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“If you can keep your head when all about you 

Are losing theirs and blaming it on you, 

If you can trust yourself when all men doubt you, 

But make allowance for their doubting too; 

If you can wait and not be tired by waiting, 

 

If you can dream—and not make dreams your master; 

If you can think—and not make thoughts your aim; 

If you can meet with Triumph and Disaster 

And treat those two impostors just the same […]” 

 

“If you can make one heap of all your winnings 

And risk it on one turn of pitch-and-toss, 

And lose, and start again at your beginnings 

And never breathe a word about your loss; 

If you can force your heart and nerve and sinew 

To serve your turn long after they are gone, 

And so hold on when there is nothing in you 

Except the Will which says to them: ‘Hold on!’ 

 

If you can talk with crowds and keep your virtue, 

Or walk with Kings—nor lose the common touch, 

If neither foes nor loving friends can hurt you, 

If all men count with you, but none too much; 

If you can fill the unforgiving minute 

With sixty seconds’ worth of distance run, 

Yours is the Earth and everything that’s in it, 

And—which is more—you’ll be a Man, my son!” 

If. Rudyard Kipling 



iii 
 

Table of Contents 

 

 

Abstract……………………………………………..………………………………………………………………………………………………….xi 

Acknowledgements…………………………...………………………………………………………………………………………………..xiii 

Abbreviations……………………………………………..……………….……………………………………………………………………….xiv 

I. Introduction…………………………………………………………………………………………………………………………………………1 

1. Skin...........................................................................................................................................................1 

1.1. Anatomy................................................................................................................................................1 

 1.1.1. Epidermis...............................................................................................................................2 

 1.1.2. Dermal-epidermal Junction...................................................................................................3 

 1.1.3. Dermis………………………………………………………………………………………………………………………………3 

 1.1.4. Neurovascular and lymphatic patterning..............................................................................3 

 1.1.4.1. Cutaneous vasculature….……………………………………………………………………………………………….3 

 1.1.4.2. Cutaneous innervation….……………………………………………………………………………………………….3 

1.2. Histology................................................................................................................................................4 

 1.2.1. Resident epidermal cell.........................................................................................................4 

 1.2.2. Resident dermal cells………………………………………………………………………………………………..………6 

 1.2.3. Transient immune cells…………………………………………………………………………………………..…………7 

1.3. Skin immunology…………………………………………………………………………………………………………………………….10 

 1.3.1. Function of skin immunity – innate and adaptative immunity………………………………………...10 

 1.3.2. Pattern Recognition Receptors………………………………………………………………………………………..11 

1.4. Physiology of pain…………………………………………………………………………………………………………………………..12 

 1.4.1. Transduction……………………………………………………………………………………………………………………13 

 1.4.2. Transmission……………………………………………………………………………………………………………………13 

 1.4.3. Modulation and Perception…………………………………………………………………………………………….15 

2. Reactive Oxygen Species……………………………………………………………………………………………………………………15 

2.1. Reactive Oxygen Species in cells..........................................................................................................15  

 2.1.1. Cellular sources for ROS.......................................................................................................15 



iv 
 

 2.1.2. Chemistry and biochemistry of ROS………………………………………………………………………………..17 

 2.1.3. Chemistry of UV-induced ROS in the skin………………………………………………………………………..20 

2.2. Cellular detoxification from ROS……………………………………………………………………………………………………..21 

 2.2.1. Enzymatic antioxidants……………………………………………………………………………………………………21 

  2.2.1.1. Superoxide dismutase (SOD)……………………………………………………………………………21 

  2.2.1.2. Catalase…………………………………………………………………………………………………………..22 

  2.2.1.3. Glutathione peroxidase……………………………………………………………………………………22 

  2.2.2.4. The thioredoxin system, TRX, TRX-S2/TRX-(SH)2……………………………………………….23 

 2.2.2. Non-enzymatic antioxidants……………………………………………………………………………………………24 

  2.2.2.1. Vitamin C…………………………………………………………………………………………………………24 

  2.2.2.2. Vitamin E…………………………………………………………………………………………………………24 

  2.2.2.3. Glutathione……………………………………………………………………………………………………..24 

2.3.  Role of ROS in Carcinogenesis………………………………………………………………………………………………………..25 

2.4.  Biological outcomes of oxidation by ROS……………………………………………………………………………………….26 

 2.4.1. ROS-mediated genotoxicity…………………………………………………………………………………………….26 

  2.4.1.1. Direct DNA damage…………………………………………………………………………………………26 

  2.4.1.2. Epigenetic Changes………………………………………………………………………………….………26 

 2.4.2. ROS-mediated non-genotoxicity……………………………………………………………………………………..27 

  2.4.2.1. MAPK signal pathway………………………………………………………………………………………27 

   2.4.2.1.1. Cytokines and growth factor signaling……………………………………………..28 

   2.4.2.1.2. Ras…………………………………………………………………………………………………..28 

   2.4.2.1.3. AP-1…………………………………………………………………………………………………28 

  2.4.2.2. PI3K/AKT/mTOR pathway………………………………………………………………………………..28 

  2.4.2.3. NF-κB pathway………………………………………………………………………………………………..29 

  2.4.2.4. p53………………………………………………………………………………………………………………….30 

3. Skin cancer…………………………………………………………………………………………………………………………………………31 

3.1. Non-melanoma skin cancer…………………………………………………………………………………………………………….31 

 3.1.1. Actinic keratosis………………………………………………………………………………………………………………32 

 3.1.2. Squamous Cell Carcinoma……………………………………………………………………………………………….33 



v 
 

 3.1.3. Basal Cell Carcinoma……………………………………………………………………………………………………….34 

3.2. Skin carcinogenesis…………………………………………………………………………………………………………………………34 

 3.2.1. UV-induced immune suppression……………………………………………………………………………………35 

 3.2.2. The role of HPV in NMSC…………………………………………………………………………………………………36 

3.3. Human skin cancer models.…………………………………………………………………………………………………………….37 

4. Iron metabolism…………………………………………………………………………………………………………………………………38 

4.1. Iron Distribution……………………………………………………………………………………………………………………………..40 

4.2. Systemic regulation…………………………………………………………………………………………………………………………41 

4.2. Cytosolic iron trafficking…………………………………………………………………………………………………………………42 

 4.2.1. Labile iron pool……………………………………………………………………………………………………………….42 

 4.2.2. Ferritin……………………………………………………………………………………………………………………………43 

4.3. Cellular iron homeostasis……………………………………………………………………………………………………………….44 

4.4. Mitochondrial iron trafficking…………………………………………………………………………………………………………46 

 4.4.1. Mitochondrial iron uptake………………………………………………………………………………………………46 

 4.4.2. Mitochondrial iron storage……………………………………………………………………………………………..47 

4.5. Mitochondrial Iron metabolism………………………………………………………………………………………………………48 

 4.5.1. Heme biosynthesis………………………………………………………………………………………………………….48 

 4.5.2. ISC biogenesis………………………………………………………………………………………………………………….49 

5. Photodynamic therapy………………………………………………………………………………………………………………………50 

5.1. History of Photodynamic Therapy…………………………………………………………………………………………………..50 

5.2. Photochemistry………………………………………………………………………………………………………………………………51 

5.3. Photosensitizers……………………………………………………………………………………………………………………………..53 

5.4. ALA and PpIX specificity.…………………………………………………………………………………………………………………54 

5.5. Subcellular localization……………………………………………………………………………………………………………………56 

5.6. Drug dose……………………………………………………………………………………………………………………………………….57 

5.7. Light delivery………………………………………………………………………………………………………………………………….58 

5.8. Biological effect of PDT…………………………………………………………………………………………………………………..60 

5.9. Strategy to improve topical ALA-PDT………………………………………………………………………………………………60 

 5.9.1. Topical ALA delivery………………………………………………………………………………………………………..61 



vi 
 

  5.9.1.1. Physical methods…………………………………………………………………………………………….61 

  5.9.1.2. Chemical methods…………………………………………………………………………………………..62 

 5.9.2. Treatment procedure……………………………………………………………………………………………………..64 

  5.9.2.1. Pulse PDT………………………………………………………………………………………………………..65   

  5.9.2.2. Daylight PDT.......…..………………………………………………………………………………………..65  

  5.9.2.3. Fractionated PDT……………...…………………………………………………………………………….66   

  5.9.2.4. Ambulatory PDT………………………………………………………………………………………………67 

5.10. Adverse effects…..………………………………………………………………………………………………………………………..68 

 5.10.1. Treatment-induced pain. ……………………………………………………………………………………………..69 

 5.10.2. Adverse skin reactions………………………………………………………………………………………………….70 

 5.10.3. Pain relief therapies in clinical practice…………………………………………………………………………71 

 5.10.4. Underlying mechanisms of PDT-induced pain……………………………………………………………….72 

II. Aims.…………………………………………………………………………………………………………………………………………………74 

III. Materials and Methods..…….……………………………………………………………………………………………………………77 

1. General………………………………………………………………………………………………………………………………………………77 

2. Cell culture…………………………………………………………………………………………………………………………………………77 

3. Experimental procedure....…………………………………………………………………………………………………………………78 

3.1. Cell treatment..….....……………………………………………………………………………………………………………………….78 

3.2. Irradiation protocol…………………………………………………………………………………………………………………………79 

 3.2.1. UVA and daylight irradiation...............................................................................................79 

3.3. Irradiation procedure……………………………………………………………………………………………………………………..82 

4. MTT assay………………………………………………………………………………………………………………………………………….83 

5. Clonogenic assay……………………………………………………………………………………………………………………………….83 

6. Porphyrin fluorescence by spectrofluorimetry…………………………………………………………………………………..84 

7. LIP determination………………………………………………………………………………………………………………………………85 

8. Cellular protein concentration determination……………………………………………………………………………………88 

9. Statistical Analysis…………………………………………………………………………………..…………………………………………90 

10. Schematic representation and protocols of HaCaT cell culture, treatment, and 

analysis……………………………………………………..............................………………………….......................................91 



vii 
 

IV. Results……………………………………………………………………………………………………………………………………………107 

1. Setting experimental conditions………………………………………………………………………………………………………107 

 1.1. Cellular porphyrin fluorescence measurement in ALA-treated HaCaT cells following a 30-, 

 60-, 120- and 240 min incubation.........................................................……………………………………107 

 1.2. Relationship between cellular porphyrin accumulation and cLIP levels upon 1 mM ALA 

 treatment of HaCaT cells for 120 min.........…………………………………………………………………………….108 

 1.3. Evaluation of the effect of 0.5- and 1-mM ALA treatment for 120 min on HaCaT cells 24 h 

 after a single UVA irradiation..........…………………………………………………………………………………………109 

 1.4. Evaluation of the colony forming ability of ALA-treated HaCaT cells irradiated with a  single     

 dose of UVA...…………………………………………………………………………………………………………..........…….110 

 1.5. Cellular porphyrin fluorescence and cLIP measurement in ALA-treated HaCaT cells..………111 

2. Experimental account of changes in cellular porphyrin and cLIP levels upon light-fractionation 

procedure……………………………………………………………………………………………………………………………………………113 

 2.1. Evaluation of the cytotoxicity of double dose of UVA irradiation in ALA-treated HaCaT 

 cells………......................................................................................................................................113 

  2.1.A. MTT assay of ALA-treated HaCaT cells following a double dose UVA Irradiation  

  with a 60 min dark interval................................………………………………………………………….113 

  2.1.B. MTT assay of ALA-treated HaCaT cells following a double dose UVA irradiation  

  with a 120 min dark interval...........................…………………………………………………………….114 

 2.2. Cytosolic labile iron pool level measurement in 1 mM ALA-treated HaCaT cells following a 

 single or double UVA dose of 1 kJ/m² at 0, 60- and 120 min post-ALA incubation...........………..116 

 2.3. Evaluation of the calcein leakage in ALA-treated HaCaT cells following a single or double 

 UVA dose of 1 kJ/m² at 0, 60- and 120 min post-ALA-incubation.................……………………………117 

 2.4. Cellular porphyrin fluorescence measurement in 1 mM ALA-treated HaCaT cells immediately 

 or 60 min after exposure to a single UVA dose of 2.5 kJ/m².........................................…………….118 

 2.5. Cytosolic labile iron pool level measurement in 1 mM ALA-treated HaCaT cells immediately 

 or 60 min after exposure to a single UVA dose of 2.5 kJ/m²……………………………...……………………119 

 2.6. Calcein leakage in ALA-treated HaCaT cells following a single UVA dose of 2.5 kJ/m² at 0- 

 and 60 min post-ALA incubation............…………........…………………………………………………………….…120 

 2.7. Evaluation of cytotoxicity with MTT assay in HaCaT cells following exposure to double doses 

 of UVA radiation with 15-, 30-, 45- and 60 min dark intervals….....………………………………………….121 

 2.8. Evaluation of the colony forming ability of ALA-treated HaCaT cells irradiated following 

 exposure to double doses of UVA radiation with a 30- and 60 min dark interval.......................123 

 



viii 
 

 2.9. Summary of cell viability, porphyrin fluorescence and cLIP levels in 1 mM ALA-treated HaCaT 

 cells following a single or double UVA dose of 1 kJ/m² at 0-, 60- and 120 min post-ALA 

 incubation....................................................................................................................................124 

          

3. Experimental account of cellular porphyrin and LIP levels modulation undergoing light-fractionation 

procedures…………………………………………………………………………………………………………………………………………..126 

 3.1. Evaluation of cytotoxicity with MTT assay in HaCaT cells following a single or double  UVA 

 dose of 1 kJ/m² at 0- and 60 min post-ALA incubation, in 100 µM SIH-Sf-DMEM or Sf-DMEM 

 alone............................................................................................................................................126 

 3.2. Summary of cell viability, porphyrin fluorescence and cLIP levels in 1 mM ALA-treated HaCaT 

 cells following a single or double UVA dose of 1 kJ/m² at 0- and 60 min post-ALA incubation, in 

 100 µM SIH-Sf-DMEM or Sf-DMEM alone...................................................................................127 

 3.3. Evaluation of cytotoxicity with MTT assay in HaCaT cells following a  single or double UVA 

 dose of 1 kJ/m² at 0- and 60 min post-ALA incubation, in 100 µM DFP-Sf- DMEM or Sf-DMEM 

 alone............................................................................................................................................129 

 3.4. Evaluation of cytotoxicity with MTT assay in HaCaT cells following a single or double UVA 

 dose of 1 kJ/m² at 0-, 60- and 120 min post-ALA incubation, in 1 mM DFO in Sf-DMEM or Sf-

 DMEM  alone...............................................................................................................................130 

 3.5. Summary of cell viability, porphyrin fluorescence and cLIP levels in 1 mM ALA-treated HaCaT 

 cells following a single or double UVA dose of 1 kJ/m² at 0- and 120 min post-ALA incubation, in 

 1 mM DFO-Sf-DMEM or Sf-DMEM alone.....................................................................................131   

 3.6. Evaluation of cytotoxicity with MTT assay of hemin pre-treatment (10 µM) on ALA-treated 

 HaCaT  cells, following a double dose UVA irradiation with 60 min dark interval......................133 

 3.7. Evaluation of cytotoxicity with MTT assay in HaCaT cells pre-treated with 100 µM iron 

 citrate and 1mM ALA and exposed to a double dose of UVA irradiation with a 60 min dark 

 interval.........................................................................................................................................134 

 3.8. Summary of cell viability, porphyrin fluorescence and cLIP levels in HaCaT cells pre-treated 

 with 100 µM iron citrate and 1mM ALA and exposed to a single or double UVA dose of 1 kJ/m² 

 with a 60 min dark interval..........................................................................................................135 

4. Evaluation of ALA-treated HaCaT cells following a double dose of daylight irradiation with 60 min dark 

interval......................................................................................................................................................138 

 4.1. Evaluation of the absorption profile of sunscreen filters in ethanol......……………………………138 

 4.2. Colony forming ability of ALA-treated HaCaT cells following a double dose of daylight 

 irradiation with a 60 min dark interval…………………………………………………………………………………….139 

5. Evaluation of the cell viability, porphyrin fluorescence and cLIP levels of ALA and chelator-composite 

prodrugs in HaCaT cells exposed (or not) to a single dose UVA irradiation.............................................141 



ix 
 

 5.1. Evaluation of the cytotoxicity of ALA and chelator-composite prodrugs in HaCaT cells 

 following a single dose of UVA irradiation...................................................................................141 

 5.2. Evaluation of the cytotoxicity of ALA, ALA + DFP and compounds I, II, V, IX and X from Batch 

 A-treated HaCaT cells, following a single dose of UVA Irradiation...................…………………………142 

 5.3. Evaluation of the cytotoxicity of compounds I to VI from Batch B in HaCaT cells................143 

 5.4. Evaluation of the cytotoxic effect of 100 µM ALA, ALA + DFP and compounds I to VI from 

 Batch B in HaCaT cells, following a single dose of UVA Irradiation of 5 and 10 kJ/m².................144 

 5.5. Evaluation of the cytotoxicity of 250 µM ALA, ALA + DFP and compound III in HaCaT cells, 

 following irradiation with UVA single doses of 5 and 10  kJ/m²………………………………………………145 

 5.6. Cellular fluorescence measurements with 250 µM ALA, ALA + DFP and Compound III from 

 Batch B in HaCaT cells…....................................……………………………………………………………………….146 

 5.7. Cytosolic labile iron pool level measurement with 250 µM ALA, ALA + DFP and compound III 

 from Batch B in HaCaT cells in 1% FCS-DMEM and 1 mM ALA in Sf-DMEM……………..................146 

V. Discussion……………………………………………………………………………………………………………………………………….148 

VI. Conclusions..................................................................................................................................161 

VII. References…………………………………………………………………………………………………………………………………….164 

 

 

 

 

 

 

 

 

  



x 
 

Abstract: 

 

Non-melanoma skin cancers are the most common types of cancer in Caucasian populations, with solar 

UV light as the predominant risk factor. Metastatic squamous cell carcinoma is the most lethal type of 

skin cancer, with up to 72% of lesions developing from neoplastic actinic keratosis (AK) lesions. 

Fundamentally, UVA has been shown to promote labile iron release from ferritin and mitochondria, 

generating free radicals through the redox cycling potential of labile iron. 5-Aminolevulinic acid-based 

photodynamic therapy (ALA-PDT) is a treatment modality indicated in the management of AK. 5-

Aminolevulinic acid (ALA) is a precursor of heme, which when exogenously added results in the selective 

accumulation of photoactivable protoporphyrin IX (PpIX) in cancer cells. The conversion of PpIX to heme 

relies on the insertion of iron in the tetrapyrrole core by ferrochelatase, dependent upon iron availability. 

Despite satisfactory safety profiles, efficiency and cosmetic outcomes, widespread adoption of ALA-PDT 

has been limited by the burning, stinging, and prickling sensation experienced by the patients upon 

irradiation, with up to 54% of patients discontinuing the treatment. The pain occurs in relation to reactive 

oxygen species-mediated covalent modification of TRPA1 and TRPV1 receptor channels present on 

peripheral nerve endings. In this way, the photochemical reactions responsible for treatment efficiency 

sustain the covalent alterations of TRPA1 and TRPV1 receptor channels, colloquially described by Morton 

as “No pain, no gain”.  

However, we hypothesized that the redox potential of labile iron could be harnessed with the 

development of a new treatment modality, referred to as “UVA-based light fractionation of ALA-PDT”. 

Light fractionation (ALA-fPDT) is an alternative approach ALA-PDT, consisting of two split light doses 

separated by a single dark interval, promoting higher clearance rate, based on dark interval PpIX re-

synthesis, oxygen supply, and PpIX subcellular location. This study evaluated the impact of a series of sub-

lethal dose combinations of UVA, designed to promote labile iron release and exacerbate the intracellular 

oxidative damage following a second UVA light dose. UVA light matches the Soret peak of the PpIX 

absorption spectrum, exhibiting high quantum yield and reasonable tissue penetration, with up to 50% of 

UVA light reaching the deepest layers of the epidermis. This work aimed to define the optimal treatment 

parameters, referring to maximal photo-damage and photo–killing following the lowest UVA light dose, 

using the immortalized HaCaT keratinocytes as a skin cancer cell model. The biological impact would then 

differ throughout the depth of cutaneous tissue, which upon design would issue maximal damage to 

superficial layers and negligible damage to deeper epidermal layers, where nerve endings are located.  

This work first demonstrated the optimal parameters for ALA-PDT following a single UVA light dose, 

defining the intricate relationship of PpIX and cytosolic labile iron levels, via PpIX extraction or cellular 

porphyrin and calcein fluorescence measurements with a spectrofluorometer. The short-term and long-

term biological effect of UVA light doses in ALA-treated cells were investigated using MTT and colony 

forming ability assays. This determined the treatment parameters upon which comparative studies were 

later undertaken. The split irradiation scheme consisted of a double UVA dose of 1 kJ/m² and 2.5 kJ/m², 

as well as the combination of UVA doses of 1 kJ/m² and 2.5 kJ/m². Photokilling of ALA-treated cells was 

not significantly different throughout a 15-, 30-, 45- and 60 min dark interval. However, the short- and 

long-term biological impacts of UVA light fractionation were significantly different to a single dose, with 

the colony forming ability of a double UVA dose of 1 kJ/m² ca 3-fold lower than a single 2.5 kJ/m² dose. 

This could be beneficial to patient compliance, as treatment would induce negligible pain and adverse 



xi 
 

effects and significant tumor regression. In both conditions, UVA-mediated cytosolic labile iron release 

and membrane damage was observed, as monitored by the level of fluorescent calcein dye retention. This 

effect was confirmed with similar UVA doses at dark intervals of 30 and 60 min, confirming the notion 

that PpIX levels are the sole critical factor here.  

To evaluate the role of labile iron in modulating the efficiency of topical ALA-PDT with UVA-based light 

fractionation, a series of experiments were undertaken that involved either iron loading of HaCaT cells 

with iron citrate and hemin prior to ALA-treatment or iron chelation using desferrioxamine mesylate 

(DFO), salicylaldehyde isonicotinoyl hydrazine (SIH) and deferiprone (DFP) iron chelators during a 60-120 

min dark interval, between the two UVA irradiations in ALA-treated cells. Among all the conditions used, 

only DFO treatment over a 120 min dark interval displayed significant cellular viability reduction in ALA-

treated and UVA irradiated cells when compared to DFO-untreated counterparts.  

Additionally, our light fractionation scheme was applied to natural sunlight, investigating the biological 

impact of the solar component of UVA and visible light components together or visible light alone, using 

the organic UVB-specific filter octocrylene and the commercially available UVB+UVA filter Anthelios™ SPF 

50 +, respectively. The synergistic effect of the solar emission bandwidth was significantly higher in the 

photokilling of ALA-treated cells, and proved to be beneficial in shortening irradiation periods, without 

compromising treatment efficiency. The latter provided the first proof of concept study for a novel UVA-

based daylight PDT with light fractionation involving two short pulses of daylight exposure with a 60-120 

min dark interval. 

Finally, this study proceeded with the investigation of a series of ALA and 3-hydroxy-4-pyridinone (HPO) 

iron chelator combination pro-drugs with improved lipophilicity compared to those published so far. 

Among the 16 prodrugs studied, compound III.B, displayed the desired characteristics notably the lack of 

dark toxicity, and efficient photokilling with UVA comparable to equimolar concentrations of ALA and the 

HPO iron chelator, DFP. This compound also exhibited higher cytosolic labile iron depletion and 

subsequently, higher porphyrin accumulation, when compared to equimolar concentrations of ALA and 

DFP.   

The UVA-based light fractionation of ALA-PDT could be indicated as a treatment modality in the 

management of superficial AK, adapted for both indoor and outdoor purposes. The treatment would 

promote tumor regression, while minimizing treatment-induced pain and other adverse skin reactions. 

Future work must encompass the application of treatment parameter to isogenic skin cancer cells at 

different stages of carcinogenesis, while evaluating the change in labile iron dynamics and their impact 

upon irradiation in the cytosol, mitochondria, and nucleus. Additionally, the treatment parameters should 

be investigated in the context of daylight light fractionation of ALA-PDT, before moving to pre-clinical and 

clinical studies.     
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I. Introduction 

 

1.Skin 

1.1. Anatomy 

The skin is the largest organ in the body, accounting for an average of 10% of the body weight. It performs 

a wide range of vital functions, providing a physical and chemical barrier that protects from infections1 

and excess water loss.2 The skin barrier is also essential to functional homeostasis, thermoregulation, and 

vitamin D synthesis. 

The skin is composed of three distinct layers: the epidermis, the dermis, and hypodermis or subcutaneous 

tissue (see Figure 1.1). 

 

Figure 1.1. Anatomy of the skin (contributed by Wikimedia Commons, USGOV under the terms of 

Creative Commons Attribution 4.0 International License, http://creativecommons.org/licenses /by/4.0/). 

 

The epidermis is mainly composed of keratinocytes, making up ≈ 95% epidermal cell constituents, as well 

as Merkel cells, Langerhans cells and melanocytes.3 Keratinocytes produce a threadlike protein, keratin, 

which provides the epidermis with its structural property and function. 

The second layer is the dermis, mainly composed of fibroblast-producing collagen and elastic connective 

tissue, providing the bulk of the skin’s pliability, elasticity, and tensile strength. This layer accommodates 

epidermal appendages and is supplied with a vast neural and vascular network. Other dermal cell 

constituents include macrophages, mast cells, lymphocytes and occasionally plasma cells. 
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The hypodermis or subcutaneous layer lies beneath the dermis and is composed of adipocytes, lipid-laden 

fibroblasts, which acts as the main sites for thermoregulation, energy storage, and as a physical protection 

against injuries. The subcutaneous layer also harbors a vast network of blood vessels and nerve fibers.4 

The thickness of these layers varies depending on their location in the body. The eyelids have the thinnest 

epidermal layer, whereas the soles of the feet are the thickest. 

 

1.1.1. Epidermis 

The epidermis is known as a stratified, squamous epithelium, where keratinocytes undergo a 

differentiation process as they move outward, into a form of apoptosis that involves flattening and 

enucleation into corneocytes, as well as desquamation. This process maintains continuous renewal and a 

constant epidermal thickness.5 The regenerating process relies on an intricate communication between 

epidermal cells, combining hormones, growth factors, cytokines, and cellular junctions. The epidermal 

layer is a dynamic tissue, where keratinocytes differentiate and move upward in an unsynchronized 

fashion to themselves and other epidermal cell populations.6 

The epidermis is commonly subdivided into four different layers, distinguishable by specific morphology 

and position. The layers include the basal cell layer, the squamous cell layer, the granular cell layer and 

the cornified layer or stratum corneum.7 Only the bottom three layers constitute the living and nucleated 

keratinocytes, whereas the superficial corneocytes have lost their nuclei and water content. In humans, 

the epidermis turns over every 40-56 days.8 Hyperproliferative diseases such as actinic keratosis (AK), 

reduce this epidermal turn over period and alter the permeability of the epidermis and its protective 

function.9 

Basal Layer is the main location for mitotically active epidermal cells, however, not all basal cells divide.7 

Keratinocytes in this single cell layer are tightly bound to one another and to the squamous cell layer via 

desmosomes.7 Mutations in this layer would affect the rate of cellular division.  

Squamous Cell Layer is 5-10 cells thick, composed of differing keratinocyte morphology with respect to 

their location. In this layer, keratinocytes widen and flatten as they are pushed upwards, with the presence 

of distinctive lamellar granules, glycoproteins, lipids, and a wide range of acid hydrolases in their 

cytoplasm. 7 The lamellar granules are secretory organelles delivering lipids into the intercellular space, 

resulting in the lipid-rich environment of the stratum corneum.7 Keratinocytes in the squamous layer are 

joined by desmosomal plaques and cytoplasmic keratins, giving it its spine-like appearance.7 

Granular Layer has specific flattened keratinocytes holding copious cytoplasmic keratohyalin granules, 

involved in the keratinization process.7 As keratinocytes move upward toward the stratum corneum, they 

undergo terminal differentiation with nuclear degradation and organelle dissolution.  

Cornified Layer is composed of protein-rich corneocytes, surrounded by a lipid-rich extracellular matrix.7 

In this layer, corneocytes are enucleated and undergo proteolytic degradation of their desmosomes 

during desquamation or shedding.7 
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1.1.2. Dermal-epidermal Junction 

This interface is synthesized by the basal cells of the epidermis, consisting of a porous membrane of type 

IV collagen upon which dermal microfibrils are anchored. This semipermeable barrier facilitates cellular 

and fluid exchanges between the dermal and epidermal compartment.7 This is also important to the 

epidermis, as it establishes basal cell polarity for subsequent differentiation.10 

 

1.1.3. Dermis 

The dermis does not present a sequential depth-dependent differentiation, but the structure of its 

connective tissue varies in a depth-dependent manner, allowing the subdivision of the dermal layer into 

papillary and reticular dermis.11 

Dermal fibroblasts predominantly produce collagen, which is continuously assembled and degraded. 

Collagen confers stress-resistant properties, whereas elastic fibers provide elasticity. Collagen and elastic 

fibers form a network among which lies an extracellular matrix rich in glycosaminoglycans, such as 

hyaluronic acid, proteoglycans, and glycoproteins.12 Glycosaminoglycans provide hydration, viscosity, and 

limited flexibility to the dermis.   

The superficial papillary dermis forms upward projections of loose collagen and thin elastic fibers between 

epidermal rete ridges. This arrangement allows a larger surface of contact and significant adhesive 

properties. The reticular dermis is made up of thicker collagen bundles, which lie perpendicular to the 

papillary dermis.   

 

1.1.4. Neurovascular and lymphatic patterning 

1.1.4.1. Cutaneous vasculature 

The epidermis is stripped of blood vessels and is considered a non-vascular tissue, receiving most of its 

nutritional needs via the rich dermal and hypodermal vascular network. This vasculature consists of two 

horizontal interconnected plexuses, the subpapillary and subdermal plexus, that originate from 

underlying arteries. The dermis is traversed vertically by arterial, venous, or lymphatic vessels, connecting 

the plexuses, critical for integument nutrition, thermoregulation, and immune reaction.  

 

1.1.4.2. Cutaneous innervation 

Cutaneous innervation consists mainly of autonomic and sensory nerve fibers, originating from either 

sympathetic ganglia or dorsal root ganglia. Sensory nerve fibers make up most of the neural network, 

presenting extensions into the epidermis, dermis, and hypodermis.13 In comparison, autonomic nerve 

fibers are restricted to the dermis, where they innervate the vasculature, erector pili muscles and 

pilosebaceous glands.14 
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Generally, cutaneous innervation is bidirectional, with an afferent and an efferent neurosecretory 

signaling system from the central nervous system (CNS) and/or peripheral nervous system (PNS) and 

cutaneous cellular constituents. 

These nerve fibers can be classified and subclassified based on their conduction profile, signaling property 

and function. This classification derives from the complex interaction between the cutaneous nerve fibers 

and their environment. Nerve fibers are activated by diverse exogenous stimuli, such as mechanical, 

thermal, chemical, electrical, and endogenous stimuli, as part of the neuro-immune-endocrine system as 

well as UV light irradiation.15,16 The perception of exogenous stimuli is mediated by a diverse network of 

myelinated and non-myelinated free nerve endings or hederiform nerve organs, such as Merkel cells, and 

tactile corpuscles, such as the Wagner-Meissner, Vater-Pacini and Krause corpuscles.15 These corpuscles 

are commonly responsible for the sense of touch, pressure, temperature, and itch. On the other hand, 

autonomic nerve fibers are mediated by non-myelinated fibers of the sympathetic system, and rarely, the 

parasympathetic system, as found in the face.17,18  

Based on their conduction velocities, the peripheral nervous system is categorized into class A, B and C 

fibers. A-fibers display the fastest conduction, whereas C-fibers display the slowest. These nerve fibers 

also exhibit varying distribution and nociceptive properties.19   

Class A fibers are pseudo-unipolar sensory nerve fibers with their perikaryon in the dorsal root ganglia, 

which are linked by axons to the dorsal horn of the spinal cord and the periphery of the body. Type Aβ 

and Aδ fibers are responsible for cutaneous innervation. Type Aβ fibers are greatly myelinated, and are 

therefore thick, and highly conductive, with significant mechano-receptive properties, whereas Type Aδ 

fibers are slightly myelinated, exhibiting lower conductivity and mechano- and thermoreceptive 

properties.20  

On the other hand, thinly myelinated B-fibers and unmyelinated efferent C-fibers are part of the 

autonomic nervous system, with thermo-regulative properties, via their sudomotor, pilomotor and 

vasomotor functions. However, some C-fibers derive from dorsal root ganglia and are classed as sensory 

nerve fibers, as they have mechano-, chemo- and thermo-receptive properties.17 

Type Aδ and C fibers are polymodal nociceptors and sense a wide range of stimuli. These fibers are present 

in the papillary dermis and hypodermis, forming the subepidermal nerve bundle and subdermal plexus, 

which branches out to the epidermis, the epidermal-dermal junction (merging with Merkel cells), the 

dermal papilla (merging with Meissner corpuscles), the hair follicles and blood vessels.  

 

1.2. Histology 

1.2.1. Resident epidermal cell 

Keratinocytes 

Keratinocytes form a physical and immunological barrier against exogenous pathogens. This is manifested 

by a distinct keratin-based cytoskeleton as well as numerous tight junctions between all epidermal cells, 

holding melanocytes, Langerhans cells and transient lymphocytes in position, which helps maintain the 

epidermal architecture and function.  
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Keratinocytes also play an important role in immune signaling with the release of antimicrobial peptides, 

pro-inflammatory TNFα and IL-1β or anti-inflammatory IL-10 and TGF-β cytokines and chemokines. 

Keratinocytes prompt the innate immune response and the recruitment of crucial leukocytes, such as 

plasmacytoid dendritic cells (pDC), neutrophils, mast cells, and macrophages.21 

 

Langerhans cells      

Langerhans cells (LC) are myeloid cells, which self-replenish within the epidermis, and which are 

considered as a type of resident macrophages, despite being functionally and morphologically related to 

dendritic cells.22,23 LCs display dendritic surveillance behaviour, consisting of cyclical cellular extension and 

retraction in the intercellular space, sampling the epidermis for foreign pathogens.24,25  

LCs have phenotypical components of professional antigen presenting cells (APC), with a high expression 

of major histology complex II molecules as well as Birbeck granules.25 LCs sample their microenvironment 

for pathogen associated molecular pattern (PAMP) or danger associated molecular pattern, phagocyting 

and digesting foreign bodies, and presenting epitopes to the antigen presenting apparatus, the MHC class 

II molecule. This process induces specific T lymphocyte activation and sets in motion the adaptative 

immune response.26 LCs are the primary initiator of cytotoxic T cells, notably in response to infectious 

challenges.26 LC function is regulated by cytokine release of epidermal cells, notably keratinocytes, as seen 

with TGF-β release inhibiting LC migration and maturation in-situ.27 Under quiescent conditions, however, 

LCs maintain homeostasis with the selective promotion of regulatory T cells (Tregs).26 

 

Melanocytes: 

Melanocytes are melanin-producing cells, populating the basal layer of the epidermis.28 Melanocytes form 

cell to cell contact with other keratinocytes, as required for melanin transfer and skin color. Melanocyte 

activity is regulated by keratinocytes, via growth factors, hormones, and cell adhesion molecules, as part 

of the complex maintenance of cutaneous homeostasis.28 Melanogenesis produces two types of melanin, 

pheomelanin and eumelanin, whose function include not only UV light absorption, but also free radical 

scavenging, oxidoreductive processes and ion storage.29 

Melanin granules offer photoprotection, accumulating around the nuclei of keratinocytes.30 Although, the 

regulatory mechanism underlying melanin biology is not fully understood, UV-induced DNA damage is 

believed to initiate melanogenesis, as observations of specific wavelengths causing tanning and erythema, 

coincide with wavelengths causing DNA photoproduct, cyclobutane pyrimidine dimers (CPD).31,32 

Epidemiological data has shown the inverse correlation between skin pigmentation and incidence of UV-

induced skin cancers.29 

 

Merkel cells 

Merkel cells are involved in mechano-transduction, nociception and the neuro-immune-endocrine 

system. Merkel’s corpuscles are clear and oval cells organized in clusters near nerve endings in the basal 

cell layer of the epidermis. 33 
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Merkel cells are involved in the development of hair follicles and eccrine sweat glands in human 

embryonic and fetal skin.34 Their function as mechanical transducers was revealed through the release or 

co-release of glutamate near free nerve endings.33 Immunohistochemistry has revealed the presence of 

neuropeptide and neuropeptide receptors involved in nociceptive signaling.35 These neuropeptides 

include enkephalins, VIP, substance P, CGRP and serotonin. It was later shown that these neuropeptides 

could either inhibit or promote inflammatory responses.36 

 

1.2.2. Resident dermal cells 

Fibroblasts 

Different subpopulations of fibroblasts occupy the dermis in a depth-depending fashion. These 

subpopulations exhibit distinct physiologic functions and collagen producing profiles.37 Driskell et al. later 

showed that fibroblasts originated from two dermal lineages, with the upper lineage associated with hair 

follicle development and the lower lineage with collagen and elastic fiber synthesis.38 The lower lineage 

fibroblasts are responsible for extracellular matrix (ECM) regeneration and dermal repair.38 Just like 

keratinocytes, fibroblasts are known to regulate the immune environment, notably through their 

participation in mast cell inhibition.39,40 

 

Dendritic cells 

Dendritic cells (DCs) are primary professional antigen-presenting cells (APC) which upon activation 

transmigrate to the regional lymph nodes (LN) to elicit specific T cell maturation, priming adaptive immune 

responses.41 In certain instances, DCs have been shown to curtail T cell response.42 The molecular 

mechanism of this damping effect is not fully understood but is potentially crucial in modulating the 

immune response intensity. In addition, DCs produce an extensive range of pro-inflammatory cytokines, 

responsible for regulating T cell differentiation and immune cell activation.43 

DCs reside in the epidermis and papillary dermis and represent two types of DCs, the myeloid and 

plasmacytoid DCs (pDCs).44 These two types of DCs have different antigen processing profiles and involve 

different effector lymphocyte subtypes.44 The myeloid subset is the common DCs (DC), which could be 

further categorized as the non-lymphoid (DC1) or lymphoid (DC2) types, when referring to pre-DC stage.45 

DC and pDC have a common hematopoietic DC precursor, however pDC only migrate to the skin upon 

immune response or proinflammatory TLR7 stimulation.46 

DCs express a highly phagocytic phenotype required for the dendritic surveillance of the skin. Although, 

the mechanism by which they spontaneously mature is not fully understood, it involves orderly chemokine 

receptor CCR7 upregulation, lymph node migration and naïve T cell stimulation.47  

 

Macrophages 

Macrophages are mononuclear phagocytic leukocytes localized nearby hair follicles and post-capillary 

venules. Macrophages require IL-34 stimulation for survival.48 In steady state, macrophages actively 
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remove cellular debris, remodel surrounding connective tissue and regulate hair regeneration.49,50 During 

an infection, macrophages are involved in the recognition of PAMPs and DAMPs as well as monocyte-

derived macrophage and neutrophil recruitment and removal.51 Macrophages are critical to tissue 

homeostasis and host protection.  

Macrophages derive either from self-replenishing embryo-derived progenitors or hematopoietic 

circulating monocytes, which are renewed roughly every 10 days.52,53 However, dermal macrophages are 

almost exclusively of bone marrow origin.52  

Moreover, macrophages are classified by the nature of their released cytokines. Macrophages promoting 

pro-inflammatory and anti-inflammatory cytokines are referred to as M1 and M2, respectively.54 M2 

macrophages have an important role in wound repair, during which they outnumber all other immune 

cells.54 Although the M1 and M2 classification was established in vitro, macrophages may express both 

M1 and M2 profiles in vivo. Despite researchers shifting from this M1/M2 paradigm, it provides a means 

to differentiate the function and profile of macrophages.55 

 

Mast cells 

Mast cells are bone marrow granulocyte-derived immune cells of the dermis, populating the dermal 

connective tissue surrounding vessels, nerves, and pilosebaceous units.56,57 Mast cells migrate to the skin 

as immature progenitor cells, where they mature into a specific phenotype and function, based on the 

microbiome and keratinocyte-derived stem cell factor.58 Additionally, T helper type 2 (Th2) cell-related 

cytokines promote mast cell proliferation.59 Mast cells are versatile, important in both physiological and 

inflammatory processes, through the release of biologically active mediators.60  

Mast cells express granules in their cytoplasm which upon stimulation are released extracellularly. They 

are unique among bone marrow progenitors, as they remain functional after degranulation.56 Mast cells 

are the source of three classes of mediators, the pre-formed, neo-formed and neo-synthesized 

mediators.61 

Pre-formed mediators are stored in the secretory granules and consist of cytokines, growth factors, 

histamine, serotonin, proteoglycans, tryptase and chymase.62 Neo-formed mediators are eicosanoids, also 

referred to as prostaglandins and leukotrienes (LTs).61 As such, mast cells producing LTs are involved in 

the recruitment of neutrophils, eosinophils, and effector T cells to the site of inflammation.61 Additionally, 

mast cell release of prostaglandins has been shown to promote leukocyte recruitment, mucus secretion 

and neural activation.61 Neo-synthesized mediators include cytokines and chemokines which are released 

upon simulation. These stimuli encompass PAMP recognition, mechanical stimuli, and neuro-immune 

endocrine mediators, such as neuropeptides, cytokines, and growth factors.61 

 

1.2.3. Transient immune cells 

Eosinophils 

Eosinophils are bone marrow-derived multifunctional leukocytes, which migrate to the skin upon 

stimulation. Eosinophils are effector cells, performing numerous immune functions, from antigen 
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presentation to host defense, as well as detrimental roles, notably in tissue damage and fibrosis.63 

Eosinophils exert their activity with the release of cytotoxic granular proteins and inflammatory 

mediators, such as cytokines, growth factors, chemokines, and lipid mediators.64 Their activation relies on 

various cytokines, immunoglobulins, and complement. This apparatus makes eosinophils effective actors 

in various pathogenic inflammatory processes.65 

Eosinophilic granules consist of cationic toxins, such as major basic protein (MBP), eosinophil peroxidase 

(EPO), the eosinophil protein X/eosinophil derived neurotoxin (EPX/EDN), and eosinophil cationic protein 

(ECP).66 Their release occurs through piecemeal degranulation, processes that consist of granule release 

in small portions, thus preventing self-inflicted damage.67 However, the release process could be 

accelerated by the recognition of specific cytokines.68 Interestingly, eosinophils have been shown to take 

part in the neuro-immuno-endocrine system, with the secretion of neuropeptides, which is known to 

prime and regulate mast cells activity.63 

 

Natural Killer Cells 

Natural killer cells (NKC) have been named, because of their cytotoxic profile, which does not require prior 

priming.69 NKC are unique in their function, distinguishable from analogous T and natural killer T cells 

(NKTC), due to their lack of clonotypic T cell receptor (TCR).70 However, NKC operate similarly to some 

lymphocytes, notably innate lymphoid cells (ILCs) and CD8+ cytotoxic T lymphocytes, via the expression 

of interferon-gamma (IFN-γ), tumor necrosis factor (TNF)-α and cytolytic-like activity.71  

NKC originate from progenitors present in both the bone marrow and secondary lymphoid tissue.72 Their 

maturation is location-specific, expressing distinct cell surface markers, cytokines, and anti-tumor 

activity.73 NKC development occurs in stages, regulated via gamma chain (γc) cytokine signaling.74 γc-

Based stimulation has been shown to be involved in NK development, with the upregulation of cytolytic 

molecules, such as perforin and granzyme B.75 These cytolytic molecules are stored in granules and 

delivered to target cells through membrane fusion.76 Granzyme B and perforin induce apoptosis, with 

Granzyme B prompting aspartic acid-based proteolytic cleavages.77 NKC also exert their cytotoxic activity, 

through the activation of cell death receptors.78  

NKC express a wide array of inflammatory cytokines in response to transformed host cell or intracellular 

pathogens.79 These cytokines involve Th1-type cytokines, such as IFN-γ, TNF, and granulocyte/monocyte 

colony-stimulating factor (GM-CSF), further priming leukocytes responsible for innate and adaptive 

immunity.80 Reciprocally, NKC are also activated via cytokine signaling, and DCs play a pivotal role in NKC 

activation and sensitization.81   

 

T cells 

T cells are lymphocytes that originate from hematopoietic progenitors and differentiate in the thymus, 

into distinct T cell receptor (TCR) presenting lineages, possessing distinct immune-related functions.82 

Further differentiation occurs upon migrating out of the thymus.  

Cutaneous T cells can be broadly categorized as αβ T and γδ T lymphocytes. αβ T cell function relies on 

three signals, antigenic recognition: co-stimulatory and co-inhibitory receptors.83 γδ T ligand recognition 
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is comparable to antibody recognition, whereas αβ is achieved via Major Histocompatibility Complex 

(MHC) molecule presentation.84 

αβ T cells are the most abundant type in the skin, found in both the epidermis and dermis, which include 

T lymphocytes presenting co-receptor CD4 and CD8.85 These co-receptors provide distinct immune related 

functions. Generally, CD8+ T cells are cytotoxic lymphocytes, able to directly damage transformed host 

cells via release of perforin and granzyme granules and provide mounting immune response via cytokine 

release (IFN-γ, TNF-α, and TNF-β), whereas CD4+ T cells are helper cells, regulating and modulating a 

specific immune response via cytokine release and FAS ligand-mediated cytotoxicity. 86,87 A distinct 

population of CD4+ T cells are T regulatory cells (Tregs), which provide prevent host damage.88 Tregs have 

been observed to dampen inflammation in contact hypersensitivities.89 In some instances, their role in 

suppressing inflammation might be deleterious, promoting an appropriate environment for tumor 

growth.90 It is therefore of no surprise that their population density is more prevalent in the tumor 

microenvironment.90 

Most αβ T cells in the skin are resident memory T cells (TRM), derived from previously infiltrated effector 

T cells. Upon termination of the immune response, most effector T cells undergo apoptosis, leaving behind 

a small fraction of T cells, referred to as memory T cells.91 These cells, which were previously activated by 

dendritic cells now serve as a pool of T cells, protecting the tissue against similar re-infections.91 Remaining 

memory T cells are heterogenous by nature, and have been categorized based on their phenotype, 

function, and ability to migrate.92  

It is important to observe that the nomenclature of these T cells has changed over the years. The presence 

or not of T cell surface glycoproteins and related function, has allowed T cells to be further subcategorized. 

Van Lier et al. first defined cells expressing cell surface glycoprotein CD27 and lacking CD45RA, as having 

memory-like function, as naïve CD8 T cells express both CD27 and CD45RA surface glycoproteins.93 

However, Lanzavecchia et al. further categorized naïve T cells based on their expression of CCR7 and 

CD45RA cell surface proteins.93 This resulted in primed CD8 T cells to be then considered as a subtype of 

memory T cells. Memory T cells were therefore, subcategorized by their ability to express chemokine 

receptor CCR7, referred to as CCR7+ central memory (TCM) or CCR7- effector memory T cells (TEM). 

Generally, chemokine receptor CCR7 allows homing to lymph nodes.95 Upon antigenic activation, TCM are 

less effective than TEM. However, TCM can migrate out of the peripheral tissue, whereas TEM express tissue-

homing addressins.91,94 A third subset of effector memory T cell type, capable of reversing to a CD45RA 

phenotype, is referred to as effector memory T cells re-expressing CD45RA (TEMRA).94 Overall, the role of 

CD45RA is still enigmatic, it exhibits functional characteristics of naïve T cells, and experimental 

observations have supported its importance in TCR signaling, which is believed to regulate T cell 

activation.94 Subsequently, Clark and co-workers further evaluated the functional activities of resident and 

recirculating T cells, using alemtuzumab, a recirculating T cell-depleting agent.96 All remaining TRM 

expressed the activation antigen CD69, which represses sphingosine 1-phosphate receptor 1 activity and 

consequent sphingosine-1-phosphate gradients required for lymph node migration.91 This allowed the 

group to distinguish four types of memory T cells in the skin. A rapid recirculating TCM, expressing skin-

homing receptor cutaneous lymphocyte-associated antigen (CLA), chemokine receptor CCR4, cell 

adhesion molecule L-selectin and CCR7, a slow recirculating TCM, referred to as migratory memory T cells 

TMM, expressing CCR7 but not L-selectin, and two populations of TRM expressing CD69, one presenting the 

integrin CD103 and one not.97  
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To date, TRM populations are defined as CD8+ or CD4+ T cells expressing CD69 and CD103, and CD4+ T cells 

expressing CD69 only.97 TRM are present within all areas of the skin, they accumulate in areas of prior 

infections.98 They also play a critical role in skin homeostasis and tumor immunosurveillance, as observed 

in lung cancer.91 TRM do not leave the skin and have been suggested to replenish via differentiation of 

both circulating T cells, TEM and TCM.91 Moreover, TMM was also suggested to be a potential candidate, as 

it represent the closest precursor to TRM.97 

   

1.3. Skin immunology 

1.3.1. Function of skin immunity – innate and adaptative immunity 

Skin-resident immune cells have a critical role in tissue homeostasis, safeguarding and regeneration. This 

role is played in part by skin cells, following a distinct distribution and signaling, which in turn regulates 

the peripheral tolerance or inflammatory response of immune cells. The skin forms a complex network, 

capable of directing the activation of innate and adaptive immune cells.  

The involvement of these actors depends on the nature of the stimuli. However, the initiation of the 

inflammatory process follows similar mechanisms of recognition, coordination, and recruitment of 

immune cells. The immune response first starts with the detection of exogenous pathogen-associated 

molecular patterns (PAMPs) or endogenous danger-associated molecular patterns (DAMPs), which in 

some instances, promote the production of antimicrobial peptides (AMPs). PAMPs and DAMPs are mainly 

present on LCs, macrophages, dendritic cells, keratinocytes, melanocyte, fibroblasts, and mast cells.99 

Their activation is followed by the secretion of mediators, alerting other immune cells of the potential 

disruption of the skin homeostasis. These inflammatory mediators include histamine, bradykinin, 

serotonin, and prostaglandins, causing the sensitization of nociceptors, vasodilation, and immune cell 

infiltration. They are in part responsible for the clinical signs and symptoms of inflammation, such as 

redness, swelling, heat and pain. Subsequently, innate immune cells promote cytolysis and phagocytosis, 

constituting the skin’s first line of defense.100 If the innate immunity fails to restore steady state, APCs, 

such as mature dermal DCs, initiate long-lasting adaptive immunity, by migrating and priming T cells in 

lymph nodes.101 

Despite early misconception on the nature of innate immunity, it is now recognized that both innate and 

adaptive immunity are highly specific. However, the distinction between their specificity lies in the fact 

that innate immunity was developed throughout evolution, whereas adaptive immunity is acquired 

throughout the host’s lifetime. Adaptive immunity creates antigen-specific immunity, amplifying response 

to future re-infection. During thymic T cells development, somatic gene recombination of T-cell receptors 

produces a wide range of receptor combinations. Further T cell selection occur via a positive selection 

process, where the successful binding of TCR to thymic APC MHC complexes determine its survival and 

lineage.102 This process promotes the selection of a self-tolerant and functional collection of T cells. At this 

point, T cells move to secondary lymphoid organs as CCR7 and CD45RA-presenting naïve T cells, in search 

of APCs, such as DCs.94 Upon their activation, clonally expanded T cells migrate through a chemotactic 

gradient to the initial site of inflammation.91 T cell recruitment occurs repeatedly throughout the day. 
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Adaptive immune response results from APC dependent T cell activation, T cell homing and immune 

related function, to persistent immunological memory. Although innate and adaptive immunity operate 

successively, they are interconnected by the critical migration of dendritic cells to the lymph nodes.  

 

1.3.2. Pattern Recognition Receptors 

Pattern recognition receptors (PRR) represent germline encoded receptors, that recognize distinct 

evolutionary conserved motifs present on pathogens, such as bacteria, viruses, parasites, and fungi.103 

PRR are present on most skin resident non-immune and immune cells. There are four major categories of 

PRR, and they include the Toll-like receptors (TLRs), Nod-like receptors (NLRs), retinoic acid-inducible gene 

I (RIG-I)-like receptors (RLRs), and C-type lectin receptors (CLRs).104   

PAMP recognition promotes the release of type I interferons (IFNs) and cytokines, initiating innate 

immunity. Generally, two subcategories of TLRs, either present on cell surfaces or within endosomes, are 

responsible for pattern detection.105 On the other hand, NLRs and RLRs are intracellular receptors, 

specialized in the recognition of diffused or phagocytosed motifs, whereas CLRs are cell surface or soluble 

receptors.106 

 

Toll-Like Receptors 

Upon PAMP or DAMP recognition, TLR subsets form homo- or heterodimers of type I transmembrane 

receptors presenting an extracellular leucine-rich structural domain involved in PAMP recognition and an 

intracellular Toll/interleukin-1 receptor (TIR) domain involved in signaling via either the myeloid 

differentiation factor-88 (MyD88) or the Toll/interleukin 1 receptor domain-containing adaptor-inducing 

interferon β (TRIF) pathway.107 

The MyD88-dependent pathway promotes the activation of transcription factor NF-κB, known to regulate 

cytokine and chemokine expression, cellular proliferation, and survival, and mitogen-activated protein 

kinases (MAPKs), also involved in proinflammatory cytokine and chemokine mediation.107 On the other 

hand, the TRIF pathway promotes type‐I IFN and cytokine production, through the activation of interferon 

factors (IRF 3 and IRF 7) and NF-κB.107 TLR activation results in an inflammatory milieu, which stimulates 

neighboring cells into inflammatory and antimicrobial response and recruits immune cells to inflammation 

sites.108   

 

Nod-like receptors and the Inflammasome 

NLRs reside in the cytosol, and upon the detection of cytoplasmic PAMPs and DAMPs motifs oligomerizes 

and activates receptor-interacting serine-threonine kinase 2 (RIP2) and subsequently, NF-κB and MAPK 

pathways.109 Another type of NLRs are the intracellular NLRPs, forming large oligomeric complexes called 

inflammasomes. NLRPs are expressed by all hematopoietic-derived immune cells and non-immune cells 

of the skin. These include LCs, DCs, neutrophils, mast cells and keratinocytes.110 The activation of 

inflammasomes mediate cytokine expression and pyroptosis induction via caspase-1 activation and IL-1β 

and IL-18 production.111 
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Retinoic acid-inducible gene I (RIG-I)-like receptors  

RLRs are RNA helicases critical for single or double-stranded viral RNA recognition. 112 RLRs consist of three 

classes of helicases, RIG-I, MDA-5 and LGP2. RIG-I and MDA-5 activation leads to the binding of CARD 

domains to mitochondrial antiviral signaling protein (MAVS).113 This promotes the expression of 

transcription factors IRF3 and NF-κB, inducing type I interferon production.113 Type I interferon expression 

creates a hostile milieu for virus replication.  

On the other hand, LGP2 contain a viral RNA recognition domain, but lack the CARD domains. Satoh et al. 

observed that LGP2 positively regulates RIG-I- and MDA5-mediated type I IFN production, by promoting 

viral RNA recognition.114 

 

C-type lectin receptors 

CLRs are transmembrane or soluble receptors with a glycan recognition domain. It has been established 

C-type lectin-like receptors (CTLRs), recognize a wider range of ligands, including carbohydrates, lipids, 

and proteins.115 CTLR play a vital role in immune response. They act as a bridge between innate and 

adaptive immunity. They operate as antigen-uptake receptors and cause downstream activation of 

signaling pathways such as NF-κB, type I interferon (IFN), and/or inflammasome.116 The subsequent 

cytokine and chemokine release modulates adaptive immunity.116 

 

Antimicrobial Peptides 

Generally, AMPs are short cationic peptides, that disrupt pathogenic cell membranes. Their expression is 

constitutively low but is upregulated upon activation of PRR or the induction of inflammatory 

mediators.117 They exhibit broad-spectrum anti-microbial, fungal, viral and cancer activity. It was observed 

that their cationic charge facilitated microbial cell wall penetration.118 Although a wide variety of peptides 

have antimicrobial activity, the two major subfamilies are defensins and cathelicidins.118 In the skin, a wide 

variety of immune and non-immune cells present AMPs, such as keratinocytes, eccrine cells, neutrophils, 

eosinophils, mast cells, and T cells.119 

 

1.4. Physiology of pain 

Based on the Kyoto protocol of the International Association for the Study of Pain terminology, pain is 

defined as an unpleasant sensation and emotional experience, accompanying a potential tissue 

damage.120 According to its etiology, pain can be further classified as nociceptive pain, inflammatory pain, 

and neuropathic pain.120 However, nociception is defined as the underlying mechanism involved in sensing 

intense thermal, mechanical, or chemical stimuli.121 Although, pain and nociception are interlinked in most 

instances, they are however different, as pain relates to the perception of the neurobiological mechanism 

involved in nociception.   

In view of the subject of this thesis, the physiology of cutaneous nociceptive and inflammatory pain will 

be covered in this section. They both share a common neuroanatomical pathway. Nociceptors have their 
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pseudo-unipolar cell bodies in the dorsal root ganglia, with axons innervating both the skin and spinal 

cord. Nociceptors are excited when a noxious chemical, mechanical, or thermal stimulus reach a certain 

threshold. The action potential is then transmitted to the dorsal horn of the spinal cord, thalamus, and 

cerebral cortex. The nociception is only elicited as a pain sensation once it has been modulated by 

inhibitory or facilitatory regions of the central nervous system. 

In this way, the physiology of pain could be characterized as the combinatory effect of four processes, 

comprising transduction, transmission, perception, and modulation.122 Transduction refers to the relay of 

a mechanical, chemical, or thermal energy to a current or action potential.123 Transmission relates to the 

conduction of an action potential from the peripheral tissue to a neurotransmitter in the central nervous 

system. However, perception and modulation are interconnected, as they refer to the somatosensory 

element of pain-processing with the subjective experience of pain, where the brain actively regulates 

sensory transmission, assigning a cognitive and affective dimension.  

