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Terapia fotodinâmica (PDT) combina o uso de um fotossensibilizador (PS), irradiação de luz, a um 

comprimento de onda específico, e oxigénio para matar células através da geração de espécies 

reactivas de oxigénio (ROS). Está estabelecida como uma terapia contra o cancro, minimamente 

invasiva, que consegue atacar células cancerígenas com precisão, através da irradiação. Outras 

vantagens, comparando a terapias anticancerígenas convencionais, incluem não criar resistência, 

tratamento com cicatrização mínima e imunidade antitumoral (relacionada com o controlo da 

doença a longo-termo). Ainda assim, o efeito secundário mais comum é pele fotossensível por 

intervalos de tempo longos, após tratamentos de PDT, causados pela falta de selectividade dos PSs 

para tecido tumoral, o que leva a razões de concentração em tecidos tumoral/normal que não 

conseguem prevenir danos ao tecido saudável que se encontra à volta do tumor. 

De modo a ultrapassar este problema, diferentes estratégias de direccionamento (targeting) têm 

sido utilizadas em investigação, envolvendo métodos passivos ou activos de targeting de receptores 

específicos que se encontram sobreexpressos em cancros, mas em níveis baixos ou virtualmente 

nulos em células normais. A conjugação de PSs a diferentes moléculas de targeting (e.g., ligandos 

endógenos, anticorpos ou factores de crescimento) tem sido um dos métodos mais usados, 

permitindo ao PS conjugado ser reconhecido especificamente por células cancerígenas. Nesta tese 

pusemos a hipótese de desenvolvimento de uma estratégia para PDT-direccionado, focada em 

química de “clique” para tornar eficiente o processo de obtenção de conjugados direccionados a 

tumores a partir de clorinas obtidas através do método de ciclo-adição [8π+2π], desenvolvido 

previamente no nosso grupo. Com a síntese de novas clorinas, propomos uma estratégia como prova 

de conceito, seguindo a síntese de PSs que possam participar em reacções de “clique” e a sua 

conjugação a uma molécula ligando que contenha ácido fólico (FA) para obter um conjugado 

direccionado selectivamente à isoforma alfa do receptor do folato (FRα), que normalmente está 

sobreexpressa em vários cancros. 

Sintetizámos um conjunto de novas 4,5,6,7-tetra-hidropirazolo[1,5-a]piridina-fundida 

meso-tetraquis(3-hidroxifenil)clorinas com diferentes anfifilicidades através de derivatizações 

subsequentes, com a clorina mais hidrofílica da série mono-funcionalizada ter sido derivatizada de 

novo para obter um grupo azida, para que pudesse participar em química de “clique” com outra 

molécula de targeting com um grupo alcino. Estas clorinas mostraram actividade fototóxica, a nível 
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de concentrações nanomolares, contra um modelo altamente agressivo de cancro da mama 

triplo-negativo, a linha celular humana de adenocarcinoma MDA-MB-231. Especificamente, a 

clorina mono-funcional mais hidrofílica (semelhante à temoporfina) obteve uma CI50 < 100 nM e 

a variante “clicável” obteve uma CI50 ~ 100 nM. 

A partir desse derivado “clicável”, desenhámos um conjugado para a nossa prova de conceito com 

base num ligando disponível comercialmente, que continha a parte do FA para targeting, um 

espaçador de polietileno glicol (PEG) com 1 kDa e o fragmento de dibenzociclooctino (DBCO) 

que contém o alcino para participar na reacção “clique”. Com a corroboração obtida da análise in 

silico de uma simulação de docagem molecular da ligação entre o PS conjugado e o FRα, seguimos 

com a síntese do nosso conjugado. No entanto, a dificuldade em purificar um composto tão grande, 

dificultou a sua caracterização e avaliação in vitro: mesmo sendo possível confirmar indirectamente 

a presença do conjugado para a nossa prova de conceito, este não mostrou aumento da eficácia da 

PDT nem na internalização celular, quando comparado com as clorinas anteriores. 

Ainda assim, conseguir a síntese do conjugado para PDT-direccionado apoiou a viabilidade do uso 

desta estratégia. Atingir este marco foi importante, porque apesar de diferentes estratégias para PDT 

direccionado terrem sido investigadas, ainda nenhuma chegou a ser usada na clínica. A nossa 

estratégia de conjugação permite uma adaptação fácil a outros alvos e/ou outras clorinas com boa 

actividade. 
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Photodynamic therapy (PDT) combines the use of a photosensitiser (PS), light irradiation at a 

specific wavelength, and oxygen to kill cells, through the generation of reactive oxygen species 

(ROS). It has been established as a minimally invasive anticancer therapy that can target tumour 

cells accurately through irradiation. Other advantages compared to traditional anticancer therapies 

also include lack of resistance, healing with minimal scarring, and anti-tumour immunity (related 

to the long-term control of the disease). Nevertheless, the most common side effect is prolonged 

skin photosensitivity after PDT treatment caused by the lack of selectivity of the PSs for tumour 

tissue, leading to tumour/normal tissue ratios that are not able to prevent damage to healthy tissue 

surrounding the tumours. 

In order to overcome this issue, different targeting strategies have been used in research involving 

either passive or active targeting of specific receptors that are overexpressed in cancers but at low 

or negligent levels in normal cells. The conjugation of PSs to different targeting moieties (e.g., 

endogenous ligands, antibodies, or growth factors) has been one of the most used methods, allowing 

for the conjugated-PS to be specifically recognised by cancer cells. In this thesis we hypothesised 

a strategy for targeted-PDT focused on “click” chemistry to streamline the process of obtaining 

tumour-targeting conjugates from chlorins obtained using the [8π+2π] cycloaddition method, 

previously developed within our group. With the synthesis of novel chlorins, we propose a 

proof-of-concept strategy following the synthesis of a “clickable” PS and further conjugation to a 

linker containing folic acid (FA) to obtain a targeted-PS selective to the alpha isoform of the folate 

receptor (FRα), which is usually found overexpressed in cancer cells. 

We synthesised a set of novel 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused 

meso-tetrakis(3-hydroxyphenyl)chlorins with varying amphiphilicity through subsequent 

derivatisations, with the most hydrophilic chlorin from the mono-functionalised series being further 

derivatised to obtain an azide group, so that it could participate in “click” chemistry with a targeting 

moiety containing an alkyne group. These chlorins showed phototoxic activity, in the nanomolar 

range, against the highly aggressive, triple-negative breast cancer model, the MDA-MB-231 human 

adenocarcinoma cell line. Specifically, the mono-functional, most hydrophilic chlorin (similar to 

temoporfin) having an IC50 < 100 nM and its “clickable” derivative having an IC50 ~ 100 nM. 
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From that “clickable” derivative we designed a conjugate for our proof-of-concept, based on a 

commercially available linker that contained the FA moiety for targeting, a 1 kDa polyethylene 

glycol (PEG) spacer, and the alkyne-containing moiety, dibenzocyclooctyne (DBCO) to participate 

in the “click” reaction. With the corroboration obtained from the in silico analysis of a molecular 

docking simulation of the binding of the conjugated-PS to FRα, we followed through with the 

synthesis of this conjugate. However, the difficulty in purifying such a large compound, hindered 

its characterization and in vitro evaluation: despite being able to indirectly confirm the presence of 

the proof-of-concept conjugate, it did not show an improvement in PDT efficacy nor on the cell 

uptake when compared to the novel chlorins. 

Nonetheless, the successful synthesis of the PDT-targeted conjugate supported the viability of this 

targeting strategies. Reaching this milestone was important, because despite several targeted-PDT 

strategies have been researched, a targeted-PDT has yet to reach the clinic. Our conjugating strategy 

allows for an easy adaptation to be used with other targets and/or other chlorins with strong activity. 
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photodynamic therapy; targeting; folate receptor alpha; chlorin; molecular docking 
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Nowadays, cancer is the second-leading cause of death worldwide with a burden expected to grow 

to 27.5 million new cancer cases and 16.3 million cancer deaths in 2040. This is a consequence 

mainly of the population aging without taking into account other risk factors [2]. However, the 

causes that lead to the development of cancer are still not totally understood [2]. To better 

understand tumourigenesis, cancer research has grown over the years with focus on the dynamic 

changes in the genome of cancerous cells. This permitted to gain a better insight on the mechanisms 

underlying cancer that consequently could be targeted with different therapies [3]. 

With hundreds of cancer types, and considering the diversity of tumour subtypes specific to the 

organs where they are found in, Hanahan and Weinberg first proposed, in 2000 [4], a simplified set 

of six hallmarks of cancer which were based on the principle that «virtually all mammalian cells 

carry a similar molecular machinery». After two decades, they revisited these original hallmarks 

and broadened their scope to include new emerging hallmarks and enabling characteristics [5,6], as 

such compiling the 14 acquired capabilities shown in Figure I–1. These acquired traits promote the 

development of cancer cells by enabling initiation of neoplasia, its progression, and eventual 

metastasis, along with the influence of the tumour microenvironment [3,5]. 
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Figure I–1. The revised hallmarks of cancer (adapted from Hanahan [6])  

With these drastic biological differences found at various levels between normal and cancer cells, 

it is easy to understand why such characteristics are attractive targets for therapies. The 

collaborative interactions between cancer cells, associated stroma cells and the extracellular matrix 

form the tumour microenvironment are known to be crucial for disease initiation, progression and 

metastasis formation [7]. An awareness of the complexity of the tumour microenvironment is 

gaining acceptance as a necessary consideration for the design of novel cancer therapies. Indeed, a 

successful therapeutic approach should take into consideration the tumour microenvironment 

dynamics, and potentially, strategies that target different tumour cell populations, like cancer stem 

cells, endothelial cells, pericytes, cancer-associated fibroblasts and different types of immune 

infiltrating cells, may enhance therapeutic outcomes [3,7]. 

 

With cancer dating back to ancient Greek and Egyptian civilizations, the radical surgery available 

as treatment at the time was often ineffective leading to the death of the patient [8]. Since then, 

surgery established itself as one of the most conventional treatments for cancer, and one of the 

preferred options when treating benign and malignant tumours without affecting adjacent healthy 

tissues [9]. Up to 1960s, it was considered the standard for solid tumour treatment but not an option 

for metastatic cancers. After that date, radiation started to be used as a way to control local disease 

and, with time, the adjuvant practice of surgery and radiotherapy showed an increased efficacy in 

the control of cancer [9,10]. The basis of radiotherapy is the energy transfer to the cells in a way 

that directly kills them or alters them in a way that will eventually lead to inhibition of cell 



Chapter I: General Introduction 

5 

proliferation. Radiotherapy is being used to reduce tumour size before surgery or to destruct any 

remaining cancer cells and decrease the probability of relapse after the surgical removal of tumour 

lesions [9]. Still, it is a technique which also affects healthy cells surrounding the tumour that, 

depending on the location and type of the tumour being treated, can lead to several side effects, 

such as overall fatigue, oral mucositis, dysphagia, hypothyroidism, lung injuries and heart diseases 

induced by radiation, gastrointestinal toxicity, sexual dysfunction, and fertility concerns [11]. More 

recently, advances allowed the use of a “radiation-based surgical knife”, in which radiation is 

applied more focused on the region of the tumour mass, reducing the side effects of normal 

radiotherapy [9]. 

Chemotherapy was introduced in 1906 by Paul Ehrlich and changed the concept of localised 

treatment. The first chemotherapeutic drugs were accidentally discovered in 1943 after observing 

that toxic mustard gases (e.g., alkylating agents), used as weapons during World War II, led to bone 

marrow aplasia. In 1946, Gilman and Goodman used nitrogen mustard gas as the first 

chemotherapeutic treatment for lymphomas through the binding of the aziridinium group of the 

nitrogen mustard to the guanine bases (of the deoxyribonucleic acid, DNA) and subsequent 

formation of interstrand cross-links. This mechanism prevents the duplication of DNA leading to 

cytotoxicity [8]. Unlike surgery or radiotherapy, most of the chemotherapeutic drugs (e.g., 

alkylating agents, antimetabolites, antimitotics, cytotoxic antibiotics, etc.) are administered 

systemically and inhibit the progression of the tumour by halting their proliferating ability and force 

cell death. These drugs also affect normal cells, namely cells with high proliferative rates such as 

gastrointestinal epithelia, bone marrow, and hair follicles [12,13]. For this reason, chemotherapy is 

associated with several side effects including hair loss, tiredness, feeling sick, anaemia, 

gastrointestinal disorders, among others [9]. Thus, finding a balance between effective 

chemotherapy doses and the well-being of the patient is a challenged task. Despite the intrinsic 

resistance to cell death found in cancer cells, there are currently more than 100 drugs that still 

translate into a temporary clinical response and a limited survival benefit, which are suggest the 

development of adaptive drug resistance. [3,9,14] As this number continues to increase, the 

discoveries on molecular biology helped identify some of the underlying resistance mechanisms 

and pushed the development of therapies targeting specific molecules involved in the tumourigenic 

process, enabling the possibility of overcoming the barrier of drug resistance by exploring 

alternative pathways [3,15,16]. These new drugs included small molecules (e.g. kinases inhibitors) 

but also monoclonal antibodies (mAB) in the late 1980s [9,10]. Contrary to classic chemotherapy, 

these cancer-targeted drugs display more specificity and efficacy being associated with better 

tolerance, as well as less adverse effects [1]. 

In the last years, immunotherapy has emerged as the fourth pillar of cancer treatment. 

Immunotherapy is based on the use of components from the immune system to either kill cancer 
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cells directly or help the patient’s body to recognise and destroy the tumour cells [17]. The use of 

non-specific immunostimulants (e.g., bacteria lysates) has been explored for decades in the scope 

of cancer treatment [18]. More recently, the use of mAbs targeting immune checkpoints represents 

a major breakthrough in anti-cancer immunotherapy. Immune checkpoint mechanisms are 

important to maintain homeostasis avoiding exacerbated immune reactions however, cancer cells 

have the ability to exploit these mechanisms to evade immune recognition and destruction 

[17,19,20]. The use of mAbs directed to tumour antigens or to T-cell protein receptors responsible 

for downregulating the immune responses are known as immune checkpoint blockade (ICB) 

therapy, with inhibitors for CTLA4 and PD1-PDL1 being the most used so far [8,17,19]. Yet one 

of the main challenges in immunotherapy is identifying what subsets of biomarkers are predictive 

of response to ICB as treatment outcomes varied significantly among patients. In fact, while a very 

small percentage of patients (20-40%) benefit tremendously from ICB inhibitors with significant 

cancer remission (and even cures), the large majority of patients does not respond to ICB inhibitors 

[20]. Currently, immunotherapy is often used in combination with other cancer treatments 

[8,10,17,19–21]. 

Overall, these traditional options for cancer treatment enable to save millions of lives and their 

proven efficacy has established their place as pillars of cancer treatment. However, they are not 

free of disadvantages which are mainly connected to lack of selectivity (and associated toxicity) as 

well as poor outcomes when aggressive and advanced tumours are aimed to be treated [21]. These 

limitations keep open the search for other therapies that can overcome the present hurdles as 

stand-alone or combined, aiming for their place as the fifth pillar. 

 

 

The use of light in therapy goes back 3000 years, when the Greeks first reported the use of sunlight 

as heliotherapy, and other ancient civilizations such as the Egyptian, Chinese, and Indian, have 

used it as treatment for psoriasis, vitiligo, ricket, and even skin cancer. Furthermore, the use of 

photoactivable agents combined with light exposure with therapeutical intent has also been used as 

far as 1400 BC with the use of psoralens for the repigmentation of vitiliginous skin [22]. 

However, it was only in the 19th century that phototherapy was developed into a science. In 1903, 

Niels Finsen was awarded with the Nobel prize in Physiology or Medicine for his discoveries that 
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ultraviolet (UV) radiation could be used for the treatment of cutaneous tuberculosis, setting the 

beginning of modern-day phototherapy. That same year, Herman von Tappeiner and Albert 

Jesionek treated skin tumours using topically applied eosin and, after understanding the necessity 

of oxygen for the success of the therapy, Von Tappeiner and Albert Jodlbauer published a 

compilation of these findings in a book where they first coined the term “photodynamic therapy” 

(PDT) [22]. PDT is nowadays well known to be the results of the activation of molecules, known 

as photosensitisers (PSs), by light of a certain wavelength. In the presence of oxygen this leads to 

reactive oxygen species (ROS) generation which are toxic to the cells [1,23]. 

PDT has improved since then and many more PSs, and more sophisticated sources of light, have 

been developed. This technique is being used for ophthalmology, cardiovascular, dermatological, 

and dental diseases [24], but it encountered its main use for the treatment of microbial infections 

and solid tumours [24–27]. Since Dougherty et al. [28] re-discovering haematoporphyrin, the 

mechanisms of anti-tumour PDT have been extensively studied. In oncology, PSs are typically 

administered intravenously and after a certain period of time (named drug-to-light interval, DLI), 

tumour irradiation is performed by means of a laser or light-emitting diode (LED). Damage of the 

tumour vasculature with ischemic death of the tumour is usually achieved with a short DLI, where 

the irradiation of the tumour happens when the PS is confined at the bloodstream – vascular-PDT. 

Alternatively, longer DLI (e.g. DLI > 24h) might be used to achieve higher accumulation of the PS 

in cellular components – cellular-PDT [1,23]. 

PDT offers the advantage of being minimally invasive, can be targeted accurately through 

irradiation, repeated dosage is not an issue (as compared to radiotherapy), does not cause resistance 

(in contrast to radio and chemotherapy), and healing has little to no scarring [1,23,29,30]. 

Additionally, PDT can activate the host immune system to recognize and destroy cancer cells 

regardless of their localization at the body. This anti-tumour immunity was shown to be of the most 

importance for the long control of the disease and is often capable of abscopal controlled of distant 

(and not irradiated) metastases [31]. 

 

PDT is a drug-device combination product that requires the presence of molecular oxygen, light of 

a specific wavelength, and a PS. Independently, these components do not present toxicity, but when 

combined they lead to production of ROS which mediate the destruction of the target cells 

[1,23,29].  

There are two known types of photochemical reactions to produce ROS, which are dependent on 

the oxygen available in the cells [1]. Figure I–2 is a schematic representation of the Jablonski energy 
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diagram that shows how the activation of the PS – after photon absorption – leads to its excitation 

from the ground state to an excited state, from where it quickly decays through fluorescence 

emission (returning to the ground state) or through intersystem crossing, where it reaches a 

relatively long-lived triplet state. From this triplet state, while it may decay through 

phosphorescence emission, this is a slow spin-forbidden process, making it more probable to 

interact with oxygen found in biomolecules via electron transfer or directly with ground-state 

molecular oxygen via energy transfer. The former is defined as a type I reaction producing the 

radicals superoxide anion, O2
●-, hydroxyl, HO●, and hydrogen peroxide, H2O2, while the latter is 

considered to be a type II reaction, producing singlet oxygen, 1O2 [1,23,29]. 

 

Figure I–2. Jablonski diagram. Adapted from [20]. 

As type II reactions are much simpler, they are assumed to be the favoured type of mechanism, but 

the actual ratio depends on the concentration of molecular oxygen available, tissue dielectric 

constant, pH, and even PS structure [29]. It is also important to notice that, as ROS are relatively 

short-lived molecules, their radial diffusion will also be limited (e.g.: HO● has a lifetime of 1 ns 

and can reach distances of up to 1 nm; 1O2 has a lifetime of 2 µs and reaches distances of about 150 

nm). This makes PDT an inherently “selective” therapy as the local of treatment is light-targeted 

and only the PS found in the irradiated spot will be activated [1,23]. 

The light wavelength used for irradiation needs to be high enough to penetrate deeper into the target 

tissues, but still, it should have enough energy to induce ROS. Combining these two factors, the 

phototherapeutic window, is reduced to 650-850 nm (Figure I–3). At this range of wavelengths, 

tissues are more transparent to light and activation of endogenous chromophores (e.g. melanin) is 

avoided [1,23,32]. 

Visible 

Light 
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Figure I–3. Phototherapeutic window of PDT. Adapted from [23]. 

 

Taking into account the requirements needed for a successful PDT protocol, an ideal PS should be 

characterized by [23,29,32]: 

 Simple synthesis with high yields of a pure compound, 

 Low manufacturing cost and good stability at room temperature, 

 Minimal dark toxicity, becoming cytotoxic only when photoactivated at a specific 

wavelength, 

 High molar absorptivity at 650-850 nm and high quantum yields of ROS production, 

 Biocompatible with preferable accumulation at the tumour tissue and rapid clearance to 

minimise photosensitivity side effects, 

 Not mutagenic nor carcinogenic. 
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In the search for the ideal PS, numerous classes of PSs have been developed for PDT being the 

porphyrinoid compounds (based on the tetrapyrrole macrocycle) (Figure I–4) the most investigated 

molecules. This is explained by their extended conjugation and absorption of visible to NIR light 

[33,34]. 

 

Figure I–4. Backbone structures of tetrapyrrolic macrocycle PS. 

However, there are also non-porphyrinoid PSs used in PDT For instance, hypericin is a natural 

anthraquinone derivative that has been evaluated for the treatment of skin, bladder, and 

nasopharyngeal cancers; methylene blue and toluidine blue are phenothiazines that have been tested 

in skin and bladder cancers, as well as Kaposi’s sarcoma; rose Bengal is a xanthene that has been 

tested in breast cancer and metastatic melanoma; the cyanine sensitiser merocyanine 540 showed 

promising in vitro results for leukaemia; and even curcumin has been studied as an oral disinfectant 

working as an antibacterial agent [33,34]. None of these PSs have received clinical approval. 

Porphyrinoid PSs are typically classified as first-, second-, and third-generation. Figure I–5 shows 

the molecular structures of some PSs employed clinically, or in clinical trials, and their respective 

irradiation wavelength. 
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Figure I–5. Examples of clinic or pre-clinic tetrapyrrolic macrocycles. 

First-generation PSs mainly included haematoporphyrin and its derivatives (HpD). The use of HpD 

was first described in 1975 by Dougherty et al. [28] which work showed that HpD combined with 

light with a wavelength superior to 600 nm (i.e. red light) led to long-term cures in different mouse 

and rat tumours. Subsequent studies with HpD led to the submission of this PS to clinical trials for 

bladder and skin cancers which were a success. This pushed efforts for the purification of the HpD 

into porfimer sodium which then received the trade name of Photofrin® The latter became the first 
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PS to be approved by the United States Food and Drug Administration (FDA) [23,29]. Currently, 

it is approved for PDT in early- and advanced-stage cancers of the lung, digestive tract, and 

genitourinary tract in the Netherlands, France, Germany, Japan, Canada and United States [35]. 

Although, porfimer sodium displays a low molar absorption coefficient at 630 nm that requires 

high concentrations of PS (e.g., 2 – 5 mg/kg) and 100 – 200 J/cm2 of light to destroy the tumour. 

Additionally, its half-life of 452 hours is considerably long leading to a month of skin 

photosensitivity, which requires patients to stay out of sunlight for that time [23,29,34,35]. 

These issues led researchers to pursuit with the development of new PSs with higher absorption 

bands at the phototherapeutic window and shorter blood half-lives. Second-generation PSs 

appeared as a set of compounds characterised by higher chemical purity and enhanced 

photophysical properties such as higher ROS quantum yields and maximum absorption bands in 

the range of 650-800nm. Among several new compounds, only a few of these second-generation 

PSs actually reached the clinic [29]. The approval of Levulan®, or 5-aminolevulinic acid (5-ALA), 

by the FDA in 1999 for the topical treatment of actinic keratoses in face and scalp was an important 

achievement. 5-ALA is a pro-drug as it is the precursor of the endogenous PS, protoporphyrin IX 

(PpIX). It and its esters can be administered topically, or even orally (Gliolan®). PpIX has a 

maximum absorption wavelength at 410 nm, along with other smaller bands at 510, 540, 580, and 

635 nm. The latter wavelength is used in the clinic [27] to increase the depth of the treatment.  

irradiation [29,34]. 

A few chlorines derivatives of second-generation have received clinical approval. Temoporfin [36] 

is a chlorin that was approved in 2001 by the European Medicines Agency (EMA) for the palliative 

treatment of head and neck cancer. Temoporfin has an absorption maximum at 652 nm, with a 

molar extinction coefficient of 3 x 104 M-1cm-1, being one of the most active PS to date. This PS 

requires drug (0.15 mg/kg) and light doses (10 J/cm2) that are ca. 10 times lower than what is needed 

for porfimer sodium to obtain a similar response. The high efficacy of temoporfin is however 

associated with skin photosensitivity due to its half-life of 45-65 hours [29,34,36–38]. Section 2.3.1 

will provide a deeper discussion about temoporfin, considering that its molecular structure – namely 

the presence of meta-hydroxyl groups on the phenyl rings, which has been known to improve 

accumulation in tumour tissue and solubility [32,39–43] – acted as a guide for the main goal of this 

doctoral thesis which was the synthesis of novel PS that could be adapted for targeted-PDT. 

Mono-L-aspartyl chlorin e6 (Npe6) is a derivative of chlorin e6, traded under the name 

Laserphyrin® (talaporfin sodium), with an absorption maximum at 664 nm that successfully treated 

breast, skin, lung, and liver cancers in different clinical trials. This chlorin, while consistent with a 

two-compartment pharmacokinetic model with half-lives of 9 and 143 hours, still shows minimal 

skin photosensitivity after PDT, being considered to have a rapid clearance from circulation where 
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PDT efficacy is almost non-existent after 12 hours [34,44–46]. The benzoporhyrin derivative 

known as verteporfin, is another chlorin (absorption at 689 nm, 3.3 x 104 M-1cm-1) in clinical use, 

under the trade name Visudyne®, that was particularly successful in the treatment of age-related 

macular degeneration. It is also being evaluated in multiple cancers with the advantage that  its 

short half-life (5 – 6 hours) translated to only two days of skin photosensitivity [23,33,45,47]. 

Phthalocyanines are another class of molecules that have been used in classic PDT or as theranostics 

agents (i.e., molecules that combine diagnostics and therapeutics by usually taking advantage of 

fluorescence/phosphorescence for visualization of a tumour and photodynamic activity for its 

destruction [48,49]). These molecules required a metal complex to be used as PS, since the presence 

of transition metals is what allows the intersystem crossing that leads to the formation of ROS. The 

silicon phthalocyanine 4 (Pc4) which is characterized by a strong absorption at 675 nm (2 x 105 M-

1cm-1) and a relative short half-life of 28 hours, has completed clinical trials for actinic keratosis, 

Bowen’s disease, and skin cancer [23,33]. Recently, Pinho e Melo et al. [49,50] have described 

platinum (II) ring-fused chlorins that simultaneously emit fluorescence and phosphorescence in 

solution at room temperature in the 700-850 nm spectral region. These attractive features in the 

near-infrared, along with a high thermal and photochemical stability implies that they are true stable 

theranostics agents. 

Further improvements have been recently achieved with bacteriochlorins which are known for 

longer absorption wavelengths and consequently deeper tissue penetration [23]. Padeliporfin 

(water-soluble Tookad® or Stakel®) is derived from bacteriochlorophyll α found in benthic bacteria, 

absorbs at 763 nm (1.1 x 105 M-1cm-1), and has received approval by the European Medicines 

Agency, in 2017, for the treatment of localised prostate cancer. Owing to its fast clearance 

(estimated half-life of 1.19 ± 0.08 hours), PDT with Padeliporfin exhibits minimal skin 

photosensitivity and requires PDT protocols with short DLIs. Its limited extravasation from 

vasculature at the irradiation time mediates selective cut off the tumour’s blood supply with 

subsequent cell death by necrosis. Vascular-PDT with padeliporfin resulted in over 80% of patients 

having a negative prostate biopsy in six months after the treatment [23,33,51]. Redaporfin is a 

synthetic bacteriochlorin that holds strong absorption at 750 nm (1.2 x 105 M-1cm-1), high ROS 

quantum yield and a pharmacokinetic profile (1st compartment half-life of 0.5 h and 2nd 

compartment half-life of 65 h) that allows for vascular- and cellular-PDT protocols. This 

bacteriochlorin is on phase I/II clinical trials for advanced head and neck cancer (NCT02070432 

[52]), without showing apparent skin photosensitivity [23,53–55]. 
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The synthesis of temoporfin by Bonnett et al. in 1989 [36] followed the necessity of 

second-generation PSs with emphasis on the improvement of the “high absorption in the red” 

criterion. Light at the phototherapeutic window (Figure I–3) display reduced scattering and 

absorption effects which permits to reach deeper tissues. Bonnett et al. [36] carried out the reduction 

of a series of 5,10,15,20-tetrakis(hydroxyphenyl)porphyrin derivatives, that have been previously 

synthesised [39], into their respective chlorins and bacteriochlorins, and explored different 

substitution patterns (ortho, meta, and para isomers) in order to obtained PSs with increased 

absorption in the red. The resulting molecules revealed considerably more potent activity when 

compared to the original porphyrin series. Highest activity was observed with the meta and para 

isomers, where tumour necrosis was achieved with doses that were ineffective using the respective 

porphyrins. With an absorption maximum red-shifted to 652 nm, the 

5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin (mTHPC, known as temoporfin) was obtained as a 

chemically pure compound that required smaller doses and shorter treatments to achieve optimal 

PDT response [36,38]. 

