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Foreword 

With 8.8 million deaths in 2014, and 14 million new cases every year, cancer is a family 

of diseases defined by the fast and abnormal cell growth in a tissue then in the body. Cancer is 

the second cause of death in the world after cardiovascular diseases. The number of new cases 

is accentuated every year,[1] making it one of the biggest public health problem. Cancer occurs 

due to different reasons. Age is a primary point but external factors like life habits (tobacco, 

alcohol, lack of physical activity, bad nutrition, irradiation, …), infections (virus, hepatitis) or 

internal factors (hereditary mutations, hormones, trouble in the immune system) also play an 

important part in the diagnosis of cancer. Despite the latest technology advances in this field, 

many barriers such as cost, accessibility, efficiency or specificity are still concerns for many 

researches in order to obtain improvements in treatments and detections.  

From this observation, a collaboration between Hong Kong Baptist University (Dr. Gary Ka-

Leung Wong) and Laboratoire d'Ingénierie Moléculaire Appliquée à l'Analyse (LIMAA - Dr. 

Loïc Charbonnière) funded by the Alsace region have been initiated through a first joint PhD 

program to synthesize new probes for sensing, imaging, and inhibiting cancer diseases. To 

introduce this thesis and the subject, the following introduction will address firstly the 

composition of a cell, the mechanisms of cellular uptake and the formation of tumors to show 

differences between healthy cells and cancer cells for a specific detection and treatment. Then 

the different current techniques of imaging and treatment will be presented to explain their 

principles, their advantages and their disadvantages. From these technical explanations, 

lanthanides will be defined through their electronic, magnetic and spectroscopic properties as 

well as their applications in bio-imaging to demonstrate their power in different fields. Finally, 

the scope of this thesis will be detailed to introduce realized works during this thesis. 



 

 

 
  



 

 

 
 
 
 
 
 

Chapter I 
Introduction: Detection, Imaging, and 

treatment of cancer 
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I. Healthy cells and cancer cells 

1. 1. Definition and composition of a cell 

 
A cell is a functional and a structural element for tissues and organs of living organisms. 

This unit can be replicated and is consisted of DNA, cytoplasm, membranes, organites and 

biomolecules[2]. Eukaryotic and prokaryotic cells can be differentiated by the presence of a 

nucleus in eukaryotic cells but not in prokaryotic ones (Figure 1). Except for bacteria and 

archaea (unicellular), other living organisms (human, animals, plants) are eukaryotic. These 

cells are distinguished by their compartmentalization. A wide range of biomarkers have been 

developed for studying cellular functions [3][4].  

 

Figure 1: Structure of eukaryotic cell. 

 
All cells have a biological membrane that envelops the cell which allows to regulate the 

movement for the retention of the electric potential. The membrane is a double layer of 

phospholipids containing protein molecules and receptor proteins to communicate with 

signaling molecules such as hormones (Figure 2).  
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Figure 2: Structure of cell membrane.[5] 

 
Microfilaments, microtubules, intermediate filaments compose the eukaryotic cytoskeleton. 

They organize the cell and are important for the cellular uptake and the cell division. The 

centrosome is the cytoskeleton organizer because it produces microtubules, allows the transport 

between the endoplasmic reticulum and the Golgi apparatus and forms the mitotic spindle 

during the cell division by the separation of two centrioles. 

The cell nucleus is the heart of the cell because it contains genetic information (DNA) and the 

nucleolus, a place of transcription and replication of DNA. 

Endoplasmic reticulum is the extension of the nuclear membrane. It provides biosynthesis and 

transport of molecules for specific transformations and destinations, unlike unlabeled 

molecules, which are released in the cytoplasm. There are two endoplasmic reticulums: rough 

endoplasmic reticulum and smooth endoplasmic reticulum. The rough one is coated with 

ribosomes which produce proteins to be secreted outside or inside the cell. The smooth one, 

without ribosomes, is involved in the production of lipids and plays a role in the release of 

calcium. Ribosomes have an important role in cells because their function is to synthesize 

proteins from messenger RNA (mRNA, a part of DNA) by linking amino acids together. 

The Golgi apparatus is easy to be recognized by its shape and flattened vesicles. This organelle 

is an intermediate between endoplasmic reticulum and plasma membrane. The Golgi apparatus 
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modifies proteins by glycosylation, sulfation, phosphorylation, after passing through 

endoplasmic reticulum. This modification is strictly controlled by the Golgi apparatus for the 

specific transport into Golgi vesicles inside or outside the cell. 

Mitochondria is the factory which produce energy for the cell. It ensures the production of ATP 

from a glucose molecule by b-oxidation, the Krebs cycle and oxidative phosphorylation. This 

cellular respiration is dependent on the presence of oxygen because a lack of oxygen can 

increase the production of acidic products in the cell by fermentation. Mitochondria involves 

in the process of programmed cell death (apoptosis) and the storage of calcium.  

Lysosomes and peroxisomes are the stomachs of the cell. Lysosomes are organelles containing 

acid hydrolases (digestive enzymes) to digest endocytosis products, food particles, worn-out 

organelles, viruses or bacteria. Peroxisomes are vital for the cell because they can catalyze fatty 

acids, amino acids and reduce reactive oxygen species like hydrogen peroxide. This organelle 

is composed of a specific membrane to protect the cell because it contains destructive enzymes. 

Vacuoles are water pockets where waste products from the cell are stocked.  

The understanding of different parts of the cell allows the design of specific drugs and markers 

for the desired target and also to increase their efficiency but the study of cellular uptake is also 

essential to effectively delivers molecules into the cell. 

 

1. 2. Cellular uptake and function in healthy cells 

 
In order to detect a specific region in the cell, markers must cross the cell membrane. 

There are usually three mechanisms of cellular uptake: Active transport, passive transport and 

vesicular transport (Table 1). [2] 



Chapter I 
 Introduction: Detection, Imaging, and treatment of cancer 

 

 8 

 

Table 1: Different mechanisms of cellular uptake. 

 
Passive transport (Figure 3), unlike active transport, doesn’t require energy to pass an 

ion or a molecule across the cell membrane. The driving force is the concentration gradient and 

it depends on the composition of the membrane proteins and lipids. There are four main 

pathways in passive transport: diffusion, osmosis, facilitated diffusion and filtration. Diffusion 

is the movement of an ion or a molecule from a higher concentration region to a lower 

concentration one which creates the concentration gradient. Osmosis is the movement of water 

molecules across the membrane but in the opposite direction to the concentration gradient. 

Facilitated diffusion uses protein channels in the cell membrane to pass species like small ions 

or some metal complexes. By hydrostatic pressure, water and solute molecules can cross the 

membrane by filtration. This passage also depends on the size of the membrane pores. 

 

 

Figure 3: Four mechanisms of passive transport. 

Membrane 
transport

Active 
transport

Primary 
active 

transport

Secondary 
active 

transport

Uniporter Synporter Antiporter

Passive 
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Endocytosis
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mediated 
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Active transport (Figure 4) is the passage of an ion or a molecule across the membrane 

against the concentration gradient. There are two possible processes. The primary active 

transport requires energy via the ATP. Enzymes that recognize this mechanism are 

transmembrane ATPases and the typical example is the sodium-potassium pump which 

maintains the cell potential. For keeping the cell potential, the Na+/K+-ATPase moves three Na+ 

ions out of the cell for two K+ ions into the cell. The secondary active transport, also called co-

transport, is used to help molecules to pass through the membrane.  

 

 

Figure 4: The mechanism of active transport (primary (A) and secondary (B)) and different 
co-transporters. 

 

This mechanism relies on the electrochemical potential difference created by the pumps from 

the primary active transport of the cell. One by one, ions and/or molecules can move out or 

move into the cell and the passage is distinguished by three co-transporters: uniporter, 

symporter and antiporter. [2]  

The least understood mechanism of the membrane transport is the vesicular transport. 

This transport has different specific mechanisms and it can be an excellent way for drugs or 

large molecules to cross the membrane. The two main processes of vesicular transport, allowing 

the transport of molecules in and out of the cell, are endocytosis and exocytosis.[6]  

Endocytosis is an internalization mechanism of eukaryotic cells, unlike exocytosis, which is 

excreting species with vesicles into the plasma membrane. The cell membrane modifies and 

encircles a volume of extracellular fluid containing molecules to form vesicles and deliver them 
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in the cytoplasm. There are three major categories of endocytosis: receptor-mediated 

endocytosis (clathrins and caveolaes), macropinocytosis and phagocytosis (Figure 5). The 

main difference between macropinocytosis and phagocytosis, is the size of particles for 

internalization. For macropinocytosis, the uptake is possible for any small particles (d<0.2 

µm)[7] while phagocytosis involves large molecules (d>0.5 µm).  

Macropinocytosis, also called cell drinking, is non-specific and absorbs small quantities of 

extracellular fluid including solutes to pass in cytosol. Followed by a fusion with endosomes, 

the medium of vesicles (early endosomes) becomes more acidic through H+ pumps V-ATPase. 

This phase allows to sort molecules and to mature in late endosomes. The last step is the fusion 

between late endosomes and lysosomes for starting the digestion of absorbed molecules.[8] 

 

 

Figure 5: Mechanisms of endocytosis. 

 
Receptor-mediated endocytosis is composed of two categories: clathrin-mediated endocytosis[9] 

and caveolae-mediated endocytosis.[10] These two mechanisms are specifically bound to signal 

vesicular formation and transport molecules to other areas of the cell, such as Golgi apparatus 

or endoplasmic reticulum, where it is difficult to be accessed by endocytosis.  The clathrin-

mediated endocytosis is possible only at specific regions of the cell membrane called “coated 

pits” where these areas are filled with receptors, clathrins and AP-2 proteins. Proteins allowed 
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to internalize species (transferrin, antibodies, growth factors, …) easily and to form clathrin-

coated vesicles. Inside the cell, the vesicles fused with early endosomes have the effect of 

separating the membrane proteins and reforming new pits. On the other hand, the caveolae-

mediated endocytosis is due to the presence of caveolaes[11], which are flask-shaped 

invaginations in the cell membrane. They are rich in proteins, lipids such as cholesterol, and 

internalize ligands by pinocytosis. This mechanism leads to the transportation of small 

molecules through a released vesicle, also called caveosome. This endosomal compartment 

doesn’t have early endosomal markers, but has a neutral pH and it can deliver contents to 

various locations in the cell.  

 

Figure 6: Process of degradation of particle by a phagolysosome. 

 
Phagocytosis (Figure 6) is a cellular process where the uptake is the largest. After the cell 

binding and results in an internalization particulate matter larger than around 0.5 µm in 

diameter[12] (cell debris, apoptotic cells, …), a new intracellular pH is created and known as a 

phagosome. The fusion with lysosomes allows to form phagolysosomes which digest all 

internalized content by acidic agents (hydrolytic enzymes and reactive oxygen species).[13] The 

waste is eliminated by exocytosis and digested particles are released into the cytosol. This 

internalization is primarily intended for cells, such as macrophages and fibroblasts. 
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1. 3. Cancer cells and tumors 

 
 Throughout the cell life, the genetic heritage (DNA) is attacked by different factors or 

agents. In general, these changes in DNA are repaired by mechanisms that correct these errors 

to restore the genetic code but in the case of cancer (Figure 7), a mutation can reach and modify 

the structure of a gene responsible for the control of cell multiplication (oncogene or tumor 

suppressor gene).  

  

Figure 7: Mechanism of oncogene. 

 
From this modified cell that acquires a selective advantage, it allows to give birth to the first 

clone of abnormal cells then the multiplication of these cells continues with various mutations 

in order to get a malignant cell. It follows then the development of cancer that is a cascade of 

cellular dysfunctions called “the hallmarks of cancer” [14][15]: 

• Cancer cells stimulate their own multiplication because they have their own growth 

signals (VEGF, FGF, PDGF, TGF-b, PI3K, RAS proteins and integrins) 

• They resist to different inhibitory signals and mechanisms to stop their growth. 

• Cancer cells become immortal and can multiply indefinitely (evading apoptosis). 

• Strong stimulation for angiogenesis to answer the nutritional demand of tumors (growth 

of blood vessels). 

• Invasion of local tissue and spread to distant sites (metastasis). 
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Figure 8:  Temporal evolution of healthy cells into tumor cells and the different steps to get 
cancer cells. 

 

These anomalies correspond to the transformation of a normal cell to a cancer cell, they form a 

detectable mass and spread into the body (Figure 8). There are different cancers and each type 

of cancer has its own characteristics. They have different evolution, development and the 

treatment are also different. Metastasis is the latest stage of cancer. It is the circulation of cancer 

cells from the tumor into the blood or lymph for starting a new proliferation into other organs. 

A tumor is a disorder growth of cancer cells and has a specific environment and 

mechanism. Indeed, extracellular pH (pHe) in humans is 7.4 and the intracellular pH is 7.2. 

When there is a tumor growth, we observe a pH decrease which reaches 6.5-7 or even below 

6.[16] This pH decrease is induced by cellular dysfunction and metabolic alteration of 

glycolysis[17] (metabolic acidosis) which cause a high increase in the amount of lactate and 

carbonic acid in the periphery of the tumor (Warburg effect). [18],[19] In fact, the diseased cells 

have an increased need for oxygen and nutrients for their rapid proliferation but vascularization 

of cancerous tissue does not allow to have these needs. Under the pressure of anaerobic 

conditions, these cells promote ATP production via a mechanism which involves glycolysis 

instead of oxidative phosphorylation. In addition, due to the low lymphatic drainage of these 

tissues, different glycolysis products accumulate around the tumor and cause pHe to decrease. 

 In order to cure cellular dysfunction, there are different techniques of detection and 

many treatments to kill cancer cells.  
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II. Imaging and treatment of cancer 

2.1 Detection and imaging of cancer 

 
The detection of cancer plays an important role for successful treatment. When the first 

physical symptoms appear, treatments will be extensive or ineffective. Today, many countries 

use cancer screening campaigns involving physical examination, blood or urine tests or medical 

imaging. The earlier the detection, the easier to carry out good and specific treatment. Today, 

magnetic resonance imaging (MRI) is the most common technology in the detection of cancer. 

However, new techniques like positron emission tomography (PET) or luminescent imaging 

become the focus of many studies because they offer new possibilities of detection and the 

fusion of these technologies could compensate the weaknesses of one another and increase the 

resolution of imaging. The principle, the advantages and drawbacks of these techniques will 

briefly be presented below. 

 

2. 1. 1.   MRI: Magnetic Resonance Imaging 

 

Magnetic resonance imaging (MRI) is a technique based on the response of the protons 

spins in the body when submitted to intense magnetic fields (0.2 to 7 T). Following scans allow 

to have three planes of space (sagittal plane, coronal plane and transverse plane) and to get 

highly contrasted images with extremely good spatial resolution (approx. 1 µm - Figure 9).[20]  

 

 

Figure 9: Picture of MRI scanner and examples of MRI scans. 
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In a typical MRI scanner, the patient is submitted to two perpendicular magnetic fields 

(B0 and B1). B0 is a very intense field which orients, by precession, nuclear spins (Figure 10). 

The second field (B1) perpendicular to Bo is a pulsed field with a proper frequency (Larmor 

frequency) and results in a variation of the global magnetic moment. After each pulse, B1 

returns to zero and the system returns to its original state. This movement is the resonance of 

protons and is called relaxation. The intensity of the signal is at the origin of the MRI signal 

and depends on the concentration of protons and their relaxivity which change with 

environment.[21] 

 

Figure 10: Principle of the relaxation of MRI experiment. 

 
The major problem of MRI is the sensitivity that is poor but it can be improved by using contrast 

agents that interact with water molecules. These contrast agents are mostly based on Gd 

complexes or Fe2O3 nanoparticles.[22] These paramagnetic compounds have been developed in 

order to increase the proton relaxation speed described by F. Bloch, according to equation 1:  
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  equation 1 

 
Two relaxation times can be distinguished: the longitudinal (or spin-lattice) relaxation 

time T1 and the transverse (or spin-spin) relaxation time T2. Nevertheless, the major drawback 

of MRI with contrast agents remains the low sensitivity (approx. 1mM).[20]  
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2. 1. 2.   PET: Positron Emission Tomography 

 
Positron emission tomography (PET) is a nuclear medicine functional technique based 

on the use of a positron-emitting radionuclide. When it disintegrates, the radionuclide emits a 

positron called beta particle (b+). This particle b+ interacts with an electron in the body in an 

annihilation step which creates two gamma photons (511 keV) directed into opposite directions 

(Figure 11). The circular detector can measure energy from these radiations and three-

dimensional images with a strong sensibility (approx. 10-12 M) and a high resolution (2-4 mm) 

can be reconstituted.[23] 

 

Figure 11: Principle of Positron Emission Tomography. 

 
The major problems of PET are due to the lifetime of the radioactive tracers, the chemistry and 

time required to functionalize them and the high operating costs. The source of positron 

production are nuclear plants, cyclotrons or generators.  The cyclotron is a type of particle 

accelerator invented by Ernest O. Lawrence in 1931 and the generator is a process similar to 

ion chromatography. The firstly used radionuclides are carbon (11C), nitrogen (13N) and oxygen 
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(15O) with lifetimes of 20, 10 and 2 minutes. These elements are difficult to be used but new 

isotopes have been produced today, and the listing (Table 2) is given below:  

 
Positron-

emitting 

radionuclide 

Lifetime 
b+ energy 

(in keV) 

b+ intensity 

(in %) 

Method of 

production 

89Zr 78,4 h 902 23 
Cyclotron 

89Y(p,n)89Zr 

44Sc 3,9 h 1470 94 
Generator 
44Ti/44Sc 

86Y 14,7 h 1221 12 
Cyclotron 

86Sr(p,n)86Y 

64Cu 12,7 h 653 17 
Cyclotron 

64Ni(p,n)64Cu 

68Ga 1,13 h 1899 88 
Generator 
68Ge/68Ga 

18F 109,7 min 634 97 
Cyclotron 

18O(p,n)18F 

 
Table 2: Properties of b+ emitters for TEP imaging. 

 
 With a lifetime of 109 minutes, fluorine 18 (18F) is a radionuclide widely used for 

clinical purposes.[24] By nucleophilic or electrophilic fluorination, it is possible to introduce a 

fluoride on selected molecules.[25] The fluorodeoxyglucose (2-Deoxy-2-[18F]-fluoro-D-glucose 

or FDG – Scheme 1) composed a glucose with positron-emitting radionuclide fluorine-18 in 

C-2 position is a radiopharmaceutical classically used for medical imaging modality by positron 

emission tomography.[26] Its uptake is effected by cells that consume many glucoses not only 

in heart, lungs or brain but also by cancer cells. 
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Scheme 1: Structure of 18F-fluorodeoxyglucose. 

 

2. 1. 3.   Luminescence Microscopy 

 
Luminescence microscopy is a powerful tool used for the early diagnostic of diseases 

or in the tracking and the monitoring of treatments. This technique uses fluorescent probes 

labelled with biological entities (biomarkers) to target and to detect a specific region in living 

systems or to reveal specifically a disease in biological fluids such as urine, saliva and blood 

samples. Compared to the use of a radiopharmaceutical, fluorescent dyes are easy to use, to 

store and the toxicity of these compounds is weak. Thereby, the development of organic 

fluorophores or luminescent complexes is important and is motivated by their interesting 

spectroscopic properties. By exciting them with a specific wavelength, these compounds emit 

their own light by fluorescence or by phosphorescence.  

 

A. Definition of luminescence  

 
Luminescence is the capacity of some species to absorb energy and restore it by an emission of 

photons (ultraviolet (UV), visible or near infrared (NIR)). This phenomenon is the result of 

electronic transitions in matter when it is excited. It exists different types of luminescence 

according to the mode of excitation (Electroluminescence, bioluminescence, …)[27], among 

which luminescence, photoluminescence, composed of fluorescence and phosphorescence, is a 

particular case. When a molecule absorbs a photon, there are many pathways for it to return to 
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the ground state, such as fluorescence, nonradiative transitions, internal conversion, intersystem 

crossing followed by phosphorescence, intramolecular charge transfer and conformational 

change. If the excited molecule interacts with other molecules, new processes of de-excitation 

can occur like energy transfer and electron transfer (Figure 16). The environment play an 

important role because it allows a change in the characteristics of fluorescence (lifetime, 

spectrum shape, quantum yield) which can be used to give information. [27]   These changes are 

the key to the success of fluorescence and the use of fluorescent molecules in different 

applications.   

 

Figure 16: Different de-excitation pathways of photoexcited molecules. 

 

Molar absorption coefficient 

 
The molar absorption coefficient is the capacity of a molecule to absorb at a specific 

wavelength. From the Beer-Lambert law and with the knowledge of the concentration of 

sample, it is possible to determine molar absorption coefficients for each wavelength and to 

know the nature of energy levels and electronic transitions with absorption bands by absorption 

spectroscopy. 
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A = log ($%
$
) = ε.l.c  equation 2 

 

- I0: Incident light intensity 
- I: Transmitted intensity 
- l: Optical path length (cm) 
- c: Concentration of sample (mol. L-1) 
- ε: Molar absorption extinction (L. mol-1cm-1) 
- A: Absorbance 

 
These data are important for the study of emission properties and quantum yield.  
 
 

Lifetime 

 
When a luminescent compound is excited, the excited state is populated and the return 

to the ground state results in the emission light. This de-excitation decreases exponentially 

with time, following the law: 

 

Iem(t) = I0𝑒'(
)
*)  equation 3 

 

With 
- I0 : Intensity after excitation 
- Iem: Measured intensity at time t 
- t : Time  
- 𝜏 : Excited state lifetime 

 

 Fluorescent molecules have very short luminescent lifetimes, in the order of nanosecond 

but some systems have lifetimes reaching to millisecond or more. 

 

Quantum yield and brightness 

 
The luminescent quantum yield for a chemical species is the number of emitted photons 

per number of absorbed photons. 
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Φ = -./012	34	1/56617	89363-:	
-./012	34	;0:32017	89363-:	

  equation 4 

 

 The quantum yield is often determined by a comparison method with a known quantum 

yield. This method is to compare the emission spectrums and absorption bands. The refractive 

index of the medium (n) and the intensity of the incident beam (I°) are used in the calculation 

to get the quantum yield.[28] 

<
<=é?

= 	 A
B

A=é?
B 	× D

D=é?
× E'EFG=é?

E'EFG
× $H

I

$H=é?
I   equation 5 

 

 It is possible to simplify this equation by using the same conditions and same solvents 

for each sample, if samples are diluted (A £ 0.05) and the spectrometer is for constant excitation 

intensity (𝐼KL = constant whatever the wavelength l),[28] the quantum yield can be written as a 

function of the absorbance (A) and integration of emission intensity (S).  

 
<

<=é?
= 	 M=é?

M
	× D

D=é?
  equation 6 

 

Luminescence quantum yields can also be determined in the solid state or in solution by an 

absolute method with an integrating sphere.[29] This method described by Rohwer and Martin[30] 

allows to measure and calculate the quantum yield of solid using the following equation: 

 

𝜙 = 	 OPQRSSRIT
OUVSI=W)RIT

= 	
∫ HYZ	[$	PQ

	SUQ(K)'	$	PQ
=P?(K)\	]K

∫ HYZ	[$	P^
	=P?(K)'$	P^

=P?(K)\	]K
  Equation 7 

- Nabsorption is the number of photons absorbed by a sample 
- Nemission is the number of photons emitted from a sample 
- 𝜆 is the wavelength 
- h is Planck’s constant 
- c is the velocity of light  
- Iexsam and Eexref are the integrated intensities of the excitation light with and without a 

sample 
- Iemsam and Iemref are the photoluminescence intensities with and without a sample 
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With the luminescent quantum yield and the molar absorption coefficient, the brightness can 

be calculated by the following equation.: 

 
𝐵 = 	𝜀	 × 	𝜙  equation 8 

 
The brightness allows the comparison between luminescent systems. It is an important factor 

in fluorescence microscopy. Various organic fluorescent molecules show a high brightness 

(Figure 17) but some compounds with a bigger size (Table 3) improve this value. Thus, the 

brightness can reach values up to 106 M-1cm-1 or more with fluorescent proteins such as 

phycoerythrin and semiconducting luminescent nanoparticles (Quantum Dots).[31] 

 

 

Figure 17: Fluorescents molecules classified according to their brightness and their 
absorption wavelength (lex).[31] 
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 Spectral range Absorption 
(nm) 

Emission 
(nm) 

Brightness 
(M-1cm-1) 

Fluorescent molecules 

Fluorescein[31][32] Green 491 512 66 960 
Cyanine (Cy5)[31] Red 652 672 3600 
Cascade blue[33] Blue 400 420 19 000 

Rhodamine 6G[32] Yellow 530 558 109 040 
Bodipy[31] Green 503 512 85 540 

     

Proteins[34][35][36] 
EGFP[32] Green 484 507 33 600 

CyPet Cyan 435 477 18 000 
mTagBFP Blue 399 456 32 760 

YPet Yellow 517 530 80 080 
dTomato-Tandem Orange 554 581 95 220 

mCherry Red 587 610 16 000 
     

Complexes 
EuroTracker[37] Red 340 615 13 640 

Lumi-4-Tb[38] Green 320 545 15 818 
Rhenium complexes[39] Orange-Red 360 630 870 

Ruthenium 
complexes[39] Red 460 659 2 000 

     

Polymer Dots[40] 

 From Blue to Red 
From 350 

to 500 
From 400 

to 650 
Up to 106 

     

Quantum Dots[41][42] 

 From Green to Red 
From 330 

to 450 
From 420 

to 700 
From 105 to 

106 
     

Nanoparticles (NPs)[43] 

Carbon Dots From Blue to Red 
From 350 

to 500 
From 440 

to 700 
From 100 to 50 

000 

Up conversion NPs Green, Red and NIR 
From 780 

to 980 
From 350 

to NIR 
Weak 

Dendrimers  From UV to NIR Up to 106 
Silica NPs  From UV to NIR Up to 106 

 

Table 3: Some examples of different types of fluorescent probes with their brightness and 
their spectral range.  
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In the commerce, fluorescent molecules are the most common but their use presents 

different disadvantages. The problem encountered when using organic fluorophores is a low 

signal to noise ratio because their absorption bands and their emission spectrums are in the same 

spectral range (Figure 18) that some biological molecules present in the biological media 

(tryptophan, tyrosine, and porphyrin). In addition, fluorescent molecules can be deteriorated by 

the excitation light resulting in the photobleaching.  

 
 

Figure 18: Absorption spectrum of biological medium.[44][45]  

 

B. Emerging techniques 

 
Chromophores which emit in near infrared region (NIR) show a better signal to noise ratio 

but photobleaching still limit organic compounds in medical imaging. To overcome the problem 

of photobleaching and the background noise, technics of multiphoton excitation and time-gated 

detection are carried out in order to improve the photostability and the detection. 

 
Multiphoton excitation 

 
The multiphoton excitation (Figure 19) allows to excite the dye with ultrashort and high 

energy laser pulses (10-14 s), thereby the sample is only irradiated on a small area and for a very 

short period of time which helps reducing the photobleaching in a focal plane.[46] However, 
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compared to single photon methods, multiphoton excitation requires considerably higher laser 

intensities (about 5 - 10 times) with exact values depending on the absorption cross-section of 

the chromophore.[47] 

 

Figure 19: Comparison between one photon excitation and two photon excitation. 

 
The principal advantage of multiphoton excitation is to excite with a light from the NIR region 

of the spectrum. The wavelengths, between 710 – 820 nm, have the most effective penetration 

in biological tissues and the penetration depth of emission can increase until 10 mm. Thus, 

luminescence microscopy can be a method for in vivo experiments. With the development of 

new and cheaper laser sources, multiphoton excitation allows a new way to design new 

fluorescent probes for biological systems or sensors in the analysis of biological samples with 

UV excitation. 

 
Time-gated detection 

 
 The principle of time-gated detection (Figure 20) is to implement a delay before 

acquisition of emission of the sample after a pulsed excitation. Experimentally, a delay of the 

order of 10 – 100 ns after an excitation from pulsed excitation source is necessary to reduce all 

background intensities. By using chromophores with a long excited state lifetime (milliseconds 

and seconds), this detection allows the elimination of the background of the biological 

environment, in order to keep a high intensity of emission of the probe sample and to 

significantly enhance the signal to noise and signal to background intensity ratios.[48]  
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Figure 20: Principle of time gated detection. 

 

C. FRET 

 
FRET (Förster resonance energy transfer)[49] refers to the non-radiative transfer of 

energy between an energy donor (D) and an energy acceptor (A) when the two molecules are 

spatially close (< 10 nm), possess adequate spectroscopic properties and have electronic 

transitions correctly oriented ( ¹ 90°). Therefore, when the donor D is excited and when the 

emission spectrum of D overlap the absorption spectrum of acceptor A, there can be energy 

transfer, which induces the emission of acceptor A. In this case, the mechanism of energy 

transfer is irreversible and the emission of donor D is switched off (Figure 21). 

 
Figure 21: Mechanism of FRET from spectroscopic spectrums (at left) and from the 

Jablonski diagram.[50] 
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The mechanism of energy transfer between the donor and the acceptor involves dipole-dipole 

interactions between the excited state of the donor D and the ground state of the acceptor A 

described by the physicist Theodore Förster.  The distance between the acceptor and the donor 

is the main parameter of the quality of the transfer. The rate of energy transfer (kT) decreases 

rapidly with increasing distance R due to the relationship as shown in the equation below:  

 

𝑘c = 	
dFFF(eAEF)kBFfg
EhijkAlOGmtfno

  equation 9	

 
 

n, tD, k2, FD, and 𝐽 are the refractive index of the medium, the luminescence lifetime of the 

energy donor in absence of A, the dipole orientation factor, the quantum yield of the donor in 

absence of A and the overlap integral between the emission spectrum of the donor and the 

absorption spectrum of the acceptor, respectively. The dipole orientation factor (k2) depends on 

the relative orientation of the dipole moments associated with the excitation of the two 

chromophores (Figure 22). 

 

kh = (cos θu −	3cos θx cos θy)h  equation 10 

 

qT is the angle between the dipole moment of donor and the dipole moment of acceptor. qD and 

qA are the angles between the vector connecting donor and acceptor and their dipole moments.  

 
Figure 22: Representation of qA, qD and qT. 
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k2 is equal to 4 when dipole moments are in the same direction and k2 is equal to 0 when dipole 

moment are perpendicular. When luminophores are spherical, k2 is averaged to 2/3.[51] 

 
The overlap integral 𝐽 can be calculated by the following equation: 

 

𝐽 = 	 ∫zf(K){G(K)K
|l ]K

∫zf(K) ]K
  equation 11 

 
FD (l) and eA (l) are the normalized luminescence intensity of the energy donor at wavelength 

l and molar absorption coefficient of acceptor at wavelength l (nm).  

The Förster distance is an important parameter because it represents the distance where 

the efficiency of energy transfer is 50%. To calculate the value R0, the equation involves the 

quantum yield of the donor and the overlap integral: 

 
𝑅F = 0.211	 ×	[Kh𝑛'�Φx𝐽]E/�  equation 12 

 
From R0 and R, the transfer efficiency (E) from the donor to the acceptor can be 

calculated: 

𝐸 = 	 n%o

n%o�	no
  equation 13 

 
 The mechanism of FRET is widely used in immunoassays with antibodies [52,53] and in 

vivo, for detecting the interaction between proteins or obtaining information about membrane 

proteins.[54][55][56] 

 

2.2 Treatment of cancer 

 
The treatments depend on the type, location and grade of the cancer. The most known 

treatment is the traditional chemotherapy using cytotoxic anti-neoplastic drugs.[57] These 



Chapter I 
 Introduction: Detection, Imaging, and treatment of cancer 

 

 29 

molecules kill the cells that divide rapidly like cancer cells but might also kill many normal 

cells because this treatment is non-specific. Therefore, patients have many side effects like hair 

loss or vomiting. In recent years, a new form of chemotherapy, targeted therapy, appears. This 

treatment allows to distinguish with more precisely normal cells from cancer cells and is 

suitable for many cancers (breast, prostate, melanoma).  Two other techniques of 

complementary treatment to chemotherapy are surgery and radiation. The surgery removes the 

entire or a part of the tumor and this mass is diagnosed (biopsies) for a final diagnostic. The 

radiation therapy allows to kill the tumor with X-rays (ionizing radiation) when it’s possible. 

Since 1997, immunotherapy is a new therapy for stimulating the immune system against the 

cancer cells.[58] On the surface of cancer cells, tumor-associated antigens (TAAs) can be 

detected specifically by the immune system and antibodies. Therefore, immunotherapy allows 

to stimulate or help the immune system to kill cancer cells from these antigens.  

In this part, Pt(II) complexes and PDT agents with porphyrins will be developed to 

explain the importance of chemical compounds and their design in the treatment of cancer. 

 
2. 2. 1.   Platinum complexes 

 
The most famous Pt(II) complex in the treatment of cancer is the cisplatin. This drug 

has been the first molecule to be approved as a combination therapy in cancer and have been 

the basis that triggered the search for alternative metallic compounds to improve anticancer and 

pharmacokinetic properties.[59] From this structure, different derivatives have been synthetized 

and commercialized like carboplatin, oxaliplatin or nedaplatin (Scheme 2). These products 

have a structure and a cis geometry that allow to block cell growth. The presence of least one 

N-H group in complexes adduces important hydrogen-bond donor properties in order to bind 

to the DNA after cellular uptake and to induce the apoptosis. However, these drugs cause 

serious side effects for patients and new products with other metals (Fe, Ru, Au, Ag)[60][61] or 
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new strategies of specific delivery (nanoparticles) are at the heart of the search to find better 

anticancer agents.[62]  

 

Scheme 2: Representation of porphyrin and different functionalize positions. 

 

2. 2. 2.   The use of porphyrins in photodynamic therapy 

  
Photodynamic therapy (PDT) is a medical treatment involving light source and a 

chemical substance to kill cancer cells. Porphyrins are widely used in photodynamic therapy 

(PDT) because they fulfil all necessary criteria to produce singlet oxygen generation and 

Reactive oxygen species (ROS): superoxide radical (•Oh'), hydroxyl radical (•OH), hydrogen 

peroxide (H2O2) and singlet oxygen 1O2. 

 

A. Structure 

 
Porphyrins have unique properties in terms of structure (heterocyclic macrocycle), 

color, coordination and emission. They are present in biological molecules like hemoglobin or 

chlorophyll.[63]  

The structure of porphyrins is composed of four pyrrole units linked by four methane 

bridges. They have twelve functionalize positions where eight of them are in b-pyrrole positions 

and four in meso positions (Scheme 3). Porphyrins are aromatic macrocycles and their highly 

conjugated p-electron system is composed of eighteen electrons. These electrons are the key 

characteristic spectroscopic properties of porphyrins. 
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Scheme 3: Representation of porphyrin and different functionalize positions. 

 
With four nitrogen atoms in the heart of porphyrins, they offer a large possibility of 

coordination with metals or ions (Mn(II), Cu(II), Zn(II), Cd(II), Pb(II), Hg(II), Fe(II), Ga(III), 

Ln(III) …). After deprotanation, the porphyrin can be a dianionic tetradentate ligand and the 

cavity is large enough to keep a metal inside (Scheme 4). Yet, the porphyrin can change its 

conformation if the metal is too big in the form of cone so that it can host the metal above the 

macrocyclic structure.[64] 

 

Scheme 4: Localization of metal in the cavity of the porphyrin. 
- At left: DFT model of vitamin B12 (Co(II) inside the porphyrin). 

- At right: DFT model of Ytterbium complex[65] (Yb(III) above the porphyrin). 
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B. Spectroscopic properties 

 
Absorption bands of the porphyrin (Figure 23) are caused by p-p* transitions and the 

absorption spectra consists of two parts[66][67]: 

- Soret band (»420nm): the intense absorption band which represents the transition S0 ® 

S2.  

- Q bands (between 500-700 nm): correspond to transitions S0 ® S1. They have four bands 

for free ligands and when porphyrin is coordinated with any metal, the Q bands are 

composed two bands. This change is due to more symmetrical situation than in the free 

porphyrin and this produces a simplification of Q bands pattern.[67]  

 

Figure 23: Typical absorption spectra of porphyrin. 

 

C. Photochemical mechanism 

 
The mechanism to generate singlet oxygen (Figure 24) depends on the energy levels of 

photosensitizers. The first step is the absorption of photons by the porphyrin that represents the 

process of S0 ground state to S1 and S2 excited states. Then, the S1 excited state after internal 

conversion populates the T1 triplet state by intersystem crossing followed by the return to the 

ground state via porphyrin phosphorescence. In this case, the lifetime of T1 triplet is long and 

can interact with oxygen molecules or biological substrates that are close to the porphyrin. 

