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ABSTRACT 

The aim of this dissertation is to understand the nature of the interactions between 

several drugs and chemical (β-CD and derivatives) and biological (HSA protein) 

nano-cavities using steady-state (UV-visible absorption and emission) and 

time-resolved (time-correlated single-photon counting, fluorescence up-conversion, 

flash photolysis and stopped-flow) spectroscopic techniques. In chapter 1, the recent 

developments in drug delivery systems have been reviewed, and the importance of 

spectroscopic methods in characterizing these systems has been elucidated. Chapter 

2 contains detailed information of the materials and the experimental setups used in 

this thesis. In chapter 3, we have explained the effect of the nano-confinement 

provided by the chemical and biological hosts on the photophysical and 

photochemical properties of the caged guest molecules by utilizing steady-state and 

time-resolved spectroscopic methods. In chapter 3.1, we have shown that the 

photo-behavior of lumichrome complexed with β-CD is similar to that in water, while 

its photodynamics is altered significantly upon complexation with the HSA protein 

due to an electron transfer between HSA and lumichrome and the cavity protection 

from bulky water. In chapter 3.2 and 3.3, we found that the photodymics of topotecan 

was largely affected by the H-bonding environment and the pH of the media. 

Furthermore, in chapter 3.4, topotecan shows higher affinity towards TM-β-CD 

compared to β-CD and DM-β-CD in terms of encapsulation, which implies that 

topotecan requires a highly hydrophobic delivery system. In chapter 3.5 and 3.6, 

studies on the interaction of a porphyrin derivative (TSPP) with cationic derivative of 

β-CD (QA-β-CD), covalently linked β-CD dimer (CD-CD) and the HSA protein are 

presented. It has been found that TSPP/CD-CD is effective in inhibiting the formation 

of aggregates of TSPP. Additionally, encapsulation by CD-CD does not change the 

efficiency of singlet oxygen generation by TSPP, hence showing promising 

characteristics as nano-carrier for this type of systems. Chapter 4 concludes the most 

important information acquired from this work. 



RESUMEN  

El objetivo de esta tesis es comprender la naturaleza de las interacciones entre los 

diversos fármacos y nanocavidades químicas (β-CD y derivados) y biológicas (proteína 

HSA) usando técnicas de espectroscopia en estado estacionario (absorción y emisión 

UV-visible) y resolución temporal (conteo de fotones individuales correlacionados con 

el tiempo, conversión de fluorescencia, flash fotólisis y flujo detenido). En el capítulo 1, 

se repasan los avances recientes en los sistemas de administración de fármacos, y se 

elucida la importancia de los métodos espectroscópicos en la caracterización de estos 

sistemas. El capítulo 2 contiene información detallada de los materiales y los pasos 

experimentales llevados a cabo en esta tesis. El capítulo 3, explica el efecto del 

nanoconfinamiento producido por los anfitriones químicos y biológicos sobre las 

propiedades fotofísicas y fotoquímicas de las moléculas huésped atrapadas mediante la 

utilización de técnicas espectroscópicas en estado estacionario y resolución temporal. 

En el capítulo 3.1, hemos demostrado que el fotocomportamiento del lumicromo 

formando un complejo con β-CD es parecido al del agua, mientras que su fotodinámica 

se altera significativamente en la acomplejación con la proteína HSA debido a una 

transferencia de electrones entre la HSA, el lumicromo y la protección de la cavidad del 

agua a granel. En los capítulos 3.2 y 3.3, descubrimos que la fotodinámica del 

topotecan se vio afectada en gran medida por el entorno del enlace de hidrógeno y el pH. 

Por otra parte, en el capítulo 3.4, el topotecán muestra mayor afinidad hacia el TM-β-

CD en comparación con β-CD y DM-β-CD en lo que se refiere al encapsulado, lo que 

implica que el topotecán requiere un sistema de entrega altamente hidrofóbico. En el 

capítulo 3.5 y 3.6, se muestran estudios sobre la interacción de un derivado de porfirina 

(TSPP) con derivado catiónico de β-CD (QA-β-CD), dímero β-CD unido 

covalentemente (CD-CD) y proteína HSA. Se ha descubierto que el TSPP/CD-CD es 

eficaz en la inhibición de la formación de agregados de TSPP. Además, el encapsulado 

de CD-CD no cambia la eficiencia de la generación de oxígeno singlete por TSPP, por 

lo que muestra características prometedoras como nanoportador para este tipo de 

sistemas. Capítulo 4 concluye la información más importante adquirida de este trabajo. 
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Chapter 1.1 Objectives 

Cyclodextrins are considered to be potent drug nano-carriers due to their 

ability to form stable inclusion complexes with drugs. Their hydrophobic nano-cavity 

could lead to the changes of physical, chemical and biological properties of the 

encapsulated drugs, such as solubility, stability, aggregability, phototoxicity and etc., 

which are crucial factors for the effectiveness of the drug delivery process. Human 

serum albumin protein is the transporting vehicle of drugs in the blood plasma, and its 

influence on the properties of the drugs is of importance. The aim of this work is to 

understand the nature of the interactions between drugs and chemical and biological 

nano-cavities using steady-state and time-resolved spectroscopic techniques. The 

usage of steady-state absorption and emission spectroscopy reveals the drug inclusion 

in solution and gives association constants. Molecular modeling and theoretical 

calculations present optimized structure of the complexes. Time-resolved 

spectroscopic (femtosecond to second) techniques provide information on the 

photodynamic behavior of the drugs, free and complexed, regarding charge transfer, 

proton transfer, twisting motion, energy transfer and H-bonding. The effect of 

chemical and biological nano-confinement on the photodynamics of the encapsulated 

drugs is discussed in terms of interactions, relaxation, and stability. With the help of 

spectroscopic techniques, we would be able to lower the the adverse effects by 

selecting proper nano-cavities to encapsulate the drugs. We believe our observations 

of the interactions between drugs and nano-cavities from femtosecond to second at 

both ground and electronically first excited state are beneficial for the better 

understanding of such system and thus for a better design of the drug delivery 

nano-carriers. 