Temoporfin was approved in 2001 by the European Medicines Agency (EMA), under the trade 

name of Foscan®, as a local therapy for the palliative treatment of patients with advanced head and 

neck cancer who have failed prior therapies and were unsuitable for radiotherapy, surgery, or 

systemic chemotherapy [38]. Even as an adjuvant treatment at the time, PDT with temoporfin 

required lower drug and light doses, compared to the use of porfimer sodium or 5-ALA [38,56,57]. 

Recently, mTHPC-based PDT has been shown to have equivalent complete response rates to 

surgery and/or chemo-radiotherapy but with lower morbidity and better cosmetic results [57–60]. 

Furthermore, a cost-effectiveness analysis in the UK and in Germany revealed that palliative 

mTHPC-based PDT against advanced head and neck cancers increased the patient´s life quality 

when compared to traditional palliative surgery/chemotherapy that is associated with several side 

effects. Additionally, mTHPC-based PDT was more advantageous from the economical 

perspective [38]. 

Nonetheless, the use of temoporfin is not absent of adverse effects. One of the greatest 

disadvantages of using temoporfin is the lasting skin photosensitivity in the following weeks which 

requires patients to avoid sun exposition. Other side effects include mild to moderate pain in the 

treatment area. This photosensitivity is due to a slow distribution of temoporfin from the blood into 

the peripherical tissue, most likely caused by its aggregation in the blood which is followed by the 

slow monomerization process, after which it binds to lipoproteins [38]. In fact, the poor solubility 

of temoporfin in aqueous solvents is another issue that brings additional challenges related with to 

its pharmaceutical development. For instance, Foscan®, contains temoporfin dissolved in mixture 
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of ethanol anhydrous and propylene glycol, is administered very slowly by infusion to minimize 

aggregation at the administration site [61]. This has created a shift in development research for the 

search of alternative pharmaceutical formulations such as Fospeg® and Foslip®, which consist of 

polyethylene glycol (PEG) derivatives of mTHPC and liposomal formulations, respectively. These 

delivery vehicles change mTHPC solubility and size, which increases its tumour:tissue distribution 

and thereof, the treatment specificity [38,62]. Nevertheless, to further improve PDT with 

temoporfin, efforts have been carried out to upgrade temoporfin as a third-generation PS [62]. 

Improvement of second-generation PSs has been attempted through their conjugation to targeting 

motifs that have higher affinity to tumour cells or by taking advantage of a variety of drug delivery 

strategies. The prime goal of these approaches is to enhance cancer-specific targeting while sparing 

normal tissues (e.g. skin) [29]. In addition, heightened tumour accumulation and/or cell 

internalization is expected to improve the efficacy of the PDT treatment as well. 

 

 

The concept of a “magic bullet” consisting of an entity with the ability to search and bind to a target 

providing a therapeutic action only in that target, was first coined by Paul Ehrlich in the beginning 

of the 20th century [63]. Since then, the concept of targeted drug delivery has motivated the 

development of a variety of approaches that range from simple bioconjugates (targeting ligands 

attached to pharmaceutical drugs)  to the development of sophisticated and complex drug delivery 

systems with highly controlled properties [64]. 

Some anti-cancer drugs benefit from the enhanced permeability and retention (EPR) effect which 

facilitates tumour accumulation. This effect is explained by the deregulated tumour angiogenesis 

that leads to the formation of leaky blood vessels as well as by the poor lymphatic drainage of 

tumour tissues [1,51,65]. However, most traditional anti-cancer therapeutics lack tumour 

specificity which is associated with accumulation in both healthy and tumour tissue 

indiscriminately. This leads to debilitating side effects and a decreased efficacy of the treatment 

[1]. As mentioned above, PDT already offers some tumour selectivity, resulting from the 

photoactivation of PS only at the irradiated region. Additionally, amphiphilic and lipophilic PSs 

are known to favour interaction with low-density lipoproteins (LDL), which in turn have a 

preferential accumulation at tumour sites [66]. Still, combining the use of targeting strategies with 
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PDT will considerably improve therapeutic outcomes namely by reducing side-effects, such as skin 

photosensitivity and/ or by enhancing cell internalization [1]. 

An ideal ligand-targeted PS must enable an effective delivery specifically to the cancer cells. As 

illustrated in Figure I–6, after intravenous administration (Figure I–6, step 1), and by taking 

advantage of the EPR effect (Figure I–6, step 2), the ligand-targeted PS should accumulate in the 

tumour tissue where it can be internalised by the cancer cells, which typically occurs through 

receptor-mediated endocytosis. It might be release into the cytosol and be accumulated in another 

subcellular compartments or remain entrapped in the endocytic vesicle. After the appropriate DLI, 

the irradiation of the tumour (Figure I–6, step 3) allows for photons to be absorbed by the PS which 

leads to the generation of ROS. The generated oxidative stress and associated damage culminates 

in the activation of different mechanism of cell death and thereof, destruction of the tumour [1]. 

 

Figure I–6. Graphical representation of a targeted-ligand PS administered intravenously and internalized 

through receptor-mediated endocytosis. Adapted from Gierlich et al. [1]. 
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Besides the targeting of cancer cells, it is important to consider the dynamics of the tumour 

microenvironment. Benefits might be achieved by targeting other cell populations that support 

tumour development and aggressiveness [1,3–5], such as: cancer stem cells, the endothelial cells 

from tumour angiogenic blood vessels, tumour-associated macrophages, and tumour lymphatic 

endothelial cells [67]. 

 

Normal cells are dependent on the presence of growth signals (i.e., diffusible growth factors, 

extracellular matrix components, and cell-to-cell adhesion molecules) to go into a proliferative 

state. In cancer cells, this exogenous dependency has been overruled by the cancer cell itself, by 

generating the growth signals it needs by modulating: (1) the extracellular growth signals, (2) their 

transcellular transducers, or (3) the intracellular translation mechanisms of those signals [4]. This 

acquired self-sufficiency in growth signals became one of the core hallmarks of cancer, as it 

provides enough stimulus to enable the rapid proliferation of cancer cells. The enhanced production 

of growth factor by cancers, leads to the overexpression of transmembrane receptors that are 

responsible for transducing growth signal stimulus [4,5,65]. In fact, a large number of cell-surface 

receptor are often overexpressed in cancer cells, and other cells of the tumour microenvironment, 

to accomplish tumour growth invasion and metastasis. These receptors can be explored as 

candidates for ligand-targeted cancer therapy. 

 

Receptors tyrosine kinase (RTK) are membrane receptors activated through their high-affinity for 

growth factors involved in cell proliferation, such as the fibroblast growth factor receptor (FGFR) 

and the epidermal growth factor receptor (EGFR). This class of receptors are known to be 

overexpressed in several types of cancers [65]. The human FGFR consist of a family of four 

transmembrane receptors from the immunoglobulin superfamily (FGFR1 – FGFR4) that present 

varied levels of overexpression depending on the localization and type of cancer. For instance, 

FGFR1 overexpression is usually found in non-small cell lung carcinoma and metastatic breast 

cancer. In prostate cancer, it is found overexpression of FGFR1, FGFR2, and FGFR4. Papillary 

thyroid carcinoma presents overexpression of FGFR1 and FGFR3, while overexpression of only 

FGFR2 is more common in gastric cancers [65,68,69]. 

As for the human EGFR family (human epidermal receptors 1 – 4; HER1 – HER4), they have been 

widely used in targeting therapies for the treatment of cancers of different histological origin such 

as: head and neck, lung, breast, bladder, cervical, and ovarian cancers, where these family of 

receptors is found overexpressed. Their relevance for cancer progression is confirmed by the 
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correlation between high levels of expression and malignancy as observed in several types of 

cancers [1,65,70]. The monoclonal antibody (mAb) cetuximab has received the approval of FDA 

in 2004 and it is currently used for the treatment of advanced metastatic colorectal and metastatic 

head and neck squamous cell cancers. [13,70,71]. The HER2 is unique within the EGFR family, 

because it has no endogenous ligand, but it is the preferred for dimerization with the others EGFR. 

This makes it an attractive target in therapies for HER2-positive cancers such as breast cancer. For 

instance, the mAb trastuzumab is clinically approved since 1998 for HER2-positive breast cancer 

which represent ca. 20-30% of the diagnosed breast cancers [1,16,72–74]. Numerous works have 

demonstrated that cetuximab, trastuzumab, as well as other antibodies targeting the EGFR family, 

are targeting moieties with the potential to guide drugs towards cancer cells [1,44,65,70]. 

 

Another type of receptors commonly found overexpressed in cancer, namely breast and ovarian 

cancer, are hormone receptors, such as the oestrogen receptor (EsR) and the progesterone receptor 

(PgR). The EsR can be found in two isoforms that bind the endogenous oestrogens: the αEsR, 

expressed in breast, ovary, and endometrium tissues, and the βEsR expressed in the kidneys, central 

nervous system, cardiovascular, prostate, and bone tissues. The overexpression of isoform αEsR in 

over 70% of breast cancers has led to its study as a therapeutic target and prognostic marker in this 

type of disease [75]. Similarly, the PgR can be found in two different isoforms (PgR-A and PgR-B) 

in normal uterus, ovary, and brain tissues. Its low expression in normal breast cells easily contrasts 

with PgR overexpression in cancerous breast tissue, so the presence of these receptors in breast 

cancer cells can also be used as an indicator of the prognosis [75]. 

The androgen receptor (AR) is another hormone receptor found to be overexpressed in certain 

triple-negative breast cancer (TNBC), such as the luminal AR subtype [75–77], making it an 

interesting target. The use of antiandrogens such as bicalutamide [78], abiraterone [79], and 

enzalutamide [80] has been investigated in clinical trials targeting the AR pathway, where the latter 

showed to be the more potent of the three (29% clinical benefit after six months, compared to the 

approximately 20% found for the other two) to treat AR-positive TNBC patients, thanks to 

inhibiting androgen binding, AR translocation to the nucleus, and subsequent transcriptional 

process [77]. 

 

Integrins are a family of heterodimeric cell surface transmembrane receptors that mediate 

interactions between the cell cytoskeleton and the extracellular microenvironment, being essential 

to the migration, invasion, proliferation, and survival of tumours. They are usually found in 
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activated endothelial cells and overexpressed in lung, breast, melanoma, prostate, ovarian, and 

brain tumours – opposed to resting endothelial cells and normal organs – making them potential 

targets for cancer therapy and imaging [1,65,75,81,82]. Integrins αvβ3 and αvβ5 are the most 

overexpressed integrins, leading to their frequent use as neoplastic markers. Cyclic or linear 

derivatives of RGD (Arg-Gly-Asp) oligopeptides have been exhaustively studied as ligands with 

high affinity to the mentioned integrins [1,75,83]. Another relevant ligand for αv integrins is the 

mAb abituzumab with the potential to supress metastasis. Although initial preclinical results 

demonstrating tumour growth blockade [82], later phase clinical trial outcomes were disappointing 

[81,84]. 

 

The increased need for growth factors, such as transferrin and vitamins, by the highly proliferating 

cancer cells is responsible for overexpressed receptors for these molecules [5,65]. 

Transferrin receptors (TfR) ensure iron uptake by the cells and can be divided in TfR1 and TfR2 

subtypes: TfR1 (or CD71) can be found in most normal tissues at low levels while TfR2 is only 

found in hepatocytes. When dealing with cancer cells, the expression levels of TfR1 are known to 

be increased up to 10-fold in breast, ovary, and brain cancers. Its high expression in the blood-brain 

barrier is also an advantage as a target for drugs that need to enter the nervous system [1,65,85]. 

As for vitamins, the most investigated receptors are the ones for vitamins B7 and B9, also known 

as biotin and folate, respectively. The biotin receptor is a sodium-dependent multivitamin 

transporter that has gained more attention since it was known to be overexpressed in several 

cancers, such as colon, breast, renal, lung and leukaemia, at very high levels [1,65,75]. For this 

reason, biotin has been investigated as a ligand for imaging [86] and targeted drugs or theranostic 

agents [87–90] in cancer cells. 

Folate can be internalized by cells through three mechanisms. The most common way is through a 

transmembrane protein known as reduced folate carrier that is found in normal cells. At low pH 

levels, such as the one observed at upper the gastrointestinal tract, the proton-coupled folate 

transporter assumes an optimal activity. However, it is the glycosyl-phosphatidylinositol-anchored 

receptor, known as folate receptor (FR), the receptor most extensively investigated in cancer. FR 

have high-affinity for folate (KD ~ nM) and mediate its internalization via endocytosis. FR can be 

divided in three isoforms: FRα, which is mainly expressed at the apical surface of polarised 

epithelial cells (except in kidney, lung, and choroid plexus); FRβ, which is limited to the placenta; 

and FRγ, which is expressed at low levels in haematopoietic tissues [1,65,75,85,91]. 
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FRα is found overexpressed in cancers of different histological origin (like ovary, brain, breast, 

endometrial, pancreatic, kidney, and lung cancers), but is usually expressed at negligible levels in 

normal cells. Its increased expression in cancer cells has been used for identification of malignant 

cells and as a prognostic factor for the expected aggressiveness of the cancer [75,92,93]. 

Targeting approaches focused on the overexpressed FRα enable a certain degree of cancer 

selectivity not only by its expression but also its accessibility to blood flow. This selectivity can be 

further increased by designing conjugates that are not recognized by the facilitative routes of folate 

internalization used by normal cells – reduced folate carrier and proton-coupled folate transporter 

[75,85,91,94] – such as the antifolate AGF102 [95,96] which has absolute selectivity towards FR 

over the other folate transporters by replacing one of the fused rings with a thiophene moiety. With 

folate being essential in cell proliferation and synthesis of purines and thymine, the dependency of 

cancer cells on this receptor has been exploited for therapeutic purposes in a wide range of human 

carcinomas (Figure I–7). Additionally, targeting FRα, namely by means of folate, is one of the 

targeting approaches most used to improve the selectivity and/or uptake of anti-cancer agents of 

varied nature[1,65,75,85,93]. 

 

Figure I–7. Overexpression of FR in human cancer tissue compared to their normal levels. 

Average data adapted from Parker et al. [93], includes both α- and β-isoforms of the FR. 
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One promising approach to improve PDT efficacy while reducing undesirable side effects relies on 

the covalent attachment of PSs to ligands that are specifically recognised and, eventually, 

internalized by cancer cells. Ligands of diverse nature (such as antibodies, proteins, peptides, and 

small molecules) have been used for a long time. Some of the most promising targeted-PS 

bioconjugates are then discussed. 

 

Antibodies and their fragments are ones of the most used targeting-ligands with PS due to its 

popularity with the progression of personalized medicine. With high affinity and specificity for the 

target, as well as stability in vivo, their greatest disadvantages are the potential immunogenicity, 

high production cost, and their large size [97–100]. Nanobodies and affibodies (peptide mimetics 

of antibodies) partially solve these problems, while retaining the high specificity for the target, but 

their small size may lead to a high rate of blood clearance [101–103]. 

The water-soluble silica phthalocyanine-based PS IRDye700DX (IR700) has been conjugated to 

different mAbs and could be considered one of the most promising examples of this class of 

conjugates [1]. Initial studies performed with anti-EGFR mAb (trastuzumab or panitumumab) 

showed not only preferential in vitro accumulation of the PS at the A431 cell membranes, but also 

necrotic cell death upon illumination at 690 nm. In vivo specific A431 (epidermoid) and 3T3/HER2 

(breast) tumour accumulation and shrinkage were also reported (300 µg/mouse, DLI = 24 h, LD = 

30 J/cm2) [104]. The same strategy was applied for bladder cancer treatment, either in monotherapy 

with panitumumab-targeted IR700 [105] or upon combination of the latter with 

trastuzumab-targeted IR700 [106]. Additional works have demonstrated that this strategy can be 

effective for tumours of different histological origin by using antibodies against relevant targets: 

prostate cancer (prostate-specific membrane antigen) [107,108]; oral cancer (CD44); lung cancer 

(delta-like protein 3) [109,110]; glioblastoma (CD133) [111]; and melanoma (CD146) [112]. In 

2020, the cetuximab-targeted IR700 (named as cetuximab saratolacan) was approved by the 

Japanese government, under the trade name of Akalux®, for the treatment of recurrent and/or 

advanced head and neck squamous cell cancer, thus becoming the first antibody-photosensitizer 

conjugate in clinical use [113,114]. 

IR700 bioconjugates mainly kill cancer cells by accidental necrosis through a mechanism that was 

recently highlighted by Sato et al. [115]. By using trastuzumab, panitumumab, or 

cetuximab-targeted IR700, the authors showed that the bioconjugates remain at the cell membrane 

without further cell internalization. After irradiation at 690 nm, a light-induced reaction occurs 
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leading to the release of the ligand. This affects the physical properties of the conjugate, inducing 

physical stress. The latter leads to the disruption of the cell membrane, cell swelling, followed by 

bursting of the membrane. Importantly, this enables the release of the intracellular content 

(including danger associated molecular patterns), thereby triggering the activation of the host 

immune system [115]. This systemic response contributes to the long-term control of the disease 

and further therapeutic improvements can be achieved through combination with ICB inhibitors 

[1]. For instance, combination of cetuximab-targeted IR700 with blockade of the PD1/PLL1 axis 

resulted in complete rejection of MC38 tumours and inhibition of distant (and not illuminated) 

metastasis [1,114,116]. Phase 1/2 clinical trials (NCT04305795) of cetuximab-targeted IR700 

combined with the anti-PD1 mAb pembrolizumab are underway in patients with recurrent or 

metastatic head and neck squamous cell cancer, or advanced cutaneous squamous cell carcinoma 

[114]. 

IR700 has also been studied in conjugation with nanobodies [117–119] and affibodies [120] 

targeting HER2 with promising in vitro results [1]. Driel et al. [117] demonstrated that a 

EGFR-targeted nanobody-IR700 conjugate selectively accumulated, as soon as 1 h post-injection, 

in orthotopic head and neck tumours, leading to ca. 90% tumour necrosis while sparing adjacent 

healthy tissues [117]. Heukers et al. [118] recently published the use of a nanobody to target cancer 

cells overexpressing the receptor tyrosine kinase c-Met. The nanobody-IR700 conjugate 

specifically killed gastric MK45N cancer cells in the nanomolar range [118]. De Groof et al. [119] 

reported another nanobody-IR700 conjugate to target cells expressing US28, a viral G 

protein-coupled receptor that has an oncomodulatory effect in the progression of glioblastoma. PDT 

with this bioconjugate showed enhanced anti-cancer effects, both in 2D and 3D in vitro cultures, 

by improving cell uptake. Preclinical studies revealed improved tumour penetration and faster 

clearance, in comparison to an anti-US28 mAb-targeted IR700 conjugate, which highlight the 

benefits of nanobodies over classical antibodies [119]. On other work, Yamaguchi et al. [120] 

reported the conjugation of IR700 to an affibody targeting HER2, where there was an obvious 

selectivity of the conjugate for HER2-overexpressing breast cancer cells. This was correlated with 

a strong phototoxic effect mirrored in the low cell viability measured [120]. 

 

The use of peptides, opposed to mAb, have low costs of production, are biocompatible, and easy to 

conjugate, while still having high specificity and affinity for the target. Although they do have less 

stability in vivo, this might be modulated through chemical modifications [121,122]. 

The EGFR-targeting peptide GE11 [123] discovered through phage-display has been significantly 

studied in conjugation with different PSs [1]. Yu et al. [124] reported enhanced in vitro 
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accumulation and phototoxicity in EGFR-positive cancer cells (A431 cell line) treated with a 

GE11-phthalocyanine (i.e., 1,4-bis(triethylene glycol)-substituted carboxyl ZnPc) conjugate. This 

bioconjugate also preferentially accumulated in EGFR-positive A431 tumours in vivo, although, 

PDT studies were not performed being difficult assess the real therapeutic value of the proposed 

strategy. The same peptide conjugated to chlorin e4 (named as RedoxT) showed specific 

accumulation, both in vitro (HCC70 cells) [125] and in vivo (TNBC cell lines MDA-MB-213 and 

MDA-MB-468 cells) [126]. Another promising strategy can be found in the work of Xu et al. [127] 

with the conjugation of a phthalocyanine (mono-substituted β-carboxyl ZnPc) to 

gonadotropin-releasing hormone (GnRH) peptide analogues (the native peptide, conjugate 1, and a  

D-Lysine anchoring point that substituted the original sixth residue glycine, conjugate 2). The 

analogue bioconjugate with D-Lys6 showed higher selectivity and phototoxicity, both in vitro and 

in vivo towards breast cancer, than the free phthalocyanine. It is also of note that the optimised 

D-Lys6 analogue inhibited the blood-brain barrier crossing that is typically observed with other 

ligands targeting the GnRH receptor. Less skin accumulation was also observed. Thus, the latter 

conjugate constitutes a valuable targeting approach for breast cancer [127]. 

More recently, Zhang et al. [128] developed an approach with the intent of targeting the cell 

membrane of cancer cells without promoting cellular internalisation. For this, PpIX was conjugate 

to a K-Ras-derived peptide (PCPK) which has the ability to target the plasma membrane. The 

photoactivated bioconjugate was able to destroy the cellular membrane of 4T1 cells at low 

concentrations, allowing a fast release of damage-associated molecular pattern and immunogenic 

cell death. Both in vitro (4T1 cell line) and in vivo (4T1 tumour-bearing mice) assays showed 

increased anti-tumour effects of the conjugate when compared with its non-targeted counterpart. 

The triggered anti-tumour immunity permit to inhibit the growth of contralateral, non-illuminated, 

tumours and was potentiated upon combination with PD-1 blockade [1,128]. 

 

With small molecules, the high affinity and specificity for the target continues to be secured, with 

the advantages of low production costs, longer shelf-life, and minimal immunogenicity. 

Disadvantages include off-target toxicity when dealing with high doses, or competitive binding 

when dealing with endogenous ligands [1,85,129,130]. Endogenous ligands have been used to 

enhance cell internalization and specificity of PSs to cancer cells. Examples include biotin [131–

133], testosterone [134] or carbohydrates [135,136]. Yet, transferrin and folate are likely the most 

used endogenous ligands, included in PDT. Although more frequently explored in nanocarriers for 

the targeted delivery of PSs, a few works have reported the synthesis of bioconjugates, with 

transferrin or folate, with improved selectivity for cancer cells [64].In 1994, Hamblin and Newman 

[137] were the first to report the conjugation of transferrin to haematoporphyrin. Their studies 
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revealed that there was an improvement in the internalization of transferrin-targeted 

haematoporphyrin by HT29 cancer cells and normal fibroblasts (3T3), which increased the 

phototoxicity of hematoporphyrin. However, the improved uptake was only observed in an 

iron-deficient environment (that leads to upregulated transferrin receptors) and in a medium 

supplemented with polycations (to increase binding to cell membranes). With this knowledge, it 

was anticipated that the in vivo translation of this targeting approach would be challenged by 

competition with the native form of transferrin. Cavanaugh [138] renewed the attention on TfR1 as 

a PDT target and developed a method for the conjugation of chlorin e6 to transferrin, involving the 

preliminary binding of the protein to quaternary amino ethyl-sephadex. The transferrin-targeted 

chlorin e6 had the ability to kill in vitro breast cancer cells at concentrations 10- to 40-fold lower 

than the ones used with the free chlorin e6. More recently, Kaspler et al. [139] reported the 

conjugation of a ruthenium (II)-based PS (known as TLD1433) with transferrin. The TLD1433 

conjugate showed enhanced uptake and phototoxicity in rat bladder cancer cells when compared 

with the non-targeted control. In vivo studies with mice bearing the highly immunogenic 

CT26.CL25 tumours revealed approximately 70% of overall survival with the transferrin-targeted 

conjugate (50 mg/kg, 600 J/cm2 at 808 nm), whereas only ca. 30% was attained with the ruthenium 

complex alone [1,140–142]. 

Transferrin enables efficient uptake while FR is best known for the enhanced tumour-specificity. 

By using folate, it is possible to target FR overexpressed in cancer cells while avoiding normal 

tissue where FR are found in negligible levels [65]. 

Folate is an inexpensive, non-immunogenic small molecule of 441.40 Da. It is considerably stable 

in different temperatures and pH values and is still able to bind to FR after conjugation through the 

γ-carboxylate groups. This is possible as the γ-carboxylate domain is found outside the binding 

pocket [65,75]. These characteristics make folate an attractive ligand for targeting, [64] and a few 

folate-targeted PSs have been described [1]. The γ-carboxylate groups in folate facilitates its 

conjugation through condensation with amino groups as shown by Stallivieri et al. [143] and 

Suvorov et al. [144]. In their synthetic work, this methodology was used to conjugate different PSs 

((e.g., 5,10,15,20-tetraphenylporphyrin (TPP), PpIX, 5,10,15,20-tetraphenylchlorin, chlorin e6, 

pheophorbide a and zinc(II) phthalocyanines)) to folate. The same strategy can be applied to a 

linker/spacer, as shown by Yang et al. [145] in their work by conjugating folate to a platinum (II) 

porphyrin complex through an ethylenediamine linker. In this case, the activation of the carboxylic 

acids from both folate and the PS allowed the formation of amide bonds with the linker (first the 

folate, followed by the PS), yielding a new folate-targeted PS selective for FRα-positive cell lines 

(HeLa cells). In vitro studies confirmed the endocytosis of the conjugate by HeLa cells, as opposed 

to the FRα-negative cell line (A549 cells). This was correlated with higher phototoxicity, with a 

decrease of 78% of the viability of the FRα-positive cell line whereas only 25% of cell death was 
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attained in the FRα-negative cell line. Similarly, another folate-PS conjugate involving a 

π-extended diketopyrrolopyrrole-porphyrin was also shown to be selective for FRα-positive HeLa 

cells [146]. 

In addition to these in vitro examples, Liu et al. [147] recently reported an in vivo validation of the 

benefits of using folate-targeting conjugates. In their work, conjugation of pyropheophorbide to 

folate was achieved by means of a 1 kDa PEG spacer. Studies in a mouse model of nasopharyngeal 

epidermoid carcinoma showed that the folate-targeted bioconjugate exhibit higher tumour 

accumulation and photodynamic activity, when compared with the free PS or the non-targeted 

controls. Inferior results were reported with folate-targeted PS without the PEG spacer that 

highlights the importance of PEG to increase blood circulation times, which are needed to take 

advantage of the EPR effect. The PEGylated folate-targeted PS was able to eradicate subcutaneous 

KB tumours in BALB/c nude mice, at a considerably reduced dose (60 nmol/mouse, DLI = 4 h, DL 

= 180 J/cm2 at 670 nm) and no recurrence occurred in the 90 days following treatment, unlike PDT 

with the non-targeted PS or with the non-PEGylated targeted PS [1,147]. 

Gravier et al. [148] also reported the synthesis of a folate-targeted PS conjugate using a 

temoporfin-like chlorin. Selective accumulation (tumour:tissue ratio 5:1) of the conjugate was 

observed in nude mice xenografted with KB tumours (FRα-positive model) when compared to the 

HT29 tumours (FRα-negative model), 4 hours after intravenous injection (2.2 x 10-6 mol/kg). In 

contrast, similar tumour accumulation was found for free temoporfin on both tumour mouse 

models. Although this work provided evidence for increased selectivity of the folate-targeted 

conjugate, phototoxicity was not evaluated in vivo [148]. 

 

Although there have been several improvements regarding cell internalization, as observed in vitro 

in different cancer cells, ligand-targeting approaches still display little success in vivo with 

tumour-bearing mice. Some studies even show similar tumour accumulation for targeted- and 

non-targeted drugs upon systemic administration [149]. This highlights the importance of the 

pharmacokinetics of the targeted drug and of the tumour pathophysiology, rather than solely the 

presence of a ligand, for effective tumour accumulation. For instance, only up to 0.01% of a targeted 

radiotherapy with a high binding antibody was shown to achieve tumour accumulation [150–152]. 

Still, it is important to emphasise that, at the tumour level, the presence of the targeting-ligand 

might enhance cellular internalization which is expected to improve therapeutic outcomes when 

compared with free drugs [1]. In addition, it is important to mention that despite the knowledge and 
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advances on conjugate systems, there is still the need for suitable and general synthetic methods 

for the "linker" chemistry when preparing conjugates [62]. 

The literature review herein presented serves its purpose as a general introduction to this doctoral 

thesis, which aimed at obtaining a new strategy for targeted-PDT with mTHPC, or its derivatives. 

