro systems, 

like co-cultures and 3D cell culture methods, can give key information on communication between 

neighbouring cell types and help unravel different behaviours cells can have in PPTT. Moreover, the 

combination of such cellular systems with lab-on-a-chip technologies would provide PPTT research 

with a powerful tool for high throughput analysis, where many variables and outcomes can be tested in 

a more realistic tumour environment allowing for a better understanding of all biological process 

involved in PPTT, from nanomaterial uptake to cell death mechanisms. 

By systematically reporting the results on the application of in vitro PPTT and engaging in a discussion 

of the possible effects PPTT has on different cell lines, we aimed to bring insight into the complex 

interplay of AuNR-PEG, cell type and treatment conditions. Altogether, improving and standardizing in 

vitro research will undoubtedly guide in vivo studies, which will, in turn, adjust the overall efficacy of 

PPTT, produce more quality on pre-clinical data, and ultimately favour the clinical translation of PPTT. 

  



Apoptotic activation after hyperthermia 

52 

 

7 
7. Apoptotic activation after hyperthermia 

7.1. Introduction 

The previous chapter covered the reactions of different cell types to plasmonic photothermal therapy 

(PPTT) and their viability after treatment. The significant decrease in mitochondrial activity, in contrast 

to the stability of membrane integrity, led to the conclusion that apoptosis was being activated rather 

than necrosis. Moreover, in the preliminary studies discussed in chapter 5, progressive activation of 

caspase-3 was observed, a clear indication of the activation of apoptosis. 

Many hallmarks of apoptosis can be used to determine if a cell has activated its programmed cell death 

mechanisms. Cells undergoing apoptosis show chromatic condensation, membrane blebbing, DNA 

fragmentation and phosphatidyl-serine exposure on their membrane.83 These characteristics allow to 

recognise apoptosis through mechanisms such as microscopic examination, DNA-gel electrophoresis, 

cytochrome C release and annexin V staining. To obtain more information on the events being triggered 

at the molecular level, protein arrays offer high throughput analysis, useful to determine which 

molecular cascades have been triggered after the death signal activation. 

 

Figure 7.1. Overview of proteins studied with apoptosis proteome array. Schematic representation illustrates the interactions 

and functions of all 35 studied proteins using the apoptosis proteome array. The diagram highlights key apoptotic events and 

the interplay between proteins, providing a comprehensive overview of their roles in apoptotic pathways and interaction with 

each other. Studied proteins are colour coded by their functions. Blue: caspases, red: proapoptotic, green: anti-apoptotic, pink: 

heat shock proteins, cyan: oxygen related proteins, white: receptors, yellow: cell cycle proteins. Proteins involved in the cell 

cycle were omitted for sense of clarity. 
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Our previous data suggested the stimulation of the apoptotic cascade, therefore we decided to analyse 

its activation at 6 and 24 hours after PPTT. Additionally, cells irradiated without nanoparticles and cells 

not treated were used as controls. Moreover, traditionally induced hyperthermia (60°C for 5 minutes in 

the oven) was used to compare the differential expression of certain proteins between PPTT-induced and 

conventional hyperthermia. 

A protein array containing 35 proteins involved in the apoptosis pathway was used. To better understand 

the interaction between all examined proteins, Figure 7.1 provides an overview of the engagement of 

these proteins with each other to activate, or inhibit, the apoptotic cascade. Many proteins are key factors 

in the commitment of cells to apoptosis, necrosis, or survival. This dance, although highly understood, 

still is susceptible to the intensity in which each of the cell death stimulus initiate or deter programmed 

cell death.  

Although all proteins were simultaneously examined, we categorised them based on their functions and 

involvement in specific pathways. This approach was taken to enhance the clarity and interpretability of 

the findings. The classification scheme is outlined as follows: caspases, heat shock proteins, Bcl-2 

protein family, proapoptotic proteins, anti-apoptotic proteins, extrinsic pathway of apoptosis, oxygen-

related proteins, and cell cycle-related. To simplify the explanation provided in the main text and allow 

for a more focused discussion, detailed descriptions of some protein functions and explanations will be 

available in Annex C. 

7.2. Results 

7.2.1. The caspase executor: caspase 3 

Caspases are cysteinyl-aspartate specific proteases that cleave proteins to either activate or inactivate 

substrates.96 They are expressed as inactive proteases, namely pro-caspases, in most cells. Their 

activation occurs upon apoptotic signalling by cleavage of the pro-caspase form, allowing them to 

dimerise, aggregate and cleave other proteins. (Figure 7.2-A) Caspase activation leads to a proteolytic 

cascade that amplifies the apoptotic signal. 

In apoptosis, caspase 3 is the dominant executor of the apoptotic signalling cascade. Many elements 

within the apoptotic cascade aim to activate executioner caspases, that trigger the cleavage of target 

molecules. Activated caspase 3 is the mediator of many of the biochemical and morphological 

characteristics of apoptosis, such as DNA fragmentation and membrane blebbing.86 Caspase 7, another 

executioner caspase, regulates cellular detachment during programmed cell death.218Pro-caspase 3 is 

activated by initiator caspases that cleave at specific domains in the protease, allowing its subunits to 

dimerise and start mediating the cleave of key proteins. Measuring both, pro- and cleaved- caspase 3 

provides first grade information on the execution of the apoptotic pathway. 

The relative expression of pro-caspase 3 and cleaved caspase-3 after PPTT irradiation is shown in Figure 

7.2-B. Between cells experiencing PPTT, with or without nanoparticles, and controls, no significant 

differences were observed at 6 or 24 hours after irradiation (p > 0.05). Basal expression of pro-caspase 

3 was maintained at these timepoints, however, for cells experiencing hyperthermia through 

conventional methods (800,000 cells in a 20 µL pellet incubated at 60°C for 5 minutes) -from here on 

referred to as “oven-cells”- pro-caspase 3 expression was sharply increased in comparison to all other 

samples (p ≤ 0.03). This is interesting, as it shows differences in the incidence of hyperthermia between 

PPTT-induced and conventional hyperthermia for basally expressed pro-caspases. 

On the other hand, cleaved caspase 3 expression was increased almost 4-fold compared to control 

samples 6 hours after irradiation (p < 0.0001). After 24 hours, the signal from cleaved caspase was 

halved in samples that experienced hyperthermia but was still statistically higher than controls (p = 

0.0245). The peak in expression at 6 hours strongly indicates the initiation of apoptosis following 

temperature elevation during PPTT. The subsequent decline in expression is likely attributed to all events 

leading to caspase cleavage having been completed, resulting in cell death activation slowing down. 

Most cells will have already undergone apoptosis and self-destructed. 
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Oven-cells did not increase the expression of cleaved caspase after hyperthermia. This absence of 

apoptosis activation following a thermal insult, despite a sharp increase in expression of pro-caspase, 

may be attributed to the protein expression kinetics after hyperthermia. Oven cell samples were 

recovered immediately after heating. This suggests that cells prepare to activate programmed cell death 

mechanisms by increasing the expression of pro-caspase during hyperthermia, but have not yet cleaved 

the protease for activation, as there were non-detectable changes. In the case of PPTT-cells, any pro-

caspase increase in expression immediately post-treatment, would likely have been cleaved by the 6-

hour mark. 

Differences in the upregulation level of pro-caspase and caspase 3 depend on the temperature and time 

elapsed after hyperthermia.81 Programmed cell death is a very time-dependent process, being the events 

that lead to cellular demise sequential. 

Cells irradiated without AuNR-PEG were not subjected to hyperthermia and did not present significant 

changes in the expression of both forms of the protein. This indicates that, in the absence of AuNR-PEG, 

our laser irradiation settings (3 W/cm2, 3 minutes) are insufficient to activate the apoptotic cell death 

mechanisms. Interestingly, research has shown that the presence of gold nanoparticles alone can activate 

caspase 3, but this occurred after several hours of treatment.219 However, this does not affect our results, 

as incubation with AuNR-PEG occurs 24 hours previous to irradiation, ensuring any caspase 3 activation 

finished before sample irradiation. 

7.2.2. Heat shock proteins: the stress-response guardians 

One of the main events triggered during hyperthermia is protein denaturation. Denaturation consists in 

the breakage of bonds within proteins, producing a loss of secondary, tertiary and quaternary structure. 

Protein function is strongly associated with its 3D structure, therefore losing its structure leads to 

function loss. If denaturation exceeds the cellular capacity to recover and refold proteins, cells will 

commit to cellular death. 

Heat shock proteins (Hsps) are a family of highly conversed proteins, synthetised by cells in response 

to a cellular stress (pH changes, heat, physical stress, etc.). They act as molecular chaperones, aiding on 

protein folding and stability, and protecting transport and aggregation of proteins.97 Hsps expressed at 

their basal levels are involved in the correct folding of proteins during homeostatic conditions in 

crowded cellular environments.220 However, they are upregulated upon cellular stress, where they adopt 

Figure 7.2. Activation mechanism and expression levels of caspase. A) Schematic depiction of pro-caspase cleavage into its 

active form, leading to molecule cleavage and apoptosis. Scissors represent caspase cleavage activity B) Relative expression 

levels of caspase compared to controls. Dotted line represents mean expression of control samples. Statistical significance is 

denoted by symbols: * indicates significance vs control samples, & indicates significance vs oven samples, and # denotes 

significance vs other samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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a cytoprotective role, regulating the apoptotic cell machinery.96,97 Hsps are importantly also upregulated 

in cancer cells, so it is possible to target Hsps to improve anti-cancer therapies.97,98 Unfortunately, many 

Hsps have functional redundancy, which challenges the exploration of anti-Hsp drugs for cancer 

treatment.98 

During our experiments, four different Hsps were studied: Hsp27, Hsp60, Hsp70 and Clusterin. They 

are usually classified by their molecular weight, as the number accompanying their name indicates. 

Their main functions can be seen in Figure 7.3-A. 

7.2.2.1. Hsp27 

The Hsp27 provides thermotolerance on in vivo situations and increased survival of cells in cytotoxic 

conditions.95 It functions on several cellular signalling pathways, integrating the different apoptotic 

pathways as an anti-apoptotic molecules.95,97 Moreover, it regulates redox homeostasis and 

mitochondrial stability, both initiators of apoptosis.97,221 Hsp27 binds to cytochrome C after its 

mitochondrial release and to pro-caspase 3, preventing downstream mitochondrial damage and 

formation of the apoptosome.222 For additional details on function, please refer to Annex C. Hsp27 works 

very closely with Hsp70 and Hsp90, and their interactions are crucial for their functionality. 

In PPTT-cells, both with and without AuNR-PEG, no statistically relevant changes in the relative 

expression of Hsp27 were observed (Figure 7.3). The expression of Hsp27 on all irradiated samples was 

very similar to the expression in control cells (p ≥ 0.05). However, on cells experiencing hyperthermia 

on the oven, an almost 4-fold increase in expression of Hsp27was observed (Figure 7.3-B). 

The increased expression in oven-cells immediately after treatment, together with the consistent 

expression pattern observed in Hsp27 at 6 and 24 hours after PPTT, could be attributed to its rapid 

response to stress. Hsp27 is rapidly phosphorylated after the exposure to stress, leading to an increase 

in expression levels.95 However, this surge in expression is transient and upon removal of the stressor, 

levels return to baseline. Our stressors, namely heat and laser illumination, may induce short-lived 

changes in expression that we may have not captured by assessing the protein expression at 6 and 24 

hours after irradiation. However, we did observe these changes in oven-cells, as they were examined 

immediately after heat exposure. Short time periods at high temperatures in the macroscopic scale 

induce overexpression of Hsp27. 

The observation of no changes between PPTT and irradiated cells at two different timepoints, together 

with the detected overexpression in oven-cells underscores the importance of studying kinetics in 

apoptosis-related proteins. The significance of studying viability and molecular events at multiple 

Figure 7.3. Role of heat shock proteins and expression levels. A) Schematic representation illustrating the main activation and 

inhibition roles of Hsps. The figure highlights the dynamic interplay between Hsps and protein denaturalisation upon cellular 

stress. B) Graph depicting the relative expression levels of Hsps. Only statistically and clinically relevant differences are shown. 

Statistical significance is denoted by symbols: * indicates significance vs control samples, and & indicates significance vs oven 

samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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timepoints is crucial, as analysing cells at single static point of time may overlook many decisive 

molecular events. 

The differences between in vitro and in vivo may also play a role in understanding the apoptotic process 

post-hyperthermia. Chen et al.223 determined that in immunosuppressed mice, hyperthermia induced 

after intratumoral high-frequency ultrasound (1 W, 30 seconds) expression of Hsp27 was elevated in the 

experimental group in comparison to the control group 18 hours after irradiation. This is positive for 

anti-cancer purposes, as the expression of Hsp27 and its phosphorylation is inversely correlated with 

progression of hepatocellular carcinomas.224 Mild heat shock is enough to induce the expression of 

Hsp27, but prolonged non-lethal exposure to heat may render the cells thermotolerant.91 

7.2.2.2. Hsp60 

Hsp60 main activity is performed together with co-chaperone Hsp10 binding to newly synthesized 

proteins and facilitating their correct folding.93,225 Its anti-apoptotic functions are mainly performed by 

providing a folding chamber for unfolded denature proteins, protecting surviving and modulating p53.226 

Hsp60 modulates p53 by inhibiting its migration towards the nucleus, preventing the invalidation of the 

G2/M checkpoint during cell cycle.226 

The function of Hsp60 on apoptosis is highly discussed in healthy vs cancerous cells, being considered 

anti-apoptotic in the former, but apoptotic in the latter. In Jurkat cells, Hsp60 acts as a pro-apoptotic 

proteins by leading to the maturation of caspase 3,98,226 whereas in clear cell renal carcinoma, Hsp60 is 

downregulated and causes tumour progression.227 For additional details, please refer to Annex C. 

Our observations of Hsp60 expression detected a significant decrease of relative expression of irradiated 

cells, with and without AuNR-PEG, against control cells 6 hours after illumination (p < 0.048). This 

reduction on Hsp60 expression was more pronounced for cells irradiated without AuNR-PEG that did 

not experience elevated temperatures (Figure 7.3). The other analysed samples showed no statistically 

significant decreases in relative expression of this chaperonin, including oven-cells, that had very similar 

expression levels to AuNR-PEG samples 24 hours after irradiation. 

The initial decrease observed six hours after PPTT treatment seemingly indicates the cellular 

predisposition to damage by apoptotic signals and protein denaturation. However, this could be a red 

herring, as ccRCC cells, such as the studied 786-0 cell line, express abnormal levels of Hsp60. Further 

studies on the effect of hyperthermia on ccRCC cells, both in vitro and in vivo, are needed to explain the 

further reduction of expression of Hsp60. Cells irradiated without AuNR-PEG do not drastically see 

their viability decreased, indicating that Hsp60 function in irradiated 786-0 cells is not essential for 

viability or mortality after PPTT. 

This observation is a clear example of why results obtained from a single cell line should be taken with 

great consideration, as other cell types may exhibit similar, or opposing, reactions in terms of protein 

expression. For 786-0, it would be prudent to observe the relative expression of Hsp60 at additional 

timepoints and compare those to healthy renal cell lines, to gain a more comprehensive understanding 

of the role of Hsp60 on PPTT-induced hyperthermia. 