Thus, the T1 triplet state can generate by two types of photoprocess. The type I process transfers 
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an electron or hydrogens to form superoxide or radicals and the type II process to change 

oxygen 3O2 in singlet oxygen 1O2. These products cause the death of cells by necrosis ( or 

apoptosis because they initiate reactions with biomolecules (proteins, cholesterol, nucleic acid 

bases) which cause damage and destruction in cellular membranes and enzyme deactivation.[68]  

 

 

Figure 24: Jablonski diagram detailing the mechanism of singlet oxygen generation. [68][69] 

 
 The chemistry of porphyrins is important to design and synthetize new compounds for 

the detection and the treatment of cancer. In literature, some examples show complexes of 

porphyrins with lanthanides (see paragraph 3.5, 3.7 and 3.8) or radioactive metals for PET 

imaging.[70]  

 

III. Applications of lanthanides in bio-imaging 

3.1 Definition  

 
Lanthanides are the chemical elements having the atomic number Z from 57 

(lanthanum) to 71 (lutetium). They are the elements of f block and with yttrium and scandium, 
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they are regarded as part of the « rare earths » (Figure 25).  One of the characteristics of 

lanthanides is that the atomic radius and ionic radius decreases with increasing atomic 

number.[71] 

 
Figure 25: Periodic table. 

 
The first lanthanide was discovered in Yttterby, a village in Sweden by Lieutenant Carl 

Axel Arrhenius in 1787. In the form of black mineral called gadolinite, it is Pr. Gadolin who 

have isolated the yttrium oxide. In 19th century, other lanthanides have been discovered and the 

exact number of lanthanides have been known from the use of X-ray crystallography. “Rare 

earth” is named due to the difficulty in separating lanthanides from minerals and not of their 

abundance because Earth’s crust contains a large quantity.[71] 

Today, lanthanides are mainly used as catalysts, magnets (superconductors), and present 

in batteries and in optical lasers and fibers but their specific properties have attracted a lot of 

researchers in life science and in the medical areas. 

 

3.2 Electronic, magnetic, spectroscopic properties 

3. 2. 1.   Electronic properties 
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The family of lanthanides are chemical elements corresponding to the filling of the 4ƒ 

shell.[72] The general electron configuration is: 

 

[Xe]6sh5dE4f-									0 ≤ n ≤ 14 

 
4ƒ orbitals are closer to nucleus than 5d and 6s orbitals which are already full. These 4ƒ 

electrons are not influenced or any slightly by the environment because they are protected by 

outer shells. When the atomic number increases, the charge of the nucleus also increases which 

cause a strong interaction between electrons. This phenomenon is called “lanthanide 

contraction”. Lanthanides easily lose three electrons and become trivalent ions Ln(III). This is 

the most stable and the most common configuration in the chemistry of coordination of these 

ions in solution. The 4ƒ electrons of lanthanides are the source of optical and magnetic 

properties.  

 

3. 2. 2.   Magnetic properties 

 
All lanthanides, except lutetium and lanthanum, are highly paramagnetic because 4ƒ 

electrons are single or partially paired.[73] The magnetic properties of lanthanides are very 

interesting (environment cannot perturb electrons) and that is why lanthanides are used in the 

manufacturing of superconductor, magnets and for MRI imaging.[74] 

Gadolinium Gd(III) is a perfect candidate because it is paramagnetic, it has a high spin 

with its seven unpaired electrons (S = 7/2) and has a high relaxivity (increasing strongly T1), 

but gadolinium is very toxic. The solution, for in vivo imagery, is to encapsulate gadolinium in 

a kinetically inert and stable thermodynamic complex. Mostly used ligands, are octadentate 

because they possess a free coordination site where water molecules could be exchanged and 

they belong to the family of polyaminocarboxylates (linear or cyclic) (Scheme 5). 
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Scheme 5: Ligands as contrast agents for gadolinium Gd(III). 

 

DOTAREMã is a complex composed of a DOTA ligand and Gd(III) anions that has 

been widely used in hospitals today because of its stability and relaxivity. 

 

3. 2. 3.   Spectroscopic properties 

 
With a large energy gap between the lowest excited state and the highest ground level, 

each lanthanide has a specific spectroscopic signature and it is easy to distinguish between them 

but also other fluorophores or transition metal complexes. The spectral range of lanthanides 

(Figure 26) is large and they emit a strong luminescence either in the visible region (Sm3+, 

Eu3+, Tb3+, Dy3+) or in the near infrared region (Nd3+, Er3+, Ho3+, Tm3+, Yb3+).  

 

 
Figure 26: Normalized emission spectra normalized of luminescent lanthanide ions.[75]  

 
 Electronic transitions of 4ƒ electrons (Figure 27) and the nature of these atomic orbitals 

are responsible for the luminescence of lanthanide ions and their spectroscopic properties.[76] 
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To understand the emission of lanthanides, it is important to understand the split for 4ƒn 

electronic configuration. 4ƒ orbitals split first (terms) by Coulomb interactions that represent 

electron-electron repulsion interactions (Figure 28). Then, they split by spin-orbit coupling and 

these levels are those of the free ion (J-levels). The last splitting is due to the crystal-field 

interaction with inner 4ƒ electrons which is weak and is treated as a perturbation (Stark effect) 

of the free-ions states because of the shielding effect of the outer 5s and 5p shell electrons 

(sublevels). Accordingly, the energies of the corresponding levels of 4ƒn configuration are only 

weakly sensitive to the ligand field.[71]  

 

 

Figure 27: Partial energy diagram for the emissive lanthanide ions. (Red lines: main emissive 
levels – Blue lines: the ground state).[77] 
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Figure 28: General energy diagram of lanthanides. 

 

The shielding effect and the different energy levels of 4ƒ electrons allow to get the 

following properties when lanthanides absorb a photon and emit light:  

- ƒ-ƒ transitions are forbidden by Laporte’s rule [78] because they involve orbitals with 

the same symmetry. The return to the ground state uses a disadvantaged pathway and the result 

is the very long lifetimes of lanthanide (milliseconds). 

- 4ƒ electrons are very close to the nucleus and they are not disturbed by molecular 

orbitals of ligand and by the environment. Thereby, the emission spectrums of lanthanides are 

sharp and specific. 

Among all the lanthanides, there are three of them that do not possess spectroscopic 

properties. Lutetium and Lanthanum are two of them because the 4ƒ orbitals are empty or full.  

 

A. Photosensitization of lanthanides 

 
The problem of lanthanides is the low molar absorption coefficients (< 3 M-1 cm-1)[79] 

which makes difficult to absorb light from direct excitation unless a powerful source of energy 

is used (laser). The solution to overcome this problem is to use an organic chromophore that 

allows excitation of lanthanide ions by an indirect way (Figure 29). 
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Organic molecules with a high molar absorption coefficient easily collect photons and 

transfer them via intramolecular energy transfer to lanthanide ions when they are close enough 

to populate luminescent energy levels. This photosensitization is called « antenna effect ».[80]  

 
 

Figure 29: Representation of the « antenna effect ». 

 
The standard mechanism of antenna effect begins with the absorption of photons by the 

ligand represented by the passage of the S0 ground state to the S1 excited state. Many pathways 

of de-excitation are possible and, in this case, the S1 excited state populates the T1 triplet state 

by intersystem crossing. Normally, intersystem crossing is an unfavorable process for organic 

fluorophores but the presence of a lanthanide ion Ln(III) allows to reverse the spin (heavy atom 

effect)[77]. When the triplet state of the ligand and the excited state of the lanthanide ion are 

close in energy, the energy transfer is possible from T1 to the excitation state of the lanthanide 

metal ion. Then the excited lanthanide ion returns to the ground state via lanthanide 

luminescence. The corresponding Jablonski diagram is presented in Figure 30. 

 
Figure 30: Jablonski diagram detailing the mechanism of energy transfer. 
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Due to the indirect excitation, a significant difference between the excitation and 

emission wavelengths of complex (pseudo “Stokes shift”) is observed. 

The key to an efficient sensitization is the energy gap between the triplet state and the 

emissive state of lanthanide ion which must be between 1700 cm-1 and 5000 cm-1.[81][82] Besides, 

the design of ligands is different according to the targeted sensitization in the visible (Eu, Tb) 

or infrared (Nd, Er and Yb) region to gain strong photosensitized between the ion and the ligand. 

The efficiency of the antenna effect (hsens) is strongly related to the absolute quantum yield 

(𝒬��-) of a complex by the formula[76]: 

 
𝒬��- = 	𝜂��A� 	× 	𝒬�-�-   equation 14 

 
, where 𝒬�-�- is the intrinsic quantum yield of the Ln. The overall sensitization efficiency hsens 

can be determinated experimentally if both quantum yields are known. 

 

B. Quenching 

 
The quenching of the lanthanide luminescence (Figure 31) is due to the coordination of 

solvent molecules or to the bound ligand in the first coordination spheres of the complex, 

resulting in a decrease in both the intensity and the lifetime of the lanthanide emission.[83] 

Through vibrational energy transfer, OH, NH, CH and C=O oscillators can deactivate the 

lanthanide luminescence because the energy gap between the lanthanide emissive state and their 

vibronic states is close. NH and OH oscillators are the most effective quenchers in solution.[84]  

The number of water molecules in the first coordination sphere “q” can be calculated 

by measuring luminescent lifetimes in D2O and in H2O (𝜏�B� and 𝜏�B�). The first equation of 

Horrockes and Sundricks [85] have been improved adding the corrective value B [84]:  
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𝑞�B� = 𝐴	 ×	� E
 ¡B¢

− E
 fB¢

− 𝐵£ equation 15 

 
- A: the inner-sphere contribution to the quenching 
- B: the presence of other deactivating vibrations in the neighborhood (e.g., N-H or C-H 

oscillators) 

 

D2O is used because O-D oscillators are less efficient in quenching process. A is the capacity 

of lanthanides to be deactivated by O-H oscillators. 

 
 

Figure 31: Energy levels of OH and OD oscillators for the luminescence deactivation of Eu3+. 

 

3.3 Lanthanide coordination  

 
The coordination of lanthanide ions with a ligand is essentially ionic because the 4ƒ 

valence electrons are not readily available for bonding. According to Pearson’s acid base 

classification (HSAB),[86]  lanthanide ions are hard Lewis acids and are strongly electropositive. 

Thus, a ligand with rich electron donor atoms (oxygen, halogens) will have an excellent affinity 

to lanthanide ions compared to a ligand offering “soft” donor atoms (phosphorus, sulphur). This 

electrostatic bond does not allow having stereochemical influence on ligands, therefore, the 

geometry of coordination depends only on steric and electrostatic effects. Due to the lanthanide 



Chapter I 
 Introduction: Detection, Imaging, and treatment of cancer 

 

 42 

contraction, the coordination number decreases when the atomic number increases and ranges 

from 3 to 12 [79] according to lanthanide ions, but mostly from 8 – 10. 

From the pioneer work of Prof. J.M. Lehn,[87] various ligands like DOTA or TACN 

derivatives have been developed to provide Ln(III) complexes with kinetic inertness, high 

thermodynamic stability and strong brightness (Figure 32).[88][89] In the field of medical 

diagnosis and imaging, the major difficulty arises from the aqueous environment. Visible 

emitting Eu(III) and Tb(III) complexes with high quantum yields in water have now been 

developed,[90][91][92] but it remains a real challenge to synthetic chemists to develop strong NIR 

emitting Ln(III) complexes.[93][94][95] 

 

 
Figure 32: Representative examples from the literature. 

 

3.4 Lanthanide nanoparticles  

 
In the last decade, Ln3+doped nanomaterials[96] have appeared as an excellent alternative 

to Ln(III) complexes. These luminescent nanoparticles (NPs) are composed of a stable 

inorganic host doped with Ln3+ with particle sizes of 100 nm or less. They present high 

photostability in comparison to organic dyes (photobleaching), low toxicity and 

TACN

Examples
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functionalization opportunities. One major advantage is that their optical properties aren’t 

affected by their surrounding environment (vibrations of water molecule or hydroxyl groups, 

pH, temperature) since emission occurs from the core of the host crystal. Additionally, the close 

proximity of Ln3+ ions in such nanocrystals is favorable to energy transfer and results in the 

apparition of novel optical properties. The development of NPs allows to exhibit new emission 

properties such as up-conversion (UC)[97] and down-shifting. To be used for biological 

applications, the prerequisites are water solubility, small size, easy surface functionalization, 

good stability over time in water and biological medium and high luminescence efficiency 

(Figure 33).  

 
Figure 33: Summary of luminescent applications based on lanthanide-doped inorganic 

nanoprobes in biology. 
 

There are now a few reports on the sensitization of luminescent Ln(III) nanoparticles by 

organic antennae showing evidences for the energy transfer from the ligands at the surface to 

the lanthanide cations. However, most of these studies were performed in organic solvents.[98] 
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The first example (Figure 34) of water soluble ligand-coated nanoparticles was reported in 

2008.[99] Since then, few studies have been reported on the sensitization of NPs in water.[100]  

 
Figure 34: Representation of ligand-coated nanoparticles (left)  

Absorption and emission spectra in pure water(right). 
 

These preliminary studies show the strong potential of such ligand-decorated Ln(III) 

nanoparticles to provide highly luminescent systems, with long lifetimes and easy 

functionalization. In particular, results indicate also a weaker sensitization of the ions in the 

core of the NPs. Lanthanide nanoparticles have found a growing interest in applications such 

as bio-imaging and bioassays, drug delivery, photodynamic therapy (PDT). Less common, they 

can be use as energy converters for photovoltaic devices such as solar cells.[101] 

 

3.5 MRI probes 

 
DOTA ligand with Gd(III) ions (DotaremÒ)  is the ligand widely used today for MRI 

imaging in Europe, according to company Guerbet. Due to its stability and relaxivity, many 

new studies have used or modified the structure to add new properties like drug delivery, cation 

or anion detection or photodynamic therapy.  

An interesting research (Figure 35), developed by Ka-Leung Wong’s team,[102] is a 

novel dual-imaging cisplatin-carrying molecular cargo capable of performing simultaneous 

optical and MR imaging. By exciting the complex, cis-platin is released through photo-
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dissociation. This dissociation allows the complex to be luminescent and to control the release 

of cis-platin in cancer cells in real time. In addition, the complex carries excellent MRI 

capabilities which have been used to measure the clearance time before and after release of cis-

platin. 

 

 

Figure 35: Controlled release of cis-platin by excitation. 

 
Another theranostic agent with MRI detection (Scheme 6) has been studied by Eva 

Tóth’s group.[103] It’s a diketopyrrolopyrrole-porphyrin coupled with a gadolinium(III) DOTA 

complex for photodynamic therapy (PDT) and MRI imaging. With a high relaxivity inside cells, 

[DPP-ZnP-GdDOTA]- is an excellent contrast agent in vivo compared to [GdDOTA]-. The 

possibility to excite with two-photon (in the 910–940 nm range) allows the system to get an 

emission of porphyrin and the singlet oxygen generation in deep tissues in vivo. 

 

 

Scheme 6: Structure of [DPP-ZnP-MDOTA]- and M = Yb3+ or Gd3+. 
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A concrete example of nanoparticles for MRI imaging is AGuIX nanoparticles. 

Developed by Olivier Tillment’s team, these gadolinium-based nanoparticles are known to be 

positive contrast agents and efficient radiosensitizers (Figure 36). In comparing with 

DOTAREMÒ, AGuiX present a better contrast for the same amount of injected gadolinium in 

the animal and a remarkable radiosensitizing effect on brain tumors. These improvements are 

due to a longer residential time in the blood circulation and a persistent uptake of 

nanoparticles.[104–106]  

 

Figure 36: a) Structure and characterization of AGuiX nanoparticles. 
b) Temporal evolution of the MRI signal in tumor (black) and in normal tissue (red). 

c) Survival curves of 9LGS bearing rats without treatment (black), only MRT (red), and MRT 
and DOTAREM® (blue), only DOTAREM® (green) and AGuIX (pink). 

 

A new generation of AGuiX radiolabeled with 68Ga allows to make a dual-modality imaging 

for PET and MRI.[107] 

  

3.6 Sensing probes 

 
The detection of ions or small molecules in biological media is promising with 

lanthanides ions. Different sensors have been developed to detect or quantify biological 

interactions. Recently, a study has been directed by Raphäel Tripier and co-workers[108] on 

fluorescent Zinc sensors (Figure 37). Zn2+ is one of the most abundant metal ions in the body 

and plays an important role in Alzheimer’s disease and Parkinson’s disease. Their complex 
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(H3L1) is composed of a DO3A (H3DO3A = 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic 

acid) linked to a triazacyclononane (TACN) moiety by a 2,6-dimethylpyridine spacer with Eu3+ 

or Gd3+. In addition to Zn2+, a high “turn-on” response with the complex of Gd3+ is observed, 

with selectivity towards Zn2+ when the complex is tested with other metals. 

 

 

Figure 37: a) Structure of H3L1. 
b) Emission spectra of EuL1(Titration with Zn2+). 
c) Emission spectra of GdL1 (Titration with Zn2+). 

d) Selectivity by luminescence emission intensity of GdL1. 
 

An interesting sensor for the detection of fluoride anions have been developed by Loïc 

Charbonnière and co-workers (Figure 38).[109] F- play an important role in health concerns or 

PET imaging. Their europium complex [EuL(H2O)]+ interacts with fluoride anions to form a 

capsule where F- is trapped between two complexes. This supramolecular dimer is stabilized by 

two 𝜋-𝜋 stacking interactions and four hydrogen bonds. This interaction is selective compared 

to other anions and displays a large increase of europium emission upon F- binding. 

 

Figure 38: a) Structure of [EuL(H2O)]+. 
b) Emission of [EuL(H2O)](ClO4) by titration with fluoride. 

c) Crystal structure of the [FÌ(EuL)2]+ dimer. 
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The use of lanthanide complexes allows detection in the change of pH, Mg2+, ATP, Cu2+, 

DNA[110], RNA or small molecules.[111][112] In literature, some examples of nanoparticles have 

been developed for sensing applications. Thorfinnur Gunnlaugsson’s group have worked on 

luminescent lanthanide(III) functionalized gold nanoparticles.[113] These nanoparticles coupled 

with lanthanides complexes allows to get different sensors when the metal inside the chelate or 

the ligand are changed (Figure 39 and Figure 40). By quenching, they detect selectively the 

protein BSA or the biomolecule FMN then by emission, they can have a pH sensor in NIR or a 

change of emission between terbium and europium according to two specific molecules (nta 

and DMAB).  

  

Figure 39: - FMN sensor (at right). 
- BSA sensor (at left). 
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Figure 40: - NIR sensor for pH with xylenol orange (XO) (at left). 
- Ratiometric sensor for 4,4,4-trifluoro-1-(2- naphthyl)butane-1,3-dione (nta) and 

(dimethylamino)benzoic acid (DMAB) (at right). 
 

The use of nanoparticles and lanthanides is interesting to the detection of new biomolecules 

responsible for diseases. 

 

3.7 Up conversion 

 
The “upconversion” is a nonlinear optical process  known as an anti-Stokes emission in 

which the sequential absorption of two or more low-energy photons leads to luminescent 

emission at shorter wavelength than the excitation wavelength.[114] This phenomenon can be an 

interesting tool for biological imaging in order to excite in NIR (deep penetration in tissues) 

and to get a low signal to noise ratio. In the past, upconversion with complexes was only 

possible in solid state or in organic solutions at room temperature. In 2016, Loïc Charbonnière 

and co-workers have demonstrated the possibility of getting upconversion signals in heavy 

water (D2O) at room temperature.[115] With the same ligand described previously,[109] europium 

ions have been replaced by erbium ions Er3+. In the presence of fluoride ions and the formation 
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of supramolecular dimer, a green emission (from Er) is obtained with an excitation at 980 nm. 

From the same team, a new ligand has been developed using the same conditions which also 

shows a strong upconversion emission of Tb from NIR Yb excitation (Figure 41). The 

phosphonated bipyridyl forms an excellent complex with Yb3+ in solution and the addition of 

Tb3+ allows coupling of two ligands with one, two or three Tb ions (3 species) to form 

heteropolynuclear complexes.[94] 

 

 
Figure 41: a) UV−vis absorption and emission spectra for YbL and TbL 

b) Structure of ligand L or LD. 
c) Evolution of the emission spectra upon titration of Tb3+ (excitation at 980 nm). 
d) DFTmodels of the [(YbL)2Tb] (top), [(YbL)2Tb2] (middle), and [(YbL)2Tb3]. 
 

During last decades, many studies have been developed about upconversion 

nanostructures for their promising applications and their properties (bio imaging, bio detection).  

A recent interesting work[116] published by Bengang Xing et al. is the use of upconversion 

nanoparticles for tumour localization and theranostics. Their upconversion nanoparticles of 

Nd3+ are coupled with an effective photosensitizer chlorin-e6 (Ce6) and a tumour-specific 

peptide (Figure 42). This peptide Ac-FKC(StBu)AC(SH)-CBT has been designed to react with 

cathepsin B (StBu), a lysosomal cysteine protease found in tumour cells. When enzymes cleave 

A)

C)

B)

D)
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peptides around nanoparticles, the cysteine (in green) is liberated and allows to bind with free 

2-cyanobenzothiazole to form particles aggregation in tumour cells. These aggregates are 

excited at 808 nm and the conversion of the light from nanoparticles increases the singlet 

oxygen generation produced by photosensitizer chlorin-e6. Thus, their system allows to show 

the power of nanoparticles for the treatment and the detection simultaneously. 

 
Figure 42: Illustration the microenvironment-sensitive strategy for covalent cross-linking of 

peptide-remodified UCNs in tumour areas.[116] 
 

 The “upconversion” systems open new perspectives and are a great hope for medical 

imaging in order to remove the problems related to biological medium, but for the moment, 

the efficiency and the brightness remain weak. 

 

3.8 Cellular imaging 

 
Lanthanides luminescence is a powerful tool in cellular imaging to detect different parts 

of the cell or to observe a cellular mechanism. The development of probes in NIR is very 

interesting to resolve the problems related to the biological medium.  Jean-Claude Bünzli et al. 

have developed the first NIR-emitting probes with a complex formed by three helicates and two 

NIR Ln3+.[117] Despite their low quantum yields (fLYb= 0.15%, 𝜏�B�= 4.4 ms), the helicates have 

a high stability in water and in Hela cells, internalization in the cytoplasm have been the first 

staining cell with NIR lanthanides. From works of James Boncella on monoporphyrinate 
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complexes,[118] Ka-Leung Wong’s group has developed another NIR probe (Figure 43). 

Attached to Rhodamine for targeting mitochondria, this molecule is composed a porphyrin that 

is ideal to excite Yb3+ with the Soret band and these spectroscopic properties are very interesting 

(fLYb= 2.5%, 𝜏�B�= 18.1 µs, lexc= 430 nm).[119] Since then, new complexes of Yb have been 

synthesized and present excellent spectroscopic properties.[120][121] The same research team 

have also designed the first specific europium complex (HGEu001) for the detection of primary 

cilium in living cells (Figure 43).[122] This novel primary cilium marker could be a powerful 

tool to understand the functions and the role of this cellular antenna that participate into diseases 

or cancer. 

 
Figure 43: Structure of probes and specific localization in vitro. 

at the top: Yb2. 
at the bottom: HGEu001. 

 

The research group of David Parker has added on the common structure of 1,3,5-

triazacyclononane different chromophores as triazatriphenylene, azaxanthineo or xanthone to 

control the localization in cell by the overall charge and lipophilicity (Figure 44).[37] With a 

very strong brightness in terbium Tb3+ and europium Eu3+ and an excitation wavelength 

between 355 nm and 365 nm, these new markers allows observation of lysosomes, 

mitochondria and endosomal reticulum in cellular imaging. 
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Figure 44: EuroTrackerÒ: different substituents and localization in cell. 

 
Actually, the use of lanthanide complexes presents a weak brightness compared organic 

fluorescent molecules or nanoprobes. The development of Ln(III) nanoparticles could resolve 

this problem and bring a breakthrough in the field. 

 

3.9 FRET applications 

 
FRET allows to detect molecular interactions in a number of systems and has various 

applications in biology and chemistry. FRET can detect interaction between proteins and can 

also be used to measure distances between domains in a single protein and therefore to provide 

information about protein conformation or in vivo, FRET is used to detect the location and 

interactions of genes and cellular structures including intergrins and membrane proteins. 

In literature, the first example of FRET involving a complex of terbium and quantum dots have 

been demonstrated in 2005 and these works show the great potential of lanthanides in this 

mechanism for detection.[123] Another example of energy transfer between a quantum dots and 

Ln(III) complexes have been studied by the works of Marinella Mazzanti and his team. 

Coupling Tb, Eu and Yb complexes around quantum dots (QDs), these systems allow to get 

Ln(III) emission in visible or in NIR by excitation of QDs (energy transfer) and have a dual 

luminescence (Figure 44).[124] 

 



Chapter I 
 Introduction: Detection, Imaging, and treatment of cancer 

 

 54 

 
Figure 44: Synthesis of QDs with Ln(III) complexes (at left). 

Normalized absorption and emission spectra of different QDs. (at right) 
 

The phenomenon of FRET focuses on recent applications in diagnostics and cellular 

imaging. The first lanthanide complex has been developed by Jean-Marie Lehn and his co-

workers which is a europium cryptate with TBP (tris-bipyridine) as ligand.[125] This fluorophore 

[Eu(TBP)] existed in many fluoroimmunoassays as the energy donor but the first coordination 

sphere is not completely fulfilled and the quenching is important. Two new interesting 

complexes, Lumi-4-TbÒ and EuroTrackerÒ (Scheme 7), present excellent brightness and 

(12636 M−1 cm−1 and 2400 M−1 cm−1) lifetimes in a buffered aqueous solution[37][38] with strong 

chemical stabilities in living medium. They are also commercially available. The first molecule 

has been synthetized by Kenneth Raymond and his co-workers and this macrocyclic ligand is 

composed of four 2-hydroxyisophthalamide moieties.[90][126] More recently, David Parker’s 

team has designed the second family of complexes and their ligand is based on a 

triazacyclononane coupled to three antennas (pyridines and picolinic acids).[91] 

 

 
Scheme 7:  Schematic representation of lanthanide labels. (at left: [Eu(TBP)], in the middle: 

Lumi-4-TbÒ, at right: EuroTrackerÒ). 
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 In a recent study,[127] Niko Hildebrandt et al. used Lumi-4-TbÒ as energy donor for the 

use of FRET with three energy acceptors for the detection of microRNA by multiplexing. The 

FRET is possible when Tb-DNA and dye-DNA are bound to the same miRNA. With three 

different dyes on three single-stranded DNAs, the detection of miRNA by time-gated 

fluorescence can be sensitive and specific with various concentrations and can be measured 

distinctly for a quantification of the nucleic acid at the emission wavelengths (Figure 46). This 

example shows the possibility to detect and to differentiate targets in the same sample. 

 

Figure 46: a) FRET assays for triplexed miRNA detection. 
b) and c) Photophysical properties of the FRET assays (Tb and Cys). 

d) and e) PL decay curves measured in the Tb detection channel. 
  

David Parker’s group have also modified EuroTrackerÒ to monitor ligand-receptor 

interactions on GPCR-CCK2 in HEK cells using time-resolved Förster resonance energy 

transfer (TR-FRET) microscopy and to demonstrate the great advantage for the development 

of novel HTRF assays[128] (homogeneous time-resolved fluorescence) where specific biological 

interactions are studied.[129] By adding sulfonate or carboxylate groups onto the aryl–alkynyl 

antennae, the complex is labelled specifically to the membrane receptor suppressing cellular 
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uptake or adsorption to living cells.  When an agonist or an antagonist is added, the intensity of 

emission from FRET will change and can be observed in cells by microscopy (Figure 48).  

 

Figure 48: a) Representation of a TR-FRET ligand-binding assay on HEK293 cells. 
b) Binding emission of red-CCK(26-33) to HEK293 cells expressing SNAP-CCK2 measured 

by adding the unlabeled CCK(26-33) and CCK2 antagonist PD135158. 
c) Time-resolved luminescence microscopy images (at the top: without red-CCK(26-33) and 

at the bottom: with red-CCK(26-33)). 
 

These examples prove the powerful of FRET for the specific detection involving 

molecules or complexes which generate this mechanism. But these compounds have a medium 

brightness and don’t allow to get a strong emission of the acceptor by FRET. Despite some 

papers with lanthanide NPs like donor and organic fluorophore like acceptor,[130] these 

nanoparticles with another acceptor nanoparticles (Quantum dots)  could be the key to improve 

the power of the signal. 

A)

B)

C)
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IV. Scope of the thesis 

 
The objective of this PhD work was to synthesize new probes for sensing, imaging and 

inhibiting cancer diseases. The work described in this thesis can be divided into five categories: 

 - The first part has been described above with the introduction to set the current context. 

- The second part is the development of new ultra-bright lanthanide nanoparticles. The 

main goal in this project is to obtain the highest brightness from nanoparticles. The first step is 

to synthesize, to characterize and to quantify lanthanide nanoparticles. The second step is the 

synthesis of ligands. These ligands will be able to sensitize nanoparticles to obtain an 

exceptional luminescence. The third step is to investigate spectroscopic properties of terbium 

nanoparticles by means of titration experiments. The last step is to study the stability of the 

system, to characterize nanoparticles with ligands and to stain cells. 

- The third part is the conception of a dual-functional new nanoprobe for PET imaging 

and pH-dependent PDT agent. The three main parts in this project are to synthesize g-C3N4 

nanoparticles containing porphyrins for PDT and hosting a 68Ga gallium for PET imaging. After 

the synthesis and the coupling between porphyrins and nanoparticles, the study of spectroscopic 

properties will be performed with and without gallium. The last part is the staining and 

determination of the efficiency of singlet oxygen generation inside cells. 

- The fourth part is about spermine sensor and the functionalization of ultra-bright 

nanoparticles with biological entities. 

- The fifth part is the conclusion and the perspective of this thesis. 

- The sixth part is the experimental part of this thesis. All experimental procedures and 

all characterizations of synthesized molecules will be shown in this part. 
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Nanoparticles are small objects between 1 nm and 100 nm in size and their strength is due to 

the high number of atoms at their surface. With recent innovations in the field, the synthesis of 

nanoparticles can be controlled in terms of size, elemental composition and properties. 

Advanced characterization techniques (DLS, DRX, ICP-AES, TEM…) have been developed. 

Thus, more and more studies concentrate their efforts on the conception of nanoparticles as 

biological probes. Lanthanides nanoparticles are very important objects in this field because 

they offer large Stoke’s shifts, strong photostability and long luminescent lifetime. In coating 

nanoparticles with chromophores, it’s possible to amplify the emission as well as to improve 

the sensibility in analyses compared to a simple fluorescent molecule.[1] 

 In this chapter, new hybrid ultrabright nanoparticles are described. They have been 

obtained from a La0.9Tb0.1F3 core and coated by different ligands. Thanks to a mechanism of 

energy transfer, the brightness of the nanoparticles has been significantly improved. 

 
 

I. Synthesis of the La0.9Ln0.1F3 nanoparticles 

1. Synthesis 

 
La0.9Ln0.1F3 nanoparticles have been selected in accordance with literature data for their 

spectroscopic properties, their stability, their structure and their conditions of synthesis. 

Compared to oxyde-based nanostructures, the use of LaF3 allows for low energy phonons as 

well as a strong thermal and environmental stability. This host is transparent in the visible and 

NIR regions and can be easily doped with all lanthanide ions.[2] Moreover, simple methods of 

synthesis in aqueous solution are already available to get water-soluble LaF3 nanocrystals with 

a high reproducibility and strong lanthanide emissions. In this work, two technics of synthesis 

have been used to get La0.9Ln0.1F3 nanoparticles.  
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Inspired from the method described by Wang et al.,[3] the first synthesis of nanoparticles 

(NPs) has been realized in water using a microwave oven. Solutions of LaCl3, LnCl3 and NH4F 

have been prepared in milliQ water. The first step of the synthesis consists in mixing together 

LaCl3 and LnCl3 with amounts that will determine the doping of nanoparticles. The second step 

is to add dropwise the solution of NH4F at room temperature. This added volume of NH4F 

corresponds to three equivalents for 1 equivalent of lanthanides. The third step is to warm the 

mixture at 150°C in a microwave oven for 12 min (Figure 1). The synthesis in microwave oven 

allows to get a regular heating with a quick and precise temperature rise, quick synthesis at 

medium temperature and is therefore expected to produce nanoparticles with narrow size 

distribution. After centrifugation, the supernatant was eliminated and the white solid was 

dispersed in milliQ water using ultrasounds. After 1h at 60°C, La0.9Tb0.1F3 NPs have been 

obtained with a yield of 36%. 

  
Figure 1: Synthesis of terbium nanoparticles using microwave irradiation. 

 
The second method is a hydrothermal synthesis in autoclave at 150 °C in water. Except 

for the heating, the procedure is kept exactly the same. In this case, the mixture is encapsulated 

in a steal reactor and is heated in oven for 2h at 150 °C (Figure 2). The yield (35%) is similar 

compared to the first method.  

  
Figure 2: Different steps of the synthesis of nanoparticles. 
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Table 1 summarizes all the synthesis which have been realized with lanthanide ions and the 

calculated concentration was determined according to Paragraph 2. iii. of this chapter. 

 

 Theoretical 
composition 

Synthesis 
method 

Yield 
(in %) 

Volume 
(in mL) 

Concentration 
(in mol-1 L-1) 

TbNPs - 1 La0.9Tb0.1F3 
Microwave 

oven 
39 35 1.65×10-6 

TbNPs - 2 La0.9Tb0.1F3 
Microwave 

oven 
36 35 6.57×10-7 

TbNPs - 3 La0.9Tb0.1F3 
Microwave 

oven 
31 35 3.21×10-7 

TbNPs - 4 La0.9Tb0.1F3 Hydrothermal 29 25 1.73×10-7 

EuNPs - 1 La0.9Eu0.1F3 
Microwave 

oven 58 35 - 

EuNPs - 2 La0.9Eu0.1F3 Hydrothermal 30 25 1.72×10-7 

GdNPs - 1 La0.9Gd0.1F3 
Microwave 

oven 
34 35 - 

GdNPs - 2 La0.9Gd0.1F3 Hydrothermal 33 25 - 

NdNPs La0.9Nd0.1F3 Hydrothermal 29 25 - 

YbNPs La0.9Yb0.1F3 Hydrothermal 28 25 2.32×10-7 

ErNPs La0.9Er0.1F3 Hydrothermal 38 25 7.72×10-7 

PrNPs La0.9Pr0.1F3 
Microwave 

oven 57 35 - 

GdTb(5%)NPs La0.9Tb0.05Gd0.05F3 Hydrothermal 30 25 - 

EuTb(5%)NPs La0.9Tb0.05Eu0.05F3 Hydrothermal 29 25 1.72×10-7 

YbTbNPs La0.9Yb0.09Tb0.01F3 Hydrothermal 33 25 2.08×10-7 

 
Table 1: Different synthesis of lanthanide nanoparticles. 

 

` 
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2. Characterization 

 
La0.9Ln0.1F3 nanoparticles have been characterized by transmission electron microscopy 

(TEM), X-ray diffraction (XDR), dynamic light scattering (DLS)[4], zeta potential[4], and 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) to know their sizes, 

compositions and the structures (Table 2). 

 

i. Size and structure 

 
The size of nanoparticles is an important parameter to control. According to the size, 

the biocompatibility with cells, spectroscopic and physical properties can be affected. 

Transmission electron microscopy is a microscopy technique that allows to get images of nano-

objects. After synthesis, TEM images of La0.9Tb0.1F3 nanoparticles (Figure 3) present an 

average diameter of 20 to 25 nm and the shape of NPs are clearly elongated. The XRD pattern 

of nanoparticles synthetized by microwaves oven coincides with the peak positions and the 

intensities of hexagonal LaF3 crystals (JCPDS standard card 32-0483). Due to doping with Tb, 

the cell parameters of this hexagonal lattice (a = b = 7.145 Å, c = 7.305 Å) are between cell 

parameters of pure LaF3 and pure TbF3. These parameters can be used to estimate the Tb 

concentration (see paragraph 2. ii). To calculate the size of nanoparticles, Scherrer’s formula[5] 

(Equation 1) was used to determine an average size of 21 ± 1 nm for the core of the NPs from 

the line broadening of the XRD peaks, which agrees with TEM measurements. These 

observations are identical with nanoparticles realized by the hydrothermal synthesis excepted 

that the size of NPs is slightly bigger (approx. 28 nm). 