To achieve this goal, novel chlorins related to mTHPC were synthesized following the [8π+2π] 

cycloaddition method previously developed within our group by Pinho e Melo et al. [153–157]. 

This permits to easily functionalise them with a targeting moiety to obtain conjugates that could act 

as third-generation PSs. For proof-of-concept of the developed methodology, folate was used as 

the targeting moiety. After synthesis and in silico evaluation of the obtained folate-targeted 

conjugate, the latter was submitted to photophysical characterisation. This was followed by in vitro 

studies that aimed to assess their cellular internalization and phototoxicity, both in cancer and 

non-cancer cells. In all the in vitro studies, the clinically-approved temoporfin was included as 

control. 

Overall, this thesis provides a synthetic pathway to obtain a mTHPC derivative that can be easily 

conjugated, by “click” chemistry, to different targeting moieties, namely the development of 

folate-targeted bioconjugates. Currently, new biotin conjugates are under investigation. 
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The work presented herein aims to contribute with a new strategy for targeted-photodynamic 

therapy (targeted-PDT), focusing on “clickable” chlorin derivatives of 

meso-tetrakis(3-hydroxyphenyl)chlorin (mTHPC). The goal of the project was to develop a 

proof-of-concept to increase the specificity of PDT, since the lack thereof in most photosensitisers 

(PSs) – as mentioned in the previous chapter – is one of the few disadvantages of this technique. 

With the development of an efficient synthetic strategy to obtain targeted-PSs, the scope of 

third-generation PSs could be expanded and with simple variations of the warhead used target 

different receptors. The research developed on this subject was reported in the present thesis, 

divided in five parts, from Chapter III to Chapter VII. Chapters I and II present an introductory 

review of the theme of this thesis, concluding with the general outline of the work developed. 

In Chapter III, the full synthetic pathway for novel chlorins is described. From the synthesis of 

the precursors to the choice of derivatisation to allow the study of the effects of amphiphilicity of 

the chlorins, afterwards. Furthermore, within this study we were able to expand the scope of the 

[8π+2π] cycloaddition method for the synthesis of chlorins, previously developed by Pinho e Melo 

et al. [153–157], developing novel chlorins focused on mono-functionalisation. The production of 

a novel chlorin with a chemical function to be used in “click chemistry” workflows was a critical 

milestone of the present work. 

Chapter IV focuses on the in silico analysis of the interaction of a chlorin conjugate with its 

biological target (i.e., folate receptor; FR) and the synthesis of the conjugate, which combines a 

folic acid (FA) “warhead”, a polyethylene glycol (PEG) spacer, and the synthesised “clickable” 

chlorin. The analysis involved an in-depth investigation of the three-dimensional structure of the 

biological target and the putative molecular interactions with the FA moiety of the conjugate. This 

was followed by a molecular docking study to assess the feasibility of binding of the conjugate to 

FR. With the predicted ligand poses evaluated, the synthesis of the designed conjugate was 

performed. 

The photophysical and photochemical characterisation of the new chlorins and the synthesized 

conjugate is reported in Chapter V. Using mTHPC as a positive control for comparison, the newly 

synthesised compounds were thoroughly characterised to ensure their viability as PSs. 

In Chapter VI, in vitro studies with normal (negative for the target receptor) and/or cancer (positive 

for the target receptor) cell lines were performed to evaluate compound toxicity in the dark, 

phototoxicity, and cellular uptake. Furthermore, subcellular localisation of the compounds is also 

described in this chapter. 

Lastly, Chapter VII contains the general conclusions obtained from the work reported in this 

dissertation, as well as a brief discussion of the future perspectives.  
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As mentioned in Chapter I, tetrapyrrolic macrocycle structures are among the most used 

photosensitisers (PS), since their physicochemical properties encompass most characteristics of 

interest to a PS, namely the strong light absorption within the phototherapeutic window (600-850 

nm) and the ability to generate a significant amount of reactive oxygen species (ROS) when 

irradiated [23,29,32,48,158]. Chlorins present the advantages of being irradiated at wavelengths 

that allow deeper tissue penetration than porphyrins and being overall more photostable than 

bacteriochlorins [23,158–160], which is why this class was chosen for the development of the novel 

PS described in this chapter. 

Chlorins can be fully synthesised using methods like the “2+2” condensation from two dipyrrolic 

compounds (that also have to be previously prepared) as described by Jacobi et al. [161], Lindsey 

[162], and Montforts et al. [163,164], and, similarly, the “3+1” approach proposed by Burns et al. 

[165], or cyclisation starting from bilatrienes as reported by Battersby et al. [166]. While these 

approaches remain to be of interest for obtaining multi-substituted chlorins [167], the simpler way 

to synthesise chlorins is by derivatisation of the porphyrinic core. Some examples of chlorins 

synthetised by this synthetic strategy include a few of the most relevant clinical chlorins, such as 

temoporfin (Foscan®; mTHPC; 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin) [36,42,43], 

verteporfin [168,169], and talaporfin (chlorin e6) [167,170–172]. 

Temoporfin (chlorin III.2 in Scheme III-1) is still considered one of the most active PS, having 

been synthesised in 1989, by Bonnett et al. [36]. Temoporfin was obtained through diimide 

reduction of its respective porphyrin (Scheme III-1), a method first developed by Whitlock et al. 

[173] that has since then been adapted to obtain meso-tetraarylchlorins in improved yields. Another 

method to obtain chlorins from porphyrins is through oxidation with OsO4, first described by 

Fischer et al. [174], but only reported later by Dolphin and Brückner [175] on the oxidation of 

meso-tetraphenylporphyrin and its zinc complex leading to their respective 

2,3-vic-dihydroxy-meso-tetraphenylchlorins. Furthermore, they also confirmed the success of OsO4 

oxidation for derivatives with different substituents at the meso-phenyl group (2,5-dichlorophenyl, 

4-sulfonatophenyl, 3,4,5-trimethoxyphenyl, 4-nitrophenyl, 3-hydroxyphenyl, 

4-carbomethoxyphenyl), with different metal complexes (Zn(II), Fe(III)Cl, Cu(II)), as well as with 

meso-tetrapyridylporphyrin and 5,15-diphenylporphyrin. These results led Dolphin and Brückner 

to consider this oxidation methodology general for meso-arylporphyrins and their metal complexes 

[175]. 
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Scheme III-1. Bonnett et al. [36] synthesis of temoporfin III.2, through Whitlock’s method [173]. 

However, the interest in alternatives to the synthesis of chlorins through reduction or oxidation kept 

pushing researchers to the development of other approaches, namely cycloaddition strategies by 

exploring the beta positions of the pyrrole units. Johnson et al. were the first [176] to describe the 

participation of protoporhyrin IX as a diene in Diels-Alder reaction with dimethylacetylene 

dicarboxylate (DMAD) obtaining a mixture of products including an isobacterioclorin and the 

isomeric chlorins (later identified by Dolphin et al. [177]). 

In 1997, Cavaleiro et al. [178] published their research on the first use of porphyrins as dienophiles 

in the Diels-Alder reaction (Scheme III-2). The porphyrins III.4 reacted with 

o-benzoquinonedimethane (formed after the extrusion of SO2 from the sulfone), successfully 

obtaining the chlorins III.5, as well as the oxidated porphyrin III.6 and naphthoporphyrin III.7 (the 

yields for the different substituents were similar to the ones reported for the derivatives of III.4a) 

[178]. 
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Scheme III-2. Chlorins and derivatives obtained by a Diels-Alder approach, as described by Cavaleiro et al. 

[178]. 

The same group reported the use of meso-tetraarylporphyrins in 1,3-dipolar cycloadditions (Scheme 

III-3) [179,180] by using porphyrins III.8a and III.8b, with electron-withdrawing substituents at 

the meso-aryl groups, acting as dipolarophiles in the reaction with azomethine ylides obtaining 

chlorins III.9 together with the formation of isobacteriochlorins III.10. The azomethine ylides were 

generated in situ from the reaction of N-methylglycine with p-formaldehyde. Using less reactive 

porphyrins (e.g., III.4a and III.4c), the corresponding chlorins were obtained in low yields as the 

only isolated macrocyles. Using an excess of azomethine ylides percursors led to the production of 

a mixture of bis- and trisadducts [180]. 
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Scheme III-3. Chlorins and isobacteriochlorins obtained by 1,3-dipolar cycloaddition, as described by Cavaleiro 

et al. [180]. 

These cycloaddition protocols, where porphyrins act as dieno- or dipolarophiles, produce chlorins 

with higher stability than the ones obtained through diimide reduction. This was one of the reasons 

that led Pinho e Melo et al. [153,154] to research 1,7-dipolar reactions with diazafulvenium methide 

anions, 1,7-dipoles with eight π-electrons. By exploring the reactivity of this intermediate the group 

reported a novel [8π+2π] cycloaddition approach to chlorins by the reaction of in situ generated 

diazafulvenium methide III.12 with porphyrins. It was also demonstrated that the novel chlorins 

participate in [8π+2π] cycloaddition reactions with diazafulvenium methide III.12 to give a new 

type of bacteriochlorin (Scheme III-4) [153,154].  

 

Scheme III-4. Chlorins obtained by [8π+2 π] cycloaddition, as described by Pinho e Melo et al. [153,154]. 

As a matter of fact, in 2010 Pinho e Melo et al. [154] successfully reported the synthesis of new 

and stable 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins III.14 derived from  

meso-tetraarylporphyrins (III.4a-c, III.8, and III.13a-c) via microwave-induced [8π+2π] 

cycloaddition reactions. Furthermore, chlorins III.14 can undergo another [8π+2π] cycloaddition 

to obtain the respective 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused bacteriochlorin, with the 
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second ring in cis configuration. Since then, the group has reported further developments on the 

scope of this route, describing novel chlorins (e.g., derivates with different functionalities at the 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine moiety [155,157] and 

5,10,15,20-tetrakis(pentafluorophenyl) chlorin derivatives [156]) with promising photodynamic 

activity against melanoma [155], bladder [157], and oesophagus [155–157] cancer cells. They have 

also broadened their synthetic scope through the incorporation of platinum (II) into the structure of 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins, reporting in vitro (human A375 

melanocytic melanoma cells) and in vivo (Balb-c mouse model inoculated with A375 subcutaneous 

tumour) efficacy of these Pt(II)-4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins as 

potential theranostic agents for melanoma [49,50]. 

The interesting features of this novel type of 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused 

chlorins with intense absorption bands ca. 650 nm led us to select the [8π+2π] cycloaddition 

approach as the strategy to develop our targeted-PSs for photodynamic therapy (PDT). 

 

The presence of hydroxyl groups at the meta positions of the aryl groups of 

meso-tetraarylporphyrins has been known to improve PS accumulation in tumour tissue and 

solubility [39–41], and these properties seem to translate to meso-tetraarylchlorins, which might be 

the reason why temoporfin III.2 is still one of the most active PS to date [32,42,43]. As such, we 

chose to use [8π+2π] cycloaddition of diazafulvenium methides to porphyrins to obtain new 

chlorins with this desired 5,10,15,20-tetrakis(3-hydroxyphenyl) core, as well as other derivatives 

with different degrees of hydrophilicity for comparison of phototoxic activity. 

The first step was the synthesis of the meso-tetraarylporphyrin III.17, using the Adler-Longo’s 

method [181,182], as shown in Scheme III-5. We started with the protection of the hydroxyl groups 

of the benzaldehyde III.15 with acetic anhydride, obtaining III.16 in very good yield (98%). 
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Scheme III-5. Synthesis of 5,10,15,20-tetrakis(3-acetoxyphenyl)porphyrin (III.17). 

For the porphyrin synthesis, we allowed the Adler-Longo’s reaction to occur in the presence of 

oxygen and undergo conventional heating. A solution of m-acetoxybenzaldehyde III.16 in glacial 

acetic acid was brought to reflux for 10 minutes followed by the slow addition of 1 equiv. of pyrrole. 

After further heating, the product was purified and recrystallised from methanol, giving porphyrin 

III.17 in 7% yield. Ormond et al. [183] reported a 17% yield using a different isolation procedure; 

this difference might be due to the use of a different solvent (propionic acid instead of acetic acid), 

leading to a contamination of chlorin. 

 

Following the method described by Pinho e Melo et al. [153–157] to obtain the 

meso-tetraarylchlorins, first we synthesised the diazafulvenium methide precursors III.11 and 

III.24, as shown in Scheme III-6. 
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Scheme III-6. Synthesis of the sulfones III.11 and III.24 [184]. 

As previously described [154,184,185], we started by reacting L-cysteine III.18 with formaldehyde 

to obtain the thiazolidine III.19, which then underwent N-nitrosation to yield compound III.20. By 

reacting the latter with trifluoroacetic anhydride (TFAA), the mesoionic 

4H,6H-thiazolo[3,4-c][1,2,3]oxadiazole-7-io-3-olate III.21 was obtained. 

Our focus was on the synthesis of a monoester sulfone that would work as the single “anchor” for 

functionalising the novel chlorins for targeting – avoiding obtaining a mixture of products expected 

from the functionalisation of diester derivatives, while we were still at a proof-of-concept level. 

However, the diester derivative was also synthetised for comparison purposes with the pyrazole 

monofunctionalised chlorins. As such, the masked azomethine ylide III.21 was made to react with 

either of the dipolarophiles III.22a,b to yield the 1H,3H-pyrazolo[1,5-c][1,3]thiazoles III.23a-c, 

through 1,3-cycloaddition reaction and in situ extrusion of carbon dioxide. DMAD (III.22a) 

yielded the dimethyl 1H,3H-pyrazolo[1,5-c][1,3]thiazole-6,7-dicarboxylate III.23a in relatively 

moderate yield (56%). As expected, the efficiency of this synthesis was higher than the synthesis 

of the monoester derivatives 1H,3H-pyrazolo[1,5-c][1,3]thiazoles III.23b (25%) and III.23c (8%), 

obtained from the reaction with the less activated dipolarophile methyl propiolate (III.22b), The 

two regioisomers III.23b and III.23c were separated by column chromatography. The oxidation of 

1H,3H-pyrazolo[1,5-c][1,3]thiazoles III.23a and III.23b was carried out with 

3-chloroperoxybenzoic acid (MCPBA), affording 2,2-dioxo-1H,3H-pyrazolo[1,5-c]thiazoles 

III.11 (74%) and III.24 (53%), respectively. Compound III.23c was obtained as a minor product, 

so we did not follow through with it for the diazafulvenium precursor synthesis. 
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Compounds III.11 and III.24 were used as 1,7-dipole precursors to participate in the [8π+2π] 

cycloaddition reaction with porphyrin III.17, under conventional heating conditions [154], as 

shown in Scheme III-7. 

 

Scheme III-7. Synthesis of chlorins III.26a and III.26b. 

The in situ SO2 extrusion of sulfone III.11 or III.24 happens when refluxing in 

1,2,4-trichlorobenzene (TCB), in the presence of porphyrin III.17. The meso-tetraarylchlorins 

III.26a and III.26b were obtained (UV-visible absorption spectrum confirmed the profile and 

presence of a peak ca. 650 nm, for which chlorins are known). While the strategy to obtain chlorin 

III.26a involved the use of 2 equiv. of porphyrin III.17 in the reaction – to avoid the formation of 

bacteriochlorin, – the decreased reactivity of 2,2-dioxo-1H,3H-pyrazolo[1,5-c]thiazole III.24 

allowed the use of just 1 equiv. of porphyrin III.17 to obtain chlorin III.26b. This 

meso-tetraarylchlorin will be the most hydrophobic of its series, acting as a starting point to obtain 

derivatives with different degrees of hydrophilicity. 

The structure assignment of III.26b was confirmed based on the information obtained from the 1H 

NMR (Figure III–1) and 13C NMR spectra (Figure III–2), as well as the heteronuclear single 

quantum coherence (HSQC) bidimensional spectrum (Figure III–3). A comparison of these results 

with the ones obtained from structures with a similar core synthesised by Pinho e Melo et al. [154], 

supports our conclusions which then guided the signal assignment of the other synthesised chlorins 

obtained. 
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Figure III–1. 1H NMR (400 MHz) spectrum of chlorin III.26b (CDCl3). 

 

Figure III–2. 13C NMR (100 MHz) spectrum of chlorin III.26b (CDCl3). 
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Figure III–3. HSQC bidimensional spectrum of chlorin III.26b (CDCl3). 

 

We proceeded as described in Scheme III-8 to obtain the desired chlorins with different 

hydrophilicity levels for phototoxic evaluation, starting from chlorin III.26b. 

In the first approach, the deprotection of the hydroxyl groups was achieved by reacting chlorin 

III.26b with sodium methoxide. Thus, chlorin III.26b was dissolved in dry methanol, to which 

sodium was added and left to react. Under these conditions, chlorin III.27 was obtained in 46% 

yield. For the other route, a significant excess of lithium aluminium hydride was used to ensure the 

complete reduction of the ester groups to alcohols. Starting with a suspension of LiAlH4 in dry 

tetrahydrofuran (THF), under N2, the chlorin was added to the reaction mixture, either of the 

chlorins III.26a or III.26b, brought to reflux and left to react for a day. After purification and 

isolation, the hydroxymethylchlorins III.28a and III.28b were obtained in 62% and 19% yield, 

respectively. 
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Scheme III-8. Derivatization of chlorins III.26 to obtain chlorins III.27, III.28a, and III.28b. 

After these derivatization routes, besides the novel chlorin III.26b, we also attained compounds: 

 III.27, which is a more hydrophilic chlorin with the same phenol groups found in the meso 

positions of temoporfin (III.2), while still maintaining the methyl ester group in the 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused ring (1H NMR spectrum in Figure III–4); 

 III.28a and III.28b (1H NMR spectra in Figure III–5 and Figure III–6, respectively), that 

present even more hydrophilic groups after the reduction of, not only the ones derived from 

the acetyl groups from the aromatic meso-substituents, but also the hydroxymethyl group 

derived from the methyl ester group. 

▪ The comparison of these two chlorins will allow for deeper insight into the 

influence of the disubstituted pyrazolo moiety vs. monosubstituted pyrazolo 

moiety in photodynamic activity (i.e., effects of amphiphilicity and size). 
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Figure III–4. 1H NMR (400 MHz) spectrum of chlorin III.27 ((CD3)2CO). 

 

Figure III–5. 1H NMR (400 MHz) spectrum of chlorin III.28a (CD3OD). 
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Figure III–6. 1H NMR (400 MHz) spectrum of chlorin III.28b((CD3)2CO). 

From this series of compounds, our goal was to obtain a new chlorin derived from the most 

hydrophilic monoester chlorin III.28b that could allow for a quick and efficient targeting strategy. 

The term “click” chemistry was first mentioned by Kolb et al. [186] in 2001, describing a natural, 

spring-loaded approach to generate substances through heteroatom links using a set of modular 

“blocks”. Among the most useful “click” reactions, his group regarded cycloaddition reactions as 

one of the most powerful in reflecting their ideals for “click” chemistry and even going as far as 

«(…) to regard the Huisgen dipolar cycloaddition of azides and alkynes as the “cream of the crop”.» 

[186,187]. Accordingly, research on these types of cycloadditions has been one of the focal points 

of “click” chemistry [188,189]. 

By replacing the terminal alcohol group in the pyrazolo ring of chlorin III.28b with an azide group, 

obtaining a “clickable” PS, we could aim the development of targeting strategies for 

third-generation PS. Scheme III-9 illustrates the protocol used to attain the “clickable” azide 

derivative. Chlorin III.28b was submitted to an Appel reaction [190] with excess PPh3 and CBr4 as 

the halide source, in DMF, and left to react. This produces an alkyl halide (and PPh3 oxide) that 

could then undergo a substitution reaction with excess NaN3. 
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Scheme III-9. Synthesis of chlorin III.29. 

After isolating chlorin III.29 in a moderate yield of 55%, the presence of the azide group was 

confirmed through Fourier-transformed infrared (FTIR) spectroscopy – by the presence of a strong 

band ca. 2100 nm-1, as seen in Figure III–7 – and supported by the 1H NMR spectrum (Figure III–

8). 

 

Figure III–7. Expansion of FTIR analysis for chlorin III.29. 
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Figure III–8. 1H NMR (400 MHz) spectrum of chlorin III.29 ((CD3)2CO). 

An UV-visible absorption spectrum was run after each chlorin derivatization to confirm the 

presence of chlorin (local maximum ca. 650 nm) and possible impurities. 

 

Using [8π+2π] cycloaddition reaction of diazafulvenium methides, a method developed by Pinho e 

Melo et al. [153–157] to obtain 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins from 

meso-tetraaryl porphyrins, we successfully obtained novel PS for further research. We aimed to use 

monosubstituted 2,2-dioxo-1H,3H-pyrazolo[1,5-c][1,3]thiazoles as precursors of the 1,7-dipoles  to 

avoid competitive reactions in further derivatization of the novel chlorins, exploring a different 

scope of the chlorins described previously [49,50,153–157] which focused on disubstituted 

thiazoles. 

Consequently, we synthetised the methyl 2,2-dioxo-1H,3H-pirazolo[1,5-c]thiazole-7-carboxylate 

(III.24) [185], for the development of chlorins mono-functionalised at the pyrazole  moiety, and 

dimethyl 2,2-dioxo-1H,3H-pirazolo[1,5-c]thiazole-6,7-dicarboxylate III.11 [185] to obtain the 
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corresponding difunctionalised for comparison of their phototoxicity. The lower yield with which 

the III.24 precursor (III.23b) was obtained, compared to the III.11 precursor (III.23a), was likely 

to happen if we analyse the structure of the dipolarophiles used, in particular the presence of just 

one electron-withdrawing group, instead of two (that increased the reactivity of the dipolarophile). 

The difference in yields of the regioisomers 1H,3H-pyrazolo[1,5-c][1,3]thiazoles III.23b (25%) 

and III.23c (8%) can be explained by the frontier molecular orbital theory and how the more 

efficient orbital overlap  is the one in which the atoms with orbital higher coefficients of the dipole 

and dipolarophiles interact with each other. 

With the 2,2-dioxo-1H,3H-pyrazolo[1,5-c][1,3]thiazoles ready, the next step was the synthesis of 

the novel chlorins, which were obtained in low yields. This was the cost of the choice to develop 

the synthetic approach relying on conventional heating – since diazafulvenium methide works in 

both conventional heat and microwave approaches [153] – in favour of being able to scale-up the 

synthetic process easily since several derivatizations were planned to obtaining the target chlorins. 

Another adaptation of the protocols described by Pinho e Melo et al. [154] when performing the 

[8π+2π] cycloaddition reaction with monoester 1H,3H-pyrazolo[1,5-c][1,3]thiazoles III.24 was the 

use of 1:1 stoichiometric ratio (thiazole/porphyrin), instead of the 1:2 used when involving diester 

1H,3H-pyrazolo[1,5-c][1,3]thiazoles III.11, as III.25 is a less reactive dipole and does not pose the 

same risk of further reacting to produce bacteriochlorins. 

As such, from the new chlorins synthetised, five were chosen (Figure III–9) for further studies and 

evaluation of their activities as PS. 
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Figure III–9. Novel chlorins for phototoxicity studies. 

Chlorins III.26b, III.27, and III.28b have different levels of hydrophilicity due to the presence of 

the hydroxyl groups, to which we expect observe a correlation between their hydrophilicity and an 

increased activity (as seen by the activity of temoporfin III.2 [32,42,43]). The dihydroxymethyl 

chlorin III.28a and its monosubstituted derivative III.28b will be evaluated to ascertain if there is 

any advantage in synthesise disubstituted derivatives with this core. The methylazide chlorin III.29, 

which was one of our main goals of the synthetic component of this doctoral thesis: obtaining a 

strategy for “clickable” PS that can be used for development of third-generation PS. 

 

 

 

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance III 

spectrometer operating at 400 MHz and 100 MHz, respectively. 
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Deuterated solvents were used as acquired and mentioned for each situation. The values of the 

chemical shifts are presented in ppm, respectively to the internal standard tetramethylsilane (TMS) 

or solvent residual peak, and the values of the coupling constants (J) are presented in Hz. 

 

Infrared spectra were obtained from Agilent Technologies Cary 630 FTIR spectrometer, using the 

attenuated total reflectance (ATR) method. 

 

The mass spectrums were obtained from a mass spectrophotometer Bruker FTMS APEXIII with 

electrospray ionization (ESI). 

 

Absorption spectra were recorded in a UV-visible Recording Spectrophotometer (Shimadzu 

UV-2100). The samples were dissolved in the indicated solvent and measured in quartz cuvettes 

with an optical path of 1 cm. 

 

 

All reagents were purchased from Sigma-Aldrich, Merck, or Fluka, and used directly without 

further purification procedures.  

 

All the solvents used (except for 1,2,4-TCB, which was used directly, as acquired) were purified 

and, when needed, dried according to the methods described in the literature [191]. 

 

TLC analyses were performed on Merck Silica gel 60 F254 plates. Column chromatography was 

performed with silica gel 60 (0.040-0.063 mm) as the stationary phase. 
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Acetic anhydride (2.4 equiv.; 11.1 mL, 117.52 mmol) was added dropwise 

with stirring, at room temperature, to a solution of m-hydroxylbenzaldehyde 

(III.15; 6.01 g, 49.20 mmol) and a catalytic amount of DMAP (20 mg; 0.164 

mmol) in TEA (7.5 mL), and the reaction mixture was left for 24 hours. Then, 

ethyl acetate (200 mL) was added, and the solution washed with water (100 

mL) followed by a saturated aqueous solution of NaHCO3 (4 x 100 mL). The organic layer was 

retrieved, dried over anhydrous Na2SO4 and the solvent removed by evaporation under reduced 

pressure. The product m-acetoxybenzaldehyde (III.16) was obtained as an orange oil in 98% yield 

(7.91 g; 48.22 mmol). 

1H NMR (400 MHz, CDCl3): δ = 9.99 (s, 1H, CHO), 7.77-7.71 (m, 1H, Ar), 7.64-7.59 (m, 1H, Ar), 

7.54-7.36 (m, 2H, Ar), 2.32 (s, 3H, CH3) ppm. 

 

The synthesis of the meso-tetraarylporphyrin III.17 was performed 

based on the Adler-Longo’s method for the porphyrin synthesis 

[181,182]. A solution of m-acetoxybenzaldehyde (III.16; 50.40 

mmol) in glacial acetic acid (120 mL) was brought to reflux and after 

10 minutes stirring, pyrrole (1 equiv.; 3.5 mL, 50.40 mmol) was 

slowly added. The reaction mixture was kept stirring for 90 minutes, 

afterwards was left to cool at room temperature. The acetic acid was 

evaporated under reduced pressure, and the product purified by silica gel flash chromatography, 

using the mixture [DCM/AcOEt (9:1 v/v)] as eluent. The porphyrin III.17 was obtained as a purple 

solid, after recrystallization from methanol, in 7% yield (747 mg, 0.88 mmol). 

1H NMR (400 MHz, CDCl3): δ = 8.93 (s, 8H, pyrrolic β-H), 8.08 (d, J = 7.0 Hz, 4H, Ar), 7.96 (s, 

4H, Ar), 7.75 (t, J = 8.0 Hz, 4H, Ar), 7.54 (dd, J = 8.0, 1.5 Hz, 4H, Ar), 2.39 (s, 12H, CH3), -2.87 

(s, 2H, NH) ppm. 
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Compound III.19 was prepared according to a procedure described in the 

literature [193]. A solution of formaldehyde (12.00 mL, 156.0 mmol; 37 wt% 

in water) in ethanol (90 mL) was added to a solution of L-cysteine III.18 

(14.78 g, 122.0 mmol) in 120 mL of water. The reaction mixture was left 

stirring for 24 h at room temperature. The precipitated white solid was filtered 

off, washed with cold diethyl ether, and dried under vacuum. The product was obtained in 84% 

yield (13.65 g, 102.50 mmol). 

1H NMR (400 MHz, (CD3)2SO): δ = 4.21 (d, J = 8.9 Hz, 1H, CH2), 4.02 (d, J = 8.9, 1H, CH2), 

3.83 (t, J = 6.7 Hz, 1H, CH), 3.07 (dd,1 H J = 10.0, 6.7 Hz, CH2), 2.81 (dd, J = 10.0, 6.7 Hz, 1H, 

CH2) ppm. 

 

Compound III.20 was prepared according to a procedure described in the 

literature [184]. To a suspension of 1,3-thiazolidine-4-carboxylic acid (III.19; 

13.28 g, 99.72 mmol) in water (60 mL) was slowly added concentrated 

hydrochloric acid until achieving a complete dissolution. An aqueous solution 

of NaNO2 (10.45 g, 149.60 mmol; 1.5 equiv.) was added dropwise and the 

reaction mixture stirred for 12 h at room temperature. A few more drops of concentrated HCl were 

added to ensure the acidic medium, and then the reaction mixture extracted with AcOEt (3 x 100 

mL). The combined organic extracts were dried over anhydrous Na2SO4, and the solvent removed 

under reduced pressure. A yellow solid was obtained in 78% yield (12.61 g, 77.78 mmol). A 

mixture of two rotamers was observed in the 1 H NMR (ratio ≈ 60/40). 