 

1.4.1. Transduction 

The essential function of nociceptors relies on successful transmembrane exchange of ions or molecules, 

subsequent to the generation of an eventual membrane voltage or action potential.121 Therefore, the 

nature and order of nociception depends on the presence of specific ion channels.121 Most nociceptors 

are polymodal based on their responsiveness to a wide range of stimuli. Specialized nociceptors and 

common primary afferent nerves are both considered sensory nerves, however the former is activated 

past a certain threshold, whereas the latter does so over a continuous range of varying intensities. There 

are, for example, six classes of temperature-responsive sensory nerves, which consist of the C-cold 

nociceptors, A-cold and possible C-cold afferent, Type I and II A-fiber mechano-heat nociceptors, C-warm 

afferent and C-fiber mechano-heat nociceptors.124   

Generally, pain transducers are categorized by the environmental modality they respond to. Many ion 

channels are present on nociceptors, and although involved in nociception, they are not all characterized 

as pain transducers. They play a critical role in sensitization and transmission of noxious stimuli, however, 

not directly activated by them. A non-exhaustive list of ion channels involved in nociceptive and 

inflammatory pain include adenosine triphosphate (ATP)-gated P2X channels, the transient receptor 

potential (TRP) channels with heat- and capsaicin-sensitive TRPV1 and cold- and redox-sensitive TRPA1 

channels, the proton-gated channels (ASICs), and the mechano-sensitive piezo channels.125 

 

1.4.2. Transmission   

Neurogenic inflammatory response 

Nociceptors have the dual capacity of sending and receiving signals at both the peripheral and central 

termini. In this way, the peripheral terminal can be sensitized by environmental molecules, such as pH, 

eicosanoids, and other inflammatory mediators, just as it can express and release neuropeptides in 

response to inflammation. This process is referred to as neurogenic inflammation, which involves 

neuropeptides like calcitonin gene-related peptide (CGRP) and substance P to promote vasodilation and 

extravasation.121 This anti- and orthodromic transmission is referred to as the axon reflex.126 Therefore, 
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the peripheral nervous system collaborates with the immune system, as part of the neuro-immune-

endocrine system.  

In fact, injuries, infections as well as tumors promote the release of a wide range of inflammatory 

mediators, referred to as inflammatory soup, which consists of purines, vasoactive amines, lipids, 

cytokines, proteins, and other growth factors.127 This chemical milieu sensitizes nociceptors and 

modulates the acute and chronic aspect of inflammation, contributing to the wheal and flare response as 

well as inflammatory pain. 

Cytokines are mainly important in peripheral hypersensitivity, mediating the release of inflammatory and 

hyperalgesic agents. These agents include prostaglandins, serotonin, nerve growth factor (NGF), 

bradykinin, and extracellular proteins.128,129 Moreover, cytokines also exert hyperalgesia, via their 

cytokine-mediated G protein-coupled receptors (GPCRs) phosphorylation and transcription. GPCRs belong 

to a family of seven-transmembrane proteins, involved in nearly all physiological functions.130 GPCRs 

modulate the peripheral sensitization via downstream signaling pathways, such as the protein kinase A 

and C pathways.131   

In addition, prostaglandins have also been shown to sensitize nociceptors, through the modulation of TTX-

resistant voltage-gated sodium channels threshold.131 This peripheral sensitization is further promoted by 

NGF-mediated gene expression of TTX-resistant voltage-gated sodium channels, CGRP, substance P, 

bradykinin, and heat- and capsaicin-sensitive TRPV1 channels.121 NGF is expressed by a variety of non-

immune and immune cells, such as fibroblasts, keratinocytes, Schwann cells, mast cells and T cells.15  

The neuro-immune-endocrine system prompts a snowball effect, reinforcing each participants’ activity in 

a loop. As a result, innocuous stimuli are painful, and noxious stimuli cause a greater amount of pain. To 

date, the most common analgesic approach has been to target the inflammatory soup, notably with the 

use of Non-Steroidal Anti-Inflammatories, such as ibuprofen. 

 

Supraspinal ascending pathways 

Sensory nerves project from the periphery to the dorsal horn of the spinal cord, which is physiologically 

stratified into distinct laminae.121 Noxious stimuli-sensing Aδ and C nociceptors directly extend into 

laminae I neurons, and innocuous stimuli-sensing Aβ nociceptors directly extend into laminae III and IV 

neurons, whereas both innocuous and noxious stimuli-sensing Aδ, Aβ and C nociceptors directly and 

indirectly extend into laminae V neurons, also referred to as wide dynamic range (WDR) neurons.121 Most 

projections to the brain are from laminae I and V neurons.121 These ascending pathways reach the 

thalamus and cerebellum via the spinothalamic and spinoreticulothalamic tracts.121 These projections are 

not associated with distinct cortical areas.121 Instead, the spinothalamic tract is associated with subcortical 

and cortical groups of neurons that form the sensory-discriminative and motivational-affective aspect of 

pain, whereas the spinoreticulothalamic tract is associated with the non-discriminative aspect of 

pain.132,133 Subcortical areas associated with pain pathways are extensive, however the limbic system such 

as the insula and anterior cingulate cortex are most effectively activated upon painful stimuli.133 This 

region of the brain is associated with functions relating to emotion, action, and memory, and in the 

context of pain perception, it is associated with its mental expectation and emotional experience.132 
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These subcortical and cortical structures form a neuronal network, termed the neuromatrix system, which 

coordinates and modulates descending signals to the periphery. This central modulation could have both 

facilitatory and inhibitory activity on descending pathways.132 

 

1.4.3. Modulation and Perception   

Traditionally, the perception of pain was thought to follow a direct somatosensory pathway, from 

receptors to specific centers of the brain. However, this theory of pain fell short of explaining conditions 

such as chronic pain. However, with the introduction of the gate control theory, neural gates are thought 

to regulate ascending and descending signals, conferring a cognitive and affective dimension, and 

therefore, explaining the subjectivity of the experience.134 Melzack and Wall first proposed the substantia 

gelatinosa of the dorsal horn of the spinal cord to act as the neural gate of ascending projections, with the 

brain as the main regulator of descending projections.135 Although, interneurons present in the dorsal 

horn of the spinal cord were found to promote or inhibit signaling to higher subcortical and cortical 

centers, the perception of pain did not correlate with the level of nociceptor activity, suggesting a higher 

order of processing.136 In this way, it is only the nociceptive processing at the neuromatrix level that allows 

the quality of the unpleasant experience to be discriminated.      

Pain serves an evolutionary purpose, as a crucial teaching signal necessary for survival.137 Pain perception 

provides a mean to regulate dangerous behaviors or promote protective attitudes. The emotional 

experience associated with pain feeds back into the modulatory system, and its cognitive appraisal will 

define certain behaviors as threatening or harmless. In some instances, the extent to which a noxious 

stimulus is interpreted will predict pain intensity, independent of physical impairment.137  

In fact, pain interpretation relies on several psychological processes, which will either reinforce or hinder 

the painful sensation. These psychological processes include a set of conscious or unconscious emotional, 

behavioral, and psychological reactions that assess the intensity of the painful experience. Noxious stimuli 

could potentially elicit a wide range of emotional states, such as anger, sadness, and fear, which would 

tune the attention towards the unpleasantness of the experience, amplifying its perception.137 In addition, 

behavioral reactions such as grimacing, bracing and sighing, could also relieve or intensify the 

experience.137 Furthermore, social interactions have been shown to benefit a patient, as personal reports 

of pain are prone to distortion, notably in chronic pain, where negative feedbacks reiterate negative 

feeling. However, by virtue of positive social interactions, subjects could benefit from inclusive behavior, 

notably in chronic pain.138 

 

2. Reactive Oxygen Species 

2.1. Reactive oxygen species in cells 

2.1.1. Cellular sources for ROS 

Oxidative stress is due to an imbalance between the level of reactive oxygen species and antioxidant 

defense, which at high concentration, result in the damage of biological components, such as proteins, 

lipids, and nucleic acids.  
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Reactive oxygen species (ROS) can be categorized as either unstable oxygen free radicals or more stable 

freely diffusible non-radical ROS. Free oxygen radicals include superoxide (•O2
−), hydroxyl radical (OH•), 

nitric oxide (NO•), peroxyl radicals (ROO•), sulfonyl radicals (ROS•) and thiyl peroxyl radicals (RSOO•), 

whereas the non-radical ROS include hydrogen peroxide (H2O2), singlet oxygen (1O2) and organic 

hydroperoxides (ROOH).139 

There has been a growing interest in defining ROS as intracellular signaling mediators, specifically •O2
− 

and H2O2, and their prominent role in a wide range of cellular processes, such as in cell differentiation, 

immune defense, tumorigenesis, survival, and hypoxic signaling.140 The role of ROS and the prominence 

of these biological processes have puzzled researchers for decades, particularly how ROS-signaling induce 

specific signal transduction or gene expression, in a highly reactive and antioxidant rich environment. As 

such, ROS like H2O2, have been shown to act as second messengers in gene expression, and 

indiscriminately oxidize nucleic acids and proteins.141 

ROS are produced as part of the mitochondrial electron transport chain, cytochrome P450 pathways, 

enzymatic processing in peroxisomes, and immune response.142 

Mitochondria 

Mitochondria are an important source of superoxide, generated at complexes I and III of the electron 

transport chain.140 Superoxide or its dismutated form, H2O2, are then leaked into the cytosol.143 The 

physiological roles of mitochondrial ROS signaling are diverse and involve the regulation of metabolic 

activity, cellular differentiation, hypoxic transcription factor induction and immune response.144 However, 

ROS could also have a deleterious role, and the dysregulation of mitochondrial ROS has been associated 

with multiple pathophysiological skin conditions and cancer lesions.145 

Cytochrome P450 

Cytochrome P450 (CYP) enzymes are a superfamily of enzymes, present in the endoplasmic reticulum and 

mitochondria, widely known for their role in drug and xenobiotic metabolism.146 However, they are also 

involved in the biosynthesis of hormones, eicosanoids, vitamin D3 and others.147 CYP enzymes have been 

shown to generate ROS-induced lipid peroxides, resulting in the formation of carcinogenic etheno-DNA 

adducts.148 CYP enzymes can generate ROS at different steps of their catalytic cycle. Based on the 

substrate, CYP isoform and environment, ROS could be generated through an incomplete substrate 

oxidation or “reaction uncoupling”.149 The CYP reaction cycle consists of various oxidoreductive 

intermediates, with the involvement of ferrous-oxygen complexes, resulting in the production of hydroxyl 

groups, hydrogen peroxide and substrate radicals.   

Peroxisomes 

Peroxisome biogenesis is still under investigation, however, they are believed to derive from vesicles 

originating from the endoplasmic reticulum and mitochondria. Peroxisomes, so far, have been shown to 

be involved in fatty acid processing, bile acid and plasmalogen lipid synthesis.150 Peroxisomes have been 

recognized as another source of ROS production, such as H2O2, through the activity of peroxisomal 

xanthine oxidase.143 Peroxisomal enzyme overexpression has been established in many tumors.143  
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Immune cell activation 

The critical relationship between cancer and inflammation has been known for over a century. It is now 

clear that cell proliferation in an inflammatory milieu promotes tumorigenesis.151 Immune cells, such as 

macrophages and neutrophils, generate NAPDH oxidase- and nitric oxide synthase-mediated ROS in the 

build-up of an inflammatory response.143 During inflammation, ROS production promotes cellular 

apoptosis and T cell recruitment.152 However, chronic inflammation could facilitate neoplastic conversion, 

via relevant mutations and oxidative events. 

Other enzymes 

One family of enzymes, NADPH oxidases (NOXs), generate ROS as their primary function. Historically, 

NOXs enzymes were found to be involved in the respiratory burst of immune cells, such as in neutrophils 

and macrophages. The NOXs family consists of seven transmembrane proteins NOX1 to NOX5, and DUOX1 

and DUOX2, present in various tissues, such as in the heart, lung, kidney, thyroid, and blood vessels.153 In 

the skin, NOX enzymes are critical in stress signaling and immunity. They are activated by a wide range of 

stimuli, such as growth factors, UV radiation, hypoxia, and mechanical stress.154 They function as 

electrochemical generators, transferring electrons across biological membranes to molecular oxygen, and 

resulting in the production of •O2
− and H2O2.154 Fundamentally, NOXs belong to redox dependent signaling 

pathways involved in mechanisms of growth, tissue regeneration and differentiation, and their 

dysregulation has been associated with various neoplasia, as an effective driver of tumorigenesis and 

metastasis.155 

Other sources of ROS include cyclooxygenases, xanthine oxidases, lipoxygenases, and the iron-mediated 

Fenton reaction. 

 

2.1.2. Chemistry and biochemistry of ROS 

Superoxide anions are short lived primary ROS. Their reactive nature has made their study difficult, 

however, it has been established that they are implicated in lipid and protein oxidation.156 Their levels are 

maintained within a physiological range by superoxide dismutase (SOD) enzymes, converting superoxides 

into their more stable peroxide form. This process is also referred to as a dismutation reaction.142  

2 •O2
− + 2H+ → H2O2 + O2 

(SOD) 

SOD enzymes work in conjunction with other antioxidants, such as catalase and glutathione peroxidase, 

which further detoxify the hydroperoxide into a non-toxic alcohol.140 Under oxidative stress, ROS induce 

the oxidation of various biomolecules, such as proteins, lipids, and nucleic acids.140 However, this 

oxidation cannot solely account for the damage inflicted by •O2
− and H2O2.142 It was therefore 

hypothesized that a secondary ROS, such as highly reactive hydroxyl radicals, were causing the oxidative 

damages. This was illustrated by the Fenton reaction, where the redox cycling of iron acts as a catalyst in 

the stepwise conversion of H2O2 into OH•.157 Generally, Fenton reaction describe the reaction of ferrous 

ion and hydrogen peroxide resulting in hydroxyl and hydroxide ions, whereas Haber–Weiss reaction 

describes the reaction of hydrogen peroxide, superoxide ion and iron resulting in hydroxyl and hydroxide 

ions. Historically, Fenton first described the property of iron to act as a catalyst, however, Haber and Weiss 
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first described the mechanism by which ferrous iron reduces hydrogen peroxide in hydroxyl and hydroxide 

ions.158 

First, the ferrous state is generated by •O2
− oxidation:   

•O2
- + Fe3+ → Fe2+ + O2 

Second, the ferric state is generated by H2O2 oxidation, resulting in hydroxyl radical production: 

             H2O2 + Fe2+ → Fe3+ + OH• + OH- 

In this way, •O2
- both promotes H2O2 dismutation and Fe2+ regeneration. OH• is highly reactive, capable 

of oxidizing most lipids, proteins, and nucleic acids.159 Copper and other transition metals can act as 

Fenton catalysts, however, low molecular weight labile iron (LI) is the most effective catalyst. The relation 

between the firstly described “mobile transit pool of iron” and its role in free radical production was 

established upon the use of iron chelators.160 This pool of iron is now referred to the low molecular weight 

LI present in the cytosol, which in the event of an oxidative insult (UVA or H2O2) promotes the release of 

LI from ferritin stores.161,162 This relationship was first described by Bissett et al., where chronic UVA 

irradiation was observed to increase the iron levels of the skin.163 The molecular event was later described 

as a chain reaction, where UVA induces lipid peroxidation, causing lysosomal membrane disruption, 

followed by the release of proteolytic enzymes and degradation of the iron storage protein, ferritin (see 

Figure 1.2).161  

Fundamentally, UVA irradiation has been associated with ROS-related cellular damage.164 In many 

instances, the catalyzing redox potential of iron has been shown to generate free radicals and promote 

carcinogenesis, metastasis, and immune response suppression. 165 Moreover, cancerous cells have been 

shown to be associated with a higher rate of iron uptake than their non-neoplastic counterparts. 166 This 

was further confirmed with the observation that cancerous cells overexpress transferrin or transferrin-

like receptors compared to normal cells.166 However, despite the strong correlation between UVA and 

iron-mediated ROS damage and their role in promoting carcinogenesis, little has been investigated so far 

about their synergistic role in skin cancer.167 

Much is unknown about the physiology of iron in the skin. Iron levels vary widely in the epidermis as well 

as in dermis.168 However, it is thought to be age-dependent in the dermis. 168 The epidermis plays a key 

role in iron homeostasis, where approximately 25% of iron excretion is realized via keratinocyte 

desquamation.168 Moreover, gender-specific iron status has been suggested to explain life expectancy and 

the incidence of pathology differences among sexes.169 
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Figure 1.2. Schematic representation of UVA-induced reactive oxygen species and related cellular 

damage. 
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In addition, the relationship between ROS and iron further intertwines in inflammation. ROS act as second 

messengers and activate multi-subunit cytosolic NF-κB, promoting its delocalization to the nucleus and 

inducing the expression of inflammatory mediators, such as TNFα, IL-1, IL-6, and IL-8.170 NF-κB activation 

was suppressed upon addition of an iron chelator, suggesting the critical role of hydroxyl radicals in this 

pathway.171 Similarly, UVA has been shown to induce NF-κB, and the extent to which it is activated is 

consistent with UVA-induced labile iron levels.172     

 

2.1.3. Chemistry of UV-induced ROS in the skin 

Epidemiologic studies have suggested that solar UV radiation is the most important risk factor in 

developing non-melanoma and melanoma related skin cancers.173 UV-induced ROS production could 

cause a direct or indirect damage to the skin.174 The role of UV-induced ROS in carcinogenesis is multifold, 

from modulating ROS-signaling pathways and metabolic activity to causing genomic and epigenomic 

instabilities.141 These hallmarks are required for cancer cell development, survival, and metastasis.175 

The induction of different types of skin cancers relies on the pattern of past UV exposure, where basal cell 

carcinoma (BCC) is associated with early life intermittent UV and squamous cell carcinoma (SCC) result 

from cumulative UV exposure.176 Actinic keratosis (AK) is a keratinocytic intraepithelial neoplasia, which 

could progress into SCC, also referred to as early squamous cell carcinomas in situ.177,178 

Genetic studies on AK have demonstrated a similar karyotypic profile to SCC, presenting identical tumor 

suppressor gene p53 mutations, consistent with an earlier stage of neoplasia.177 Cockerell et al. observed 

comparable cytologic features in AK and SCC.179 In this way, based on the standpoint of similar cytogenetic 

abnormalities between AK and SCC, it has been widely accepted that AK has malignant characteristics, of 

which a small portion of AK could potentially develop into SCC, given the concurrence of multiple intrinsic 

and extrinsic risk factors. On the other hand, AK regression would be most likely due to an activated 

immune response.177  

Intrinsic factors involve skin type, age, and dermatoses180, whereas extrinsic factors refer to UV exposure, 

immunosuppression, and human papillomavirus infection.181      

Due to the nature of UV radiation, large epithelial areas may have been affected by preneoplastic changes. 

The notion of field of cancerization is particularly relevant to skin cancer, where the relevant area results 

in an increased risk of neoplastic development. Solar UV radiation consists of two ranges of wavelengths, 

UVB (280-315 nm) and UVA (316-400 nm), distinguished by their photobiologic properties.182 UVA can be 

further subcategorized into UVA 1 (340-400 nm) and UVA 2 (315-340 nm), with the UVA 2 range sharing 

similar properties to UVB.182   

Cells present many types of chromophores absorbing within the UVA band. The nucleus represents a 

major site of UV absorption, with DNA presenting an absorption spectrum over the UVB and UVA range, 

with a maximum at 260 nm. This UV absorption causes direct damage to DNA, with the two major lesions 

being cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts (6-4 PP), comprising around 75% and 

25% of damage, respectively.183 A CPD consists of cyclobutane formation between two adjacent 

pyrimidine bases, whereas a 6-4 photoproduct consists of a covalent bond between the carbon at the 6 

and 4 position of two adjacent pyrimidine bases. UV absorption could also cause indirect oxidative 

damage via UV-induced secondary ROS, mainly resulting in 8-oxoguanine (8-oxoG) production.184 



21 
 

The DNA repair machinery consists of five major pathways, the base excision repair (BER), the nucleotide 

excision repair (NER), mismatch repair (MMR), homologous recombination (HR) and non-homologous end 

joining (NHEJ).185 Direct DNA damage is mainly repaired via the NER system, whereas indirect oxidative 

base lesions are both repaired by BER and NER systems.186 Specific UV-induced DNA mutations occur due 

to an exceeded DNA repair machinery. This UV-signature consists of C→T or CC→TT substitutions opposite 

pyrimidine dimer sites, and can be found in p53 genes in AK, SCC, and BCC, and A:T→C:G transversion 

mutations, as found in SCC.187,188  

Indirect oxidative insults are caused by chromophores reacting with DNA, via type I and II reactions. These 

type I and II reactions can potentially result in DNA breaks and DNA-to-protein crosslinks.189 Experiments 

on hairless mice have demonstrated the photo-augmentative role of the UVA range in carcinogenesis, 

with UVA radiation alone being able to induce SCC and other skin cancers.190 

 

2.2. Cellular detoxification from ROS 

Under physiological conditions, the redox state is tightly regulated by numerous non-enzymatic and 

enzymatic antioxidants. Generally, the redox state of a cell determines its differentiation profile, with an 

oxidizing environment initiating cell death and a reducing one promoting proliferation.191 This is due to 

the importance of redox state in signal transduction, enzymatic activation, and DNA/RNA synthesis.192 

Generally, ROS-generating enzymes are tightly regulated thanks to compartment-specific localization, 

gene expression regulation and antioxidant activity.192 As such, antioxidants have been shown to prevent 

apoptosis.193 Apoptosis is a type of cell death that refers to the programmed nuclear and cytoplasm 

condensation and fragmentation into apoptotic bodies, causing little inflammatory reactions. On the 

other hand, necrosis refers to the accidental cell death resulting from an overwhelmed antioxidant system 

and an uncontrolled loss of cell membrane integrity, leading to a high inflammatory response. Intracellular 

levels of glutathione represent the main redox buffering system and therefore the primary cell cycle 

mediator.193,194 The concept of antioxidant network was introduced to describe the intertwined redox 

cycling through which antioxidants regenerate one another.194 Under pathological conditions, the cellular 

redox state is altered, resulting in a disturbed antioxidant activity. 

Non-enzymatic antioxidants consist of glutathione, flavonoids, vitamin A, C and E, whereas the enzymatic 

antioxidants include superoxide dismutase (SOD), superoxide reductase, catalase, glutathione peroxidase 

(GPX), glutathione reductase, peroxiredoxin (PRX) and thioredoxin (TRX). 

 

2.2.1. Enzymatic antioxidants 

2.2.1.1. Superoxide dismutase (SOD) 

SOD are metalloenzymes, which intervene in the dismutation of •O2
− into O2 and the less-reactive H2O2.195 

H2O2 is further reduced into H2O via enzymes such as catalases and glutathione peroxidases.196  

2 •O2
− + 2H+ → H2O2 + O2 

      (SOD) 
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Three isoforms of SOD are present in humans: cytosolic Cu/Zn-SOD, mitochondrial Mn-SOD, and 

extracellular Cu/Zn-SOD.197 The different isoforms have specific intracellular localization and regulate 

specific biological processes.197 SOD catalyze the dismutation reaction via a two-step redox cycling of its 

polynuclear transition metal cluster, also referred to as the ping-pong type mechanism.198    

In line with their antioxidant activity, Mn-SOD has been shown to display anti-tumorigenic properties, 

with its overexpression, restraining tumor growth.197   

 

2.2.1.2. Catalase 

Catalase is a tetramer of iron-containing heme groups, that effectively decomposes hydrogen peroxide 

into oxygen and water. Catalase is mainly localized in the cytosol and peroxisomes.199 

2 H2O2 (catalase) → 2 H2O + O2 

However, studies on cultured human cells have demonstrated that the hemoprotein catalase could 

absorb in the UVA spectrum, resulting in its inactivation.200 

 

2.2.1.3. Glutathione peroxidase 

The glutathione system includes glutathione (GSH), glutathione peroxidase (GPx), glutathione reductase 

and glutathione S-transferase (GST).201 There are two forms of glutathione peroxidase, referred to as 

selenium-dependent (GPx) and non-selenium-dependent (GST).202 Selenium-dependent GPx catalyzes the 

breakdown of hydrogen peroxide and related hydroperoxides.203 On the other hand, GST facilitates the 

conjugation process of xenobiotic detoxification, but also plays a critical role in the regulation of the MAP 

kinase pathway.204 GST has been shown to inhibit c-Jun N-terminal kinase 1 and ASK1, normally involved 

in stress signaling and cell death.204 GST is overexpressed in numerous tumors, resulting in resistance to 

chemotherapeutic treatment.204  

The main function of GPx is the removal of reactive hydroperoxides. Hydroperoxides are potential 

substrate for the Fenton reaction and their removal prevents subsequent lipid peroxidation (see Figure 

1.3).205 
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Figure 1.3. Representation of the antioxidant mechanism involved in the prevention of the labile iron 

mediated Fenton reaction (modified and adapted from Yao et al., 2006). Riboflavins acts as free radical 

scavenger co-enzymes, assisting the regeneration of glutathione (GSH) via glutathione reductase, and 

subsequently preventing Fenton reaction mediated membrane peroxidation via glutathione peroxidase. 

 

2.2.2.4. The thioredoxin system, TRX, TRX-S2/TRX-(SH)2 

The thioredoxin system consists of the GSH-disulfide oxidoreductase thioredoxin (Trx), NADPH, and the 

selenium-enzymes, thioredoxin reductases (TrxRs). The thioredoxin system is involved in numerous 

critical physiological processes, notably in Trx-mediated regulation of ribonucleotide reductase, 

transcription factor regulation (p53, HIF-1, NF-κB and AP-1) and apoptosis signal-regulating kinase 1 

(ASK1)-mediated apoptosis.206 Trx has a compartment-specific function, as seen with NF-κB activity 

inhibition in the cytosol, and NF-κB binding promotion in the nucleus.206 

The thioredoxin system involves Trx either scavenging ROS or maintaining proteins in their reduced 

form.206 Oxidized-Trx is then later regenerated back into its original form by thioredoxin reductases and 

NADPH.207 Trx consists of a protein with a conserved active site, which presents two adjacent thiol groups 

(-SH).208 Trx is only active in its reduced state, Trx-(SH)2, and achieves its antioxidant function through its 

dithiol groups. Its oxidized form presents a disulfide group (Trx-S2).207 

Trx-(SH)2 +protein-S2 → Trx-S2 +protein-(SH)2 

Its reduction is catalyzed via thioredoxin reductase (TrxR) and NADPH, such as: 

TrxR-S2 +NADPH + H+ → TrxR-(SH)2 +NADP+ 

Trx-S2 +TrxR-(SH)2 → Trx-(SH)2 +TrxR-S2 
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2.2.2. Non-enzymatic antioxidants 

2.2.2.1. Vitamin C 

Vitamin C or ascorbic acid (Vit C) is a powerful hydrophilic antioxidant and an important cofactor in many 

biological processes, such as the inhibition of hypoxia-inducible transcription factor (HIF), increased 

histone acetylation and apoptosis.209 Vit C has been shown to prevent lipid peroxidation of cellular 

membranes.210 This was further confirmed when Vit C was suggested to work in coordination with Vitamin 

E, notably α-tocopherol, regenerating the latter and preventing subsequent lipid peroxidation and 

lipoprotein alkylation.210 

Vit C has two ionizable hydroxyl groups and is therefore referred to as a diacid. In physiological condition, 

it is predominantly present as ascorbate anions.211 Ascorbate anions can be oxidized by various ROS into 

a poorly reactive semidehydroascorbate radical, which can be further oxidized to the unstable 

dehydroascorbic acid or reduced back to Vit C. Vit C is referred to as an antioxidant due to its ability to 

lose electrons.211 However, Vit C was suggested to act as a pro-oxidant in the presence of metals such as 

copper and iron. Vit C was thought to facilitate the redox cycling of metal ions responsible for the 

transition of lipid hydroperoxide to derived genotoxins, notably 4-oxo-2-nonenal, resulting in ethno-

adducts of the DNA.211 This was later discredited by Suh and co-workers, as Vit C was shown to 

predominantly reduce lipid peroxidation in human plasma exposed to transition metals.212  

The pro-oxidative nature of Vit C has long been the subject of discussion, as Vit C was shown to promote 

metal ion-dependent hydroxyl radical formation, however this was believed to only occur in non-

physiological conditions, with most in vivo studies demonstrating its anti-oxidative nature.213 

 

2.2.2.2. Vitamin E 

Vitamin E (Vit E) is a fat-soluble vitamin, which acts as a powerful membrane bound antioxidant, therefore 

mainly preventing membrane peroxidation.214 The Vit E family includes eight members, known as α-, β-, 

γ-, and σ-tocopherols and their corresponding tocotrienols.  

As mentioned previously, Vit E work in conjunction with Vit C. This intricate relationship could be 

deleterious in oxidative stress, as Vit C protective effects are hindered by Vit E regeneration.215 

 

2.2.2.3. Glutathione 

Glutathione (GSH) is a tripeptide thiol antioxidant, considered as the most important cellular redox buffer, 

and highly abundant in the cytosol, mitochondria, and nucleus.216 GSH has multiple functions, acting as a 

detoxification cofactor, plasma membrane transporter, free radical scavenger, and Vit C regenerator.217 

In the nucleus, GSH is responsible for the reduction of important protein sulfhydryls (protein-SH), involved 

in DNA repair and expression. 

The antioxidant properties of GSH relies on the ability of its sulfur atom to donate an electron, generating 

a relatively stable thiyl radical (GS•), which could form a non-radical product upon dimerization (GSSG).208 
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GSH + R• → GS• + RH 

GS• + GS• → GSSG 

The ratio of GSH/GSSG is a good marker of the oxidative status of the cell.218 Under normal conditions the 

ratio exceeds 100:1, however in oxidative stress, this ratio decreases. GSH is the most important member 

of the antioxidant network, as the regeneration of most antioxidants is associated with the GSH/GSSG 

ratio.218 GST maintain redox homeostasis through an active regulation of the GSH/GSSG couple, allowing 

the interplay of redox-sensitive cell-signaling pathways to take place.217 In this way, GSH is critical to pro- 

and anti-apoptotic signaling.217 

 

2.3.  Role of ROS in Carcinogenesis 

Cancer development was theorized as an oxidative stress-induced cell differentiation, caused by the 

homeostatic regulation apparatus involved in proliferation.199 Carcinogenesis is a multistage process, 

involving specific molecular events in the cell, which can be described by three stages, initiation, 

promotion, and progression.219,220 ROS interferes with all stages of carcinogenesis. 

ROS promote cancer development in two ways, referred to as either genotoxic or non-genotoxic. The 

former cause direct DNA damage, affecting gene transcription and genomic stability, whereas the latter 

promotes epigenetic modifications and the activation of cell growth- or death-related signaling pathways. 

Generally, the effect of ROS depends on the stage of carcinogenesis. 

Initiation 

Initiation concerns the early stages of carcinogenesis, where intracellular ROS promote persistent non-

lethal DNA mutations, such as 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxoG), which last past a cell cycle 

DNA repair.221 Oxidative DNA damage, such as in mutagenic 8-oxoG lesions, occur in the event of an 

exceeded antioxidant system, mainly through hydroxyl induced Fenton reactions, along with other 

ROS.221,222  

Promotion 

This stage is characterized by the identification of a focal lesion, upon the expansion of initiated cells. This 

stage is ROS-dependent, and therefore reversible.221 As cancers progress, high intracellular ROS levels 

trigger cell death, however, preneoplastic cells escape apoptosis, by expanding their intracellular levels of 

antioxidants.223 In fact, depending on the cancer stage, the resulting low levels of oxidative stress promote 

tumor growth.223 

Progression 

This is the last stage of cancer development.220 This stage is irreversible, characterized by a marked 

transition to malignancy and invasiveness. This is achieved by a substantial KRAS mediated membrane-

associated NOX overexpression, resulting in the release of ROS in the tumor microenvironment (TME).224 

While cancerous cells have a robust detoxification process, adjacent cells will undergo oxidative stress.224 

As such, H2O2 has been observed to accumulate in the TME, and is generally required for perivascular 

stroma remodeling and angiogenesis.224   
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2.4.  Biological outcomes of oxidation by ROS 

Cancerous cells shift their cell metabolism from the respiration pathway to a cytosolic aerobic glycolysis, 

followed by lactic acid fermentation. This metabolism is referred to as the Warburg effect. The Warburg 

effect promotes the production of ROS, leading to extensive lipid, protein, and nucleic acid oxidation. As 

a result, cancer metabolism assists pro-oncogene activation, ROS-signalling pathways, and genetic 

instability.225 The biological effect of this oxidative stress concludes in either cell proliferation or cell death, 

mirroring the natural selective process, where non-specific damages result in a specific outcome. This 

outcome, however, depends on the genome, ROS involved and levels and duration of exposure.      

 

2.4.1. ROS-mediated genotoxicity 

2.4.1.1. Direct DNA damage 

DNA damages are mainly caused by Fenton-induced hydroxyl radicals, resulting in adenine and guanine 

base oxidation (8-oxoA and 8-oxoG), and DNA strand breaks.226 Generally, DNA repair mechanisms fail to 

mend DNA conformation, either by mispairing 8-oxo-guanine with adenine, due to G→T transversions, or 

by erroneous transcription of RNA polymerase, resulting in mutant protein.227,228 Lastly, repair 

mechanisms could also diminish transcription output.229 Direct DNA damage has also been shown to 

induce epigenetic modification, where 8-oxoG affects the methylation status of adjacent cytosine pairs.230 

However, mitochondrial DNA lacks histone protection or NER repair mechanisms, and is therefore 

sensitive to ROS-mediated DNA lesions, notably regarding genes involved in the electron transport chain. 

Additionally, telomeric 8-oxoG lesions disrupt telomere repeat binding factors 1 and 2 (TRF1 and TRF2), 

which prevents telomeric cap preservation.231 

 

2.4.1.2. Epigenetic Changes 

Generally, chromatin is categorized by its availability for transcription during the cell cycle. Based on the 

degree of chromatin compaction, the chromatin is either transcriptionally active or inactive, and referred 

to as euchromatin and heterochromatin.232 Heterochromatin is usually associated with DNA and histone 

hypermethylation, as well as acetyl-free histone tails.233 Silent inactivation regulator (SIR) proteins are 

histone-binding protein complexes, associated with heterochromatin compaction. Chromatin inactivation 

involves deacetylation and binding of SIR proteins to histones. SIR 2 protein is further associated with the 

methyltransferase complex, regulating DNA and histone hypermethylation.234    

In this way, epigenetic modification refers to changes in gene transcription, caused by ROS-induced DNA 

methylation.235 Altered DNA methylation is a classic biomarker of cancer.236 AK and SCC both display 

hypermethylated chromatins, consistent with previous observations on the similarity of the genomic 

mutation profiles of AK and SCC. 237 This further confirms the potential malignant tendency of AK.237 

ROS-mediated epigenetic changes results from histone alteration, modifying the genome accessibility to 

transcription factors.238 Histone methylation or acetylation prompt transcription initiation site or CpG 

region compaction and miRNA-mediated transcription silencing.238 CpG are adjacent cytosine and guanine 

rich sequences, occurring in about 40% of promoter regions of the DNA. These modifications are 
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important, especially when the DNA sequence concerns tumor suppressor gene, or DNA 

methyltransferases (DNMTs) expression. 239,240 In this way, the effects of epigenetic changes build 

momentum by self-reinforcing feedbacks. These epigenetic modifications are part of a dynamic cellular 

response to external factors. Epigenetic changes lead to a change in phenotype and occur throughout the 

different stages of carcinogenesis. The epigenetic status is also inherited by newly formed cells, through 

the mitotic process.238 

 

2.4.2. ROS-mediated non-genotoxicity 

Signaling pathways involved in inflammation and cell proliferation are ROS-mediated signaling pathways. 

Carcinogenesis is therefore the result of elevated ROS cell signaling, sustained by genetic and epigenetic 

modifications.241,242  

In cancer, the role of ROS signaling has been well-established regarding cellular growth, proliferation, and 

survival. ROS-mediated activation or inhibition of biological pathways is critical to carcinogenesis. ROS 

interfere at different levels of these intricate and intertwined signaling pathways, and a balance between 

external and internal factors will predict the overall outcome. Regarding skin carcinogenesis, notably AK 

and SCC, a non-exhaustive list of the main recurring pathways will be presented in this introduction. 

These pathways concern mainly the mitogen activated-protein kinase (MAPK), the phosphoinositide-3-

kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) and the nuclear factor-κB 

(NF-κB) pathways, as well as other ROS-regulated transcription factors, such as the nuclear factor 

erythroid 2-related factor 2 (Nrf2) and tumor suppressor gene p53.142,143,243   

 

2.4.2.1. MAPK signal pathway 

MAPKs are protein kinases relaying various extracellular and intracellular signals via convoluted 

phosphorylation cascades, with each step subjected to regulatory factors.244 MAPKs are known to be 

involved in the regulation of many biological processes, such as cell cycle initiation, bioenergetic 

adaptation, as well as cellular proliferation, growth, and death.244  

The MAPK family is composed of three main members, which are the extracellular signal-regulated 

kinases, c-Jun N-terminal kinases and p38 mitogen-activated protein kinases.245   

In general, the MAPK signal transduction pathway involves specific cytokine or growth factor receptors 

(GFRs), such as the TNF-α, IFN-γ or interleukin (IL) receptors, as well as receptor tyrosine kinase (RTK). 

These receptors activate successive cytosolic intermediates, which regulates the transcription and 

translation of specific genes.244 ROS can activate the MAPK pathway, at several intermediary kinase of the 

signaling cascade. For instance, epithelial growth factor (EGF) stimulates the MAPK pathway via RTK 

binding.246 However, the effects of ROS-mediated MAPK signaling are cell-type dependent.244 

The first cytosolic intermediates of the MAPK pathway are membrane-bound G proteins, RAS. The RAS 

family are important molecular switches involved in immunity and inflammation, capable of activating 

MAPK and PI3K/AKT/mTOR pathways.247 Their biology was found to be altered in many cancers, with 

characteristic RAS gene and related downstream effector mutations in most solid tumors.248 RAS further 
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activate serine/threonine kinases of the RAF family, which are responsible for the downstream activation 

of MAPK kinase, such as MEK 1 and 2, and further stimulate MAPK transduction.   

In addition, ROS-mediated MAPK pathway activation could occur either through the oxidative inhibition 

of the MAP kinase phosphatase, or via the upregulation of MAP kinases, such as the apoptosis signal-

regulating kinase (ASK1).249 Regardless of the prevailing activity, it results in the activation of dimeric 

transcription factor AP-1 protein.250 AP-1 belongs to the activating transcription factors JUN, FOS, and ATF. 

These activating transcription factors can bind with AP-1, forming stable heterodimers that facilitate DNA 

binding. The different AP-1 dimer combinations allow the binding of specific DNA sequence.250 These 

target genes consist mainly of the tumor-promoting agent-responsive element (TRE), cAMP-response 

element (CRE), MAF-recognition elements (MAREs) and the antioxidant-response elements (AREs).250  

 

2.4.2.1.1. Cytokines and growth factor signaling 

RTKs play a critical role in intracellular transduction of extracellular stimuli.251 Growth factors susceptible 

to stimulate MAPK pathway via RTKs are epidermal growth factor (EGF), platelet-derived growth factor 

(PDGF) and vascular endothelial growth factor (VEGF) (Du and Lovely, 2018). It has been well established 

that the alteration of RTK biology is associated with many cancers.251 

In addition, cytokine receptors (TNF-α and IFN-γ) or interleukin receptors (IL-1), either mediate their 

transmission via the JAK kinase family or possess intrinsic tyrosine kinase activity.252 However, both signal 

transductions have been shown to be modulated by MAPK.253 

2.4.2.1.2. Ras 

Mutations in the Ras genes are critical to the carcinogenic process of many cancers, notably in the lung, 

skin, pancreas, and colon.254 Oncogenic development was shown to be associated with RAS gene 

mutations and growth factor mediated MAPK signaling.248 In addition, the concentrations of essential 

trace elements such as iron, cobalt, nickel, copper, zinc and bromide, were found to be associated with 

the presence of mutations on the RAS gene (KRAS) in lung adenocarcinoma cancer.255 

2.4.2.1.3. AP-1 

Various stimuli induce AP-1 activity. Stimuli such as cytokines, H2O2 and other physical and chemical 

stressors activate several members of the MAPK family.256 AP-1 activity is either directly or indirectly 

regulated by the MAPK pathway.257 Overall, AP-1 activity induces cell proliferation via its dimerization and 

binding pattern with FOS and JUN proteins.  

 

2.4.2.2. PI3K/AKT/mTOR pathway 

Alteration of the PI3K/AKT/mTOR signaling pathway is essential to the carcinogenic process, and its 

dysregulation is present in virtually all cancers.258 Generally, the PI3K/AKT/mTOR pathway is involved in 

numerous biological processes, such as cellular growth, cytoskeletal regulation, apoptosis, and 

angiogenesis.258  
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Phosphoinositide 3-kinases (PI3K) are a family of lipid kinases, subcategorized into class I, II and III, based 

on their subunit combination Class I is the main kinase associated with cancers.259 PI3K activity is 

stimulated by membrane-bound G proteins receptors and TRKs.259 In this way, PI3K induction is also 

promoted through Ras activation.260 

PI3K catalytic activity consists of phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to 

phosphatidylinositol 3,4,5-triphosphate (PIP3), and the signaling regulation is achieved through the 

phosphatase activity of the tumor suppressor PTEN.261 

PIP3 helps in anchoring the serine/threonine kinase AKT to the plasma membrane, allowing successive 

TOR complex 2 (TORC2) and phosphoinositide-dependent kinase 1 (PDK1) mediated phosphorylation.262 

Subsequently, activated AKT phosphorylates tumor suppressor protein TSC2, disrupting the TSC1/TSC2 

complex, which results in mTOR activation and subsequent protein synthesis.259 

Overall, AKT activity is tightly regulated by the activity of PI3K, PDK1, PTEN and mTOR. However, ROS such 

as H2O2 have been shown to disrupt this control mechanism, causing redox activation of AKT and PDK1 as 

well as inhibition of PTEN.263 This disruption is particularly important in skin carcinogenesis, where PTEN 

levels were shown to be significantly decreased in SCC.264   

Furthermore, activated AKT promotes cell survival thanks to Mdm2-mediated inhibition of p53-

dependent apoptosis or inhibition of pro-apoptotic transcription factors, such as Bad, Bax, Bim or FOXO. 
265,266,267,268 

 

2.4.2.3. NF-κB pathway 

NF-κB is a protein complex inducing pro-inflammatory, oncogene and tumor suppressor gene 

expression.269 Globally, NF-κB regulates critical aspects of inflammation, such as cytokines, chemokines, 

immune recognition receptors, particularly important in T cell and neutrophil function.269 

NF-κB activity stands at the crosswalk between inflammation and the pro-tumorigenic environment it 

promotes. Inflammation leads to ROS-mediated DNA damage and instabilities, which favors 

carcinogenesis.270 In this way, NF-κB levels have been found to be elevated in many tumorous tissues.269  

NF-κB is an inducible transcription factor, either sequestrated in the cytosol by the inhibitory proteins IκB 

or translocated to the nucleus as Rel/NF-kB dimers, which bind kB sites of promoter domains of specific 

genes.271 The canonical activation of the NF-κB pathway, involves the subsequent activation of TGFβ-

activated kinase 1 and IκB kinase (IKK), which results in the phosphorylation and proteasomal degradation 

of IκB molecules.272 On the other hand, the non-canonical activation of the NF-κB pathway involves IKK 

mediated phosphorylation of p100, which results in the processing of p100 into p52 and the activation of 

the RelB/p52 NF-κB complex.271 Generally, the canonical NF-κB pathway is rapidly activated by IκB 

degradation, whereas non-canonical activity relies on the slow and persistent induction of p100 

processing.271 

NF-κB is an important mediator of genes involved in cell proliferation, survival, and angiogenesis via 

various key regulatory mechanisms consisting of tumor necrosis factor (TNF) receptor associated factors 

(TRAF1 and TRAF2), cellular inhibitor of apoptosis 1 and 2 (cIAP1 and cIAP2) proteins and downstream 

effector Bcl-2 homologues, A1/Bfl-1 and IEX-IL.269,273,274 As such, the Rel/NF-κB pathway and REL-mediated 
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oncogenic activity were shown to be the cause of cellular transformation and immortalization, in many 

lymphoma-based studies.275  

The NF-κB pathway is activated by a wide range of stimuli, such as transition metals, UV light, and various 

other chemicals.276 Although, the underlying mechanism of such activity is yet to be elucidated, it is 

believed that ROS such as H2O2 act as regulators of the NF-κB pathway through the modulation of 

cytokine-activated pathways, such as in tumor necrosis factor (TNF) and interleukin-1 mediated activation 

of the NF-κB pathway.277 

UVA-mediated cytosolic labile iron increase has been shown to activate the NF-κB pathway in human skin 

fibroblasts.172 Using iron chelators, iron-mediated ROS generation was shown to play an important role in 

NF-κB activation.172 In addition, studies involving the use of antioxidants further confirmed the ROS-

mediated effect, where the use of N-acetyl cysteine (NAC), for example, was shown to block NF-κB 

activation.278 

NF-κB also modulates energy homeostasis, via a p53-dependent upregulation of cytochrome c oxidase 

(SCO2) subunit which promotes oxidative phosphorylation.279 However, in the absence of p53, NF-κB 

directly upregulates glucose uptake transporters (GLUT3), and indirectly repress mitochondrial SCO2 gene 

expression, which results in enhancement of glycolysis and reduction of oxygen consumption (see Section 

2.4).279 This metabolic shift is critical for rapidly dividing cancer cells to meet their energetic needs. 

 

2.4.2.4. p53 

p53 is a nuclear transcription factor that prevents tumor development, thanks to its critical role in 

preserving DNA integrity, through cell cycle arrest and repair, and/or apoptosis.280 p53-Mediated cell cycle 

arrest occurs via a p21-mediated inhibition of cyclin-dependent kinase (Cdk) complex, and the p53 driven 

DNA repair function is induced through GADD45 gene expression.280  

In physiological conditions, p53 maintains low ROS levels via its antioxidant activity.281 However, in an 

oxidative environment, p53 activity promotes the transcription of pro-oxidative proteins, such as p53-

inducible genes (PIG), enhancing the oxidative insult and potentially resulting in apoptosis as well as 

various pro-apoptotic genes, such as BAX, NOXA and p53AIP.281,282 In this way, ROS act both as upstream 

signal activators of p53 and downstream apoptotic mediators. 

Under physiological conditions, p53 levels are kept low by a RING-finger type E3 ubiquitin protein ligase 

(MDM2)-mediated proteasomal degradation.283 However, under oxidative conditions, genomic 

instabilities correlate with the ubiquitinylation, methylation, phosphorylation, and acetylation of p53.283 

Escape from MDM2-mediated degradation, then causes p53 accumulation in the nucleus and gene 

expression.283 Two specific clusters of cysteine residues on p53 are critical to DNA binding.284 These 

residues are prone to redox reactions, potentially preventing gene expression.285 p53 DNA binding is 

therefore regulated by cellular antioxidants.285 Moreover, p53 oxidation affects its binding activity, but 

not its thymine-related p21 responsive element binding.286 p53 is usually activated by UV radiation, 

metals, hypoxia, and numerous other stimuli.287 The extent of the oxidative insult could inflict mutations 

on p53 related genes. The tumor suppressor p53 (TP53) gene is the major gene encoding p53, which is 

found to be mutated in most skin dysplasia, such as AK, SCC, and BCC.288 p53-Mutants have been shown 

to complex with their wild-type counterparts, changing their activity.289 Conversely, mutant p53 
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oligomerization leads to a complete change of phenotype, resulting in growth-promoting and oncogenic 

related gene expression. Generally, mutant p53 accumulate in the cell, as they are not affected by 

MDM2-mediated proteasomal degradation.290 The loss of wild type p53 tumor suppressing activity and 

the promotion of mutant p53-driven transcriptome prompts carcinogenic transformation.291     

 

 

3. Skin cancer 

3.1. Non-melanoma skin cancer 

Melanoma and non-melanoma skin cancers (NMSC) are the most common types of cancer diagnosed in 

white Caucasian populations. The incidence rate of NMSC is rising worldwide and its strenuous impact on 

healthcare services has become a serious challenge, as NMSC-related cases have expanded up to 2.5-fold 

over the past three decades in the UK. The vast majority of NMSC cases comprise neoplastic lesions, such 

as BCC and SCC.292 Their incidence rate is 18-20-fold higher than melanoma.293 However, metastasis of 

SCCs is much more common than BCCs.293 Metastatic SCC accounts for most NMSC-related deaths.294 

Despite the mortality rate being relatively low, age-dependent prevalence translates into severe co-

morbidities and a significant socio-economic burden, resulting in loss of life expectancy and 

productivity.295,296 Over recent years, the increasing incidence of NMSC in England has been reflected in 

increasing healthcare cost and resource provision.297 Given this situation with an ageing population 

worldwide, it can be safely forecasted that the resulting economic burden will worsen over the next 

decades.      

Biomolecular and epidemiological studies support the causal association between UV exposure and the 

incidence of skin cancers.298 The recent change in population demographic and recreational sun-seeking 

habits in developed countries underpin the current surge of NMSC cases. More than 80% of NMSC lesions 

occur on sun-exposed areas of the body, such as the head, neck and back of the hands. However, only SCC 

incidence is associated with cumulative UV exposure.298 On the other hand, the incidence of BCC is related 

to intermittent UV exposure during the early years of life.298 This was highlighted by Stern et al., where 

long-term PUVA treatment was observed to be associated with an increased risk of SCC, but not BCC.299  

Other risk factors include Fitzpatrick skin type, geographic location, gender, chronic inflammation, 

immunosuppression, human papillomavirus infection (HPV) and various chemical 

carcinogens.300,301,302,303,304,305,306 NMSC incidence was strongly associated with phenotypic characteristics, 

such as fair-skinned and blue-eyed populations, generally associated with low melanin content. Similarly, 

NMSC is statistically more prevalent in men than in women, and its incidence increases in an age-

dependent fashion.307 The relation between many types of cancers and inflammation has also been 

studied, and its connection with skin tumorigenesis has been established, with pro-inflammatory 

mediators promoting the ideal microenvironment for tumor growth.308 Conversely, immunosuppression 

has also been associated with increased risk of developing NMSC. One study reported that 

immunosuppressed organ transplant patients were diagnosed with NMSC on average 15 years below the 

age of immunocompetent control population.308 Moreover, the anatomical pattern of neoplastic lesions 

is different in transplant patients, with the emergence of multiple lesions in diverse locations from the 

usual sun-exposed areas of the body.309 In addition, hybridization and PCR-based techniques have 
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confirmed the presence of various HPV DNA in neoplastic lesions. De Villiers et al. detected HPV DNA in 

most AK, SCC, and metastatic SCC lesions.310 Similarly, Weissenborn and co-workers found 45 different 

HPV types in 59 patients, confirming the relation between HPV viral load and perilesional skin, AK, SCC, 

and BCC lesions.311 However, the author suggested a role for HPV only in the early stages of tumour 

growth.311 

Accumulating evidence suggests that skin carcinogenesis is multi-fold, with UV-light exposure first causing 

tumor-induced DNA-damage, which in time prompts cutaneous immune-suppression, allowing persistent 

HPV infection.310 Therefore, UV radiation promotes DNA damage and tumorigenic tolerance. However, 

the fact that NMSC emerge after either persistent or cumulative sun exposure, underlines the heterogenic 

and multistep carcinogenic process, with the necessity of multiple genomic insults to produce the 

malignant phenotype. SCC and BCC have different aetio- and histopathological characteristics. BCC lesions 

usually grow slowly and locally, whereas SCC lesions grow fast with the potential to metastasize.313,314   

 

3.1.1. Actinic keratosis 

Actinic keratoses (AKs) or solar keratoses are premalignant lesions of the skin, most common in Caucasian 

populations. Their prevalence has been attributed to the chronic exposure to UV light, supported by the 

presence of p53 UVB-specific mutations in AK lesions.315 UV-induced damage of the epidermis concerns 

large surfaces of the skin, also known as “field cancerization”. Areas of field cancerization presenting 

altered keratinization and lymphocytic infiltration are known as AK.316 AK may be proliferative, either 

developing into squamous cell carcinoma (SCC) in stages or spontaneously regressing.317 Moreover, 

evidence supports direct development of SCC from field cancerization alone.318 SCC represent 20% of all 

skin cancers. Due to its metastatic potential, advanced tumors have a poor prognosis, with cases 

exceeding a mortality rate of 70%. 

The prevalence of AK appears to vary between countries, due to the variability of geographic UV radiance, 

population studied and diagnostic procedures. However, based on the Rotterdam study, AK prevalence 

was found to be 49% and 28% in men and women respectively, among inspected cohort members with a 

mean age of 72.319 AK prevalence has also been shown to increase in immunocompromised patients, 

affecting up to 40% of transplant recipients within 5 years of their procedure, with an overall risk of 

contracting SCC 250 times higher than the general population. 320,321 A systematic review led by Werner 

and co-workers, presented conflicting conclusions on the fate of AK lesions and their possible 

development into SCC, due to the dynamic nature of AK, balancing between regression and recurrence, 

and the limited available data and standardized methodology across all studies.322 Based on a clinical study 

review by Glogau, the evaluated risk of SCC progression for all keratoses ranged between 0.025% to 16% 

per year.323 Therefore, the statistically low incidence of SCC progression puts in question the benefits of 

treating AK lesions. However, this study evaluated the SCC incidence for the general population, failing to 

consider the clinical health disparities among vulnerable populations for which the risk of progression is 

far greater. A retrospective study by Czarnecki et al. had concluded that up to 72% of SCC cases arose 

from AK lesions.323 This was further confirmed in the Rotterdam study, where patient presenting multiple 

AK lesions (≥ 10) displayed a higher risk of developing SCC.319 Despite the ongoing debate on the etiology 

of SCC and the benefit of AK treatment, clinicians agree on the rapid increasing incidence of SCC and its 

unsustainable predicted cost to the NHS in England.325 With this in mind, one solution would be to 
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consider revisiting AK classification, diagnosis, and treatment in a clinical and cost-effective fashion. One 

such study was performed through a systematic review of the literature by Calzavara-Pinton et al., where 

the direct costs of treatment in Italy, such as drug price and specialist rate, were evaluated based on field 

of cancerization of patients presenting multiple Olsen grade I and II AK lesions.326 Consideration of field 

cancerization is essential when multiple lesions are present, as evidence suggests the correlation between 

risk of SCC and number of AK lesions.327 Theoretically, numerous AK lesions indicate a field of cancer with 

multiple focal lesions. Consequently, this should be considered in the selection of treatment.326 This novel 

economic evaluation examines the benefit of the area treated with its cost, by integrating the concept of 

lesion response rate and cost, as compared to patient response rate. Although, the results were 

promising, they were limited to indirect comparison between treatments. Daylight PDT (dPDT) with MAL 

was found to be more cost-effective per surface and lesion treated than ALA-PDT, diclofenac 3% + 

hyaluronic acid 2.5%, Imiquimod 5%, ingenol mebutate and 5-fluorouracil topical creams in Italy.326 From 

a cost-effective perspective, these recommendations held true for other European countries such as, 

France, Germany, Spain, and the UK.326       

Based on the structured expert consensus on AK reported by Calzavara-Pinton et al., clinicians ranked 

dPDT as a patient’s preferred treatment for multiple AK lesions.326     

 

3.1.2. Squamous Cell Carcinoma 

SCC is a neoplastic lesion of the epidermis, with keratinocytes displaying strands of different squamous 

differentiation, which in time has the capability to extend to local tissues such as dermis, subcutaneous 

layer, muscle, and lymph nodes.328 Initially, SCC is depicted as in situ carcinoma or Bowen’s disease (BD), 

while later infiltration is referred to as metastatic SCC.328  

Histopathologic differences have varying biological behavior from indolent to aggressive.329 Thus, it is 

critical to clinically discriminate between the SCC subtypes. Historically, SCC was described via four grades 

of differentiation. This grading system was referred to as the Broder’s system.329 However, this system did 

not correlate to a clear prognosis. Accordingly, the WHO classification was also based on SCC histological 

differentiation, with the addition of various variants, which completed the clinicopathologic spectrum 

between in situ and metastatic SCC.329   

Bowen's disease (BD) or SCC in situ is predominantly present in the elderly, prevalent over the age of 60.330 

BD occurs mainly on sun-exposed areas of the body.330 Clinically, BD represents slowly growing scaly 

patches, which can be pigmented, hyperkeratotic and ulcerated. BD has a low potential to malignancy, 

with a 5% risk of progression.331 At the cellular level, BD has a disorganized appearance, and involves 

enhanced mitotic division, an enlarged nucleus, and a loss of polarity.330  

On the other hand, metastatic SCC, or conventional SCC overwhelmingly share the histological 

characteristics of AK. This is not surprising as 65% of SCC lesions arise from AK lesions.327 However, SCC 

presents additional indicators, which facilitate its diagnosis, such as its atypic epidermal thickness as well 

as follicular epithelial infiltration.330 SCC has a poor prognosis with less than 30% chance of survival.332 

Durinck et al. observed a mutational burden affecting 1 per 30 000 base pairs, suggesting SCC as the most 

mutated tumor identified.333 Key biological drivers of SCC progression involve the mitogen-activated 

protein kinase pathway, notably with the overexpression of JUN and MET oncogenes and tumor 
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suppressor genes, such as H-RAS, TP53, CDKN2A and NOTCH.333 In this way, p53 signaling mutations have 

been observed in both AK and SCC. 