 

𝐵 =	 ¥	K
¦	§3:	(cB)

 equation 1 
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- B: The particle size 
- K: Numerical constant for which he obtained the value 2(ln 2/p)1/2 = 0. 93 (shape 

factor) 
- l: The wavelength of the incident x-rays 
- L: The linear dimension of particle or the line broadening at half the maximum 

intensity after subtracting the instrumental line broadening (in radians) 
- c: The Bragg angle (in degrees) 

 

 
Figure 3: Different analysis with La0.9Tb0.1F3 nanoparticles. 

a) Transmission electron microscopy image (TEM). 
b) Dynamic light scattering in ultrapure water (DLS). 

c) X ray diffraction pattern of the solid NPs (black), its refinement (red) and the positions of 
the Bragg reflections (green vertical bars). 

 

The result of DLS in water solution at approximate concentration of 1×10-7 M give an average 

hydrodynamic diameter of 35 nm for nanoparticles in ultrapure water and the zeta potential was 

been measured giving a surface potential of + 34.9 mV showing a good stability in solution 

(absence of aggregates). This positive value for zeta potential of the core is interesting data to 

design the ligands that will cover the surface of NPs. Thus, the carboxylate or phosphonate 

groups being negatively charged will have a better affinity with this positive surface.  

 



Chapter II 
Conception of ultrabright lanthanide nanoparticles 

 
 

 72 

 Diameter 
 by TEM 

Diameter 
by XRD 

Hydrodynamic 
diameter 
by DLS 

Cell 
parameters 

Zeta 
potential 

TbNPs – 1 20 to 25 nm 20 nm 35 nm a = b = 7.145 Å 
c = 7.305 Å + 34.9 mV 

TbNPs – 4 25 to 30 nm 29 nm 38 nm a = b = 7.15 Å 
c = 7.31 Å - 

EuNPs - 1 23 to 27 nm 23 nm 33 nm a = b = 7.160 Å 
c = 7.313 Å - 

EuNPs - 2 28 to 32 nm - 48 nm a = b = 7.160 Å 
c = 7.313 Å - 

GdNPs - 1 24 to 29 nm 20 nm 28 nm a = b = 7.155 Å 
c = 7.351 Å - 

GdNPs - 2 28 to 32 nm 29 nm - a = b = 7.156 Å 
c = 7.352 Å - 

NdNPs 29 to 35 nm - 67 nm - - 

YbNPs 21 to 26 nm - 48 nm - - 

ErNPs - 29.5 nm 54 nm - - 

PrNPs - 22 nm 38 nm a = b = 7.173 Å 
c = 7.340 Å - 

GdTb(5%)NPs - 30 nm 46 nm - - 

EuTb(5%)NPs - - 56 nm - - 

 
Table 2: Summary of informations about the size and the structure of Ln0.9Tb0.1F3 

nanoparticles. 
 

 

ii. Doping 
 

The doping levels in nanoparticles depends on the added quantity of lanthanides during 

the addition. The choice of 10% of terbium in the composition of NPs has been optimized to 

get maximum emission intensity and low concentration quenching. For that purpose, 

preliminary experiments with 5%, 10%, and 20% doping levels have been performed, showing 

optimal properties in term of luminescence quantum yield and lifetime for La0.9Tb0.1F3 NPs. 

The doping of nanoparticles can be calculated from the elemental mass concentration 

measured by ICP-AES and molar weight of lanthanides, according to equation 2 – 4: 
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n = 	/
¨

  equation 2 

- n: Number of moles (moles) 
- m: Mass measured (grams) 
- M: Molar mass (g.mol-1) 

 

xu0 	= 	
-«¬

(-«¬�	-®)
	× 	100  equation 3 

- xTb: molar fraction of Tb in a NP 
- nTb: number of moles in terbium 
- nLa: number of moles in lanthanum 

 

x�; = 1 −	xu0	  equation 4 

 

 
La (mg/g) / xLa (%) Tb (mg/g) / xTb (%) 

NPTb 584 / 90% 72 / 10% 

 

Table 3: Masses of lanthanides measured by ICP-AES and doping percentage calculated for 
La0.9Tb0.1F3 nanoparticles. 

 

 In all cases, the ratio of lanthanides in nanoparticles is 90% of lanthanum and 10% of 

terbium (Table 3) and matches with the quantities added in the solution for the synthesis. These 

values have been confirmed by EDX from TEM analysis. A good estimation of doping level 

can also be obtained from the cell parameters of nanoparticles, determined by XRD using 

Vegard’s law[6] (equation 5): 

 

V = 	 √±
h
	!a�;³´ + xu0¶au0³´ − a�;³´·"

h
!c�;³´ + xu0¶cu0³´ − c�;³´·"

 equation 5 
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Where V is the volume of a unit cell with a = b ¹ c, a = b = 90° and g = 60° for hexagonal 

system. Crystal structure is described in terms of the geometry of arrangement of particles in 

the unit cell, which is defined as the smallest repeating unit having the full symmetry of the 

crystal structure. The unit cell of the structure is constituted of repeating patterns which are 

ordered structures occurring from the intrinsic nature of the constituent particles. In this case, 

the average pattern is La¹®TbE'¹®F±. 

 

 

iii. Concentration 

 
The molar concentration of the nanoparticles in aqueous solution was calculated 

assuming two hypotheses. The first one is to consider that the nanoparticles are spherical and 

the second assumption is to estimate the average density of La0.9Tb0.1F3 nanoparticles using the 

weighted average of LaF3 and TbF3 densities according to their doping level. From these 

assumptions, it is possible to calculate the molecular weight of the nanoparticles.  

With TEM observations, the volume of the spherical nanoparticles can be obtained by 

the followed formula (equation 6): 

V =	 �
±
	× 	π	 ×	R±  equation 6 

- V: Volume of the nanoparticle (m3) 
- R: Radius of the nanoparticle (m) 

 

By ICP-AES measurements, equation 7 below allows to calculate the average density 

of nanoparticles:  

d = 	 xu0 	× 	du0³´ +	x�; 	×	d�;³´  equation 7 

- d: average density of the nanoparticles (g/m3) 
- du0³´: density of TbF3 (g/m3) 
- d�;³´: density of LaF3 (g/m3) 
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Thereby, the molecular weight of La0.9Tb0.1F3 nanoparticles is calculated by this 

equation (equation 8):  

 
M = V	 × 	d	 ×	N;	  equation 8 

- M: molecular weight of nanoparticles (g/mol) 
- Na: Avogadro constant 

 

Knowing the molecular weight for a nanoparticle and the molar mass for a pattern 

(M�;À®u0À«¬³´
- equation 9), the number of patterns (Npatterns) in a nanoparticle can be deduced 

by the following formula (equation 10):  

 
M�;Áu0Â|Á³´ = 	 (1 − x�;) 	×	Mu0 +	x�; 	×	M�; + 3	 ×	M³  

 equation 9 

 

N8;6612-: = 	
¨

¨®Á®«¬Â|Á®Ã´
	  equation 10 

 
The molar fraction of La (xLa) in a NP is the same that in an average pattern. Therefore, 

the number of lanthanum in a NP is proportional to the number of patterns containing a 

lanthanum. Thus, the concentration of total lanthanum (equation 12) in the sample divided by 

the number of lanthanum in a NP allows to determine the concentration of nanoparticles in an 

aqueous solution (equation 11):  

	[NP] = [�;]
¹®	×ÅÆ®ÇÇÈÉÊË

	  equation 11 

 
where the volume of the sample measured by ICP-AES is 1 mL, 

 
 

[La] = -®
F.FFE	

	  equation 12 
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Where: 
 

- [NP]: concentration of nanoparticles (mol.L-1) 
- [La]: concentration of total lanthanum in the sample (mol.L-1) 

 
 

II. Synthesis of the capping ligands 

 
The choice of ligands around the La0.9Tb0.1F3 nanoparticles is essential and predominant 

to have an excellent coordination to ensure the solubility and stability of the NPs, and to get 

remarkable spectroscopic properties. In literature, many ligands based on dipicolinic acid[7][8] 

or 2-hydroxyisophthalic[9] acid fluorophores (Figure 4), have been used to sensibilize Eu(III) 

or Tb(III) ions. The chromophore needs to be selected judiciously for intramolecular energy 

transfer to the Ln(III) ion to occur from the triplet state. For sensitisation of Tb(III) 

luminescence, a singlet–triplet energy gap of less than 7000 cm−1 is desirable, with the S1 state 

preferably lying at less than about 29 000 cm−1 above the ground state.[10] In this case, the triplet 

state of these ligands (respectively 26 600 cm-1 [11] and approx. 23 000 cm-1 [12][13]) is close to 

the excited state of Tb(III) ion (20 500 cm-1)[14][15] and allow to optimize the energy transfer 

and to get an excellent photosensitization. From these observations, two series of ligands have 

been synthesized with different linkers and substituents. However, in contradiction to 

traditional ligands for Ln(III) coordination which are highly preorganised, these new ligands 

will target a planar coordination in order to ensure the stabilization of the NPs while preventing 

leaching from the Ln3+ cations. 

 

 

Figure 4: Central entities: Dipicolinic acid (at left) and 2-hydroxy-isophthalic acid (at 
right). 
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1. Dipicolinic acid series 

 
Dipicolinic acid (L1) appears to be good a photosensitizing unit for Tb and forms two 

5-membered chelate rings with the ion coordinated to the tridentate chelate. In this series, three 

ligands have been developed to obtain amide derivatives of dipicolinic acid changing 

carboxylate-O by an amide carbonyl-O.[16] Being a poorer donor, the side arms have been 

thought to improve the electrostatic coordination with the surface of nanoparticles. That is why, 

phosphonate (L2), glycinate (L3) and malonate (L4) have been selected to be added to 

dipicolinic acid for their anionic functions at neutral pH (Figure 5). 

 

 

Figure 5: Side arms: (3-aminopropyl)phosphonic acid (left), glycine (middle) and 2-
aminomalonic acid (right). 

 

The first step in the synthesis of the three amide derivatives is to activate acids in to acyl 

chlorides with thionyl chloride (Scheme 1). The reaction is firstly a nucleophilic attack of the 

OH to the sulfonyl of thionyl chloride that release a chloride ion. Then, this ion adds to carbon 

of carboxyl and the molecule reorganizes into acid chloride (SN1), releasing sulphur dioxide 

and hydrochloric acid.  

 

 
 Scheme 1: Activation of carboxylic acids. 
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The second step (Scheme 2) is a nucleophilic acyl substitution in basic conditions 

(triethylamine) to form the corresponding amide derivatives (2, 3, 4). The three nucleophiles, 

where the anionic functions are protected (ethyl glycinate, ethyl aminomalonate, diethyl-2-

aminoethyl phosphonate), attack the carbonyl group of the acyl to give tetrahedral alkoxide 

intermediate that expels the leaving group (Cl-).  

 
Scheme 2: Coupling between central part and side arms. 

 

The last step is the deprotection of the anionic groups. In the presence of 

bromotrimethylsilane followed by methanolysis, the compound 2 is hydrolysed and purified by 

reverse phase chromatography to obtain the ligand L2 with a good yield (Scheme 3). In this 

reaction, ethyl groups are first substituted by OSiMe3 groups and the methanol allows to change 

O-Si bonds in O-H bonds attack of MeOH on the Si atom.  

 

  
Scheme 3: Deprotection of the phosphonate groups. 
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For ligands L3 and L4, the use of NaOH in a solution of ethanol/water hydrolyses 

ethylesters functions by classic saponification with almost quantitative yields (Scheme 4).  

 

 

Scheme 4: Saponification with NaOH to get L3 and L4. 

 

2. 2-hydroxy-isophthalic acid series 

 
Like dipicolinic acid (L1), 2-hydroxy-isophthalic acid (L5 - Figure 4) shows a good 

photosensitization of Tb however it’s a bidentate chelate because the hydroxyl function allows 

to form a 6-membered ring or two rings with two Tb anions.[17][18][19] Similarly to the dipicolinic 

acid serie, five side arms have been introduced on a 2-hydroxyisophtalic unit in order to achieve 

planar coordination (Figure 6). 

 

 

Figure 6: Different side arms for 2-hydroxy-isophthalic acid series. 
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linkers with amine groups or carbonyl groups have been introduced with the aim of increasing 

water solubility. The difference between L5 and L6 is the introduction of a cyano group in para 

position. This electron withdrawing group is intended to increase the energy transfer of the 

antenna to the NP, by lowering the triplet state and to decrease the pKa of the phenol. L11 is the 

combination of two 2-hydroxy-isophthalic acid moieties connected by a butyl chain. By 

providing double coordination sites, it is expected to display a stronger affinity for the surface 

of the NPs. 

The synthesis of L6 starts by a carboalkoxylation of 4-hydroxy-3,5-diiodobenzonitrile 

to generate diethyl 5-cyano-2-hydroxyisophthalate (5) with a product yield of 92%. This 

reaction is catalysed by bis(triphenylphosphine)palladium(II) dichloride with a constant flux of 

carbon monoxide in a distilled mix of ethanol and triethylamine. To obtain the ligand L6, the 

next step is a saponification of product 5 with KOH in methanol/water (Scheme 5). 

 

 
Scheme 5: Synthesis of L6. 

 
For others ligands, the first step is the oxidation of the two methyl groups of 2,6-

dimethylanisole (Scheme 6). With KMnO4 and KOH in H2O, the solution changes from violet 
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This excess of MnO2 was eliminated by filtration at basic and neutral pH. To get 2-

methoxyisophthalic acid (6), the filtrate has been concentrated and acidified to pH 2 until a 

white precipitate appeared. The yield of this reaction is 50%. 

 

  
Scheme 6: Oxidation of 2,6-dimethylanisole with KMnO4 and KOH. 

 

 From compound 6, two reactions have been achieved. The first one is the O-

demethylation in presence of HBr and AcOH to obtain ligand L5 and the second one is the 

activation of acid groups in acid chlorides (7) with thionyl chloride (Scheme 7).  

 

  
Scheme 7: Synthesis of L5 and formation of acyl chlorides. 
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Scheme 8: Peptide coupling with ethyl glycinate, ethyl 4-aminobutanoate and tert-butyl(2(2-

(2-aminoethoxy)ethoxy)ethyl)carbamate). 
 

The final reaction is the deprotection of the phenol with BBr3 (Scheme 9). This step 

consists first in the formation of a complex between the boron centre and the ether oxygen with 

a release of Br-. The free bromide attacks the methyl to form bromomethane. This reaction can 

be followed by a change of colour in the solution, which turns from transparent to yellow or 

orange. To neutralize the reaction, the addition of methanol then water allows to eliminate the 

boron (B(OMe)3 and HBr) by co-evaporation. BBr3 is able to simultaneously deprotect esters 

and BOC functions. To optimize the yield of the deprotection of terminal groups, this step has 

been followed by a classical saponification using NaOH in water for L7 and L8 or by a 

deprotection with TFA in CH2Cl2 for L9.  

 
 

 

 

 

 
 

 

Scheme 9: Deprotection of the phenol and of the functional groups on side arms. 
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Ligand L9 has been modified in the presence of acetic anhydride and pyridine in order 

to have neutral acetamide terminal groups (Scheme 10). Indeed, if left unprotected, positively 

charged ammonium groups might prevent good interaction of L9 at the surface of the NPs, due 

to electrostatic repulsion. 

 

 

 

 

 

 
 
 
 
 

Scheme 10: Synthesis of L10. 

 

The ligand L11 has been synthesized from 2-methoxyisophthaloyl dichloride in basic 

conditions and the chain butane-1,4-diamine (Scheme 11). For quenching remaining acyl 

chlorides after the addition of the linker, ethanol was added in the solution to form ethyl esters 

more easily purified by chromatography. The yield for this step is relatively low and can be 

explained by the formation of various species when the chain is added in the solution. The thin-

layer chromatography (TLC) reveals to many spots that correspond to the coupling of two 

butane-1,4-diamine on each chloride acid of 2-methoxyisophthaloyl dichloride, which can 

cause a beginning of polymerization. Moreover, the use of EtOH to form the esters is not very 

effective because ethanol contains some water that hydrolyses the acyl chlorides. To optimize 

this step, the formation of monester is preferable to protect one carboxylic acid function and 

thereby, to promote only a reaction in order to improve the yield of this reaction (Scheme 12). 

The following steps of the synthesis are identical to the steps of previous ligands. 
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Scheme 11: Synthesis of L11. 
 

 
The ligand L11 has been characterized by elemental analysis, mass chromatography 

(LC-MS) (Figure 7) and 1H, 13C NMR. The analysis by mass spectroscopy shows a major peak 

at 439.11 m/z that corresponds to the product [M+Na]+ and a minor peak at 855.23 m/z arising 

from dimers ([2M+Na]+).  

 

 
Figure 7: ESI(+) analysis of ligand L11. Inset on the right: zoom on the major peaks (top: 

measured spectrum –bottom: calculated spectrum). 
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In the 1H NMR spectrum (Figure 8), the multiplet at 1.70 ppm are attributed to the central 

proton atoms from the inside of the butyl linker (-CH2-, E) and the second multiplet at 3.41 ppm 

corresponds to -CH2 (D) in alpha of amides. Protons (-CH, A, B, C) from the 

hydroxyisophthalic groups are situated after 6 ppm with a triplet at 6.49 ppm, assigned to 

protons (A) in para of the alcohol function. On meta positions, there are two doubled doublets 

at 7.26 ppm (B) and 7.75 ppm (A). This difference of shifting is caused by the presence of 

carboxylic acid group which is more electron withdrawing than the amide group. For 

integrations, the ratio is consistent with the number of protons for two chromophores and one 

linker.  

 
 

Figure 8: 1H NMR spectra of product L11 in D2O + NaOD (300 MHz, 25 °C). 
 

 

III. Spectroscopic titrations of La0.9Tb0.1F3 NPs 
 

After the synthesis, spectroscopic studies have been carried out to understand the 
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nanoparticles of Tb have been tested with the ligands and the absorption, the excitation and the 

emission spectra of nanoparticles have been monitored. The objective of these tests is to show 

that ligands are able to coordinate effectively on the surface of the nanoparticles and that they 

allow a good energy transfer to terbium (III). To simplify the reading of this section, only the 

study with ligand L6 is reported in details and then a comparison is made between all of the 

studied ligands in order to conclude about the characteristics needed to obtain good 

photosensitivity and to select the more efficient ligands. 

 
 

1. Absorption and emission titrations with L6 

 
By UV/visible absorption spectroscopy (Figure 9), the addition of ligand L6 in the 

buffer solution (TRIS/HCl, 0.1 M, pH = 7), containing La0.9Tb0.1F3 nanoparticles showed a 

linear increase of the absorption bands. Nanoparticles without ligands do not present absorption 

bands but the baseline is deviated because of the light scattering due to the NPs in the solution. 

 
Figure 9: Titration of La0.9Tb0.1F3 NPs ([c] = 8.2 nM, TRIS/HCl 0.1 M, pH 7.0) by L6 ([c] = 
5×10-4 M) followed by UV-Vis absorption. Inset: evolution of the absorption at 309 nm as a 

function of the concentration of added ligand. 
 
 

In parallel (Figure 10), the emission of Tb(III) was measured for every addition with an 

excitation at 329 nm. In the absence of ligand, the terbium emission is very weak because the 
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absorption is poor at this wavelength. However, the addition of ligand L6 in the solution allows 

to increase gradually the emission of Tb, showing the typical narrow bands at 485, 545, 584 

and 621 nm attributed to the 5D4 à 7FJ transitions of terbium (J= 6 to 3, respectively). The 

minor emission bands associated to J = 2 to 0 can also be observed between 650 and 680 nm. 

This increase corresponds to energy transfer by antenna effect of the ligand. Another emission 

band at 461 nm appears and increase when large amounts of ligand are added. This band is due 

to fluorescence of the ligand in solution and the evolution of its intensity is linear as a function 

of the concentration of added ligands. After a strong increase, the intensity of emission at 542 

nm reaches a maximum at a certain volume of ligands and remain constant. This behaviour is 

typical of a good surface capping and allows to define an arbitrary “equivalent volume” by the 

intercept between the two straight lines related to the growing region and to the plateau region. 

This intercept indicates that, from this volume and above, NPs are totally covered by organic 

antennae. 

 
Figure 10: Titration of La0.9Tb0.1F3 NPs ([c] = 8.2 nM, TRIS/HCl 0.1 M, pH 7.0) by L6 ([c] = 
5×10-4 M) followed by fluorescence spectroscopy (lexc = 329 nm). Inset on the left: evolution 

of the emission intensity at 461 nm as a function of the concentration of added ligand. Inset 
on the right: evolution of the emission intensity at 545 nm as a function of the concentration 

of added ligand. 
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2. Comparison with other ligands 

 
The evolution of the Tb emission intensity at 545 nm has been measured by titrations 

experiments with all ligands (Figure 11). To compare the different ligands, the same 

concentration of nanoparticles has been kept for all titrations as well as the acquisition 

parameters of the spectrometers. Moreover, the excitation wavelengths have been chosen in 

terms of the maximum of the excitation spectra of Tb at 545 nm with the ligand. 

 

 
Figure 11: Evolution of the integrated intensity of the 5D4 → 7F5 emission band of Tb upon 
titration of Tb NPs with the ligands. ([NP] = 8.2 nM and ([L] = 5×10-4 M, TRIS/HCl 0.1 M, 

pH 7.0). 
 

Ligand L1 displays (i) a strong coordination which is shown by the rapid growth of 

emission intensity and (ii) an excellent photosensitization as emphasized by an extremely high 

maximum of the emission intensity. However, when the ligand is in excess, the emission 

intensity decreases. This reduction is due to leaching of the Tb(III) in the solution by forming 

soluble coordination complexes. This leaching is confirmed by the absorption spectra which 

reveal that the scattering effects due to the NPs were reduced in the presence of excess ligand 

0E+00

1E+06

2E+06

3E+06

4E+06

5E+06

0 20000 40000 60000

∫I(
5 D

4→
7 F

5)
 (a

.u
.)

CL/CNP

L1

L2 x10

L3 x 10

L4 x10

L5

L6

L7

L8

L9

L10

L11



Chapter II 
Conception of ultrabright lanthanide nanoparticles 

 
 

 89 

L1 (Figure 12). In literature, Dipicolinic acid was previously reported to be a very good 

photosensitizer for Eu(III) NPs and without leaching in this case.[20] 

 

 
Figure 12: Evolution of the absorption spectra of a 8.2 nM solution of La0.9Tb0.1F3 NPs in 

TRIS/HCl (0.1 M, pH 7.0) upon addition of increasing amounts of ligand L1. 
 

L5, L6, and L11 have similar behaviours for which the increase is rapid and important 

(strong coordination and good sensitization then the emission intensity reaches a plateau region. 

For L2, the surface chelation is strong because the emission intensity increases sharply but the 

photosensitization is very weak. In this case, phosphonate groups allow to have an excellent 

binding to the surface of the NPs but distances between the picolinamide group and the Tb(III) 

at the surface are probably long, resulting in poor energy treansfer. The replacement of the 

carboxylate-O by an amide carbonyl-O via side chains with different terminal groups 

(carboxylate, amine, acetamide) induces a relatively weak surface coordination and a modest 

energy transfer to the Tb(III) ions, as shown by the smooth increase of the Tb emitted intensity 

and a low maximum of intensity observed for L3, L4, L7, L9, and L10. The values of emission 

intensities for a 5000-fold excess of ligands per NPs have been summarized in Figure 13.  
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Figure 13: Values of Tb centred emission intensity upon addition of a 5000 folds excess of 
the different ligands. ([NP] = 8.2 nM and ([L] = 5×10-4 M, TRIS/HCl 0.1 M, pH 7.0 - lexc = 

in the maximum of excitation band). 
 

 

IV. Brightness of isolated NPs and cellular studies 

 
From previous results, ligands L6 and L11 present good performances to photosensitize 

and to coordinate Tb(III) ions on the surface of the NPs. They have been selected to be isolated, 

characterized and tested in vitro and with citrate anions for the determination of their stability 

in competitive media.  

 

1. Purification and characterization 

i. Purification 

 
At firstly, a quantity of ligands ([c] = 5×10-4 M, pH = 7.0, 0.1 M TRIS/HCl) 
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two portions (1 eq. + 0.5 eq.) to minimize the coordination by one chelating site. After 4h of 

stirring, the purification of the capped NPs was achieved by size exclusion on a chromatography 

column on Sephadex G75 for L11 or by centrifugation filters for L6 (Figure 14). 

 

  

Figure 14: Top: purification by centrifugation filters (Amicon 50k). 
Bottom: purification by size exclusion chromatography on Sephadex G75. 

 

ii. Characterization 

 
The purified nanoparticles have been characterized by electronic absorption 

spectroscopy and luminescence spectroscopy. The doping and the concentration of NPs were 

determined by ICP/AES and the size by DLS and the zeta potential were determined. All values 

are summarized in Table 4 and the different spectra are presented in Figure 15.  

 

 
Absorption Emission 

lmax / (e)[a] t545 nm [b] FH20 N[c] B[d] 

L6-Tb NPs 307  
(1.6×107) 

3.76 (52 %) 
1.58 (48 %) 0.13 5240 2.1×106 

L11-Tb NPs 337  
(7.6×106) 

2.59 (53 %) 
1.11 (47 %) 0.29 2660 2.2×106 

 

[a] lmax in nm, e in M-1.cm-1. [b] t in ms. [c] N = number of ligands per NP. [d] = Brightness 
in M-1. cm-1. 

 
Table 4: Main spectroscopic properties of NPs with L6 and L11. 

Centrifugation
14 000 Tr/min

10 min

Centrifugation
5 000 Tr/min

3 min

Sephadex G75

MilliQ water 
pH 7,5
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After the purification, the fluorescence arising from uncoordinated ligands (observed at 

461 nm) has been eliminated and the capped-NPs present emission spectra essentially 

composed of terbium bands. It confirms that only ligands bonded to surface of the NPs 

participate in the energy transfer to Tb(III) ions. With regard to the excited state lifetime, the 

two hybrid NPs have a luminescence decay for emission at 545 nm that is slow and 

biexponential with a one component at 2.59 ms for L11 and 3.76 ms for L6 and a second one 

higher than 1 ms for both systems. This biexponential half time can be explained by the 

photosensitization of Tb (III) ions at the surface[20] and within the core of the NPs or Tb-to-Tb 

energy transfer within the particle or ligand mediated energy migration on the surface.[21][22] 

From the absorption spectra and the concentration of NPs, strong molar extinction coefficients 

have been obtained by Beer-Lambert law for both ligands. The good overall luminescence 

quantum yields of NPs allow to get excellent brightness values for L6 and L11. These values 

exceed those of QDs and semiconducting nanopolymers[23][24] and can be compared to Lumi-4-

TbÒ developed by Raymond and coworkers, which contains four 2-hydroxyisophthalamide. 

With a brightness of only 15 818 M-1cm-1 and a mono-exponential lifetime of 2.60 ms,[25] the 

values of this commercial compound are challenged by the power of our nanoparticle approach. 

 

 
Figure 15: Absorption (violet), excitation (blue, lem = 545 nm) and emission (green) spectra 

of L11-TbNPs (left, lex = 337 nm) and of L6-TbNPs (right, lex = 307 nm) in water after 
purification. 
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iii. Number of ligands 

 
Theoretically, the maximum number of ligands bonded to the NPs can be calculated by 

a mathematical model considering La0.9Tb0.1F3 patterns as spheres. 

From the molar mass for a pattern (equation 9) and the average density of the 

nanoparticles (equation 7), the volume of a pattern can be determined (equation 13):  

 

V8;6612- 	= 	
¨®%.Ì«¬%.ÂÃ´

7	×	Å®
  equation 13 

Supposing that the La0.9Tb0.1F3 patterns are spherical, the radius of a pattern is obtained 

by the following equation (equation 14): 

 

r	 = 	 Î±	×	ÏÆ®ÇÇÈÉÊ
�Ð

´
   where r = radius of a pattern  equation 14 

 
 

Knowing also the radius of the nanoparticle (R – equation 6) and the radius of a pattern 

(r), the surface of the core of nanoparticle (S - in blue – Figure 16) can be calculated (equation 

15): 

𝑆	 = 4	 × 	𝜋 ×	(𝑅 − 𝑟)h  equation 15 
 

The disk of the spherical model for a pattern (in red - Figure 16) is determined by 

equation 16 and represents the surface occupied by the outer patterns on the surface of the core 

of nanoparticle. 

𝑆] 	= 	𝜋 ×	𝑟h  equation 16 

 

The number of outer La0.9Tb0.1F3 patterns (Nouter	La0.9Tb0.1F3	pattern
) can be obtained by 

dividing the surface of the core of the nanoparticles by the section of the disk of the spherical 

model for a pattern (equation 17). 
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Nouter	La0.9Tb0.1F3	pattern
= 	 D

D×
	= 	 �	×	(Ø	'	2)

B

2B
  equation 17 

 
If one assumes that each pattern is coordinated to a single ligand, the number of ligands (N) is 

the same as the number of outer patterns around the NPs depends on the size of the 

nanoparticles. In our case where the radius of the nanoparticles is 10.5 nm, the number of outer 

terbium is 6967. 

  
Figure 16: Radius of the NP and the radius of outer pattern. 

 
Experimentally, this value is obtained by the ratio of the molar extinction coefficient of 

the NPs by the molar extinction coefficient of the ligand at the excitation wavelength. The size 

and the shape of the ligands can strongly influence the number of ligands capped to the NPs 

and can explain why the number of a tridentate ligand L6 is two times more important than that 

of the bis-tridentate ligand L11. A rough estimation of the average surface occupied by a single 

ligand for a 21 nm diameter NP gave a value of 208 Å2 for L11 and 106 Å2 for L6. The doubled 

surface occupied by L11 compared to L6 is in excellent agreement with the structure of the 

ligands and may indicate a full surface coverage of the NPs in both cases. 
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2. Stability test with L6 

 
The stability of the capping layers of the nanoparticles were tested (Figure 17) with 

different equivalents of citrate anions per ligand (1, 10, 100 and 1000) at neutral pH. Often used 

for the preparation of water soluble Ln NPs, citrate is a very strong chelating agent due to the 

presence of three negative charges and it represents an excellent competing anion for ligands 

in this case.[26] For the ligand L11, the addition of a small amount slightly affects the emission 

intensity of Tb(III) (9% for 10 equivalents) and the signal remains very intense with a large 

excess of citrates (66% of the original value at 1000 equivalents). 

 

  
Figure 17: Evolution of the emission spectra (lexc = 341 nm) in the presence of 0 (green), 1 
(orange), 10 (red), 100 (violet) and 1000 (blue) equivalents of citrate anions per ligand added 
to the solution of L6-TbNPs ([NP] = 8.2 nM and [L] at Veq, water, pH 7.0). inset: evolution of 

the intensity at 545 nm. 
 

 However, the intensity of Tb(III) with L6 and 1000 equivalents of citrates added in the 

solution decreased by 57% compared to the emission without added citrates. Despite the strong 

competition with citrate anions, the nanoparticles remained very bright.  

 

I0/I1000 = 0.66
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3. Cell staining 

i. Hela cells 

 
At HKBU, La0.9Tb0.1F3 nanoparticles covered with ligands L6 have been tested for the 

staining of cancer Hela cells (Figure 18). These cells staining experiments have been realized 

to validate the potential of NPs for in vivo imaging. For that purpose, the capped-NPs have been 

incubated for 24h in Hela cell culture followed by a washing of the excess of NPs in order to 

get clear confocal microscopy images. In Figure 18, two regions of the cell culture have been 

observed by transmission and confocal fluorescence microscopy. Excited at 330 nm, the 

nanoparticles emit a strong green Tb emission only in the cytosol of the cells. The colocalization 

with LysoTrackerÒ allows to confirm this observation with an excellent overlay of the dye with 

the Tb NPs emission into the lysosomes of the Hela cells. 

 

 

Figure 18: a) transmission, b and c) fluorescence (exc. at 330 nm, em. at 545 nm for b; exc. at 
577 nm, em. at 590 nm for c), and d) merged confocal microscopy images of HeLa cells 

incubated for 24h with a 1.33 nM solution of NPs functionnalized with L6 (scale bar = 20 
µm). 
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ii. Neuroblastomas (SH-SY5Y cells) 

 
In collaboration with Christel Marquette (CEA researcher) and Jonathan Pansieri (PhD 

student) from “Amyloid: From FOldopathies to NanoDesign” team in Grenoble (AFFOND - 

CEA – BIG - LCBM), La0.9Tb0.1F3 nanoparticles with ligand L11 have been tested with 

neuroblastomas (SH-SY5Y cells) for cellular uptake. Neuroblastomas are cancer cells derived 

from primitive cells of the sympathetic nervous system and form the most common solid 

tumour in childhood.[27] From a stock solution ([c]=36 nM in water at pH 7) of nanoparticles 

with L11, three solutions at different concentrations have been added on SH-SY5Y cells for 1 

hour and 2 hours. In Figure 19, NPs (exc. at 360 nm) can be observed easily inside the cells 

and with any dilution. The cell nucleus is stained in blue with DAPI and reveals the absence of 

NPs in the nucleus by colocalization. Nanoparticles are localized in the cytosol and confirms 

the previous staining experiments with Hela cells. At very low concentration, La0.9Tb0.1F3 

nanoparticles proves the excellent brightness and a good cellular uptake. 

 

 
Figure 19: Fluorescence images (exc. at 360 nm) of neuroblastomas incubated with a stock 

solution ([c]=36 nM) of La0.9Tb0.1F3 NPs capped L11. 
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4. Toxicity 

i. Apoptosis and necrosis 

 
With the aim to measure the toxicity of our system in living cells possibly allowing to 

develop a sensor for the detection of Alzheimer disease, two toxicity tests have been realized 

by AFFOND team (CEA – BIG - LCBM). The first test is based on the early detection of the 

apoptotic cells or necrotic cells[28] by flow cytometry when La0.9Tb0.1F3 NPs are the in presence 

SH-SY5Y cells with different concentrations and different incubation times.[29] The principle 

of detection (Figure 20) is to measure the protein annexin V (Anx) coupled with a fluorescent 

dye, which it has a strong affinity with phosphatidylserine (PS).[30] PS is a phospholipid 

localized on the cell surface in the intracellular medium but, during apoptosis, PS is in 

extracellular environment and can be coupled to the protein Anx. This test is completed by the 

addition of propidium iodide[31] (PI - a fluorescent intercalating agent for DNA staining) which 

enters into the cells only when the plasma membrane is altered, that is to say at the late phase 

of apoptosis or during necrosis.  

 
Figure 20: Principle of apoptosis or necrosis detection with AnnexinV and PI. 
 

The results of flow cytometry experiments (Figure 21) shows a very weak mortality of 

the cells that is below 11% for any concentrations and incubation times. In Figure 21, the NPs 

with L11 promote the apoptosis instead of necrosis because tests without propidium iodide 
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present a stronger mortality. But this analysis is nuanced by tests where the two markers are 

incubated in the same time because the results are weaker. This difference is surely due to an 

external event and independent od nanoparticles. The incubation times have no impact on 

mortality of cells. These tests allow to say that La0.9Tb0.1F3 NPs do not have effects on the cell 

death. 

 

Figure 21: Cytotoxicity of La0.9Tb0.1F3 NPs capped with L11 (stock solution: [NPs] = 36 nM) 
on SH-SY5Y cells by flow cytometry. (Incubation time: 24h (blue), 6h (red) and 1h (green)). 

 

ii. Endoplasmic Reticulum Overload Response test 

 
Survival tests have been realized to measure the production of superoxide and total 

oxidative stress[32] in order to know if the NPs have an effect on SH-SY5Y cells. A significant 

oxidative stress leads to cell death.[33] Thereby, marking Endoplasmic Reticulum Overload 

Response (EOR)[34][35] by a fluorophore, the oxidative stress can be detected quantitatively to 

follow the percentage of cell death due to this stress. The first test is to reveal the presence of 

superoxide (O2-) in cells. In Figure 22, the results show that the presence of superoxide is lower 

than 20%. Even, after 24h of incubation at high concentration (3.6 nM), the quantity of 

superoxide corresponds to the same quantity as that in cells only. 
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Figure 22: Superoxide test on SH-SY5Y with NPTb-L11. ([NPTb-L11]stock = 36 nM -  

Fluorophore for superoxide : lex= 488 nm - lem= 520 nm). 
 

In the second test, the total oxidative stress (ROS) have been measured. The total 

oxidative stress are chemically reactive chemical species containing oxygen like peroxides, 

superoxide, hydroxyl radical, and singlet oxygen.[36] In Figure 23, the control of alone cells 

presents 50% of focal induction, whereas even, at the highest concentration at 24h of incubation 

with lanthanides, the relative induction of ROS is 60%. Thus, the impact of nanoparticles is 

very low on the product of ROS. 

 

 
Figure 23: Superoxide test on SH-SY5Y with NPTb-L11. ([NPTb-L11]stock = 36 nM -  

Fluorophore for ROS : lex= 550 nm - lem= 610 nm). 
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To conclude, the toxicity of La0.9Tb0.1F3 NPs with ligands L11 is very weak even 

marginal, as demonstrated by the three tests performed on the cells. These good results in 

toxicity, in spectroscopy and in cell staining allow to imagine modifications of ligand for future 

biological applications.  