Chapter 1.2 Drug Delivery Systems 

The past decade has witnessed the rapid growth of the research and 

applications in the area of nano-science and nanotechnology. Great effort has been 

made for the applications of nano-materials in biomedicine, among which controlled 

drug delivery has attracted the most attention. In the treatment of advanced diseases 

like cancer and Alzheimer, conventional drugs often suffer from the problems such as 
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low solubility in biological media, resistance at biological boundaries, low selectivity 

on the target sites and uncontrolled release. Drug delivery systems are designed to 

overcome these limitations and release the pharmaceutical compound in a controlled 

manner and lead to desired effects on the target sites. A qualified drug delivery system 

should have high loading capacity of the drugs, which could effectively increase the 

bioavailability of the drugs, solve the problem of low solubility of the organic 

pharmaceutics and prevent the possible access to healthy cells. Moreover, drug 

carriers should be able to avoid any possible adverse effects such as deactivation, 

increasing toxicity of the drugs due to the aggregation or hydrolyzation. A properly 

designed nano-carrier could be described as a “stealth” vehicle carrying the drugs, 

without being noticed by the immune system and thus decreasing the possibility of 

immunogenicity and early clearance. A drug delivery system equipped with 

stimuli-responsive trigger can release the drugs upon the alteration of surrounding 

environment such as temperature, pH, redox, light, magnetism, ultrasound and 

enzyme. This facilitates the target-selective drug release and prevents the damage of 

healthy tissues. Visualizing agent is also a necessity in drug delivery system as it can 

give a clear overview of the target site with information of the location, size and 

condition, which could largely improve the quality of diagnosis.
1-3

 Commonly used 

carrier matrices are biocompatible and biodegradable materials like liposomes, 

cyclodextrins, inorganic nanoparticles and polymers.
4-9

 Some of the more advanced 

drug nano-carriers are reviewed in more details below. 

Chapter 1.2.1 Liposomes 

Liposomes are small artificially-prepared vesicles, usually with diameter of 50 

nm to 5 μm, composed of lipid bilayers enclosing an aqueous compartment. 

Liposomes have shown great potential as drug delivery systems due to its high 

biocompatibility and biodegradability. Drugs with different hydrophilicity can be 

encapsulated into liposomes: strongly hydrophilic drugs are completely entrapped in 

the aqueous compartment, strongly lipophilic drugs are exclusively located in the lipid 

bilayer, and drugs with intermediate hydrophilicity stay between the lipid and aqueous 

phases. Several liposome formulations have been commercially available for the 
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treatment of different diseases including cancers, influenza, fungal infections and 

HIV-related sarcoma.
4
 Recent development of the liposome technology has resulted in 

more advanced liposomal drug carriers (stealth liposome), which have longer 

blood-circulation time and lower mononuclear phagocyte system uptake, by 

modifying the surfaces of the liposomes using poly-ethyleneglycol (PEG).
10

  

Furthermore, by synthetic modification of the terminal PEG molecule, the stealth 

liposomes can be equipped with monoclonal antibodies, peptides, glycoproteins, 

carbohydrates, or receptor ligands.
11,12

 (Figure-1.1) 

 

 

One of the most compelling advantages that targeted liposomes offer is the 

dramatic increase in the amount of the drug delivered to the target. Recent study has 

shown that a doxorubicin-loaded liposome modified with anti-cancer antibody kills 

various tumor cells with the efficiency higher than the non-targeted 

doxorubicin-loaded liposome.
13

 However, studies have shown liposomes could cause 

potentially toxic and adverse effects such as a complete saturation of the immune 

system, interactions with lipoproteins and phospholipid molecules being removed by 

blood proteins.
14-16
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Chapter 1.2.2 Magnetic Nanoparticles 

The basic premise of using magnetic nanoparticles for drug delivery is that 

drugs are encapsulated in, or attached to, magnetic nanoparticles. These nanoparticles 

have magnetic cores with a 

polymer or metal coating which 

can be functionalized. Once 

injected into the bloodstream, a 

magnetic field applied over the 

target site will force the 

nanoparticle/drug complex to 

be captured and extravagated at 

the target.(Figure-1.2) γ-Fe2O3 

(maghemite) and Fe3O4 (magnetite) nanoparticles are used in most cases as the cores. 

Magnetite nanoparticles coated with polymers have been reported as magnetically 

guided drug delivery systems in conjunction with DNA and photosensitizers for 

anticancer therapy.
7,17

 Additionally, a magnetic nanoparticle coated with silica 

mesoporous material has been reported to deliver anticancer drug campotecin to 

targeted cancer cells.
18

 An efficient delivery of DNA to the targeted cells has been 

achieved by using magnetic nanotubes.
19

 Specifically oriented magnetic field enables 

the nanotubes to spear the cells, pass through the membrane and deliver the target 

DNA. Another important application of magnetic nanoparticles in drug delivery 

system is the marker for magnetic resonance imaging.
20

 One of the limitations of 

using magnetic nanoparticles as drug delivery system is that the magnetic field 

generated by either electromagnets or permanent magnets decrease dramatically as a 

function of distance from the target tissue and this restricts the targeting ability of the 

magnetic nanoparticles. Moreover, several reports have indicated the potential toxicity 

of the magnetic nanoparticles with different composition, size and surface 

modification.
21,22

 

Chapter 1.2.3 Gold Nanoparticles 

Gold nanoparticles are among the more effective nano-materials for the 
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treatment of diseases like cancer.
23

 Different engineering enables gold nanoparticles to 

detect a stimulus, such as pH changes and molecular binding events, and respond by 

releasing the drugs into cells or tissues.
6,24

 Ultra-small spherical gold nanoparticles 

have been reported to successfully deliver anti-cancer drug doxorubicin into the 

nucleus of the cancer cells and proved to be effective for the treatment of resistant 

cancer cells.
25

 Hyperthermia is also effective with gold nanoparticles under exposure 

of near-infrared to treat superficial cancer. Further, gold nano-rods are developed to be 

an effective system for drug delivery. Recent study reports that gold nano-rods first 

located the tumor, then activated by near infrared region and release the drug into 

specific location.
26

 Highly stable, protein capped gold nanoparticles as effective drug 

delivery vehicles for amino-glycosidic antibiotics have been reported recently.
27

 The 

delivery of gold nanoparticles to the brain has been made possible by conjugation 

with a peptide that recognizes the transferrin receptor and this could beneficial for the 

treatment of neurodegenerative diseases such as Alzheimer's disease.
28

 In addition, 

hybrid drug delivery systems have been developed including gold nanoparticles 

incorporated with quantum dots, titanium oxides and microgels.
29-31

 The toxicity of 

gold nanoparticles has been studied extensively both in vitro and in vivo. Most of the 

reports state that they are nontoxic, while others contradict. Possible size-dependent 

toxicity of gold nanoparticles has been suggested, those with less than 2 nm of 

diameter show extra reactivity with biological surrounding media.
32,33

 

Chapter 1.2.4 Mesoporous Silica Nanoparticles 

Recently mesoporous silica nanoparticles have drawn increasing attention due 

to its promising future as drug delivery systems. They possess unique properties such 

as high surface area and pore volume, tunable particle and pore size, stable 

physicochemical properties and facile surface functionalization. Their main 

advantages over common organic carriers are being free from bio-corrosions, high 

drug loading capacity and good thermal stability.
5
 Another advantage is that the usage 

of various chemical entities as “gatekeepers” to control the release of the drugs and 

prevent premature release.
34

 (Figure-1.3) Great endeavor has been made to the 

functionalization of nanoparticles so that stimuli-responsive drug release can be 
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achieved, including triggers like 

temperature, pH, redox, light, magnetism, 

ultrasound and enzyme.
35-41

 Several recent 

studies focused on the release of different 

kinds of drugs from mesoporoous silica 

nanoparticles using different strategies to 

control the drug release.
42-44

 Numerous 

studies have been done to investigate the 

pharmacokinetics, toxicity and 

biocompatibility of mesoporous silica 

nanoparticles involving bio-distribution, 

biodegradation, retention, excretion and blood circulation, cellular cytotoxicity.
5,45-48