 

3.1.3. Basal Cell Carcinoma 

Basal cell carcinoma (BCC) is a malignant proliferation of the basal layer of the interfollicular epidermis.334 

BCCs are also predominantly present on sun-exposed areas of the skin, with an estimate of 85% occurring 

on the head and neck region.335 BCC is locally invasive, but rarely metastatic. The WHO recognizes three 

morphologically different BCCs. The major types of BCC lesions consist of the nodular, superficial, and 

infiltrative types.336 Cellularly, neoplastic cells have a characteristic basophilic nucleus with a modest 

cytoplasm, commonly referred to as basaloid cells.336   

Nodular BCC (nBCC) are the most common types, accounting for 50-79% of the total BCC lesions.337 The 

nodular form of BCC consists of bordering basal cells with a central mucin aggregate, manifesting clinically 

as a translucent nodule surrounded and covered by a network of venules or telangiectasia.337 

Micronodular BCC are a variant of nBCC. Superficial BCC (sBCC) is described as well-demarcated basaloid 

buddings of the epidermis, which does not affect the dermis.337 Clinically, sBCC resemble inflammatory 

skin disorders, such as eczema or psoriasis, with the presence of erythematous scaly patches. Infiltrative 

BCC is an invasive type of BCC, which extends to surrounding tissues, such as the subcutaneous layer, 

cartilages, and bones.337  

 

3.2. Skin carcinogenesis 

The carcinogenic process is a multistep process, resulting from mutation-driven gain or loss of function of 

genes involved in cell growth.338,339 Such mutations could be induced by UV radiation, notably UV-induced 

p53 mutations.187 This step is also referred to as dysplasic initiation. These dysplasic cells must then survive 

genomic instability and the effect of the immune response. This is achieved through a complex interplay 

of genetic and epigenetic alterations, promoting genetic silencing and oncogenic activation. These 

mutagenic changes occur upon continuous exposure to UV light, facilitating dysplasic transformation, 

cutaneous immuno-suppression, and persistent HPV infection.312 This genomic reprogramming is critical 

to the mutagenic promotion step. The next step consists of acquiring the regulatory mechanism needed 

for the progression and invasion of adjacent tissue, also referred to as metastasis. De Gruijl et al. realized 

that dysplasic initiation was UV-dependent, however, tumor growth was independent of UV exposure.340 

In addition, UV radiation has an immuno-suppressive effect through a complex array of cellular damage, 

which leads to the depression of the immune response. This decline leaves the skin at the mercy of 

subsequent infections.341 UVA and UVB radiation both have immunosuppressive properties; however, 

they suppress different established immune reactions. UVA suppresses immunological memory, whereas 

UVB suppresses primary immune responses.342 UVB is thought to make the greatest contribution to 

oxidative insult and immunosuppression, however, the proportion of UVA in sunlight reaching the skin is 

much more substantial, with around 94% of UVA in solar UV light.343  
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3.2.1. UV-induced immune suppression 

As previously mentioned, UV exposure is a risk factor for the development of SCC and BCC. It causes direct 

genomic damage, such as CPDs and 6–4 PP, or indirect UVA induced DNA base oxidation, such as 8-oxo-G 

base oxidation, as both DNA and RNA absorb in the UVB range.184 UV radiation can also promote photo-

peroxidation and the release of platelet-activating factor (PAF) in keratinocytes, preventing mast cells 

migration.344,345 Platelet-activating factor (PAF) are inflammatory phospholipid mediators involved in COX-

2 gene expression and PGE2 secretion.346 PAF has a vast immunoregulatory function as the initial step of 

systemic immune suppression.347  

In this way, UV exposure is a source of ROS and ROS-induced inflammation.348 Inflammation is the result 

of the effect of paracrine and autocrine communication among all skin cell populations, referred to as the 

inflammatory milieu. This milieu can facilitate underlying cellular mechanisms that promotes the initiation 

and promotion process of skin carcinogenesis.349 Inflammation may be acute or chronic, however, only 

chronic inflammation promotes tumorigenesis.349 Chronic inflammation is sustained by the complex 

interplay between all skin cells, immune and non-immune cells. It is only upon the long-term impact of 

the inflammatory milieu, through the accumulation of immune mediators such as cytokines and 

chemokines, that cumulative UV exposure induces an immunosuppressive microenvironment that further 

promotes carcinogenesis.350 It is important to emphasize that UV radiation may generate an inflammatory 

response, resulting in edema and erythema. However, UV incapacitates the actors involved in the immune 

response, and only this process is referred to as UV immunosuppression. UV-induced immunosuppression 

is essential to the initiation and promotion steps of carcinogenesis.350 Several studies have observed the 

intricate relationship between a depressed immune response and NMSC, with over 90% of NMSC patients 

suffering from a depressed immune response, as determined by experimental observations of reduced 

contact hypersensitivity.351 Peritumoral inflammation occurs in SCC and BCC, however, it is stronger in 

SCC highlighted by the presence of T-lymphocytes, macrophages, and mast cells in the tumoral 

environment.352  

UV-induced immunosuppression exploits multiple modulatory pathways to promote immunosuppression 

and tumorigenesis. One such mechanism is the UV-mediated cytokine production.353 This tendency was 

proposed to explain how UV-stimulated dermal neutrophils promoted the induction of tumor favorable 

macrophage M2.304 This UV-mediated cytokine production was observed in metastatic melanoma cell 

lines, where keratinocyte-mediated cytokine production induced melanocytes to generate higher levels 

of matrix metalloproteinase-9, required for invasion and metastasis.354 Another means by which UV 

mediates immunosuppression is UV-induced DNA damage or apoptosis of epidermal LCs and dermal T 

lymphocytes, causing their overall depletion.355 Surviving skin resident immune cells, such as LCs or dermal 

dendritic cells, would have an altered expression of their MHCs. In this way, subsequent activation would 

be suboptimal and rather tolerogenic, favoring the activation of Treg over Teff cells.355 In addition, UV light 

has been shown to induce urocanic acid (UCA) isomerization from its trans to cis forms, impairing dendritic 

antigen presentation and the ability to initiate the adaptative immunity through cis-UCA mediated tumor 

necrosis factor release from keratinocytes, which prevents dendritic migration and T cell priming.356 

Ample evidence suggests the important role of mast cell degranulation and UV-induced 

immunosuppression.357 Mast cells have been shown to degranulate in response to cis-UCA binding of 

serotonin receptor subtype 5-HT2A.357 Although, the complex mechanism underlying mast cell 

immunoregulation is yet to be fully understood, mast cells have been shown to promote 
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immunosuppression, in part through histamine and prostaglandin release.358 Moreover, UV-stimulated 

keratinocytes exacerbate mast cell-mediated immunosuppression, through the release of chemotactic 

mediators that promotes mast cell migration to draining lymph nodes.359 Moreover, chromophores such 

as tryptophan absorb in the UVB range and generate tryptophan photoproducts such as 6-

formylindolo[3,2-b]carbazole (FICZ), which is also a powerful UVA chromophore.360,361 These 

photoproducts are known to bind aryl hydrocarbon receptors (AHR), activating AHR-related signaling 

pathways.361 One such AHR-triggered activation results in MAPK mediated cyclooxygenase-2 (COX-2) 

expression.361 COX-2 has been shown to cause immunosuppression.362 Secondly, AHR signaling has been 

shown to repress nucleotide excision repair (NER) and apoptosis, through the reduction of tumor 

suppressor protein p27 levels, aggravating the CPD-type burden.363 Another mean by which UV radiation 

modulates the immune phenotype, is through 7-dehydrocholesterol photolysis to pre-vitamin D3 and 

1,25-Dihydroxyvitamin D3 (1,25(OH)2D3), which is known to modulate the antigen presentation of DCs 

and expansion of Treg population.364 The effect of UV-mediated 1,25-dihydroxyvitamin D3 extends to 

monocytes, impairing their differentiation to macrophages, resulting in an altered phagocytic capacity 

and cytokine secretion.364  

 

3.2.2. The role of HPV in NMSC 

β-HPVs are abundantly present in the skin, but their effect varies depending on the immuno-competence 

of the population screened, as they are present in 30-50% of NMSCs of immunocompetent patients, but 

in up to 90% of SCC lesions of immunosuppressed patients.365 HPV is also transcriptionally active in pre-

neoplastic lesions, such as AK, and in their surrounding tissue.366 In one study led by Weissenborn et al., 

the HPV viral load in AK exceeded the levels present in SCC, BCC, and perilesional tissue, suggesting a role 

of HPV in the early step of the carcinogenic process.366,367 HPV viral load was also found to be present on 

the skin of about 69% of healthy human volunteers, forming latent reservoirs in hair follicles.368 HPV viral 

load was also found to be more present on the forehead than on the arms, possibly due to a more 

prominent UV-induced immunosuppressive effect.369 This finding further confirms the substantial 

prevalence of β-HPV identified in immunocompromised organ transplant recipients.367 

Globally, HPV belongs to the Papillomaviridae family, and more than 200 HPV types have been 

sequenced.370 HPV viruses are categorized into α, β, γ, μ, and ν genotypes.371 The prevalence of cutaneous 

HPV in healthy skin was found to be predominantly of the beta and gamma type.370 However, the beta 

type is most associated with NMSC, specifically in immunocompromised patients.372 Beta HPV have a 

greater risk to promote NMSC, but as many neoplastic lesions lack significant HPV viral load, it is thought 

to be dispensable to the carcinogenic process.370 In this way, HPV infection is thought to only take part in 

the initiation and promotion step of carcinogenesis, acting as a co-carcinogen to other risk factors, such 

as UV radiation and immunosuppression.  

HPV consists of a double-stranded DNA with 8 open reading frames, organized into early promoter region, 

an early region, and a late region.370 The early region encodes for various proteins E1, E2, E4, E5, E6, and 

E7 needed to fulfill the viral life cycle.370 E6 and E7 proteins have been associated with the oncogenic 

property of HPV, as seen in cervical cancer via p53 and pRB inactivation.373 In NMSC, E6 and E7 proteins 

impair the immune response and prevent UV mediated apoptosis, possibly through p53-dependent and -
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independent mechanisms.373 β-HPVs are thought to impair DNA repair and apoptosis, in part through the 

modulation of Bak protein, ultimately promoting dysplasic initiation.373 

 

3.3. Human skin cancer models 

HaCaT cells are a spontaneously immortalized human epithelial cell line obtained from normal adult 

human skin. They have been immortalized through a prolonged culture with low levels of Ca2+ and at an 

elevated temperature of 40°C.374 The genetic alterations induced by stress culture conditions, most likely 

impairs senescence genes. Moreover, comparative genomic hybridization determined that HaCaT cell 

lines remained non-tumorigenic, preserving their karyotypic profile over more than 140 passages at 

37°C.374 

In this way, HaCaT cell lines provide a good research model, allowing consistency, reproducibility, and 

homogeneity throughout the whole experimental investigation. On the other hand, primary cells are 

prone to phenotypic shifts, as their biological function is dependent on varying environmental and 

constitutional factors which may compromise the investigation. Upon murine transplant, HaCaT cells were 

proven to be non-tumorigenic, adopting the stratified and differentiated structure of adjacent epidermal 

keratinocytes.374 In this aspect, HaCaT cell line seemed to share similar phenotypic features to normal 

murine keratinocytes. As such, HaCaT cells were found to exhibit similar biological properties to primary 

human keratinocytes.375  

In a laboratory setting, it has been observed that cell lines undergo neoplastic transformation once 

immortalized.376 Immortalization does not naturally give rise to a tumorigenic transformation, however, 

it can be induced upon culture stress, transfection, or exposure to ionizing radiation, such as UV or X-ray 

radiation.376 Most importantly, HaCaT cells have been observed to undergo tumorigenic transformation 

only when cultured in serum-free medium.377 However, no such occurrence was observed when cultured 

in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum.377 Generally, 

the karyotypic profile of immortalized human cells is very similar to cancer cells, despite lacking the 

tumorigenic characteristic. In this way, the HaCaT cell line could be considered to be at the pre-neoplastic 

stage of carcinogenesis.       

When cultured under submerged conditions, HaCaT cell lines exhibit a similar, but incomplete 

differentiation profile to human keratinocytes, suggesting a partial stratification.378 HaCaT cells have been 

shown to lack terminal differentiation, with an impaired lipid metabolism and ceramide profile.378 

Although, the biological function of HaCaT cells is similar to skin keratinocytes, this model lacks the brick-

and-mortar model of terminally differentiated keratinocytes, also referred to as the stratum corneum 

layer. The stratum corneum forms a lipid matrix, which is an effective physical barrier against ultraviolet 

radiation and other environmental hazards, and its lipidic nature shapes drug penetration routes. For their 

terminal differentiation to take place, submerged HaCaT cells need to be supplemented with vitamin 

D3.378 However, given the right physiological condition, such as in transplantation, HaCaT cells fulfill the 

full differentiation spectrum of the epidermal tissue.374     

HaCaT cells have been widely accepted as an early-stage human skin carcinogenesis model and have been 

considered more relevant than in vitro and in vivo murine models.379 Brash et al. hypothesized that specific 

mutations on the p53 tumor suppressor gene were the first step of the carcinogenic process.291 This was 
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confirmed by the observation of similar mutations in AK and SCC lesions.380 Spontaneously immortalized 

HaCaT cell lines present consecutive CC-TT mutations in both allele of the p53 gene, indicative of UV-type 

specific mutations.380  

Based on UV-specific mutational profile, such as p53 tumor suppressor gene, HaCaT cell lines and their 

respective ras-transfected clones represent good models of early-stage skin carcinogenesis.381 

Subsequently, Boukamp and co-workers developed a model for SCC based on a HaCaT keratinocyte cell 

line, notably its Hras clones.382 Transfected Hras HaCaT cells express receptors for hematopoietic growth 

factors G-CSF and GM-CSF that are usually stimulated during proliferation and migration of non-

hematopoietic cells.383 It was then suggested that these growth factor receptors could be involved in SCC 

malignancy, and their stimulation would initiate tumor invasion and metastasis.383   

In one study, non-tumorigenic HaCaT cell lines were able to be converted into their tumorigenic forms, 

through transfection with expression vector containing platelet-derived growth factor (PDGF)-B cDNA.384 

This resulted in the overexpression of PDGF, despite lacking the PDGF receptor α and β.384 However, 

tumorigenic conversion was achieved by the mean of an activated stromal microenvironment, 

comparable to paracrine regulated keratinocyte proliferation in wound healing.384 Spontaneously 

immortalized HaCaT cell lines could virtually grow in vitro indefinitely. However, in vivo their growth is 

suppressed as a result of their microenvironment.385 

 

 

4. Iron metabolism 

Iron has been hypothesized to be a crucial element of abiogenesis. Present in all six kingdoms of life, the 

redox cycling between the different oxidation states of iron is required in numerous metabolic functions. 

In eukaryotes, iron is essentially involved in oxygen metabolism, energy production and replication.  

In humans, iron is present in hemoproteins and iron-containing proteins, and function as cofactor in a 

wide range of cellular processes. Hemoproteins are generally involved in oxygen metabolism and cellular 

respiration.386 On the other hand, iron-containing proteins are involved in replication, respiration, cell 

growth and differentiation.386 In this way, iron is essential to many biological processes. However, iron 

could also be toxic as a result of its redox cycling between the soluble ferrous and insoluble ferric forms 

in the presence of oxygen, resulting in reactive oxygen species production.387 ROS, such as hydroxyl 

radicals, react with all classes of biological macromolecules, which can ultimately lead to cell death.387 Iron 

(III) is insoluble, and it is present in low levels at physiological pH. However, proteins transport and store 

iron in its iron (III) stable form, preventing the formation of damaging free radicals.387 This is mainly 

achieved extracellularly by transferrin and intracellularly by iron chaperones and ferritin.387 

The human body controls iron levels upon absorption, mainly by the duodenum and partly by the 

jejunum.388 Iron absorption is increased upon deficiency and diminished upon repletion.389 Iron present 

in the diet is classified as either heme or non-heme iron.388 The gastric environment helps solubilize non-

heme iron and release heme from hemoproteins.388 Enterocytes of the duodenum then absorb iron at 

their apical brush-border membrane, either storing it or releasing it to the circulation through the 
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basolateral membrane. Iron is released from enterocytes according to the body’s requirements. Iron 

stored in the enterocyte is lost in the stools, through shedding.388   

Non-heme iron is absorbed, via divalent metal transporter 1 (DMT1), in its ferrous form.390 The low pH of 

the stomach as well as dietary ascorbic acid or citric acid, facilitates the reduction of iron, from its ferric 

to ferrous form.391 This reduction can also be performed via the brush-border membrane ferrireductase 

enzymes, Duodenal cytochrome B (Dcytb) and six transmembrane epithelial antigen of the prostate 2 

(Steap2).388 Similarly, a candidate for heme absorption is the heme-carrier protein 1 and proton coupled 

folate transporter (PCFT/HCP1).392 However, it has been demonstrated that PCFT/HCP1 has a higher 

affinity to folate absorption.392 Another presumption is that heme is endocytosed, however, the details of 

the underlying mechanism have yet to be elucidated.392 Once in the enterocyte, heme either releases free 

iron through heme oxygenase 1 (HO-1) activity or is exported into circulation. Independently to heme and 

non-heme iron absorption, San Martin et al. have demonstrated an adaptor-related 2 protein complex 

(AP2)/clathrin-dependent endocytosis of soybean ferritin in Caco-2 intestinal epithelial cell line.393   

Iron export from the basolateral membrane of enterocytes is mediated via ferroportin 1 (FPN1), the only 

known mammalian iron export protein.392 FPN1 expression is controlled by the hepatic hormone 

hepcidin.392 Furthermore, a copper-dependent iron oxidase anchored to the basolateral enterocyte 

membrane, hephaestin (HEPH), converts Ferrous to its Ferric form. 391,394 This oxidation is required before 

transferrin (Tf) binding and distribution around the body.394 Additionally, ceruloplasmin, a liver-

synthesized copper-carrying protein displays similar ferroxidase activity and function.394 Comparably, 

heme is exported into the circulation via two known transporters, the breast cancer resistant protein 

(BCRP) and the feline leukemia virus subgroup C (FLVCR).395 

There are no regulatory mechanisms for body excretion of systemic iron.396 However, small amounts are 

lost through stools, urine, and skin.396 The amount excreted is equivalent to daily absorption, with an 

ingested amount of 2 mg per day.397 This amount is increased with concurrent vitamin C or alcohol intake. 

The control of iron stores prevents toxicity.397,398 This is achieved by regulatory mechanisms involved in 

iron transport, uptake, recycling, and storage.399 In terms of iron regulation, erythroblasts are specialized 

in iron uptake, macrophages and enterocytes in iron provision and hepatocytes in iron deposition.399 

Generally, the average adult body iron store consists of 1-3 g, of which the major sites are the hemoglobin 

of erythrocytes, macrophages, and hepatocytes.396,399  

Epidermal renewal and most specifically, keratinocyte desquamation accounts for 20-25% of daily iron 

excretion, with negligible loss through sweat.400 This epidermal loss is increased in hyperproliferative 

epidermal diseases, such as in psoriasis and atopic eczema.400 However, their effect on iron homeostasis 

is negligible.400  

In clinical dermatology, iron deficiency is manifested by skin pallor, pruritus, and predisposition to skin 

infections.401 The physiology of epidermal iron is complex and unclear.401 As such, sun-exposed areas of 

the skin present higher iron levels than non-exposed body sites.400 Iron has been established to be 

involved in ROS-mediated skin cell damage, immunosuppression, and cancer growth.402 Similarly, iron-

loaded body sites have been observed to develop into neoplasms.402 Neoplastic cells have been shown to 

overexpress iron-uptake receptors, which normally predisposed to saturation, are able to take up iron at 

higher rates.402 Despite the prominent relationships between iron and carcinogenesis, as well as UVA and 

iron-induced skin cell damage, little research has been carried on iron and skin cancer. To date, no studies 
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has been conducted on iron in AK, and only two studies with conflicting findings have been done on iron 

in SCC and BCC.402 Moreover, no studies have so far exploited the potential of iron-mediated skin cell 

damage in the treatment of NMSC. 

 

4.1. Iron Distribution 

Two mechanisms are responsible for iron uptake into the cell, referred to as transferrin (Tf)-bound iron 

(TBI) uptake and non-Tf-bound iron (NTBI) uptake (see Figure 1.4).403 Transferrin displays three iron 

binding states, the apo-transferrin (apo-Tf), monoferric transferrin and diferric- or holo-transferrin.403 

Under physiological conditions, most cellular iron uptake is Tf-mediated. TBI is internalized in the cell, via 

transferrin receptor 1 (TfR1) mediated clathrin-dependent endocytosis.403 The stability of TBI depends on 

the oxidation state of iron, Tf conformation and environmental pH.404 Once endocytosed, the endosome 

undergoes acidification, following ATP-dependent proton pump activity, releasing iron (III) from Tf-TfR1 

complex.405 Iron (III) is then reduced to iron (II) either by endosomal Steap3 or by cellular ascorbate and 

is then released into the cytosol by Dmt1 and ZIP14.405 The Tf–TfR1 complex is recycled back to the plasma 

membrane, where apo-Tf is released back to circulation.405 This is referred to as the TfR1 endocytotic 

cycle.406 Transferrin is key to iron homeostasis, acting both as an iron transporter and iron regulator. This 

iron regulation is based on the binding affinities of apo-, mono- and holo-Tf to TfR, notably TfR1 and 

TfR2.407 TfR2 is mainly expressed on hepatocytes and erythroid cells.408 When iron levels are high, holo-

transferrin binds to TfR2 on hepatocytes and erythroid progenitors, causing an hepcidin upregulation as 

well as an increased sensitivity to erythropoietin (Epo) needed for erythroid terminal differentiation.408,409 

This hepcidin upregulation lowers iron levels in circulation.409 However, TfR1 serves to maintain intestinal 

iron homeostasis, and functions as an hepcidin moderator on hepatocytes.410  

In the plasma, non-transferrin bound iron (NTBI) is found bound to molecules, such as citrate or acetate.403 

NTBI has a high affinity for hepatocytes, and their uptake is believed to occur following reduction and 

DMT1, ZIP14 or ZIP8 intake.403,411 

The existence of the different conformational states of Tf allows iron homeostasis and prevents iron 

toxicity. Tf buffers NTBI levels, modulating iron levels through its hepatic and erythroid activity. Under 

physiological conditions, about 30% of Tf binding sites are saturated, also referred to as transferrin 

saturation (TSAT) of 30%.412 TSAT is an important index for the iron status of an individual, which could be 

monitored during iron treatment.413  
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Figure 1.4. Schematic representation of cellular iron uptake, mobilization, and utilization (modified and 

adapted from Muckenthaler et al.). 414 

 

4.2. Systemic regulation 

Systemic iron homeostasis relies on duodenal enterocyte absorption, red blood cell usage, macrophagial 

recycling and hepatocyte storing. Under physiological conditions such as hypoxia, anemia, infection and 

inflammation, iron homeostasis is altered.403 Iron levels are regulation by a peptide hormone hepcidin. 

Hepcidin is encoded by the HAMP gene which is mainly expressed by the liver and partly by macrophages, 

pancreatic beta cells, kidney cells, adipocytes, and lung cells.415 Hepcidin binds to the iron exporter Fpn1, 

triggering its ubiquitination and internalization.416 

Generally, iron overload upregulates HAMP gene expression, and iron-deficiency results in 

downregulation of its expression.403 HAMP gene expression is tightly regulated by surface membrane 

proteins on hepatocytes, which act as sensors. These proteins include hemojuvelin (Hjv), HFE, TfR 1 and 

2.403 Hjv is known to be a bone morphogenetic protein (BMP) co-receptor, enhancing the overall signalling 

through an unknown mechanism.417 However, hemojuvelin gene encoding mutations have been 

associated with low hepcidin levels and iron overload. This suggests a Hjv-BMP regulatory pathway,418 

which is the main mechanism by which hepcidin levels increase.419  

Similarly, hereditary hemochromatosis (HH) disorders have been associated with human homeostatic iron 

regulator protein (HFE) encoding gene mutations. The HFE protein can also bind to TfR1, reducing 

subsequent Fe-Tf binding.407 However, under physiological conditions of iron overload, holo-Tf (Fe2-Tf) 

binding affinity for TfR1 increases and dislocates HFE to TfR2.407 The TfR2/HFE complex has been shown 

to be required for holo-Tf mediated transcription regulation of hepcidin.407  
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4.2. Cytosolic iron trafficking 

Once in the cell, iron could be detrimental to biological components, catalyzing ROS through Haber-Weiss-

type reactions (see Section 2.1.2). Therefore, cellular iron import, storage and export need to be tightly 

regulated. Once in the cytosol, iron must be transported to specific intracellular sites and metalloproteins 

or exported out of the cell. One of these intracellular sites is ferritin, an iron storage protein present in 

the cytosol.420 Ferritins are polypeptide nanocages facilitating iron sequestration, preventing toxicity, and 

acting as a reservoir for future metabolic need.421 Ferritin is believed to be a source of iron, either through 

lysosomal recycling or proteasomal degradation.422 Cytosolic labile iron levels are relatively low, and are 

considered as a cellular iron reservoir for immediate metabolic use, coordinated either by small molecules 

or chaperones.423 In this way, the labile iron pool (LIP) is directly regulated by ferritin. Murine studies have 

established the detrimental effect of ferritin downregulation, causing the expansion of LIP, and 

subsequently, an increase of DNA base oxidation.420 The underlying mechanism of cytosolic labile iron 

trafficking to the target site or apoprotein is not fully elucidated. However, it is believed to occur by means 

of metallochaperones via a direct protein-protein interaction.424 Furthermore, subcellular compartments, 

such as in the mitochondria, lysosomes, and nuclei, present their own LIP.424 

 

4.2.1. Labile iron pool 

The cytosolic labile iron pool represents a pool of redox-active iron loosely bound to a wide range of 

ligands, such as amino acids, citrate, cysteine, and glutathione.424 Moreover, glutaredoxin and glutathione 

play an essential role in cytosolic thiol-disulfide cluster assembly and iron–sulfur protein maturation.424 

Mounting evidence suggests that cytosolic LI is trafficked by the means of ISCs or chaperones, allowing 

specific target delivery and limiting cytotoxicity.424  

Poly(rC)-binding proteins (PCBPs), a group of nuclear ribonucleoproteins, assist cytosolic iron delivery to 

ferritin and several other non-heme iron enzymes.424 The PCBP family consists of four members of which 

PCPB 1-3 have been shown to directly bind to iron (II), with PCBP 4 appearing to work concurrently to 

other PCPBs as a buffer.423,425 PCBP1 facilitates iron mineralization in ferritin. The depletion of PCBP 1 has 

been shown to deplete ferritin’s reserve, resulting in the accumulation of cytosolic LI.423 The binding 

affinity of ferritin for PCBP1 is highest when it is bound to iron (II).423 Moreover, depletion of PCBP2 in 

erythroid cells was shown to increase ferritin and hemoglobin iron incorporation, and therefore suppress 

PCBP1 chaperone activity.426 PCBP 1 and 2 can form heterodimeric complexes, essential for stable 

association with ferritin.426 In addition, PCBP 2 has been shown to regulate iron efflux from endosomal 

vesicles through DMT 1-binding, and cells trough FPN1-binding.427 In this way, PCBPs 1 and 2 appears to 

be essential mediators of iron delivery in the cell, with PCBP 2 being the gatekeeper of cellular iron influx 

and efflux.427 Recipients of PCBP-mediated iron delivery include prolyl and asparaginyl hydroxylases (PHDs 

and FIH1 ), in particular prolyl hydroxylase 2 (PHD2) which is involved in the suppression of hypoxia 

inducible factors (HIF), as well as deoxyhypusine hydroxylase (DOHH) enzyme, required in cell 

proliferation.424 The activities of PHDs and FIH1 have been shown to be repressed upon PCBP 1 and 2 

depletion.424 
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Many factors influence LIP levels, and in recent years various fluorescent probes have allowed the real-

time tracing of LIP in subcellular compartments. In this way, the mapping of LIP under oxidative and 

physiological conditions has been rendered possible. These fluorescent probes have their fluorescence 

quenched upon complexation with iron.  Calcein-AM, a nonfluorescent lipophilic acetomethoxy- 

derivative of calcein, readily enters the cell and is rapidly hydrolyzed into its fluorochromic form (calcein), 

by non-specific cytosolic esterases.428 Once hydrolyzed, calcein is trapped in the cytosol, and specifically 

binds cytosolic LI as it is unable to diffuse to other subcellular compartments. Calcein consists of a 

fluorescein complex associated with an iron (II)-binding moiety, which upon binding to iron (II) does not 

fluoresce.428 The principle behind LIP quantification lies on fluorescence recovery, upon the addition of an 

iron chelator.428 In this way, the measure of the fluorescence shift before and after iron chelation serves 

to quantify the cytosolic LIP, giving valuable insight into intracellular iron trafficking.      

 

4.2.2. Ferritin 

Ferritin is a heteropolymer protein composed of 24 subunits, forming a hollow hydroxyphosphate core, 

which can store up to 4,500 iron atoms.429 Generally, ferritin is composed of both heavy chains (H) and 

light chains.429 Ferroxidase-active sites are located on the H chains, facilitating iron mineralization in an 

oxygen-dependent manner, as ferrihydrite, by virtue of interaction through the carboxyl groups of 

glutamates present on L-ferritin.429 H- and L- chain complexation is specific to tissue or cellular need, with 

the heart and brain facing a more pronounced H-assisted ferroxidase activity, and the liver facing a more 

pronounced L-assisted storage activity.429 Ferritin is also expressed in mitochondria, as mitochondrial 

ferritin (MtFt), and it has been reported that MtFt sequesters iron to a similar extent to cytosolic ferritin, 

despite a reduced ferroxidase activity.430 

Ferritin degradation follows two established mechanisms, lysosomal proteolysis and proteasomal 

activity.431 Lysosomal ferritinophagy is mediated by nuclear receptor coactivator 4 (NCOA4), which binds 

ATG8 proteins present on autophagosomes, recruiting and degrading ferritin upon fusion with the 

lysosome.432 NCOA4-mediated ferritinophagy plays an essential role in iron homeostasis, highlighted by 

murine studies, where NCOA4 deficiency was associated with iron overload, with the presence of iron 

accumulation in the spleen and liver.432 Similarly, NCOA4 overexpression has been associated with 

enhanced ferritin degradation, which results in ferroptosis.432 Overall, cellular NCOA4 levels were shown 

to directly correlate with iron levels.433 The lysosome is therefore suggested to be a cellular site of iron 

storage, given that it is the site of degradation of ferritin and iron-containing organelles, such as 

mitochondria. 434 Furthermore, it has been hypothesized that lysosomal iron efflux occur with DMT1 

working concurrently with H+/Fe2+ symport (NRAMP2), potentially mediating iron efflux to the cytosol and 

mitochondria.424,435 Another potential candidate involved in lysosomal iron export is the transient 

receptor potential mucolipin subfamily membrane (TRPML1), that functions as a permeable iron (II) 

channel.424,436 Similarly, endosomal ferric reductase may also be present in the lysosomes, reducing iron 

(III) into its iron (II) state, and therefore facilitating its transport out of these compartments. The presence 

of labile iron in its ferrous state is further confirmed by the presence of glutathione and cysteine in the 

lysosomal compartment.424 

The second mechanism relies on the ubiquitin–proteasome system (UPS), involved in the selective 

degradation of various proteins and signalling molecules, such as caspase-3, Bcl-2, and IRP2.437,438 
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Similarly, the activation of the ubiquitin–proteasome pathway requires the activation of the NF-κB 

pathway.438 Wang et al. established the close relation between evodiamine-mediated cell death and the 

inhibition of MAPK signaling pathway.438 This relationship was further confirmed as evodiamine was 

reported to prevent tumor malignancy.438 Evodiamine-mediated cell death of human melanoma cells was 

later shown to be augmented by ubiquitin–proteasome inhibition, through promotion of anti-apoptotic 

protein Bcl-2 degradation.438 UPS is essential in the regulation of cell survival and its disruption has been 

associated with neurodegenerative diseases, cancers, and inflammatory conditions.439 UPS appears to be 

at the crossroads between iron homeostasis, protein degradation and cell survival. In iron homeostasis, 

evidence suggests that prior ubiquitination is not a prerequisite for ferritin degradation.440 Generally, UPS 

and lysosomal autophagy are interconnected, but not interdependent, compensating each-others’ 

shortcomings.441 In the context of iron recycling, lysosomal ferritin degradation maintains iron 

homeostasis under physiological condition, whereas UPS intervenes in response to oxidative stress.442      

 

4.3. Cellular iron homeostasis  

Cellular iron homeostasis is controlled post-transcriptionally via the iron regulatory protein (IRP)-iron 

responsive element (IRE) system, promoting the synthesis of key proteins that helps maintain iron 

homeostasis.406 These proteins are involved in iron uptake, storage, and release, based on metabolic 

needs (see Figure 1.5). 

IRPs, such as IRP1 and IRP2, bind to non-coding CAGUGN sequences referred to as IRE motif, a stem-loop 

structure present within the 5′- or 3′- untranslated regions (UTRs) of essential mRNAs.406,443 Depending on 

intracellular iron levels, the binding of IRPs to the UTRs region might take place, either preventing or 

promoting mRNA translation.406,443 In iron-deficient cells, IRP1 and IRP2 suppress the translation of H and 

L chains of ferritin, aminolaevulinic acid synthetase and FPN1, by binding to the 5′- UTR sequence.406,443 

However, in an iron-depleted environment, IRP1 and IRP2 stabilize the mRNA of TfR1 and DMT1, by 

binding to the 3′-UTR sequence.406,443 In this way, the IRP system suppresses iron storage and export, and 

enhances iron uptake. Moreover, NCOA4 associates to ferritin and autophagosomes, and facilitates iron 

recovery through ferritinophagy.444  

Once iron levels are repleted, IRP1 detaches from IRE and binds to a 4Fe–4S cluster to function as a 

cytosolic aconitase, whereas IRP2 is post-translationally regulated by an iron-dependent oxidation, 

leading to its ubiquitination and subsequent proteasomal degradation.406,443,445 Aconitase activity has an 

essential involvement in citrate and isocitrate regulation, and as such in glycolysis and fatty acid 

synthesis.446 Subsequently, NCOA4 binds to E3 ubiquitin ligase HERC2 before undergoing proteasomal 

degradation.444 The IRP system promotes a specific physiological response based on intracellular iron 

needs.  

Other modes of cellular iron regulation occur at the transcriptional level during hypoxia, as well as upon 

proinflammatory cytokine and hormone mediation.397,447 Similarly, iron can also exert direct 

transcriptional regulation, as established with gene expression of DMT1, FPN, DCYTB, ferritin and TfR1.447 
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Figure 1.5. Schematic representation of the post-transcriptional cellular iron homeostasis via the IRP/IRE 

system. IRPs can either promote or prevent the translation of key proteins in iron homeostasis, via 

hairpin-like structures, referred to as IREs, present in the 5’ and 3’ UTR of mRNAs. The binding of IRP to 

IREs present at the 5′ UTRs disrupts mRNA/ribosome interaction and inhibits translation. However, IRP 

binding at the 3′ UTRs stabilizes mRNA and prevents its degradation by endonucleases. IRPs activity is 

regulated by the presence 4Fe-4S cluster, switching its function as either an RNA-binder or a cytosolic 

aconitase. Ferritin, ALAS and FPN1 present IREs at the 5’ UTR of mRNAs, whereas DMT1 and TfR1 have 

IREs at the 3’ UTR of mRNAs. In conditions of iron deficiency, the translation of ferritin, ALAS and FPN1 is 

inhibited via IRP binding, which subsequently leads to iron availability (A). On the other hand, DMT1 and 

TfR1 expression is favored, facilitating cellular iron uptake (B and C). In conditions of iron repletion, 4Fe-

4S cluster changes the conformation of IRPs, preventing its binding to mRNA. This promotes the 

expression of ferritin, ALAS and FPN1, which leads to iron utilization, storage, and export (D). Similarly, 

the translation of DMT1 and TfR1 is obstructed, via mRNA degradation by RNAse (E and F).           
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4.4. Mitochondrial iron trafficking 

4.4.1. Mitochondrial iron uptake 

Mitochondria are the major sites of many biological iron-utilizing functions, containing about 20-50% of 

total cellular iron.448 Mitochondria represent the site of heme synthesis, iron-sulfur (Fe-S) cluster assembly 

and many other iron- and heme- containing proteins involved in processes such as the electron transport 

chain, aconitase, lipoic acid synthase and biotin synthase.448 The dysregulation of mitochondrial iron 

metabolism affects many biological processes and may lead to severe diseases.449 It has also been 

suggested that iron is incorporated preferentially into the mitochondrion over the cytosol, suggesting 

mitochondria as a major site of cellular iron storage.448 Mitochondria have a double membrane referred 

to as outer and inner membrane (OMM and IMM). The OMM is known to be highly permeable to ions and 

small metabolites, by virtue of numerous pores and voltage-dependent anion channels (VDACs).449 On the 

contrary, IMM is relatively impervious, and its crossing occurs by means of mitochondrial carrier 

proteins.448 

Three possible mechanisms are thought to be involved in mitochondrial iron transport across the OMM, 

the endosomal transfer or protein-protein mediated “kiss and run” as observed in developing red blood 

cells, the direct mitochondrial membrane potential driven ferrous iron uptake, or the specific or non-

specific iron chaperone transfer.448 DMT1 present on OMM is believed to exert a role in iron import, 

following either the “kiss and run” or iron chaperone route.448 It is, however, still unclear whether multiple 

mechanisms may be involved at one time (see Figure 1.6).  

 

 

Figure 1.6. Schematic representation of potential mechanisms involved in mitochondrial iron uptake. 
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Iron must then cross the IMM to reach the mitochondrial matrix. This is achieved predominantly via two 

high affinity iron transporters, mitoferrin 1 (MFRN1) and mitoferrin 2 (MFRN2).448 Mitochondrial iron 

levels are regulated at the post-transcriptional level, with the expression of MFRN 1 and 2 mainly in 

erythroid cells and non-erythroid cells, respectively.448 MFRN1 is most expressed during red blood cells 

differentiation, and its deficiency has been associated with heme biosynthesis and ISC biogenesis 

disruption, and profound anemia.450 Christenson et al. have demonstrated that MFRN1 selectively 

transports free divalent ions across OMM.451,452 On the other hand, MFRN2 is ubiquitously expressed in 

different tissues.448 MFRNs display differential half-life in a variety of cells, and their activity might depend 

on physiological conditions and metabolic needs. 

Although, MFRN1-mediated iron import needs to be further investigated, it is believed to work in 

coordination with ATP-binding cassette (ABC) transporter 10 (ABCB10) and ferrochelatase, resulting in the 

promotion of heme synthesis during erythroid differentiation.448 ABCB10 is believed to stabilize MFRN1 

and facilitate the successful insertion of iron into protoporphyrin IX (PpIX) in heme synthesis via 

ferrochelatase.453 Although the exact underlying mechanism of ABCB10 is unknown, it has been confirmed 

as an essential component of heme synthesis, as Abcb10-knockout mice were shown to accumulate 

PpIX.448,454  

Furthermore, Kumfu et al. determined that the iron overload in heart tissues of thalassemic mice was 

improved upon application of Ru360, a mitochondrial Ca2+ uniporter (MCU) blocker, suggesting a possible 

interaction between MCU and MFRN2 in mitochondrial iron trafficking.405,455  

 

4.4.2. Mitochondrial iron storage 

Mitochondria have been shown to contain a free labile iron pool, which increases in relation to age and 

numerous diseases.451 The mitochondrial LIP is at the crossroads between iron import, storage, heme 

synthesis and Fe-S cluster assembly. Storage of iron occurs by the means of MtFt, and its overexpression 

is associated with heme and Fe-S cluster downregulation, partitioning iron stores away from heme and 

ISC synthesis, as seen in X-linked sideroblastic anemia.451 Moreover, defect in the mitochondrial regulation 

of iron has been shown to cause numerous neurodegenerative diseases and cardiomyopathy.451 

In addition, MtFt expression has been shown to shift cytosolic iron stores to the mitochondria in 

mammalian cells, reducing the overall cytosolic and mitochondrial LIP levels.448 Similarly, disruption to the 

mitochondrial iron homeostasis, such as defects in heme and ISC synthesis, leads to the disruption of 

cellular iron homeostasis, with a depletion and shift of cytosolic iron stores to the mitochondria.450 In this 

way, MtFt modulate the entire iron metabolism at the cellular level.451 MtFt have a high sequence identity 

level when compared to their cytosolic H-Ft counterparts, however, they display a distinct ferroxidase 

chemistry compared to cytosolic H-Ft.427 

MtFt is a nuclear-encoded protein with a mitochondrial targeting sequence at the N-terminus.456 The 

expression of MtFt is not regulated by the IRP-IRE system and is tissue-specific.457 However, the effect of 

MtFt is ultimately regulated by the IRP-IRE system.456 
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4.5. Mitochondrial Iron metabolism  

Mitochondria are the site of important cellular functions, with iron performing the critical redox cycling 

required for the electron transport chain. In this way, mitochondrial iron and energy levels are intricately 

linked.448 In addition, heme and Fe-S clusters are essential components of the electron chain transport.451 

One important mitochondrial iron chaperone, frataxin, has been shown to regulate the connection 

between these mitochondrial processes, being involved in ISCs assembly, possibly as an iron donor to 

[3Fe–4S] clusters.458 Frataxin regulates systemic and cellular iron homeostasis, however the underlying 

mechanism is yet to be elucidated.449 It is however considered as a regulator or metabolic switch between 

heme and ISC synthesis, therefore, controlling the turnover of mitochondrial heme biosynthetic and ISC 

assembly.449  

 

4.5.1. Heme biosynthesis 

Heme, a tetrapyrrole ring complexed with ferrous iron, is a prosthetic moiety for various proteins involved 

in vital physiological processes, such as oxygen homeostasis, oxidative phosphorylation, cell signalling and 

gene expression.459 Heme biosynthesis occurs in all cells, but most prominently in immature erythrocytes 

and hepatocytes due to their hemoglobin and cytochrome P450 activity.460 Heme biosynthesis consists of 

the sequential catalytic activity of eight enzymes, taking place in both the cytosol and mitochondria.460 

The first and last three steps of heme biosynthesis occur in the mitochondrion, with the other four taking 

place in the cytosol (see Figure 1.7).460   

 

 

Figure 1.7. Schematic representation of the heme biosynthetic pathway. 
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The first step consists of the 5-aminolevulinate synthase (ALAS)-mediated condensation of glycine and 

succinyl CoA into 5-aminolevulinic acid (ALA) in the mitochondrion.461 In nonerythroid cells, this reaction 

is the rate-limiting step of the heme biosynthetic pathway, whereas transferrin iron delivery is considered 

the rate-limiting step in erythroid cells.459,461 In humans, two isoforms of ALAS, ALAS1 and ALAS2, are 

encoded on two different chromosomes. ALAS1 is ubiquitously expressed, whereas ALAS2 is specifically 

expressed in differentiating erythroid cells.462 Unlike ALAS2, the IRP-IRE system does not regulate the 

expression of ALAS1. The IRP mediated expression of ALAS2 explains the relationship between the rate of 

heme biosynthesis and cytosolic iron availability in maturing erythroid.462  

ALA is then transported to the cytosol, and two ALA molecules are condensed into a monopyrrole 

porphobilinogen by the zinc-dependent ALA dehydratase, also referred to as porphobilinogen synthase.463 

Next, four molecules of porphobilinogen are condensed into the linear hydroxymethylbilane (HMB) via 

the action of porphobilinogen deaminase (PBG deaminase) or hydroxymethylbilane synthase.464 

Subsequently, closure of the linear HMB into a porphyrin ring, uroporphyrinogen III, is catalyzed by 

uroporphyrinogen-III synthase.465,466 Uroporphyrinogen III is then decarboxylated into 

coproporphyrinogen III (CoPIII) by uroporphyrinogen decarboxylase (UROD).466 CoPIII is transported back 

to the mitochondrion, possibly via an outer mitochondrial membrane ATP-binding cassette transporter 

ABCB6.466 Once in the IMM space of the mitochondrion, coproporphyrinogen III oxidase (CoPIII oxidase) 

mediates further decarboxylation of CoPIII, producing the colorless protoporphyrinogen IX.466 Finally, the 

IMM protoporphyrinogen III oxidase catalyzes the six-electron oxidation of protoporphyrinogen IX into 

the planar, macrocyclic conformation of protoporphyrin IX (PpIX). PpIX has a ferrous ion inserted into its 

tetrapyrrole core via the IMM-associated enzyme ferrochelatase.459 

 

4.5.2. ISC biogenesis 

Fe-S cluster (ISCs) proteins, composed of non-heme iron and inorganic sulfide, are present in all five animal 

kingdoms and are critical to various biological functions, such as the respiratory chain, citrate and 

isocitrate interconversion, and cellular iron regulation. ISCs are therefore highly conserved across many 

species and are mostly found as the 4Fe-4S “cubane” form.467  

There are 18 known mitochondrial proteins and 11 known cytosolic proteins involved in iron sulfur cluster 

(ISC) and cytosolic iron-sulfur assembly (CIA) respectively.468 Fe-S biosynthesis is a multistep process 

consisting at first of nascent iron cluster assembly on scaffold proteins, which are later transferred into 

apoproteins.462 The formation of holo-proteins can only be facilitated by protein chaperones and 

scaffolds, avoiding cytotoxicity.462  

Nascent iron cluster assembly occurs via the core complexation of the primary Fe-S cluster assembly 

complex (ISCU). ISCU is a cysteine rich polypeptide consisting of two cysteine desulfurase, NFS1, that 

releases sulfur upon cysteine to alanine conversion, two LYR motif-containing protein 4 (LYRM4) that 

promotes NFS1 stability and sulfur release from cysteine, and frataxin, possibly mediating iron 

supply.462,469,470 

The contribution of frataxin is hypothetical based on its ability to complex multiple iron ions.458 

Alternatively, frataxin might potentially simply be a NFS1 and/or ISCU regulator.468 However, it is certain 
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that frataxin plays a vital role in ISC biosynthesis, as its deficiency results in ISC, heme and cytosolic iron 

depletion as well as MtFt increase.450 Alternatively, glutathione and glutaredoxin have been suggested as 

other potential sources of iron, based on their established Grx2 binding affinity with the cluster scaffold 

protein, notably in the presence of oxidized glutathione (GSSG).470,471 

This core complex assembles the 2Fe-2S cluster, and apoprotein loading is mediated by a protein 

chaperone HSPA9/HSC20.470 ISCU are present in both the cytosolic and mitochondrial compartments, and 

their suppression has been linked to cytosolic and mitochondrial aconitase activity suppression and iron 

homeostasis disruption.462 Furthermore, appropriate electron configuration of holoproteins is achieved 

upon NADPH reduction by ferredoxin reductase (FDXR) and ferredoxin 1 and 2 (FDX1/2).470,472 

Mitochondrial Fe-S cluster synthesis is required for further cytosolic or nuclear CIA assembly. Cytosolic 

and nuclear Fe-S clusters are involved in a wide range of processes, such as RNA translation and 

modification, as well as DNA synthesis and regulation.  

The CIA machinery consist of the cytosolic hetero-tetrameric Fe-S clusters scaffold NUBP1 and NUBP2. 

This is achieved via disulfide donation from the mitochondria, mediated by ABCB7 transporter and 

sulfhydryl oxidase GFER.462 NUBP1 and NUBP2 complexes utilize the interaction of NADPH-dependent 

diflavin oxidoreductase 1 (NDOR1) and cytokine-induced apoptosis inhibitor 1 (CIAPIN1) to form an 

electron transport chain.462 CIAPIN1 is a [2Fe-2S]-containing protein, previously loaded via the Glrx3·[2Fe-

2S]·BolA2 complex.472 CIAPIN1 is required for cytosolic [4Fe-4S] cluster protein maturation, as observed 

in Nbp35 and Cfd1 in yeast (NUBP1 and NUBP2 in humans).472 Electron transfers occur from NADPH 

mediated reduction of NDOR1 to Fe-S clusters of CIAPIN1.462 NDOR1 and CIAPIN1 are also potentially 

involved in cytosolic protein loading of Fe-S clusters, in a similar way to FDXR and FDX1/2.462  

ISC loading of target apoproteins is mediated by the coordination of iron-only hydrogenase-like protein 1 

IOP1, and the trimeric CIA targeting complex involving CIA1, CIA2A or CIA2B and MMS19.473 IOP1 

depletion was associated with a cytosolic aconitase activity, suggesting its critical role in the cytosolic ISC 

assembly.473 Two isoforms of CIA2 are expressed in human cells, of which CIA2A is involved in the 

canonical ISC assembly and CIA2A is specifically involved in IRP1 maturation and cellular iron 

homeostasis.473  

 

 

5. Photodynamic therapy 

5.1. History of Photodynamic Therapy 

In the second half of the twentieth century, photosensitizers gathered much attention, as PDT was an 

effective treatment against many different tumors. In the following decades, photosensitizers were the 

subject of many clinical trials, and intense research has been carried out to build on their success and 

address certain shortcomings. This gave rise to a multitude of chemically distinct photosensitizers, 

classified based on common generational improvements, in terms of chemical purity, wavelength 

absorption, photosensitive toxicity and tissue specificity.474    
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Hematoporphyrin (HP), an insoluble complex mixture of porphyrins isolated from hemoglobin, was among 

the first generation of photosensitizers, considered as the benchmark for all forthcoming 

photosensitizers.474 Chemically purified and modified HP, referred to as hematoporphyrin derivatives 

(HPD), had improved tumor selectivity and its efficacy was demonstrated in various pre-clinical studies.474 

Further chemical purification led to the first approved PDT agent, Photofrin®.475 Although used in various 

cancers, its clinical use is limited by a prolonged skin photosensitivity, poor selectivity, low light absorption 

rate and poor photosensitivity at tumor depth. These shortcomings led to the development of second-

generation photosensitizers.475 

Most second generation photosensitizers have been based on porphyrin and chlorin structures, designed 

to absorb in the far red region for deeper tissue penetration, and preferentially target the mitochondria.474 

The second generation photosensitisers include modified porphyrins, bacteriochlorins, phthalocyanines 

and related naphthalocyanines, pheophorbides, purpurins and others.474 Despite the extensive arsenal of 

photosensitisers developed over time, very few have been evaluated for the clinical treatment of cancer. 

These include texaphyrins (Lutrin® and Lutex®), pheophorbides (Tookad®), purpurins (Purlytin®), chlorins 

(Foscan®) and protoporphyrin IX precursors (Hexvix®, Metvix® and Levulan®).476 In the UK, however, only 

Foscan® or temoporfin is indicated for advanced or refractory SCC of the head and neck, and Metvix or 

Ameluz is used for the treatment of actinic keratosis, when other treatments have been deemed 

unsuitable or inadequate. 

Third generation photosensitizers, currently under investigation, achieve improved tumor selectivity, via 

the specific conjugation or encapsulation of existing photosensitizers with various targeting entities.477   

 

5.2. Photochemistry 

The mechanism underlying selective damage of tumoral tissue by PDT relies on three components, a 

photosensitizer (PS), a light source and oxygen.478 When light of a specific wavelength is shone upon a PS, 

it may activate the PS from a singlet ground state to an unstable, short lived, excited singlet state.479 The 

ground state of the PS has two electrons of opposite spin, residing in a low energy molecular orbital. Upon 

light exposure, one of these electrons is moved to a higher energy molecular orbital. This nanosecond-

long singlet state may either decay back to the ground state, releasing the excess energy in the form of 

fluorescence or heat (internal conversion), or undergo an intersystem crossing process, where the 

electron in a higher energy molecular orbital inverts its spin, forming a more stable, microsecond-long 

excited triplet-state.479 The relative stability of the triplet state (parallel electron spins) results from the 

forbidden transition back to a similar lower energy molecular orbital in the singlet state (paired spins).480 

In this way, the exited triplet state of PS undergo either a delayed fluorescence, referred to as 

phosphorescence, or a type I or II reaction (see Figure 1.8).480 
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Figure 1.8. Representation of the photochemical reaction in PDT, as illustrated by the Jablowski diagram 

(modified and adapted from Abrahamse and Hamblin, 2017 and Plaetzer et al., 2009). 479,480  

 

In type I reactions, the triplet state PS reacts with a substrate, either transferring a proton or an electron 

to form radical anions or cations.475 These can further react with oxygen to form superoxide radical anion 

(O2
•−), which upon later dismutation via SOD, gives rise to peroxides, such as H2O2.475 The relatively stable 

H2O2 can cross cellular membranes and undergo the Fenton reaction to produce the highly reactive 

oxidant hydroxyl radical (HO•) and hydroxide ion (HO−).475 Metal ions, such as iron, may also achieve redox 

cycling via superoxide reduction. Furthermore, superoxide can also react with a wide range of biological 

molecules in the cell.475 Superoxide can also react with HO• to form singlet oxygen (1O2).475 It is also 

noteworthy to mention that superoxide are capable of oxidizing iron-sulfur cluster proteins, which has 

deleterious metabolic consequences.481 Such damage by highly reactive HO• damage is referred to as 

diffusion rate-limited.475 However, HO• can generate oxidized radicals, which subsequently forms oxidizing 

chain reactions.482 Alternatively, type II reactions consist of triplet state PS energy transfer to ground state 

molecular oxygen (3O2), generating singlet oxygen (1O2) and ground-state PS.475 1O2 is a strong oxidizing 

agent, which reacts with a wide range of biological molecules.482 However, its diffusion is short-lived and 

limited to the location of the PS.479 The incidence of type I and II reactions depend on environmental 

conditions such as PS type, substrate availability and oxygen levels, and can occur simultaneously.475  

Potential targets of type I and II reactions include amino acids, unsaturated lipids, and DNA bases.479 These 

damages could lead to cell death via direct cellular necrosis, apoptosis, or indirect PDT-induced vascular 

ischemia and immune response.483 
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5.3. Photosensitizers 

Exposing cells to exogenous ALA induces the accumulation of endogenous porphyrins such as, PpIX, 

uroporphyrin I, uroporphyrin III, coproporphyrin I, and coproporphyrin III. These porphyrins are metal-

free products of the heme biosynthesis pathway, each having a characteristic emission spectrum. 

Exogenous ALA bypasses the negative feedback-mediated 5-aminolevulinate synthase (ALAS1), resulting 

in porphyrin accumulation.484 However, most of the fluorescence is assigned to PpIX.485 PpIX, being 

lipophilic, remains in the cell, whereas uro- or coproporphyrins being hydrophilic, are rapidly excreted 

through the liver, kidney, and feces.485 Moreover, intermediates of the heme biosynthesis will accumulate 

if subsequent enzymatic reaction in the pathway occurs at a slower rate.485 Conversely, accumulation of 

preceding intermediates in the pathway will force subsequent enzymatic reactions to achieve maximum 

their rates. PpIX accumulation will then vary in relation to the cell type, their intermediates and saturation 

rate.485 In addition, hemin reduces accumulation of porphyrins induced by exogenous ALA, such as 

uroporphyrin, coproporphyrin, protoporphyrin and heme, due to its effect on ALA dehydrase and 

urosynthetase.487 Conversely, interfering with the iron availability required for heme production, such as 

in iron chelation, leads to PpIX accumulation.484  

ALA-PDT has been used in a wide range of skin conditions, such as AK, Bowen’s disease (BD), SCC, BCC, 

warts, acne, and psoriasis.487 ALA displays some positive characteristics that has allowed its widespread 

acceptance in clinical practice. ALA displays tumor tissue selectivity, with rapid accumulation and efficient 

clearance from the body.488 However, ALA has difficulty penetrating the stratum corneum due to its 

hydrophilic and zwitterionic chemistry.488 Although, ALA has a low molecular weight of 167g/mol, its 

penetration is limited and non-homogeneous.489 To obviate these shortcomings, ALA esters of varying 

carbon chain lengths have been employed, with the idea that the increased lipophilicity would result in 

an increased PpIX production in targeted tissue.490 The diffusion of these ALA derivatives is believed to be 

improved and passive across the stratum corneum.490 However, such ALA derivatives are dependent on 

the activity of intracellular esterases or proteases to release ALA.491 This could be a source of variability in 

their performance, with ALA release being dependent on cell type and tumor environment.491 

Several ALA derivatives have been investigated with respect to their skin penetration, distribution and 

PpIX formation. Some of these prodrugs were judged too lipophilic to produce a biological effect, due to 

their accumulation in the superficial layers of the epidermis.492 On the other hand, the methyl ester 

derivative of ALA (MAL) was shown to accumulate at the site of application without systemic effects.492 

This was further confirmed by Togsverd-Bo et al., where a positive and linear relation between HAL‐ and 

MAL-mediated PpIX fluorescence and epidermis, and but dermis, was established.493 In this way, despite 

ALA’s poor skin diffusion, it results in a more pronounced systemic effect than its methyl ester 

derivative.494 Moan et al. investigated PpIX fluorescence upon topical application of ALA and their methyl 

and hexyl derivatives on healthy human skin and found that at low doses (0.2% and 2%), ALA and hexyl 

ester produced more PpIX fluorescence than MAL, and at a high dose (20%), ALA-induced PpIX 

fluorescence was higher than all other ALA- esters investigated.495 

Overall, the most commonly used prodrugs remain ALA and MAL, as the formulation for other ALA-

derivatives is complex, involving several chemical steps for production.496 In the US, a 20% w/v solution of 

ALA has been commercialized as Levulan®, whereas a 16% w/w MAL cream has been commercialized in 

Europe as Metvix®.496 Similarly, a formulation of hexyl-ALA (HAL), as Hexvix® in Europe and Cysview® in 

the USA, was approved as a bladder cancer diagnostic agent.497 Generally, ALA and MAL have been used 
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clinically in NMSC, and resulted in significantly high clearance rates, with no significant difference in 

efficacy in the treatment of extensive scalp AK.498 However, ALA-induced PpIX was higher than MAL-

induced PpIX in human AK lesions and adjacent normal tissue.499 Overall, treatment protocols were 

derived from studies depicting maximum porphyrin levels in tumors. Accordingly, it was established that 

application time of topical ALA in tumors would be of 4–6 h, and of only 3 h for topical MAL.495,499 

Recently, BF-200, a nanoemulsion-based gel containing 10% aminolevulinic acid hydrochloride (Ameluz®), 

was approved for the treatment of AK, exhibiting a superior clearance rate when compared to MAL at a 

12-month follow-up.500 Investigation on a porcine skin model determined that BF200 displayed deeper 

penetration than MAL, suggesting greater effectiveness for the treatment of deeper intraepidermal 

lesions, such as SCC.500 Additionally, BF-200 is the only formulation approved for the treatment of field 

cancerization.500 

 

5.4. ALA and PpIX specificity 

ALA-induced PpIX occurs in tissues of ectodermal origin, such as cells lining surfaces and appendages, 

whereas tissues of mesodermal origin do not accumulate significant PpIX, such as skeletal muscle, 

connective tissue, and cartilages. Most eukaryotic cells produce porphyrins. However, the selective 

accumulation of porphyrins occurs specifically in neoplastic tissue and malignant cells when compared to 

healthy cells.485 To date, the mechanism underlying this phenomenon has not been fully elucidated. 

However, many factors have been attributed to this selective accumulation, of which a comprehensive 

account of potential causes are listed as follows: 

- The impaired differentiation of apical neoplastic keratinocytes might result in a chaotic 

arrangement and a more permeable stratum corneum.501 Conversely, in healthy skin, structural 

integrity is maintained and remains highly impermeable. The stratum corneum limits ALA 

diffusion and tape stripping removal of the stratum corneum has shown to increase ALA-induced 

PpIX, however this did not change the time of maximum fluorescence at around 7 h.501 

- Physicochemistry of the PS interacting with the tumoral environment might promote its selective 

accumulation. The extracellular pH is similar in both malignant and healthy adjacent cells.502 

However, the internal pH of malignant cells may vary from normal cells. As the solubility of 

ionizable PS vary as a function of the pH, a pH gradient might function as a pump.502 At 

physiological pH, PpIX is insoluble and retained in cells, resulting in its selective accumulation in 

tumoral tissue and malignant cells.484 This could explain the selective accumulation of the PS in 

different subcellular locations and cell types. 