7.2.2.3. Hsp70 

Hsp70 is a constitutively expressed chaperone that plays a pivotal role in heat and stress response. It 

aids in protein assembly and folding processes is almost all cellular compartments, as well as facilitating 

protein traffic.225 Hsp70 has high binding affinity for non-native proteins, able of recognising 

hydrophobic surfaces in proteins. 

Mild stress can induce an increase in the expression of Hsp70, having the important role of associating 

with different co-chaperones to allow to refold aberrantly folded proteins. Hsp70 hinders the apoptotic 

cascade by preventing the interaction of Apaf-1 with caspase 9 to form the apoptosome.96 It also 

associates with Bax, preventing its oligomerisation and cytochrome C release from the mitochondria.97,98 
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Under stress, Hsp70 interacts and suppresses Bcl-2 family members apoptotic signals.96 Hsp70 is largely 

considered an anti-apoptotic protein. For additional details on protein function, please refer to Annex C. 

After PPTT-induced hyperthermia, 1.5-fold increases in the expression of Hsp70 could be observed in 

cells with AuNR-PEG at 6 and 24 hours after illumination (Figure 7.3). Upon exposure to mild heat 

shock, the expression of Hsp70 is usually induced,91 but the changes observed were not statistically 

significant (p ≥ 0.05). 

Expression in cells irradiated without AuNR-PEG also had slight increases of Hsp70 expression 

compared to controls, similar to oven-cells, but none of the changes were statistically significant. 

Nonetheless, and from a clinical perspective, the higher increase in expression in PPTT-cells at 6 and 

24 hours, compared to oven-cells immediately after treatment is an indication that the processes by 

which PPTT and conventional hyperthermia elevate temperature differ. With an additional timepoint for 

oven-cells, we would be able to determine if Hsp70 is activating cellular survival mechanisms upon 

thermal heating. 

On in vivo experiments, Chen et al. found increases of Hsp70 expression in hepatic tumours 18 hours 

after irradiation-induced hyperthermia.223 Experiments that modulated Hsp70 expression in vitro found 

out that down-regulation of Hsp70 in oral (HSC), breast (MCF-7) and liver (Huh7.5) produced a 

significant reduction in viability, increasing apoptosis after PPTT.35 By conjugating anti-Hsp70 drugs to 

gold nanoparticles, the efficacy of PPTT-induced hyperthermia is enhanced.35 Silencing Hsp70 may 

have a cytotoxic effect on tumour cells, but not on healthy ones.98 

7.2.2.4. Clusterin 

Clusterin is a secreted multifunctional protein that upon stress-induced precipitation of unfolded 

proteins, it acts as a chaperone by associating with Hsp70 and interfering with Bax activation, blocking 

its pro-apoptotic effects.228–230 During chemical or heat-induced stress, clusterin avoids protein 

segregation of slowly aggregating proteins, indicating that clusterins act as chaperons that preferentially 

recognise particularly unfolded proteins.220 For additional details on the role on clusterin on protein 

folding and during efferocytosis (removal of dying cells by macrophages), please refer to Annex C. 

After PPTT and oven-induced hyperthermia, clusterin had a mean 2-fold increase in expression 

compared to control cells and cells irradiated without AuNR-PEG, however, none of these increases 

were statistically significant (p ≥ 0.05) (Figure 7.3). Although this lack of statistical relevance, it is 

possible to define a clinical change in the expression on the relative expression of clusterin after thermal 

stress. 

Clusterin is a very resistant protein to heat-induced stress. When heated to 60°C for 30 minutes, it did 

not experience precipitation, but could protect other proteins (Catalase and GST) when heated at the 

same temperatures. However, the protection provided by clusterin was only physical, as these proteins 

experienced loss of function.228 Nonetheless, the increase in expression of clusterin after all 

hyperthermic effects (PPTT and oven) reinforces its interaction with slowly aggregating proteins after 

hyperthermia.220 

7.2.3. The Bcl-2 protein family: orchestrators of cellular fate 

The Bcl-2 protein family has dual roles in the balance between cellular survival and apoptosis. All 

proteins within the family share the same Bcl-2 homology (BH)-domain, the BH3-domain, that allows 

proteins of the family to interact with each other.231 The other BH-domains that the proteins have will 

indicate their role in cellular death, as pro- or anti-apoptotic. 

The Bcl-2 protein family is classified into three subgroups: BH3-only (proapoptotic, e.g. Bad), effectors 

or pore-former (proapoptotic, e.g. Bax) and anti-apoptotic (e.g. Bcl-2 and Bcl-x). Their binding 

interactions regulate the formation of the mitochondrial outer membrane pore (MOMP), setting an 

apoptotic threshold for the mitochondrial release of cytochrome C and other proapoptotic proteins.232,233 
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As shown in Figure 7.1 and Figure 7.4, 

anti-apoptotic proteins in homeostasis are 

mutually sequestering pore-forming 

proteins (Bax and Bak), and BH3-only 

proteins, preventing the formation of a 

mitochondrial pore. Upon apoptotic 

signalling, BH3-only proteins capture anti-

apoptotic proteins Bcl-2 and Bcl-X, 

allowing Bax and Bax to oligomerise and 

the formation of the MOMP, marking the 

activation of apoptosis.232–234 

The apoptosis array used to test the 

expression of apoptotic-related proteins 

allowed us to test for Bad, Bax, Bcl-2 and 

Bcl-X, however, the data of only three of 

these proteins could be analysed. In the 

array, Bcl-X spot-antibodies were located 

next pro-caspase 3- During imaging, the 

signal intensity from the expression of pro-

caspase 3 was strong enough to influence 

the neighbouring spot (Bcl-x). As a 

consequence, of both replicate antibody 

spots for Bcl-x, one had higher intensity 

than the other. This discrepancy between 

replicates within the membrane could add a 

lot of error in data analysis, and therefore, 

it was decided to forego its analysis and 

discussion. Nonetheless, functional 

redundancy of anti-apoptotic proteins Bcl-

2 and Bcl-x, regarding mutual 

sequestration of Bax, allowed us to analyse 

the Bcl-2 protein family role on cellular fate after PPTT. 

7.2.3.1. Bad 

Bad is a proapoptotic protein. Its main role is engaging with anti-apoptotic proteins and liberate Bax to 

form a MOMP and promote apoptosis. Bad displaces Bax from mutual sequestration and allows it to 

translocate to the mitochondrial membrane. It acts as a sensitiser protein, recognizing intrinsic and 

extrinsic triggers of apoptosis (DNA damage, endoplasmic reticulum damage, oxidative and metabolic 

stress).233,235 Bad is therefore an initiator protein that neutralises the effect of Bcl-2 protein. 

After a hyperthermic event, the expression of Bad was increased 1.5 times compared to controls in cells 

irradiated with AuNR-PEG, at 6 and 24 hours after the event (Figure 7.4). In the case of cells irradiated 

without AuNR-PEG, a slight decrease in the relative expression of Bad could be detected. However, 

none of these changes were statistically significant (p ≥ 0.05). On the other hand, cells experiencing 

60°C for 5 minutes in an oven displayed a more than 4-fold increase in the expression of Bad, and this 

was statistically significant compared to all other samples and controls (p < 0.0124). Overexpression of 

Bad induces sensitization to TRAIL-induced (extrinsic) apoptosis, as well as increasing apoptosis due 

to loss of cellular adhesion.235,236 

Figure 7.4. Bcl-2 protein family in apoptosis activation. A) Schematic 

representation of the interaction between members of the Bcl-2 protein 

family. Bad sequesters Bcl-2, liberating Bax, that can form the MOMP 

and allow mitochondrial proteins to flow to the cytoplasm. B) Graph 

depicting relative expression of Bad, Bax and Bcl-2. Only statistically 

and clinically relevant differences are shown.  Statistical significance is 

denoted by symbols: * indicates significance vs control samples, and & 

indicates significance vs oven samples. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 
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7.2.3.2. Bax 

Bax is a proapoptotic protein and one of the main components of the mitochondrial outer membrane 

pore (MOMP). In homeostasis, Bax is usually mutually sequestered by Bcl-2 or Bcl-x. Upon apoptotic 

activation, Bax is released from Bcl-2 and can retro-translocate within the mitochondrial membrane and 

form the MOMP. This pore allows cytochrome C and other pro-apoptotic proteins to escape from the 

inner mitochondrial space to the cytosol, where they will active downstream apoptotic effectors.232,233 

Oligomerisation of Bax, with itself or together with Bak, is a crucial aspect for the development of 

apoptosis. After PPTT, the expression of Bax was dysregulated. On cells irradiated with AuNR-PEG, 

relative expression of Bax was upregulated, being slightly higher 24 hours after hyperthermia. However, 

in the case of cells irradiated without AuNR-PEG, 6 hours after illumination, expression was halved 

compared to controls, whereas 24 hours after irradiation Bax expression had increased (Figure 7.4). 

None of these changes were statistically significant. This increase in expression in cells illuminated that 

did not experience hyperthermia could indicate the late effects of laser irradiation in activating some 

apoptotic processes. 

Oven hyperthermia cells had on the other hand, a clear increase in the relative expression of Bax 

immediately after treatment, indicating a drastic increase in the formation of mitochondrial pores after 

a thermal event. Bax overexpression sensitises cells to apoptosis and anti-cancer drugs, indicating the 

potential of hyperthermia to enhance the effect of anti-cancerous drugs. More investigation in the effects 

of PPTT for Bax overexpression should be done, as our results at 6 and 24 hours after the hyperthermic 

effect did not show significant increase, but perhaps the effect had already passed. 

7.2.3.3. Bcl-2 

Bcl-2 is a pro-survival protein that prevents the oligomerisation of Bax and inhibits BH3-only 

proteins.233 Overexpression of Bcl-2 increases the signalling threshold required to trigger apoptosis.232 

However, downregulation of Bcl-2, unless accompanied by downregulation of anti-apoptotic proteins, 

such as Bcl-x and MCL1, does not result in an increase in apoptosis because of its functional redundancy. 

Expression of Bcl-2 wasn’t changes compared to controls 6 hours after irradiation for both cells with 

and without AuNR-PEG. However, 24 hours after irradiation, the relative expression of cells after PPTT-

induced hyperthermia experienced a 2-fold increase, however it was not statistically significant. On the 

other hand, immediately after the hyperthermic event, oven-cells had a 5-fold increase in expression 

compared to controls. This rise was statistically higher than the increase observed in AuNR-cells 24 

hours after illumination. 

7.2.3.4. Bcl-2 family: game of affinities 

The result of apoptotic signalling within the Bcl-2 family of proteins is a game of affinities between pro-

survival and pro-apoptotic proteins. The concentrations and affinities of each of the members of the 

protein family dictate which protein is interacting with which another, mutually sequestering proteins to 

either induce or suppress apoptotic signalling. 

Our relative expression levels of the Bcl-2 protein family indicate apoptosis is being triggered over 

cellular survival for PPTT-cells, as Bad and Bax expression were slightly increased at both timepoints 

after hyperthermia, but anti-apoptotic Bcl-2 protein only experienced a rise in expression 24 hours after 

elevated temperatures. This late pro-survival reply could be the cellular response of remaining cells to 

persist after the initial thermal event. The differences observed between the different timepoints analysed 

could also indicate that more apoptotic events are happening 6 hjours after treatment compared to 24 

hours later. To confirm this, mRNA expression levels should be analysed as the same timepoints as 

protein expression was checked. Moreover, studying the expression of Bcl-2 proteins immediately after 

PPTT treatment could better explain the speed at which the apoptotic events are occurring. For all oven-

cells, protein expression was more heavily induced compared to PPTT-induced hyperthermia, this could 

be the results of a more aggressive thermal insult (higher temperature, 60°C, and 5 minutes exposure). 
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7.2.4. Cellular apoptotic activators: mediators of cell demise 

Cellular apoptotic activators are tightly regulated by their location in the cell and their ability to interact 

with cytosolic proteins. The fine balance between apoptotic activators and inhibitors is distorted during 

apoptosis. Formation of the MOMP allows mitochondrial proteins to flow to the cytosol and interact 

with downstream effectors of apoptosis, (Figure 7.1 and Figure 7.5) either antagonising anti-apoptotic 

proteins or forming pro-apoptotic complexes. The release of Smac/DIABLO, HTRA2/Omi and 

cytochrome C from the mitochondria are key events for testing the induction of apoptosis. 

7.2.4.1. Smac/Diablo 

Smac/Diablo, during homeostasis, is found inside the mitochondria, but when an apoptotic signal is 

detected by the cell, and the MOMP is formed, it is released into the cytoplasm. Smac neutralises the 

effect of inhibitor of apoptosis (IAP) proteins, preventing their interaction with caspases and releasing 

them to form the apoptosome and activate executor caspase 3.237 This reduces the targeting and 

destruction of caspases, therefore, an increase in the expression of Smac/Diablo is representative of 

apoptosis, as it lowers the apoptotic threshold for cells after a death stimulus.238 Overexpression of 

Smac/Diablo sensitises cells to chemotherapeutic drugs.239 For additional details on the method of 

action, please refer to Annex C. 

Our observations, 6 and 24 hours after PPTT irradiation did not detect an increase in the expression of 

Smac/Diablo, but a sharp decrease in the relative expression 6 hours after illumination in cells with 

AuNR-PEG. Although this drop in expression was not statistically relevant, it allows IAPs free to block 

the formation of the apoptosome. Nonetheless, this decrease was neutralised 24 hours after PPTT, with 

expression levelling to the one of cells irradiated without AuNR-PEG. On the other hand, oven-cells 

experienced a sharp increase in the expression of Smac/Diablo immediately after hyperthermia. This 

increase indicates that 60°C for 5 minutes applied macroscopically is enough to activate the apoptotic 

mechanisms and release Smac/Diablo. 

In the case of studied renal cell carcinoma, the expression of Smac/Diablo is controversial, as several 

studies have found a lower expression level of this pro-apoptotic protein, inversely correlating with 

progression and prognosis of cancer.237 This results, compared to the outcomes of the relative expression 

of Smac/Diablo after hyperthermia indicate that for conventional methods, hyperthermia can sensitise 

tumours to chemotherapeutic drugs, but that PPTT-induced hyperthermia may have to deal with 

Smac/Diablo not being easily inducible 6 and 24 hours after treatment. 

Figure 7.5. Cytochrome C and Smac/Diablo release and expression levels of pro-apoptotic proteins. A) Image depicting the 

effects of pro-apoptotic proteins release from the mitochondria. B) Graphs depicting the relative expression of Smac/Diablo, 

Htra2/Omi and cytochrome c. Only statistically and clinically relevant differences are shown.  Statistical significance is denoted 

by symbols: * indicates significance vs control samples, and & indicates significance vs oven samples. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 
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7.2.4.2. Htra2/Omi 

Htra2/Omi, or high temperature requirement protein A2, is a pro-apoptotic protein that reduces the 

activity of IAPs by incapacitating them. Htra2/Omi is a serine protease that can cleave IAPs, reducing 

their capacity to inhibit caspases (Figure 7.5-A).240,241 Increases of Htra2/Omi are associated with 

apoptosis promotion, as it efficiently removes their inhibitors, rendering cells susceptible to death 

signals and drugs.240,241 

The observation of the relative levels of Htra2/Omi showed a similar expression profile to Smac/Diablo 

despite its more assertive function against IAPs. After 6 hours of irradiation with AuNR-PEG, its 

expression was halved compared to controls, but this change was not statistically significant (p ≥ 0.05). 

