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Abstract 

Cancer chemotherapy is limited by severe side effects due to unspecific cytotoxicity 

activity of currently used therapies, especially Pt(II)-based drugs. In order, to minimize these 

unwanted effects, several approaches relying on the use of light to activate the drugs have 

been taken. This methodology is a promising strategy to selectively activate cytotoxicity drugs 

at their site of action and thus to improving the tolerability and safety of chemotherapy. 

However, the majority of Pt(II) photosensitive anticancer compounds respond to short 

wavelengths, which damage healthy cells and have low penetration depths in tissues. The use 

of upoconversion nanoparticles (UCNPs) to locally transform near infrared (NIR) light into 

higher energy radiation at the desired site allows overcoming this issue. The use of these 

systems permits reducing systematic toxicity, increasing the cellular uptake and improving 

therapeutic effect while reducing undesirable side effects.[1] 

In this work, a platform that contains two new Pt(II)-photosensitive complexes anchored 

to UCNPs has been developed. These complexes were shown to be stable in the dark and 

activated by UV-light. They were combined with LiYF4; Yb3+, Tm3+ UCNPs, which upon 

absorption of NIR light generate UV upconverted emission, thus activating the Pt(II)-complexes. 

In order to improve the solubility of the platform in aqueous media these UCNPs were coated 

with poly(ethyleneglycol)-methyl-eher-ocatadecyl-amine (mPEG-ODA). Irradiation with the 

more penetrating NIR-light, which is less energetic than UV and visible light, may provoke less 

damage in the treated tissues. 

This new platform exhibits the same Pt(II) release after irradiating with either UV or NIR-

light corroborating the quantitative light conversion. Furthermore, this nanosystem increased 

the cytotoxicity significantly in A375 melanoma cancer cells after exposure to 980 nm radiation. 

The achieved results indicate that the proposed nanoplatform provides a new tool to use 

UCNPs combined with Pt(II)-photoresponsive to generate interesting platforms for 

photoactivated chemotherapy application using NIR-light. 
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Abbreviations 

5CNU  5-cyanouracil 

APTES (3-Aminopropyl)  

  triethoxysilane 

bpy  Bipyridine 

CD  Circular Dichroism 

CDDP  cisplatin 

CT  charge transfer 

cur  curcumin 

DACH   1,2-diaminocyclohexane 

DLS  Dynamic light scattering 

DMF  Dimethylformamide 

DMSO  Dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

dox  doxorubicin 

EDX  Energy-dispersive X-Ray 

en  ethylenediamine 

ESA   Excited state absorption 

ESI  Electrospray ionization 

ETU  Energy transfer  

  upconversion 

EWG  Electron withdrawing group 

GSH  Glutathione 

HBTU   Hexafluorophosphate 

  Benzotriazole Tetramethyl 

  Uronium  

HOBt  hydroxybenzotriazole 

HPPH  2-(1-Hexyloxyethyl)-2-

devinyl pyropheophorbide-a 

IC50  Half maximal inhibitory 

concentration 

ICP-MS Inductively coupled plasma 

mass spectrometry 

ICP-OES Inductively coupled plasma 

optical emission 

spectroscopy 

LC  Ligand-centred 

LMCT  Ligand-to-metal charge 

  transfer 

MA  Methylamine 

MC  Metal centred 

MLCT  Metal-to-ligand charge 

  transfer 

mPEG  Poly(ethylene glycol) methyl 

ether 

MTT  [3-(4,5-Dimethylthiazol-2-yl)-

2,5-Diphenyltetrazolium 

Bromide] 

NAMPT Nicotinamide 

phosphoribosyltransferase 

nap  naproxen 



Abbreviations 
 

 
6 

 

NIR Near Infrared 

OAc Acetoxy group 

ODA Octadecylamine 

o-NB orto-Nitrobenzyl 

PA photoavalanche 

PACT  Photoactivated  

  chemotherapy 

PBS  Phosphate buffer saline 

PDT  Photodynamic therapy 

PEG  Polyethylene Glycol 

Phen  Phenyl 

Phena  Phenanthroline 

PPG  Photolabile Protecting Group 

PS  Photosensitiser 

PTT  Photothermal therapy 

Py  Pyridine 

ROS  Radical oxygen species 

STEM  Scanning Transmission 

Electron Microscopy 

TEMPO (2,2,6,6-

Tetramethylpiperidin-1-

yl)oxyl 

THF  Tetrahydrofuran 

UCNPs Upconversion nanoparticles 

UV  Ultraviolet 

Vis   Visible 

WHO  World Health Organization 

XRD  X-Ray Diffraction
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1. General Introduction 

1.1 Cancer 

Cancer is a group of diseases that involves the growth of abnormal cells that can start 

in almost any organ or tissue in the body and can invade or spread to other parts of the body 

(metastasis), which is the leading cause of death in cancer. Human cells usually growth and 

divide until they reach their limit. When a normal cell becomes damaged or “old”, it is naturally 

programmed to die, this process is called apoptosis. In contrast, cancer cells grow and 

reproduce without control. This uncontrolled growth of cell leads to form a tumour.1 

The meaning of tumour is not the same as cancer. There are two types of tumours 

depending on the type of cells involved:2,3 

� Benign tumours: These types of tumours are noncancerous but contain abnormal 

cells. They usually develop slowly and does not invade other body tissues. 

� Malignant tumours: The cancerous tumours grow and spread rapidly to other body 

tissues through bloodstream (metastasis). 

Cancer is the result of a genetic disease caused by a mutation of the deoxyribonucleic 

acid (DNA) and consequently an uncontrolled proliferation of cells.4 This change can transform 

a normal cell into a cancerous cell. These abnormal cells are characterized by the follow 

hallmarks:4,5 

� Maintain proliferative signalling. 

� Evade growth suppressors. 

� Activate invasion and metastasis. 

� Enable replicative immortality. 

� Induce angiogenesis. 

� Resist to cell death (apoptosis) 

Cancer is the second leading cause of death worldwide, after cardiovascular diseases, 

and responsible for approximately 9.6 million deaths, or one in six deaths, in 2018. There are 

about a hundred types of cancer, being the most common in men: lung, prostate, colorectal, 

stomach and liver cancer. On the other hand, the most common ones in women are: breast, 

colorectal, lung, cervical and thyroid cancer.6 Lung cancer is the leading cause of cancer deaths 

worldwide followed by liver, colorectal, stomach and breast cancer.7 
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Chemotherapy, radiotherapy and surgery are the most common techniques for treating 

tumours.8 Nowadays, immunotherapy has become the fourth treatment option for tumours.9 

Each treatment is used depending on the type of cancer and its location. Often, these 

techniques are combined to improve their efficacy.10,11 

Surgery and radiotherapy are the main therapy when the disease is at the early stage.10 

Cancer surgery is the most effective treatment, as it involves removing the tumour from 

the tissue using manual and instrumental techniques.12 Many solid cancers have been 

successfully treated by surgical excision of the tumour.13, 14 However, this approach cannot be 

used to treat metastatic tumours.11 

Cancer radiotherapy use ionising radiation (X-ray, gamma rays) to kill malignant cells 

by damaging DNA.15 Nevertheless, this radiation also affects surrounding healthy tissues. For 

this reason, this treatment has severe limitations.16 

Immunotherapy is a treatment that involves the administration of a very personal and 

specific drug that helps the immune system of the body to recognise and attack the cancer 

cells. This therapy has some limitations because it cannot be applied to all types of cancer.17, 

18  

Chemotherapy is the most widely applied anticancer therapy that consists in the 

administration of a drug. The chemotherapeutic agent, with specific concentrations and 

administration, reaches the tumour and can prevent the division of the cells, causing their 

death. This treatment is mostly used for cancer in advanced stages.19,20 

1.1.1. Cancer chemotherapy  

Cancer chemotherapy is a crucial remedy to treat solid tumours, involving the 

administration of cytotoxic chemicals with the aim of destroying or, at least, reduce the 

malignant tumour and preventing it from proliferating.21 

 The German scientist Paul Ehrlich was the founder of inorganic chemotherapy, whose 

research was based on using alkylating agents to treat various diseases. He developed a cure 

against the syphilis using an inorganic compound called Arsephamine.22,23 The use of 

chemotherapy to treat cancer began in the mid-20th century, after the Second World War.23,24  

Before chemotherapy, X-Ray was mainly used to treat cancer. In 1943, Gilman 

discovered that the mustard gas which was used in wars to incapacitate the enemy and 

contaminate the battlefield, formed an alkylating agent that prevent DNA replication and 

produced a decrease in white blood cells concentration. Between 1946 and 1948, nitrogen 
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mustard was clinically applied to treat lymphoma, becoming the first anti-cancer drug in 

chemotherapy. 23–25 Since then, new anticancer agents have been applied in chemotherapy 

including alkylating agents, antimetabolites, nitrosoureas, antitumour antibiotics, 

topoisomerase inhibitors, antimitotic, and corticosteroids (Figure 1.1). Among all these 

medicines, the most notably were 5-fluoroacil (1957), methotrexate (1958) and cisplatin (1971).
26

In the 1970s a breakthrough in cancer treatment was the appearance of adjuvant 

therapies that consist of applying chemotherapy treatment after surgery or radiotherapy.26 This 

combination was crucial because it reduced the chances of the patient relapsing back into 

cancer. Furthermore, many anti-cancer medications with different mechanism were combined 

to increase the efficacy of the treatment.21

Nowadays, research is still underway to develop more effective and selective anticancer 

agents. To this end, special interest is being placed on the use of metallodrugs and, due to the 

efficiency of drugs such as cisplatin and its derivatives, current research is focusing especially 

on platinum-based metal complexes.

Figure 1.1: The evolution of cancer chemotherapy since the 1900s26

1.1.1.1. Pt(II) anticancer drugs in chemotherapy

Since 1950’s cytotoxic drugs have been used as the standard anti-cancer treatment.

These drugs work by damaging DNA and interfering with their metabolism preventing cancer 

cells from growing and dividing, leading to apoptosis.27
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Since the discovery of the anticancer activity of cisplatin or cis-

diamminedichloroplatinum (CDDP) by Barnnet E. Rosenberg and colleagues, a new pathway 

of cancer treatment was unlocked using metal complexes to inhibit tumours.28 Cisplatin and its 

derivates are still used in more than 50% of treatments for cancer patients in the clinic. 

Specifically, CDDP is the most widely used platinum complex in chemotherapy for ovarian, 

testicular, lung, breast, bladder, neck cancer and brain tumours. In 1964 Barnnet E. Rosenberg 

discovered the anti-cancer activity of CDDP through an electrochemical experiment.29 The 

experiment consisted of  applying current to E. Coli bacteria using platinum electrodes, which 

led to the cessation of bacteria division. Investigating of the cause of this growth inhibition led 

to the conclusion that a platinum complex formed on an electrode was responsible. This 

complex was later identified as CDDP. In 1971, patients were treated for the first time with 

cisplatin, and in 1978, the US Food and Drug Administration (FDA) approved its use in various 

cancer treatments.30 

After the successful use of CDDP in the treatment of a variety of cancer, several other 

metal-complexes have been described as potential anticancer agents and some of them have 

reached their clinical use. Complexes containing different metals as Platinum, Palladium, 

Rhodium, Ruthenium, Copper, Iron and Gold have been employed.31,32 These complexes have 

several advantages in comparison with other potential drugs, such as structure stability, 

structural variety (linear, square planar, octahedral) and kinetical stablility.33 However, they are 

toxic and difficult to degrade, therefore they can cause apoptosis through oxidative stress in 

normal cells, but also DNA damage or alteration of enzymes or protein functions.34 

Although the mechanism of action of cisplatin is not entirely clear, there are several 

hypotheses. The most accepted is that CDDP enters the cell through the copper transporter 

CTR1 or by passive diffusion (Scheme 1.1). Once inside the cell, CDDP undergoes a 

hydrolysis process. Chlorido ligands are replaced by H2O during this process named aquation. 

This ligand-exchange is more likely to occur in the cytoplasm, where the chloride concentration 

is low (≈ 20 mM), rather than in the bloodstream, where the chloride concentration is high (≈ 

100 mM). Once the diaquo-complex is formed, it can interact with S-containing molecules (i.e. 

metallothionein and glutathione) as well as covalently bind to DNA, as the positive charge of 

the complex is attracted to the negative charge mainly of the N7 of the imidazole ring of guanine 

and adenine bases. When Pt binds to DNA they both form an adduct that can take two forms: 

interstrand crosslinks, which binds to two guanine nucleotides on the same strand, or 

intrastrand crosslinks, which bind to two guanines separated by one or more bases in a same 

strand. These adducts can initiate the apoptosis process.30,35–37  
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Scheme 1.1: Mechanism of action of CDDP by interaction with DNA as well as other S-containing molecules 

(metallothionein and glutathione).

The application of CDDP is limited due to several undesired side effects: the 

development of cancer cell resistance against the drug, low cell selectivity, and other 

associated side effects, such as kidney damage, nausea, vomiting, and bone marrow 

suppression.38 Several mechanisms of CDDP resistance have been described, such as DNA-

adduct repair, increased CDDP-glutathione complex due to Pt-S bond formation, reduced 

cellular accumulation of cisplatin due to lower cell uptake and increased cell efflux.39

Two new Pt(II)-complexes oxaliplatin ([Oxalate(2-)-O,O’][1R,2R-cyclohexanediamine-

N,N’]platinum(II)) and carboplatin (cis-diammine[1,1-cyclobutanedicarboxylato(2-)-

O,O’]platinum(II)) (Figure 1.2) were clinically approved against the disease with fewer side 

effects than CDDP.40 Cisplatin, carboplatin and oxaliplatin are complexes with square-planar 

structures conformation about a central Pt(II) ion. All three also have two amino ligands as 

“non-leaving groups” that form stronger interactions with Pt(II) and “two leaving groups” 

(chlorides or carboxylates) that finally allow the Pt(II)-DNA adducts formation. In comparison 

with cisplatin, carboplatin and oxaliplatin show slower kinetics in the hydrolysis process and, 

moreover, their corresponding aquo-complexes are more stable. These two facts lead a 

decrease in their side effects.
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Figure 1.2: Structure of the anticancer Pt(II)-complexes clinically used in cancer treatment. 

Carboplatin and cisplatin have the same mechanism of action. The difference between 

them is that carboplatin does not present nephrotoxicity and neurotoxicity. Carboplatin is 

commonly used in ovarian cancer.41 

On the other hand, oxaliplatin, unlike the other two Pt(II)-complexes, after aquation, the 

resulting Pt(II)-diaminocyclohexane (DACH) complex forms an adduct with DNA which shows 

a greater degree of inhibition and cytotoxicity. It is believed that because DACH is a bulker 

ligand, it helps to have higher activity and avoids DNA repair by preventing the binding of 

repairing proteins. Oxaliplatin is commonly used in patients with colorectal metastases.42  

Apart of these three Pt(II)-anticancer complexes which are in clinically use against 

cancer in all over the word, there are three additional Pt(II) anticancer drugs that are clinically 

approved in specific countries: nedaplatin, lobaplatin and heptaplatin (Figure 1.3).43 

 

Figure 1.3: Structure of Pt(II)-anticancer drugs clinically approved in specific countries. 

As all the above mentioned, these Pt(II) drugs also provoke unwanted side effect. Since 

they reach all tissues when administrated to patients. To overcome this drawback several new 

strategies are being proposed using new drugs (prodrugs) that allow the activation in an 

externally controlled manner by a specific stimulus such as light, ionising radiation, 

sonodynamic or heat.44–47 Some alternatives consist in using prodrugs that are not toxic to cells, 

but easily activated with an external stimulus, such as pH, hypoxia, ultrasounds, or light. 

External stimuli need to be spatially and temporally precise, and light is the easiest stimulus to 

control.48 

1.1.2. Phototherapy in cancer 

Light has been used in medicine for thousands of years, dating back to ancient Egypt, 

China, and India, to treat different skin diseases, which combined the ingestion of plants with 

the sunlight for different treatments.49,50 In modern times, the Danish physician Niels Fiensen 
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developed phototherapy, using red light to cure smallpox, and, ultraviolet light to cure 

tuberculosis, for which he won the Nobel Prize, in 1903.51 Since then, light has been used for 

treatments in various fields of medicine.  

In cancer treatment, the most studied phototherapies are: 

� Photodynamic therapy (PDT): It uses non-toxic photosensitisers (PS) that are 

activated by visible light (Vis) and generate cytotoxicity through the formation of 

singlet oxygen (1O2) and other reactive oxygen species (ROS) to induce apoptosis 

in cancer cells.52,53 

� Photothermal therapy (PTT): Near Infrared (NIR) light is used to irradiate the desired 

tissues. As a response, the sensitive administered drugs emit heat, producing 

thermal decomposition of cancer cells and therefore provoking their death. The most 

investigated materials for this therapy are inorganic nanomaterial such as gold, 

palladium or copper sulphides, and carbon nanoparticles.54,55 

� Photoactivated chemotherapy (PACT): This therapy is similar to PDT but with the 

advantage that PACT does not require the presence of oxygen. It is based on the 

use of prodrugs, this is a drug linked to a photocaging agent that helps the releasing 

of the active drug when it is irradiated with light.56,57 

These therapies have received great attention because of their minimal invasiveness, 

high temporal and spatial controllability, negligible side effects and because they do not 

produce drug resistance.58  

1.1.2.1 Photodynamic therapy (PDT) 

1.1.2.1.1. Mechanism of action 

PDT is a cancer treatment that uses light and oxygen to activate the anticancer drug 

that has been implied in the clinic for the past few decades.59,60 PDT was discovered by 

Schwartz and Lipson in the 1960s with the synthesis of hematoporphyrin derivates that have a 

high cytotoxic effect against tumours.61  Since then, numerous new photosensitisers have been 

discovered to treat various types of cancers.61 The application of PDT in clinical treatments has 

been successful employed against different types of cancer, such as skin, prostate, and bladder 

cancer.62  

PDT consists of 3 essential components: photosensitiser (PS), light, and oxygen. The 

PDT process involves two procedures (Scheme 1.2): First, the patient receives a drug that is 

inactive or has low activity in the dark, called photosensitiser. After the time delay, which is the 

time between the administration of PS and the start of illumination, the drug is excited by 
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irradiating the tissue at a specific wavelength. This activates the drug and lead it to act as a 

photocatalyst which transfers an electron to oxygen to form radicals and superoxide (PDT type 

I) or can convert the triplet oxygen (3O2) into a singlet oxygen (1O2), which is cytotoxic to cells 

(PDT type II) (Scheme 1.3).63.64 This process is called radical oxygen species (ROS) 

generation.65 These species are cytotoxic, induce hyper-stress, and can damage proteins, 

membranes, and DNA. The advantages of this treatment consist in having fewer side effects, 

being minimally invasive, having higher selectivity for cancer cell death, and including less drug 

resistance.66

Scheme 1.2: Schematic representation of PDT treatment. The PS is administred to the patient and with a specific 

light, the PS is activated producing ROS that causes the death of the tumour. 

Scheme 1.3: Photoactivation process illustrated by a Modified Jablonski Diagram. The PS is excited from its 

ground singlet state (S0) to its excited singlet state (S1) when absorbs light. Via intersystem crossing (ISC) the PS 

is relayed to its excited triplet state (T1), which can undergo Type I reaction which forms radicals or induces Type II 

reactions, transferring its energy to a molecule of oxygen (3O2) to form singlet oxygen (1O2)
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1.1.2.1.2 Photosensitisers 

The first-generation of PSs were the hematoporphyrin and their derivates, which were 

prepared for the treatment of cancer (Figure 1.4). However, they had significant disadvantages, 

such as cytotoxicity without the need of light irradiation (in the dark), short wavelength 

absorption, high half-life leading to the accumulation of the drug in normal tissue.60,67 After 

decades of research, the first photosensitiser clinically approved for use in PDT was Photofrin® 

in 1993, which is a derivate of Hematoporphyrin.68 

 

Figure 1.4.: Structures of Hematoporphyrin and Photofryn® from the First-Generation PSs for PDT 

To overcome these side effects, a second generation of PSs were developed (Figure 
1.5). New PSs based on porphyrin and chlorin structures were proposed. These PSs exhibit 

absorption at higher wavelengths (around 650 nm), increased the tissue selectivity and 

accelerated excretion of the drug from the body. The second generation of PSs was more 

effective than the first generation. However, the drawback of this generation is the low water 

solubility.60,67,69 
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Figure 1.5: Examples of the structures for the second-generation PSs in PDT: 5’- Aminolevulinic acid, 

bacteriochlorin, 2-(1-Hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH), Foscan®  

The objective of the third-generation is to develop new photosensitisers to overcome 

the secondary effects of the second-generation ones; more soluble in water and higher 

selectivity toward tumour tissues. These PSs maintain the conjugation of the second-

generation and are intended to bind biological motifs such as amino acids, peptides, antibodies, 

carbohydrates or encapsulate them in carriers such as liposomes, micelles, etc.69–71  

1.1.2.1.3. Metal-complexes for PDT 

In recent years, the development of new metal complexes used as PS in PDT has 

generated great interest. Metal compounds have been shown to be more stable and phototoxic 

than organic drugs.68 Furthermore, transition metals have good photophysical properties, 

making it easy to reach their excited states through light.72  

Organic PS usually exhibits a π-π* and n-π* molecular electronic transition when they 

are excited. Also, metal complexes present more allowed transitions such as metal centred 

(MC) (i.e. d-d transitions), charge transfer (CT) (i.e. metal-to-ligand charge transfer (MLCT), 

ligand-to-metal charger transfer (LMCT) and ligand-centred (LC) transitions.72 The advantage 

of these transitions is that they can be achieved by means of excitation to triplet excited state 
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easily due to the efficient intersystem crossing promoted by the metal ion, which has the benefit 

of a longer lifetime, increasing the probability of the photochemical reaction to occur. 

