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Abstract 

Age-related macular degeneration (AMD) is a retinal degenerative disease that affects the central portion of the 

retina, called the macula, being responsible for central vision loss. AMD can progress to two advanced stages, 

dry and wet. Advanced dry AMD is characterized by geographic atrophy of the retinal pigment epithelium 

(RPE). Wet or neovascular AMD is characterized by choroidal neovascularization (CNV) and, in some cases, 

RPE detachment occurs and is accompanied by subretinal fibrosis formation. Nowadays, anti-vascular 

endothelial growth factor (VEGF) therapy has been the first choice for neovascular AMD in order to inhibit 

CNV. However, in a high proportion of patients with AMD, this therapy is not able to stop the progression of 

the disease and it has several associated adverse effects. In some cases, photodynamic therapy (PDT) is used in 

combination with anti-VEGF therapy. The main purpose of PDT is the destruction of the abnormal vessels 

originated in the choroid that invade the overlying RPE monolayer and neuronal retina. However, to the best 

of our knowledge, any applied treatment to date can prevent or treat subretinal fibrosis. 

The main purpose of this study was to assess the cytotoxicity on ARPE-19 cells (with a mesenchymal spindle-

shaped morphology, expressing α-SMA and galectin-1) after PDT with glyco-conjugates (H2TPPF16(SGlc)4) 

and zinc-porphyrin conjugated with four glucose molecules (ZnTPPF16(SGlc)4). To evaluate the efficacy of 

the two photosensitizers (PSs), in vitro studies were performed to determine the cellular uptake, reactive oxygen 

species (ROS) production and their toxicity in darkness and after photoactivation. 

Both glyco-conjugates were shown uptake by ARPE-19 cells. The presence of sugar-binding proteins in ARPE-

19 cells, such as galectin 1, may influence the PSs uptake. The presence of a metal in the porphyrin can also 

interfere with the uptake. In fact, ZnTPPF16(SGlc)4 showed a slight higher cellular uptake than 

H2TPPF16(SGlc)4. The levels of ROS after PDT were higher in ZnTPPF16(SGlc)4 than in H2TPPF16(SGlc)4. 

Both PSs were non-toxic until activation by light. Both PS demonstrated high efficacy in inducing phototoxicity 

in ARPE-19 cells.  

The obtained results support the idea that PDT with glyco-porphyrins can be a promising therapeutic option 

to attenuate subretinal fibrosis formation and eventually CNV, which deserves a more detailed study.  
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Resumo 

A degenerescência macular da idade (AMD) é uma doença degenerativa da mácula da retina, e que leva à perda 

progressiva da visão central em idades mais avançadas. A fase mais avançada da doença pode ser dividida em 

dois tipos, a forma seca e a forma neovascular. A forma seca é caracterizada pela atrofia geográfica do epitélio 

pigmentado da retina (RPE), enquanto que a forma neovascular ou húmida é caracterizada por 

neovascularização coroideia (CNV) e, em alguns casos, pelo descolamento do RPE e fibrose sub-retiniana. 

Atualmente, a terapêutica de primeira linha da AMD húmida são os fármacos anti-angiogénicos. Injeções 

intravítreas de anti-VEGF (fator de crescimento endotelial vascular) são indicadas para inibir a proliferação de 

novos vasos coróide. Em certos casos, contudo, esta abordagem terapêutica com anti-VEGF não é capaz de 

prevenir a progressão da doença e apresenta muitos efeitos adversos. Em alguns casos, a terapia fotodinâmica 

(PDT) é usada em combinação com a terapia anti-VEGF.  O uso de PDT tem como objetivo a destruição 

seletiva dos novos vasos anómalos da coróide que podem proliferar e penetrar na membrana de Bruch. No 

entanto, até ao momento, não existe nenhum tratamento capaz de prevenir ou tratar a fibrose sub-retiniana. 

O principal objetivo deste estudo foi avaliar a citotoxicidade induzida por PDT utilizando dois 

fotossensibilizadores (PSs) glico-conjugados: H2TPPF16(SGlc)4 e ZnTPPF16(SGlc)4. Como modelo de estudo 

utilizou-se a linha celular ARPE-19 (com morfologia mesenquimal fusiforme e expressão de α-SMA e galectina-

1). Para avaliar a eficácia dos dois PSs, foram realizados estudos in vitro para determinar a sua captação pelas 

células, a produção de espécies reativas de oxigénio (ROS) e a sua toxicidade no escuro e após fotoativação. 

Ambos os glico-conjugados foram captados pelas células ARPE-19. A presença de proteínas com domínios de 

reconhecimento de carbohidratos e afinidade para galactosídeos, como a galectina-1, e a presença de um metal 

na estrutura da porfirina podem influenciar a captação destes PSs. Na verdade, o ZnTPPF16(SGlc)4 apresentou 

uma captação celular ligeiramente superior ao H2TPPF16(SGlc)4. Os níveis de ROS após PDT foram 

superiores com o ZnTPPF16(SGlc)4 do que com o H2TPPF16(SGlc)4. Ambos os PSs demonstraram eficácia 

na indução de fototoxicidade em células ARPE-19.  

Os resultados obtidos suportam a ideia de que a PDT com glico-porfirinas pode ser uma abordagem terapêutica 

promissora para atenuar a formação de fibrose sub-retiniana e, eventualmente CNV, o que requer um estudo 

mais detalhado. 
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1.1 The eye 

The human eye is comprised by several structures with complex functions, including the ability to regulate the 

amount of light that enters in the eye, to focus on near and far objects or to continuously convert the light into 

electrical impulses that are carried to the brain along the optic nerve, for image formation. The front part of 

the eyeball is a transparent structure, called cornea, which occupies approximately one-sixth of it.1 The 

remaining part is an opaque structure called sclera. Anatomically, the anterior part of the eye is composed by 

the cornea, lens, pupil, aqueous humour and iris, and the posterior segment is composed by the vitreous 

humour, the retina the choroid and, outermost, the sclera (Figure 1).1, 2  

The eyeball has three layers or coats: the sclera and the cornea, as the outermost coat; the vascular coat or uveal 

tract, which constitute the middle layer, comprising the choroid, the ciliary body and the iris; and the retina, as 

the innermost layer, containing the light-sensing cells (photoreceptors) and the blood vessels that provide  

nourishment to the inner layers of the retina.2 Funduscopic examination through an ophthalmoscope allows to 

illuminate and see the interior of the eye, being crucial in assessing the health of the retina.  

 

Figure 1. Eye and retina structure. The eye is surrounded by three tissues layers: sclera, choroid and retina. The retina 
is divided into neural retina, which contains the photoreceptor cells and in the outermost region of the retina, a supportive 
retinal pigmented epithelium (RPE) layer is present, which is attached to the Bruch’s membrane, and is located between 
the choroid and neural retina. Adapted from: https://smart.servier.com/smart_image/eye/ and 
https://retinavitreous.com/patientinfo/fundoscopy.php (accessed at October 23, 2020) 
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1.2 The retina 

The retina (Figure 1), a highly specialized neural tissue, is responsible for the conversion of light into 

electrochemical impulses. It is composed of two layers, the inner neurosensory layer, and the outer pigmented 

layer composed by retinal pigment epithelium (RPE) cells which are tightly attached to the choroid. The 

neurosensory layer, also called neuroretina, is essentially made up of neural cells (photoreceptors (cones and 

rods), ganglion cells, bipolar cells, amacrine cells and horizontal cells), glial cells (Müller cells, astrocytes and 

microglia), RPE cells and the cells that compose the retinal vessels (endothelial cells and pericytes).3 

The retina is a high metabolic-rate tissue, needing a constant delivery of oxygen and nutrients which is given 

by two distinct vascular structures, the intra-retinal vessels and the choriocapillaris. It has two distinct barriers, 

the inner and the outer blood-retinal barrier (BRB). Both contribute to the maintenance of retinal homeostasis 

through the regulation of the flux of nutrients, ions, water, metabolites and even harmful toxins between 

circulating blood and the retina. Besides this, the integrity of the BRB is crucial to prevent the exposure of the 

neural tissue to circulatory factors such as antibodies and immune cells. The inner BRB is formed by retinal 

microvascular endothelial cells. However, other retinal cells, such as pericytes and retinal glia (Müller cells and 

astrocytes) are important in the development and maintenance of the integrity of this barrier.4 The outer BRB 

is formed by the RPE cells that restrict the passage of fluid and molecules between the choroid and the 

subretinal space. Complex and dynamic structures called tight junctions are key components of the two retinal 

barriers.4 

The two types of photoreceptors, rods and cones, in the neuroretina, are specialized neurons responsible for 

the phototransduction. This process consists of converting light into signals that will stimulate the transmission 

of neuronal impulses, leading to changes in the cell membrane potential after absorption of a photon. 

Posteriorly, these signs are transmitted to the brain through the optic nerve where they are converted into 

vision.5 Underneath photoreceptors is the layer of pigmented cells, the RPE. This layer is formed by a single 

layer of hexagonal, polarized and pigmented cells which have several functions such as absorption of the excess 

of light that enters the eye and is not absorbed by the photoreceptors, formation of the outer BRB and 

phagocytosis of the outer segments of photoreceptors.5, 6 Between the RPE and the choroid is a thin membrane 

called Bruch’s Membrane (BrMb). It is composed by the RPE basement membrane, an inner and outer 

collagenous layer, a central elastic layer and the choriocapillaris endothelium basement membrane. This thin 

and semipermeable membrane gives support to the RPE monolayer and, as previously mentioned, controls the 

transfer of biomolecules, creating a biochemical and physical barrier between the retina and the choroid.7,8 The 

choroid is a vascular layer that supplies oxygen and nutrients to the RPE and outer retina and also contributes 

to the maintenance of the temperature and volume of the eye. Morphologically, it can be divided into four 

layers: choriocapillaris, near to BrMb, a medium-sized vessel and tapetum layers, large-vessel layer, and 

suprachoroidea. The vessels in choriocapillaris are fenestrated and external to their endothelium.5, 8 
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1.3 Age-Related Macular Degeneration 

AMD is a degenerative disorder that affects the central part of the retina, the macula. This pathology affects 

essentially people over 50 years old being the leading cause of central vision loss in the elderly. AMD is 

characterized by a progressive loss of visual function due to progressive degeneration of the macula, as a result 

of abnormalities of photoreceptors, RPE, BrMb, and the choroid, which can lead to irreversible central vision 

loss.5, 9 The macula comprises only 4% of the entire retinal area, but represents almost 10% of the entire visual 

field. This area is responsible for all the central vision, the colorful vision, and is responsible for seeing fine 

details.10 Therefore, lesions that develop in this region can have serious consequences on visual function. The 

clinical classification of this pathology is divided into three stages: early, intermediate and late AMD. The 

advanced stage can be classified into two types: atrophic or dry AMD and neovascular or wet AMD, depending 

on the lesions (Figure 2). 

Besides the above-mentioned functions of the RPE, it plays a pivotal role in eliminating the waste from 

photoreceptors, by degrading or recycling it and exocytosing some material for removal by the choriocapillaris.   

However with age, RPE can become dysfunctional which can cause an accumulation of these components 

between the RPE and the underlying basement membrane, the BrMb, which can both lead to the formation of 

yellow deposits underneath RPE layer called drusen and increased permeability of the RPE layer. 5  

“Normal” drusen, that commonly appear with age, are small with a size of ≤ 63 μm. Small drusen are 

inoffensive and, usually, are not associated with any vision problems. Early AMD is diagnosed when there is 

Figure 2. Schematic of retina and choroid: (A) healthy eye with intact retina and choroid; (B) dry AMD with the 
presence of drusen between RPE layer and BrMb; (C) wet AMD with formation of abnormal new blood vessels 
(angiogenesis) in choroid, subretinal hemorrhage, fluid accumulation and, consequently, visual impairment. Adapted 
from 21 
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an abnormal accumulation of drusen that have a size between >63 μm to ≤125 μm, called medium-sized 

drusen. Usually, this stage is not characterized by pigmentary abnormalities. In fact, this stage is asymptomatic 

which is the reason why, in most cases, AMD is only diagnosed in a most advanced stage. Early AMD can 

develop to the intermediate stage, which is characterized by large drusen, with size >125 μm, associated with 

pigmentary abnormalities in the macula. Pigmentary alterations can be defined as hyper- or hypopigmentation. 

In this stage, some patients suffer from a blurred spot in the center of their vision  which cause them the need 

to increase light to read and perform other tasks that require detailed vision. 11, 12 Besides that, there is another 

classification for drusen type: hard drusen, which are small drusen (≤63 μm), discrete yellow-white spots that 

are commonly identified in many populations and do not present risk of vision loss; and soft drusen, which 

have a medium-size or greater (≥ 63 μm) and are associated with a higher risk for the development of advanced 

AMD, especially neovascular AMD. 9 In early AMD, the presence of drusen are not associated with vision loss. 