  

Chapter1.2.5 Polymeric Nanoparticles 

Polymeric nanoparticles research has been of great interest because of their 

flexibility where their structures could be modified to wrap up and deliver their 

loadings to the targeted site of action and to react to specific physiological or external 

incentives. Combination of certain functionalities can regulate the sensitivity of the 

nanoparticles in biological 

environments under different 

enzymatic, pH, oxidative, and 

reductive conditions, etc., or 

their response to external 

stimuli, such as variation in 

temperature, activation with 

magnetic fields, irradiation 

with near-IR or UV-vis light, 

and application of ultrasound vibrations, etc. The chemistry of polymeric 

nanoparticles and their payloads affects their biodistribution, biocompatibility, 

biodegradability, stability and cellular and subcellular fate. The design of polymeric 

nanoparticles depends on the route of administration and the therapeutic application, 
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target site (cellular, tissues, organs). In all cases, these nanoparticles have to include 

“smart” components to allow their delivery across the various biological barriers, such 

as skin, mucus, blood, extracellular matrix, in addition to the cellular and subcellular 

barriers. (Figure-1.4) An efficient delivery of doxorubicin to the nuclei of the tumor 

cells mediated by amphiphilic polymeric nanoparticles has been recently reported.
49,50

 

Chapter 1.2.6 Metal-organic frameworks 

MOFs are a new class of highly tunable hybrid materials crafted from metal 

connecting points and organic bridging ligands. They are usually synthesized under 

mild conditions via coordination-directed self-assembly processes, and are also called 

coordination networks or coordination polymers. MOFs can be scaled down to the 

nanometer regime to form 

nano-MOF by using a number of 

different techniques that have been 

developed for inorganic and 

organic polymeric nanoparticles. 

(Figure-1.5) Nano-MOFs are potential nano-carriers for delivering pharmaceutical 

agents to targeted areas of the body, as they are capable of controlling drug release 

with their large surface areas, high porosity, and presence of functional groups to 

interact with loaded moieties. Nano-MOFs exhibit many desired properties as 

nano-vectors; intrinsic tunability and biodegradability as well as remarkably high drug 

loading capacity of this promising class of hybrid nano-materials should make them a 

favorable candidate for further development as nano-therapeutics.
51

 Entrapment of the 

anti-cancer drug doxorubicin into nanoMOFs has been recently reported with a very 

high drug loading (9 wt %) and a complete and progressive drug release after 2 weeks 

without any ‘burst effect”.
52

 Recent investigation has shown that NO-loaded MOFs 

have significant anti-bacteria effects, suggesting that NO delivered with this approach 

is a very promising method in this increasingly important field.
53
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Chapter 1.2.7 Dendrimers 

In the last decade, extensive studies have been done on dendritic 

nano-structures and their conjugate ion strategies to deliver active agents e.g. 

paclitaxel, camptothecin, cisplatin, methotrexate, 

etc.
54

 In addition, their potential in cancer cell 

targetability and specificity has been evaluated 

using folate residues, hormones, and antibodies. 

The dendritic polymers are typically synthesized 

from monomeric units with new branches being 

added gradually until a homogeneous tree-like 

structure is formed. A comparison between the 

features of dendrimer and linear polymer displays 

that the dendritic polymeric nano-structure is 

beneficial for many delivery applications. For instance, with the help of their defined 

multivalency, dendrimers can be applied to encapsulate or conjugate similar or 

different drug molecules while adding on imaging probes, targeting, and solubilizing 

modalities on the same scaffold in a controlled fashion. Additionally, the low 

polydispersity of dendrimers should offer a more reproducible pharmacokinetic 

behavior than that in linear polymers. Besides, the more spherical shape of dendrimers, 

in contrast to the random coil structure of most linear polymers, could influence their 

biological properties and consequently result in the discovery of exciting effects due 

to their macromolecular architecture. Particularly, the combination of their 

multifunctionality and size on the nano-scale facilitates a chemically ‘‘smart’’ 

molecular scaffold that accomplishes environmentally responsive modalities. 

(Figure-1.6) Thus, these multifunctional materials can be expected to develop the 

existing therapeutic practice. Dendritic molecules, such as polyamide, poly(propylene 

imine), polyaryl ethers, polylysine, polyester, polyamidoamine, triazine dendrimers, 

and polyglycerol, have been launched for biomedical applications to increase or 

proliferate molecularly patho-pharmacological effects and have by now shown a 

promising higher efficiency in the polymer therapeutics field.
55
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Chapter 1.2.8 Biological Nanoparticles 

In recent years, biological nanoparticles have been the focus as a cutting-edge 

tool for drug delivery due to its “naturalness” and “smartness”. Biomolecules such as 

proteins, bacteria, viruses and polypeptides have been applied for these purposes.
56-59

 

For example, viruses have evolved naturally to infect specific host cells with great 

efficacy, and deliver their cargo of genetic materials. Therefore, viruses provide an 

supreme platform for the development of target-specific drug delivery vehicles or 

tissue-specific imaging reagents. 

Virus-like nanoparticles are the 

genome-free equivalents of virus 

nanoparticles, and can be considered as a 

subclass of virus nanoparticles. Virus 

nanoparticles are commonly derived 

from plants and bacteria as they are not 

only biodegradable and biocompatible, 

but also regarded as non-hazardous and 

non-infectious in humans. Virus 

nanoparticles are well-characterized, mono-disperse structures that can be produced in 

large quantities. Because of their highly symmetrical structures, virus nanoparticles 

can be considered as one of the most versatile and advanced nano-materials produced 

by nature. The basic virus nanoparticles structure can be decorated and functionalized 

in numerous ways so that the internal cavity can be occupied with drug molecules, 

quantum dots, imaging reagents and other nanoparticles, while the exterior can be 

modified with targeting ligands to allow cell-specific delivery. A recent study has 

shown polylactide nanofibrous matrices, which are fabricated by incorporating plant 

viral nanoparticles infused with fluorescent reagents ethidium bromide and rhodamine, 

and cancer therapeutic doxorubicin, release the drug in a controlled fashion in vitro.
59

 

(Figure-1.7) 
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Chapter 1.2.9 Cyclodextrins 

Although many efforts have been oriented towards the development of new, 

smart nano-carriers for drug delivery, cyclodextrins still remain one of the most 

versatile class of delivery vehicles. They have found numerous applications not only 

in medicine but also in the food industry and in agriculture. Over 35 drug 

formulations involving cyclodextrins have been approved for clinical usage and over 

1000 research articles have been 

published in 2012 concerning the 

application of cyclodextrin in drug 

delivery systems.
60

 

Cyclodextrins are a family of 

cyclic oligosaccharides containing at least 

6 D-(+)glucopyranose units attached by 

α-(1, 4) glucosidic bonds. The three 

natural CDs:α-, β-, and γ-CD possess 6, 7, 

or 8 glucose units respectively. 