Furthermore, this will facilitate the efficiency of both type I and II PDT.72,73  Today, some metal-

containing complexes have been clinically applied, and others are in clinical trials (Figure 1.6): 

 

 

 

Figure 1.6: Structures of metal-containing PSs in PDT clinical trials 



Chapter 1 
 

 
28 

 

Purlytin®, Lutrin® and Antrin® are currently undergoing clinical trials in the United 

States, but they have not been approved yet.74,75 However, Photosens® and TOOKAD® 

soluble have been clinically approved. The first is approved in Russia to treat lung, liver, breast, 

skin, and gastrointestinal cancers and, the second one is approved in Mexico, Israel and 31 

countries European Countries to treat prostate cancer.76,77 

TLD1433 was the first photosensitive drug in clinical trial which instead of having a 

porphyrin-type ligand, contains pyridine-type ligand linked to Ru(II).78 Ru(II)-photosensitisers 

are generating great interest for their photochemical properties. Ruthenium complexes also 

exhibit excellent solubility, high cellular uptake, photostability and the ability to produce ROS.56 

Apart from this compounds, other transition metals are also being investigated for PSs 

in PDT such as Ir,79 Os,80 Pt81 and Re82 due to their physiochemical properties. 

Despite the improvement of photosensitisers, PDT is a technique with several limitations 

because of its dependence on the generation of ROS: Firstly, the small diffusion distance of 

ROS (>20 nm). Furthermore, this therapy is restricted by the light excitation of the drug, as it is 

limited by the depth of light and moreover it is oxygen-dependent. This technique is not 

appropriate for solid tumours since they present hypoxic conditions (low oxygen 

concentrations).64,83, 84 

1.1.2.2 Photoactivated chemotherapy (PACT) 

1.1.2.2.1 Mechanism of action 

Photoactivated chemotherapy (PACT) is an alternative treatment to overcome the 

limitations of traditional anticancer compounds and PDT. PACT has the advantage that the 

activation mechanism is not oxygen-dependent, whereas PDT requires the presence of 

oxygen. This technique can be used specially against solid tumours in hypoxic 

microenvironments.85,86 

The idea of photoactivation was introduced by Morrison et al. in the 1990s using the 

Rhodium complex cis-[Rh(phen)2Cl2]Cl.  When this complex was degraded by ultraviolet light 

(UV), the metallic photoproduct so generated was able to bind DNA.87 The concept of 

photoactivated chemotherapy was introduced by Sadler et al.50 who defined it as a therapy in 

which the prodrug does not have any cytotoxicity in the dark but when it is irradiated at the 

corresponding wavelength, chemical changes occur in the prodrug that form a new component 

with high biological activity.50 

There are different approaches in PACT (Scheme 1.4):50, 88 
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� Photoinduced electron transfer: Photoreduction of the metal centre by light that 

produces the dissociation of the axial ligands, the most common reductions are 

Pt(IV) to Pt(II)89 or Co(III) to Co(II).90  

� Photosubstitution: When irradiated with light, the ligands are replaced by molecules 

of the solvent, typically water. The most common complexes are based on Ru(II),91 

Rh(III),87 Ir(III),92 and Re(I).93  

� Bioactive ligand release: Irradiation with light releases small bioactive molecules 

such as NO and CO.94 

� Ligand photocleavage: When the drug is irradiated, it can produce a 

photomodification of the ligand acting as a photoswitch or photocage.95 

 
 

Scheme 1.4: Examples of the different approaches in PACT a) Photoinduced electron transfer,89 b) 

Photosubstitution,91 c) Bioactive ligand release,94 and d) Ligand photocleavage95 
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Different metals have generated great interest to be able to apply in PACT: Ti (IV),96 V 

(IV),97 Cr (III),98 Mn (VI),99 Fe (III),100 Ru (II),101 Co (III),102 Rh (III),103 Rh (II),104 Ir (III),92 Re(I),93  

Pt (II),105 Pt (IV).106 Among these examples Pt(IV) and Ru(II) are those more investigated. 

1.1.2.2.2. Ru(II)-photoresponsive complexes 

The physicochemical properties of Ru(II)-complexes have drawn attention for their 

potential application in biomedicine. As an example, the Ru(II)-compound, TLD1433 is currently 

undergoing clinical trials as anticancer drug. 

Ru(II)-complexes under investigation for use in PACT have an octahedral structure and 

follow a ligand substitution photomechanism. This mechanism is explained through the 

corresponding aquo complex binding to DNA, similar to the mechanism of CDDP.107 

In 2004, Turro and co-workers published that the complex [Ru(bpy)2(NH3)2]2+ when 

irradiated near UV light, formed the corresponding aquo-complex, by water substitution. This 

photoproduct was later covalently attached to DNA thus being one of the first examples of 

photoactivatable Ru(II)-complexes.108 In 2011, [Ru(bpy)2(5CNU)2]2+ (5CNU = 5-cyanouracil),a 

Ru(II)-compound with cytotoxic ligands was discovered. The complex is a derivative of the 

anticancer drug 5-Fluorouracil. When the compound was irradiated with visible light, 5CNU 

were released and the phototoxicity increased, as both the ligand and the newly formed Ru are 

cytotoxic.109 
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Figure 1.7: Some relevant examples of photoactivatable Ru(II)-complexes drugs108-111 

In the following year, Glazer et al. reported two new Ru(II)-bypyridyno-type complexes 

that exhibited photoreactions under visible light (ʎexc > 450 nm). These compounds were 9 and 

10 (Figure 1.7) which released a bidentate ligand, 6,6’-dimethyl-2,2’-bipyridinde for 9 and 1,10-

phenanthroline for 10 and formed the same Ru(II)-photoproduct complex [Ru(bpy)2]2+. Both 

photosensitisers were tested with HL60 leukaemia and A549 lung cell lines, and it was found 

that they increased the cytotoxicity after being activated by light.110 

Recently, Bonnet and co-workers discovered two new Ru(II)-compounds that could be 

activated at 628 nm.111 Both Ru(II)-photosensitive drugs (11 and 12 in Figure 1.11) contain 

cytotoxic nicotinamide phosphoribosyltransferase (NAMPT) as photocage. Cytotoxicity was 

studied against A549, MCF-7 and A431 cell lines, where complex 12 proved to be a good PACT 

candidate. 

Also, some studies demonstrate that some Ru(II)-complexes can be used for either 

PACT or PDT.101,112,113 One example is complex 13, which can be activated through NIR light 

by two photon excitation to form 1O2 or the ligand dissociation, exhibiting cytotoxicity.114  

1.1.2.2.3. Pt(IV)-photoresponsive complexes 

The photochemical properties of Pt(IV) began to be applied in the mid-19th century in 

the photography field.106 Pt(IV) are good candidates for PACT because they tend to follow 
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photodecomposition mechanism when irradiated.115 These complexes are stable in the dark 

(low cytotoxic activity) and tend to be stable in physiological media, but they can easily be 

photoreduced to Pt(II)-complex, which is the active species (with high cytotoxic activity). This 

means that the leaving ligand can play also an important role in their reactivity.115 

Bednarski and co-workers116,117  developed the first photoactivatable Pt(IV)-complexes, 

which were [PtCl2I2(en)2]. This Pt(IV)-complex was irradiated at 400 nm, and the photoproducts 

obtained were able to bind DNA and prevent cell division. However, the complex was no stable 

in the dark. To increase its stability, the chlorido ligands were replaced by OH, Acetoxy (OAc), 

and OSO2CH3 as ligands. All complexes were irradiated under visible light (>375 nm). The 

results published show that [Pt(OSO2CH3)2I2(en)] exhibited good solubility but with a small 

percentage of Pt-DNA binding. Also, [Pt(OH)2I2(en)] followed a photosubstitution mechanism 

where a new Pt(IV)-complex photoproduct was produced, which was neither cytotoxic. Besides, 

[Pt(OAc)2I2(en)] in the absence of GSH, underwent photoreduction mechanism where Pt(II)-

complex photoproducts were formed and covalently bind to DNA. However, in presence of 

GSH, the Pt(IV)-complex was already reduced prior to irradiation (Figure 1.8).  

 

Figure 1.8: First generation diiodo photoactivable Pt(IV) drugs synthesised by Bednarski group116,117 

A few years later, Sadler and co-workers118,119 reported that Pt(IV)-diaminodiazido were 

inert in the dark and could be activated under light irradiation (Figure 1.9). The first diazido-

Pt(IV)-complex photosensitisers were cis-, trans-[Pt(en)(N3)(OH)2] and cis, trans, cis-

[Pt(N3)(OH)2(NH3)2] which were stable in the dark and presented a higher toxicity than cisplatin 

when irradiated with light.  
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Figure 1.9: Second generation photoactivatable diazido-Pt(IV) complexes synthesised by Sadler and co-

workers118,119 

By changing the configuration, as was the case for the trans, trans, trans-

[Pt(N3)(OH)2(NH3)2] solubility, absorption and importantly cytotoxicity were improved.120 

Furthermore, changing the ligand to an aliphatic amine as for (trans-, trans-, trans-

[Pt(N3)2(OH)2(NH3)(MA)])121 or substituting NH3 for pyridine (Py) as for (trans-, trans-, trans-

[Pt(N3)2(OH)2(Py)2]) resulted in even more photocytotoxic.122 

Also, the Pt(IV)-complex absorbed at a longer wavelength when the compound had a 

π-conjugated bidentate diimine as ligand, as in the two cases of trans, cis-[Pt(2,2’-

bpy)(OAc)2(N3)] and trans, cis-[Pt(Phen)(OAc)2(N3)] 123 

Despite the recent development of Pt(IV)-anticancer complexes for PACT, none of them 

have entered in clinical trials yet. 

1.1.2.2.4. Pt(II)-photoresponsive complexes 

In contrast to Pt(IV) and Ru(II) complexes, Pt(II)-compounds present a square planar 

structure. In addition, these Pt(II)-photosensitisers can also follow mechanisms of ligand photo-

cleavage or photodissociation of the ligand. 

On the one hand, when irradiated with light, the photodissociation Pt(II)-complexes 

cause a modification of the ligand that changes the molecule form becoming biologically active 

(Scheme 1.4). On the other hand, other type of photoactivated Pt(II)-complexes can release a 

photolabile ligand when irradiated (Scheme 1.4). 
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One of the first examples of photoactivatable Pt(II)-complexes was reported by Brunner 

and co-workers.124 Different hematoporphyrin attached to Pt(II) were synthesised. Among 35 

Pt(II)-compounds, when irradiated with visible light (� = 600-730 nm), only 14 and 15 were 

water soluble and increased cytotoxicity against TCC-SUP and J82 transitional bladder cancer 

cell lines. These two photosensitive complexes contain polyethylene glycol (PEG) as functional 

group linked to hematoporphyrin, and when exposed to light, the antitumor activity increased. 

In 2006, Brabec, et al. demonstrated that transplatin, in the dark, did not exhibit 

cytotoxicity, but upon UV irradiation, the complex loses the chloride ligands and form an adduct 

with the DNA, thus improving its cytotoxicity.125 Lately, a similar effect was reported with 

carboplatin when it was irradiated with UV-light.126 

Recently, Patra and co-workers127 have published two new Pt(II)-complexes that could 

be used in both PACT and PDT: [Pt(DACH)(nap)Cl] and [Pt(DACH)(nap)2] (nap = naproxen) 

(Figure 1.10). When irradiated with UV-light, these complexes release nap, which generates 

ROS, and the Pt(II)-complex photoproduct binds to DNA and causes cell death.  

A new visible light photoactivated Pt(II)-complex has been synthesised containing a 

curcumin (cur) unit as dissociative ligand (Figure 1.10). The complex [Pt(cur)(NH3)2]NO3 

reported by Chakravarty and co-workers128 did not exhibit cytotoxicity in the dark, but upon 

irradiation with visible light, the curcumin ligand is released, forming the corresponding 

diamminoplatinum(II) photoproduct, which interacts with DNA causing cell death. This work is 

one of the first examples of ligand photodissociation in Pt(II)-complexes activated with visible 

light.  
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Figure 1.10: Relevant examples of photodissociative Pt(II)-complexes in PACT 

Various other examples of ligand photodissociation have been furtherly described. 

Pt(II)-photoactivatable complexes can also be activated by means of photocaging ligands. One 

of the most widely used photocages in biology is o-nitrobenzyl type, which, when irradiated with 

UV-light, undergoes a photochemical fragmentation process that release an o-nitrosophenyl 

moiety as the biologically active molecule. Franz and co-workers95  synthesised a new Pt(II)-

complex bonded to a ligand (7) that contains a nitrophenyl group (Scheme 1.5). This compound 

did not show toxicity towards MCF-7 breast cancer cell line in the dark but exhibited 

phototoxicity after irradiating with UV-light, which produced the photodegradation of the ligand 

and formed the active complex and nitroso by-products that induced cell death.  
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Scheme 1.5: Two relevant examples of photodissociation Pt(II)-complexes containing a nitrobenzyl group to 

applicate in PACT 

Another Pt(II)-photosensitiser (16) was synthesised by the Guo group,129  which was 

bound to a ligand containing a nitrobenzyl group and hydroxyl groups (Scheme 1.5). Upon 

irradiation with UV-light, the nitrophenyl group was reduced to nitrosophenyl and the hydroxide 

groups were oxidised to carbonyl group, giving rise to the Pt(II)-photoproduct, which was more 

cytotoxic in front of breast cancer MCF-7 cells than before irradiation.  

Our group has also synthesised photoactivatable Pt(II) complexes based on 

squaramide. In 2018, a new squaramide-based Pt(II) complex was reported to exhibit 

differential photoreactivity when irradiated under UV-light in hypoxic and normoxic media. 

Moreover, this complex exhibited phototoxicity against HeLa cells in hypoxic medium.105 These 

results suggest that squaramide-based Pt(II)-complexes could act as a new kind of PACT 

photocage. In 2022, two improved squaramide-based Pt(II)-complexes (18 and 19) were 

reported to be more water soluble and absorbed blue light. In addition, both complexes showed 

a significant increase in cytotoxicity after irradiation against three cell lines (HeLa, A2780, 

A2780cis) which was caused by forming ROS species or interacting with DNA. These results 

suggest that these complexes could be applied as dual PACT and PDT agents.130 

 



General Introduction

37

Figure 1.12: Some examples of the squaramide-based Pt(II) complexes synthesised in our group

However, one major challenge in the of PDT and PACT is the limited tissue penetration 

of the photosensitisers. These photosensitisers require light in the UV-Vis region to be 

activated, which has low penetration due to light scattering with the biomolecules and can 

produce phototoxicity, especially UV light.131 Furthermore, synthesising photosensitisers that 

absorb in the visible light requires the use of π-conjugated motives, which can result in tough 

synthesis and finally in solubility issues in biological media. To overcome this challenge, efforts 

have been made to develop molecules that can absorb in lower energy regions, as the near 

infrared (NIR) (700 – 1000 nm), where the light is more penetrating (Figure 1.13).

However, the energy associated with irradiation at the NIR wavelengths is usually not 

sufficient to activate photosensitisers. An alternative to this problem is the use of two-photon 

irradiation with which sufficient energy is achieved for the excitation of the photosensitiser. 

Nevertheless, this technique requires a pulsed laser to excite small areas, which limits its 

application.132

Figure 1.13: Deep penetration scheme of each light scale where the most penetrating light is NIR and the least 

penetrating is UV

In short, by using UV irradiation it is possible to excite the photosensitisers, but this 

radiation is harmful to any cell (even healthy ones) and also has little penetration. By decreasing 

the energy of the radiation (NIR), even though there is an improvement of penetrability and also 

is not harmful by itself to the cells, in general, the energy apply is not sufficient to activate the 

photosensitisers. Faced this dilemma, a very convenient solution would be to be able to provide 

the photosensitisers with a component that, when irradiated in the NIR range, would emit UV 

irradiation, which could therefore activate UV-responsible photosensitisers, but by means of 

irradiation in the NIR range. This approach led us to consider the exploitation of the 

upconversion phenomena. 133,134

UV ~350 nm

Blue ~440 nm

Green ~540 nm540
Red ~650 nm

NIR ~750 nm
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1.2. Upconversion nanoparticles  

According to Stokes’ law, a fluorescent light emitter absorbs photons of higher energy 

light and emits photons with lower energy light.135 In contrast, upconversion is a process in 

which the molecule can absorb two or more photons of low energy light (long wavelength) and 

emit higher energy light (short wavelength), following the so-called antistokes effect.136 

Lanthanide-doped materials have special optical and magnetic properties, including 

upconversion which is an important optical property. Specifically, in recent years, it has been 

shown that upconversion nanoparticles (UCNPs), composed by lanthanides doped with other 

lanthanides, can convert NIR light to UV light.137 

In 1966, Auzel proposed the first concept of upconversion transfer working with Yb3+-

Er3+ couple, which could emit green light upon irradiation with NIR. By increasing the 

upconversion efficiency, blue light emission using a Yb3+-Tm3+ couple was achieved.138 Since 

then, the upconversion process has been further investigated with different materials and 

applications in nanotechnology139 and biomedicine.140 

Most of the UCNPs are composed by three components: a host material, a sensitizer, 

and an activator.141 The host material must be chemically stable and transparent in both 

absorption and emission range to avoid interfering with the upconversion process. Moreover, it 

must have a low phonon energy (low frequency vibrations of the lattice) to avoid excited energy 

loss in the upconversion process and form a crystalline lattice around the dopants to ensure 

the maximum efficacy of the upconversion (distance, position, and coordination). The best host 

materials with these properties are oxides and halides. While oxides are chemical stable, they 

have high phonon energy. Bromide and Iodide have a very low phonon energy but tend to 

absorb water from the environment, which limits their application. However, fluorides have been 

proven to be the best candidates as they have low phonon energy and are chemically stable.142 

NaYF4 has been one of the most efficient host matrix for the upconversion process.135 

The sensitizers absorb the light and transfer the excited energy to the emitter; therefore, 

their absorbance does not have to be coupled with the emission to be achieved with the 

upconversion process. It is important that they have a large absorption cross-section (high 

probability of absorbing the incident radiation) and long excited state lifetime. The most 

commonly used ions used as sensitizers are Yb3+ and Nd3+ because of their absorption at NIR 

light.143 

The activators or emitters are the ions that receive the excited energy transferred by the 

sensitizer ion. These ions exhibit a low and constant energy difference between orbitals, like a 

ladder of energy levels, to facilitate the energy transfer and in particular, they have a long 
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lifetime in the upconversion states. The common activators ions for UCNPs are Tm3+, Er3+ and 

Ho3+.144 

The upconversion process can be divided into three types depending on the 

mechanism: Excited state absorption (ESA), energy transfer upconversion (ETU) and 

photoavalanche (PA) Scheme 1.6.135,145 

� ESA: Is a single ion process. First, some photons are excited form the ground state 

to the metastable E1 level when the absorbed energy is resonant with the transition 

from the ground state to the excitation level E1. Secondly, a pump photon is incised 

which has a resonant energy at the transition from E1 to E2 allowing the ion to be 

excited to E2, thus producing an upconversion emission. 

� ETU: This process occurs between two or more ions. The ions are excited to 

metastable energy level through pumped photons. Thanks to the interaction 

between the two ions, an energy transfer will take place at that moment. One of the 

two ions will relax to the ground state, emitting energy to the other ion, which will be 

excited to a higher energy level and produce an upconversion emission when it is 

relaxed to the ground state. 

� PA: In this mechanism the ion starts off excited at a slightly higher energy level than 

E2 (E2’). First, the electron is relaxed to the E2 energy level. Second, an energy 

transfer occurs when the electron is relaxed to E1, exciting another electron from 

E0 to E1, giving two electrons at E1. One of them is excited at E3, absorbing 

radiation, and when it is relaxed to E1 again, another energy transfer occurs, which 

excites two other electrons from E0 to E1. The radiation that is resonant to the 

energy gap between E1 and E3 can excite the electrons from E1 to E3. When this 

process is repeated many times, the number of electrons occupying the E3 energy 

level increases, leading a relaxation to E0, and producing an upconversion 

emission. 
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Scheme 1.6: Different types of mechanisms for upconversion process: ESA, ETU, PA 

Upconversion nanoparticles (UCNPs) have been attracting attention in biomedical 

applications because they can absorb NIR light, which is more penetrating and less toxic to 

tissues, and emit at different wavelength (NIR, visible light and UV-light).20,131 They also offer a 

number of advantages such as resistance to photodegradation after irradiation, low cytotoxicity 

and high photostability,146 which have been employed in biological imaging (in vitro147 and in 

vivo148), biological sensing/detection,149 development of point-of-care devices,150 and drug 

delivery for cancer therapy.151 
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1.2.1. UCNPs in cancer treatment 

UNCPs devices in cancer therapy can activate drugs with NIR light. The major 

photosensitisers can be activated by UV-visible light, which have lower penetration because 

the light can be scattered by biomolecules in the organism.152 However, if a platform is formed 

where PS is associated with UCNPs, the UCNPs can absorb NIR light and emit visible or UV 

light, activating PS (Figure 1.14).  