In contrast to Smac/Diablo, Htra2/Omi expression is not completely recovered 24 hours after 

hyperthermia, but still exhibits an increase (p ≥ 0.05) (Figure 7.5). In oven-cells, close to a 2-fold 

increase in the expression of Htra2/Omi could be observed after hyperthermia. This increase would 

logically be followed by a decrease in the expression of IAPs, but as we will see in the next section, IAP 

expression is also elevated after hyperthermia. 

7.2.4.3. Cytochrome C 

Cytochrome C is a major protein in the apoptotic cascade. Generally, it resides within the inner 

mitochondrial membrane, where it participates in the electron-transport chain, accepting electrons from 

complex III and transferring them to complex IV.242,243 During apoptosis, cytochrome C is released from 

the mitochondria into the cytoplasm, where it binds into Apaf-1 (Apoptosis protease-activating factor-

1).61 

Apaf-1, in the absence of cytochrome C resides as a monomer, uncapable of recruiting and activating 

caspase-9. Upon binding of cytochrome C to Apaf-1 it forms the characteristic ring-like formation, 

uncovering the caspase recruitment domains (CARD), enlisting pro-caspase 9 (initiator caspase) and 

forming the apoptosome. The completed apoptosome can activate executioner caspases 3 and 7, 

orchestrating the cleavage of specific molecules and determining cellular fate (Figure 7.5).61,242–244 

Cytochrome C release is a turning point in apoptosis activation, often used as an apoptotic marker during 

the study of programmed cell death mechanisms. After hyperthermia, through PPTT or in the oven, cells 

experienced a general increase on the relative expression of cytochrome C compared to controls, 

however none of these increases were statistically significant (p ≥ 0.05). In comparison, the mean 

expression of cells irradiated without AuNR-PEG was similar to those of controls. We observed high 

variability for all samples after treatment, reducing the statistical relevance of comparisons. However, 

the larger increase in expression of cytochrome C in cells experiencing hyperthermia, compared to those 

that do not, suggests, though not definitely, that apoptosis has been triggered. 

Hsp27, on top of blocking the interactions mentioned above, is able to prevent cytochrome C interaction 

with Apaf-1 and pro-caspase 9.222 Therefore, the increase of cytochrome C, together with the increase 

of Hsp27 indicates an effort of cells heated in the oven to protect against heat-induced apoptosis. 

However, the lack of change on Hsp27 after PPTT, together with cytochrome C increase, suggest that 6 

and 24 hours after irradiation, programmed cell death is induced in 786-0 cells after hyperthermia. 

7.2.5. Cell survival defenders: IAPs 

To maintain cellular homeostasis, apoptotic inhibitors regulate programmed cell death in most 

mammalian cells.245 Inhibitors of apoptosis (IAPs) hold a key position as controllers of programmed cell 

death when apoptotic signals are considered to be sublethal and cellular recovery and survival is 

plausible. This may occur when the stress-inducing event that triggers the death mechanism rapidly 

disappears or lacks the required intensity to surpass the apoptosis threshold. 

The inhibitors of apoptosis are a highly conserved protein family, sharing the baculovirus-IAP-repeat 

(BIR) domain, allowing them to bind caspases and block them.245 Together with other domains they 

present, it determines how IAPs exert their anti-apoptotic functions: directly inhibiting caspases with 
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physical interactions, targeting caspases for ubiquitination and proteasomal degradation, or interacting 

with pro-apoptotic proteins, such as Smac/Diablo (Figure 7.6-A).246,247 

The downregulation of IAPs does not result in the activation of apoptosis, but rather it indicates that 

cells are sensitised to apoptotic stimuli, reducing the threshold for activation of programmed cell 

death.248 Moreover, functional redundancy within the IAP protein family renders deletion and 

downregulation of certain inhibitors of apoptosis unremarkable.249 To find further details on the action 

of IAPs and analysis of additional anti-apoptotic proteins examined during the proteome array, please 

consult Annex C. 

7.2.5.1. c-IAP1, c-IAP2 and XIAP 

Cellular IAP1 and IAP2 (c-IAP1 and c-IAP2) and X-linked IAP (XIAP) are negative regulators of 

apoptosis in a different number of pathways, including the intrinsic mitochondria-mediated pathway and 

the death receptor-mediated pathway. 

c-IAP1 and c-IAP2 cannot directly inhibit caspases, but they help on the ubiquitination of caspase 3 and 

caspase 9, targeting them both for proteasomal degradation.246 Moreover, due to the putative redundancy 

of c-IAP1 and c-IAP2, the combined absence of both proteins rendered cells sensitive to extrinsic TNFα-

receptor cell death signalling.250 cIAPs mediate TNFR1-TRAF-RIP1-Caspase 8 activation, ultimately 

leading to the activation of apoptosis.247 c-IAP1 is known to promote oncogenesis by promoting the 

degradation of a negative regulator of Myc.251 

XIAP can directly bind to caspase 3 and 7 and prevent their interaction with their substrate for cleavage 

effectively blocking caspase function.248 Additionally, they possess E3-ubiquitin ligase activity, tagging 

caspases with ubiquitin for subsequent proteasomal degradation.247,248,252 XIAP is direct target of 

Smac/Diablo, displacing XIAP-bound caspases and reactivating molecular cleavage.252 

The results obtained after analysing the relative expression of IAPs after PPTT compared to controls 

showed decreases on the expression of all three IAPs after PPTT-induced hyperthermia (Figure 7.6-B). 

These changes were not statistically significant (p ≥ 0.05). Cells irradiated with NIR light without 

AuNR-PEG had not significant increases of IAPs 6 hours after illumination. On the other hand, oven-

cells had a 3-fold increase of c-IAP1 compared to controls (p < 0.0031), and 1.5-fold increase for c-

IAP2 (p < 0.0473). XIAP expression after hyperthermia in the oven did not significantly change (p ≥ 

0.05). 

The lack of relevant changes in the expression of any of these three inhibitors of apoptosis after laser 

irradiation indicates that our laser setting, by itself, does not increase the susceptibility of cells to 

Figure 7.6. Inhibitors of apoptosis role in apoptosis. A) Schematic representation of the interaction between pro-apoptotic and 

anti-apoptotic proteins. B) Graph depicting relative expression of Bad, Bax and Bcl-2. Only statistically and clinically relevant 

differences are shown.  Statistical significance is denoted by symbols: * indicates significance vs control samples, and & 

indicates significance vs oven samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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apoptosis. However, the modest downregulation of IAPs after PPTT treatment could be a marker of 

plasmonic hyperthermia rendering cells more susceptible to apoptotic stimuli. Oven-cells immediately 

after treatment express high percentages of IAPs. It would be interesting to observe the expression 

kinetics of these inhibitors after oven hyperthermia, because if a drop in expression was observed, it 

would indicate that cells can initially protect themselves against the apoptosis signal triggered by 

elevated temperatures, but these protection decays with time, as more death signals could have been 

produced by the cells (ROS production or damage-associated molecular patterns (DAMPs)). 

Interestingly, the reduction in the expression of c-IAP1 after PPTT may be beneficial for cancerous cells, 

as its role on oncogenesis in the Myc pathway will be reduced.251 Evasion of apoptosis is a hallmark of 

cancer, and reduction of IAPs can indicate a decrease in tumour development and progression, including 

lower therapeutic resistance after PPTT.248 

7.2.6. The extrinsic pathway: death receptors and associated proteins 

Apoptotic cell death receptors and their associated proteins fulfil a central role in the activation of the 

extrinsic pathway of apoptosis. The signals they transmit accelerate the activation of the common 

downstream effectors of apoptosis where intrinsic and extrinsic apoptosis converge, such as Bid, a 

protein from the Bcl-2 family, with similar functions to bad.253,254 

Of the four receptors analysed in the human apoptosis kit, three of them (TRAIL R1/DR4, TRAIL 

R2/DR5 and Fas/TNRFRSF6/CD95) are considered to be direct activators of apoptosis upon binding of 

their respective ligands, TRAIL (TNF Receptor Apoptosis-Inducing Ligand) and FasL. On the other 

hand, TNF R1/TNFRSF1A (TNFR1 for short) can exert both pro- and anti-apoptotic effects depending 

on which downstream proteins are activated or stabilised.83,87,253 For additional details on the receptor 

functions during apoptosis, please refer to Annex C. 

TRAIL R1 and TRAIL R2 are type II transmembrane proteins. TRAIL R1 and R2 are type II 

transmembrane proteins. Binding of TRAIL results in trimerization of R1 and R2, forming the DISC 

complex (death-inducing signalling complex), capable of FADD (Fas-associated protein death domain) 

recruitment and posterior activation of initiator caspases, such as caspase 8 (Figure 7.1), leading to 

caspase 3 activation.254,255 The activation of both TRAIL receptors involve the enrolment of FADD, 

having functional redundancy upon binding of their respective ligands.255 Their expression increases 

with stress and with the upregulation of transcriptional factor p53, sensitising cancer cells to 

apoptosis.256 On the other hand, lack of TRAIL receptors render cells insensitive to extrinsic apoptosis. 

Fas receptor activates upon binding of FasL (Fas Ligand), recruiting FADD and allowing the formation 

of the DISC together. FADD is therefore a key mediator for death receptor apoptosis, acting as a bridge 

between receptors being activated after ligand binding and recruitment of initiator caspases and other 

associated proteins (Figure 7.1 and Figure 7.7).257,258 

FADD is also involved in the activation of TNFR1-mediated apoptosis. Binding of TNFα activates 

receptor trimerization and creation of a platform for recruitment of several proteins (Figure 7.7-A), 

forming complex I. Within this complex, TRADD can activate an anti-apoptotic program, but if RIPK1 

is deubiquitinated, complex I shifts to complex II, recruiting FADD and leading to apoptosis activation. 

After irradiation, the expression of all receptors and FADD lacks consistency to determine if the extrinsic 

apoptotic pathway has been activated (Figure 7.7 and Figure S.7. 2). TRAIL R1 experienced a 2-fold 

increase in expression compared to controls 6 hours after irradiation, for both cells with and without 

AuNR-PEG (p ≥ 0.05). However, after 24 hours, expression rocketed with a 10-fold increase for cells 

with AuNR-PEG (p < 0.0001) and almost 5-fold increase in cells without AuNR-PEG (p < 0.0394). On 

the other hand, TRAIL R2 showed no change in expression in samples that experienced hyperthermia 6 

hours after irradiation, but the next day, relative expression compared to controls reached a 5-fold 

increase (p < 0.0003). On the other hand, cells illuminated without AuNR, that did not suffer elevated 

temperatures, had close to a two-fold increase compared to controls, but this was not statistically 

significant. 
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For all other receptors, no relevant changes in their expression could be observed after PPTT, 6 and 24 

hours after illumination, nor for cells experiencing hyperthermia through conventional heating in an 

oven (Figure S.7. 2). The lack of changes in the expression of Fas and FADD is surprising together with 

the excess of expression detected for TRAIL R1 and R2. 

Upregulation of TRAIL R1 and R2 can induce apoptosis in renal cancer cells.259 Moreover, hyperthermia 

promotes TRAIL-induced apoptotic death upon binding of their ligand.260–262 The timely increase in 

expression of these two receptors after PPTT determines that hyperthermia can induce extrinsic 

activation of apoptosis. However, hyperthermia is known to activate TNF-induced apoptosis, but only 

decreases were observed for TNFR1.260 All in all, the expression and activation kinetics of death 

receptors after PPTT can determine the cellular sensitivity to heat-induced cell death, and further 

research on this topic is of interest, as specific drugs targeting these receptors and associated proteins 

can be attractive for synergistic cancer therapies. 

7.2.7. Hypoxia and oxidative stress: role in apoptosis 

Hypoxia and oxidative stress are potential triggers of programmed cell death. Cellular life depends on 

the presence of oxygen, but lack of oxygen or excessive incidence of reactive oxygen species (ROS) can 

affect cellular mechanism and, in some instances, activate the apoptotic process.62,83 

Different proteins are involved in maintaining correct cellular pathways and removing the products 

generated after the electron transport chain, such as ROS, superoxide anion, hydrogen peroxide and 

hydroxyl radicals. These cause oxidative stress and damage to cell components if not correctly 

neutralised.62 The increase in expression of antioxidant systems can be an indicator of cells experiencing 

oxidative stress. Downregulation of these proteins can indicate that cells are becoming more vulnerable 

to oxidative stress and affecting the correct cellular metabolism.263 

Hyperthermia and production of ROS are closely related. Many instances have been reported in which 

PDT (photodynamic therapy) and PPTT are combined to obtain synergistic anti-cancerous 

effects.10,146,264 Heat stress induces ROS production, but the precise mechanism for how elevated 

temperatures produce ROS are still undetermined.69 

7.2.7.1. HIF-1α 

The hypoxia inducible factor 1 α-subunit (HIF-1α) is the oxygen-dependent subunit of the heterodimeric 

transcription factor, HIF-1, that allows cells to adapt to low oxygen levels.265,266 In normal conditions, 

oxygen is used as a substrate to hydroxylate HIF-1α, tagging the protein to be recognised and 

Figure 7.7. Extrinsic apoptosis activation. A) Schematic representation illustrating the key steps involved in activation of 

extrinsic apoptosis. B) Graphs depicting the expression levels of TRAIL R1 and R2. Only statistically and clinically relevant 

differences are shown, with symbols denoting significance: * indicates significance vs control samples, & indicates significance 

vs oven samples, and # indicates significance vs other samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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ubiquitinated, targeting it for proteasomal degradation. During hypoxia, HIF-1α hydroxylation is not 

possible, allowing the protein to accumulate since it is not ubiquitinated and degraded. The stabilisation 

of this factor allows it to translocate to the nucleus, joining its other subunits and generating a 

transcription factor that can promote target gene expression by binding onto the HRE elements (hypoxia 

response elements),265 promoting the expression of pro-apoptotic genes.267 The roles of HIF-1α after 

stabilisation during apoptosis are complex, with opposing accounts regarding its role as pro- or anti-

apoptotic. Additional details on HIF-1α as an anti-apoptotic protein can be found in Annex C. 

After PPTT-induced hyperthermia (Figure 7.8), the expression levels of HIF-1α were slightly reduced 

compared to controls. However, this reduction was not statistically different from the expression levels 

after irradiation without AuNR-PEG or the reduction observed in oven-cells. HIF-1α is regulated at the 

protein level, and during homeostasis, its mRNA expression remains stable and is ubiquitination which 

regulates its degradation. In hypoxia, levels would be expected to increase due to the lack of oxygen 

that allows hydroxilation and posterior ubiquitination. After these results, we can conclude that cells 

after PPTT have similar access to oxygen levels and no hypoxic conditions are triggering cell death, 

however, careful consideration must be taken, as HIF-1α can interact with wild-type p53, but not with 

mutant p53 found in some cellular types.266 

7.2.7.2. HO-1 and HO-2 

Oxygen levels are not the only responsible for oxygen-mediated apoptosis. Oxidative stress can induce 

the expression of antioxidant proteins to balance the metabolic state of the cell in favour of normal 

physiological activities. If pro-oxidative circumstances arise, a series of pathological processes can be 

triggered that can result in apoptosis. 

