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1. Zusammenfassung 

Auswirkungen der Rose-Bengal-photodynamischen Therapie (RB-PDT) auf humane 

Hornhautepithel- und Stromazellen  

Die Rose-Bengal-Photodynamische Therapie (RB-PDT) nutzt Rose-Bengal-Farbstoff als 

Photosensibilisator, der durch 500-570 nm grünes Licht aktiviert wird. Dies erzeugt reaktive 

Sauerstoffspezies (ROS), beseitigt Bakterien, moduliert Wachstumsfaktoren und vernetzt 

Kollagen, was die Gewebesteifigkeit erhöht. Ihre Wirkung auf menschliche Hornhautzellen 

wurde jedoch noch nicht untersucht. Im ersten Teil der Studie der Studie untersuchten wir die 

Auswirkungen von RB-PDT auf verschiedene menschliche Hornhautzelltypen, einschließlich 

einer Hornhautepithelzelllinie (HCE-T), limbaler Epithelstammzellen (T-LSC), primärer 

Hornhautfibroblasten (HCF), Keratokonusfibroblasten (KC-HCF) und limbaler Fibroblasten 

(LFC). Nach RB-PDT nahm die Viabilität jedoch bei 0,17 J/cm² in HCF und KC-HCF sowie 

bei 0,35 J/cm² in T-LSC, HCE-T und LFC signifikant ab. Im zweiten Teil der Studie 

untersuchten wir die Auswirkungen von RB-PDT auf die Zellmigration und Interaktionen 

zwischen Epithel- und Stromazellen. RB-PDT die Migration von HCE-T, HCF und KC-HCF 

signifikant hemmte. Konditioniertes Medium (CM) von RB-PDT-behandelten HCE-T-Zellen 

förderte die Migration von HCF, während CM von RB-PDT-behandelten HCF die Migration 

von HCE-T unterstützte. Im dritten Abschnitt der Studie untersuchten wir den Einfluss von RB-

PDT auf die Expression Gene und Proteine in HCF und KC-HCF, darunter Kollagen I und V, 

NF-κB p65, LOX und TGFβ. Die TGFβ-mRNA-Spiegel in HCF sanken, in KC-HCF nahmen 

die mRNA-Spiegel von Kollagen I und V ab. LOX und NF-κB p65 wurden durch RB-PDT 

nicht beeinflusst. Weitere Forschungen sind erforderlich, um die Auswirkungen von RB-PDT 

auf menschliche Hornhautzellen besser zu verstehen, insbesondere durch Studien in 

Tiermodellen für Keratitis, um die klinische Anwendung zu verbessern.  
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2. Summary 

Effect of Rose Bengal photodynamic therapy (RB-PDT) on human corneal epithelial and 

stromal cells 

Rose Bengal photodynamic therapy (RB-PDT) uses rose bengal dye as a photosensitizer, 

activated by 500-570 nm green light. This activation induces various biological effects, 

including reactive oxygen species (ROS) generation, cytotoxicity, bacterial eradication, growth 

factor secretion modulation, and collagen crosslinking, leading to increased tissue rigidity. 

Despite its clinical use, RB-PDT's impact on human corneal cells is not analysed, yet. In the 

first part of the study, we examined the effects of RB-PDT on various human corneal cell types, 

including a corneal epithelial cell line (HCE-T), limbal epithelial stem cells (T-LSC), primary 

corneal fibroblasts (HCF), keratoconus fibroblasts (KC-HCF), and limbal fibroblasts (LFC). 

After RB-PDT, viability significantly decreased at a fluence of 0.17 J/cm² in HCF and KC-HCF, 

and at 0.35 J/cm² in T-LSC, HCE-T, and LFC. In the second part of the study, we examined the 

impact of RB-PDT on cell migration and epithelial-stromal interactions in human corneal cells. 

RB-PDT significantly inhibited the migration of HCE-T, HCF, and KC-HCF. Conditioned 

medium (CM) from RB-PDT treated HCE-T cells enhanced HCF migration in scratched 

cultures, and CM from RB-PDT treated HCF promoted HCE-T migration. In the third segment 

of the study, we examined the influence of RB-PDT on the expression of genes and proteins in 

HCF and KC-HCF, including collagen I and V, NF-κB p65, LOX and TGF-β. In HCF, TGF-β 

mRNA levels decreased in KC-HCF, mRNA levels of collagen I and V decreased, LOX and 

NF-κB p65 were unaffected by RB-PDT. Further research is necessary to better understand RB-

PDT's impact on human corneal cells, such as studying its effects on corneal cells in an animal 

keratitis model, optimizing its clinical use.  
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3. Introduction and motivation 

In recent decades, human medicine has undergone continuous evolution and improvement. 