(Figure-1.8A) The chair formation of the 

glucopyranose units lead to the conical 

shape of cyclodextrins. The outer surface of cyclodextrins is hydrophilic, while the 

central cavity is significantly less hydrophilic than the aqueous environment. 

(Figure-1.8B) These properties enable cyclodextrins to encapsulate hydrophobic 

molecules into their cavities to form non-covalent inclusion complexes. The driving 

forces for the formation of inclusion complex between cyclodextrin cavity and the 

guest molecule include geometric compatibility, hydrogen bonding capability, van der 

Waals forces, London, Debye and hydrophobic interactions. Hence, cyclodextrins 

have attracted much attention in the field of pharmaceutical applications.  

Various kinds of cyclodextrin derivatives have been synthesized for several 

purposes, including increasing aqueous solubility, increasing selectivity of host/guest 

combinations, controlling the release rate and bioavailability of a drug, increasing the 

stability of the complexes with guest molecules and bio-imaging capability. For 
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example, substitution of hydroxyl groups to methyl, hydroxylpropyl, sulfopropyl, 

carboxymethyl or silyl groups increases the 

water solubility of natural cyclodextrins.
61

 

Another possible approach is the production 

of cyclodextrin polymeric nanoparticles and 

these systems can increase the local 

concentration of cyclodextrin units. 

Crosslinkers such as epichlorohydrin, citric 

acid, hexamethylene and di-isocyanate, etc. 

have been used to prepare β-cyclodextrin 

and γ-cyclodextrin based polymers.
62,63

 

Cyclodextrins have been labeled by different fluorophores and this facilitates the 

detection in drug delivery process.
64

 (Figure-1.9) 

The formation of the inclusion complex between cyclodextrins and drugs 

could dramatically increase the solubility of low polarity drugs in aqueous solution. 

Cyclodextrins are also known to mask toxic drugs by converting them into nontoxic 

inclusion complexes. It also has been proved that the existence of cyclodextrins in 

aqueous solutions of certain drugs can effectively avoid the formation of dimers and 

aggregates, which would decrease the activity of the drugs or even cause adverse 

effect.
65

 The encapsulation of the drugs by cyclodextrins has been reported to improve 

the stability of the drugs, which are prone to hydrolysis and oxidation in aqueous 

solution.
8
 One study has shown that cyclodextrin enhance the bioavailability of 

insulin by stabilizing it at the bio-membrane surface.
66

 Another advantage of using 

cyclodextrins is to encapsulate the drugs that irritate eye, stomach or skin.
67

 In the 

case of incompatibility between drugs in a formulation, cyclodextrins can physically 

separate them and prevent drug-drug interaction through encapsulation.
68

 Moreover, 

the unpleasant taste or odor of the drugs can be masked by encapsulating them within 

the cyclodextrins cavity.
69

 Applications of cyclodextrins in oral, dermal, rectal, ocular, 

sublingual, nasal and pulmonary drug delivery have been reported.
70-76

 

The host-guest interactions could greatly modify the physical and chemical 
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properties of the guest molecules. The unique properties provided by cyclodextrin 

nano-cavity allow the investigation of size-controlled nano-environment effects. 

Steady-state and time-resolved spectroscopic techniques provide the tools and have 

been widely applied to characterize the effect of host-guest interactions on the 

photophysical and photochemical properties of the guest molecules. Steady-state 

titrations, for example, provide direct information about the inclusion equilibrium 

constant, which depends on several parameters such as H-bonding, polarity of the 

medium, and size matching between the guest and the cavity. Steady-state 

spectroscopic methods can further help determine the stoichiometry of the formed 

drug/cyclodextrin complexes, which varies from 1:1, 1:2, 2:1, 2:2 to larger nano-tubes, 

depending on the characteristics of the host-guest interactions, while the stopped-flow 

technique provides information about the pre-steady-state drug/nano-cavity 

interaction.
77,78

 Using time-resolved spectroscopy offers the opportunity to study the 

dynamic behavior of the encapsulated guest that can be influenced by shielding effect, 

molecular movement restriction, electronic donating/accepting environment, 

H-bonding and twisting groups, in real time.
77,79

 For instance, fs spectroscopies, 

mainly transient absorption and up-conversion techniques, have been applied to 

monitor the effect of the nano-confinement of cyclodextrins and HSA protein on the 

ultrafast events of guest molecules, including several drugs such as piroxicam, 

levosimendan and milrinone, which happen in fs to ps regime. Some of these 

processes that occur on this time scale are twisting motion, vibrational relaxation 

(cooling), solvation dynamics, isomerization, energy, electron and, proton 

transfer.
77,79-86

 Milrinone, a cardiotonic drug, has shown dramatic change in 

fluorescence lifetime (from 65 to 350 ps) and quatum yield (6-fold increase) upon 

encapsulation with β-CD derivatives, due to the steric restriction imposed on its 

twisting motions.
86

 fs – ns studies have shown that the β-CD and HSA cavities affect 

the prototropic equilibrium of the studied piroxicam anti-inflammatory drug, with the 

fluorescence lifetime increases from 20 ps to 180 ps (β-CD), 60 ps, 360 ps and 1.3 ns 

(HSA), which are binding to different subdomains of the protein. 
83

Another example 

of the use of these techniques was demonstrated with Levosimendan (a 
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cardio-vascular drug), where encapsulation of its active anionic form by b-CD and 

HAS leads to a change in the charge transfer time constant (changing from 300 fs to 1 

ps).
85

 Time-correlated single photon counting (TCSPC), for example, a ps to ns 

spectroscopic technique has been used to make up for the limitations of fs techniques, 

which require high concentration of the dye and provide limited time window. 

Additional informational about the photodynamics of the encapsulated drugs in the 

time range of μs to ms can be obtained using the flash photolysis technique, where the 

relaxation of the triplet state occurs. This process is of high importance as it has direct 

implication in the formation of the singlet oxygen species used in PDT.
87

 The degree 

of protection provided by the cavity to the encapsulated molecules can be 

characterized by the longevity of the triplet state, which is largely dependent on its 

accessibility to the oxygen molecules. 