 

 

Figure 1.14: Schematic illustration of NIR light activation of the prodrug through upconversion 

to UV light via luminescent nanoparticles 

In 2007, Scholfield and co-workers published the first system using UCNPs that can be 

applied in photodynamic therapy. UCNPs were coated with a layer of silica and doped them 

with merocyanine as a photosensitiser. This strategy consisted of using radiation at 974 nm 

which is absorbed by the UCNPs which in response, emit at 574 nm, thus activating the 

photosensitiser that interacts with oxygen to generate singlet oxygen (1O2) species. This new 

system was applied to an in vitro study with the MCF-7/AZ breast cancer cell line, where cell 

death was observed when cells were exposed to NIR light, while in the dark, the cells 

survived.153 

Since then, more studies have been published using systems containing UCNPs and 

PS.154–156 Liu and co-workers152 published the first study about PDT in vivo with UCNPs system. 

The work consists of introducing the Chlorin e6 (Ce6) photosensitiser in the UCNPs (NaYF4; 

Yb3+; Er3+) coating. This new system produced singlet oxygen when irradiated with NIR-light. 

An in vitro study of the UCNPs and the photosensitiser was carried out with 4T1 murine breast 
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cancer cell lines. This experiment showed that this UCNPs-Ce6 entered the cell, causing cell 

death after irradiating at 980 nm. Following these results, subsequent in vivo studies in mice 

were carried out. The experiments were done in three different ways, one was injecting UNCPs-

Ce6 only irradiating with NIR, another was just injecting UCNPs-Ce6 and finally, the last one 

was irradiating with NIR. It was observed that only the combination of the UCNPs-system with 

light prevented the growth of the mouse tumour. With this work they demonstrated that UCNPs 

could be applied in PDT for cancer therapy.  

Following this example, other publications have reported using coated UCNPs with 

photosensitisers to apply in PDT.134,157 Furthermore, studies with metal-complexes have also 

been carried out. In 2007, Zhang group designed a platform that loaded the photosensitiser 

complex Ru(bpy)3 (ʎexc = 450 nm) to the NaYF4; Yb3+; Tm3+ UCNPs coated with silica. This 

platform was able to generate 1O2 by irradiating with Visible light (excitation of Ru(bpy)3) or with 

NIR light (excitation of the UCNPs). This was the first example of using the UCNPs strategy to 

activate the metal complex for PDT.158 

In addition, this system has also been published for use in PACT. The first approach to 

activate a photoactivatable metal-complex through UCNPs for PACT was reported by Zhang 

and co-workers. They developed a strategy that released the bioactive molecule NO by 

irradiating with NIR light which involves coating the NaYF4; Yb3+; Tm3+ UCNPs with 

[Fe4S3(NO)7]- salt. As demonstrated, the salt was able to release NO by photodegradation by 

means of upconversion of NIR to visible light.159 This offered the possibility that this strategy 

could be implemented in PACT. Furthermore, CO release from trans-Mn(bpy)(PPh3)2(CO)2 was 

also studied using the same system.160 

In 2013, the Lin’s group161 developed UV-photoactivated PS by the use of a Pt(IV) 

complex ([Pt(N3)2(NH3)(py)(O2CCH2CH2COOH)2] (DPP)) and combined with the UNCPs 

(NaYF4; Yb3+; Tm3+ surrounded by a NaGdF4; Yb3+ shell) within a PEG coating. This new 

platform released more Pt(II) under both UV and NIR irradiation than in the dark at pH = 7.4 

and 5.5, thus indicating good stability. In addition, in vitro tests were performed on HeLa cancer 

cells irradiating under the UV and NIR region, and in the dark, demonstrating that the system 

can be activated by UV as well as by upconversion with NIR with similar results. Moreover, this 

platform was applied in mice with liver cancer tumour cell line H22 in which the platform 

DPP/UCNPs/PEG was injected and studied in three different groups: dark, UV-irradiation and 

NIR-irradiation, as well as two extra group without the platform, one irradiated with NIR-light 

and the other without irradiation (control). The group that inhibited the tumour the most was the 

one injected with DPP/UCNPs/PEG and irradiated with NIR-light, rather than UV, 

demonstrating that NIR-light is more penetrating than UV. This was the first time that this 



General Introduction 

 
43 

 

strategy was studied in vitro and in vivo using a photoactivatable metal-complex. This new 

platform could be an alternative method of phototherapy for cancer which is activated by NIR 

irradiation and can also be applied in hypoxic conditions. 

Other Pt(IV) complexes photoactivatable by UCNPs have also been studied.162–166 In 

addition to Pt(IV)-compounds, examples have also been published with photoactivatable Ru(II)-

complexes. Salassa and co-workers167 published the first example of photoactivating Ru(II)-

complex with NIR-light through UCNPs. The strategy consisted in photodegradating the cis-

[Ru(bpy)2(py)2][Cl]2 through the visible emission from the UCNPs when irradiated with NIR-light, 

thus photodissociating the pyridine and forming the corresponding aquo-adduct as active form. 

Later, more examples were described using this strategy. The Wu’s group168 reported 

the same strategy with cis-[Ru(bpy)2(P(CH3)3)(APTES)][PF6]2 (ʎexc = 453 nm). The Ru(II)-

compound and doxorubicin (dox) were loaded onto mesoporous silica coated UCNPs, when 

irradiated with NIR light, released cis-[Ru(bpy)2(P(CH3)3)(H2O)][PF6]2 and doxorubicin. 

Cytotoxicity was assessed against HeLa cells. It turned out that in the dark, there was no 

cytotoxicity, but under NIR irradiation, the cell viability decreased, which was shown to be due 

to the activation of the drug and not by the overheating caused by the laser. This demonstrated 

that using the strategy of activating Ru(II)-photoactivatable complexes with NIR-light by UCNPs 

was also effective in in vitro studies and could be applied biomedically. Further studies on 

UCNPs-assisted photolysis of Ru(II)-compounds with NIR-light, including in vivo studies, have 

been also carried out.169–171  

Activating metal complexes with NIR light for biomedical application is a big challenge. 

As seen in these studies, the strategy of applying nanodrugs delivery using UCNPs to activate 

the photoactivatable metal complex is proving to be of great interest. However, to the best of 

our knowledge, no example of activating a phototherapeutic Pt(II)-complex using the UNCPs-

containing platform has yet been issued. 
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2. Objectives

Most of the Pt(II)-photosensitive complexes studied for application in PACT are activated by UV 

or Visible light. However, due to damage to normal tissue and poor tissue penetration, short wavelength 

lights have limited application in vivo. Furthermore, the low solubility that Pt(II) complexes usually present 

is revealed as an added limitation. To overcome all these limitations at once, a series of objectives were 

set in this work.

Different efforts have been made to activate the drug with lower energy, near-infrared (NIR) light, 

which is more penetrating and presents lower damage towards cells. The main objective of this thesis is 

to synthesise and fully characterize a new platform containing UCNPs bearing photoactivatable Pt(II)-

complexes as putative anticancer compounds. This new platform may allow the activation by NIR light, 

and through the upconversion process the nanoparticles may emit at shorter wavelength and

subsequently photoactivate the Pt(II)-complex and release as a bioactive form (see Scheme 2.1). In 

order to increase solubility of the platform in aqueous media, this will be coated with polyethylene glycol 

methyl ether-octadecylamine (mPEG-ODA).

Scheme 2.1: Photoactivation of the platform, containing UCNPs and Pt(II) photoactivated complexes coated with mPEG-ODA, 

with NIR light which through the upconversion process will activate the Pt(II)-photosensitive complex

To achieve this new system, first, it was proposed to address the following partial objectives:

1) Synthesis and characterization of 2 photoactivatable ligands based on o-nitrobenzyl groups 

bound to 1,2-diaminocyclohexane scaffold.

2) Synthesis and characterization of the corresponding Pt(II) complexes.

3) Synthesis and characterization of Upconversion Nanoparticles containing Y3+, Yb3+ and Tm3+

elements.

4) Synthesis and characterization of mPEG-ODA as coating.

5) Assessment of the photochemical properties of individual components Pt(II)-complexes and 

Upconversion Nanoparticles and the full platforms (Pt(II)-complex/UCNPs/mPEG-ODA)

6) Evaluation of the biological response in cell cultures of the individual Pt(II)-complexes and 

the platforms prepared, in the dark and after irradiation.
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3. Synthesis and characterization of the individual components 

and the full platforms 

3.1. Introduction 

Most Pt(II)-photocage complexes studied for their application in cancer phototherapy 

have several limitations, they require activation by light (in the UV-visible range) that can also 

damage healthy cells, and frequently, they present low solubility in physiological media. 

Therefore, new strategies are being studied to selectivity administrate Pt(II) and achieve a 

spatially and temporally controlled mode of action. 

Directly activating the Pt(II)-photosensitive complex with NIR light seems to be 

problematic, as only one example has been published to our knowledge.1 Our alternative 

approach has been to introduce Pt(II)-compounds into a nanoplatform containing UCNPs, so 

that the UV emission of the nanoparticles resulting from the irradiation by NIR light, can 

photodegrade and activate the Pt(II)-complex. Thus, activation will be achieved by irradiation 

at longer wavelengths within the biological window. 

 In a recent article published by Chen et. al.,2 who investigated a novel method of 

releasing H2S for disease treatments. A new photosensitiser called propane-2,2-diylbis((1-(4,5-

dimethoxy-2-nitrophenyl)ethyl)sulfane) (SP) was synthesised, which upon irradiation with UV 

light generated H2S (Scheme 3.1): 

 

Scheme 3.1: Release of H2S from the photodegradation of SP.2 

SP was then loaded on the LiYF4; Yb3+; Tm3+ UCNPs through a Poly(ethylene glycol) 

methyl ether-octadecyamine (mPEG-ODA) coating to obtain a water-soluble nanoplatform. 

Through upconversion of the nanoparticles, NIR light irradiation led to the emission of UV light, 

which photodegraded SP, releasing H2S in spatially and temporally controlled manner. 

In this work, new Pt(II)-photosensitive complexes have been synthesised using as Pt(II) 

ligand the photocage previous described 2 and a derivative (Figure 3.2.). The goal was to form 

Pt(II) complexes with a (±)-trans-1,2-diaminocyclohexane ligand containing the 

photoremovable group 4,5-dimethoxy2-nitrobenzyl (C1 and C2). These new Pt(II)-complexes, 
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when irradiated, may photodegrade, yielding the expected photoproducts shown in Scheme 
3.2, where photoproduct 24 is an analogue of oxaliplatin. In physiological medium both Pt(II)-

compounds, oxaliplatin and 24, may yield the same product: diaquo(1,2-

cyclohexanediamine)platinum(II), 25. 

 

Scheme 3.2:  Expected photodegradation of C1 and C2 and secondary aquation reaction in physiological medium 

Although, in most known cases, the activation of nitrobenzene photocages usually 

involves the breaking of C-O bonds, the case raised in the present work (C-N breaking) has 

not been widely spread. Despite this, there are some examples in the literature.3 

3.2 Synthesis of L1 and L2 

First, the corresponding ligands L1 and L2 were synthesised (Schemes 3.3. and 3.4.). 

The difference among them is at the N-� position been primary (L1) or secondary (L2) due to 

methyl group substitution. 

Scheme 3.3: Synthetic strategy to obtain ligand L1 

The synthetic route towards L1 comprises two steps. First, diimine 28 is formed through 

the coupling of the commercially available 6-nitroveratraldeyde (26) with (±)-trans-1,2-

diaminocyclohexane (±-27). This reaction was carried out in anhydrous tetrahydrofuran (THF) 
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and in the presence of molecular sieves, which collect the water generated during the 

condensation.4 The 1H-Nuclear Magnetic Resonance (1H-NMR) spectra demonstrated that the 

molecule has a C2-symmetry which suggests that the configuration of the two formed imines 

is identical (E). Next step consisted of the reduction of 28 with NaBH3CN to form L1 in 67% 

overyield. The obtained products were confirmed by 1H-NMR (Figure A1 and A4), 13C-NMR 

(Figure A2 and A5), Infrared (IR) spectroscopy and Electrospray Ionization - Mass 

Spectrometry (ESI-MS) (Figures A3 and A6). 

For the synthesis of L2, different paths were attempted to obtain the L2 from the same 

starting aldehyde 26 (Scheme 3.4.): 

  

Scheme 3.4: Different synthetic attempts to obtain L2 from 26 

As a first attempt, to obtain the benzyl bromide 30, a described procedure was followed.2 
First, addition of methyl group was achieved by treatment of aldehyde 26 with Al(CH3)3 to. Next, 

benzylbromide 30 was accomplished by treatment of 29 with PBr3. These products were 

characterised by 1H-NMR (Figure A.14 and A.15). The last step consisted of the doble 

substitution of bromide in 30 by (±)-27 through a SN1 mechanism. This last reaction was 

assayed under different conditions using a variety of solvents (N,N’-dimethylpropyleneurea 

(DMPU), Dimethylformamide (DMF), Toluene, CH2Cl2). Unfortunately, the 1H-NMR spectra of 

the reaction crudes showed the formation of too many side products, and it was difficult to 

isolate a pure L2 sample. Nevertheless, employing DMPU as a solvent seems to produce 

product L2 but with a combination of diastereomers. Since in the 1H-NMR (Figure A.16) two 

quadruplets can be observed that must correspond to the benzylic proton. This is because the 

molecule has four chiral centres, resulting in six diastereomers with three pairs on enantiomers 

(Scheme 3.5). Therefore, a mixture of diastereomers was so obtained. The purification of these 

products was not possible, although several attempts were made. As a result, an alternative 

route was sought to have a more stereoselective route. 
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Scheme 3.5: Possible L2 stereoisomers obtained with DMPU as a solvent. 

The second attempt to synthesise L2 from 26, require the formation of diimine 28 in 

presence of (±)-27 the same used to obtain L1. The last step methylation with an organometallic 

compound was attempted with LiMe and MeMgI in THF. In both cases, the 1H-NMR spectra 

showed the degradation of the diimine 28. The nitro group is a strong electron withdrawing 

group (EWG), when the organometallic reagent reacts with a nitrobenzene it can react via 

different undesired ways: by reduction of the nitro group,5,6 the substitution of the nitro group 

by the alkyl group from the Grignard reagent7,8 or the ortholihtiation respect the nitro group 

forming a new organolithium compound.9  

Due to the reactions between the organometallic reagents and the nitro group it was 

difficult to introduce a methyl group to the imine moieties, it was decided to change the 

synthesis route and explore new options by starting with a different reagent. Instead of using 

an aldehyde as reagent, it was chosen to use the corresponding methyl ketone 31 as starting 

material (Scheme 3.6) 
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Scheme 3.6: Different synthetic attempts to obtain L2 from 31 

Four different routes were tested to obtain the product L2 from the ketone reagent 31 
(Scheme 3.6). 

� Route A: an attempt to obtain imine 32, using several conditions with different 

conventional solvents (EtOH, THF, etc…). At neat conditions and higher 

temperature, the corresponding monoamine was formed, instead of the expected 

diamine 32. A mixture of monoimine and the starting ketone 31 was obtained. 

Although the reactions were left to proceed longer time than the initially proposed 

(24 h), no increase in conversion was observed, thus indicating that an equilibrium 

was reached. Attempts to isolate the monoimine were also unsuccessful Even the 

direct reduction of the reaction crude with NaBH4 did not allow the obtention of any 

pure final product.  

� Route B: an effort was done to form the diimine 35 by introduction of the nitro group 

beforehand. Acetophenone 34 was obtained by nitration of ketone 31 in the 

presence of anhydrous acetic acid. However, in the next step (the double imine 

formation to 35) many by-products were formed and, finally 35 could not be isolated. 

� Route C: Direct double imine formation was carried out between (±)-27 and 31 using 

a combination of Ti(OiPr)4/NaBH4.10 Ketone 31 reacted with the cyclohexyl diamine 
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to form the intermediate titanium(IV) complex 36, which was reduced in presence of 

NaBH4. This reaction yielded 33 as a complex mixture of stereoisomers.  

� Route D: In analogy with diaminal 36, the preparation of dinitro compound 37 was 

assayed in the same conditions. A variety of compounds were produced when the 

nitro group was present, probably because Ti(IV) reduces the nitro group to an 

amine group. 11,12  

At this point and given that the nitro group was revealed as probably an impairment to the 

formation of diimine, a change of strategy was made. Consequently, the key step of double 

nitration takes place at the end of the pathway as shown in Scheme 3.7. 

 

Scheme 3.7: Alternative synthetic route to yield L2 

For the first step, a procedure already described was followed,13 in which the 

commercially reagent 3,4-dimethoxybenzaldehyde (38) reacts with (±)-27 to obtain the diimine 

(39). Next, 39 was methylated by MeLi to yield diamine 33. Gratifyingly, the presence of a C2-

symmetry, as a revealed by the 1H-NMR, indicated the complete stereoselectivity of this 

reaction. Finally, 33 was nitrated in the presence of nitric acid under the catalysis of acetic 

anhydride to achieve L2 in a 62% overall yield.  This synthetic route yields L2 as pair of 

enantiomers instead of the multiple diastereomers (Figure 3.2). All new compounds involved 

in this successful synthetic route were full characterized by 1H-NMR (Figure A17, A18 and 
A21), 13C-NMR (Figure A19 and A22), IR spectroscopy and ESI-MS (Figure A20 and A23).  

As explained above, there are different pairs of enantiomers that can be obtained. To 

determine which enantiomer pair was obtained by this synthetic route, L2 has to be crystallised. 

Different crystallisation tests were performed, in which finally a crystal was formed by liquid-

liquid diffusion between ethyl acetate and isopropanol. The crystal obtained was analysed by 
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X-Ray Diffraction (XRD) (Figure 3.2), which confirmed the structure of the pair of enantiomers 

yield, these structures are represented in Schem 3.8: 

 

Scheme 3.8: The enantiomers obtained in the synthetic route to yield L2, analysed by XRD 

 

Figure 3.1: MERCURY drawing for L2. 

3.3 Synthesis of Pt(II)-complexes 

After obtaining the pure L1 and L2 ligands, the next step was the obtention of the 

corresponding Pt(II)-complexes. Different methods can be found in the literature to prepare 

Pt(II)-compounds, but among them, one common trend is the use of the water-soluble salt 

precursor K2PtCl4.
14

 Several works have described the coordination of Pt(II) with secondary 

amines derivatised from the trans-27 using a mixture of water:MeOH (1:1 v/v) and equimolar 

amounts of Ligand and Pt precursor.15–17 However, as both L1 and L2 were not soluble in 

MeOH, THF was used as alternative solvent. 

In both cases, the Pt(II)-complex was prepared by slowly adding a solution of the 

corresponding ligand in THF to a solution of K2PtCl4 in water at equal concentrations (Scheme 
3.9). After 24 hours of reaction, water was added to the action mixture to precipitate the complex 

formed and subsequently separate it by filtration. The precipitation of [PtL1Cl2] (C1) was nicely 

accomplished and the resulting yellowish solid was further washed with acetone. However, the 

precipitation of [PtL2Cl2] (C2) required the use acetone and Et2O to obtain a solid product which 

was finally collected by centrifugation. 
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Scheme 3.9: Synthesis of complexes C1 and C2 from their corresponding ligands L1 and L2

The successful Pt(II) coordination in C1 and C2 was corroborated by ESI-MS (Figure 
A12 and A28), as their spectra showed not only the expected mass peak but also the 

characteristic isotopic platinum pattern. Furthermore, C1 and C2 were characterised by 1H-

NMR and 13C-NMR (Figure A10, A11, A26, A27) where the loss of symmetry in these 

complexes by the presence of Pt(II) was observed in both cases. Comparing the recorded NMR 

data of the ligands and the corresponding Pt(II)-complexes, it can be observed splitting of some 

signals. These changes were attributed the loss of symmetry due to complexation (Figure 3.2-
3.5)
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Figure 3.2: 1H-NMR (400 MHz, DMF-d7) of a) L1 and b) C1

Figure 3.3: 13C-NMR (100 MHz, DMF-d7) of a) L1 and b) C1

Figure 3.4: 1H-NMR (400 MHz, CDCl3) of a) L2 and b) C2
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Figure 3.5: 13C-NMR (100 MHz, CDCl3) of a) L2 and b) C2

It should be noted that, even though the only difference between the Pt(II)-complexes 

is a methyl group at the benzylic position, they are considerably different in terms of solubility. 

C1 is insoluble in all solvents except dimethyl sulfoxide (DMSO) and DMF, while C2 is insoluble 

in water, alcohols, and non-polar solvents.

3.4 Synthesis of UCNPs

All studies involving nanoparticles have been possible thanks to the collaboration with 

Dr. Fernando Novio of the Universitat Autònoma de Barcelona from the NanosFun group of the 

Catalan Institute of Nanoscience and Nanotechnology (ICN2).