Numerous diseases have been discovered, researched, and effectively treated. However, the 

conventional approach, which involves a combination of drugs and surgical interventions, has 

its limitations. The ongoing development of antibiotic resistance, for instance, poses challenges 

to antimicrobial treatments. Moreover, for certain specific pathogenic conditions, there is a 

growing need to explore more convenient and efficient therapeutic procedures that can 

circumvent surgeries and alleviate both the physiological and economic burdens on patients. In 

this context, photodynamic therapy (PDT) has captured the attention of researchers. 

PDT is a technique that involves combining a photosensitizer (PS) with light of an appropriate 

wavelength. Due to its photochemical properties, this technique can be applied to various 

tissues within the human body, leading to diverse therapeutic effects based on the administered 

dosage [43]. 

Upon exposure to light of the appropriate wavelength, the PS initially absorbs the light energy, 

causing the excitation of an electron within the PS and its transition to a higher energy level. 

This transition signifies the conversion of the PS from its ground state (S0) to a singlet excited 

state (S1). Subsequently, S1 may revert to S0 through processes such as fluorescence emission. 

Alternatively, it may undergo intersystem crossing (ISC), leading to further transformation into 

a triplet excited state (T1). The T1 state of the PS is more stable than the S1 state, providing the 

PS with increased opportunities to react with surrounding molecules [21,39,50]. Therefore, the 

T1 state of the photosensitizer serves as the primary source of photosensitive reactions during 

the PDT process [50]. The energy transition between the ground state and the T1 state of the 

photosensitizer is depicted in the Jablonski diagram (Figure 1). 
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In the literature, researchers have outlined two primary types of photosensitive reactions, 

namely Type I and Type II. Both of these reactions are based on the T1 state of the 

photosensitizer [39]. However, their distinction lies in the fact that Type II reactions are oxygen 

(O2) dependent, mediating the direct interaction between the T1 state of the photosensitizer and 

an O2 molecule. In this interaction, energy and electrons are directly transferred from the 

photosensitizer to O2 molecules, leading to the generation of singlet oxygen (1O2), one of the 

reactive oxygen species (ROS) molecules. When oxygen becomes depleted, Type I 

photosensitive reactions occur, involving the transfer of electrons or hydrogen from the 

photosensitizer to its reaction substrates (i.e., cell membranes and organelles)[42]. This leads 

to the production of other reactive oxygen species (ROS) as well, such as superoxide anion 

(O2
−), hydroxyl radicals (OH−), or hydrogen peroxide (H2O2) [27]. Currently, it is 

acknowledged that the 1O2 generated in Type II reactions serves as the primary mediator of the 

biological effects in PDT [19]. Therefore, the adequate supply of oxygen is crucial in the PDT 

treatment process.  

 

 

 

 

 

 

 

 

Figure 1. A simplified form of the Jablonski diagram is illustrated in the diagram. Once the 

photosensitizer (PS) absorbs a sufficient amount of energy in the form of electromagnetic 

radiation, such as light, it can transition from the ground state (S0) to the electronic singlet state 
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(S1). Subsequently, the PS in the S1 state can undergo intersystem crossing to become the triplet 

state (T1). These changes are associated with the electron spin direction of the PS molecule. 

(Image source: own presentation). 

 

The biological effects mediated by PDT are influenced by various factors. These factors include 

the type of photosensitizer, tissue absorption efficiency, and the wavelength and penetrative 

capability of the light. Additionally, within cellular environments, a variety of proteins 

constitute protective mechanisms against reactive oxygen species (ROS). A series of enzymes, 

including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), are 

responsible for eliminating excess ROS to maintain cellular homeostasis [5, 47]. Consequently, 

these factors collectively impact the efficacy of PDT when applied in the human body. The PS 

is one of the key factors influencing the photosensitive process in PDT. Rose Bengal (RB) has 

been approved by the U.S. Food and Drug Administration as a diagnostic ocular surface dye 

[29]. In subsequent developments, the photosensitive properties of RB were discovered. Rose 