Further, due to their unique characteristics, cyclodextrins have been combined 

with other nano-carriers such as liposomes, microspheres and nanoparticles to 

enhance the efficiency of the drug delivery systems.
88-93

 Entrapping cyclodextrin/drug 

complexes into aqueous phase of liposomes combines advantages of both 

cyclodextrins and liposomes into one system and thus solves weakness of each system. 

Cyclodextrins allow an increase in the encapsulation efficiency of the drug in vesicles 

of liposome and liposome reduces the urinary loss of cyclodextrins and the toxicity to 

kidney.
69

 Combining cyclodextrins with nanoparticles for drug delivery has been 

found promising in two aspects: one is increasing the loading capacity of the 

nanoparticles and another one is concurrent formation of either nano-spheres or 

nano-capsules by precipitation of amphiphilic CDs di-esters.
69

 

 

 

 

 

 

 

 



Chapter 1. Introduction 

~ 15 ~ 

Chapter 1.3 References 

 (1) Wang, B.; Siahaan, T. J.; Soltero, R. A.: Drug Delivery: Principles and Applications; Wiley, 2005. 

 (2) Jain, K. K.: Drug Delivery Systems; Humana Press, 2008. 

 (3) Schafer-Korting, M.: Drug delivery; Springer Berlin Heidelberg, 2010. 

 (4) Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S. W.; Zarghami, N.; Hanifehpour, Y.; Samiei, 

M.; Kouhi, M.; Nejati-Koshki, K.: Liposome: classification, preparation, and applications. Nanoscale Res. Lett. 

2013, 8, 102. 

 (5) He, Q.; Shi, J.: Mesoporous silica nanoparticle based nano drug delivery systems: synthesis, controlled 

drug release and delivery, pharmacokinetics and biocompatibility. J. Mater. Chem. 2011, 21, 5845-5855. 

 (6) Dreaden, E. C.; Alkilany, A. M.; Huang, X.; Murphy, C. J.; El-Sayed, M. A.: The golden age: gold 

nanoparticles for biomedicine. Chem. Soc. Rev. 2012, 41, 2740-2779. 

 (7) del Campo, A.; Sen, T.; Lellouche, J.-P.; Bruce, I. J.: Multifunctional magnetite and silica–magnetite 

nanoparticles: Synthesis, surface activation and applications in life sciences. J. Magn. Magn. Mater. 2005, 293, 

33-40. 

 (8) Rasheed, A.; Kumar C.K, A.; Sravanthi, V. V. N. S. S.: Cyclodextrins as drug carrier molecule: A 

review. Sci. Pharm. 2008, 76, 567-598. 

 (9) Jagur-Grodzinski, J.: Polymers for targeted and/or sustained drug delivery. Polym. Adv. Technol. 2009, 

20, 595-606. 

 (10) Immordino, M. L.; Dosio, F.; Cattel, L.: Stealth liposomes: review of the basic science, rationale, and 

clinical applications, existing and potential. Int. J. Nanomedicine 2006, 1, 297-315. 

 (11) Sapra, P.; Allen, T. M.: Ligand-targeted liposomal anticancer drugs. Prog. Lipid Res. 2003, 42, 

439-462. 

 (12) Medina, O. P.; Zhu, Y.; Kairemo, K.: Targeted liposomal drug delivery in cancer. Curr. Pharm. Des. 

2004, 10, 2981-2989. 

 (13) Lukyanov, A. N.; Elbayoumi, T. A.; Chakilam, A. R.; Torchilin, V. P.: Tumor-targeted liposomes: 

doxorubicin-loaded long-circulating liposomes modified with anti-cancer antibody. J. Control. Release 2004, 100, 

135-144. 

 (14) Tardi, P. G.; Swartz, E. N.; Harasym, T. O.; Cullis, P. R.; Bally, M. B.: An immune response to 

ovalbumin covalently coupled to liposomes is prevented when the liposomes used contain doxorubicin. J. Immunol. 

Methods 1997, 210, 137-148. 

 (15) Du, H.; Chandaroy, P.; Hui, S. W.: Grafted poly-(ethylene glycol) on lipid surfaces inhibits protein 

adsorption and cell adhesion. Biochim. Biophys. Acta 1997, 1326, 236-248. 

 (16) Malmsten, M.; Van Alstine, J. M.: Adsorption of Poly(Ethylene Glycol) Amphiphiles to Form Coatings 

Which Inhibit Protein Adsorption. J. Colloid Interface Sci. 1996, 177, 502-512. 

 (17) Cinteza, L. O.; Ohulchanskyy, T. Y.; Sahoo, Y.; Bergey, E. J.; Pandey, R. K.; Prasad, P. N.: Diacyllipid 

micelle-based nanocarrier for magnetically guided delivery of drugs in photodynamic therapy. Mol. Pharm. 2006, 

3, 415-423. 

 (18) Knezevic, N. Z.; Lin, V. S.: A magnetic mesoporous silica nanoparticle-based drug delivery system for 

photosensitive cooperative treatment of cancer with a mesopore-capping agent and mesopore-loaded drug. 

Nanoscale 2013, 5, 1544-1551. 

 (19) Cai, D.; Mataraza, J. M.; Qin, Z. H.; Huang, Z.; Huang, J.; Chiles, T. C.; Carnahan, D.; Kempa, K.; 

Ren, Z.: Highly efficient molecular delivery into mammalian cells using carbon nanotube spearing. Nat. Methods 

2005, 2, 449-454. 

 (20) Nasongkla, N.; Bey, E.; Ren, J.; Ai, H.; Khemtong, C.; Guthi, J. S.; Chin, S.-F.; Sherry, A. D.; 



Chapter 1. Introduction 

~ 16 ~ 

Boothman, D. A.; Gao, J.: Multifunctional Polymeric Micelles as Cancer-Targeted, MRI-Ultrasensitive Drug 

Delivery Systems. Nano Lett. 2006, 6, 2427-2430. 

 (21) Kim, B. Y. S.; Rutka, J. T.; Chan, W. C. W.: Nanomedicine. N. Engl. J. Med. 2010, 363, 2434-2443. 

 (22) Muldoon, L. L.; Sandor, M.; Pinkston, K. E.; Neuwelt, E. A.: Imaging, distribution, and toxicity of 

superparamagnetic iron oxide magnetic resonance nanoparticles in the rat brain and intracerebral tumor. 

Neurosurgery 2005, 57, 785-796. 

 (23) Cobley, C. M.; Chen, J.; Cho, E. C.; Wang, L. V.; Xia, Y.: Gold nanostructures: a class of 

multifunctional materials for biomedical applications. Chem. Soc. Rev. 2011, 40, 44-56. 

 (24) Dreaden, E. C.; Mackey, M. A.; Huang, X.; Kang, B.; El-Sayed, M. A.: Beating cancer in multiple 

ways using nanogold. Chem. Soc. Rev. 2011, 40, 3391-3404. 