However, in more advanced stages of AMD, drusen formation and consequent accumulation over time leads 

to RPE dysfunction, which can cause photoreceptors death and consequent vision loss.13 

1.3.1 Prevalence, incidence and risk factors of AMD 

According to the World Health Organization, blindness and vision impairment affect at least 2.2 billion people 

worldwide and 1 billion have sight loss that could have been prevented or treated.14 Globally, AMD is the third 

main cause of blindness after cataracts and glaucoma, but in industrialized countries is the primary cause in the 

elderly.  In a meta-analysis made in 2017, the global prevalence of any type of AMD has been reported to be 

8.7%, but the prevalence rate of European population is higher compared to the global estimate.15,16 In fact, in 

Europe the majority of blindness and severe vision loss is due to AMD. In 2017, was estimated that 34 million 

Europeans over the age of 60 are affected by any type of AMD, which 2.8 million have any advanced form of 

AMD and 1.7 million of these have the wet form of the disease. Being this disease a serious health problem, 

and according to the increase of the average life expectancy of European population it is expected a 20-25% 

increase until 2050.17, 14  

Until today, the exact mechanism involved in the onset of AMD remains unknown and the multifactorial nature 

of AMD, the complexity of the visual system, and the enigma of aging processes make this pathology very 

complex. However, it is known that the combination of demographic, environmental, and genetic factors are 

involved in AMD progression.18, 19 

Age is the most important risk for the development and progression of AMD. A recent analysis of AMD 

prevalence in Europe, combining data of 14 population-based studies including Portugal, reveals that the 

prevalence of early AMD increases from 3.5% to 17.6% from the age of 55-59  to the age of ≥85 years old and 

for late AMD those numbers are 0.1% and 9.8%, respectively. 20  

Additionally, cigarette smoking, ultraviolet (UV) exposure, diet, and physical activity are other important 

environmental risk factors. 21 In fact, one study revealed that current smokers younger than 85 years had a 6.6-
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fold increased risk of neovascular AMD versus those who had never smoked. Moreover, former smokers had 

a 3.2-fold increased risk of it and after 20 years cessation of smoking, the risk decreases to the same of the non-

smoker patients.22 

The continued exposure of retina to light throughout life can lead to retinal damage, namely long-term sunlight 

exposure. Visual perception results from a response when visible light (400 - 760 nm) radiation reaches the 

retina. Visible light is between infrared (IR) radiation (>760 nm) and UV light (<400 nm). Until 295 nm the 

UV light is absorbed and blocked by the cornea and lens, however, some UV light reaches the RPE. With 

continuous light exposure, mainly UV light, the retina becomes highly susceptible to photochemical damage. 

Usually, there is a protective mechanism of the retina against light damage. However, with age there are 

structural and functional changes in the retina, which predispose the development of AMD. Notwithstanding, 

continued light exposure is one of the main risk factors for the onset and progression of AMD. 18, 23 

A diet rich in antioxidants with high consumption of fruits, vegetables, legumes, grains, moderate consumption 

of fish, and limited red meat is associated with a decreased risk of AMD. However, elevated consumption of 

carbohydrates increases the risk of developing the disease. Nevertheless, regular exercise is associated with an 

increase of antioxidant enzymes activity, which consequently a decreases the risk of AMD.18 Oxidative stress, 

mainly induced by reactive oxygen species (ROS) generated by the oxygen-rich environment and the exposure 

to light in the eye, is believed to contribute to the development of AMD, mainly, in generating cellular damage 

in RPE cells. In normal conditions, the amount of ROS is counterbalanced by cellular antioxidants mechanisms, 

where antioxidants enzymes are present. Antioxidant enzymes play an important role against ROS and changes 

of their expression or/and activity seems to be associated with AMD development.24 Based on this, diet rich 

in antioxidants and/or the increase of antioxidant enzymes activity in regular exercise will help in cellular 

antioxidants mechanisms. 

Besides the environmental and demographic factors, genetic factors and the presence of some comorbidities 

are also involved in the development of AMD. A Genome-Wide Association Study in 2016 has identified 

common and rare genetic variants in 34 genetic loci, which are involved in the complement system, extracellular 

matrix remodeling, and lipid metabolism, and appear to play an important role in the development of AMD.18,25 

For example, some studies have been reported the involvement of common variants of the complement factor 

H gene in AMD onset and progression. Also, genes encoding proteins of the lipid metabolism are also involved 

in drusen formation, contributing to AMD development. Besides that, the presence of some other 

comorbidities such as cataracts, hypertension, diabetes or Parkinson’s disease, may contribute to AMD 

development.18 

Although dry and wet AMD, the two forms of the advanced stage of the disease are characterized by the 

presence of drusen and pigmentary alterations, their main features are geographic atrophy and 

neovascularization, respectively. 10, 11, 13 

The precise mechanisms underlying both forms of advanced AMD are not yet fully understood. In some cases, 

patients develop neovascular AMD after developing atrophic AMD which could indicate that neovascular 

AMD is a most progressive form then atrophic AMD.13, 26 However, there are some occasional patients without 
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any prior sign of atrophic AMD that show neovascular or exudative changes as the first manifestation of the 

condition, being these patients diagnosed with neovascular AMD without previous development of dry AMD.10  

1.3.2 Dry AMD 

Comprising 80-90% of all diagnosed cases, atrophic AMD represents the most common type.13 Besides the 

presence of drusen, the atrophic form is characterized by the appearance of geographic atrophy in the RPE. 

The geographic atrophy of RPE can be detected by sharply demarcated by hypo- and depigmentation of RPE, 

where the RPE layer becomes thin and allows the visualization of underlying choroidal vessels in the eye 

examination. Although the exact mechanism underlying the development of geographic atrophy is not 

completely understood, it is known that this atrophy was not limited to RPE only, but also involves 

photoreceptors dysfunction and degeneration as well as choriocapillaris loss.27 Usually, dry AMD has a slow 

progression, with a gradual loss of visual function during several years. Many patients with this form are 

asymptomatic and, because of this, unaware of the disease. Although, in some patients (10-15%) the 

progression can be more rapid and serious, causing significant vision loss due to geographic atrophy.10  

1.3.3 Wet AMD 

Neovascular AMD represents a small proportion of AMD cases, it is the more severe and dangerous form, 

being associated with severe vision loss.28 This form of the disease is characterized by choroidal 

neovascularization (CNV) and, in some cases, RPE detachment and, consequently, subretinal fibrosis.29  

The process of new blood-vessel growth from the existing vasculature is called angiogenesis.30 The term of 

angiogenesis is normally associated with tumors formation but also occurs in a range of non-neoplastic diseases 

like diabetic retinopathy and neovascular AMD. Usually, this process is regulated by a balance between pro- 

and anti-angiogenic factors. However, this balance can become dysregulated under certain circumstances, such 

as ischemia, hypoxia, or inflammation.31 Ocular angiogenesis affects almost all tissues of the eye and the choroid 

is no exception.32 CNV is the formation of pathological blood vessels in the choroid that will cross trough 

BrMb and RPE, resulting in the accumulation of intraretinal and subretinal fluid and detachment of the 

photoreceptors from the RPE.10, 9, 32 CNV, in end-stage of the disease, results in a fibrovascular or atrophic 

macular scar, and permanent loss of the central vision  which, in more serious cases, can cause total vision loss. 

1.4 Galectins and wet AMD 

Galectins (Gal) belong to a family of animal lectins and, to date, 15 Gals have been identified.33 These lectins 

are characterized by affinity to β-galactosides and the presence of at least one evolutionary conserved 
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carbohydrate-binding domain.34, 35 The Gal family can be divided in three groups, based on their structure and 

number of carbohydrate recognition domains: homodimers, which contain a single carbohydrate recognition 

domains and include Gal-1, -2, -5, -7, -10, -11, -13, -14, -15; Gals with tandem-repeats, which include Gal-4, -

6, -8, -9, -12, containing double and non-identical carbohydrate recognition domains; and the chimera 

subfamily, which include Gal-3, and contains one carbohydrate recognition domain connected to a non-lectin 

domain and is capable of forming a multimeric structure.33 Gals can be found in the nucleus, cytoplasm, cell 

surface, extracellular matrix, and biological fluids.35  

Several studies suggest that members of the galectin family play a critical role in angiogenesis.32, 33 In terms of 

ocular angiogenesis some studies suggest that Gal-1 and Gal-3 play a key role in the angiogenic process, and, 

beyond angiogenesis, Gal-1 are also involved in subretinal fibrosis.32,36  Gal-1 is described as being involved in 

vascular endothelial growth factor (VEGF)-receptor segregation, internalization, and trafficking, endothelial 

cell proliferation, migration and morphogenesis, vascular permeability, and angiogenesis. Besides that, Gal-1 is 

suggested to be associated with the angiogenic process in cancer and diabetic retinopathy.37, 38 One recent study 

refers the influence of Gal-1 in CNV in patients with neovascular AMD.36 This study revealed that 

overexpression of LGALS1, the gene that encodes Gal-1, increases the CNV, and these AMD patients showed 

a co-localization of Gal-1 with VEGF-receptor in neovascular endothelial cells which suggests Gal-1 as a key 

CNV promoter in AMD patients. Moreover, this study revealed that Gal-1 was also involved in subretinal 

fibrosis, that also occurs in neovascular AMD. 36 

Gal-3 plays important roles depending on the cell site: intracellularly, it protects cells against apoptosis through 

a carbohydrate-independent mechanism; extracellularly, it mediates cell-cell and cell-matrix interaction.35 Over 

the years, some reports have shown that Gal-3 has a role in disease processes, including in ocular diseases. 

Some studies have found a correlation between Gal-3 and some angiogenic factors. 32, 35, 39 For example, Gal-

3 plays an important role in VEGF- and bFGF-mediated angiogenic response which suggests that Gal-3 can 

be implicated in pathologies like diabetic retinopathy and wet AMD.32, 35 Besides this, it has been reported co-

localization of Gal-3 with VEGF-receptor in neovascular eye tissue which suggests the involvement of Gal-3 

in CNV.35 Other interesting research is about the correlation between Gal-3 and advanced-glycation end 

products (AGEs), which are also known to play an important role in the induction of CNV. It has been reported 

the accumulation of these products in RPE and BrMb, as well as, their presence in drusen constitution.5 Gal-3 

levels have been found to be increased in dry AMD. This protein has been described as an AGE receptor.40 

These results have shown the possible role of the AGEs and Gal-3 in the progression of dry AMD to wet 

AMD. 

1.5 Treatments for AMD 

Although until today there is no cure for AMD, there are some therapies available to prevent or slow down the 

progression of the disease. In early dry AMD, the treatment used is generally nutritional therapy and control of 
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modifiable risk factors such as smoking, hypertension, and body-mass index.41, 42 Some studies related to age-

related eye diseases have been shown that using antioxidant, multivitamins and zinc in patients with early dry 

AMD can be effective in reducing the risk of developing advanced AMD and associated visual loss.43, 44 

In advanced and serious AMD stages, especially in neovascular AMD, there are various treatment options 

available, being the most commonly used the laser photocoagulation, anti-VEGF injections and photodynamic 

therapy (PDT), which will be forth discussed.  

1.5.1 Laser Photocoagulation 

Laser photocoagulation was the first treatment used in the management of neovascular AMD. This therapeutic 

approach uses an intense beam of light or laser to burn small areas of the retina, corresponding to areas of 

fragile and leaky blood vessels in the retina. This approach allows for abnormal blood vessels sealing, slowing 

their leakage and consequently reduces central vision loss. However, in some cases, the procedure of laser burns 

in the retina can be associated to some additional vision loss, i.e., a blind spot where the laser creates a scar. 

Moreover, in some cases, the vision loss during the treatment can also be worse than vision loss if this treatment 

is not preformed. Furthermore, this procedure can cause eye bleeding, retinal damage and the growth of more 

abnormal blood vessels. With the appearance of new therapeutic approaches over the last decade, laser 

photocoagulation is only used in a small proportion of patients with wet AMD.42, 45 

1.5.2 Anti-Vascular Endothelial Growth Factor 

CNV was defined as the growth of abnormal blood vessels underneath the retina, in the choroid, and this 

process begins when the endothelial cells of a mature blood vessel wall begin to proliferate due to the presence 

of angiogenic factors, but the exact molecular mechanism remains unclear.46 It is known that this phenomenon 

is stimulated by angiogenic factors like VEGF, insulin-like growth factors, fibroblast growth factor (FGF) 

family members, and angiopoietins.5,46 VEGF seems to be the main angiogenic factor in ocular angiogenesis. 