To synthesise upconversion nanoparticles, we focused on using lanthanides ion-doped 

because they can absorb in the Near-Infrared and upconvert to emit light into the visible or 

ultraviolet range.18 Yb3+ and Tm3+ doping ions were chosen to synthesise LiYF4 nanoparticles 

because they have shown to absorb at 980 nm (NIR) and emit in the UV region.19,20 In addition, 

the use of fluorides as a host is also advantageous because of their stability and low phonon 

energy, which reduces the non-radiative relaxation energy and consequently increase the 

effectiveness of the upconversion emission.19,21

There are different ways to obtain monodisperse and crystalline nanoparticles of 

different sizes, morphology, dispersity, and emissions depending on the application. Thermal 

decomposition method,22 hydrothermal method,23 and co-precipitation method24 are the most 

common ones.
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Thermal decomposition method was used in this work to synthesise the nanoparticles 

because it presents the advantage of low cost, short time reaction, obtention of well-shaped 

particles with narrow size distribution, and high colloidal stability. In this technique, the organic 

precursors are dissolved in the presence of surfactant and heated to high temperatures.25 

The synthesis of UCNPs was done following a procedure already published.26 This 

synthesis is divided in two parts as shown in Scheme 3.10:  

 

Scheme 3.10: Synthesis of upconverting nanoparticles composed by LiYF4 and doped with Yb3+; Tm3+ where Ln = 

Y3+ (74.5 mol %), Yb3+ (25 mol %) and Tm3+ (0.5 mol %) 

The first step was a reaction between the corresponding lanthanide oxides (Y2O3, (Y3+ 

(74.5 mol %)), Yb2O3 (Yb3+ (25 mol %)) and Tm2O3 (Tm3+ (0.5 mol %))) and trifluoroacetic acid 

to yield the lanthanide trifluoroacetate precursors. The proportions of the amounts of each 

lanthanide in this mixture is crucial for the efficiency of the upconversion process, as the ratio 

of Yb/Tm determines the emission intensity.20,27 The second step consists of a thermal 

decomposition: the corresponding amount of lithium acetate was added to a solution of the 

lantanide acetates in 1-octadecene and oleic acid in equal volumes. This solution was first 

heated for 30 minutes at 120 °C and degassed under vacuum to remove water and oxygen. 

Following, the temperature was increased to 315 °C with a ramp-up of 10 °C/min and 

maintained at that temperature for an hour (the set up for this operation can be found in (Figure 
A.42). When the mixture was cooled down to room temperature, the formed nanoparticles were 

precipitated with ethanol and isolated by centrifugation. 

In this reaction, the presence of oleic acid is necessary as it works as a stabiliser ligand 

for the nanoparticles. The size of the nanoparticles can be controlled by the ratio of oleic acid/ 

lanthanide trifluoroacetates. Also, 1-octadecene was used as a solvent with a high boiling 

point.28 An important issue for this step is the control of the morphology of the nanoparticles, 

which depends on the oleic acid/1-octadecene ratio and particularly on the temperature ramp. 

Scanning transmission electron microscopy (STEM) images allowed to observe the 

morphology of the nanoparticles. Results obtained show that when the temperature ramp was 

lower than 10 °C/min, spherical or a mixture of spherical and rhombohedral nanoparticles were 

obtained, whereas if the temperature ramp was higher than 10 °C/min, rhombohedral 

nanoparticles were obtained (Figure 3.6). 
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Figure 3.6: STEM images of the LiYF4; Yb3+; Tm3+ nanoparticles synthesised under different conditions, showing 

different morphologies depending on the temperature ramp used (from spherical (ramp temperature < 10 ºC/min) 

to rhombohedral (ramp temperature > 10 ºC/min)

The rhombohedral nanoparticles were larger than the spherical ones. The large 

diagonal for rhombohedral nanoparticles measured on average 95 nm whilst 63 nm elongated 

on the small diagonal, likewise the diameter of the spherical nanoparticles was 20 nm, on

average. The composition of the nanoparticles was obtained by Energy-dispersive X-Ray 

Spectroscopy (EDX), being possible to identify Y3+ and the doped elements Yb3+ and Tm3+ and 

calculated the molar ratio of each element (Y3+ (76 %), Yb3+ (23 %), Tm3+ (1%)) (Figure 3.7)

a)

c)

b)
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Figure 3.7: EDX analysis of the LiYF4;Yb3+;Tm3+ synthesised UCNPs. The signals corresponding to Y and the 

doping lanthanides (Yb and Tm) can be observed. 

3.5 Synthesis of mPEG-ODA 

The synthesised nanoparticles were shown to be soluble in some organic solvents but 

not in water as they are stabilised with a hydrophobic coating. These hydrophobic nanoparticles 

must be transformed into water-soluble in order to be used in biomedical applications.29 There 

are three approaches to solubilise the nanoparticles and, in this case, and in this case, to take 

advantage of it as a container for the photosensitiser(PS), in our case the Pt(II) complexes  

� Silica encapsulation: This method consists of coating the PS and nanoparticles with 

mesoporous silica. The advantages of using silica shell are that it has low 

cytotoxicity, is very stable, have high adsorption due to the large surface area and 

volume of the pores, and different functional groups are easy to anchor to the 

surface.30,31 

� Non-covalent physical adsorption: This method achieves the attachment of PS to 

the surface of nanoparticles through hydrophobic interactions between PS and oleic 

acid layer on the nanoparticle surface. Therefore, an amphiphilic polymer 

(hydrophilic and hydrophobic properties), such as polyethylene glycol (PEG), is 

used to coat the nanoparticles and the PS, achieving dispersion in an aqueous 

solution. The advantage of using this method is that they interactions are weak, the 

release of the PS will be easier.32 

� Covalent conjugation: Is the same as physical adsorption but with covalent 

interactions, which make the interaction between the PS and the nanoparticle more 

stable, avoiding the release of PS before reaching the target.33 
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In this work the second method was used to coat the nanoparticles, and it involved 

covering them with the amphiphilic polymer mPEG-ODA. To synthesise the polymer, the 

procedure described previously was followed (Scheme 3.11).2 

 

Scheme 3.11: Synthetic route followed to obtain mPEG-ODA 

The first reaction consisted of the oxidation of Poly(ethylene glycol) methyl ether 

(mPEG) to form the corresponding carboxylic acid in the presence of NaClO, (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO) and KBr. Although the experimental procedure of the 

article was followed, the desired product could not be obtained, as observed by the 1H NMR of 

the reaction crude, which only showed the peaks corresponding to the PEG reagent. 

As the initial step did not work, the oxidation reagents were changed using a solution 

containing KMnO4 and KOH in water following a described procedure (Scheme 3.12).34 

 

 

Scheme 3.12: Alternative oxidation reaction to yield mPEG-ODA 

The oxidation of mPEG with the KMnO4 in a basic medium rendered mPEG-COOH in 

excellent yield (96 %). The 1H-NMR data registered confirmed the presence of the expected 

product (Figure A38). 

The second step consisted in the formation of the corresponding amide (mPEG-ODA) 

between mPEG-COOH and octadecyl amine (ODA) (Scheme 3.11, second reaction). In order 

to activate the carboxylic acid, the coupling agents hydroxybenzotriazole (HOBt) and 

Hexafluorophosphate Benzotriazole Tetramethyl Uronium (HBTU) were initially added to the 

reaction with mPEG-COOH in a basic medium. Secondly, ODA was added to the reaction and 

after reacting overnight, the product mPEG-ODA was obtained as confirmed 1H-NMR (Figure 
A.39) and 13C-NMR (Figure A.40) data. 
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3.6 Synthesis of Pt(II)/UCNPs/mPEG-ODA 

In this section, once all the components were synthesised and characterised (the Pt(II)-

complexes, UCNPs and the polymer mPEG-ODA), the next step was the production of the 

nanoplatform (Scheme 3.13).  

 

Scheme 3.13: Formation of the Pt(II)/UCNPs/mPEG-ODA platforms from the individual components 

As mentioned in the previous section, the amphiphilic polymer mPEG-ODA will coat the 

nanoparticles in order to convert these hydrophobic nanoparticles into water-soluble ones. 

The coating was prepared through sequential emulsion and solvent evaporation.35 The 

three components were solved in a mixture of water and organic solvent (chloroform) (3:1), 

which were immiscible with each other. In the case of coating the sample containing C1, THF 

was also added to increase the solubility of the Pt(II)-complex. Subsequently, the solution was 

stirred vigorously, and the organic solvent was slowly evaporated. In this way, the nanoparticles 

were coated in the organic phase and once coated, were transferred to the aqueous phase. 

The resulting aqueous solution was centrifuged at 4000 rpm for 10 minutes to remove 

excess polymer. The nanoparticles previously precipitated were redispersed with water and 

filtered. For this, two filters were tested one measuring 0.8 μm and the other 0.4 μm. It was 

observed that filtrating with the bigger-pore filter allowed aggregated nanoparticles to pass 

through. However, with the 0.4 μm pore filter, only non-aggregated nanoparticles were 

collected.  

Finally, mPEG-ODA-coated nanoparticles doped with Pt(II)-complexes were obtained 

by removing the solvent by freeze-drying. Removal of water by vacuum evaporation at 60 °C 

was tried, but it was observed by STEM, that a small portion of the nanoparticles was 

disaggregated or degraded.  
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These new platforms (Pt(II)-complex/UCNPs/mPEG-ODA) were characterized by 

conventional techniques: STEM (Scheme 3.14), EDX (Figure 3.8), dynamic light scattering 

(DLS) (Figure A.43) and ζ-potential measurements.

STEM showed a thin layer of 4 nm surrounding the nanoparticles, demonstrated that 

the UCNPs were mPEG-ODA coated (Scheme 3.14). In addition, when UCNPs were coated 

in the presence of the Pt(II) complexes their morphology varied slightly, appearing more 

ellipsoids and less rhombohedral (Scheme 3.14).

Scheme 3.14: STEM image of the UCNPs with different morphology before coating and after coating

On the other hand, EDX of all the platforms synthesised showed new picks 

corresponding to the presence of Pt thus confirming the loading of the Pt(II)-complex in the new 

platform (Figure 3.8):

Figure 3.8: EDX of Pt(II)/UCNPs/mPEG-ODA
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DLS measurements revelled that Pt(II)/UCNPs/mPEG-ODA platforms prepared had an 

average size around 124 nm, within the biomedical application range, and ζ-potential of -12 

mV. From these results it can be deduced that the carboxylic groups of mPEG-ODA are more 

positioned towards the outer side (further away from the nanoparticles) and the amino groups 

are closer to the interior (closer to the nanoparticle). 

On the other hand, in order to know the amount of Pt(II) that each platform contained, it 

was analysed by inductively coupled plasma optical emission spectroscopy (ICP-OES), in 

which the platform C2/UCNPs/mPEG-ODA gave a bigger average value of Pt(II) content (1.7 

% Pt(II) (w/w)) than C1/UCNPs/mPEG-ODA platform (1,0 % Pt(II) (w/w)). 

3.7 Summary of Chapter 3 

In this chapter two new Pt(II)/UCNPs/mPEG-ODA platforms have been prepared and 

characterised. To achieve this, it has been necessary to prepare all the individual components. 

Two new compounds used as metal ligands were synthesised and characterised 

containing 4,5-dimethoxy nitrobenzyl and (±)-trans-diaminocyclohexane motifs, the main 

difference among them is at the benzylic positions as it is primary in L1 but secondary in L2. 

The corresponding Pt(II)-complexes were also synthesized and characterized (C1 and C2).  

On the other hand, the UCNPs of LiYF4;Yb3+;Tm3+ were synthesised and characterized. 

First, the corresponding trifluoroacetate precursors for yttrium and the lanthanides were 

synthesized. A thermal decomposition was then carried out to obtain the UCNPs. Results 

showed that depending on the speed of the ramp temperature, it was possible to obtain 

spherical nanoparticles with a diameter of 20 nm of or rhombohedral nanoparticles with a 

measure 95 nm x 63 or a mixture of both.  

Lastly, UCNPs were successfully coated in the presence of the Pt(II)-complexes, using 

the previous synthesised and characterised mPEG-ODA polymer.  

After synthesising and characterising both platforms (C1/UCNPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA), the next step is to carry out a photochemical study of each of them. 
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4: Photochemical study 

At this point, when L1, L2, C1, C2, UCNPs (LiYF4; Yb3+, Tm3+), mPEG-ODA, 

C1/UNCPs/mPEG-ODA, and C2/UNCPs/mPEG-ODA were synthesised and characterized, the 

following step was to assess their behaviour under irradiation. 

All the photochemical studies in this thesis have been possible thanks to the 

collaboration with Dr. Jordi Hernando from the Grup d’ Electroquímica, Fotoquímica y 

Reactivitat Orgànica (GEFRO) at the Universitat Auntònoma de Barcelona. 

4.1 Photochemical study of L1, L2, C1 and C2 

4.1.1 Introduction 

As can be seen, the ligands contain the nitroveratryl group acting as Photolabile 

Protecting Group (PPG) (also known as photoreleasable, photocleavable, or photoactivatable 

protecting group). PPG are chemical motifs added to molecules forming a photocage. In 

photocages, PPGs are removed with light. PPGs are chromophore groups that are transformed 

after irradiation provoking the release of part of this molecule. This changes in the molecules 

allow to control spatial, temporally release of the active forms and thus to control their 

concentration with light.1 

Among all the numerous known PGGs the o-nitrobenzyl (o-NB) motif and its derivatives 

are well known. The first case in which o-NB was described as PPG was reported by Schofield 

and co-workers in 1966.2 Further on, it was found that the addition of functional groups such as 

two methoxides to the aromatic ring in the meta and para position respect to the nitro group 

(Nitroveratryl group) results in an increase in the wavelength of maximum absorption 

(bathochromic effect).3 The photomechanism for the release of the o-NB group (Scheme 4.1) 

consists of photodegradation upon absorption with UV-light, which yields the byproduct o-

nitrosobenzaldehyde.4,5  

 

Scheme 4.1: Mechanism for photorelease of o-NB group as PPG under UV-light (365 nm) 
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The photocage is irradiated to form the aci-nitro, subsequently an isoxazolidine ring is 

form through cyclisation at the benzylic position. Finally, the ring is reopened by means of a 

proton transfer process provoking the breaking of the bond at the benzylic position. Thus, 

liberating a nitrosobenzaldehyde unit. 

Over the years, o-NB and derivative groups have been applied as PPGs in biomedicine. 

These photocages have been bonded with different compounds to release carboxylic acids,6 

amines,7 hydroxyl groups,8 and thiols9 resulting a photocleavage upon UV-light (approx. 365 

nm).  

In view of this, it is proposed that the Pt(II)-complexes C1 and C2 containing 4,5-

dimethoxy-2-nitrophenyl as photocage, will degrade when irradiated with the corresponding 

excitation light, forming the corresponding nitroso photoproduct and the complex dichloro-(±)-

trans-(1,2-diaminocyclohexane)platinum(II) (24) (Scheme 4.2). Eventually, if irradiation is 

performed in aqueous media, the chloride ligands of the corresponding Pt(II) photoproduct will 

be substituted forming the diaquo-(±)-trans-1,2-diaminocyclohexane platinum(II) which in turn, 

is the active form of oxaliplatin. 

 

Scheme 4.2: Expected photodegradation of complexes C1 and C2 

As already explained, the difference between the two Pt(II)-compounds is a methyl 

group in the benzyl position (Scheme 4.2). When there is no substitution in the benzyl position 

(primary �-N position) of the PPG group, a nitrosobenzaldehyde is formed, and this 

photoproduct can further react itself to form an azo compound as a by-product, which absorbs 

at the UV (Scheme 4.3). The formation of this secondary photoproduct can reduce the 

effectiveness of the photolysis as it acts as a filter.10,11 

 

Scheme 4.3: Formation of the azo-compound during the photolysis of a nitrosobenzaldehyde 
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Taking into consideration all these, the photochemical behaviour of the ligands and the 

corresponding Pt(II)-complexes was studied. 

4.1.2 Photochemical study of L1 and C1 

The evolution of the photodegradation of L1 and C1 was followed under UVirradiation 

(365 nm) for both compounds’ spectroscopy. 

Both the ligand and the Pt(II)-complex absorb in the UV range (Figure 4.1). Both spectra 

are very similar, showing three bands, two of them are around 245 nm and 350 nm, that can 

be related to the presence of the 6-nitroveratryl group.12,13  

 

Figure 4.1: UV-Vis absorption spectra the initial of L1 and C1 in Acetonitrile 

 

Figure 4.2: a) Evolution of photodegradation for L1 and C1 at �exc = 365 nm in acetonitrile  

The UV-Vis spectra recorded for L1 and C1 show that the photodegradation with 

continuous UV light irradiation (�exc = 365 nm) occurs for each compound through different 

mechanism (Figure 4.2). In the case of L1 two steps can be observed. First, two bands at 277 

nm and about 355 nm increase their intensity. When irradiation continues at the same 

wavelength, the new band appeared at 355 nm starts to decrease while the 277 nm band 
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continues to increase. This suggest a self-reaction of the photoproducts formed in the first step 

to form a different species or to be degraded. 

On the other hand, when C1 is continuously irradiated at 365 nm in the UV region a 

band is observed at 290 nm and there is a bathochromic effect from the 350 nm to 356 nm 

band and in the visible range a new absorption band appears at 517 nm. These data suggest 

a maintenance of the initial structure of the complex in relation to the 6-nitroveratyl group 

surroundings, while a new species is formed. 

4.1.3 Photochemical study of L2 and C2 

As already stated, the main difference among L1 and L2 (and consequently their 

corresponding Pt(II) complexes) is the presence of a methyl group in the benzylic position. 

 

Figure 4.3: UV-Vis absorption spectra of L2 and C2 in acetonitrile before irradiation 

The UV-Vis absorption spectra recorded for L2 shows three UV-absortion bands while 

C2 exhibits only two UV-absortion bands (Figure 4.3) those related with the PPG present in 

the molecules, as suggested by the similarity in both spectra as well as in the case of L1 and 

C1 The photodegradation of C2 and L2 excited to 365 nm radiation, followed by UV-Vis 

spectroscopy shows only one step for both compounds(Figure 4.4) 
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Figure 4.4: UV-Vis spectra photolysis of L2 and C2 in Acetonitrile under irradiation at 365 nm 

In the case of L2, there are two increasing absorption bands while one is decreases. In 

addition, C2 irradiation causes a decrease of the 247 nm band and, as in the case of C1, a 

bathochromic effect from the 349 nm to 364 nm band and the appearance of a new band in the 

visible range (495 nm). 

By comparing the photodegradation processes for L2 and C2, the bands increasing in 

the same region for L2 and C2 (260 nm and 380 nm) suggest that in both cases there is a 

photoproduct in common and moreover, they must have similar photolysis mechanism. 

Interestingly, all the compounds under study (L1, C1, L2 and C2, Figure 4.1 and Figure 
4.3), present some absorption reaching the visible range (> 400nm). It was found that by 

irradiation with a 450 nm LED it was possible to photodegrade each product at longer irradiation 

times. The possibility of photodegradation with less energetic radiation such as visible radiation 

can be advantageous for working in the biological field.  

4.1.4 Quantum yields of the photodegradation processes 

To deepen in the photodegradation process, the quantum yield of the process for each 

compound was determined. The efficiency of a particular photoprocess is normally lower than 

100% because not all photons that are absorbed by a luminescent material are directed to a 

particular process, some are diverted to other paths. The quantum yield (Φ) is a measure that 

indicates the number of times a particular process occurs for photon absorbed by the system. 

In the context of this work, it indicates how many molecules are degraded per absorbed photon. 

� ������	
������
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The quantum yields were determined using the 1,2-bis(2-methyl-5-trifluoroactylthien-3-

yl)cyclopentene (DTE-(COCF3)2) as a reference.14 This molecule has an absorption band at 
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approximately 350 nm, and when exposed to UV light, it undergoes a photodegradation from 

colourless (open ring) to coloured (closed ring).  

 

Scheme 4.4: Photocyclization of DTE-(COCF3)2 

All the quantum yield determinations were done in acetonitrile and irradiated with a 

pulsed laser at 355 nm and followed up with the UV-Vis spectrometer. In the case of L1, which 

contains two degradation processes, the quantum yield was calculated until the first 

degradation process is complete. 

Table 4.1: Quantum yields calculated for L1, L2, C1 and C2 taking as reference the known system DTE-

(COCF3)2. Molar extinction coefficients are also indicated. 

Compound Φph ɛ (M-1·cm-1) 

DTE-(COCF3)2 0.320 5411 

L1 0.406 10041 

C1 0.015 10025 

L2 0.147 7424.3 

C2 0.028 7995.9 

 

The values calculated (Table 4.1) show that the quantum yields are higher for the 

ligands (L1 and L2) than for the corresponding Pt(II)-complexes (C1 and C2). This seems 

reasonable as it has been experimentally observed that Pt(II)-compounds take longer to 

photodegrade. Interestingly, C2 has a quantum yield almost twice as C1. 

4.1.5 Investigation of L1 and C1 photoproducts 

To learn more about the photomechanism and the structure of the photoproducts, the 

same photodegradation processes were carried out followed by NMR and mass spectrometry. 
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Figure 4.5: 1H-NMR spectra (Acetonitrile-d3) of the evolution of photodegradation of L1 irradiating continuously at 

365 nm (Red, (t = 0 min), Green (t = 50 min), Blue (t = 110 min))

When L1 is irradiated at 365 nm during 50 min (Figure 4.5, green spectra), new 1H-

NMR peaks appear in the recorded spectra, in comparison with the initial spectrum of the 

ligand, including a singlet 12.1 ppm corresponding to the aldehyde proton of the photoproduct 

23. The mass data recorded at this point confirmed the presence of this species in solution 

([M+H+] = 196.0607 Da, Figure A.8)

As irradiation continued, some of these peaks disappeared while others were 

maintained in position and intensity. The two initial signals of the aromatic zone in two (δ = 

7.57, 7.10 ppm) gave rise to four signals (δ = 7.71, 7.42, 6.80, 5.93 ppm), where two of them 

appear at downfield and the other two at up field. The signals corresponding to the benzylic 

protons (δ = 4.12, 3.94 ppm) shift to downfield (δ = 4.91, 4.80 ppm). Four peaks (δ = 3.97, 3.88, 

3.80, 3.58 ppm), result from the signal assigned to the methoxides protons (δ = 3.94, 3.93 

ppm). In addition, it is noticeable that the signals of the protons at the α-N position (δ = 2.30 

ppm) in the cyclohexane are also shifted to downfield at different ppm for each peak (δ = 3.27, 

2.73 ppm).