 (25) Zhang, X.; Chibli, H.; Mielke, R.; Nadeau, J.: Ultrasmall Gold−Doxorubicin Conjugates Rapidly Kill 

Apoptosis-Resistant Cancer Cells. Bioconjugate Chem. 2010, 22, 235-243. 

 (26) von Maltzahn, G.; Park, J.-H.; Lin, K. Y.; Singh, N.; Schwöppe, C.; Mesters, R.; Berdel, W. E.; 

Ruoslahti, E.; Sailor, M. J.; Bhatia, S. N.: Nanoparticles that communicate in vivo to amplify tumour targeting. Nat. 

Mater. 2011, 10, 545-552. 

 (27) Rastogi, L.; Kora, A. J.; Arunachalam, J.: Highly stable, protein capped gold nanoparticles as effective 

drug delivery vehicles for amino-glycosidic antibiotics. Mater. Sci. Eng. C 2012, 32, 1571-1577. 

 (28) Prades, R.; Guerrero, S.; Araya, E.; Molina, C.; Salas, E.; Zurita, E.; Selva, J.; Egea, G.; López-Iglesias, 

C.; Teixidó, M.; Kogan, M. J.; Giralt, E.: Delivery of gold nanoparticles to the brain by conjugation with a peptide 

that recognizes the transferrin receptor. Biomaterials 2012, 33, 7194-7205. 

 (29) Cozzoli, P. D.; Curri, M. L.; Giannini, C.; Agostiano, A.: Synthesis of TiO2-Au composites by 

titania-nanorod-assisted generation of gold nanoparticles at aqueous/nonpolar interfaces. Small 2006, 2, 413-421. 

 (30) Costi, R.; Saunders, A. E.; Elmalem, E.; Salant, A.; Banin, U.: Visible light-induced charge retention 

and photocatalysis with hybrid CdSe-Au nanodumbbells. Nano Lett. 2008, 8, 637-641. 

 (31) Hain, J.; Schrinner, M.; Lu, Y.; Pich, A.: Design of multicomponent microgels by selective deposition 

of nanomaterials. Small 2008, 4, 2016-2024. 

 (32) Turner, M.; Golovko, V. B.; Vaughan, O. P. H.; Abdulkin, P.; Berenguer-Murcia, A.; Tikhov, M. S.; 

Johnson, B. F. G.; Lambert, R. M.: Selective oxidation with dioxygen by gold nanoparticle catalysts derived from 

55-atom clusters. Nature 2008, 454, 981-983. 

 (33) Pan, Y.; Leifert, A.; Ruau, D.; Neuss, S.; Bornemann, J.; Schmid, G.; Brandau, W.; Simon, U.; 

Jahnen-Dechent, W.: Gold Nanoparticles of Diameter 1.4 nm Trigger Necrosis by Oxidative Stress and 

Mitochondrial Damage. Small 2009, 5, 2067-2076. 

 (34) Slowing, I. I.; Vivero-Escoto, J. L.; Wu, C.-W.; Lin, V. S. Y.: Mesoporous silica nanoparticles as 

controlled release drug delivery and gene transfection carriers. Adv. Drug Delivery Rev. 2008, 60, 1278-1288. 

 (35) Yang, Q.; Wang, S.; Fan, P.; Wang, L.; Di, Y.; Lin, K.; Xiao, F.-S.: pH-Responsive Carrier System 

Based on Carboxylic Acid Modified Mesoporous Silica and Polyelectrolyte for Drug Delivery. Chem. Mater. 2005, 

17, 5999-6003. 

 (36) Giri, S.; Trewyn, B. G.; Stellmaker, M. P.; Lin, V. S. Y.: Stimuli-Responsive Controlled-Release 

Delivery System Based on Mesoporous Silica Nanorods Capped with Magnetic Nanoparticles. Angew. Chem. Int. 

Ed. 2005, 44, 5038-5044. 

 (37) Kim, H. J.; Matsuda, H.; Zhou, H.; Honma, I.: Ultrasound-Triggered Smart Drug Release from a 

Poly(dimethylsiloxane)– Mesoporous Silica Composite. Adv. Mater. 2006, 18, 3083-3088. 

 (38) You, Y.-Z.; Kalebaila, K. K.; Brock, S. L.; Oupický, D.: Temperature-Controlled Uptake and Release in 
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Chapter 2.1 Materials 

TSPP (5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin) (Porphyrin System, 

98%) is a water-soluble porphyrin that has been already applied to treat cancer 

clinically.
1
 It has shown great efficiency in producing singlet oxygen, an active specie 

for photodynamic therapy.
2
 

 

Lumichrome (Fluka-Sigma-Aldrich) has been re-crystallized from ethanol 

solution and dried under vacuum prior to use. Lumichrome is the major product of 

riboflavin biodegradation and it was reported to have some natural biological 

functions.
3,4

 

 Topotecan is a water-soluble analogue of camptothecin, which is clinically 

used in the cancer treatment of ovarian, small-cell lung, and more recently cervical 

cancers.
5-7

 The mechanism of action of camptothecin family drugs consists of 

specifically reducing the activity of the human topoisomerase I (Top1) enzyme 

through the formation of a Top1–DNA complex.
8
 The final result is the lethal DNA 

strand break.  

The HSA protein (Sigma-Aldrich, 99%) was 

used as received. Human serum albumin (HSA), the 

most abundant protein in human blood plasma, is in 

charge of buffering pH, maintaining the osmotic 

pressure, and transporting hormones, fatty acid, and 

drugs. The structure of the protein is well-defined by X-

ray crystallography studies.
9
 Its crystal structure shows 

that HSA is a single polypeptide chain containing three 

homologous R-helical domains (I–III). The primary area of ligand bindings to HSA 
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are located in the hydrophobic cavities in subdomains IIA (binding site I) and IIIA 

(binding site II).
9
 

 

QA-β-CD ((2-hydroxy-3-N,N,N-trimethylamino) propyl-β-cyclodextrin 

chloride) (CycloLab, 95%), β-CD (β-cyclodextrin) (Acros Organics, > 99%), DM-β-

CD (heptakis(2,6-di-O-methyl)-β-cyclodextrin, degree of substitution (DS) ~ 14 for 

Me, 7 on the small gate, 7 on the big gate) (CycloLab, > 95% for methylated β-CDs), 

TM-β-CD (heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin, DS = 21 for Me, fully 

substituted) (CycloLab, > 98%), CD-CD (Bis(2’-O-cyclomaltoheptaosyl)-1,6-hexa-

2,4-diyne) (University of Almeria, > 99%), anhydrous tetrahydrofuran (THF) (Sigma-

Aldrich, ≥ 99.9%), dichloromethane (DCM, Sigma-Aldrich ≥ 99%), acetonitrile 

(ACN, Sigma-Aldrich ≥99.9%), anhydrous methanol (MeOH, Sigma-Aldrich 99.9%) 

and deuterium oxide (D2O) (Sigma-Aldrich, > 99%) were used without further 

purification. 