- The significant difference between the activity of the various heme biosynthetic pathway enzymes 

in malignant and healthy cells, results in PpIX level differences. Various pre-clinical studies have 

investigated the expression profile of these key enzymes in tumor and healthy tissue. It has been 

suggested that tumoral tissue has an increased 5-aminolevulinate synthase 1, porphobilinogen 

deaminase and uroporphyrinogen decarboxylase expression, and a reduced ferrochelatase 

expression.503 This translates into enhanced production of PpIX and reduced conversion of PpIX 

into heme.  

- Defective iron homeostasis might result in PpIX accumulation. Ferrochelatase activity is essential 

in determining ALA-induced PpIX accumulation.504 Conversely, iron availability is critical to 
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ferrochelatase activity.504 The successful delivery of iron to ferrochelatase may be frataxin-

dependent, and its upregulation has been associated with a reduction of ALA-induced PpIX 

levels.504 Similarly, upon transfection, mitoferrin 2-upregulated HeLa cells produced lower ALA-

induced PpIX levels.505 Moreover, it has been suggested that HO‐1 mediated iron release was 

reused in the heme biosynthetic pathway, resulting in lower ALA-induced PpIX levels.505 Generally, 

iron- or heme-containing enzymes involved in the electron transport chain are impaired in human 

cancer.506 Upregulation of frataxin levels in murine hepatocytes was shown to restore the electron 

transport chain and inhibit tumor progression.507 The underlying mechanism for mitochondrial 

iron delivery and its involvement with the heme biosynthesis is still under investigation, however 

It has been established that neither cellular PpIX levels nor cellular iron levels were associated 

with the quantity of transferrin receptors.508 

- Greater ALA delivery to malignant cells might result in PpIX accumulation. Cellular ALA uptake has 

been established as an important determinant in PpIX accumulation and PDT efficiency.509 

Multiple transporters have been shown to promote ALA uptake, notably oligopeptide 

transporters (PEPTs), pH‐dependent amino acid transporter (PAT), as well as possibly interaction 

with organic anion, GABA and glutamate transporters.509 Oligopeptide transporter PEPT 1 and 2 

have been shown to display higher activity in cancer cells.509  

- Reduced PpIX efflux in malignant cells might result in PpIX accumulation. Intracellular PpIX 

accumulation may rely on the activity of specific transporters. To date, ABC transporter ABCG2 

has been shown to lower the efficacy of PDT.510 ABCG2 is an ATP‐dependent efflux transporter for 

porphyrins, thought to be involved at the mitochondrial and plasma membrane.510 Hagiya et al. 

determined a reduced expression of ABCG2 in bladder cancer patients.511 Similarly, expression 

levels of HO-1 and FLVCR, a heme efflux transporter, were lowered in tumoral tissue.511 Another 

candidate for porphyrin transport is the ATP-binding cassette transporter ABCB6, whose 

expression is not dependent on intracellular iron levels, but on hemin levels.512 ABCB6 is a 

coproporphyrin III-specific transporter, located in the outer mitochondrial membrane.513 

Generally, hypoxic conditions have been associated with reduced ALA-induced PpIX 

accumulation.514,515 The underlying mechanism of this hypoxia-mediated PpIX reduction is due to 

an ABCB6 upregulation, which is thought to cause the presence of ALA-induced coproporphyrin 

in the urine of bladder cancer patients.514 However, ABCB6 transgene overexpression of human 

glioma cell lines were associated with an increase of ALA-induced PpIX levels, suggesting a 

significant role in PpIX accumulation.516  

- Cancer dormancy state might result in PpIX accumulation. Dormancy state is generally 

characterized by a lack of proliferation, an impaired cell death and metabolic suppression, closely 

resembling cell growth in chronic hypoxic conditions.515 However, dormant cells can reversibly 

switch to an active status.515 Cancer cells display characteristics of dormancy, based on their cell 

density and size. Accordingly, PpIX accumulation was shown to increase relative to high-cellular 

density.515 Based on a study by Nakayama et al., the heterogeneous nature of tumoral tissue 

translated in heterogeneous PpIX accumulation, with cells at the edges of tumoral tissue 

accumulating more PpIX than cells at the center.515 It was then established that these cells 

displayed more pronounced dormant characteristics.515 Moreover, it has been established that 

hypoxia is not a determining factor for PpIX accumulation, as HIF inducers did not relate to 

improved PpIX accumulation.515 
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ALA-induced PpIX accumulation is regulated by the balance of ALA uptake, PpIX biosynthesis, PpIX 

conversion to heme and catabolism and/or extracellular diffusion.515 A comprehensive review of the 

literature demonstrates that details of possible physicochemical or biological alterations in transformed 

cells have been described at every stage of this pathway, and the factors underlying the specific 

accumulation of PpIX in transformed cells could be manifold. However, the difference in PpIX level 

between transformed and healthy cells is reduced upon application of high ALA concentrations. It may 

then be difficult in practice, to inflict a lethal dose of PDT without damaging adjacent healthy cells.517 It 

may be therefore beneficial to inflict a higher light dose when cells have accumulated low levels of PpIX. 

In this way, the photo-oxidative damage to cancer cells will be greater than their adjacent healthy 

counterpart. 

 

5.5. Subcellular localization 

There have been various reports that different subcellular localization of PS correlated with different 

cellular death mechanisms and levels of treatment efficiency.518 Similarly, PpIX accumulation and 

distribution may be dynamic, varying over incubation and treatment time.519 PS subcellular location is 

important, as highly reactive 1O2 has a short half-life, and is therefore mainly photooxidative near the sites 

where the PS is located.479 Generally, it has been reported that subcellular localization of the PS is a 

function of its physicochemical characteristics, its concentration and the cell type.518 

ALA-induced PpIX is predominantly produced in the mitochondria, which at a later stage diffuses to the 

cytoplasm and to membrane sites, but not around the nuclear site.520 In a study from Wilson et al., PDT 

treatment of RIF cells incubated with similar concentration of ALA showed higher photokilling after an 1 

h when compared to a 5 h incubation period.521 This was assumed to be caused by less extramitochondrial 

PpIX diffusion at shorter incubation periods, positioning the mitochondria as the most sensitive site of 

action for PpIX.522 Similarly, Ji et al. compared the efficiency of similar concentrations of ALA-induced PpIX 

to exogenous PpIX in three human esophageal cell lines, KYSE-450, KYSE-70 and Het-1A.520 It was then 

demonstrated that ALA-induced PpIX was more efficient at cell killing than exogenously added PpIX in all 

cell lines, suggesting a photokilling dependent subcellular localization of PpIX.520 PpIX being lipophilic, has 

a diffuse distribution in the cytoplasm, whereas ALA-induced PpIX is primarily localized in the 

mitochondria, sites of many binding factors, among which the peripheral benzodiazepine receptor and 

cardiolipin have been recognized.521 Generally, the mitochondria are the site of many vital metabolic 

activity, critical for cell survival. Mitochondrial damage has been associated with cytoplasmic release of 

cytochrome C, caspase activation and apoptosis.523 Peripheral benzodiazepine receptors are outer 

mitochondrial membrane porphyrin transporters, which is thought to complex with voltage-dependent 

anion channel and the adenine nucleotide transporter.521 Photo-oxidative mediated conformational 

changes may result in a mitochondrial opening, leading to apoptosis.521 On the other hand, cardiolipins 

are highly unsaturated lipids, major components of the inner mitochondrial membrane, and particularly 

sensitive to free radical chain peroxidation.520,524 Cardiolipin peroxidation is thought to convey a shift to 

the outer mitochondrial membrane, forming permeable pores that promote cytochrome C release.524 

A different approach to ALA-PDT is light fractionation (ALA-fPDT). ALA-fPDT consists of two split light doses 

(20 and 80 J/cm2), separated by a single dark interval (120 min). ALA-fPDT significantly improved the 

clearance rate of BCC after a 5-year follow-up and AK after a 12-month follow-up.525,526 The rationale for 
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fPDT efficacy was first thought to be due to PpIX re-synthesis during the dark interval. However, treatment 

effectiveness did not correlate with PpIX fluorescence.527 A study from de Robinson et al., reported a 

significant increase in treatment efficacy with a 2 h dark interval when compared to other dark intervals.527 

It was then assumed that reoxygenation of treated tissue promoted treatment efficacy.527 However, it has 

been argued that the effect of re-oxygenation were not important for hour-long dark intervals.527 fPDT 

treatment has been reported to be most efficient with a first sub-lethal light dose, followed by a 2 h dark 

interval and a second lethal light dose.527 PpIX re-synthesis during the dark interval occurs as a function of 

the first light dose.528 Although the underlying mechanism is yet unknown, it is thought that the first light 

dose makes cells vulnerable to the second light dose.529 This was assumed to be the result of multiple 

factors such as irradiation specifications, PpIX subcellular relocation and endothelial accumulation.529 It 

was also demonstrated that the magnitude of the immune response was related to the efficacy of the 

therapy.530 However, the treatment of female rats with anti-granulocyte serum did not considerably 

reduce fPDT efficacy, suggesting that the immune system plays a mere bystander role.530 It is also 

important to note that fPDT with MAL and ALA hexyl ester did not result in improved treatment 

efficacy.531,532 However, fPDT with ALA nanoemulsion BF-200 was reported to improve treatment 

efficiency in hairless mouse skin.533  

 

5.6. Drug dose 

ALA can be administered either via oil-in-water emulsion topically or by intradermal injection. The 

resulting fluorokinetic curves of PpIX over time were different for the same body site.485 Pre-clinical 

studies of topical administration of ALA and MAL have reported PpIX fluorescence over the full extent of 

epidermis in mice skin upon a 4 h application.531 Additionally, topical ALA-induced PpIX fluorescence over 

a 5 h period extends to the circulation and untreated areas of the skin in mice.534 PpIX accumulation of 

endothelial cells was superior with ALA and BF-200 compared to MAL in murine skin.533 Moreover, a BF-

200 lecithin-based formulation allows deeper skin penetration than ALA emulsion in porcine skin.533  

The fluorokinetic study of ALA-induced PpIX demonstrated similar PpIX levels upon different topical ALA 

application periods, suggesting no statistical difference between 1 h and 4 h application period, with 

similar maximum peaks of PpIX fluorescence at a 7 h time point after ALA treatment in healthy human 

skin.535 However, statistical differences were noted between 1 h and 4 h application periods, 24 to 28 h 

from ALA treatment, with the latter application period displaying more PpIX fluorescence.535 This study 

suggests that the heme biosynthetic pathway is the limiting factor for any application periods below the 

7 h time point, however, differences in PpIX fluorescence were observed between the 1 h and 4 h 

application period at the 24 to 28 h time points from ALA treatment, suggesting that at these time points, 

ALA availability becomes the limiting factor.535 PpIX is relatively hydrophobic, and it is clearance can only 

be achieved by renal excretion upon chemical modification. ALA-induced PpIX has been reported to be 

cleared from the body within 24-48 h.536 Additionally, MAL application displayed similar kinetics to ALA 

application, with 1 h and 4 h MAL application periods resulting in comparable PpIX levels, 4 h from MAL 

treatment period.535 However, PpIX levels were greater with ALA application at nearly all time points.535 

Currently, ALA application times of 4-6 h have been most extensively studied for the treatment of 

NMSC.537 However, shorter ALA application time could be just as efficient, promoting selective PpIX 

accumulation and preventing prolonged photosensitivity.538 
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It has been suggested that topical ALA application produces an extracellular reservoir of ALA and 

intracellular reservoirs of porphobilinogen and PpIX precursors, slowly and continuously supplying the 

heme biosynthetic pathway, until depletion. This results in a three-stage PpIX fluorescence time course. 

Initially, PpIX accumulates rapidly due to excess ALA molecules reaching the heme biosynthetic pathway. 

Then, the maximum rate of PpIX synthesis reaches an equilibrium with the rate of heme synthesis, 

catabolism, or extracellular diffusion.534,539 This stage is marked by the saturation of the heme biosynthetic 

pathway, where the rates of PpIX accumulation and heme formation are constant. This intermediate 

phase is represented by an oscillating pattern on the ALA-induced PpIX fluorokinetic curve. The length of 

that oscillation depends on ALA application periods.540 Similarly, any mechanism affecting PpIX clearance 

rate would affect the length of the initial and intermediary phase. For example, iron chelators block 

ferrochelatase activity, and shift clearance mechanisms to extracellular diffusion, altering the overall 

dynamic and therefore, increasing PpIX accumulation.541 Thus, upon ferrous sulfate addition to WiDr cells, 

Juzeniene et al. reported increased PpIX conversion into heme, causing reduced PpIX levels.542 

Additionally, tin protoporphyrin IX (SnPpIX), a potent competitive inhibitor of HO-1 was reported to 

increase PpIX levels in ALA-treated melanoma cells.543 During the terminal phase, extracellular and 

intracellular reservoirs are being depleted, resulting in PpIX fluorescence decline, also referred to as PpIX 

clearance rate. In vivo, heme levels are difficult to measure, as heme is concomitantly degraded to iron, 

carbon monoxide and biliverdin by HO-1.544 Iron released from heme then joins the labile iron pool and is 

potentially available for further PpIX conversion to PpIX.545 In this way, one possible way to measure the 

rate of PpIX conversion would be to measure the decay of PpIX fluorescence. However, PpIX could also 

diffuse into the circulation.546   

 

5.7. Light delivery 

Various light sources have been used in the management of NMSC with PDT. Historically, broad-spectrum 

red (~570-700 nm) and blue (~400-420 nm) incoherent light sources have been routinely used in 

practice.547 Generally, coherent lasers, such as pulsed dye lasers, allow focal precision and limit adjacent 

tissue damage.548 Coherent light sources are generally thought to achieve greater tissue penetration. 

However, light maintains its coherence up to depths of about 1 mm, suggesting that treatment of thicker 

NMSC lesions with lasers would be pointless.549 On the other hand, incoherent polychromatic light 

sources, such as incandescent filament lamps, gas discharge lamps, intense pulse light (IPL) and variable 

pulse light (IPL), are generally inexpensive, provide good treatment efficiency and allow the treatment of 

larger surface areas.550 Additionally, light emitting diodes or LEDs are non-coherent light sources, with a 

narrow bandwidth. LEDs are inexpensive, practical, and adaptable to specific emission spectra, shortening 

the irradiation process.551,552 LEDs release heat because of the inappropriate electrical to optical energy 

conversion.551,552 LEDs usually produce less heat, but a similar clinical outcome to incoherent light sources, 

as reported in the treatment of AK with ALA- and MAL-PDT.552 In terms of practicality and efficiency, the 

use of sunlight in PDT has become the subject of growing interest (see Section 5.9.2.2).553 

PpIX displays an absorption spectrum with a maximum at 400 nm, also referred to as the Soret peak. Four 

lower peaks of absorption are found between 500 and 635 nm, and this region is referred to as Q-bands.554 

ALA-PDT usually exploits absorption ranges either in the blue (~400-420 nm) or red (~570-700 nm), with 

longer wavelengths in the red providing deeper tissue penetration, and shorter wavelengths in the blue 

promoting more efficient photochemical reaction (see Figure 1.9).555 In this way, tissue penetration is up 
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to 5 mm with respect to a 635 nm wavelength and up to 2 mm from the human skin surface for a 

wavelength of 410 nm.556,557 Similarly, up to half of UVA light (316-400 nm) reaches the lower layer of the 

epidermis.558 A pre-clinical study led by Buchczyk et al. on the PDT treatment of ALA-incubated human 

skin fibroblasts with UVA, green and red lights, demonstrated that UVA and green lights were 40- and 10-

fold more potent in killing cultured cells than red light.559 Additionally, it has been suggested that 

photodegraded PpIX, photo-protoporphyrin (Ppp), has a large absorption around 440 nm and a lesser one 

at 670 nm, resulting in additional tumoricidal activity.560 In a study from Mikolajewska et al., relative 

quantum efficiencies of blue/violet (405 nm) and red lights (632 nm) were compared, and the fluence 

rates at which comparable PpIX photobleaching was achieved were found to be of 8 mW/cm2 and 100 

mW/cm2 respectively.561 

Photochemical reaction relies on the interplay between initial PS concentration, photobleaching rate and 

oxygen availability.562 However, since the distribution of a photosensitizer or light dose within a tissue is 

unknown, it is therefore assumed to be uniformed, and the biological effect of PDT is measured as a 

function of energy fluence rate. This is determined by: 

 

Energy delivered (J) = Light source Power (J.s-1) x Irradiation time (s), 

Fluence (J.m-2) = [Light source Power (J.s-1) x Irradiation time (s)] / Irradiated surface (m2), 

Fluence rate (J.s-1.m-2) = Light source Power (J.s-1) / Irradiated surface (m2). 

 

 

Figure 1.9. Schematic representation of light penetration through the epidermis. 
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5.8. Biological effect of PDT 

Generally, PDT targets cancer cell death by affecting tumor tissue survival apparatus and environment, 

such as the antioxidant machinery, neovasculature and immunogenic tolerance.555,562 PS accumulate in 

rapidly dividing cells and depending on oxidative insult, cancer cells may undergo necrosis or apoptosis.564 

In necrosis, cell function is unsustainable due to the rapid disruption of cellular membranes, resulting in 

cytosolic calcium accumulation, ATP depletion and calcium-dependent protease activation.565 Conversely, 

lower PDT doses could favor the orderly mitochondria-mediated apoptosis or programmed cell death, 

consisting of cytoplasmic cytochrome C release and caspase cascade initiation.566,567 This results in cell 

shrinking, chromatin condensation and cellular blebbing into apoptotic bodies.567  

PS concentrate in malignant cells as well as in leaky endothelial cells surrounding tumors. The impact on 

endothelial cells causes hypoxia, nitric oxide, and platelet-mediated vascular occlusion of the 

neovasculature as well as cytokine release, further exacerbating immune response.484,568 For BCC tumors, 

it is therefore important to adjust the irradiation parameters to prevent vascular occlusion and provide 

improved treatment efficacy.568 

PDT treatment is almost systematically followed by an immune reaction. It has been long thought that 

only necrosis generates an immune response, however it has been since suggested that the immune 

response could generate a subset of apoptosis, exacerbating overall immunological reaction. 569,570 This 

immunogenic apoptosis is associated with the disruption of endoplasmic reticulum homeostasis, protein 

folding and immunogenic signaling.571 Ji et al. demonstrated that apoptosis induced by ALA-PDT was 

significantly superior at promoting DC maturation than tumor cells necrosis.572 The immunomodulatory 

effect of PDT is therefore critical, as poor immunogenic response leads to tumor recurrence or metastasis. 

PDT stimulates both the innate and adaptative arm of the immune system.573 Overall, PDT treatment is 

known to improve long-lasting immune memory, preventing further recurrence.573 This immune response 

is initiated by release of immunostimulatory DAMPs, activating leucocytes, such as macrophages, 

neutrophils, and dendritic cells, complement cascade and cytokine release.573 Moreover, cytokine release 

can direct neutrophils and macrophages to the treatment site. The subsequent dendritic maturation 

triggers cytotoxic T cell maturation and initiates the adaptive arm of the immune response.573 Similarly, 

immunogenic apoptosis initiates DC and cytotoxic T cell maturation, reaching a peak 6 h post treatment.570 

Therefore, the effects of PDT not only last several days post-treatment but may occur at sites distant from 

irradiated areas.574,570 

 

 

5.9. Strategy to improve topical ALA-PDT 

The efficiency of PDT treatment relies on many parameters, such as modalities surrounding irradiation, 

PS administration, and treatment procedure. Broadly speaking, this section will focus on the clinically 

based strategies investigated to improve treatment efficiency and patient compliance.  
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5.9.1. Topical ALA delivery 

One of the most important limitations in topical ALA-PDT is the diffusion of ALA through the stratum 

corneum (SC). The SC act as a natural barrier. Drug diffusion only occurs with favorable physicochemical 

determinants, such as molecular weight, dissociation coefficient and partition coefficient. Generally, ALA 

formulations have a low shelf-life, partly due to the tendency of ALA to dimerize into 2,5-

pyrazinedipropionic acid (PY).575 To overcome the degradation of ALA, the formulation needs to be kept 

at a low pH.575 Despite its low molecular weight of 131.12 g/mol, ALA has poor skin penetration, being 

hydrophilic, with a partition coefficient (log P) = -1.5.575 Its penetration would therefore be non-

homogenous, and partly restricted to depths of about 1 mm.575 Various permeability-enhancing strategies 

have been investigated to increase ALA permeability, notably through chemical and physical alteration of 

the skin and the use of various pharmaceutical vehicles and formulations. 

 

5.9.1.1. Physical methods 

Cutaneous drug delivery can be increased by means of physical methods such as, curettage or abrasion, 

microneedles, lasers, temperature, iontophoresis, and ultrasound.576 

SC removal aims to remove hyperkeratotic layers as well as 5 mm of adjacent normal tissue around the 

neoplastic lesions.575 Curettage is inexpensive, effective, but painful.575 It consists of loop-shaped cutting 

tool that scoops out skin crusts and scales. Similarly, microabrasion involves skin resurfacing mediated by 

aluminum oxide crystals, which refine superficial layers and enhance ALA delivery.575  

ALA patches, available in the UK as Alacare®, provide the homogenous delivery of ALA over the covered 

area. Alacare® is a 4 cm2 adhesive patch containing 8 mg of ALA. Ready to use, Alacare® bypasses prior 

dermatological preparation. Alacare® does not require further occlusion, limiting the risk of 

photobleaching during application. Alacare® is indicated for the treatment of mild AK in the UK. It was 

demonstrated to be significantly more efficient than cryosurgery as part of a randomized parallel‐group 

phase III study.577 

Microneedles (MNs) perform microscopic perforations at lower depths to 900 µm (e.g., up to 550 μm in 

length), preventing vascular and neural tissue damage, and therefore, minimizing the risk of pain, redness, 

and microbial infections.575 Microperforations alter the intercellular lipid matrix, resulting in an increased 

surface area and diffusion coefficient. MNs consist of minimally invasive solid, coated, hollow or dissolving 

microneedle arrays, mounted on rollers or patches.578 Their permeation enhancement is shape specific.578 

MN pretreatment, combined with various concentrations of ALA and MAL creams has been reported to 

increase PpIX accumulation at lower concentrations of ALA and MAL (2% and 8%), however it is ineffective 

at higher concentrations, possibly due to the saturation of the heme biosynthetic pathway.579 

Ablative fractional laser (AFL) treatment generates micropores in the skin via photothermalysis. In 

principle, increasing fluences correlates with increasing ALA permeation, however it is limited to doses of 

up to 6 J/cm2.580 In addition, non-ablative fractional laser treatment uses a similar technology, with lower 

strength lasers, thermally enhancing the skin permeability. Lasers emit in the infrared region, exciting 

water molecules present in the skin.575 Various groups of AFLs have been used in practice, consisting of 

CO2-laser, Erbium:yttrium–aluminium–garnet-laser (Er:YAG-laser), and Erbium:yttrium–scandium–

gallium–garnet-laser (Er:YSGG-laser).575 The latter has used been used in the context of rejuvenation, 
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however, the former two have been used in practice, in combination with ALA or MAL for the treatment 

of NMSC. AFLs offer an effective approach to increase PpIX accumulation, however their use is invasive 

and it is associated with many adverse effects, such as scars, discolorations, and infections.575 These issues 

can be avoided with non-ablative fractional lasers, with thermo-modulating transient trans-epidermal 

water loss resulting in transient permeable lacunar systems.581 In a study by Lim et al., fractional erbium 

glass laser pretreatment significantly shortened ALA incubation time and increased PpIX fluorescence.581 

According to the Arrhenius law, the heme biosynthetic pathway is temperature dependent.575 PpIX 

synthesis is low at 4 °C and high at around 37°C.536 Thermal disruption of cell membranes was shown to 

improve ALA uptake and PpIX accumulation in HaCaT cells.575 Comparably, the effect of prior thermo-

modulation was shown to improve the efficiency of ALA-PDT treatment of Lewis lung carcinoma cells in 

mice.575   

Iontophoresis promotes the cutaneous penetration of ionizable drugs via the direct application of pulsed 

or continuous electrical current. Iontophoresis improves skin permeation without significant disruption of 

the skin integrity.582 In the context of ALA-PDT, the cutaneous penetration of ALA is pH dependent.576 At 

physiological pH, ALA is a zwitterion, and its transport is facilitated by anodal iontophoresis, primarily by 

electro-osmosis.576 Iontophoresis has been shown to considerably reduce drug incubation period on 

untreated AK and Bowen’s disease lesions to 10 min, as compared to the usual 4-6 h application period.575 

Similarly, iontophoresis of MAL and HAL was reported to enhance cutaneous delivery in vitro.583 Variant 

techniques of iontophoresis have also been investigated, such as iontophoresis with a lipid sponge phase 

mixture of monoolein and propylene glycol, iontophoresis with an ethanol-based formulation of ALA or 

iontophoresis-assisted Er:YAG AFL. 584,585,575 

Similarly, ultrasonic waves have been suggested to enhance skin permeation, generating oscillating 

microscopic bubbles that perturbates the SC integrity, widening intercellular spaces and cutaneous 

pores.586 The exact mechanism underlying this enhanced permeability is not fully understood, however, 

it has been shown that pulsed ultrasound significantly promotes greater permeation than continuous 

ultrasound.586 Ma et al. demonstrated that pulsed ultrasound significantly reduced the incubation period 

of ALA in mice.587 However, it was also reported that PpIX accumulated in both healthy and tumoral 

tissue.587  

 

5.9.1.2. Chemical methods 

The chemical enhancement of ALA involves either the alteration of ALA’s chemistry or the skin 

structure.576 This is achieved using different penetration enhancers and nanocarriers. Generally, 

nanocarriers target tumor tissue preferentially (e.g., BCC and SCC), due to enhanced tumoral 

vascularization and reduced lymphatic drainage, also termed the “enhanced permeability and retention 

(EPR) effect”.588 In the context of topical ALA-PDT, many nanocarriers have been investigated, of which a 

brief account of the main nanoparticles used to adsorb or encapsulate ALA will be presented in this 

section, notably the biodegradable polymeric micelles, liposomes, ethosomes, mesoporous silica particles 

and niosomes.   

Many chemical penetration enhancers have been investigated in the context of topical ALA PDT, however, 

only DMSO has been clinically used in the management of BCC.589 In this study, Soler et al. first pretreated 
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the lesions with a 99% DMSO solution for 15 min and then treated the area with a mixture of ALA, DMSO 

and EDTA for 3 h. Upon treatment with a laser or broadband lamp, excellent cosmetic outcome and cure 

rate were reported.588  

BF-200 ALA (Ameluz®) is formulated as an oil-in-water nanoemulsion composed of phosphatidylcholine 

and a mixture of shorter fatty acids, such as caprylic acid (C8), capric acid (C10) and lauric acid (C12), also 

referred to as MiglyolR®812.590 The nanovesicles are believed to fuse with the lipid bilayer of the SC, with 

the shorter fatty acids merging into the SC and increasing the overall membrane fluidity.501 Ameluz® is an 

FDA approved 10% w/w ALA gel formulation, which has been shown to provide a similar clearance rate as 

well as less late skin reaction than an ALA solution analogue.591 Ameluz® was also reported to show a 

similar clearance rate to MAL in the management of mild-to-moderate AK (AK I and AK II) with dPDT.592 

To date, Ameluz® is the only formulation approved for site- and field-directed treatment.501  

Polymeric micelles are composed of self-assembled copolymers, whose size can be controlled in the range 

of 10–100 nm.593 Their efficiency and selective delivery can be improved by altering their chemistry and 

composition or upon the addition of environment responsive functional molecules.593 The shell-forming 

polymers provide stability to the colloidal system. The underlying forces behind the complexation of 

polymeric micelles include hydrophobic and electrostatic interactions as well as hydrogen bonding.593 

Many copolymers have been investigated; however, the core is primarily constituted of poly (ethylene 

glycol) (PEG) due to its biocompatibility and relative stability. Tong et al. reported that the assembly of 

hydrophilic α-cyclodextrin and PEG resulted in hydrophobic crystals upon which pH-dependent cell 

penetrating peptides (CPPs) were added and ALA incorporated.594 This provided an excellent strategy for 

targeted ALA-delivery, as shown with enhanced PpIX expression in HepG2 cells.594   

Liposomes are microscopic bilayer vesicles made of lipids, amphipathic phospholipids, and low-molecular-

weight surfactants, which under certain conditions encapsulate hydrophilic drugs in their water phase.576 

The composition of these liposomes varies, but their basic structural properties includes hydrophilic and 

lipophilic phases.595 Due to the physicochemical properties of these liposomes, hydrophilic prodrugs such 

as ALA exhibit a rather poor entrapment.596 However, prior studies reported no relationship between ALA 

delivery and entrapment efficiency.596 In an in vitro permeation study on hairless mouse skin, liposomes 

composed of stratum corneum lipids were shown to curtail the partition and diffusion drawbacks of 

hydrophilic drug delivery across the SC.576 These liposomes, referred to as stratum corneum lipid 

liposomes (SCLL), provided higher prodrug retention in the epidermis, despite inferior permeation across 

the skin model.576  

Ethosomes resemble their liposome analogues, with the particularity that they contain a high 

concentration of ethanol. They are composed of various elements, such as phospholipids, ethanol, 

propylene glycol, isopropyl alcohol, and water, providing the ability to encapsulate both hydrophilic and 

hydrophobic active agents of high molecular weight.597 Ethanol naturally disrupts the skin lipid structure, 

and allows the distortion of ethosomes, through the physicochemical modulation of polar and non-polar 

constituents of the vesicle, acting as a steric stabilizer.598 They have been reported to be more efficient at 

reaching deeper layers of the skin than either liposomes or hydroalcoholic solutions.599 In one study, 

ethosome and liposome vesicles were produced as varying combinations of phosphatidylethanolamine 

(PE), cholesterol (CH) and sodium stearate (SS).599 It was then reported that PE/CH/SS ethosome vesicles 

entrapped twice as much ALA when compared to similar liposome compositions.599 However, PpIX 
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accumulation was significantly enhanced for all combinations of ethosomes and liposomes, ranging 

between 11- to 15-fold of the PpIX levels found in controls.599    

Niosomes consist of bilayer vesicles of nonionic surfactants and cholesterol and are used for the 

encapsulation of hydrophilic drugs via hydrogen bonding. These nanocarriers are physiochemically stable 

and rather cost-effective when compared to liposomes.600 Niosomes are structural analogues of 

liposomes, however they exhibit greater physicochemical stability and formulation versatility.601 In 

practice, niosomes offer a means to improve skin permeation and prevent ALA degradation at 

physiological pH.602 In one study, niosomal formulations demonstrated a significant ALA skin permeation 

and retention in ex-vivo abdominal human skin.602 

Mesoporous silica particles (MSN) are made from organosilane precursors, which are chemically modified 

into mesoporous nano size particles ranging from 2 to 50 nm.603 MSN display physicochemical stability 

and high drug adsorption. MSN exhibit a well-known biocompatible and pharmacokinetic profile.603 

Moreover, MSN can benefit from the addition of targeting surface moieties. Their cellular internalization 

relies on the interplay of MSN composition, size, and shape.603 In one study led by Ma et al., ALA was 

loaded onto a folic acid and PEG-conjugated hollow MSN (ALA-HMSNP-PEG+FA), facilitating the targeted 

folic acid mediated endocytosis of MSNs into cancer cells.604 PpIX expression upon ALA-HMSNP-PEG+FA 

treatment was significantly greater than for free ALA.604 

 

5.9.2. Treatment procedure 

ALA and MAL are the most common formulations licensed for the management of AK.605 Levulan® 

Kerastick™ is an FDA-approved 20% w/v ALA solution, usually applied under an occlusive dressing for 14 

to 18 h.605 Similarly, Metvix® is an EMA approved 16% w/w MAL cream, which is applied for a duration of 

3 h under occlusion.605 MAL is more lipophilic than ALA and is therefore indicated for the management of 

thin AK and superficial and/or nodular BCC. For the management of AK, conventional PDT is undertaken 

upon irradiation with either a 10 J/cm2 dose of blue/violet (400-430 nm) with BLU-U light or a 37 J/cm2 

light dose of red light (630-635 nm) with Aktilite 128 or a photodyn750 lamp. First follow-up is usually 

done after 12 weeks for lesion assessment. Blue light is effective for the management of AK, however, for 

the treatment of deeper-embedded lesions, such as BD and BCC, red light is required.537   

To date, patients are reluctant to undergo PDT treatment due to the lengthy procedure, treatment-

associated pain and skin reactions. Pain is experienced as a burning, stinging, and prickling sensation.487 

Generally, ALA-PDT has been demonstrated to be more painful than MAL-PDT.606 Many PDT protocols 

have been investigated as a means to improve clearance rate and patient satisfaction. These protocols 

are variants of the conventional PDT protocol, involving shorter incubation periods, the use of different 

source of light and/or irradiation parameters. These novel protocols include pulse PDT, light fractionation 

PDT, daylight PDT, and ambulatory PDT. 
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5.9.2.1. Pulse PDT   

Pulse PDT has been developed to reduce skin reactions, such as erythema, oedema and inflammation 

induced by the treatment. The concept revolves around the idea that shorter application period will cause 

tumor specific accumulation of PpIX. Pulse PDT consists of a short MAL incubation of 30 min under 

occlusive dressing, followed by irradiation with Aktilite 128 red light 2.5 h after MAL removal.607 The short 

cream application would possibly form an extracellular reservoir of the prodrug, which would provide the 

selective influx of MAL into tumor cells throughout treatment.607,608 Moreover, a potent corticosteroid 

cream such as clobetasol propionate, may be applied pre- and post-treatment, as a variant protocol 

referred to as S-Pulse PDT. Wiegell et al. reported that corticosteroid cream application before and after 

treatment did not compromise clearance rate 12 weeks post-treatment.609 Based on the research of 

Wiegell et al., pulse PDT was not significantly different in clearance rate when compared to PDT, for the 

treatment of AK of the face and scalp.607 However, pulse PDT resulted in significantly less erythema 

between AK lesions when compared to PDT 24 h post-treatment.607 Similarly, S-pulse-PDT showed 

significantly less erythemal reactions than pulse PDT.607  

 

5.9.2.2. Daylight PDT   

Daylight PDT (dPDT) was designed to treat large areas of the skin (field cancerization) with minimal pain 

and skin reactions. Drug application favors tumor-specific accumulation through the short time 

application of MAL for 30 min. Moreover, the medical light source is replaced with natural sunlight, and 

absolute light doses are replaced with a critical threshold of sunlight dose of 8 J/cm2.610 This critical 

threshold is only applicable when a daylight fluence rate of 130 W/m2 is reached.553 In the UK, this light 

treatment usually amounts to a continuous sunlight exposure of 2 h.553 A multi-center study investigated 

dPDT treatment of multiple AK for periods of 1.5 h and 2.5 h and found no significant difference in 

clearance rate at the 3-months follow-up.610  

The critical threshold of 8 J/cm2 refers to the spectral output of the sun weighted with the absorption 

spectrum of PpIX.610 In the context of dPDT, the spectral output is restricted to visible light, with the prior 

application of an organic UV-blocking sunscreen, such as octocrylene, ethylhexyl methoxycinnamate, 

diethylamino hydroxybenzoyl hexyl benzoate. 610 However, 87% of PpIX light-mediated activation is 

attributed to light in the range of 380–495 nm.610 The use of a potent corticosteroid cream is also advised 

to reduce the risk of erythemal reactions.609 

The critical threshold relies on many external factors, such as season, weather condition, temperature, 

and time of the day. As long as this critical threshold is met, treatment efficiency is not affected by any of 

these parameters, notably fluence or weather conditions.612 

In the UK, Ibbotson et al. established a practical guide for the management of AK with dPDT, based on 

reviewed studies, meteorological data (METEOTEST) and expert recommendations.553 From this study, it 

was reported that dPDT could be undertaken nationwide from March/April to October/September 

between 9:00 and 18:00, on days the weather is not too overcast and as long as the temperature is above 

10°C.553 Moreover, if weather conditions compromise patient satisfaction, treatment can be potentially 
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undertaken in a greenhouse, as long as direct sunlight exposure is maintained.553 However, if sunlight 

exposure is not available, then artificial white light could be used as an alternative.613 

Many groups have undertaken comparative studies between dPDT and cPDT for the management of AK, 

and all suggested either comparable or superior clearance rates with dPDT.614,615,616,617 Among these 

comparative studies, the clearance rates varied between 70% to 95% for dPDT and 74 to 80.6% for cPDT 

in the treatment of AK lesions, at the 10-12 months follow-up. One study investigated the effect of dPDT, 

using similar application periods for nanoemulsion BF-200 and MAL cream for the treatment of grade I-III 

AK lesions.618 The treatment of grade II-III AK lesions consisted of two irradiations one week apart, 

whereas thin grade I AK lesions were only treated once. In the context of dPDT, BF-200 was reported to 

have a significantly higher clearance rate than MAL for the management of grade I AK, with a response 

rate of 84.5% and 74.2% respectively. However, concerning thicker grade II-III AK lesions dPDT using BF-

200 ALA and MAL, results were relatively similar, failing to reach significant difference.618 Surprisingly, 

dPDT using BF-200 and MAL was reported to result in similar mean pain scores and adverse effects. 618  

dPDT has been shown to be nearly pain-free when compared to PDT for the treatment of AK. Similar 

associations were made in terms of aesthetic outcome, where dPDT demonstrated minimal local skin 

reaction as compared to PDT.616 Generally, dPDT has been designed to address all of PDT’s shortcomings, 

notably in terms of the aesthetic outcome, treatment induced-pain, cost-effectiveness, and practicality.   

 

5.9.2.3. Fractionated PDT   

The concept of light fractionation for ALA-PDT has been the subject pre-clinical investigation as early as 

the 1990’s. To date, various clinical trials have been undertaken for the management of superficial BCC 

(sBCC), nodular BCC (nBCC), Bowen’s disease and AK lesions.620,621,622,623,624,625 The underlying protocol and 

mechanism of fPDT has been discussed in Section 5.5, and a further account of the clinical studies is 

described below. 

Generally, the management of sBCC and nBCC with conventional ALA-PDT consists of the preparation of 

the skin 3 weeks prior to PDT treatment. The treatment itself consists of a 3 h MAL application, followed 

by a single light dose of 75 J/cm2. However, in cPDT, two sessions of MAL-PDT are needed, one week 

apart.626 In contrast, only one treatment is required with fPDT. The light fractionation protocol consists of 

a topical 20% w/w ALA application for 4 h, followed by 2 light doses of 20 and 80 J/cm2, separated by a 2 

h dark interval. fPDT can only involve the prodrug ALA, as MAL did not show significant response rate 

improvement.531 During the dark interval, PpIX resynthesis takes place, and its expression depends on 

both the first light dose and the dark interval.621 Based on a preclinical study led by Babilas et al., a dark 

interval of 15 min did not significantly enhance treatment efficiency.627 Pre-clinical studies on mice 

demonstrated that the most significant visual response rate was seen with a 2 h-long dark interval.527 

Moreover, de Haas et al. investigated the response rate with 3 different light sources, a diode laser (630 

nm), LED Omnilux (633 nm) and a Medeikonos broadband red source (590–650 nm) at a fluence rate of 

50 mW.cm-2, in the treatment of sBCC of the face, arm, vertex and trunk.622 No association between 

response rate and a specific light source could be made.622 

In contrast to PDT, a larger cumulative light dose of 100 J/cm2 can be delivered in the fPDT protocol, as 

the rapid PpIX photobleaching does not limit treatment. During the dark interval, PpIX resynthesis and 
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oxygen repletion allow higher second light doses to be delivered. Surprisingly, the first light dose appeared 

to be more painful than the second dose.622 de Haas et al. reported that fPDT treatment of BD was painful 

with only 12.5% of patient experiencing a burning and stinging sensation, notably for lesions located on 

hands, eyelids, and trunk.622   

The design of this protocol relies on the observation that only high fluences result in long term clearance 

rates. However, Star et al. reported that there was no direct association between clinical response and 

utilized PpIX fluorescence.621 Moreover, inflammatory response is enhanced in fPDT, although the 

immune system has been demonstrated to play a mere bystander role.530 Cosmetic outcomes were 

reported to be mainly excellent, otherwise good, in either sBCC or nBCC.621,622,623,624 Similarly, the cosmetic 

outcomes were deemed good in the management of BD.622 However, patients undergoing fPDT of AK of 

the face and scalp reported mild and transient adverse events, with no additional therapy required.625 

Moreover, the clearance rates of grade I and II lesions were higher with fPDT at 3- and 12-months follow-

up. Surprisingly, fPDT recorded less skin reactions than PDT, involving moderate erythema and oedema.625 

Accordingly, long-term clearance rates are higher with fPDT than PDT, for the treatment of NMSC, such 

as sBCC, nBCC, grade I and II AK and BD.620,621,622,623,624,625 Overall, fPDT was shown to be superior to PDT, 

in terms of clearance rate and patient satisfaction, having shown greater efficiency, tolerability and 

aesthetic outcome.    

 

5.9.2.4. Ambulatory PDT 

Ambulatory PDT (aPDT) aims to improve patient compliance and satisfaction. The term ambulatory PDT 

was first coined by Moseley et al., and the concept relies on the basis that low irradiance illumination 

causes less pain and that oxygen levels are not rapidly depleted.628 The concept of aPDT proposes a 

different approach to treatment delivery, using a portable and automated light‐emitting diode device. 

This approach would offer access to a wider public, while improving the effective management of 

healthcare professionals’ time and services.     

At first, a pilot study was undertaken for the management of Bowen's disease in five patients, which 

consisted of preparation of the lesions and the application of 20% w/w ALA in Unguentum cream under 

occlusive dressing for 4 h, followed by a 75 J/cm2 light dose at a 12 mW/cm2 fluence rate (1 h 40 min). The 

light source was designed as an epoxy cast, on which a diode array of 37 AlGaInP diodes was fixed.628 

Patients were seen 4 weeks later for a second treatment. It was then reported that 3 out 5 of patients 

experienced “mild or no pain” during the first treatment, whereas all patients experienced “mild or no 

pain” during the second treatment. Moreover, 4 out of 5 patients had complete lesion clearance during 

their follow-up.  

Similarly, the same group later investigated the efficiency of a comparable protocol on 12 patients with a 

5 mW/cm2 low-irradiance portable organic light-emitting diode (OLED) in the management of Bowen's 

disease and superficial BCC.629 OLED emits in the red, 550-750 nm with a peak at 620 nm. Again, treatment 

consisted of lesion preparation, 20% w/w ALA application under a self-adhesive silicone gel layer, followed 

by a 45–60 J/cm2 light dose. All 12 patients scored pain less than 2, on the numerical rating scale (NRS). 

However, only 7 patients had their lesions cleared over a 12-month follow up.629    
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A similar red-emitting inorganic light-emitting diode (ILED) device was also developed in the form of a 

plaster, called Ambulight®. In one study led by Ibbotson and Ferguson, Ambulight® was used in 53 patients 

for the management of BCC, Bowen’s disease, and actinic keratosis. The treatment consisted of the 

application of Metvix®, followed by the application of a Tegaderm® dressing and the installation of the 

device.630 After 3 h, the device would automatically launch, delivering a 75 J/cm2 light dose at a fluence 

rate of 7 mW/cm2. Based on treatment response at the 3-month follow up, a second treatment was 

undertaken, if required. Surprisingly, the median NRS score was higher during the second treatment than 

the first one. However, 23 of the 53 patients received both aPDT and PDT, with a significant preference 

for the newer approach.630 The overall clearance rate within a one-year period was similar for both aPDT 

and PDT. Based on the results of this open study, Ambulight® is nearly pain-free, and provides less 

operational risk when compared to dPDT.630 

Recently, the Flexitheralight protocol was investigated during a randomized controlled phase II clinical 

study for the management of grade I–II AKs of the forehead and scalp.631 The Flexitheralight protocol 

consists of skin preparation, the application of 2-4 g of Metvix® cream for 30 min and the application of a 

Tegaderm® dressing. The light device is made of 635 nm red light-emitting optical fiber-based fabrics, 

sequentially delivering a low irradiance of 12.3 mW/cm2 for 1 min, followed by a 2 min dark interval, until 

a total light dose of 37 J/cm2 is reached (2.5 h). The study included 25 patients, who were either treated 

with FLEXI-PDT or PDT and re-evaluated for a second treatment 3 weeks later. Patients were assessed 

during their 3- and 6-month follow-up. FLEXI-PDT was shown to have a comparable clearance rate than 

PDT, however, FLEXI-PDT was shown to be significantly less painful, causing a marked preference for the 

Flexitheralight protocol.631 The authors suggested that the protocol could be used in diverse settings, all 

year round for large areas of treatment. The protocol would allow low PpIX expression and re-localization 

as well as tissue oxygen repletion. 

 

5.10. Adverse effects 

ALA-PDT is a well-established treatment, which has demonstrated efficacy, good safety profile and 

superior cosmetic outcome. However, its widespread adoption has been limited by the pain incurred upon 

light exposure, with one study reporting that up to 54% of patients undergoing ALA-PDT discontinued 

treatment.632 Patients experiencing severe pain tended to be dissatisfied with the overall effectiveness 

and convenience of the treatment.633 Generally, pain starts immediately upon light exposure, reaching a 

maximum within minutes of irradiation and subsiding at later stages of treatment.633 Morton proposed 

that pain intensity was highest when the rate of PpIX photobleaching was highest. However, PDT is not 

significantly more painful than 5-fluorouracilor cryotherapy treatment.634 

Moreover, patients undergoing PDT recorded a temporary, but significant dermatological impact, which 

affected their quality of life up to 4 weeks after treatment.633 The origin of ALA-PDT induced pain is 

complex and diverse, depending on a multitude of factors ranging from the condition per se, the 

treatment parameters and its effect in time. In addition, the subjective nature of pain severity has 

rendered its study difficult, confounding the notion of painful sensations to a painful experience. 

Consequently, pain induced by ALA-PDT is considered to be the interplay between many factors and 

adverse events, which for conceptual clarity could be grouped as intrinsic and extrinsic factors, and its 

effect in time, classified as early and late onset. Many pain-relieving measures have been investigated, 
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however, very few have been successful to moderate pain. However, the recent discoveries of the 

underlying pain pathways involved in PDT will lead to the development of more effective and practical 

pain relief therapies.       

 

5.10.1. Treatment-induced pain 

Intrinsic factors of ALA-PDT include the characteristics of the condition and population involved, such as 

the size, location, and type of lesions, as well as the gender, age and skin phototype of patients. Lesions 

covering larger areas were found to be more painful than smaller ones, with pain intensity positively 

correlating with lesion size.635,636 ALA-PDT procedure of the face was found to be more painful than the 

scalp, which were respectively more painful than extremities.614,635 It was then postulated by Wiegell et 

al. that the variability in pain intensity was due to regional differences in PpIX accumulation.614 Further 

speculations appended skin morphology and anatomical nerve density differences to the pain intensity 

difference.637 Gholam et al., also reported increasing mean visual analogue scale (VAS) score in respect to 

hands, occiput, forehead, cheeks, and lips, further confirming anatomical differences in ALA-PDT induced 

pain.638 Concerning lesion types, comparison among studies is difficult as treatment procedures vary. 

However, Grapengiesser et al. reported AK to be more painful than either Bowen’s disease (BD) and basal 

cell carcinoma (BCC).636 This was later confirmed by Virgili et al., who found treatment of AK to be most 

painful among NMSC.639 In relation to Fitzpatrick skin type, contradictory results have been reported. In 

theory, ascending Fitzpatrick skin-types present higher melanin levels, and on that account lower light 

penetration and ROS production. Sandberg et al. determined a tendency for skin types I to III to be prone 

to more PDT-related pain than skin type IV.640 However, this association was inconclusive in a study from 

Grapengiesser and colleagues.636 Similarly, gender-related differences in pain levels were investigated by 

several groups. Their reports relayed conflicting results, with two studies discerning a tendency for men 

to experience greater levels of pain than women, whereas no significant difference was found by another 

group.636,638,640 Similarly, no significant difference in pain intensity was found in different age groups.640         

On the other hand, the extrinsic factors of ALA-PDT include the interchangeable treatment parameters 

used during clinical procedures, notably the photosensitizer, their application period (see Section 5.9.2), 

light source (see Section 5.7), light dose and fluence rate. In a study led by Wiegell et al., ALA-PDT was 

significantly more painful than MAL-PDT in tape-stripped healthy volunteers.641 This result was later 

confirmed in the management of field cancerization of the scalp, with ALA-PDT being again significantly 

more painful than MAL-PDT.632 It has been suggested that ALA penetrates deeper layers of the skin and is 

actively transported into peripheral nerve endings.642,643 In contrast, MAL remains in the stratum corneum, 

diffusing slowly to the upper layers of the skin, suggesting minimal neural stimulation. 534,643,643 Another 

explanation relies on PpIX fluorescence differences between ALA and MAL treatment, where ALA resulted 

in higher PpIX fluorescence when compared to MAL.540 No correlation between the amount of PpIX 

photobleached and pain was found by Wiegell and colleagues.641 However, Mikolajewska et al. 

determined that in PDT, pain occurred when 50 to 60% of ALA induced PpIX was photobleached, as 

compared to 35 to 45% of MAL induced PpIX.561 In parallel, Radakovic-Fijan et al. demonstrated a light 

dose-dependent increase in pain in psoriatic patients.644 However, this association was not sustained past 

light doses above 70 J/cm2, in the treatment of AK.645 Similarly, the rate of light energy applied is also an 

important factor in the moderation of pain. Fluence rates below 50 mW/cm2 were not significantly 

different in pain scores, however, the mean pain score was observed to be significantly higher for fluence 
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rates > 50 mW/cm2.614,646 It has been suggested that clinical efficiency of PDT is maintained at lower 

fluence rates, to the detriment of longer treatment periods.647,648 Shorter treatment periods are achieved 

with higher fluence rates, risking hyperthermia of the skin as observed for fluence rates above 150 

mW/cm2.488 Wang et al. later suggested “the threshold theory of pain”, where pain positively correlates 

with fluence and irradiance, reaching maximum intensity for light doses above 50 J/cm2 and/or fluence 

rates above 60 mW/cm2.649 In clinical practice however, pain moderation is undertaken by shortly pausing 

light treatment, suggesting the potential benefits of fractionated doses.650 Furthermore, treatment-

induced pain can be modulated by the choice of light source and light spectrum applied, as these 

parameters directly affect singlet oxygen generation and hypoxia-mediated pH decrease. This acidity is 

believed to sensitize nerve fibers, which readily subsides upon termination of light treatment.561 In the 

context of light spectrum emission, green and red light were shown to have comparable efficiency in the 

management of facial AK.651 However, green light was shown to be less painful than red light.651 Pain 

scores were significantly lower with green light, whereas lesion response was significantly lower when 

compared to red light in the treatment of Bowen’s Disease.652 This difference in effect stems from the 

ability of red light to penetrate deeper layers of the skin. This was further confirmed from a study led by 

Mikolajewska et al., where equivalent doses of blue/violet light (405 nm) generated a delayed onset of 

pain and lower erythemal reactions when compared to red light (632 nm) in ALA-PDT of the skin of healthy 

volunteers.561 However, pain scores were not significantly different with either blue/violet or red light in 

MAL-PDT, potentially due to the cutaneous diffusion profile of MAL.534,561,643  

 

5.10.2. Adverse skin reactions 

According to a 5 year study led by Lehmann et al. in the management of predominantly NMSC and other 

skin conditions, the main skin reactions and their incidence included erythema and minor edema (89%), 

lamellar scaling (80%), skin crusts (9%), pustules (6%), extensive erosion and ulceration (1.2%), hyper- or 

hypopigmentation (1%), Staphylococcus aureus infection (0.3%), herpes simplex labialis (0.002%), as well 

as other rare miscellaneous symptoms such as dizziness, headache, nausea and tiredness, as a reaction to 

the overall procedure.653  

Erythema and oedema are the two main skin reactions observed during light exposure in ALA-PDT.487 

Erythema generally persists for 4 to 7 days, which in severe cases, has been reported to persist up to 1 to 

2 weeks after treatment.633 Erythema is the result of the vasodilation of the subpapillary plexus vessels 

and immune response, which starts decreasing within 2 h from light treatment. Skin usually flakes within 

24 to 48 h after treatment, commonly followed by moderate itching.653 Skin crusting appears when skin 

starts healing from prior erythema, scaling, erosions, or ulcers. Incrustations consist of a mix of dried 

sebum, blood or pus and cellular debris.653 Generally, PDT has been previously indicated for its 

antimicrobial activity, however, the possibility of a secondary infection should be taken into consideration 

during follow-ups. As such, herpes simplex reinfection has been reported in several studies.653 PDT has 

been reported to induce a strong inflammatory and antigen-specific response, and conversely, has also 

been reported to cause local and systemic immunosuppression.564,654  

The risk of pigmentary changes has also been reported. Hyperpigmentation usually occurs within 3 to 7 

days from treatment, however it resolves within months.633 It has also been observed that the risk of 

hyperpigmentation is significantly more frequent with ALA-PDT than MAL-PDT.655 In contrast, slight 
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hypopigmentation has been reported as part of cutaneous leishmaniasis treatment with MAL-PDT, 

potentially due to collateral phototoxic damage of melanocytes.656 The underlying efficiency of PDT 

resides in its cytotoxicity upon irradiation; however, it can also be genotoxic, and to date, it is still a matter 

of debate. The potential risk of mutagenicity has been observed in two studies, with cases revealing the 

appearance of melanoma lesions at the treatment site of prior AK, SCC, and Bowen’s disease lesions.633 

However, these reports have been insufficient in number to draw undeniable conclusions, as melanomas 

could have either coincidentally surfaced from field of cancerization or been incidentally omitted prior to 

treatment. Reports on the subject are also conflicting. Chung et al. have reported the antioxidant and 

chemo-preventive property of porphyrins in murine skin carcinogenesis model.657 However, Finlan et al. 

demonstrated that ALA-PDT treated human skin samples immunostained for 8-oxoG DNA damage.658 

However, the effect of ALA-PDT mediated DNA damage did not induce the classical p53 response, 

involving UV-specific cell cycle arrest, DNA repair machinery, and apoptosis.658 This study demonstrated 

the potential involvement of p53-independent pathways, notably the cyclin-dependent kinase inhibitor 

p21.658 Gilaberte et al. suggested that genomic imbalances involved in the MAPK/ERK signal pathway are 

involved in resistance to PDT treatment, the induction of which also correlates as a marker for aggressive 

and recurrent tumors.659 This finding highlighted the possibility for PDT to favor more aggressive 

tumors.659 Similar results were observed upon MAL-PDT treatment of HaCaT cells undergoing sublethal 

light doses, causing their proliferation.659 Finally, the notion of immunocompromised district (ICD) relays 

the idea that local immunosuppression caused by sublethal doses of PDT could promote NMSC 

proliferation.660 In clinical practice, it is advised that patients are followed-up over time, and biopsies 

performed when in doubt. Despite the relative low incidence of mutagenicity, vigilance is always required.     

 

5.10.3. Pain relief therapies in clinical practice 

Lehmann et al. determined that pain, varying from mild to severe, had been experienced by 92% of 

patients treated with PDT.653 Investigating ways to alleviate PDT induced pain has been the subject of 

extensive research. To date, a wide range of classical pain management therapies have undergone 

scrutiny with no or limited efficacy. These involved skin cooling, topical and oral analgesics, anti-

inflammatory and anesthetic agents, subcutaneous infiltration anesthesia (SIA), nerve blocks and 

transcutaneous electrical nerve stimulation (TENS).       

Cooling fans, water and isotonic saline sprays have been shown to significantly moderate the pain during 

treatment.650 PDT treatment causes skin hyperthermia, activating pain pathways via heat activated TRPV1 

receptors.661 Therefore, cooling is believed to offer pain relief through its activity on TRPV1 and TRPM8 

receptors.661 Spray or fan cooling have been used routinely in clinical practice, despite one study led by 

Von Felbert et al. reporting that MAL-PDT of grade I and II AK without spray cooling showed greater 

treatment efficacy than with cooling at 3- and 6-months follow-up.662 Cooling might also interfere with 

treatment efficiency.     

In a study led by Hambly et al., paracetamol, co-codamol and ibuprofen were part of premedications given 

30 min prior to PDT treatment.663 Surprisingly, patients taking medication were more likely to experience 

higher pain levels.663 However, the routine use of ibuprofen combined with cooling in PDT has been 

reported in clinical practice.638 Similarly, the combined use of paracetamol, codeine, and intra-oral 

injection of mepivacaine has been reported in the management of actinic cheilitis.661 
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Topical anesthesia, such as lidocaine, tetracaine or the eutectic mixture of lignocaine and prilocaine 

(EMLA) offered limited efficacy.661 Similarly, topical morphine gel was reported to be ineffective in 

providing pain relief during PDT treatment of BCC and AK, suggesting that opioid receptors are not 

involved in the PDT mediated pain pathway.661 Topical capsaicin formulation has been shown to be 

effective in chronic pain caused by neuropathy and muscular-skeletal disorders.664 Its application has been 

reported to desensitize nociceptors to substance P.665 However, 0.075% capsaicin application for a week 

prior to ALA-PDT treatment did not offer significant pain relief. Capsaicin is believed to be efficient in 

moderating inflammatory pain, but its usage would only be appropriate following treatment.   