1H NMR (400 MHz, (CD3)2SO): (major isomer) δ = 5.95 (d, J = 6.0 Hz, 1H), 4.73 (d, J = 12.2 Hz, 

1H), 4.48 (d, J = 12.2 Hz, 1H), 3.56-3.47 (m, 1H), 3.41-3.38 (m, 1H) ppm. (minor isomer) δ = 5.70 

(d, J = 10.5 Hz, 1H), 5.27 (d, J = 10.5 Hz, 1H), 4.82 (t, J = 7.0 Hz, 1H), 3.56-3.47 (m, 1H), 3.25-3.20 

(m, 1H) ppm. 
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Compound III.21 was prepared according to a procedure described in the 

literature [184]. TFAA (10.8 mL, 77.78 mmol; 1 equiv.) was added dropwise 

to a suspension of N-nitroso-thiazolidine-4-carboxylic acid (III.20; 12.61 g, 

77.78 mmol) in diethyl ether (750 mL), cooled in an ice bath, and the reaction 

mixture stirred for 6 h. The ice bath was removed, and the mixture stirred for 

more 24 h at room temperature. It was then extracted with AcOEt (3 x 100 mL) and washed with a 

saturated aqueous solution of NaHCO3 (2 x 100 mL). The organic layer was dried over anhydrous 

Na2SO4 and the solvent evaporated under reduced pressure. The product was obtained as a yellow 

solid in 76% yield (8.52 g, 59.11 mmol). 

1H NMR (400 MHz, (CD3)2SO): δ = 5.41 (s, 2H, CH2), 4.03 (s, 2H, CH2) ppm. 

 

The thiazoles III.23a-c were prepared adapting procedures described in the literature [184,185]. A 

mixture of 4H,6H-Thiazolo[3,4-c][1,2,3]oxadiazole-7-io-3-olate (III.21) and the appropriate 

dipolarophile (1.6 equiv.) in xylene (20 mL) was refluxed, under N2, for 4 h. After cooling to room 

temperature, solvent was removed under reduced pressure and the products purified by silica gel 

flash chromatography using the mixture [AcOEt/hexane (1:2 v/v)] as eluent. 

 

Compound III.23a was obtained as a white solid in 56% yield (1.89 g, 

7.81 mmol) following the general procedure, from III.21 (2.01 g, 13.94 

mmol) and DMAD (2.9 mL, 22.30 mmol). 

1H NMR (400 MHz, (CD3)2SO): δ = 5.24 (s, 2H, CH2), 4.30 (s, 2H, CH2), 3.95 (s, 3H, Me), 3.85 

(s, 3H, Me) ppm. 
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Compounds III.23b and III.23c were obtained as white solids in 25% (642 

mg, 3.48 mmol) and 8% yield (205 mg, 1.11 mmol), respectively, following 

the general procedure from III.21 (2.01 g, 13.94 mmol) and methyl propiolate 

(2.0 mL, 22.30 mmol). 

 

III.23b 

1H NMR (400 MHz, CDCl3): δ = 3.81 (s, 3H, Me), 4.26 (br s, 2H, CH2), 5.19 (br s, 2H, CH2), 7.95 

(s, 1H, CH) ppm [185]. 

III.23c 

1H NMR (400 MHz, CDCl3): δ = 3.89 (s, 3H, Me), 4.09 (br s, 2H, CH2), 5.20 (br s, 2H, CH2), 6.57 

(br s, 1H, CH) ppm [185]. 

 

The 2,2-dioxo-1H,3H-pyrazolo[1,5-c][1,3]thiazoles III.11 and III.24 were prepared adapting 

procedures described in the literature [184,185]. To a solution of the appropriate 

1H,3H-pyrazolo[1,5-c]thiazole III.23 in DCM (70 mL) at 0 C, MPCBA (77%; 4 equiv.) was added 

portion wise with stirring over a period of 1 h. Then, the reaction mixture was left warm to room 

temperature and stirred for 3 h. The mixture was washed with NaHSO3 (10%; 1 x 100 mL) and a 

saturated aqueous solution of NaHCO3 (3 x 100 mL). The organic layer was dried over anhydrous 

Na2SO4 and the solvent evaporated under reduced pressure. The products were purified by silica 

gel flash chromatography. 
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Compound III.11 was obtained in 74% yield (1.10 g, 4.00 mmol), after 

chromatography using the mixture [AcOEt/hexane (1:1 v/v)] as eluent, 

following the general procedure from III.23a (1.31 g, 5.40 mmol). 

1H NMR (400 MHz, CDCl3): δ = 5.24 (s, 2H, CH2), 4.70 (s, 2H, CH2), 3.99 (s, 3H, Me), 3.89 (s, 

3H, Me) ppm. 

 

Compound III.24 was obtained in 54% yield (630 mg, 2.91 mmol), after 

chromatography using the mixture [AcOEt/hexane (1:2 v/v)] as eluent, 

following the general procedure from III.23b (996 mg, 5.40 mmol). 

1H NMR (400 MHz, CDCl3): δ = 6.87 (s, 1H, CH), 5.26 (s, 2H, CH2), 4.52 (d, J = 0.8 Hz, 2H, 

CH2), 3.96 (s, 3H, Me) ppm. 

 

Chlorins III.26 were prepared adapting procedures described in the literature for other derivatives 

[153–155,157]. A solution of 5,10,15,20-tetrakis(3-acetoxyphenyl)porphyrin (III.17; 600 mg, 0.71 

mmol) and the appropriate 2,2-dioxo-1H,3H-pyrazolo[1,5-c][1,3]thiazole III.11 or III.24 (1 

equiv.) in 1,2,4-trichlorobenzene (12 mL) was refluxed (T = 250 °C) for 3 h, under inert atmosphere 

of N2. After cooling to room temperature, few drops of triethylamine were added, and crude product 

purified by silica gel flash chromatography [gradient elution with AcOEt (0-15%) in DCM]. 
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Following the general procedure, chlorin III.26a was obtained as 

a purple solid in a 15% yield (71.8 mg, recrystallised from 

hexane), using 2,2-dioxo-1H,3H-pyrazolo[1,5-c][1,3]thiazole 

III.11 (1 equiv.; 124.2 mg, 0.453 mmol), and 58% of the starting 

porphyrin was recovered. 

A set of NMR peaks (e.g.: m, 3H, CO2Me) reveal the presence of 

a mixture of chlorin rotamers. 

1H NMR (400 MHz, CDCl3): δ = 8.75-8.71 (m, 2H, β-H pyrrole), 8.53 (s, 2H, β-H pyrrole), 8.47 

(d, J = 4.7 Hz, 1H, β-H pyrrole), 8.44 (d, J = 4.7 Hz, 1H, β-H pyrrole), 8.41-8.39 (m, 1H, β-H 

pyrrole), 8.17-8.13 (m, 1H, Ar), 8.098.03 (m, 2H, Ar), 7.97-7.83 (m, 5H, Ar), 7.78-7.70 (m, 4H, 

Ar), 7.53-7.51 (m, 1H, Ar), 5.86-5.76 (m, 1H, reduced β-H pyrrole), 5.61-5.48 (m, 1H, reduced 

β-H pyrrole), 4.50-4.37 (m, 1H, CH2 ring), 4.17-4.07 (m, 1H, CH2 ring), 3.85-3.74 (m, 6H, CO2Me), 

3.81-3.47 (m, 1H, reduced β-H pyrrole), 2.96-2.79 (m, 1H, reduced β-H pyrrole), 2.46-2.36 (m, 

12H, OAc), -1.72 (s, 2H, NH) ppm. 

13C NMR (100 MHz, CDCl3): δ = 169.5, 169.4, 169.3, 164.8, 164.6, 164.3, 162.5, 162.50, 162.3, 

162.3, 162.2, 161.9, 153.1, 153.0, 152.9, 152.8, 150.7, 150.3, 150.1, 149.3, 143.5, 143.4, 143.3, 

143.2, 142.9, 142.8, 142.7, 142.6, 142.5, 142.3, 142.2, 142.1, 140.9, 140.9, 140.8, 140.6, 135.5, 

135.3, 132.6, 132.0, 131.5, 129.7, 129.6, 129.5, 129.3, 129.2, 128.5, 128.4, 128.3, 128.2, 128.1, 

127.7, 127.6, 127.3, 127.1, 125.7, 125.7, 124.6, 124.5, 122.4, 122.3, 122.2, 122.1, 122.0, 121.7, 

121.5, 121.4, 121.2, 121.1, 121.0, 111.6, 111.5, 111.4, 110.8, 110.7, 52.4, 52.3, 51.5, 51.4, 49.3, 

49.1, 47.9, 47.8, 47.7, 45.5, 45.3, 45.2, 45.0, 26.0, 25.9, 25.9, 25.8, 21.3, 21.2 ppm. 

HRMS (ESI): m/z = 1057.3388, [C61H49N6O12 (M+H)+, 1057.3403]. 

 

Following the general procedure, chlorin III.26b was obtained as 

a purple solid in a 9% yield (63.7 mg; 0.064 mmol; recrystallised 

from hexane), using 

2,2-dioxo-1H,3H-pyrazolo[1,5-c][1,3]thiazole III.24 (1 equiv.; 

153.2 mg, 0.709 mmol), and 35% of the starting porphyrin (210 

mg, 0.248 mmol) was recovered. 
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A set of NMR peaks (e.g.: m, 3H, CO2Me) reveal the presence of a mixture of chlorin rotamers. 

1H NMR (400 MHz, CDCl3): δ = 8.68-8.67 (m, 2H, β-H pyrrole), 8.49 (s, 2H, β-H pyrrole), 

8.41-8.30 (m, 2H, β-H pyrrole), 8.13-7.98 (m, 2H, Ar), 7.98-7.77 (m, 6H, Ar), 7.77-7.59 (m, 4H, 

Ar), 7.55-7.43 (m, 4H, Ar), 6.41-6.25 (m, 1H, CH pyrazolo), 5.81-5.72 (m, 1H, reduced β-H 

pyrrole), 5.61-5.34 (m, 1H, reduced β-H pyrrole), 4.49-4.36 (m, 1H, CH2 ring), 4.22-4.09 (m, 1H, 

CH2 ring), 3.76-3.67 (m, 3H, CO2Me), 3.27-2.98 (m, 1H, CH2 ring), 2.74-2.65 (m, 1H, CH2 ring), 

2.45-2.32 (m, 12H, OAc), -1.77 (s, 2H, NH) ppm. 

13C NMR (100 MHz, CDCl3) δ = 169.7, 169.6, 169.5, 169.3, 165.0, 164.7, 164.4, 163.3, 163.1, 

162.9, 162.8, 150.7, 150.6, 150.3, 150.1, 149.3, 142.9, 142.7, 142.5, 142.4, 141.9, 141.8, 140.7, 

140.6, 140.3, 140.2, 140.0, 139.9, 135.4 (β-H pyrrole), 135.3 (β-H pyrrole), 132.6, 132.4, 132.0 

(Ar), 131.6 (Ar), 131.5, 129.6 (Ar), 129.5 (Ar), 129.2 (Ar), 128.6 (Ar), 128.4 (Ar), 128.3, 127.7 

(β-H pyrrole), 127.6 (β-H pyrrole), 127.3 (Ar), 125.7 (Ar), 124.6, 124.5 (β-H pyrrole), 124.4 (β-H 

pyrrole), 122.3 (Ar), 122.2 (Ar), 122.1 (Ar), 121.7 (Ar), 121.6 (Ar), 121.5 (Ar), 121.4, 121.1 (Ar), 

121.0, 111.4, 111.3 (CCO2Me pyrazolo), 105.7, 105.5 (CH pyrazolo), 51.7 (CO2Me), 49.7, 49.5, 

47.9 (CH2 ring), 47.8, 46.4 (reduced β-H pyrrole), 46.2 (reduced β-H pyrrole), 46.1, 26.1 (CH2 

ring), 26.0, 25.8, 25.1, 21.2 (OAc) ppm. 

UV/Vis (DMSO): λmax = 421, 518, 546, 596, 651 nm. 

HRMS (ESI): m/z = 999.3309, [C59H47N6O10 (M+H)+, 999.3348]. 

 

To a stirred solution of chlorin III.26b (28.7 mg, 0.03 mmol) in 

dry methanol (2 mL) was added, portion wise, a catalytic amount 

of sodium. The reaction mixture was kept stirring at room 

temperature for 1 h. Afterwards, the pH of the solution was 

adjusted to ≈ 5-6 by the carefully addition of glacial acetic acid. 

The solvent was then evaporated under reduced pressure and the 

crude product was purified by silica gel flash chromatography, 

using the mixture [DCM/AcOEt (85:15 v/v)] as eluent. Product was obtained in 46% yield as a 

crimson solid. 

A set of NMR peaks (e.g.: m, 3H, CO2Me) reveal the presence of a mixture of chlorin rotamers. 
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1H NMR (400 MHz, (CD3)2CO): δ = 8.85-8.57 (m, 6H, overlapping β-H pyrrole and OH), 8.32-8.31 

(m, 4H, β-H pyrrole), 7.68-7.41 (m, 12H, Ar), 7.20-7.11 (m, 4H, Ar), 6.02-6.00 (m, 1H, CH 

pyrazolo), 5.74-5.68 (m, 1H, reduced β-H pyrrole), 5.57-5.53 (m, 1H, reduced β-H pyrrole), 

4.34-4.26 (m, 2H, CH2 ring), 3.38-3.37  (m, 3H, CO2Me), 3.0-2.93 (m, 2H, CH2 ring), -1.89 (s, 2H, 

NH) ppm. 

UV/Vis (DMSO): λmax = 421, 519, 548, 596, 651 nm. 

HRMS (ESI): m/z = 829.2752, [C51H37N6O6 (M-H)+, 829.2769]. 

 

The synthesis was adapted from a procedure from literature [155]. A solution of the appropriate 

chlorin III.26 (0.03-0.10 mmol) in dry THF (3-5 mL) was added dropwise to a suspension of 

LiAlH4 (24-30 equiv.) in dry THF (2-5 mL) at 0 ˚C. The reaction mixture was stirred for 60 min, 

under N2, at this temperature and then 24 h at 66 ˚C. The reaction mixture was cooled with an ice 

bath and the excess of LiAlH4 was quenched with AcOEt (2 mL), water (2 mL), and aqueous 

solution of HCl (0.1 M, 0.5 mL), left stirring for 20 min. Solvents were removed under reduced 

pressure, then the residue was dissolved with a mixture of [AcOET:MeOH (1:1 v/v)], and filtered 

through celite. The filtrate was dried with anhydrous Na2SO4 and the solvent evaporated off. The 

crude product was purified by silica gel flash chromatography. 

 

Obtained as green solid in 61% yield, after elution with 

[AcOEt/MeOH (9:1 v/v)], from chlorin III.26a (31.7 mg; 0.03 

mmol) and LiAlH4 (27.3 mg; 0.72 mmol; 24 equiv.), following 

the general procedure. 

 

 

1H NMR (400 MHz, CD3OD): δ = 8.65-8.56 (m, 2H, β-H pyrrole), 8.42-8.37 (m, 4H, β-H pyrrole), 

7.77-7.41 (m, 12H, Ar), 7.20-7.19 (m, 4H, Ar), 5.80-5.65 (m, 1H, reduced β-H pyrrole), 5.61-5.50 

(m, 1H, reduced β-H pyrrole), 4.25-3.99 (m, 6H, overlapping CH2 ring and CH2OH), 2.99-2.89 (m, 

2H, CH2 ring) ppm. 
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13C NMR (100 MHz, CD3OD): δ = 165.2, 165.1, 158.9, 158.8, 158.2, 158.0, 157.1, 154.1, 154.0, 

150.3, 144.3, 144.0, 142.0, 141.9, 141.8, 140.4, 136.4, 136.4, 136.3, 133.1, 130.8, 130.1, 129.7, 

128.9, 128.8, 128.2, 127.9, 127.2, 127.1, 126.9, 125.4, 125.3, 125.2, 124.8, 124.1, 123.9, 123.8, 

123.5, 122.7, 122.5, 120.6, 120.5, 116.2, 116.1, 115.9, 114.0, 113.9, 113.8, 57.1, 53.9, 47.2, 25.4 

ppm. 

UV/Vis (DMSO): λmax = 423, 519, 548, 597, 651 nm. 

HRMS (ESI): m/z = 833.3067, [C51H41N6O6 (M+H)+, 833.3082]. 

 

Obtained as green solid in 19% yield, after elution with AcOEt, 

from chlorin III.26b (100.0 mg; 0.1 mmol) and LiAlH4 (113.9 

mg; 3.0 mmol; 30 equiv.), following the general procedure. 

 

 

1H NMR (400 MHz, (CD3)2CO): δ = 8.96-8.71  (m, 6H, 

overlapping β-H pyrrole and OH), 8.49 – 8.44 (m, 4H, β-H pyrrole), 7.80-7.57 (m, 12H, Ar), 

7.30-7.26 (m, 4H, Ar), 5.81-5.77 (m, 1H, reduced β-H pyrrole), 5.70 (dd, J = 8.9, 3.8 Hz, 1H, CH 

pyrazolo), 5.63-5.52 (s, 1H, reduced β-H pyrrole), 4.32-4.20 (m, 4H, overlapping CH2 ring and 

CH2OH ), 3.64-3.56 (m, 1H, CH2 ring), 3.15-3.09 (m, 1H, CH2 ring), -1.68 (s, 2H, NH2) ppm.  

13C NMR (100 MHz, (CD3)2CO): δ = 156.9, 153.6, 153.5, 143.9, 143.8, 140.1, 132.9, 130.5, 128.7, 

126.7, 126.5, 125.1, 123.5, 123.3, 122.3, 121.1, 120.4 115.8, 101.2, 58.9, 49.6, 49.1, 47.5, 26.8 

ppm. 

UV/Vis (DMSO): λmax = 422, 517, 548, 596, 651 nm. 

HRMS (ESI): m/z = 803.2964 [C50H39N6O5 (M+H)+, 803.2976] 
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To a solution of chlorin III.28b (48.9 mg, 60.91 µmol) in DMF 

(2 mL) was carefully added PPh3 (159.8 mg; 0.609 mmol; 10 

equiv.;) and CBr4 (202.0 mg; 0.609 mmol; 10 equiv.) (portion 

wise to prevent overheating), and the reaction mixture was stirred 

for 3.5 h. Then, NaN3 (39.6 mg, 0.609 mmol; 10 equiv.) was 

added and the mixture kept stirring at room temperature for 24 h 

in the dark. The product was then extracted with AcOEt (50 mL), 

washed with brine (50 mL) and water (50 mL). The organic layer 

was then dried with anhydrous Na2SO4 and the solvent removed under reduced pressure. The crude 

product was purified by silica gel flash chromatography [AcOEt as eluent]. Product was obtained 

as a dark purple solid in 55% yield (27.7 mg, 33.50 µmol). 

1H NMR (400 MHz, (CD3)2CO): δ = 8.94-8.72 (m, 6H, overlapping β-H pyrrole and OH), 8.46 (s, 

4H, β-H pyrrole), 7.82-7.59 (m, 12H, Ar), 7.32-7.28 (m, 4H, Ar), 5.86-5.82 (m, 1H, reduced β-H 

pyrrole), 5.76-5.74 (s, 1H, CH pyrazolo), 5.67-5.65 (m, 1H, reduced β-H pyrrole), 4.36-4.23 (m, 

2H, CH2 ring), 3.95 (s, 2H, CH2N3), 3.16-3.13 (m, 1H, CH2 ring), -1.70 (s, 2H, NH2) ppm. 

13C NMR (100 MHz, (CD3)2CO): δ = 158.5, 157.7, 157.0, 145.8, 143.7, 141.9, 140.8, 136.2, 130.6, 

130.4, 129.8, 129.6, 129.5, 128.7, 127.7, 126.8, 125.3, 125.2, 124.5, 123.3, 122.4, 120.4, 116.3, 

116.2, 116.0, 115.9, 102.3, 68.3, 49.5, 48.3, 47.3, 46.5, 26.7 ppm. 

HRMS (ESI): m/z = 828.3026 [C50H38N9O4 (M+H)+, 828.3041]. 

UV/Visible (DMSO): λmax = 421, 517, 548, 597, 651 nm. 

FTIR (ATR): 𝜈 = 3126, 2931, 2659, 2506, 2378, 2095, 1774, 1702, 1655, 1579, 1439, 1357, 1278, 

1220, 1157, 1079, 997, 925, 776, 702 cm–1. 
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As mentioned in Chapter I, the folate receptor (FR) is one of the most studied receptors for targeted 

therapy approaches by improving selectivity and/or uptake of anti-cancer therapeutics. In 

particular, the isoform FRα, with high affinity for folic acid (FA), is overexpressed in several cancer 

cells, while existing in negligible levels in normal cells. In fact, there is correlation between FRα 

expression levels and the expected aggressiveness of the cancer [1,75,92,93,194]. 

The chemical structure of FA, represented in Figure IV–1, is composed by three main blocks: 

pterin, p-aminobenzoic acid, and glutamic acid [75,144]. The pterin head of this vitamin is the main 

block ensuring FA binding specificity, by forming several molecular interactions, deep in the FRα 

binding site. In fact, the lack of the exocyclic oxygen of the pterin ring in folate derivates, like 

methotrexate and aminopterin, leads to reduce affinity for FRα [75,194,195]. When complexed 

with the receptor, both carboxylates of the glutamic acid fragment extend from the 

positively-charged entrance of the binding site, which is why these groups can be used for 

conjugation approaches. It is important to highlight that the α-carboxylate participates in four out 

of the six hydrogen bonds [194,195] that mediate the FA-receptor interactions, justifying the 

rational for choosing the γ-carboxylate in most functionalisation strategies, with the least impact 

on affinity for FRα [75,194,195]. 

As a highly-selective, non-immunogenic small molecule that is easily cleared from FRα-negative 

tissues [75], FA is an attractive moiety to use in targeted therapy. Despite contradictory reports on 

its water solubility [75,196] [144], more in depth studies have shown the influence of pH and 

temperature in FA solubility and stability [197,198]. FA instability to light, high temperatures, or 

solution conditions [198,199] is a known issue and should be taken into account, to prevent 

degradation of the molecule which can lead to loss of activity. 
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Figure IV–1. Chemical structure of FA and its main structural blocks. 

Nonetheless, cell internalisation of FA through endocytosis of FA through endocytosis of the FRα 

is not extended to the full conjugate if the cargo is too hydrophobic to be internalised 

[65,75,86,200–202]. As such, an hydrophilic linker (usually polyethylene glycol, PEG) is usually 

used as spacer between the FA moiety and the compound to be internalised, but aliphatic chains, 

polysaccharides, and peptides are also used [75,144]. 

In photodynamic therapy (PDT), the lack of specificity of the photosensitiser (PS) for the target 

tissue is one of the main problems, leading to the most limiting side effect of this therapeutic 

approach: skin photosensitivity. The development of new targeted-PDT strategies, more than 

focusing on modulating the solubility of the PS, seek to increase the PS specificity for 

overexpressed receptors in the tumour tissue, through conjugation with moieties that will act as 

vectors to bind to those receptors [1]. 

The use of computer-aided drug discovery (CADD) methods allows for the simulation and/or 

prediction of binding of a ligand to a biological target by structure- or ligand-based strategies 

[1,203]. If the structure of a certain cancer target is readily available, structure-based techniques 

can predict potential molecular interactions between the target and a desired ligand and binding 

information from known ligands of the target may be explored to design new ligands. On the other 

hand, if there is no available information on the structure of the cancer target/receptor, new ligands 

can be designed using common substructures/physicochemical features from available ligands for 

that target. For instance, Hidayat et al. [204] used a structure-based approach to design a new ligand 

targeting the integrin αvβ3 receptor by: (1) creating pharmacophores from the known complexes of 

integrin αvβ3 receptor-peptidomimetic (RGD) to guide the design of the new ligand; (2) performing 

molecular docking to confirm the interactions of the new ligand with the integrin αvβ3 receptor; and 

(3) runing molecular dynamics simulations to predict the stability of the complex between the new 
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ligand and the integrin αvβ3 receptor. Although these studies indicated potentially good activity, 

this ligand was never validated with in vitro or in vivo studies [1,204]. Even so, it is an example 

that showcases the use of different CADD approaches to design and evaluate novel compounds as 

therapeutic drugs. 

As our work focused on targeting the well documented FRα, data mining of the literature and the 

Protein Data Bank (PDB) repository [205,206] returned several three-dimensional structures, as 

expected. This meant that it was possible to use a structure-based strategy for an in silico evaluation 

of the FRα, and thus to derive knowledge on the pose prediction of the conjugate. Among the most 

popular and successful structure-based methods, molecular docking helps predicting the molecular 

interactions between a ligand and a target protein by exploring possible binding poses and then 

evaluating these poses through a scoring function (which can be physics-based, empirical, 

knowledge-based, or machine-learning-based) [207–209]. 

 

The first step to follow through with a structure-based strategy is to choose a structure that has the 

best quality, as inaccuracies in atomic coordinates will have a negative effect on the prediction of 

intermolecular contacts [210]. 

The full amino acid sequence of human FRα was found available at the UniProt knowledgebase 

[211,212] entry P15328, with additional information on the three-dimensional structures deposited 

in PDB [205,206] matching the sequence. From the PDB [205,206] repository, all entries of interest 

were downloaded (4KM6, 4KM7, 4KMX, 4LRH, and 5IZQ) and, using the software UCSF 

Chimera 1.14 [213,214], separated into single protein files (each chain of the PDB entry 

representing the monomeric FRα protein). Each of these structures was submitted to PROCHECK 

[215] obtaining the results shown in Table IV-1. For each PDB entry (from best to worst resolution), 

the protein structures were ordered by percentage of residues with favoured geometries (core 

regions of the Ramachandran plot [216]). The other columns allowed for a general evaluation of: 

(1) the “normality” of the structure (higher G-factors), (2) overall structural quality classification 

(classes 1 to 4, from best to worst) according to Morris et al. [217] for Φ-Ψ favoured regions, χ1 

dihedral angle standard deviation, and standard deviation of main-chain H-bond energy; and (3) the 

number of bad contacts (any pair of non-bonded atoms within a distance ≤ 2.6 Å). 
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Table IV-1. PROCHECK summary report for FRα structures (PDB). 

PDB_ch. 
Res 

(Å) 

RAMACHANDRAN PLOT (%) 

G-factor 

MORRIS ET AL. 
Bad 

contacts Core Allowed 
Generously 

allowed 
Disallowed φ-ψ χ1-sd Hbond-sd N 

            

4KM6 1.55 87.8 11.6 0.6 0.0 0.12 1 1 2 4 20 

4KM7_a 1.80 88.8 11.2 0.0 0.0 0.11 1 1 2 4 37 

4KM7_b 1.80 88.0 11.4 0.6 0.0 0.10 1 2 2 5 31 

4KMX 2.20 87.4 12.1 0.6 0.0 0.17 1 1 2 4 12 

4LRH_a 2.80 84.2 15.3 0.5 0.0 0.22 1 2 2 5 7 

4LRH_h 2.80 82.9 16.0 1.1 0.0 0.21 1 2 2 5 7 

4LRH_b 2.80 82.3 17.1 0.6 0.0 0.22 1 2 2 5 10 

4LRH_c 2.80 82.2 17.8 0.0 0.0 0.23 1 1 2 4 6 

4LRH_e 2.80 80.3 19.7 0.0 0.0 0.21 1 1 2 4 5 

4LRH_d 2.80 79.7 19.8 0.5 0.0 0.21 1 2 2 5 7 

4LRH_f 2.80 77.7 21.7 0.5 0.0 0.24 1 2 2 5 6 

4LRH_g 2.80 77.5 22.0 0.5 0.0 0.24 1 2 2 5 7 

5IZQ_h 3.60 86.1 13.9 0.0 0.0 0.03 1 2 2 5 0 

5IZQ_c 3.60 84.8 15.2 0.0 0.0 0.09 1 2 2 5 0 

5IZQ_b 3.60 84.4 15.0 0.6 0.0 0.04 1 2 2 5 2 

5IZQ_a 3.60 82.5 17.5 0.0 0.0 0.05 1 2 2 5 0 

5IZQ_d 3.60 82.3 17.2 0.5 0.0 0.09 1 2 2 5 0 

5IZQ_e 3.60 82.0 18.0 0.0 0.0 0.06 1 2 3 6 2 

5IZQ_g 3.60 80.2 19.8 0.0 0.0 0.08 1 2 2 5 1 

5IZQ_f 3.60 79.9 19.6 0.5 0.0 0.11 1 2 2 5 0 

Individual FRα structures available on PDB, ordered by resolution and percentage of residues in the core region of the Ramachandran Plot. 