 

 

V. Conjugation of peptide KLVFF 
 
 

To complement the conception of probes for imaging and inhibition of cancer, the 

collaboration with CEA Grenoble (BIG-LCBM) was continued after previous good results in 

spectroscopy and in toxicity by the synthesis of a ligand coupled to a specific peptide of b-

amyloid proteins to reveal Alzheimer's disease. 

 
 

1. A few words on Alzheimer’s disease 

 
Alzheimer’s disease was first discovered in 1901 by the neurologist Alois Alzheimer. 

Today, Alzheimer’s disease is a major health problem by its persistent and disabling character. 

It is a neurodegenerative disorder caused by damages to the brain tissue. These lesions cause a 

decline in cognitive functions including memory, movement or decision, in a continuous and 

irreversible process leading to senile dementia. It is difficult to diagnose the disease before the 

first symptoms appear, which is often a few years after the outbreak of the disease. [37]  

The key to extend life expectancy is based on the early and specific biological diagnosis of the 

disease by identifying the causes. For this promising approach, several harmful proteins are 

highlighted in ill patients like b-amyloid fibers that are responsible of the deterioration and 

destruction of nerve cells.[38] APP (Amyloid Precursor Protein) is a transmembrane protein 



Chapter II 
Conception of ultrabright lanthanide nanoparticles 

 
 

 102 

whose cleavage by secretases provides other proteins such as the b-amyloid protein, which has 

the effect to block synaptic transmission and which accumulation and aggregation in cognitive 

tissue is the signal of the disease (Figure 24). 

 

 
Figure 24: Formation of  b-aggregates from APP.[39] 

 
Peptide KLVFF is the sequence of amino acids which is responsible for the formation 

of amyloid fibers. This peptide was chosen because it is found in area that will fold into b-

sheets, characteristic structure of amyloid fiber in formation and that will give a better 

interaction with the synapse. Knowing that these b-amyloid fibers aggregate significantly in the 

hippocampus, the idea is to specifically target these fibers with peptide KLVFF (Figure 25) to 

make an early diagnosis of Alzheimer’s disease.  

 

 

Figure 25: Representation of peptide KLVFF. 
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2. Synthesis of ligand with peptide KLVFF (LKLVFF) 

 
 The choice of the ligand around La0.9Tb0.1F3 nanoparticles is important to have an 

excellent coordination and to get remarkable spectroscopic properties. The goal is to add a 

maximum of ligands coupled with peptide but also sufficiently far from the nanoparticle for a 

maximum interaction. For the synthesis, the ligand LKLVFF (Scheme 17) is based on the 2-

hydroxy-isophthalic acid series for photosensitization and a hexyl chain linker has been added 

between the chromophore and the peptide.  

Starting from 2-methoxyisophthalic acid, two steps (Scheme 12) have been achieved to 

get the monoester 3-(ethoxycarbonyl)-2-methoxybenzoic acid (12). As previously, the 

carboxylic acids have been activated by thionyl chloride and, after evaporation of the solvent, 

ethanol with triethylamine were added to form the diester. Triethylamine is a nucleophilic base 

and allows to form a group more electrophile in order to realize easily the coupling with alcool. 

The second step is a classic saponification with a single equivalent of NaOH to get the monoacid 

3 after extraction. 

 

  
Scheme 12: Synthesis of 12. 

 

In parallel, the protection of a hexamethylenediamine linker was realized with di-tert-butyl 

dicarbonate to have a tert-butoxycarbonyl (BOC) group (Scheme 13). This protection aims at 

facilitating the coupling between the linker and the chromophore and at obtaining a better yield, 

by avoiding the formation of polymeric species. 
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Scheme 13: Protection of linker with di-tert-butyl dicarbonate. 

 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) and hydroxybenzotriazole (HOBt) 

have been added in a solution with the monoester 3-(ethoxycarbonyl)-2-methoxybenzoic acid 

(12) to activate the carboxyl function and to produce an amide bond with the protected linker 

(13) (Scheme 14). After purification, the yield of this step is 89%. 

 

 
Scheme 14: Coupling between the chromophore and the linker. 

 

The next step is the deprotection of the phenol and of the amine by BBr3 followed by the 

deprotection of the ester by NaOH (Scheme 15).  

 

 
Scheme 15: Deprotections of the ligand. 
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With free carboxylic acids and free amines on the product 15 and on the peptide KLVFF, the 

activation of amine on the linker is necessary to promote thereafter the coupling between the 

ligand and the peptide (N-terminus or/and lysine: K). The choice is to use N, N’-disuccinimidyl 

carbonate to change by peptide coupling the primary amine to an activated carbamate (Scheme 

16). 

 

 
Scheme 16: Activation of amine by N, N’-disuccinimidyl carbonate. 

  

The last step is the coupling with the peptide (Scheme 17). After reverse phase purification, 

the low yield (11% - 10 mg) for this reaction can be explained by the presence of water in 

DMSO, which is capable to deactivate the NHS activated group. DMSO was chosen because 

the peptide is insoluble in DMF. 

 

 
Scheme 17: Synthesis of LKLVFF. 

 

The ligand LKLVFF was characterized by mass chromatography (LC-MS) (Figure 27) and 1H 

NMR. The analysis by mass spectrometry showed a major peak at 959.52 m/z that corresponds 

to the product ([M+H]+) and a minor peak at 1265.67 m/z arising from the coupling by the 

lysine (K) of two chromophores and one peptide (Figure 26).  

 

 

Figure 26: Structure of L2KLVFF. 

N,N’-Disuccinimidyl carbonate,
Et3N, DMF 

 r. t.

30 %

HO

OHO O

H
N

N
H

16

HO

OHO O

H
N

NH2

15

O

O
N

O

O

Peptide KLVFF
DIPEA, DMSO 

 r. t.

11 %

HO

OHO O

H
N

N
H

16

O

O
N

O

O

HO

OHO O

H
N

N
H

LKLVFF

N
H

O
KLVFF

HO

OHO O

H
N

N
H

N
H

O

KL
VF
F

N
H

N
H

O H
N

O OH O

OH



Chapter II 
Conception of ultrabright lanthanide nanoparticles 

 
 

 106 

Figure 27: ESI(+) analysis of ligand LKLVFF. Inset on the left: zoom on the major peaks (top: 

measured spectrum – bottom: calculated spectrum). 

 

Using 1H NMR (Figure 28), the comparison of the spectra of the product LKLVFF and precursor 

compounds allows to deducte the coupling between the chromophore and the peptide. The 

singlet at 2.76 ppm from the NHS group has disappeared, proofing the coupling between the 

chromophore and the peptide. The peaks from the linker (D, D’, E, F) are easily recognizable 

because their chemical shifts have not been changed compared to the spectrum of product 7’.  

Protons (-CH, A, B, C) from the hydroxyisophthalic group are shifted, which is probably due 

to different pH. For the peptide, a family of protons (G, H, I, J, K) from alpha carbon are 

between 4.0 ppm and 4.7 ppm and another family from -CH3 of Leucine and Valine (R, S, T, 

V) are observed between 0.5 ppm and 1 ppm. Phenylalanine are characterized by protons of the 

aromatic cycle (X – at 7.2 ppm) and protons on beta carbon (W) at 3.1 ppm. As for the linker, 

protons of Lysine (L, M, N, O) are located in the same region between 1 ppm to 2 ppm, although 

-CH2 in alpha of the side chain NH2, are clearly seen at 2.85 ppm. For integrations, the ratio 

between the chromophore and the peptide is almost 1.5 and suggests the presence of a mixture 

of LKLVFF and L2(KLVFF) species, as confirmed by ESI(+) analysis. 
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Figure 28: 1H NMR spectra of compounds 6’ (red), product 7’ (green) and LKLVFF (black) 
(MeOD, 300 MHz, 25 °C). 

 

 
3. Spectroscopic studies with La0.9Tb0.1F3 NPs and 

LKLVFF  
 
 
By titration, the emission of Tb(III) from nanoparticles has been studied with ligand 

LKLVFF. This study allows to know the equivalent volume and the photosensitization efficiency 

of the chromophore as can be seen in Figure 29, the intensity of the NPs increased gradually 

with the addition of ligands then was stabilized when the equivalent volume was reached. This 

evolution of Tb(III) emission is similar to the previously described titrations and represents a 

good surface capping. In this case, the equivalent volume was 35 µL of ligands (8,6×10-6 mol. 

L-1) to cover the nanoparticles. 
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Figure 29: Titration of La0.9Tb0.1F3 NPs ([c] = 8.2 nM, TRIS/HCl 0.1, pH 7.0) by LKLVFF ([c] 

= 5×10-4 M) followed by fluorescence spectroscopy (lexc = 325 nm). Inset on the left: 
evolution of the emission intensity at 620 nm as a function of the concentration of added 

ligand.  
 
 

Another observation is the small enhancement in intensity between La0.9Tb0.1F3 NPs alone and 

saturated La0.9Tb0.1F3 NPs. The emission has been multiplied by 50 which is significantly less 

than for L6 and L11 where the gain was 500. This loss can be explained by the strong emission 

band at 460 nm from the ligand. This behavior is due to an incomplete photosensitization from 

ligand to Tb(III) ions or a coordination via another part of the ligand allowing the chromophore 

to be free and to emit. Knowing the equivalent volume, the ligand LKLVFF has been mixed with 

La0.9Tb0.1F3 NPs and purified by centrifugation filters (Amicon 50 kDa) to measure the 

spectroscopic properties. The purified nanoparticles have been characterized by electronic 

absorption spectroscopy and luminescence spectroscopy, then the concentration of NPs with 

ligands has been determined by ICP/AES. All values have been summarized in Table 5 and the 

different spectra are presented in Figure 30.  
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Figure 30: Absorption (violet), excitation (blue, lem = 545 nm) and emission (green, lex = 

325 nm) spectra of La0.9Tb0.1F3 NPs capped with LKLVFF after purification. 
 

 

The emission spectrum of the NPs with LKLVFF shows five bands composed of the four bands 

of Tb at 485, 545, 584 and 621 nm and a band emission of the ligand at 460 nm (Figure 30). 

Despite purification to eliminate the excess of ligands, the presence of this band at 460 nm is 

the proof that the molecule is coordinated around the nanoparticle, but there is a poor energy 

transfer between the ligand and Tb ions because the chromophore is too far from the NPs. This 

coordination affects the spectroscopic properties of Tb nanoparticles as indicated in Table 4.  

 

 
Table 5: Main spectroscopic properties of Tb doped NPs with LKLVFF. 

[a] lmax in nm, e in M-1.cm-1. [b] t in ms, with the population given in %. [c] N = 
number of ligands per NP. [d] B = Brightness in M-1.cm-1. 

 
 

The quantum yield is low and translates a poor energy transfer between the ligand and Tb(III) 
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but the number of ligands plays also an important role because the molar extinction coefficient 

depends to the number of ligands around NPs. This decrease in the number of ligands can be 

explained by the size of the ligand. With the peptide and the linker coupled in ortho position of 

chromophore, LKLVFF occupies more space on the NPs, limiting the access at the surface of 

nanoparticle. Compared to L6 and L11, the luminescence decay of emission at 545 nm is always 

biexponential but the two components are faster with a lifetime at 1.37 ms and a second one 

below 1 ms.  

However, these spectroscopic results are amply acceptable for a detection of b-amyloid 

fibers. A first test in presence of fibers has been realized with NPs capped with LKLVFF. The 

first observations present a weak interaction between the two entities but many problems have 

been observed and further adjustments are required in the method and for the nanometric 

markers. 

In the future, to improve ultrabright lanthanide nanoparticles, the linker between the 

chromophore and the biological entity should be orthogonal to separate correctly the biological 

function and the surface of the nanoparticle for a better coordination, a better photosensitization 

and a better interaction with the target. 
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VI. Conclusion 
 
 

In this chapter, the aim was to synthesize different ligands allowing to photosensitize 

Tb(III) nanoparticles and to increase the brightness in order to get new biomarkers with 

remarkable properties for biological applications. 

The synthesis of La0.9Tb0.1F3 NPs has been realized by a hydrothermal technique or a 

microwave oven and the NPs have been characterized by different techniques to measure the 

size, the doping ratio or the electronic charge at the surface of the nanoparticles. The synthesis 

of the ligands allows to get two series of ligand with dipicolinic acid or 2-hydroxy-isophthalic 

acid entities. 

 The spectroscopic study of the ligands with the NPs by titration experiments has 

revealed two ligands (L6 and L11) offering a strong photosensitization of nanoparticles and 

excellent spectroscopic results. Complementary tests have showed an acceptable stability, very 

low toxicity and good staining with very low concentrations in two types of cells. 

From these observations, a new ligand coupled to a peptide has been synthetized for the 

detection of b-amyloid fibers in Alzheimer’s disease. The ligand LKLVFF presents good 

spectroscopic characteristics in spite of values in brightness lower than that of L6 and L11. First 

test with b-amyloid fibers have not allowed to confirm a detection of fibers but they 

demonstrate that ultrabright lanthanide nanoparticles are promising new tools in the 

development of nanotechnologies for use in bioanalytics and imaging.  

Future perspectives are directed towards to design of new ligands for Tb(III) 

nanoparticles in order to realize FRET experiments with different biological entities to improve 

the intensity of signal or to couple the system with others types of detection (IRM, PET). 

Another perspective is to modify the structure of the nanoparticles to improve the yield of solar 

cells. 
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The chapter II was mainly dedicated to the photosensitization of nanoparticles doped 

with Tb(III) ions and to their applications. From these observations on La0.9Tb0.1F3 

nanoparticles, Eu(III) NPs have been studied in order to obtain their red emission in water. In 

the literature, several works have been described to photosensitize Eu(III) nanoparticles coated 

by ligands. In 2008,[1] a study published by Loïc Charbonnière et al. showed an increase of the 

luminescence of water-soluble La0.95Eu0.05F3 nanoparticles by the antenna effect with the ligand 

6-carboxy-5-methyl-2,2’-bipyridine. The quantum yield of these nanoparticles has been 

measured to 1.85 ± 0.28%, with an excited-state lifetime of 125 µs. With the same 

nanoparticles, Marry T. Berry and co-workers[2]  have observed a significant photosensitization 

of Eu(III) ions with dipicolinic acids in aqueous solution. In recent researches developed by 

Arindam Chowdhury’s team[3,4], La0.95Tb0.05F3 nanoparticles capped by 9-oxidophenalenone or 

1,10-phenanthroline have showed an intrinsic quantum yield of 13% and an average lifetime of 

0.41 ms in the solid phase for the first ligand and an average lifetime of 0.27 ms in water for 

the second one. The efficiency of the antenna effect with organic molecules around 

NaGd1−xEuxF4 nanoparticles have also been demonstrated by Rebecca J. Abergel et al.[5,6] with 

the ligand 3,4,3-LI(1,2-HOPO). These works show the high efficiency and potential to cover 

the Eu(III) nanoparticles with chromophores. This chapter will be dedicated to the 

photosensitization of Eu doped NPs. 

 

In this chapter, a new ligand has been synthesized to photosensitize water-soluble 

La0.90Eu0.1F3 nanoparticles in order to improve the emission of europium and to get a coupling 

function for future applications. Then another ligand and new heterometallic nanoparticles have 

been synthesized with the aim to promote the energy transfer from Tb(III) ions on the surface 

of the NPs to Eu(III) ions in the core of the nanoparticles and get a very long excited-state 

lifetime and an exceptional quantum yield in aqueous solution. 
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I. Photosensitization of La0.9Eu0.1F3 NPs 

 
La0.9Eu0.1F3 nanoparticles have been selected, synthesized,[7] and characterized in 

accordance with the observed results in Chapter II for optimal properties in term of 

luminescence quantum yield and lifetime. The choice of the ligand around Eu(III) NPs has been 

based on the dipicolinic acid (DPA) core, according to literature data.[8–10] Indeed, to sensitize 

Eu(III) ions on the surface of the nanoparticle, the chromophore must have a singlet–triplet 

energy gap lower than 7000 cm−1, the S1 state at an energy lower than 29 000 cm−1 above the 

ground state and a planar coordination.[11] In the case of DPA, the triplet state of the ligand 

(approx. 26 600 cm-1)[12] allows to excite the state of Eu(III) ion (17 300 cm-1)[13] and provides 

efficient sensitization. Phenylethynyl-dipicolinate derivatives have lower triplet state (approx. 

19 500 cm-1)[14,15] and are even better adapted.[16–19] Therefore, the ligand L12 4-((4-

carboxyphenyl)ethynyl)pyridine-2,6-dicarboxylic acid (Figure 1) have been selected to 

photosensitize La0.9Eu0.1F3 nanoparticles. 

  

 
Figure 1: Representation of ligand L12. 

 

Additional advantage of the carboxylate group in para position is to couple functional groups 

perpendicular to the surface of the nanoparticle for different applications. The coordination of 

dipicolinate group forms two 5-membered chelate rings with the Eu(III) ion to ensure the 

stability and the photosensitization. Another advantage with the triple bond and the second 
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aromatic ring is the possibility to excite the chromophore in NIR region by multiphoton 

excitation.[20–23] 

 
 

1. Synthesis of ligand L12 

 
Starting from chelidamic acid, the first step (Scheme 1) of the  synthesis is to activate 

the carboxylic acids by the method of Robison[24] using and the 4-oxo position by thionyl 

chloride and to esterify with EtOH to form diethyl 4-chloropyridine-2,6-dicarboxylate (17). 

Then, the chloride is substituted by an iodide (18- Scheme 1) in the presence of a large quantity 

of sodium iodide and acetyl chloride under ultrasounds.[10] A Sonogashira coupling[25] (Scheme 

1) is used to add an acetylene group to the structure (19) with 

tetrakis(triphenylphosphine)palladium(0), copper(I) iodide, triethylamine and 

trimethylsilylacetylene (TMS-acetylene). After purification, the yield of this step is 95 %. The 

trimethylsilyl group can be deprotected by tetra-N-butylammonium fluoride (TBAF) in THF to 

get compound 20 (Scheme 1). Compound 21 is obtained by a Sonogashira coupling between 

compound 20 and 4-iodobenzoic acid. The last step of the synthesis is the saponification of the 

esters with NaOH to yield ligand L12. 

 

Scheme 1: The synthesis of L12. 
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2. Characterization of ligand L12 

 
The ligand L12 was characterized by mass spectrometry (HRMS – MALDI-TOF) and 1H, 13C 

NMR. The analysis by mass spectrometry showed a peak at 311.94 m/z that corresponds to the 

product ([M+H]+).  

 

 

Figure 2: 1H NMR spectra of ligand L12 in D2O (400 MHz, 25 °C). 
 

In the 1H NMR spectrum (Figure 2), integrations agree with the number of protons for the 

ligand.  The singlet at 8.08 ppm is attributed to the protons from the dipicolinate group (-CH, 

A). Protons (-CH, B, C) from the benzoate group appears as two doublets at 7.68 ppm (C) and 

7.86 ppm (B) respectively. The protons (B) in para of the carboxylate function are more 

deshielded that the protons (C) in meta hence the difference of shifting. 
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3. Spectroscopic studies of La0.90Eu 0.1F3 NPs with L12 

i. Absorption and emission titration 

 
Figure 3: Titration of La0.9Eu0.1F3 NPs ([c] = 1.3 nM, TRIS/HCl 0.01 M, pH 7.0) by L12 ([c] 
= 5×10-4 M) followed by UV-Vis absorption. Inset: evolution of the absorption at 306 nm as 

a function of the concentration of added ligand. 
 

After the synthesis, the ligand L12 was gradually added to a solution of Eu doped NPs 

to get the equivalent volume and the efficiency of energy transfer from the ligand to the Eu(III) 

ions on the surface of the nanoparticle. The protocol of the titration described in Chapter II is 

kept exactly the same for this study. The addition of ligand L12 in a buffer solution (TRIS/HCl, 

0.01 M, pH = 7) containing La0.9Eu0.1F3 nanoparticles has revealed a linear increase of the 

absorption bands by UV/visible absorption spectroscopy (Figure 3). 

 The emission of Eu(III) was measured with the same sample for each addition of ligand 

with an excitation at 306 nm. La0.9Eu0.1F3 NPs without ligand showed a very weak europium 

emission in solution whereas the addition of ligand L12 allowed to improve gradually the 

emission of Eu with the typical narrow bands (Figure 4). These bands were attributed to the 

5D0 à 7FJ transitions of Eu(III) ions at 579 nm (J = 0), 583-603 nm (J = 1), 604-630 nm (J = 



 Chapter III 
Photoluminescence of ultrabright Eu(III) nanoparticles and Tb to Eu energy transfer for extra-long lifetimes in water  

 
 

 124 

2), 650 nm (J = 3) and 679-707 nm (J = 4) with the maximum of emission for J = 2 at 614 nm. 

As with La0.9Th0.1F3 NPs in Chapter II, this linear increase is due to the energy transfer by 

antenna effect from the ligands to the Eu(III) ions at the surface. After 200 µL of added L12, the 

intensity of emission at 614 nm reaches a maximum and remains constant (Figure 4 – Inset 

right). This behavior represents a good surface capping and allows to define the equivalent 

volume. In this case, the equivalent volume was 213 µL of ligands (4.8 ×10-5 mol. L-1) to totally 

cover the NPs by organic antennae. 

 

 
Figure 4: Titration of La0.9Eu0.1F3 NPs ([c] = 1.3 nM, TRIS/HCl 0.01 M, pH 7.0) by L12 ([c] 

= 5×10-4 M) followed by fluorescence spectroscopy (lexc = 306 nm). Inset on the left: 
evolution of the emission intensity at 415 nm as a function of the concentration of added 

ligand. Inset on the right: evolution of the emission intensity at 614 nm as a function of the 
concentration of added ligand. 

 

At 415 nm, the increase of emission band from the ligand presents two distinct regions 

as a function of added ligands in the solution (Figure 4 – Inset left). The first part of the 

increase is sharper than the second one and the intercept between the two straight lines related 

to the two regions indicates a volume (173 µL) close to the equivalent volume. This difference 

of increase can be linked with the coordination of ligands at the surface of the nanoparticles, 

which promote the fluorescence of L12 reducing the quenching between water molecules and 
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the ligand or this behavior can be the phosphorescence (3T) from the ligand. A comparison with 

the alone ligand L12 could provide informations about this point. 

 

 

ii. Characterization of isolated La0.90Eu0.1F3 NPs with L12 

 
The nanoparticles of europium were stirred with a solution of ligand L12 ([c] = 5×10-4 

M, pH = 7.0, 0.1 M TRIS/HCl) corresponding to 2 times the equivalent volume for 1h. Then 

the solution containing the capped NPs was purified by using centrifugation filters (Amicon 50 

kDa). After the purification, the NPs have been characterized by electronic absorption 

spectroscopy and luminescence spectroscopy (Figure 5), and the concentration of the sample 

has been obtained by ICP/AES. 

 

 
Figure 5: Absorption (violet), excitation (blue, lem = 614 nm) and emission (red) spectra of 

L12-EuNPs (left, lex = 306 nm) in water after purification. 
 

In Figure 5, The emission spectrum of L12-EuNPs reveals the five typical bands of europium 

from 575 to 720 nm and an emission attributed to the ligand at 415 nm. The fluorescence or the 

phosphorescence from L12 can translate a partial coordination with the surface of the 

nanoparticle or a part of energy absorbed by the chromophore which is not transferred to the 

Eu(III) ions. This partial energy transfer has the effect to decrease the overall quantum yield 
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(FH20 = 1,3%) of the system and intrinsically the brightness (Table 1). However, the brightness 

remains very high in spite of the low quantum yield because the important number of ligand 

(11 434) allows to compensate with a large molar extinction coefficient. With regard to the 

luminescence decay of emission at 614 nm, the excited state lifetime is triexponential with two 

short components at 0.25 ms and 0.73 ms attributed to the photosensitization of Eu(III) ions at 

the surface of the NPs and a long component at 2.38 ms arising from the Eu ions emitting from 

the core of the particle.  

 

 
 

[a] lmax in nm, e in M-1.cm-1. [b] t in ms. [c] N = number of ligands per NP. [d] = Brightness 
in M-1. cm-1. 

 
Table 1: Main spectroscopic properties of EuNPs with L12. 

 

Eu(III) ions that can be coordinated to the carboxylate function of L12 in para or by the 

dipicolinate group are more or less protected from water molecules causing vibrational 

quenching and are less photosensitized. This difference of coordination can explain both the 

fast lifetimes and the presence of an emission band from the ligand. To conclude, the capped 

La0.9Eu0.1F3 nanoparticles present an average lifetime of 1.37 ms and a brightness of 1.91 ×	106 

M-1.cm-1. Compared to the literature,[3,8,19,20,26] the new system represents an improvement in 

terms of excited state lifetime and brightness for europium but the selected ligand doesn’t 

provide an excellent quantum yield. For example with the EuroTracker dyes,[26] the lifetimes 

are approximately 1.20 ms and the brightness is 34 100 M-1. cm-1 (f = 62 %). 
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II. Taking advantage of energy transfer from Tb 
to Eu for extra-long lifetimes  

 
 

A new strategy has been developed with the aim to improve the sensitization process of 

the Eu situated in the core of the NPs. Indeed, such Eu ions have longer lifetimes and improved 

intrinsic quantum yields since they are protected from vibrational quenching of water 

molecules. However, they are far from the surface and cannot be sensitized efficiently by the 

antenna. The one may use the energy transfer from terbium to europium in heterometallic 

nanoparticles as a relay to access Eu(III) from the core of the structure. In the literature, various 

examples of Tb-Eu transfer are used to design systems or materials for fluorescent sensing as 

thermometer,[13,27–29] for bio-imaging[30] or for LED.[31]  

The main parameter for an efficient energy transfer is the distance between the ions of 

terbium and europium. From recent works in the literature and the previous observations on the 

photosensitization of NPs in this manuscript, new La(0.99-x)TbxEu0.01F3 nanoparticles and a new 

ligand to excite Tb(III) ions have been synthesized to promote the Tb-Eu energy transfer and 

to enhance the spectroscopic properties of the nanoparticles. 

 

 

1. Synthesis and characterization of La(0.99-x)TbxEu0.01F3 
nanoparticles 

 

 
In this section, all nanoparticles have been obtained by hydrothermal synthesis in an 

autoclave at 150°C in water for 2h, following the protocol, which is similar to the one described 

in Chapter II. The choice of the doping level in nanoparticles has been determined from the 

literature.[30–35] Thus, the quantities of lanthanum, terbium and europium used for the synthesis 

have been calculated and prepared to get the following doping levels (Table 2):  
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 Theoretical composition 

La(0.99-x)TbxEu0.01F3 
NPs 

La0.9Tb0.09Eu0.01F3 

La0.75Tb0.24Eu0.01F3 

La0.50Tb0.49Eu0.01F3 

La0.1Tb0.89Eu0.01F3 

Tb0.99Eu0.01F3 

 
Table 2: Different doping levels of synthesized La(0.99-x)TbxEu0.01F3 nanoparticles.  

 
 

Theoretical 
composition 

La0.9Tb0.09Eu0.01F3 La0.75Tb0.24Eu0.01F3 La0.50Tb0.49Eu0.01F3 La0.1Tb0.89Eu0.01F3 Tb0.99Eu0.01F3 

Calculated 
doping levels 

La: 93% 
Tb: 6% 
Eu: 1% 

La: 76% 
Tb: 23% 
Eu: 1% 

La: 59% 
Tb: 40% 
Eu: 1% 

La: 14% 
Tb: 85% 
Eu: 1% 

Tb: 99% 
Eu: 1% 

Diameter 
by TEM 

61 to 63 nm - 27 to 33 nm 52 to 58 nm 275 to 293 nm 

Diameter 
by XRD 

78 nm - 41 nm 64 nm 220 nm 

Hydrodynamic 
diameter 
by DLS 

67 nm 42 nm 54 nm 90 nm 245 nm 

Cell 
parameters 

- - - - - 

Zeta potential - + 7.28 mV + 8.76 mV + 15.7 mV - 

Concentration 
(in mol-1 L-1) 1.56×10-8 9.15×10-8 1.11×10-7 1.80×10-9 8.65×10-11 

 
Table 3: Morphological and elemental parameters of La(0.99-x)TbxEu0.01F3 nanoparticles. 
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To compare the structure, the size and the optical properties of nanoparticles, the doping level 

of Eu(III) ions has been maintained to 1% in order to determine the induced effects by the 

change of the doping level of terbium in the NP.  After the synthesis, nanoparticles have been 

characterized by transmission electron microscopy (TEM), X-ray diffraction (XDR), dynamic 

light scattering (DLS), zeta potential, and inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) to know their sizes, compositions and the structures. All data are 

summarized in the Table 3. 

According to the elemental mass concentrations measured by ICP-AES and equation 2 

– 4 in Chapter II, the doping level of terbium in nanoparticles (Table 3) is slightly weaker 

than the quantities added in the solution for the synthesis. This difference is probably due to a 

mistake in the preparation of lanthanide solution or in the use of micropipettes (default of 

equipment).  Another assumption is a partial exclusion of some ions in the crystal structure. 

TEM images of the La(0.99-x)TbxEu0.01F3 nanoparticles (Figure 6) show an increase of 

the size when the doping level of terbium increased except for La0.93Tb0.06Eu0.01F3, which 

present an important size compared to the ratio of lanthanides. From XRD pattern, the size of 

the nanoparticles have been calculated with Scherrer’s formula[36] (Equation 1 – Chapter II), 

despite the strong background noise and the results confirm the observations of TEM 

measurements. Moreover, the values of hydrodynamic diameter for nanoparticles present the 

same trend than that of XDR and of TEM.  

Two shapes of NP have been observed by TEM images. For the doping level of terbium up to 

40%, the shape is typically the same that the NPs described in Chapter II,[37] that is a bit 

elongated and with a cavity in the center of NPs like a donut. The shape of La0.14Tb0.85Eu0.01F3 

and Tb0.99Eu0.01F3 NPs is different with an elongation of the nanoparticles and the loss of the 

cavity in the middle.  
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According the formulas described in Chapter II (paragraph I, 2, iii), the concentration of NPs 

in solution have been calculated as a function of the volume and the doping level of each 

nanoparticle. For the synthesis, the total quantity of lanthanides is the same for each reaction, 

thereby the concentration of NPs decreases when the size of nanoparticles increases.  

 

 
Figure 6: Characterization of La0.59Tb0.40Eu0.01F3 (Left) and La0.14Tb0.85Eu0.01F3 nanoparticles 

(Right). 
a) Transmission electron microscopy image (TEM). 

b) Dynamic light scattering in ultrapure water (DLS). 
c) X ray diffraction pattern of the solid NPs (blue).  

 

 

2. Synthesis and characterization of the capping ligand 
L13 

 

The choice of the ligand around the La(0.99-x)TbxEu0.01F3 nanoparticles has been oriented 

by the previous study described in Chapter II. First, the 2-hydroxyisophtalic acid antenna has 

been kept in order to provide efficient sensitization of the Tb ions. Then, a tricarboxylic acid 

derivative has been designed in order to take advantage of the coupling function perpendicular 

to the surface of nanoparticles for future functionalization for bio-targeting. The ligand 2-

hydroxybenzene-1,3,5-tricarboxylic acid (L13 – Figure 7) has been synthesized to 

photosensitize specifically the Tb(III) ions, to ensure the solubility and stability of the NPs, to 
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get excellent spectroscopic properties and to add a coupling function by the carboxylate group 

in para position.  

 

Figure 7: Ligand L13. 
 

The synthesis of the ligand (Scheme 2) starts with the protection the alcohol function 

of 2,4,6-trimethylphenol by a SN2 nucleophilic substitution in presence of methyl iodide (MeI) 

and potassium carbonate (K2CO3).  The second step is the oxidation of the three methyl groups 

of the protected compound 22 with KMnO4 and KOH in H2O to obtain the product 23 with a 

yield of 62 %. The last step of the synthesis (Scheme 2) is the deprotection of the phenolate 

function by O-demethylation in the presence of a solution HBr/AcOH (50/50). The ligand L13 

was precipitated and centrifuged to collect the desired product with a yield of 60 %.  

 

 
Scheme 2: The synthesis of L13. 

 

L13 has been characterized by mass spectrometry (HRMS – MALDI-TOF) and 1H, and 13C 

NMR. The analysis by mass spectrometry showed a peak at 226.10 m/z which corresponds to 

OH

OHO

O

HO

O

OH
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the product ([M+H]+). In the 1H NMR spectrum (Figure 8 - Inset), the singlet at 8.33 ppm is 

attributed to the proton atoms in meta position to the alcohol function (-CH, D). From the 13C 

NMR spectrum, carboxylate functions are observed at 175.4 ppm (A) and 174.8 ppm (F). The 

carboxylate group in ortho position of the phenolate function are more deshielded than that of 

the carbon (F) in para. The carbon (B) is the one with the alcohol function. The carbon atoms 

(D) at 132.8 ppm situated in meta position on the phenol and in ortho position of the carboxylate 

groups are more deshielded and have a larger displacement than the carbons (E, D) in alpha 

position of carboxylate groups.  

 
Figure 8: 13C NMR spectra of ligand L13 in D2O (75 MHz, 25 °C). 

Inset: 1H NMR spectra in D2O (300 MHz, 25 °C). 

 

 
3. Spectroscopic studies of La0.14Tb0.85Eu0.01F3 NPs with 

L13 
 

Spectroscopic studies have been carried out to understand the behavior of nanoparticles 

in the presence of the ligands. Through titrations, different nanoparticles of Tb-Eu have been 
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tested with ligand L13 and the absorption, excitation and emission spectra of the nanoparticles 

have been monitored. The objective of these tests was to show that the sensitization of Tb(III) 

ions by L13 improves the spectroscopic properties of Eu(III) in water using the energy transfer 

between Tb and Eu and to study the influence of the doping level of terbium. To simplify the 

reading of this section, the study with La0.85Tb0.14Eu0.01F3 nanoparticles and L13 is reported in 

details and then a comparison is made between other NPs in order to conclude about the 

characteristics needed to obtain good photosensitization and to select the most efficient 

nanoparticles. 

 

i. Absorption and emission titrations 

 

In Figure 9, a buffer solution (TRIS/HCl, 0.01 M, pH = 7) containing 

La0.14Tb0.85Eu0.01F3 nanoparticles has been titrated by the ligand L13 and monitored by 

UV/visible absorption spectroscopy. The increase of the absorption bands at 314 nm is linear 

as a function of the concentration of added ligand. 

 
Figure 9: Titration of La0.14Tb0.85Eu0.01F3 NPs ([c] = 13.5 pM, TRIS/HCl 0.01 M, pH 7.0) by 

L13 ([c] = 5×10-4 M) followed by UV-Vis absorption. Inset: evolution of the absorption at 314 
nm as a function of the concentration of added ligand. 
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 At the same time, the emission spectra of Tb-Eu nanoparticles (Figure 10) were 

measured for each addition of L13. When the NPs without ligands are excited at 330 nm, the Tb 

and Eu emissions are extremely weak. The first addition of ligand allows to sensitize Tb and 

Eu ions to obtain an emission spectrum (Figure 10) containing the four typical emission bands 

of terbium at 485, 545, 584 and 621 nm for the 5D4 à 7FJ transitions (J= 6 to 3, respectively) 

and the signal of europium with narrow bands attributed to the 5D0 à 7FJ transitions at 579 nm 

(J = 0), 583-603 nm (J = 1), 604-630 nm (J = 2), 650 nm (J = 3) and 679-707 nm (J = 4) with 

the maximum of emission for J = 1 at 592 nm. Compared to the emission spectrum of 

La0.9Eu0.1F3 NPs (Figure 4 – Chapter III - Paragraph I-3-i), the band at 614 nm is very less 

intense that the band attributed to 5D0 à 7F1 and this observation is probably due to a change 

of the site symmetry.[2,38] Another emission band at 415 nm appears and increases when large 

amounts of ligand are added. This band is due to the fluorescence of the ligand in solution. 

 

 
Figure 10: Titration of La0.85Tb0.14Eu0.01F3 NPs ([c] = 13.5 pM, TRIS/HCl 0.01 M, pH 7.0) by 
L13 ([c] = 5×10-4 M) followed by fluorescence spectroscopy (lexc = 330 nm). Inset: Zoom on 

the emission spectrum of Tb-Eu nanoparticles. 
 

 During the titration with ligand L13, the evolutions of the intensity of different peaks of the 

spectrum as function of added ligand present different behavior (Figure 11). At 415 nm, the 
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intensity of emission from the ligand is almost linear (orange line) as a function of the 

concentration of added ligands. After the equivalent volume, the fluorescence increases very 

slightly corresponding to uncoordinated antenna in the solution. For the main band of terbium 

at 545 nm, the intensity of emission (green line) increases gradually then reaches a maximum 

to allows to define the equivalent volume by the intercept between the two straight lines related 

to the growing region and to the maximum region. The equivalent volume was situated at 423 

µL (8.8 ×	10-5 mol. L-1). This important equivalent volume is related to the size of the NPs 

because the surface of the nanoparticles is bigger here and allows to coordinate more ligands. 