The sub-family of VEGF includes five members (VEGF-A, -B, -C, and -D and placental growth factor) being 

VEGF-A the most important factor in neovascularization.31 RPE, photoreceptors, and endothelial cells play an 

important role in VEGF production and its levels significantly increase in patients with neovascular AMD.  

Nowadays, anti-VEGF therapy is the most commonly treatment used in patients with neovascular AMD since 

this therapeutic approach has been shown to be quite effective. The main objective of the use of the anti-

VEGF-based drugs is the binding and inhibition of VEGF, which lead to the regression of abnormal blood 

vessels and, consequently, offer a significant vision improvement.47, 48 However, this therapeutic approach to 

manage wet AMD is not enough for a total remission of neovascularization, since other factors also seem to 

play an important role in CNV. 
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The first anti-VEGF drug approved by Food and Drug Administration (FDA) for the treatment of patients 

with neovascular AMD (end of 2004) was pegaptanib (Macugen, Pfizer), a small oligonucleic acid molecule. 

This pegylated oligonucleotide is capable of binding and inhibiting the extracellular isoform of VEGF that are 

at least 165 amino acids in length (VEGF-165), interrupting the CNV process. However, pegaptanib showed 

only visual stabilization, without visual gain.42, 48, 49  In 2007, the FDA approved another anti-VEGF drug, 

ranibizumab (Lucentis, Genentech, Novartis), which is a humanized antibody fragment, with the ability of 

binding and neutralizing all the biological active forms of VEGF. 48 This drug was the first treatment that, 

beyond visual stabilization, also offered substantial visual gain.47, 50 

Bevacizumab (Avastin, Genentech) is another anti-VEGF drug, approved in 2004 by the FDA as a 

chemotherapeutic agent for the treatment of colorectal cancer and other neoplastic diseases.51, 52 This drug is a 

humanized monoclonal antibody against VEGF, and its activity is similar to ranibizumab. However, 

bevacizumab is less expensive, yet showing similar efficacy for the management of CNV. Later, in 2005, some 

further results showed the efficacy of bevacizumab on preventing CNV and, since then, this anti-VEGF is used 

as a treatment for the wet form of AMD.52 Besides these anti-VEGF drugs that are monoclonal antibodies, 

there are also other two VEGF inhibitors, the aflibercept (formerly known as VEGF Trap Eye) and the 

conbercept, that belong to a different class of drugs, the fusion proteins, which are already used for the 

treatment of neovascular AMD.42, 51, 53, 54, 55 The former is a soluble fusion protein of VEGF receptors 1 (Flt-1) 

and 2 (KDR) to the constant region (Fc) of human immunoglobulin gamma (IgC1) and the latter is also a 

recombinant fusion protein made of the second Ig domain of VEGF receptor 1 and the third and fourth 

domains of VEGF receptor 2 to the Fc of human IgC1. The presence of the additional domain 4 of VEGF 

receptor 2 in conbercept has shown to provide an affinity 50-fold higher for VEGF compared to 

becacizumab.56 More recently, in 2019, brolucizumab (Novartis), another anti-VEGF, was approved by FDA. 

Also known as “KH902”, it is a humanized, single-chain variable fragment antibody that inhibits VEGF-A.57 

Considering all the above, anti-VEGF is the most used and most promising therapy used in the context of 

neovascular AMD. Until today, encouraging results were obtained using anti-VEGF therapy, which allowed to 

increase the quality of life of millions of patients suffering from this debilitating ocular disease. However, this 

therapy not only has some disadvantages that need to be fixed but also there is a significant proportion of 

patients that do not respond to it. Normally, the anti-VEGF drug is administered through an intravitreal 

injection and many patients require injections every 4 to 8 weeks.58 However, these injections are not only 

uncomfortable, painful and expensive for the patients, but also repeated and long-term injections increase the 

probability of ocular and systemic complications.59 Moreover, some studies have been reported that decreased 

levels of circulating VEGF due to prolonged VEGF inhibition are associated with increased risk of stroke, 

myocardial infarction and thromboembolic events. Besides this intravitreal administration being used in small 

doses in order to decrease the risk of these systemic vascular events, it is possible to find, in some cases,  levels 

of VEGF inhibitors in peripheral blood with a concentration above its IC50, which concern the professionals.42, 

60 Other studies showed that an increased use of anti-VEGF therapy in patients with neovascular AMD is 

associated with an increase in the incidence of RPE tears, which consists of a disruption of the RPE monolayer 
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and, consequently, development of subretinal fibrosis.59, 29  In addition to these side effects, inflammation and 

intraocular pressure elevation, retinal detachment and ocular hemorrhage are other side effects associated to 

the use of anti-VEGF therapy in neovascular AMD.59 On the other hand, patients can also develop mechanisms 

of resistance to anti-VEGF therapy, which leads to a reduction of therapeutic effect in reducing CNV.61  

Being that, anti-VEGF therapy is intended as the best therapeutic approach to stabilize and improve the visual 

acuity, but since all about this pathology still remains unclear, this therapy is not enough to cure AMD and the 

suddenly suspension of its use leads to effectiveness loss. Based on this, it would be necessary to develop new 

studies to increase the knowledge of this pathology and also develop new therapeutic approaches.  

1.6 Photodynamic Therapy  

Photodynamic therapy (PDT) is a treatment based on the combination of three components: photosensitizer 

(PS), visible light, with a specific wavelength, and molecular oxygen.62, 63  The PDT protocol consists in the 

administration of a PS to the patient, followed by a waiting period for PS to preferentially accumulate in the 

target cells. Then, the irradiation of the diseased tissue with light with a specific wavelength results in 

cytotoxicity induced by reactive oxygen species (ROS) production, which will lead to cell death. 

1.6.1 Brief History 

The idea of using light as therapy in human diseases has a very long history. Old Egyptian, Chinese, and Indian 

civilization used the light for the treatment of vitiligo, psoriasis, skin cancer, and even psychosis.64 The first 

treatment using sunlight with medical purposes was for skin diseases, around 1400, and recognized  as 

phototherapy.65 Since then, light as a therapeutic approach has been increasingly used in several pathologies.  

Phototherapy can be used with or without PS (a molecule capable of absorbing light energy and transferring 

this energy to adjacent molecules) using UV or visible light. Without PS, phototherapy is used in dermatology 

to treat vitamin D deficiency, neonatal jaundice, psoriasis, eczema, and cutaneous T-cell lymphoma. On the 

other hand, PDT is a type of phototherapy that requires the presence of PS which appeared in the early 1900s, 

being its clinical use only approved in the 1990s.65 

At the beginning of the 1900s, in Munique, Oscar Raab and his professor Herman von Tappeiner shown that 

certain dyes, when exposed to sunlight, can induce cell death in some microorganisms.66 In 1903, they described 

the first application of PDT in cancer treatment, when eosin and light were combined to treat skin cancer. 67 

Over the following year, a lot of research was performed to find chemicals that, using light, could induce 

phototoxicity. In 1911, Hausman performed experiments with Hematoporphyrin (HP) which contributed to a 

continued interest in research for porphyrin-based PS.67 A few years later, Schwartz and Lipson found other 

chemical species denominated Hematoporphyrin Derivative (HpD). This PS demonstrated to be effective in 

the detection of malignant tissues by the resulting tumor fluorescence in patients.68, 69 Furthermore, in 1975, 
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Dougherty, demonstrated that HpD was an effective photosensiting agent in mammary carcinoma, among 

other types of cancer.70 In 1993, a purified HpD compound, named Photofrin® was approved for PDT in 

patients with early and advanced-stage cancer of the lung, digestive, and bladder in Canada, Netherlands, 

France, Germany, Japan, and United States.71 Since then, the research for the discover of new and better PSs 

for different pathologies never stopped. The use of PDT in ophthalmology only appeared in the 1990s. In the 

AMD context, there is only one PS approved, verteporfin, and is used for the treatment of CNV associated 

with neovascular AMD.72 

1.6.2 PDT components 

1.6.2.1 Photosensitizers (PS) 

Since the first approved PS in 1993, a great effort has been put towards the development of improved and 

more specific photosensitizing agents. A large number of PS have been developed and tested in vitro and in vivo 

for PDT, but only a small number has been proved as nearly ideal or effective.  PSs are natural substances or 

synthetic derivates, ideally without any therapeutic activity until the presence of irradiation. When they absorb 

light with a specific wavelength, then photophysical and photochemical reactions occur.73, 74 But what is need 

for a PS to be “ideal”? Like other types of drugs, an “ideal” PS has a set of distinguished characteristics: a) 

known chemical composition and stability at room temperature; b) no or minimal cytotoxicity in the dark and 

cytotoxicity only after irradiation; c) high target selectivity; d) photostability and solubility in aqueous media; e) 

high molar absorption coefficient in the 600-900 nm range of the electromagnetic spectrum. 62, 74 

The most commonly applied PSs structures in PDT are tetrapyrrolic macrocycle-based compounds, such as 

porphyrins, chlorins, bacteriochlorins, phthalocyanines, and related structures (Figure 3). These structures can 

be classified into first, second, and third-generation PSs, according to their chemical and biological 

characteristics. They have a great capacity of conjugation and absorption of visible light, making them colored 

compounds. 62, 65 

Figure 3. Basic chemical structures of the porphyrin, chlorin, bacteriochlorin and phthalocyanine. 
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First-generation PS 

As previously mentioned, the first approved porphyrin-based PS was photofrin (a HpD), being considered a  

first-generation PS.65 This PS was related to the porphyrin structure, which is a structure composed by four 

modified pyrrole subunits, interconnected by methane bridges (Figure 3). Usually, porphyrins have an 

absorption spectrum characterized by five peaks between 400 and 600 nm, being the strongest one around 400 

nm and known as the Soret or B band, and the other four weaker absorption peaks known as Q-bands. 62, 75 

However, these PSs have low solubility and low selectivity to the target and exhibited prolonged 

photosensitivity and lacked wavelength absorption in the red region of the electromagnetic spectrum, which is 

the desired window of absorption, where tissues absorb less 65, 76, 77 

Second-generation PS 

Porphyrin-related members of PS within second-generation PSs are usually activated at wavelengths in the red 

and near-IR region, above 650 nm until 800 nm of the electromagnetic spectrum, which is an advantage to 

tissue light penetration. 65, 78 The most famous members of this sub-family relate to chlorin (Figure 3), the 

reduced macrocycle of the porphyrin family, including derivatives from chlorophyll or chlorin derivative 

monoacid ring A, verteporfin (Visudyne ®, Novartis AG, Basel, Switzerland). When compared to porphyrins, 

chlorins have one of the pyrrole subunits reduced, which makes the intensity of the lowest energy absorption 

band increase to 640-700 nm.65, 77 

Also considered as second-generation PSs, phthalocyanines have also emerged as PSs for PDT. Their structure 

consists of a ring with four isoindole units linked by imine nitrogen atoms. The pyrrole groups in 

phthalocyanines are conjugated with benzene rings and these compounds require complexation of a metal in 

its cavity, to exhibit PDT properties, since the presence of transition metals allows the intersystem crossing 

(ISC). 65, 76 Taking into account their chemical structure, the maximum wavelength can be found at around 670 

nm, in the red region of the electromagnetic spectrum. Besides their maximum wavelength in the red region, 

the second-generation PSs have a higher chemical purity and higher yield singlet oxygen formation. 

Furthermore, they have a higher clearance which decreases photosensitivity. However, in the case of 

phthalocyanines, their extended π-conjugation reduces their solubility, which is a limiting factor to their use is 

biological context. 76 

Third-generation PS 

First and second-generation PSs are known for their considerable hydrophobicity and low selectivity. The 

hydrophobic properties lead to the formation of aggregates in aqueous medium, decreasing the photodynamic 

effect as well as the selectivity. 79 Over the years, to solve these problems, researchers have developed the third-

generation PSs. Being chemically modified, this new generation of compounds presents an improvement in 
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their solubility and target selectivity. The bioconjugation of PSs, like porphyrin or phthalocyanine derivatives, 

can be performed using many biocompatible motifs such as monoclonal antibodies, amino acids, 

carbohydrates, peptides, polyethylene glycol or sugar molecules. 79, 80 Furthermore, other systems for PS delivery 

were also developed, such as polymer-PS conjugates, liposomes, or polymeric micelles, in order to increase 

their solubility and selectivity to the target. 80 These types of PSs are a huge advance in science, mainly in PDT 

research, since they allow to increase at the same time the photodynamic effect and the safety of this therapeutic 

approach. 