PDB_ch. identifies the PDB code and the chain on the respective PDB file. 

N is the sum of “Morris et al.” classes; for each class, classification varies between 1 (best) and 4 (worst), N varies between 3 and 12. 
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For each of the best chains, their respective homologous chains were downloaded from the 

repository of re-refined models PDB-REDO [210,218]. As the previous chains, these structures 

were submitted to PROCHECK obtaining the results summarised in Table IV-2. The same 

parameters were evaluated, in addition to the R-free value – which represents an unbiased measure 

of the quality of the model obtained from the crystallographic data (the lower the value, the best is 

the fit). Most structures showed an improved R-free value after the re-refinement obtained from 

PDB-REDO [210,218]. However, other parameters from PROCHECK seemed to “deteriorate”, 

especially the G-factor, with the exception of chain A from entry 4LRH, where the PDB-REDO 

entry had a better evaluation of the structural quality throughout the table (i.e., improved R-free, 

higher percentage of residues in the core region of the Ramachandran plot, and improved Morris et 

al. classification), all other entries were kept as obtained from the original PDB entry. 

The next step was analysing the original articles for each entry from the chosen repository. This 

text mining allowed the prompt exclusion of PDB structures 4KM6, 4KM7, and 4KMX deposited 

by Wibowo et al. [219], as they were apo-FRα structures, but they also represented trafficking 

states present in the endosome (acidic pH) after endocytosis. As for 4LRH [194] and 5IZQ [91], 

they were both holo-FRα structures complexed with FA and an antifolate, respectively. As our 

work uses a FA conjugate and the chain A from 4LRH had the best quality parameters out of both 

structures, we chose this structure for the in silico studies (Figure IV–2 and Supplementary Figure 

IV-1). 

Figure IV–2.B shows the FA (yellow ligand) bound to FRα (teal protein) with the pteroate fragment 

of FA buried deep in the binding site and the glutamic acid fragment readily accessible to the 

solvent, justifying the conjugation strategy from the carboxylic groups of the glutamic acid 

fragment. 
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Table IV-2. PROCHECK summary report for FRα structures (PDB and PDB-REDO). 

PDB_ch. 
Res 

(Å) 
DB R-free 

RAMACHANDRAN PLOT (%) 

G-factor 

MORRIS ET AL. 
Bad 

contacts 

Chosen 

DB Core Allowed 
Gen. 

allowed 
Disall. φ-ψ χ1-sd Hbond-sd N 

               

4KM6 
1.55 PDB 0.200 87.8 11.6 0.6 0.0 0.12 1 1 2 4 20 ✓ 

1.55* REDO 0.187 87.8 11.6 0.6 0.0 -0.00 1 1 2 4 24 - 

4KM7_a 
1.80 PDB 0.269 88.8 11.2 0.0 0.0 0.11 1 1 2 4 37 ✓ 

1.80* REDO 0.282 88.8 10.7 0.6 0.0 -0.03 1 1 2 4 24 - 

4KMX 
2.20 PDB 0.206 87.4 12.1 0.6 0.0 0.17 1 1 2 4 12 ✓ 

2.20* REDO 0.201 87.4 12.1 0.6 0.0 0.03 1 1 2 4 21 - 

4LRH_a 
2.80 PDB 0.267 84.2 15.3 0.5 0.0 0.22 1 2 2 5 7 - 

2.77* REDO 0.222 87.4 11.5 0.5 0.5 0.05 1 1 2 4 8 ✓ 

5IZQ_h 
3.60 PDB 0.257 86.1 13.9 0.0 0.0 0.03 1 2 2 5 0 ✓ 

3.56* REDO 0.238 82.8 17.2 0.0 0.0 -0.19 1 2 2 5 3 - 

PDB_ch. identifies the chain on the respective PDB entry. “DB” identifies the database of origin (“REDO” was shortened from “PDB-REDO” for simplicity). 

Improved or worsened parameters in the refined structure (PDB-REDO) are coloured in green and red, respectively. 

* Resolution of the PDB structure according to the evaluation done by PDB-REDO. 

 



Chapter IV: Development of a novel conjugate for targeting: in silico analysis and synthesis 

75 

 

Figure IV–2. Three-dimensional structure of FRα used in docking studies (4LRH, chain A, from PDB-REDO). 

(A) Ramachandran plot: each black square represents a residue found in the core (red area) and allowed (bright 

yellow) areas; residues found in generously allowed (pale yellow) and disallowed (white) areas are flagged as red 

squares and labelled, e.g., Thr172 and Glu33, respectively. 

(B) Crystallographic holo-structure: the secondary structure and surface of FRα are coloured in teal, the 

complexed FA is coloured yellow, the water molecules are represented as red spheres, and the 

N-acetyl-D-glucosamine (NAG) molecules are represented as green wires. 

 

Comparison of UniProt entry P15328 to the sequence of amino acids of the chosen 3D structure 

shows that the 4LRH entry only contains the sequence of residues in the range of 23-235, instead 

of the full sequence of 257 amino acids. 

To ascertain the need for modelling the missing residues, the UniProt [211] P15328 entry was 

inspected and showed the first 24 amino acids act as a signal sequence and are not part of the mature 

FRα. Similarly, the propeptide sequence 235-257 is removed in the mature form of the protein 

[220], which indicates the full mature sequence of FRα encompasses residues 25-234. The 

three-dimensional structure 4LRH_chainA includes amino acid residues in the range 29-236. As 

the missing residues found at the edges of the sequence and are not involved in FA binding to the 

target, there was no need to rebuild the full sequence through homology modelling. 
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As mentioned before, molecular docking is a structure-based approach with the goal of predicting 

non-covalent binding poses and relative binding affinity of small molecules to a macromolecule 

[209,221]. Depending on the conformational freedom allowed to macromolecule or ligand, 

molecular docking algorithms may be classified as: (1) rigid-body, where both macromolecule and 

ligand are considered rigid-bodies without conformational variability; (2) semi-flexible, the most 

common type of molecular docking, where the macromolecule is rigid, but the ligand is allowed to 

adopt different conformations; and (3) flexible, where both ligand and the macromolecule are 

allowed conformational flexibility [209]. 

As the folate receptor α (FRα) has high affinity for its endogenous ligand and different 

three-dimensional structures of apo- and holo- forms of the receptor are known [91,194,219], our 

work with a FA-conjugate did not foresee the need to explore flexible docking approaches and their 

consequent higher computational cost. By compromising with a semi-flexible molecular docking 

approach, any necessary “extra” computational effort could be put in exploring the conformational 

space of the larger conjugate. With the open-source software suite MGLTools 1.5.6 [222,223], the 

AutoDockTools package [222,224] can be used to prepare molecules for running semi-flexible 

simulations on AutoDock 4.2.6 [225–227] or AutoDock Vina [228]. Both molecular docking 

software packages are considered stochastic algorithms (i.e., they cause random changes in the 

values of the degrees of freedom of a system) based on the Monte Carlo method. This method 

introduces an evolution criterion of acceptance where – after a random change in the ligand – if the 

energy score is improved, the change is accepted; otherwise, the acceptance depends on the 

probability of Equation IV-1: 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ~ 𝑒𝑥𝑝 [−
∆𝐸

𝑘𝐵𝑇
] 

(IV-1) 

where ΔE is the difference in energy, kB is Boltzmann’s constant, and T is a user defined 

temperature (high temperatures will accept almost all steps, while lower temperature lead to more 

selective conformations) [209,221,226]. After obtaining different conformations, they are ranked 

according to the empirical scoring functions [229], specific to each software. In AutoDock 4.2.6, 

the scoring function is based on the AMBER force-field [221] that estimates the free energy of 

binding [225], while in AutoDock Vina the function is described as «(…) more of 

“machine-learning” than directly physics-based in its nature.» [228] as it extracts empirical 

information from conformational preferences of complexes and experimental affinity 

measurements.  
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The preparation of the FRα PDB file for docking, using UCSF Chimera 1.14, involved the removal 

of all water molecules (except those mediating ligand/target interactions) and other ligands 

(normally used to stabilise the crystallographic structure), and the confirmation that the structure 

did not have multiple conformations, i.e., alternate locations for the same set of atoms. The 

crystallographic FA was removed from the FRα structure with a simple text line command, without 

compromising the original file: 

grep ^HETATM 4lrhA.pdb > FA.pdb 

grep -v ^HETATM 4lrhA.pdb > FRalpha.pdb 

The receptor file was then edited with AutoDockTools, which added and merged all non-polar 

hydrogens, and computed Gasteiger charges, saving the output as a PDB, partial charge, and atom 

type (PDBQT) file. 

The radius of gyration, rgyr, of the crystallographic FA was measured (using VMD 1.9.3 [230]) to 

be approximately 5.68 Å, which allowed to calculate the size of the docking box in grid points 

(gpoints, for AutoDock 4.2.6) or Å (gsize, for AutoDock Vina) according to Equation IV-2. By 

multiplying rgyr by a 2.9 factor [231], it returned a grid size of 16.48 Å – which is equivalent to 

43.95 grid points (gsize divided by the default gspacing = 0.375 Å resolution in AutoGrid 4.2.6) – per 

dimension of a cubic box. 

𝑔𝑝𝑜𝑖𝑛𝑡𝑠 =
2.9 × 𝑟𝑔𝑦𝑟

𝑔𝑠𝑝𝑎𝑐𝑖𝑛𝑔
=

𝑔𝑠𝑖𝑧𝑒

𝑔𝑠𝑝𝑎𝑐𝑖𝑛𝑔
 

(IV-2) 

To develop the conjugate for proof-of-concept we propose the use of the commercially available 

compound IV.1 (Figure IV–3) with a folic acid (FA) warhead, to conjugate with the novel chlorin 

III.29 via “click” chemistry. The conjugate IV.2 with a polyethylene glycol (PEG) spacer of 1 kDa, 

results in a considerable large molecule. The cycloaddition reaction between the azide group in 

chlorin III.29 and the dibenzocyclooctynes (DBCO) group of the linker, was predicted to give two 

regioisomers (shown in Figure IV–3) – IV.2a and IV.2b – that are usually not separable [232,233]. 

For the in silico studies described in this chapter, we considered a linker with 23 units of ethylene 

glycol in isomer IV.2a (Figure IV–4.A), as the differences between both isomers or a slightly 

shorter PEG chain, were not expected to significantly affect binding. Open Babel 2.3.2 [234,235] 

with its Gen3D functionality was used to generate a three-dimensional structure of the conjugate, 

by performing geometry optimization and a conformational search, to obtain the structure closest 

to a global energy minimum (Figure IV–4.B,C). As was done for crystallographic FA, the radius 
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of gyration of the conjugate was measured (rgyr = 22.54 Å) obtaining the values of gsize = 65.37 Å 

(or gpoints = 174.31), through Equation IV-2. 

 

 

Figure IV–3. Structures of the FA-PEG1k-DBCO linker (IV.1) and the expected conjugates IV.2, after “click” 

chemistry with chlorin III.29. 
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Figure IV–4. Three-dimensional structure of the conjugate IV.2. (A) Two-dimensional structure in SDF. (B) 

Final three-dimensional structure in Mol2. (C) Side view of the three-dimensional structure. 

AutoDockTools identifies 97 rotatable bonds in the conjugate IV.2. Because AutoDock 4.2.6 can 

only handle a maximum of 32 rotatable bonds, we chose to use AutoDock Vina for the molecular 

docking simulations. 

 

As mentioned in the previous section, AutoDockTools automatically processed crystallographic 

FA by adding hydrogens, Gasteiger charges, and identifying nine rotatable bonds. After detecting 

the root of the torsion tree, we reviewed the default torsions parameter by considering amide bonds 

as non-rotatable and saved the output as a PDBQT file. 

With both the ligand and macromolecule PDBQT files ready in AutoDockTools, FA was chosen 

as the ligand for the grid box which was then centred on it. 

In AutoDock Vina we created a configuration file for docking (described in the Experimental 

section), using the information previously obtained for the centre of the grid box and size of 16.48 

Å for each side, using the defaults for other parameters, except the number of poses to be calculated 

(defined as 10). After running the molecular docking simulation, the binding poses were visually 

evaluated and the root-mean-square deviation (RMSD) of each pose from the crystallographic FA 

was measured in Chimera 1.14. However, the binding pose with higher score from AutoDock Vina 

was not in accordance with the crystallographic pose, having a “flipped” orientation relative to the 

crystallographic pose where the pteroate fragment is buried deep in the binding pocket 

(Supplementary Figure IV-2). Running tests with increased exhaustiveness or higher number of 

conformers (results not shown) did not change the orientation of the best ranking pose. As an 
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attempt to overcome this issue, we took a step back and decided to use entry 4LRH, chain A, from 

the PDB repository (Supplementary Figure IV-3) that had been discarded in favour of the re-refined 

model from PDB-REDO, to see if the docking algorithm was able to predict correct simulation 

runs. 

The process of preparing the files and defining the grid box for molecular docking was repeated 

and a new configuration file for redocking (described with greater detail in the Experimental 

section; example shown in Supplementary Figure IV-4.A) was executed in AutoDock Vina. The 

predicted binding poses can be seen in Figure IV–5. 

While there were a few binding poses that had the “flipped” orientation, with this receptor file the 

best ranked pose had a very strong overlap with the crystallographic FA pose (RMSD < 1 Å). When 

comparing the interactions between the crystallographic FA (Figure IV–6.A) and the redocked pose 

(Figure IV–6.B), using LigPlot+ 2.2.5 [236,237] it is possible to see that most interactions remained 

after redocking FA. 

 

Figure IV–5. Redocking simulation of crystallographic FA (yellow) to FRα (blue) (PDB entry 4LRH, chain A; 

blue receptor). (A) FRα structure with all ligand docking poses overlapped. (B) Close-up of the ligand docking 

poses (pink) overlapped with FA in the binding pocket. (C) Best predicted pose (pink) and crystallographic FA 

(yellow). 
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Figure IV–6. Ligand-protein interaction diagram (LigPlot+ 2.2.5) for (A) crystallographic PDB entry 4LRH and 

(B) redocked FA into the receptor structure of PDB entry 4LRH. 

H-bonds are coloured green and hydrophobic interactions are coloured red. FRα residues that interact with FA 

are labelled and coloured with orange bonds when explicitly represented. FA is coloured with purple bonds. 

The missing interactions after redocking are the close contact with Tyr185 and the H-bond with 

Lys136 (but the interaction remained as a close contact). Additionally, new interactions appeared 

as the close contact with Phe62 and the H-bonds with Ser101 and Trp138. 

The RMSD values and predicted affinity from the scoring function from both redockings with the 

PDB and PDB-REDO entries 4LRH, chain A, are summarised in Table IV-3. 

Table IV-3. Redocking results in AutoDock Vina for the FRα. 

Rank 

PDB-REDO PDB 

Binding Affinity 

(kcal/mol) 
RMSD (Å) 

Binding Affinity 

(kcal/mol) 
RMSD (Å) 

     

1 -10.6 10.88 -10.5 0.96 

2 -10.4 11.20 -10.4 2.70 

3 -10.2 3.14 -10.4 11.01 

4 -9.9 1.07 -9.8 2.93 

5 -9.7 10.96 -9.7 10.64 

6 -9.4 2.89 -9.3 10.89 

7 -9.3 3.51 -9.3 2.51 

8 -9.1 11.64 -9.2 11.50 

9 -8.8 3.40 -9.0 11.24 

10 -8.6 2.41 -8.8 3.72 

 Exhaustiveness: 8 6.11 ± 4.41 Exhaustiveness: 8 6.81 ± 4.53 

Results from poorly predicted poses are coloured red. 
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Despite not being able to run the docking protocols for the conjugate with AutoDock 4.2.6, we still 

ran a standard redocking protocol (see Experimental section, 6.3.2.2) to assess the viability of the 

experiment with another scoring function. Using the default values for a Lamarckian Genetic 

Algorithm (GA-LS) as our search function, we simulated 10 runs for the FRα structures from each 

database and used the respective grid centres and grid points calculated in Equation IV-2. 

The RMSD values and predicted affinity from the scoring function from both redockings with the 

PDB and PDB-REDO entries 4LRH, chain A, are summarised in Table IV-4. 

Table IV-4. Redocking results in AutoDock 4.2.6 for the FRα. 

Rank 

PDB-REDO PDB 

Binding Affinity 

(kcal/mol) 
RMSD (Å) 

Binding Affinity 

(kcal/mol) 
RMSD (Å) 

     

1 -11.66 1.53 -10.95 1.65 

2 -11.51 1.87 -10.59 1.71 

3 -11.37 2.27 -10.30 1.79 

4 -11.27 1.64 -10.05 2.06 

5 -11.21 1.50 -9.71 2.19 

6 -11.20 1.70 -9.63 2.37 

7 -11.02 1.20 -9.53 2.02 

8 -10.87 1.28 -9.05 2.22 

9 -11.25 4.17 -10.23 2.52 

10 -10.55 0.93 -9.60 2.57 

 GA-LS 1.81 ± 0.91 GA-LS 2.11 ± 0.32 

 

With AutoDock 4.2.6, the scoring function had no issues in consistently predicting the correct 

ligand binding pose within the FRα structure obtained from either database. 

Particularly, in the three-dimensional structure from PDB-REDO, there was a lower average RMSD 

value across the 10 runs compared to the structure from PDB. When visually analysing the ligand 

docked poses (not shown in this document, as this was just to test the structures against another 

scoring function), this difference was explained by AutoDock 4.2.6 having preferred to dock FA 

less buried in the structure from PDB, than the one from PDB-REDO. 

 

As mentioned above, the conjugate IV.2a was loaded to AutoDockTools and set as input for the 

ligand to prepare the molecule for docking. With a molecule this large, there were extra 
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precautionary steps taken to prepare the conjugate for molecular docking, such as manually setting 

the same root found for the FA molecule and establish an adequate grid box. 

Previously, when calculating the size of the grid box, the value obtained from Equation IV-2 should 

have been gsize = 65.37 Å per side of the cubic box, but the maximum value allowed in 

AutoDockTools is gpoints = 126, or gsize = 47.25 Å, so it was the value used for the grid box. 

As molecular docking aims to predict the optimal binding pose – by sampling different 

conformations searching the potential energy landscape to find a global energy minimum, while 

the scoring function assesses the steric and chemical complementarity between ligand and 

macromolecule [209,238], – the algorithm will try to maximise the number of favourable 

interactions between just receptor and ligand (without solvents) in a static way. So, when 

establishing the centre of the grid box, the large size of the molecule had to be considered. 

 α

By centring the box on the ligand or on the macromolecule, the box would envelope most of the 

FRα, but would not leave enough space for the conjugate to adopt some conformations to fully 

explore the binding pocket in the receptor. Thus, we decided to centre the box on the ligand and 

offset it in the direction of the known binding pocket, so that the faces of both boxes met (i.e., the 

centre of the box was offset on the x-axis as shown in Figure IV–7). This way the box for docking 

of the conjugate would still wrap around a great part of the surface of the receptor and allow 

“negative” space for more prominent torsions of the ligand. 
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Figure IV–7. Defining the centre of the grid box for blind docking, as observed in AutoDockTools. The box 

represented by lines was the one used for redocking of FA; the larger mesh box was used for blind docking of 

the conjugate. 

Therefore, after processing and saving the conjugate in PDBQT format with AutoDockTools, the 

configuration file to be used in AutoDock Vina was updated with the following: i) the centre of the 

box moved to the coordinates (22.873, 3.553, -6.055); ii) the size of the box increased; iii) the 

exhaustiveness increased up to 32; iv) the search increased to 20 conformers (maximum value), 

and v) a higher energy difference between conformers was also accepted (Supplementary Figure 

IV-4.B). 

The results of the docking of the conjugate IV.2a (Figure IV–8 and Supplementary Figure IV-5.A 

and B; binding affinity output is detailed in Supplementary Table IV-1) showed that the binding 

pose with the highest score was able to fit the FA in the FRα binding pocket. This was also observed 

for the first five ranked poses out of 20 conformers. Of the remaining predicted poses, excluding 

the 11th ranked conformer, the FA fragment was found either at the outer edge of the pocket 

(Supplementary Figure IV-5.B) or not even inside the pocket, favouring interactions with the 

surface of FRα. 
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Figure IV–8. Molecular docking simulation of conjugate IV.2a (green) with FRα (PDB entry 4LRH, chain A; 

blue). 

(A) Receptor complexed with all 20 ligand conformers overlapped. (B) Overlap of the best ranked binding pose 

(green) with crystallographic FA (yellow). (C) Ligand-protein interaction diagram (LigPlot+ 2.2.5) for the FA 

fragment of the conjugate IV.2a in the FRα binding pocket. 

Figure IV–8.B shows that, even though the best pose of the conjugate IV.2a found the binding 

pocket, the FA fragment of the conjugate is not buried as deep as the crystallographic FA (coloured 

yellow). And this was further evidenced by the analysis in Figure IV–8.C, where only one H-bond 

interaction with the binding residues was maintained (His135); other H-bond interactions, such as 

Asp81 and Trp102, became classified as close contacts. 

This in silico analysis suggested a validation of the expectation set for a FA-conjugate in finding 

the binding pocket of FRα, despite the large size of our designed conjugate IV.2a. 

 α

Although the redocking simulation of the crystallographic FA with the re-refined model from 

PDB-REDO (4LRH entry, chain A) did not result in favourable predictions of the binding pose, we 

decided to test the performance of molecular docking of the conjugate IV.2a with this FR 

structural model, using the same protocols as in the previous section (extensively described in the 

Experimental section, 6.3.2.3) for defining the grid box – centred on (22.360, 20.809, 3.022) with 

47.25 Å per side – and docking. 

These molecular docking results with the conjugate IV.2a are shown in Figure IV–9 

(Supplementary Figure IV-5.C, D, and E; binding affinity output is detailed in Supplementary Table 
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IV-1). The analysis of the results showed that the predicted binding poses were consistently located 

inside of the binding pocket, except in two cases: the 7th ranked pose placed at the edge of the 

pocket (represented in Supplementary Figure IV-5.E); and the 13th ranked pose found outside the 

binding pocket. The best ranked pose (Figure IV–9.B,C) showed that the FA fragment kept the 

H-bond interactions with Asp81 and Arg103, but made a H-bond with His134 instead of His135; 

as for the close contacts, some were kept (Tyr60, Phe62, Trp171) or became close contacts instead 

of H-bonds (Trp102 and Trp140). 

 

Figure IV–9. Molecular docking simulation of conjugate IV.2a (green) with FRα (PDB-REDO entry 4LRH, 

chain A; teal). 

(A) Receptor complexed with all 20 ligand conformers overlapped. (B) Overlap of the best ranked binding pose 

(green) with crystallographic FA (yellow). (C) Ligand-protein interaction diagram (LigPlot+ 2.2.5) for the FA 

fragment of the conjugate IV.2a in the FRα binding pocket. 

Even though the redocking experiment of FA with the PDB-REDO structure of FR, using 

AutoDock Vina, did not yield a reasonable best predicted pose, the docking experiment with the 

same receptor model and the conjugate IV.2a produced a model with the pterin moiety of the 

conjugate placed deep in the binding site and in a pose similar to that assumed by FA 

(Supplementary Figure IV-5). 
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The use of this strain-promoted alkyne-azide cycloaddition (SPAAC) was first explored by Bertozzi 

et al. [239–242] with the advantage reacting under physiological conditions in the absence of 

copper catalysts and/or microwave heating [187,189]. Later developments by Van Delft et al. 

[243,244], led to the synthesis of stable DBCO reagents that were easily functionalised (such as 

PEGylation [243]) for bioconjugation and specifically reactive towards azides. 

Adapting the work from Trindade et al. [195] with FA-PEG conjugates, we proposed the reaction 

mechanism represented in Scheme IV-1 to obtain the conjugate IV.2. An excess of chlorin III.29 

was mixed with the linker IV.1 in DMSO, to push the “click” reaction towards completion and 

avoid as much free linker as possible at the end of the 24-hour reaction. Any attempts to follow the 

consumption of the reagent with thin-layer chromatography (TLC) using AcOEt as the eluent was 

unsuccessful, with the presence of DMSO from the mixture preventing a clear visualization of 

individual spots. Nevertheless, when no changes were observed by TLC, the stirring was stopped 

at the 24-hour timepoint, and the reaction mixture was poured into stirring cold diethyl 

ether/acetone (8:2 v/v) mixture. 

 

Scheme IV-1. SPAAC to obtain chlorin III.29 conjugated with linker IV.1 (example shown for IV.2a). 

After filtering and washing the resulting solid with the same solution and acetone to remove any 

excess chlorin, we observed that the product was only soluble in polar solvents such as DMSO and 

dimethylformamide (DMF). After a stock solution of the compound was prepared in DMSO, the 

ultraviolet (UV) and visible absorption spectrum of product IV.2 was measured and compared to 
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the absorption spectrum of the precursor chlorin III.29 (diluted to a similar absorbance at the Soret 

band) and, as seen in Figure IV–10, the same peak was found at λ = 651 nm, which confirms the 

presence of chlorin in the sample of IV.2. Furthermore, the FTIR spectrum (Figure IV–11) of the 

conjugate IV.2 sample was also evaluated and overlapped with the spectrum from III.29: the visible 

decrease in the characteristic azide signal ca. 2100 nm-1, supports that most free chlorin III.29 either 

reacted or was washed from the precipitate. 

From both these observations – the presence of chlorin (Figure IV–10) with the diminished signal 

at 𝜈 = 2095 cm-1 (Figure IV–11), – it suggests that the chlorin III.29 reacted with the DBCO and 

successfully formed the expected conjugate IV.2. 

 

Figure IV–10. UV-visible absorption spectra (DMSO) of chlorin III.29 and conjugate IV.2. 



Chapter IV: Development of a novel conjugate for targeting: in silico analysis and synthesis 

89 

 

Figure IV–11. Expansion of FTIR analysis for chlorin III.29 and conjugate IV.2. 

 

As the in silico modelling of the interaction of the proof-of-concept conjugate IV.2a with the folate 

receptor FR followed a structure-based approach, the first step carried out was the analysis of the 

quality of the available three-dimensional structures of the receptor. Data mining from PDB 

[205,206] returned a total of 20 individual experimental structures (from five independent entries), 

which after being submitted to PROCHECK [215] and evaluated, were ranked (Table IV-1) by 

resolution, percentage of residues in core regions of the Ramachandran plot [216], G-factor, Morris 

et al. [217] classifications, and number of bad contacts. For the best ranked structure of each PDB 

entry, we also submitted the equivalent structure from the database of re-refined structures, 

PDB-REDO [210,218], to PROCHECK [215] and compared the structures statistics. From this 

ranking (Table IV-2), apo-receptors were eliminated, as we had interest in the interactions formed 

in the binding site and there were holo-receptor structures available. The resulting best ranked FRα 

structure was chain A from PDB-REDO entry 4LRH, which has an improved R-free value (which 

represents a less biased assessment of the model’s quality in representing the experimental data not 

used in refinement [245,246]), higher percentage of residues found in the core region of the 
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Ramachandran plot [216], and higher classification according to Morris et al. [217]. However, 

besides one extra bad contact, the worst parameter in the PDB-REDO entry was the G-factor – 

which, according to the PROCHECK manual [247], is a value that defines the “normality” of the 

structure. 

While initially our intention was to compare docking results from AutoDock 4.2.6 [225–227] and 

AutoDock Vina [228], technical limitations of the former – relative to the maximum acceptable 

number of rotatable bonds, – did not allow to run docking simulations of the conjugate with 

AutoDock 4.2.6. As such, we began by evaluating AutoDock Vina for the docking protocols. 

Starting with redocking simulations of the crystallographic natural ligand (FA) to ensure the 

adequacy of the software and docking protocol, the results from PDB-REDO (Table IV-3 and 

Supplementary Figure IV-2) immediately showed issues with the scoring function in discriminating 

best poses. Giving lower predicted binding affinity to ligand poses that are “flipped” and not 

expected to interact with the binding pocket, followed by ligands with the expected binding pose 

with very similar predicted binding affinities. On the other hand, using the structure from PDB 

(Figure IV–5 and Table IV-3), even though some of the binding poses had a “flipped” orientation, 

the best scored pose was very similar to the experimental pose of crystallographic FA (RMSD < 1 

Å). 