To avoid this, heme oxigenase-2 (HO-2/HMOX2) is constitutively expressed in a wide variety of cells, 

contributing to heme metabolism and redox equilibrium.268 On the other hand, heme oxygenase 1 (HO-

1/HMOX1/HSP32) is stress inducible. Upon pro-oxidant stimuli detection, the cell upregulates its 

expression.269–271 Encoded in gene HMOX1, a variety of signals can induce its expression, including 

HIF-1 stabilisation due to hypoxia.272 

HO-1 provides multiple cytoprotective functions by its antioxidant and anti-apoptotic effects. It can 

remove hypoxia induced ROS as well as catalysing the breakdown of haem, a highly cytotoxic 

component that must be rapidly metabolised when in a free form. Heme catabolism by HO-1 produces 

three products: Carbon monoxide (CO), bilirubin and Fe2+. CO and bilirubin have antioxidant and 

cytoprotective effects within the cell. Importantly, the metabolic state of the cell can indicate how it will 

react to CO, mostly producing pro-apoptotic effects in cancer cells, and anti-apoptotic effects on normal 

cells (Figure 7.1).272 Absence of HO-1 produces higher levels of ROS, activated caspase 3 and 9 and 

induction of apoptosis.269,270,272 

The results obtained from the human apoptotic array clearly show that expression of HO-1 is inducible 

in contrast to the constitutive expression of HO-2 (Figure 7.8), for which we observed non-significative 

changes in its expression. HO-1 experienced up to 3-fold increase in its relative expression compared to 

controls 6 hours after PPTT, expression slightly reduced after 24 hours (p < 0.0361). The increase in 

HO-1 on cells irradiated without AuNR-PEG suggests that the reaction of light with cells could be 

promoting the production of ROS and oxygen radicals, nonetheless, the differences between controls 

and samples without AuNR-PEG were not statistically significant. 

7.2.7.3. Catalase 

Catalase is an enzymatic scavenger that detoxifies the cell from ROS molecules. It catalyses hydrogen 

peroxide decomposition to water and oxygen.66 Catalase is stored in peroxisomes (single membrane 

organelle) and in a similar manner to mitochondria, oxidative stress can induce pore formation in the 

peroxisome and release catalase to the cytosol. In contrast, to pore formation in mitochondria and the 
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release of apoptogenic factors, catalase release 

to the cytosol produces an anti-apoptotic effect, 

prompting its catalytic effects on oxidators and 

decanting the balance again towards cellular 

survival.273 

After PPTT, catalase expression peaked 6 hours 

after irradiation in cells with AuNR-PEG and 

maintained its 2-fold increase compared to 

controls until 24 hours after illumination 

(Figure 7.8). However, due to the increased 

variability in the expression these increases 

were not statistically significant (p ≥ 0.05). 

Nonetheless, the increase in expression together 

with the results of HO-1 indicate the presence of 

ROS in the cellular environment, activating its 

protection mechanisms against oxidative stress. 

Interestingly, no increase in expression after 

exposure to the laser light was observed for 

catalase, suggesting that catalase expression in 

triggered after hyperthermia (as also observed 

in oven-cells), but not with laser illumination. 

7.2.7.4. PON2 

Human paraoxinase-2 (PON2) has two main activities inside the cell: lactonase activity and antioxidant. 

Its lactonase activity works as defence from pathogen infection, but its antioxidant activity reduces 

oxidative stress and inhibits apoptosis. In contrast to PON1, PON2 is exclusively expressed 

intracellularly, having no impact on the extrinsic apoptotic pathways. PON2 reduces intrinsic apoptosis 

by preventing cytochrome C release, caspase activation and superoxide formation. This influence on 

redox signalling and on the intrinsic pathways, promotes cell survival.274–276 

Although it can reduce oxidative stress from the mitochondria, PON2 expression protects cells 

specifically from endoplasmic reticulum (ER)- induced apoptosis. We did not detect changes in cellular 

expression after PPTT, suggesting that we are not inducing ER-related apoptosis after PPTT (Figure 

7.8).276 Treatment at 43°C for one hour induced apoptosis through ROS production and ER-stress.90 

PON-2 expression had a 2-fold increase in oven-cells (p < 0.0025) indicating that conventional 

hyperthermia may impact more severely the ER than PPTT-induced hyperthermia. 

7.2.8. Cell cycle and apoptosis 

A cell that encounters a cellular stress may experience DNA damage, which activates the cellular 

checkpoint mechanisms. During checkpoints, the cell assesses DNA integrity and prepares for cellular 

division. G1/S checkpoint allows the cell to duplicate their genetic content, whereas G2/M checks the 

correct alignment of chromosomes before mitosis. During favourable conditions, cells continue their 

cycle and commit to cellular division. However, if damage is detected, the restriction points are activated 

and cell cycle may be restricted to the G0 phase. If the damage poses a risk to the cell, the apoptotic 

process may be triggered to avoid the distribution of damaged DNA to daughter cells.277 

Several proteins are protagonists during these checkpoints to assess the cellular condition. Their 

interaction with the DNA during each phase of the cell cycle dictates the cellular future. Many of these 

proteins are regulated not only by their active or passive role or their protein concentration, but 

controlled by their phosphorylation state. Post-translational modifications determine the functionality 

and tasks of the transcription factor during a stressful event. For further information on the role of cell 

cycle-related proteins, please refer to Annex C. 

Figure 7.8. Expression of oxygen-related proteins. Graphs 

depicting the expression levels of HIF-1α, HO-1 and HO-2, 

Catalase and PON2. Only statistically and clinically relevant 

differences are shown, with symbols denoting significance: * 

indicates significance vs control samples and & indicates 

significance vs oven samples. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 
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7.2.8.1. p21/CIP/CDKN1A 

p21/CIP/CDKN1A (p21) is a tumour suppressor 

protein that inhibits cell cycle progression at the G1/S 

checkpoint. Phosphorylated p53 is the main modulator 

of p21, it upregulates p21 expression and causes cell 

growth arrest by associating with cyclin and cyclin-

dependent complexes (Cdk) to inhibit kinase activity, 

stopping the cell cycle at the G1 phase (Figure 7.9-

A).277–279 Although p21 has growth arrest and apoptotic 

functions, it can also suppress apoptosis depending on 

the damage and cell type. 

p21 is involved in DNA damage repair. Irradiation 

induces DNA breakage, which up-regulates p53 

activity and overexpression of p21. This increase in 

expression after irradiation has the aim of arresting the 

cellular cycle to allow the cell machinery to repair the 

DNA.279 Therefore, downregulation of p21 is an 

enhancer for irradiation-induced cytotoxicity and 

apoptosis. 

After PPTT irradiation with AuNR-PEG, no changes in 

the expression levels of p21 were observed. On the 

other hand, cells irradiated without AuNR-PEG saw a 

moderate increase in the expression of p21. None of 

these changes were statistically significant (p ≥ 0.05) 

(Figure 10B), however it suggests that light irradiance 

may be causing some potential DNA damage and p21 

is being upregulated to stop the cell cycle and allow 

time for the cell to recover. The lack of change after 

PPTT-induced hyperthermia, even if they are irradiated 

with the same laser conditions, can be due to the 

masking effect that the increase of temperature has on 

other proteins, supporting the trigger of other 

molecular pathways. 

7.2.8.2. p27/Kip1 

p27 has proliferation-inhibition functions, similar to p21, by interaction with cyclin-dependent kinase 

(Cdk) inhibitors.280,281 Its main target is Cdk2, restricting the G1 checkpoint during cell cycle 

progression. Overexpression of p27 induces growth arrest and apoptosis, but their relationship is still 

unclear,282 as excessive p27 presence can also protect the cell from apoptosis.281 The significance of p27 

in apoptosis remains uncertain depending on the cell type and their origin (tumoral or healthy).277 

For 786-0 cells, induction of p27 expression resulted in proliferation inhibition and apoptotic 

stimulation.283 After PPTT irradiation in cells with and without nanoparticles, and in oven-cells, no 

significant changes in p27 expression was observed for any time point (p ≥ 0.05) (Figure 7.9). 

7.2.8.3. Phospho-p53 

The p53 tumour suppressor protein and its gene, TP53, are among the most studied components in cancer 

biology due to their high mutation rate in most human cancers.284 Regulation of p53 is mainly performed 

by ubiquitin ligase Mdm2, targeting p53 for proteasomal degradation in normal homeostatic 

conditions.284–287 Non-mutated phosphorylated p53 (pp53) avoids Mdm2 and increases its half-life and 

Figure 7.9. Cell cycle checkpoints and protein 

expression levels. A) Schematic representation 

illustrating the interaction of the key checkpoints of the 

cell cycle and the studied proteins. The dotted line 

represents an indirect effect on the checkpoints. B) 

Graphs depicting the expression levels of p21 and p27. 

No statistically or clinically relevant differences were 

obtained. 
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acting as a transcriptional factor in the nucleus (Figure 7.10-A), activating pro-apoptotic genes and 

inhibiting cellular proliferation.284–287 However, phosphorylation of p53 at different sites modulates their 

interactions with the cell cycle and apoptosis. Phosphorylation at Ser15 (pp53-Ser15) avoids Mdm2 

ubiquitination and stabilises p53 expression,286 whereas phosphorylation at Ser392 (pp53-S392) impacts 

the growth suppression function of p53, its DNA binding affinity, and its transcriptional activation.288 

More importantly, pp53-Ser46 dictates the ability of p53 to activate apoptosis.286,289 

PPTT and laser irradiation significantly impacted the phosphorylation patterns of p53. For Ser15, 

phosphorylation was halved for cells irradiated with AuNR-PEG at both, 6 and 24 hours after irradiation 

(p < 0.0134), whereas cells only illuminated showed a slight decrease in Ser15 phosphorylation after 6 

hours (p ≥ 0.05) (Figure 7.10). Oven-hyperthermic samples experienced an increase in expression that 

was only statistically different from PPTT + AuNR-PEG cells (p = 0.0345). The differences between 

both PPTT-irradiated samples, and conventional hyperthermia suggests that the effects of heat, 

light+heat and light alone differently activate the kinases responsible for Ser15 phosphorylation. 

However, the different timepoints studied in oven and PPTT-cells must be considered during analysis. 

All in all, PPTT-induced hyperthermia does not avoid p53 ubiquitination by Ser15 phosphorilation. 

Phosphorylation at Ser46 differs between cells irradiated with and without nanoparticles. Cells without 

AuNR-PEG increased pp53-Ser46 expression 6 and 24 hours after irradiation, but these were not 

statistically significant compared to controls (p ≥ 0.05) (Figure 7.10). This increase improves the 

chances of cells to activate apoptosis if the apoptotic signal is strong enough. On the other hand, 

phosphorylation in cells irradiated with AuNR-PEG was only affected 24 hours after treatment. This 

decrease in phosphorylation was statistically significant compared to samples irradiates with 

nanoparticles (p < 0.019) but not to controls. Cells heated in the oven also experienced a decrease in 

expression, but this was immediately after heating, but this was not statistically different compared to 

controls (p ≥ 0.05). All in all, these are indicators that apoptosis after hyperthermia is not being activated 

through p53-Ser46 phosphorylation. 

Regarding Ser392 phosphorylation, its levels were maintained in cells irradiated without nanoparticles, 

but drastically lowered in cells illuminated with AuNR-PEG 24 hours after irradiation (p < 0.0038) 

(Figure 7.10). This indicates that after PPTT-induced hyperthermia, kinase activity in 786-0 is greatly 

reduced. Oven-cells did not have significant changes in expression of pp53-Ser392 after hyperthermia 

(p ≥ 0.05). 

Nonetheless, in clear cell renal carcinoma, of which 786-0 cell line is an in vitro model, p53 can be 

functionally inhibited, meaning that phosphorylation of p53 and its overexpression may be incapable of 

activating apoptosis.290 

Figure 7.10. p53 activation by phosphorylation in apoptosis. A) Scheme illustrating the different states of p53. During 

homeostasis, Mdm2 ubiquitinates p53, tagging it for proteasomal degradation. However, under stress, Mdm2 cannot 

ubiquitinate p53, allowing its phosphorylation and stabilisation to induce the transcription of apoptotic related genes. B) Graph 

depicting the expression levels of phosphorylated p53 at Ser15, Ser46 and Ser392. Only statistically and clinically relevant 

differences are shown, with symbols denoting significance: * indicates significance vs control samples,, & indicates 

significance vs oven samples, and # indicates significance vs other samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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7.2.8.4. Phospho-Rad17 

Rad17 is a cell cycle checkpoint protein required for cell cycle arrest and DNA damage repair at the 

G1/S checkpoint. At this transition, phosphorylated Rad17 can interact with claspin and regulates its 

phosphorylation by Cdk1. Ionising radiation (IR), ultraviolet light (UV), DNA damage and disruption 

of the replication fork activates phosphorylation at Ser635, enhancing its interaction with other proteins, 

among them, claspin. Rad17 phosphorylation is essential for its function and is necessary to activate the 

G2/M arrest, via Chk1 (Figure 7.9 and Figure 7.11).291,292 

Cells irradiated without AuNR-PEG experienced an increase in the phosphorylation of Rad17, with a 2-

fold increase after 24 hours of illumination (Figure 7.11). However, these changes were not statistically 

significant (p ≥ 0.05) as control samples had high variability on their phosphorylation levels. 

Nonetheless, these results suggest that NIR laser light can activate phosphorylation at Ser635, like it has 

been shown for IR and UV light. The lack of change in irradiated samples with AuNR-PEG or in oven-

cells can be a secondary effect of temperature increase, in which kinases responsible for its 

phosphorylation have been downregulated. 

7.2.8.5. Claspin 

Claspin is a checkpoint protein deeply involved in apoptosis and cellular response to replication stress 

and DNA damage. It is a tightly regulated protein, having high instability because its constant 

ubiquitination, displaying various levels of expression throughout the cell cycle. When replication stress 

is detected, claspin binds to the DNA and is phosphorylated, acting as an adaptor protein that passes the 

replication stress signal to Chk1 to facilitate a checkpoint arrest.293,294 If apoptosis has been triggered, 

claspin can be cleaved by Caspase-7, influencing the decision between cell cycle arrest and apoptosis.295 

An unphosphorylated claspin cannot activate the checkpoint arrest and cells will undergo apoptosis 

(Figure 7.11-B).295,296 

Six hours after PPTT, neither sample irradiated with or without nanoparticles experienced any change 

in claspin expression compared to controls (p ≥ 0.05) (Figure 7.11). However, 24 hours after 

illumination, both samples experienced an increase in claspin expression, with a 2-fold increase 

compared to controls in PPTT-induced hyperthermia (p < 0.0125). This increase in claspin 24 hours 

after hyperthermia can be the result of the time requirements for claspin activation after genotoxic 

damage, however, claspin concentration is regulated at the mRNA and protein levels.294 Nonetheless, 

Figure 7.11. Replication fork under stress. A) Schematic illustration depicting the proteins studied involved in resolving 

replication stress. Phosphorylated Rad17 aids in phosphorylating Claspin, which via Chk1 induced cell cycle arrest. If claspin 

is not correctly phosphorylated (grey line), upon replication stress the cell may induce apoptosis. At the same time, an 

unresolved G2/M transition can develop into apoptosis (dotted line). B) Graph depicting the expression levels of phosphorylated 

Rad17 and claspin. Only statistically and clinically relevant differences are shown, with symbols denoting significance: * 

indicates significance vs control samples, & indicates significance vs oven samples, and # indicates significance vs other 

samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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the phosphorylation of Rad17, known to activate claspin, does not impact the expression of claspin after 

PPTT. 