Glycoconjugated PS 

Over the years, the interest in the third generation PSs has been increased, especially with their conjugation 

with carbohydrates, such as galactose and glucose.81, 82 Carbohydrates are involved in many biological processes 

and they can interact with glycoprotein-based membrane receptors that have carbohydrates recognition 

domains. Lectins, such as Gals, have carbohydrate recognition domains and, over the years their study for use 

as a target to drugs have been increasing and help in drug discovery.82 Based on this, the conjugation of galactose 

or glucose with PSs has been revealed as an interesting approach in the field of cancer since it allows to increase 

the local concentration of PSs in tumors tissues where there is an overexpression of some lectins and glucose 

transporters (GLUT).83, 84 During the last years, our group has been shown that the use of this type of PS is a 

promising strategy for PDT in cancer. In fact, we have shown a high uptake and phototoxicity of a galacto-

conjugated phthalocyanine in bladder cancer cells, which present high levels of Gal-1 and GLUT1 protein 

levels.62, 82  

To date, in ophthalmology field, especially AMD, there are no studies reporting the use of galactose- or glucose-

conjugated PSs. Though, it should be interesting to study this PSs in this area, once some studies, as previously 

discussed, have highlighted the involvement of lectins in the wet form of AMD. 

1.6.2.2 Light sources and delivery  

The light source and delivery systems are important components of PDT. While the light is essential to activate 

the PS and promote photodynamic effect, its deliver to the target tissue, using for instance an optical fiber, may 

promote a selective treatment, sparing the surrounding healthy tissues (which are not irradiated). Lasers and 

non-laser sources/lamps are some examples of light sources employed in PDT. Lasers can offer a 

monochromatic and powerful source of light that can reduce the time necessary to deliver the appropriate 

amount of light to the tissue. Since lasers emit monochromatic light, it is necessary to choose the laser 

wavelength to match with the absorption band of the PS. Argon lasers and argon-pumped dye laser, metal 

vapor-pumped dye laser and diode laser are some examples of lasers used in this therapy. With light delivery 

devices, such as optical fibers, it is possible to perform a direct irradiation into the lesions located in inaccessible 

sites. 85, 86  
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Lamps are the first light source used in PDT and they offer a broad range of wavelengths. However, it is 

necessary an appropriate optical filtering to ensure unnecessary wavelengths and to match to the 

photoactivation PS wavelength. This type of light source cannot be used in small optical fibers (poor beam 

quality, large beam size, and small density) in order to limit their use to skin/superficial lesions. Fluorescence, 

incandescent, metal halide, xenon arc, and sodium arc lamps are other lamp sources that can be used in PDT. 

In general, lasers are more expensive than lamps, but lamps are easier to use (more friendly) and useful to treat 

large superficial lesions.85, 86  

Over the years, other sources of light have been developed: light-emitting diodes (LEDs) and femtosecond 

solid-state lasers. LEDs are less expensive and offer advantages not only for clinical use. Normally, LEDs are 

small, portable, adaptable and, similar to lasers, can be used for endoscopic or interstitial applications, in 

superficial tumors. In LED devices, it is possible to choose emission wavelength ranges from 350 nm to near 

1100 nm. However, this source has some concerns, such as thermal effects, especially when used in interstitial 

PDT. Femtosecond solid state lasers are described as a two-photon PDT since it results from two-photon 

excitation. This phenomenon is based on the incidence of light that is characterized by a higher photon density. 

The PS can absorb two photons of equal energy simultaneously, exciting an electron to an energy level that is 

equal to the sum of the energy of two absorbed photons. For example, porphyrins are excited in the 400-500 

nm region, however, using this light it could be excited in the 800 – 900 nm region. This feature is very 

important since it allows a higher penetration into the tissue, which would increase the depth of PDT. However, 

this type of lasers is difficult to maintain and to operate, requiring additional specialized professionals.85  

The choice of light source for PDT depends not only on the PS and their absorption properties, but also on 

the light dose and on the location and optical characteristics of the target tissues.62 The light source must be 

able to activate the PS with an appropriate wavelength and dose and to cross the human tissues until the target. 

Normally, PSs are activated with light in the region of visible light. Light penetration depth into a tissue 

increases with the wavelength. Blue light has a weak penetration capacity compared to red light, which has a 

penetration capacity around 4-5 mm, which is interesting for PDT. However, the optical characteristics of 

tissues are also important, since light penetration reduces in optically dense tissues. The use of delivery devices, 

such as optic fibers, can increase the efficacy of light delivery and increase the penetration of light into the 

tissues to activate some PSs in several diseases. In ophthalmology, such in AMD context, the choice of type of 

light and light sources is crucial. Light exposure, mainly UV light, are involved in AMD progression, once their 

continued exposure can lead to retina damage.87 
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1.6.3 Photophysics and photochemistry 

The main photophysical processes and photochemical reactions of PDT are represented by the Jablonski 

diagram (Figure 4). Usually, PSs are in the lowest energy level, named ground-state (1PS). This normal state, 
1PS, is characterized by a paired electron with opposite spins. After the absorption of light, with a specific 

wavelength, a transformation of the PS to the excited-singlet-state (1PS*) will occur. This means that one of the 

two electrons of 1PS is removed to an empty higher-energy orbital. The excited-single-state is very unstable 

with a half-life generally less than 1 μs. 62 In this state, the PS can return to the ground state by emitting a 

fluorescent photon or may undergo to a process called ISC  ascending to a excited-triplet-state (3PS*) with two 

electrons unpaired with parallel spin. This new state has a longer half-life time than 1PS* and can return to the 

ground state by emitting phosphorescence or transferring the energy to another molecule. When the PS restores 

to its ground-state the cycle is repeated.76, 88, 89 Although, depending on the conditions, two types of 

photochemical reactions can occur to induce photodynamic effect: Type I and/or Type II reactions. It is 

assumed that type I reaction becomes more dominant under hypoxic conditions and type II reaction is 

pinpointed as the most important photochemical reaction associated to the photodynamic effect.74, 76 

1.6.3.1 Type I photochemical reaction 

Usually, the type I reaction occurs, mainly, in anoxic environments and 3PS* can transfer electrons (or protons) 

to oxygen or other adjacent biomolecules to form a radical anion or cation, respectively.  In this type of reaction, 

the 3PS* can react directly with an organic substrate transferring electrons (or protons), producing an oxidized 

substrate and reducing the PS. The reduced PS can react with molecular oxygen, producing superoxide anions. 

Figure 4.  Jablonski diagram showing the excitation of photosensitizer (PS) and type I and II photochemical reaction 
in photodynamic therapy (PDT). 
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This superoxide anion is not very reactive in a biological context, but it can be rapidly converted to form 

hydrogen peroxide (H2O2) and, consequently, form the high reactive hydroxyl radical (OH•). In the presence 

of metal ions, like iron or copper, superoxide anion also produces hydroxyl radicals. This cascade of process 

and, consequently, ROS production leads to oxidative stress and, consequently, cell death.74, 76, 89 

1.6.3.2 Type-II photochemical reaction 

When transfer of energy to molecular oxygen occurs without the transfer of an electron, it means that is 

occurring a type-II reaction. Usually, this reaction occurs in oxygenated environments and, as mentioned 

before, is reported as the main reaction during PDT.76 Molecular oxygen has a special characteristic since the 

triple-state (3O2) represents the ground state of the molecule, having two unpaired electrons with parallel spins. 

When this transfer occurs, the 3O2 is excited to singlet oxygen (1O2), a very reactive specie characterized by 

paired electrons, which has extremely oxidant properties. Thus, in type-II reaction the 3PS* transfers its energy 

to molecular oxygen in their ground-state, leading to their excitation to the very reactive 1O2 .62, 74, 89 

1.7 Photodynamic therapy in Age-Related Macular Degeneration: 
Clinical application and state of the art 

PDT has many therapeutic applications in different areas: dermatology, ophthalmology, cardiovascular, 

gastrointestinal, and urological disease, and several types of cancer.90 Usually, dermatology and cancer are the 

most common diseases using PDT but during the end of XX century, PDT has also been gained a lot of 

attention in ophthalmology. PDT appeared in ophthalmology in the 1990s, with the verteporfin therapy for 

CNV associated with AMD and pathological myopia.72 Since then, no other PS has been reported for use in 

eye disease therapy. Nevertheless, some studies and clinical applications with verteporfin were performed in 

others pathological contexts. The treatment of CNV associated with several retinochoroidal diseases, like 

choroiditis, angioid streaks and central serous chorioretinopathy, and diseases without any CNV, like choroidal 

hemangioma and chronic central serous chorioretinopathy, seem to have encouraging results regarding the use 

of PDT with verteporfin.  

In AMD context, the main objective of this therapy is the selective destruction of CNV with the preservation 

of the overlying neurosensory retina. The PDT, in the same way as photocoagulation, can only be effective 

during the proliferative stage of AMD, when the neovascularization process is active. This means that, for 

patients with the neovascular form in an active stage, PDT can slow the progression of the disease and prevent 

vision loss but it cannot recover the vision already lost.91 Currently, verteporfin is the only PS used in AMD, 

being restricted to the neovascular form. 

Verteporfin, a reduced porphyrin derivative, is a chlorin-type molecule classified as a second-generation PS. It 

is synthesized from protoporphyrin and has a strong absorption peak at a wavelength of 688 nm in organic 
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solvents and 692 nm in aqueous solvents.92 When irradiated, verteporfin has a high ability to generate ROS 

which leads to the damage of the vasculature, specially endothelial cells, resulting in vessel occlusion.93 Clinically, 

verteporfin in AMD patients is administrated through intravenous injection with a usual dosage of 6 mg/m2.92 

Firstly, there is an uptake of the PS in neovascular endothelial cells during the proliferative stages, i.e., while the 

neovascularization process is active. After an interval of time of approximately 15 min, the irradiation is 

performed in the area, usually with a light dose of 50 J/cm2 at an intensity of 600 mW/cm2 over 83 seconds. 

The activation of PS leads to the generation of ROS that selectively damages neovascular endothelial cells, 

occluding vessels in CNV lesions.92 After PDT treatment, the patient has to be careful with light since, due to 

PS accumulation, patients become extreme light-sensitive and can suffer of several adverse effects. In this sense, 

patients are requested to avoid direct sunlight or bright indoor light for 5 days after the treatment.94 

One of the first studies performed in patients with CNV, where verteporfin was applied with PDT, allowed to 

demonstrate the safety of PDT and efficacy of the PS in CNV.95 Indeed, PDT seems to provide an ideal 

treatment for neovascular AMD, since it is possible to maintain the retinal structure and adjacent tissues of 

CNV while occluding the pathological CNV. In this study, sixty-one patients were tested using an administrated 

dose of 6 mg/m2 of verteporfin and a diode laser emitting at 690 nm with a fluence of 50 J/cm2 to activate the 

PS. The complete cessation of leakage from classic CNV that usually occurs in all cases after 1 week and 50% 

after 4 weeks of treatment was observed. However, in 70-80% of the cases the leakage reappeared at week 12 

after the treatment, but markedly less than before treatment.  

In another study, the treatment of AMD with PDT study group demonstrated that PDT using verteporfin can 

safely reduce the risk of vision loss in patients with CNV due to AMD.96 Six hundred nine patients were studied 

and randomly divided into two groups: one treated with verteporfin (6 mg/m2) and other with placebo (5% 

dextrose in water) administration via intravenous infusion. Examination every 3 months was performed and 

retreatment was applied if the angiography showed leakage, with 94% of patients completing the 12th month 

examination and visual acuity examination. The visual acuity was evaluated using the Snellen test that uses a 

chart of letters or symbols, using the count of letters that a patient can see as the evaluation parameter. Both 

eyes were tested with different charts. In this study, the authors observed that 246 of 402 eyes assigned to 

verteporfin, compared to 96 of 207 eyes assigned to placebo, had lost fewer than 15 letters of visual acuity of 

baseline. These results showed that verteporfin therapy can safely reduce the risk of vision loss which turns 

verteporfin a recommended treatment.  