Chapter 2.2 Instruments 

Chapter 2.2.1 Steady-state Spectroscopy 

 Uv-visible absorption. A JASCO UV-670 spectrophotometer was used to 

measure the uv-visible absorption. It is equipped with deuterium and halogen lamps 

as light source. The monochromator has a plane grating of 1200 lines/mm and the 
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detector is a photomultiplier tube. Scanning speed of 200 nm/min and spectral 

bandwith of 0.5 nm were chosen for the measurements. 

 Steady-State Fluorescence. A HORIBA JOBIN-YVONE FluoroMax-4 

spectro-fluorometer was used to measure the steady-state fluorescence. It is equipped 

with 150 watt Ozone-free xenon lamp as light source and a Plane-grating Czery-

Turner design which maintains focus at all wavelengths. The emission detector is a 

photomultiplier and reference detector is a photodiode. The excitation and emission 

slits were both set to 1 mm. Scan speed of 100 nm/min and integration time of 0.3 s 

were chosen for the measurements. 

Chapter 2.2.2 Time-resolved Spectroscopy 

Time-Correlated Single-Photon Counting. The pico- to nano-second (ps-ns) 

emission decays were measured using a time-correlated single-photon counting 

(TCSPC) spectrophotometer.
10

 (FluoTime 200, PicoQuant) The sample was excited 

by a 40 ps pulsed (20 MHz) diode laser, centred at 371 or 433 nm. The instrumental 

response function (IRF) of the apparatus was typically 65 ps. The fluorescence signal, 

gated at magic angle (54.7°), was monitored at 

a 90° angle to the excitation beam at discrete 

emission wavelengths. Decay data were 

analyzed using the FluoFit software package 

(PicoQuant). Exponential decay functions were 

convoluted with the experimental response 

function and fit to the experimental decay. The 

shorter component which could be resolved after a convolution process has a decay 

time of 15 ps. The time-resolved anisotropy was constructed by the expression: 

       GIIGIItr pp 2/  where G is a factor to compensate for the 

polarization bias of the detection system. The value of G was acquired by tail-

matching of fluorescence intensity at parallel ( pI ) and perpendicular ( I ) 

polarizations. The quality of the fits as well as the number of exponentials was 

carefully selected based on the reduced χ
2
 values (which were ≤ 1.2) and the 

distributions of residuals. For higher values of χ
2
, the used exponential function was 

disregarded, and other components were added to improve the quality of the fit. The 

estimated uncertainty of the time constants, taking into account the errors from the 

experiments as well as those arising from the multi-exponential fit of the signals, was 
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~ 20%. The magic-angle time-resolved emission spectra (TRES) were recorded at 

several wavelengths of observation, and were constructed using the Fluofit package. 

Fluorescence Up-Conversion. Femtosecond (fs) emission transients have been 

collected using a fluorescence up-conversion setup.
11

 The system consists of a 

femtosecond Ti:sapphire 

oscillator Mai Tai HP (Spectra 

Physics) and coupled to second 

harmonic generation and up-

conversion setups (CDP 

Systems). The oscillator pulses 

(90 fs, 2.5 W, 80 MHz) were 

centered at 790, 830 or 840 nm 

and doubled in an optical setup 

through a 0.5 mm BBO crystal 

to generate a pumping beams at 

395, 415 or 420 nm (~ 0.1 nJ). 

The polarization of the latter 

was set to magic angle in respect to the fundamental beam. The sample has been 

placed in rotating cell with thickness of 1 mm. The fluorescence was focused with 

reflective optics into a 1-mm BBO crystal and gated with the fundamental fs-beam. 

The gating pulse was time delayed and also focused into the nonlinear crystal to 

overlap with the sample fluorescence. The resulting up-converted signal in the UV 

region was filtered and entered to a double monochromator and detected with a 

photomultiplier tube. The IRF of the apparatus (measured as a Raman signal of pure 

solvent) was 200, 170 and 170 fs (FWHM) for 395 nm, 415 and 420 nm excitations, 

respectively. To analyze the decays, a multi-exponential function convoluted with the 

IRF was used to fit the experimental transients. All the up-conversion measurements 

were performed in the 200 ps time window.  

Laser Flash Photolysis. The nano- to microsecond flash photolysis setup 

consists of LKS.60 laser flash photolysis spectrometer (Applied Photophysics) and 

Vibrant (HE) 355 II laser (Opotek) as a pump pulse source (5 ns duration).
12

 The 355-

nm pumped optical parametric oscillator (OPO) signal at 415 nm or 420 nm were 

used for the sample excitation. The probing light source was a 150 W xenon arc lamp. 

The light transmitted through a 1-cm sample quartz cell was dispersed by a 
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monochromator and detected by either visible or near-infrared photo-multipliers 

(Applied Photophysics R928 

and HAMAMATSU 

H10330A, respectively), 

both coupled to a digital 

oscilloscope (Agilent 

Infinium DS08064A, 600 

MHz, 4 GSa/s). The pump 

pulse energy was attenuated 

to 2 mJ by a pair of a half-

waveplate and a polarizer. For time windows shorter than 500 μs, the pulsed lamp was 

used, while for longer time windows the lamp worked in a continuous mode and the 

photomultiplier tube (PMT) signal was connected with additional resistance of 5 kΩ 

to the oscilloscope with a signal input impedance of 1 MΩ instead of 50 Ω. The 

phosphorescence decay of the singlet oxygen is reported in Volts as obtained from the 

data acquisition program (Applied Photophysics). Coumarin 153 in methanol was 

used as a reference to correct the artifact due to the saturation of the detector. The 

transient decays were analyzed using exponential function and the transient 

absorption spectra were constructed for the experimental decay at single observation 

wavelength.  

Stopped-Flow Absorption. The stopped-flow absorption measurements were 

done using an SX.18MV-R Stopped-Flow Reaction Analyzer (Applied Photophysics). 