Additionally, SIA was investigated in ALA-PDT treatment of facial AK.661 SIA consists of the injection of 

Ringer’s solution (mixture of ropivacaine, prilocaine and epinephrine) subcutaneously. Although invasive, 

SIA was shown to be effective in managing pain, with less pain reported when compared to oral analgesic 

alone.666 In this study, treatment efficiency was not reported to be affected by SIA injection.666 However, 

SIA has been known to cause vasoconstriction and limit tissue oxygenation, restricting treatment 

efficiency. Nerve blocks have been reported to be significantly effective in terms of pain relief during PDT 

treatment of multiple AK.661 TENS has been shown to moderate pain intensity in acute and chronic pain, 

and one study investigated TENS efficacy in the management of AK with MAL-PDT. TENS electrodes were 

placed on the nearest dermatome from the treatment site, pulsating at a high frequency during PDT 

treatment.661 TENS offered only limited pain relief.661                   

 

5.10.4. Underlying mechanisms of PDT-induced pain 

The therapeutic effect of PDT relies on the photo-oxidation of key biological components, causing cellular 

cytotoxicity as well as a local and systemic immune response. These photochemical reactions mediate 

ROS production and inflammatory factors that sensitize nociceptors.667 Many studies have highlighted the 

intricate relation between ROS and neuropathic and inflammatory pain, where ROS cause TRPV1 

activation and GABA inhibition.667,668 GABA has an inhibitory activity, and its depletion increases neuronal 

firing in the PNS, sensitizing nociceptors to further stimuli. Rud et al. have proposed that the difference in 

pain experienced during ALA- and MAL-PDT treatment can be partially explained by the specific GABA and 

BETA carrier-mediated ALA uptake, causing selective PpIX accumulation in the PNS.642 Furthermore, the 

release of inflammatory agents, such as TNF-α and IL-β, has been shown to stimulate neural prostaglandin 

production, and enhance capsaicin sensitivity.669 In this way, the photochemical reactions responsible for 

treatment efficacy are also to blame for the activation of pain pathways, as suggested by the “no pain, no 

gain” theory of PDT from Morton.670  

TRP channels, such as TRPA1, TRPV1 and TRPM8, are generally expressed on sensory neurons and 

keratinocytes, and are found to be involved in thermal, chemical, mechanical, and capsaicin-induced 

nociception.671,672 TRPA1 and TRPV1 function as polymodal receptor channels and are expressed in 

peripheral nerve endings. Both ROS and UV light exposure have been shown to promote covalent 

modification of cysteine and lysine residues present on TRPA1 and TRPV1 ion channels.672 This chemical 

alteration is believed to evoke pain in ALA-PDT. Trevisani et al. have demonstrated that an unsaturated 

aldehyde, 4-hydroxy-2-nonenal, a product of membrane peroxidation, can covalently modify cysteine and 

lysine residues on TRPA1 ion channels.673,674 Similarly, when H2O2 and FeSO4 were added intracellularly, 

TRPA1 channels were seen to be activated.673 Generally, the highly reactive OH• has been shown to alter 
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proteins on their cysteine, histidine, and lysine residues, causing cross-linkage, cleavage or formation of 

hydroxyl and carbonyl derivatives of the polypeptide residues.672 Moreover, when H2O2 and FeSO4 were 

added extracellularly, TRPA1 activity was diminished, suggesting that such modifications can only occur 

on the cytoplasmic domain of the TRPA1 channel to potentiate its activity.673    

According to a study by Babes et al., a series of TRPA1 and/or TRPV1 knock-out mice were investigated to 

determine activity via CGPR release, in the context of ALA-PDT. It was then suggested that TRPA1 and 

TRPV1 worked in synergy, where the genetic ablation of either channel decreased neural activity to levels 

comparable with the deletion of both channels.672 The synergic activity is believed to be facilitated by 

Tmem100, a modulator of the multimeric TRPA1/TRPV1 complex.672 The authors further suggested that 

other channels, such as TRPM2, could be involved in the PpIX-mediated neural sensitization.672   
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II. Aims 

 

Over the past decades, there have been many studies on ALA-PDT and its potential medical uses. First 

investigated by Kennedy et al., 5-aminolevulinic acid (ALA), a natural precursor of the endogenous 

photosensitizer “protoporphyrin IX” (PpIX), has been used in topical PDT of superficial pre-cancerous and 

cancerous non-melanoma skin lesions. The success of ALA-PDT is mainly linked to the interacting 

components of the photochemical process, notably light wavelength, total light dose, fluence rate, PpIX 

and oxygen concentration. Considerable efforts have been undertaken to improve the efficiency of 

treatment as well as alleviating the treatment-induced side effects, particularly ALA-PDT mediated pain 

that occurs upon irradiation. These approaches have mainly focused on ALA delivery, PpIX accumulation, 

illumination parameters, varying light sources and spectral outputs, as well as pharmacological 

management of the treatment site.  

To evaluate the impact of labile iron (LI) release in improving the efficiency and duration of ALA-PDT 

treatment, this study engaged to develop a novel treatment modality, “UVA-based light fractionation of 

ALA-PDT”. Although the term fractionated light delivery was coined more than four decades ago, 

landmark preclinical and clinical studies only defined the approach more recently, as a two-fold 

illumination regimen with a dark interval between irradiations. Many clinical studies have shown 

significant increase in efficacy of red-light fractionation of ALA-PDT over a single fraction exposure, and 

despite the large variation of measurement data in the literature and underlying mechanism remaining 

unclear, a consensus was drawn empirically for the treatment of superficial basal cell carcinoma620 and 

actinic keratosis625. Optimal treatment parameters included a smaller first split dose of 20 J/cm2, followed 

by a second 80 J/cm2 split dose, separated by a 2-hour dark interval. Current understandings of the 

underlying mechanisms of light fractionation efficacy have been hypothesized based on the investigation 

of these optimal treatment parameters. At present, it is believed to be partially due to the PpIX and blood 

flow replenishments during intermittent dark period as well as due to induction of an acute immune 

response. This study aimed to investigate the optimal parameters of light fractionation in ALA-PDT of 

superficial pre-cancerous and cancerous non-melanoma skin lesions using UVA as the light source and the 

immortalized HaCaT keratinocytes as a skin cancer cell model. We hypothesized that low doses of UVA 

may promote LI release in ALA pre-treated HaCaT keratinocytes, which then can exacerbate the 

peroxidative photo-damage and photo–killing following the second irradiation, since LI is the catalyst of 

biological oxidations. Referring to the role of damaging potential of LI, the photochemical process may 

therefore result in photokilling with much lower doses of UVA. The split dose treatment with UVA with a 

dark interval may decrease dramatically the duration of irradiation treatment and the related pain 

experienced by the patients. In addition, this modality can be adapted for both indoor and outdoor 

(daylight) PDT as illustrated in this thesis. 

Protoporphyrin IX has an absorption spectrum, with a distinct maximum (Soret band) at around 404 nm, 

in 1.5 M aqueous HCl. Excitation at this wavelength produces the highest red emission, with a maximum 

at 602.6 nm. UVA light is considered to comprise wavelengths in the range of about 320 nm to 400 nm 

and is known to be a strong oxidizing agent. In fact, UVA is known to interact with a range of intracellular 

chromophores, resulting in the generation of reactive oxygen species (ROS) in exposed cells. In addition, 

earlier studies from our laboratory have shown that UVA can promote intracellularly, the immediate 

release of LI, contributing to formation of potent ROS, notably hydroxyl radicals via the superoxide-driven 
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Fenton reaction, due to the redox cycling of the most stable oxidation states of iron (i.e., Fe+2/Fe+3). This 

UVA-induced LI release is due to the UVA-mediated lysosomal membrane damage, releasing lysosomal 

proteases into the cytosol and subsequently, degrading the iron storage protein, ferritin. This excess LI 

persists in the cytosol for at least 2 hours, until replenishment of iron stores.675 It has also been shown 

that LI release exacerbates the peroxidative damage of cellular compartments, leading to cell death.676 

Considering these prior findings, a novel protocol of treatment for ALA-PDT could exploit the UVA-

mediated LI release to improve its efficiency. This novel approach could use UVA as the light source, 

applied as two split doses, with the aim of generating highly potent ROS via LI catalyzed Fenton chemistry 

following a second UVA challenge, exacerbating the peroxidative damage already occurring in the photo-

damaged cells (see Figure 2.1). 

In this study, we investigated the most effective UVA-light fractionation ALA-PDT approach using HaCaT 

cell line, a widely accepted in vitro epidermal skin model. HaCaT cells are spontaneously immortalized 

keratinocytes via their p53 mutation, exhibiting comparable cellular differentiation to normal 

keratinocytes, but with much higher proliferation.374 The aims of this work were to first demonstrate that 

UVA light is an effective light source in the context of ALA-PDT treatment. The superior oxidizing nature 

of UVA light would improve treatment compliance, as irradiation periods would be considerably 

shortened within the epidermal layer. This investigation focused on the study of optimal UVA light doses 

of which minimal and maximal treatment efficiency could be observed and their short- and long-term 

biological effect assessed with MTT and CFA assays. Secondly, to determine the metabolic and physiologic 

effects of ALA and UVA-based cytosolic labile iron changes in ALA-treated cells. This was achieved by the 

evaluation of labile iron and cellular porphyrin level changes, mediated by spectrofluorimetric calcein 

chelation and porphyrin fluorescence changes. Thirdly, to demonstrate the efficiency of UVA-based light 

fractionation over conventional UVA-based ALA-PDT treatment. This investigation focused on the study 

of optimal light fractionation parameters, the molecular and cellular evaluation of UVA light fractionation 

ALA-PDT with the evaluation of spectrofluorimetric calcein chelation, calcein leakage and porphyrin 

fluorescence changes, as well as their short- and long-term biological effect assessed with MTT and CFA 

assays. Fourthly, to exploit UVA-based increase of cytosolic labile iron in the context of the novel UVA-

light fractionation ALA-PDT. This took place with the cLIP level modulation following iron loading (iron 

citrate and hemin) and chelation (SIH, DFP and DFO) during the dark interval of newly developed UVA 

light-fractionation ALA-PDT protocol, with the assessment of cLIP and porphyrin levels, as well as their 

short-term biological impact assessed with MTT assay. Moreover, to further utilize the oxidizing nature of 

UVA and light-fractionation treatment efficiency with sunlight as the light source, in the context of 

daylight fractionation ALA-PDT. The application of organic UVB filter octocrylene and UV filter Anthelios™ 

SPF 50+ sunscreens helped evaluate the efficiency of the UVA and visible components of sunlight, in the 

context of the novel light-fractionation ALA-PDT protocol. Treatment efficiencies were assessed with CFA 

assay. Lastly, to investigate the superior UVA-based PDT effectiveness of 16 iron chelating ALA pro-drugs 

composed of ALA and the iron chelators from the 3-hydroxy-4-pyridinone (HPO) family courtesy of Prof 

Tao Zhou when compared to ALA-treated and UVA-irradiated HaCaT cells alone.677 
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Figure 2.1. Representation of experimental hypothesis on the effect of UVA-induced iron release in ALA-

fPDT 
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III. Materials and Methods 

 

1. General 

All chemicals and reagents were purchased from Sigma-Aldrich (Merck), unless stated otherwise. Cell 

culture reagents, such as DMEM powder, fetal calf serum (FCS), 200 mM glutamine, 10000 µg/mL 

penicillin/streptomycin, and 2.5% trypsin were supplied by Gibco (Thermo Fischer Scientific). Thermo 

Scientific™ Nunc™ plasticware was used, except for T150 culture flasks provided by TPP (Helena 

Biosciences). Phosphate buffered saline (PBS) solutions were prepared using filtered MilliQ water 

(Millipore, Bedford, MA) and sterilized by autoclaving. All stock solutions were kept at - 4oC, except for 

FCS and CA-AM solution at - 21oC, Bradford reagent at 4oC and PBS at room temperature (RT).     

 

2. Cell culture 

The spontaneously immortalized human skin keratinocytes, HaCaT cells (see Section 3.3), were 

maintained in an incubator, at 37oC and a 5% CO2 environment, for optimal growth. The medium 

consisted of a DMEM solution at a pH of 7.4, supplemented with 10% heat-inactivated FCS, 2 mM 

glutamine, and 100 U/ml penicillin/streptomycin. HaCaT cells were cultured in T150 flasks and passaged 

by trypsinization twice a week with a solution of 0.25% trypsin and 1 mM EDTA (TE), when an 80-90% 

confluency was reached. 

Cell passage is required to conserve HaCaT cell line in their exponential growth. For each passage, the 

medium was aspirated and washed with 10 ml of PBS. The PBS was then aspirated, and 5 ml of a pre-

warmed TE solution was added for 5 min at 37oC. Once cells detached, 10 ml of 10% FCS-DMEM was 

added to the flask, neutralizing both trypsin and EDTA. The resulting cell suspension was centrifuged for 

5 min at 1000 rpm using a Jouan B3.11 centrifuge. After centrifugation, the supernatant was aspirated, 

and the cell pellet was resuspended in 5 ml of 10% FCS-DMEM. The suspension was then vortexed for 30 

s using a FisherbrandTM ZX3 Vortex Mixer, and a 50 µL aliquot sampled in an Eppendorf tube. This 50 µL 

aliquot was mixed with an equivalent volume of 0.4% w/v trypan blue solution, of which 20 µL was used 

for cell counting, using a hemocytometer (Marienfeld, Germany) and a microscope. A volume equating 

to 1.5 x 106 cells was then resuspended in 10 ml of 10% FCS-DMEM and placed in a T150 flask for 

culture. 

Generally, all irradiation experiments were undertaken using 100 mm Nunc™ dishes, whereas 

experiments involving the Batch A and B of iron chelating ALA prodrug (Compound A I-X, and B I-VI) 

were undertaken using Nunc™ 6-well plates. 100 mm Nunc™ dishes were plated with 6.5 x 105 cells in 10 

ml of 10% FCS-DMEM, whereas Nunc™ 6-well plates were plated with 1.5 x 105 cells in 2 ml of 10% FCS-

DMEM. Experiments were undertaken on day 3, upon cells reaching a 90-100% confluency.  
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3. Experimental procedure: 

3.1. Cell treatment 

5-Aminolevulinic acid (ALA) treatment: Stock solution of 100 mM of ALA (MWALA.HCl = 167.59 g/mol) 

were prepared and stored at - 4oC. On the 3rd day following seeding, a vial of 100 mM of ALA was 

defrosted and mixed with Serum-free DMEM (Sf-DMEM) to a final concentration of 1 mM ALA. Cell 

culture plates had their condition medium (CM) removed and were washed with 10 ml of PBS. PBS was 

then aspirated and a volume of 5 ml of 1 mM ALA added to each ALA-treated condition. Controls were 

instead treated with 5 ml of Sf-DMEM. All cell culture plates were then stored under aluminum foil, at 

37oC in an incubator for 30, 60, 120 or 240 min.  

Iron-chelating ALA prodrug (Compounds A I-X, and B I-VI) treatment: Solution of iron chelating ALA 

prodrugs provided by Professor Tao Zhou (School of Food Science and Biotechnology, Zhejiang 

Gongshang University, Hangzhou, Zhejiang, PR China) were freshly prepared to a final concentration of 

0.25 mM in 1% FCS-DMEM. Cell plates had their condition medium collected and 2 ml of PBS added to 

each well. The PBS was then aspirated, and 1 ml of 0.25 mM in 1% FCS-DMEM added. Controls were 

instead treated with 1 ml of 1% FCS-DMEM added. All cell culture plates were then stored, at 37oC in an 

incubator for 4 h. 

Hemin treatment: Stock solutions of 20 mM of hemin in DMSO were prepared and stored at - 4oC. On 

the 2nd day after seeding, cell culture plates had their condition media removed and were washed with 

10 ml of PBS. A vial of 20 mM of hemin was then defrosted and mixed with CM to a final concentration 

of 10 µM hemin. Cells were treated with 5 ml of 10 µM hemin in conditioned medium. Controls were 

instead treated with 5 ml of CM. All cell culture plates were stored at 37oC in an incubator for 18 h. 

Iron citrate treatment: Iron citrate solution was freshly prepared on days of treatment. Iron chloride 

powder (MWFeCl₃∙6H2O = 270.3 g/mol) was dissolved in MilliQ water to a concentration of 100 mM of iron 

chloride. Tri-sodium citrate powder was dissolved, in equimolar proportion, with 100 mM of iron 

chloride solution. The resulting iron citrate solution was then further diluted with PBS to a 10 mM iron 

citrate solution. On the 2nd day after seeding, cell culture plates had their condition media removed and 

were washed with 10 ml of PBS. PBS was then aspirated, and cells were treated with 5 ml of 100 µM iron 

citrate in conditioned medium. Controls were instead treated with 5 ml of CM. All cell culture plates 

were then stored at 37oC in an incubator for 18 h. 

Deferoxamine (DFO) treatment: DFO powder (MWDFO = 656.79 g/mol) was mixed with MilliQ water to a 

final concentration of 100 mM DFO in H2O. DFO stock solution was aliquoted and stored at - 4oC. On the 

days of irradiations, cell culture plates were treated with DFO, during the 60- or 120 min dark interval. A 

1 mM solution of DFO was made with Sf-DMEM. Just after cells were irradiated with UVA light, the PBS 

was aspirated and 5 ml of 1 mM DFO was added to the cells. Controls were instead treated with 5 ml of 

Sf-DMEM. All cell culture plates were then stored, at 37oC in an incubator for 60- or 120 min.   

Salicylaldehyde isonicotinoyl hydrazone (SIH) treatment: SIH powder (MWSIH = 241.24 g/mol) was 

synthesized in Dr Ian Eggleston’s laboratory. SIH powder was mixed with DMSO to a final 

concentration of 100 mM SIH in DMSO. SIH stock solution was aliquoted and stored at - 4oC. On days of 

irradiations, cell culture plates were either treated with SIH during ALA treatment or the 60 min dark 

interval. For ALA and SIH treatment, a final concentration of 100 µM SIH in 1 mM ALA in Sf-DMEM was 
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freshly made prior each experiment, and 5 ml added to relevant cell culture plates, which was then 

stored under aluminum foil, at 37oC in an incubator for 120 min. Controls were instead treated with 

either 5 ml of Sf-DMEM, 1 mM of ALA in Sf-DMEM, or 100 µM SIH in Sf-DMEM. For SIH treatment during 

dark interval, a final concentration of 100 µM SIH in Sf-DMEM was freshly made prior each experiment, 

and 5 ml added to relevant cell culture plates and stored under aluminum foil, at 37oC in an incubator 

for 60 min. Controls were instead treated with 5 ml of Sf-DMEM. 

Deferiprone (DFP) treatment: DFP powder (MWDFP = 139.15 g/mol) was mixed with DMSO to a final 

concentration of 50 mM DFP in DMSO. DFP stock solution was aliquoted and stored at - 4oC. On the days 

of irradiations, cell culture plates were treated with DFP, during the 60 min dark interval. A 100 µM 

solution of DFP was made with Sf-DMEM. Just after cells were irradiated with UVA light, the PBS was 

aspirated and 5 ml of 100 µM DFP was added to the cells. Controls were instead treated with 5 ml of Sf-

DMEM. All cell culture plates were then stored, at 37oC in an incubator for 60 min. 

 

3.2. Irradiation protocol 

3.2.1. UVA and daylight irradiation 

The UVA lamp used in the irradiation procedure was a broad spectrum 4 kW lamp (Sellas, Germany) (see 

Figure 3.1), emitting in the range 340-400 nm at an averaged fluence rate of 150 W/cm2 (see Figure 3.2). 

Fluence rates were measured using the photo detector current, IL1700 photometer (International light, 

Newbury, MA), before each irradiation experiment. Irradiation times were then calculated accordingly. 

Similarly, the IL1700 photometer was used to calculate solar UVA exposure times. Daylight PDT 

experiments were undertaken at the university of Bath, 51o N latitude, during the early hours of the 

afternoon on the 27th of February 2020, and 1st and 2nd of March 2020 (see Figure 3.3). Temperature was 

controlled with the help of a chamber, half-filled with pre-warmed PBS and within which the cell culture 

plates were placed. Temperature was measured before and after the experiment and remained on 

average above 20oC throughout experiments. Temperatures were evaluated over the irradiation period 

of 2.5 kJ/m2, representing the longest period for which cell culture plates would experience outdoor 

temperatures. Temperature decreased from 35oC to 22oC over 61 s on the 27/02/20, from 35oC to 20oC 

over 76 s on the 01/03/20 and from 32oC to 20oC over 76 s on the 02/03/20. In this way, temperature 

drops for irradiation periods of 1 kJ/m2 would be assumed to be less than 2.5 kJ/m2 dose, as outdoor 

temperature remained constant throughout experiments (see Figure 3.3). A 100 mm dish filled with 

either absolute ethanol alone, 1.92 mg octocrylene or 19.2 mg Anthelios™ dissolved in absolute ethanol, 

was placed above the cell culture dish, to mimic the application of sunscreen on the skin in proportions 

recommended for UV protection (see Figure 3.5). Moreover, the edges of the cell culture dish were 

covered with aluminum foil to avoid reflected, indirect light exposure. Once the irradiation was 

completed the whole apparatus was covered with aluminum foil.      

 

Absorbance spectrum determination: based on the surface area of the cell sample (9.6 cm2), represented 

in this instance by a 100 mm Nunc™ dish, and the amount of recommended sunscreen of 2 mg/cm2, 

1.92 mg of octocrylene (FDA approved maximum concentration) and 19.2 mg of Anthelios™ were 

dissolved per reservoir in 5 ml of absolute ethanol.675 100 µL of each solution was pipetted into a black 
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96-well plate (Greiner 96 F-BOTTOM), and their absorbance spectrum determined over a wavelength 

range of 280.0-800.0 nm using a CLARIOstar plate reader (BMG LABTECH). 100 µL of absolute ethanol 

was set as the blank. 

 

 

Figure 3.1. 4kW Sellas UVA lamp irradiation setting. Cell culture plates are positioned 38 cm away from 

the light source. 

 

 

 

Figure 3.2. Spectral output of 4kW Sellas UVA lamp. 
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Figure 3.3. Bath MET office web page on days of daylight PDT experiments 

 

 

 

 

Figure 3.4. Weather conditions during days of daylight PDT treatment 
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Figure 3.5. Daylight PDT treatment apparatus. In this demonstration the inner cell culture dish was 

stripped of its aluminum covering to provide visual clarity of the different inner compartments.     

 

 

3.3. Irradiation procedure 

Irradiation of cells was carried out in a temperature-controlled environment, so that the surface area 

below UVA lamp would not go above 25oC throughout the irradiation procedure. Following ALA 

treatment, all cell manipulations were undertaken in the dark. The medium of each cell culture plate 

was aspirated and washed with 10 ml of PBS. The PBS was then aspirated, and another 5 ml of PBS was 

added to cell culture plates. All cell culture plates were covered with aluminum foil and kept in the dark 

until irradiation. Cells were positioned under the UVA lamp for the irradiation periods, previously 

calculated with the IL1700 photometer.    

Conventional PDT: The irradiation consisted of 1, 2.5, 5, 10, 20 or 50 kJ/m2 UVA light doses, which are 

equivalent to sunlight exposure at sea level, on a sunny summer day in Paris, 48o N latitude, of about 19 

s to 15 min.679 Once cells were irradiated, the PBS was aspirated and, either calcein assay, cellular 

porphyrin fluorescence measurement or clonogenic assay was conducted, or 5 ml of CM was added back 

to the culture cell plates for 24 h, before conducting an MTT assay.      

Light-fractionation PDT: The irradiation consisted of 1 and 2.5 kJ/m2 UVA light doses, which are 

equivalent to sunlight exposure at sea levels, on a sunny summer day in Paris, 48o N latitude, of about 19 

s to 46 s.686 Once cells were irradiated, the PBS was aspirated and 5 ml of either Sf-DMEM, 1 mM DFO, 

100 µM SIH or 100 µM DFP was added, for the dark interval duration of 60- or 120 min. The content of 

each cell culture plates was then aspirated and washed with 10 ml of PBS. The PBS was then aspirated, 

and 5 ml of PBS was further added to the relevant cell culture plates for a second irradiation. Once cells 

were irradiated, the PBS was aspirated and, either calcein assay, cellular porphyrin fluorescence 

measurement or clonogenic assay was conducted, or 5 ml of CM was added back to the culture cell 

plates for 24 h, before conducting an MTT assay. 

Daylight PDT: The irradiation consisted of 1 and 2.5 kJ/m2 UVA light doses, which were experimentally 

determined, at a 51oN latitude, to be on average 29 s and 1 min 13 s. Once cells were irradiated, the PBS 
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was aspirated and 5 ml of Sf-DMEM was added, for the dark interval duration of 60 min. The content of 

each cell culture plate was then aspirated and washed with 10 ml of PBS. The PBS was then aspirated, 

and 5 ml of PBS was further added to the relevant cell culture plates for a second irradiation. Once cells 

were irradiated, the PBS was aspirated and clonogenic assay was conducted. 

 

4. MTT assay  

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) powder (MWMTT = 414.32 g/mol) was dissolved in 

PBS to a final concentration of 5 mg/ml. The stock solution was then filter-sterilized with a 0.22 μm 

filter, aliquoted, and stored at - 4oC. On days of MTT assay, solutions of 5 mg/ml of MTT were defrosted 

and mixed with Sf-DMEM to a final concentration of 0.5 mg/ml MTT. All cell dishes were handled in the 

dark throughout the whole assay. The CM was aspirated, and cell dishes were washed with 10 ml of PBS. 

The PBS was then aspirated, and a 5 ml volume of 0.5 mg/ml MTT in Sf-DMEM was added to all cell 

dishes. The cell dishes were covered under aluminum foil and stored in an incubator at 37 oC for 3 h. 

Cellular dehydrogenases convert the yellow water soluble MTT into insoluble blue formazan. In theory, 

cellular dehydrogenases reflect cellular viability, and the amount of formazan produced should be 

proportional to the biological function of viable cells. MTT assay has been widely used as a mean to 

evaluate phototoxicity. 680 As HaCaT cells detach upon apoptosis, their biological function would be lost 

when washed with PBS. In this way, the MTT solutions were then aspirated and 5 ml of DMSO was 

added to each cell dish. All cell dishes were then placed on a 3D rocking platform (Stuart Scientific, UK) 

for 5 min. Each condition underwent a 1 in 5 dilution with DMSO, and 100 µL of each condition was 

pipetted in triplicate into a 96-well plate. DMSO was set as blank, and the absorbance of each well was 

measured at 550 nm, using a UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, 

Germany) and MARS data analysis software for graphical representation. The mean absorbance values 

were compared to untreated and unirradiated controls, which were set as 100% enzymatic activity.  

 

5. Clonogenic assay  

The clonogenic assay is “the method of choice” to assess the proliferation or colony forming ability of 

tumor cells, following ionizing radiation treatment.681 A colony is represented by a group of 50 cells or 

more, sharing a common parent.681 It is important to find appropriate dilution factors, from which 

colonies can be determined and differentiated. It was found experimentally that cells treated with ALA 

and irradiated either with two light fractions or a light dose above 2.5 kJ/m2 had to be seeded at 

densities of 3500, 18750 and 93750 cells, as duplicates in a 6-well plate. All other conditions were 

seeded at densities of 750, 3500 and 18750 cells, as duplicates in a 6-well plate. Each 6-well plate was 

reproduced in triplicate. 

Following irradiation, the PBS was aspirated, and 5 ml of a pre-warmed TE solution was added for 5 min 

at 37oC. Once cells detached, 10 ml of 10% FCS-DMEM was added to each 100 mm Nunc™ dishes, 

neutralizing both trypsin and EDTA. The resulting cell suspensions were centrifuged for 5 min at 1000 

rpm using a Jouan B3.11 centrifuge. After centrifugation, the supernatants were aspirated, and the cell 

pellets were resuspended in 5 ml of 10% FCS-DMEM. Following cell counting procedure, cells were 

seeded in each well to their relevant densities, making up a volume of 2 ml of 10% FCS-DMEM per well. 
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Cells were covered with aluminum foil and stored at 37oC for 3 days. The condition medium was then 

aspirated, and 2 ml of PBS was added to each well. The PBS was then aspirated and 2 ml of fresh 10% 

FCS-DMEM added to each well. This process took place every 3 days, for a cumulative period of 12 days. 

On the 12th day, the medium was aspirated, and 2 ml of PBS was added to each well. The PBS was then 

aspirated, and 2 ml of crystal violet solution was added to each well for 15 min. Crystal violet solution 

consists of 0.2% w/v crystal violet dissolved in 20% v/v methanol and 2% w/v paraformaldehyde. Crystal 

violet stains the nuclei of adherent cells, from which colonies were counted under a light microscope. 

Crystal violet solutions were then collected, and the wells washed with water. The counts of each 

condition were expressed as a percentage of clonogenic ability, relative to untreated and unirradiated 

control.       

 

6. Porphyrin fluorescence by spectrofluorimetry 

Porphyrins have a tetrapyrrole macrocycle chemical structure, which confers them with photophysical 

properties when appropriately excited. Porphyrins are natural photosensitizers, of which many are 

involved in the heme biosynthetic pathway, notably uroporphyrin, coproporphyrin, and protoporphyrin 

IX.682 However, cellular porphyrin fluorescence is predominantly due to PpIX fluorescence.683 

Spectrofluorometric recording of ALA treatment would, therefore, result in an emission spectrum that 

predominantly represent PpIX fluorescence, as well as other potential porphyrins present in the heme 

biosynthetic pathway. In this way, the wavelength at which maximum emission is observed for ALA-

treated HaCaT cells, helps compare porphyrin fluorescence intensity and retrospectively, porphyrin 

concentration between conditions. Peak of emission spectra of ALA-treated cells was measured at 632.6 

nm, and this wavelength was used for comparison for all conditions. All measurements were then 

normalized by their total cellular protein concentration, using Bradford assay. Measurements were 

presented as the ratio Mean Cellular Fluorescence at emission wavelength of 632.6 nm per µg relative 

to control, or “Fold difference in cellular fluorescence relative to controls”.          

 

Preparation of fixing solution: The fixing solution was composed of 10 mM HEPES-KOH at pH = 7.4, with 

150 mM NaCl and 2 mM EDTA in MilliQ water. The stock solution was aliquoted and stored at 2-8oC. 

On days of cellular porphyrin measurement, cell samples had their medium aspirated and their content 

was washed with 10 ml of PBS. The PBS was then aspirated, and 5 ml of a pre-warmed TE solution was 

added for 5 min at 37oC. Upon detachment, cells were collected in tubes and centrifuged for 5 min at 

1000 rpm using a Jouan B3.11 centrifuge. The supernatant was then aspirated, and 2 ml of fixing 

solution was added to each tube. The tubes were then vortexed for 30 s using a FisherbrandTM ZX3 

Vortex Mixer, of which 1 ml was collected in Eppendorf tubes for porphyrin fluorescence measurement. 

The cell samples were sequentially transferred to a quartz cuvette for emission wavelength scan over 

the range of 500-700 nm, with a spectrofluorometer (F-4500, Hitachi High-Technologies) at 404 nm 

excitation, using FL solutions 2.0 software for graphical visualization. A blank measurement consisting of 

1 ml of fixing solution was subtracted from the measurements at each wavelength points, so the scans 

reflect the fluorescence of cellular porphyrins only. Peak of emission spectra was measured at 632.6 nm. 

This wavelength was then used to compare the intensity of cellular porphyrin fluorescence in all cell 



85 
 

cultures, as it represents the wavelength at which maximum emission of cellular porphyrin fluorescence 

is observed (see Figure 3.6). The results of the measurement were normalized by the total cellular 

concentration of proteins using the Bradford assay, as “Mean Cellular Fluorescence at emission 

wavelength of 632.6 nm per µg”. All measurements were then graphically represented as the ratio of 

“Mean Cellular Fluorescence at emission wavelength of 632.6 nm per µg relative to control”. 

 

Figure 3.6. Emission spectrum of porphyrin fluorescence upon excitation at 404 nm of 1 mM ALA-

treated HaCaT cells for 120 min in fixing solution.  

 

 

 

7. LIP determination 

This protocol was derived from the method used by Breuer et al. to determine cytoplasmic LIP.684 The 

principle of this assay resides on the permeability of calcein-acetoxymethyl ester (CA-AM) to readily 

cross cellular membranes. The non-fluorescent and lipophilic CA-AM is then trapped in the cytoplasm by 

the action of unspecific cellular esterases, producing the fluorochromic calcein capable of chelating 

cytosolic LI.428 SIH is a strong iron chelator that readily crosses cellular membranes, displacing the 

cytosolic LI previously chelated by calcein, restoring its fluorescence.685 The result of this fluorescence 

shift was compared to the calibration curve and the concentration of cytosolic labile iron determined 

accordingly.686 Darbari et al. stipulated that the fluorescence shift, reflected the cytosolic LI due to the 

1:1 stoichiometry of Fe2+ to CA, and that at equilibrium, the change in concentration of free-CA and CA-

Fe2+ occurred in relation to the dissociation constant, Kd. Consequently, the fractional increase in 

fluorescence upon iron chelator addition would correlate with the LI concentration.686 
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Preparation of Calcein-AM: CA-AM (MWCA-AM = 994.86 g/mol) were prepared and diluted in DMSO, to a 

final concentration of 0.25 mM CA-AM. The stock solution was aliquoted and stored at - 21oC. The entire 

preparation was conducted in the dark. 

Preparation of loading buffer: The loading buffer (LB) was composed of 20 mM HEPES-KOH at pH = 7.4 in 

red phenol free Sf-DMEM. The loading buffer was freshly made prior to each experiment. On days of 

calcein assay, a solution of 0.05 µM of CA-AM in LB was freshly made in the dark before each 

experiment. 

Preparation of calibration curve: 1 ml of 1 µM calcein in fixing solution was transferred to a quartz 

cuvette, to which 10 µL of a 100 µM of deoxygenized ferrous ammonium sulfate (FAS) solution was 

added incrementally to about a final concentration of 16 µM of FAS. Prior to the experiment, FAS 

solution was deoxygenated by bubbling and purging the test tube with nitrogen gas. Upon FAS solution 

addition, the content of the quartz cuvette was mixed thoroughly using a P1000 pipette, and recording 

took place over 60-100 s period (see Figure 3.7). The resulting shifts in fluorescence were measured 

using a spectrofluorometer (F-4500, Hitachi High-Technologies), and the fractional change in 

fluorescence calculated as, ΔF = (F2-F1)/F2 (see Figure 3.7). These ΔF were then plotted against their 

relative FAS concentration and the linear trendline, i.e., y = 0.0125 x, was used to calculate the total 

concentration of cytosolic labile iron in all cell samples (see Figure 3.7). This procedure was entirely 

conducted in the dark. The experimental parameters set on the spectrofluorometer consisted of 

fluorescence time scan measurements at an excitation wavelength of 480 nm via a 2.5 nm slit, and an 

emission wavelength of 517 nm via a 5 nm slit, for which the detection was amplified by a 

photomultiplier tube (PMT) set at a voltage of 400 V. 

LIP determination: This procedure was entirely conducted in the dark. Calcein experiments were 

conducted on cells grown in red phenol free-10% FCS-DMEM, and when required, red-phenol free Sf-

DMEM was used. On days of calcein assay, the content of all samples was aspirated, and 10 ml of PBS 

added. The PBS was then further aspirated and a 5 ml solution of 0.05 µM CA-AM in LB added to each 

sample for 15 min at 37oC.  The content of all cell dishes was then aspirated, and 10 ml of PBS added. 

The PBS was then aspirated, and 5 ml of a pre-warmed TE solution added for 5 min at 37oC. Upon 

detachment, cell samples were collected to relevant Falcon tubes and further diluted with 5 ml of PBS. 

The tubes were then centrifuged at a 1000 rpm for 5 min, using a Jouan B3.11 centrifuge. The 

supernatants were aspirated, and the cell pellet resuspended in 2 ml of fixing solution. The tubes were 

then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer, and 1 ml of each suspension transferred 

sequentially to a quartz cuvette for a fluorescence time scan, using a spectrofluorometer (F-4500, 

Hitachi High-Technologies). As measurement proceeded, recording was stopped repetitively, and the 

suspension mixed thoroughly with a P1000 pipette until the reading stabilized. At this point, the 

averaged fluorescence measured over a 60-120 s period, or more was recorded as F1. 10 µL of a 4 mM 

SIH in DMSO was added to the cuvette, and the suspension mixed thoroughly with a P1000 pipette. The 

recording was stopped repeatedly for mixing until the reading stabilized. The averaged fluorescence 

measured over a 60-120 s period, or more was recorded as F2. From these recordings, the fractional 

fluorescence increase ΔF was calculated as ΔF = (F2-F1)/F2. From these ΔF values, the cytosolic 

concentration of LI was determined as [LIP] = ΔF / 0.0125. The experimental parameters set on the 

spectrofluorometer consisted of fluorescence time scan measurements at an excitation wavelength of 

480 nm through a 2.5 nm slit, and an emission wavelength of 517 nm through a 5 nm slit, for which the 

detection was amplified by a PMT set at 400 V.        
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Figure 3.7. Fractional change in fluorescence of free calcein in relation to varying concentration of FAS.  

 

Calcein leakage determination: also referred to as calcein release assay, has been used in various studies 

ranging from vesicle disruption to membrane permeabilization.687 The rational of this assay is simple and 

effective. Calcein-acetoxymethyl ester (CA-AM) readily enters cells, and upon the activity of unspecific 

cellular esterases, calcein is released within the cell. At this stage, calcein is trapped within the 

cytoplasm and is allowed to fluoresce. It is therefore, only when cell membrane integrity is affected that 

calcein is released out of the cell. Calcein leakage could, therefore, give an indication of the potential 

peroxidation caused by the irradiation of ALA-treated cells. For each experimental conditions, cell 

samples had their calcein fluorescence measured, referred to as “SN1”. For each experimental 

conditions, cell samples were then centrifuged for 5 min at 1000 rpm using a Jouan B3.11 centrifuge, 

and the supernatant, also referred to as “SN2”, was then collected for calcein fluorescence 

measurement. The ratio of calcein fluorescence between SN2 and SN1 would give a measure of the 

amount of calcein leakage due to centrifugation. When comparing the ratio of calcein fluorescence 

between SN2 and SN1 to control sample, an indication of the proportion of calcein leakage caused by 
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the experimental condition, and retrospectively, of the cell membrane integrity following the 

experimental condition would be inferred.          

On days of cLIP determination, cell samples were collected in 2 ml of fixing solution, of which 1 ml was 

used for cLIP determination (SN1) and the remaining 1 ml recentrifuged for 5 min at 1000 rpm using a 

Jouan B3.11 centrifuge.  Once centrifuged, the supernatant was collected in tubes (SN2) and cell pellets 

re-suspended in LB. The supernatants were then transferred sequentially to a quartz cuvette for a 

fluorescence time scan, using a spectrofluorometer (F-4500, Hitachi High-Technologies). The 

experimental parameters set on the spectrofluorometer consisted of fluorescence time scan 

measurements at an excitation wavelength of 480 nm through a 2.5 nm slit, and an emission 

wavelength of 517 nm through a 5 nm slit, for which the detection was amplified by a PMT set at 400 V. 

Ratios of calcein fluorescence between SN1 and SN2 were determined as a measure of membrane 

permeability.  

 

8. Cellular protein concentration determination 

The Bradford assay is a colorimetric assay, used to quantify protein concentration in a solution. The 

assay relies on the absorbance shift of the dye Coomassie blue G250, when interacting with carboxyl 

and amino groups present in proteins.688 The absorbance shift represents the chemical shift between 

the unbound cationic to the bound anionic form of the dye. This binding causes an absorption spectrum 

maximum shift from 470 to 595 nm. The intensity of this absorbance shift, is therefore, directly 

proportional to the amount of protein bound. Protein concentrations are then determined in association 

with a calibration curve of known concentration of bovine serum albumin (BSA) (see Figure 3.8 A). 

Historically, BSA was used as the “protein concentration standard” in various studies, as relatively 

inexpensive and readily available in its pure form.  

The Bradford assay first consists of cell samples being mixed with a solution of Roche® Protease inhibitor 

cocktail, lysis buffer and phenylmethanesulfonyl fluoride (PMSF) before undergoing a Freeze-Thaw 

cycle. This process helps extract the protein content of cell samples, while preventing proteolytic 

activity. The resulting cell lysates were then mixed with MilliQ H2O and Biorad Protein reagent (dye). The 

solutions were mixed thoroughly, and their absorbance measured at 595 nm using a UV/Vis microplate 

reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for 

graphical representation. The measured absorbances were then matched to their corresponding protein 

concentrations, by means of the BSA calibration curve. Similarly, the calibration curve was prepared 

following serial dilutions of known concentration of BSA solutions. BSA was dissolved in MilliQ H2O and 

various concentrations of BSA solution were then prepared from 0 to 1.8 µg/ml (see Figure 3.8 A). These 

BSA solutions were then mixed with Biorad Protein reagent, and their absorbance measured at 595 nm 

using a UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data 

analysis software for graphical representation. The recorded absorbances were then plotted against 

their known protein concentration, resulting in the linear standard curve equation, correlating measured 

absorbance to its given protein concentration in µg/ml (see Figure 3.8 B).     

 



89 
 

Preparation of cellular protein extract: On days of PpIX extraction experiments, 2.5 ml of TE suspension 

was collected for each sample. Similarly, on days of cellular porphyrin measurements, 1 ml of cells in 

fixing solution was collected. Likewise, on days of calcein assay, 1 ml of cell suspended in fixing solution 

was collected. These volumes equated to similar cell counts in comparison to cell samples, as mixing 

always preceded collection. The content of the tubes was then centrifuged at 1000 rpm for 5 min, using 

a Jouan B3.11 centrifuge. The supernatant was then aspirated and a pre-warmed solution of 90% FCS 

and 10% DMSO (freezing solution) was added to each tube. The tubes were vortexed for 30 s using a 

FisherbrandTM ZX3 Vortex Mixer, and their content was transferred to vials and stored at - 80°C. 

Preparation of mixture of lysis buffer: A solution of 1 M of potassium phosphate (K₂HPO₄, MWK₂HPO₄= 

228.22 g/mol) was prepared, of which 5 ml was diluted with 45 ml of MilliQ H2O. Similarly, a solution of 

1 M of potassium dihydrogen phosphate (KH2PO₄, MWKH2PO₄= 136.09 g/mol) was prepared, of which 5 ml 

was diluted with 45 ml of MilliQ H2O. Using a pH meter, 0.1 M KH₂PO₄ solution was slowly added to the 

0.1 M K₂HPO₄ solution until pH = 7.4. The lysis buffer was aliquoted and stored at 2-8°C. 

Preparation of Roche® Protease cocktail inhibitor: One tablet was mixed with 280 µL of pre-warmed PBS. 

This solution was freshly prepared before each experiment. 

Preparation of phenylmethanesulfonyl fluoride: Serine protease inhibitor, phenylmethanesulfonyl 

fluoride (PMSF, MWPMSF = 174.19 g/mol) was prepared by dissolving PMSF powder in ≥ 99.7% isopropyl 

alcohol to a final concentration of 100 mM PMSF. This solution was freshly prepared before each 

experiment. 

Preparation of standard curve calibration using bovine serum albumin: The Bradford assay relies on the 

ability of the anionic form of the dye Coomassie blue G250 to bind to basic and aromatic residues of 

proteins, with a maximum absorption at 595 nm.689,690 800 µL of varying concentrations of a bovine 

serum albumin (BSA) were prepared via serial dilution of 1 mg/ml of BSA in MilliQ H2O, resulting in 800 

µL of varying concentrations of BSA solutions (0 to 1.8 µg/ml) were then prepared (see Figure 3.8 A). For 

this, BSA was first dissolved in MilliQ H2O to a final concentration of 1 mg/ml. Similarly, 100 µL of 1 

mg/ml BSA was mixed with 900 µL of MilliQ H2O to form a 0.1 mg/ml BSA solution. From these two 

solutions, various concentration of BSA solutions were prepared (see Figure 3.8 A). 800 µL of 0 to 1.8 

µg/ml BSA solutions were then mixed with 200 µL of the Biorad Protein reagent. The tubes were then 

vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer, and 100 µL pipetted into a 96-well plate. 

Similarly, 200 µL of Biorad Protein reagent was added to 800 µL MilliQ H2O and a 100 µL pipetted into a 

96-well plate, set as blank. Absorbances were then measured at 595 nm using a UV/Vis microplate 

reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for 

graphical representation. The mean absorbance values were then plotted against their relative BSA 

concentration, and the linear trendline equation, i.e., y = 0.042x + 0.0977, was used to calculate the 

protein concentration of the different samples (see Figure 3.8 B). 

Protein concentration determination: On days of the Bradford assay, a rack of dry ice in ethanol was 

prepared. Before each experiment, solutions of 240 µL Roche® Protease inhibitor cocktail, 5.7 ml lysis 

buffer and 60 µL 100 mM PMSF were freshly mixed. Frozen vials were placed in the water bath until 

thawed. The vials were then centrifuged at a 1500 rpm for 5 min using a Jouan B3.11 centrifuge. The 

supernatants were then aspirated and 375 µL of the solution of protease inhibitor, lysis buffer and PMSF 

was added to each vial. The vials were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer. 

The vials were then placed on ice for 3 min until frozen, and then transferred to the water bath for 3 min 
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until thawed. This freeze-Thaw cycle was repeated twice more. The vials were then centrifuged at 13 

000 rpm for 30 min at 4°C. 25 µL of supernatant cell lysate was then added to 775 µL of MilliQ H2O, 

followed by 200 µL Biorad protein reagent. The tubes were then vortexed for 30 s using a FisherbrandTM 

ZX3 Vortex Mixer, and 100 µL pipetted into a 96-well plate, and their absorbances were measured at 

595 nm using a UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS 

data analysis software for graphical representation. 20 µL of Biorad Protein reagent was added to 80 µL 

MilliQ H2O and set as blank. From these measurements, the total protein concentration was calculated 

using the linear trendline equation of the BSA calibration as [Protein] = (Abs - 0.0977)/0.042, where 

[Protein] is the total protein concentration in the sample and Abs is the absorbance measured. The 

calculated total protein concentration was used to normalize all cellular porphyrin fluorescence and 

calcein assay measurements, as either mean cellular porphyrin fluorescence per µg of protein or mean 

baseline calcein fluorescence before and after SIH dequenching per µg of protein. 

 

Figure 3.8. Varying concentration of bovine serum albumin (A), and their absorption when mixed with 

200 µL Biorad protein reagent upon excitation at 590 nm. 

 

9. Statistical Analysis  

Results were expressed as the average of at least three independent experiments ± standard deviation 

(SD). All experimental data consisted either in determining intergroup comparison, such as upon ALA, 

iron chelation and/or iron-loading treatment, or intergroup changes, such as pre- and post-irradiation. 

This held true for all cellular porphyrin fluorescence assay, calcein fluorescence or calcein leakage assay, 

as well as MTT and colony forming ability assays. Unpaired two-tailed t-tests were therefore performed, 

to determine the statistical significance between experimental groups, with a level of statistical 

significance set at 0.05. The unpaired t-tests were conducted, assuming unequal variances. All results 

were normalized for comparison, either as a ratio or as a percentage of the untreated and unirradiated 

control. In this way, if the degree of probability would be lower than 0.05, the null hypothesis stating 

that there would be no significant difference between the means of the two groups, would be highly 

unlikely and not caused by sampling error. All statistical evaluation and figures were undertaken using 

Microsoft Office Excel software 2016.   
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10. Schematic representation and protocols of HaCaT cell culture, treatment, and 

analysis  

 

 

Figure 3.9. Schematic representation of cLIP and cellular porphyrin determination following 1 mM ALA 

treatment of 30-, 60-, 120- and 240 min. 

Cell culture: HaCaT cells were cultured in 100 mm Nunc™ dishes for 3 days, with an initial concentration of 6.5 x 105 cells in 10 

ml of 10% FCS-DMEM per dish. On the 3rd day, HaCaT cells were examined under light microscope for cell confluency of 90-

100%, ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were treated with 5 ml of 1-mM ALA in Sf-DMEM or Sf-DMEM alone for either 30-, 60-, 120- 

and 240 min, in the dark at 37°C. Cell samples had their medium aspirated and were then rinsed with 10 ml of PBS. 

Calcein assay: Cell samples had their PBS aspirated, before incubation with 5 ml of 0.05 µM CA-AM in loading buffer for 15 min. 

Thereafter, loading buffers were aspirated and cells samples were rinsed with 10 ml of PBS. The PBS was then aspirated, and 

cell samples were trypsinized with 5 ml of a solution of 0.25% trypsin and 1 mM EDTA, before a volume of 2.5 ml being 

transferred into two tubes and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were either 

suspended in fixing solution (SN1) or in freezing solution. Cell sample suspended in freezing solution were then stored at -80oC 

for Bradford assay, whereas cell sample suspended in fixing solution were used to perform calcein assay. Fluorescence was 

measured using a Hitachi spectrofluorometer at an excitation of 480 nm and emission level of 517 nm (time scans were 

performed over a maximum of 2500 s), for which the detection was amplified by a PMT set at 400 V, using FL solutions 2.0 

software for graphical visualization. Time scan measurement was performed, and recording stopped repetitively, to mix the 

suspension with a P1000 pipette until the reading stabilized. At this point, the averaged fluorescence measured over a 60-120 s 

period, or more was recorded as F1. 10 µL of a 4 mM SIH in DMSO was added to the cuvette, and the suspension mixed 

thoroughly with a P1000 pipette. The recording was stopped repeatedly for mixing, until the reading stabilized. The averaged 

fluorescence measured over a 60-120 s period or more, was recorded as F2. Baseline fluorescence levels before and after SIH 

dequenching were determined. From these recordings, the fractional fluorescence increase ΔF was calculated as ΔF = (F2-

F1)/F2. From these ΔF values, the cytosolic concentration of LI was determined as [cLIP] = ΔF / 0.0125. Bradford assays were 

later performed for each condition and the results were then normalized as the ratio of baseline fluorescence levels before and 

after SIH dequenching for each condition relative to untreated control or “Mean values of baseline fluorescence levels before 

and after SIH dequenching per µg of protein relative to controls”. (see Table 1) 
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Cellular porphyrin fluorescence measurement: Cell samples had their PBS aspirated, before trypsinization with 5 ml of a 

solution of 0.25% trypsin and 1 mM EDTA for 5 min. A volume of 2.5 ml cell suspension was then transferred into two tubes and 

spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets for each condition were either suspended in 1 

ml of fixing solution or in 1 ml of freezing solution. Cell sample suspended in freezing solution were then stored at -80oC for 

Bradford assay, whereas cell sample suspended in fixing solution were used to perform cellular porphyrin measurements. The 

mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation wavelength of 404 nm within a 

spectral scan range of 500 - 700 nm, for which the detection was amplified by a PMT set at 400 V, using FL solutions 2.0 

software for graphical visualization. Bradford assays were later performed for each condition and the results were then 

normalized as the ratio of the cellular fluorescence for each condition relative to untreated control or “Mean cellular 

fluorescence at emission wavelength of 632.6 nm per µg of protein relative to controls” (see Table 1). 

Bradford assay: Cell samples suspended in freezing solution were thawed in a water bath at 37oC for 5 min. The vials were then 

centrifuged at a 1500 rpm for 5 min using a Jouan B3.11 centrifuge. The supernatants were then aspirated and 375 µL of a 

solution of protease inhibitor, lysis buffer and PMSF was added to each vial (See Materials and Methods, Section 9). The vials 

were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer. The vials were then placed in a bath of isopropanol and 

dry ice for 3 min until frozen, and then transferred to the water bath at 37°C for 3 min until thawed. This freeze-Thaw cycle was 

repeated twice more. The vials were then centrifuged at 13 000 rpm for 30 min at 4°C, using Falcon 6/300 MSE centrifuge. 25 

µL of supernatant cell lysate was then added to 775 µL of MilliQ H2O, followed by 200 µL of Biorad protein reagent. The tubes 

were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer, and 100 µL was pipetted into a 96-well plate, with 20 µL of 

Biorad Protein reagent mixed with 80 µL of MilliQ H2O set as blank. Absorbances were then measured at 595 nm, using a 

UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical 

representation. The total protein concentration was calculated using the linear trendline equation of the BSA calibration as 

[Protein] = (Abs - 0.0977)/0.042, where [Protein] is the total protein concentration (µg/ml) in the sample and Abs is the 

absorbance measured. Total protein concentration was used to normalize all cellular porphyrin fluorescence as “Mean cellular 

fluorescence at emission wavelength of 632.6 nm per µg of protein”. Subsequently, fold difference in cellular fluorescence 

relative to controls were calculated as the ratio of “Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of 

protein relative to controls”. 

 

 

1 mM ALA in Sf-DMEM or Sf-DMEM alone for: 30 min 60 min 120 min 240 min 

Calcein assay - - n = 3 - 

Cellular porphyrin measurement n = 3 n = 3 n = 3-4 n = 3 

 

Table 1. Summary of the number of independent repeats for cLIP and cellular porphyrin determination 

following 1 mM ALA treatment of 30-, 60-, 120- and 240 min 
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Figure 3.10. Schematic representation of cell viability following a single UVA dose 24 h and 12 d after 

treatment. 

Cell culture: HaCaT cells were cultured in 100 mm Nunc™ dishes for 3 days, with an initial concentration of 6.5 x 105 cells in 10 

ml of 10% FCS-DMEM per dish. On the 3rd day, HaCaT cells were examined under light microscope for cell confluency of 90-

100%, ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were treated with 5 ml of 0.5- or 1-mM ALA in Sf-DMEM or Sf-DMEM alone for 120 min, in 

the dark at 37°C. Cell samples had their medium aspirated and were then rinsed with 10 ml of PBS. Cell samples had their PBS 

aspirated, and 5 ml of PBS was further added for subsequent irradiation or not, with UVA doses of 1, 2.5, 5, 10, 20 and 50 kJ/m² 

(i.e., UV0, UV1, UV2.5, UV5, UV10, UV20 and UV50). All control treatments were identical, except the incubation step with 0.5- 

or 1-mM ALA in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. Colony forming assay was undertaken 

immediately after final irradiation, whereas MTT analysis was undertaken 24 h post-UVA irradiation. 

MTT assay: Cell samples were returned for incubation at 37oC into 5 ml of their condition media for 24 h. On days of MTT assay, 

cell samples had their condition media aspirated and cell dishes were washed with 10 ml of PBS. The PBS was then aspirated, 

and a 5 ml volume of 0.5 mg/ml MTT in Sf-DMEM was added to all cell dishes for 3 h. MTT solutions were then aspirated and 5 

ml of DMSO was added to each cell dish. All cell dishes were then placed on a 3D rocking platform (Stuart Scientific, UK) for 5 

min. Each condition underwent a 1 in 5 dilution with DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-

well plate. 100 µL of DMSO was set as blank, and the absorbance of each well was measured at 550 nm, using a UV/Vis 

microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical 

representation. The results were then expressed as mean percentage of the untreated control (i.e., set as 100%)(n=3 +/- SD, see 

Table 2).  

Colony forming assay: Following irradiation, the PBS was aspirated, and 5 ml of a pre-warmed 0.25% w/v trypsin and 1 mM 

EDTA solution was added for 5 min at 37oC. Once cells detached, 10 ml of 10% FCS-DMEM was added to each 100 mm Nunc™ 

dishes, neutralizing the trypsin and EDTA. The resulting cell suspensions were centrifuged for 5 min at 1000 rpm using a Jouan 

B3.11 centrifuge. After centrifugation, the supernatants were aspirated, and the cell pellets were resuspended in 5 ml of 10% 

FCS-DMEM. Following cell counting procedure, cells were seeded in each well to their relevant densities being either 750, 3500 

and 18750 cells per well for all controls, ALA, ALA + UV 1 kJ/m2 and ALA + UV 2.5 kJ/m2, or 3500, 18750 and 93750 cells per well 

for all other conditions, making up a volume of 2 ml of 10% FCS-DMEM per well. Cells were covered with aluminum foil and 

stored at 37oC for 3 days. The condition medium was then aspirated, and 2 ml of PBS was added to each well. The PBS was then 

aspirated and 2 ml of fresh 10% FCS-DMEM added to each well. This process took place every 3 days, for a cumulative period of 
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12 days. Colony forming assay were undertaken over 12 days at 37°C. After this period colonies were stained with crystal violet 

dye for 15 min. The colonies were then counted and expressed as mean percentage colony formation of the untreated control 

(i.e., set as 100%)(see Table 2). 

 

Cell viability of 1 mM ALA-treated HaCaT cells following single UVA irradiation:   

MTT assay (24 h post-UVA exposure) n = 3 

CFA (12 d post-UVA exposure) n = 3-4 
 

Table 2. Summary of the number of independent repeats for cell viability following a single UVA dose 24 

h and 12 d after treatment. 
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Figure 3.11. Schematic representation of cell viability following a single or double UVA dose 24 h and 12 

d after treatment. 

Cell culture: HaCaT cells were cultured in 100 mm Nunc™ dishes for 3 days, with an initial concentration of 6.5 x 105 cells in 10 

ml of 10% FCS-DMEM per dish. On the 2nd day, condition medium was collected or not, in 50 ml tubes and cells were then 

rinsed with 10 ml of PBS. HaCaT cells were then pre-treated or not, with either 10 µM Hemin or 100 µM iron citrate in Sf-DMEM 

for 18 h, prior to protocol of treatment on the 3rd day. On the 3rd day, HaCaT cells were examined under light microscope for 

cell confluency of 90-100%, ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were treated with either 5 ml of 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 120 min, in 

the dark at 37°C. Cell samples had their medium aspirated and were then rinsed with 10 ml of PBS. Cell samples had their PBS 

aspirated, and 5 ml of PBS was further added for subsequent irradiation or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, 

UV1 and UV2.5). Cells were then either incubated in 1 mM DFO, 100 µM of SIH, 100 µM of DFP in Sf-DMEM or Sf-DMEM alone 

for either 60- or 120 min. Cell samples had their medium aspirated and were then rinsed with 10 ml of PBS. Then, cell samples 

had their PBS aspirated, and 5 ml of PBS was further added for subsequent irradiation, with UVA doses of 1 and 2.5 kJ/m² (i.e. 

UV1/1, UV1/2.5, UV2.5/1 and UV 2.5/2.5). All control treatments were identical, except the incubation step with 1 mM ALA in 

Sf-DMEM for 120 min, which took place with Sf-DMEM alone. Colony forming assay was undertaken immediately after final 

irradiation, whereas MTT analysis was undertaken 24 h post-UVA irradiation. 

MTT assay: Cell samples were returned for incubation at 37oC into 5 ml of their condition media for 24 h. On days of MTT assay, 

cell samples had their condition media aspirated and cell dishes were washed with 10 ml of PBS. The PBS was then aspirated, 

and a 5 ml volume of 0.5 mg/ml MTT in Sf-DMEM was added to all cell dishes for 3 h. MTT solutions were then aspirated and 5 

ml of DMSO was added to each cell dish. All cell dishes were then placed on a 3D rocking platform (Stuart Scientific, UK) for 5 

min. Each condition underwent a 1 in 5 dilution with DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-

well plate. 100 µL of DMSO was set as blank, and the absorbance of each well was measured at 550 nm, using a UV/Vis 
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microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical 

representation. The results were then expressed as mean percentage of the untreated control (i.e., set as 100%) (see Table 3).  