Bengal photodynamic therapy (RB-PDT) requires green light for excitation, with its peak 

absorption occurring at around 550 nm [1]. Furthermore, RB exhibits a high quantum yield, 

indicating the efficiency of photon utilization in photochemical reactions. The quantum yield 

of RB from the S1 to the T1 state is approximately 0.9, while the quantum yield of its singlet 

oxygen production (ΦΔ) is around 0.7 [43]. It is also important to note that RB can tightly bind 

to collagen molecules in the extracellular matrix (ECM), influencing its penetration depth 

within tissues [43]. Research indicates that the infiltration depth of RB within the corneal 

stroma is approximately 100-120 μm, whereas another photosensitizer, riboflavin, can reach a 

depth of about 400 μm [25]. Beyond mediating cytotoxic effects through the release of reactive 

oxygen species (ROS), RB-PDT has been found to enhance tissue hardness. This is attributed 

to RB's ability to mediate the insertion of covalent bonds into collagen molecules (crosslinking), 
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thereby increasing the stiffness of the tissue. Based on these properties, RB-PDT has been 

explored in treatment research for various diseases, including tumors [4, 38], supporting wound 

healing [17, 29], and treatment of infectious diseases (e.g., keratitis) [2, 12]. Moreover, 

researchers have successfully employed RB-PDT to induce stiffening of the cornea, showing 

promise in slowing down or halting the progression of keratoconus [9, 19]. 

The cornea, positioned as the outermost layer of the eye, possesses the highest refractive power 

in the human eye. Histologically, the cornea exhibits a multilayered structure, comprising the 

corneal epithelial layer, Bowman's layer, the stromal layer, Descemet's membrane (stromal 

basement membrane), and the endothelial layer [13]. The corneal epithelial layer serves to 

protect against the entry of foreign substances and abrasions. The stromal layer, representing 

approximately 90% of the corneal thickness, consists of keratocytes as resident cells, which are 

capable of secreting various ECM substances, such as Type I collagen and Type V collagen, 

among others. These ECM molecules are highly organized to maintain the clarity of the cornea. 

Corneal endothelial cells play a pivotal role in maintaining the dehydration state of the corneal 

stroma to prevent swelling and edema [8]. All the aforementioned corneal tissue structures 

collaboratively form a transparent, avascular, and optically clear tissue, ensuring the smooth 

passage of light into the eye and ultimately resulting in clear vision. 

Keratoconus is a progressively developing corneal ectasia. Typically detected during 

adolescence, this condition involves a gradual thinning of the bilateral corneal stroma over time, 

resulting in a conical protrusion [33 ,50]. In severe cases, keratoconus can lead to corneal 

stromal edema, opacification, and potential vision decline. Therefore, it is crucial to find ways 

to slow down the ectasia progression. Before the emergence of PDT-mediated crosslinking, the 

primary approach involved the use of rigid gas-permeable contact lenses to mitigate the 

progression of the disease [14]. For advanced stages of keratoconus or acute cases, corneal 
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transplantation may be necessary. Although corneal transplantation techniques are relatively 

mature and have a high success rate, this undoubtedly requires a well-established corneal bank 

and economic support. 

In 1998, Spoerl and colleagues first reported the use of riboflavin-ultraviolet A (UVA) PDT to 

mediate crosslinking and enhance the stiffness of the cornea [49]. This technique was 

subsequently applied in the treatment of keratoconus, proving highly successful in reducing the 

need for corneal transplantation [41, 43, 44]. Currently, riboflavin-UVA PDT-mediated 

crosslinking is widely implemented in clinical practice and stands as one of the standard 

treatment procedures for keratoconus [40]. However, a limitation of riboflavin lies in its 

penetration depth, as its penetration is relatively deep (~400 μm) [38]. If the corneal thickness 

is less than 400 μm, riboflavin may exceed the corneal stromal layer and reach the endothelial 

cell layer, causing potential damage to non-regenerative endothelial cells during the treatment 

process. Additionally, because riboflavin requires UVA for illumination, this may pose a risk of 

damage to the cornea and deeper ocular structures [13, 45]. In the literature, several studies 

have described postoperative complications following riboflavin-UVA PDT [3, 7, 21]. 

In 2013, Cherfan et al. reported that RB-PDT-mediated crosslinking can similarly increase 

corneal stiffness to riboflavin-UVA-PDT, a finding that has been validated in animal models 

[12]. Moreover, it is noteworthy that, besides its role in mediating crosslinking, RB-PDT has 

gained recognition as a promising antimicrobial therapy, and its clinical efficacy has been 

reported by various institutions [2, 15, 31, 32]. These two methods, RB-PDT and riboflavin-

UVA-PDT, have been compared by numerous research groups [22, 30, 44]. Due to the 

insufficient clinical evidence regarding the therapeutic efficacy of RB-PDT in human 

keratoconus disease, definitive conclusions are still awaited. However, due to the shallower 

penetration depth of RB-PDT and the use of green light for excitation, its postoperative 
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complications have not been reported, yet. Therefore, as an "updated" PDT technique, 

additional data from experimental models utilizing primary human corneal cells are necessary 

to gain a more comprehensive understanding of the impact of RB-PDT. This will aid in 

optimizing the utilization of this method. 