However, during the last few years, some adverse effects associated with verteporfin treatment have been 

reported, such as visual disturbances, line abnormal vision, visual field defects, infusion-related pain, and 

photosensitivity.94 Moreover, other serious and worrying adverse effects can occur, like vitreous hemorrhage, 

cataracts, retinal capillary nonperfusion, an allergic reaction, and other problems like cardiovascular, digestive, 

and hepatic issues. Besides this, some patients have also experienced a severe decrease in vision of 4 lines or 

more within 1 week after treatment with verteporfin. 94 

In sum, every therapy’s approach discussed had its own particular strengths and limitations, and none offered 

a perfect solution or a cure of CNV associated with neovascular AMD. Nevertheless, the use of anti-VEGF 
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therapy with verteporfin PDT combination has been suggested recently. 97, 98 One of these studies, using 

verteporfin therapy and intravitreal injection of bevacizumab (combined and alone) in CNV due to AMD, 

concluded that there is a significant improvement in visual acuity after 1 month and their maintenance over a 

3-month period after combined therapy compared with monotherapy with verteporfin PDT or anti-VEGF, 

bevacizumab. 98 In addition, studies with combined therapy of anti-VEGF drugs and verteporfin PDT indicated 

a decrease in the number of anti-VEGF injections needed, which was an advantage.97 

1.8 Objectives 

AMD is a retinal degenerative disease that can progress to the advanced two forms, dry and wet. The former 

is also known as geographic atrophy and corresponds to a confluent area of atrophic lesions. The latter occurs 

when there is the growth of abnormal vessels from the choriocapillaris which penetrate the Bruch´s membrane 

and the monolayer of the RPE. This can result in subretinal fibrosis. Therefore, wet AMD is characterized by 

both development of fibrosis and vascular proliferation. It is well-known that VEGF isoform A (VEGFA) 

plays a pivotal role in pathological angiogenesis, such as CNV and, RPE has been pointed as a major source of 

this angiogenic factor.99, 100  

Galectin-1 belongs to the family of beta-galactoside-binding proteins and has been reported to regulate many 

cellular processes, including cell proliferation and cell differentiation.36 Recently, galectin-1 has been described 

as a proangiogenic molecule, with a key role also in fibrosis development, in the context of neovascular AMD.36 

Gal-1, similarly to VEGF, is mainly produced by RPE cells. 36Although Gal-1 and VEGF are two proangiogenic 

factors, both induced by hypoxia, they seem to act in different signaling pathways. In a laser-induced CNV 

animal model, Gal-1 has been identified in RPE-derived fibroblast losing melanin pigments, which proliferate, 

migrate and are present near new choroidal vessels.36 Although anti-VEGF therapy is nowadays the standard 

treatment for the management of wet AMD, there is still a large proportion of patients without stabilization or 

vision improvement. In fact, multiple injections of anti-VEGF seem have negligible effect in sub-retinal 

fibrosis, which results from epithelial-mesenchymal transition dysfunction (EMT) and involves RPE 

dedifferentiation into fibroblasts-like RPE.  

The main purpose of this study was to assess the cytotoxicity on ARPE-19 cells after PDT with glyco-

conjugates: a free-porphyrin conjugated with four thioglucose molecules (H2TPPF16(SGlc)4) and zinc-

porphyrin conjugated with four thioglucose molecules (ZnTPPF16(SGlc)4) (Figure 5). For that, we used 

ARPE-19 cells, which when cultured under specific conditions; they attain morphology reminiscent of 

fibroblasts. In this work, we proposed the evaluation of two PS, porphyrin-sugar conjugates, which will be 

recognized by galectins overexpressed in advanced AMD. This project may contribute for the development of 

new promising therapeutic agents, with enhanced photosensitizing efficacy, able to selectively destroy fibrosis 

and eventually CNV in wet AMD.  

Based on this, the main specific objectives of this work are: 
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1) Study the optical absorption spectra of glyco-conjugates, already synthesized: a free-porphyrin 

conjugated with four thioglucose molecules and Zn-porphyrin conjugated with four thioglucose 

molecules  

2) In vitro studies to evaluate the efficacy of the PS:  

a. Determine the cellular uptake by ARPE19 cells; 

b. Assess the toxicity of the conjugates in darkness and after light activation; 

c. Quantify the levels of ROS after PDT treatment 
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Figure 5. Chemical structure of (A) a free-base porphyrin, H2TPPF16(SGlc)4, and (B) a zinc-porphyrin complex, ZnTPPF16(SGlc)4, 
both conjugated with four thioglucose units.  
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2.1 Materials and equipment 

2.1.1 Equipment 

The centrifuge was a SIGMA 2-16 and the microcentrifuge was a MiniFuge Galaxy MiniStar C1413. The shaker 

was a standard analog shaker from VWR.  

To measure the UV-Visible absorbance and the fluorescence for the porphyrin-based photosensitizers was 

used a microplate reader Syrnergy™ HT (Biotek Instruments) controlled by BioTek’s Gen5™ Data Analysis 

software and the microscope used was a fluorescence microscope from Zeiss (Model Axio Observer 27). 

To perform the irradiation was used a LEDs array system emitting white light with two emission peaks at λ = 

450 ± 20 nm and λ = 550 ± 50 nm, resulting in a fluence rate of 8.4 mW.cm-2. This system is composed of a 

matrix of 24 x 16 LEDs which makes a total of 384 light sources emitting white light. The regulated Plug-in 

adaptor with LED indicator 800 mA was purchased from MW. 

The Mini Protean electrophoresis system and the Mini Trans-Blot system were from Bio-Rad Laboratories. 

The chemiluminescence detection system used was the Chemi DocTM XRS from Bio-Rad controlled by the 

software Quantity One. 

2.1.2 Materials 

Canted neck cell culture flasks 75 cm2 with 0.2 μm vent cap were purchased from Corning. Transparent (Orange 

Scientific), total black and black with transparent bottom (Greiner Bio-One) 96-wells microtiter plates for the 

absorbance and fluorescence studies were used. The Neubauer chamber, or hemocytometer was from VWR. 

The Immun-Blot PVDF membranes were purchased from Bio-Rad. 

2.1.3 Buffers, reagents, KITs and chemical products 

A free-porphyrin conjugated with four thioglucose molecules (H2TPPF16(SGlc)4) and Zn-porphyrin 

conjugated with four thioglucose molecules (ZnTPPF16(SGlc)4) was synthesized and characterized by 

Professor Dr. João Tomé team at the Centro de Química Estrutural (CQE), Departamento de Engenharia 

Química, Instituto Superior Técnico, Universidade de Lisboa, Portugal.  

Sodium dodecyl sulfate (SDS), Calcium Chloride (KCl), Disodium phosphate (Na2HPO4), Monopotassium 

phosphate (KH2PO4), dimethylsulfoxid (DMSO), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 

bromide (MTT) and glycine were purchased from Sigma-Aldrich. The trypan blue stain 0.4% was from 

BioWhittaker Reagents, Lonza. The acrylamide/Bis 20& solution was from Bio-Rad. The 2-propanol was from 

J.T.Baker BAKER ANALYZED™ A.C.S reagents. The hydrochloric acid (HCl) 37% was from Panreac. The 
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VectaSHIELD mounting medium with DAPI was purchased from VECTOR. Sodium chloride (NaCl) were 

from Merck. The fluorescent dye dihydroethidium (DHE) was purchased from Life Sciences.  

In the BCA assay was used the Pierce BCA Protein Assay Kit-Reducing Agent Compatible (containing the 

BCA Protein Assay Reagent and Bovine Serum Albumin (BSA) standards at 2 mg.mL-1) from Thermo 

Scientific. 

The Immun-StarTM WesternCTM Chemiluminescent Kit (containing the chemiluminescent substrate: 

luminol/enhancer and peroxide solution) used in the western blotting assays was from Bio-Rad. 

The phosphate buffered saline (PBS) buffer was prepared in Milli-Q water at pH 7.40: 137 mM NaCl, 27 mM 

KCl, 81 mM Na2HPO4, 15 mM KH2PO4. The 1% SDS lysis buffer was prepared with 1% (v/v) SDS in PBS 

buffer at a pH of 7.0. 

The running buffer was prepared was prepared in Mili-Q water at pH 8.3: 25Mm Tris base, 192 mM glycine, 

0.1%(m/v) SDS. The transfer buffer was prepared in the same solvent: 25 mM Tris base, 192 mM Glycine, 

20% (v/v) MeOH, 0.005% (m/v) SDS. The TBST buffer was prepared with: 20 mM Tris base, 150 mM NaCl, 

0.1% (v/v) Tween 20. 

The primary antibodies used in western blot was: Rabbit anti-galectin 1 Monoclonal antibody, from Abcam; 

Mouse anti-β-Actin Monoclonal antibody, from Sigma.  

2.1.4 Cells, culture medium and trypsin 

In this study a human retinal pigment epithelial cell line, ARPE-19 (ATCC® CRL-2302™), isolated from retina 

of a male with 19 years were used. The cell medium used was DMEM:F12 medium, from ATCC, containing 

10% FBS, from Gibco, and 1% (v/v) antibiotic/antimycotic containing penicillin, streptomycin and 

amphotericin B, from Sigma-Aldrich. The trypsin used in the cells was Trypsin-EDTA solution used was from 

Gibco.  

2.1.5 Software 

For the analysis and quantification of the images obtained in fluorescent microscope and in western blot assay 

was used ImageJ 1.42n (Wayne Rasband, National Institutes of Health, USA). 

GraphPad Prism (v. 8.00, GraphPad Software) was used to prepare the graphs and perform the statistical 

analysis of the data.  
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2.2 Methods 

2.2.1 UV-Visible characterization 

The stock solutions of the PSs at a concentration of 2 mM were prepared in DMSO and stored at -20 ºC in 

dark conditions. The different working solutions, with different concentration of PSs were freshly prepared 

from the respective stock solution in sterile PBS and DMSO. The absorbances of different working solutions 

were scanned at wavelengths ranging from 350 to 800 nm using the plate reader. 

2.2.2 Cell culture and maintenance 

The ARPE-19 cells were maintained at a humidified incubator at 37 ºC and 5% carbon dioxide (CO2) and 95% 

air and cultured in DMEM: F12 medium. The ARPE-19 cell line was frozen in 1 mL vials in liquid nitrogen 

using DMEM:F-12 medium containing 10% (v/v) DMSO. To defrosting cells the vial content was thawed in 

37 ºC and transferred to 5 mL of DMEM: F12 medium. After centrifugation at 1500 rpm during 5 min, 

appropriate aliquots of cell suspension were added to new 75 cm2 cell culture flasks. Cells were grown as a 

monolayer, at 37 ºC, in a humidified incubator grassed with 5% CO2 and 95% air. 

2.2.3 Subculturing 

When ARPE-19 cells were normally 85-90% confluent in culture flasks, subculturing was necessary. For that, 

the culture medium was removed and discarded, and the cells were rinsed twice with warm sterile PBS in order 

to remove traces of serum which would inhibit the action of the trypsin. After addition of Trypsin-EDTA 

solution to the flask, cells were incubated at 37 ºC until the cells were in suspension and appeared rounded. 

After addition of regular medium to the cell suspension, a centrifugation at 1500 rpm for 5 min was performed 

and cells were resuspended in DMEM: F12 medium and appropriate aliquots of cells were added to new 75 

cm2 culture flasks and incubated ate 37 ºC. Normally, cells were examined carefully ever day by eye on an 

inverted microscope. ARPE-19 cells were subcultivated at a ratio of 1:3 to 1:5 in condition described. 
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2.2.4 Experiments with ARPE-19 cells  

2.2.4.1 ARPE-19 cells seeding density 

To prepare the cells for the treatment with PS, after the centrifugation the cells were resuspended in 

DMEM:F12 medium. To count cells were suspended 20 μL of cell suspension in 20 μL of trypan blue and the 

viable cells (bright cells) were counted using a hemocytometer.  

After, the cells were plated into cell culture plated of 96-, 48- or 12- wells, depending of the assay performed, 

at a density of 3.0 x 104, 8.9 x 104 or 3.0 x 105 cells per well, respectively. After, the cells were maintained in an 

incubator at 37 ºC with 5% CO2 and 95% air and the assays were performed 24h after. 

2.2.4.2 Quantification of proteins by Western Blotting 

To detect and quantify specific proteins from a complex mixture of proteins extracted from cells Western Blot 

assay can be used. This technique is divided into three steps: separation proteins by molecular weight, by SDS-

PAGE; transfer of the proteins to a membrane producing a band for each protein; and, then, incubating the 

membrane to mark target protein using a proper primary and secondary antibody to identify the proteins of 

interest. 101 

The cells were washed twice with ice-cold PBS and lysed by addition of ice-cold RIPA buffer with fresh protease 

inhibitors. The cold temperature and protease inhibitors are important to avoid denaturation of proteins. The 

cell lysates were then transferred to microtubes and incubated on ice during 30 min and vortexed 10 seconds 

every 10 min. After the incubation, the total cell lysates were centrifuged at 10 000 g during 1h, at 4 ºC. The 

supernatant was removed to a new microcentrifuge tube and used for protein concentration determination. 

To measure the protein concentration was used the bicinchoninic acid (BCA) assay. This assay is based on two 

steps: the biuret reaction and after the chelation of two molecules of BCA with on cuprous ion. In the biuret 

reaction, there is the reduction of cupric ion (Cu2+) to cuprous ion (Cu+) by peptide bond in protein which 

results in the blue color. Based on this, it is possible to note that the amount of reduced Cu2+ in directly 

proportional to the amount of protein present in solution. After, the chelation of two molecules of BCA with 

on Cu+ results in a purple-colored product. This complex, BCA-copper, have a strong absorbance at 562 nm 

with increasing concentration of protein.102  To perform this assay was used the Pierce BCA Protein Assay Kit-

Reducing Agent Compatible. 