The analysis of this by mass spectrometry, revealed the presence of three peaks: 

150.1045, 274.1543, 469.2088 (Figure A.9). None of these peaks were correlating with the 

expected products, thus, further investigation would be needed to identify the resulting 

photoproducts.
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As it was difficult to identify the photoproducts formed, a structurally simplified analogue 

of L1 was synthesised, which consisted of keeping the same photocage but changing the (±)-

trans-DACH group for an isopropylamine group (40) (Scheme 4.5), in this way the amine group 

would be bonded to a secondary carbon as in L1.  

 

Scheme 4.5: Synthesis of 40 to change of functional group (±)-trans-(DACH) to isopropylamine to do a 

photochemical study of a simplified analogue of L1  

To synthesis of compound 40 (Scheme 4.5), followed the same synthetic route as for 

L1. First, the 6-nitroveraltraldehyde (26) reacted with isopropylamine in the presence of 4 Å 

molecular sieves to yield the imine 41. Subsequently this imine was reduced with NaBH3CN to 

obtain the desired product 40 (75 % overall yield). 

The UV-Vis spectrum of compound 40 (Figure 4.6 A) shows three absorption bands: at 

244 and 348 nm corresponding to 6-nitroveratryl, and a band at 306 nm. This spectrum closely 

resembles more to the one recorded for C1 spectrum than for L1 (Figure 4.1) 

 

Figure 4.6: a) Photodegradation evolution of 40 at ʎexc = 365 nm in acetonitrile b) Evolution of 40 

photodegradation 
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When irradiating at 365 nm (Figure 4.6 B), a similar process to that observed in L1
occurs. At the initial steps two new bands appear around 275 nm and 365 nm, but as the 

irradiation progresses, these bands are reduced, unlike L1 (where only one of the two bands 

was decreasing intensity). These results confirm a similar photochemical process for compound 

40 and L1 when irradiated at 365 nm, even is not identical probably due by the lack the (±)-

trans-DACH group.

Figure 4.7: 1H-NMR spectra (Acetonitrile-d3) of the photodegradation of 40 at 365 nm during 210 min (Red t = 0 

min, Green t = 80 min, Blue t = 210 min)

Irradiation of 40 at 365 nm followed by 1H-NMR suggests the formation of compound 

23 due to the appearance of a singlet peak at 12.1 ppm characteristic of an aldehyde proton. 

This was also confirmed by mass spectrophotometry ([M+H+] = 196.0608 (Figure A.36)

When 40 was irradiated for longer time, a stable photoproduct was formed, which shows 

that in the aromatic zone there were two singlets (7.63, 7.13 ppm), and in the photoproduct, 

there are three (7.22, 6.96, 6.71 ppm). It can also be observed that the septet signal, 

corresponding to the �-N proton, is clearly shifted to higher field from 2.77 ppm to 5.1 ppm. MS 

data rendered a set of peaks, one which correlated the mass of the imine 43 ([M+H+] = 

237.1242, Figure A.37). With these results it can be concluded that when compound 40 was 

irradiated with UV light it initially formed the photoproducts 23 and isopropylamine, and later, 

they both react to form the imine 43 (Scheme 4.6)
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Scheme 4.6: Photodegradation of 40 when irradiated with UV light, which yields 23 and 42 as photoproducts that 

react with each other to form imine 43. 

Unfortunately, the formation of an imine coming from the resulting photoproducts, as 

observed in the case on compound 40, cannot be considered with L1, as 1H-NMR signals do 

not match with the production of an imine.  

Finally, after many attempts, it was possible to obtain a crystal of the photoproduct from 

the irradiation of L1, by means of liquid-liquid fusion, between DMF and MeOH, which was 

analysed by XRD to study the structure. The XRD results (Figure 4.8) revealed that when L1 

is irradiated during long time with UV light, a pyrazole ring was formed (45). At short irradiation 

time in acetonitrile one of the photocleaves desegregated  and yields and the amine 44 the 

aldehyde 23 which was confirmed by MS (Figure A.8) and NMR (Figure 4.5), in which they 

react with each other by the Davis-Beirut-type reaction15 leading the formation of the pyrazole 

ring and yielding photoproduct 45 (Schem 4.7). This structure agreed with the information 

obtained from the NMR and MS (Figure A.7 and Figure A.9). 

 

Figure 4.8 3D model of the XRD resolved structure for photoproduct 45 
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Scheme 4.7: Photodegradation of L1 when irradiated with UV light, which yields 45. The structure was 

confirmed by XRD.

The photodegradation of C1 followed by 1H-NMR was performed with DMF-d7. With this 

compound it was possible to detect the signal corresponding to the aldehyde proton of the 

photoproduct 23 (Figure 4.9). 

Figure 4.9: 1H-NMR spectra (DMF-d7) of C1 photodegradation over time under 365 nm (Red t = 0 min, Green t = 

60 min, Blue t = 120 min)
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As C1 was irradiated, some new peaks were appeared. A singlet peak at 9.72 ppm 

could be identified as corresponding to the aldehyde proton from the photoproduct 23. Although 

countless attempts were made with chromatography and/or crystallizations, in no case could 

any photoproduct be isolated.

ESI-MS data recorded allowed the identification the photoproduct 23 ([M+Na]+ 217.1 

Da, Figure A.13). Additional peak at 598.1 Da suggest the formation of species related with 

the partial photolysis of C1, forming expected compound 46 (theoretical [M+Na]+ 598.1 Da, 

Figure A.13) (Scheme 4.8).

Scheme 4.8: Suggested photolysis of C1 when irradiated with UV light, based on experimental data collected.

When comparing the 1H-NMR spectra of the photoproducts obtained after irradiation of 

L1 and C1 (Figure 4.10) it can be observed that the signals, and consequently the products 

formed, are quite different. Thus, it can be concluded that the presence of Pt(II) bound to L1 
promotes a different behaviour of the ligand under irradiation by UV light. To determine the 

exact nature of these photo products more research must be done.

Figure 4.10: 1H-NMR spectra (DMF-d7) of C1 and L1 after irradiated at 365 nm

L1 irradiated

C1 irradiated
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4.1.6 Investigation of L2 and C2 photoproducts

Figure 4.11: 1H-NMR spectra (Acetonitrile-d3) of the photolysis of L2 irradiated during 80 min at 365 nm (Red t = 0 

min, Green t = 20 min, Blue t = 80 min of irradiation)

The 1H-NMR spectra recorded before and after irradiation of L2 showed that just 20 min 

after irradiation, a new singlet appeared at 2.79 ppm which was assigned to the methyl group 

of the suggested photoproduct acetone 21 (Scheme 4.8). The relative intensity of this signal 

increases up to a maximum value. This suggests is that part of the formed photoproduct 21, at 

certain moment reacts with a secondary photoproduct to form another species.

Further irradiation resulted in the appearance of a new singlet at 3.72 ppm. This new 

singlet could provide proof that photoproduct 21 does not stabilise and react with another 

compound. However, more research would have to be done to reach a solid conclusion. In 

addition, an attempt was made to separate the photoproducts by column chromatography, but 

this was unsuccessful.

The final mixture obtained after irradiation was also analysed by mass spectrometry, as 

previously. By analysing the mass spectrum (Figure A.25), two peaks one related to compound 

21 ([M+H+] (210.076 Da)) and the other related with the partial photolysis of the ligand ([M+H+] 

(324.19 Da)), suggesting the formation of 47 (Scheme 4.9), as similarly observed in the case 

of C1 (Scheme 4.8)
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Scheme 4.9: Suggested photodegradation of L2 irradiated at 365 nm based on experimental data collected.

Next, irradiation at 365 nm of the corresponding Pt(II)-complex C2 was followed by 1H-

NMR in DMF-d7 solvent (Figure 4.12)

Figure 4.12: 1H-NMR spectra (DMF-d7) of the photolysis of C2 irradiated at 365 nm for 150 min (Red t = 0 min, 

Green t = 30 min, Purple t = 150 min)

After irradiation of C2, many new signals appeared. Among these peaks, three singlets 

appeared at 2.84, 2.58 and 2.55 ppm, one of which could correspond to the methyl ketone 21
that is probably formed. It was challenging to draw any assignation due to the high number of 

signals appearing, although it is important to note that the more time the Pt(II)-complex was 

irradiated, the benzylic proton (δ = 4.80 ppm) disappeared, and a new quadruplet signal 

appeared next to it (δ = 4.88 ppm). This suggest the hypothesis that if the photolysis of C2 is 

similar to L2, where only one part of the molecule is photocleaved.

The comparison of the 1H-NMR analysis spectra of the ligand and Pt(II)-complex when 

are exposed to UV light with the same irradiation time (Figure 4.13) clearly confirmed it.
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Figure 4.13: Comparison of 1H-NMR (DMF-d7) signals obtained for L2 and C2 when irradiated for 50 minutes at 

365 nm.

Both 1H-NMR spectra (Figure 4.13) contain some identical peaks, for example the three 

singlets at 2.84, 2.58, and 2.55 ppm, and a new quadruplet next to the benzylic proton signal 

(δ = 4.80 ppm for C2, δ = 4.40 ppm for L2)

Mass data recorded after UV exposure of C2 (Figure A.28) also leads to a similar 

process in both cases. A peak with 210.0748 Da was identified [M+H+] mass corresponding to 

the photoproduct 21 (theoretical 210.077 Da), and the peak at 554.1158 Da correlates with the 

photoproduct 48 after releasing a [Cl-] ion ([M-Cl-] = 553.118 Da, theoretical mass). The last 

product, that exhibits the typical isotopic Pt pattern, matches with the release of only one of the 

two PPG of complex C2 (Scheme 4.10).

All this data allows to conclude that both molecules (L2 and C2) most likely follow the 

same mechanism of photodegradation with common photoproducts, and it seems that only one 

part of the molecule (one of the PPG) is photocleaved.

L2

C2
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Scheme 4.10: Photodegradation of C2 irradiated with UV light. 

With the results obtained, it can be determined that C1, L2, and C2 do not completely 

degrade as expected, as only one of the two photocages group is removed. On the other hand, 

it has not been possible to elucidate how L1 photodegrades because it follows an unexpected 

mechanism. Further research needs to be done to shed light into its photodegradation. 

4.2 Photochemical study of UCNPs 

. As already mentioned, our ligands and their corresponding complexes absorb 

efficiently in the UV-vis range and therefore could act as photosensitizers. Nevertheless, 

activating these photosensitizers at those wavelengths would not be clinically applicable. 

Ideally, it would be better to activate them with lower energy light and higher tissues penetration, 

such as NIR light. 

The use of UCNPs has been the alternative here proposed to overcome this drawback. 

UCNPs have a fundamental optical characteristic that allow them to convert NIR light into 

visible o UV light and, therefore, may allow photodegration of UV photosensible motifs by NIR 

irradiation. 

Initially, the LiYF4 nanoparticles doped with Yb3+ and Tm3+ (UCNPs) were synthesised 

and characterised, and mainly two different morphologies of nanoparticles (rhombohedral and 

spherical) were obtained. 
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Figure 4.14: UV-vis absorption spectrum for LiYF4; Yb3+; Tm3+ UCNPs in solid the solid state (powder) 
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The absorption spectrum of the UCNPs was measured in solid powder because it was 

difficult to detect the absorption band in solution due to their small absorption. The spectrum 

shows the absorption band at 960 nm within the NIR light range. 

As two different morphologies of nanoparticles (rhombohedral and spherical) were 

obtained depending on the synthetic conditions, a study of their excitation at 980 nm was 

carried out to determine the difference among them (Figure 4.15)  

 

Figure 4.15: Emission spectra of spherical vs rhombohedral UCNPs measured as solid powders under NIR 

irradiation (λexc = 980 nm, power density = 3.8 W/cm2, λdetection = 320 – 730 nm). The thulium emission transitions 

giving rise to each of the luminescence bands registered are indicated in the figure. 

Both rhombohedral and spherical nanoparticles were irradiated at 980 nm at the same 

power intensity during the same time, and the emission spectra in the visible rang confirm that 

both batches have the same emissions bands. The main difference was that rhombohedral 

UCNPs have much higher emission intensities than the spherical ones. For this reason, it was 

decided to continue with the study using UCNPs with a rhombohedral shape.  

The emission spectrum of the rhombohedral UCNPs excited at 980 nm laser (Figure 
4.15), show different band than without the filter. The bands in the emission spectrum can be 

coorelated to the energy levels in the diagram of energy transfer upconversion (ETU) between 

Yb3+ and Tm3+ (Figure A.41). The bands in the visible range at 650 nm, 510 nm, 475 nm, 450 

nm correspond to transitions 1G4 � 3F4, 1D2 � 3H5, 
1G4 � 3H6, 

1D2 � 3F4, respectively. The two 

bands in the UV range at 360 nm and 345 nm correspond to 1D2 � 3H6 and 1I6 � 3F4 transitions, 

respectively.16 

The quantum yield of the upconversion process of the nanoparticles was also measured 

as previously done with the complexes and ligands and resulted in a 0.053 % when irradiated 

at a power of 580 W/cm2. 
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4.3 Pt(II)-release through UCNPs 

It has been proven that when irradiated with NIR light there was an emission in the UV 

range, coinciding with the absorption range of Pt(II)-complexes C1 and C2. Therefore, the next 

step was to perform a photochemical study of the C1/UNCPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA platforms and determine if the Pt(II)-compounds are degraded and 

thus, platinum could be released by the platforms upon irradiation with NIR light. 

Initially, the photoresponse of the complexes inserted into the platforms 

C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA was studied. To do this, the platforms 

were dispersed in PBS medium and irradiated under UV and NIR light irradiation and the 

behaviour was compared to that observed in the dark. 

The procedure was carried out preparing dispersions of each platform at a concentration 

of 220 μM in Pt(II), in a phosphate saline buffer (PBS). The resulting dispersions were 

introduced into a porous cuvette recovered with a dialysis bag (3 nm pore). This cuvette was 

placed in a PBS bath at 37 °C and irradiated over the top of the cuvette at the corresponding 

wavelength, using a setup made on purpose (Figure 4.16).  

 

Figure 4.16: Setup employed in the study of Pt(II) release of the C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-

ODA platforms 

Aliquots from the PBS bath were collected at different times and analysed by ICP-MS 

to determine the amount of Pt(II) released. The results obtained for each preparation at the 

three different conditions (dark, irradiating with UV, and irradiating with NIR light) show 

interesting behaviours. (Table A.1 and Figure 4.17)  
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Figure 4.17: Pt(II) release profile obtained for C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA platforms 

(data showing average of the 2 tests done for each sample), comparing the three conditions assayed: in the dark, 

under irradiation at 365 nm (UV) and at 980 nm (NIR) 

The release curves representing the amount of delivered Pt(II) determined by ICP over 

the irradiation time (Figure 4.17). As shown, in the absence of light, Pt(II) was moderately 

released in both preparations. With time (~ 400 min) the Pt(II) release was stabilized at 45%, 

in the case of platform containing C1 and less than 40 % for C2 platform after 200 min. When 

irradiating with NIR and UV light, Pt(II) delivery was clearly improved. Even if the Pt(II) was 

more efficient for the direct UV radiation than the NIR, in both cases the curves recorded are 

close enough to considered that the upconversion process was satisfactorily efficient. To our 

delight, these results indicated that this new platform can therefore activate Pt(II)-UV 

photoresponsive complexes when exposed to NIR light. 

It has been shown that the upconversion process, using the synthesised platforms, has 

the capacity to photoactivate Pt(II)-photosensitizer complexes. This finding has prompted 

further investigation into the effectiveness of this process in biomedical applications. 
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4.4. Summary and conclusions for Chapter 4 

In this chapter a general photochemical study of different previously synthesised 

components in chapter 3 has been carried out. 

First, the photochemical study of the ligands L1 and L2 and their corresponding Pt(II)-

complexes C1 and C2 was performed. All compounds absorb mostly at the UV range, although 

they can absorb some visible light. 

A photodegradation study was carried out for each compound to investigate which 

photoproducts were produced when irradiated at 365 nm. The changes and the products 

formed were characterised by UV, NMR and mass spectrometry. When L2, C1 and C2 were 

irradiated, it turns out that only one of the photocleavage (4,5-dimethoxy-2-nitrobenzyl) was 

photodissociated instead of the expected double photocleavage. Besides, L1 photodegraded 

differently than the other compounds, as it follows a different photomechanism than the 

expected, it turns out that one of the photocleavage forms an pyrazole ring between the 

aldehyde 23 and the amine 44. 

Moreover, the synthesised UCNPs absorb in the NIR region with the maximum 

absorbance at 960 nm. When observing the behaviour of the different shaped nanoparticles, it 

could be concluded that the morphology plays an important role in the efficacy of the 

upconversion process, since the emission bands of the excited nanoparticles at 980 nm are 

more intense for rhombohedral than for spherical UCNPs. Also, it has been observed that the 

emission bands for the UCNPs in the UV coincides with the absorption bands for the Pt(II) 

complexes. Therefore, indicating that UCNPs can activate complexes C1 and C2. 

Finally, a photochemical study of both platforms C1/UCNPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA were carried out. Interestingly, the Pt(II) release in the dark was poor 

compared to under the presence of light. The Pt(II) release curves when the platform was 

irradiated with UV or NIR light are similar, allowing to conclude that the upconversion process 

to degrade the Pt(II) complex when irradiated with NIR light is effective enough to promote the 

Pt(II) delivery after the upconversion process takes place. 
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5. Biological studies 

After confirming the ability of the new platforms to release Pt(II) when exposed with NIR 

light, the next step was to assess their cytotoxicity against cancer cells when irradiated with 

NIR light. 

Before going to to the cell cultures, it was planned to evaluate the in vitro reactivity of 

the single complexes C1 and C2 towards DNA to check the responses under different 

conditions. This reactivity was followed by circular dichroism (CD) and UV-vis absorbance 

spectroscopies. 

5.1 Interaction with DNA studied by Circular Dichroism  

First, the interaction of DNA with the Pt(II)-complexes (C1, C2) and the corresponding 

photoproducts (C1 IR, C2 IR) was observed by CD. 

CD is a technique that is highly sensitive to any small change in the structure of the 

DNA.1 It is well known that when Pt(II) compounds bind to DNA they can provoke structural 

changes in the nucleic acid, impairing the replication of the cells, thus acting as cytotoxic 

agents. CD is widely used to study the interaction between metal-complexes and DNA.2–5 DNA 

presents two bands in the CD spectra at the UV range, base stacking causes a positive band 

at 275 nm, and one negative band at 245 nm caused by the right-handed helicity of �-DNA.6 

In this case, to see if the Pt(II) products can interact and perturb the DNA strands, 

replicates of a 50 μM ct-DNA solution were incubated with each of the complexes at different 

molar ratio (r = 0 to 2) along 24 h at 37 °C (Figure 5.1) 
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Figure 5.1: CD spectra recorded for the interaction of C1, C1 IR, C2 and C2 IR at 50 μM of ct-DNA and at 0.5:1, 

1:1 and 2:1 (DNA:Complex) ratios in Tris·HCl at pH 7.2, incubated at 37 °C for 24 h 

The CD data recorded shown slight interactions between the ct-DNA and each complex. 

For the non-irradiated Pt(II)-complexes, C1 and C2 there is an increase in both, the positive 

and negative band, which it is worth noting that C1 present a large bathochromic shift. On the 

other hand, the spectra of the photoproducts also show an increase and a bathochromic shift 

of the band at 245 nm, but the band at 275 nm decreases with a bathochromic shift for each 

case. These results indicate that the Pt(II)-complexes before and after irradiation bound to DNA 

destabilise the base stacking, even if each compound does it differently.  

5.2 Electronic absorption spectral study 

Similarly, to the previous experiments, the interaction of the complexes with ct-DNA was 

observed by UV-Vis spectroscopy. Unlike those previous CD experiments, in this study the 

concentration of the Pt(II)-complexes was constant, while DNA concentration was increasing.  

These experiments provide a better understanding of the reactivity between DNA and 

the compound. The addition of DNA to the drug solution allows the interaction between the 

DNA and the compound to be evaluated. On the one hand, I f the reaction is highly selective 

and specific or poorly reactive, the signals associated with the complex would gradually 

decrease with each addition of DNA. On the other hand, if the reaction is non-specific, fast, and 

strong, the signal of the complex would disappear from the first addition. In either case, the 

binding constant can be estimated.7–9 

The absorbance of each compound alone was recorded at 50 μM and as ct-DNA (0 – 

100 μM) was added, the changes in absorbances were monitored (Figure 5.2) 



Biology studies 

 
109 

 

 

Figure 5.2: UV-Vis spectra of C1, C1 IR, C2 and C2 IR at 50 μM treated with ct-DNA from 0-100 μM in Tris-HCl 

buffer at pH 7.2. Each spectrum was recorded after 10 minutes of stabilization time. 

For each compound there an hypochromic effect was observed as the concentration of 

ct-DNA increased. Usually, the hypochromic effect is accompanied by a bathochromic effect. 

When there is a strong intercalation between metal complex and DNA, it can lead to an 

energetic decrease of π-π* as the π orbitals of the ligands can intercalate with π orbitals of the 

DNA base pairs.10 However, in neither of these cases a these band shifts were observed, this 

means that the interaction between the metal complex and the DNA is weak and gives rise to 

electrostatic interaction or groove binding interaction.11,12 

Changes in UV spectra revealed specific for each compound. While for C1 IR and C2 
the variation revealed soft, with a gradual decrease of the signal, for C1 and C2 IR the variations 

were sharper. 