The evolution of Eu emission has been observed on two bands at 614 nm and 700 nm (blue and 

red lines). After the first addition (20 µL), the maximum of the emission intensity for the two 

bands is reached and remains constant with the next additions of L13.  

 

 
Figure 11: Evolution of the emission intensity at 415 nm (orange), at 545 nm (green), at 614 

nm (bleu) and at 700 nm (red) as a function of the concentration of added ligand. ([NPs] = 
13.5 pM, [L13] = 5×10-4 M, TRIS/HCl 0.01 M, pH 7.0, lexc = 330 nm). 

 

Knowing that the ligand L13 hardly photosensitizes the Eu(III) ions at the surface of NPs 

(Figure 12), this strong emission is probably due to the photosensitization of Tb (III) ions at 

the surface by the ligand followed by a quantitative transfer of the energy to europium ions 
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within the core of the NPs.  

 

 
Figure 12: Emission spectra of La0.99Eu0.01F3 NPs (brown) and La0.9Eu0.1F3 NPs (black) 

capped with L13 in a buffer solution. ((lex = 330 nm ; [NPs] = 246 pM and 1.29 nM 
respectively, [Ligands] = 1.22 × 10-5 M, TRIS/HCl 0.01 M, pH 7.0). 

 

This assumption is further confirmed by looking at excited state lifetimes. In Table 4, the 

lifetime of Eu at 695 nm is extremely long (9.58 ms) when the ligand is excited and the lifetime 

is almost the same (9.36 ms) when the excitation is realized directly into Tb(III) ions at 485 

nm. The excited state lifetime of Tb upon ligand excitation (0.05 ms and 0.57 ms) are extremely 

short compared to previous measurements with La0.9Tb0.1F3 NPs (3.76 ms and 1.58 ms - 

Chapter II) in the presence of ligand L5. These short values can be explained either by a 

quenching due to an energy transfer between terbium and europium or by a self-quenching due 

to increased Tb concentration. From these values, the Eu(III) ions in the core of the NPs play 

probably the role of energy wells. These ions with a doping level of 1% have a very good 

protection in the matrix against the vibrational quenching due to the aqueous environment. In 

view of the evolution of Tb and Eu intensities of emission and lifetimes, they are saturated 

directly in energy when ligands are added in the solution while the emission of Tb continues to 

increase with the quantity of ligands. The saturation effect is probably due to the relatively low 
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doping level of Eu compared to Tb ions.  

  

 t545 nm 
(lex = 330 nm) 

t695 nm 
(lex = 330 nm) 

t695 nm 
(lex = 485 nm) 

La0.14Tb0.85Eu0.01F3 0.05 (12 %) 
0.57 (88 %) 

1.43 (4 %) 
9.11 (96 %) 

1.62 (5 %) 
9.36 (95 %) 

 
Table 4: Excited state lifetimes (t in ms) of La0.85Tb0.14Eu0.01F3 NPs capped with L13. 

 

 
ii. Comparison with other La(0.99-x)TbxEu0.01F3 nanoparticles 

 
To compare the different nanoparticles, the same concentration of nanoparticles has been kept 

for all titrations as well as the acquisition parameters of the spectrometers and the same quantity 

of ligands have been added into the solutions. Moreover, the excitation wavelengths have been 

chosen in terms of the maximum of the excitation spectra of Eu at 695 nm with the ligand (330 

nm). La0.9Eu0.1F3 and La0.99Eu0.01F3 nanoparticles have also been studied in this comparison 

using UV/Visible absorption spectroscopy and fluorescence spectroscopy. To simplify the 

understanding of graphs, a color code has been assigned for each nanoparticle. Thus, the 

Tb0.99Eu0.01F3 NPs are represented by the color yellow (-----), the La0.14Tb0.85Eu0.01F3 NPs by 

the color grey (-----), the La0.59Tb0.40Eu0.01F3 NPs by the color orange (-----), the 

La0.76Tb0.23Eu0.01F3 NPs by the color green (-----), the La0.93Tb0.06Eu0.01F3 NPs by the color blue 

(-----), the La0.99Eu0.01F3 NPs by the color brown (-----) and the La0.9Eu0.1F3 NPs by the color 

black (-----). 
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Figure 13: Absorption spectra of NPs capped with L13 in a buffer solution. ([Ligands] = 1.22 
× 10-5 M, TRIS/HCl 0.01 M, pH 7.0). Inset: evolution of the absorption at 314 nm as a 

function of the doping level of terbium. 
Tb0.99Eu0.01F3 NPs ([c] = 0.65 pM, -----), La0.14Tb0.85Eu0.01F3 NPs ([c] = 13.5 pM, -----), 

La0.59Tb0.40Eu0.01F3 NPs ([c] = 833 pM, -----), La0.76Tb0.23Eu0.01F3 NPs ([c] = 686 pM, -----), 
La0.93Tb0.06Eu0.01F3 NPs ([c] = 117 pM, -----), La0.99Eu0.01F3 NPs ([c] = 246 pM, -----) and 

La0.9Eu0.1F3 NPs ([c] = 1.29 nM, -----). 
 
 

By UV/visible absorption spectroscopy (Figure 13), the absorbance of the different 

nanoparticles capped with L13 is almost the same except for Tb0.99Eu0.01F3 NPs and 

La0.14Tb0.85Eu0.01F3 NPs for which the absorption bands increased (Figure 13 – Inset). This 

increase is probably due to the size of NPs with an increase of scattered light more pronounced 

in these two cases. Regarding the excitation spectra (lem = 545 nm – Figure 14), a 

hypsochromic shift (328 nm to 320 nm) is observed when the doping level of terbium increase. 

At lem = 695 nm (Inset – Figure 14), the maximum of excitation band for all nanoparticles is 

at 330 nm. 
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Figure 14: Normalized excitation spectra of NPs capped with L13 in a buffer solution. (lem = 

545 nm; [NPs] = 8.2 nM, [Ligands] = 1.22 × 10-5 M, TRIS/HCl 0.01 M, pH 7.0). Inset: 
Excitation spectra of L13-NPs. (lem = 695 nm). 

Tb0.99Eu0.01F3 NPs ([c] = 0.65 pM, -----), La0.14Tb0.85Eu0.01F3 NPs ([c] = 13.5 pM, -----), 
La0.59Tb0.40Eu0.01F3 NPs ([c] = 833 pM, -----), La0.76Tb0.23Eu0.01F3 NPs ([c] = 686 pM, -----), 

La0.93Tb0.06Eu0.01F3 NPs ([c] = 117 pM, -----). 
 

The efficiency of Tb-Eu energy transfer depends to the increase of the doping level because the 

distance between Tb and Eu ions is shorter with a high doping of terbium than that with a low 

doping level. By fluorescence spectroscopy in emission (Figure 15), La0.93Tb0.06Eu0.01F3 and 

La0.76Tb0.23Eu0.01F3 NPs promote the photosensitization of Tb while the nanoparticles doped 

with 85% and 99% of Tb(III) ions privilege the Tb-Eu energy transfer. This is partly because 

the high Tb doping level allows to funnel the Tb energy within the core of the NPs by energy 

transfer. The inset of Figure 15 allows to see this difference of behavior of Tb-Eu intensity 

ratio as function of the doping level. The emissions of La0.99Eu0.01F3 and the La0.9Eu0.1F3 NPs 

are extremely weak with L13 (Figure 12) and show that the emission of Eu is initiated by an 

energy transfer from the Tb and that direct ligand sensitization can be neglected in these cases. 

In Figure 16, the time-resolved emission spectra of the nanoparticles have been measured upon 

excitation with a Xenon flash lamp directly in Tb atoms (lex = 485 nm) instead of exciting into 

the ligand L13 (lex = 330 nm). The results (Figure 16) present a strong increase of the ratio 

between the intensity emission of europium and terbium for La0.14Tb0.85Eu0.01F3 NPs compared 
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the other nanoparticles as observed in Figure 15.  

 
Figure 15: Emission spectra of NPs capped with L13 in a buffer solution. ((lex = 330 nm ; 

[NPs] = 8.2 nM, [Ligands] = 1.22 × 10-5 M, TRIS/HCl 0.01 M, pH 7.0). Inset: evolution of 
the ratio of the emission intensity of Eu at 695 nm and the emission intensity of terbium at 

545 nm as a function of the doping level of terbium. 
.Tb0.99Eu0.01F3 NPs ([c] = 0.65 pM, -----), La0.14Tb0.85Eu0.01F3 NPs ([c] = 13.5 pM, -----), 

La0.59Tb0.40Eu0.01F3 NPs ([c] = 833 pM, -----), La0.76Tb0.23Eu0.01F3 NPs ([c] = 686 pM, -----), 
La0.93Tb0.06Eu0.01F3 NPs ([c] = 117 pM, -----), La0.99Eu0.01F3 NPs ([c] = 246 pM, -----) and 

La0.9Eu0.1F3 NPs ([c] = 1.29 nM, -----). 
 
 

 
Figure 16: Emission spectra of NPs capped with L13 in a buffer solution in the 

phosphorescence mode (d = 100 µs). (lex = 485 nm; [NPs] = 8.2 nM, [Ligands] = 1.22 × 10-5 
M, TRIS/HCl 0.01 M, pH 7.0). Inset: evolution of the ratio of the emission intensity of Eu at 
695 nm and the emission intensity of terbium at 545 nm as a function of the doping level of 

terbium. 
La0.14Tb0.85Eu0.01F3 NPs ([c] = 13.5 pM, -----), La0.59Tb0.40Eu0.01F3 NPs ([c] = 833 pM, -----), 
La0.76Tb0.23Eu0.01F3 NPs ([c] = 686 pM, -----), La0.93Tb0.06Eu0.01F3 NPs ([c] = 117 pM, -----). 
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The lifetimes of NPs (Table 5) in solution indicate some information about the effect of the 

doping level of Tb. The lifetimes of Tb(III) ions at 545 nm decrease when the doping level in 

terbium increase. This decrease is probably due to the Tb-Tb self-quenching that increases 

when the percentage in terbium increase because the distance between the ions are shorter. To 

observe and explain the Tb-Tb self-quenching, the lifetime measurements of the same NPs 

without 1% of Eu(III) ions are necessary. This behavior is also observed for the lifetimes of 

Eu(III) ions at 695 nm with an excitation at 330 nm and 485 nm. As the europium ions are 

excited by energy transfer within the core of the NPs from terbium, the self-quenching Tb-Tb[39] 

and the doping level of Tb impact the lifetime of Eu. Regarding the lifetime, La0.85Tb0.14Eu0.01F3 

NPs are the best compromise in terms of lifetime and brightness and display a lifetime of more 

than 9 ms. This lifetime is close to the radiative lifetime of Eu(III) (9,7 ms)[40] and exceptional 

compared to the lifetimes of EuroTracker dyes (1.20 ms).[26] 

 

 t545 nm 
(lex = 330 nm) 

t695 nm 
(lex = 330 nm) 

t695 nm 
(lex = 485 nm) 

La0.93Tb0.06Eu0.01F3 0.68 (17 %) 
1.83 (83 %) 

0.97 (7 %) 
9.30 (93 %) 

0.87 (9 %) 
9.19 (91 %) 

 
La0.76Tb0.23Eu0.01F3 
 

0.54 (32 %) 
1.65 (68 %) 

3.32 (7 %) 
10.16 (93 %) 

3.59 (7 %) 
10.18 (93 %) 

La0.59Tb0.40Eu0.01F3 0.11 (5 %) 
0.65 (95 %) 

0.77 (8 %) 
9.30 (92 %) 

0.69 (12 %) 
9.40 (88 %) 

La0.14Tb0.85Eu0.01F3 0.05 (12 %) 
0.57 (88 %) 

1.43 (4 %) 
9.11 (96 %) 

1.62 (5 %) 
9.36 (95 %) 

Tb0.99Eu0.01F3 0.05 (12 %) 
0.57 (88 %) 

1.52 (9 %) 
7.83 (91 %) 

1.48 (9 %) 
7.85 (91 %) 

La0.99Eu0.01F3 - 
0.03 (3 %) 

0.45 (40 %) 
2.56 (57 %) 

- 

La0.99Eu0.1F3 - 0.42 (28 %) 
2.97 (72 %) - 

 
 

Table 5: Excited state lifetimes (t in ms) of all nanoparticles with L13 in a buffer solution 
(TRIS/HCl 0.01 M, pH 7.0). 
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To summarize, the doping level of Tb(III) ions in the NPs in the presence of 1% of Eu(III) ions 

promotes the energy transfer from terbium to europium and allows to improve the spectroscopic 

properties for the emission of Eu in terms of lifetime and intensity. The use of ligand L13 is 

essential and is the key for the photosensitization of Tb in order to get remarkable results in 

fluorescence spectroscopy.  

 

 
iii. Purification and characterization of Tb0.99Eu0.01F3 and of 

La0.14Tb0.85Eu0.01F3 NPs with L13 
 
 

From previous results, the ligand L13 presents good performances to photosensitize and 

to coordinate Tb(III) ions at the surface of the Tb0.99Eu0.01F3 and La0.14Tb0.85Eu0.01F3 NPs in 

order to obtain the emission of Eu with excellent spectroscopic properties. They have been 

selected to be isolated and characterized in the water. The ligand L11 has also been selected with 

the La0.14Tb0.85Eu0.01F3 NPs relative to good results with La0.9Tb0.1F3 NPs (Chapter II). 

Before the purification, a volume of ligands ([L13] = 5×10-4 M, pH = 7.0, 0.1 M 

TRIS/HCl) corresponding to 0.5 times the equivalent volume was added in a solution of 

Tb0.99Eu0.01F3 NPs or La0.14Tb0.85Eu0.01F3 NPs. After 2h of stirring, the purification of the capped 

NPs was achieved by size exclusion with centrifugation filters (Amicon 10 kDa). The purified 

nanoparticles have been dispersed in ultrapure water and were characterized by electronic 

absorption spectroscopy and luminescence spectroscopy. The concentrations of NPs with 

ligands have been determined by ICP/AES. All values are summarized in Table 6 and the 

different spectra are presented in Figure 17. 
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Figure 17: Absorption (violet), excitation (blue, lem = 545 nm) and emission spectra of L13-

Tb0.99Eu0.01F3 (left, lex = 330 nm) and of L13-La0.14Tb0.85Eu0.01F3 (right, lex = 330 nm) in 
ultrapure water after purification. 

 

The emission spectra of the Tb0.99Eu0.01F3 and La0.14Tb0.85Eu0.01F3 NPs are identical and are 

composed of the two weak bands of Tb at 485 nm and 545 nm and the five bands of Eu at 579 

nm, 583-603, 604-630 nm, 650 nm and 679-707 nm. The fluorescence arising from ligand L13 

in excess or uncoordinated have been eliminated during the purification and confirms the good 

coordination and participation to photosensitize the Tb(III) ions at the surface of the NPs. The 

Tb-Eu ratio of emission intensities (the integration of the Eu band at 695 nm on the integration 

of the Tb band at 545 nm) have been improved by purification of both nanoparticles with a 

factor of 15.7 for the La0.14Tb0.85Eu0.01F3 NPs and 7.3 for the Tb0.99Eu0.01F3 NPs. With regard to 

the excited state lifetime, the NPs doped with 85% of Tb(III) ions have a luminescence decay 

for emission at 695 nm that is extremely slow and biexponential with  one component at 2.74 

ms (6 %) and a second one at 9.56 ms (94 %). This biexponential behaviour can be explained 

by the photosensitization of Eu(III) ions at the surface and within the core of the NPs by Tb-to-

Eu energy transfer. The lifetime of Tb0.99Eu0.01F3 NPs represents a slow luminescence decay at 

695 nm and triexponential with a third component at 1 ms (2%) that is probably a 

photosensitization of europium ion at the surface with a contribution of Tb-Eu energy transfer. 

The average excited state lifetimes for La0.14Tb0.85Eu0.01F3 NPs are 9.15 ms and 7.62 ms for the 

Tb0.99Eu0.01F3. Calculated by the method of comparison,[41] the luminescence quantum yield of 
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La0.14Tb0.85Eu0.01F3 NPs is exceptional compared to nanoparticles or complexes of Eu(III) in the 

literature[3,8,19,20,26] with a value of 69%. From this value, it is possible to calculate the total 

efficiency (𝜂��A�) with which electromagnetic energy is transferred from the surrounding onto 

the europium metal (equation 1)[42] :  

 
𝜙ÙLÙ¦A = 	 𝜂��A� 	× 	𝜙¦A¦A 

equation 1 

𝜙ÙLÙ¦A : Overall quantum yield 
𝜂��A�: Energy transfer efficiency 
𝜙¦A¦A: Intrinsic quantum yield 
 

The intrinsic quantum yield can be deducted by equation 2 from the radiative lifetime (tR) of 

the NPs and the lifetime (tH2O) of the NPs measured in water: 

 
𝜙¦A	¦A = 	  ¡B¢

 Ú
   equation 2 

 

The radiative lifetime (tR) can be determined at - 77 K because at this temperature, the non-

radiative relaxation is suppressed. Alternatively, the transition 5D0 ® 7F1 can be used to 

calculate the radiative lifetime, because this transition is purely a magnetic dipole and does not 

depend to the environment of the Eu(III) ion.[43] Thus, the probability of spontaneous emission 

is a constant: AMD,0 = 14.65 s-1. This constant is linked to the relative intensity of the emission 

band (IMD) and the radiative lifetime by the following equation: 

 

𝜏n = 	
E

MÛf,%A´
!$Ûf
$)I)
"    equation 3 

 
Where n is the refractive index of water (n = 1.33) and IMD/Itot is the ratio between the 

integration of the transition 5D0 ® 7F1 and the all transitions 5D0 ® 7FJ (J= 0 to 6) of Eu(III) 

NPs. 



 Chapter III 
Photoluminescence of ultrabright Eu(III) nanoparticles and Tb to Eu energy transfer for extra-long lifetimes in water  

 
 

 145 

For the La0.14Tb0.85Eu0.01F3 nanoparticles capped L13 in the water, the intrinsic quantum 

yield (𝜙¦A¦A) is 89% and the energy transfer efficiency is 78%. These values show the excellent 

antenna effect from the ligand to the Tb(III) ions then the energy transfer within the core of 

NPs to the Eu(III) ions. For the nanoparticles doped with 99% of Tb, the quantum yield is 32 

%, which is coherent with the calculated ratio (2.15) from the Tb-Eu ratio of the two kinds of 

NPs. From the absorption spectra and the concentration of NPs, strong molar extinction 

coefficients have been obtained by Beer-Lambert law for both nanoparticles and allow to get 

very high brightness values for these Tb-Eu doped NPs. 

 

 
Absorption Emission 

Ligands lmax / (e)[a] t695 nm [b] FH20 N[c] B[d] 

La0.14Tb0.85Eu0.01F3 
NPs 

L13 

330 
(6.98×107) 

2.74 (6 %) 
9.56 (94 %) 0.69 22 824 4.68 ×	107 

Tb0.99Eu0.01F3 
NPs 

330 
(3.39×109) 

1.00 (3 %) 
3.82 (15 %) 
8.56 (82 %) 

0.32 1.3×106 1.08	×	109 

La0.14Tb0.85Eu0.01F3 
NPs L11 337 

(6.10 ×107) 
1.09 (2 %) 
7.57 (98 %) 0.11 8472 6.71 ×	106 

 

[a] lmax in nm, e in M-1.cm-1. [b] t in ms. [c] N = number of ligands per NP. [d] = Brightness 
in M-1. cm-1. 

 
Table 6: Main spectroscopic properties of NPs with L13 and L11. 

 

The La0.14Tb0.85Eu0.01F3 NPs have been tested with the ligand L11 in order to get better values 

in spectroscopy because this ligand is a good photosensitizer for Tb(III) ions at the surface of 

La0.9Tb0.1F3 NPs (Chapter II). On the contrary, the ligand L11 doesn’t improve the 

spectroscopic properties of Tb-Eu NPs and even shows disappointing results in terms of 

quantum yield and brightness. Despite a long lifetime, the value of NPs capped with L11 is less 

than the two other nanoparticles with an overall excited state lifetime of 7.44 ms.  
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III. Functionalization in para position of ligand 
L13 

 
 

Having a carboxylate group in para position, the ligand L13 can be modified in order to 

add a linker and a coupling function to react with a biological entity. By this way, the 

functionalization of NPs will be orthogonal to the surface of the nanoparticles. Moreover, the 

biological function will be far enough to have a good interaction with the desired target. The 

coupling in para of ligand is expected to have little influence on the spectroscopic properties 

observed in the previous results and on the stability of the coordination with the surface of NPs. 

 Starting from 2-methoxybenzene-1,3,5-tricarboxylic acid (23), the first step is a triple 

esterification of carboxylate groups (Scheme 3) with thionyl chloride in methanol. The yield of 

this step is 76%. The next step is the selective saponification of the ester group in para with a 

single equivalent of NaOH to obtain the monoacid. The purification by column chromatography 

over C18 with water/ACN as eluent doesn’t allow to purify and isolate the monoester in para 

related to the other forms. 

 

 
Scheme 3: Esterification of 23 and selective saponification. 

 
 

The second way of synthesis (Scheme 4) is to start from the ligand L13 to realize the 

esterification of the three carboxylate functions. The use of thionyl chloride in methanol in the 

presence of L13 forms the product 25. The second step is the selective saponification to get a 

single carboxylate group in para position. After purification over C18, the compound 26 is 

obtained with a yield of 33%. 
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Scheme 4: The two steps to obtain the product 26. 

 
 
To test the reactivity of the para position (Scheme 5) in peptidic coupling reactions, 1-Ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDCI) and  N-hydroxysuccinimide (NHS), N,N-

Diisopropylethylamine (DIPEA) have been added in a solution with the monoester 3-

(ethoxycarbonyl)-2-methoxybenzoic acid (26) to activate the carboxyl function and to produce 

an amide bond with two different amines (hexylamine and tert-butyl 3-aminopropanoate). 

 

 
Scheme 5: The last step of synthesis to obtain L13. 

 
 
The desired products have not been obtained by this synthetic way because of  a lack of time 

and of product, the functionalization in para of ligand L13 could not be achieved. However, 

alternative coupling strategies could be used by changing the coupling reagents and/or the 

solvent. 
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IV. Conclusion 
 
 

In this chapter, the aim was to synthesize a new ligand allowing to photosensitize Eu(III) 

nanoparticles to increase the brightness and to design new nanoparticles using the Tb-to-Eu 

energy transfer in order to get new biomarkers with remarkable properties for biological 

applications.  

The synthesis of new ligand L12 has been realized from chelidamic acid and this 

synthesized compound has been added at the surface of La0.9Eu0.1F3 NPs and the NPs have been 

purified and characterized by spectroscopy.  The results of this system present good properties 

in water but his quantum yield is relatively low. To improve the luminescence properties, the 

synthesis of new nanoparticles doped with different levels of terbium and 1% of europium have 

been achieved by hydrothermal method and have been characterized by different techniques. A 

new photosensitizer of Tb(III) ions (L13) has been synthesized from the 2,4,6-trimethylphenol.  

The spectroscopic study of La(0.99-x)TbxEu0.01F3 nanoparticles with L13 by titration experiments 

has revealed two NPs (Tb0.99Eu0.01F3 and La0.14Tb0.85Eu0.01F3) offering a strong 

photosensitization of nanoparticles and exceptional spectroscopic results in terms of lifetime 

and quantum yields. The functionalization in para of the ligand has been tested but for the 

moment, the peptidic coupling was not completed. 

The future works on these systems are to measure and calculate the efficiency of energy 

transfer thanks to La(1-x)TbxF3 NPs and to modify the doping level of europium in order to find 

the best terbium and europium ratio for spectroscopic properties. The understanding of this 

mechanism is essential to be able to transpose this phenomenon to other lanthanides like 

Samarium (Sm) and to get exceptional properties. 

The applications of this kind of nanoparticles are in the fields of biological imaging or 

as photons converters for photovoltaic devices. 
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Nanoparticles are small objects allowing to utilize them as a function of their 

composition, their structure, their size or their properties in various applications as textile, 

cosmetic, or materials.[1] In the medical field,[2,3] the nanoparticles offer large solutions in terms 

of treatment, imaging or targeting. Moreover, they can combine these different features in the 

same and unique probe thanks to their large surface. Thus, nanoparticles are very interesting in 

medicine and various researches are currently carried out to allow a better knowledge and to 

find the best multifunctional probes. In literature, new nanoparticles composed of graphitic 

carbon nitride (g- C3N4) present interesting properties[4][5] to take advantage of the more acidic 

pH in cancer cells.[6–8] For example, porphyrins conjugated water-soluble g-C3N4 

nanoparticles[9] uses the pH-dependant emission of nanomaterial to improve the efficiency of 

photodynamic therapy (PDT) agents. Another study developed by the team of Xian-Zheng 

Zhang was demonstrated to enhance PDT against hypoxic tumour[10] with a carbon nitride based 

multifunctional nanocomposite. Thus, these researches show great promise in future treatment 

for the cancer. 

 

In this chapter, the functionalization of water-soluble graphitic-phase carbon nitride-

based nanomaterial (g-C3N4) by porphyrins is described. The synthesis of g-C3N4 NPs have 

been realized with two functions (carboxylate and amine), characterized and sent by the 

department of Physics in Beihang University (Beijing, China). The porphyrins have been 

synthesized to generate singlet oxygen (1O2), to host a Ga3+ ion inside their cavity and with two 

different linkers to be coupled to nanoparticles. This system aims to use the pH-sensitive 

emission properties of nanoparticles in order to improve hydrophilic singlet oxygen (1O2)-

generator porphyrins and PET imaging for cancer cells, thus getting a pH sensor, PDT and PET 

agent. 
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I. Water-soluble graphitic-phase carbon 
nitride-based nanoparticles (g-C3N4 NPs) 

 

 
Graphitic carbon nitride (g-C3N4) is a family of carbon nitride, which can exist in several 

allotropes with diverse properties, but under ambient conditions, the graphitic phase is regarded 

as the most stable.[11] The first synthesized polymeric carbon nitride was already reported by 

Berzelius and Liebig in 1834.[12] In recent works, the thermal polycondensation of common 

organic monomers to synthesize graphitic carbon nitrides (g-C3N4) with various 

architectures.[13,14] depending on reaction conditions, exhibit different degrees of condensation, 

properties and reactivities. The polymerization to get g-C3N4 uses cyanamide, dicyandiamide 

or melamine as starting product (Figure 1) and form the polymeric C3N4 structure called 

melem.[15] This structure is a type of chemical compound that consist of a planar triangular core 

group (tri-s-triazine - C6N7) as the elementary building block. The graphitic carbon nitride (g-

C3N4) have an important interest in photocatalyst for the production of hydrogen from water 

with solar energy[11] or for energy storage with the lithium within the structure.[16]  

 

 

Figure 1: Polycondensation from the starting products to the melem unit. 
 
 

 In the literature, the graphitic carbon nitride is also used as a sensor in biological 

applications.[4,17–19] Knowing that le pH in the tumour is more acidic, the graphitic-phase C3N4 
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nanosheets is an excellent candidate in for bioimaging application because it can be soluble in 

water, is very stable in both the acidic and alkaline environment and shows pH-dependent 

photoluminenscence. The g-C3N4 nanoparticles show a strong emission band at 430 nm - 440 

nm and this emission increase in acidic medium. This maximum of emission can be ideal to 

excite the porphyrins because the Soret band is situated in the same range.[9] 

 In this context, the g-C3N4 nanoparticles have been synthesized by (the department of Physics 

in Beihang University (Beijing, China)) acid digestion of bulk g-C3N4 and have been 

characterized by TEM images (Figure 2).[4,19]  

 

 

Figure 2: Synthesis and characterization of g-C3N4 in water (TEM image - Scale bar = 
20 nm). 

 

Two solutions have been received each bearing a reactive function at their surface to couple the 

porphyrins around the nanoparticles. The first one was bearing a carboxylate function and the 

second a primary amine. 

 

 

II. Synthesis of the porphyrins 

 
The choice of porphyrins[20–22] is important to have a good singlet oxygen (1O2) 

generator but also the structure must be able to host a gallium and to be coupled with a linker. 
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According to the literature,[23] the selected porphyrin present good properties for PET imaging 

and as PDT agent (Figure 3).  

 

Figure 3: Structure of 5-(4-carboxyl)phenyl-10,15,20-tris(3,4,5-trimethoxylphenyl) 
porphyrin. 

 

Composed from three 3,4,5-trimethoxybenzaldehyde, the fourth entity has been 

changed into a 4-formylbenzoic acid in order to realize a peptidic coupling with the linker. 

Another main point is the insertion of gallium within the nanoparticle. The method by 

microwave oven presents a technic that is easy and rapid to set up with a high yield in order to 

use the same method with radioactive gallium (68Ga) for a future application in medicine. The 

length of the linker is predominant because the efficiency of energy transfer depends on the 

distance between the porphyrin and the nanoparticle. In the work described by Chi-Fai Chan 

et al.,[9] the length of linker (5 carbons) showed a good generation of singlet oxygen 

(1O2) when the chain was composed of five carbon atoms. Knowing that g-C3N4 NPs are 

covered with two different functions (carboxylate and amine), 4-aminobutanoic acid and 

hexamethylenediamine (Figure 4) have been selected as linkers.  
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Figure 4: Structure of 4-aminobutanoic acid and hexamethylenediamine. 

 

 

1. Preparation of the porphyrin 5-(4-carboxyl)phenyl-
10,15,20-tris(3,4,5-trimethoxylphenyl) porphyrin (27)  

 
 

i. Synthesis of the porphyrin 27 

 
Route of synthesis A 

 From the method of Alder and Longo[24] and the literature,[23,25] the first synthesis 

(Scheme 1) of the porphyrin 27 has been realized with an equivalent of 4-formylbenzoic acid, 

three equivalents of 3,4,5-trimethoxybenzaldehyde and four equivalents of pyrrole. The 

reactants are solubilized in propionic acid and the solution is refluxed at 140 °C for 3h. The 

reaction is carried out in open air to use oxygen as an oxidant. After three purifications on 

chromatography column, the product is obtained with a yield of 2 %.  

 

 Scheme 1: Synthesis of the porphyrin 27. 

H2N OH

O

NH2H2N
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This total reaction is a cyclocondensation between the aldehyde and the pyrrole and an 

oxidation. The mechanism (Scheme 2) starts by the protonation of aldehyde followed by a 

nucleophilic addition of pyrrole on the carbonyl group. The hydrogen in alpha position of the 

nitrogen of the pyrrole is eliminated to reform a functionalized pyrrole by aromatic 

rearrangement. Followed by a substitution reaction (SN1), the alcohol function is protonated by 

the generated proton to eliminate a molecule of water and to form a carbocation. This secondary 

carbocation can be reacted with the nucleophile, in this case the pyrrole. Thus, the second 

rearrangement allows to get a dipyrromethane. From this compound, the different steps of the 

reaction are repeated until the closure of macrocycle and the last step of the synthesis is the 

oxidation with oxygen to obtain the porphyrin 27. 

 

 

Scheme 2: Mechanism of the cyclocondensation of porphyrin (27). 
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With a carboxylic acid and the formation of various products, the purification is the main 

problem in this synthesis. To facilitate the purification and improve the yield of the reaction, 

the synthesis of this porphyrin has been changed with the protection the carboxylate group by 

an ethyl ester. 

 
Route of synthesis B 

 Starting from the 4-formylbenzoic acid, the first step of the synthesis is to esterify the 

carboxylate function in the presence of ethanol and sulfuric acid at reflux (Scheme 3). The ethyl 

4-formylbenzoate (28) is added in a solution with 3,4,5-trimethoxybenzaldehyde and pyrrole to 

form the porphyrin 29. The sub-products of the reaction are easier to separate and the product 

is obtained with a yield of 6%.  

 
Scheme 3: Protection and formation of the porphyrin (29). 

 

For 27, the use of NaOH in a solution of ethanol/CH2Cl2 hydrolyses the ethyl ester 

function by classic saponification with almost quantitative yield (Scheme 4).  
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Scheme 4: Saponification with NaOH to get 27. 

 

ii. Characterization of the porphyrin 27 

 

The porphyrin 27 has been characterized by elemental analysis, mass chromatography 

(HRMS – MALDI-TOF (Figure 5)) and 1H, 13C NMR. The analysis by mass spectroscopy 

shows a major peak at 929.25 m/z that corresponds to the product [M+H]+.  

 

Figure 5: MALDI-TOF analysis of 27.  
 
 

With 1H NMR spectrum (Figure 6), the singlet at - 2.75 ppm (-NH – A) is attributed to the two 

protons from the nitrogen of pyrroles. The shifting is negative because the protons are situated 

within an electronic shielding cone of the porphyrin. The singlet at 3.99 ppm and at 4.20 ppm 
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(B, C, -OMe) correspond respectively to the methoxy groups in para and in meta on the 

aromatic ring. To differentiate the protons in para and in meta, the integrations agree with the 

number of protons for each signal. At 7.49 ppm, two singlets represent the protons (D, D’) in 

ortho on the aromatic ring with the methoxy groups. The two doublets at 8.39 ppm (and 8.58 

ppm are attributed to protons on the benzoate group (E, F). The difference of shifting can be 

explained that the protons (F) in ortho position of the carboxylate group are deshielded than the 

protons (E). Moreover, the J-coupling is the same for the two doublets and a “roof” effect is 

observed in this case. The protons of b-pyrroles are gathered into the doublet at 8.85 ppm and 

the multiplet at 9.00 ppm. The sum of integration of these two signals is equal to 8 protons 

which corresponds to the number of hydrogens on the pyrroles. For all integrations, the number 

is consistent with the number of protons for the porphyrin.  

 
Figure 6: 1H NMR spectra of product 27 in CDCl3 (400 MHz, 25 °C). 
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2. Preparation of the porphyrin P1 

 
The second step of the synthesis is to couple the linkers with the porphyrins. Knowing that the 

g-C3N4 NPs have carboxylate groups around the surface, the linker must have two amine groups 

to couple with the two entities (Porphyrins and NPs). Thus, two linkers (Figure 7) have been 

selected to be added to the porphyrin 27. The first linker is tris(2-aminoethyl)amine, which have 

3 amine functions. To improve the yield of the synthesis and simplify the purification, the 

protection of an amine function is necessary to selectively couple two porphyrins on the linker. 

The coupling between the linker and the nanoparticle has been realized after deprotection of 

the Boc protecting group, in order to increase the number of porphyrin around the nanoparticle. 

A second linker, the tert-butyl (6-aminohexyl)carbamate (13) has been synthesized in Chapter 

II on the same strategy than that for tris(2-aminoethyl)amine. 

 

 

Figure 7: Representation of porphyrin 27 coupled to two different linkers. 

 
 

i. Synthesis of the porphyrin P1 

 
The first step of the synthesis (Scheme 5) is to protect one amine function of the tris(2-

aminoethyl)amine (TREN) with the di-tert-butyl dicarbonate in basic medium.[26]  
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Scheme 5: Protection of TREN with Boc2O. 

 

These two linkers have been tested with the porphyrin 27 to realize a peptide coupling. In the 

first case (Scheme 6 - Left), the porphyrin has been added to a solution of DMF with the amine 

13, DIPEA and PyBOB ((benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate), that is a peptide coupling reagent used in solid phase peptide synthesis. 

This reaction did not lead to the desired product. In parallel (Scheme 6 - Right), the linker 30 

in the presence of the porphyrin 27 have been tested with EDCI, HOBt and Et3N in acetonitrile. 

After purification, the product diporphyrin could not be isolated.  

 

 

Scheme 6: Coupling tests of 27 and two different linkers. 
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In the same conditions (Scheme 7), the compound 27 have been coupled with the linker 13. 

The product 31 have been obtained and the yield of this reaction is 10 %. The low yield can be 

explained by the low reactivity of the carboxylate function on the porphyrin.  

 

 

Scheme 7: Coupling between compound 27 and the linker 13. 

 

The next step is the deprotection of the amine by a solution of trifluoroacetic acid (TFA) in 

dichloromethane (Scheme 8). The yield of this step is quantitative and allows to get the 

porphyrin P1. 

 
Scheme 8: Deprotection of the linker. 

 

A second synthetic route has been attempted to synthesize the porphyrin P1 in order to increase 

the overall yield of the synthesis. From compound 27, the carboxylate group has been activated 

by a NHS group in presence of EDCI in DMF (Scheme 9). The yield to obtain this activated 

porphyrin 32 is 75 %. 
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Scheme 9: Activation of the porphyrin 27. 