In a 96-wells plate the following solutions were pipetted into each well: 

- 25 μL of sample buffer: RIPA buffer; 

- 25 μL of sample, sample buffer, standard; 

- 200 μL of BCA working reagent: 50 parts of BCA reagent mixed with one part of BCA reagent B).  
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The standard were prepared in the sample buffer at concentration ranging from 12.5 to 800 μg.mL-1 using the 

BSA standard at 2 mg.mL-1. 

After pipetted all solutions to the plate, an incubation at 37 ºC for 30 min was performed. After this, the 

absorbance was measured at 570 nm in the plate reader spectrophotometer.  Plotting directly the average of 

the absorbance of each sample for each BSA standard was obtained the protein concentration in the samples 

(μg.mL-1). 

After the determination of protein concentration, the samples were denatured with 6x Laemmli buffer and 

heated at 95 ºC during 5 min. Then, protein samples were loaded on 10% or 12% polyacrylamide gels and the 

proteins were separated by electrophoresis.  During this process proteins were separated by their molecular 

weights, and the electrophoresis was stopped when the dye front reached the bottom of the gel.  

After gel electrophoresis, the protein mixture separated was transferred to a membrane, polyvinylidene 

difluoride membranes. Firstly, the membrane was activated with 100% of methanol, and then soaked in Milli-

Q water and equilibrated in transfer buffer. In addition, all the material used in the blotting, as well as, the gels 

were also equilibrated in transfer buffer. The gel and the membrane were assembled into a sandwich along with 

sheets of filter paper and sponges, and then separated protein was transferred to the membranes for 90 min 

under agitation, in ice cold transfer buffer. Following the transfer, in order to avoid non-specific bonds, 

membranes were blocked with a 5% (w/v) non-fat milk in PBS for 1 h with agitation, at room temperature.  

Then, membranes were incubated with primary antibodies, diluted in blocking buffer, overnight at 4 ºC. After 

the primary antibody incubation, membranes were washed every 10 min with PBS-T for 30 min at room 

temperature and then incubated with adequate secondary antibody with agitation for 1 h at room temperature. 

After incubation, membranes were washed again every 10 min with PBS-T for 30 min. In the end, the intensity 

of the bands was detected on the chemiluminescence detection system, incubated with the substrate solution, 

mixture of luminol/enhancer and peroxide buffer (1:1, by volume).  

2.2.4.3 Preparation of PS working solutions 

The stock solutions of the PSs at a concentration of 2 mM were prepared in DMSO and stored at -20 ºC in 

dark conditions. The working concentrations of PSs are freshly prepared in sterile PBS. The concentration of 

DMSO was always lower or equal to 0.5% (v/v) in all working solutions. 

2.2.4.4 Treatment of ARPE-19 cell line with photosensitizer 

One day after seeding the cells into multiwell plates, the culture medium (DMEM: F12) was removed and cells 

were incubated with increasing concentrations and various periods of time of PSs in dark conditions. After 

incubation, the PS solution was removed and the cells were washed with warm and sterile PBS in order to 

remove the excess of PS.  
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2.2.5 Determination of intracellular concentration of 
photosensitizer by fluorimetry 

Based on the fluorescence properties of the porphyrins, it is possible to determine the amount of PSs 

accumulated in cells by fluorimetry. After assessment of intracellular amount of photosensitizer by fluorimetry, 

the data were normalized to total protein quantity.  

After the PSs incubation, the cells were washed twice with sterile PBS. Cells were mechanical scrapped in 120 

μL of 1% (m/v) SDS solution in PBS with pH = 7.0. 90 μL of this cell suspension were transferred to 96-wells 

black plates and the intracellular fluorescence of the PSs was determined by fluorometric measurement, using 

a set of standard solutions with known concentrations of PS for creation of a calibration curve. For this type 

of PSs, porphyrin-based PSs, the intracellular fluorescence was determined using the plate reader fluorometer 

and the excitation and emission filters used were 360/40 nm and 645/40 nm, respectively. The PS 

concentration in sample was directly obtained by plotting the average of the fluorescence for each PS standard 

in function of its concentration (μM). 

To measure the protein concentration was used the BCA assay, using the Pierce BCA Protein Assay Kit-

Reducing Agent Compatible, follow the same protocol described before in Western Blot, with some differences 

once the samples were in 1% (m/v) SDS in PBS (7.0). 

In a 96-wells plate the following solutions were pipetted into each well: 

- 25 μL of sample buffer: 1% (m/v) SDS in PBS (pH 7.0); 

- 25 μL of sample, sample buffer, standard; 

- 200 μL of BCA working reagent: 50 parts of BCA reagent mixed with one part of BCA reagent B).  

The standard were prepared in the sample buffer at concentration ranging from 12.5 to 800 μg.mL-1 using the 

BSA standard at 2 mg.mL-1. 

After pipetted all solutions to the plate, an incubation at 37 ºC for 30 min was performed. After this, the 

absorbance was measured at 570 nm in the plate reader spectrophotometer.  Plotting directly the average of 

the absorbance of each sample for each BSA standard was obtained the protein concentration in the samples 

(μg.mL-1). 

2.2.6 Photodynamic assays 

In PDT it is important to be sure that the PSs produce toxicity just after activation by light, and they do not 

induce any toxicity or just a minimal toxicity in darkness. Based on this, it is important to evaluate the PS 

toxicity under two conditions: in the absence of light and after light irradiation. After PSs incubation, the cells 

were washed with warm and sterile PBS and covered with fresh DMEM: F12 medium. 
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To perform the irradiation, the plate was placed above the LEDs array system emitting white light and the cells 

were irradiated for 40 min in a dark room and after this were incubated, in darkness, during 24h in the 

humidified incubator with 5% CO2 and 95% air.  

2.2.7 Cell viability assays 

2.2.7.1 MTT colorimetric assay 

MTT, yellow colored, when added to living cells is reduced to an insoluble formazan, with a blue purple color, 
by a mitochondrial enzyme succinate dehydrogenase. 103 Based on this, it is possible to evaluate the cellular 

viability through the MTT reduction. 

The cells were carefully plated into 96-multiwell plate at a density of 3.0 x 104 cells per well, treated with PS and 

then performing the photodynamic assays as described before. Twenty-four hours after the photodynamic 

treatments, 150 μL of the DMEM: F12 medium was removed and added 10 μL of MTT stock solution at 

concentration of 3 mg. mL-1 in sterile PBS buffer to each well. The plates were then incubated in the darkness 

at 37 ºC for 4 h. During this time was formed purple needle-shaped crystal’s and then dissolved in 150 μL of 

acid isopropanol (0.04 M HCl in absolute isopropanol). Then, using a microplate reader spectrophotometer, 

the absorbance was measured at 570 and 620 nm. The percentage of absorbance for each treated sample was 

normalized to that of the respective untreated control cells and the results were expressed as percentages of 

MTT reduction according the following calculations: 

For each well, the absorbance was expressed as the difference between the two absorbances (absorbance 570 

nm – absorbance 620 nm). The, three MTT reduction was calculated: 

 

 

𝑴𝑻𝑻 𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 (%) =
𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒕𝒓𝒆𝒂𝒕𝒆𝒅 𝒔𝒂𝒎𝒑𝒍𝒆𝒔

𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒔𝒂𝒎𝒑𝒍𝒆𝒔
∗ 𝟏𝟎𝟎 % 

2.2.7.2 Trypan blue assay 

Trypan blue is an organic amine dye and their exclusion is used to determine the number of viable cells. Live 

cells possess intact cell membranes which allows to exclude certain dyes, like trypan blue. On the other hand, 

death cells will take up trypan blue. So, this assay allows to count the number of live cells, clear cytoplasm, and 

dead cells, blue cytoplasm, under a microscope. 104 

The cells were carefully plated into 48-multiwell plate at a density of 9.8 x 104 cells per well. treated with PS and 

performed the photodynamic assays as described before. Twenty-four hours after the photodynamic 
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treatments, the culture medium of each well was removed to an Eppendorf and was added the Trypsin-EDTA 

solution until the cells rounded up and the cell layer begun being dispersed. After, the cells suspension in 

Trypsin-EDTA solution was added into the Eppendorf with culture medium and centrifuged at 1500 rpm 

during 5 min in a microcentrifuge. The supernatant was removed and the cells were resuspended in DMEM: 

F12 medium. After the cell’s suspension was diluted in trypan blue and the cells were counted as explained 

before. The viability was calculated as follows: 

 

 

𝑽𝒊𝒂𝒃𝒍𝒆 𝒄𝒆𝒍𝒍𝒔 (%) =
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒗𝒊𝒂𝒃𝒍𝒆 𝒄𝒆𝒍𝒍𝒔

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒕𝒐𝒕𝒂𝒍 𝒄𝒆𝒍𝒍𝒔
∗ 𝟏𝟎𝟎 % 

2.2.8 Determination of reactive oxygen species (ROS) levels 

The detection of ROS, like superoxide anions, hydroxyl radicals, hydrogen peroxide, nitric oxide, peroxynitrite 

and single oxygen, was done by fluorescent dyes. In the present work, we used dihydroethidium (DHE) dye, 

which when inside the cells and in the presence of ROS, is oxidized by ROS (particularly superoxide anion) to 

a specific red fluorescent 2-hydroxyethidum, which intercalates within the cell’s DNA, staining in the nucleus 

with bright red fluorescence. The generation of ROS by this probe can be evaluated by fluorescence microscopy 

and fluorescence spectroscopy techniques. 

2.2.8.1 ROS quantification by fluorescence microscopy 

The ARPE-19 cells were plated carefully in coverslips at a density of 3.0*105 cells per well, in 12-wells culture 

plated for 24 h before treatment. After PSs and photodynamic treatment, cells were incubated with 5 μM of 

dye for 30 min at 37 ºC, in dark conditions. Then the cells were washed in PBS and fixed in 4% PFA for 10 

min at room temperature.  The samples were washed with PBS, tree times during 5 min. The coverslips were 

mounted using the VectaSHIELD mounting medium, sealed with nail polish and stored at 4 ºC until 

visualization under the fluorescence microscope. 

2.2.8.2 ROS quantification by fluorimetry 

The 96-wells culture black plate were coated with poly-L-lysine (diluted 1:10, by volume in sterile PBS) ARPE-

19 were plated at a density of 3.0*104 cells per well, in 96-wells culture black plate for 24 h before treatment. 

After PSs and photodynamic treatment, as described early. The cells were incubated, in darkness, with 5 μM of 

DHE in PBS for 30 min at 37 ºC after PSs and photodynamic treatment performed. Then, fluorometric 

measurement was performed with the appropriate excitation and emission filters to probe (485/20 nm and 
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590/35 nm to DHE). The intracellular fluorescence of probes was normalized to total protein quantity through 

BCA assay. 
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3.1 𝛂-SMA and galectin-1 are expressed in ARPE-19 cells  

Under specific conditions, such as a short time in culture, ARPE-19 cells can acquire morphology reminiscent 

of fibroblasts (Figure 6 A). In fact, these cells were shown to express α-smooth muscle actin (α-SMA), which 

is a marker of differentiated fibroblasts (myofibroblasts) (Figure 6 B). Moreover, these cells also present 

galectin-1 protein (Figure 6 B). This sugar-binding protein can increase the specificity/uptake of the PSs used 

in this study, which are coupled to thioglucose molecules. 

3.2 UV-Visible characterization 

The absorption spectra of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 (Figure 7) were acquired both in DMSO 

and PBS solution with 0.5% of DMSO. Both compounds at a concentration of 2 μM in DMSO, presented an 

intense peak attributed to the Soret band, located at 415 and 423 nm for H2TPPF16(SGlc)4 and 

ZnTPPF16(SGlc)4, respectively. Besides, Q-bands were identified around 510 and 583 nm for 

H2TPPF16(SGlc)4 and 550 nm for ZnTPPF16(SGlc)4. Their absorption spectra were also acquired in PBS 

with 0.5% of DMSO at the same concentration and show an intense peak, Soret band, at 411 e 420, respectively, 

and Q-bands around 512 nm and 585 nm, for H2TPPF16(SGlc)4, and around 555 nm for ZnTPPF16(SGlc)4. 

Figure 6. (A) ARPE-19 cells present a reminiscent morphology of fibroblasts; (B) ARPE-19 cells present α-SMA, a 
marker of fibroblasts, and galectin-1. β-actin was used as a control loading in the Western blot analysis. 
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3.3 Cellular uptake of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 by 
ARPE-19 cells 

The cellular uptake of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 by ARPE-19 cells, was evaluated through 

their fluorescence properties. The cells were incubated in the absence of light at various periods of incubation 

time (0.5, 1, 2 and 4 h) with increasing concentrations (0.5, 1.25, 2.5, 5 and 10 μM) of H2TPPF16(SGlc)4 and 

ZnTPPF16(SGlc)4 in PBS with the concentration of DMSO always equal to 0.5% (v/v). 