Then, using plots of the Benesi-Hildebrand host-guest equation (Equation 1), the 

intrinsic binding constant (Kb) was calculated, where the value of the constant reflects the 

strength of the interaction between each compound and DNA. High values are normally 

reflecting strong intercalation in the DNA bases, while low Kb value denote poor intercalating 

capacity of the complex. 
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Equation 1: Benesi-Hildebrand host-guest equation 

A0 is the absorbance of the metal complex in the absence of DNA, A is the absorbance 

at any given DNA concentration, and ɛG and ɛH-G are the molar extinction coefficients of the 

complex and the complex-DNA respectively.11,13 In this case, it is not necessary to know the 

values ɛG and ɛH-G. 

Kb can be determined for each compound by the variation of absorbance (A0/(A-A0) vs 

the inverse of the DNA concentration (1/[DNA]), when plotting both magnitudes, the slope 

obtained can be used to calculate the value of the constant (Table 5.1)  

Table 5.1: Kb values and the % hypochromic effect obtained for the interaction of ct-DNA and with each Pt(II)-

complex preparation: C1, C1 IR, C2 and C2 IR. Kb was calculated from the ratio of the intercept to the slope, 

according to the Benesi-Hildebrand equation (Equation 1) after the fitting of the UV-Vis data from Figure 5.2 

Complex Kb (M-1) log Kb % hypochromic effect (�� in nm) 

C1 2.4 x 103 3.38 29 % (358 nm) 

C1 IR 1.8 x 103 3.25 14 % (354 nm) 

C2 5.6 x 103 3.75 15 % (363 nm) 

C2 IR 4.0 x 103 3.60 52 % (348 nm) 

 

The range of Kb values obtained is between 1 x 103 to 6 x 103 M-1 resulting in a binding 

affinity of moderate strength, when compared to Kb of classical intercalators such as ethidium 

(Kb = 7 x 107 M-1)14 and proflavine (Kb = 4.1 x 105 M-1)15, which are 2-4 orders of magnitude 

higher. On the other hand, if it is compared to the oxaliplatin drug (4.12 x 104 M-1), there is only 

one order of magnitude difference.16 

These results confirm that the interaction with DNA takes place in most of the cases 

studied, but the metallic complex must act more as DNA bonding by means of covalent 

interaction than intercalator. 

5.3. Cytotoxicity assays A375 cancer cell line 

All these studies done with the A375 cancer cell line have been possible thanks to the 

collaboration with Dr. Helena Oliveira from the Cell Culture and Cyto/Genotoxicity Lab (3C’s 

Lab) group of the Biology and CESAM Department at the University of Aveiro. 



Biology studies 

 
111 

 

A375 is a cancer cell line that comes from 54 years old female with malignant 

melanoma. Melanoma is the most serious skin cancer; it comes from the transformation of the 

melanocytes and has a high probability of spreading and producing metastases.17 Since 1970, 

there have been more and more new cases of this type of cancer year and the mortality rate 

has increased, according to the World Health Organization (WHO) in 2020 there were about 

325000 new cases of melanoma cancer Worldwide, of which 57000 died.18 The main cause of 

melanoma cancer is UV radiation from the sun, together with skin type and genetics.19 Many 

treatments have been applied to avoid this dispersion such as surgery, chemotherapy, PDT, 

immunotherapy, radiotherapy and other form of targeted, but no treatment has been sufficiently 

effective.20 

In order to have a clear idea about the toxicity of each compound (ligands, complexes 

and platforms), the assays were carried out for each individual component, without (in the dark) 

and with irradiation at the corresponding wavelength. 

5.3.1 Cytotoxicity evaluation of L1, L2, C1, C2 

First, the cytotoxicity of ligands (L1, L2), and the corresponding Pt(II) complexes (C1, 

C2) was studied. 

As none of the compounds are soluble in culture media, they had to be diluted with DMF 

beforehand. Therefore, a previous study had to be done to determine the % of DMF that A375 

cell cultures can tolerate. The cells were exposed to different % of DMF in the usual culture 

medium and the cell viability was determined by MTT assays (Figure 5.3). 
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Figure 5.3: Effect of DMF on the viability of A375 cells. Cell viability was determined after 24 h of post-incubation 

at 37 °C, using MTT for the quantification with 3 independent experiments for triplicate.  

As expected, cell viability decreased as DMF concentration increased. Consequently, 

only 0.4 %(v/v) DMF was determined as the maximum amount of DMF to be used in further 

assays. 
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Knowing the maximum % of DMF that can be used, a study was made to compare the 

cytotoxicity of ligands and Pt(II)-complexes and their respective photoproducts after irradiation 

at 365 nm.

To carry out the experiments, for each compound, a stock solution of known 

concentration in DMF was prepared and then divided into two equal volumes: one used as it 

was prepared, and the other was irradiated at 365 nm. Thus, compounds and mixture of 

photoproducts were obtained in the same conditions.

The effect of L1, L2, C1, C2 and the respective photoproducts (L1 IR, L2 IR, C1 IR, C2 
IR) in cell viability was evaluated in front the A375 cancer cell line after 24 h of exposure by 

MTT assay (Figure 5.4). IC50 values were also determined (Table 5.2).

Figure 5.4: Effect of a) L1 and L1 IR b) C1 and C1 IR c) L2 and L2 IR d) C2 and C2 IR on the cell viability of A375

cell line. Cells were exposed to different concentration of each compound for 24 hours and cell viability was 

determined using MTT assays with 3 independent experiments for triplicate.

Table 5.2: Calculated IC50 values for L1, L1 IR, L2, L2 IR, C1, C1 IR, C2 and C2 IR in front of A375 after 24 hours

of incubation.

a) b)

c) d)c) d)
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Entire Compound IC50 (μM) 

1 
L1 130 ± 1.0 

L1 IR 131 ± 1.0 

2 
L2 111 ± 1.1 

L2 IR 84.6 ± 1.5 

3 
C1 4.7 ± 1.1 

C1 IR 5.3 ± 1.1 

4 
C2 4.1 ± 1.1 

C2 IR 6.2 ± 1.4 

 

Fortunately, the IC50 values obtained clearly show that the complexes are more 

cytotoxic than the corresponding ligands. In the case of C1 and C1 IR exhibit half maximal 

inhibitory concentration (IC50) around 5 μM, while both L1 and L1 IR have an IC50 of 

approximately 130 μM, about 26 times higher. On the other hand, L2 and L2 IR which have an 

IC50 around 100 μM is 20 times higher than C2 and C2 IR which has an IC50 of about 5 μM. 

From these results it can be concluded that cytotoxicity of the Pt(II) complexes is far higher 

than those related to the ligands. The values obtained in the case of the complexes, before and 

after irradiation, if considering the errors associated, are significantly the same values, which 

indicates that irradiation is not altering the cytotoxicity of the compounds. 

An important point to note after considering the cell viability graphs of the ligands is that 

L2 and L2 IR are more cytotoxic than L1 and L1 IR, this means that the methyl group in the 

benzyl position provides higher cytotoxicity to the ligand. This is not reflected in the complexes, 

at least from the toxicological point of view. 

The results just discussed have shown that the mixture of photoproducts obtained when 

the Pt(II)-complexes are irradiated with UV light exhibit cytotoxicity at low concentrations. The 

next step was to study the cytotoxicity of both C1 and C2 platforms under the same conditions 

assayed. 

5.3.2 Evaluation of C1/UCNPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA 

The cytotoxicity of both platforms synthesised was evaluated against A375 cancer cell 

line in the dark, using different incubation times before washing, at 1, 2 and 4 hours at 37 °C, 

and measuring the cell viability after 24 h (Figure 5.5). These data allow to provide an idea 

about the internalization of the platforms. 
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Figure 5.5: Cell viability of A375 cancer cell line in front a) C1/UCNPs/mPEG-ODA, and b) C2/UCNPs/mPEG-

ODA. Cells were exposed to different concentrations of each platform with 1, 2, 4 hours of internalization, then cell 

culture was washed and left to incubate during 24 h. The cell viability was determined using MTT assays with 3 

independent experiments with 3 technical replicates.

The cell viability data recorded show that platform C1/UCNPs/mPEG-ODA was a little 

more cytotoxic than C2/UCNPs/mPEG-ODA. If assuming that the differences in cytotoxicity 

among both platforms are mainly due to the different internalization, when considering the 

highest concentration assayed 20 μM, the main difference is observed after 2 h of incubation.

Also, for the irradiation tests, two concentrations (0.5 and 2.5 μM for C1/UCNPs/mPEG-ODA 

and 1 and 5 μM for C2/UCNPs/mPEG-ODA) were selected that corresponds to IC10 and IC30

for each platform. These specific concentrations were selected because under these conditions 

the platforms exhibit poor cytotoxicity in absence of light and test if in the presence of light its 

cytotoxicity increases.

Next step was irradiation in the NIR range. A significant issue with 980 nm radiation is 

that water is also absorbing at this energy, what provokes heating the cell medium and causing

cell death when using conventional methodologies. Therefore, it was necessary to find the best 

conditions of power irradiation in which the upconversion process can take place at maximum 

possible time without causing cell death. After extensive research, it was found that the best 

conditions were doing cycles of 1 min irradiation at 4.5 W/cm2 intensity power and 2 min break.

Once the conditions were established, the definitive test was carried out. The 

concentrations corresponding to IC10 and IC30 (0.5 μM and 5 μM of Pt(II) for C1/UCNPs/mPEG-

ODA and 2.5 μM and 7.5 μM of Pt(II) for C2/UCNPs/mPEG-ODA) were used to study the effect 

of each platform. Samples with the same concentration were placed on different wells, some 

were irradiated, and the others were kept in the dark, as a blank with the same concentrations 

for comparison. Cells were treated with the different concentrations of each platform for 2 h. 

a) b)
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After this time, the medium was washed to remove the non-internalised platforms. 

Subsequently, each selected well was irradiated at 980 nm at 4.5 W/cm2 with cycles of 1 min 

laser on and 2 min off for 1 hour, the setup employed for irradiating the cells is depicted in 

Figure 5.6 a. After 24 h, the cell viability was determined by MTT assay and compared to 

results obtained in the dark (Figure 5.6 b and c)

Figure 5.6: a) Setup irradiation for the cell culture plate with the 980 nm laser controlled by a power supply and

cell viability plots with or without NIR light irradiation after 24 h incubation (2 h internalization) at two different 

concentrations in A375 cancer cell line with b) C1/UCNP/mPEG-ODA and c) C2/UCNPs/mPEG-ODA

The cell viability graphs recorded for both platforms show similar results: an increase of 

the toxicity as raising the concentration of Pt(II) and significant improvement of cytotoxicity after 

980 nm laser Cell culture plate Power supplya)

b) c)
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irradiation. Also, these results confirm that the upconversion process to release Pt(II)-complex 

works. 

Table 5.3: Cell viability for each platform assayed after 24 h of incubation (2 h of internalization) after irradiation of 

NIR light and in the dark, using A375 cancer cell line. 

Entr

y 
Platform 

Concentration 

(μM) 

Cell Viability (%) 

Dark NIR light 

1 C1/UCNPs/mPEG-

ODA 

0.5 91 ± 5,1 77 ± 3,8 

2 5 67 ± 2,9 56 ± 5,9 

3 C2/UCNPs/mPEG-

ODA 

2.5 80 ± 1,6 73 ± 3,3 

4 7.5 62 ± 9,8 46 ± 3,2 

 

The cell viability calculated at the different concentrations assayed (Table 5.3) show 

that in the case of C1/UCNPs/mPEG-ODA, the difference in the presence of light or in the dark 

for each concentration was smaller than C2/UCNPs/mPEG-ODA. If considering the similar 

toxicity observed for both complexes before and after irradiation, these slight differences can 

be explained by the different internalization. 

To our knowledge, this is the first work presenting the control of the activity of Pt(II)-

complexes by transforming deeply penetrating NIR light into UV light through UCNPs as 

nanotransducers. When C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA were exposed 

to 980 nm radiation showed increased their inhibitor efficiency. Although the values obtained 

are, for the moment, restrained, the results presented here represent a very promising first step 

in the future development of anticancer systems activated by UCNPs. 

5.4 Cytotoxicity assays with HCT-116 cancer cell line 

To further explore the cytotoxicity of the Pt(II) compounds here studied, another cancer 

cell line was included in the assessment plan: HCT-116. This is a colon cancer cell line, which 

is usually treated with Pt(II) compounds, among others. Colon cancer is the second most 

common cancer diagnosed worldwide, this cancer is found from the beginning of the large 

intestine to the end of the digestive system.21,22 Among all cancerous tumours, colon cancer 

has one of the highest death rates.23 According to the Global Cancer Observatory in 2020, 

there were 1.15 million new cases of colon cancer, and 0.57 million deaths from this cancer. It 

is predicted that those numbers will rise, and by 2040 it is estimated to increase to 1.82 million 

new cases causing and increasing the number of deaths to 0.99 million.24 Oxaliplatin alone or 

in combination with other anticancer drugs such as fluorouracil or leucovorin has shown good 

results against colon cancer, although it is not 100% effective.25–28 
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All the cytotoxicity studies done with the HCT-116 cancer cell line have been possible 

thanks to the collaboration with Dr. Julia Lorenzo and Dr. David Montpeyó from the Protein 

Engineering and Nanomedicine Group of the Institut de Biotecnologia i de Biomedicina (IBB) 

at the UAB. 

5.4.1 Cytotoxicity evaluation of L1, L2, C1, C2

The first step was studying the cytotoxicity of the ligands and the corresponding Pt(II) 

complexes, before and after irradiation L1, L1 IR, L2, L2 IR, C1, C1 IR, C2, C2 IR (Figure 5.7)

Figure 5.7 Effect of a) L1 and L1 IR b) C1 and C1 IR c) L2 and L2 IR d) C2 and C2 IR on the cell viability of HCT-

116. Viability of HCT-116 were evaluated after 24 h and was determined using Presto Blue assays with 3 

independent experiments for triplicate.

Table 5.4: IC50 calculated for L1, L1 IR, L2, L2 IR, C1, C1 IR, C2 and C2 IR in front of HCT-116 cell line after 24 

hours.

a) b)

c) d)
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Entire Compound IC50 (μM) 

1 
L1 67 ± 1.1 

L1 IR 99 ± 1.1 

2 
L2 34 ± 1.1 

L2 IR 74 ± 1.1 

3 
C1 4.1 ± 1.1 

C1 IR 5.5 ± 1.1 

4 
C2 7.1 ± 1.1 

C2 IR 6.9 ± 1.1 

 

As can be seen in the cytotoxicity graphs (Figure 5.7) and the corresponding IC50 

calculated values (Table 5.4) for each compound, similar behaviour as that observed in the 

A375 cell line is observed. 

In the case of the ligands, L2 and L2 IR (that contain the methyl group in the benzyl 

position) show higher cytotoxicity than L1 and L1 IR. In contrast, with the Pt(II)-complexes, C1 

and C1 IR exhibit slightly lower IC50 than C2 and C2 IR. 

5.4.2 Evaluation of C1/UCNPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA 

The next step was the cytotoxicity against HCT-116 cancer cell line of the two platforms 

used in this work (C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA). First, a study was 

done in the dark to find the best concentration conditions for NIR exposure (Figure 5.8). 
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Figure 5.8: Effect of C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA on the cell viability of HCT-116. 

Viability of HCT-116 was evaluated after 24 h and was determined using Presto Blue assays with 3 independent 

experiments for triplicate. 



Biology studies 

 
119 

 

As shown in Figure 5.8 at low platform concentrations of the cell viability is very low. 

IC50 are shown in Table 5.5 

Table 5.5: IC50 for C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA against HCT-116 cells after 24 hours. 

 

Entire Platform IC50 (μM) 

1 C1/UCNPs/mPEG-ODA 3.2 ± 1.1 

2 C2/UCNPs/mPEG-ODA 4.7 ± 1.0 

 

As both platforms exhibited high cytotoxicity, the next step will involve reducing the 

internalisation time, for example, by 2 hours as was done with A375, to enable work with higher 

concentrations. 

Due to time limitations, in this thesis, it was not possible to evaluate the effect of 

irradiation under NIR for HCT-116 cells. The next steps should consist of determining the best 

conditions for irradiation with NIR light, as well as finding the necessary internalization time, the 

highest possible concentrations to work with, the optimal irradiation time, the power, and the 

number of irradiation cycles. 

5.5. General remarks and future perspectives of chapter 5 

In this chapter a study of the activity of the compounds and platforms previously 

synthesised was carried out. First, the interaction with DNA of the Pt(II)-complexes and their 

respective photoproducts was followed by CD and UV-Vis spectroscopy. The results obtained 

by CD reveal when the photosensitive Pt(II) complexes are bounded to DNA, they destabilise 

the base stacking differently before and after irradiated with UV light. On the other hand, UV 

studies revealed that these interactions are non-covalent, giving rise to electrostatic interaction 

or groove binding interaction. 

Cytotoxic studies were performed with two different cancer cell lines: A375 (malignant 

melanoma) and HCT-116 (colon cancer). 

In both cancer cell lines, the Pt(II)-complexes before and after irradiation are more 

cytotoxic than the respective ligands and their photoproducts, leading to the conclusion that 

Pt(II) plays an important role in preventing cell division.  
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The platforms C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA were assessed 

against the A375 cancer cell line. After screening different settings, the best irradition conditions 

with NIR light were an internalization for two hours and then irradiation at 980 nm with cycles 

of 1 min of irradiation and 2 min break for 1 hour at 4.5 W/cm2. Under these conditions, there 

was a decrease in the cell viability for each platform irradiating with NIR light with a significant 

difference compared to that in the dark. These results demonstrate an alternative way of 

activating UV-photoresponsive Pt(II) complexes under NIR light by means of an upconversion 

process. In addition, the mPEG-ODA coating provides a solution to the common issue for Pt(II) 

species of low solubility in water. 

 Besides, these two platforms are still being studied with HCT-116 cancer cell line. 

Investigations of the best conditions to activate the platforms with NIR light is underway and it 

is expected that with NIR light exposure, cell viability will be lower compared to dark conditions. 
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6. Summary and Conclusions 

In this thesis, two new ligands containing two 4,5-dimethoxy-2-nitrobenzyl groups as 

photocage, bonded to 1,2-diaminocyclohexane (L1, L2), and their corresponding Pt(II)-

complexes (C1, C2) were synthesised and characterised, the difference between them being 

a methyl group in the benzyl position (Scheme 6.1). 

 

 

 

 

Scheme 6.1: The two ligands and their corresponding Pt(II)-complexes synthesised in this thesis 
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The photochemical properties of both ligands and Pt(II)-complexes have been studied, 

they have been shown to photodegrade in both UV and visible light.  

Photoproducts derived from both ligands and complexes have been characterized and 

their structure and formation mechanisms have been discussed (Scheme 6.2).  

a) 

 

b) 

 

c) 

 

d) 
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Scheme 6.2: Photodegradation of a) L1, b) C1, c) L2 and d) C2 irradiated with UV light. 

Also, UCNPs composed by LiYF4;Yb3+,Tm3+ were synthesised and characterised. 

Depending on the temperature ramp conditions two different morphologies were obtained: 

rhombohedral and spherical. Upconversion process occurred in both shapes, giving rise to 

more intense emission with the rhombohedrons. Furthermore, it was confirmed the overlap 

between the UCNPs emission and the Pt(II) absorption. This coincidence in emission and 

absorption values is necessary to activate the complexes with the nanoparticles efficiently.  

Two new platforms were synthesised where the Pt(II)-complexes could be stabilized in 

mPEG-ODA coated UCNPs (C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA). Both 

platforms were capable to activate the Pt(II) releasing. The similarity of the release values under 

UV and NIR of Pt(II) for both platforms has served to corroborate the efficiency of the 

upconversion phenomenon.  

The cytotoxicity assessment for the platforms C1/UCNPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA showed higher cell toxicity when irradiated with NIR light than in the 

dark. This demonstrates that these platforms could release the active form of the Pt(II)-

complexes through NIR light by the upconversion process. 

In summary, a series of results have been presented in this thesis that show the viability 

to release of Pt(II) species in a physiological medium through UCNPs. For the specific case of 

Pt(II), this is the first time this strategy has been used. We have been able to demonstrate that 

the two platforms presented display a differentiated ability to release Pt(II) among dark 

conditions or under NIR illumination. Although the difference observed between these releases 

has not been very large, we believe that the results presented here suggest great possibilities 

validating the strategy. For this reason, this thesis has served as an incentive to start a long 

project in the group where it was carried out.
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7. Experimental section 

7.1. General Procedures 

Reagents and solvents 

The commercially reagents were used without any modifications. Solvents were dried 

by distillation over the appropriate drying agents: CH2Cl2 (CaH2), THF (Na0). When required, 

the reactions were carried out following standard procedures, carefully avoiding moisture, and 

conducted under a nitrogen or argon atmosphere. 

Physical Measurements. Instruments and experimental 

procedures 

a) NMR spectroscopy 

NMR experiments were recorded in Servei de Ressonància Magnètica at the UAB using 

BRUKER DPX-250, 300, 360, and 400 MHz instruments. Proton chemical shifts (δ) are 

reported in ppm with non-deuterated residual solvent as internal references (CDCl3, 7.26 ppm, 

CD3CN, 1.94 ppm, DMSO-d6, 2.50 ppm, and DMF-d7, 8.03, 2.92, 2.75 ppm). 13C-NMR spectra 

were recorded with complete proton decoupling on DPX360 (91 MHz), and Bruker AR430 (101 

MHz). Carbon chemical shifts are reported in ppm with the non-deuterated residual solvent as 

internal reference (CDCl3 77.16 ppm, DMSO-d6, 39.52 ppm and DMF-d7, 163.15, 34.89, 29.76 

ppm). NMR signals were assigned with the help of COSY, HSQC and HMBC experiments. All 

spectra have been registered at 298 K otherwise noticed.  