When comparing with a standard redock protocol using the GA-LS algorithm from AutoDock 

4.2.6, the redocking had no issues in predicting the expected FA binding pose and did it consistently 

across the 10 runs (Table IV-4), for the three-dimensional structures of both databases (though 

PDB-REDO yielded lower average RMSD values). As this consistent behaviour between structures 

from PDB-REDO and PDB was not seen for AutoDock Vina, it reinforces that the issue with 

“flipped” ligand binding poses stems from its scoring function and not the re-refinement done on 

structures from PDB-REDO. Yet, we followed through with AutoDock Vina as part of the 

open-source MGLTools, but more aware about the possibility of issues in the predicted ligand 

binding poses when docking the conjugate IV.2a, since the Glu fragment of FA would not be 

available for interaction and the only free ends would be either the pteroate fragment or the chlorin 

(much too large for the binding pocket). 

As such, the next step was performing molecular docking of the conjugate IV.2a. In Figure IV–4.C 

it is possible to better visualise how the structure of the conjugate was optimised in 

three-dimensional space. While the “folding” of FA between the pterin and p-aminobenzoic acid 

fragments (seen on the right of Figure IV–4.B) was not expected, it is important to highlight that 

Open Babel 2.3.2 [234,235] was able to correctly determine the coil-like shape of the PEG linker 

[248], as well as an approximate “wave” stereochemistry, observed in porphyrinoid compounds 
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[249,250]. The greatest obstacle for the docking protocol was the size of the conjugate molecule, 

with a radius of gyration to which the size of the docking box could not be accommodated. 

However, AutoDock Vina has been known to predict binding poses of large ligands due to strong 

computing capabilities [251,252]. As most docking programs are successful in performing binding 

of small molecules with only five or six rotatable bonds [253], and the designed conjugate had 97 

rotatable bonds, there was an unsuccessful attempt to run a test with the structure of the 

commercially available linker (IV.1) in the webserver DINC 2.0 [254–256]. This webserver reports 

that increasing the exhaustiveness to increase the conformational search space in AutoDock Vina 

is rarely beneficial [253], while presenting itself as an incremental meta-docking tool for large 

ligands, but it never processed the uploaded file, claiming the structure was too large. Consequently, 

we resorted to increase the exhaustiveness in AutoDock Vina running locally, minding the warning 

that the ligand exceeded 32 rotatable bonds. 

Unlike the redocking protocol of FA, the docking simulations of the conjugate did not start inside 

the binding pocket (Supplementary Figure IV-6 for the PDB structure and Supplementary Figure 

IV-7 for the PDB-REDO structure), which removed bias from the protocol. With the FRα from 

PDB (Figure IV–8), AutoDock Vina was able to predict a best binding pose inside the pocket, with 

a total of 6 out of 20 poses inside the pocket (Supplementary Figure IV-5.A). As the conjugate is 

“built” upon the glutamic acid fragment from the FA “warhead”, we run the same protocol with the 

FRα from PDB-REDO (Figure IV–9), with the expectation that the software’s scoring function 

overcame the preference for “flipped” docking poses, as now only the pteroate (from FA) and the 

chlorin fragments were available to interact with the binding site. Unlike what was observed for 

redocking, the re-refined structure was actually able to return better predictions in quality and 

number: the best ranked prediction found more buried in the binding pocket, as were other six poses 

(Supplementary Figure IV-5.C), with a total of 18/20 poses predicted to be inside the binding 

pocket. 

These docking results highlighted the ability of the designed conjugate, with a FA warhead, to bind 

to the folate receptor´s binding site, so we moved forward with the synthesis of conjugate IV.2. We 

run into difficulties with the purification of the product obtained after the proposed SPAAC 

reaction. While the size of the linker IV.1 is considerably large, it is not unusual in PEGylated 

conjugates and it is not even the largest linker used successfully in the synthesis of PS conjugates 

[257]. Although DBCO’s asymmetry raises the issue of producing a mixture of usually inseparable 

regioisomers [232,233] (IV.2a and IV.2b detailed in Figure IV–3), we maintained the choice of 

using this linker since it is readily available and adequate for a proof-of-concept project. The 

resulting conjugate IV.2 was analysed by UV-visible absorption spectroscopy (Figure IV–10) and 

FTIR spectroscopy (Figure IV–11), which supported the success of the “click” chemistry. 

However, it was not possible to confirm its structure by mass spectrometry due to chemical 
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instability under the experimental conditions used. Yet, as there was evidence of the success of the 

“click” reaction and the presence of the chlorin core, it was decided to move forward with the 

photochemical characterization and in vitro activity of the synthesized conjugate. As such, from 

the new chlorins synthetised and reported in Chapter III:, five were chosen along with the conjugate 

IV.2 (Figure IV–12) for further studies and evaluation of their activities as PS. 

 

Figure IV–12. Set of the novel chlorins and designed targeted-conjugate chosen for further in vitro evaluation. 

As mentioned before in Chapter III:, chlorins III.26b, III.27, and III.28b will allow to observe a 

correlation between hydrophilicity and photodynamic activity [32,42,43], while chlorin III.28a 

will also stand for a direct comparison in activity with the monosubstituted derivative III.28b. 

Chlorin III.29 as one of the main synthetic goals, will be evaluated as PS by itself with the potential 

of being used in the development of third-generation PS, as a “clickable” PS. And finally, the 
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conjugate IV.2 will be our proof-of-concept molecule of the targeted-PDT strategy derived from 

the novel “clickable” chlorin III.29. 

 

 

 

 

Molecular docking protocols were run on a 64-bit CentOS 6 Linux server with an Intel Xeon CPU 

(E5620) at 2.40 GHz (Supplementary Table IV-2). 

 

The full sequence of residues for FRα was retrieved from UniProt Knowledgebase [211,212]. 

Three-dimensional structures of FRα were retrieved from databases PDB [205,206] and 

PDB-REDO [210,218]. PROCHECK [215,247] was used to perform structural analysis of all 

structures. The three-dimensional structure of the conjugate IV.2 was generated with Open Babel 

2.3.2 [234,235]. 

Visualisation and simple editing of the three-dimensional structure files was performed with UCSF 

Chimera 1.14 [213], VMD 1.9.3 [230], or PyMOL 2.0 [258]. Molecular docking protocols used 

MGLTools 1.5.6 [222,223] and AutoDock Vina [228]. Protein-ligand interactions of interest were 

further analysed using LigPlot+ 2.2.5 [236,237]. 

Images of two- and three-dimensional structures were generated with ChemDraw Ultra 12.0 [259] 

and PyMOL 2.0 [258], respectively. Figures with multiple images were assembled in the Photo 

Editor utility from Adobe® Photoshop® Elements 11 [260]. 

 

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance III 

spectrometer operating at 400 MHz and 100 MHz, respectively. 
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Deuterated solvents were used as acquired and mentioned for each situation. The values of the 

chemical shifts are presented in ppm, respectively to the internal standard tetramethylsilane (TMS) 

or solvent residual peak, and the values of the coupling constants (J) are presented in Hz. 

 

Infrared spectra were obtained from Agilent Technologies Cary 630 FTIR spectrometer, using the 

attenuated total reflectance (ATR) method, where the solid samples were measured directly 

 

Absorption spectra were recorded in a UV-visible Recording Spectrophotometer (Shimadzu 

UV-2100). The samples were dissolved in the indicated solvent and measured in quartz cuvettes 

with an optical path of 1 cm. 

 

 

All reagents were purchased from Sigma-Aldrich, Merck, or Fluka, and used directly without 

further purification procedures. The FA-PEG1k-DBCO linker (IV.1) was purchased from 

Biopharma PEG Scientific Inc. (catalogue no. HE048057-1K). 

 

All the solvents used (except for 1,2,4-TCB, which was used directly, as acquired) were purified 

according to the methods described in the literature [191]. 

 

TLC analyses were performed on Merck Silica gel 60 F254 plates. Column chromatography was 

performed with silica gel 60 (0.040-0.063 mm) as the stationary phase. 
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The covalent structure of conjugate IV.2a with 23 PEG units in the linker was initially drawn using 

ChemDraw Ultra 12.0 [259]. The two-dimensional structure was saved in Structure Data File (SDF) 

format. From this SDF file, using the Gen3D functionality from Open Babel 2.3.2 [234,235], a 

three-dimensional structure of the conjugate IV.2a was generated, followed by geometry 

optimization: (1) 250 steps of steepest descent with MMFF94s force-field, (2) 200 iterations of 

weighted rotor conformational search, and (3) 250 steps of conjugate gradient geometry 

optimization. This ensures that the structure obtained is close to a global minimum energy 

conformer, which was submitted to an additional conformer search with weighed rotor using the 

same MMFF94s force-field. An example of the command used is presented below: 

obabel -isdf conjugate.sdf -omol2 -O conjugate.mol2  

--gen3d best --conformers --nconf 50 --ff mmff94s –-weighted 

---errorlevel 4 &> conjugate.log 

As the previous command focuses on the generation of the three-dimensional structure based on 

rules and common fragments, even with the minimization steps, there might be some clashes/strains 

in the structure. Further energy minimisation was performed under similar conditions applied by 

the Gen3D functionality but using 5000 steps of steepest descent with MMFF94s force-field. The 

command used is presented below: 

obabel -imol2 conjugate.mol2 -omol2 -O conjugate-min.mol2  

--minimize --sd --ff mmff94s --steps 5000 --log ---errorlevel 

4 &> conjugate-min.log 

This final three-dimensional structure was saved in Tripos molecule structure (Mol2) file format. 
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The crystallographic structures of FRα (entry 4LRH, from databases PDB and PDB-REDO) as well 

as the three-dimensional structures of the ligands (crystallographic FA and conjugate IV.2) were 

separated and “cleaned” of waters and other molecules present in the crystallographic unit using 

UCSF Chimera 1.14 [213,214]. Afterwards, they were prepared using the AutoDockTools package 

[222] from the software suite MGLTools 1.5.6 [222,223]. They were converted to PDBQT format, 

with automatic addition and merging of non-polar hydrogens, and computation of Gasteiger 

charges. Moreover, for FA, the root of the ligand was detected automatically, obtaining nine 

rotatable bonds (making sure to select amide bonds as non-rotatable). As for the conjugate, we took 

the extra step of manually setting the same root found for the FA molecule (as this was the expected 

fragment that would bind to the receptor), taking note of the warning of the existence of 97 rotatable 

bonds. 

 

The AutoGrid 4.2.6 utility was used to define the grid box containing the target binding site where 

the ligand is docked. Using Equation IV-1, the length of each side of the cubic box – 16.48 Å – was 

calculated using the radius of gyration of the FA molecule. AutoGrid allowed to centre the box on 

the ligand and obtain the coordinates (6.976, 20.809, 3.022) for the PDB-REDO structure and 

(7.489, 3.553, -6.055) for the PDB structure. These values were inserted in a configuration file of 

parameters necessary to run AutoDock Vina (e.g., Supplementary Figure IV-4.A). In this file, the 

number of ligand poses to predict was specified to be 10, along with the default values for 

exhaustiveness of the global search and the allowed energy difference between the best and worst 

binding poses (kcal/mol). 

AutoDock 4.2.6 used the GA-LS hybrid search function [225] with the respective default settings 

for 10 runs: 150 individual in population, maximum of 2,500,000 energy evaluations, maximum of 

27,000 generations, and elitism of only one individual surviving to the next generation, with a 0.02 

gene mutation rate and 0.80 crossover rate. 

As AutoDock Vina only presents RMSD values compared to the best docking pose, UCSF Chimera 

1.14 was used to calculate the RMSD between FA of each docking pose and the original 

crystallographic pose (Table IV-3). 
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For the blind docking of the conjugate, AutoGrid 4.2.6 was also used to define the docking grid 

box. Using Equation IV-2, the length of each side of the cubic box – 65.37 Å – was calculated using 

the radius of gyration of the conjugate IV.2a. However, the maximum length of the cubic box 

allowed by the software is 47.25 Å. AutoGrid 4.2.6 allowed to centre the box on the ligand and 

offset it along the x-axis (as seen in Figure IV–7) and obtain the coordinates (22.873, 3.553, -6.055) 

for the PDB structure. The same process was repeated for the PDB-REDO structure to obtain the 

coordinates (22.360, 20.809, 3.022). These values were added to the configuration file of 

parameters necessary to run AutoDock Vina (e.g., Supplementary Figure IV-4.B). To increase the 

chances of the conjugate to find the binding pocket, the number of predicted poses was altered to 

the maximum allowed of 20, exhaustiveness of the global search was increased up to 32, and the 

allowed energy difference between the best and worst binding poses (kcal/mol) was also increased. 

 

 

The conjugation was adapted from a procedure described in the literature [195]. DBCO-PEG1k-FA 

IV.1 (8.9 mg, 0.005 mmol) in DMSO (500 μL) was sonicated until complete dissolution. Then, the 

solution was added to a solution of 2 equiv. of chlorin III.29 (8.3 mg, 0.010 mmol) in DMSO (1 

mL). The reaction mixture was left stirring for 24 h at RT, in the dark. The product was precipitated 

from the dropwise addition of the reaction mixture to a stirred cold solution of diethyl ether and 

acetone (30 mL; 8:2 v/v). The precipitate was filtered, washed with acetone followed by a mixture 
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of [diethyl ether/acetone (8:2 v/v)], originating a dark orange solid after being dried under vacuum 

(7.7 mg). 

Comparison of the FTIR spectra of free chlorin III.29 and conjugate IV.2 (Figure IV–11) showed 

that the peak at 𝜈 = 2095 cm-1, assigned to the azide group from chlorin III.29, disappeared after 

its reaction with linker IV.1, yielding chlorin-PEG1K-FA conjugate IV.2. This indicates that the 

azide group was modified after undergoing “click” chemistry. Accordingly, as the UV-visible 

absorption peak that characterises chlorin III.29 (e.g., λmax = 651 nm) is still observed in the 

conjugate’s spectrum, we assumed the success of the conjugation due to the high efficiency of 

“click” chemistry [261–263]. 

UV/Visible (DMSO): λmax = 422, 517, 547, 597, 651 nm. 

FTIR (ATR): 𝜈 = 2866, 1654, 1605, 1508, 1458, 1396, 1341, 1075, 781 cm–1. 
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Supplementary Figure IV-1. Binding pocket of the FA/FRα complex (Supplementary Table IV-3) [194]. 

A) Full holo-FRα structure (FRα structure is represented by its surface in teal with the binding pocket in 

orange, FA in yellow stick presentation, water in red dots, and NAG in green wire presentation). B) Zoom in of 

the binding pocket, with the explicit side-chains of the residues (with the same colour code, FRα structure is 

represented in cartoon by the secondary structure with the binding pocket residues labelled and FA in stick 

presentation). 
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Supplementary Figure IV-2. Redocking of crystallographic FA (yellow) results from AutoDock Vina for FRα 

structure from PDB-REDO (entry 4LRH, chain A; teal). (A) Receptor complexed with all ligands overlapped. 

(B) Close-up of the predicted binding poses (pink) overlapped with FA inside the binding pocket. (C) Best 

predicted pose (pink) and crystallographic FA (yellow). 

 

Supplementary Figure IV-3. Structure of FRα chosen for docking from PDB (entry 4LRH, chain A). 

(A) Ramachandran plot: each black square represents a residue found in the core (red area) and allowed (bright 

yellow) areas; residues found in generously allowed (pale yellow) and disallowed (white) areas are flagged as red 

squares and labelled, e.g., Glu33. 

(B) Crystallographic holo-structure: the secondary structure and surface of FRα are coloured in blue, the 

complexed FA is coloured yellow, the water molecules are represented as red spheres, and the NAG molecules 

are represented as green wires. 
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Supplementary Figure IV-4. Examples of configuration files for executing AutoDock Vina: (A) redocking 

parameters for crystallographic FA; (B) blind docking parameters for chlorin-PEG1K-FA conjugate (IV.2). 

 

Supplementary Figure IV-5. Quality of the predicted docked poses on the FRα structure from PDB (A and B) 

and PDB-REDO (C, D, and E) compared to FA (yellow). 

Distance between the nitrogen atom from the amine substituent of the pterin fragment and Asp81 from FRα was 

used to define buriedness of the pose inside the binding pocket (from more to less): cyan-coloured poses as < 4 Å, 

green-coloured poses as ≥ 4 Å, and orange-coloured poses as ≥ 8 Å. 

N equals the number of conformers found in each category. 



Chapter IV: Development of a novel conjugate for targeting: in silico analysis and synthesis 

102 

 

 

Supplementary Figure IV-6. (A) Starting configuration of the molecules during blind docking of conjugate IV.2a 

in FRα (PDB entry 4LRH, chain A). (B) Conformation adopted by the best docked pose of the conjugate, outside 

the binding pocket. 
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Supplementary Figure IV-7. (A) Starting configuration of the molecules during blind docking of conjugate IV.2a 

in FRα (PDB-REDO entry 4LRH, chain A). (B) Conformation adopted by the best docked pose of the conjugate, 

outside the binding pocket. 
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Supplementary Table IV-1. Blind docking results in AutoDock Vina for the FRα. 

Rank 
PDB PDB-REDO 

Binding Affinity (kcal/mol) Binding Affinity (kcal/mol) 
   

1 -6.1 -5.7 

2 -5.7 -5.7 

3 -5.5 -5.6 

4 -5.5 -5.5 

5 -5.5 -5.5 

6 -5.4 -5.4 

7 -5.4 -5.4 

8 -5.2 -5.3 

9 -5.2 -5.3 

10 -5.2 -5.3 

11 -5.2 -5.3 

12 -5.2 -5.3 

13 -5.1 -5.3 

14 -5.1 -5.2 

15 -5.1 -5.2 

16 -5.0 -5.2 

17 -5.0 -5.2 

18 -5.0 -5.2 

19 -5.0 -5.2 

20 -5.0 -5.1 

Results from predicted poses with FA fragment outside the binding pocket are coloured red. 

Predicted poses with FA fragment at the edge of the binding pocket are in italic. 

Supplementary Table IV-2. Hardware information for the CentOS Linux server. 

Architecture  x86_64 

CPU op-mode(s)  32-bit, 64-bit 

Byte Order  Little Endian 

CPU(s)  8 

Thread(s) per core  1 

Core(s) per socket  4 

Socket(s)  2 

Vendor ID  GenuineIntel 

Model name  Intel(R) Xeon(R) CPU            E5620 @ 2.40GHz 

Stepping  2 

CPU MHz  2393.995 
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Supplementary Table IV-3. Binding pocket residue interactions with the FA fragments [194]. 

  Pterin p-Aminobenzoic acid Glutamic acid 

Tyr60     

Phe62     

Asp81     

Tyr85     

Trp102     

Arg103     

Arg106     

Trp134 †     

His135     

Lys136     

Gly137     

Trp138     

Trp140     

Trp171     

Ser174     

Tyr175     

† Was not indicated as a FA-binding residue by Chen et al. in their Supplementary Figure 4 [194,202], but 

was described in the paper. Residues with described interactions are shown with solid backgrounds, while 

the others lining the pocket have a dashed background. 

Green represents hydrogen bond interactions and orange represents hydrophobic interactions. 
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The understanding of the properties of photosensitisers (PSs) and how to apply them in clinical 

conditions is key to the success of photodynamic therapy (PDT). As mentioned in Chapter I, the 

development of new PSs has evolved to get closer to the desired characteristics of an ideal PS, such 

as high absorption inside the phototherapeutic window (600-800 nm), minimal dark toxicity, 

photostability, high photochemical reactivity, and high selectivity [23,29]. 

The first first-generation PSs to be approved, porfimer sodium or Photofrin®, presented several 

disadvantages as a PS, and yet is still commonly used [28,35,48]. From low chemical purity (as it 

was first a mixture of monomeric and aggregated porphyrins), to a low tissue penetration, and 

lasting skin photosensitivity after PDT, a lot could be improved, which became the focus on later 

generations of PSs. The characteristics sought in these new PSs were the red-shift in absorption to 

allow for deeper tissue penetration, higher yields of singlet oxygen that increased the phototoxicity 

of the compound, and higher selectivity to tumour tissues leading to less side effects [29,32,48]. 

The ultraviolet-visible (UV-vis) absorption spectra for porphyrin-type photosensitisers are known 

for the typical strong Soret band (~400 nm) followed by four less intense Q-bands (500-700 nm). 

These peaks have been interpreted and extensively discussed based on the four-state model defined 

by Gouterman [264,265]. The reduction of porphyrins to chlorins leads to a decrease in symmetry 

that consequently red-shifts the longest wavelength Q-band to ~650 nm [154,266]. One of the most 

active 2nd generation PSs, the chlorin Foscan® (temoporfin III.2) [36,39], presents this absorption 

profile (Figure V–1.A), to which our chlorins (III.26b, III.27, III.28a, III.28b, and III.29) and 

conjugate IV.2 have a very similar spectra (Figure V–1.A; structures found in Figure V–1.B). 



Chapter V: Photophysical and photochemical characterization 

110 

 

Figure V–1. (A) Normalised spectra, in DMSO, for UV-vis absorption (left axis and solid line) and fluorescence 

intensity, λex = 548 nm (right axis and dashed line) of temoporfin and synthesised chlorins. (B) Structures of the 

novel PSs evaluated in this thesis. 
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Accounting for the structural likeness of our PSs to temoporfin III.2, we expected not only similar 

spectra, but also similar photophysical and photochemical features that make temoporfin III.2 one 

of the most potent PSs and observe the effects of the substituents on our novel chlorins. 

Nevertheless, modulation of these properties due to the presence of the 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine ring-system fused to the macrocycle as well as the effect 

of the chlorins’ substituents would also be anticipated. 

In this chapter, we started by assessing the light dose correction (LDC) factor which would ensure 

that an equal number of photons are absorbed by the PS and allow for a correct comparison between 

PSs in later studies (e.g.: photodegradation, phototoxicity). As for the characterisation of the PSs, 

we also evaluated fluorescent, photodegradation, and singlet oxygen quantum yields, to have a 

better insight on the phototoxicity of the studied PSs. 

 

Schaberle [267] reported a method to calculate the LDC factor to ensure that the cells were 

irradiated with the intended light dose (LD), in photoactivation experiments. This is particularly 

relevant for the study of PSs as the light source used was a light-emitting diode (LED) lamp 

(HIGROW LED, model GL36A) with an emission maximum at 660 nm, while the chlorins’ 

absorption peak is at 651 nm (Figure V–1), leading to the shift shown in Figure V–2.A. 

Deriving from the Beer-Lambert law, we can obtain Equation V-1, where the intensity of light 

absorbed by a solution, Iabs, can be calculated from the initial light intensity, I0, and the optical 

absorption, A, from a photon’s frequency ν. 

𝐼𝑎𝑏𝑠(𝜈) = 𝐼0(𝜈)(1 − 10−𝐴(𝜈))    (V-1) 

Schaberle [267] described the number of photons absorbed, Nph, by re-writing Equation V-1 as 

follows, 

𝑁𝑝ℎ = ∆𝑡 ∑
𝑃(𝜈)

ℎ𝜈
(1 − 10−𝐴(𝜈))    (V-2) 

where Δt is the time of irradiation, P is the output power of the light source, h is the Planck constant, 

and ∑ represents the sum over all the frequencies. 
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Figure V–2. (A) PS absorption spectrum, in DMSO, and LED emission spectrum (normalised area). 

(B) Number of photons absorbed calculated with Equation V-2. 
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Following the same process for an ideal light source, where all light power emitted, Pr, is emitted 

at the same wavenumber, 𝜈, of maximum absorption of the PS, Ar, to obtain the maximum number 

of photons that could be absorbed, 𝑁𝑝ℎ
𝑟 , LDC factor can be calculated from Equation V-3. 

𝐿𝐷𝐶 =
𝑁𝑝ℎ

𝑁𝑝ℎ
𝑟 =

∑
𝑃(𝜈̃)

𝜈̃
(1−10−𝐴(𝜈̃))

𝑃𝑟
𝜈̃𝑟

(1−10−𝐴𝑟)
    (V-3) 

The optical absorption in the peak must be equal or lower than 0.1, in order that the absorption 

intensity is in a linear range. As previously described [267], by normalising the area of the emission 

spectrum of the light source, Pr = 1, and using the data from the PSs optical absorption as well as 

the light source emission, Equation V-3 can be re-written into Equation V-4 that includes the values 

for temoporfin III.2, as an example. 

𝐿𝐷𝐶 (𝐈𝐈𝐈. 𝟐) =
∑

𝑃(𝜈̃)

𝜈̃
(1−10−𝐴(𝜈̃))

1

𝜈̃𝑟
(1−10−𝐴𝑟)

=
4.92596𝐸−6
1

15360.9831
(1−10−0.1)

= 0.38  (V-4) 

Samples of each PS were prepared through dilution in dimethyl sulfoxide (DMSO), to obtain the 

same optical absorption at 651 nm. An absorption of approximately 0.1 was aimed at and then all 

the spectra were adjusted to that exact value. As seen in Figure V–2.A, despite having similar 

structures and a common absorption maximum, all chlorins present slight differences in their 

spectra that affect the Nph (Figure V–2.B). Consequently, the values calculated for the LDC factor 

were slightly different, as shown on Table V-1, but given the similarity between the chlorins’ 

spectra, an average of the LDC was calculated for the PSs studied. 

Table V-1. LDC factor and adjusted LD (LDa). 

PS LDC FACTOR MEAN LD (J/cm2) 
LD/LDC = LDa 

(J/cm2) 
     

III.2 0.37 

0.4 

or 

40% 

1.0 2.5 

III.26b 0.40 

III.27 0.38 

III.28a 0.40 

III.28b 0.40 

III.29 0.38 

IV.2 0.40 
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In Photochemistry, quantum yield (Φ) can be defined as a number of events occurring per photon 

absorbed by the system and can be applied to photophysical processes or photochemical reactions 

[268]. In the case of fluorescence quantum yield, it is applied to the ability of converting the 

absorbed photons into emitted photons in a particular environment [269,270]. 

While a high fluorescence quantum yield limits the photodynamic activity of PSs, a moderate 

emission in the phototherapeutic window can be advantageous for its use in imaging. This has led 

to the development of assays to quantify internalised PSs, as well as take advantage of in vivo 

fluorescence to measure PS distribution and/or pharmacokinetics [25]. 

To calculate the fluorescence quantum yield (ΦF) relative to the standard oxazine-170 in ethanol, 

Equation V-5 [270] was used, with the value of Φ𝐹𝑟𝑒𝑓
 = 0.579, taking into account the absorbances 

at the excitation wavelength used, A(λex), the integral fluorescence across the spectrum, F(λem), and 

the refractive indexes of the solvents used, n. 

Φ𝐹 = Φ𝐹𝑟𝑒𝑓

1−10
−𝐴𝑟𝑒𝑓(𝜆𝑒𝑥)

1−10−𝐴(𝜆𝑒𝑥)

∫ 𝐹(𝜆𝑒𝑚)
𝜆𝑒𝑚

∫ 𝐹𝑟𝑒𝑓𝜆𝑒𝑚
(𝜆𝑒𝑚)

𝑛2

𝑛𝑟𝑒𝑓
2 = 0.579

0.01689

1−10−𝐴(548 𝑛𝑚)

∫ 𝐹(𝜆𝑒𝑚)
𝜆𝑒𝑚

−1.4538𝐸6

1.4792

1.3602 (V-5) 

We started by measuring the absorption spectra of each PS and oxazine-170 – a quantum yield 

standard that absorbs in a similar wavelength region – and adjusting their absorbance to 0.1 at 651 

and 629 nm, respectively. As the solutions should be sufficiently diluted to ensure that there is an 

homogeneous irradiation without reabsorption effects (which is usually achieved by adjusting the 

absorbance to ≤ 0.08 at the maximum) [270], the samples were then diluted by a factor of four, the 

absorbance was recorded again (inset plot of Figure V–3), followed by the measure of the emission 

spectra with a λex = 548 nm represented in Figure V–3. 
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Figure V–3. Emission spectra (λex = 548 nm) of our samples in DMSO (solid lines) and oxazine-170 in ethanol 

(dashed line), with their respective absorption spectra (inset plot). 

With the information retrieved from both the absorption and emission spectra measured, the 

fluorescence quantum yield values for our samples were determined (Equation V-5) and reported 

in Table V-2. 

Table V-2. Fluorescence quantum yields (ΦF) for the PS (N = 1). 

PS ΦF (DMSO)† 

  

III.2 0.11 

III.26b 0.11 

III.27 0.11 

III.28a 0.10 

III.28b 0.11 

III.29 0.12 

IV.2 0.094 

Oxazine-170 0.23 
† Calculated using Equation V-5. 

For the studied PS, there is not a considerable difference between the synthesised chlorins as shown 

on Table V-2. The chlorins in DMSO (temoporfin III.2 included) have similar ΦF values, with the 

conjugate IV.2 having the lowest quantum yield and its azide precursor III.29 having the highest 
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fluorescence quantum yield. However, they are still very similar to the other chlorins and within 

the expected reference value of a moderate to high fluorescence, ΦF ≥ 0.1 [270]. 