 

The last step is the coupling with hexamethylenediamine (Scheme 10). The activated porphyrin 

32 have been added dropwise into a concentrated solution of the linker. After purification, the 

final porphyrin P1 has been obtained with a yield of 95%. This synthesic route is more effective 

using the activation by NHS group and dimethylformamide play also an important role in the 

yield of the synthesis. 

 

 
Scheme 10: Synthesis of P1. 

 

 

ii. Characterization of the porphyrin P1 

 
The porphyrin P1 has been characterized by mass chromatography (HRMS – MALDI-

TOF (Figure 8)) and 1H, 13C NMR. The analysis by mass spectroscopy shows a major peak at 

1027.56 m/z that corresponds to the product [M+H]+.  
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Figure 8: MALDI-TOF analysis of P1.  
 
 

The 1H NMR spectrum of the P1 (Figure 9) allows to show the characteristic peaks (A, B, B’, 

C, C’, D, D’, E, F) and the integrations of the porphyrin described previously with the porphyrin 

27 (Figure 3). At 7.10 ppm, the peak (G, -NH) corresponds to the proton on the amide and 

show the coupling between the porphyrin and the linker. The multiplet at 3.47 ppm (H, HN-

CH2-) is attributed to protons in alpha of the peptidic bond. The protons (L, NH2-CH2) in alpha 

of amine group at 3.10 ppm are more shielded than that of protons H because the amine function 

is less electro-withdrawing than the amide function. Thus, the multiplets in beta of two 

functions are at 1.83 ppm (I) and at 1.67 ppm (K) respectively and the central proton atoms (J) 

of the linker are situated at 1.50 ppm. For integrations, the ratio is consistent with the number 

of protons for P1. 
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Figure 9: 1H NMR spectra of product P1 in CDCl3 (400 MHz, 25 °C). 

 

 

iii. Coupling with the g-C3N4 nanoparticles and 
complexation with gallium Ga3+ 

 

 
Having characterized the porphyrin P1, the nanoparticles have been stirred in the 

solution of anhydrous DMF with EDCI and NHS in order to activated the carboxylate functions 

around the nanoparticles (Scheme 11). Then P1 was added in the solution to realize the coupling 

with the g-C3N4 nanoparticles.  
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Scheme 11: Coupling of the porphyrin P1 with the nanoparticles g-C3N4. 

 

After centrifugation and washing, the NPs were purified and characterized by UV/visible 

absorption spectroscopy and by fluorescence spectroscopy to verify the coupling of porphyrins. 

Visually by the naked eye, the solution containing the purified nanoparticles have changed their 

color from white to yellow. In Figure 10, the difference between the absorption spectra of the 

NPs and the functionalized NPs can be observed with absorption bands. The absorption 

spectrum of the system g-C3N4-P1 presents a peak at 427 nm corresponding to the Soret band 

of the porphyrins absent in the absorption spectrum of g-C3N4 nanoparticles. In fluorescence 

spectroscopy at physiological pH, the excitation in the Soret band (lex = 427 nm) reveals the 

emission bands of porphyrins at 611, 655 and 721 nm and allows to confirm the coupling 

between the NPs and the porphyrins.  
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Figure 10: Left: Absorption spectra of g-C3N4-P1 NPs (orange) and g-C3N4 NPs (blue) ([c] = 

0,5 mg.mL-1 nM, TRIS/HCl 0.1 M, pH 7.0). Right: Emission spectrum of g-C3N4 NPs 
functionalized by P1 (lex = 427 nm; [c] = 0,5 mg.mL-1, TRIS/HCl 0.1 M, pH 7.0). 

 
 

When the excitation is centred directly in the NPs (lex = 367 nm – Figure 11), the emission 

spectrum shows an intense band at 420 nm originating from the g-C3N4 nanoparticles and three 

minor bands from the porphyrins P1, that allow to think a possible energy transfer from the 

nanoparticle to the porphyrins through the Soret band. A direct excitation from the absorption 

bands of porphyrin is not to exclude and can be confirmed by UV/visible absorption 

spectroscopy of the alone porphyrin P1 in solution. 

 
Figure 11: Emission spectra of g-C3N4-P1 NPs (orange) and g-C3N4 NPs (blue) (lex = 427 nm 

- [c] = 0,5 mg.mL-1 nM, TRIS/HCl 0.1 M, pH 7.0). 



 Chapter IV  
pH-dependent, PET and photodynamic therapy by g-C3N4-porphyrin nanoprobes 

 

 172 

 The last step is to insert the gallium within the porphyrin P1. GaCl3 and g-C3N4-P1 in 

acetic acid with sodium acetate have been heated at 110 °C using microwave oven. After 

centrifugation, the color of NPs are cleared and this change was confirmed by fluorescence 

spectroscopy by a loss of emission intensity of the porphyrin. Finally, the conditions of 

synthesis do not allow to insert the gallium and probably damage the system g-C3N4-P1. 

 

 
Scheme 12: Insertion test of gallium within g-C3N4-P1 nanoparticles. 

 

 

3. Preparation of the porphyrin P2 

 
The g-C3N4 NPs nanoparticles are also functionalized with the amine functions. To 

couple the porphyrin to the NPs, the linker has been changed by 4-aminobutanoic acid in order 

to have an amine function and a carboxylate group to link the two entities (Figure 12).   
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Figure 12: Representation of porphyrin coupled to a linker with a carboxylate function. 

 

i. Synthesis of the porphyrin P2 

 
Starting from the activated porphyrin 32 previously described (Scheme 9), ethyl 4-

aminobutyrate have been coupled to the carboxylate function by peptide bond to form the 

product 33. The yield of the coupling is 62%.  

 
Scheme 13: Coupling between 32 and the linker ethyl 4-aminobutyrate. 

 

The next step is the saponification of the ester group to liberate carboxylic acid with a yield of 

62 % and to allow the coupling with amino functionalized g-C3N4 nanoparticles. 
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Scheme 14: Saponification of the porphyrin 33. 

 

Considering the problems related to the insertion of gallium within the porphyrin (Scheme 12), 

the following reaction has been performed to introduce the Ga3+ ion inside the cavity of the 

porphyrin before making the coupling with the nanoparticles. 

 

 
Scheme 15: Insertion of the Ga3+ ion within the porphyrin by microwave oven in acetic acid. 

 

The first test (Scheme 15) is to try again the insertion of gallium with acetic acid as solvent. 

After heating with microwave oven, the desired product could not be isolated. The use of acidic 

solvent is probably harmful for the porphyrin during the heating by microwave oven. The 

second test is to replace acetic acid with DMF and without sodium acetate. The solution has 

changed from purple to pink after heating and this change has not been observed in the previous 

cases. After the purification by column chromatography, the porphyrin P2 have been obtained 

with a yield of 86 %. 
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Scheme 16: Complexation of gallium to the porphyrin 34. 

 

 

ii. Characterization of the porphyrin P2 

 

The porphyrin P2 has been characterized by mass chromatography (LC-MS - Figure 

13) and the analysis shows a major peak at 1082.29 m/z that corresponds to the product [M+H]+. 

Elemental analysis, 1H and 13C NMR also allowed to confirm the characterization.  

 

 

Figure 13: ESI(+) analysis of ligand P2. Inset on the right: zoom on the major peaks with 
isotopic distribution (top: measured spectrum –bottom: calculated spectrum). 

 

1H NMR spectra (Figure 14) was performed in CDCl3 and in CD3OD. The loss of protons  at 

– 2.76 ppm confirms that the gallium has been inserted within the porphyrin. The protons (A, 
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B, C, D, E, F) for the porphyrin part showed similar shiftings than that for the porphyrin 27 

except for the protons (E, F) situated on the benzoate group, that are merged. These protons in 

deuterated chloroform are attributed to multiplets instead of two doublets as in the previous 

case. Another observation in CDCl3 is that the protons (D) at 7.50 ppm are split into two 

singlets.  This change of behavior allows to think that in organic solvent, the porphyrins get 

organized to form dimers[27] or polymers (Figure 15) because the gallium inside the porphyrin 

has a free coordination site allowing the carboxylate group on the linker to coordinate. This 

organization is disrupted in protic solvent such as CD3OD. The multiplet (G) at 3,62 ppm 

correspond to protons in alpha of the amide. In alpha of carboxylate group, the protons (H) are 

situated at 2.53 ppm and the central protons (I) of the linker are observed at 2.08 ppm. All 

integrations match with the number of protons of the porphyrin P2. 

 

 
Figure 14: 1H NMR spectra of product P2 in CDCl3 (in pink) and in CD3OD (in black) - (400 

MHz, 25 °C). 
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Figure 15: Formation of a dimer or of a polymer from the porphyrin P2 in organic solvents. 

 

 
iii. Coupling between the porphyrin P2 and the nanoparticles 

 
The last step is to couple the porphyrin coordinated with a gallium to g-C3N4 NPs. P2 

has been stirred with EDCI and NHS in DMF for 2h in order to activate the carboxylate 

functions, then the nanoparticles have been added with the activated porphyrins. After 

centrifugation, the color of NPs did not change and as confirmed by UV/visible absorption 

spectroscopy.  

 
Scheme 17: Coupling between the porphyrin P2 and g-C3N4 NPs. 

 

These g-C3N4 nanoparticles have been tested with the porphyrin P1 in the same conditions and 

the reaction similarly did not led to functionalization of the NPs. Probably, these nanoparticles 

did not have carboxylate or amine groups around the surface and do not allow to functionalize 

the g-C3N4 nanoparticles. 
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III. Conclusion 

 
In this chapter, the aim was to synthesize two new porphyrins allowing to be coupled to 

g-C3N4 nanoparticles in order to get a pH-dependent probes to realize PET imaging and to treat 

cancer cells by photodynamic therapy.  

The synthesis of new porphyrin P1 has been obtained from 4-formylbenzoic acid, 3,4,5-

trimethoxybenzaldehyde and pyrrole according to the method of Alder and Longo.[24] Then a 

linker has been added to the structure of the porphyrin with a free amine function to couple the 

porphyrin to the nanoparticles and to be far enough from the surface. The coupling between the 

two entities have been realized but the last step did not lead to an insertion of gallium within 

NPs. By lack of NPs, the final product has not been achieved. For the porphyrin P2, the structure 

is the same except that the linker was changed to have a free carboxylate group. The addition 

of Ga3+ in the cavity of the porphyrin has been optimized and the last step to couple P2 and the 

g-C3N4 nanoparticles could not be realized.  

The future works will consist to get the nanoparticles capped with the porphyrins 

containing the gallium. These systems will have to be characterized and measured by 

UV/visible absorption spectroscopy and by fluorescence spectroscopy, as well as, by the 

generation of 1O2 as a function of pH (acidic and physiological). After the spectroscopic 

proprieties, the functionalized NPs will be tested in the presence of cells for in vitro studies or 

will be injected in small animals for in vivo tests for PET imaging with 68Ga. 

The applications of this kind of nanoparticles are in the fields of biological imaging and 

for the treatment of cancer. 
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In this thesis, the goal was to synthesize new nanoprobes for sensing, imaging, and 

inhibiting cancer diseases. The two aims of this project were to develop ultrabright lanthanide 

nanoparticles and to functionalize water-soluble graphitic-carbon nitride (g-C3N4) 

nanoparticles by porphyrins. The first objective was to use the antenna effect from different 

ligands to photosensitize lanthanide nanoparticles in order to improve their spectroscopic 

properties for biological applications (fluoroanalysis and microscopy). The second objective 

was to add porphyrins and their gallium complexes around g-C3N4 NPs with the intention of 

obtaining a theranostic agent for PET imaging of cancer cells and pH sensitive photodynamic 

therapy (PDT). 

The first two studies of this manuscript have been focused especially on terbium and 

europium nanoparticles (La0.9Tb0.1F3, La0.9Eu0.1F3 and La(0.99-x)TbxEu0.01F3 NPs) in the water for 

their specific emission signature in the visible, their brightness and their long lifetime. Knowing 

the difficulties to excite directly lanthanide ions, the challenge was to synthesize ligands 

allowing to transfer the absorbed energy to the Ln(III) ions. 13 ligands have been synthesized 

fort that purpose, and the spectroscopic properties of the as-obtained NPs have been compared. 

 

 
Figure 1: Representation of the energy transfer between the ligands and the nanoparticle. 
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In the first work, the research of ligands derived from dipicolinic acid or 2-

hydroxyisophthalic acid has highlighted the ligands L6 and L11 for their ability to photosensitize 

and to coordinate Tb(III) ions on the surface of the La0.9Tb0.1F3 nanoparticles. The brightness 

(approx. 2 ×106 M-1. cm-1) and the excited state lifetime (3.76 ms) of the NPs covered with 

these two ligands are exceptional compared to the Tb(III) complexes or nanoparticles in the 

literature.  

 
Figure 2: Representation of L6 (left) and L11 (right). 

 

Moreover, the studies of the stability, toxicity and staining in cancer cells (Hela and 

neuroblastomas cells) in collaboration with HKBU and AFFOND team (CEA – BIG - LCBM) 

have presented excellent results and show that these new hybrid ultrabright nanoparticles are 

very promising tools for biological applications. From these observations, the synthesis of a 

new ligand coupled to a peptide has been realized for the detection of b-amyloid fibers in 

Alzheimer’s disease. The ligand LKLVFF has been characterized and tested with b-amyloid 

fibers but some improvements of the system are still necessary to lead an effective sensor for 

Alzheimer’s disease.  

 
Figure 3: Energy transfer from the ligand LKLVFF to the La0.9Tb0.1F3 NPs. 
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The second work of this thesis has been devoted to Eu(III) nanoparticles and their 

spectroscopic properties. On the same principle as terbium nanoparticles, the ligand L12 has 

been synthesized and added at the surface of La0.9Eu0.1F3 NPs. The luminescence properties of 

this system in water are acceptable despite a weak quantum yield.  

 

 

Figure 4: Ligand L12. 

 

To improve the quantum yield, the idea was to use the Tb to Eu energy transfer by playing on 

the doping levels of terbium, lanthanum and europium in nanoparticles and to synthesize a new 

ligand L13 allowing to photosensitize the NPs. Different doping levels of terbium with L13 have 

been studied and the La0.14Tb0.85Eu0.01F3 nanoparticles have been selected for their 

spectroscopic properties. After purification, the NPs show amazing results in terms of lifetime 

(9.56 ms), quantum yield (69 %) and brightness (4.68 ×	107 M-1. cm-1) in water.  

 
Figure 5: Representation of La0.14Tb0.85Eu0.01F3 nanoparticles capped with L13. 
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From these observations about Tb(III) and Eu(III) nanoparticles in water, the future 

perspectives and applications are many and various. La0.9Tb0.1F3 nanoparticles can be used with 

new ligands coupled to biological entities in order to realize FRET experiments and to decrease 

the sensitivity threshold of the antigens, multiplex assays or to couple the system with others 

types of detection (IRM, PET). The mechanism of energy transfer in La0.14Tb0.85Eu0.01F3 

nanoparticles can be transposed for the excitation of other lanthanides and the applications, for 

the moment, are mainly in microscopy but this system has also a very strong potential as 

photons converters for photovoltaic devices. 

 

The last work in this thesis was to synthesize a porphyrin capable of inserting a Ga3+ 

ion, which was coupled with two different linkers with a carboxylate or amine functions. These 

groups allow the coupling with graphitic-carbon nitride (g-C3N4) nanoparticles in order to take 

advantage of their luminescent properties in acidic pH to improve the production of singlet 

oxygen (PDT). The perspectives for this theranostic agent are to replace the gallium by a 

radioactive isotope 68Ga for PET imaging and to realize in vivo experiments. 

 

 

Figure 6: Representation of P1 (left) and P2 (right). 

 

In conclusion, through this thesis and these works, the nanoparticles have shown their 

advantages and their properties for biological applications and allow to open a new way in the 

fight against cancer. 
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I. General methods 
 

Analytic measurements 
NMR Spectroscopy: NMR spectra were recorded on a Bruker 500, 400 or 300 MHz 

spectrometer. Chemical shifts are reported in ppm using non-deuterated residual solvents as 

reference. The multiplicity of signals is given for the 1H NMR spectra (s: singulet, d: doublet, 

dd: doublet of doublet, t: triplet, q: quadruplet, m: multiplet) and the coupling constants J are 

given in Hertz (Hz). The data were analysed with NMRnotebook or MestReNova software. 

Mass spectrometry and LC/MS analysis: Mass spectrometry and LC/MS analysis were 

carried out by the “Service Commun d’Analyses” of the University of Strasbourg or at HKBU 

and was recorded on a MicroTOF Bruker equipped with an electrospray source or for high-

resolution mass spectra, on a Bruker Autoflex MALDI-TOF mass spectrometer. 

Elemental analysis: Elemental analysis were carried out by “the Service d’analyses, de 

mesures physiques et de spectrosocpie optique” of the University of Strasbourg. They were 

recorded on a Flash 200 of ThermoFischer Scientific. 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) analysis of 

samples in water were performed with a Varian 720 spectrometer equipped with a quartz 

Meinhard nebulizer and a cyclone spray chamber. The concentration was then determined by 

ICP/AES spectrometry by comparison with commercial standard samples. 

The X-ray diffraction (XRD) pattern was recorded at room temperature using a Brucker D8 

Advance diffractometer equipped with a monochromatic copper radiation source (Kα = 

1.54056 Å) and a Sol-X detector in the 20-60° (2θ) range with a scan step of 0.02°. Profile 

matching refinement was performed with the Fullprof[1] software using the Le Bail’s[2] method 

with the modified Thompson-Cox-Hasting profile function. Instrumental broadening has been 

previously determined by measuring the scattering from corundum (NIST standard SRM 

1976b). Such process enables us to calculate cell parameters and size of diffracting domains.  

Transmission Electron Microscopy (TEM) was performed with a JEOL 2100F electron 

microscope operating at 200kV equipped with a GATAN GIF 200 electron imaging filter. 

Granulometry measurements based on dynamic light scattering (DLS) was performed on the 

suspension of NPs in distilled water using a nano-size MALVERN apparatus. Transmission 

electron microscopy (TEM) images were recorded with a TOPCON model 002B transmission 

electron microscope coupled with energy dispersive X-ray (EDX) spectroscopy, operating at 

200 kV, with a point-to-point resolution of 0.18 nm. Powder samples were dispersed in ethanol 
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and a drop of this suspension deposited on TEM grids. The grid was prepared with a porous 

membrane covered by an amorphous carbon layer. In order to avoid disturbing random signal 

coming from amorphous carbon, detected LaxTbyF3 particles were those which lies on strand 

of these holes. 

Zeta potentials were also measured on a MALVERN Zetasizer. 

 

Photophysical measurements  
UV/vis absorption spectra were recorded on a Perkin-Elmer lambda 950 spectrometer. Steady-

state emission spectra were recorded on an Edinburgh Instrument FLP920 spectrometer 

working with a continuous 450W Xe Lamp and a red sensitive photomultiplier in Peltier 

housing (Strasbourg) or on a Hria Jobin Ybon Fluorolog working with a continuous 450W Xe 

lamp (HKBU). All spectra were corrected for the instrumental functions. When necessary, a 

399 nm cutoff filter was used to eliminate second-order artefacts.  

Phosphorescence lifetimes were measured on the same instrument working in the Multi-

Channel Spectroscopy (MCS) mode, using a Xenon flash lamp as the excitation source. Errors 

on luminescence lifetimes are estimated to ± 10%.  

Luminescence quantum yields were measured according to conventional procedures,[3] with 

optically diluted solutions (optical density < 0.05), using rhodamine 6G in water (Φ = 0.76)[4] 

and a Tb complex prepared in the laboratory (TbL(H2O)Na, Φ = 0.31)[5] as references. Errors 

on absolute quantum yields are estimated to ± 15 %.  

For the calculation of the extinction coefficients of the capped-NPs, the measured UV-visible 

absorption spectrum has been deconvoluted into the sum of two contributions, namely the 

absorption of the capping ligands and the diffraction of the NPs core, and only the ligand 

absorption has been taken into account. 

Spectroscopic titrations of the NPs by the ligands were performed by following the changes of 

the UV-visible absorption, emission and Tb(III) excitation (λem = 545 nm) spectra as well as 

the Tb(III) luminescence lifetime of the NPs in presence of increasing amounts of the ligands. 

In a typical experiment, 16 µL of a stock solution of La0.9Tb0.1F3 NPs in water (CNPs1 = 1.03×10-

6 M for L1-4  and CNPs2 = 6.57×10-7 M in the case of ligands L5-11) are diluted with 1984 µL of a 

0.1M TRIS-HCl buffered solution at pH 7.0. These solutions were titrated at room temperature 

with 5×10-4 M solutions of the ligands in the same buffer. For each titration, the excitation 

wavelength was adjusted to the maximum of the Tb(III) excitation spectra (λem = 545 nm) and 

the excitation and emission slits were kept constant in order to enable comparison of the 
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different datasets. Plotting the changes in Tb emission intensity (as the integral of the 5D4 → 
7F5 transition) as a function of added volume of ligand solution, allows the determination of the 

“equivalent volume” Veq. The stability in water of the NPs capped with the ligands L6 and L11 

was assessed by competition experiments in presence of citrate ions. A 5.25×10-9 M solution 

of NPs in 0.1M TRIS-HCl buffer at pH 7.0 was mixed with 2Veq of ligand stock solution and 

increasing amounts of a citrate stock solution at pH 7 were added to reach the following 

citrate:L ratios : 1:1, 10:1, 100:1 and 1000:1, respectively. Another titrations or tests have been 

realized with the same conditions.  

 

Cell cultures 
Human cervical carcinoma (HeLa) cells were purchased from the American Type Culture 

Collection (ATCC, #CCL-2, ATCC, Manassas, VA, USA). The HeLa cells were grown in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 1% 

penicillin and streptomycin at 37 oC, and 5% carbon dioxide (CO2). To test the suitability of 

the TbNPs as bioprobes, in vitro imaging of HeLa cells incubated with TbNPs was performed 

on a Zeiss Axio Observer Z1 fluorescence microscope. HeLa cells were incubated in DMEM 

containing 0.5 nM TbNPs (prepared by dilution of a 96 nM stock solution with DMEM) at 37 
oC for 24 hours under 5% CO2, and then washed with phosphate-buffered saline (PBS) to 

completely remove excess TbNPs before imaging. The samples were excited at 330 nm and 

detected at 547 nm. Colocalization experiments were performed by adding LysoTracker Red 

DND-99 (Life technologies, excitation: 577nm; emission: 590nm) into the incubation medium. 

 

Solvents and reagents 
Solvents and starting materials were purchased from Aldrich, Acros, Alfa Aesar. All analytical-

grade solvents were dried by standard procedures, distilled and deaerated before use.  
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II. Synthesized compounds  
 

1.  Compounds of chapter II 
 

Compound 1 
Chemical Formula: C19H33N3O9P3 

Molecular Weight: MW = 493.43 g.mol-1 

 
1 

 

In a schlenk tube under argon, P-(2-aminoethyl)diethyl ester[6] (530 mg, 2.9 mmol) was 

dissolved in a mixture of CH2Cl2 (20ml) and distilled NEt3 (2 ml) at 0°C. To this solution was 

slowly added 2,6-pyridinedicarbonyl dichloride[7]  (271 mg, 1.3 mmol) dissolved in CH2Cl2 (10 

ml) and the mixture was stirred for 72 h at r.t. The precipitate was removed by filtration and the 

solvent was evaporated under reduced pressure. The resulting residue was purified by column 

chromatography over silica gel (CH2Cl2/MeOH gradient from 100:00 to 90:10) yielding 

compound 1 (170 mg, 26%) as a wax. 
1H-NMR (300 MHz, CDCl3): d  9.38 (t, J = 4.9 Hz, 2H), 8.17 (d, J = 7.8 Hz, 2 H), 7.92 (t, J = 

7.8 Hz, 1 H), 4.04 (dqd, J1 = 7.6 Hz, J2 = 2.8 Hz, 8 H), 3.67 (dq, J1 = 16.5 Hz, J2 = 6.5 Hz, 4 

H), 2.09 (dt, J1 = 17.9 Hz, J2 = 7.1 Hz, 4 H), 1.23 (t, J = 7.1 Hz, 12 H).  
13C-NMR (75 MHz, CDCl3): d 163.4, 148.3, 138.9, 124.1, 61.9 (d, J = 6.3 Hz), 33.5 (d, J = 3.6 

Hz), 25.3 (d, J = 139.5 Hz), 16.3 (d, J = 5.8 Hz). 
31P-NMR (162 MHz, CDCl3): d 29.3.  

IR (cm-1, ATR): n 3320 (m), 2983 (m), 2931 (m), 1665 (s), 1537 (s), 1446 (m), 1244 (s), 1222 

(s).  

ESI-/MS: m/z = 492.19 ([M-H]-, 100%).  

Elem. Anal. Calcd. for C19H33N3O8P2: C, 46.25; H, 6.74; N, 8.52. Found: C, 46.91; H, 6.76; N, 

8.17. 
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Compound 2 
Chemical Formula: C11H17N3O8P2 

Molecular Weight: MW = 381.05 g.mol-1 

 
L2 

 
Compound 1 (50 mg, 0.10 mmol) was dissolved in dichloromethane (2 mL) and TMSBr (530 

µL, 4.0 mmol) was added. The solution was stirred at r.t. for 72 h. The solvent was removed 

under reduced pressure, the resulting residue was taken up with MeOH (5 mL) and stirred for 

3 h at r.t. The solvent was removed under vacuum and the remaining solid was washed with 

dichloromethane and collected by centrifugation. Purification of crude ligand L2 (30 mg, 78%) 

was performed by column chromatography over silica gel C18 (H2O/MeOH gradient from 100:0 

to 0:100). 

 1H-NMR (400 MHz, CD3OD): d 8.24 (d, J = 7.6 Hz, 2 H), 8.13 (t, J = 7.1 Hz, 1 H), 3.74 (dt, 

J1 = 13.7 Hz, J2 = 7.3 Hz, 4 H), 2.13 (dt, J1 = 18.0 Hz, J2 = 7.4 Hz, 4 H). 

3C-NMR (75 MHz, CD3OD): d 165.7, 150.0, 140.7, 125.8, 35.3, 28.3 (d, J = 136.4 Hz). 
31P-NMR (162 MHz, CD3OD): d 27.5.  

IR (cm-1, ATR): n 3300 (w, br), 2918 (m), 2850 (m), 2288 (w, br), 1645 (s), 1538 (s), 1447 

(m).  

ESI-/MS: m/z = 380.06 ([M-H]-, 100%).  

Elem. Anal. Calcd. for C11H17N3O8P2.MeOH: C, 34.88; H, 5.12; N, 10.17. Found: C, 34.87; 

H, 5.07; N, 9.99. 

 

Compound 3 
Chemical Formula: C15H19N3O6 

Molecular Weight: MW = 337.33 g.mol-1 
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In a schlenk tube under argon at 0°C, ethyl glycinate hydrochloride (1.5 g, 10.7 mmol) was 

dissolved in a mixture of CH2Cl2 (30 ml) and distilled NEt3 (1.7 ml). To this solution was slowly 

added 2,6-pyridinedicarbonyl dichloride[7] (1.0 g, 4.9 mmol) dissolved in CH2Cl2 (15 ml). The 

mixture was stirred for 16 h at r.t. and the solvent was removed under reduced pressure. The 

resulting residue was purified by column chromatography over silica gel (CH2Cl2/MeOH 

gradient from 100:00 to 98:2) yielding compound 2 (1.05 g, 61%).  
1H-NMR (400 MHz, CDCl3): d 8.43 (t, J = 5.6 Hz, 2 H), 8.25 (d, J = 7.6 Hz, 2 H), 7.97 (t, J = 

7.6 Hz, 1 H), 4.27 (q, J = 7.1 Hz, 4 H), 4.25 (d, J = 5.8 Hz, 4 H), 1.33 (t, J = 7.2 Hz, 6 H).  
13C-NMR (75 MHz, CDCl3): d 170.2, 163.6, 148.1, 138.9, 125.2, 61.7, 41.42, 14.2. 

Other analysis correspond to literature data.[8] 

 

Compound 4 
Chemical Formula: C11H11N3O6 

Molecular Weight: MW = 281.22 g.mol-1 

 
L3 

 

To a solution of 2 (870 mg, 2.5 mmol) in ethanol (10 mL), was added NaOH (309 mg, 7.7 

mmol) dissolved in water (5 ml), and the mixture was stirred for 72 h at room temperature. The 

solvent was removed under reduced pressure and the resulting residue was dissolved in a 

minimum of water. Addition of ethanol resulted in the formation of a precipitate, which was 

collected by centrifugation and dried under vacuum to afford L3 (89%, 750 mg).  
1H-NMR (400 MHz, D2O): d 8.25-8.15 (m, 3 H), 4.03 (s, 4 H).  
13C-NMR (75 MHz, D2O): d 176.7, 165.4, 147.7, 139.7, 124.7, 43.3. 

IR (cm-1, ATR): n 3363 (w), 1682 (m), 1620 (s), 1530 (s), 1441 (m), 1404 (s), 1323 (m).  

ESI+/MS (H2O + HCOOH): m/z = 304.05 ([LNaH+H]+, 100%).  

Elem. Anal. Calcd. for C11H9N3O6Na2.H2O: C, 38.49; H, 3.23; N, 12.24. Found: C, 37.93; H, 

3.18; N, 12.25. 
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Compound 5 
Chemical Formula: C21H27N3O10 

Molecular Weight: MW = 481.17 g.mol-1 

 
3 

 

In a schlenk tube under argon at 0°C, diethyl malonate hydrochloride (2.3 g, 10.8 mmol) was 

dissolved in a mixture of CH2Cl2 (30ml) and distilled NEt3 (2 ml). To this solution was slowly 

added 2,6-pyridinedicarbonyl dichloride (1.0 g, 4.9 mmol) dissolved in CH2Cl2 (15 ml). The 

mixture was stirred for 16 h at r.t. and the solvent was removed under reduced pressure. The 

resulting residue was directly purified by column chromatography over silica gel 

(CH2Cl2/MeOH gradient from 100:00 to 98:2) yielding compound 3 (1.50 g, 64%).  
1H-NMR (400 MHz, CDCl3): d 8.66 (d, J = 6.9 Hz, 2 H), 8.32 (d, J = 7.7 Hz, 2 H), 8.02 (t, J = 

7.7 Hz, 1 H), 5.30 (d, J = 6.8 Hz, 2 H), 4.27 (m, 8 H), 1.27 (t, J = 7.2 Hz, 12 H).  
13C-NMR (75 MHz, CDCl3): d 165.9, 163.0, 148.0, 139.1, 125.7, 62.8, 56.8, 14.0. 

IR (cm-1, ATR): n 3412 (w), 3089 (w), 2984 (w, br), 1754 (s), 1734 (s), 1672 (s), 1508 (s).  

ESI-/MS: m/z = 480.19 ([M-H]-, 100%).  

Elem. Anal. Calcd. for C21H27N3O10: C, 52.39; H, 5.65; N, 8.73. Found: C, 52.73; H, 5.70; N, 

8.50. 

 

Compound 6 
Chemical Formula: C13H11N3O10 

Molecular Weight: MW = 369.24 g.mol-1 

 
L4 
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To a solution of 3 (1.3 g, 2.7 mmol) in 20 ml of EtOH/H2O (1 :1), was added NaOH (650 mg, 

16.2 mmol) dissolved in 20 ml of EtOH/H2O (1:1), and the mixture was stirred for 72 h at room 

temperature. The solvent was removed under reduced pressure and the resulting residue was 

dissolved in a minimum of water. Addition of ethanol resulted in the formation of a precipitate, 

which was collected by centrifugation and dried under vacuum to afford ligand L4 (1.31 g, 

quant.).  
1H-NMR (400 MHz, D2O): d 8.22-8.07 (m, 3 H), 4.86 (s, 2H).  
13C-NMR (75 MHz, D2O): d 173.9, 164.7, 148.2, 139.8, 125.2, 61.9.  

IR (cm-1, ATR): n 3366 (w, br), 1627 (s), 1594 (s), 1520 (s), 1422 (s), 1329 (s).  

ESI+/MS (H2O + HCOOH): m/z = 479.96 ([L4Na4+Na]+, 1%), 413.27 ([L4Na4-CO2Na+Na]+, 

100%).  

Elem. Anal. Calcd. for C13H7N3O10Na4.3H2O: C, 30.54; H, 2.56; N, 8.22. Found: C, 30.59; H, 

2.56; N, 7.93. 

 

Compound 7  
Chemical Formula: C13H13NO5 

Molecular Weight: MW = 263.25 g.mol-1 

 
4 

 

3,5-Diiodo-4-hydroxybenzonitrile (200 mg, 0.54 mmol) and Pd(PPh3)2Cl2 (18 mg) were 

dissolved in a mixture of  ethanol (13 mL) and distilled Et3N (5 mL). A flow of carbon 

monoxide was bubbled through the solution and the mixture was heated at 80°C for 7h. The 

reaction mixture was concentrated under reduced pressure. The residue was dissolved in C6H6 

and filtered over cotton. The mother liquor was concentrated to dryness and purification by 

column chromatography on silica (CH2Cl2) gave compound 4 as a white solid (132 mg, 92%).  
1H-NMR (400 MHz, CDCl3): d 12.4 (s, 1H), 8.32 (s, 2H), 4.45 (q, J = 7.1 Hz, 4H), 1.43 (t, J = 

7.1 Hz, 6H). 
13C-NMR (75 MHz, CDCl3): δ 165.9, 164.3, 139.4, 128.3, 118.1, 102.5, 62.4, 14.1.  

CN
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ESI+/MS: m/z = 286.07 ([M+Na]+, 100%). 

Elem. Anal. Calcd for C13H13NO5: C, 59.31; H, 4.98; N; 5.32. Found: C, 59.57; H, 5.09; N, 

5.24.  

 

Compound 8 [9] 
Chemical Formula: C9H5NO5 

Molecular Weight: MW = 207.14 g.mol-1 

 
L6 

 

4 (455mg, 1.73 mmol) was dissolved in MeOH (6 mL) and 1 g of KOH dissolved in water (4 

ml) was added. The reaction was stirred at room temperature overnight. The reaction mixture 

was evaporated to dryness. The crude product was washed with MeOH. The white solid was 

dissolved in water and acidified with aqueous HCl 1M to pH 2.  The white solid was isolated 

by centrifugation to afford ligand L6 (337 mg, 94 %). 
1H-NMR (400 MHz, d6-DMSO): δ 8.49 (s, 2H). 
13C-NMR (75 MHz, d6-DMSO): δ 170.1, 168.6, 167.3, 135.6, 121.4, 117.5. 

ESI-/MS: m/z = 206.02 ([M-H]-, 100%). 

Elem. Anal. Calcd for C9H5NO5.KCl.MeOH: C, 38.28; H, 2.89; N; 4.46. Found: C, 37.81; H, 

2.41; N, 4.09.  

 

Compound 9 
Chemical Formula: C9H8O5 

Molecular Weight: MW = 196.16 g.mol-1 
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A suspension of 2.6-dimethylanisole (5.2 mL, 36.7 mmol), potassium permanganate (38.3 g, 

243.4 mmol) and potassium hydroxide (6.60 g, 117.5 mmol) in water (200 mL) was stirred at 

reflux for 48h. The reaction mixture was cooled to room temperature. The solid was filtered off 

and the filtrate was acidified to pH = 7 with concentrated HCl. The mixture was filtered and the 

solution was adjusted to pH = 2 with concentrated HCl. The resulting precipitate was filtered 

and was washed with cold water. After recrystallization from water, the desired product was 

obtained as a white solid (3.63 g, 50%).  

Compound 5 was prepared according to the procedure described in the literature.[10] 
1H-NMR (300 MHz, D2O): δ 7.38 (d, J = 7.1 Hz, 2H), 7.17 (t, J = 7.1 Hz, 1H), 3,84 (s, 3H).  
13C-NMR (75 MHz, D2O): δ 165.6, 159.4, 137.1, 125.0, 123.5, 64.5. 

 

Compound 10 
Chemical Formula: C8H6O5 

Molecular Weight: MW = 182.13 g.mol-1 

 
L5 

 

A suspension of 2-methoxyisophthalic acid (413 mg, 2.10 mmol) in 33% HBr/AcOH (50 mL) 

was heated at 120°C for 15 min. The volatiles were removed under vacuum and the residue was 

co-evaporated two times with MeOH (25 mL). The product was dried to give a white powder 

(261 mg, 68%). 

Compound L5 was prepared according to the procedure described in the literature.[10] 
1H-NMR (300 MHz, CDCl3): δ 8.08 (d, J = 7.8 Hz, 2H), 6.93 (t, J = 7.8 Hz, 1H).  