 

This study was approved by the Ethics Committee of Saarland/Germany (Nr. 217/18). All 

human tissues were handled according to the Declaration of Helsinki Principles. 

  



9 

 

 

Assessment of Rose Bengal Photodynamic Therapy on Viability and Proliferation of 

Human Keratolimbal Epithelial and Stromal Cells In Vitro (Publication 1) [9] 

In the context of conducting in vitro cell experiments using RB-PDT, the primary consideration 

is determining the optimal dosage for the treatment. In this study, various human corneal cell 

types were investigated, including a corneal epithelial cell line (HCE-T), primary corneal 

fibroblasts (HCF), keratoconus fibroblasts (KC-HCF), limbal fibroblasts (LFC), and limbal 

epithelial stem cell line (T-LSC). Following the application of RB-PDT to these cell cultures, 

we elucidated the impact of RB-PDT on the viability and proliferation of these cell types. 

 

When RB or green light illumination was applied alone, there was no significant impact on cell 

viability or proliferation across all cell types. However, 24 hours following RB-PDT, a 

significant decrease in viability was observed at a fluence of 0.17 J/cm2 in HCF and KC-HCF, 

and at a fluence of 0.35 J/cm2 in T-LSC, HCE-T, and LFCs. Furthermore, cell proliferation 

exhibited a significant reduction at a fluence of 0.14 J/cm2 in T-LSC, HCE-T, and KC-HCF, 

and at a fluence of 0.17 J/cm2 in HCF. 

This foundational research provides essential insights for subsequent experiments, laying the 

groundwork for further investigations. 
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Human corneal epithelial cell and fibroblast migration and growth factor secretion after 

rose bengal photodynamic therapy (RB-PDT) and the effect of conditioned medium 

(Publication 2) [10] 

The use of RB-PDT as a therapeutic technique for treating corneal diseases has been 

implemented in clinical practice. However, the impact of RB-PDT on corneal wound healing 

remains unclear. Therefore, our objective is to investigate the influence of RB-PDT on the 

migration ability of HCE-T, HCF and KC-HCF, and the potential reasons behind. 

The existing literature highlights the interconnectedness of corneal epithelial cells and stromal 

cells during the wound healing process [23, 25, 28]. Corneal epithelial damage, such as external 

stimuli or scratches, initially induces apoptosis of stromal cells [51]. Subsequently, stromal cells 

can modulate the wound healing of epithelial cells, including cell migration and proliferation, 

through a paracrine pattern. Therefore, we further investigated the regulation of RB-PDT on 

several essential growth factors in the cornea, including Epidermal Growth Factor (EGF), 

Hepatocyte Growth Factor (HGF), Keratinocyte Growth Factor (KGF), Fibroblast Growth 

Factor basic (FGFb), and Transforming Growth Factor beta (TGFβ). 

Furthermore, we collected culture medium from RB-PDT-treated HCE-T to produce 

conditioned medium (CM), which was then introduced into scratched HCF cultures. Similarly, 

culture medium from RB-PDT-treated HCF was collected and added to scratched HCE-T 

cultures. The growth factor concentration in the conditioned medium was also analyzed. This 

approach allowed us to observe how corneal epithelial cells and stromal cells interacted with 

each other following RB-PDT. 

Through a scratch assay, we discovered that RB-PDT significantly inhibits the migration of 

HCE-T, HCF, and KC-HCF. However, after RB-PDT treatment, the collected CM can 

significantly enhance the migration the other cell type (HCF or HCE-T). For instance, CM 
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collected from RB-PDT-treated HCE-T markedly promotes HCF migration, and similarly, CM 

produced from RB-PDT-treated HCF significantly upregulates HCE-T migration. However, 

there is no such positive interaction between HCE-T and KC-HCF. 

ELISA results provided further evidence of the reasons behind these observations. In scratched 

HCF and KC-HCF, RB-PDT notably reduces KGF levels. In HCE-T CM, RB-PDT increases 

HGF and FGFb levels while decreasing TGFβ levels. In HCF CM, RB-PDT elevates FGFb 

levels and decreases TGFβ levels. In KC-HCF CM, RB-PDT not only increases FGFb levels 

and decreases TGFβ levels but also reduces EGF and HGF levels. 