Colony forming assay: Following irradiation, the PBS was aspirated, and 5 ml of a pre-warmed 0.25% w/v trypsin and 1 mM 

EDTA solution was added for 5 min at 37oC. Once cells detached, 10 ml of 10% FCS-DMEM was added to each 100 mm Nunc™ 

dishes, neutralizing the trypsin and EDTA. The resulting cell suspensions were centrifuged for 5 min at 1000 rpm using a Jouan 

B3.11 centrifuge. After centrifugation, the supernatants were aspirated, and the cell pellets were resuspended in 5 ml of 10% 

FCS-DMEM. Following cell counting procedure, cells were seeded in each well to their relevant densities being either 750, 3500 

and 18750 cells per well for all controls, ALA, ALA + UV 1 kJ/m2 and ALA + UV 2.5 kJ/m2, or 3500, 18750 and 93750 cells per well 

for all other conditions, making up a volume of 2 ml of 10% FCS-DMEM per well. Cells were covered with aluminum foil and 

stored at 37oC for 3 days. The condition medium was then aspirated, and 2 ml of PBS was added to each well. The PBS was then 

aspirated and 2 ml of fresh 10% FCS-DMEM added to each well. This process took place every 3 days, for a cumulative period of 

12 days. Colony forming assay were undertaken over 12 days at 37°C. After this period colonies were stained with crystal violet 

dye for 15 min. The colonies were then counted and expressed as mean percentage colony formation of the untreated control 

(i.e., set as 100%) (see Table 3). 

 Treatment 

Cell viability 
following 
single or 
double UVA 
irradiation: 

 

ALA  

 

 

Hemin 
and ALA  

 

 

Iron citrate  

and ALA  

 

ALA and DFO  

 

ALA and 
SIH  

 

ALA and 
DFP  

Dark interval (min) 

MTT assay 
(24 h post-
UVA 
exposure) 

 

60  120 60 60 60 120 60 60 

n = 4 n = 4-6  

n = 3 

 

n = 3-4 

 

n = 3-4 

 

n = 3-4 

 

n = 3 

 

n = 3 15, 30, 45 and 60 

n = 4 

CFA (12 d 

post-UVA 
exposure) 

30 and 60  
- 

 
- 

 
- 

 
- 

 
- n = 4 

 

Table 3. Summary of the number of independent repeats for cell viability following a single or double 

UVA dose 24 h and 12 d after treatment. 
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Figure 3.12. Schematic representation of cLIP determination following a single or split UVA dose. 

Cell culture: HaCaT cells were cultured in 100 mm Nunc™ dishes for 3 days, with an initial concentration of 6.5 x 105 cells in 10 

ml of 10% FCS-DMEM per dish. On the 2nd day, condition medium was collected, or not, in 50 ml tubes and cells were then 

rinsed with 10 ml of PBS. HaCaT cells were then pre-treated, or not, with 100 µM iron citrate in Sf-DMEM for 18 h, prior to 

protocol of treatment on the 3rd day. On the 3rd day, HaCaT cells were examined under light microscope for cell confluency of 

90-100%, ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were treated with either 5 ml of 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 120 min, in 

the dark at 37°C. Cell samples had their medium aspirated and were then rinsed with 10 ml of PBS. Calcein assay or Calcein 

leakage assay was either performed or cell protocol of treatment was continued. Cell samples had their PBS aspirated, and 5 ml 

of PBS was further added for subsequent irradiation or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells 

were then either incubated in 1 mM DFO or 100 µM of SIH in Sf-DMEM or Sf-DMEM alone for either 60- or 120 min. Calcein 

assay or Calcein leakage assay was either performed or cell protocol of treatment was continued. Cell samples had their 

medium aspirated and were then rinsed with 10 ml of PBS. Cell samples had their PBS aspirated, and 5 ml of PBS was further 

added for subsequent irradiation, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5, UV2.5/1 and UV 2.5/2.5). All control 

treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, which took place with Sf-DMEM 

alone. Calcein assay or Calcein leakage assay was undertaken immediately post-UVA-irradiation. 

Calcein assay: Cell samples had their medium or PBS aspirated, and their content rinsed with 10 ml of PBS, before incubation 

with 5 ml of 0.05 µM CA-AM in loading buffer for 15 min. Thereafter, loading buffers were aspirated and cells samples were 

rinsed with 10 ml of PBS. The PBS was then aspirated, and cell samples were trypsinized with 5 ml of a solution of 0.25% trypsin 

and 1 mM EDTA, before a volume of 2.5 ml being transferred into two tubes and spun at 1000 rpm for 5 min. The supernatants 

were then aspirated, and pellets were either suspended in fixing solution (SN1) or in freezing solution. Cell sample suspended in 

freezing solution were then stored at -80oC for Bradford assay, whereas cell sample suspended in fixing solution were used to 

perform calcein assay. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and emission 

level of 517 nm (time scans were performed over a maximum of 2500 s), for which the detection was amplified by a PMT set at 

400 V, using FL solutions 2.0 software for graphical visualization. Time scan measurement was performed, and recording 

stopped repetitively, to mix suspension with a P1000 pipette until the reading stabilized. At this point, the averaged 

fluorescence measured over a 60-120 s period, or more was recorded as F1. 10 µL of a 4 mM SIH in DMSO was added to the 
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cuvette, and the suspension mixed thoroughly with a P1000 pipette. The recording was stopped repeatedly for mixing until the 

reading stabilized. The averaged fluorescence measured over a 60-120 s period or more, was recorded as F2. Baseline 

fluorescence levels before and after SIH dequenching were determined. From these recordings, the fractional fluorescence 

increase ΔF was calculated as ΔF = (F2-F1)/F2. From these ΔF values, the cytosolic concentration of LI was determined as [cLIP] 

= ΔF / 0.0125. Bradford assays were later performed for each condition and the results were then normalized as the ratio of 

baseline fluorescence levels before and after SIH dequenching for each condition relative to untreated control or “Mean values 

of baseline fluorescence levels before and after SIH dequenching per µg of protein relative to controls” (see Table 4). 

Calcein leakage assay: Cell samples had their medium or PBS aspirated, and their content rinsed with 10 ml of PBS, before 

incubation with 5 ml of 0.05 µM CA-AM in Loading buffer for 15 min. Thereafter, loading buffers were aspirated and cells 

samples were rinsed with 10 ml of PBS. The PBS was then aspirated, and cell samples were trypsinized with a solution of 0.25% 

trypsin and 1 mM EDTA for 5 min, before being collected into two tubes and spun at 1000 rpm for 5 min. The supernatants 

were then aspirated, and pellets were suspended in fixing solution (SN1). Samples were further spun at 1000 rpm for 5 min and 

the supernatants were collected (SN2). Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 

nm and emission level of 517 nm (time scans were performed over a maximum of 2500 s), for which the detection was 

amplified by a PMT set at 400 V, using FL solutions 2.0 software for graphical visualization. The results were expressed as the 

‘percentage’ of calcein leakage, which was obtained as the calcein fluorescence ratio of SN1 and SN2 (see Table 4). 

Bradford assay: Cell samples suspended in freezing solution were thawed in a water bath at 37oC for 5 min. The vials were then 

centrifuged at a 1500 rpm for 5 min using a Jouan B3.11 centrifuge. The supernatants were then aspirated and 375 µL of a 

solution of protease inhibitor, lysis buffer and PMSF was added to each vial (See Materials and Methods, Section 9). The vials 

were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer. The vials were then placed in a bath of isopropanol and 

dry ice for 3 min until frozen, and then transferred to the water bath at 37°C for 3 min until thawed. This freeze-Thaw cycle was 

repeated twice more. The vials were then centrifuged at 13 000 rpm for 30 min at 4°C, using Falcon 6/300 MSE centrifuge. 25 

µL of supernatant cell lysate was then added to 775 µL of MilliQ H2O, followed by 200 µL of Biorad protein reagent. The tubes 

were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer, and 100 µL pipetted into a 96-well plate, with 20 µL of 

Biorad Protein reagent mixed with 80 µL of MilliQ H2O set as blank. Absorbances were then measured at 595 nm, using a 

UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical 

representation. The total protein concentration was calculated using the linear trendline equation of the BSA calibration as 

[Protein] = (Abs - 0.0977)/0.042, where [Protein] is the total protein concentration (µg/ml) in the sample and Abs is the 

absorbance measured. Total protein concentration was used to normalize all calcein baseline fluorescence levels before and 

after SIH dequenching as “Mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein”. 

Subsequently, fold difference in cellular fluorescence relative to controls were calculated as the ratio of “Mean values of 

baseline fluorescence levels before and after SIH dequenching per µg of protein relative to controls”. 
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 Exposed or not, to a single or double UVA dose at 0-, 60- or 120 min post-treatment 

Treatment Calcein assay Calcein leakage assay 

 
Sf-DMEM/ 

ALA 

 
n = 3 - 5 

 
n = 2 - 4 

 
Iron citrate/ 

ALA + Iron citrate 

 
 

n = 1 - 3 

 
 
- 

 
DFO/ 

ALA + DFO 
 
 

 
 

n = 2 - 3 

 
 
- 

 
SIH/ 

ALA + SIH 
 
 

 
 

n = 1 - 2 
 
 

 
 
- 

Table 4. Summary of the number of independent repeats for cLIP determination and calcein leakage 

following a single or split UVA dose either pre-treated or not with 100 µM iron citrate in Sf-DMEM for 18 

h, or treated, or not, with 1 mM DFO or 100 µM of SIH in Sf-DMEM or Sf-DMEM alone for either 60- or 

120 min. 
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Figure 3.13. Schematic representation of cellular porphyrin fluorescence measurement following a 

single or split UVA dose. 

Cell culture: HaCaT cells were cultured in 100 mm Nunc™ dishes for 3 days, with an initial concentration of 6.5 x 105 cells in 10 

ml of 10% FCS-DMEM per dish. On the 2nd day, condition medium was collected, or not, in 50 ml tubes and cells were then 

rinsed with 10 ml of PBS. HaCaT cells were then pre-treated, or not, with either 10 µM Hemin or 100 µM iron citrate in Sf-

DMEM for 18 h, prior to protocol of treatment on the 3rd day. On the 3rd day, HaCaT cells were examined under light 

microscope for cell confluency of 90-100%, ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were either treated with either 5 ml of 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 120 

min, in the dark at 37°C. Cellular porphyrin fluorescence measurement procedure was either undertaken or cell protocol of 

treatment was continued. Cell samples had their medium aspirated and were then rinsed with 10 ml of PBS. Cell samples had 

their PBS aspirated and 5 ml of PBS was further added for subsequent irradiation or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. 

UV0, UV1 and UV2.5). Cell samples had their PBS aspirated and were either incubated in 5 ml of 1 mM DFO, 100 µM of SIH or 

100 µM of DFP in Sf-DMEM or Sf-DMEM alone for either 60- or 120 min. Cellular porphyrin fluorescence measurement 

procedure was either undertaken or cell protocol of treatment was continued. Cells were then rinsed with 10 ml of PBS. Cell 

samples had their PBS aspirated and 5 ml of PBS was further added for subsequent irradiation or not, with UVA doses of 1 and 

2.5 kJ/m² (i.e. UV1/1, UV1/2.5, UV2.5/1 and UV 2.5/2.5). All control treatments were identical, except the incubation step with 

5 ml of 1 mM ALA in Sf-DMEM for 120 min, which took place with 5ml of Sf-DMEM alone. Cellular porphyrin fluorescence 

measurement procedure was undertaken immediately post-UVA irradiation. 

Cellular porphyrin fluorescence measurement: Cell samples had their medium or PBS aspirated, and their content rinsed with 

10 ml of PBS, before trypsinization with 5 ml of a solution of 0.25% trypsin and 1 mM EDTA for 5 min. A volume of 2.5 ml cell 

suspension was then transferred into two tubes and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and 

pellets for each condition were either suspended in 1 ml of fixing solution or in 1 ml of freezing solution. Cell sample suspended 

in freezing solution were then stored at -80oC for Bradford assay, whereas cell sample suspended in fixing solution were used to 

perform cellular porphyrin measurements. The mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at 

an excitation wavelength of 404 nm within a spectral scan range of 500 - 700 nm, for which the detection was amplified by a 

PMT set at 400 V, using FL solutions 2.0 software for graphical visualization. Bradford assays were later performed for each 
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condition and the results were then normalized as the ratio of the cellular fluorescence for each condition relative to untreated 

control or “Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein relative to controls” (see Table 5). 

Bradford assay: Cell samples suspended in freezing solution were thawed in a water bath at 37oC for 5 min. The vials were then 

centrifuged at a 1500 rpm for 5 min using a Jouan B3.11 centrifuge. The supernatants were then aspirated and 375 µL of a 

solution of protease inhibitor, lysis buffer and PMSF was added to each vial (See Materials and Methods, Section 9). The vials 

were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer. The vials were then placed in a bath of isopropanol and 

dry ice for 3 min until frozen, and then transferred to the water bath at 37°C for 3 min until thawed. This freeze-Thaw cycle was 

repeated twice more. The vials were then centrifuged at 13 000 rpm for 30 min at 4°C, using Falcon 6/300 MSE centrifuge. 25 

µL of supernatant cell lysate was then added to 775 µL of MilliQ H2O, followed by 200 µL of Biorad protein reagent. The tubes 

were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer, and 100 µL was pipetted into a 96-well plate, with 20 µL of 

Biorad Protein reagent mixed with 80 µL of MilliQ H2O set as blank. Absorbances were then measured at 595 nm, using a 

UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical 

representation. The total protein concentration was calculated using the linear trendline equation of the BSA calibration as 

[Protein] = (Abs - 0.0977)/0.042, where [Protein] is the total protein concentration (µg/ml) in the sample and Abs is the 

absorbance measured. Total protein concentration was used to normalize all cellular porphyrin fluorescence as “Mean cellular 

fluorescence at emission wavelength of 632.6 nm per µg of protein”. Subsequently, fold difference in cellular fluorescence 

relative to controls were calculated as the ratio of “Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of 

protein relative to controls”. 

 

 Exposed or not, to a single or double UVA dose at 0-, 60- or 120 min post-treatment 

Treatment Cellular porphyrin measurement 

 
 

Sf-DMEM/ 
ALA 

 
 

 
 

n = 3 - 5 

 
 

Iron citrate/ 
ALA + Iron citrate 

 
 

 
 
 

n = 1 - 2 

 
 

DFO/ 
ALA + DFO 

 
 

 
 
 

n = 1 - 4 

 
 

SIH/ 
ALA + SIH 

 
 

 
 
 

n = 2 - 3 
 
 

Table 5. Summary of the number of independent repeats for cellular porphyrin measurement following 

a single or split UVA dose either pre-treated or not with 100 µM iron citrate in Sf-DMEM for 18 h, or 

treated, or not, with 1 mM DFO or 100 µM of SIH in Sf-DMEM or Sf-DMEM alone for either 60- or 120 

min. 
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Figure 3.14. Schematic representation of cell viability following a single or double daylight dose 12 d 

after treatment. 

Cell culture: HaCaT cells were cultured in 100 mm Nunc™ dishes for 3 days, with an initial concentration of 6.5 x 105 cells in 10 

ml of 10% FCS-DMEM per dish. On the 3rd day, HaCaT cells were examined under light microscope for cell confluency of 90-

100%, ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were either pre-treated with either 5 ml of 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 

120 min, in the dark at 37°C. Cell samples had their medium aspirated and were then rinsed with 10 ml of PBS. Cell samples had 

their PBS aspirated and 5 ml of PBS was further added for subsequent irradiation or not, with respective cover of 5 ml solutions 

of either absolute ethanol, 1.92 mg octocrylene- or 19.2 mg Anthelios™-dissolved in absolute ethanol, and daylight doses of 1 

and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were then either incubated or not in Sf-DMEM for 60 min. Cells had their medium 

aspirated and their content rinsed with 10 ml of PBS. Cell samples had their PBS aspirated and 5 ml of PBS was further added 

for subsequent irradiation, with respective cover of 5 ml solutions of either absolute ethanol, 1.92 mg octocrylene or 19.2 mg 

Anthelios™ dissolved in absolute ethanol, and a daylight dose of 1 kJ/m² (i.e. UV1/1). All control treatments were identical, 

except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. Colony forming 

assay was undertaken immediately after final irradiation. 

Colony forming assay: Following daylight irradiation, the PBS was aspirated, and 5 ml of a pre-warmed 0.25% w/v trypsin and 1 

mM EDTA solution was added to each for 5 min at 37oC. Once cells detached, 5 ml of 10% FCS-DMEM was added to each 100 

mm Nunc™ dishes, neutralizing the trypsin and EDTA. The resulting cell suspensions were centrifuged for 5 min at 1000 rpm 

using a Jouan B3.11 centrifuge. After centrifugation, the supernatants were aspirated, and the cell pellets were resuspended in 

5 ml of 10% FCS-DMEM. Following cell counting procedure, cells were seeded in Nunc™ 6-well plates to their relevant densities 

being either 750, 3500 and 18750 cells per well for all controls, ALA and ALA + UV 1 kJ/m2, or 3500, 18750 and 93750 cells per 

well for all other conditions, making up a volume of 2 ml of 10% FCS-DMEM per well. Cells were covered with aluminum foil and 

stored at 37oC for 3 days. The condition medium was then aspirated, and 2 ml of PBS was added to each well. The PBS was then 

aspirated and 2 ml of fresh 10% FCS-DMEM added to each well. This process took place every 3 days, for a cumulative period of 

12 days. Colony forming assay were undertaken over 12 days at 37°C. After this period colonies were stained with crystal violet 

dye for 15 min. The colonies were then counted and expressed as mean percentage colony formation of the untreated control 

(i.e., set as 100%) (n=3 +/- SD). 
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Figure 3.15. Schematic representation of cell viability following (A) 50 and 100 µM of ALA, DFP, ALA + 

DFP and Compound I to X from Batch A (B) and a single UVA dose 24 h after treatment. 

Cell culture: HaCaT cells were cultured in Nunc™ 6-well plates for 3 days, with an initial concentration of 1.5 x 105 cells in 2 ml 

of 10% FCS-DMEM per well. On the 3rd day, HaCaT cells were examined under light microscope for cell confluency of 90-100%, 

ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were treated with 50 and 100 µM of either ALA, ALA+DFP or compound I to X from batch A 

in 1% FCS-DMEM for 240 min or 24 h, in the dark at 37 °C. Cells were then rinsed with 2 ml of PBS. Cell samples had their PBS 

aspirated and 1 ml of PBS was further added for subsequent irradiation (B) or not (A), with UVA doses of 5 and 10 kJ/m² (i.e. 

UV0, UV5 and UV10).  All control treatments were identical, except for the incubation step with 50 and 100 µM of either ALA, 

DFP, ALA+DFP or compound I to X from batch A in 1% FCS-DMEM for 240 min or 24 h, which took place with 1% FCS-DMEM 

alone. MTT analysis was undertaken 24 h post-incubation.  

MTT assay: Cell samples were returned for incubation at 37oC into 1 ml of their condition media for 24 h. On days of MTT assay, 

cell samples had their condition media aspirated and cell dishes were washed with 2 ml of PBS. The PBS was then aspirated, 

and a 1 ml of 0.5 mg/ml MTT in Sf-DMEM was added to all wells for 3 h. MTT solutions were then aspirated and 1 ml of DMSO 

was added to each well. All Nunc™ 6-well plates were then placed on a 3D rocking platform (Stuart Scientific, UK) for 5 min. 

Each condition underwent a 1 in 5 dilution with DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-well 

plate. DMSO was set as blank, and the absorbance of each well was measured at 550 nm, using a UV/Vis microplate reader 

(SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical representation. The results 

were then expressed as mean percentage of the untreated control (i.e., set as 100%) (see Table 6).  

 

Compound I to X from Batch A incubated for 4 h 24 h 

Post-incubation n = 1 n = 1 

Following UVA light exposure (5 and 10 kJ/m2) n = 3 n = 3 

Table 6. Summary of the number of independent repeats for cell viability following (A) 50 and 100 µM of 

ALA, DFP, ALA + DFP and Compound I to X from Batch A (B) and a single UVA dose 24 h after treatment 
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Figure 3.16. Schematic representation of cell viability following (A) 50 and 100 µM of ALA,DFP, ALA + 

DFP and Compound I to VI from Batch B (B) and a single UVA dose 24 h after treatment. 

Cell culture: HaCaT cells were cultured in Nunc™ 6-well plates for 3 days, with an initial concentration of 1.5 x 105 cells in 2 ml 

of 10% FCS-DMEM per well. On the 3rd day, HaCaT cells were examined under light microscope for cell confluency of 90-100%, 

ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were treated with 50 and 100 µM of either ALA, ALA+DFP or compound I to VI from batch B 

in 1% FCS-DMEM for 240 min, in the dark at 37 °C. Cells were then rinsed with 2 ml of PBS. Cell samples had their PBS aspirated 

and 1 ml of PBS was further added for subsequent irradiation (B) or not (A), with UVA doses of 5 and 10 kJ/m² (i.e. UV0, UV5 

and UV10). All control treatments were identical, except for the incubation step with 50 and 100 µM of either ALA, ALA+DFP or 

compound I to VI from batch B in 1% FCS-DMEM for 240 min, which took place with 1% FCS-DMEM alone. MTT analysis was 

undertaken 24 h post-incubation.  

MTT assay: Cell samples were returned for incubation at 37oC into 1 ml of their condition media for 24 h. On days of MTT assay, 

Nunc™ 6-well plates had their condition media aspirated and cell dishes were washed with 2 ml of PBS. The PBS was then 

aspirated, and a 1 ml of 0.5 mg/ml MTT in Sf-DMEM was added to all wells for 3 h. MTT solutions were then aspirated and 1 ml 

of DMSO was added to each well. All Nunc™ 6-well plates were then placed on a 3D rocking platform (Stuart Scientific, UK) for 5 

min. Each condition underwent a 1 in 5 dilution with DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-

well plate. DMSO was set as blank, and the absorbance of each well was measured at 550 nm, using a UV/Vis microplate reader 

(SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical representation. MTT analysis 

was undertaken 24 h post-treatment. The results were then expressed as mean percentage of the untreated control (i.e., set as 

100%)(see Table 7).  

 

Compound I to VI from Batch B incubated for 4 h 24 h 

Post-incubation n = 1 n = 1 

Following UVA light exposure (5 and 10 kJ/m2) n = 3 - 

Table 7. Summary of the number of independent repeats for cell viability following (A) 50 and 100 µM of 

ALA, DFP, ALA + DFP and Compound I to VI from Batch B (B) and a single UVA dose 24 h after treatment 
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Figure 3.17. Schematic representation of (A) cLIP level, (B) cell viability and (C) cellular porphyrin 

fluorescence following 250 µM of ALA, DFP, ALA + DFP and Compound III from Batch B and/or a single 

UVA dose, 24 h after treatment. 

Cell culture: HaCaT cells were cultured in Nunc™ 6-well plates for 3 days, with an initial concentration of 1.5 x 105 cells in 2 ml 

of 10% FCS-DMEM per well. On the 3rd day, HaCaT cells were examined under light microscope for cell confluency of 90-100%, 

ensuring consistency of HaCaT cell physiology in all experiments. 

Protocol of treatment: HaCaT cells were treated with either 250 µM of ALA, DFP, equimolar ALA and DFP or compound III from 

batch B in 1% FCS-DMEM for 240 min, in the dark at 37ºC. Calcein assay (A) or cellular porphyrin fluorescence (C) was either 

performed or cell protocol of treatment was continued for MTT assay (B) with cells being rinsed with 2ml of PBS. Cell samples 

had their PBS aspirated and 1 ml of PBS was further added for subsequent irradiation or not, with UVA doses of 5 and 10 kJ/m² 

(i.e., UV0, UV5 and UV10). All control treatments were identical, except the incubation step with 250 µM of ALA, DFP, 

equimolar ALA and DFP or compound III from batch B in 1% FCS-DMEM for 240 min, which took place with 1% FCS-DMEM 

alone. Calcein assay and cellular porphyrin fluorescence assay was undertaken immediately after treatment, whereas MTT 

assay was undertaken 24 h post-UVA irradiation. 

MTT assay: Cell samples were returned for incubation at 37oC into 1 ml of their condition media for 24 h. On days of MTT assay, 

Nunc™ 6-well plates had their condition media aspirated and cell dishes were washed with 2 ml of PBS. The PBS was then 

aspirated, and a 1 ml volume of 0.5 mg/ml MTT in Sf-DMEM was added to all Nunc™ 6-well plates for 3 h. MTT solutions were 

then aspirated and 1 ml of DMSO was added to each well. All Nunc™ 6-well plates were then placed on a 3D rocking platform 

(Stuart Scientific, UK) for 5 min. Each condition underwent a 1 in 5 dilution with DMSO, and 100 µL of each condition was 

pipetted in triplicate into a 96-well plate. DMSO was set as blank, and the absorbance of each well was measured at 550 nm, 

using a UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for 

graphical representation. MTT analysis was undertaken 24 h post-UVA irradiation. The results were then expressed as mean 

percentage of the untreated control (i.e., set as 100%) (see Table 8). 

Cellular porphyrin fluorescence measurement: Cell samples had their medium aspirated, and their content rinsed with 2 ml of 

PBS, before trypsinization with 2 ml of a solution of 0.25% trypsin and 1 mM EDTA for 5 min. A volume 1 ml of cell sample 

suspension was then transferred into two 15 ml tubes and spun at 1000 rpm for 5 min. The supernatants were then aspirated, 

and pellets for each condition were suspended either in 1 ml of fixing solution or in 1 ml of freezing solution. Cell sample 

suspended in freezing solution were then stored at -80oC for Bradford assay, whereas cell sample suspended in fixing solution 

were used to perform cellular porphyrin measurements. The mean cellular fluorescence was measured with a Hitachi 

spectrofluorometer, at an excitation wavelength of 404 nm within a spectral scan range of 500 - 700 nm, for which the 

detection was amplified by a PMT set at 400 V, using FL solutions 2.0 software for graphical visualization. Bradford assays were 

later performed for each condition and the results were then expressed as the ratio the cellular fluorescence relative to 

untreated control or “Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein relative to controls” 

(see Table 8). 



106 
 

Calcein assay: Cell samples had their medium aspirated, and their content rinsed with 2 ml of PBS, before incubation with 1 ml 

of 0.05 µM CA-AM in loading buffer for 15 min. Thereafter, loading buffers were aspirated and Nunc™ 6-well plates had each 

well rinsed with 2 ml of PBS. The PBS was then aspirated, and cell samples were trypsinized with 2 ml of a solution of 0.25% 

trypsin and 1 mM EDTA for 5 min. Cell sample suspensions were then transferred into 15 ml tubes and spun at 1000 rpm for 5 

min, using a Jouan B3.11 centrifuge. The supernatants were then aspirated, and pellets were suspended in 2 ml of fixing 

solution. The tubes were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer. 1 ml of fixing solution (SN1) was used 

for calcein assay, whereas the remaining 1 ml was centrifuged at a 1000 rpm for 5 min, using a Jouan B3.11 centrifuge. The 

supernatant was then aspirated, and 1 ml of freezing solution was added for Bradford assay. In this way, cell sample suspended 

in freezing solution were then stored at -80oC, whereas cell sample suspended in fixing solution were used to perform calcein 

assay. The fixing solution was transferred to a quartz cuvette and their fluorescence measured using a Hitachi 

spectrofluorometer at an excitation of 480 nm and emission level of 517 nm (time scans were performed over a maximum of 

2500 s), for which the detection was amplified by a PMT set at 400 V, and FL solutions 2.0 software for graphical visualization. 

Time scan measurement was performed, and recording stopped repetitively, to mix suspension with a P1000 pipette until the 

reading stabilized. At this point, the averaged fluorescence measured over a 60-120 s period, or more was recorded as F1. 10 µL 

of a 4 mM SIH in DMSO was added to the cuvette, and the suspension mixed thoroughly with a P1000 pipette. The recording 

was stopped repeatedly for mixing until the reading stabilized. The averaged fluorescence measured over a 60-120 s period, or 

more was recorded as F2. Baseline fluorescence levels before and after SIH dequenching were determined. From these 

recordings, the fractional fluorescence increase ΔF was calculated as ΔF = (F2-F1)/F2. From these ΔF values, the cytosolic 

concentration of LI was determined as [cLIP] = ΔF / 0.0125. Bradford assays were later performed for each condition and results 

were normalized as ratio of “mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein 

relative to controls” (see Table 8). 

Bradford assay: Cell samples suspended in freezing solution were thawed in a water bath at 37oC for 5 min. The vials were then 

centrifuged at a 1500 rpm for 5 min using a Jouan B3.11 centrifuge. The supernatants were then aspirated and 375 µL of the 

solution of protease inhibitor, lysis buffer and PMSF was added to each vial (See Materials and Methods, Section 9). The vials 

were then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer. The vials were then placed in a bath of isopropanol and 

dry ice for 3 min until frozen, and then transferred to the water bath at 37°C for 3 min until thawed. This freeze-Thaw cycle was 

repeated twice more. The vials were then centrifuged at 13 000 rpm for 30 min at 4°C using Falcon 6/300 MSE centrifuge. 25 µL 

of supernatant cell lysate was then added to 775 µL of MilliQ H2O, followed by 200 µL Biorad protein reagent. The tubes were 

then vortexed for 30 s using a FisherbrandTM ZX3 Vortex Mixer, and 100 µL was pipetted into a 96-well plate, with 20 µL of 

Biorad Protein reagent mixed with 80 µL of MilliQ H2O set as blank. Absorbances were then measured at 595 nm, using a 

UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany) and MARS data analysis software for graphical 

representation. The total protein concentration was calculated using the linear trendline equation of the BSA calibration as 

[Protein] = (Abs - 0.0977)/0.042, where [Protein] is the total protein concentration (µg/ml) in the sample and Abs is the 

absorbance measured. Total protein concentration was used to normalize all cellular porphyrin and calcein measurements as 

“Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein relative to controls” or “mean values of 

baseline fluorescence levels before and after SIH dequenching per µg of protein relative to controls”. 

 

 
250 µM ALA, ALA + DFP and Compound III from Batch B 

 
MTT assay 

Calcein 
assay 

Cellular 
porphyrin 

measurement 

Post-incubation - n = 2 n = 1 

Following UVA light exposure (5 and 10 kJ/m2) n = 3 - - 

Table 8. Summary of the number of independent repeats for cell viability following (A) 50 and 100 µM of 

ALA, DFP, ALA + DFP and Compound I to VI from Batch B (B) and a single UVA dose 24 h after treatment 
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IV - Results 

 

1. Setting experimental conditions 

1.1. Cellular porphyrin fluorescence measurement in ALA-treated HaCaT cells following 

a 30-, 60-, 120- and 240 min incubation. 

Topical administration of ALA has been used in PDT of actinic keratoses (AK) and superficial skin cancer. 

Here we examined the level of porphyrin fluorescence in monolayer cultures of HaCaT keratinocytes 

treated with ALA at a concentration of 1 mM following varying incubation periods of 30, 60, 120 and 240 

min at 37oC under dark condition.  

As seen in Figure 4.1.1, the fold difference in cellular fluorescence trend line increased linearly for 

incubation periods between 30 to 120 min. However, beyond 120 min, there was no significant increase 

in porphyrin fluorescence, as demonstrated with cells treated with 1 mM ALA for 240 min. These data 

suggested that the heme biosynthetic pathway and more specifically its rate-limiting enzymatic processes 

reach saturation, when treated with 1 mM ALA for 120 min, as a longer ALA incubation period, did not 

significantly change the difference in mean cellular fluorescence (Figure 4.1.1). 

More specifically, in 1 mM ALA-treated cells, the mean cellular fluorescence increased to 18-fold of 

untreated control over a 120 min incubation period.  

 

 

 

 

 

 

 

Figure 4.1.1: Evaluation of Cellular porphyrin fluorescence in 1 mM ALA-treated HaCaT cells 

following a 30-, 60-, 120- and 240 min incubation.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 30-, 60-, 120- and 240 min, in the dark at 37°C. Cells were 

then rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before being collected and 

spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were suspended in fixing solution. The 

mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation wavelength of 404 nm 

within a spectral scan range of 500 - 700 nm. Bradford assays were later performed for each condition and results 

were normalized as ratio of ‘mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein relative 

to controls’ (n=3-4 +/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  
σ indicates statistical difference from 1 mM ALA treated cells for 240 min by a degree of probability of p<0.05. 
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1.2. Relationship between cellular porphyrin accumulation and cLIP levels upon 1 mM 

ALA treatment of HaCaT cells for 120 min  

It is well established that the level of intracellular PpIX accumulation is inversely proportional to the 

level of available intracellular iron because iron is necessary for the conversion of PpIX to heme. To 

investigate whether the level of cellular porphyrin correlates with the level of the cytosolic labile iron 

pool (cLIP) over a 120 min incubation period with 1mM ALA, we measured both porphyrin fluorescence 

and cLIP levels as depicted in Figure 4.1.2 (A and B respectively). 

Figure 4.1.2 B represents the calcein fluorescence assay (Ca-assay) used to measure the level of cLIP in 

HaCaT cells following a 120 min ALA incubation period. The result revealed that ALA treatment caused a 

significant increase in cLIP level up to 1.8-fold of untreated control at 120 min ALA incubation time point 

(Figure 4.1.2 B). Figure 4.1.2 B demonstrate that exogenously added ALA disturbed cellular iron 

homeostasis, and although the mechanism underlying this increase needs to be identified, it is 

important to observe that the profile of cellular fluorescence accumulation after ALA treatment (Figure 

4.1.2 A) was similar to that observed with cLIP upon a 120 min incubation (Figure 4.1.2 B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.2: Evaluation of cellular fluorescence (A) and cLIP levels (B) in 1 mM ALA-treated HaCaT cells 

following a 120 min incubation.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37ºC. (A) For determination of cellular 

fluorescence, cells were rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before being 

collected and spun at 1000 rpm for 5 min. The supernatant was then aspirated, and pellets were suspended in fixing solution. 

The mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation wavelength of 404 nm 

within a spectral scan range of 500 - 700 nm. Bradford assays were later performed for each condition and results were 

normalized as ratio of ‘Mean Cellular Fluorescence at emission wavelength of 632.6 nm per µg of protein relative to controls’’ 

(n=3-4 +/- SD). (B) For cLIP measurement, cells were rinsed with PBS and incubated with 5 ml of 0.05uM CA-AM in Loading 

buffer (LB) for 15 min. Cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before 

being collected and spun at 1000 rpm for 5 min. The supernatant was then aspirated, and pellets were suspended in fixing 

solution. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and emission level of 517 

nm (Time scans were performed over a maximum of 2500 s), and baseline fluorescence levels before and after SIH 

dequenching were determined. Bradford assays were later performed for each condition and results were normalized as ratio 

of ‘Mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein relative to controls’ (n=3 

+/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  
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1.3. Evaluation of the effect of 0.5- and 1-mM ALA treatment for 120 min on HaCaT cells 

24 h after a single UVA irradiation.  

Based on Figure 4.1.2 A, 120 min ALA treatment significantly increased porphyrin fluorescence, and this 

increase in natural photosensitizer is expected to significantly increase the susceptibility of HaCaT cells to 

UVA radiation-mediated oxidative damage and cell death. To set the framework and conditions of our 

experimental procedure, HaCaT cells were first incubated with 0.5- and 1-mM ALA for 120 min and then 

irradiated with increasing doses of UVA (i.e.  1, 2.5, 5, 10, 20 and 50 kJ/m²). Cell viability was evaluated 

with the colorimetry based MTT assay. The cell viability is assumed to be directly proportional to the 

amount of formazan produced via the action of cellular dehydrogenases upon the water soluble MTT. 

Both decrease in cell density or direct damage to intracellular dehydrogenases can therefore influence 

the proportion of formazan produced in cells which can be measured via a plate reader. As seen in Figure 

4.1.3, the MTT assay revealed that UVA irradiation alone up to a dose of 50 kJ/m2 had no significant effect 

on HaCaT cells. In contrast, ALA-treated HaCaT cells displayed a UVA dose-dependent decrease in 

formazan production, as monitored by the MTT assay’s intracellular dehydrogenase activity, which was 

more pronounced in cells treated with ALA at a higher concentration of 1mM ALA. Therefore, in HaCaT 

cells treated with 1 mM ALA, lower UVA doses were already efficient in decreasing substantially the cell 

viability (as monitored by dehydrogenase enzymatic activity) when compared to those treated with 0.5 

mM ALA at a similar ALA incubation period. Furthermore, treatment of HaCaT cells with 1 mM ALA was 

sufficient to cause the most significant reduction in cell viability (enzymatic activity) with a UVA dose of 

10 kJ/m². Whereas in HaCaT cells that were treated with 0.5 mM ALA, the significant decrease in cell 

viability (enzymatic activity) was only achieved from a UVA dose of 20 kJ/m² or higher. 

  

 

 

 

 

 

Figure 4.1.3: Evaluation of the cytotoxicity of 0.5- and 1-mM ALA-treated HaCaT Cells following a 

single UVA Irradiation with MTT assay.  

HaCaT cells were treated with 0.5- or 1-mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with 

PBS and irradiated or not, with UVA doses of 1, 2.5, 5, 10, 20 and 50 kJ/m² (i.e., UV0, UV1, UV2.5, UV5, UV10, UV20 and 

UV50). All control treatments were identical, except the incubation step with 0.5- or 1-mM ALA in Sf-DMEM for 120 min, 

which took place with Sf-DMEM alone. MTT analysis was undertaken 24 h post-UVA irradiation. The results were then 

expressed as mean percentage of the untreated control (i.e., set as 100%) (n=3 +/- SD). 

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  
Ϥ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with UVA dose of 2.5 kJ/m² by a degree of probability of p<0.05. 
Β indicates statistical difference from 1 mM ALA-treated cells for 120 and irradiated with UVA dose of 5 kJ/m² by a degree of probability of p<0.05. 
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1.4. Evaluation of the colony forming ability of ALA-treated HaCaT cells irradiated with 

a single dose of UVA. 

Figure 1.4 summarizes the CFA results obtained with cells that were treated for 120 min with 1mM ALA 

and then subjected to irradiation using UVA doses up to 20 kJ/m2. The UVA-irradiated cells alone had no 

significant effect on colony forming ability of HaCaT cells. The most significant colony forming ability 

reduction occurred for ALA-treated cells irradiated with UVA doses of 5 kJ/m² or higher. For single UVA 

irradiation doses, MTT (Figure 4.1.3) and CFA (Figure 4.1.4) results were corroborating for ALA-treated 

cells irradiated with UVA doses of 1 and 2.5 kJ/m². However, the MTT results obtained 24 h after 

irradiation of ALA-treated cells with a higher UVA doses of 5 kJ/m² were significantly different from CFA 

data obtained 12 days later. These data are in line with the notion that in the long term, the photo-

oxidative damages caused by the combination of ALA treatment and a high UVA dose irradiation can lead 

to cell death. As a result, our prospective split dose approach covered a range of split UVA doses, which 

would total to doses less or equal to 5 kJ/m², acting as a reference for later comparison. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.4: Evaluation of the cytotoxic effect of 1 mM ALA-treated HaCaT cells following a 

single UVA irradiation with clone forming assay.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with 

PBS and irradiated or not, with UVA doses of 1, 2.5, 5, 10, 20 and 50 kJ/m² (i.e., UV0, UV1, UV2.5, UV5, UV10 and 

UV20). All control treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, 

which took place with Sf-DMEM alone. Colony forming assay were undertaken over 12 days at 37°C. After this period 

cells were stained with crystal violet dye. The colonies were then counted and expressed as mean percentage colony 

formation of the untreated control (i.e., set as 100%) (n=3-4 ± SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  
Ϥ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with UVA dose of 2.5 kJ/m². 
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1.5. Cellular porphyrin fluorescence and cLIP measurement in ALA-treated HaCaT cells    

While the level of PpIX increases within 120 min of ALA treatment, it was important to follow the 

modulation of PpIX fluorescence within the dark interval between the two irradiations. This would have 

allowed the selection of the time interval providing maximum photo-oxidative reaction. It was therefore 

important to assess the dynamics of porphyrin fluorescence after 1 mM ALA-treatment. This was 

established by the incubation of HaCaT cells in serum-free DMEM medium (Sf-DMEM) alone, under the 

dark condition at 37oC. The incubation period post-ALA treatment was then defined as ‘dark interval’. As 

it can be seen in Figure 4.1.5 A, cellular fluorescence was measured at a dark interval of 60- and 120 min 

post-ALA treatment. This was based on light-fractionation ALA-PDT studies demonstrating that a 120 min 

dark interval was optimal for the skin of hairless mouse.527 Cellular fluorescence was therefore measured 

in the present study to up to 120 min of dark interval between the two irradiations. Figure 4.1.5 A 

illustrates that the mean cellular fluorescence in ALA-treated cells first significantly increased within the 

first 60 min of dark interval (post-ALA treatment) and then decreased within the second 60 min dark 

interval. This confirmed the importance of the time interval between ALA treatment and potential light 

exposure in terms of presumptive maximum PpIX concentration and treatment efficacy. Similarly, Figure 

4.1.5 B represents the fluctuations of cLIP levels during the dark interval of similar time point. 

As seen in Figure 4.1.5 B, cLIP levels were decreased during the first 60 min of dark interval, to later 

increase at 120 min of dark interval, to levels that were not significantly different from 120 min ALA 

treatment. Based on Figure 4.1.5 A and B, cellular porphyrin fluorescence and cLIP levels of ALA-treated 

cells followed an inverse relationship, exhibiting opposite trends, where cellular porphyrin fluorescence 

ascended in the first 60 min of dark interval, to later descend to mean fluorescence values that were not 

statistically different from post-ALA-treatment value. In contrast, cLIP levels of ALA treated cells 

descended in the first 60 min of dark interval to later ascend to cLIP levels that were not statistically 

different from post-ALA treatment value. The minimum cLIP level observed at the 60 min time point of 

dark interval in ALA-treated cells was not significantly different from cLIP levels of HaCaT cells treated with 

Sf-DMEM or untreated control. It is also important to notice that cLIP levels of Sf-DMEM treated HaCaT 

cells were not significantly different when monitored at each time-course point of the dark interval. 
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Figure 4.1.5: Evaluation of cellular porphyrin fluorescence (A) and cLIP levels (B) in 1 mM ALA-treated 

HaCaT cells, 0-, 60- and 120 min post-ALA incubation.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Samples were either returned for 

further incubation, for 60 and 120 min in Sf-DMEM or not. (A) For determination of cellular fluorescence, cells were then 

rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before being collected and spun at 1000 

rpm for 5 min. The supernatants were then aspirated, and pellets were suspended in fixing solution. The mean cellular 

fluorescence was measured with a Hitachi spectrofluorometer, at an excitation wavelength of 404 nm within a spectral scan 

range of 500 - 700 nm. Bradford assays were later performed for each condition and results were normalized as ratio of 

‘Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein relative to controls’ (n=1-3 +/- SD when 

n=3). (B) For the determination of cLIP, cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 

1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatant was then aspirated, and pellets were 

suspended in fixing solution. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and 

emission level of 517 nm (time scans were performed over a maximum of 2500 s), and baseline fluorescence levels before 

and after SIH dequenching were determined. Bradford assays were later performed for each condition and results were 

normalized as ratio of ‘mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein 

relative to controls’ (n=3-5 +/- SD).  
* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05. 
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2. Experimental account of changes in cellular porphyrin and cLIP levels upon light-

fractionation procedure 

2.1. Evaluation of the cytotoxic effects of double dose of UVA irradiation in ALA-

treated HaCaT cells 

Based on the previous results (see Figure 4.1.4), the prospective split dose experiments were established 

to evaluate the range of UVA doses up to 5 kJ/m². This was because the highest reduction in colony 

formation ability of HaCaT cells was achieved for ALA-treated cells irradiated with UVA doses of 5 kJ/m2 

or higher. In order to increase the efficiency of ALA-PDT with UVA-based light fractionation, it was 

necessary to avoid doses exceeding 5 kJ/m2. This provided a framework for our experimental approach, 

to carefully determine a range of split doses of UVA with defined dark intervals (see Figure 4.1.5). The 

split UVA doses consisted of a double dose of 1 kJ/m² (i.e. UV1/1), a UVA dose of 1 kJ/m² followed by a 

higher dose of2.5 kJ/m² (i.e. UV1/2.5), a UVA dose of 2.5 kJ/m² followed by a lower dose of 1 kJ/m² (i.e. 

UV2.5/1), and a double dose of 2.5 kJ/m² (i.e. UV2.5/2.5). The irradiation procedure consisted of a first 

UVA irradiation post-ALA treatment, followed by a dark interval of either 60 or 120 min where cells were 

subjected to a second UVA irradiation. As MTT is a fast, simple, and effective screening assay to evaluate 

cell viability, this assay was used to test all the experimental conditions to select the most efficient split 

dose and dark interval combinations that would result in maximum photokilling (with the lowest UVA 

doses combinations) when compared to the ALA-treated cells exposed to single UVA doses of 1 or 2.5 

kJ/m².    

 

2.1.A. MTT assay of ALA-treated HaCaT cells following a double dose UVA Irradiation 

with a 60 min dark interval. 

To determine whether irradiation of HaCaT cells with split doses of UVA with a dark interval of 60 min is 

more effective than single doses of UVA, a series of MTT assays were undertaken 24 h after irradiation of 

ALA-treated cells. The UVA irradiation consisted of either single doses of 1 and 2.5 kJ/m² (i.e. UV 1 and UV 

2.5) or double split doses of 1 kJ/m² (i.e. UV1/1) and 2.5 kJ/m² (i.e. UV2.5/2.5) as well as 1 kJ/m² followed 

by 2.5 kJ/m² (i.e. UV1/2.5) and 2.5 kJ/m² followed by 1 kJ/m² (i.e. UV2.5/1). As seen in Figure 4.1.5 A, a 60 

min dark interval provided the highest cellular porphyrin fluorescence, equating to about double 

porphyrin levels reached upon 120 min ALA-treatment, whereas cLIP levels decreased to control levels 

(Figure 4.1.5 B). PpIX and cLIP levels are inversely correlated during the dark interval, illustrating a heme 

biosynthetic pathway in its unsaturated state (see Figure 4.1.5 A and B). Referring to Figure 4.2.1.A, the 

cell viability of HaCaT cells exposed to a double UVA dose of 1 kJ/m² with a 60 min dark interval was not 

significantly different to that obtained from single irradiation with a UVA dose of 2.5 kJ/m². Moreover, the 

cell viability of both combination of the double split irradiation of 1 and 2.5 kJ/m² with 1 h dark interval 

(i.e. UV1/2.5 and UV2.5/1) were not significantly different to double dose of 2.5 kJ/m² (i.e. UV2.5/2.5) 

with the same dark interval. It was also established that in ALA-treated HaCaT cells, the viability 

percentages obtained from increasing the total double dose of UVA were similar to those irradiated with 

single doses of UVA irradiation, as increasing total doses resulted in decreasing enzymatic activity 24 h 

post-ALA treatment, despite a 60 min dark interval. This could be noticed when comparing double split 

irradiation of 1 and 2.5 kJ/m² (i.e. UV1/2.5 and UV2.5/1) to a double dose of UVA of 1 kJ/m² (i.e. UV1/1), 
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as their cell viability values were statistically different. It is also important to notice, that our double split 

irradiation did not affect UVA-irradiated HaCaT cells that were untreated with ALA, as their percentages 

of cell viability/enzymatic activity were not statistically different from those of control cells that were 

neither UVA irradiated and nor ALA-treated. 

 

 

 

 

 

 

 

 

 

2.1.B. MTT assay of ALA-treated HaCaT cells following a double dose UVA irradiation 

with a 120 min dark interval 

In this section, the MTT assays were performed 24 h following single or double UVA irradiation conditions 

of ALA-treated cells as in Section 2.1.A, but with a dark interval of 120 min. As seen in Figure 4.1.5 A and 

B, a 120 min dark interval in the Sf-DMEM following the 120 min ALA treatment of HaCaT cells did not 

provide a significant difference in both cellular porphyrin and cLIP levels when compared to cells treated 

with 120 min ALA alone. Referring to Figure 4.2.1.B, the cell viability of ALA-treated HaCaT cells exposed 

to a double dose of 1 kJ/m² was not significantly different from those obtained with a single dose of 2.5 

kJ/m². Just as with a 60 min dark interval, increasing total UVA doses resulted in decreasing enzymatic 

activity 24 h post-ALA treatment, as seen in Figure 4.2.1.B where the cell viability of the double UVA dose 

irradiations consisting of 1 kJ/m² (i.e. UV1/1) was statistically different to double UVA dose irradiations of 

1 and 2.5 kJ/m² (i.e. UV1/2.5 and UV2.5/1) and 2.5 kJ/m² (i.e. UV2.5/2.5) results. However, in contrast 

Figure 4.2.1.A: Evaluation of cytotoxicity in 1 mM ALA-treated HaCaT cells following a double dose 

UVA irradiation with 60 min dark interval with MTT assay.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were incubated for 60 min in Sf-

DMEM. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5 and 

UV2.5/1). All control treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, which 

took place with Sf-DMEM alone. MTT analyses were undertaken 24 h post-UVA irradiation. The results were then expressed 

as mean percentage of the untreated control (i.e., set as 100%) (n=4 +/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² by a degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² by a 

degree of probability of p<0.05. 
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with the results obtained with a 60 min dark interval, the double split irradiation of 1 and 2.5 kJ/m² (i.e. 

UV1/2.5 and UV2.5/1) were significantly different to a double dose of 2.5 kJ/m² (i.e. UV2.5/2.5). 

Furthermore, the double split irradiations with a 120 min dark interval did not affect untreated HaCaT 

cells, and cell viability of controls was not statistically different. Therefore, the cell viability results 

obtained with UVA-light fractionation experiments using UVA doses of 1 and 2.5 kJ/m² (i.e. UV1/2.5 and 

UV2.5/1) were significantly more effective when a dark interval of 60 min was used between the two 

irradiations that those performed with a dark interval of 120 min. In this way, a second irradiation with 

cells that had higher PpIX levels but lower cLIP levels after 60 min dark interval, appeared to be more 

effective in reducing the cell viability of ALA-treated HaCaT cells when compared to those undergoing a 

120 min dark interval. Based on these data, the continuation of the study was focused more on the 60 

min dark interval condition.    

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1.B: Evaluation of cytotoxicity in 1 mM ALA-treated HaCaT cells following a double dose UVA 

irradiation with 120 min dark interval with MTT assay.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were incubated for 120 min in Sf-

DMEM. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5 and 

UV2.5/1). For controls, all treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, 

which took place with Sf-DMEM alone. MTT analyses were undertaken 24 h post-UVA irradiation. The results were then 

expressed as mean percentage of the untreated control (i.e. set as 100%) (n=4-6 +/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² by a degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² by a 

degree of probability of p<0.05. 
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2.2. Cytosolic labile iron pool level measurement in 1 mM ALA-treated HaCaT cells 

following a single or double UVA dose of 1 kJ/m² at 0, 60- and 120 min post-ALA 

incubation. 

To gain insight into the role of cLIP in modulating cellular porphyrin levels and its consequence on ALA-

mediated photo-damage and cell death, the cLIP levels of HaCaT cells were measured for all conditions 

irradiated (or not) with a single or double UVA doses of 1 kJ/m² at 0-, 60- and 120 min following ALA 

treatment (or not) with dark interval incubations in Sf-DMEM. Figure 4.2.2 shows that the fold-difference 

in cLIP levels of UVA-irradiated ALA-treated HaCaT cells at 0, 60- and 120 min dark intervals followed a 

similar descending and ascending trend when compared to their corresponding unirradiated ALA-treated 

controls. Moreover, cLIP levels of irradiated HaCaT cells with a single UVA dose of 1 kJ/m² at 0- and 120 

min post-ALA incubation, were not significantly different from their respective ALA-treated, but 

unirradiated controls, measured at 0- and 120 min dark interval time points. However, cLIP levels of 

irradiated HaCaT cells with a single UVA dose of 1 kJ/m² at 60 min post-ALA incubation was significantly 

different from their corresponding unirradiated ALA-treated and untreated controls.  

According to Figure 4.2.3, irradiation of ALA-treated HaCaT cells with a double UVA dose of 1 kJ/m² at a 

60 min dark interval time point elicited a significant increase (ca 2.5-fold) in cLIP levels when compared to 

irradiated HaCaT cells with a single UVA dose of 1 kJ/m² and unirradiated ALA-treated analogues of their 

respective dark interval time points. ALA-untreated control cLIP levels were not significantly different at 

any time point during both the 60- and 120 min dark intervals 
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2.3. Evaluation of the calcein leakage in ALA-treated HaCaT cells following a single or 

double UVA dose of 1 kJ/m² at 0, 60- and 120 min post-ALA-incubation.  

Calcein-AM is a cell permeant dye, acquiring its fluorescence upon hydrolysis of its acetoxymethyl ester 

moiety by intracellular esterases. Once its acetoxymethyl moiety is cleaved, calcein is unable to cross 

cellular membranes. In this way, quantifying concentration of calcein fluorescence present in the 

supernatant of cell suspensions after the centrifugations would help in assessing the cell membrane’s 

integrity. The evaluation of the level of calcein fluorescence present in the supernatant as compared to 

that retained in ALA- and UVA-treated cells was therefore used to estimate the level of UVA-induced 

membrane damage in ALA-treated cells when compared to the measurable fluorescence from the 

corresponding untreated and unirradiated controls. In the context of ALA-PDT, when the cell membrane 

is damaged as a result of UVA-induced oxidative damage in ALA-treated cells, cell calcein fluorescence 

decreases as a result of the leakage of the intracellular components to the extracellular media. This in 

turn, affects the estimation of the cLIP. Figure 4.2.3 represents the proportion of the leaked calcein over 

the total calcein fluorescence present in the supernatant of the cell suspensions from the irradiated and 

unirradiated cells treated (or not) with ALA. The results revealed that the level of calcein leakage of ALA-

Figure 4.2.2: Evaluation of cLIP level in ALA-treated cells following a single or double UVA dose of 1 

kJ/m² at 0-, 60- and 120 min post-ALA incubation.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 kJ/m² (i.e. Control and UV1). Cells were either incubated for 60 and 120 min in Sf-

DMEM or not. Samples were rinsed with PBS and irradiated or not, with UVA doses of 1 kJ/m² (i.e. Control and UV1/1). Cells 

were rinsed with PBS and incubated with 5 ml of 0.05 µM CA-AM in Loading buffer (LB) for 15 min. For controls, all 

treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, which took place with Sf-

DMEM alone. Thereafter, cells were trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before being collected and 

spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were suspended in fixing solution. 

Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and emission level of 517 nm 

(time scans were performed over a maximum of 2500 s), and baseline fluorescence levels before and after SIH dequenching 

were determined. Bradford assays were later performed for each condition and results were normalized as ratio of ‘mean 

values of baseline fluorescence levels before and after SIH dequenching per µg of protein relative to controls’ (n=3-5 +/- SD). 

* Indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability p<0.05. 

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² with a 60 min dark interval, by a 

degree of probability of p<0.05. 
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treated and untreated HaCaT cells, whether irradiated or not, were low and not statistically different 

when compared to the corresponding untreated and unirradiated HaCaT cells.  

 

  

 

 

 

 

 

 

 

 

 

 

 

2.4. Cellular porphyrin fluorescence measurement in 1 mM ALA-treated HaCaT cells 

immediately or 60 min after exposure to a single UVA dose of 2.5 kJ/m². 

Figure 4.2.4 shows the mean cellular porphyrin fluorescence of HaCaT cells treated (or not) with 1 mM 

ALA for 120 min and then exposed (or not) to a single UVA dose of 2.5 kJ/m² followed (or not) by a 60 min 

dark interval. The results revealed that a 60 min dark interval nearly doubled the cellular porphyrin 

fluorescence of unirradiated but ALA-treated cells alone. On the other hand, UVA irradiation of ALA-

treated cells did not cause an immediate decrease in cellular porphyrin fluorescence. However, after a 60 

min dark interval the cell fluorescence appeared lower in ALA-treated and UVA-irradiated cells when 

compared to the corresponding ALA-treated but unirradiated cells. UVA irradiation in the absence of ALA 

treatment did not significantly change the cellular porphyrin fluorescence neither at 0- or 60 min dark 

interval. 

Figure 4.2.3: Evaluation of calcein leakage in ALA-treated HaCaT cells following a single or double UVA 

dose of 1 kJ/m² at 0-, 60- and 120 min post-ALA incubation. 

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 kJ/m² (i.e. Control and UV1). Next, cells were either incubated in Sf-DMEM or not, for 

60- or 120 min. Samples were then rinsed with PBS and irradiated or not, with UVA doses of 1 kJ/m² (i.e. Control and 

UV1/1). For cLIP measurement, cells were first rinsed with PBS and incubated with 5 ml of 0.05 µM CA-AM in Loading buffer 

(LB) for 15 min. All control cells were treated identically, except the incubation step with 1 mM ALA in Sf-DMEM for 120 

min, which took place with Sf-DMEM alone. Thereafter, cells were trypsinized with a solution of 0.25% trypsin and 1 mM 

EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were 

suspended in fixing solution (SN1). Samples were further spun at 1000 rpm for 5 min and the supernatants were collected 

(SN2). Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and emission level of 517 

nm (time scans were performed over a maximum of 2500 s), and the results were expressed as the ‘percentage’ of calcein 

leakage which was obtained from calcein fluorescence measured from SN1 and SN2 (n=3-4 +/- SD). 

* Indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability p<0.05. 
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2.5. Cytosolic labile iron pool level measurement in 1 mM ALA-treated HaCaT cells 

immediately or 60 min after exposure to a single UVA dose of 2.5 kJ/m². 

In this section the cLIP was evaluated in HaCaT cells that were either ALA-treated or not for 120 min and 

then irradiated (or not) with a single or double dose of 2.5 kJ/m2 UVA with (or without) a 60- or 120 min 

dark interval. The results (see Figure 4.2.5) showed that cLIP levels of irradiated ALA-treated HaCaT cells 

with 2.5 kJ/m² at 0- and 60 min dark interval did not follow a similar descending trend when compared to 

their corresponding unirradiated ALA-treated controls. In addition, and similar to results illustrated in 

Figure 4.2.4, cLIP of irradiated ALA-treated HaCaT cells with a single UVA dose of 2.5 kJ/m² at a 0 min dark 

interval were not significantly different from the cLIP of post-120 min ALA-incubated HaCaT cells (see 

Figure 4.2.3 and 4.2.5). Therefore, at a UVA dose of 2.5 kJ/m², cLIP levels of irradiated ALA-treated HaCaT 

cells were comparable to the levels observed with their corresponding unirradiated but ALA-treated for 

120 min. Interestingly, at the 0 min time point, the cLIP levels of ALA-treated cells were significantly higher 

than the untreated controls, whereas the cLIP levels of ALA-treated and UVA-irradiated cells were not 

significantly different from unirradiated but ALA-treated cells. At the 60 min time point, however, higher 

levels of cLIP were only observed in ALA-treated and UVA-irradiated cells. Moreover, cLIP levels of control 

HaCaT cells were comparable at 0- and 60 min dark intervals upon irradiation with 2.5 kJ/m².  