The abbreviations used to describe signal multiplicities are: s (singlet), d (doublet), dd 

(doublet doublet), t (triplet), q (quadruplet), and m (multiplet) and J to indicate the coupling 

constants. 

b) Total quantification by ICP-OES/ICP-MS 

Inductively coupled plasma mass spectrometry (ICP-MS) was performed on an Agilent 

apparatus, model 7500ce. Inductively coupled plasma optical emission spectrometry (ICP-

OES) was carried out in a Perkin-Elmer, model Optima 4300 DV 

Measurements of Pt content was performed at Servei d’Análisi Química in the 

Universitat Autònoma de Barcelona 

c) Infrared Spectrometry 
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Infrared Spectra (IR) were recorded on a Bruker Tensor 27 Spectrophotometer 

equipped with a Golden Gate Single Refraction Diamond Attenuated Total Reflectance (ATR) 

accessory at Servei d’ Anàlisi Química in the Universitat Autònoma de Barcelona. Peaks are 

reported as transmitance in cm-1 

d) Elemental analysis 

Elemental quantification of C, H, and O were performed with a Flash EA 2000 CHNS, 

Thermo Fisher Scientific equipment with a TCD and a MAS 200 R autosampler for solid 

samples at Servei d’Anàlisi Química in the Universitat Autònoma de Barcelona. 

e) ESI-MS measurements 

Mass spectrometry (MS) and high-resolution mass spectrometry (HRMS) spectra were 

recorded in a MicroTOF-Q (Brucker Daltonics GmbH, Bremen, Germany) instrument equipped 

with an electrospray ionization source (ESI) in positive mode at the Servei d’ Anàlisi Qímica in 

the Universitat Autònoma de Barcelona. 

f) UV-Vis studies 

All electronic spectra in the UV-Vis range were recorded on HP8453 Spectrophotometer 

using 1-cm thick quartz cuvettes and HPLC-quality solvents. 

Non-covalent DNA-complex interactions were recorded in the same instrument. 

Solution of complexes C1, C2, C1 IR, C2 IR were prepared in 5 mM Tris-HCl buffer (pH 7.2), 

containing maximum 2 % of DMF to solubilize them. Ct-DNA stock solutions were prepared 

from its corresponding sodium salt and the concentration determined from its absorbance at 

260 nm (ɛ = 6600 cm-1). Blank and dilution effects were corrected. 

g) Circular Dichroism 

Circular Dichroism (CD) were recorded on a JASCO 715 spectropolarimeter. 

Measurements were carried out at a constant temperature of 20 °C. CD spectra were measured 

in 5 mM Tris-HCl buffer (pH 7.2). Ct-DNA concentration was 50 μM. Different samples with 

increasing amount of the complexes to study (25, 50, 100 μM) were incubated at 37 °C for 24 

h, coating maximum of 2 % DMF to solubilize them. Ct-DNA stock solutions were prepared 

form its corresponding sodium salt (Sigma Adrich) and the concentration determined from its 

absorbance at 260 nm (ɛ = 6600 cm-1)  

h) STEM and EDX 

Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-Ray 

(EDX) scan profiles were obtained with a FEI Tecnai G2 F20 coupled to an EDAX detector. 
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The observation was performed at room temperature at a voltage of 200 kV. The sample were 

prepared by dispersion and dilution with ethanol. A couple of drops were place on copper TEM 

grid which is coated with holey carbon. Then let the solvent evaporated 

i) Emission 

The emission of the UCNPs were recorded by a USB-portable spectrometer (Maya 

2000 pro, Ocean Optics) coupled to an optical fiber (QP450-1-XSR, Oceans Optics) excited 

with a laser of 980 nm (MDL-H-980-5W) 

j) Quantum Yield of UCNPs 

Quantum Yield of UCNPs were measured at room temperature using a Quantaurus-QY 

Plus C13534 (Hamamatsu) system with a 150 W xenon lamp coupled to monochromator, an 

integrating sphere, and two multichannel analysers to record the emission intensity, excited 

with a laser of 980 nm (MDL-H-980-5W) 

k) DLS 

Dynamic light scattering (DLS) using a ZetasizerNano 3600 instrument (Malvern 

Instruments, UK), the size range limit of which is 0.6 nm to 6 mm. Note: the diameter measured 

by DLS is the hydrodynamic diameter. The samples are comprised of aqueous dispersions of 

the nanoparticles in distilled water, or, in buffer. All samples are diluted to obtain an adequate 

nanoparticle concentration (0.5 – 1 mg/mL). 

l) Melting Point 

Melting point (mp) were determined using a Koffler-Reichert hot stage melting point 

apparatus and are not corrected. 

m) Chromatography 

All the reactions were monitored by analytical thin-layer chromatography (TLC) using 

silica gel 60 F254 pre-coated aluminium plates (0.25 mm thickness). Compounds were 

visualized using a 254 nm UV lamp and/or developing with KMnO4/NaOH aqueous solution. 

Flash column chromatography was performed using silica gel (pore size: 40-63 μm) or 

neutral aluminium oxide (pore size: 58 Å) as stationary phase. Eluents are indicated in each 

case. 
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7.2. Experimental description 

Synthesis of N,N'-(cyclohexane-1,2-diyl)bis(1-(4,5-dimethoxy-2-
nitrophenyl)methanimine) (28)  

 

(±)-trans-1,2-diaminocyclohexane (604 μL, 4.63 mmol) was added to a solution of 3,4-

Dimethoxy-6-nitrobenzaldehyde (26) (2000 mg, 9.44 mmol) and 4 Å molecular sieves in 

anhydrous THF (20 mL). The mixture was stirred overnight at room temperature under argon. 

DCM was added, and the resulting mixture was filtered through a pad of silica. The solvent of 

the filtrate was evaporated under reduced pressure to give a yellow solid. This crude solid was 

recrystallized from absolute ethanol to yield 28 (1618 mg, 3.23 mmol, 69%) as yellow solid. 

 

 1H-NMR (400 MHz, CDCl3): δ = 8.72 (s, 2H: H-9,21), 7.49 (s, 2H: H-12,26), 7.42 (s, 

2H: H-15,23), 3.96 (s, 6H: H-17,32), 3.93 (s, 6H: H-17,30), 3.61-3.49 (m, 2H: H-3,4), 2.0-0.7 

(m, 4H: H-5,6,7,8) 

 13C NMR (100 MHz, CDCl3): δ = 156.95 (C-9,21), 153.32 (C-14,24), 150.11 (C-13,25), 

141.85 (C-11,27), 126.40 (C-10,212), 110.32 (C-15,23), 107.10 (C-12,26), 74.16 (C-3,4), 56.69 

(C-17,19,30,32), 32.91 (C-5,8), 24.49 (C-6,7) 

MS (ESI+): calculated for [C24H28N4O8]: 501.199 [M + H]+, found: 501.199 [M + H]+ 

IR (ATR): 2938, 2857, 1501, 1322, 1276, 1217, 1065, 994, 880, 795, 750 cm-1 

m.p.: 175-177 °C 

Synthesis of N1,N2-bis(4,5-dimethoxy-2-nitrobenzyl)cyclohexane-1,2-diamine (L1) 
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Diimine 28 (700 mg, 1.39 mmol) and sodium cyanoborohydride (220 mg, 3.49 mmol) 

with glacial acetic (6.5 mL) were stirred at room temperature for 5 minutes. After 5 minutes, 

MeOH (7 mL) were added and stirring was continued for 1 hour. The solution was evaporated 

under reduced pressure. A solution of potassium hydroxide was added to achieve basic pH 

and extracted with DCM. The organic layer was dried over anhydrous Na2SO4, filtered, and 

evaporated under reduced pressure to give a yellow solid. The solid was purified by flash 

column chromatography (silica gel, DCM:MeOH (9.5:0.5) + 2 % of TEA) to yield L1 (683 mg, 

1.36 mmol, 97 %)  as a yellow solid.  

1H-NMR (400 MHz, CDCl3): δ = 7.57 (s, 2H: H-1,13), 7.09 (s, 2H: H-4,16), 4.18-4.06(d, 

J=14.1 Hz, 2H: H-19,32), 3.94 (s + d, 14H: H-9,11,19,32,22,24), 2.32-2.29 (d, J=8.8 Hz, 2H: H-

26,27), 2.20-2.17 (d, J=11.6 Hz, 2H: H-28a,31b), 1.86 (s, 2H: 7,20) 1.76-1.74 (d, J=8.5 Hz, 2H: 

H-29ª,30a), 1.22 (m, 2H: H-28b,31a), 1.05 (m, 2H: H-29b,30b) 

13C-NMR (100 MHz, CDCl3): δ = 153.37 (C-3,15), 147.71 (C-2,14), 141.11 (C-6,18), 

131.71 (C-5,17), 112.88 (C-4,16), 108.16 (C-1,13), 61.62 (C-26,27), 56.57(C-9,11,22,24), 

48.63 (C-19,32), 31.77 (C-28,31), 25.10 (C-29,30) 

MS (ESI+): calculated for [C24H32N4O8]: 505.230 [M + H]+, found: 505.230 [M + H]+ 

IR (ATR): 2927, 2855, 1516, 1324, 1270, 1064, 796 cm-1 

m.p.: 127-129 °C 

Synthesis of C1 

 

A solution of L1 (65 mg, 0.130 mmol) in THF (2 mL) was added to an aqueous solution 

that contained the equivalent amount of K2PtCl4 (54 mg, 0.130 mmol). THF was added to the 

resulting mixture until everything was dissolved, the resulting solution wa stirred at room 

temperature overnight. After this time, an orange solid precipitated which was filtered and 

washed with acetone. (61 mg, 0.07 mmols, 61 %).  

1H-NMR (400 MHz, DMF-d7) δ = 8.65 (s, 1H), 7.75 (s, 1H), 7.66 (s, 1H), 7.62 (s, 1H), 

6.61-6.55 (s, 2H), 4.90-4.85 (d, 1H, J = 13.42), 4.59-4.52 (dd, 1H, J = 13.69, J = 6.15), 4.26-
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4.19 (dd, 1H, J = 13.69, J = 6.15), 4.13 (s + d, 4H), 3.90 (s, 3H), 4.05 (s, 3H), 4.01 (s, 3H), 3.94 

(s, 3H), 2.36 (m, 1H), 2.98 (m, 1H), 1.68-0.68 (m, 8H) 

13C-NMR (100 MHz, DMF-d7) δ = 153.23, 153.00, 149.25, 148.79, 143.07, 141.31, 

126.28, 124.72, 116.52, 115.72, 108.19, 108.05, 71.22, 63.64, 56.48, 56.35, 56.05, 55.95, 

50.34, 48.97, 24.73, 24.54 

MS (ESI+): calculated for [C24H32Cl2N4O8Pt]: 788.1572 [M + NH4]+, found: 788.1592 [M 

+ NH4]+, 813.1686 [M – Cl- + dmso]+, found 813.1703 [M – Cl- + dmso]+ 

EA calculated for C24H32Cl2N4O8Pt + THF (%): C, 39.91; H, 4.79; N, 6.65. Found: C, 

40.08; H, 4.93; N, 6.78 

IR (ATR): 2940, 2862, 1521, 1450, 1325, 1275, 1222, 1064. 801 cm-1 

m.p.: > 230 °C  

Synthesis of 1-(4,5-dimethoxy-2-nitrophenyl)ethan-1-ol (29)1 

 

3,4-Dimethoxy-6-nitrobenzaldehyde (26) (750 mg, 3,5 mmols) was dissolved in dry 

DCM (15 mL) and treated dropwise with trimethyl aluminium in toluene (2M, 5,3 mL) at 0 ºC. 

After 4 h of reaction, the mixture was treated with ice-cold aqueous hydrochloric acid. The 

product was extract with DCM (Dichloromethane): Potassium sodium tartrate solution and 

purified by flash chromatography (EtOAc/ Hexane, 1:1, v/v) to give compound 29 (417 mg, 1.44 

mmol, 43%). 

 
1H-NMR (250 MHz, CDCl3): δ = 7.57 (s, 1H: H-1), 7.31(s, 1H: H-4), 5.62–5.52(q, J=6.3 

Hz, 1H: H-8), 4.00 (s, 3H: H-10), 3.94 (s, 1H: H-12), 1.58-1.53 (d, J=6.3 Hz, 3H: H-13) 

Synthesis of 1-(1-bromoethyl)-4,5-dimethoxy-2-nitrobenzene (30)1 
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29 (328 mg, 1,4 mmols) was dissolved in 25 mL of DCM at 0 ºC, followed by PBr3 (789 

mg, 2.8 mmols) addition. After stirring for 3 h at 0 ºC, the mixture was dropped into ice-cold 

water, followed by extraction and solvent removal. The crude product was purified by flash 

chromatography (EtOAc:Hexane, 1:1, v/v) to give 30 (310 mg, 1.07 mmol, 74%) as a brown oil 

30, (310 mg, 1.07 mmol, 74%) 

 
1H-NMR (250 MHz, CDCl3): δ = 7.46 (s, 1H: H-1), 7.27(s, 1H: H-4), 6.07–5.99 (q, J=6.8 

Hz, 1H: H-8), 4.01 (s, 3H: H-10), 3.94 (s, 1H: H-12), 2.09-2.05 (d, J=6.8 Hz, 3H: H-13)  

 

Syntheisis of N1,N2-bis(1-(3,4-dimethoxyphenyl)ethyl)cyclohexane-1,2-diamine 
(33) 

 

A mixture of the (±)-trans-1,2-diaminocyclohexane (61 μL, 0.504 mmols), 1-(3,4-

dimethoxyphenyl)ethan-1-one (31) (200, 1.111 mmols) and Ti(OiPr4) (600 μL, 2.016 mmols) in 

dry THF (2.5 mL) was stirred for 12 h at room temperature. Then a solution of NaBH4 (95 mg, 

2.52 mmols) in absolute EtOH (2.5 mL) were added at 0 °C and the resulting mixture was stirred 

for 12 h more at room temperature. The mixture was then quenched with water. The solvent 

was evaporated under pressure and the residue was stirred with Et2O for 15 minutes and 

filtrated. The precipitate was washed with Et2O. Next, the filtrate was added to a Brine solution 

and the organic layer was separated and dried with Na2SO4, and the solvent was removed 

under pressure (220 mg, 0.50 mmol, 99 %) 

Synthesis of N,N'-(cyclohexane-1,2-diyl)bis(1-(3,4-
dimethoxyphenyl)methanimine) (39)2 
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To a solution of benzaldehyde 8 (20300 mg, 12 mmol) in DCM (4 mL) with 4 Å molecular 

sieves at room temperature was added (±)-1,2-diaminocyclohexane (680 mg, 5.96 mmol). The 

reaction mixture was stirred for 2 hours and then filtered. The solvent of the filtrate was 

evaporated under reduced pressure. The resulting solid was purified by a recrystallization from 

absolute ethanol to give diimine 39 (1861 mg, 4.53 mmol, 76 %) as yellow solid. 

1H-NMR (360 MHz, CDCl3): δ = 8.09 (s, 2H: H-9,20), 7.24 (d, J = 1.3 Hz, 2H, H-11,26), 

7.02-6.99 (dd, J = 8.1 Hz, J = 1.3, 2 H: H-15,22), 6.78-6.76 (d, J = 8.1 Hz, 2H: H-12,25), 3.87 

(s, 6H: H-19,28), 3.86 (s, 6H: H-17,30), 3.36-3.34 (d, 2H: H-3,4), 1.95-1.43 (m, 8H) 

Synthesis of N1,N2-bis(1-(3,4-dimethoxyphenyl)ethyl)cyclohexane-1,2-diamine 
(33) 

 

Methyllithium (1.6 M in Et2O, 4.10 mmols, 2.56 mL) was added to magnetically stirred 

solution of the diimine 39 in THF (15 mL) which was previously cooled at -78 ºC. After 30 min, 

the reaction mixture was slowly warmed at 0 ºC, stirred for a further 2 h, and then quenched 

with a saturated aqueous solution of NaHCO3. The organic phase was extracted with EtOAc 

and the organic layer were collected, dried over anhydrous Na2SO4 and evaporated under 

vacuum to leave the curde product. Flash column chromatography (alumina, n-hexane /EtOAc 

(1:1)), gave the product 33 (403 mg, 0.91 mmol, 90 %) as a yellow oil.   

1H-NMR (360 MHz, CDCl3): δ = 6.95 (d, J = 1.8 Hz, 2H: H-4,12), 6.87 (dd, J = 8.2 Hz, J 

= 1.8 Hz, 2H: H-6,17),  6.80 (d, J = 8.2 Hz, 2 H: H-1,12), 3.89 (s, 6H: H9,21), 3.87 (s, 6H: H-

11,23), 3.80 (q, J = 6.5 Hz, 2H: H-18,30), 2.24 (m, 2H: H-24,25), 1.76 (m, 4H: H-7,19,26b,29a), 

1.56 (m, 2H: H-27ª,28a), 1.31 (d, J = 6.5 Hz, 6H: H-31,32, 1.10 (m, 2H: H-27b,28b), 0.89 (m, 

2H: H-26ª,29b) 

13C-NMR (100 MHz, CDCl3): δ = 148.87 (C-2,13), 147.78 (C-3,14), 140.40 (C-5,16), 

118.47 (C-6,17), 110.91 (C-1,12), 109.75 (C-4,15), 60.54 (C-24,25), 56.01 (C-7,15), 55.96 (C-

9,21), 55.89 (C-11,23), 32.83 (C-26,29), 25.07 (C-27,28), 24.24 (C-31,32) 

MS (ESI+): calculated for [C26H38N2O4]: 443.2904 [M + H]+, found:  443.2897 [M + H]+ 

IR (ATR): 2927, 2834, 1509, 1462, 1258, 1231, 1138, 1028, 759, 632 cm-1 
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Synthesis of N1,N2-bis(1-(4,5-dimethoxy-2-nitrophenyl)ethyl)cyclohexane-1,2-
diamine (L2) 

 

To a solution of 5.80 mL of HNO3 60% in an ice-bath, acetic anhydride (0.984 mL) was 

added and stirred during 10 min. To that solution, 33 (2.091 g, 4.73 mmol) was added. The 

reaction was stirred for another 3 hours and then poured into water. A solution of potassium 

hydroxide was added to arrive basic pH and extracted with DCM. The organic phase was dried 

over anhydrous Na2SO4 and dried under reduced pressure. Flash column chromatography 

(silica gel, DCM:AcOEt (1:1) + 2% TEA) gave L2 (2.287 g, 4.29 mmol, 91%) as yellow solid.  

1H-NMR (400 MHz, CDCl3): δ = 7.45 (s, 2H: H-1,12), 7.43 (s, 2H: H-4,15), 4.55 (q, J = 

6.3 Hz, 2 H: H-18,30), 4.00 (s, 6H: H-9,21), 3.93 (s, 6H: H-11,23), 2.22 (m, 2H: H-24,25), 1.69 

(m, 2H: H-26,29), 1.53 (m, 2H: H-27a,28a), 1.39 (d, J = 6.3 Hz, 6H: H-31,32), 1.06 (m, 2H: H-

27b,28b), 0.85 (m, 2H: H-7,19) 

13C-NMR (100 MHz, CDCl3): δ = 153.03 (C-3,14), 147.29 (C-2,13), 140.69 (C-6,17), 

138.00 (C-5,16), 110.20 (C-4,15), 107.47 (C-1,12), 61.28 (C-24,25), 56.30 (C-9,11,21,23), 

51.32 (C-18,30), 32.90 (C-26,29), 24.80 (C-27,28), 23.85 (C-31,32) 

MS (ESI+): calculated for [C26H36N4O8]: 533.2606 [M + H]+, found:  533.2591 [M + H]+ 

IR (ATR): 2932, 2854, 1510, 1459, 1330, 1265, 1214, 1058, 793 cm-1 

m.p.: 72-74 °C 

Synthesis of C2 
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A solution of L2 (50 mg, 0.094 mmol) in THF (2 mL) was added to an aqueous solution 

that contained the stoichiometric amount of K2PtCl4 (39 mg, 0.094 mmols). THF was added to 

the resulting mixture until everything was dissolved, the resulting mixture was stirred at room 

temperature overnight. After this time a brown solid precipitate, which was filtered. The solid 

was purified by precipitation Acetone/Et2O to obtain C2 (21 mg, 0.03 mmol, 28 %).  

1H-NMR (400 MHz, CDCl3) δ = 7.45 (s, 2H), 7.43 (s, 2H), 4.55 (q, J = 6.3 Hz, 2 H), 4.00 

(s, 6H), 3.93 (s, 6H), 2.22 (m, 2H), 1.69 (m, 2H), 1.53 (m, 2H), 1.39 (d, J = 6.3 Hz, 6H), 1.06 

(m, 2H), 0.85 (m, 2H) 

13C-NMR (100 MHz, CDCl3): δ = 153.63, 152.86, 149.00, 148.47, 141.92, 140.55, 

131.03, 130.67, 115.50, 110.86, 107.70, 106.96, 72.14, 71.94, 64.01, 57.67, 56.94, 56.62, 

56.40, 48.94, 31.57, 29.89, 26.16, 25.29, 25.06, 23.52 

MS (ESI+): calculated for [C26H36Cl2N4O8Pt]: 821.1439 [M + Na]+, found:  821.1461 [M 

+ Na]+  

IR (ATR): 2948, 2841, 1519, 1456, 1341, 1261, 1207, 1073, 1010, 876, 796, 725 cm-1 

m.p.: > 230 °C  

Synthesis of (E)-1-(4,5-dimethoxy-2-nitrophenyl)-N-isopropylmethanimine (41) 

 

To a solution of 26 (2000 mg, 12 mmol) in CH2Cl2 (4 mL) at room temperature (±)-1,2-

diaminocyclohexane (680 mg, 5.96 mmol) and 4 Å molecular sieves were added. The reaction 

mixture was stirred for 2 hours and then filtered. The resulting solution was evaporated under 

pressure. The resulting solid was purified by a recrystallization with absolute ethanol which give 

41(1861 mg, 7.38 mmol, 76 %) as a yellow solid. 