 

It is known that the photodecomposition of temoporfin III.2 does not limit its use in the clinic 

[271]. Nevertheless, photostability is still an important characteristic of a suitable PS. To ascertain 

how photostable our chlorins were, we used Equation V-6 [53], which calculates the 

photodecomposition quantum yield (Φpd) through the ratio between the rate of disappearance of PS 

molecules, vd, and the rate of absorption of photons, vp. The terms from Equation V-6 are expanded 

into Equations V-7 and V-8, presented below. 

Φ𝑝𝑑 =
𝑣𝑑

𝑣𝑝
     (V-6) 

To compare our PSs, the bleaching of the molecules, vd, was simplified by using samples with the 

same irradiated volume, Virr, and – considering the structural similarity of the chlorins – assuming 

that the molar extinction coefficient, ε, at 651 nm was equivalent to temoporfin’s. The value present 

in Equation V-7 is the ε651 nm for temoporfin in methanol [53,272], since the value in DMSO was not 

available, which led to an approximate estimation (with a systematic error associated to the 

calculations in different solvents) of the rate of the PS disappearance. With these constant values 

known, the expression for vd becomes dependent on the ratio of variation of absorbance, dA, 

between the last and first timepoints, dt. 

𝑣𝑑 =
𝑉𝑖𝑟𝑟 𝑁𝐴

𝜀𝑙
 
𝑑𝐴

𝑑𝑡
≈

3.00𝐸−3 .  6.022𝐸23

2.96𝐸4  .  1.00
 
𝑑𝐴

𝑑𝑡
    (V-7) 

As for the rate of photon absorption, vp, the expression from Arnaut et al. [53] was slightly altered 

by accounting the average LDC factor for the PS (Table V-1, column “Mean”) and using the 

absorbance, A, values at 660 nm which is the emission maximum of the LED, λ. As such, with an 

output power, P, of 13 mW from the LED, Equation V-8, was used as follows: 

𝑣𝑝 =
𝜆𝑃

ℎ𝑐
(1 − 10−𝐴) = 𝐿𝐷𝐶 

𝜆𝑃

ℎ𝑐
(1 − 10−𝐴) = 0.40 

660𝐸−9  .  13.0𝐸−3

6.626𝐸34  .  3.00𝐸8
(1 − 10−𝐴) (V-8) 

The samples were continuously irradiated with the LED and their absorption spectra were recorded 

at different timepoints, as described in the Photodecomposition protocol. Figure V–4 shows the 

variation of absorbance at λ = 651 nm, at those timepoints. 
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Figure V–4. PS sample absorbance variation after continuous irradiation time, in DMSO (N = 1). 

The variation in absorbance already indicates how temoporfin III.2 should be less photostable 

compared to the synthesised chlorins. Nonetheless, to define their photostability, we used the values 

taken from the differences in the absorption spectra after an extended time interval of irradiation to 

estimate their photodecomposition quantum yield (reported in Table V-3), by using Equation V-6. 

Table V-3. Calculated photodecomposition quantum yields (Φpd) for the PS, in DMSO (N = 1). 

PS Φpd x 10-6 (DMSO)† 

  

III.2 220 

III.26b 66.9 

III.27 60.8 

III.28a 54.8 

III.28b 52.7 

III.29 60.8 

IV.2 36.3 
† Estimated values, based on ε651 nm(temoporfin, methanol) = 2.96E4 M-1.cm-1 [53,272]. 
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As shown in Table V-3, temoporfin III.2 had the highest photodecomposition quantum yield of the 

studied PS. As for the synthesised chlorins, they were all more photostable as concluded from 

Figure V–4 with chlorin III.26b being the least photostable, followed by chlorins III.29, III.27, 

III.28a, and III.28b, which had very similar values, and the conjugate IV.2 being the most 

photostable. 

 

Among the reactive oxygen species (ROS), the longer intracellular lifetime of singlet oxygen (1O2) 

and its consequent larger range of oxidative damage draws the focus on type II reactions [23,32]. 

As a simpler mechanism, it is believed that most PS undergo this type of photosensitization reaction 

instead of type I, and temoporfin III.2 is known to undergo both [23,38]. Given the structural 

similarity between temoporfin III.2 and the novel chlorins, it is expected that the photoactivation 

of these PS also produces singlet oxygen. An ideal PS should have a high singlet oxygen quantum 

yield, which should translate to higher photooxidative stress caused by this major ROS, leading to 

cancer cell death. Therefore, it was important to calculate this parameter for the characterisation of 

the synthesised PS. 

The singlet oxygen quantum yield, ΦΔ, can be estimated through a relative method from Equation 

V-9 [37,273] using the emission intensity of the sample and a standard, I and Iref respectively, as 

well as their absorbance, A and Aref, and the known ΦΔref of the standard compound. 

ΦΔ =
𝐼

1−10−𝐴 ×
1−10

−𝐴𝑟𝑒𝑓

𝐼𝑟𝑒𝑓
 ΦΔ𝑟𝑒𝑓

   (V-9) 

Different techniques can be used for the determination of this quantum yield, using either direct or 

indirect methods [274]. The most common direct approach is through near-infrared luminescence 

since it is possible to directly monitor the presence of singlet oxygen with the measurement of 

phosphorescence at 1270 nm [274,275]. 

Herein, singlet oxygen sensor green (SOSG) reagent was used to detect the presence of this ROS 

as a chemical indirect method, since this probe is highly selective for singlet oxygen and emits a 

green fluorescence when in its presence. Considering that all PS have a similar LDC factor (Table 

V-1), by diluting all samples to the same absorbance of the standard, the previous Equation V-9 

could be simplified to Equation V-10, where the experimental data of the fluorescence intensity in 

function of the light dose maintained its linearity (m is the first order reaction rate constant). 
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ΦΔ =
𝑚

𝑚𝑟𝑒𝑓
 ΦΔ𝑟𝑒𝑓

    (V-10) 

Since the SOSG reagent kit advised to not use DMSO, this was the only experiment that was run 

in another solvent. As our standard, temoporfin III.2 in ethanol has a ΦΔ ref = 0.63 [276], this value 

was used for the calculation of the different singlet oxygen quantum yields in ethanol (due to the 

PS stocks being prepared in DMSO, the value never exceeded 0.05% DMSO in ethanol). 

As noted in Methods, the SOSG protocol was run in three different sets of concentrations. This was 

a failsafe to ensure the most data points without saturation of the probe. Figure V–5.A and Figure 

V–5.B showed an obvious divergence from the linear regression at the last data point (15 J/cm2), 

which indicates that the probe was starting to saturate. However, the linearity of all data points in 

Figure V–5.C (seen in the high adjusted R2 values reported in Table V-4) allowed for the calculation 

of their singlet oxygen quantum yields, reported in Table V-4. 

Table V-4. Singlet oxygen quantum yield for the different PS, in ethanol (N = 1). 

PS m (A) R2 m (B) R2 m (C) R2 
ΦΔ 

(EtOH)† 

        

III.2 906.64 0.961 625.33 0.983 365.97 0.992 0.63 

III.26b 757.48 0.980 466.73 0.990 259.74 0.995 0.45 

III.27 909.65 0.955 554.78 0.984 307.40 0.991 0.53 

III.28a 819.72 0.967 490.97 0.989 282.37 0.994 0.49 

III.28b 1033.24 0.971 572.89 0.988 288.67 0.994 0.50 

III.29 825.82 0.975 466.12 0.992 271.30 0.996 0.47 

IV.2 657.50 0.978 387.43 0.993 211.69 0.995 0.36 
† Calculated with Equation V-10, based on the experimental data from Figure V–5.C. 

The higher SOSG fluorescence from the photoactivation of temoporfin III.2 produces the most 

singlet oxygen, followed by a moderate production of singlet oxygen (approximately 0.5) from 

chlorins III.27, III.28b, III.28a, III.29, and III.26b, and a lower production of singlet oxygen from 

the conjugate IV.2 (Figure V–5.C). 
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Figure V–5. Generation of 1O2 in ethanol (DMSO did not exceed 0.05%) assessed by the fluorescence of SOSG 

reagent. Experimental data of triplicate wells shown as mean ± SEM (N = 1). 

Linear fit represented as a dotted line. 

Different concentrations of the standard: temoporfin III.2 in (A) 0.5 µM; (B) 0.25 µM; (C) 0.175 µM. 
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We started by performing a preliminary study to define the LDC factors for the different PSs (Table 

V-1) to correct the number of photons absorbed by the compounds when irradiated by a LED lamp, 

as this would be the light source to be used in phototoxicity studies. 

As for the photophysical studies, it is important to highlight that most of them were performed in 

DMSO, as this was the only solvent in which all PSs were soluble. Initially, evaluation of the 

fluorescence quantum yield was done (Table V-2), to ascertain the similarity of the 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins to temoporfin III.2 and whether the 

structural differences between them would lead to different photophysical features. However, it 

was observed that the synthesised PSs were almost equivalent amongst themselves and to the 

positive control used for comparison, temoporfin III.2, allowing for further characterisation 

without the need to consider correction factors when comparing these PSs. 

The photodecomposition quantum yields in DMSO (Table V-3) of the synthesised chlorins were 

considerably lower than for temoporfin III.2 – which is known to have high photodecomposition 

[271], – followed by III.26b, III.29, III.27, III.28a, and III.28b in a similar range, and with the 

conjugate IV.2 being the more photostable. This reinforces previous observations indicating that 

the photostability of chlorins can be greatly enhanced with the simple introduction of the 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused ring system present in the new chlorin derivatives 

[153,154,157]. Nevertheless, it is also important to highlight – even if dealing with a different 

solvent – that the singlet oxygen quantum yields (Table V-4) of the synthesised chlorins were lower 

(with IV.2 having the lowest value) than the one of temoporfin III.2, and it is known that singlet 

oxygen contributes to photodecomposition [23]. However, since the differences between the singlet 

oxygen quantum yield of all PSs are not very disparate, compared to the obvious decrease of 

photodecomposition quantum yield going from temoporfin III.2 to the synthesised chlorins, the 

difference cannot be attributed only to bleaching effects from singlet oxygen generation. 

For instance, the ratio of the singlet oxygen quantum yields of temoporfin III.2 (0.63) and 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorin III.28b (0.50) is not proportional to the 

ratio of the observed photodecomposition quantum yields for the same chlorins (1.26 vs. 4.29). As 

such, it demonstrates that the fused ring added to the general substructure of temoporfin III.2 

yielded “locked” chlorins [153,155,157] – geminal dialkylated β-substituted chlorins that minimise 

the problems of photodegradation and stability known to chlorins [277,278] – and that none of them 

surpassed the recommended value of 10-5 [53,279]. As for the synthesised chlorins, except IV.2, it 

seems that the presence of hydroxyl groups decreases the photodegradation. 
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For the singlet oxygen quantum yields, as mentioned above, temoporfin III.2 had the highest value 

compared to the synthesised chlorins and the conjugate III.2 had the lowest. Among the other 

synthesised chlorins, the values were within the same range, but it appears to be no direct 

relationship between the photodecomposition quantum yields and the ability to generate singlet 

oxygen. Chlorins III.26b and III.29 were the least photostable and yet produce the least singlet 

oxygen, while III.28a and III.28b that were the more photostable, have a higher singlet oxygen 

quantum yield. However, chlorin III.27 that was expected to rank somewhere between chlorins 

III.26b and III.28, as its structure is in an intermediate level of alcohol deprotection (Figure V–

1.B: same ester as III.26b; same Ar group as III.28), was actually the synthesised chlorin with the 

highest singlet oxygen quantum yield. The low singlet oxygen quantum yield found in the conjugate 

IV.2 might be due to poor solubility in an aqueous solvent. 

Overall, it was expected that the photophysical properties of the PSs would not change after 

coupling with FA [143], and this seemed to be the case for the fluorescence quantum yield 

evaluation among all the PSs. Still, while not drastically different, the conjugate IV.2 had relatively 

lower values for the photodecomposition and singlet oxygen quantum yields, in comparison to the 

free PS III.29. Without disregarding the effect that lower single oxygen generation will 

consequently lead to more photostability, it is also important to not discard the possibility of purity 

issues concerning the conjugate IV.2 (as the SOSG test deals in concentrations of the PSs). 

 

 

Absorption spectra were measured in UV-visible Recording Spectrophotometer (Shimadzu 

UV-2100), while emission spectra were recorded on Fluorescence Spectrometer (Perkin Elmer 

LS45). The samples were diluted in the desired solvent and measured at room temperature using 

either standard or fluorescence quartz cuvettes, as appropriate, with an optical path of 1 cm. 

The light source used for photodecomposition evaluation and to detect the singlet oxygen quantum 

yield was a LED lamp from HIGROW LED (model GL36A), emission maximum at 660 nm with 

HWL = 26.4 nm. The fluence of the LED was verified with a Coherent LaserCheck power meter, 

choosing a wavelength of 651 nm. 
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For the singlet oxygen detection protocol, fluorescence emission of the SOSG reagent (λex = 504 

nm; λem = 525 nm) was measured using a Synergy HT Multi-Mode Microplate Reader (BioTek) 

with the filters of λex = 485/20 nm and λem = 530/20 nm. 

Graphical representations and linear regression calculations were created and processed with 

OriginPro© 2018 (64-bit) software (OriginLab Corporation, Northampton, MA, USA).  

 

 

Ethanol, oxazine-170, DMSO and DMSO Hybri-Max™ were purchased from Sigma-Aldrich. 

Invitrogen™ SOSG reagent (S36002) was purchased from Thermo Fisher Scientific. 

 

Chlorins III.26b, III.27, III.28a, III.28b, and III.29 were synthesised as described in Chapter III. 

The conjugate IV.2 was synthesised as described in Chapter IV. Temoporfin III.2 was kindly 

provided by Senge Group at Trinity College Dublin. All structures represented in Figure V–1.B. 

Stock solutions were prepared in DMSO Hybri-Max™ in the mM range and stored at -20 ºC. The 

analysed samples were prepared by diluting from the stock solution with the intended solvent. 

 

 

The fluorescence spectra of all PS and oxazine-170 samples were measured with λex = 548 nm. The 

PS samples were prepared in DMSO with an initial absorbance of 0.1 at 651 nm and then diluting 

three times. For the reference, oxazine-170 in ethanol (ΦF = 0.579 [270]) was used. The values 

reported in Table V-2 were calculated with Equation V-5. 

 

All samples were prepared for a final volume of 3 mL in a quartz cuvette and placed in a setup with 

a magnetic stirrer to ensure a homogeneous irradiation of the sample, with the LED at 13 mW of 

output power (fluence rate of 49 mW/cm2). The absorption spectrum of each sample was recorded 

after each timepoint of irradiation, at 651 nm. Using the changes in the optical absorption, the 
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respective variables were replaced in Equations V-7 and V-8 to calculate the photodecomposition 

quantum yield (Equation V-6). 

 

The SOSG reagent was used as a fluorescent probe for singlet oxygen. Temoporfin III.2 in ethanol 

was used as the standard in three different final concentrations (0.5, 0.25, and 0.175 µM), to ensure 

the best fit of the linear regression without saturating the probe. 

The general procedure is hereby described for the data used to estimate the singlet oxygen quantum 

yield (Figure V–5.C), i.e., a final concentration of the standard III.2 of 0.175 µM/well in ethanol, 

after adding the SOSG reagent. After preparing and measuring the absorbance of the standard, the 

samples of the synthesised chlorins were diluted from their stocks in ethanol to have the same 

absorbance as temoporfin III.2. Next, all the samples were transferred to triplicate wells in a 

96-well plate. The fluorescent SOSG probe was then added at the final concentration of 5 µM/well 

and the fluorescence emission was measured, using the microplate reader, before (LD = 0 J/cm2) 

and after each consecutive 5 J/cm2 irradiation with the LED lamp (up to a total LD = 15 J/cm2). 

The singlet oxygen quantum yield for each synthesised PS was then estimated using Equation V-10. 
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According to the Global Cancer Observatory [280], breast cancer has the highest incidence across 

all ages and both sexes, worldwide, reaching over 2.3 M cases (Figure VI–1). It is the leading cause 

of cancer death in females [2,281]. 

 

Figure VI–1. Estimated incidence and mortality of the most prevalent cancers worldwide; adapted from 

Globocan 2020 [280]. 

As a highly heterogeneous disease, breast cancer can be defined through different molecular 

subtypes, according to the presence, or absence, of specific receptors. Breast cancer subtypes 

include luminal A, luminal B, human epidermal growth factor receptor-2 (HER-2) positive B2, 

HER-2 overexpression, and basal-like triple-negative breast cancer (TNBC), as characterised in 

Table VI-1 [76,282]. The TNBC accounts for 10-15% of the diagnosed breast cancer [77] and it is 

known to be highly invasive and metastatic, prone to relapse, and with a poor prognosis, due to the 

negative expression of oestrogen receptor (EsR), progesterone receptor (PgR), and HER-2. This 

molecular phenotype makes it unable to take advantage of hormone- and molecular-targeted 

therapies (e.g., HER-2 antibodies). Therapeutic options include surgery, chemotherapy and 

radiotherapy, which often lead to an insufficient outcome – the median overall survival for a 

metastatic patient is ca. 18 months [77], compared to the two-thirds of women worldwide [2] 

making up the five-year net survival for breast cancer [76,77]. These numbers attest for the need of 

more effective targeted therapies for the TNBC subtype. 
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Table VI-1. Breast cancer molecular subtypes. 

SUBTYPE DESCRIPTION 
  

Luminal A 

EsR+ and/or PgR+, HER-2−, Ki67+ < 20% 

Luminal A cancers are sensitive to hormone treatments, tend to grow 

slowly, and have a good prognosis. 

Luminal B 

EsR+ and/or PgR+, HER-2−, Ki67+ ≥ 20% 

Luminal B cancers are less sensitive to hormone treatments and tendo 

to grow slightly faster than luminal A cancers, with a worse 

prognosis. 

HER-2+ B2 

EsR+ and/or PgR+, HER-2 overexpression 

HER-2 enriched cancers usually grow faster than luminal subtypes 

and are associated with a worse prognosis but are often successfully 

treated with targeted therapies aimed at the HER-2 protein. 

HER-2 overexpression 
EsR- and PgR-, HER-2 overexpression 

Like the HER-2+ B2 subtype, it is usually treated by targeting HER-2. 

TNBC 

EsR-, PgR-, and HER-2- 

TNBC cancers are more aggressive and highly invasive, with the 

worst prognosis, as it is not sensitive to hormone treatments. 

Ki67 is a protein that serves as an indicator of how fast cancer cells grow, with the percentage indicating the 

immunohistochemical staining results for patient samples [76]. 

As mentioned in Chapter I, photodynamic therapy (PDT) presents an effective, light-delivered, less 

invasive treatment instead of/adjuvant to traditional therapies, with the possibility of increasing 

selectivity through targeting [1]. Higher selectivity means preferential accumulation in tumour 

tissue and, consequently, a reduction of unwanted side effects (e.g., prolonged skin photosensitivity 

in temoporfin, III.2, due to a half-life of up to 65 hours [29,34,36–38]). 

In 2006, El-Akra et al. reported an example of targeted-PDT against breast cancer [283]. The 

purpose of their work was developing an oestradiol-linked PS that targeted the EsR which is 

involved not only in cell growth, but also in angiogenesis, and with this method El-Akra et al. 

would selectively tackle the destruction of the tumour via cell death and by inducing damage of the 

blood vessels that supply the tumour with the necessary nutrients for its development. As 

represented in Scheme VI-1, the PS chosen was pheophorbide a (VI.1), a derivative of chlorophyll 

a with a high singlet oxygen yield, which was conjugated to the oestradiol via amide bonds to 

linkers with different sizes (VI.2a and VI.2b), yielding two conjugates. The assays were conducted 

in the EsR-positive breast cancer cell line, MCF-7, and the EsR-negative SKBR3 cell line, with 

conjugate VI.3b showing an uptake 2.5-fold higher after five hours of incubation, as well as seven 

times more phototoxicity (λ > 400 nm, 8.2 J/cm2; ED50 = 1.3 E-8 M) than the free pheophorbide a 

(ED50 = 8.5 E-8 M). The other conjugate VI.3a was deemed to have a linker too small to allow for 

recognition of the oestradiol by the EsR). Besides these results they also successfully selectively 

inhibited the EA.hy 926 vascular endothelial cells [283]. 
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Scheme VI-1. Conjugation of phephorbide a with different linkers, as reported by El-Akra et al. [283]. 

Regarding TNBC in which targeting the EsR is not viable, Hu et al. [284] conjugated factor VII, a 

highly selective, endogenous ligand for tissue factor receptor, with the PS verteporfin. The resulting 

conjugate decreased the effective concentration needed to kill 50% of the cells (EC50) by at least 

three-fold (EC50 = 0.25 µM, compared to the non-targeted protocol EC50 = 1.11 µM) with the 

irradiation of a 689 nm laser for a light dose (LD) of 60 J/cm2. They further reported that their 

conjugate was also more effective in vivo by inhibiting tumour growth in mice [284]. 

More recently, Kim et al. [126] took advantage of the overexpression of the epidermal growth 

factor receptor (EGFR) found in TNBC and developed a theranostic compound, RedoxT, by 

conjugating chlorin e4 with peptide GE11 (specific to EGFR) [126]. Kim et al. showed an increase 

in the uptake with the increase of the level of EGFR expression and reported an improved 

phototoxicity when comparing RedoxT with the free chlorin-e4: RedoxT had an IC50 (20 J/cm2) of 

0,66 µM for MDA-MB-468 (high EGFR expression) and 1.80 µM for MDA-MB-231 (moderate 

EGFR expression), while chlorin-e4 had IC50 of 2.22 µM and 2.98 µM, respectively [126]. 

In this chapter, the evaluation of our novel chlorins III.26b, III.27, III.28a, III.28b, and III.29, as 

well as the synthesised conjugate IV.2 targeting folic acid (FA) as PDT agents is described (all 

structures shown in Figure VI–2). A better understanding of the photobiology results for the free 

chlorins will be decisive in the use of these molecules as PS, especially the azide derivative III.29, 

which was synthesised with the goal of being the precursor of future third-generation PS. By 

undergoing “click” chemistry, this chlorin could be personalised and used in targeted-PDT specific 
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to the molecular needs of any cancer patient. Regarding TNBC, the MDA-MB-231 cell line is 

compatible with our interest in evaluating the free chlorins as PS against aggressive breast cancer 

cells, as well as observing how the conjugate IV.2 – synthesised as proof-of-concept of a 

targeted-PS for folate receptor-α (FRα) using III.29 – is internalised, in terms of uptake and cellular 

localisation by a TNBC that overexpresses this receptor [76,201,285]. 

 

Figure VI–2. Structures of temoporfin (III.2) and the novel chlorins III.26b, III.27, III.28a, III.28b, III.29, and 

IV.2 (as a mixture of regioisomers).  
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An ideal photosensitizer should not exhibit toxicity in the absence of light. To ascertain optimal 

sub-lethal doses without photoactivation, solutions of each PS in Dulbecco's Modified Eagle's 

Medium (DMEM) in concentrations ranging from 0.3125 µM to 10 µM were added to the plated 

MDA-MB-231 cells/well in 96-well plates and left to incubate in the dark. After 24-hour, cell 

viability was assessed by measuring the fluorescence intensity of metabolised resazurin of the 

treated cells relatively to the negative controls. The results and respective half-maximal inhibitory 

concentrations (IC50) are represented in Figure VI–3. 

 

Figure VI–3. Dark toxicity in MDA-MB-231 cells. Data is presented as mean ± SEM (N=3), with the respective 

dose-response fitted curve used for IC50 calculation. 

As PSs, it is important for these compounds to show negligible toxicity in the dark, and yet, our 

positive control – temoporfin III.2 – showed the lowest IC50 (3.31 µM) making it the most cytotoxic 

from the evaluated compounds. 

Chlorins III.27 and III.28b, which have meso-tetra(3-hydroxyphenyl) substituents as in temoporfin 

but with different exocyclic-ring substituents (methyl ester vs. hydroxymethyl group), were the 

next two more cytotoxic compounds. Chlorins III.26b, III.28a, III.29, and IV.2 were the safest PS 

in the dark, with an estimated IC50 > 10 µM. The low dark toxicity was especially visible for chlorin 



Chapter VI: In vitro evaluation 

134 

III.26b – making up a group of the chlorins that were bulkier and/or had less hydroxyl substituents 

– and the conjugate IV.2. 

The fact that PSs with similar sizes can be grouped from lowest to highest IC50, according to 

changes in the substituents that lead to decrease in amphiphilicity or a disturbance of the molecule’s 

geometry, supports the hypothesis that cellular uptake might be the factor which weighs more in 

differences found between the six chlorins regarding photodynamic activity. 

 

Considering the results from dark cytotoxicity, PS concentrations for phototoxicity assays were 

adjusted as required. Cells were incubated with the selected concentrations of each PS during 24 h 

followed by irradiation with a light-emitting diode (LED) lamp. 

In Chapter V, a LD correction (LDC) factor was calculated according to the method described by 

Schaberle [267], through defining the number of photons absorbed, it was possible to accurately 

report the LD used. LED lamp (λem = 660 nm) used has a shift from the chlorins’ absorption peak 

at 651 nm, as seen in Figure V–2, and we found that, on average, the PS would absorb only 40% 

of the intended LD. Therefore, to evaluate the phototoxicity of the PS at a LD = 1.0 J/cm2, the LD 

delivered to cells had to be 2.5 times higher (LDa = 2.5 J/cm2) (see Table V-1). 

By using a power meter to measure the fluence rate, FR, of the LED lamp, the time interval (t) of 

irradiation was calculated as follows (Equation VI-1): 

∆𝑡 (𝑠) =
𝐿𝐷𝑎 (𝐽/𝑐𝑚2)

𝐹𝑅 (𝑊/𝑐𝑚2)
     (VI-1) 

One day after the irradiation, cell viability was assessed through the resazurin reduction assay 

described for dark toxicity. The fitted dose-response curve adjusted to the data and the IC50 for each 

PS are shown in Figure VI–4 and Figure VI–5, for MDA-MB-231 and NIH/3T3, respectively. 

In the breast cancer cells, almost all the photoactivated PSs exhibited IC50 in the nM range, except 

for III.26b which had an IC50 = 1.30 µM. The evaluated PSs could be ranked from the most to the 

least phototoxic as follows: III.2 > III.28b > III.29 > III.27 > III.28a > IV.2 >> III.26b. 

The phototoxicity of the different chlorins in NIH/3T3 followed a similar trend as the one observed 

in the breast cancer cells: III.2 > III.28b ~ III.29 ~ III.27 > III.28a > IV.2 > III.26b. 
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Figure VI–4. Phototoxicity evaluation with a LD of 1 J/cm2 in MDA-MB-231 cells. Data is presented as mean ± 

SEM (N=3), with the respective dose-response fitted curve used for IC50 calculation. 

 

Figure VI–5. Phototoxicity evaluation with a LD of 1 J/cm2 in NIH-3T3 cells. data is presented as the mean ± 

SEM (N=3), with the respective dose-response fitted curve used for IC50 calculation. 



Chapter VI: In vitro evaluation 

136 

 

The differences observed on the phototoxicity studies are not explained by the chlorins 

photophysical/photochemical properties, which are relatively similar. We then hypothesized that 

the different chlorins derivatives might have different cellular internalization levels. Cellular uptake 

studies were performed by flow cytometry in both MDA-MB-231 and NIH/3T3 cells after an 

incubation period of 3, 6 or 24 h with 2.5 µM of each chlorin. Our data demonstrated that the uptake 

of all chlorins increase over time however, relative levels of internalization appear to be different 

across our family of compounds. The following trend of cell internalization, III.2 >> III.27 > 

III.28b > III.29 > III.28a > IV.2 > III.26b, was observed on both cell lines. Of note, the order of 

cell uptake (Figure VI–6 and Figure VI–7) follows the same trend of the phototoxicity (Figure VI–

4 and Figure VI–5). 

 

Figure VI–6. Cellular internalization of all chlorins in MDA-MB-231 cells. Data is presented as the mean ± SEM 

(N = 2). Statistical significance was evaluated using two-way ANOVA in comparison to temoporfin (III.2). 

*p < 0.05; **p < 0.01; ***p < 0.001. 

Temoporfin III.2 uptake was significantly higher than observed for the other chlorins. which 

corroborates the phototoxicity results, and what is known about this compound being considered 

one of the most active commercial PS even with low drug and LD [40,42,44]. 
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As for the synthesised chlorins, compounds III.28b, III.27, and III.26b were chosen amongst the 

novel 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins for comparison of different levels 

of protected hydroxyl groups. Chlorin III.26b showed the lower uptake values out of all the 

chlorins, which can be explained not only by the bulkier geometry of the meta-acetoxy groups (see 

Figure VI–2), but the most plausible reason is the significant increase of the molecule’s 

hydrophobicity. Compounds III.28b and III.27 on the other hand, showed similar uptake values 

which were higher than the other synthesised PS, with III.27 having a slightly lower uptake at the 

24-hour timepoint, possibly because of having a bulkier exocyclic-ring substituent (Figure VI–2), 

not to mention the methyl ester of III.27 is more hydrophobic than the hydroxylmethyl group found 

on III.28b. 