 

Compound 12 
Chemical Formula: C17H22N2O7 

Molecular Weight: MW = 366.37 g.mol-1 
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To a stirred solution of ethylglycinate (900 g, 8.7 mmol) and triethylamine (2.32 mL, 17.2 

mmol) in anhydrous CH2Cl2 (40 mL) under argon, a solution of 2-methoxyisophtalic dichloride 

(1 g, 4.3 mmol) in anhydrous CH2Cl2 (10 mL) was added dropwise at 0°C. After 10 min at 0°C, 

the reaction mixture was stirred for 3h at r.t.. The solvent was removed under vacuum and the 

residue was dissolved in CH2Cl2 (100 mL), washed with HCl 5% (2x 100 mL), with saturated 

NaHCO3 (2x 100 mL) and with brine (100 mL). After removal of the solvent, the crude product 

was purified by FPLC using silica gel and CH2Cl2/MeOH (100/0 to 95/5, v/v). The product was 

obtained as a yellow solid (877 mg, 58%). 
1H-NMR (300 MHz, CDCl3): δ 8.16 (d, J = 7.7 Hz, 2H), 8.07 (t, J = 4.0 Hz, 2H), 7.32 (t, J = 

7.7 Hz, 1H), 4.27 (d, J = 4.0 Hz, 4H), 4.25 (q, J = 7.1 Hz, 4H), 3.99 (s, 3H), 1.30 (t, J = 7.1 Hz, 

6H). 
13C-NMR (75MHz, CDCl3): δ 170.2, 164.9, 156.8, 135.5, 127.7, 125.6, 64.7, 61.6, 42.0, 14.4. 

ESI+/MS: m/z = 389 ([M+Na]+, 100%); 390 (([M+Na]+, 18%); 391 (([M+Na]+, 2%).  

Elem. Anal. Calcd for C17H22N2O7: C, 55.73; H, 6.05; N, 7.65. Found: C, 55.96; H, 5.99; N, 

7.46. 

 

Compound 13 
Chemical Formula: C12H12N2O7 

Molecular Weight: MW = 296.24 g.mol-1 

 
L7 

 

7 (877 mg, 2.4 mmol) was dissolved in anhydrous CH2Cl2 (60 mL) and the solution was cooled 

to -78°C in an acetone/dry ice bath. BBr3 (1.14 mL, 12 mmol) was added dropwise with a 

syringe while stirring. After 30 min at -78 °C, the reaction mixture was warmed to room 

temperature and was stirred for an additional 8h. The volatiles were removed under vacuum. 

The residue was co-evaporated three times with MeOH and once with a MeOH/H2O (25 mL/25 

mL) mixture. The residue was dissolved in water (50 mL) and NaOH (269 mg, 6.72 mmol) was 

added. The reaction mixture was stirred for 16h at 40°C. The aqueous phase was washed with 

CH2Cl2 (2x 50mL) and was evaporated to dryness to give L7 as a pale orange solid (598 mg, 

57 %). 

OH

H
N

O

H
N

O

HO

O

OH

O



Chapter VI 
Experimental part 

 204 

1H-NMR (300 MHz, D2O + NaOD): δ 8.03 (d, J = 7.7 Hz, 2H), 6.72 (t, J = 7.7 Hz, 1H), 4.00 

(s, 4H). 
13C-NMR (75MHz, D2O + NaOD): δ 177.4, 169.8, 168,9, 134.5, 120.5, 113.3, 43.5.  

ESI+/MS: m/z = 319 ([M+Na]+, 100%); 320 ([M+Na]+, 13%); 321 ([M+Na]+, 1%).  

Elem. Anal. Calcd for C12H9N2O7Na3.2H2O.NaOH: C, 32.89; H, 3.22; N, 6.39. Found: 

C, 32.88; H, 3.32; N, 6.10. 
 

Compound 14 
Chemical Formula: C21H30N2O7 

Molecular Weight: MW = 422.48 g.mol-1 

 
8 

To a stirred solution of ethyl-4-aminobutanoate (1.8 g, 10.7 mmol) and triethylamine (2.39 mL, 

17.2 mmol) in anhydrous CH2Cl2 (75 mL) under argon, a solution of 2-methoxyisophtalic 

dichloride (1g, 4.3 mmol) in anhydrous CH2Cl2 (75 mL) was added dropwise at 0°C. After 10 

min at 0°C, the reaction mixture was stirred for 2h at r.t.. The solvent was removed under 

vacuum and the residue was dissolved in CH2Cl2 (100 mL), washed with 5% HCl (2x 100 mL), 

with satured NaHCO3 (2x 100 mL) and with brine (100 mL). The organic phase was evaporated 

to dryness and the solid was purified by FPLC using silica gel (CH2Cl2/MeOH, 100/0 to 95/5, 

v/v). 8 was obtained as a yellow oil (73%, 1.3 g).  
1H-NMR (300 MHz, CDCl3): δ 8.00 (d, J = 7.8 Hz, 2H), 7.42 (t, J = 5.7 Hz, 2H), 7.25 (t, J = 

7.8 Hz, 1H), 4.09 (q, J = 7.1 Hz, 4H), 3.82 (s, 3H), 3.48 (m, 4H), 2.38 (t, J = 7.3 Hz, 4H), 1.93 

(m, 4H), 1.31 (t, J = 7.1 Hz, 6H).  
13C-NMR (75MHz, CDCl3): δ 173.2, 165.2, 155.9, 134.4, 128.1, 125.3, 63.6, 60.7, 39.4, 31.9, 

25.0, 14.3.  

ESI+/MS: m/z = 445 ([M+Na]+, 100%); 446 ([M+Na]+, 22%); 447 ([M+Na]+, 3%). 

Elem. Anal. Calcd for C21H30N2O7: C, 59.70; H, 7.16; N, 6.63. Found: C, 59.30; H, 7.09; N, 

6.63. 
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Compound 15 
Chemical Formula: C16H20N2O7 

Molecular Weight: MW = 352.34 g.mol-1 

 
L8 

 
8 (1.32 g, 3.12 mmol) was dissolved in anhydrous CH2Cl2 (100 mL) and the solution was cooled 

to -78°C in an acetone/dry ice bath. BBr3 (887 µL, 9.37 mmol) was added dropwise with a 

syringe while stirring. After 30 min at -78 °C, the reaction mixture was warmed to room 

temperature and stirred for an additional 45 min. The volatiles were removed under vaccum. 

The residue was co-evaporated three times with MeOH and once with a MeOH/H2O (25mL/25 

mL) mixture. The residue was dissolved in water (50 mL) and NaOH (979 mg, 24.28mmol) 

was added. The reaction mixture was stirred overnight at r.t. The aqueous phase was washed 

with CH2Cl2 (2x 50mL) and was evaporated to dryness. The solid was dissolved in water (10 

mL) and the pH of the solution was adjusted to 2, resulting in the formation of a precipitate. 

After centrifugation and drying under vacuum, L8 was obtained as a white solid (733 mg, 67 

%).  
1H-NMR (300 MHz, d6-DMSO): δ 14.78 (s, 1H), 12.09 (s, 2H), 8.74 (d, J = 5.9 Hz, 2H), 7.99 

(d, J = 7.8 Hz, 2H), 6.99 (t, J = 7.8 Hz, 1H), 3.33 (m, 4H), 2.29 (t, J = 7.3 Hz, 4H), 1.77 (m, 

4H). 
13C-NMR (75 MHz, d6-DMSO): δ 174.2, 167.3, 159.6, 132.6, 118.7, 118.2, 38.7, 31.3, 24.5. 

ESI+/MS: m/z = 353([M+H]+, 100%); 354 ([M+H]+, 13%); 355 ([M+H]+, 1%).  

Elem. Anal. Calcd for C16H20N2O7: C, 54.54; H, 5.72; N, 7.95. Found: C, 54.31; H, 5.64; N, 

7.88. 

 
Compound 16 
Chemical Formula: C31H52N4O11 

Molecular Weight: MW = 493.43 g.mol-1 

 
9 
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To a stirred solution of tert-butyl-(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate[10] (300 mg, 

1,2 mmol) and triethylamine (195 µL, 1.4 mmol) in anhydrous CH2Cl2 (25 mL) under argon, a 

solution of 2-methoxyisophtalic dichloride (113 mg, 0.48 mmol) in  anhydrous CH2Cl2 (25 mL) 

was added dropwise at 0°C. After 10 min at 0°C, the reaction mixture was stirred for 3h at room 

temperature. The solvent was removed under vacuum and the residue was dissolved in CH2Cl2 

(50 mL), washed with 5% HCl (2x 50 mL), saturated NaHCO3 (2x 50 mL) and brine (50 mL). 

After evaporation of the organic phase, the crude product was purified by FPLC (silica gel, 

CH2Cl2/MeOH, 100/0 to 90/10, v/v). 9 was obtained as an orange oil (70%, 230 mg).  
1H-NMR (300 MHz, CDCl3): δ 8.06 (d, J = 7.7 Hz, 2H), 7.79 (t, J = 7.7 Hz, 1H), 3.86 (s, 3H), 

3.67 (m, 8H), 3.61 (m, 8H), 3.51 (t, J = 5.3 Hz, 4H), 3.27 (q, J = 5.3 Hz, 4H), 1.38 (s, 18H). 

 13C-NMR (75MHz, CDCl3): δ 165.3, 156.3, 156.1, 134.6, 128.1, 125.3, 79.6,  70.5, 70.4, 70.0, 

63.7, 53.6, 40.5, 39.9, 28.6.  

ESI+/MS: m/z = 679 ([M+Na] +, 100%); 680 ([M+Na]+, 32%); 681 ([M+Na]+, 5%).  

Elem. Anal. Calcd for C31H52N4O11: C, 56.69; H, 7.98; N, 8.53. Found: C, 56.08; H, 8.01; N, 

8.38. 

 

Compound 17 
Chemical Formula: C21H36N4O7 

Molecular Weight: MW = 456.54 g.mol-1 

 
L9 

 

9 (230 mg, 0.35 mmol) was dissolved in anhydrous CH2Cl2 (50 mL) and the solution was cooled 

to -78°C in an acetone/dry ice bath. BBr3 (60µL, 0.7mmol) was added dropwise with a syringe 

while stirring. After 30 min at -78 °C, the reaction mixture was warmed to r.t. and was stirred 

for an additional 8h. The volatiles were removed under vaccum. The residue was co-evaporated 

three times with MeOH and once with a MeOH/H2O (25mL/25 mL) mixture. The residue was 

dissolved in CH2Cl2/TFA (50%/50%, 8 mL). The reaction mixture was stirred for 8h at room 

temperature. The solvent was removed under vacuum and the residue was dissolved in water 

(20 mL). The aqueous phase was washed with CH2Cl2 (3x 25 mL) and was evaporated to 

dryness to give L9 as an orange oil (120 mg, 77 %).  
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1H-NMR (300 MHz, CD3OD): δ 8.02 (d, J = 7.8 Hz, 2H), 7.79 (t, J = 7.8 Hz, 1H), 3.66 (m, 

16H), 3.51 (t, J = 5.7 Hz, 4H), 3.27 (t, J = 5.7 Hz, 4H).  
13C-NMR (75 MHz, CD3OD): δ 169.7, 161.5, 134.3, 119.8, 119.3, 76.5, 71.5, 67.9, 62.1, 40.8, 

40.5. 

ESI+/MS: m/z = 443([M+H]+, 100%); 444 ([M+H]+, 18%); 445 ([M+H]+, 3%).  

Elem. Anal. Calcd for C20H34N4O7.2C2HF3O2.7H2O: C, 36.18; H, 6.33; N, 7.03. Found: 

C, 35.80; H, 6.10; N, 7.90. 

 

Compound 18 
Chemical Formula: C25H40N4O9 

Molecular Weight: MW = 493.43 g.mol-1 

 
L10 

 

L9 (22 mg, 49.7 mmol) was dissolved in Ac2O (13,5 µL, 0,14 mmol) and pyridine (5 mL). The 

mixture was stirred for 45 min at room temperature. The volatiles were evaporated to dryness. 

The crude product was purified by FPLC using silica gel (CH2Cl2/MeOH, 100/0 to 80/20, v/v). 

L10 was obtained as an orange oil (23%, 6 mg).  
1H-NMR (300 MHz, CD3OD): δ 8.05 (d, J = 7.8 Hz, 2H), 7.0 (t, J = 7.8 Hz,1H), 3.65 (m, 16H), 

3.51 (t, J = 5.8 Hz, 4H), 3.34 (t, J = 5.8 Hz, 4H), 1.91 (s, 6H). 

 

Compound 19 
Chemical Formula: C26H32N2O8 

Molecular Weight: MW = 500.55 g.mol-1 

 
10 

 

To a stirred solution of 2-methoxyisophtalic dichloride (0.88 g, 3.77 mmol) in anhydrous 

CH2Cl2 (75 mL) under argon at 0°C, a solution of butane-1,4-diamine (151 µL, 1.51 mmol) and 
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triethylamine (843 µL, 6.04 mmol) in anhydrous CH2Cl2 (75 mL) was added dropwise. The 

reaction mixture was stirred for 1h at room temperature. Ethanol (5 mL) was added and the 

reaction was stirred at r.t. for 2h. The solvents were removed under vacuum and the residue 

was dissolved in CH2Cl2 (100 mL). The organic phase was washed with 5% HCl (2x 70 mL), 

with saturated NaHCO3 (2x 70 mL) and with brine (70 mL). The organic phase was evaporated 

to dryness and the residue was purified by FPLC (silica gel, CH2Cl2/MeOH, 100/0 to 95/5, v/v). 

10 was obtained as a transparent oil (91 mg, 9 %). 
1H-NMR (300 MHz, CDCl3): δ 8.15 (dd, J = 7.8, 1.9 Hz, 2H), 7.85 (dd, J = 7.8, 1.9 Hz, 2H), 

7.73 (t, J = 5.4 Hz, 2H), 7.20 (t, J = 7.8 Hz, 2H), 4.34 (q, J = 7.1 Hz, 4H), 3.83 (s, 6H), 3.47 

(m, 4H), 1.68 (m, 4H), 1.35 (t, J = 7.1 Hz, 6H).  
13C-NMR (75MHz, CDCl3): δ 165.5, 164.8, 157.9, 135.5, 134.4, 128.3, 125.6, 124.3, 63.4, 

61.4, 39.5, 27.3, 14.3.  

ESI+/MS: m/z = 501 ([M+H]+, 100 %); 502 ([M+H]+, 24 %); 503 ([M+H]+, 3 %).  

Elem. Anal. Calcd for C26H32N2O8.2CH3OH.CH2Cl2: C, 53.62; H, 6.51; N, 4.31. Found: 

C, 53.77; H, 5.71; N, 4.25. 

 

Compound 20 
Chemical Formula: C20H20N2O8 

Molecular Weight: MW = 416.39 g.mol-1 

 
L11 

 

10 (91 mg, 0.182 mmol) was dissolved in anhydrous CH2Cl2 (50 mL) and the solution was 

cooled to -78°C in an acetone/dry ice bath. BBr3 (52 µL, 0.55 mmol) was added dropwise with 

a syringe while stirring. After 30 min at -78°C, the reaction mixture was warmed to r.t. and was 

stirred for an additional 2h. The volatiles were removed under vaccum. The residue was co-

evaporated three times with MeOH and once with a MeOH/H2O (25mL/25 mL) mixture. The 

residue was dissolved in water (50 mL) and NaOH (200 mg, 4.99 mmol) was added. The 

reaction mixture was stirred overnight at 40°C. The aqueous phase was washed with CH2Cl2 

(2x 50mL) and was evapored to dryness. The solid was dissolved in 10 mL water and the pH 

of the solution was adjusted to 2, resulting in the formation of a precipitate. After centrifugation 

and drying, L11 was obtained as a white solid (25 mg, 32%).  
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1H-NMR (300 MHz, D2O + NaOD): δ 7.74 (dd, J = 7.6, 2.0 Hz, 2H), 7.25 (dd, J = 7.6, 2.0 Hz, 

2H), 6.48 (t, J = 7.6 Hz, 2H), 3.40 (m, 4H), 1.69 (m, 4H).  
13C-NMR (75 MHz, D2O + NaOD): δ 179.1, 170.7, 166.4, 133.6, 131.3, 129.8, 119.0, 111.8,  

38.8, 26.6.  

ESI+/MS: m/z = 439 ([M+Na]+, 100 %); 440.11 ([M+Na]+, 21 %); 441.12 ([M+H]+, 3 %), 

855.23 ([2M+Na]+ , 15 %). 

Elem. Anal. Calcd for C20H20N2O8.0.5H2O: C, 56.47; H, 4.98; N, 6.58. Found: C, 56.64; H, 

4.73; N, 6.48. 
 

Compound 21 
Chemical Formula: C13H16O5 

Molecular Weight: MW = 252.27 g.mol-1 

 
11 

 

2-methoxyisophthalic acid (1 g, 5.1 mmol) was dissolved in 10 mL of SOCl2 and the solution 

was heated for 5h at reflux. The volatiles were removed under vacuum and 15 mL of absolute 

EtOH was added. The reaction mixture was stirred at r.t. for 1h. The solvent was evapored and 

the residue was dissolved in CH2Cl2 (100 mL). The organic phase was washed with brine (2x 

70 mL). The organic phase was evaporated to dryness and the residue 11 was obtained as a 

yellow oil (775 mg, 61 %). 
1H-NMR (300 MHz, CDCl3) δ 7.87 (d, J = 7.8 Hz, 2H), 7.16 (t, J = 7.8 Hz, 1H), 4.35 (q, J = 

7.1 Hz, 4H), 3.89 (s, 3H), 1.36 (t, J = 7.1 Hz, 6H). 
13C-NMR (75 MHz, CDCl3) δ 165.7, 159.3, 134.7, 127.1, 123.4, 63.6, 61.3, 14.2. 

ESI+/MS: m/z = 253,11 ([M+H]+, 100%), 254,11 ([M+H]+, 13%), 255,11 ([M+H]+, 2%), 

527,19 ([2M+Na+], 48%). 

Elem. Anal. Calcd for C13H16O5, 1/3H2O: C, 60,46, H, 6,50. Found: C, 60,63, H, 6,29. 
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Compound 22 
Chemical Formula: C11H12O5 

Molecular Weight: MW = 224.21 g.mol-1 

 
12 

 

11 (6.093 g, 24.2 mmol) was solubilized in 250 mL of EtOH and a solution of KOH (948 mg, 

16.9 mmol) dissolved in 20 mL of water was added at r.t. dropwise. The reaction mixture was 

heated overnight at 90°C. The solvent was evapored to dryness. The crude product was 

dissolved in water (100 mL) and was washed with DCM (2x 100 mL). The aqueous phase was 

acidified with aqueous HCl (12M) to pH 1 and was extracted with CH2Cl2 (2x 100 mL). The 

organic phase was dried by MgSO4 and was concentrated to obtain a yellow oil (4.12g, 76%). 
1H-NMR (400 MHz, CDCl3) δ 1,42 (t, J = 7,1 Hz, 3H), 4,05 (s, 3H), 4,43 (q, J = 7,1 Hz, 2H), 

7,33 (t, J = 7,8 Hz, 1H), 8,08 (dd, J = 7,8 Hz, 1,9 Hz, 1H), 8,30 (dd, J = 7,8 Hz, 1,8 Hz, 1H).  
13C-NMR (100 MHz, CDCl3) δ 166.2, 165.3, 160.5, 137.4, 137.1, 126.7, 125.5, 124.3, 64.4, 

62.1, 14.2. 

ESI+/MS: m/z = 247,06 ([M+Na]+, 100%), 248,06 ([M+Na]+, 14%), 249,06 ([M+Na]+, 2%), 

471,12 ([2M+Na+], 47%). 

Elem. Anal. Calcd for pour C11H12O5: C, 58,93, H, 5,40. Found: C, 58,93, H, 5,44. 

 

Compound 23[11] 
Chemical Formula: C11H24N2O2 

Molecular Weight: MW = 216,33 g.mol-1 

 
13 

 

Hexamethylenediamine (8.53 g, 73.4 mmol) was dissolved in CH2Cl2 (50 mL) at 0°C. BOC2 

(4g, 18.3 mmol) was added dropwise in the solution. The reaction mixture was warmed to r.t. 

and was stirred overnight. The volatiles were evaporated under vacuum and the residue was 

solubilized in CH2Cl2 (100 mL). The solution was washed with saturated NaHCO3 (2x 70 mL) 
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and with brine (70 mL). The organic phase was evaporated to dryness and the residue was 

purified by FPLC (silica gel, CH2Cl2/MeOH/Et3N, 89/10/1, v/v). 13 was obtained as a 

transparent oil (990 mg, 25 %).  

Compound 13 was prepared according to the procedure described in the literature.[11] 
1H-NMR (300 MHz, CDCl3) δ 4.64 (s, 1H), 3.08 (q, J = 6.7 Hz, 2H), 2.65 (t, J = 6.8 Hz, 2H), 

1.46 (dd, J = 10.2, 3.4 Hz, 4H), 1.41 (s, 9H), 1.30 (d, J = 3.3 Hz, 4H), 1.15 (s, 2H). 
13C-NMR (75 MHz, CDCl3) δ 155.9, 78.9, 42.0, 33.6, 30.0, 28.3, 26.59. 

ESI+/MS (H2O + HCOOH): m/z 459.35 ([2MNaH+H] +, 100 %).  

Elem. Anal. Calcd for C11H24N2O2: C, 61.35; H, 10.77; N, 13.01. Found: C, 61.54; H, 9.01; N, 

13.25. 

 

Compound 24 
Chemical Formula: C22H34N2O6 

Molecular Weight: MW = 422.52 g.mol-1 

 
14 

 

Monoester 12 (571 mg, 2.55 mmol) was added in a solution of DMF (15 mL) with EDCI (435 

mg, 2.8 mmol) and HOBt (430 mg, 2.8 mmol). The solution was stirred at r.t. for 1h then amine 

13 (607 mg, 2.81 mmol) and 750 µL of Et3N were added. The reaction mixture was stirred at 

r.t. overnight. The solvent was removed under reduced pressure. The resulting residue was 

dissolved in 50 mL of CH2Cl2 and was washed with water (2x 50 mL) and with brine (50 mL). 

The organic phase was concentrated and was directly purified by column chromatography over 

silica gel (CH2Cl2/MeOH gradient from 100:00 to 95:5) yielding compound 14 (801 mg, 75%). 
1H-NMR (300 MHz, CDCl3) δ 8.18 (dd, J = 7.8, 1.9 Hz, 1H), 7.88 (dd, J = 7.7, 1.9 Hz, 1H), 

7.75 – 7.65 (m, 1H), 7.23 (t, J = 7.8 Hz, 1H), 4.65 (s, 1H), 4.37 (q, J = 7.1 Hz, 2H), 3.86 (s, 

3H), 3.43 (td, J = 7.1, 5.7 Hz, 2H), 3.07 (q, J = 6.7 Hz, 2H), 1.67 – 1.51 (m, 2H), 1.48 – 1.30 

(m, 18H).	
13C-NMR (75 MHz, CDCl3) δ 165.4, 164.6, 157.8, 155.9, 135.5, 134.2, 128.3, 125.5, 124.3, 

78.9, 63.3, 61.3, 40.8, 39.6, 29.9, 29.4, 28.3, 26.6, 26.3, 14.1.	
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ESI+/MS: m/z = 423.25 ([M+H]+, 100 %); 424.25 ([M+H]+, 20 %); 425.25 ([M+H]+, 5 %); 

845.48 ([2M+H]+, 45 %). 

Elem. Anal. Calcd for C22H34N2O4.0.5CH3CN: C, 62.34; H, 8.08; N, 7.90. Found: C, 62.62; H, 

7.71; N, 7.52. 

 

Compound 25 
Chemical Formula: C14H20N2O4 

Molecular Weight: MW = 280.32 g.mol-1 

 
15 

 

14 (500 mg, 1.18 mmol) was dissolved in anhydrous CH2Cl2 (50 mL) and the solution was 

cooled to -78°C in an acetone/dry ice bath under argon. BBr3 (450 µL, 4.74 mmol) was added 

dropwise with a syringe while stirring. After 4h at -78 °C, the reaction mixture was warmed to 

room temperature and stirred for an additional 45 min. The volatiles were removed under 

vaccum. The residue was co-evaporated three times with MeOH and once with a MeOH/H2O 

(25mL/25 mL) mixture. The residue was dissolved in water (50 mL) and NaOH (236 mg, 5.9 

mmol) was added. The reaction mixture was stirred overnight at r.t. The aqueous phase was 

washed with CH2Cl2 (2x 50mL) and was evaporated to dryness. The solid was dissolved in 

DMSO and Et2O was added in the solution, resulting in the formation of a precipitate. The 

precipitate was purified by FPLC (C18, Water/MeOH gradient from 100 to 70/30). After drying 

under vacuum, 15 was obtained as a white solid (200 mg, 60 %).  
1H-NMR (300 MHz, MeOD): δ 8.11 (dd, J = 7.8, 1.7 Hz, 1H), 8.05 (dd, J = 7.8, 1.7 Hz, 1H), 

6.96 (t, J = 7.7 Hz, 1H), 3.43 (t, J = 6.9 Hz, 2H), 2.94 (t, J = 7.5 Hz, 2H), 1.66 (m, 4H), 1.52 – 

1.39 (m, 4H). 
13C-NMR (75 MHz, MeOD): δ 174.2, 167.6, 161.8, 137.1, 135.4, 121.6, 119.59, 117.0, 40.7, 

40.5, 30.2, 28.4, 27.4, 27.0. 

ESI+/MS: m/z = 281.15 ([M+H] +, 100 %); 282.15 ([M+H] +, 18 %); 283.16 ([M+H] +, 2 %). 

Elem. Anal. Calcd for C14H20N2O4.0.5D2O.0.5MeOD: C, 56.79; H, 6.90; N, 9.13. Found: 

C, 56.90; H, 6.52; N, 9.20. 

 

HO

OHO O

H
N

NH2



Chapter VI 
Experimental part 

 213 

Compound 26 
Chemical Formula: C19H23N3O8 

Molecular Weight: MW = 421.41 g.mol-1 

 
16 

 

To a solution of 15 (170 mg, 0.607 mmol) in anhydrous DMF (20 mL) and anhydrous Et3N 

(150 µL), was added N,N′-Disuccinimidyl carbonate (233 mg, 0.910 mmol) and the mixture 

was stirred overnight at room temperature. The solvent was removed under reduced pressure 

and the resulting residue was dissolved in a minimum of water. The solution was purified by 

FPLC (C18, Water/MeOH gradient from 100 to 50/50). The product 16 was obtained as a white 

solid (77 mg, 30%). 
1H-NMR (300 MHz, MeOD): δ 8.16 (dd, J = 7.8, 1.8 Hz, 1H), 8.05 (dd, J = 7.8, 1.8 Hz, 1H), 

7.95 (t, J = 5.6 Hz, 1H), 7.03 (t, J = 7.8 Hz, 1H), 3.44 (t, J = 6.9 Hz, 2H), 3.20 (m, 2H), 2.80 (s, 

4H), 1.62 (m, 4H), 1.44 (m, 4H). 
13C-NMR (75 MHz, MeOD): δ 173.6, 172.6, 167.1, 161.3, 154.0, 137.9, 135.3, 122.1, 120.2, 

115.0, 56.8, 42.5, 40.7, 30.3, 27.6, 27.3, 26.4.  

ESI+/MS: m/z = 422.16 ([M+H]+, 100 %); 423.16 ([M+H]+, 24 %); 424.16 ([M+H]+, 5 %). 

Elem. Anal. C19H23N3O8.0.5Et3N+Cl-: C, 56.10; H, 5.98; N, 9.54. Found: C, 56.10; H, 5.96; N, 

10.12. 

 

Compound 27 
Chemical Formula: C50H70N8O11 

Molecular Weight: MW = 959.16 g.mol-1 

 
LKLVFF 

 

The peptide KLVFF (37 mg, 5.67x10-5 mol) was dissolved in 1 mL of DMSO and 45 µL od 

DIPEA and 16 (41 mg, 9.73x10-5 mol) was added in the solution. The reaction mixture was 
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stirred at r.t. overnight. The solution was directly purified by column chromatography over C18 

(Water/MeOH gradient from 100 to 50/50) yielding compound LKLVFF (10 mg, 10%). 
1H-NMR (300 MHz, MeOD): δ 9.12 (s, 1H), 8.05 (t, J = 8.0 Hz, 2H), 7.27 – 7.12 (m, 8H), 6.86 

(td, J = 7.7, 1.4 Hz, 1H), 4.62 (m, 1H), 4.46 (m, 1H), 4.35 (m, 1H), 4.13 (m, 2H) 3.44 (m, 2H), 

3.22 (m, 2H), 3.13 (s, 2H), 3.13– 2.73 (m, 7H), 1.97 – 1.27  (m, 19H), 0.97 – 0.77 -  0.65 (m, 

12H).	

ESI+/MS: m/z = 959.53 ([M+H]+, 100 %); 960.53 ([M+H]+, 58 %); 961.54 ([M+H]+, 17 %); 

962.54 ([M+H]+, 4 %). 

 
Synthesis of the NPs (Microwave oven). To a stirred aqueous mixture of LaCl3 (14.4 mL, 0.05 

M) and TbCl3 (1.6 mL, 0.05 M) was added dropwise at room temperature a solution of NH4F 

(3.51 mL, 0,72 M) in water. The mixture was warmed in a microwave oven at 150 °C for 12 

min. After cooling, the precipitate was collected by centrifugation at 9000 rd/min for 25 min. 

The isolated solid was dispersed in 30 mL of milliQ water and sonicated at 60 °C for 1h.  

 
Synthesis of the NPs (Hydrothermal). To a stirred aqueous mixture of LaCl3 (14.4 mL, 0.05 

M) and TbCl3 (1.6 mL, 0.05 M) was added dropwise at room temperature a solution of NH4F 

(3.51 mL, 0,72 M) in water. The mixture was warmed in an oven at 150 °C for 2h. After cooling, 

the precipitate was collected by centrifugation at 9000 rd/min for 25 min. The isolated solid 

was dispersed in 30 mL of milliQ water and sonicated at 60 °C for 1h.  

 
Synthesis and purification of ligands capped NPs.  

L6 capped NPs. 660 µL of a stock solution of La0.9Tb0.1F3 NPs and 990 µL of a 0.5 mM solution 

of L6 were stirred at room temperature for 5h at pH 7.40. The mixture was filtered on a Amicon 

50 kDa eppendorf tube by centrifugation at 14 000 rd/min for 10 min. The filter was washed 

with 400 µL of milliQ water by centrifugation. 200 µL of milliQ water was added in the filter 

and the filter was returned and was centrifuged at 5000 tr/min for 5 min for collect ligands 

coated NPs. 
 
L11 capped NPs. 1.67 mL of a 0.66 µM solution of La0.9Tb0.1F3 NPs and 12 mL of a 0.5 mM 

solution of L11 were stirred at room temperature for 5h at pH 7.40. The mixture was purified 

by size exclusion chromatography (Sephadex G75, milliQ water) and green luminescent 

fractions containing the capped NPs were separated and recovered.  
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2.  Compounds of chapter III 
 

Compound 28 
Chemical Formula: C11H12ClNO4 

Molecular Weight: MW = 257.67 g.mol-1 

 
17 

 

15 ml of thionyl chloride and a few drops of DMF were added to 1.60 g of chelidamic acid 

(8.74 mmol) and the reaction mixture was refluxed overnight at 90 °C. The volatiles were 

removed under vacuum and the crude mixture was dissolved in EtOH. The solution was stirred 

overnight at r.t. then was evaporated. The residue was dissolved in dichloromethane (100 mL) 

and the resulting solution was washed with a solution of NaHCO3 sat. (2 × 100 mL) then with 

brine (100 mL). The organic phase was dried with Na2SO4, filtrated and evaporated. After 

recrystallization from EtOH was obtained 17 (1.91 g, 85%). 
1H-NMR (400 MHz, CDCl3): δ 8.24 (s, 2H), 4.47 (q, J =6.8 Hz, 4H), 1.43 (t, J = 6.8 Hz, 6H). 
13C-NMR (101MHz, CDCl3): δ 163.6, 149.7, 146.6, 128.1, 63.3, 14.2. 

In agreement with the literature.[12] 

 

Compound 29 
Chemical Formula: C11H12INO4 

Molecular Weight: MW = 349.98 g.mol-1 

 
18 

 

Sodium iodide (32.5 g, 217 mmol) was added to a solution of 17 (5 g, 21.7 mmol) in dry 

acetonitrile (200 mL) and the solution was sonicated for 40 min at 0°C. Acetyl chloride (4.61 

mL, 65.3 mmol) was added and the mixture was sonicated for 2h. The solution was directly 

washed with a solution of Na2CO3 sat. (300 mL) and the organic phase was separated. The 
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aqueous phase was extracted into CH2Cl2 (4 x 150 mL) and the organic layers were combined 

and were washed with a solution of Na2S2O3.5H2O sat. (250 mL) and water (250 mL). The 

organic phase was dried over MgSO4, filtered, and the solvent removed under vacuum. The 

crude mixture was purified by flash column chromatography (CH2Cl2/MeOH gradient from 

100:00 to 98:2) to obtain the compound 18 as a white solid (2.90 g, 42%). 
1H-NMR (400 MHz, CDCl3): δ 8.52 (s, 2H), 4.35 (q, J = 7.2 Hz, 4H), 1.32 (t, J = 7.2 Hz, 6H). 

HRMS (MALDI-TOF): m/z = 349.66 ([M+H]+), 371.63 ([M+Na]+), 720.79 ([2M+Na]+). 

In agreement with the literature.[12] 
 

Compound 30 
Chemical Formula: C16H21NO4Si 

Molecular Weight: MW = 319.43 g.mol-1 

 
19 

 

1.6 g of 18 (6.27 mmol) were dissolved in anhydrous CH2Cl2 (30 mL) under nitrogen. The 

solution was stirred and was degassed with nitrogen at r.t. for 15 min. 73 mg of Pd[P(C6H5)3]4 

 (0.0627 mmol), 11.9 mg of copper iodide(I) (0.0627 mmol) were added in the solution. The 

reaction mixture was stirred for 15 min under nitrogen. 20 mL of trimethylamine were added 

in the solution. After stirring for 15 min under nitrogen, 1.34 ml of ethynyltrimethylsilane (9.49 

mmol) were added and the reaction was left at r.t. overnight. The mixture was evaporated and 

the crude solid was dissolved in CH2Cl2 (50 mL). The organic phase was washed with water 

(50 mL) and brine (50 mL). The organic phase was evaporated to dryness. The solid obtained 

was purified by flash chromatography (SiO2, CH2Cl2/MeOH gradient from 100:00 to 98:5) to 

afford 1.92 g of 19 (yield: 95%). 
1H-NMR (400 MHz, CDCl3): δ 8.23 (s, 2H), 4.47 (q, J = 7.2 Hz, 4H), 1.43 (t, J = 7.2 Hz, 6H), 

0.27 (s, 9H). 
13C-NMR (101 MHz, CDCl3): δ 164.6, 149.2, 134.4, 130.2, 103.7, 100.9, 62.9, 14.6, 0.0. 

HRMS (MALDI-TOF): m/z = 320.07 ([M+H] +). 
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Compound 31 
Chemical Formula: C13H13NO4 

Molecular Weight: MW = 247.25 g.mol-1 

 
20 

 

19 (1 g, 3.13 mmol) was dissolved in anhydrous THF (100 mL). A solution of TBAF (9.40 

mmol) at 1M in anhydrous THF was added dropwise in the solution and the reaction mixture 

was stirred at r.t. for 30 min. The volatiles were removed under vacuum and the crude product 

was solubilized in CH2Cl2 (50 mL). The organic phase was washed with a saturated solution of 

water (50 mL) and brine (50 mL). The organic phase was dried with Na2SO4, filtered and 

evaporated under vacuum. The solid was purified by chromatography column (SiO2, 

CH2Cl2/MeOH gradient from 100:00 to 95:5), yielding compound 20 (704 mg, 91 %).   
1H-NMR (400 MHz, CDCl3): δ 8.27 (s, 2H), 4.47 (q, J = 7.1 Hz, 4H), 3.48 (s, 1H), 1.43 (t, J = 

7.1 Hz, 6H) 

HRMS (MALDI-TOF): m/z = 248.00 ([M+H]+). 