Figure 4.2.4: Evaluation of cellular porphyrin fluorescence in ALA-treated cells following a single UVA 

dose of 2.5 kJ/m² at 0- and 60 min post-ALA incubation.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37 °C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 2.5 kJ/m² (i.e. Control and UV2.5). Cells were incubated or not for 60 min in Sf-DMEM. 

Samples were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before being collected 

and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were suspended in fixing solution. The 

mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation wavelength of 404 nm within 

a spectral scan range of 500 - 700 nm. Bradford assays were later performed for each condition and results were 

normalized as ratio of ‘mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein’ (n=2-3 +/- SD 

when n=3). 

* Indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability p<0.05. 
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2.6. Calcein leakage in ALA-treated HaCaT cells following a single UVA dose of 2.5 

kJ/m² at 0- and 60 min post-ALA incubation. 

Calcein leakage was measured at two times points in the HaCaT cells that were either treated or not with 

ALA or irradiated (or not) with a UVA dose of 2.5 kJ/m2. These time points corresponded to the end of 120 

min ALA-treatment (i.e. 0 min dark interval) and 60 min post-ALA treatment (i.e. 60 min dark interval).  

The results (see Figure 4.2.6) showed that the proportion of calcein leakage was only significantly high in 

ALA-treated and UVA-irradiated cells at 60 min time point when compared to all other conditions. This is 

not surprising given the level of UVA-induced cell damage was the highest at this condition, when 

measured by both MTT and clone forming assay (see Figure 4.1.3 and 4.1.4). Figure 4.2.6 shows a leakage 

increment to 41.4%, which is about twice that observed in unirradiated and untreated controls. This level 

of calcein leakage reveals the effect of UVA dose of 2.5 kJ/m² and the ensuing oxidative damage of the 

cytoplasmic membrane in ALA-treated cells. This oxidative damage was gradual, as the higher calcein 

leakage was only observed at the 60 min time point after UVA light exposure. This loss of cellular integrity 

makes further comparative studies with calcein inaccurate. However, both loss of cellular membrane 

integrity and its progressive incidence have been demonstrated in this part of the study. This also 

highlights the expected inaccuracy of calcein measurements for cumulative UVA doses either equal to or 

Figure 4.2.5: Evaluation of cLIP level in ALA-treated cells following a single UVA dose of 2.5 kJ/m² at 0- 

and 60 min post-ALA incubation.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 2.5 kJ/m² (i.e. Control and UV2.5). Cells were either returned for further incubation, for 

60 min in Sf-DMEM or not. For cLIP measurement, Samples were first rinsed with PBS and incubated with 5 ml of 0.05uM 

CA-AM in Loading buffer (LB) for 15 min. All controls treatments were identical, except the incubation step with 1 mM ALA 

in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. Thereafter, cells were trypsinized with a solution of 0.25% 

trypsin and 1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and 

pellets were suspended in fixing solution. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 

480 nm and emission level of 517 nm (time scans were performed over a maximum of 2500 s), and baseline fluorescence 

levels before and after SIH dequenching were determined. Bradford assays were later performed for each condition and 

results were normalized as ratio of ‘mean values of baseline fluorescence levels before and after SIH dequenching per µg of 

protein relative to controls’ (n=3-5 +/- SD). 

* Indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability p<0.05. 
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above 2.5 kJ/m². More specifically, cells exposed to cumulative doses higher than 2.5 kJ/m2 would have 

difficulty to retain the calcein after loading with calcein-AM. 

 

 

  

 

 

 

 

 

 

 

 

 

2.7. Evaluation of cytotoxicity with MTT assay in HaCaT cells following exposure to 

double doses of UVA radiation with 15-, 30-, 45- and 60 min dark intervals.  

To further evaluate the correlation that may exist between the extent of cell viability, cellular porphyrin 

concentration, cLIP levels, and illumination parameters, HaCaT cells were treated or not with 1 mM ALA 

and irradiated with two UVA doses at varying dark intervals of 15, 30, 45- and 60 min. Considering 

observations made in Figure 4.1.5 A and B, it was necessary to examine the impact of the inverse 

relationship between cellular porphyrin concentration and cLIP levels on cell viability of ALA-treated 

cells. Based on the mapping in time of porphyrin concentration and cLIP levels upon ALA-treatment (see 

Figure 4.1.5 A and B), investigating cell viabilities of split dose regimen at varying dark intervals could 

clarify the notion that the duration of dark interval is the crucial determinant of efficiency of light 

fractionation treatments.  

Referring to Figure 4.2.7, the cell viabilities of HaCaT cells exposed to a double dose of 1 kJ/m² for all dark 

intervals (i.e., 15, 30, 45- and 60 min) were not significantly different to a single irradiation of 2.5 kJ/m². 

Figure 4.2.6: Evaluation of calcein leakage in ALA-treated HaCaT cells following a single UVA dose of 

2.5 kJ/m² at 0- and 60 min post-ALA incubation.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 2.5 kJ/m² (i.e. Control and UV 2.5). Cells were either incubated in Sf-DMEM or not, for 

60 min. For cLIP measurements, samples were rinsed with PBS and incubated with 5 ml of 0.05 µM CA-AM in Loading buffer 

(LB) for 15 min. All controls treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, 

which took place with Sf-DMEM alone. Thereafter, cells were trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, 

before being collected and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were suspended 

in fixing solution (SN1). Samples were further spun at 1000 rpm for 5 min and the supernatants were collected (SN2). 

Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and emission level of 517 nm 

(time scans were performed over a maximum of 2500 s), and the results were expressed as the ‘percentage’ of calcein 

leakage which was obtained from calcein fluorescence measured from SN1 and SN2 (n=2-3 +/- SD when n=3). 

* Indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability p<0.05. 
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Moreover, the cell viability of both combinations of the double split irradiation of 1 and 2.5 kJ/m² (i.e. 

UV1/2.5 and UV2.5/1) for all dark intervals (i.e. 15, 30, 45- and 60 min) were not significantly different to 

double dose of 2.5 kJ/m² (i.e. UV2.5/2.5) at varying dark intervals, respectively. It was also important to 

notice that the double split irradiations did not affect the cells that were not treated with ALA. Cell 

viabilities as measured by MTT assay were not statistically different from untreated and unirradiated 

control cells. The cell viability of UVA-light fractionated ALA-treated cells at varying dark intervals of 15, 

30, 45- and 60 min were not significantly different from each other. These results were opposed to those 

obtained in Figure 4.2.1 B, where double split irradiation of 1 and 2.5 kJ/m² (i.e. UV1/2.5 and UV2.5/1) for 

dark interval of 120 min were significantly different from double dose of 2.5 kJ/m² (i.e. UV2.5/2.5) in ALA-

treated HaCaT cells. However, similar dose split combinations did not exhibit significant difference at 60 

min dark intervals. Based on Figure 4.2.7, however, the effect of UVA light fractionation of ALA-PDT at 

varying dark intervals of 15-, 30-, 45- and 60 min was comparable at any time point within a 60 min dark 

interval. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.7: Evaluation of cytotoxicity in 1 mM ALA-treated HaCaT cells following a double dose UVA 

irradiation with 15-, 30-, 45- and 60 min dark interval with MTT assay.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37 °C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were incubated for 15-, 30-, 45- and 60 

min in Sf-DMEM. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5, 

UV2.5/1 and UV2.5). All controls treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 

min, which took place with Sf-DMEM alone. MTT analyses were undertaken 24 h post-UVA irradiation. The results were then 

expressed as mean percentage of the untreated control (i.e. set as 100%) (n=4 +/- SD). 

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² with a 60 min dark interval, by a 

degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² with a 60 

min dark interval, by a degree of probability of p<0.05. 



123 
 

2.8. Evaluation of the colony forming ability of ALA-treated HaCaT cells following 

exposure to double doses of UVA radiation with a 30- and 60 min dark interval. 

Based on Figure 4.2.7, there were no significant differences among the short-term effect of double split 

irradiation combinations when comparing varying dark intervals using the MTT assay. It was therefore 

important to study the long-term effect of the split dose regimen (i.e. 30- and 60 min) using the CFA. 

According to Figure 4.2.8, colony forming ability of ALA-treated HaCaT cells exposed to a double dose of 

1 kJ/m² for 30- and 60 min dark intervals was not significantly different. However, ALA-treated HaCaT cells 

exposed to a double dose of 1 kJ/m² at 30- and 60 min dark intervals were significantly different to those 

irradiated with a single UVA dose of 2.5 kJ/m². Moreover, the cell viability of both combinations of the 

split irradiation of 1 and 2.5 kJ/m² (i.e. UV1/2.5 and UV2.5/1) for all dark intervals (i.e., 30- and 60 min) 

were not significantly different to cells irradiated with split UVA doses of 2.5 kJ/m² (i.e. UV2.5/2.5) at 

varying dark intervals respectively.  

The CFA results demonstrated that the long-term effect of UVA-based light fractionation in ALA-treated 

HaCaT cells at varying dark intervals of 30- and 60 min was not significantly different for all UVA split-dose 

combinations used. In this way, short- and long-term effects of the experimental protocol based on the 

MTT assay and CFA, respectively confirmed that in experiments with the dark interval of 30- or 60 min 

after ALA- and UVA treatments, the results were not significantly different, as seen in Figure 4.2.7 and 

Figure 4.2.8. However, despite a lower cumulative UVA dose used, ALA-treated HaCaT cells exposed to a 

double dose of 1 kJ/m² at 30- and 60 min dark intervals had a lower clone forming ability of ca 2.6-fold 

than ALA-treated HaCaT cells exposed to a single dose of 2.5 kJ/m².   

 

 

 

 

 

 

 

Figure 4.2.8: Evaluation of the colony forming ability of ALA-treated HaCaT cells following exposure 

to double doses of UVA radiation with a 30- and 60 min dark interval.  

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were incubated for 30 and 60 min in Sf-

DMEM. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5, UV2.5/1 

and UV2.5/2.5). All controls treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, 

which took place with Sf-DMEM alone. Colony forming assay was undertaken over 12 days at 37 °C. After this period cells 

were stained with crystal violet dye. The colonies were then counted and expressed as mean percentage colony formation of 

the untreated control (i.e. set as 100%) (n=4 ± SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  
Ϥ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with UVA dose of 2.5 kJ/m². 
& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² with a 60 min dark interval, by a 

degree of probability of p<0.05. 
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2.9. Summary of cell viability, porphyrin fluorescence and cLIP levels in 1 mM ALA-

treated HaCaT cells following a single or double UVA dose of 1 kJ/m² at 0-, 60- and 120 

min post-ALA incubation. 

Figures 4.2.9 summarises the main findings of Section 3 Results related to cell viability, porphyrin 

fluorescence and cLIP levels during the dark interval in ALA-treated and untreated HaCaT cells that were 

irradiated or not with single or double doses of 1kJ/m2 UVA with either a 60- or 120 min dark interval in 

Sf-DMEM.   

 

 

Figure 4.2.9. Summary of cell viability (A), porphyrin fluorescence (B) and cLIP levels (C) in HaCaT cells 

treated with 1 mM ALA and exposed (or not) to single or double UVA dose of 1 kJ/m² with a 60- or 120 

min dark interval. 

HaCaT cells were treated either with 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 120 min, in the dark at 37°C. Cells were then 

rinsed with PBS and irradiated or not, with a UVA dose of 1 kJ/m². Cells were then returned for further incubation in Sf-DMEM 

for either 60 or 120 min, in the dark at 37°C. Cells were then rinsed with PBS and irradiated or not, with a UVA dose of 1 kJ/m². 

For controls, all treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 min, which took 



125 
 

place with Sf-DMEM alone. (A) For the determination of cellular viability, cell samples were returned for incubation at 37oC into 

5 ml of their condition media for 24 h. Cell samples had their condition media aspirated and cell dishes were washed with 10 ml 

of PBS. The PBS was then aspirated, and a 5 ml volume of 0.5 mg/ml MTT in Sf-DMEM was added to all cell dishes for 3 h. MTT 

solutions were then aspirated and 5 ml of DMSO was added to each cell dish. Each condition underwent a 1 in 5 dilution with 

DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-well plate, with100 µL of DMSO set as blank. 

Absorbances were measured at 550 nm, using a UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, Germany). 

The results were then expressed as mean percentage of the untreated control (i.e., set as 100%) (n=3-4 +/- SD). (B) For the 

determination of cellular fluorescence, cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 

mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were 

suspended in fixing solution. The mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation 

wavelength of 404 nm within a spectral scan range of 500 - 700 nm. Bradford assays were later performed for each condition 

and results were normalized as ‘Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein’ (n=1-4 +/- SD 

when n=3). This assay was undertaken after ALA- or Sf-DMEM incubation and first UVA irradiation, as well as before and after 

second UVA irradiation. (C) For the determination of cLIP, cells were then rinsed with PBS and trypsinized with a solution of 

0.25% trypsin and 1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatant was then aspirated, 

and pellets were suspended in fixing solution. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation 

of 480 nm and emission level of 517 nm (time scans were performed over a maximum of 2500 s), and baseline fluorescence 

levels before and after SIH dequenching were determined. Bradford assays were later performed for each condition and results 

were normalized as ‘mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein’ (n=3-5 +/- 

SD). This assay was undertaken after ALA- or Sf-DMEM incubation and first UVA irradiation, as well as before and after second 

UVA irradiation. 
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3. Experimental account of cellular porphyrin and cLIP levels modulation undergoing 

light-fractionation procedures 

 

A series of experiments were undertaken with the aim of modulating the cLIP levels and then evaluating 

their impact on UVA-induced iron release and their relationship with cellular porphyrin levels and cell 

viability. Two strategies were implemented, firstly, iron-depletion during the dark interval using a series 

of iron chelators with different sizes, affinity to iron and subcellular distribution, and secondly, iron-

loading prior to ALA-treatment using hemin and iron citrate. 

 

3.1. Evaluation of cytotoxicity with MTT assay in HaCaT cells following a single or 

double UVA dose of 1 kJ/m² at 0- and 60 min post-ALA incubation, in 100 µM SIH-Sf-

DMEM or Sf-DMEM alone.  

The MTT assay was used to examine whether the depletion of ALA-induced cLIP with SIH (100 mM) during 

the 60 min dark interval can affect the cell viability of ALA-treated HaCaT cells 24 h following UVA 

irradiation with a single or double dose of 1 kJ/m2. According to Figure 4.3.1, cell viability of ALA-treated 

cells irradiated with double UVA doses of 1 kJ/m² with a 60 min dark interval were not significantly 

different from the ALA- and double dose UVA irradiated cells (i.e., 1/1 kJ/m2), which were treated with 

SIH during the 60 min dark interval. This was revealed to also be the case for all other UVA double dose 

combinations used (i.e. 1/2.5 and 2.5/1). Therefore, it can be concluded that SIH treatment during dark 

interval did not influence the cell viability of ALA-treated HaCaT cells 24 h following the second UVA 

irradiation. Based on Figure 4.3.1, the cell viability of ALA-treated cells treated with a single UVA dose of 

2.5 kJ/m² was not significantly different from the ALA- and SIH-treated cells irradiated with UVA double 

doses of 1 kJ/m². Furthermore, the cell viability of SIH-treated cells that were UVA-irradiated was not 

statistically different from those that were not UVA-irradiated. Taken together, the short-term effect of 

SIH treatment during the dark interval between the two UVA irradiations in ALA-treated cells was not 

statistically different from cells treated with ALA and exposed to double-dose UVA-irradiation, but 

untreated with SIH. 
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3.2. Summary of cell viability, porphyrin fluorescence and cLIP levels in 1 mM ALA-

treated HaCaT cells following a single or double UVA dose of 1 kJ/m² at 0- and 60 min 

post-ALA incubation, in 100 µM SIH-Sf-DMEM or Sf-DMEM alone  

Figures 4.3.2 summarises the main findings of Section 3 Results related to cell viability, porphyrin 

fluorescence and cLIP levels during the dark interval in ALA-treated and untreated HaCaT cells that were 

irradiated or not with single or double doses of 1kJ/m2 UVA with a 60 min dark interval in 100 µM SIH-Sf-

DMEM or Sf-DMEM alone.   

 

Figure 4.3.1: Evaluation of cytotoxicity with MTT assay in HaCaT cells treated with 100 µM SIH and ALA 

and exposed to a single or double dose of UVA radiation with a 60 min dark interval.   

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were either incubated in 100 µM SIH in 

Sf-DMEM or Sf-DMEM alone for 60 min. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 2.5 

kJ/m² (i.e. UV1/1, UV1/2.5 and UV2.5/1). All control treatments were identical, except the incubation step with 1 mM ALA 

in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. MTT analysis was undertaken 24 h post-UVA irradiation. 

The results were then expressed as mean percentage of the untreated control (i.e. set as 100%) (n=3 +/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² by a degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² by a 

degree of probability of p<0.05. 
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Figure 4.3.2. Summary of cell viability (A), porphyrin fluorescence (B) and cLIP (C) levels in HaCaT cells 

treated with 1 mM ALA and exposed (or not) to single or double UVA dose of 1 kJ/m² with a 60 min dark 

interval, in 100 µM SIH-Sf-DMEM or Sf-DMEM alone. 

HaCaT cells were treated either with 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 120 min, in the dark at 37°C. Cells were then 

rinsed with PBS and irradiated or not, with a UVA dose of 1 kJ/m². Cells were then returned for further incubation in either 100 

µM SIH-Sf-DMEM or Sf-DMEM alone for 60 min, in the dark at 37°C. Cells were then rinsed with PBS and irradiated or not, with a 

UVA dose of 1 kJ/m². For controls, all treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 

min, which took place with Sf-DMEM alone. (A) For the determination of cellular viability, cell samples were returned for 

incubation at 37oC into 5 ml of their condition media for 24 h. Cell samples had their condition media aspirated and cell dishes 

were washed with 10 ml of PBS. The PBS was then aspirated, and a 5 ml volume of 0.5 mg/ml MTT in Sf-DMEM was added to all 

cell dishes for 3 h. MTT solutions were then aspirated and 5 ml of DMSO was added to each cell dish. Each condition underwent 

a 1 in 5 dilution with DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-well plate, with100 µL of DMSO set 

as blank. Absorbances were measured at 550 nm, using a UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, 

Germany). The results were then expressed as mean percentage of the untreated control (i.e., set as 100%) (n=3 +/- SD). (B) For 

the determination of cellular fluorescence, cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 

mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were 

suspended in fixing solution. The mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation 

wavelength of 404 nm within a spectral scan range of 500 - 700 nm. Bradford assays were later performed for each condition and 

results were normalized as ‘Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein’ (n=1-4 +/- SD when 

n=3). This assay was undertaken after ALA- or Sf-DMEM incubation and first UVA irradiation, as well as before and after second 

UVA irradiation. (C) For the determination of cLIP, cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin 

and 1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatant was then aspirated, and pellets were 

suspended in fixing solution. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and 
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emission level of 517 nm (time scans were performed over a maximum of 2500 s), and baseline fluorescence levels before and 

after SIH dequenching were determined. Bradford assays were later performed for each condition and results were normalized 

as ‘mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein’ (n=1-5 +/- SD). This assay 

was undertaken after ALA- or Sf-DMEM incubation and first UVA irradiation, as well as before and after second UVA irradiation. 

 

3.3. Evaluation of cytotoxicity with MTT assay in HaCaT cells following a single or double 

UVA dose of 1 kJ/m² at 0- and 60 min post-ALA incubation, in 100 µM DFP-Sf-DMEM or 

Sf-DMEM alone   

Due to the distinct chemical properties of deferiprone (DFP; 1,2-dimethyl-3-hydroxypyridin-4-one), it was 

of interest to evaluate the effect of DFP-related iron-chelation on the efficiency of photo-killing in ALA-

treated cells following a single or double doses of UVA. Figure 4.3.3 illustrates the percentage cell viability 

of ALA-treated and untreated cells that were irradiated (or not) with single (UV1, UV2.5) and double UVA 

dose combinations of UV1/1, UV1/2.5 and UV2.5/1 and treated (or not) with DFP during the 60 min dark 

interval, when compared to untreated and unirradiated controls (set as 100%). The results illustrated that 

DFP treatment during the dark interval had no effect on cell viability of ALA- and DFP-treated cells 

irradiated with single or double doses of UVA, when compared to UVA treated cells that were treated 

with ALA alone. It is also noteworthy that 100 µM DFP treatment in Sf-DMEM did not also affect the cell 

viability of HaCaT cells either alone or after UVA irradiation(s). Taken together the results are in agreement 

with the SIH data showing that the depletion of cLIP during the dark interval following ALA treatment does 

not affect the efficiency of ALA-PDT in HaCaT cells irradiated with either single or double doses of UVA 

(see Figure 4.3.1).  

 

 

 

 

 

 

 

 

Figure 4.3.3: Evaluation of cytotoxic effect with MTT assay in HaCaT cells treated with 100 µM DFP and 

ALA and exposed to a single or double dose of UVA radiation with a 60 min dark interval. 

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37 °C. Cells were then rinsed with PBS and 

irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were either incubated in 100 µM DFP 

in Sf-DMEM or Sf-DMEM alone for 60 min. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 

2.5 kJ/m² (i.e. UV1/1, UV1/2.5 and UV2.5/1). All control treatments were identical, except the incubation step with 1 mM 

ALA in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. MTT analysis was undertaken 24 h post-UVA 

irradiation. The results were then expressed as mean percentage of the untreated control (i.e., set as 100%) (n=3 +/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² by a degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² by a 

degree of probability of p<0.05. 
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3.4. Evaluation of cytotoxicity with MTT assay in HaCaT cells following a single or double 

UVA dose of 1 kJ/m² at 0-, 60- and 120 min post-ALA incubation, in 1 mM DFO in Sf-

DMEM or Sf-DMEM alone  

The effect of iron depletion during the dark interval was also studied with desferrioxamine mesylate 

(DFO). DFO was used at a higher concentration of 1 mM when added for 60- (see Figure 4.3.4 A) or 120 

min (see Figure 4.3.4 B) during the dark incubation period to ALA-treated cells that were irradiated or not 

with double doses of UVA (i.e. 1/1; 1/2.5; 2.5/1 and 2.5/2.5 kJ/m2, respectively). 

According to Figure 4.3.4.A, the cell viabilities of ALA-treated cells that were treated with 1mM DFO during 

the 60 min dark interval between the two UVA doses used were not significantly different to those from 

ALA-treated and double UVA-irradiated cells that were not treated with DFO during the 60 min dark 

interval. Interestingly, the cell viability of ALA-treated cells exposed to UVA at a single dose of 2.5 kJ/m² 

and then exposed to 1 mM DFO for a 60 min period was statistically much lower than the equivalent cells 

that were not treated with DFO.  The latter data was unexpected and would suggest that depletion of iron 

with DFO following irradiation with a higher single dose of UVA than 1kJ/m2 decreases the cell viability of 

photosensitized cells. The results (see Figure 4.3.4.A) further demonstrated that DFO treatment alone in 

the absence of ALA did not exert any cytotoxicity to UVA-irradiated or unirradiated cells, when compared 

to untreated and unirradiated control cells.  

It was also important to check whether DFO treatment during a longer dark interval of 120 min between 

the two UVA irradiation of ALA-treated cells could modulate the cell viability when compared to 

equivalent cells untreated with DFO. The results (see Figure 4.3.4.B) revealed that the cell viability of ALA-

treated cells that were treated with DFO during the dark interval between the two irradiations with UVA 

doses of 1 kJ/m² were significantly reduced when compared to equivalent cells untreated with DFO. 

However, the observed reduction in cell viability of DFO-treated cells was not statistically different from 

the equivalent DFO-untreated cells in all other ALA-treated and double UVA-irradiated combinations cells 

(i.e. 1/2.5 and 2.5/1). Moreover, in contrast to the results obtained in Section 3.4.A, the cell viability of 

ALA-treated cells that were irradiated with UVA at a single dose of 2.5 kJ/m² and then DFO-treated were 

not different from the equivalent cells that were not treated with DFO. Nonetheless, the cell viability of 

ALA-treated HaCaT cells that were DFO-treated for a period of 120 min between the two UVA irradiation 

with a dose of 1 kJ/m² was significantly lower than the cell viability of ALA-treated cells that were 

irradiated with a double UVA dose of 1 kJ/m². Therefore, DFO treatment did adversely affect the cellular 

viability when compared to the split dose regimen of ALA-treated cells. Also, based on Figure 4.3.4.B, the 

viability of cells that were treated with DFO for 120 min irrespective of UVA irradiation (i.e. UVA irradiated 

or not) was not significantly different from those that were not treated with DFO, irrespective of UVA 

irradiation.  
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Figure 4.3.4.A and B: Evaluation of cytotoxicity with MTT assay in HaCaT cells treated with 1 mM DFO and 
ALA and exposed to a single or double dose of UVA radiation with 60- (A) 120 min dark interval (B). 
 
HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 
irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and UV2.5). Cells were either incubated in 1 mM DFO in Sf-
DMEM or Sf-DMEM alone for 60- (A) 120 min dark interval (B). Cells were then rinsed with PBS and irradiated or not, with UVA 
doses of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5 and UV2.5/1). All control treatments were identical, except the incubation step 
with 1 mM ALA in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. MTT analysis was undertaken 24 h post-UVA 
irradiation. The results were then expressed as mean percentage of the untreated control (i.e., set as 100%) (n=3-4 +/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² by a degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² by a degree of 

probability of p<0.05. 

 
 
3.5. Summary of cell viability, porphyrin fluorescence and cLIP levels in 1 mM ALA-
treated HaCaT cells following a single or double UVA dose of 1 kJ/m² at 0- and 120 min 
post-ALA incubation, in 1 mM DFO-Sf-DMEM or Sf-DMEM alone. 
 

Figures 4.3.2 summarises the main findings of Section 3 Results related to cell viability, porphyrin 

fluorescence and cLIP levels during the dark interval in ALA-treated and untreated HaCaT cells that were 

irradiated or not with single or double doses of 1kJ/m2 UVA with a 120 min dark interval in 1 mM DFO-Sf-

DMEM or Sf-DMEM alone.   
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Figure 4.3.5. Summary of cell viability (A), porphyrin fluorescence (B) and cLIP (C) levels in HaCaT cells 

treated with 1 mM ALA and exposed (or not) to single or double UVA dose of 1 kJ/m² with a 120 min dark 

interval, in 1 mM DFO-Sf-DMEM or Sf-DMEM alone. 

HaCaT cells were treated either with 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 120 min, in the dark at 37°C. Cells were then 

rinsed with PBS and irradiated or not, with a UVA dose of 1 kJ/m². Cells were then returned for further incubation in either 1 mM 

DFO-Sf-DMEM or Sf-DMEM alone for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and irradiated or not, with a 

UVA dose of 1 kJ/m². For controls, all treatments were identical, except the incubation step with 1 mM ALA in Sf-DMEM for 120 

min, which took place with Sf-DMEM alone. (A) For the determination of cellular viability, cell samples were returned for 

incubation at 37oC into 5 ml of their condition media for 24 h. Cell samples had their condition media aspirated and cell dishes 

were washed with 10 ml of PBS. The PBS was then aspirated, and a 5 ml volume of 0.5 mg/ml MTT in Sf-DMEM was added to all 

cell dishes for 3 h. MTT solutions were then aspirated and 5 ml of DMSO was added to each cell dish. Each condition underwent 

a 1 in 5 dilution with DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-well plate, with100 µL of DMSO set 

as blank. Absorbances were measured at 550 nm, using a UV/Vis microplate reader (SPECTROstar, BMG Labtech, Ortenberg, 

Germany). The results were then expressed as mean percentage of the untreated control (i.e., set as 100%) (n=3-4 +/- SD). (B) 

For the determination of cellular fluorescence, cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin 

and 1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were 

suspended in fixing solution. The mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation 

wavelength of 404 nm within a spectral scan range of 500 - 700 nm. Bradford assays were later performed for each condition and 

results were normalized as ‘Mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein’ (n=1-4 +/- SD when 

n=3). This assay was undertaken after ALA- or Sf-DMEM incubation and first UVA irradiation, as well as before and after second 

UVA irradiation. (C) For the determination of cLIP, cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin 

and 1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatant was then aspirated, and pellets were 

suspended in fixing solution. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and 
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emission level of 517 nm (time scans were performed over a maximum of 2500 s), and baseline fluorescence levels before and 

after SIH dequenching were determined. Bradford assays were later performed for each condition and results were normalized 

as ‘mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein’ (n=1-5 +/- SD). This assay 

was undertaken after ALA- or Sf-DMEM incubation and first UVA irradiation, as well as before and after second UVA irradiation. 

 

 

3.6. Evaluation of cytotoxicity with MTT assay of hemin pre-treatment (10 µM) on 

ALA-treated HaCaT cells, following a double dose UVA irradiation with 60 min dark 

interval. 

As the depletion of cLIP with DFO caused a decrease in cell viability in ALA-treated and double-UVA 

irradiated cells (see Figure 4.3.B), it was important to investigate whether iron-loading in the form of 

hemin (10 µM) can reverse these cellular events and promote cell survival in hemin- and ALA pre-treated 

cells following UVA irradiation. For this purpose, cells were first treated (or not) for 18 h with 10 µM hemin 

followed by 2 h dark incubation with ALA and subsequent UVA irradiations with single or double dose 

combinations comprising a 60 min dark interval. Based on Figure 4.3.6, the viability of cells that were 

treated with hemin and ALA prior to UVA irradiation with a single dose of 2.5 kJ/m² was significantly 

different from that of cells pre-treated with ALA alone prior to irradiation with a single dose of 2.5 kJ/m2. 

Moreover, the viability of hemin and ALA pre-treated cells irradiated with two UVA doses of 1 kJ/m² with 

a dark interval of 60 min was not significantly different from that of cells pre-treated with ALA alone and 

double-irradiated with a UVA dose of 1kJ/m2. Figure 4.3.6 also illustrated that hemin treatment per se did 

not significantly change the viability of cells irradiated with all double UVA dose combinations used when 

compared to that of UVA-irradiated cells alone. Taken together, the MTT assay revealed that exposure of 

cells to 10 µM hemin for 18 h did not significantly change the viability of cells treated with ALA prior to 

double dose UVA irradiations with a dark interval of 60 min, when compared to the equivalent cells that 

were treated the same except that they were not exposed to hemin. However, exposure of cells to 10 µM 

hemin for 18 h did significantly change the viability of cells treated with ALA prior to a double dose of 

1kJ/m2 UVA with a dark interval of 60 min, when compared to a single dose of 2.5 kJ/m² with cells pre-

treated with ALA alone. 
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3.7. Evaluation of cytotoxicity with MTT assay in HaCaT cells pre-treated with 100 µM 

iron citrate and 1mM ALA and exposed to a double dose of UVA irradiation with a 60 

min dark interval. 

Since iron-loading with 10 M hemin prior to ALA treatment did not significantly affect the viability of 

HaCaT cells following double UVA irradiations with a 60 min dark interval, it was decided to repeat the 

experiments with 100 M iron citrate. The results (see Figure 4.3.7) indicated that the cell viability of 

HaCaT cells treated with 100 µM iron citrate (18 h)- and 1 mM ALA (2 h) prior to UVA irradiation with a 

single dose of 2.5 kJ/m2 was not significantly different from that of ALA and UVA-irradiated HaCaT cells 

untreated with iron citrate. Moreover, the viability of HaCaT cells pre-treated with 100 µM iron citrate 

(18 h) and 1 mM ALA (2 h) and then UVA-irradiated with a double dose of 1 kJ/m² dose with a dark 

interval of 60 min was not substantially different from that of ALA-treated and UVA irradiated cells with 

a double 1 kJ/m² dose of UVA with a dark interval of 60 min, respectively. Furthermore, the cell 

viabilities of double dose-irradiated HaCaT cells with combinations of 1/2.5 and 2.5/1 pre-treated with 

iron-citrate and ALA were not statistically different to those of ALA-treated HaCaT-cells that were 

irradiated with a double UVA dose of 1 kJ/m². Additionally, the viability of iron citrate-treated HaCaT 

cells following UVA irradiation were not statistically different to that of UVA-irradiated -HaCaT cells that 

Figure 4.3.6: Evaluation of cytotoxicity with MTT assay in HaCaT cells pre-treated with 10 µM hemin 

and ALA and exposed to a single or double dose of UVA radiation with a 60 min dark interval. 

HaCaT cells were pre-treated with 10 µM Hemin in Sf-DMEM for 18 h, prior to 1 mM ALA in Sf-DMEM for 120 min, in the 

dark at 37°C. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 and 

UV2.5). Cells were incubated for 60 min in Sf-DMEM. Cells were then rinsed with PBS and irradiated or not, with UVA doses 

of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5 and UV2.5/1). All control treatments were identical, except the incubation step with 

1 mM ALA in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. MTT analysis was undertaken 24 h post-UVA 

irradiation. The results were then expressed as mean percentage of the untreated control (i.e. set as 100%) (n=3 +/- SD).  

* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² by a degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² by a 

degree of probability of p<0.05. 
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were not treated with iron citrate. Taken together the results indicated that iron citrate pre-treatment 

has no modulatory action on the cytotoxicity of ALA-treated HaCaT cells following single or double 

irradiations with low doses of UVA. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
3.8. Summary of cell viability, porphyrin fluorescence and cLIP levels in HaCaT cells 
pre-treated with 100 µM iron citrate and 1mM ALA and exposed to a single or double 
UVA dose of 1 kJ/m² with a 60 min dark interval. 
 
Figures 4.3.8 summarises the main findings of Section 3 Results related to cell viability, porphyrin 

fluorescence and cLIP levels of pre-treated HaCaT cells with 1 mM and/or 100 µM iron citrate or not, 

which were irradiated or not with single or double doses of 1kJ/m2 UVA with a 60 min dark interval in Sf-

DMEM.   

Figure 4.3.7: Evaluation of cytotoxicity with MTT assay in HaCaT cells pre-treated with 100 µM iron-

citrate and ALA and exposed to a single or double dose of UVA radiation with a 60 min dark interval. 

HaCaT cells were pre-treated with 100 µM iron citrate in Sf-DMEM for 18 h, prior to 1 mM ALA in Sf-DMEM for 120 min, in 

the dark at 37°C. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 1 and 2.5 kJ/m² (i.e. UV0, UV1 

and UV2.5). Cells were incubated for 60 min in Sf-DMEM. Cells were then rinsed with PBS and irradiated or not, with UVA 

doses of 1 and 2.5 kJ/m² (i.e. UV1/1, UV1/2.5 and UV2.5/1). All control treatments were identical, except the incubation 

step with 1 mM ALA in Sf-DMEM for 120 min, which took place with Sf-DMEM alone. MTT analysis was undertaken 24 h 

post-UVA irradiation. The results were then expressed as mean percentage of the untreated control (i.e. set as 100%) (n=3-

4 +/- SD).  
* indicates statistical difference from 1 mM ALA-treated cells for 120 min by a degree of probability of p<0.05.  

& indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a double dose of UV 1 kJ/m² by a degree of probability of p<0.05. 

$ indicates statistical difference from 1 mM ALA-treated cells for 120 min and irradiated with a dose of UV 1 kJ/m² followed by a dose of UV 2.5 kJ/m² by a 

degree of probability of p<0.05. 
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Figure 4.3.8. Summary of cell viability, porphyrin fluorescence and cLIP levels in HaCaT cells treated with 

1 mM ALA and (or not) 100 µM iron citrate, and exposed (or not) to single or double UVA dose of 1 kJ/m² 

with a 60 min dark interval. 

HaCaT cells were then pre-treated or not, with either 100 µM iron citrate in Sf-DMEM or Sf-DMEM alone for 18 h, prior to ALA-
treatment or not, on the 3rd day. On day 3, HaCaT cells were treated either with 1 mM ALA in Sf-DMEM or Sf-DMEM alone for 
120 min, in the dark at 37°C. Cells were then rinsed with PBS and irradiated or not, with a UVA dose of 1 kJ/m². Cells were then 
returned for further incubation in Sf-DMEM alone for 60 min, in the dark at 37°C. Cells were then rinsed with PBS and irradiated 
or not, with a UVA dose of 1 kJ/m². For controls, all treatments were identical, except the incubation step with 1 mM ALA in Sf-
DMEM for 120 min, which took place with Sf-DMEM alone. (A) For the determination of cellular viability, cell samples were 
returned for incubation at 37oC into 5 ml of their condition media for 24 h. Cell samples had their condition media aspirated 
and cell dishes were washed with 10 ml of PBS. The PBS was then aspirated, and a 5 ml volume of 0.5 mg/ml MTT in Sf-DMEM 
was added to all cell dishes for 3 h. MTT solutions were then aspirated and 5 ml of DMSO was added to each cell dish. Each 
condition underwent a 1 in 5 dilution with DMSO, and 100 µL of each condition was pipetted in triplicate into a 96-well plate, 
with100 µL of DMSO set as blank. Absorbances were measured at 550 nm, using a UV/Vis microplate reader (SPECTROstar, 
BMG Labtech, Ortenberg, Germany). The results were then expressed as mean percentage of the untreated control (i.e., set as 
100%) (n=3-4 +/- SD). (B) For the determination of cellular fluorescence, cells were then rinsed with PBS and trypsinized with a 
solution of 0.25% trypsin and 1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The supernatants were then 
aspirated, and pellets were suspended in fixing solution. The mean cellular fluorescence was measured with a Hitachi 
spectrofluorometer, at an excitation wavelength of 404 nm within a spectral scan range of 500 - 700 nm. Bradford assays were 
later performed for each condition and results were normalized as ‘Mean cellular fluorescence at emission wavelength of 632.6 
nm per µg of protein’ (n=1-4 +/- SD when n=3). This assay was undertaken after ALA- or Sf-DMEM incubation and first UVA 
irradiation, as well as before and after second UVA irradiation. (C) For the determination of cLIP, cells were then rinsed with PBS 
and trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before being collected and spun at 1000 rpm for 5 min. The 



137 
 

supernatant was then aspirated, and pellets were suspended in fixing solution. Fluorescence was measured using a Hitachi 
spectrofluorometer at an excitation of 480 nm and emission level of 517 nm (time scans were performed over a maximum of 
2500 s), and baseline fluorescence levels before and after SIH dequenching were determined. Bradford assays were later 
performed for each condition and results were normalized as ‘mean values of baseline fluorescence levels before and after SIH 
dequenching per µg of protein’ (n=1-5 +/- SD). This assay was undertaken after ALA- or Sf-DMEM incubation and first UVA 
irradiation, as well as before and after second UVA irradiation. 
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4. Evaluation of ALA-treated HaCaT cells following a double dose of daylight 

irradiation with 60 min dark interval 

Based on the superior efficacy of both UVA and the light fractionation protocols in ALA-PDT using the 

indoor UVA lamp, this project aimed to evaluate the efficiency of the UVA-based daylight-split dose 

regimen to shorten the duration of daylight exposure from 2 h (at 86 kJ/m2) to two short pulses of 30-70 

s (at 1-2.5 kJ/m2). The proposed strategy was expected to increase the success rate of dPDT by decreasing 

the unpredictability of variables involved in this modality, and therefore maximizing patient compliance. 

Based on our laboratory work, an in-vitro pilot study on the effect of daylight-fractionated ALA-PDT was 

designed and its effectiveness evaluated. For this purpose, the study was either performed using 

octocrylene as a UVB-specific filter or the commercially available sun protection formulation, Anthelios™ 

SPF 50+, known to filter both the UVA and UVB components of sunlight. This would filter out both UVA 

and UVB contribution of sunlight to dPDT and thereby maximizing the contribution of visible light in 

agreement with the current protocol of dPDT for AK patients in Scotland. 

 

 

4.1. Evaluation of the absorption profile of sunscreen filters in ethanol 

In-vitro dPDT experiments were performed according to the protocol used for the indoor UVA-based 

experiments with the exception that natural sunlight was used instead of the broad-spectrum UVA Sellas 

lamp, emitting UVA from 320-405 nm. To eliminate the harmful UVB and to maximize UVA contribution 

to fast and effective light-fractionation-based ALA-PDT, the HaCaT cells cultured in 9.6 cm2 plates were 

fully covered by an additional plate containing a reservoir of an area of 9.6 cm2 onto which a sunscreen 

filter, either octocrylene or Anthelios™ was loaded. Referring to Figure 4.4.1, octocrylene exhibited a 

maximum absorbance around 303 nm at an optical density ca 0.7, whereas the Anthelios™ absorption 

occurs over a wider range with a maximum absorbance around 361 nm at an optical density ca 1.15. 
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4.2. Colony forming ability of ALA-treated HaCaT cells following a double dose of 

daylight irradiation with a 60 min dark interval 

Colony forming assays (CFA) based on the split dose regimen were undertaken with natural daylight as 

the source of light. Cell plates were covered with a second plate containing a reservoir of either 

octocrylene or Anthelios™ in absolute ethanol. The double split dose of 1 kJ/m² was compared with single 

irradiation of 1 and 2.5 kJ/m². Referring to Figure 4.4.2, for all irradiation doses tested (i.e. 1, 2.5 and 1/1), 

CFA of ALA-treated HaCaT cells that were covered with octocrylene reservoir were not statistically 

different. Moreover, CFA of Anthelios™-covered ALA-treated HaCaT cells were not statistically different 

from cells that were not covered by Anthelios™ and not treated with ALA for all the irradiation doses used. 

Furthermore, CFA of Anthelios™-covered HaCaT cells were not statistically different from HaCaT cells that 

were not treated with ALA and this was irrespective of whether they were irradiated or not.  

When Anthelios™ shielded the UVA component of sunlight on ALA-treated cells, the colony forming ability 

was comparable to unirradiated and untreated HaCaT cells. However, when ALA-treated HaCaT cells were 

not shielded from the UVA component of sunlight, either with octocrylene or ethanol alone, colony 

Figure 4.4.1. Evaluation of the absorption spectra of octocrylene (1.92 mg/ml) and AntheliosTM (19.2 

mg/ml) sunscreen filters in absolute ethanol 
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forming abilities were reduced significantly. In this way, visible light alone did not inflict any damage on 

ALA-treated HaCaT cells for the experimental doses used (i.e. 1 and 2.5 kJ/m2), however their combination 

with the UVA component of sunlight seemingly resulted in a greater reduction of colony forming ability. 

This presumably underlines the synergistic effect of multichromatic sunlight, covering the full range of 

PpIX absorbance spectrum and therefore, improving the generation of ROS and the ensuing cell damage 

and death. 

The split dose regimen did not appear to be superior to continuous irradiation in the context of dPDT. 

Nevertheless, the present work is the first of its kind demonstrating that a light fractionation protocol 

with extremely low doses of UVA (i.e. 1 kJ/m2 translating to ca 30 s in sunlight) with a 1 h interval can 

effectively inactivate over 80% of the colony forming ability of ALA-treated and daylight-irradiated cells 

either alone or with octocrylene filtering out the harmful UVB component of sunlight. The results further 

demonstrated that exposing an ALA-treated patient’s skin lesions to sunlight with an Anthelios™ cover is 

fully ineffective at these low doses used, implying that the UVA-based dPDT split dose regimen can be a 

more simple and more powerful system for the dPDT of AK patients.     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.2: Evaluation of the colony forming ability of HaCaT cells treated with 1 mM ALA and 

irradiated with a single or double daylight UVA equivalent when covered with either ethanol or 2 

mg/cm2 of octocrylene or AntheliosTM. 

HaCaT cells were treated with 1 mM ALA in Sf-DMEM for 120 min, in the dark at 37°C. Cells were then rinsed with PBS and 

irradiated or not, with respective cover of 5 ml solutions of either ethanol, Octocrylene and Anthelios™, and daylight doses 

of 1 and 2.5 kJ/m² (i.e., UV0, UV1 and UV2.5). Cells were incubated for 60 min in Sf-DMEM. Samples were then rinsed with 

PBS and irradiated or not, with respective cover of 5 ml solutions of either ethanol, Octocrylene and Anthelios™, and a 

daylight dose of 1 kJ/m² (i.e. UV1/1). Controls were treated identically, except the incubation step with 1 mM ALA in Sf-

DMEM for 120 min, which took place with Sf-DMEM alone. Colony forming assays were undertaken over 12 days at 37°C. 

After this period cells were stained with crystal violet dye. The colonies were then counted and expressed as mean 

percentage colony formation of the untreated control (i.e. set as 100%) (n=3 +/- SD). 
¤ indicates statistical difference from 1 mM ALA-treated cells for 120 min (covered with ethanol) by a degree of probability of p<0.05. 
Џ indicates statistical difference from 1 mM ALA-treated cells for 120 min (covered with ethanol) and irradiated with UVA dose of 2.5 kJ/m² by a degree of 

probability of p<0.05. 
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5. Evaluation of the cell viability, porphyrin fluorescence and cLIP levels of ALA and 

chelator-composite prodrugs in HaCaT cells exposed (or not) to a single dose of UVA 

irradiation 

5.1. Evaluation of the cytotoxicity of ALA and chelator-composite prodrugs in HaCaT 

cells following a single dose of UVA irradiation. 

It has been previously demonstrated that the synergistic release of ALA and chelators from ALA-chelator 

ester conjugates by intracellular esterases may be a way to increase the efficiency of ALA-PDT of skin 

cancer.691,692 In collaboration with Prof Tao Zhou (School of Food Science and Biotechnology, Zhejiang 

Gongshang University, Hangzhou, Zhejiang, PR China) and Dr Yuan Yuan Xie (College of Pharmaceutical 

Sciences, Zhejiang University of Technology, Hangzhou, PR China) an investigation was carried out with 

16 ALA-HPO ester conjugates with increased lipophilicity when compared to previously published ones 

from Prof Zhou’s group.692 These pro-drug conjugates were investigated for their ability to generate PpIX 

and hence improve the efficiency of UVA-based topical ALA-PDT modality. HaCaT cells were therefore 

treated with pro-drug conjugates at 50, 100 or 250 µM in the dark for 4 h or 24 h in 1%-FCS DMEM, and 

their cytotoxicity was evaluated with the MTT assay. Based on Figure 4.5.1 A and B, compounds I, II, V, IX 

and X did not display intrinsic cytotoxicity over a 4 and 24 h incubation period, and were selected for 

further evaluation. Figure 4.5.1 A and B represent the result of only one independent MTT assay, and was 

performed in order to rapidly screen pro-drug conjugates, before undertaking further investigations.  

 

 

 

 

 

Figure 4.5.1 A and B: Evaluation of the cytotoxic effect of compound I to X from Batch A incubated for 

4 h (A) and 24 h (B) in HaCaT cells, with MTT assay.  

HaCaT cells were treated with 50 and 100 µM compound I to X in 1% FCS-DMEM for 240 min (A) or 24 h (B), in the dark at 

37°C. Cells were then rinsed with PBS and placed back in their condition media. All control treatments were identical, 

except for the incubation step with 50 and 100 µM ALA in 1% FCS-DMEM for 240 min or 24 h, which took place with Sf-

DMEM alone. MTT analysis was undertaken 24 h post-incubation. The results were then expressed as mean percentage of 

the untreated control (i.e. set as 100%) (n=1).  
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5.2. Evaluation of the cytotoxicity of ALA, ALA + DFP and compounds I, II, V, IX and X 

from Batch A-treated HaCaT cells, following a single dose of UVA irradiation. 

An MTT assay was performed 24 h following UVA irradiation of HaCaT cells pre-treated with the 

conjugates for 4 or 24 h. Conjugates were irradiated with UVA light doses of 5 and 10 kJ/m2 and their 

enzymatic activity was then compared with ALA + DFP of similar concentration using the MTT assay. The 

results (Figure 4.5.2 A and B) showed that compounds I, II, V, IX and X were not effective at reducing 

cellular viability upon UVA irradiation of 5 and 10 kJ/m², at concentration of 50 or 100 µM for 4 or 24 h 

when compared to equimolar concentrations of ALA and DFP (ALA-DFP). Therefore, it could be assumed 

that compound I, II, V, IX and X were not effective at photosensitizing HaCaT cells when compared to 

equimolar concentration of ALA-DFP.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.2. A and B: Evaluation of the cytotoxic effect of ALA, ALA + DFP and Compound I to X from 

Batch A in HaCaT Cells following a single dose of UVA Irradiation, with MTT assay.  

HaCaT cells were treated with 50 and 100 µM of either ALA, ALA+DFP or compound I, II, V, IX and X in 1% FCS-DMEM for 

240 min (A) or 24 h (B), in the dark at 37 °C. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 5 and 

10 kJ/m² (i.e. UV5 and UV10). All control treatments were identical, except the incubation step with 50 and 100 µM 

compound I, II, V, IX and X in 1% FCS-DMEM for 240 min or 24 h, which took place with Sf-DMEM alone. MTT analysis was 

undertaken 24 h post-UVA irradiation. The results were then expressed as mean percentage of the untreated control (i.e., 

set as 100%) (n=3 ± SD). 
* indicates statistical difference from 100 µM ALA-treated cells for 120 min by a degree of probability of p<0.05.  
§ indicates statistical difference from 100 µM ALA-treated cells for 120 min and irradiated with a single dose of UV 5 kJ/m² by a degree of probability of p<0.05. 
Ø indicates statistical difference from 100 µM ALA-treated cells for 120 min and irradiated with a single dose of UV 10 kJ/m² by a degree of probability of 
p<0.05. 
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5.3. Evaluation of the cytotoxicity of compounds I to VI from Batch B in HaCaT cells 

From the MTT assay results (Figure 4.5.3.A and B), the treatment of HaCaT cells with compounds I to VI 

for 4 h at final concentrations of 50 and 100 µM appeared not to exhibit any toxicity when compared to 

untreated cells. Following 24 h incubation, compounds I, II and III at 100 µM appeared to be toxic when 

compared to untreated controls. Therefore, further evaluation of cytotoxicity upon irradiation of all 

compounds was performed over a 4 h incubation period. Figure 4.5.3.A and B represent the result of only 

two independent MTT assays, and were performed in order to rapidly screen pro-drug conjugates, before 

undertaking further investigations. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.3.A and B: Evaluation of the cytotoxicity effect of ALA, ALA + DFP and compounds I to VI 

from Batch B in HaCaT cells with MTT assay.  

HaCaT cells were treated with 50 and 100 µM compound I to VI in 1% FCS-DMEM for 240 min (A) or 24 h (B), in the dark at 

37°C. Cells were then rinsed with PBS and placed back in their condition media. All control treatments were identical, 

except for the incubation step with 50 and 100 µM ALA in 1% FCS-DMEM for 240 min or 24 h, which took place with Sf-

DMEM alone. MTT analysis was undertaken 24 h post-incubation. The results were then expressed as mean percentage of 

the untreated control (i.e. set as 100%) (n=2).  
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5.4. Evaluation of the cytotoxic effect of 100 µM ALA, ALA + DFP and compounds I to 

VI from Batch B in HaCaT cells, following a single dose of UVA Irradiation of 5 and 10 

kJ/m² 

The MTT assay was used to evaluate the cell viability following UVA irradiation of HaCaT cells treated with 

compounds I to VI at a final concentration of 100 µM for 4 h at 37ºC. Figure 4.5.4 displayed that compound 

III was the compound that sensitised HaCaT cells the most to UVA radiation. Based on Figure 4.5.4, 

compound III at a final concentration of 100 µM appears to be more effective than ALA alone for both 

UVA doses of 5 and 10 kJ/m², but not as effective as UVA-irradiated HaCaT cells that were treated with 

both ALA and DFP. Figure 4.5.4 represents the result of only one independent MTT assay, and was 

performed in order to rapidly screen pro-drug conjugates, before undertaking further investigations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.4: Evaluation of the cytotoxic effect of ALA, ALA + DFP and compounds I to VI from Batch B 

in HaCaT cells with MTT assay.  

HaCaT cells were treated with 100 µM compound I to VI in 1% FCS-DMEM for 240 min, in the dark at 37°C. Cells were then 

rinsed with PBS and irradiated or not, with UVA doses of 5 and 10 kJ/m² (i.e. UV5 and UV10). All control treatments were 

identical, except the incubation step with 100 µM compound I to VI in 1% FCS-DMEM for 240 min, which took place with 1% 

FCS-DMEM alone. MTT analysis was undertaken 24 h post-UVA irradiation. The results were then expressed as mean 

percentage of the untreated control (i.e. set as 100%) (n=1).  
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5.5. Evaluation of the cytotoxicity of 250 µM ALA, ALA + DFP and compound III in 

HaCaT cells, following irradiation with UVA single doses of 5 and 10 kJ/m² 

The MTT assay was used to evaluate the cell viability of HaCaT cells that were incubated for 4 h in 1% FCS-

DMEM with ALA, DFP, ALA + DFP or compound III and then irradiated with UVA doses of 5 or 10 kJ/m². 

The MTT assay, performed 24 h after the UVA irradiations, showed (Figure 4.5.5) that unirradiated 

compound III was not toxic in cells that were incubated at a final concentration of 250 µM for 4 h in 1% 

Sf-DMEM. However, following UVA irradiation with a dose of 5 kJ/m², the viability of the compound III 

treated HaCaT cells decreased drastically when compared to those of HaCaT cells treated with ALA and 

DFP at the same concentration. The latter implies that the compound III may have higher photosensitizing 

capabilities and therefore warrants further in-depth evaluation.      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.5: Evaluation of the cytotoxic effect of ALA, ALA + DFP and compound III from Batch B in 

HaCaT cells with MTT assay.  

HaCaT cells were treated with either 250 µM of ALA, DFP, equimolar ALA and DFP or compound III in 1% FCS-DMEM for 240 

min, in the dark at 37ºC. Cells were then rinsed with PBS and irradiated or not, with UVA doses of 5 and 10 kJ/m² (i.e., UV5 

and UV10). All control treatments were identical, except the incubation step with 250 µM of ALA, DFP, equimolar ALA and 

DFP or compound III in 1% FCS-DMEM for 240 min, which took place with 1% FCS-DMEM alone. MTT analysis was 

undertaken 24 h post-UVA irradiation. The results were then expressed as mean percentage of the untreated control (i.e. 

set as 100%) (n=3 ± SD). 

^ indicates statistical difference from 250 µM ALA treated cells for 240 min by a degree of probability of p<0.05. 
Œ indicates statistical difference from 250 µM ALA-treated cells for 240 min and irradiated with UVA dose of 5 kJ/m² by a degree of probability of p<0.05. 
Ƨ indicates statistical difference from 250 µM ALA-treated cells for 240 min and irradiated with UVA dose of 10 kJ/m² by a degree of probability of p<0.05. 
Ƌ indicates statistical difference from 250 µM ALA and DFP-treated cells for 240 min and irradiated with UVA dose of 5 kJ/m² by a degree of probability of 
p<0.05. 
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5.6. Cellular fluorescence measurements with 250 µM ALA, ALA + DFP and Compound 

III from Batch B in HaCaT cells 

Cellular fluorescence measurements were also carried in HaCaT cells that were pre-treated with 250 µM 

ALA, ALA+DFP or the compound III in 1% FCS-DMEM for 240 min. Based on Figure 4.5.5, the mean cellular 

porphyrin levels of compound III-treated HaCaT cells appeared to be higher than those of 250 µM ALA + 

DFP-treated cells and 250 µM ALA treated cells respectively. Based on Figure 4.5.5, mean cellular 

fluorescence of the compound III and ALA-DFP appeared about 15- and 21-fold of ALA treatment alone, 

respectively. Figure 4.5.6 represents the result of only two independent cellular porphyrin fluorescence 

measurements.  

 

 

 

 

 

 

 

 

5.7. Cytosolic labile iron pool level measurement with 250 µM ALA, ALA + DFP and 

compound III from Batch B in HaCaT cells in 1% FCS-DMEM and 1 mM ALA in Sf-DMEM 

Based on Figure 4.5.7, cLIP levels of 1 mM ALA treatment for 240 min in Sf-DMEM only appeared to 

increase cLIP levels when compared to 250 µM ALA, ALA-DFP and compound III in 1% FCS-DMEM. In this 

way, 1 mM ALA treatment appear to increase cLIP levels of HaCaT cells to about 7-fold when compared 

to cells treated with 250 µM ALA alone. Figure 4.5.6 represents the result of only one independent 

cytosolic labile iron pool level measurement. 

Figure 4.5.6: Evaluation of cellular porphyrin fluorescence with 250 µM ALA, ALA + DFP and compound 

III from Batch B in HaCaT cells. 

HaCaT cells were pre-treated with 250 µM ALA, ALA+DFP and compound III in 1% FCS-DMEM for 240 min, in the dark at 

37°C. Cells were then rinsed with PBS and trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before being 

collected and spun at 1000 rpm for 5 min. The supernatant was then aspirated, and pellets were suspended in fixing 

solution. The mean cellular fluorescence was measured with a Hitachi spectrofluorometer, at an excitation wavelength of 

404 nm within a spectral scan range of 500 - 700 nm. Bradford assays were later performed for each condition and results 

were normalized as ratio of ‘mean cellular fluorescence at emission wavelength of 632.6 nm per µg of protein’ (n=2).  
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Figure 4.5.7: Evaluation of cLIP level with 250 µM ALA, ALA + DFP and compound III from Batch B in 

HaCaT cells in 1% FCS-DMEM and 1 mM ALA in Sf-DMEM. 