1H-NMR (400 MHz, CDCl3) δ = 8.78 (s, 1H: H-7), 7.58 (s, 1H: H-1), 7.47 (s, 1H: H-4), 

4.03 (s, 3H: H-11), 3.98 (s, 3H: H-13), 3.65 (hepta, 1H, J = 6.3 Hz: H-14), 1.28 (d, 6H, J = 6.3 

Hz: H-15,16). 

13C-NMR (100 MHz, CDCl3): δ = 154.96 (C-7), 153.44 (C-3), 150.05 (C-2), 141.89 (C-

6), 126.83 (C-5), 110.42 (C-4), 107.27 (C-1), 61.55 (C-14), 56.73 (C-11-13), 24.15 (C-15-16) 
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MS (ESI+): calculated for [C12H16N2O4]: 253.1171 [M + H]+, found:  253.1183 [M + H]+  

m.p.: 146-147 °C  

Synthesis of N-(4,5-dimethoxy-2-nitrobenzyl)propan-2-amine (40) 

 

41 (250 mg, 0.971 mmols) and sodium cyanoborohydride (153 mg, 2.43 mmols) with 

glacial acetic (4.5 mL) were stirred at room temperature for 5 minutes. After 5 minutes, MeOH 

(5 mL) were added and stirring was continued for 1 hour. The solution was evaporated at 

vacuum. A solution of potassium hydroxide was added to arrive basic pH and extracted with 

DCM. The organic phase was dried over anhydrous Na2SO4, filtered, and evaporated under 

reduced pressure to give a yellow solid. The solid was purified with flash column 

chromatography (silica gel, DCM:MeOH (9.5:0.5) + 2 % of TEA) to give 40 (244 mg, 0.879 

mmol, 99 %)as a yellow solid (244 mg, 99 %) 

1H-NMR (400 MHz, CDCl3) δ = 7.63 (s, 1H: H-1), 7.12 (s, 1H: H-4), 4.01 (s, 3H: H-7), 

3.99 (s, 3H: H-11), 3.93 (s, 3H: H-13), 2.87 (hepta, 1H, J = 6.3 Hz: H-14), 1.12 (d, 6H, J = 6.3 

Hz: H-15,16) 

13C-NMR (100 MHz, CDCl3): δ = 151.11 (C-3), 147.42 (C-2), 140.77 (C-6), 131.59 (C-

5), 112.60 (C-4), 108.00 (C-1), 56.19 (C-11,13), 48.97 (C-7), 48.54 (C-14), 22.86 (C-15,16) 

MS (ESI+): calculated for [C12H16N2O4]: 255.1344 [M + H]+, found:  255.1339 [M + H]+  

m.p.: 66-68 °C  

Synthesis of LiYF4; Yb; Tm nanoparticles3 

LiYF4;Yb3+;Tm3+ UCNPs were synthesized via thermal decomposition, which was 

comprised of a two-step process. In the first step, a mixture of water/trifluoroacetic acid (1:1) 

(10 mL), was added to a 2-neck round-bottom flask containing Tm2O3 (0.0024 g, 6.25 x 10-6 

mol, 0.5 mol% Tm3+), Yb2O3 (0.1232 g, 3.13 x 10-4 mol, 2.5 mol% Yb3+) and Y2O3 (0.2103 g, 

9.31 x 10-4 mol). The cloudy solution was heated (80 ºC) under reflux until it was clear. The 

resulting solution was then dried at 60 ºC for 5 hours to form the trifluoroacetate lanthanide 

precursor, then the solvent was evaporated under pressure. In the second step, LiCOOCH3 · 2 
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H2O (0.160 g, 0.016 mols) was added to the dried precursor Ln(CF3COO)3 (655 mg), with oleic 

acid (10 mL) and 1-octadecene (10 mL) and the mixture was degassed for 30 minutes at 120 

ºC. The temperature was increased at a rate of 10 ºC·min-1 to 315 ºC. The reaction mixture was 

maintained at 315 ºC under stirring for 1 hour. After cooling to room temperature absolute 

ethanol was added to the reaction mixture to precipitate the LiYF4; Yb3+; Tm3+ UCNPs, which 

were subsequently isolated via centrifugation (3000 rpm, 15 minutes). The pellet was washed 

with a 1:3 hexane/ethanol mixture twice to remove any impurities.  

Synthesis of m-PEG-COOH4 

 

m-PEG-OH (2.000 g, 1 mmol), KOH (1.408 g, 25.1 mmol), KMnO4 (0.553 g, 3.5 mmol) 

were dissolved in 15 mL of water. The reaction was stirred overnight. The resulting brown 

suspension (MnO) was filtered over celite and concentrated HCl (37 %) was added to the filtrate 

until acidic pH. The product was extracted into CH2Cl2 followed by drying with anhydrous 

Na2SO4. The organic phase was evaporated under pressure. 

Thereafter, CH2Cl2 was added until all the solid was dissolved, then Et2O was added 

until the solution became turbid. The solution was stored in the freezer overnight and the white 

precipitate was filtered, washed with cold diethyl ether, and dried under high vacuum (1.936 g, 

0.96 mmol, 96%) 

1H-NMR (360 MHz, CDCl3) δ = 4.14 (s, 2 H: Hc), 3.64 (s, 176 H: Hb), 3.38 (s, 1 H: Hc) 

Synthesis of mPEG-ODA1 

 

To a solution of mPEG-COOH (1008 mg, 0.540 mmols) in 3 mL of DCM were added 

Et3N (0.098 mL, 0.972 mmols), HOBt (73 mg, 0.540 mmols) and HBTU (205 mg, 0.540 mmols). 

The mixture was stirred for 1 h at 0 ºC. Subsequently, ODA (146 mg, 0.540 mmols) was added, 

and the reaction was transferred to room temperature and kept for 20 h. When the reaction was 

completed, the mixture was extracted with Brine and the organic phase was dried with 

anhydrous Na2SO4 and evaporate under reduced pressure. The crude product was purified by 

chromatography (silica gel, DCM/MeOH, 9:1) to give a yellowish solid. The resulting solid was 
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recrystallized at low temperature from DCM/Et2O to yield mPEG-ODA (544 mg, 0.25 mmol, 

yield 44 %). 

1H-NMR (400 MHz, CDCl3): δ = 3.97 (s, 2H: Hc), 3.85-3.43 (m, 176 H: Hb), 3.38 (s, 3H: 

Ha), 3.26 (dd, J = 13.71, J = 6.62, 2H: Hd), 1.51 (m, 2H: He), 1.26 (m, 30 H: Hf), 0.87 (t, J = 6.67 

Hz, 3H: Hg) 

13C-NMR (100 MHz, CDCl3): δ = 169.76 (Cd), 77.48-70.29 (Cb,c), 59.06 (Ca), 38.95 (Ce), 

31.95 (Cf), 29.72 – 22.71 (Cg), 14.96 (Ch) 

Preparation of UCNPs/m-PEG-ODA 

mPEG-ODA (110 mg) was mixed with UCNPs (20 mg) in CHCl3 (1 mL). The mixture 

was sonicated for 5 minutes. After this time, 6 mL of water was added to the mixture and 

sonicated for 3 hours to evaporated CHCl3.  

After that, the solution was added to a falcon and centrifuged at 4000 rpm for 2 hours, 

excess mPEG-ODA in supernatant was removed. The nanoparticles were re-dispersed with 

water and filtered through a 0.45 μm syringe filter to remove large aggregates. 

Then, the solvent was removed by evaporation at vacuum or by freezer – dying. 

Synthesis of C1/UCNPs/mPEG-ODA 

mPEG-ODA (110 mg), of C1 (10 mg) and UCNPs (20 mg) were mixed in CHCl3 (2 mL). 

The mixture was sonicated for 5 min and then THF (1 mL) was added to the solution.  After 5 

min of sonification, water (6 mL) was added to the mixture and the resulting mixture was 

sonicated for 3 h to evaporate CHCl3 and THF, keeping the water bath of the sonicator below 

50 ºC. 

After that, the solution was transferred to a falcon tube and centrifuged at 4000 rpm for 

2 h, where excess mPEG-ODA in supernatant was removed. The nanoparticles were re-

dispersed in water and filtered through a 0.45 μm syringe filter to remove large aggregates. 

Then, the solvent was removed by evaporation by freezer-–dying overnight. 

Synthesis of C2/UCNPs/mPEG-ODA 

mPEG-ODA (110 mg), C2 (11 mg) and UCNPs (20 mg) were mixed in CHCl3 (2 mL). 

Then the mixture was sonicated for 5 min. After this time, water (6 mL) was added to the mixture 

and the resulting mixture was sonicated for 3 h to evaporate CHCl3, keeping the water bath 

below 50 ºC. 
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After that, the solution was added to a falcon tube and centrifuged at 4000 rpm for 2 h, 

excess mPEG-ODA in supernatant was removed. The nanoparticles were re-dispersed in water 

and filtered through a 0.45 μm syringe filter to remove large aggregates. 

Then, the solvent was removed by freezer–drying overnight. 

Pt (II)-release experiment 

 Pt(II)/UCNPs/mPEG-ODA (80 μg Pt(II)) were diluted in 2 mL of PBS solution. This 

solution was introduced in a cuvette dialysis with holes surrounded by a dialysis bag (6 KDa). 

The cuvette was placed in 65 mL of PBS bath already heated at 37 °C. In this experiment it 

was irradiated above the cuvette (dark, UV-light and NIR-light), where 1 mL aliquots were 

collected from the PBS bath at different times and replaced with the same volume of PBS.  

The aliquots were analysed by ICP-MS, these samples were diluted with HCl 1 % (v/v) 

and HNO3 1 % (v/v). 

Photoreaction monitorization 

Each compound (L1, L2, C1 and C2) was irradiated at λexc = 365 nm and 3 mW/cm2. 

UV-vis absorption measurements of the photoreaction were conducted in 1.0 10-5 M solutions 

in DMF and ACN until no more spectral changes were observed. Additional analyses of the 

photoreaction were performed by 1H NMR for 0.01 M solutions in CD3CN and DMF-d7 until the 

reagent peaks disappeared.On the other hand, the studies of the photodegradation by NMR 

were done at 0.01 M in CD3CN and DMF-d7 until the reagent picks disappear. 

Photodegradation quantum yields 

The photoreaction quantum yields in acetonitrile were determined by monitoring UV-vis 

absorbance changes at different irradiation times at λexc = 355 nm (3rd harmonic of a Nd:YAG 

pulsed laser, Brilliant, Quantel). Measurements were done relative to the reference compound 

1,2-bis(2-methyl-5-trifluoroactylthien-3-yl)cyclopentene (DTE-(COCF3)2) (Φo-c = 0.37 in 

toluene).5 To this data, equations 6.1 and 6.2 were applied as described6 to obtain the �ph 

values for L1, L2, C1 and C2. 

% & '()()*+ � ,- .�.*�/01232
/01232 422

2*  (Eq 6.1) 

Where:  

, � 5678 9 :* 9 ;) 9 0  (Eq. 6.2) 
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In these equations, cR is the concentration of the starting material (R) at different irradiation 

times t, I0 is the incident light intensity, b is the cell path length, and Abstot and ɛR are the total 

absorbance and molar absorptivity of R at the irradiation wavelength, respectively. 

Cell Viability Assays with A375 cell line 

Human melanoma cell line A375 was routinely maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS), 2 mM L-glutamine, 1 % 

pen/strep (100 U/mL penicillin, 100 μg/mL streptomycin) and 2.5 μg/mL fungizone. Cells were 

cultured at 37 °C with 5 % CO2 and confluence and morphology were frequently monitored. 

Cells were subculture at 75-80 % confluence. 

Stock solutions were freshly prepared in DMF for L1, L2, C1, C2. To prepare L1 IR, L2 
IR, C1 IR and C2 IR stocks, half of volume of stock of each compound (L1, L2, C1, C2) was 

taken and irradiated with UV lamp at 365 nm for 2 hours. Each stock solutions were diluted in 

the culture medium for working concentrations (maximum 0.2 % DMF in biological 

experiments). 

A375 cells were seeded in 96-well plates at 40000 cells/mL for 24 h of exposure. After 

24 h, medium was replaced with fresh medium (100 μL) containing: (i) L1 and L1 IR (0, 25, 50, 

100, 125, 150 μM), (ii) L2 and L2 IR (0, 5, 10, 25, 50, 75, 100 μM), (iii) C1 and C1 IR (0, 0.5, 1, 

2.5, 5, 7.5, 10, 20 μM), (iv) C2 and C2 IR (0, 0.5, 1, 2.5, 5, 7.5, 10, 20 μM) and incubate for 24 

hours more. 

At the end of the incubation time, the wells were emptied, and fresh medium (100 μL) 

was placed in each well. After that, 50 μL of MTT (1 mg/mL in PBS) was added to each well 

and incubated for 4 h at 37 °C in a 5% CO2 humified atmosphere. Thereafter, the culture 

medium with MTT was removed and replaced by 150 μL of DMSO to dissolve the formazan 

crystals. The absorbance was measured with a plate reader (Synergy HT Multi-Mode, BioTek, 

Winoski, VT) at 570 nm with blank corrections. 

Stock solutions were freshly prepared in water for C1/UCNPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA. Each stock solution was diluted in the culture medium for working 

concentrations. 

In vitro cytotoxicity of C1/UCNPs/mPEG-ODA and C2/UCNPs/mPEG-ODA were 

assayed against A375 cancer cells. A375 cells were seeded in 96-well plate with a density of 

40000 cells/mL and cultured at 5 % CO2 at 37 °C for 24 h. Then, the medium was replaced with 

fresh medium containing C1/UCNPs/mPEG-ODA (0, 0.5, 5 μM of Pt(II)) or C2/UCNPs/mPEG-

ODA (0, 2.5, 7.5 μM of Pt(II)) and incubated for 2 h. After the incubation time, the supernatant 
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was removed to discard what has not been internalised and new medium was added. 

Subsequently, it was irradiated at 980 nm with a power intensity of 4.5 W/cm2 for 60 min (1 min 

of irradiation after 2 min break). Then the cells were incubated for another 24 h. At the end, the 

medium was renewed again, and the cells were treated with MTT protocol. 

Cell Viability Assays with HCT-116 cell line 

Human coloreactal carcinoma cells (HCT-116) were obtained from American Type 

Culture Collection (ATCC, Manassas, VA, USA). HCT-116 cells were routinely cultured in 

Dulbecco’s modified eagle medium (DMEM, Invitrogent) containing 10 % heat-inactivated fetal 

bovine serum and 1 % antibiotic-antimycotic solution at 37 ºC in a humidified 10 % CO2
 

atmosphere. 

Stock solutions were freshly prepared in DMF for L1, L2, C1, C2. To prepare L1 IR, L2 
IR, C1 IR and C2 IR stocks, half of volume of stock of each compound (L1, L2, C1, C2) was 

taken and irradiated with UV lamp at 365 nm for 2 hours. Each stock solutions were diluted in 

the culture medium for working concentrations (maximum 0.2 % DMF in biological 

experiments). 

Stock solutions were freshly prepared in water for C1/UCNPs/mPEG-ODA and 

C2/UCNPs/mPEG-ODA. Each stock solution was diluted in the culture medium for working 

concentrations. 

HCT-116 cells were plated in 96-well plates at a density of 5 x 103 cells/well in 100 μL 

of culture medium and were allowed to grown overnight. After this time, cells were treated with 

different concentrations of each sample (0, 1, 2, 5, 10, 20, 50, 100, 200 μM) during 24 h and 

then 10 μL of PrestoBlue reagent was added following the standard protocol.7 The fluorescence 

was measured exciting at 531 nm (emission at 572 nm) using Victor3 multiwell microplate 

reader (Perkin Elmer). The relative cell viability (%) for each sample related to the control cells 

without treatment was calculated. Each sample was tested in triplicate. 
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Figure A1: 1H-NMR (400 MHz, CDCl3) of 28

Figure A2: 13C-NMR (100 MHz, CDCl3) of 28
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Figure A3: ESI-HRMS spectrum of 5

Figure A4: 1H-NMR (400 MHz, CDCl3) of L1
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Figure A5: 13C-NMR (100 MHz, CDCl3) of L1

Figure A6: ESI-HRMS spectrum of L1
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Figure A7: 1H-NMR (400 MHz, CDCl3) of the photoproduct obtained when L1 is irradiated with UV light 

 

 

Figure A8: ESI-HRMS spectrum of photodegradation of L1 after irradiating during 50 min at 365 nm 
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Figure A9: ESI-HRMS spectrum of photodegradation of L1 after irradiating during 110 min at 365 nm

Figure A10: 1H-NMR (400 MHz, DMF-d7) of C1
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Figure A11: 13C-NMR (100 MHz, DMF-d7) of C1
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Figure A12: ESI-HRMS spectrum of C1

Figure A13: ESI-HRMS spectrum of C1 IR
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Figure A14: 1H-NMR (250 MHz, CDCl3) of 29

Figure A15: 1H-NMR (250 MHz, CDCl3) of 30

Figure A16: 1H-NMR (250 MHz, CDCl3) of possible diastereomers that can be obtained when reacting compound 

30 with (±)-trans-DACH in presence of DMPU to form L1.
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Figure A.17: 1H-NMR (360 MHz, CDCl3) of a mixture of diastereomers of product 33 when reacted 31 with (±)-

trans-DACH in presence of Ti(OiPr) 4

Figure A18: 1H-NMR (360 MHz, CDCl3) of 28
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Figure A19: 1H-NMR (360 MHz, CDCl3) of 33

Figure A20: 13C-NMR (100 MHz, CDCl3) of 33
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Figure A21: ESI-HRMS spectrum of 33

Figure A22: 1H-NMR (360 MHz, CDCl3) of L2
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Figure A23: 13C-NMR (100 MHz, CDCl3) of L2

Figure A24: ESI-HRMS spectrum of L2
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Figure A25: ESI-HRMS spectrum of L2 IR

Figure A26: 1H-NMR (400 MHz, CDCl3) of C2
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Figure A27: 13C-NMR (100 MHz, CDCl3) of C2

Figure A28: ESI-HRMS spectrum of C2
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Figure A29: ESI-HRMS spectrum of C2

Figure A30: 1H-NMR (400 MHz, CDCl3) of 41
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Figure A31: 13C-NMR (100 MHz, CDCl3) of 41

Figure A32: ESI-HRMS spectrum of 41
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Figure A33: 1H-NMR (400 MHz, CDCl3) of 40

Figure A34: 13C-NMR (100 MHz, CDCl3) of 40
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Figure A35: ESI-HRMS spectrum of 40 

 

Figure A36: ESI-HRMS spectrum of 40 after irradiating for 80 min at 365 nm. 
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Figure A37: ESI-HRMS spectrum of 40 after irradiating for 210 min at 365 nm.
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Figure A38: 1H-NMR (360 MHz, CDCl3) of mPEG-COOH

Figure A39: 1H-NMR (360 MHz, CDCl3) of mPEG-COOH

Figure A40: 13C-NMR (100 MHz, CDCl3) of mPEG-COOH
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Fig A41: Energy level diagram of ETU between Yb3+ and Tm3+ 

 

 

Figure A42: Assembly for the second step of LiYF4;Yb3+;Tm3+ synthesis 
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Figure A43: DLS of the platforms Pt(II)/UCNPs/mPEG-ODA synthesised 

 

 

 

 

 

Table A.1: Evaluation of Pt(II) released at different times for each platform under different conditions: in the dark, 

under UV and NIR light irradiation 

 
% Pt(II) released of C1/UCNPs/mPEG-ODA % Pt(II) released C2/UCNPs/mPEG-ODA 

Test 1 Test 2 Test 1 Test 2 

Time (min) Dark UV NIR Dark UV NIR Dark UV NIR Dark UV NIR 

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

15 -0,12 12,25 33,83 34,68 59,37 38,64 2,58 17,20 39,29 14,58 61,50 54,82 

30 -0,05 40,35 41,82 38,56 63,95 42,85 4,43 31,35 45,53 22,99 63,57 56,66 

60 0,59 62,23 44,64 42,09 69,53 52,18 5,93 45,60 51,20 31,51 69,95 62,35 

90 1,06 63,82 56,45 46,33 71,50 53,93 18,60 53,16 51,82 32,87 70,83 63,13 

120 1,46 76,25 72,61 49,16 76,74 55,01 25,89 53,11 47,18 34,55 76,60 68,27 

180 2,44 72,35 70,22 50,81 78,85 61,46 30,07 54,16 55,88 38,15 77,19 68,80 

240 3,58 70,24 69,38 53,67 86,18 64,82 31,62 56,08 54,62 39,67 83,48 74,41 

360 23,91 75,42 70,57 55,62 92,42 80,32 25,32 55,21 51,36 39,82 94,39 84,13 

480 34,51 69,27 67,50 56,06 93,13 83,53 25,56 54,21 49,23 41,43 96,39 85,91 

1440 30,85 75,05 61,07 57,10 94,88 85,97 29,51 52,96 53,05 48,16 96,75 86,23 
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