 

Compound 32 
Chemical Formula: C20H17NO6 

Molecular Weight: MW = 367.36 g.mol-1 

 
21 

 

4-iodobenzoic acid (501 g, 2.02 mmol) was dissolved in anhydrous THF (25 mL) under 

nitrogen. The solution was stirred and was degassed with nitrogen at r.t. for 15 min. 
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Pd[P(C6H5)3]4 (23.3 mg, 20.2 µmol) and copper iodide(I) (3.8 mg, 20.2 µmol) were added in 

the solution. The reaction mixture was stirred for 15 min under nitrogen. 20 mL of 

trimethylamine were added in the solution. After stirring for 15 min under nitrogen, 15 (500 

mg, 2.02 mmol) was added and the reaction was left at r.t. overnight. The mixture was 

evaporated and the crude solid was dissolved in CH2Cl2 (50 mL). The organic phase was washed 

with water (2 × 50 mL) and brine (50 mL). The organic phase was evaporated to dryness. The 

solid obtained was purified by flash chromatography (SiO2, CH2Cl2/MeOH gradient from 

100:00 to 95:5) to obtain 334 mg of 16 (yield: 55%). 
1H-NMR (400 MHz, CDCl3): δ 8.29 (s, 2H), 7.37 (d, J = 8.4 Hz, 2H), 6.65 (d, J = 8.4 Hz, 2H), 

4.11 (q, J = 7.1 Hz, 4H), 1.24 (t, J = 7.1 Hz, 6H). 

HRMS (MALDI-TOF): m/z = 367.39 ([M+H]+), 389.96 ([M+Na]+). 
 

Compound 33 
Chemical Formula: C16H9NO6 

Molecular Weight: MW = 311.25 g.mol-1 

 
L12 

 

16 (100 mg, 0.27 mmol) was dissolved in EtOH (10 mL) and NaOH (43 mg, 1.08 mmol) was 

added in the solution. The reaction mixture was stirred at r.t. overnight. The solvent was 

removed under vacuum and the crude solid was solubilized in water (5 mL). The aqueous phase 

was washed with CH2Cl2 (2 × 10 mL) and was acidified with HCl conc. to pH 2. The precipitate 

was filtered and washed with water at pH 2. After drying, L12 was obtained as a white solid (80 

mg, 94%).  
1H-NMR (400 MHz, D2O): δ 8.08 (s, 2H), 7.86 (d, J = 8.3 Hz, 2H), 7.68 (d, J = 8.3 Hz, 2H). 
13C-NMR (101 MHz, D2O): δ 174.8, 169.3, 152.9, 136.9, 133,2, 131.7, 128.8, 126.7, 123.9, 

98.8, 84.2. 

HRMS (MALDI-TOF): m/z = 311.94 ([M+H]+). 
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Compound 34 
Chemical Formula: C10H14O 

Molecular Weight: MW = 150.22 g.mol-1 

 
22 

 

2, 4, 6-trimethylphenol (7 g, 51.4 mmol) was dissolved in acetone (500 mL) with K2CO3 (42.7 

g, 308.4 mmol) and MeI (19.2 mL, 308.4 mmol). The solution was stirred at reflux for 5 days 

under argon. The reaction mixture was filtered and the volatiles were removed under vacuum. 

The crude product was solubilized in CH2Cl2 (150 mL) then the organic phase was washed with 

NaHCO3 sat. (3x 100 mL) and with brine (100 mL). The organic phase was dried with Mg2SO4 

and was evaporated to dryness to get the residue 22 (7.455 g, 97 %). 
1H-NMR (300 MHz, CDCl3): δ 7.01 (s, 2H), 3.88 (s, 3H), 2.45 (s, 6H), 2.43 (s, 3H). 
13C-NMR (75MHz, CDCl3): δ 155.0, 133.0, 130.4, 129.5, 59.6, 20.6, 15.9. 

ESI+/MS: m/z = 151.11 ([M+H]+, 100 %); 152.12([M+H]+, 13 %). 

 

Compound 35 
Chemical Formula: C10H8O7 

Molecular Weight: MW = 240.17 g.mol-1 

 
23 

 

A suspension of 22 (10.5 g, 70.3 mmol), potassium permanganate (111 g, 702.4 mmol) and 

potassium hydroxide (15.8 g, 281.1 mmol) in water (300 mL) was stirred at reflux for 48h. The 

reaction mixture was cooled to room temperature. The solid was filtered off and the filtrate was 

acidified was evaporated. The crude product was dissolved in DMSO and the solution was 
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filtered. CH2Cl2 was added in the filtrate and the resulting precipitate was filtered and was 

washed with CH2Cl2 to obtain the desired product (23) as a white solid (10.4 g, 62%).  
1H-NMR (300 MHz, D2O): δ 7.82 (s, 2H), 3.86 (s, 3H). 
13C-NMR (75MHz, D2O): δ 175.9, 174.4, 154.8, 133.4, 128.9, 62.3, 39.2. 

HRMS (MALDI-TOF): m/z = 240.09 ([M+H]+). 

 

Compound 36 
Chemical Formula: C9H6O7 

Molecular Weight: MW = 226.14 g.mol-1 

 
L13 

 

A suspension of 23 (3 g, 12.5 mmol) in 50% HBr/AcOH (50 mL) was heated at 140°C for 2 

days. The volatiles were removed under vacuum and the residue was co-evaporated two times 

with MeOH (25mL). The crude solid was dissolved in water then was acidified with HCl conc. 

until pH 2, resulting in the formation of a precipitate. After centrifugation and drying, L13 was 

obtained as a white solid (1.71 g, 60 %). 
1H-NMR (300 MHz, D2O): δ 8.33 (s, 2H). 
13C-NMR (75MHz, D2O): δ 175.4, 174.8, 160.6, 132.8, 125.5, 123.0. 

HRMS (MALDI-TOF): m/z = 226.10 ([M+H]+). 

 

Compound 37 
Chemical Formula: C13H14O7 

Molecular Weight: MW = 282.25 g.mol-1 

 
24 
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The product 23 (300 mg, 1,33 mmol) was solubilized in 20 mL of MeOH. The solution was 

cooled at 0°C and SOCl2 (6 mL) was added dropwise. The reaction mixture was refluxed 

overnight. The solvent was removed and the crude product was dissolved in CH2Cl2 (50 mL). 

The organic phase was washed with a solution of HCl at 1M (2 × 50 mL), with a solution of 

NaHCO3 sat. (2 × 50 mL) and with brine (50 mL). The organic phase was evaporated to dryness 

to obtain the desired product 24 (274 mg, 76 %). 
1H-NMR (300 MHz, CDCl3): δ 8.48 (d, J = 1.0 Hz, 2H), 3.91 (s, 3H), 3.87 (s, 6H), 3.86 (s, 

3H). 
13C-NMR (75MHz, CDCl3): δ 165.2, 165.0, 163.0, 135.9, 126.4, 125.3, 63.7, 52.5, 52.3. 

ESI+/MS: m/z = 305.06 ([M+Na]+, 100 %); 306.06 ([M+Na]+, 16 %); 307.06 ([M+Na]+, 3 %), 

306.06 ([2M+Na]+, 48 %). 

 

Compound 38 
Chemical Formula: C12H12O7 

Molecular Weight: MW = 268.22 g.mol-1 

 
25 

 

The product L13 (400 mg, 1,77 mmol) was solubilized in 25 mL of MeOH. The solution was 

cooled at 0°C and SOCl2 (3 mL) was added dropwise. The reaction mixture was refluxed 

overnight. The solvent was removed and the crude product was dissolved in CH2Cl2 (50 mL). 

The organic phase was washed with a solution of HCl at 5% (2 × 50 mL), with a solution of 

NaHCO3 sat. (2 × 50 mL) and with brine (50 mL). The organic phase was evaporated to dryness 

to obtain the desired product 25 (357 mg, 75 %). 
1H-NMR (300 MHz, CDCl3): δ 2.26 (s, 1H), 8.74 (s, 2H), 4.00 (s, 6H), 3.95 (s, 3H). 

ESI+/MS: m/z = 291.04 ([M+Na]+, 100 %); 292.04 ([M+Na]+, 16 %); 293.04 ([M+Na]+, 3 %), 

559.09 ([2M+Na]+, 33 %). 
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Compound 39 
Chemical Formula: C11H10O7 

Molecular Weight: MW = 254.19 g.mol-1 

 
26 

 

25 (274 mg, 1.02 mmol) was solubilized in 20 mL of MeOH and a solution of NaOH (40 mg, 

1.02 mmol) dissolved in 20 mL of water was added at r.t. dropwise. The reaction mixture was 

heated overnight at reflux. The solvent was evapored to dryness. The crude product was 

dissolved in water (100 mL) and was washed with DCM (3x 100 mL). The aqueous phase was 

concentrated and was purified by column chromatography over C18 (Water/ACN gradient from 

100 to 0) yielding compound 26 (86 mg, 33%). 
1H-NMR (300 MHz, D2O): δ 8.42 (s, 2H), 3.87 (s, 6H).	
13C-NMR (75MHz, D2O): δ 171.6, 166.8, 138.8, 138.0 117.9, 114.1, 52.8. 

ESI+/MS: m/z = 277.03 ([M+Na]+, 100 %); 278.04 ([M+Na]+, 14 %); 279.04 ([M+Na]+, 3 %), 

532.07 ([2M+Na]+, 14 %). 

 

Synthesis of the La0.90Eu0.1F3 NPs. To a stirred aqueous mixture of LaCl3 (14.4 mL, 0.05 M) 

and EuCl3 (1.6 mL, 0.05 M) was added dropwise at room temperature a solution of NH4F (3.51 

mL, 0,72 M) in water. The mixture was warmed in an oven at 150 °C for 2h. After cooling, the 

precipitate was collected by centrifugation at 9000 rd/min for 25 min. The isolated solid was 

dispersed in 30 mL of milliQ water and sonicated at 60 °C for 1h.  

 

Synthesis of the La(0.99-x)TbxEu0.01F3 NPs. To a stirred aqueous mixture of LaCl3 (15,84 ´ 

(0.99 - x)) mL, 0.05 M) TbCl3 (15,84 ´ x mL, 0.05 M) and EuCl3 (160 µL, 0.05 M) was added 

dropwise at room temperature a solution of NH4F (3.51 mL, 0,72 M) in water. The mixture was 

warmed in an oven at 150 °C for 2h. After cooling, the precipitate was collected by 

centrifugation at 9000 rd/min for 25 min. The isolated solid was dispersed in 30 mL of milliQ 

water and sonicated at 60 °C for 1h.  
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Synthesis of the Tb0.99Eu0.01F3 NPs. To a stirred aqueous mixture of TbCl3 (15,84 mL, 0.05 

M) and EuCl3 (160 µL, 0.05 M) was added dropwise at room temperature a solution of NH4F 

(3.51 mL, 0,72 M) in water. The mixture was warmed in an oven at 150 °C for 2h. After cooling, 

the precipitate was collected by centrifugation at 9000 rd/min for 25 min. The isolated solid 

was dispersed in 30 mL of milliQ water and sonicated at 60 °C for 1h. 

 
Synthesis and purification of ligands capped NPs.  

L12 capped La0.90Eu0.1F3 NPs.  500 µL of a stock solution of La0.90Eu0.1F3 NPs and 6 mL of a 

0.5 mM solution of L12 were stirred at room temperature for 1h at pH 7.40. The mixture was 

filtered on a Amicon 10 kDa eppendorf tube by centrifugation at 14 000 rd/min for 10 min. The 

filter was washed with 400 µL of milliQ water by centrifugation. 200 µL of milliQ water was 

added in the filter and the filter was returned and was centrifuged at 5000 tr/min for 5 min for 

collect ligands coated NPs. 
 
L13 capped La0.84Tb0.15Eu0.01F3 NPs. 100 µL of a stock solution of La0.84Tb0.15Eu0.01F3 NPs 

and 1.5 mL of a 0.5 mM solution of L13 were stirred at room temperature for 30 min at pH 7.40. 

The mixture was filtered on a Amicon 10 kDa eppendorf tube by centrifugation at 14 000 rd/min 

for 10 min. The filter was washed with 400 µL of milliQ water by centrifugation. 200 µL of 

milliQ water was added in the filter and the filter was returned and was centrifuged at 5000 

tr/min for 5 min for collect ligands coated NPs. 

 
L13 capped Tb0.99Eu0.01F3 NPs. 100 µL of a stock solution of Tb0.99Eu0.01F3 NPs and 1.5 mL of 

a 0.5 mM solution of L13 were stirred at room temperature for 30 min at pH 7.40. The mixture 

was filtered on a Amicon 10 kDa eppendorf tube by centrifugation at 14 000 rd/min for 10 min. 

The filter was washed with 400 µL of milliQ water by centrifugation. 200 µL of milliQ water 

was added in the filter and the filter was returned and was centrifuged at 5000 tr/min for 5 min 

for collect ligands coated NPs. 

 
L11 capped La0.84Tb0.15Eu0.01F3 NPs. 100 µL of a stock solution of La0.84Tb0.15Eu0.01F3 NPs 

and 1.5 mL of a 0.5 mM solution of L11 were stirred at room temperature for 1h at pH 7.40. 

The mixture was filtered on a Amicon 10 kDa eppendorf tube by centrifugation at 14 000 rd/min 

for 10 min. The filter was washed with 400 µL of milliQ water by centrifugation. 200 µL of 

milliQ water was added in the filter and the filter was returned and was centrifuged at 5000 

tr/min for 5 min for collect ligands coated NPs. 
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3.  Compounds of chapter IV 
 

Compound 40 
Chemical Formula: C54H48N4O11 

Molecular Weight: MW = 929.00 g.mol-1 

 
27 

 

29 (358 mg, 374 µmol) and NaOH (30 mg, 748 µmol) was dissolved in a mix of CH2Cl2/EtOH 

(2:8). The solution was stirred overnight at 70°C. The volatiles were removed and the crude 

solid was solubilized in 50 mL of CH2Cl2. The organic phase was washed with a solution of 

NaHCO3 sat. (50 mL) and with brine (50 mL). The organic phase was dried with Na2SO4, 

filtered and evaporated under vacuum. The solid was purified by FPLC (SiO2, 

Cyclohexane/Ethyl acetate gradient from 70:30 to 40:60), yielding compound 27 (311 mg, 90 

%).   
1H-NMR (400 MHz, CDCl3): δ 9.01 – 8.99 (m, 6H), 8.85 (d, J = 4.8 Hz, 2H), 8.58 (d, J = 8.2 

Hz, 2H), 8.39 (d, J = 8.2 Hz, 2H), 7.49 (s, 4H), 7.49 (s, 2H), 4.20 (s, 9H), 3.99 (s, 18H), -2.75 

(s, 2H). 

HRMS (MALDI-TOF): m/z = 929.25 ([M+H]+). 

Elem. Anal. Calcd for C54H48N4O11Na.CH2Cl2 : C, 63.70; H, 4.86; N, 5.40. Found: C, 64.01; 

H, 5.27; N, 5.16. 
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Compound 41 
Chemical Formula: C10H10O3 

Molecular Weight: MW = 178.19 g.mol-1 

 
28 

 

4-formylbenzoic acid (2.7 g, 15.1 mmol) was dissolved in 50 mL of EtOH and 5 mL of H2SO4 

and the solution was heated overnight at reflux. The volatiles were removed under vacuum and 

the residue was dissolved in CH2Cl2 (100 mL). The organic phase was washed with a solution 

of NaHCO3 sat. (2 × 50 mL), with water (2 ×	50 mL) and with brine (50 mL). The organic 

phase was evaporated to dryness to obtain 28 (2.7 g, 75 %). 
1H-NMR (400 MHz, CDCl3): δ 10.10 (s, 1H), 8.20 (d, J = 8.7 Hz, 2H), 7.95 (d, J = 8.7 Hz, 

2H), 4.42 (q, J = 7.2 Hz, 2H), 1.42 (t, J = 7.2 Hz, 3H).  

In agreement with the literature.[13]  

 

Compound 42 
Chemical Formula: C56H52N4O11 

Molecular Weight: MW = 957.05 g.mol-1 

 
29 
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3,4,5-Trimethoxylbenzaldehyde (11.7 g, 0.06 mol) and 28 (3.56 g, 0.02 mol) were added in 500 

mL of propionic acid. The solution was heated at 120 °C and a solution of pyrrole (5.36 g, 0.08 

mol) in 100 mL propionic acid was added dropwise. After addition, the reaction temperature 

was increased to 140 °C and refluxed for 3 h. The propionic acid was distilled off and the 

residue was solubilized in CH2Cl2 (250 mL). The organic phase was washed with a solution of 

NaHCO3 sat. (3 × 250 mL) and with brine (3 × 250 mL). The organic phase was evaporated 

and was purified three times on silica gel for column chromatography (2 ×	Cyclohexane/Ethyl 

acetate (70:30) then CH2Cl2/Ethyl acetate (90:10)). 29 was obtained as a purple solid (1.1 g, 6 

%). 
1H-NMR (400 MHz, CDCl3): 8.97 (m, 6H), 8.81 (d, J = 4.8 Hz, 2H), 8.47 (d, J = 8.2 Hz, 2H), 

8.31 (d, J = 8.2 Hz, 2H), 7.48 (s, 6H), 4.59 (d, J = 7.1 Hz, 2H), 4.19 (s, 9H), 3.98 (s, 18H), 1.57 

(d, J = 7.1 Hz, 3H), -2.77 (s, 2H). 

HRMS (MALDI-TOF): m/z = 957.17 ([M+H]+). 

Elem. Anal. Calcd for C56H52N4O11.C3H6O: C, 69.80; H, 5.76; N, 5.52. Found: C, 69.60; H, 

5.68; N, 5.67. 

 

Compound 43 
Chemical Formula: C11H26N4O2 

Molecular Weight: MW = 246.36 g.mol-1 

 
30 

 

10.42 g of tris(2-aminoethyl)amine (0.071 mol) were solubilized in anhydrous CH2Cl2 (800 

mL) under argon. The solution was cooled to -78°C in an acetone/dry ice bath. A solution of 

di-tert-butyl dicarbonate (1.56g, 7.15 mmol) in 250 mL of CH2Cl2 was added dropwise for 2h 

in the solution. After the addition, the reaction mixture was heated to r.t. and stirred for 

overnight. The solution was filtered and the filtrate was evaporated under vacuum. The crude 
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product was purified by chromatography column using silica gel and ACN/H2O/NH3 (10:2:1) 

eluent. The product was obtained as a yellow oil (1.53 g, 87 %). 
1H-NMR (300 MHz, CDCl3): δ 3.03 (t, J = 6.0 Hz, 2H), 2.67 (t, J = 5.8 Hz, 4H), 2.49 (m, 6H), 

1.32 (s, 9H).  

In agreement with the literature.[14] 

 

Compound 44 
Chemical Formula: C65H70N6O12 

Molecular Weight: M = 1127.31 g.mol-1 

 
31 

 
27 (80 mg, 86.2 µmol) was added in a solution of anhydrous CH2Cl2 (20 mL) with EDCI (16.5 

mg, 86.2 µmol) and HOBt (13.2 mg, 86.2 µmol). The solution was stirred at r.t. for 1h then 

amine 13 (18.6 mg, 86.2 µmol) and 50 µL of Et3N were added. The reaction mixture was stirred 

at r.t. overnight. The solvent was removed under reduced pressure. The resulting residue was 

dissolved in 50 mL of CH2Cl2 and was washed with a solution of NaHCO3 sat. (50 mL), water 

(50 mL) and with brine (50 mL). The organic phase was concentrated and was directly purified 

by column chromatography over silica gel (CH2Cl2/MeOH gradient from 100:00 to 96:4) 

yielding compound 31 (10 mg, 10%). 
1H-NMR (400 MHz, CDCl3): δ 8.98 (m, 6H), 8.83 (d, J = 4.8 Hz, 2H), 8.30 (d, J = 8.0 Hz, 

2H), 8.22 (d, J = 8.0 Hz, 2H), 7.48 (s, 6H), 4.19 (s, 9H), 3.98 (s, 18H), 3.63 (d, J = 6.4 Hz, 2H), 

3.20 (d, J = 6.6 Hz, 2H), 1.82 – 1.72 (m, 4H), 1.56 (m, 4H), 1.48 (s, 9H), -2.78 (s, 2H). 

HRMS (MALDI-TOF): m/z = 1127.55 ([M+H]+). 
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Compound 45 
Chemical Formula: C58H51N5O13 

Molecular Weight: M = 1026.07 g.mol-1 

 
32 

 

27 (154 mg, 0.16 mmol) was added in a solution of anhydrous DMF (20 mL) with EDCI (61.5 

mg, 0.32 mmol). The solution was stirred at r.t. for 1h then NHS (37 mg, 0.32 mmol) was added. 

The reaction mixture was stirred at r.t. for 2 days and the volatiles were removed under vacuum. 

The resulting residue was purified by column chromatography over silica gel 

(Cyclohexane/Ethyl acetate gradient from 50:50 to 00:100). The product 32 was obtained as a 

purple powder (128 mg, 75 %). 
1H-NMR (400 MHz, CDCl3): δ 9.03 (d, J = 4.8 Hz, 2H), 9.00 (s, 4H), 8.81 (d, J = 4.8 Hz, 2H), 

8.57 (d, J = 8.3 Hz, 2H), 8.40 (d, J = 8.3 Hz, 2H), 7.49 (s, 6H), 4.20 (s, 9H), 3.99 (s, 18H), 2.98 

(s, 4H), -2.77 (s, 2H). 

HRMS (MALDI-TOF): m/z = 1026.25 ([M+H]+). 

Elem. Anal. Calcd for C58H51N5O13Na.C3H6O: C, 66.17; H, 5.19; N, 6.33. Found: C, 66.49; H, 

5.45; N, 6.05. 
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Compound 46 
Chemical Formula: C60H62N6O10 

Molecular Weight: M = 1027.19 g.mol-1 

 
P1 

 

The product 32 (68 mg, 66.6 µmol) was dissolved in anhydrous DMF (20 mL) and was added 

dropwise in a solution of anhydrous DMF (5 mL) with hexamethylenediamine (31 mg, 0.48 

mmol). The solution was stirred at r.t. for 1 day. The solvent was evaporated under vacuum and 

the resulting residue was solubilized in CH2Cl2 (50 mL). The organic phase was washed with a 

solution of NaHCO3 sat. (50 mL) and with brine (50 mL). The organic phase was concentrated 

and was directly purified by column chromatography over silica gel (CH2Cl2/MeOH gradient 

from 100:00 to 90:10) yielding compound P1 (65 mg, 95 %). 
1H-NMR (400 MHz, CDCl3): δ 8.95 (m, 6H), 8.80 (d, J = 4.9 Hz, 2H), 8.28 (d, J = 7.9 Hz, 

2H), 8.18 (d, J = 7.9 Hz, 2H), 7.44 (s, 2H), 7.43 (s, 4H), 7.10 – 7.09 (m, 1H), 4.15 (s, 3H), 4.10 

(s, 6H), 3.92 (s, 6H), 3.88 (s, 12H), 3.47 (m, 2H), 3.10 (m, 2H), 1.83 (m, 2H), 1.67 (m, 2H), 

1.50 (m, 4H), -2.81 (s, 2H). 

HRMS (MALDI-TOF): m/z = 1027.56 ([M+H]+). 
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Compound 47 [15] 

 
g-C3N4P1 

 

g-C3N4 nanoparticles (20 mg), EDCI (23.6 mg, 0.15 mmol), NHS (34.5 mg, 0.30 mmol) were 

dissolved in anhydrous DMF (10 mL). The solution was stirred at r.t. for 2h. The porphyrin P1 

(20 mg, 19.4 µmol) was added to the reaction mixture and the solution was stirred at r.t. for 2 

days. The solution was centrifuged (15 000 rpm) and the solvent was moved out. The resulting 

solid was washed with DMF and centrifuged (15 000 rpm) until no luminescence from the 

porphyrin in the solvent by irradiation under a UV lamp. The purified nanoparticles were 

dispersed in 25 mL of water. 

 
Compound 48 
Chemical Formula: C60H59N5O12 

Molecular Weight: M = 1042.16 g.mol-1 
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Ethyl 4-aminobutyrate hydrochloride (100 mg, 0.60 mmol) and the product 32 (311 mg, 0.34 

mmol) were dissolved in anhydrous DMF (10 ml) and distilled NEt3 (0.5 ml). The mixture was 

stirred for 1 day at r.t. and the solvent was removed under reduced pressure. The resulting 

residue was solubilized in CH2Cl2 (50 mL) and was washed with a solution of NaHCO3 sat. (50 

mL) and with brine (50 mL). The organic phase was concentrated and was purified by column 

chromatography over silica gel (Cyclohexane/Ethyl acetate gradient from 60:40 to 00:100) 

yielding compound 33 (217 mg, 62%).  
1H-NMR (400 MHz, CDCl3): δ 8.96 (m, 6H), 8.80 (d, J = 4.8 Hz, 2H), 8.30 (d, J = 8.1 Hz, 

2H), 8.19 (d, J = 8.1 Hz, 2H), 7.47 (s, 6H), ), 6.94 (t, J = 5.6 Hz, 1H), 4.27 – 4.13 (m, 11H), 

3.97 (s, 18H), 3.75 – 3.67 (m, 2H), 2.59 (t, J = 6.9 Hz, 2H), 2.27 – 2.01 (m, 2H), 1.31 (t, J = 

7.2 Hz, 3H), -2.79 (s, 2H). 

ESI+/MS: m/z = 1042.42 ([M+H]+, 100 %); 1043.43 ([M+H]+, 65 %); 1044.43 ([M+H]+, 25 %); 

1045.43 ([M+H]+, 10 %); 1046.44 ([M+H]+, 2.5 %); 521.72 ([0.5M]+, 63 %).  

Elem. Anal. Calcd for C60H59N5O12Na.C3H6O: C, 67.36; H, 5.83; N, 6.23. Found: C, 67.65; H, 

5.93; N, 6.33. 

 

Compound 49 
Chemical Formula: C58H55N5O12 

Molecular Weight: M = 1014.10 g.mol-1 

 
34 

 

To a solution of 33 (200 mg, 0.19 mmol) in 50 ml of EtOH/H2O (8 :2), was added NaOH (100 

mg, 25.0 mmol) and the mixture was stirred overnight at reflux. The solvent was removed under 

reduced pressure and the resulting residue was solubilized in 50 mL of CH2Cl2. The solution 

was washed with a solution of NaHCO3 sat. (2 × 50 mL) and with brine (2 × 50 mL). The 
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organic phase was concentrated under vacuum and the residue was purified by FPLC (silica 

gel, CH2Cl2/Ethyl acetate, 100/0 to 60/40). 34 was obtained as a purple solid (196 mg, quant.). 
1H-NMR (400 MHz, CDCl3): δ 8.99 (m, 6H), 8.82 (d, J = 4.8 Hz, 2H), 8.32 (d, J = 8.2 Hz, 

2H), 8.19 (d, J = 8.2 Hz, 2H), 7.49 (s, 6H), 4.21 (d, J = 3.1 Hz, 9H), 3.99 (d, J = 2.5 Hz, 18H), 

3.75 (q, J = 6.2 Hz, 2H), 2.67 (t, J = 6.9 Hz, 2H), 2.20 – 2.10 (m, 2H), -2.76 (s, 2H). 

ESI+/MS: m/z = 1014.39 ([M+H]+, 98%); 1015.40 ([M+H]+, 70 %); 1016.40 ([M+H]+, 25 %); 

1017.40 ([M+H]+, 10 %); 1048.41 ([M+H]+, 2.5 %); 507.70 ([0.5M] , 100 %); 508.20 ([0.5M]+, 

65 %); 508.70 ([0.5M]+, 24% %); 509.21 ([0.5M]+, 9%); 509.71 ([0.5M]+, 2 %).  

Elem. Anal. Calcd for C58H55N5O12: C, 68.69; H, 5.47; N, 6.91. Found: C, 68.73; H, 6.15; N, 

6.97. 

 

Compound 50 [16] 
Chemical Formula: C58H53ClGaN5O12 

Molecular Weight: M = 1117.26 g.mol-1 

 
P2 

 

The porphyrin 29 (40 mg, 39.4 µmol) and GaCl3 (10 mg, 59.1 µmol) were dissolved in DMF 

(10 mL) was heated by microwave oven at 150 °C for 10 minutes. The solvent was removed 

under vacuum and the resulting residue was purified by column chromatography on SiO2 by 

using as CH2Cl2/MeOH gradient (100/0 to 85/15). The product P2 was obtained as a purple 

solid with a yield of 86 % (38 mg). 
1H-NMR (400 MHz, MeOD): δ 9.27 (m, 6H), 9.10 (s, 2H), 8.30 (s, 4H), 7.50 (s, 6H), 4.18 (s, 

9H), 4.00 (s, 18H), 3.62 (m, 2H), 2.53 (m, 2H), 2.08 (m, 2H). 

ESI+/MS: m/z = 1080.29 ([M+H]+, 93 %); 1081.29 ([M+H]+,81 %); 1082.29 ([M+H]+, 100 %); 

1083.29 ([M+H]+, 48 %); 1084.29 ([M+H]+, 18 %); 1085.29 ([M+H]+, 4 %); 
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Abbreviations 

ACN    Acetonitrile 
AMP    Adenosine monophosphate  
Anx   Annexin 
APP   Amyloid Precursor Protein 
ATP   Adenosine triphosphate 
 
BIG   Institut de Biosciences et Biotechnologies de Grenoble 
BOC   Tert-butoxycarbonyl  
 
CEA   Commissariat à l’énergie atomique et aux énergies alternatives 
CNRS   Centre National de la Recherche Scientifique 
COSY   Correlation Spectroscopy 
 
DCM   Dichloromethane 
DIPEA   N,N-Diisopropylethylamine  
DLS   Dynamic Light Scattering 
DMF   Dimethylformamide 
DMSO    Dimethyl sulfoxide 
DNA   Deoxyribonucleic acid 
DOTA   1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
 
EDCI   1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
EDX   Energy dispersive X-ray spectrometry 
EOR   Endoplasmic Reticulum Overload Response 
ESI   Electrospray Ionization 
Et3N    Triethylamine 
EtOH   Ethanol 
 
FGF   Fibroblast Growth Factor 
FDG   Fluorodeoxyglucose 
FPLC   Fast performance liquid chromatography 
FRET   Förster resonance energy transfer 
 
g-C3N4   Graphitic carbon nitride 
 
HKBU   Hong Kong Baptist University 
HOBt   Hydroxybenzotriazole 
HRMS   High resolution mass spectrometry 
 
ICP-AES  Inductively coupled plasma atomic emission spectroscopy 
IPHC   Institut Pluridisciplinaire Hubert CURIEN 
ISC   Intersystem crossing 
 
LC-MS  Liquid chromatography–mass spectrometry 
LCBM   Laboratoire Chimie et Biologie des Métaux 
LIMAA  Laboratoire d'Ingénierie Moléculaire Appliquée à l'Analyse 
Ln   Lanthanides 
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MeOH   Methanol 
MRI   Magnetic resonance imaging 
 
NHS   N-Hydroxysuccinimide 
NIR   Near-infrared 
NMR   Nuclear magnetic resonance 
NP   Nanoparticle 
 
PDGF   Platelet-derived growth factor 
PDT   Photodynamic therapy 
PET   Positron emission tomography 
PI3K   Phosphatidylinositide 3-kinases 
PhD   Doctor of Philosophy 
PPh3   Triphenylphosphine 
PS    Phosphatidylserine  
PyBOB   Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 
 
QD   Quantum Dot 
 
RNA   Ribonucleic acid 
ROS   Total oxidative stress 
 
SN   Nucleophilic substitution 
 
TBAF   Tetra-N-butylammonium fluoride 
TEM   Transmission electron microscopy 
TFA   Trifluoroacetic acid 
TGF   Transforming growth factor 
THF   Tetrahydrofuran 
TMS   Trimethylsilyl 
TR   Time-resolved  
TREN   Tris(2-aminoethyl)amine 
TRIS   Tris(hydroxymethyl) aminomethane 
 
UC   Upconversion 
UV   Ultraviolet 
 
VEGF   Vascular endothelial growth factor 
 
XDR   X-ray crystallography 
 
  



 237 

Conferences and Publications 

 
Conferences 

 
September 06th - 09th 2015 ICfE-9, Oxford, England 

Poster presentation 
“Luminescent Ln(III) nanoparticles for medical imagery” 

 
November 15th 2016 Chemical opportunities in molecular imaging and catalysis, 

Hong Kong  
Poster presentation 
“Ultrabright lanthanide nanoparticles for medical applications” 

 
November 27th –   Phosphor safari, Hong Kong 
December 1st 2016 Poster presentation  

“Ultrabright lanthanide nanoparticles for medical applications” 
 

December 4th – 9th 2016  AsBIC-8, Auckland, New Zealand 
Poster presentation 
“Ultrabright lanthanide nanoparticles for medical applications” 

 
December 11th – 13th 2017  Le Studium, Orléans, France 

“Is Multimodal Imaging an Invention with a Future? The Input 
of Chemistry" 

 
Publications 

 
Ultrabright Lanthanide Nanoparticles 

Joan Goetz, Dr. Aline Nonat, Abdoulaye Diallo, Mohamadou Sy, Ildan Sera, Alexandre 
Lecointre, Dr. Christophe Lefevre, Chi Fai Chan, Dr. Ka-Leung Wong, Dr. Loïc J. 

Charbonnière  
ChemPlusChem, 2016, 81 (6), 526 

DOI: 10.1002/cplu.201600007 
 

Autofluorescence-free Live-cell Imaging Using Terbium Nanoparticles 
Marcelina Cardoso Dos Santos, Joan Goetz, Hortense Bartenlian, Dr. Ka-Leung Wong, Dr. 

Loïc J. Charbonniere, Dr. Niko Hildebrandt 
Bioconjugate Chemistry, Just Accepted Manuscript 

DOI: 10.1021/acs.bioconjchem.8b00069 

 
Patent 

 
Ligands pour l’adressage et la photo-sensibilisation de nanoparticules

 
 



 

 
  



 

  



 

 
 

 

Résumé 
Cette thèse s’inscrit dans le cadre d’une collaboration entre Hong Kong Baptist University (Dr. 
Gary K-L Wong) et le Laboratoire d'Ingénierie Moléculaire Appliquée à l'Analyse (LIMAA - 
Dr. Loïc Charbonnière) financé par la région Alsace afin de synthétiser des nouvelles 
nanosondes pour la détection, l’imagerie et le traitement du cancer. Le premier travail a été de 
synthétiser des nouvelles nanoparticules ultrabrillantes hybrides. Elles ont été obtenues à partir 
d’un noyau La0.9Tb0.1F3 et recouvertes de différents ligands. Grâce au mécanisme d’effet 
d’antenne, la brillance des nanoparticules a été considérablement améliorée. Le deuxième 
travail a été de synthétiser un nouveau ligand pour photosensibiliser les nanoparticules 
La0.90Eu0.1F3 hydrosolubles afin d’améliorer l’émission de l’europium. Un second ligand et des 
nouvelles nanoparticules hétérométalliques ont été synthétisées dans le but de favoriser le 
transfert d’énergie des ions Tb(III) à la surface des NPs vers les ions Eu(III) dans le noyau des 
nanoparticules pour obtenir des temps de vie très longs et un rendement quantique exceptionnel 
en solution aqueuse. Le dernier travail a été de fonctionnaliser des nanoparticules de g-C3N4 
(graphitic-carbon nitride) par des porphyrines. Les porphyrines ont été synthétisées pour 
générer de l’oxygène singulet (1O2), pour accueillir un ion Ga3+ dans sa cavité et deux espaceurs 
différents pour être couplés aux nanoparticules. Ce système a pour objectif d’être sensible au 
pH, être un agent théranostique pour l’imagerie TEP et la thérapie PDT. 
Mots-clés : Cancer, nanoparticules, lanthanide (III), transfert d’énergie, imagerie, porphyrine 
 
Abstract 
This joint PhD program is part of a collaboration between Hong Kong Baptist University (Dr. 
Gary K-L Wong) and Laboratoire d'Ingénierie Moléculaire Appliquée à l'Analyse (LIMAA - 
Dr. Loïc Charbonnière) funded by the Alsace region to synthesize new nanoprobes for sensing, 
imaging, and inhibiting cancer diseases. The first work was to synthesize new hybrid ultrabright 
nanoparticles. They have been obtained from a La0.9Tb0.1F3 core and coated by different ligands. 
Thanks to a mechanism of antenna effect, the brightness of the nanoparticles has been 
significantly improved. The second work was to synthesize a new ligand to photosensitize 
water-soluble La0.90Eu0.1F3 nanoparticles in order to improve the emission of europium. A 
second ligand and new heterometallic nanoparticles have been synthesized with the aim to 
promote the energy transfer from Tb(III) ions on the surface of the NPs to Eu(III) ions in the 
core of the nanoparticles and to get a very long excited-state lifetime and an exceptional 
quantum yield in aqueous solution. The last work was to functionalize water-soluble graphitic-
carbon nitride (g-C3N4) nanoparticles by porphyrins. The porphyrins have been synthesized to 
generate singlet oxygen (1O2), to host a Ga3+ ion inside their cavity and with two different 
linkers to be coupled to nanoparticles. This system aims to be a pH sensor, and a PDT and PET 
theranostic agent. 
Keywords: Cancer, nanoparticles, lanthanide (III), energy transfer, imaging, porphyrin. 
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