HaCaT cells were pre-treated with 250 µM ALA, ALA+DFP and compound III in 1% FCS-DMEM for 240 min and 1 mM ALA Sf-

DMEM for 240 min, in the dark at 37°C. Cells were then rinsed with PBS and incubated with 5 ml of 0.05 µM CA-AM in 

Loading buffer (LB) for 15 min. Thereafter, cells were trypsinized with a solution of 0.25% trypsin and 1 mM EDTA, before 

being collected and spun at 1000 rpm for 5 min. The supernatants were then aspirated, and pellets were suspended in 

fixing solution. Fluorescence was measured using a Hitachi spectrofluorometer at an excitation of 480 nm and emission 

level of 517 nm (time scans were performed over a maximum of 2500 s), and baseline fluorescence levels before and after 

SIH dequenching were determined. Bradford assays were later performed for each condition and results were normalized 

as ratio of ‘mean values of baseline fluorescence levels before and after SIH dequenching per µg of protein’ (n=1). 
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V. Discussion 

 

The success of photodynamic therapy relies on the direct and indirect photo-oxidative damage of 

biological molecules, upon irradiation of a photosensitizer. In ALA-PDT, the prodrug ALA induces the 

accumulation of endogenous porphyrins, among which PpIX has been demonstrated to be the 

predominant photosensitizer.693 The level of porphyrin fluorescence was measured as many porphyrins 

involved in the heme biosynthetic pathway are known photosensitizers, notably uroporphyrin, 

coproporphyrin, and protoporphyrin IX.682 This was confirmed in the present study, where in ALA-treated 

cells, cellular porphyrin fluorescence was increased linearly to about 18-fold of untreated control up to a 

120 min incubation period with 1 mM ALA (Figure 4.1.1). Referring to the results of Figure 4.1.1, these 

findings coincided with the findings in the literature, as it has been shown that porphyrin production, 

particularly for PpIX, is time- and concentration-dependent up to saturation, notably as found by Schulten 

et al., in the malignant keratinocyte A431 cell line.694 

ALA is a precursor (prodrug) of PpIX and has the ability to selectively accumulate in tumor tissue. 

Quantitative studies on ALA-induced PpIX accumulation do not follow standardized measurement 

procedures or similar treatment protocols and are limited in AK. A fluorescence spectroscopy study using 

a custom-built optical biopsy system695 did not find any statistical difference in PpIX fluorescence in sBCC 

and BD, upon application of 20% w/v ALA solution for 4-6 h and 10% w/w MAL cream for 3 h.696 A similar 

study led by Lesar et al. used a non-invasive spectroscopy system to monitor ALA-induced PpIX 

fluorescence over a 24-28 h time course in healthy skin.535 ALA treatment resulted in higher PpIX 

fluorescence at all time points when compared to its methyl ester analogue.535       

The irradiation of PpIX generates reactive 1O2 as well as 1O2-induced photoproducts that may react with 

amino acids or proteins. The formation of such photoproducts may also result in the modification of the 

porphyrin chromophore leading to quenching of its fluorescence.697,698 It has also been demonstrated that 

photobleaching could occur slowly in oxygen starved suspensions via type I free radical production.699 The 

difference in PpIX fluorescence immediately before and after irradiation quantifies the amount of 

photobleached PpIX, and the relative effectiveness of the treatment. In this way, the intensity of PpIX 

fluorescence is critical to the success of treatment of neoplastic and malignant cells. PpIX accumulation is 

cell-tissue specific, with different type of lesions presenting similar PpIX accumulation profile.499 The 

underlying mechanism of this selectivity presumably involves multiple factors. This work focused on 

understanding whether the intracellular cLIP plays a key role in modulating the efficiency of ALA-PDT in 

skin cancer cells using HaCaT cells as a highly proliferative keratinocyte model. More specifically it was 

important to understand whether the modulation of iron can increase the cellular PpIX accumulation as 

an indicator for future studies related to tumor selectivity of PpIX accumulation. At present, investigations 

on the underlying mechanism through the angle of iron involvement are partial and limited. However, 

ferrochelatase activity has been shown to be decisive in PpIX accumulation by Ohgari et al.700 

Subsequently, the same team showed the importance of mitochondrial iron mobilization where 

mitoferrin 2 overexpression resulted in decreased PpIX accumulation.505 Hayashi et al. demonstrated that 

mitochondrial iron levels were lower in bladder cancer cells, potentially due to reduced expression of 

mitoferrin and ferrochelatase mRNA.504 Similarly, Sawamoto et al. demonstrated that frataxin 

overexpression resulted in decreased PpIX accumulation,701 and this overexpression was shown to occur 
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in bladder cancer cells.504 In this way, it can be assumed that mitochondrial iron metabolism could play a 

critical role in PpIX accumulation.  

In the present study, the calcein fluorescence assay (Ca-assay) was used to measure the level of cLIP in 

HaCaT cells, following a 120 min ALA incubation period (see Figure 4.1.5 B). These data demonstrate for 

the first time how exogenously added ALA can not only suppress the negative feedback of heme but can 

also disturb the iron homeostasis (see Figure 4.1.2 A and B). Referring to Figure 4.1.2 A and B, ALA 

treatment increased concomitantly both cLIP and PpIX levels. Referring to Figure 4.1.5, an inverse 

relationship between cellular porphyrin levels and cLIP levels in ALA-treated HaCaT cells was observed 

during the dark interval. However, in the absence of ALA supply in the dark interval, by means of changing 

the medium to Sf-DMEM, the ALA-mediated increase in cLIP decreased gradually to finally reach control 

levels at the 60 min time point of the dark interval (see Figure 4.1.5 B). 

The use of iron chelators during the dark interval was used in this work to increase the efficiency of ALA-

PDT and further confirm the intrinsic relationship between cLIP and PpIX. Deferiprone (DFP; 1,2-dimethyl-

3-hydroxypyridin-4-one) is a member of the hydroxypyridin-4-one (HPO) family, that possesses a lower 

pFe3+ than salicylaldehyde isonicotinoyl hydrazone (SIH) (SIH: pFe3+= 24.6; DFP: pFe3+=20.6 and 

pFe2+=6.0).702,703 DFP is less lipophilic in nature than SIH (DFP: LogP= -0.77; SIH: LogPcalc.= 1.5) and by virtue 

of its smaller size, has the ability to permeate lipidic membranes easily, including the blood brain 

barrier.704,705 SIH also readily enters the cell and other cell compartments. Referring to previous studies 

from this laboratory, it has been shown that SIH increased PpIX levels upon 100 µM SIH and 0.5 mM ALA 

treatment of HaCaT cells either concomitantly or over longer periods of incubation.706  Both DFP and the 

closely related chelator CP94 have been used clinically, with the latter in topical ALA-PDT of skin cancer.707 

DFP has the ability to enter the mitochondria and therefore should be able to sequester the mitochondrial 

LIP in addition to cLIP.708 It was then interesting to evaluate the iron-chelating property of SIH and DFP in 

the dark interval to examine whether the intracellular LIP depletion can affect the efficiency of photo-

killing in ALA-treated cells following a single or double doses of UVA (see Figure 4.3.1 and 4.3.3). Similarly, 

the effect of iron depletion during the dark interval was also studied with the hydrophilic iron chelator, 

desferrioxamine mesylate (DFO), which has a strong affinity for iron (III) (pFe3+=30.6).705 DFO enters the 

cells predominantly via endocytosis and localizes almost exclusively in the lysosomes, where it appears to 

remain.709,710 Compared to SIH and DFP that readily enters the cells, DFO needs a much longer time to 

enter the cells and affect UVA-treatment outcome (see Figure 4.3.4 A and B). Based on previous 

observations in this laboratory, intracellular LIP depletion has been effective in skin cells (including HaCaT 

cells) that have either been treated overnight with a final concentration of 100 mM DFO or for 60-120 min 

with a final concentration of 1 mM DFO.711,712,713,714 

Heme biosynthesis has been shown to play major roles in cancer, it is assumed to be involved in metabolic 

activity, modulation of specific hemoproteins, stabilization of tumor suppressor p53, as well as regulation 

of TCA cycle.503 Generally, this is achieved by an altered mitochondrial iron metabolism and heme 

biosynthetic machinery. Similarly, a relationship between PpIX accumulation and cell growth status was 

observed by Rebeiz et al., where ALA-induced PpIX levels in slower growing untransformed cells were only 

increased upon cell proliferation stimulation with mitogenic lectin Concanavalin A.715 Slower growing 

untransformed cells did not display significant ALA-induced PpIX levels, even upon treatment with 1,10‐

phenanthroline, a tetrapyrrole biosynthesis modulator.715 However, this study lacked precision in 

determining the exact proliferation status of treated cells.715 A similar relationship between PpIX 

accumulation and cell dormancy was established by Georgakoudi et al., where dormant cells 
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characterized by a high cellular density displayed higher PpIX accumulation.716 Further distinction was 

made based on their nutritional supply, where the PpIX levels of unfed high-density cells were increased 

by 2-fold when compared to fed high-density cells.716 A prior study from our laboratory had determined a 

similar relation between growth state and intracellular iron levels, where growth arrested cells displayed 

higher ALA-induced PpIX levels and lower free intracellular iron.717 The sensitive evaluation of cLIP status 

with IRP/IRE banshift assays revealed that the basal cLIP level was a crucial determinant of the 

effectiveness of ALA-PDT treatment in skin cells. To date, in the context of ALA-PDT and iron content, most 

studies have focused on PpIX production via the heme biosynthetic pathways, through ferrochelatase,693 

heme,543 mitochondrial LIP,504 or increasing PpIX accumulation through the use of iron chelators691,706. 

However, there has not been any investigation on the dynamics and relationship between PpIX and cLIP 

levels per se. This crucial underlying determinant is probed in Figure 4.1.5, where the cellular dynamics 

between porphyrin and cLIP levels during the dark interval were found to follow an inverse relationship. 

Based on Figure 4.2.1 A and B, UVA-light fractionation using UVA doses of 1 and 2.5 kJ/m² (i.e. UV1/2.5 

and UV2.5/1) were significantly more effective at reducing cell viability with a 60 min dark interval. 

However, the double dose of 1 kJ/m2 appears not to be strong enough to cause a significant cell viability 

difference following a 60- or 120-min dark interval. Since in ALA-treated cells, the porphyrin/PpIX 

accumulation appears to be the highest after the 60 min dark interval, it could be that photobleaching has 

also a light dose and PpIX concentration dependence element, where greater PpIX concentration 

generates greater levels of photobleaching and treatment efficiency. This was further demonstrated with 

experiments showing the modulation of the cLIP with iron loading using iron citrate that decreased the 

ALA-induced PpIX accumulation of the cells and the ensuing photokilling with a UVA broad spectrum 

Mutzhaus light source (320-380 nm). Conversely, the depletion of cLIP with DFO increased the ALA-

induced PpIX accumulation and the subsequent photo-killing with UVA radiation.717 The latter study 

established a clear relationship between the extent of ALA-induced PpIX accumulation and the basal level 

of cLIP in skin cells.  

Hayashi et al. also observed that the pre-treatment of mammary carcinoma cells with sodium ferrous 

citrate resulted in lower ALA-induced PpIX levels, in contrast to normal cells which displayed no PpIX 

accumulation.504 The additional iron available to the mitochondria promoted the ferrochelatase-mediated 

conversion of PpIX into heme in normal cells. However, it was suggested that the observed discrepancy in 

ferrochelatase and mitoferrin expression in tumor cells resulted in lower mitochondrial iron availability 

and PpIX accumulation.504 Similarly, HaCaT cells pre-treated with iron citrate demonstrated ALA-induced 

PpIX accumulation. However in this work, pre-treatment of HaCaT cells with iron citrate resulted in a 

decrease of cellular porphyrin fluorescence over a 60 min dark interval, and subsequently less 

phototoxicity upon irradiation when compared to ALA-treated HaCaT cells (see Figure 4.3.7).          

The labile iron pool (LIP) is characterized by non-protein and protein-bound low molecular weight 

chelatable labile iron (LI) present in the cytosolic, mitochondrial, lysosomal, and nuclear compartments of 

the cell.684 Labile iron (LI) has been shown to be trafficked between the different compartment through 

several mechanisms.684 Generally, the nature of intracellular iron and its trafficking to the mitochondria 

has not been fully elucidated, although this has been the subject of decades of research. There are 

multiple sources of iron donors to the mitochondria, including transferrin-mediated endosomal docking 

via the kiss and run mechanism,718 low molecular weight polyphosphate iron complex uptake719 and iron 

chaperone mediated transfer.720 However, the iron chelating flavonoid quercetin was shown to reduce 

cytosolic LI levels, resulting in similar reduced mitochondrial LI levels.721 Similarly, Zn-mediated ferritin 

efflux inhibition resulted in cytosolic and mitochondrial LI levels reduction.721 This compartmental iron 
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trafficking could be observed in Figure 4.1.5, where mitochondrial ALA-induced porphyrin accumulation 

follows an inverse relationship with cytosolic LIP levels, over the a 120 min dark interval.  

In this way, iron levels are seen to enter an equilibrium between the cytosolic and mitochondrial 

compartments. Based on the continuous mitochondrial need for iron, it can be assumed that ferritin 

serves as a buffer, maintaining steady-state iron supply to both the cytosolic and mitochondrial 

compartments. Ferritin provides a cytoprotective effect by sequestering reactive LI to later release it in 

accordance to metabolic needs.722,723 Iron (II) is stored in ferritin’s cavity via the ferroxidase activity of the 

H-subunits, followed by iron (III) nucleation and mineralization that is further facilitated by the L-

subunits.421 Ferritin provides its cytoprotective effect in cooperation with the iron (II) chaperone Poly-r(C)-

Binding Protein 1 (PCBP1).724 On the other hand, iron mobilization from ferritin is facilitated by 

endogenous reducing agents, such as flavins,725 ascorbate,726 glutathione,725 superoxide,726 ALA727,728 and 

others.729,730 These reducing agents mobilize ferritin iron by penetrating the cavity and reducing the 

mineralized iron (III) core.731  

Studies on the chemistry of ALA date back to the investigations involving heme accumulation in acute 

intermittent porphyria (AIP) as well as in lead poisoning.732 ALA was observed to promote the generation 

of ROS and radicals, due to its ability to undergo a keto-enol tautomerism, generating a relatively stable 

semiquinoid ALA˙ radical.728 The enolate form of ALA could react with oxygen, generating enoyl-ALA and 

superoxide anion, which could further reduce the ferrihydrite mineral core of ferritin and result in iron (II) 

release.733 This mechanism was further confirmed when Oteiza et al. demonstrated that in the presence 

of SOD, iron mobilization was reduced. However, in the presence of catalase or under hypoxic conditions 

no significant iron mobilization was reported.733 In this way, both superoxides and ALA˙ radical are 

involved in LIP increase.733 The enolic form was shown to be more prone to oxidation than the keto 

form,734 and therefore releases ferritin iron. Conversely, only the keto form can undergo ALA-dehydratase 

activity and generate PpIX.734 Similarly, Minotti et al. reported an ALA-mediated iron mobilization from 

microsomes, which at the time was assumed to be facilitated by the generation of superoxides.735 In 

porphyrias, the oxidative burden was assigned to ALA accumulation by either direct or iron-catalyzed 

oxidation.736 In the present study, it was found that the treatment of HaCaT cells with 1 mM ALA caused 

a cLIP and PpIX level increase after a 120 min incubation (see Figure 4.1.2 A and B). Subsequently, upon 

removal of ALA, PpIX levels increased significantly during the first 60 min of dark interval, whereas cLIP 

levels decreased (see Figure 4.1.5). As HaCaT cells were incubated in Sf-DMEM, ALA and other PpIX 

precursor reservoirs would get depleted, resulting in a sudden void between iron levels mobilized from 

ferritin and PpIX precursors entering the heme biosynthetic pathway. This phenomenon could be 

exacerbated by the discrepancy in ferrochelatase and mitoferrin expression observed in neoplastic and 

malignant cells.504 The resulting PpIX accumulation ensuing from ALA removal was significantly higher 

after 60 min than a 1 mM ALA incubation for 240 min (see Figure 4.1.5). This occurred upon removal of 

ALA from the medium of HaCaT cells. Furthermore, cLIP levels following a 120 min incubation with a 60 

min dark interval were not statistically different to control levels (see Figure 4.1.5). 

However, further in-depth studies are necessary to understand the mechanism(s) underlying the cLIP 

increase in ALA-treated HaCaT cells, although iron mobilization from ferritin appears to be a plausible 

pathway. Under physiological conditions, the predominant mechanism of iron mobilization from ferritin 

is yet to be elucidated. However, flavins are a major source of iron mobilization, as the rate of iron release 

is dependent on the concentration of free dihydroflavins (FMNH2 and FADH2).737,738,739 Externally added 

flavin mononucleotide (FMN) was shown to generate FMNH2 through the activity of an NADH:ubiquinone-
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FMN oxidoreductase in the mitochondria.739 Consequently, reduction of FMN was shown to be coupled 

to mitochondrial respiration, with low concentrations of oxygen preventing FMNH2 oxidation.739 FMNH2 

needs to be generated to a minimal concentration to favor ferritin iron mobilization.739 In hypoxic 

conditions, LI levels have been shown to significantly increase, presumably due to increased concentration 

of FMNH2 and O2
-.740 Similarly, dihydroflavins could be generated in the cytosol741 or microsomes742 via 

the activity of NAD(P)H-FMN oxidoreductases. 

Riboflavins are of major importance to the antioxidant machinery, influencing the activity of other 

antioxidants such as SOD, catalase, glutathione peroxidase and glutathione reductase. Retrospectively, 

glutathione exerts its antioxidant activity either directly or via glutathione peroxidase, resulting in 

glutathione disulphide (GSSG). FMN and FAD are important in assisting glutathione reductase in the 

regeneration of reduced glutathione (GSH) from its oxidized form (GSSG), which subsequently promotes 

the activity of glutathione peroxidase.743 Therefore, riboflavins act as coenzymes of free radical 

scavengers, offering protection against lipid peroxidation and ROS.743 GSH prevents damage from ROS, 

such as 1O2 and superoxide radicals,744 and its depletion has been shown to promote PDT damage.745  

In UVA studies with skin fibroblasts, it has been shown that UVA depletes the intracellular GSH that 

contributes strongly to decreased cellular antioxidant defense and the promotion of photo-oxidative 

damage and cell death.746 The phenomenon of UVA-induced increase in LI further exacerbates the 

oxidative damage in irradiated cells by generating highly reactive oxygen species via Fenton chemistry.747 

Keratinocytes also possess much higher levels of GSH (i.e. 3-4mM) than fibroblasts, rendering them more 

resistant to UVA-induced oxidative damage and cell death up to high doses of 500 kJ/m2.711,748 In both 

epidermal keratinocytes and dermal fibroblasts, UVA radiation promotes cytosolic LI release that 

originates mainly from the cytosolic ferritin degradation.161 However, because the basal levels of cLIP in 

epidermal keratinocytes (including HaCaT cells) are 2-4-fold lower than fibroblasts, the absolute level of 

LIP released by UVA in keratinocytes remains very low. The latter contributes to the higher resistance of 

keratinocytes to UVA-induced oxidative damage and cell death when compared to dermal fibroblasts.711 

The UVA-induced LI release occurs as a result of oxidative damage to lysosomal membranes and the 

release of lysosomal proteases to the cytosol which by proteolytically degrading ferritin molecules and 

releases their iron contributes to cLIP.  

The higher levels of intracellular GSH in keratinocytes contribute to the higher resistance of lysosomal 

membranes in these cell types which is abolished when cells are photosensitized by ALA treatment. In 

Chapter 4 Section 1.4, it was shown that a low UVA dose of 5kJ/m2 can fully inactivate the colony forming 

ability of 1mM ALA-treated HaCaT cells (see Figure 4.1.4). The measurable increase in cLIP (1.9-fold of the 

untreated control) within the 120 min incubation with ALA should almost certainly contribute to the 

oxidative damage caused by UVA in the photosensitized HaCaT cells in addition to a ca 18-fold increase in 

PpIX levels (see Figure 4.1.2 A). The use of the light fractionation approach in the present study also 

further demonstrated that two low doses of UVA (2.5 kJ/m2) with a 60 min-120 min dark interval could 

decrease the cell viability to 5-10% of the untreated and unirradiated control (Figures 4.2.1A and 4.2.1B). 

While the ALA-mediated increase in cLIP level returns to control level during a 60 min dark interval, a 

concomitant increase in porphyrin levels to ca 35-fold of the control value renders the HaCaT cells again 

further vulnerable to the second UVA radiation-mediated photo-damage and –killing (e.g. Figure 4.1.5 A). 

Interestingly the phenomenon of UVA-induced iron release in ALA-treated cells occurs only after the 

second UVA irradiation, which should almost certainly contribute again to the exacerbation of 

photooxidative cell damage and the ensuing cell death.        



153 
 

Epidermal keratinocytes possess a very low level of cytosolic ferritin, presumably because of its pro-

oxidant nature when exposed to the UVA component of sunlight.676,747,749 Reduced GSH has been shown 

to promote ferritin iron mobilization.725 Despite having a lower rate of mobilization than FMNH2 at 

equimolar concentration, GSH is present intracellularly at concentrations that result in 3-fold the rate of 

iron mobilization of flavin nucleotide.731 Glutathione has been shown to keep iron in its ferrous form at 

physiological pH,750 which by virtue of its cellular concentration is assumed to be a major component of 

the LIP, supporting its functionality.751 GSH has been shown to be essential in the activity of iron 

dependent proteins, such as aconitases, 2-oxoglutarate oxygenases and ribonucleotide reductase. 751 GSH 

facilitates binding with glutaredoxin proteins involved in ISC assembly and heme biosynthesis.751 

Therefore, ferritin iron mobilization can be assumed to rely on the complex interplay between ROS and 

antioxidants, which is brought to equilibrium as a function of metabolic activity. It can be observed that 

upon irradiation with a UVA light dose of 1 kJ/m2 cLIP levels are completely depleted at a dark interval of 

60 min (see Figure 4.2.2). However, non-irradiated ALA-treated cells exhibit a cLIP level decrease not 

significantly different to controls at a dark interval of 60 min (see Figure 4.2.2). However, at a 120 min 

dark interval time point, cLIP levels of irradiated and non-irradiated ALA-treated cells are not significantly 

different (see Figure 4.2.2). Nevertheless, upon a single UVA light dose of 2.5 kJ/m2 or a double dose of 1 

kJ/m2 separated by a 60 min dark interval, cLIP levels increased significantly to 2.5-fold control levels (see 

Figure 4.2.2 and 4.2.5). The sudden increase in LIP level might originate from photolytic release of 

mitochondrial iron, as reported by a study from Anderson et al., where UV radiation facilitated iron cluster 

reduction and mitochondrial electron chain transport leakage.752 However, this phenomenon was not 

explicitly determined in the context of ALA-PDT. Similarly, UVA radiation was shown to cause lysosomal 

proteolytic enzyme leakage, degrading ferritin, and resulting in a sudden release of labile iron in the 

cytosol.161 Again, this chain reaction was not determined in the context of ALA-PDT, however, it can be 

safely assumed that the oxidative burden exerted by PpIX radiation could result in a similar outcome. The 

evaluation of calcein leakage that reflected the cell membrane damage/integrity following a single UVA 

light dose of 2.5 kJ/m2 or a double dose of 1 kJ/m2 separated by a 60 min dark interval, demonstrated 

significant calcein leakage at 60 min post-treatment. Twice the amount of calcein leaked when compared 

to control for the former light dose (see Figure 4.2.6), and the difficulty to retain calcein dye with the 

latter light dose, 60 min post-irradiation. On the other hand, this sudden increase in cLIP was not observed 

in ALA-treated cells following a double dose of 1 kJ/m2 separated by a 120 min dark interval (see Figure 

4.2.2). However, the cell viability values obtained from the ALA-treated cells following a single UVA light 

dose of 2.5 kJ/m2 or a double dose of 1 kJ/m2 separated by a 60- or 120 min dark interval were not 

significantly different (see Figure 4.2.1 A and B). Furthermore, the cell viability values obtained from the 

ALA-treated cells following similar light doses, but varying dark intervals of 15 to 60 min, were not 

significantly different (see Figure 4.2.7). On the other hand, the colony forming ability of ALA-treated cells 

following a single UVA dose of 2.5 kJ/m2 or a double dose of 1 kJ/m2 separated by a 30- or 60 min dark 

interval were significantly different, with ca 3-fold less colonies formed following the double UVA doses 

of 1 kJ/m2 as compared to a single UVA dose of 2.5 kJ/m2 (see Figure 4.2.8). PpIX levels increased during 

the first 60 min of dark interval, as observed in cellular fluorescence of non-irradiated ALA-treated HaCaT 

cells (see Figure 4.1.5). In this way, it can be safely assumed that the short- and long-term viability of 

HaCaT cells did not depend on PpIX levels alone.      

However, the relative efficiency of PDT treatment has been determined by the 1O2 quantum yield, as 

cytotoxicity is a function of the concentration of 1O2 generated.753 Moreover, the 1O2 quantum yield is 

related to the absorption spectrum of PpIX, and to the light wavelength at which it is activated. In this 
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way, UVA and green light were 40- and 10-fold more potent in inducing cytotoxicity and killing cultured 

cells than red light.559 On the other hand, daylight PDT delivers light energy over the whole range of the 

absorption spectrum of PpIX, whereas UVA/violet light used in our study predominantly emitted in the 

Soret band region. In this way, the wide range-wavelength emission of sunlight would provide greater 

energy delivery to PpIX, resulting in higher ROS production. A similar phenomenon was described by a 

study led by Masuda et al., where dual-wavelength irradiation produced the highest ROS production in 

HaCaT cells.754  

Daylight PDT has been considered as a prospective alternative to conventional PDT by virtue of its 

beneficial patient satisfaction,610,615 clinical convenience and cost-effectiveness.755 dPDT is preferable to 

conventional PDT (PDT) based on two small protocol divergences, the slow production of PpIX via shorter 

incubation periods of MAL (30 min), and exposure to free and natural sunlight. Based on the work carried 

out by Ibbotson et al., a consensus on the use of dPDT was reached in 2016 in the UK. The consensus 

recommendation included the novel addition of a sunscreen with a SPF ≥ 20, intented to block UVB and 

UVA light and prevent the associated sunburn and sun damage,755 preferably prior to skin preparation. 

Although, many studies have found dPDT to be comparably effective to PDT for the treatment of grade I 

and II AK,756 literature was inconsistent in terms of effective light dosimetry. This inconsistency was 

assumed to be caused by the variability of dosimeters used and sample size differences.610 Based on 

studies from Wiegell et al.,610 it had been suggested that the effective light dose should be within the 

range of 8.6 J/cm2 (or 86 kJ/m2), with a minimal fluence rate threshold of 130 W/m2 (or 0.13 kJ/(s.m2)). 

Moreover, daylight PDT was suggested to be undertaken at a minimum temperature of 10°C and 

preferably when the weather was not too overcast.553 Based on the average UK weather conditions from 

1986-2005,553 fluence rate thresholds were above 130 W/m2 from March to September and from March 

to October in the north and south of the UK respectively, with average temperatures above 10 °C from 

March to November. Daylight PDT needs to be performed for around 2 h, free from rain exposure. Based 

on data collection of previous UK weather conditions,553 an average of 30 to 35% of days between March 

to October in Scotland experienced rain. The time and length of rain exposure was unspecified in this 

study. From this, it can be assumed that the practicality of daylight PDT relies on many variables, which, 

depending on geolocation, could inconvenience its usage. Nevertheless, the simplicity and flexibility of 

daylight PDT protocols could be applied to a wider patient group and performed in diverse settings, with 

adequate suitability for patients. The consensus on daylight PDT in the UK agreed that it could either be 

achieved entirely at the hospital or initiated (skin preparation and sunscreen + pro-drug application) in 

secondary care and completed at home. However, as it stands to date, it is entirely performed within the 

secondary care setting. 

In our work, sunscreens, such as the organic UVB filter octocrylene and UV filter Anthelios™ SPF 50+ (see 

Figure 4.4.1), were used to cover HaCaT cells in ALA-mediated daylight PDT. For a UVA dose as low as 1 

kJ/m2, ALA-treated HaCaT cells covered by octocrylene had their clone forming ability reduced to ca 70% 

of the untreated and unirradiated control value, when compared to ALA-treated HaCaT cells covered by 

Anthelios™ SPF 50+. This shows that the UVA component of sunlight was more effective in inducing 

cytotoxicity than any other waveband in ALA-treated cells (see Figure 4.4.2). However, the synergistic 

effect of sunlight was demonstrated at sunlight doses of 2.5 kJ/m2, where colony forming ability was ca 

20% when compared to unirradiated and untreated controls (see Figure 4.4.2). The waveband of visible 

light associated with ALA-treated cells being covered by Anthelios™ SPF 50+ did not induce a significant 

reduction in colony forming ability when compared to untreated and unirradiated controls (see Figure 

4.4.2). However, the synergistic effect of UVA and the waveband of visible light can be appreciated as a 
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sunlight dose of 2.5 kJ/m2 caused a more pronounced reduction in colony forming ability when compared 

to similar experiments with an indoor UVA lamp emitting a dose of 2.5 kJ/m2, with colony forming abilities 

being ca 20% and 55% respectively (see Figure 4.4.2 and 4.2.8).    

Another strategy to increase the accumulation of ALA-induced PpIX, is via the disruption of iron dynamics 

during ALA administration. Ferrochelatase is responsible for the conversion of PpIX into heme through 

the insertion of iron into the tetrapyrrole core of PpIX.541 The use of an iron chelator during ALA 

administration targets this process. To date, a hydroxypyridinone (HPO) iron chelator, 1,2-diethyl-3-

hydroxypyridin-4-one (CP94), has been shown to be superior in increasing PpIX fluorescence levels when 

compared to DFO in cultured human cells.757 Hydroxypyridinones are bidentate iron chelators, which 

readily enters cells.758 Clinical studies have been conducted on the efficacy of an ALA formulation of CP94 

in nBCC.757,758 Generally, CP94 has been reported to be safe in improving clearance rates in nBCC, with an 

improved clearance rate of 40% when compared to ALA-PDT alone.759 Some hydroxypyridinones, such as 

CP94 have been shown to be subject to a rapid first pass metabolism when orally administrated.760 

However, as CP94 is used topically, this pharmacokinetic property becomes advantageous as its activity is 

restricted to the area of administration, limiting further toxicity.691 Based on these results, a combined 

pro-drug, consisting of CP94 and ALA was developed, namely AP2-18.691 Various ALA pro-drugs have been 

reported that are cleaved by esterases, peptidases and phosphatases to release ALA and sometimes 

another functional components like iron chelators.692 The precise pro-drug structure plays an important 

role in the compound bioavailability and PpIX accumulation however, as it may influence lipophilicity, and 

factors such as steric hindrance around ALA release.761 The combination of ALA with a HPO in a suitably 

designed pro-drug may result in improved effectiveness when compared to their separate co-

administration. AP2-18 was experimentally investigated in human cell cultures, and as mentioned before 

was reported to be as efficient, if not better at inducing PpIX fluorescence when compared to the separate 

administration of its constituents, CP94 and ALA or MAL.762 In collaboration with Prof Tao Zhou (School of 

Food Science and Biotechnology, Zhejiang Gongshang University, Hangzhou, Zhejiang, PR China) and Dr 

Yuan Yuan Xie (College of Pharmaceutical Sciences, Zhejiang University of Technology, Hangzhou, PR 

China), two generations of compounds, named compounds I to X from batch A and compound I to VI from 

batch B, were investigated. These were ALA prodrugs conjugated with HPO moieties linked to either 

phenylalanine or leucine via an ester bond. These bonds are predictably hydrolysed by cellular esterases 

or peptidases, liberating ALA and the conjugated HPO iron chelator. A series of incubation toxicity tests, 

porphyrin fluorescence measurements, and UVA light PDT treatments were conducted. Compound III 

from batch B was selected among all other combination pro-drugs as a good candidate, as during the 

screening stage, it did not appear to be cytotoxic when incubated at either 50 or 100 µM in 1% FCS-DMEM, 

over a 4 h or 24 h period. Moreover, compound III seemed relatively effective when compared to the 

equimolar combination of ALA + DFP irradiated at UVA light doses of 5 and 10 kJ/m2 (see Figure 4.5.4). 

The compound was then tested at a concentration of 250 µM in 1% FCS-DMEM as this was the 

concentration used in previous studies in the Zhou laboratory, as well as being the one used by Curnow 

et al., 2018 for the ALA-CP94 conjugate. Upon irradiation at this concentration, compound III was as 

effective as the equimolar combination of ALA + DFP in reducing enzymatic activity of HaCaT cells (see 

Figure 4.5.5). Based on Figure 4.5.5, maximum photo-killing was achieved at a very low dose of UVA (i.e. 

5 kJ/m2 which is equivalent to 2 min natural sun exposure at sea level and 2.5 min sun exposure in spring 

at Bath, UK)679. However, following cellular porphyrin fluorescence measurements, compound III appears 

to induce more fluorescence than the equimolar combination of ALA + DFP, with their relative mean 

fluorescence normalized by protein weight being ca 15- and 22-fold ALA levels, respectively (see Figure 
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4.5.6). Additionally, cLIP levels for 250 µM compound III, ALA and ALA + DFP in 1% FCS-DMEM were 

compared to cLIP levels of 1 mM ALA in Sf-DMEM (see Figure 4.5.7). Compound III at 250 µM in 1% FCS-

DMEM appeared to be ca 0.6-fold the levels reached with 250 µM ALA in 1% FCS-DMEM, whereas 1 mM 

ALA in Sf-DMEM exhibited cLIP levels ca 7-fold the levels reached with 250 µM ALA in 1% FCS-DMEM (see 

Figure 5.7). Despite the lack of repeatability in Figure 4.5.6 and 4.5.7, compound III was shown to be 

significantly effective at reducing cell viability when compared to equimolar combination of ALA + DFP. 

This could explain the observed PpIX accumulation compound III when compared to 250 µM ALA 

incubation for 240 min (ca 22-fold), which might occur from a reduced cLIP levels to nearly 0.6-fold the 

levels reached with equimolar ALA, as seen in Figure 4.5.6 and 4.5.7.    

PpIX accumulation and iron dynamics upon ALA administration are different in-vivo or in the clinic, as 

compared to our in-vitro model. The sudden removal of ALA during the dark interval does not occur in the 

skin, due to the presence of extracellular and intracellular ALA and/or PpIX precursors.535 In the clinic, a 

constant PpIX fluorescence would be observed, during which the heme biosynthetic pathway is saturated, 

until total depletion of the reservoirs. Based on work from Lesar et al., such depletion does not occur 

within the first 7 h, upon a 1 h ALA application.535 In this way, iron and PpIX levels would be constant 

throughout the whole dark interval, in a similar fashion to the 4 h ALA incubation in our in-vitro model. 

Moreover, the light dose delivered in our experimental setting would vary throughout the full thickness 

of the epidermis, with up to half of the UVA light reaching the deeper layers of the epidermis.558 This could 

be turned to our advantage, as UVA light reaching nerve endings would be at half the dose of most 

superficial keratinocytes, therefore, resulting in less photoinactivation of accumulated PpIX. Based on 

these assumptions, a UVA light dose that confers a cell viability of 70% in the short-term, but a 20% clone 

forming ability in the long term, is likely to result in less pain during and after treatment, despite being 

highly efficient and damaging to keratinocytes of superficial SCCs and thin AK lesions.  

Based on the assumption that mitoferrin and ferrochelatase expression are higher in healthy cells, PpIX 

iron insertion is favored and results in lower maximum PpIX levels than their neoplastic counterparts. The 

dark interval can be used to exacerbate this phenomenon, with an increased accumulation of PpIX in 

neoplastic cells following sub-lethal photoinactivation. Furthermore, the proportion of labile iron entering 

mitochondrial trafficking appears to increase following the sub-lethal dose of 1 kJ/m2 UVA light, as cLIP at 

0- and 120 min of ALA-treated cells post-irradiation are not significantly different, despite being virtually 

nil at 60 min post-irradiation ([cLIP60min= 0.0178 µM], see Figure 4.2.2). This might occur as a result of 

heme-mediated degradation by HO-1, releasing the iron back into the cytosol and rendering it available 

for further PpIX conversion.763 Subsequently, cellular porphyrin levels of ALA-treated cells are equivalent 

at 0- and 120 min post-irradiation. However, cellular porphyrin levels appear to be reduced at 60 min 

post-irradiation when compared to non-irradiated ALA-treated cells (see Figure 4.2.9). Despite the lack of 

reproducibility in Figure 4.2.9, the assumption that cellular porphyrin levels of irradiated ALA-treated cells 

following the sub-lethal dose of 1 kJ/m2 UVA light are reduced at 60 min post-irradiation, might be 

explained by a reduced cLIP levels at similar time point (see Figure 4.2.2). This could be the result of a 

larger proportion of iron being mobilized to the mitochondria. This also repeal the assumption that 

photobleaching causes the reduction of cellular porphyrin levels of irradiated ALA-treated cells following 

the sub-lethal dose of 1 kJ/m2 UVA light, as cellular porphyrin fluorescence of HaCaT cells exposed to a 

single UVA dose of 2.5 kJ/m² were not significantly different to cellular porphyrin fluorescence of 1 mM 

ALA treated HaCaT cells for 120 min (see Figure 4.2.4). However, it can also result from a defective heme 

biosynthesis machinery, following UVA irradiation. In this case, iron will be chelated back to the ferritin 

core. However, both assumptions confirm observations made about GSH-mediated ferritin iron 
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mobilization dynamics, where the decrease of GSH levels resulting from PpIX-mediated photoactivation 

affects the cLIP concentration. However, only the former assumption matches the proportion of cLIP 

present at a 120 min dark interval in ALA-treated cells irradiated with a UVA dose of 1 kJ/m2 (see Figure 

4.2.2). Similarly, irradiation of ALA-treated cells with a UVA dose of 2.5 kJ/m2 causes a sudden release of 

iron from either the subcellular lysosomal/mitochondrial or ferritin iron stores.676 Following a 2.5 kJ/m2 

UVA light dose, cellular porphyrin levels and cytosolic iron levels appear to remain unchanged over a 60 

min dark interval (see Figure 4.2.4 and 4.2.5). Similarly, this could be the result of an increase in iron 

mobilization to the mitochondria, forcing ferrochelatase activity to maximum capacity. This phenomenon 

is observed during 1 mM ALA treatment of HaCaT cells for 120- and 240 min, where cellular porphyrin 

fluorescence was not significantly different, despite diverging ALA incubation time (see Figure 4.1.1). In 

this way, this would further confirm the assumption of iron trafficking between the cytosolic and 

mitochondrial compartments. This also confirms findings on light fractionation by Robinson et al., where 

PpIX re-synthesis during the dark interval was as a function of the first light dose.528 This group later 

hypothesized that the most efficient protocol for light fractionation PDT was to apply a sub-lethal light 

dose, followed by a dark interval of 120 min during which PpIX re-synthesis could take place and then this 

could be followed by a subsequent second lethal light dose.527 In this way, the first light dose was thought 

to make cells vulnerable to the second dose applied.529 This would also hold true based on the assumption 

of GSH depletion upon a first sub-lethal light dose. In our study, it was observed that the ALA-treated cells 

irradiated with a UVA light dose of 2.5 kJ/m2 resulted in a gradual loss of membrane integrity over a 60 

min dark interval, presumably due to iron-mediated peroxidation of cell membranes, to such an extent 

that calcein measurements were unreliable, with 40% of the calcein present in SN1 (see Figure 4.2.6). The 

loss of membrane integrity of this kind was not however observed immediately after the irradiation and 

therefore could be assumed to be caused by cytosolic LI. Such cell membrane leakage was also observed 

with a double dose of 1 kJ/m2 at a dark interval of 60 min, to an extent that calcein loading was irregular 

and the dye could not be retained at a 60 min time point post-irradiation.      

Similarly, PpIX subcellular localization plays an important role in the light fractionation protocol and may 

be assumed to be caused by PpIX accumulation in the mitochondrial compartment, bound to specific 

molecules such as the peripheral benzodiazepine receptor and cardiolipin.522 In our in vitro study, ALA-

treated cells reached maximum PpIX levels at a dark interval of 60 min. At this PpIX level, the cLIP levels 

of ALA-treated cells irradiated with 1 or 2.5 kJ/m2 were respectively either virtually nil or ca 2.5-fold 

control levels and were assumed to be available to the mitochondria. A second UVA light dose of 1 or 2.5 

kJ/m2 following a 60 min dark interval was found to be more damaging than following a 120 min dark 

interval as revealed by the MTT assay 24 h following the second irradiation. The MTT assay performed at 

a 24 h time point following treatments further revealed that with similar UVA doses, there are no 

significant differences in cell viability when dark intervals between 15- and 60 min were used between 

the two irradiations (see Figure 4.2.7). The latter observation was also true with CFA when dark intervals 

of 30- and 60 min were used (see Figure 4.2.8). These observations validate the idea of a dark interval 

“sweet spot/crossroad” where cLIP and PpIX levels promote maximal oxidative damage, irrespective of 

light dose and PpIX photobleaching. In the present experimental settings, PpIX re-synthesis at a 60 min 

dark interval was shown to be higher in ALA-treated HaCaT cells after the first UVA irradiation with a dose 

of 1 kJ/m2 when compared to a dose of 2.5 kJ/m2. The latter would be assumed to cause more 

photobleaching in ALA-treated cells upon a second UVA dose of 2.5 kJ/m2 after the dark interval when 

compared to a dose of 1 kJ/m2. However, the short-term and long-term cellular viability of the 

combination doses of 1/2.5 kJ/m2 and 2.5/1 kJ/m2 were not significantly different (see Figure 4.2.1 and 
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4.2.8). Similarly, the attribution of oxidative burden to either photoactivation of PpIX or LI was not straight 

forward, as chelated iron might still participate in Fenton reaction,764 and therefore react with newly 

produced PpIX. Alternatively, it may also facilitate heme production. Based on Figure 3.1 and 3.3, SIH- and 

DFP-mediated iron chelation had no effect on the cell viability of ALA-treated cells (see Figure 4.3.1 and 

4.3.3). Similarly, hemin and iron citrate pre-treatment could potentially reduce PpIX levels, by promoting 

heme conversion during the 60 min dark interval. previous data from this laboratory712 showing that the 

pre-treatment of HaCaT cells with 100 µM iron citrate for 18 h can dramatically increase the level of 

cytosolic ferritin (i.e. 2-3-fold of control value) which in turn leads to an increase in LI release and cell 

death following UVA irradiation (i.e. up to 4-fold of control value). 

Comparably, hemin treatment has been shown to increase the intracellular LIP transiently within a few 

hours after addition to cells due to its breakdown by heme oxygenase (HO). A series of studies from this 

laboratory have shown that overnight exposure of cells to hemin leads to increased ferritin synthesis to 

sequester safely the residual LIP released from hemin. UVA irradiation of fibroblasts and keratinocytes 

promotes an increase in cLIP due to ferritin degradation. In hemin-treated cells (18 h), the UVA irradiation 

of skin cells promotes a much higher LI release from higher levels of ferritin present in hemin-treated cells 

which has been shown to increase the susceptibility of keratinocytes (including HaCaT cells) to UVA 

radiation-mediated cell death.711  

The purpose of the study here was to evaluate whether iron loading can modulate the level of cell death 

caused by UVA in ALA-treated cells following single or double irradiations with a 60 min dark interval (see 

Figure 4.3.6 and 4.3.7). Referring to Figure 4.3.7, ALA-treated HaCaT cells pre-treated with iron citrate 

and exposed to a single UVA dose of 1 kJ/m² showed decreasing cellular porphyrin concentration over a 

60 min dark interval. The lower porphyrin levels in iron citrate and ALA-treated HaCaT cells following UVA 

irradiation was unexpected and it suggested that the decrease may be related to residual LIP increase due 

to iron citrate treatment (see Figure 4.3.7). It is also noteworthy to state that the increase in LI alone does 

not have a deleterious effect on cells, and it is only after a sudden increase of cLIP, presumably due to 

ferritin degradation and GSH depletion upon irradiation, that cell membranes become permeable, 

potentially due to their peroxidation via iron-mediated Fenton reaction.  

According to Babes et al., TRPA1 and TRPV1 ion channels expressed in PNS are responsible for the pain 

sensation during ALA-PDT, due to the chemical alteration of their cysteine and lysine residues caused by 

UV light, iron or highly reactive OH•.672 Pain generally occurs upon irradiation, when the rate of PpIX 

photobleaching is highest, and stops when irradiation is paused.650 However, the light-fractionation ALA-

PDT protocol does not rely on PpIX photobleaching to provide treatment efficacy. The double dose of 1 

kJ/m2 UVA light separated by a 60 min dark interval was shown to cause the photobleaching of 20.1% and 

29.9% of the pre-irradiated PpIX levels of similar irradiation time points. Following this treatment, 

however, only around 15 % of cells were able to form colonies 12 days post-treatment as per CFA results. 

Moreover, Babes et al. irradiated healthy subjects with a violet laser at the optimal wavelength of 405 nm 

and a fluence rate of 3.2 mW/mm² (or 3200 W/m2) following the intra-dermal injection of 100 μL of 1 mM 

ALA for 3 h.672 Respectively, our UVA lamp emits at a fluence rate on average of 150 W/m2 and the 

threshold above which treatment efficacy is independent of light irradiance is 130 W/m2, as 

experimentally determined in the context of daylight PDT.610 The volunteers in Babes’ study did not record 

a significantly different pain when compared to untreated areas for the first 35 s.672 Subjects described a 

“pin-prick” sensation, similar to the sensation caused by the laser. We may similarly assume that only a 

pin-prick sensation would be felt over a light dose equivalent to 112 kJ/m² or 11.2 J/cm². This light dose 
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results in an intense PpIX photoactivation in superficial layers of the epidermis as compared to the deeper 

layers, where nerve endings of the skin reside. The sensation of pain upon violet light irradiation is 

therefore delayed, when compared to equivalent doses of red light, based on their depth of 

penetration.561 In this way, the thickness of the treatment area affects the treatment’s efficiency as well 

as the treatment-related pain. A study by Heerfordt et al. found no correlation between the severity of 

AK dysplasia and histological thickness.765 However, the expression of p53 did correlate with the severity 

of AK dysplasia.765 Out of the 66 AK lesions, 80% of lesions presented a total epidermal thickness below 1 

mm, with the remaining 20% having a mean epidermal thickness of 1.2 mm.765 In this study, increasing AK 

thickness correlated with increasing stratum corneum thickness, with a mean value of 0.88 mm stratum 

corneum thickness for AK lesions having a mean epidermal thickness of 1.2 mm.765 However, the thickness 

of the AK, ranging between 0.1 to 0.24 mm765 does not differ widely from the mean epidermal thickness, 

ranging between 0.11 to 0.24 mm,766 and suggesting that the varying thickness of AK lesions is 

predominantly caused by an increase thickness of the stratum corneum. Curettage and microabrasion 

must then be used to remove the hyperkeratosis layers of the thicker lesions, homogenizing the skin 

surface, and improving both light and ALA delivery. A Monte-Carlo simulation run by Ash et al. has shown 

that wavelengths ranging between 350 and 400 nm have a depth of penetration between 750 µm and 

1000 µm, respectively.556 However, up to half of UVA energy is delivered to the deepest layer of the 

epidermis.558  

De Bruijn et al. determined the surface fluorescence of ALA, MAL and BF200 upon a 4 h topical application 

on hairless mouse skin.533 The group did not find a significant difference in PpIX fluorescence between all 

the three PpIX precursors after a 4 h application. PpIX levels were ca 6-fold after a 4 h application of the 

ALA-prodrugs when compared to controls.533 Despite the experimental measurements being carried out 

using healthy hairless mouse skin, this finding provides a reference from which further investigation can 

be conducted. In parallel to these results and our findings using HaCaT cells, a protocol of treatment for a 

future pilot study can be deduced. To achieve similar biological effects, the light dose used in our 

laboratory setting must be increased by a factor of 3.67, solely based on PpIX accumulation and 

distribution in the skin.  

Moreover, the pluri-stratified epidermis can be visualized as several layers of cultured HaCaT cells, where 

the light dose applied to the top layer is virtually halved once it reaches the deepest layers (see Figure 

5.1). In this way, UVA-based ALA-PDT with light fractionation must aim for light doses causing minimal 

PpIX photoactivation and maximal photodamage in the deeper layers, comparable to a double dose of 1 

kJ/m2 with a dark interval of 30 or 60 min, as used in our experimental setting. Based on PpIX 

accumulation, this would translate to a double dose of 3.67 kJ/m2 in deeper layers of the epidermis, or a 

double dose of 7.34 kJ/m2 applied to superficial layers of the epidermis. In this way, the biological impact 

of these light doses translates into a significant short-term reduction of cellular viability in the superficial 

layers and a significant long-term reduction of clone forming ability in the deeper layers (see Figure 5.1).  

A UVA-based ALA-fPDT procedure will consist of skin preparation with curettage and microabrasion, 

followed by application of 20% w/v ALA emulsion or BF200 ALA nano-emulsion for 4 h. UVA irradiation 

would consist of a double dose of 7.34 kJ/m2 separated by a dark interval of either 30- or 60 min. This light 

dose can be further reduced in the context of daylight PDT, due to the synergistic effect of the bandwidth 

of the solar emission spectrum in photoactivating PpIX, therefore, shortening irradiation periods.  
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Figure 5.1. Schematic representation of the hypothesis that UVA-irradiation cause significant 

photokilling in superficial layers, while retaining significant efficacy in deeper layers in ALA-treated 

keratinocytes of the skin. 
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VI. Conclusions 

Our approach investigated the dynamics of PpIX and cLIP upon ALA administration and removal during 

the dark interval. It was found that exogenously added ALA disturbed cellular iron homeostasis, with an 

up to 1.8-fold increase in 1 mM ALA-treated HaCaT cells for 120 min (see Figure 4.1.8). This was 

consistent with prior research, where ALA and oxygen had been shown to release iron (II) from the 

ferrihydrite mineral core of ferritin, via enoyl-ALA and superoxide anion mediated reduction of the 

latter.738 In this way it can be assumed that the PpIX precursor “ALA”, has a major role in the heme 

biosynthetic pathway, in both the mitochondrial and cytosolic compartment. To obtain a clear picture of 

the underlying cellular mechanisms behind ALA-PDT in this context, there are several points that require 

investigation, as highlighted in Figures 6.1.A and B. Future work will have to focus on how mitochondrial 

labile iron levels (see Figure 6.1.A ①) and heme levels correlate with cytosolic labile iron changes (see 

Figure 6.1.A ②). Similarly, Iron mobilization to the nuclear compartment should also be investigated 

(see Figure 6.1.A ③), and potential changes in mobilization in respect to ALA-induced LI increase 

determined. Furthermore, GSH levels have been shown to be critical to the solubility of LI at 

physiological pH, and in this respect, any future investigation on compartmental iron mobilization 

should be followed by a thorough examination of GSH levels (see Figure 6.1.A ④), notably in the 

context of ALA-PDT, following irradiation and PpIX generated reactive oxygen species.  

Generally, the treatment efficiency of conventional ALA-PDT has been associated with greater levels 

PpIX photobleaching and PpIX generated reactive oxygen species, which would result in ROS mediated 

covalent alterations of TRPA1 and TRPV1 receptor channels, and pain. This cause-and-effect relationship 

was widely accepted by the scientific community and colloquially described by Morton as “No pain, no 

gain”. Since then, significant effort was deployed to develop a protocol of treatment which would 

maximize cumulative photobleaching, while reducing overall treatment induced pain, notably with a 

protocol such as daylight PDT. However, our work has shown that the use of UVA light could significantly 

improve treatment efficiency with little photobleaching, as observed with a single UVA dose of 2.5 kJ/m² 

causing a 50 % decrease in colony forming ability in HaCaT cells (see Figure 4.2.8), while their cellular 

porphyrin levels were not significantly different to ALA-treated cells alone (see Figure 4.2.4). 

Furthermore, the irradiation of ALA-treated HaCaT cells with double UVA dose of 1 kJ/m² at a 60 min 

dark interval time point exhibited a reduction of colony forming ability up to ca 20% when compared to 

unirradiated and untreated controls (see Figure 4.2.8). This confirms that the introduction of a dark 

interval to the protocol of treatment would considerably improve clearance efficiency, while applying 

lower UVA light doses and reducing irradiation time.   

Similarly, our investigation identified a significant increase (ca 2.5-fold) in cLIP levels following a single 

UVA dose of 2.5 kJ/m² or a double UVA dose of 1 kJ/m² at a 60 min dark interval of ALA-treated HaCaT 

cells (see Figure 4.2.2 and 4.2.5). Our work further determined a gradual oxidative damage of the 

plasma membrane, as higher calcein leakage was observed at the 60 min time point following a single 

UVA dose of 2.5 kJ/m² (see Figure 4.2.6). This gradual oxidative damage was also observed following a 

60 min time point after a double UVA dose of 1 kJ/m² with a 60 min dark interval, as calcein loading 

could not be achieved in irradiated and ALA-treated HaCaT cells. Although, the origin of the sudden 

increase of LIP level was not determined in our investigation, the proportion of cLIP release for a single 

UVA dose of 2.5 kJ/m² and a double UVA dose of 1 kJ/m² with a 60 min dark interval was found to be 

similar. Moreover, it can be safely assumed that cytosolic LI plays an important role in treatment 

efficiency, as its effect was observed with an increased gradual plasma membrane permeability, but just 
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as likely, could be suspected to disrupt other important biological compartment integrity and function. 

Future work will have to focus on the origin and impact of the change in labile iron upon UVA irradiation 

and labile iron mediated ROS formation, notably in the cytosol, mitochondria, and nucleus (see Figure 

6.1.B ① and ③). Similarly, a focus on the impact of PpIX-induced ROS upon UVA irradiation will be 

required, notably in the cytosol, mitochondria, and nucleus (see Figure 6.1.B ②). This might provide the 

necessary explanation for the difference observed in short- and long-term treatment efficiency following 

single or double UVA doses, following MTT and colony forming ability (see Figure 4.2.7 and 4.2.8). 

Referring to our findings, the short-term impact of a single or double UVA doses on cell viability could 

give an indication of ROS-mediated impact of cell function and retrospectively, an indication on the 

potential to cause covalent alterations of TRPA1 and TRPV1 receptor channels and pain. In this way, our 

protocol of treatment could achieve significant treatment efficiency, while causing minimal pain during 

irradiation. This was observed in ALA-treated HaCaT cells irradiated with a double UVA dose of 1 kJ/m² 

at a 60 min dark interval time, with a cellular viability of ca 70% 24 h post-treatment, and colony forming 

ability of ca 20% 12 d post-treatment. As most pain is experienced during irradiation, this would 

translate to two short irradiations, that results in an oxidative burden causing minimal cellular viability 

reduction (ca 30%), and presumably minimal inflammatory reaction, but however, has a significant 

impact on cellular physiology and colony forming ability (ca 20%). Additionally, treatment efficiency 

could be further improved with a higher second light doses, however despite adverse skin reactions and 

pain. This irradiation-induced pain would nonetheless be short lived, as it was experimentally 

determined that a second 30 s long UVA dose of 2.5 kJ/m² would completely suppress colony forming 

ability (see Figure 4.2.8). Future work will have to investigate potential second irradiation light doses 

between 1 and 2.5 kJ/m², which could cause further colony forming ability reduction, while retaining 

relatively high short term cellular viability.        

Moreover, our work has shown that cellular porphyrin concentration and cLIP levels are not the sole 

determinant of treatment efficiency, as determined with MTT and CFA experiments in ALA-treated 

HaCaT cells irradiated with either a double UVA doses at varying dark intervals of 15, 30, 45- and 60 min 

(see Figure 4.2.7) and 30- and 60 min (see Figure 4.2.8) respectively. Despite the varying length of time 

within a 60 min dark interval, all cellular viability and colony forming ability were not significantly 

different for similar double UVA doses. In this way, it can be assumed that cellular porphyrin and LIP 

localization might also be determining variables in the efficiency of light fractionation treatments. In the 

Future, a thorough investigation of cellular porphyrin and LIP localization will have to be considered, 

notably in respect to GSH levels pre- and post-irradiation (see Figure 6.1.B ④).  

Concerning the novel daylight light fractionation protocol, our work has shown that the wavelength 

range of visible light did not inflict any damage on ALA-treated HaCaT cells at the experimental doses 

used (i.e. 1 and 2.5 kJ/m2). However, when the range of visible light was associated with UVA light, 

significant colony forming ability reduction was observed in ALA-treated cells (see Figure 4.4.2). This 

confirms the superiority of UVA light range in inducing cytotoxicity in the context of ALA-PDT over the 

range of visible light. Moreover, the synergistic effect of multichromatic sunlight appears to surpass UVA 

alone in inducing phototoxicity, notably when comparing the effect of a single UVA dose of 2.5 kJ/m² 

and a sunlight dose of 2.5 kJ/m² on colony formation (see Figure 4.2.8 and 4.4.2). In this way, the use of 

sunlight could reduce irradiation doses and periods further, while maintaining significant treatment 

efficiency. Future work will have to evaluate the irradiation doses and dark interval at which minimal 

cellular viability and maximal colony forming reduction is observed, in the context of daylight light 

fractionation protocol.   
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Lastly, UVA light-fractionation ALA-PDT and daylight light-fractionation ALA-PDT protocols will have to 

be applied to a series of isogenic skin cancer cells at different stages of carcinogenesis, isolated from the 

same patient from early dysplasia to metastatic stages of SCC, such as those available in our laboratory 

courtesy of Prof. Irene Leigh, University of Dundee, UK.770 These steps would be essential before moving 

to pre-clinical studies involving animals, and ideally a pilot clinical studies in humans.  

 

 

Figure 6.1.A and B. Schematic representation of planned investigation on (A) compartmental iron 

trafficking upon ALA administration and removal during dark interval (B) impact of labile iron and 

PpIX on biological compartments upon single and double UVA and daylight irradiation, as per light 

fractionation protocol. 

A. ① Investigation of cytosolic labile iron changes in relation to mitochondrial labile iron levels 

throughout ALA treatment and dark interval. ② Examination of PpIX/heme levels correlate with 

cytosolic labile iron changes and their localization throughout ALA treatment and dark interval. ③ 

Examination of cytosolic labile iron changes in relation to mitochondrial labile iron throughout ALA 

treatment and dark interval. ④ Evaluation of GSH levels pre- and post-ALA treatment and in respect to 

labile iron changes during dark interval. B. ① Investigation of the biological impact of cytosolic labile 

iron on different cellular compartment, such as the plasma membrane, mitochondria, and nucleus upon 

irradiation of ALA-treated cells. ② Investigation of the biological impact of PpIX levels on different 

cellular compartment, such as the plasma membrane, mitochondria, and nucleus upon irradiation of 

ALA-treated cells. ③ Examination of the origin, either photolytic or proteolytic, of cytosolic iron surge 

upon irradiation of ALA-treated cells. ④ Evaluation of GSH levels in respect to cytosolic labile iron level 

change post-irradiation during dark interval of ALA-treated cells. 
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