7.3. Discussion 

The interplay between conventional hyperthermia and cellular death has been extensively documented, 

particularly concerning the activation of programmed cell death pathways. The most important directors 

of apoptosis (Caspases, Hsps, and cytochrome C release) are well studied on their effect on the activation 

of apoptosis. Understanding how these, and other apoptotic-related proteins, are influenced by PPTT-

induced hyperthermia, can shed light on the potential applications of heat-based treatments, especially 

for cancer treatment. 

Programmed cell death is a desired outcome after PPTT induction, with lower immunogenic and 

inflammatory responses compared to necrosis. However, the intensity of the hyperthermic stimulus is 

crucial in determining the cellular response. Mild temperature increases activate apoptosis, but the 

specific temperature at which this occurs is highly cell dependent.35,81,90,297,298 On the other hand, most 

cells share a similar temperature threshold in which they overpass the apoptotic molecular pathway and 

activate necrosis.298 This poses a more significant threat on in vivo situations, as an inflammatory 

response could be triggered. 

Timing on the application of PPTT and its analysis are also key factors for the outcome of the therapy. 

Apoptosis is a dynamic and temporally regulated death process, wherein cellular events unfold in a 

sequential manner, encompassing initiation, execution, and resolution phases. This temporal aspect 

underscores the importance of studying the events occurring after PPTT at more than one timepoint. By 

doing this, it is possible to observe the activation or inhibition of certain molecular pathways, being able 

to time them to second doses of PPTT and multimodal therapeutic strategies combining heat with 

chemotherapy and radiotherapy to enhance their pro-apoptotic effect. 

Additionally, monitoring the molecular mechanisms activated after PPTT can determine the induction 

of thermotolerance after an hyperthermic event. Understanding the fundamental mechanisms of 

thermotolerance and their relationship to drug resistance can inform of the development of tailored 

therapeutic approaches to overcome this problem. 

Thermotolerance is often associated with the presence of Hsps.91 Temperature elevation increases the 

expression of Hsp27 and 70,223  and their downregulation is often induced to enhance the effectiveness 

of heat-based anti-cancer therapies.35,98 Downregulation of Hsp70 is associated with a cytotoxic effect 

on tumour cells, but not on healthy cells, underscoring the role of Hsps in cancer therapies.98 The role 

of Hsps in thermotolerance is often associated with sub-lethal heat stress during treatment. Further 

studies, particularly involving reapplication of hyperthermia in various doses, should investigate the 

correlation between Hsp expression and other anti-apoptotic protein levels and therapeutical outcomes. 

The connection between Hsp expression and hyperthermia also extends on their interaction with p53. 

Some studies provide evidence of Hsp70 and mutant versions of p53 having higher affinity to each other 

than to wild type p53 (wt-p53). Hsp70 interaction with mutant versions of p53, often found in cancer 

cells, provides more thermal resistance and reduction of apoptosis than on healthy cells presenting wt-

p53.7 Although these findings are highly discussed, our results detect increases in Hsp70 are 

accompanied by decreases in p53 phosphorilation, suggesting that on cancerous kidney cell line 786-0, 

the interaction between Hsp70 and p53 post-hyperthermia may be a plausible method for the cell to try 

escape apoptotic cell death. 

At the same time, Hsp27 expression can block cytochrome C from effectively joining the apoptosome, 

preventing apoptotic cell death.96,222 After PPTT, Hsp27 levels were not altered 6 and 24 hours after 

illumination, but cytochrome C levels were also not significantly increased. However, on oven-cells, 

Hsp27 expression was highly induced, probably as a way to try to block the increased release of 

cytochrome C (2-fold increase compared to controls) in 786-0 cells after the thermal event. The 
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differences between both types of hyperthermia can be due to the distinct modalities in which heat is 

applied (nanoscopic vs macroscopic), or to the different timepoint at which they were analysed. 

Interestingly, the expression of anti-apoptotic proteins that 

actuate after the release of pro-apoptotic proteins from the 

mitochondria were mostly downregulated 6 and 24 hours after 

PPTT. c-IAP and XIAP lowered their expression after 

hyperthermia (non-significant changes). These proteins are 

blocked by pro-apoptotic Smac/Diablo and Htra2/Omi 

proteins (Figure 7.12). If the expression of these pro-apoptotic 

proteins was increased, we would expect a decrease in IAPs. 

However, we also detected a decrease in Smac/Diablo and 

Htra2/Omi highlighting the complexity of understanding the 

apoptotic cellular pathway after PPTT. Oven-cells, on the 

other hand, experienced increases in the expression of both 

pro- and anti-apoptotic proteins (Figure 7.13), underscoring 

the belief that the trigger of the apoptotic pathway can resolve 

into its activation or inhibition.7,83 

The effects of hyperthermia on the tumour microenvironment 

also require further investigation, as the effects they have may 

be detrimental or beneficial for resolving an anti-cancerous 

treatment. The production of ROS, cytokines, chemokines or 

damage-associated molecular patters by cells irradiated or that 

have experienced elevated temperatures may be transmitted to 

neighbouring cells and the tumoral 

microenvironment.77,79,83,265,299  

The induction of ROS production seems to occur both with PPTT and hyperthermia treatments, 

regardless of the observation period. This is supported by the upregulation of antioxidant proteins such 

as HO-1, Catalase, or PON2, suggesting an attempt to mitigate ROS levels in response to the treatment 

effect (Figure 7.13). Excess levels of ROS can damage proteins, DNA production and membrane 

integrity66 after an hyperthermic event. Hypoxia, on the other hand, does not seem to be a problem after 

PPTT, as HIF-1α expression is not triggered after treatment. Hypoxic cells, as well as those with acidic 

pH or deficient nutrient supply are more thermosensitive to heat-based therapies.7 

Cytokine expression can also be elevated or decreased under heat stress, and exosome production is 

higher after mild hyperthermia, being capable of transporting Hsp70 and inducing an immunogenic 

response in other cancer cells. 77,79,265,299 Understanding ROS production and cellular communication 

after PPTT-induced hyperthermia is important to determine if an inflammatory or immune response will 

be triggered after treatment, as well as to recognise their contribution to apoptotic signalling cascades. 

PPTT-hyperthermia can cause detrimental effects on the DNA due to the combination of elevated 

temperatures and NIR-irradiation. This can cause DNA strand breakages and ceasing of the cellular 

division machinery. Hyperthermia by itself can cause the inhibition of DNA synthesis and introduction 

of the cell to a senescent state,7 in which cells halt their metabolic processes to recover from protein 

denaturation and DNA damage, without risking apoptosis. Senescence, like apoptosis, is closely related 

to mitochondrial protein leakage, ROS production and release of extracellular DAMPs 300 so it would 

be really interesting to observe what occurs in quiescent cells after PPTT-induced hyperthermia. 

Figure 7.12. Diagram illustrating the main 

pathway of intrinsic apoptosis. Highlighted are 

the studied proteins and their interplay. 
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Briefly, although the interaction between hyperthermia and apoptosis is much more complex than what 

we can describe here, we can conclude that after PPTT-induced hyperthermia we are favouring the 

activation of apoptotic mechanisms, as well as of proteins that try to protect the cells from programmed 

cell death. These dual complex molecular mechanisms observed can be because of some cells 

experiencing a complete apoptotic death process, passing through the initiator, executor, and resolution 

phases, whereas other cells may be receiving sub-lethal signalling, where the apoptotic stimulus received 

fails to reach the necessary threshold. Nonetheless, the observation of differential expression of pro- and 

anti-apoptotic proteins between different timepoints and methods of hyperthermia application can 

facilitate the development of more effective hyperthermia-based therapies – either alone or in synergy 

with other anti-cancer treatments- and improve the patient's outcomes. 
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8 
8. Cytokine expression after plasmonic photothermal therapy 

8.1. Introduction 

Cytokines are small extracellular proteins that facilitate cell-cell communication by binding to specific 

receptors on cellular membranes. Produced by various cell types, cytokines act as local mediators 

playing important roles in immune response regulation and maintaining homeostasis.74 

The study of cytokines expression after plasmonic photothermal therapy (PPTT) is of particular interest 

due to the widespread presence of cytokine producing cells throughout the body. T cells, for example, 

coordinate the immune system against pathogens and tumours, as well as helping maintaining the body 

homeostasis when faced with an instability.301 

T cells are distributed across most tissues, including lymphoid and mucosal tissues (e.g. lungs and 

intestines), but also blood and the tumour microenvironment.301 The Jurkat cell line, derived from 

leukemic immune T cells, serves as a valuable model to study intracellular signalling, T cell activation 

and cytokine production, making it ideal for immunotherapy testing.302,303 

The induction of key inflammatory cytokines following PPTT-induced hyperthermia is intriguing to 

understand the potential of inducing pro-inflammatory effects after treatment. Additionally, obtaining 

insight into nanoparticles contributing to produce inflammatory signals through cytokine production is 

essential for the development of nanoparticle-based therapies, given the significant role of cytokines in 

health and disease.304 Understanding the activation of cytokine expression can advance multimodal 

cancer treatments combining immunotherapy, nanomedicine and hyperthermia.305 

Fever and hyperthermia can induce increased cytokine production in Jurkat cells,306 with thermal stress 

increasing the expression of pro-inflammarory proteins such as IL-1β, IL-2, IL-6, IL-8, TNFα and IFN-

γ, both in vitro and in vivo.11,306–308 Although these observations, the impact of PPTT on cytokine 

expression still remains poorly understood. 

Examining cytokine expression after PPTT is important as it can impact neighbouring cells and affect 

the tumour microenvironment.309,310 By focusing on the production of cytokines by Jurkat cells we aim 

at determining if an inflammatory response may be triggered post-PPTT. 

Before assessing the cytokine production of Jurkat cells following PPTT irradiation, the cytotoxicity of 

gold nanorods (AuNR-PEG), as well as the viability after NIR irradiation, was evaluated. This 

assessment was crucial to ensure that AuNR-PEG were not toxic on Jurkat cells and to test the efficacy 

of our experimental setup on this suspension cell line. This preliminary evaluation is necessary to 

integrate all results with the subsequent analyses. 

8.2. Results 

8.2.1. Plasmonic photothermal therapy on Jurkat cells 

To evaluate the effectiveness of PPTT in Jurkat cells, the cytotoxicity of AuNR-PEG was initially 

assessed to determine the appropriate nanoparticle concentration for this cell type. Thiazolyl blue 

tetrazolium bromide (MTT) was used to evaluate nanomaterial toxicity and compare it with previously 

tested cell types. 
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Results demonstrated minimal cytotoxicity in Jurkat cells even at the higher concentration of AuNR-

PEG tested, with a viability of 66.8% ± 16.8 at 8 nM (Figure 8.1-A). Jurkat cells had high compatibility 

with the nanoparticle type, estimating an IC50 of 17 nM. These findings highlight the resilience of 

immune T cells to high nanoparticle concentrations, compared to cancerous and healthy cells. 

At the concentration used for PPTT and cytokine expression experiments, 2 nM, Jurkat cell viability 

exceeded 95 % (Figure 8.1-A). No statistically significant changes were observed between the studied 

concentrations and control samples (0 nM) (p ≥ 0.05), indicating that any difference observed during 

the illumination of Jurkat cells with AuNR-PEG is attributable to the combined presence of light and 

nanoparticles, inducing elevated temperatures. 

Temperature profile after irradiation of Jurkat cells with a fixed power density (3 W/cm2) and time of 

irradiation (3 minutes) are shown in Figure 8.1-B. The temperature increase exhibited a similar profile 

to that observed in cells studied in Section 6, with a rapid rise immediately upon laser irradiation, 

followed by a steady increase after the first seconds. Temperature declined rapidly to initial temperatures 

post-irradiation. 

The mean maximum temperature reached 49.8°C, with a mean temperature increase of 14.9°C. While 

this increase was not statistically different compared to adherent cancer cell lines (786-0, A549, HepG2) 

(p ≥ 0.05), it was statistically higher compared to healthy cell lines (Hek293, NL20 and THLE-3) (p < 

0.007). 

This indicated the robust capacity of Jurkat cells to effectively incorporate AuNR-PEG, with low toxicity 

associated, and high light-to-heat conversion. The increase of temperature led to reduced viability, 

assessed at two different timepoints (0 and 24 hours after irradiation) using the MTT assay and trypan 

blue (TB) staining. 

For the MTT assay, Jurkat cells not illuminated and without AuNR-PEG were used as controls (CTL). 

Cells irradiated without AuNR-PEG (dark grey) and with AuNR-PEG (light grey) showed decreased 

viability compared to controls immediately after treatment (Figure 8.2-A, p < 0.0032). This rapid 

viability declines in both irradiated cell lines suggested that the employed laser settings impaired 

mitochondrial function immediately after treatment. The absence of statistically significant differences 

between both conditions (p ≥ 0.05) suggests that temperature had no effect on this initial decrease in 

viability. 

Figure 8.1. Cytotoxicity of AuNR-PEG and temperature dynamics after PPTT on Jurkat cells. A) Effect of AuNR-PEG 

concentration on cellular viability. Viability shown as percent of controls (0 nM). Error bars represent SEM (n=4). B) 

Temperature dynamics in + AuNR-PEG and Ø AuNR-PEG during irradiation for 3 minutes with an 808 nm laser light at 3 

W/cm2. Continuous line indicates cells with AuNR-PEG (+) and dotted line without AuNR-PEG (Ø). Shaded line represents 

the SEM. n=7. 
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In contrast, 24 hours after 

irradiation, cells irradiated 

without AuNR-PEG showed a 

recovery of mitochondrial 

activity compared to immediately 

after treatment (p < 0.0091). The 

increase in viability post-

irradiation suggests that the toxic 

effect of NIR irradiation on 

Jurkat cells was temporary, 

allowing cells to recover their 

metabolic activity after 24 hours. 

On the other hand, cells irradiated 

with AuNR-PEG and that 

experiences temperatures over 

49°C further decreased their 

viability 24 hours post-

illumination (p < 0.0036) (Figure 

8.2-A), indicating that Jurkat 

cells treated with hyperthermia 

were unable to recover their 

mitochondrial activity. 

The evaluation of membrane integrity post-irradiation on Jurkat cells with TB staining revealed that cell 

membrane was not compromised immediately after treatment for any of the studied conditions (p ≥ 0.05) 

(Figure 8.2-B). After 24 hours, the cellular membrane of cells irradiated with AuNR-PEG showed some 

impairment compared to controls and cells without AuNR-PEG (p < 0.01) and to immediately post-

irradiation (p < 0.0001). 

The decrease in viability observed with the MTT assay, as opposed to the stable viability observed with 

the TB assay, suggests that PPTT predominantly induced apoptotic cell death (characterised by loss of 

mitochondrial activity), rather than necrosis (marked by membrane integrity impairment) in Jurkat cells. 

This is consistent with the findings observed in adherent cell lines, both cancerous and healthy. 

Moreover, our results indicated that under the laser conditions used, PPTT temporarily affected 

mitochondrial function, but it is recovered after 24 hours, whilst membrane integrity is not affected in 

cells without AuNR-PEG. This aligns with the use of a low power and exposure time to exclusively 

induce apoptotic cell death on cells containing plasmonic nanoparticles. 