According to the results (Figure 8), the uptake profile of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 by the 

cells was both concentration- and time-dependent. During the first 2 h, occurred the fastest uptake and after 

that seemed to occur a slower steady increasing, reaching a plateau. Looking to the results is possible to note 

that the cellular uptake of ZnTPPF16(SGlc)4 was higher than the uptake of H2TPPF16(SGlc)4 by ARPE-19 

cells. For example, after 2 h of incubation with H2TPPF16(SGlc)4 at 5 μM resulted in an uptake of 5.33 ± 1.02 

nmol per mg protein inside the cells while the incubation with ZnTPPF16(SGlc)4 in the same conditions, 

resulted in an uptake of 18.8 ± 1.26 nmol per mg protein. 
 
 
 
 
 

Figure 7. Electronic absorption spectra of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 at 2 μM in DMSO and PBS with 
0.5% of DMSO. 



 39

3.4 Dark toxicity and phototoxicity of H2TPPF16(SGlc)4 and 
ZnTPPF16(SGlc)4 in ARPE-19 cells 

After confirmation of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 uptake by ARPE-19 cells, the toxicity of both 

PSs was evaluated in the dark and after photoactivation. Both compounds were incubated in ARPE-19 cells in 

the same condition of uptake assay, with increasing incubation time (0.5, 1, 2 and 4 h) and concentrations (0.5, 

1.25, 2.5, 5 and 10 μM). The cells viability was determined 24 h after treatment by MTT colorimetric assay.  

According to the obtained results (Figure 9), the incubation concentration up to 10 μM and uptake time up 

to 4 h of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 did not induce dark toxicity.  

 

Figure 8. Cellular uptake of (A) H2TPPF16(SGlc)4 and (B) ZnTPPF16(SGlc)4 by ARPE-19 cells at various concentrations 
(0.5, 1.25, 2.5, 5 and 10 µM) in function of the uptake time (0.5, 1, 2 and 4 h). (A) H2TPPF16(SGlc)4 and (B) 
ZnTPPF16(SGlc)4 concentration was determined using fluorescence spectroscopy and the results were normalized to 
protein quantity. Data are the mean ± SEM of at least three independent experiments performed in triplicates. 

A B 
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Once proven that both PSs did not induce toxicity in darkness, the phototoxicity, which is the toxicity after 

PDT treatment, was studied. In the same conditions of the previous results, namely incubation time (0.5, 1, 2 

and 4 h) and concentration (0.5, 1.25, 2.5, 5 and 10 μM), after the PSs treatment, ARPE-19 cells were irradiated 

with white light at a potency of 8.4 mW.cm-2 during 40 min. The cell viability was assessed by MTT colorimetric 

assay after 24 h of PDT treatment. 

Looking to the results (Figure 10), the incubation with H2TPPF16(SGlc)4 or ZnTPPF16(SGlc)4 followed PDT 

treatment in ARPE-19 cells resulted both in a significant decrease of MTT reduction, meaning a decrease in 

cellular viability in a concentration- and incubation time-dependent manner.  

Figure 9. Non-dark toxicity of (A) H2TPPF16(SGlc)4 and (B) ZnTPPF16(SGlc)4 by ARPE-19 cells. Cells were incubated 
with H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 at various concentration (0.5, 1.25, 2.5, 5 and 10 µM) for increasing uptake 
times (0.5, 1, 2 and 4 h) in dark conditions. Cytotoxicity was assessed using MTT colorimetric assay 24 h after treatment. 
The percentage of cytotoxicity was calculated relatively to control cells (cells incubated with PBS in darkness) at the 
respective uptake time. Data are the mean value ± SEM of at least three independent experiments performed in triplicates.

A 

 

B 
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After PDT with H2TPPF16(SGlc)4 (Figure 10 A), a statistically significant decrease in MTT reduction was 

observed when the PS was incubated at a concentration of 10 μM during 0.5, 1, 2 and 4 h, 5 μM during 2 and 

4 h and 2.5 μM during 4 h, when compared to the appropriate controls. On the other hand, PDT with 

ZnTPPF16(SGlc)4 (Figure 10 B) induced a statistically significant decrease in MTT reduction for the 

incubation of PS at 10 μM during 1, 2 and 4 h, 5 μM during 2 and 4 h and 1.25 and 2.5 μM during 4 h.  

Theoretically, the MTT assay is dependent of the cell metabolism to reduce MTT in formazan. In order to 

confirm the toxicity induced by both compounds, we performed trypan blue assays.  

The cells were incubated with H2TPPF16(SGlc)4 or ZnTPPF16(SGlc)4, in darkness or irradiated, with the same 

increasing concentration (0.5, 1.25, 5 and 10 μM) during 2 h. The trypan blue assay was performed 24 h after 

the photodynamic effects. As expected, in the absence of light (Figure 11 A e B) compared to the control 

**
*** ***
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****
***
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*

***
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Figure 10. Photocytotoxicity effects of PDT with (A) H2TPPF16(SGlc)4 and (B) ZnTPPF16(SGlc)4 by ARPE-19 cells. 
Cells were incubated in dark conditions with H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 at various concentration (0.5, 1.25, 
2.5, 5 and 10 µM) for increasing uptake times (0.5, 1, 2 and 4 h) and irradiated with light at a fluence rate of 8.4 mW.cm-2 
during 40 min. Cytotoxicity was assessed using MTT colorimetric assay 24h after PDT treatment. The percentage of 
photocytotoxicity was calculated relatively to control cells (cells incubated with PBS and then irradiated) at the respective
uptake time. Data are the mean value ± SEM of at least three independent experiments performed in triplicates. Statistical 
differences were evaluated by Kruskal-Wallis test. *(p<0.05), **(p<0.01), ***(p<0.005) and ****(p<0.001) vs Control 
(incubated with PBS and irradiation during the same time) at the respective uptake time.   
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(incubated with PBS during the same time) there is no significant differences. However, the results after PDT 

treatment (Figure 11 C e D) presented a statistically significant decrease in exclusion of trypan blue with the 

incubation of 5 and 10 μM for both PSs, which revealed a decrease in cellular viability statistically significant in 

this concentration during this uptake time. These results were in agreement with those obtained by the MTT 

colorimetric assay. 

 

3.5 ROS levels generated by H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 

after PDT in ARPE-19 cells 

The photodynamic effect induced by PDT treatment with PSs is due to the generation and accumulation of 

ROS which promote oxidative stress and, consequently, cell death. In order to confirm the generation of ROS 

due to H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 activation, the levels of ROS after PDT treatment were 

* ** *
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Figure 11. Non-dark toxicity of (A) H2TPPF16(SGlc)4 and (B) ZnTPPF16(SGlc)4 and photocytotoxicity effects of PDT 
with (C) H2TPPF16(SGlc)4 and (D) ZnTPPF16(SGlc)4 in ARPE-19 cells. Cells were incubated in dark conditions with 
H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 at various concentration (0.5, 1.25, 2.5, 5 and 10 µM) for 2 h. Cytotoxicity was 
assessed using trypan blue staining 24 h after photodynamic assays (in darkness or after irradiation with light at a fluence 
rate of 8.4 mW.cm-2 during 40 min. The percentage of toxicity was calculated relatively to control cells (cells incubated with 
PBS) at the respective uptake time. Data are the mean value ± SEM of at least one independent experiment performed in 
triplicates. Statistical differences were evaluated by Kruskal-Wallis test. *(p<0.05), **(p<0.01) vs Control (incubated with 
PBS) at the respective uptake time.  
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evaluated using the DHE fluorescent dye. The red fluorescent products were identified by fluorescence 

microscopy and quantified by fluorimetry.  

ARPE-19 cells were incubated in darkness for 2 h with PBS (control), 5 μM of H2TPPF16(SGlc)4 or 

ZnTPPF16(SGlc)4 and then irradiated for 40 min. The images obtained by fluorescent microscopy (Figure 12 

A) demonstrated for both compounds an increase of intracellular DHE fluorescence compared to control cells, 

and, when comparing both PS, was possible to note an increase in fluorescence with ZnTPPF16(SGlc)4 

treatment. The quantification of fluorescence intensity of the images (Figure 12 B e C) demonstrated a 

significant increase in fluorescence meaning an increase of ROS levels for both PSs. To H2TPPF16(SGlc)4 

incubation there is an increase of 36.02% compared to control and ZnTPPF16(SGlc)4 an increase of 84.83% 

compared to control. 

Additionally, quantitative analysis trough fluorimetry (Figure 13) was performed. As expected, a significant 

increase of ROS levels after H2TPPF16(SGlc)4 or ZnTPPF16(SGlc)4 incubation was also observed, compared 

to control.  

 

Figure 12. (A) Representative fluorescence images and respective quantification of DHE fluorescence increase (as a 
measure of ROS production) after (B) H2TPPF16(SGlc)4 and (C) ZnTPPF16(SGlc)4 incubation and PDT treatment in 
ARPE-19 cells. Cells were incubated with PBS (Control) or 5 µM of H2TPPF16(SGlc)4 or ZnTPPF16(SGlc)4 for 2h in 
darkness. After PDT during 40 min and probe incubation, the images were acquired on a fluorescence microscope and the 
quantification of increase fluorescence was calculated relatively to the number of cells. Data are the mean value ± SEM of 
at least one independent experiment performed in triplicates. Statistical differences were evaluated by Mann-Whitney test. 
**(p<0.01), ****(p<0.001) vs Control (incubated with PBS during 2 h). 
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Figure 13. Quantification of DHE fluorescence increase (as a measure of ROS production) after (A)
H2TPPF16(SGlc)4 and (B) ZnTPPF16(SGlc)4 incubation and PDT treatment in ARPE-19 cells with incubation of 
5 μM of DHE. Cells were incubated with PBS (Control) or 5 µM of H2TPPF16(SGlc)4 or ZnTPPF16(SGlc)4 for 2h 
in darkness and irradiated with light at a fluence rate of 8.4 mW.cm-2 during 40 min. The ROS levels was determined 
using fluorescence spectroscopy and the results were normalized to protein quantity. Data are the mean value ± 
SEM of at least two independent experiments performed in quadruplicates. Statistical differences were evaluated by 
Mann-Whitney test. *(p<0.05), ***(p<0.001) vs Control (incubated with PBS during 2 h). 
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4.1 Discussion  

PDT is a promising modality, which is both minimally invasive and minimally toxic. It has been used in the 

treatment of several diseases and disorders. This therapy involves the use of PSs, which ideally would 

accumulate in target cells, followed by local irradiation. This leads to PSs activation and production of ROS 

and, consequently, tissue damage, while the adjacent normal tissues are spared. The efficiency of the PDT is 

mainly dependent on the selective cellular uptake of PS, its subcellular localization and capacity to generate 

ROS after being activated.62 The PSs chemical structure play a role in this PDT aspects. As discussed before, 

chemical modification, such as bioconjugation and metalation, in PS structures can be an advantage on 

improving selectivity, as well as, PDT effectiveness.80, 105  In previous works of our group, the bioconjugation 

of PSs with galactose has been revealed an interesting approach in the field of target cancer PDT since it allows 

to increase the local concentration of PSs in tumor tissues where there is an overexpression of some lectins, 

such as gal-1.106 

Over the years, a wide range of PS has been conjugated with different metals cations, mainly of transition 

metals, for improving therapy effectiveness. Copper(II), cobalt(II), iron(II), and zinc(II) are some examples of 

ions used. ROS generation, such as singlet oxygen, plays an important role in the success of a specific 

photosensitizer in PDT. The capacity to undergo ISC during PDT reaction, the triplet quantum yield and the 

lifetime of PSs are directly related to ROS generation, and consequently, PDT efficacy. The insertion of certain 

metals in PSs structures have the capacity of enhance ISC and have a long triplet lifetime.105 Some studies with 

zinc(II) complexed porphyrins show an increased cell uptake and binding to the cell membrane leading to an 

enhancement of the efficacy of PDT.107, 108 Among them, Zn-porphyrins exhibit better triplet excited state 

quantum yield and singlet oxygen generation yield, when compared to free-porphyrins, which could be 

correlated with the greatest phototoxicity seen with zinc-porphyrins, improving the PDT effectiveness. 107, 109 

Based on this and in the previous studies performed by our group, two PSs were evaluated as photosensitizers, 

a free-porphyrin (H2TPPF16(SGlc)4) and a Zinc-porphyrin (ZnTPPF16(SGlc)4), with four molecules of 

thioglucose. In the context of AMD, our interest in the use of these PSs is based on their potential recognition 

by Gal-1, whose levels are increased in fibrosis and choroidal neovessels in advanced AMD. This could 

represent a unique opportunity to selectively destroy both fibrosis and CNV by targeted PDT. 