Chlorin III.28a, having an additional hydroxymethyl group at the exocyclic ring than chlorin 

III.28b, showed lower cellular uptake than PS III.28b and III.27. This difference was most likely 

caused by the larger size as well as the lower amphiphilicity of chlorin III.28a. The PS that showed 

the lowest uptake, besides chlorin III.26b, was the “clickable” variant III.29. As mentioned before, 

this chlorin was derivatised from III.28b through replacement of the hydroxylmethyl group 

substituent (Figure VI–2) by an azide-containing functional group that could participate in “click” 

chemistry. This functional group interconversion leads to a molecule having a 1,3-dipolar moiety 

which might affect the ability of III.29 to cross the cell membrane. 

The observed low uptake of the conjugate IV.2 explains the decreased phototoxicity going from 

the azide derivative III.29 to the triazole derivative IV.2, an effect that seems to lessen the impact 

expected for a targeted molecule in the presence of a cell line that overexpresses the target receptor. 
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Figure VI–7. Cellular internalization of all chlorins derivatives evaluated in NIH/3T3 cells. Data is presented as 

mean ± SEM (N=3). Statistical significance was evaluated using two-way ANOVA in comparison to temoporfin 

(III.2) *p < 0.05; **p < 0.01; ***p < 0.001. The same values of significance apply to the markings in grey above 

the brackets, representing the statistical difference between PS. 

In the NIH/3T3 cell line, the conjugate IV.2 was also one of the molecules with lowest uptakes, 

with levels above III.26b only. Overall, the PS evaluated showed an increased fluorescence 

intensity relative to negative controls, compared to MDA-MB-231 cells (Figure VI–6), but 

comparable to what was expected from the dark toxicity results. The statistical significance of the 

increased uptake of temoporfin III.2 was higher than for MDA-MB-231 cells, at the 24-hour and 

6-hour timepoints, with the difference at 6-hour timepoint being more pronounced. 

The decreasing trend in uptake of the other chlorins was similar to the one observed for the breast 

adenocarcinoma cells (Figure VI–6), with two differences: chlorin III.27 was the one showing the 

highest uptake instead of III.28b and III.29 showed higher uptake than III.28a, although these 

differences may not be statistically significant. Unlike the cancer cell line, in the case of NIH/3T3 

cells it was possible to see significant differences between the synthesised chlorins with higher 

uptake (III.27 and III.28b) and the most protected chlorin III.26b, chlorin III.27 showing also 

significant higher internalization than chlorins III.29 and III.28a. 
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Overall, the cellular uptake order correlates with the observed photocytotoxicity, with chlorins with 

the higher uptake values being the more phototoxicity (Figure VI–4 and Figure VI–5). However, 

azide-substituted chlorin III.29 showed dark toxicity and uptake values similar to those presented 

by chlorine III.28a, but when irradiated it was the second most phototoxic molecule among the 

novel synthesised chlorins (only after III.28b). 

 

Intracellular distribution studies were performed by confocal microscopy with the goal of 

confirming the data obtained by flow cytometry while studying the organelle tropism of each 

chlorin derivative. It is known that temoporfin III.2 accumulates mainly at the endoplasmic 

reticulum (ER) with some presence in the Golgi apparatus (GA) [25,272]. Therefore, our study 

focused on determining whether the novel chlorin derivatives presented the same subcellular 

accumulation feature. Osteosarcoma cells, U-2 OS, stably expressing green fluorescent protein 

(GFP) attached to CALR (ER staining) or GALT1 (GA staining), were incubated with 5 µM of each 

PS for 24 hours.  
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Figure VI–8. Representative images of confocal microscopy of U-2 OS stably expressing CALR-GFP (ER 

staining, green) incubated with each chlorin (red) and nucleus stained with Hoechst (blue). 

Scale bar = 10 µm. 
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Figure VI–9. Representative images of confocal microscopy of U-2 OS stably expressing GALT1-GFP (GA 

staining, green) incubated with each chlorin (red) and nucleus stained with Hoechst (blue). 

Scale bar = 10 µm. 
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The same acquisition settings were used for all chlorins. The trend of intracellular accumulation, 

III.2 > III.28b > III.27 ~ III.29 ~ III.28a > III.26b ~ IV.2, suggested by the obtained images is 

in accordance with the data obtained by flow cytometry. For PS with lower uptakes, the pictures 

taken were edited to increase the signal gain to better understand the location (not shown on Figure 

VI–8 nor Figure VI–9). 

In addition, it was possible to conclude that the organelles in which our novel chlorins were located 

were the same as for temoporfin, with subcellular accumulation in the ER, along with some 

evidence of accumulation in the GA. 

 

The in vitro evaluation of temoporfin and of our synthesised chlorins covered cytotoxicity (all IC50 

values summarised in Table VI-2), uptake, and co-localization studies. 

Table VI-2. IC50 values from cytotoxic evaluation of temoporfin III.2 and novel chlorins III.28b, III.27, III.26b, 

III.29, and III.28a, and the conjugate IV.2. 

PS 

DARK TOXICITY PHOTOTOXICITY (1 J/CM2) 
PHOTOTHERAPEUTIC 

INDEX 

MDA-MB-231 

IC50,dark 

MDA-MB-231 

IC50,photo 

NIH/3T3 

IC50,photo 

MDA-MB-231 

IC50,dark / IC50,photo 
     

III.2 
3.31 ± 0.50 µM 

(R2 = 0.88) 

25.7 ± 4.3 nM 

(R2 = 0.88) 

12.5 ± 0.5 nM 

(R2 = 0.99) 
129 

III.26b 
1.28 ± 6.41E4 M 

> 10 µM 

(R2 < 0.50) 

† 1.30 ± 0.64 µM 

> 1 µM 

(R2 < 0.50) 

617 ± 68 nM 

(R2 = 0.88) 
9.85E+5 

III.27 
7.74 ± 0.26 µM 

(R2 = 0.99) 

138 ± 30 nM 

(R2 = 0.79) 

109 ± 8 nM 

(R2 = 0.97) 
56.3 

III.28a 
11.4 ± 2.4 µM 

(R2 = 0.76) 

309 ± 61 nM 

(R2 = 0.76) 

343 ± 26 nM 

(R2 = 0.96) 
37.0 

III.28b 
8.06 ± 0.49 µM 

(R2 = 0.95) 

86.3 ± 15.2 nM 

(R2 = 0.87) 

107 ± 8 nM 

(R2 = 0.98) 
93.4 

III.29 
15.8 ± 1.9 µM 

(R2 = 0.92) 

106 ± 17 nM 

(R2 = 0.88) 

93.1 ± 6.3 nM 

(R2 = 0.98) 
150 

IV.2 
4.17 ± 518.87 mM 

> 10 µM 

(R2 < 0.50) 

974 ± 69 nM 

(R2 = 0.80) 

461± 64 nM 

(R2 = 0.84) 
4.28E+3 

The IC50 values are taken from the equation that represents the fitted curve: LOGx0± standard error. 

Values in italics might not be representative of the actual data. 

The dark cytotoxicity studies act as an indicator of the safety of the PSs without irradiation, that 

ideally should be minimal since only photoactivated PSs should be cytotoxic. The results (Table 

VI-2) showed that temoporfin (III.2) had the lowest IC50 out of the evaluated compounds, with our 
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novel chlorins and conjugate being less cytotoxic, with IC50 values over two-fold higher than 

temoporfin’s. Chlorins III.27 and III.28b (methyl ester and deprotected mono-hydroxylmethyl at 

the chlorins’ exocyclic-ring, respectively) showed relatively similar cytotoxicity, followed by the 

slightly higher value for the di-substituted chlorin III.28a, and the safer azide derivative III.29. 

With IC50 values over 10 µM, chlorin III.26b (all hydroxyl groups protected) and the conjugate 

IV.2 were the safest compounds. 

This trend remained mostly the same when evaluating their phototoxicity in both cancer and normal 

cell lines (Table VI-2), except for chlorin III.29 that showed an increased cytotoxicity, on par with 

chlorin III.28b (precursor of III.29), which was the most cytotoxic among the synthesised chlorins 

in the different cytotoxic studies. This was an interesting observation, as III.29 was one of the 

chlorins with lowest singlet oxygen quantum yield (while still in the same range as the other 

chlorins, as seen in Table V-4), superior only to compounds III.26b and IV.2. For the breast 

adenocarcinoma cell line, MDA-MB-231, it was possible to calculate a phototherapeutic index 

[286] of each PS (shown in Table VI-2) evaluated in this study and, apart from chlorin III.26b and 

conjugate IV.2 because of the lack of accurate values for IC50. Chlorin III.29 had the highest 

phototherapeutic index, surpassing the one calculated for temoporfin III.2, due to having one of 

the lowest dark toxicity, but when photoactivated being one of the most phototoxic, attesting to the 

interest in this compound. On the other hand, the in vitro evaluation of the conjugate IV.2 appear 

to indicate the lack of purity of the sample, as was suggested in Chapter III. 

To better understand these cytotoxicity results, we considered important to analyse the 

internalisation of the chlorins in cancer and non-cancer cells. The 24-hour timepoint was always 

the one with the highest uptake. In the MDA-MB-231 cells, the decreasing uptake order found for 

chlorins III.28b (highest uptake of the synthesised PS), III.27 and III.26b was consistent with the 

expected decreased of hydrophobicity corresponding to molecules with decreasing number of free 

hydroxyl groups.  

The presence of esters instead of hydroxymethyl substituents at the exocyclic-ring of 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins increase the hydrophobicity and should 

reduce the uptake, as supported by previous work in our group with similar chlorins in melanoma 

cell lines [155]. A particularly evident effect of increased hydrophobicity in the uptake of chlorins, 

was seen in the case of chlorins III.27 and III.26b in MDA-MB-231 cells (Figure VI–6). Chlorin 

III.26b had the lowest uptake of all PS tested with chlorin III.27 showing significantly higher 

values, the latter having the important meta-hydroxyphenyl substituents at the meso positions of 

the chlorin (known for their contribution to accumulation in tumour tissue and solubility [39–41]) 

whereas as the former bears meso-(meta-acetoxyphenyl) substituents, most likely leading to 

aggregation. From higher to lower uptake of the free chlorins, after III.28b and III.27, followed 
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chlorins III.28a and III.29, respectively. The decrease in uptake found in chlorin III.28a might be 

explained by the increase in size compared to the mono-substituted variant III.28b. As for chlorin 

III.29, the reduced uptake might be a consequence not only of the increase in size compared to 

III.28b, but also the possible interactions of the 1,3-dipole moiety, the azide group, with the cell 

membrane [25]. 

The low uptake of the conjugate IV.2 was underwhelming as the FA warhead would be expected 

to target the FRα overexpressed in MDA-MB-231. These results combined with the ones from 

NIH/3T3 (the conjugate was the molecule with the second lowest uptake) are proof that there was 

not a preferential accumulation in cancer cells. Considering the initial hypothesis that there might 

be impurities – namely, the linker IV.1 from an incomplete “click” reaction – in this sample, the 

presence of a smaller molecule with the same FA warhead would compete for binding to the FRα 

and subsequently would hinder the internalisation of any conjugate present in the sample (that 

would be removed during the PDT protocol). Herein, we were able to discern that any effect (in 

both cytotoxicity and uptake) associated with the presence of the conjugate IV.2 was shadowed by 

possible competition of linker that did not react and was not purified through precipitation. 

The cellular internalization of 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused chlorins in 

NIH/3T3 cells (Figure VI–7) displayed a similar trend with a few dissonances. Of the novel 

chlorins, III.27 surpassed the uptake of the remaining synthesised chlorins, with statistical 

significance for all except III.28b. This latter followed next in higher uptake, with statistical 

significance found for compounds IV.2 and III.26b. The rest of the chlorins despite the differences 

found in uptake as III.29 > III.28a > IV.2 > III.26b, they were not statistically significant. 

However, when analysing the results from the fibroblast cell line, the uptake relative to negative 

controls showed to be higher than the uptake in the cancer cell line, allowing room to observe a 

statistically significant higher uptake of both chlorins III.27 and III.28b compared to chlorin 

III.26b, and of chlorin III.27 compared to chlorins III.29 and III.28a. 

This higher uptake observed in NIH/3T3 cells, compared to MDA-MB-231 cells, could indicate 

that none of the PS studied have preferential tumour accumulation. However, as it was mentioned 

before, the MDA-MB-231 cell line is from a TNBC [76,287,288] and besides being highly 

aggressive, these cells are also known to having multidrug-resistance [288,289], so the possibility 

of observing lower PS uptake on the cancerous cell line was expected due to this chemoresistance 

(e.g., efflux mechanisms that pump drugs out of the cells). Still, in both MDA-MB-231 and 

NIH/3T3 cell lines, the positive control III.2 had statistically significant higher uptake than all 

novel chlorins which is in agreement with the higher dark toxicity of temoporfin. 



Chapter VI: In vitro evaluation 

145 

Further studies on the subcellular location of the PS after 24 hours showed the co-localization of 

the GFP from ER (and even GA, on a smaller scale) and the fluorescence of the different chlorins, 

as expected from the structural similarity to temoporfin III.2, and what is known about its primary 

accumulation sites [25,272]: III.2 at an incubation (in MCF-7 cells) of 3 hours is found in the ER 

and GA, but if extending that period up to 24 hours, it extrudes from the GA and consequently 

increases its presence on the ER. Nonetheless, the fact that the novel chlorins are internalised to 

this location is of interest, as PS with ER and/or GA tropism are considered potential inducers of 

immunogenic cell death (ICD). This is relevant because, in 2012, Agostinis et al. [290–292] 

reviewed the concept of ICD and reported the importance of ER stress and ROS in regulating the 

immunogenicity of dying cells, through an hypericin-based PDT protocol [291] that focused 

ROS-based ER stress, increasing the production of danger signals that trigger an anti-tumour 

immune response, which contribute to the long-term control of the disease. 

Taking into account that our synthesised chlorins have the potential to induce ICD and relatively 

similar photochemical and photophysical characteristics, by reviewing the data discussed in this 

section, we can conclude that the novel 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused 

5,10,15,20-tetra(3-hydroxyphenyl)chlorins III.28b and III.29 show the most promising 

photodynamic activity as free PS (Figure VI–10). Their phototoxic IC50 values are found in the 100 

nM range, which is 100-fold lower than their values for dark toxicity, making them safe PDT agents 

as shown by the calculated phototherapeutic indexes (Table VI-2). This opens the possibility of 

further research on these chlorins, with special interest in the azide derivative III.29 that can be a 

precursor to different conjugates through “click” chemistry. In Figure VI–10, the results obtained 

for the conjugate IV.2 are also included which, despite the purity issues, still showed significant 

photodynamic activity upon irradiation and with minimal uptake into the cell. Nevertheless, these 

results are a good indication that the 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused 

meso-tetra(3-hydroxyphenyl)chlorin conjugate IV.2 hold the potential to become a promising 

third-generation PS. 
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Figure VI–10. Summary of the characteristics from chlorins III.28b and III.29, as well as from conjugate IV.2. 
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Procedures dealing with the cell manipulation growth media, PBS solutions, and other reagents and 

materials were performed in a Thermo Scientific MSC-Advantage laminar flow hood. 

Culture flasks, culture test plates, 15/50 mL conical centrifuge tubes, micropipettes, and 

ComfoPette used were purchased from Orange Scientific. Glass Pasteur pipettes, standard tips, and 

1.5/2.0/5.0 mL Eppendorf tubes were purchased from Frilabo. For confocal microscopy, 8-well 

chambered coverslips were purchased from Ibidi. Unsterilised material used to deal with cells was 

previously sterilised in the AJC Uniclave 88 autoclave, before entering the hood environment. 

The light source used for phototoxicity assays was a LED lamp from HIGROW LED (model 

GL36A), emission maximum at 660 nm with HWL = 26.4 nm. The fluence of the LED was verified 

before each irradiation with a Coherent LaserCheck power meter, choosing a wavelength of 660 

nm with the filter position. 

Fluorescence emission of resorufin (λex = 528/20 nm and λem = 590/35 nm) was measured using a 

Synergy HT Multi-Mode Microplate Reader (BioTek). 

The PS uptake was analysed by flow cytometry in the Flow Cytometer NovoCyte® 3000 + 

NovoSampler® Pro (ACEA Bioscience). 

An Olympus CKX41 inverted microscope equipped with an Olympus U-RFLT50 power supply 

unit was used to observe cell morphology and dyes to assess cell viability. Confocal fluorescence 

microscopy was performed with Zeiss LSM 710 Confocal Microscope (at the MICC Imaging 

facility of the Centre for Neuroscience and Cell Biology (CNC), Coimbra, Portugal), using a HeNe 

(633 nm) diode (405 nm), an argon (488 nm) excitation lasers for the chlorins, Hoechst, and GFP, 

respectively, and a 63x oil immersion objective. The images were taken using the Zeiss ZEN 

software and processed using Image J 1.53k (freely available at https://imagej.nih.gov/ij) and 

Adobe® Photoshop® Elements 11 (Adobe Systems Incorporated, San Jose, CA, USA). 
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For preparing the culture media, DMEM, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

buffer (HEPES), and sodium bicarbonate were purchased from Sigma-Aldrich, while foetal bovine 

serum (FBS), penicillin, and streptomycin were purchased from Gibco. Potassium phosphate 

dibasic, potassium chloride, sodium phosphate dibasic, and sodium chloride were purchased from 

Sigma-Aldrich and used to prepare the PBS solution. Trypsin-EDTA solution (10x), trypan blue, 

resazurin sodium salt, and DMSO Hybri-Max™ were purchased from Sigma-Aldrich. Hoechst 

33342 stain was purchased from Life Technologies. 

 

Chlorins III.26b, III.27, III.28a, III.28b, and III.29 were synthesised as described in Chapter III 

and the conjugate IV.2 was synthesised as described in Chapter IV. Temoporfin III.2 was kindly 

provided by Senge Group at Trinity College Dublin. All the structures are represented in Figure 

VI–2. Stock solutions of all PS were prepared in DMSO Hybri-Max™ in the mM range and stored 

at -20 °C. The PS dilutions used in vitro studies were freshly prepared in DMEM culture medium 

at the desired concentrations. The percentage of DMSO administered to the cells was never superior 

to 1% ensuring no effect of DMSO on cell viability. 

 

NIH/3T3 cells (ATCC® CRL-1658™), MDA-MB-231 cells (kindly provided by the Center for 

Neuroscience and Cell Biology (CNC), Coimbra, Portugal), and U-2 OS cells transfected with GFP 

for specific organelles (kindly provided by the Kroemer Lab at Centre de Recherche des Cordeliers 

(CRC)/Institut Gustave Roussy (IGR), Paris, France) were cultured in DMEM supplemented with 

10% (v/v) heat-inactivated FBS, 10 mM HEPES, 10 mM sodium bicarbonate, 100 U/ml penicillin, 

and 100 ng/ml streptomycin. Cells were maintained at exponential growth in a humidified incubator 

with 5% CO2 at 37°C. 
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A density of 14.000 MDA-MB-231 cells/well, were seeded in 96-well plates, with 200 µL/well of 

growth medium, and left to adhere overnight. Cells were treated with 200 µL/well at of each PS at 

a concentration range from 0.3125 to 10 µM. After 24 h, cells were washed once with 100 µL/well 

of PBS to remove the excess of PS that was not internalized by the cells. After an additional 

incubation of 24 h, cell viability was measured using the resazurin reduction assay. Briefly, DMEM 

was removed and replaced by 150 µL/well of resazurin stock solution diluted in DMEM (0.01 

mg/mL) followed by approximately 2 h of incubation. The fluorescence emission of the metabolic 

product, resorufin, was measured with a microplate reader (Biotek Synergy HT) using 528/20 nm 

excitation and 590/35 nm emission filters. Cell viability of each condition was compared to the 

control group, which level of resazurin metabolization was assumed as 100% of viability. 

 

MDA-MB-231 (14,000 cells/well) and NIH/3T3 (3,000 cells/well) were seeded in 96-well plates 

with 200 µL/well of DMEM and left to adhere overnight. Then, the DMEM was removed and 

replaced with 200 µL/well of the respective concentration of each PS dissolved in growth medium. 

For temoporfin, concentration from 0.00117 to 300 nM were used whereas for all the other chlorins, 

concentration from 0.00391 to 10 µM were used. After an incubation of 24 h, cells were washed 

once with 100 µL/well of PBS to remove any excess of PS that was not internalized by the cells. 

Then, 200 µL/well of DMEM was added to the cells, followed by LED irradiation at a LD of 1 

J/cm2 using LED. Light dose was corrected considering the overlap between the LED and chlorins 

spectra [267].Cell viability was assessed 24 h post-irradiation through the fluorescence emission of 

resorufin as described above. 
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MDA-MB-231 and 3T3 cells were seeded in flat-bottom, 24-well plates. The cell densities used 

were of 80.000cells/well for the MDA-MB-231 cell line and 30.000cells/well for the NIH/3T3 cell 

line. After 24h, cells were incubated with PS at 2.5 µM and at each timepoint (3, 6, or 24 hours), 

cells were washed twice with 500 µL of PBS. The cells were then detached with 250 µL of trypsin 

and centrifuged at 1500 rpm for 10 min at 4 ºC and the supernatant discarded. The obtained pellet 

was resuspended in 250 µL of 4% paraformaldehyde (PFA) for 30 min at RT.  Afterwards, cells 

were once again centrifuged in the previous conditions and the supernatant discarded. The obtained 

cellular pellet weas washed with 250 µL of PBS, followed by resuspension of the cellular pellet in 

250 µL of PBS. The fluorescence intensity of 10,000 events was measured, inside a gate defined 

for the live cells, using the RL1 laser filter (ex. 640 nm; em. 675/30 nm) in the flow cytometer. 

 

Co-localization studies were assessed using U2-OS cells stably expressing CALR-GFP (to identify 

the ER; N=2) or GALT1-GFP (to identify the GA; N=2). For each cell line, a density of 17,000 

cells/well was seeded in an µ-Slide 8-well treated plate and left to adhere overnight. A concentration 

of 5 µM of each PS in DMEM was added to the cells. Cells were incubated for 24 h, after which 

they were washed with PBS, fixed for 20 minutes with 300 µL of a solution containing 4% PFA in 

PBS and the nucleus stained with Hoechst. After two wash steps with 300 µL of PBS, cells were 

analysed on a Carl Zeiss LSM 710 confocal microscope using excitations lasers at 405, 488, and 

633 nm for Hoechst, GFP, and chlorins, respectively. For each PS, three images from different 

places of the well were obtained in equivalent conditions and camera settings, with the occasional 

increase of gain for PSs that did not show as much fluorescence (to confirm co-localisation). 

 

Results shown for dark toxicity and phototoxicity are represented as mean ± SEM, for three 

individual experiments with triplicate wells for each concentration, as well as the negative control 

group. Graphical representations and curve adjustments for IC50 calculations were created and 

processed with OriginPro© 2018 (64-bit) software (OriginLab Corporation, Northampton, MA, 

USA), using a sigmoidal fit (Dose-Response function, Levenberg Marquardt algorithm) through 

the following Equation VI-2: 

𝑦 = 𝐴1 +
𝐴2− 𝐴1

1−10(𝐿𝑂𝐺𝑥0−𝑥)𝑝     (VI-2) 
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where A1 (fixed at 0) and A2 (fixed at 100) are the bottom and top asymptotes, respectively, LOGx0 

(lower bound > 0) is the centre, and p (upper bound < 0) is the hill slope. 

Results shown for PS uptake are represented as mean ± SEM, for three individual experiments with 

duplicate wells for each timepoint evaluated, relatively to the negative control group. Repeated 

measures, two-way ANOVA with Bonferroni’s post-test was performed to compare the means of 

each group for the different timepoints. Two-way ANOVA calculations were performed on 

GraphPad Prism® 5 (version 5.01 for Windows) software (GraphPad Software, San Diego, CA, 

USA). 

  



Chapter VI: In vitro evaluation 

152 

 



Chapter VII: Final remarks and future perspectives 

153 

 

 

 

 

 





Chapter VII: Final remarks and future perspectives 

155 

Photodynamic therapy (PDT) is a minimally invasive approach to target cancer cells through light 

irradiation. Its advantages also include absence of drug resistance, healing with almost no scarring, 

and activation of anti-tumour immunity which is the main reason for the long-term remission of the 

disease. However, there are undesirable side effects such as prolonged skin photosensitivity after 

PDT treatment [1,23,29–31]. To improve PDT efficacy, while reducing the side effects, the 

conjugation of photosensitisers (PSs) with different ligands specifically recognised and, eventually, 

internalized by cancer cells, has been one of the most popular approaches. And, although there have 

been improvements regarding cellular uptake, these ligand-targeting approaches still present 

limited success in vivo [149]. The goal of this project was to develop a new strategy for 

targeted-PDT, where we proposed as proof-of-concept to synthesise a new “clickable” chlorin that 

could then be conjugated with a ligand to obtain a targeted-PS. 

Using the [8π+2π] cycloaddition method previously developed by Pinho e Melo et al. [153–157], 

we synthesised novel chlorins, related to temoporfin (III.2), with different degrees of 

amphiphilicity (Figure III–9). From the first chlorin obtained through cycloaddition, III.26b, 

subsequent derivatisations lead to molecules with higher number of hydroxyl groups. Then, the 

terminal alcohol group in the pyrazolo ring of the most hydrophilic chlorin, III.28b, that was 

synthesised in our mono-functionalised series, was further derivatised to obtain an azide group. 

This allows for an efficient functionalisation through “click” chemistry with a targeting moiety, 

containing an alkyne group, to obtain third-generation PSs. 

As proof-of-concept, we designed a conjugate (IV.2) using a commercially available linker and 

folic acid (FA) as the targeting moiety. The in silico evaluation of the designed conjugate 

corroborated the binding to folate receptor α-isoform (FRα), despite the size of the conjugate. 

Therefore, we proceeded with the synthesis but, upon characterization of the sample obtained after 

the “click” reaction, we were able to confirm the presence of IV.2, indirectly, but not its purity. 

Moreover, photophysical characterisation of all the synthesised compounds supported the presence 

of the chlorin derivatives.  

Analysis of cytotoxicity in the dark demonstrated improvement of the novel PSs relative to 

temoporfin, with the most hydrophobic chlorin (III.26b) and conjugate (IV.2) being the safest 

compounds (IC50,dark > 10 µM). These results combined with the phototoxic evaluation (light-dose 

of 1 J/cm2) in FRα-positive MDA-MB-231 cancer cells (where temoporfin performed better, 

followed by the most hydrophilic chlorin in the series, III.28b with IC50,photo = 86.32 nM), resulted 

in higher phototherapeutic indexes for chlorin III.26b (9.85E+5) and conjugate IV.2 (4.28E+3) – 

largely due to their safety in the dark – along with the azide derivative III.29 (149.70), when 

compared to temoporfin III.2 (128.84). 
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The inability to develop an efficacious purification protocol for the conjugate IV.2 may raise 

questions concerning the results obtained in the in vitro cell assays. The presence of linker IV.1, 

with the same FA warhead, in the IV.2 sample, resulting from a potential incomplete conjugation 

reaction, would compete for binding to the FRα and hinder the internalisation of the conjugate 

present in the sample (later removed during the PDT protocol, before illumination). 

Nonetheless, conjugate IV.2 still showed significant phototoxicity towards the cancer cells, 

especially considering that there was minimal cellular uptake, which might be a favourable 

indication of the potential of 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused 

meso-tetra(3-hydroxyphenyl)chlorin conjugates as promising third-generation PSs. Despite the 

issues found with purification of the FA-targeted conjugate described in this thesis (IV.2), it is 

important to highlight that FA is fairly susceptible to different environmental factors: such as light, 

solution medium, high temperatures, and presence of oxygen [199,293]. 

We are currently researching the synthesis and characterisation of new 

4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused meso-tetra(3-hydroxyphenyl)chlorin conjugates 

obtained through this same protocol chlorin III.29, but as a biotin-targeted PS. Biotin (another 

vitamin) is also a small molecule with high specificity to the sodium-dependent multivitamin 

transporter, which can be found overexpressed in even higher levels than the FR in different 

aggressive cancer cell lines (e.g., 4T1 breast cancer cell line) [75]. With a different, smaller, 

symmetrical spacer, we expect to reduce purification issues found with conjugate IV.2 (expected 

mixture of two regioisomers), and thus successfully purify and evaluate the new conjugate’s 

selectivity for cancer cells. 
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