8.2.2. Cytokine expression after PPTT 

To determine if PPTT stimulated cytokine expression in human immune Jurkat cells, enzyme-linked 

immunosorbent assays (ELISA) were performed for interleukin-1β (IL-1), IL-2, IL-6 and tumour 

necrosis factor α (TNFα). These cytokines were selected based on their known pro-inflammatory 

functions and documented elevated expression in serum from murine models after PPTT-induced 

hyperthermia.11,307 

The decision to evaluate cytokine expression in Jurkat cells over a 6 hours period was informed by 

hyperthermia studies effect on cytokine expression performed by Israelsson et al.308 and Oh et al.311 The 

group of Israelsson et al. investigated cytokine expression following conventional hyperthermia 

(incubation at 42°C for 1 hour) and monitored viability and cytokine concentration at various intervals 

between 6 and 24 hours after hyperthermia in Jurkat cell lines.308 Similarly, Oh et al. studied cytokine 

production after chemical stimulation during a time period of 2 hours in a multiplexed microchip.311 

After PPTT, supernatants from irradiated Jurkat cells, with and without AuNR-PEG, were collected at 

multiple timepoints (30 minutes, 60 minutes, 90 minutes, 2 hours, 3 hours, 4 hours and 6 hours). The 

Figure 8.2. Cellular viability (%) immediately and after 24 hours of treatment for 

controls (CTL) and cells irradiated without (ØAuNR-PEG) and with AuNR-PEG 

(+AUNR-PEG). A) Viability measured with the MTT assay. B) Viability measured 

with the trypan blue assay. Statistical significance is denoted by symbols: * 

indicates significance between conditions (same timepoint), # indicates 

significance vs 0 hours (same condition). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001, 

****p < 0.0001. n=7. 
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results, shown in Figure 8.3 revealed significant variations on the concentration of each evaluated 

cytokine across the duration of the experiment. 

For IL-1, a similar expression pattern was observed for control cells (cells without AuNR-PEG and not 

irradiated) and cells irradiated without AuNR-PEG (Ø AuNR-PEG). A peak of expression was observed 

for both conditions 60 minutes after treatment, with statistically higher concentrations compared to cells 

irradiated with AuNR-PEG (+AuNR-PEG) that experienced hyperthermia (p < 0.035) (Figure 8.3-A and 

Table 8.1). However, 90 minutes after PPTT, the concentration of IL-1 in cells subjected to PPTT-

induced hyperthermia was statistically higher than cell irradiated without AuNR-PEG (p < 0.0013), but 

not compared to controls (p ≥ 0.05). The erratic variability in IL-1 concentration post-PPTT in Jurkat 

cells suggests that there is no differential induction of this interleukin following PPTT-induced 

hyperthermia or NIR laser irradiation, compared to controls. 

The expression of IL-2 in +AuNR-PEG samples displayed an alternating pattern post-PPTT. 

Immediately after irradiation, the concentration of IL-2 was higher than in control samples or samples 

illuminated without AuNR-PEG (p < 0.011). However, this difference was offset after 2 hours, where 

IL-2 expression was the same for all conditions (p ≥ 0.05). At 4 hours post-PPTT, IL-2 concentration 

increased again and at the last studied timepoint it was higher for cells having experienced hyperthermia 

than for controls or samples only irradiated (p < 0.0201) (Figure 8.3-B and Table 8.1). 

Following PPTT, the expression of IL-6 remained unchanged for all irradiated samples, with and without 

nanoparticles, across all evaluated timepoints (Figure 8.3-C). Only 30 minutes post-illumination, 

Figure 8.3. Cytokine expression (pg/mL) in + AuNR-PEG and Ø AuNR-PEG cells as a function of time. Concentration of 

cytokines A) IL-1, B) IL-2, C) IL-6 and D) TNFα studied at several timepoints for cells irradiated 3 minutes with a 808 nm 

laser at 3 W/cm2, with AuNR-PEG (+AuNR+NIR) and without (ØAuNR+NIR). n=3, error bars represent the SEM. 
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samples containing AuNR-PEG showed an increased variability in IL-6 concentration, indicated by the 

standard deviation of the mean. On the other hand, control samples expressed a rapid increase in IL-6 

expression between the 90 minutes at 2 hours timepoints (p < 0.0001, Table S 1-Annex D). It is important 

to note that control samples are manipulated as the other conditions but lacked the irradiation treatment 

or AuNR-PEG incubation. This shows that cellular manipulation at the in vitro level can evoke stress 

responses in Jurkat cells that trigger cytokine expression. This emphasises the importance of using 

appropriate controls during in vitro experimentation. 

Similarly, the expression of TNFα after PPTT-induced hyperthermia is also unchanged for the duration 

of the experiment (Figure 8.3-D). However, in control samples and cells irradiated without AuNR-PEG, 

TNFα expression steadily increased for the first 90 minutes to 2 hours, stabilising after that for control 

conditions, and reducing for samples without nanoparticles. The variability exhibited in control samples 

underscores the stress of cellular manipulation, whereas illuminated conditions expressed more 

consistent concentrations. 

For all studied cytokines we observed unpredictable wavering patterns on the concentrations. However, 

around the 90 minutes to 2 hours mark, changes in concentration, either up- or downregulating 

expression, were observed for all cytokines. At these timepoints it was possible to observe the biggest 

differences in concentration between the studied conditions and compared to other timepoints (Table 

8.1and Table S 1-Annex D). This suggested that following cellular manipulation and treatment, cells 

undergo an adaptation period during which expression patterns may be affected and show erratic 

variability. Furthermore, the lack of evident differences in cytokine expression between samples 

experiencing PPTT-induced hyperthermia, irradiated cells and control samples stops us from confirming 

a clear expression pattern of cytokines after treatment. 

 

8.3. Discussion 

Jurkat cells serve as an excellent model to study T cell activation and cellular signalling.302 Following 

cellular stress whether chemical or physical, these cells can regulate the expression of certain cytokines 

to initiate an inflammatory response and communicate with neighbouring cells. 

After an hyperthermic stress, changes in IL-1, IL-2, IL-6 and TNFα concentration were observed.11,307,308 

The studies by Bear et al.307 and Morales11 found increased expression of the studied cytokines 24 hours 

after performing PTT in murine in vivo models. Both studies employed similar testing parameters as we 

used to evaluate cytokine production: Bear et al. employed the same laser power density and time of 

irradiation than us (3 W/cm2, 3 minutes, spot diameter=8 mm, temperatures not specified) to externally 

      IL-1 IL-2 

      60 90 360 30 90 240 360 

CTL vs ØAuNR ns ns ns ns 0.0294* ns ns 

CTL vs +AuNR 0.0220* ns ns 0.011* ns 0.0201* 0.0201* 

+AuNR vs ØAuNR 0.0350* 0.0013** 0.0428* 0.011* ns ns 0.0183* 

      IL-6 TNFα 

      120 180 240 360 90 120 

CTL vs ØAuNR <0.0001**** 0.0006*** 0.0032** 0.0293* ns ns 

CTL vs +AuNR <0.0001**** 0.0003*** 0.0063** 0.0414* 0.0431* ns 

+AuNR vs ØAuNR ns ns ns ns ns 0.0037** 

Table 8.1. Statistical analysis results after PPTT at significant timepoints. These tables present the results of the statistical 

analysis comparing different conditions (controls, samples irradiated with AuNR-PEG and irradiated without AuNR-PEG) at 

various timepoints. Only statistically significant differences are shown, highlighting timepoints where differences were 

observed for any of the studied conditions. The corresponding graphs and detailed data can be found in Figure 4.  
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illuminate the tumour, whereas Morales laser settings induced temperatures over 60°C after 5 minutes 

of irradiation with the same nanoparticles we employed (3 W/cm2, 5 minutes, spot diameter=12 mm). 

These observations, together with the increase in mRNA expression of cytokine proteins detected by 

Israelsson et al. in OVCAR-3, SKOV-3 (ovarian cancer cell lines) and Jurkat cell line after thermal 

stress (incubation at 42°C for 1 hour), led us to study in vitro cytokine production in Jurkat cells after 

PPTT-induced hyperthermia. 

Understanding cytokine production after PPTT is crucial not only for the development of combined 

synergistic techniques, such as PPTT with immunotherapy, but also for comprehensively assessing the 

inflammatory response and potential systemic effects of the therapy. 

Overall, expression levels of cytokines are notably low, typically in the range of picograms per millilitre 

(pg/mL). Non-stimulated T cells have a mean cytokine expression of 27±22 pg/mL for IL-2, 49±56 

pg/mL for IL-6 and 15±18 for TNFα.312 These values show the low concentration and considerable 

degree of variability in cytokine expression for T cell concentrations of 1000 cells/µL. Upon chemical 

stimulation, Sullivan et al.312 detected that T cells exhibited substantial increases in the secretion of IL-

2 and IL-6, with 49-fold and 22-fold increases, respectively, 24 hours after stimulation. The study of IL-

2 and TNFα after Tacrolimus stimulation by Oh et al.311 revealed concentration increases of 8-fold, 

reaching concentrations of 1500 to 2000 pg/mL for each cytokine, respectively. 

In comparison we were observing a range of expression for all conditions and cytokines between 2 and 

10 pg/mL for Jurkat concentrations of 900 cells/mL. After PPTT, we anticipated an increase in secreted 

cytokine concentration following PPTT-induced hyperthermia. However, we observed both 

upregulation and downregulation in the expression of all four cytokines across all conditions, including 

control samples. Controls were used to establish the basal expression levels of all cytokines after cell 

manipulation, excluding the effects of AuNR-PEG or NIR laser irradiation. Surprisingly, rather than 

accumulation of secreted cytokines, or no change at all, as described in Heled et al.77 we observed 

elevation and decreases in expression. 

Interestingly, around the two-hour timepoint after the last manipulation we could observe a sudden surge 

in IL-6 concentration for control samples, a rapid increase in IL-1 expression for AuNR-PEG irradiated 

samples and elevated TNFα levels for cells irradiated without AuNR-PEG. The inconsistency in results 

and kinetic expression throughout these experiments prevents us from drawing any definitive 

conclusions regarding the statistical significance of the observed differences. However, they strongly 

suggest that we are inducing cellular stress during the PPTT process by the alterations in the expression 

of all conditions, as well as indicating that chemically induced cytokine secretion is much stronger 

compared to physical stimulation. 

Nonetheless, it’s worth noting that cytokines are unstable proteins susceptible to the action of proteases 

and serum metalloproteinases. After irradiation of Jurkat cells, we did not use a protease inhibitor during 

the studied period of 6 hours. This was done to avoid the blockage of caspase 3 activation (protease 

dependent) and other cleavage processes involved in apoptosis post-PPTT. This could have led to an 

increased expression of extracellular proteases that may have degraded secreted cytokines during the 

duration of our experiment. 

Furthermore, T cell activation through the T cell receptor (TCR) relies on intracellular calcium (Ca2+) 

levels. TCRs function by mobilising transmembrane calcium and altering the calcium potential within 

the cells.302 Calcium signalling plays a critical role in regulating differentiation proliferation, activation 

and cytokine production in T lymphocytes.313 Without these intracellular potential changes, proximal 

signalling cannot occur, leading to a lack of induction in cytokine production, at both mRNA and post-

transcriptional levels.302 Observations of intracellular calcium deposits after conventional and PPTT-

induced hyperthermia show differential calcium localisation between both types of thermal stress. These 

suggest that the agglomeration of calcium after PPTT may be impacting cytokine secretion. 
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The described changes observed at the in vivo level,11,307 may stem from a systemic response to the 

tumour treatment or to cytokine expression associated to potential skin burns resulting from the external 

illumination of tumours during treatment.314,315 It’s crucial to note that these dynamics may significantly 

differ in vitro, as it is an isolated system, devoid of complex interactions between the different tissues 

and organs present in whole body organisms. Moreover, in vitro systems, while invaluable for studying 

cellular responses, lack the capability to continuous monitor cytokine expression due to their 

macroscopic nature. However, the arrival of microchips integrating cell culture present an exhiting 

opportunity to facilitate uninterrupted and continuous measurement of cytokine secretion by the cultured 

cells, providing real-time data into cytokine expression dynamics, without the constraints of specific 

timepoints. 

In parallel, the low concentration of cytokines produced by unstimulated cells,308,312 necessitates 

detection methods with higher sensitivity. While multiplexing nanoplasmonic biosensors have reduced 

the required sample volume, their sensitivity remains on the lower end of the spectrum for basal 

expression levels of secreted cytokines, which can be below the detection limit of the chip,311 but it 

allows for multiple measurements and the possibility to remeasure the same sample repeatedly. It’s 

important for the development of new detection technologies to align with the specific requirements of 

the biomedical community. 

Additionally, it's essential to study cytokine production at both the protein and mRNA levels. There is a 

delay between transcriptional activation and protein secretion,308 indicating that the kinetics of cytokine 

secretion into the extracellular space may not align perfectly with the timing of transcriptional activation. 

This complexity, with multiple parameters and sometimes unpredictable behaviour, underscores the 

need for careful consideration when studying cytokine production kinetics. 
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9 
9. Conclusions 

Plasmonic photothermal therapy (PPTT) exploits the physicochemical properties of gold nanorods 

(AuNRs) to convert NIR light into heat, inducing localised cell death. This approach capitalises on the 

capacity of AuNR to efficiently absorb light and convert it into heat thanks to their localised surface 

plasmon resonance, thereby selectively targeting and damaging cancer cells, while sparing healthy 

surrounding tissue.23 

The multidisciplinary nature of PPTT raises questions across research fields, from bionanomedicine to 

nanophotonics. Knowledge in all steps of the therapy is crucial to advance towards clinical models, but 

further research is needed to assess treatment effectiveness and molecular events triggered within cells 

after treatment, to pave the way for personalised PPTT, tailored to target specific cellular pathways and 

conditions. Information obtained at the molecular level will direct the therapy towards specific cell lines, 

tissues, and diseases. 

To address these gaps, we focused on investigating the in vitro effects of PPTT to build a strong pre-

clinical model and identify potential candidates for treatment with this technique. This dissertation lays 

the groundwork for developing such a model by defining the minimum information to be reported for 

experiments involving nanoparticles and laser irradiation, emphasizing reporting standards and the use 

of representative units. We determined the optimal parameters for inducing damage selectively to cells 

containing AuNRs and irradiated, comparing six different cell lines sensitivity to PPTT conditions. We 

focused on the activation of the apoptotic cell death mechanisms, exploring differences between PPTT-

induced and conventional hyperthermia. Additionally, we studied cytokine production on immune T 

cells after PPTT to determine if in vitro models can be used to predict the production of inflammatory 

cytokines. 

This dissertation successfully examined its initial objectives, providing valuable insight into optimising 

PPTT in vitro efficacy and offering standardisation recommendations for future clinical translation. 

1. Determine non-toxic laser powers and irradiation times for non-cancerous cells and cells 

without nanoparticles. 

As shown in Chapter 5, many different laser power settings and times of irradiation were tested on 

kidney cancer cell line 786-0. Following the international organisation for standardisation (ISO) 

definition of cytotoxicity, we considered a viability over 70% to be acceptable after laser irradiation. If 

cellular survival after irradiation without AuNRs was less than 70%, those laser settings were discarded. 