Treatment of advanced wet AMD is based mostly in anti-VEGF drugs. Sometimes, PDT with verteporfin can 

be used in combination with anti-VEGF therapies. Although PDT with verteporfin is able to destroy CNV. So 

far, any available treatment can prevent or treat subretinal fibrosis. Moreover, it has been reported that fibrosis 

may develop after treatment with anti-VEGF drugs in AMD.29, 110 Fibrosis is defined as an excessive wound 

healing response, that has gone out of control, to tissue injury.29, 111 Repair of damaged tissues is a fundamental 

mechanism for cell survival and it is a biological process that allows the replacement of dead or damaged cells. 

Normally, this process is divided into two stages: firstly, a regenerative stage, in which the damaged cells are 

replaced by healthy cells of the same type, and then a stage known as fibrosis, where connective tissue replaces 

normal parenchymal tissue. When out of control, it can become pathogenic leading to a substantial remodeling 
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of the extracellular matrix and the formation of permanent scar tissue.111 The angiogenic process is initiated to 

increase the oxygen supply and recruit inflammatory cells to help in the repair of damage tissue. In neovascular 

AMD, CNV leads to hemorrhage and exudative changes in subretinal space, and, consequently, subretinal 

fibrosis.   

After tissue lesion, epithelial cells, release mediators that recruit and activate inflammatory cells, endothelial 

cells, and fibroblasts. In addition, cells undergo EMT, being partially and transiently  dedifferentiated, leading 

to the conversion of epithelial cells to mesenchymal cells, such as myofibroblasts.111, 29, 112  RPE is a highly 

polarized monolayer of pigmented cells, between the neural retina and the choroid. During CNV, occurs RPE 

detachment and dissociation, disrupting cell-cell contact, and consequently, EMT. RPE cells lose their epithelial 

phenotype and gain mesenchymal properties. 29, 113 

Gal-1 is mainly produced by RPE cells and, recently, has been described as a proangiogenic molecule, with a 

key role in CNV and, also in fibrosis development, in the context of neovascular AMD. In that study, in a laser-

induced CNV model (an animal model of neovascular AMD), Gal-1 has been identified in RPE-derived 

fibroblasts losing melanin pigments and it has been demonstrated that a deficiency in the gene that encodes 

Gal-1, LGALS1, led to significant suppression of CNV-associated subretinal fibrosis. Supporting the in vivo 

results, in vitro studies in human RPE cells with silencing of LGALS1 inhibited EMT, and, conversely, 

overexpression of Lgals1 enhance CNV and subretinal fibrosis. Besides this, specimens from patients with 

AMD demonstrated colocalization of Gal-1 in neovascular endothelial cells and RPE cells. Based on the 

showed results, this study suggests a biological significance of galectin-1 as a key promotor for both CNV and 

subretinal fibrosis via EMT in eyes with AMD.114 

In the present work, the efficacy of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 as PDT agents was assessed 

using a human RPE cell line (ARPE-19 cell line). The human RPE cell-line ARPE-19 is commonly used as an 

alternative to primary RPE in many studies. However, the native RPE characteristics by ARPE-19 cells depends 

on how they are cultured and passaged. ARPE-19 cells are cultured in DMEM with 10% FBS and, initially, 

they attain morphology reminiscent of fibroblasts and remain in this morphology for more than 2 weeks under 

these culture conditions. Studies showed that the cells only exhibit characteristics of RPE, such hexagonal 

morphology and an increase in pigmentation for more than 1 month. 115 So, in this work, ARPE-19 cells were 

used as a model of fibroblasts, which were cultured under specific conditions to attain morphology reminiscent 

of fibroblasts, mimicking EMT and what occurs biologically in the ocular pathology, AMD.  

Firstly, as expected, we have shown that α-smooth muscle actin (α-SMA) is expressed in ARPE-19 cells. When 

EMT occurs, RPE cells lose their epithelial phenotype with a decrease in expression of some markers such as 

zonula-occludens protein-1, ZO-1, and gain mesenchymal properties with increased expression of 

mesenchymal markers, such as α-SMA (marker of myofibroblasts).29 The presence of α-SMA in ARPE-19 

suggests that EMT occured in ARPE-19 cells, being therefore a good model to test our PS, once fibroblasts 

are known to be implicated in driving biomaterial-mediated fibrosis in AMD.  
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Once Gal-1 seems to be have an important role in CNV and subretinal fibrosis, and taking account that PSs 

used in this project have the objective of being recognized by galectins overexpressed in advanced AMD, we 

confirmed the presence of galectin-1 in ARPE-19 cells.  

As stated before, a free-porphyrin H2TPPF16(SGlc)4 and a metalled-porphyrin ZnTPPF16(SGlc)4 were 

studied. Firstly, the optical absorption spectra of both PSs previously synthesized, were performed in DMSO 

and in PBS with 0.5% of DMSO. Both porphyrins, show intense Soret bands with respective peak maximum 

at 415 nm and 423 nm in DMSO and 411 e 420 nm in PBS with 0.5% of DMSO, which correspond to a strong 

transition to the second excited state (S0  S2). H2TPPF16(SGlc)4 shows two weak Q bands with the 

absorption maximum of 510 nm and 583 nm in DMSO and 512 nm and 585 nm in PBS with 0.5% of DMSO. 

With zinc in the porphyrin center, the increase structural symmetry reduces the number of Q-bands to one, at 

550 nm in DMSO and 555 nm in PBS with 0.5% of DMSO. The Q-bands are resulting from a weak transition 

to the first excited state (S0  S1).  

The in vitro assays in ARPE-19 cells with morphology reminiscent to fibroblasts were performed to evaluate 

cellular uptake of H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4. According to the results, the cellular uptake for 

both compounds by ARPE-19 cells was both concentration- and time-dependent. These results are consistent 

with previous work of our group, in which that this type of PS showed an increased uptake in cancer cells that 

overexpressed Gal-1.106, 83 Looking to the results, it is possible to note, a slight higher cellular uptake of 

ZnTPPF16(SGlc)4 suggesting that zinc presence potentially may favor cellular uptake in ARPE-19 cells. Zinc 

is an essential cofactor for normal cell function and, normal ocular tissues contain relatively high levels of zinc, 

mainly in the photoreceptors and RPE cells. In fact, reports showed that most of the Zn transporter is 

expressed in human RPE. This may indicate that ZnTPPF16(SGlc) may interact with Zn transporter present 

in ARPE-19 cells, contributing to its higher cellular uptake. 116 The zinc is complexed in porphyrin center, 

however there may be some axial interaction with zinc by amino groups of proteins. Besides this, some studies 

with free-porphyrins and Zn-porphyrins in HeLa cells, have shown that Zn-porphyrins have the highest global 

uptake. In this study, this result was attributed to the higher complexing effect of zinc with phosphate groups 

of the phospholipids present in cellular membrane.117 Based on the obtained results, it would be important, in 

the future, to validate these results with microscopy fluorescence to understand if there is an internalization 

inside the cells of this PS and their cellular localization.  

One of the most important characteristics of PS in PDT, is to be non-toxic until activation by light. After 

internalization of both PS, the toxicity in darkness was evaluated. To evaluate the cell viability, MTT 

colorimetric assay was performed, 24 h after the treatment. As expected, H2TPPF16(SGlc)4 and 

ZnTPPF16(SGlc)4 did not induce cell death in the darkness with the incubation concentration up to 10 μM 

and uptake time up to 4 h. These results allow us to pursue our study, evaluating the PDT effect of both 

glycoPSs on ARPE-19 cells. 

The cell viability was assessed with the same, MTT colorimetric assay, 24 h after irradiation. Contrary to the 

results in darkness, and as expected, the incubation with H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 followed 

by PDT treatment during 40 min resulted in a decrease of cellular viability in a concentration- and time-
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dependent manner. The obtained results for both PS were really similar and the only differences was in the 

incubation of 10 μM of H2TPPF16(SGlc)4 during 0.5 h, resulting in a higher decrease in cell viability when 

compared with ZnTPPF16(SGlc)4. Besides of that, 1.25 μM of ZnTPPF16(SGlc)4 during 4 h of uptake induced 

a higher phototoxicity compared to H2TPPF16(SGlc)4 in the same conditions.   

Once, MTT colorimetric assay, as explained before, is based on mitochondrial enzyme succinate dehydrogenase 

activity, another assay was performed to evaluate cellular viability in order to confirm the toxicity induced by 

both compounds. Twenty-four hours after the photodynamic assays, the trypan blue assay was performed. As 

expected, in the absence of light, the incubation of each compound during 2 h and the concentration described 

did not induce cell death. However, after PDT treatment, we found similar results of those obtained in MTT 

colorimetric assay for both compounds. 

Once the effect of PDT was dependent of reactive oxygen species generation, their levels after PDT treatment 

with H2TPPF16(SGlc)4 and ZnTPPF16(SGlc)4 were evaluated. Both compounds showed a significant increase 

in levels of ROS, mainly in anion superoxide levels, as revealed by the oxidation of DHE probe. Comparing 

both compounds, it is possible to note a higher level of ROS with ZnTPPF16(SGlc)4 treatment. Taking into 

account the properties of transition metal in PSs, this increase was expected. 

Based on the higher uptake and levels of ROS production by ZnTPPF16(SGlc)4, one could expect a higher 

toxicity of this compound. However, neither MTT colorimetric assay nor trypan blue assay revealed that. 

Besides the uptake by cells, PS subcellular localization have a dramatic impact for their biological effect, and 

consequently, PDT efficacy. ROS have a short half-life and they act to their site of generation or in its vicinity, 

so a subcellular of PS play a key role in PDT effect.62, 88 

Drugs can be delivered into several organelles of the cell, such as cytosol, lysosome, nucleus and mitochondria. 

Depending on the subcellular localization of the PS, the cellular death after is photoactivation can be mediated 

by apoptosis, necrosis and/or autophagy. It was described that PSs localized in mitochondria are able to induce 

apoptosis very rapidly and with effectiveness. However, lysosomal or plasma membrane localization of the PS 

can also, initiate apoptosis and necrosis. The same study that described the high interaction of zinc with cellular 

membrane, in HeLa cells, reveals that zinc insertion in porphyrins lead to a decrease in the interaction with 

mitochondria.117 Besides that, the authors found a higher PDT efficiency with zinc-porphyrins, suggesting a 

higher photodynamic efficiency directly proportional to membrane binding and not totally related to 

mitochondria accumulation. Moreover, the PDT effect also depends on the cells used. In the present work, the 

subcellular localization of both PSs was not assessed. 
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5.1 Conclusion and future perspectives 

In this study, we intended to evaluate the photodynamic effect of two bioconjugated PSs: a free-porphyrin 

(H2TPPF16(SGlc)4) and a zinc-porphyrin (ZnTPPF16(SGlc)4), both with four thioglucose units. The presence 

of glucose in both PSs have a dual advantage in increasing aqueous solubility and improving lesions targeting 

in AMD, such as fibrosis and CNV.  H2TPPF16(SGlc)4) and ZnTPPF16(SGlc)4 are decorated with four 

molecules of thioglucose, which can be recognized by Gal-1 overexpressed in subretinal fibrosis and which is 

known to be involved in the development of CNV in AMD. The inclusion of zinc(II) was to enhance the 

physicochemical properties to the free-base glycoderivative, and consequently the PDT effectiveness, since the 

presence of certain metals, such Zn, have the capacity of enhance ISC. 

In order to mimic the EMT in RPE cells and subretinal fibrosis, we performed the in vitro photodynamic assays 

in ARPE-19 cell line, that under specific conditions present a mesenchymal spindle-shaped morphology, 

expressing a-SMA. 

The uptake of ZnTPPF16(SGlc)4 was slight higher in ARPE-19 cells than H2TPPF16(SGlc)4, what can be due 

to a complexing effect of zinc with phosphate groups in cellular membrane. 

In ARPE-19 cells, both PSs were non-toxic in darkness and the cytototoxicity after PDT was similar for both 

compounds. The PDT with ZnTPPF16(SGlc)4 presented higher levels of ROS, namely anion superoxide, 

compared to H2TPPF16(SGlc)4. Although the higher production of ROS, only a slight increase in phototoxicity 

after PDT with ZnTPPF16(SGlc)4, was observed compared to H2TPPF16(SGlc)4. 

Although both PSs were phototoxic against ARPE-19 cells with morphology reminiscent of fibroblasts, 

probably the cells were in a partial EMT state. We plan to confirm these data by inducing EMT with the 

transforming growth factor 1 (TGF-β1).  

Once Gal-1 is described as a pro-angiogenic factor, and being involved in CNV development in the neovascular 

form of AMD, we also plan to test these promising PSs against CNV in a near future. Once there is no treatment 

for subretinal fibrosis, and taking account the adverse effects of available treatments, PDT with this type of 

PSs seems to be a promising therapeutic approach, for subretinal fibrosis, and eventually, CNV in neovascular 

AMD. 
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