In the cornea, EGF can be synthesized by epithelial cells or by fibroblasts, which exert a 

paracrine effect on epithelial cells to stimulate their proliferation [20, 51]. HGF, KGF, FGFb, 

and TGFβ are classical regulatory factors involved in the epithelial-stromal interactions of the 

cornea. HGF, KGF, and FGFb can be produced in keratocytes and act on corneal epithelial cells, 

promoting their migration and proliferation [6, 25, 28, 42]. TGFβ can be generated in corneal 

epithelial cells and reaches the stromal layer through the epithelial basement membrane, 

thereby regulating migration and differentiation of fibroblasts. Excessive TGFβ signaling can 

lead to the formation of corneal fibrosis, and result in corneal haze [27, 34, 49]. 

Furthermore, we investigated the soluble E-cadherin (SE-Cad) levels in the HCE-T cell culture 

supernatant and soluble N-cadherin (SN-Cad) levels in the HCF culture supernatant. The results 

revealed that after RB-PDT, SN-Cad levels in HCF cell culture significantly decreased. 

Additionally, an increase in SN-Cad level was observed when using CM collected from RB-

PDT treated HCE-T, which was accompanied by an enhanced migration. In the literature, N-

cadherin is recognized as a transmembrane protein, which can undergo cleavage by proteases 

and leads to the release of its soluble form into the supernatant [17]. The increase of SN-Cad 
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level suggests a reduction in cell adhesion, which may further promote cell migration. Therefore, 

RB-PDT may influence cell migration by modulating Cadherin expression in HCF. 
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Short-Term Effect of Rose Bengal Photodynamic Therapy (RB-PDT) on Collagen I, 

Collagen V, NF-κB, LOX, TGF-β and IL-6 Expression of Human Corneal Fibroblasts, in 

vitro (Publication 3) [11] 

Based on previous research, we know that RB-PDT can enhance corneal stiffness by promoting 

the generation of covalent bonds between corneal collagen molecules, offering a potential 

therapeutic approach for ectatic corneal diseases such as keratoconus. However, the specific 

impact of RB-PDT on several essential proteins and genes expressed by corneal fibroblasts was 

still unknown. These include collagen I and collagen V—the two primary collagen subtypes in 

the cornea. Additionally, lysyl oxidase (LOX), an enzyme facilitating the formation of covalent 

bonds between corneal collagens, plays a pivotal role in physiologically regulating corneal 

hardness. Transforming growth factor β (TGFβ) serves as a crucial growth factor essential for 

maintaining the dynamic balance of the extracellular matrix. Following corneal damage or 

stimulation, the TGFβ increase could promote collagen secretion, facilitating the healing 

process. Excessive TGFβ production, however, may lead to corneal scarring or haze, impacting 

visual acuity. Nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) and 

interleukin-6 (IL-6) are closely associated with inflammation levels. Elevated levels in the 

cornea often indicate an upregulation of inflammatory processes. Understanding the intricate 

interplay between RB-PDT and the expression of these genes and proteins in corneal fibroblasts 

is important for comprehension of RB-PDT therapeutic potential. 

In this study, primary fibroblasts derived from healthy corneas (HCF, n=5) and keratoconus 

corneas (KC-HCF, n=5) were subjected to in vitro culture. Following a 24-hour period after 

RB-PDT, the cells were harvested, and RNA and protein were extracted. The RNA and protein 

levels in control and treated groups were quantified using qPCR and Western Blot. The results 

revealed that RB-PDT led to a reduction in collagen I, collagen V, and TGFβ1 mRNA 
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expression in KC-HCF, concurrently increasing IL-6 mRNA and protein expression. In HCF, 

RB-PDT resulted in a decrease in TGFβ1 mRNA expression while causing an increase in 

TGFβ1 and IL-6 protein levels. This indicates that RB-PDT has upregulated the inflammation 

level in both cell types. Although TGFβ1 mRNA levels have decreased in both cell types, there 

was a discrepancy between TGFβ mRNA and protein results. In HCF, TGFβ protein expression 

is upregulated, while in KC-HCF, the TGFβ content remains unchanged. This disparity may be 

attributed to mRNA stability and post-transcriptional regulation of protein expression. It is 

noteworthy that the decrease in TGFβ1 mRNA levels in both cell types aligns with the ELISA 

results from Figure 6 in Publication 2, indicating that RB-PDT can modulate TGFβ levels in 

both HCF and KC-HCF. 

  



15 

 

 

4. Publication 1 
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