Following this definition, we determined the optimal laser power density, and time of irradiation to cause 

damage specifically to irradiated cells containing AuNRs, sparing cells that had not been previously 

exposed to the nanomaterial. These settings (AuNR concentration = 2 nM, laser power density = 3 

W/cm2, time of irradiation = 3 minutes, spot diameter = 3mm) were used throughout the dissertation, as 

they were found to be tolerable for all studied cell lines (Chapter 6). 

2. Identify differences in the response to PPTT among different cell lines, focusing on uptake, 

nanomaterial cytotoxicity and response to treatment. 

After systematically studying the parameters involved in PPTT across three cancerous cell lines and 

three healthy cell lines derived from kidney, lung, and liver, we observed distinct responses to AuNR 
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uptake, cytotoxicity, and viability after treatment. The findings revealed differences between malignant 

and normal cell lines from the same tissue, as well as among different cancerous cell lines and normal 

cell types. 

Uptake of AuNRs for the studied concentrations was higher for all cancerous cell lines compared to their 

healthy counterparts. While these differences hold promise for cancer treatment, suggesting preferential 

accumulation of AuNRs on cancerous tissues, they require careful due to experimental design 

constraints. Incubation of AuNR with normal cell lines required the use of foetal bovine serum (FBS) to 

maintain cellular viability during the 24 hour incubation period, which is known to impact cellular 

uptake.199,200 

All cancer cell lines exhibited similar decreases in viability with increasing concentrations, with an IC50 

of approximately 7.5 nM across all cancer cell lines independently of the tissue of origin. In contrast, 

normal cell lines from lung and liver displayed greater sensitivity to higher AuNR concentrations 

compared to normal kidney cell line Hek293, which had an IC50 of 15 nM. This difference in the 

sensitivity of Hek293 to the cytotoxic effects of high AuNR concentrations may be attributed to the 

embryonic origin of this cell line. 

At a concentration of 2nM, all cell lines maintained viability over the ISO-established limit for 

cytotoxicity of 70%. At this concentration, we maximize the number of nanoparticles incorporated by 

the cells without compromising cellular viability prior to NIR irradiation. Together with the laser settings 

defined in Chapter 5, PPTT was evaluated with these parameters. 

Due to the lower uptake of AuNR by healthy cell lines, maximum temperature reached during laser 

irradiation ranged between 39-42°C, whereas cancer cell lines with greater nanoparticle uptake 

experienced temperatures exceeding 47°C. These differences in temperature translated to different 

decreases in viability following treatment. 

Viability was assessed studying mitochondrial activity using the dimethyl tetrazolium bromide (MTT) 

assay and membrane integrity with trypan blue staining. Mitochondrial activity was reduced after PPTT 

compared to control samples and cells irradiated without AuNR, with a more pronounced decreased in 

viability 24 hours post-irradiation, indicating the temporal progression of cell death. Membrane integrity 

was less compromised compared to mitochondrial activity for all conditions and studied timepoints. 

These findings indicate a preferential activation of the apoptotic cell death pathway compared to 

necrosis, evidenced by the absence of membrane disruption, and reduced mitochondrial activity 

following PPTT-induced hyperthermia. More importantly, across cell lines different responses to PPTT 

were triggered, highlighting the relevance of using more than one cell line and appropriate controls to 

determine the effectiveness of hyperthermia against cancer cells. 

3. Examine differences at the molecular level, emphasizing the apoptotic pathways. 

The differences observed between the reduction in mitochondrial activity and integrity of the cellular 

membrane in Chapter 6 suggested the activation of apoptosis after PPTT. A protein array was used for 

a high throughput analysis of key proteins implicated in the apoptotic cell death pathway. 

Results underscored the different activation of the intrinsic vs extrinsic pathway of apoptosis after PPTT-

induced hyperthermia. Moreover, it also highlighted the different time required for the activation of 

certain molecular pathways within the apoptotic cascade. The observed differences in the activation 

kinetics of both pro- and anti-apoptotic proteins stress the complexity of the interaction occurring within 

programmed cell death. 

The pivotal apoptotic executor, caspase 3, was strongly activated 6 hours after PPTT-induced 

hyperthermia, triggering a cleavage cascade that will lead to cellular demise. However, the steps required 

for activation of pro-caspase 3 to its active form were altered after irradiation. Both, apoptotic inhibitors 

(IAPs) and inducers (Smac/Diablo and Htra2/Omi) demonstrated decreased expression after elevated 
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temperatures induced by PPTT. Interestingly, cytochrome c was elevated for all hyperthermia types. 

These results, together with increased expression of Bad and Bax after hyperthermia, suggest a 

preferential activation of the intrinsic pathway of apoptosis. The extrinsic pathway intensified 24 hours 

after irradiation, indicating the potential for the cell population to produce extracellular signals detected 

by death receptors, thereby increasing their expression. 

The expression of heat shock proteins (Hsp) during hyperthermia serves as an indicator of protein 

denaturation and loss of functionality. Following PPTT and conventional hyperthermia, the expression 

of certain Hsps increased, suggesting a cellular response aimed at preserving structural integrity and 

functionality. In parallel, the expression of proteins involved in the regulation of oxidative stress 

increased, indicating that elevated temperatures generate reactive oxygen species (ROS). 

An experimental constraint was the examination of protein expression of irradiated cells and cells 

incubated at high temperatures at different timepoints. Nonetheless, the results obtained yielded valuable 

insights into the contrast between inducing thermal stress through different mechanisms and how 

important is to evaluate cell death at more than one timepoint. After evaluating the results of all 35 

evaluated proteins we observed a general upregulation of proteins for oven treated cells, compared to 

more distinct patterns observed after PPTT. 

4. Detect distinct patterns of cytokine expression on immune T cells after PPTT-induced 

hyperthermia. 

Cytokine expression was evaluated to determine if, after PPTT, immune T cells could be inducing pro-

inflammatory signals to the environment. The results, shown in Chapter 8, described a high resistance 

of Jurkat cells to increasing AuNR-PEG concentrations. After reaching maximum temperatures of 

almost 50°C during irradiation, viability of Jurkat cells dropped immediately after treatment, declining 

its mitochondrial activity even further 24 hours after irradiation with nanoparticles. On the other hand, 

membrane integrity was not altered after irradiation, and only 24 hours post-irradiation an increase in 

membrane impairment could be observed. 

The expression of four different cytokines whose concentration was known to be augmented after 

conventional hyperthermia were studied. Protein concentration for IL-1, IL-2, IL-6 and TNFα was found 

to be low for all four cytokines. An irregular pattern of expression was observed, with no apparent 

increase or decrease in concentration for neither control samples or irradiated cells, with or without 

nanoparticles. 

The lack of relevant differences between conditions or cytokines prevented us from drawing conclusions 

on the effectiveness of PPTT to induce cytokine expression in Jurkat T cells. However, the experimental 

protocol only conceived a period of 6 hours after irradiation, with no proteases inhibitors during this 

time to prevent cytokine cleavage. The unstable nature of cytokines, together with their low basal 

expression, entails that a change of protocol (e.g. increasing the number of cells to double the 

concentration of cytokines) and period of observation may be beneficial for the detection of changes 

after irradiation. On top of that, we consider that evaluating mRNA levels, in parallel to protein 

concentration, will provide more information on the induction of cytokine secretion and its kinetics after 

PPTT-induced hyperthermia. 

5. Establish guidelines for the standardisation of in vitro PPTT studies for better 

understanding and development of the technique. 

During the elaboration of a literature review for this project, we recognised a significant gap in the 

literature concerning PPTT. Information being reported by researchers on the field was not consistent 

on which data was described and how it should be conveyed, hindering comparison our results with 

those obtained by other researchers. In response to this challenge, and in alignment with the MIRIBEL 

guidelines (Minimum information reporting in bio-nano experimental literature) initiative, we 
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developed our own checklist outlining the minimum information to be conveyed on in vitro PPTT 

experimentation, as detailed in Chapter 4. 

To achieve rigorous and reproducible results in PPTT research, we proposed a series of parameters to 

be included on in vitro PPTT. These parameters, complementary to existing guidelines for bio-nano 

interactions, place particular emphasis on the unique combination of nanoparticles, laser irradiation and 

biological entities that occurs in PPTT. The proposed guidelines cover material and biological 

characterisation to provide precise information on experimental setups These include cell type 

justification, appropriate selection of controls and nanoparticle purification, among others. 

Consideration of experimental design during data collection is also a valuable item to consider during 

PPTT, as nanoparticle removal prior to irradiation and viability evaluation at more than one timepoint 

will provide more valuable information for future research on the field. 

The challenges hindering the advancement of clinical trials of PPTT are multifaceted. However, it is 

widely acknowledged that improving preclinical models will refine the transition from the bench to the 

bedside. This improvement requires a criteria establishment for experimental protocols that facilitates 

contrasting data from different researchers. By enabling data comparison, ensuring reproducibility, and 

advocating for the report of essential data, we can foster not only cancer directed PPTT, but also 

benefit numerous other clinical scenarios that can gain from the synergistic application of plasmonic 

nanoparticles and light. 

9.1. Outlook 

As biotechnology and plasmonics continue advancing at a very fast pace, it is essential to reflect on the 

strides that have been made in the progression of PPTT and the open avenues ahead for this promising 

therapy, not only against cancer, but also other maladies. 

PPTT overcomes the current limitations of conventional cancer therapies by offering a minimally 

invasive treatment with high precision. This approach confines the therapeutic efficacy of hyperthermia 

treatments to the intersection of plasmonic nanoparticles and light.23,118 

Recent years have witnessed significant progress in nanoparticle design, leading to the development of 

versatile platforms for cancer diagnosis and treatment, attributed to the particular optical properties of 

nanoparticles.123,124 In the case of PPTT, innovation on nanoparticle synthesis has improved their light-

to-heat conversion efficiency., biocompatibility and targetability. Gold nanorods have proven to be the 

ideal candidate for plasmonic hyperthermia as they fulfil most conditions required, as described by Zhou 

et al.316: uniform in size, good aqueous dispersibility, excitation within the NIR range, photostable and 

exhibit low or none cytotoxicity. In addition, gold nanorods are easily scalable, with facile synthesis, 

high surface-to-volume ratio, easy surface modifications and targeting, as well as their capacity to be 

combined with other forms of treatment.163 

Yet, the actual knowledge on gold nanoparticles will undoubtedly continue to advance with the 

development of novel surface modifications and the incorporation of new targeting ligands to improve 

tumour-specific targeting. While nanoparticle design optimisation is an ongoing pursuit, attention must 

also be directed towards understanding and controlling the formation of the protein corona, as neglecting 

its implications can render the efforts to improve nanoparticle biocompatibility and targetability 

pointless.143 

Enhancing biocompatibility will be pivotal to define better safety standards for PPTT, extending beyond 

nanoparticle design alone. Safe nanoparticles in PPTT entail the inertness of the nanoparticle outside 

their target tissue, or when not subjected to irradiation. But off target effects of laser illumination and 

heat-induced immune responses, are also required to be considered during PPTT to minimise secondary 

effects compared to conventional techniques for cancer treatment. 
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The main challenges for PPTT rely on the scalability of the process and regulatory approval processes. 

The integration of PPTT into existing treatment paradigms could facilitate increased clinical trials done 

on PPTT, propelling its development.105 Therefore, the future of PPTT relies on its combination with 

other therapeutic approaches and the maturation of personalised medicine. The combination of PPTT-

based heat therapies could enhance drug delivery and activate drug effects and release upon illumination. 

Synergistic strategies of PPTT will be pivotal for improving therapeutical outcomes whilst mitigating 

side effects. Biomarker discovery for resistance to thermal stress or enhanced response to PPTT-induced 

hyperthermia can tailor treatment parameters for specific needs or individual patients, maximizing the 

therapeutical benefits.3,10 

Embracing emerging technologies, such as the development of imaging technologies (e.g. observation 

of nanoparticle accumulation within the body) and computational modelling, can illuminate the 

underlying mechanisms of PPTT, refining PPTT personalisation and optimising its outcomes. Moving 

towards 3D in vitro settings and organ-on-chips diagnostic platforms during nanoparticle assessment 

and study of PPTT effects will provide more relevant data for clinical settings.154,167,317 

In conclusion, PPTT stands as a well-established yet innovative alternative to conventional cancer 

treatment, propelled by the rapid development of bionanotechnology and plasmonics. Multidisciplinary 

collaborations are essential to tackle the challenges that divide the number of preclinical and clinical 

research being done on PPTT. Moreover, the expertise from various fields will offer new insights into 

potential application of PPTT beyond cancer treatment. 

This dissertation aimed to underscore the importance of standardising PPTT studies in vitro and stress 

the importance of cell type during experimentation. 
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Annex A 

The information contained in this annex complements the data and text presented in Chapter 5 of this 

dissertation. All graphs and data featured in this annex are referenced in the main text. The content 

provided here serves as supplementary material to the figures shown in the main body. 

Annex B 

The information contained in this annex complements the data and text presented in Chapter 6 of this 

dissertation. All graphs and data featured in this annex are referenced in the main text. The content 

provided here serves as supplementary material to the figures shown in the main body. 

  

  

Figure S.6. 1 Tables showcasing statistics on uptake differences. A) Differences on uptake as a function of the cell type. The 

flag highlights those comparisons that are statistically significant.B) Differences on uptake as a function of concentration 

within each cell type. 

Figure S.5. 1. Cellular viability (%) and temperature increase (°C) of cells with (+AuNR-PEG) and without (ØAuNR-

PEG) irradiated. Cellular viability (%) was measured with MTT relative to controls (not irradiated, ØAuNR-PEG). 

Temperature increase calculated as difference from initial temperature to maximum temperature achieved. 
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Figure S.6.2. Uptake of AuNRPEG at 1 nM, 2 nM and 5 nM (52, 104 and 260 ug/mL gold). *p<0.05, **p<0.01, ***p<0.001. 

Error bars represent SEM (n=3-6). 

 

Figure S.6.3. Effect of AuNR-PEG concentration on cellular viability. Error bars represent SEM (n=4). Table displays the 

statistical comparison within each cell line of the different concentrations. Only statistically and clinically relevant data is 

shown. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 
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Figure S.6.6. Averaged absolute increases of temperature 

of cells without AuNR-PEG. Cell lines were irradiated 

with a 808 nm laser light at 3 W/cm2 during 3 minutes. 

Figure S.6.5. Cellular viability (%) after treatment assessed with MTT assay. A) Cancer cell lines, B) non-cancerous cell lines, 

C) kidney, D) lung and E) liver cellular viability for + AuNR-PEG cells at 0 and 24 hours after treatment. Statistical 

comparisons were made using Tukey/Wilcox post hoc tests. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; n.s.: not significant. 

Figure S.6.4. Cellular viability (%) after treatment assessed with TB assay. A) Cancer cell lines, B) non-cancerous cell lines, 

C) kidney, D) lung and E) liver cellular viability for + AuNR-PEG cells at 0 and 24 hours after treatment. Statistical 

comparisons were made using Tukey/Wilcox post hoc tests. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; n.s.: 
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Annex C 

The information contained in this annex complements the data and text presented in Chapter 7 of this 

dissertation. All graphs and data featured in this annex are referenced in the main text. The content 

provided here serves as supplementary material to the figures shown in the main body.  

7.1.2.1. Hsp27 

Small Hsps (<40 kDa), such as Hsp27, usually do not directly interfere with protein folding, but stabilise 

other proteins during stressful conditions to prevent protein precipitation.7,93 Hsp27 prevents 

downstream mitochondrial damage and formation of the apoptosome by binding to cytochrome C and 

regulating mitochondrial stability.97,221 

Additionally, it also interferes with Fas-mediated apoptosis signalling, part of the extrinsic pathway of 

apoptosis, binding to Fas receptors and preventing their interaction with other pro-apoptotic proteins.95 

Hsp27 works very closely with Hsp70 and Hsp90, and their interactions are crucial for their 

functionality. 

7.1.2.2. Hsp60 

Hsp60, also known as chaperonin or GroEL, functions as cytoprotective chaperone upon protein 

denaturation. Hsp60 forms an inner ring in which unfolded proteins have an opportunity to correctly 

assemble, essential in crowded cytosolic environments.225 

Although Hsp60 is mainly considered to be anti-apoptotic, the interaction between Hsp60 and other 

proteins in specific cell types and situations (e.g. Jurkat cells) is believed to be pro-apoptotic by forming 

a complex with caspase 3 that leads to its maturation.98,226 In the case of clear cell renal carcinoma 

(ccRCC), Hsp60 is downregulated, triggering ROS production and tumour progression.227 The function 

of Hsp60 is highly discussed in normal healthy cells vs cancerous cells, being considered anti-apoptotic 

in the first group, but apoptotic in cancerous cells. 

7.1.2.3. Hsp70 

In addition to the core roles stated in the main text, Hsp70 also interferes with the extrinsic pathway of 

apoptosis by disturbing death receptor-mediated apoptosis through interaction with TRAIL-1 and 

TRAIL-2 receptors, blocking the recruitment of caspase 8 and activation of initiator caspases.98 

Therefore, Hsp70 is an essential chaperone during a stress event and cellular recovery, as it mediates 

cellular survival and allows adaptation to stressful and lethal conditions221 by controlling protein traffic 

and degradation of denatured proteins. Hsp70 is largely considered an anti-apoptotic protein. 

7.1.2.4. Clusterin 

Clusterin is a secreted multifunctional protein that upon stress-induced precipitation of unfolded 

proteins, it acts as a chaperone.228,229 Although it does not have an active role in refolding proteins, 

clusterin forms a high molecular weight complex that allows stressed proteins in their non-native state 

to be solubilised and recovered by associating with Hsp70.220 Clusterin can bind to a wide range of 

molecules, participating in controlling cell proliferation and apoptosis.318 As Hsp70, clusterin interferes 

with Bax activation, blocking its pro-apoptotic effects.230 

Upon chemical or heat-induced stress, clustering avoids aggregation of proteins in vitro, but this effect 

is mostly observed in slowly aggregating proteins, indicating that chaperons acting as chaperones 

recognise preferentially partially unfolded proteins.220 Moreover, clustering can improve the clearance 

of late apoptotic cells by phagocytosis by macrophages, binding to histones that work as “eat-me” 

signals.318 
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Clusterin potentiates a rapid and efficient efferocytosis (process by which dying or dead cells are 

removed by phagocytic cells, preventing and inflammation response and promoting tissue homeostasis), 

avoiding the development of secondary necrotic cells and maintaining self-tolerance. The absence of 

phagocytosis of apoptotic cells develops to secondary necrosis, allowing antigen presenting cells (APCs) 

to produce inflammatory mediators. Lack of clusterin decreases tolerance to self-antigens, as APCs will 

present apoptotic cell antigens.318 

7.1.4.1. Smac/Diablo 

Smac/Diablo obtains its name from the initials of its main roles within the cell: Second mitochondria-

derived activator of caspase (Smac)61 and Direct inhibitor of apoptosis-binding protein with low pI 

(Diablo).237 In homeostasis, Smac is found inside the mitochondria, but when an apoptotic signal is 

detected by the cell, and the MOMP is formed, it is released into the cytoplasm. 

Smac neutralises the effect of inhibitor of apoptosis (IAP) proteins, preventing their interaction with 

caspases and releasing them to form the apoptosome and activate executor caspase 3.237 Its method of 

action is to physically bind to IAPs, lowering the intrinsic ubiquitin-ligase function of these inhibitors.239 

This reduces the targeting and destruction of caspases. Therefore, an increase in the expression of 

Smac/Diablo is representative of apoptosis, as it lowers the apoptotic threshold for cells after a death 

stimulus.238 Overexpression of Smac/Diablo sensitises cells to chemotherapeutic drugs.239 

7.1.4.2. Htra2/Omi 

Htra2/Omi, or high temperature requirement protein A2, is a pro-apoptotic protein that reduces the 

activity of IAPs by incapacitating them. Htra2/Omi is a serine protease that can cleave IAPs, reducing 

their capacity to inhibit caspases In contrast to Smac/Diablo, which labelled IAPs for elimination, 

Htra2/Omi directly cleaves IAPs and disables them irreversibly.240,241 This protein, when released into 

to the cytoplasm, recognises IAPs through their IAP-binding motif. Upon contact, it unleashes its 

proteolytic function and cleaves IAPs. Increases of Htra2/Omi are associated with apoptosis promotion, 

as it efficiently removes their inhibitors, rendering cells susceptible to death signals and drugs.240,241 

7.1.5.2. Survivin and Livin 

Survivin can exert its anti-apoptotic functions and 

suppressing cell death in a variety of ways. Its expression 

highly correlates with aggressive tumours and poor 

therapeutical outcomes, whereas healthy tissues almost 

have no expression of survivin, making it an attractive 

target for cancer diagnostic and treatment.319 

Survivin prevents apoptosis by targeting caspases and 

preventing the formation of the apoptosome, interacting 

with XIAP to increase its stability, and sequestering 

Smac/Diablo (Figure S.7.1-A).319–321 On top of the 

caspase dependent and independent methods to block 

apoptosis, survivin is a direct target of p53, who 

represses its actions. p53 downregulates the anti-

apoptotic action of surviving, so p53 loss results in an 

upregulation of surviving expression, although this 

activity is still poorly understood.249,319,322 The role of 

survivin on chromosome segregation during cell 

division is to ensure that dividing cells preserve an anti-

apoptotic environment. 

Figure S.7.1. Survivin and Livin role in apoptosis A) 

Schematic representation of the interaction of Survivin 

and Livin with pro-apoptotic proteins. B) Graph 

depicting relative expression of Bad, Bax and Bcl-2. No 

statistically significant differences were detected. 
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After an hyperthermic event, the expression of survivin is reduced when hyperthermia is induced by 

PPTT, but slightly increased if it happens in an oven. (p ≥ 0.05). Cells without AuNR-PEG irradiated 

experienced a decrease in expression 6 hours after illumination but normalised 24 hours later. Overall, 

the expression of surviving is not indicative of a clear pro- or anti-apoptotic profile after PPTT or oven 

hyperthermia, indicating that other anti-apoptotic proteins may have more relevant roles after exposure 

to elevated temperatures. 

In CaSki cells,81 survivin expression markedly decreased 6 and 24 hours after conventional hyperthermia 

at 45-47°C,  correlating with an increase of up-regulation of caspase 3 and increase on the expression 

of Smac/Diablo. In our case, we do not observe this same trend, indicating that PPTT cell affects the 

apoptotic pathway in a distinct way. 

Livin is a protein with a reduced half-term life, estimated to be of 4 hours. It has E3-ubiquitine ligase 

activity, able to directly target Smac/Diablo for proteasomal degradation. Its own instability is the result 

of auto-ubiquitination, promoted by the RING domain on livin.323 Although its main roles are anti-

apoptotic, upon a strong apoptotic stimuli, livin can be cleaved by caspases, forming a truncated form 

that has the capacity to induce both apoptosis, and necrosis on different cell lines.324,325 

Livin shows relatively consistent expression between all studied samples and controls, with no 

statistically significant differences between any of them (p ≥ 0.05). This could be due to its relatively 

short-term half-life, which may explain the enormous differences on expression within the same 

conditions (Figure S.7.1-B) 

7.1.6. Receptors involved in extrinsic apoptosis 

Of the four receptors analysed in the human apoptosis kit, three of them (TRAIL R1/DR4, TRAIL 

R2/DR5 and Fas/TNRFRSF6/CD95) are direct activators of apoptosis upon binding of their respective 

ligands, TRAIL (TNF Receptor Apoptosis-Inducing Ligand) and FasL. On the other hand, TNF 

R1/TNFRSF1A (TNFR1 for short) can exert both pro- and anti-apoptotic effects depending on which 

downstream proteins are activated or stabilised.83,87,253 

TRAIL R1 and TRAIL R2 are type II transmembrane proteins. TRAIL R1 and R2 are type II 

transmembrane proteins. Binding of TRAIL results in trimerization of R1 and R2, forming the DISC 

complex (death-inducing signalling complex), capable of FADD (Fas-associated protein death domain) 

recruitment and posterior activation of initiator caspases, such as Caspase-8 (Figure 7.1.). Formation of 

the DISC (death-inducing signalling complex) recruits other pro-caspases and signals downstream for 

apoptosis induction. The activation of caspase-8 can at the same time lead to truncation of Bid, allowing 

them to interact with Bcl-2 protein family members and intensifying the intrinsic apoptotic pathway by 

taking part in the permeabilization of the mitochondria.254,255 

These two proteins interactions are very similar, involving the enrolment of FADD, expressing 

functional redundancy upon binding their ligand.255 TRAIL R1 and R2 are stress-induced genes, and 

their protein expression is upregulated with increased expression of certain transcription factors, such 

as p53. Increases in the expression of p53 sensitise cancer cells to apoptosis.256 On the other hand, lack 

of expression of these receptors render cells insensitive to TRAIL-induced extrinsic apoptosis.254,326 

Fas receptor activates very similarly to TRAIL R1 and R2. Upon binding of FasL (Fas Ligand), there is 

a trimerization of the receptor, recruiting FADD and allowing the formation of the DISC together with 

caspase-8. FADD is therefore a key mediator for death receptor apoptosis, acting as a bridge between 

receptors being activated after ligand binding and recruitment of initiator caspases and other associated 

proteins.257,258 

FADD is also involved in the activation of TNFR1 mediated apoptosis. Upon TNFα binding to the 

receptor, trimerization occurs and creation of a platform for recruitment of several proteins (Figure7.7-

A) and formation of the complex I. Within this complex, TRADD can activate the NF-κB pathway 
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which leads to apoptosis blockage by a complex interaction of several proteins. Nonetheless, if RIPK1, 

a protein from complex I is deubiquitinated and its expression stabilised, complex I shifts to complex II 

and recruits FADD, leading to apoptosis activation. TNFR1 signal transduction contains a checkpoint 

in case signalling with complex I - NF-κB signalling pathway fails to be activated, cell death is triggered 

via complex II. 

 

7.1.7.1. HIF-1α 

HIF-1α also interacts with p53 and activates its pro-apoptotic functions on Bcl-2, although this is slightly 

controversial.265 In some instances, HIF-1 can translocate to the mitochondria after exposure to hypoxia. 

If hypoxic preconditioning had occurred before the hypoxic event, down-regulation of specific miRNAs 

maintained the mitochondrial membrane potential and blocked apoptosis.327 

7.1.7.3. Catalase 

Catalase and p53 have very tight interactions, in which cells overexpressing p53 lower catalase activity 

in stressed cells. This function of p53 is a pro-oxidant activity and pro-apoptotic effect on cells, making 

p53 a crucial regulator of intracellular ROS.328 

7.1.8.1. p21/CIP/CDKN1A 

Irradiation causes fluctuations in the expression of p21, being able to upregulate apoptosis (e.g. after 

photodynamic therapy on A431 cell line) or suppress programmed cell death (e.g. γ-irradiation on MCF-

7 cell line).279 In studies where p21 is involved in apoptotic inhibition, it does so by its direct interaction 

with pro-caspase 3 (preventing its activation) and blocking Fas receptor stimulation of apoptosis.278,279 

In the cases where p21 is considered pro-apoptotic, associated protein pRB must be mutated, then cell 

cycle is not arrested and signalling leads to apoptosis.277 

7.1.8.3. p53 

Figure S.7. 2. Graphs depicting the expression levels of FADD, 

Fas/TNFRSF6/CD95 and TNFR1/TNFRSF1A.. Only 

statistically and clinically relevant differences are shown, with 

symbols denoting significance: * indicates significance vs 

control samples, & indicates significance vs oven samples, and 

# indicates significance vs other samples. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 
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The p53 tumour suppressor protein and its gene, TP53, are among the most studied components in cancer 

biology due to their high mutation rate in most human cancers. Given this prevalence, it has been a focal 

point in cancer therapy for many years. p53 can bind to more than 500 genes, playing a pivotal role in 

regulating numerous cellular pathways, resulting in a highly complex pattern of interactions with genes 

and proteins.284 

Regulation of p53 is mainly performed by ubiquitin ligase Mdm2, targeting p53 for proteasomal 

degradation in normal homeostatic conditions.284–287 Low levels of p53 within the cell do not activate 

the transcription of apoptosis related genes and allows the cellular cycle to take place. If p53 is mutated, 

the cell cycle may proceed unchecked and facilitates the progression of cancer in the body. 

However, in non-mutated instances, when the cell in under stress, p53 is phosphorylated (pp53) and can 

avoid Mdm2-mediated ubiquitination. In this case, p53 increases its half-life and can act as a 

transcriptional factor in the nucleus (Figure 11A). pp53 can activate the expression of pro-apoptotic 

genes and inhibit cellular proliferation, by upregulating p21 (Figure 10A).284–287 However, 

phosphorylation of p53 at different sites modulates their interactions with the cell cycle and apoptosis. 

7.1.8.5. Claspin 

When replication stress is detected, claspin can be phosphorylated and act as an adaptor protein that 

passes the replication stress signal detected by sensor kinases, to Chk1 to facilitate a checkpoint 

arrest.293,294 Phosphorylated claspin has major affinity for Chk1. If apoptosis has been triggered, claspin 

can be cleaved by Caspase-7, influencing the decision between cell cycle arrest and apoptosis.295 

Activation of Chk1 is vital in cellular response to genotoxic stress, but if claspin is not phosphorylated 

and cleaved by caspases, it cannot activate the checkpoint arrest and cells will undergo apoptosis (Figure 

7.11).295,296 

When replication stress is detected, claspin is phosphorylated and acts as an adaptor protein that passes 

the replication stress signal to Chk1 to facilitate a checkpoint arrest.293,294 If apoptosis has been triggered, 

claspin can be cleaved by Caspase-7, influencing the decision between cell cycle arrest and apoptosis.295 

Activation of Chk1 is vital in cellular response to genotoxic stress, but if claspin is not phosphorylated 

and cleaved by caspases, it cannot activate the checkpoint arrest and cells will undergo apoptosis.295,296 
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Annex D 

The information contained in this annex complements the data and text presented in Chapter 8 of this 

dissertation. All data featured in this annex are referenced in the main text. The content provided here 

serves as supplementary material to the figures shown in the main body. 

 

Table S 1. Statistical analysis results after PPTT for different cytokines. These tables present the results of the statistical analysis 

comparing different timepoints. Only statistically significant differences are shown, highlighting conditions where differences 

were observed for any of the studied timepoints. The corresponding graphs and detailed data can be found in Figure 4. 