The light source was a 150 W xenon arc lamp. The light first went through a 

monochromator fitted with a 250 nm holographic grating, then transmitted through a 

20 μL cell cartridge with 2 mm path length and detected by a Hamamatsu R928 

absorption photomultiplier. The cell had a dead time of around 1 ms. The transient 

traces were recorded at different time scales (500 ms and 20 s) and different 

wavelengths (every 2 nm between 390 to 440 nm). The kinetics was analyzed using 

multiexponential function and the time-resolved absorption spectra were constructed 

by the fitted kinetics traces. The time resolution of the system is 50 μs. 
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Ultrafast dynamics of lumichrome in solution and in chemical and biological 

caging media 

Reprinted from Journal of Photochemistry and Photobiology A: Chemistry, Vol. 234, Pages 146-155, Gil, M.; Wang, 

Y.; Douhal, A., Ultrafast dynamics of lumichrome in solution and in chemical and biological caging media. Copyright 

2012, with permission from Elsevier 
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Chapter 3.2 
 

 

Structural spectroscopy and dynamics of inter- and intramolecular H-bonding 

interactions of topotecan, a potent anticancer drug, in organic solvents and in 

aqueous solution 

Reprinted with permission from Di Nunzio, M. R.; Wang, Y.; Douhal, A.: Structural spectroscopy and dynamics of 

inter- and intramolecular H-bonding interactions of topotecan, a potent anticancer drug, in organic solvents and in 

aqueous solution. J. Phys. Chem. B 2012, 116, 7522-7530. Copyright 2012 American Chemical Society. 
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Chapter 3.3 
 

 

Structural photodynamic behavior of topotecan, a potent anticancer drug, in 

aqueous solutions at different pHs 

Reprinted with permission from Di Nunzio, M. R.; Wang, Y.; Douhal, A.: Structural photodynamic behavior of 

topotecan, a potent anticancer drug, in aqueous solutions at different pHs. J. Phys. Chem. B 2012, 116, 8182-8190. 

Copyright 2012 American Chemical Society. 
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Abstract 

We report on photophysical studies of the interaction between an anti-cancer drug, Topotecan (TPT), in 

aqueous buffered (pH = 7.23) solutions of three different β-CDs, native and methylated ones (DM-β-CD and 

TM-β-CD). We used uv-visible absorption and emission (steady-state and time-resolved) spectroscopy to follow 

the dynamical and structural changes due to the hydrophobicity and confinement effect of the CDs on both the 

ground- and excited-state behaviour of TPT. Both 1H-NMR and absorption experiments give evidences for the 

encapsulation of the enol form of TPT as the most favourable one. In addition, the host-guest interaction becomes 

stronger as the hydrophobic character provided by the methylated groups of the host increases. The equilibrium 

constants of the formed TPT:β-CD, TPT:DM-β-CD, and TPT:TM-β-CD 1:1 complexes are K296 K (104 M-1) = 0.88, 

2.4, and 3.7, respectively. Semiempirical (PM3) calclulations suggest that the docking of TPT is through its 

quinoline moiety, in agreement with the 1H-NMR assignment. We found that the hydrophobic environment 

provided by the CD cavity influences the deactivation channels of the emitting species by modifying the rate of the 

non-radiative processes upon encapsulation. The excited-state proton-transfer (ESPT) rate constants are affected by 

the degree of protection of the guest inside the host. Rotational times from picosecond anisotropy measurements (φ 

= 156, 169, and 178 ps for TPT, TPT:β-CD, and TPT:TM-β-CD, respectively) indicates that the drug is still able to 

rotate inside the CD. These findings are relevant to drug-host interactions and proton-transfer reaction dynamics in 

supramolecular systems for structurally related drugs, and should contribute to the development of drug delivery 

field. 

 

1. Introduction  

Topotecan (TPT, Figure 1) is a semi-synthetic 

camptothecin (CPT) derivative, one of the human 

topoisomerase I (Top1) enzyme inhibitors leading to 

the lethal DNA strand break.1 The H-atoms on the 9- 

and 10-positions of the i-ring in CPT are replaced by a 

dimethylaminomethylene and a hydroxyl (OH) group, 

respectively, to give TPT. Compared to CPT, TPT has 

a higher solubility in water and a lower cytotoxicity in 

human tissues.2 TPT has been approved for oral use as 

an anti-cancer drug for the treatment of several 

cancers.3-5  

It is well known that CPT and, to some extent, 

its derivatives, are not stable at physiological 

conditions, where they undergo a pH-dependent, 

reversible hydrolytic rupture of their lactone function 

(v-ring) to give a relatively inactive carboxylate form 

in aqueous solution (Scheme 1S in Supplementary 

Data).6,7 One strategy to overcome the hydrolization 

process in CPTs is to create a host-guest system 

between the drug and an appropriate nanocarrier.22-25 

The ability of cyclodextrins (CDs) to 

encapsulate organic and inorganic molecules has led to 

intensive studies of their inclusion complexes as drug 

delivery nano-carriers.8-18 These studies were devoted 

to understand and control the photophysical and 

photochemical behaviour of the molecular guests 

(emission enhancement/reduction, excimer/exciplex 

formation, photocleavage, charge- and proton-transfer, 

energy transfer, and cis-trans photoisomerization) for a 

better drug design and delivery. The effects of 

molecular confinement in terms of cavity size of the 

host and protection of the guest provided by the 

hydrophobic pocket of the CD have been found to play 

a key role on both the ground- and excited-state 

behaviours of the encapsulated molecule.8-18 For 

example, encapsulation of Levosimendan (LSM), a 

cardiovascular calcium sensitizer, by β-CD leads to a 

robust 1:1 complex which displays an increase in its 

emission lifetime (from ~ 1.2 ps in water solutions of 

pH 7 to 4 ps within the β-CD cavity).10 On the other 

hand, the formation of 1:1 (K11 = 199−501 M-1), 1:2 

(K12 = 6.3 × 107 M-2), 2:1 (K21 = 2.5 × 104−7.9 × 104 

M-2), and 2:2 (K22 = 3.0 × 1010 M-3) complexes of 

doxorubicin (DOX), a chemotherapic agent, with γ-CD 

has been investigated by the use of steady-state 

(uv-visible absorbance and emission spectra, circular 

dichroism) techniques in a wide range of DOX 

concentrations.15 The drug release from the CD 

complex is mostly due to its dilution and interaction 
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with the fluid components. Several efforts are devoted 

to improving the bioavailability of the drug by 

controlling its release in the body.19 In this regard, 

CD-based polymeric carriers encapsulating strongly 

hydrophobic molecules like DOX and artemisinin 

(ART) have shown promising results which open the 

way to further design of novel poly-CD 

nanoassemblies as drug carriers.18 

In previous studies,20,21 we have reported on 

the steady-state (uv-visible absorption and emission) 

and time-resolved picosecond (ps) emission studies of 

TPT in organic solvents (THF, DCM, ACN, and 

MeOH) and in aqueous solutions of different pHs (pH 

= 0.48–12.15). The results show the effect of the 

H-bonding surroundings and the proton concentration 

on the structural and dynamical properties of TPT at 

both its ground- and excited-states. In addition to that, 

supramolecular inclusion complexes of TPT into 

liposomes, CDs (native and hydroxypropylated β-CD), 

and sulfonatocalix[4]arene (SC4A) have been 

investigated by means of high pressure liquid 

chromatography (HPLC), differential scanning 

calorimetry (DSC), and spectroscopic (uv-visible 

absorption and emission spectra, two-dimensional 

proton nuclear magnetic resonance (1H-NMR)) 

methodologies.22-25 The results show an increase of the 

solubility, stability, and bioavailability of the 

encapsulated drug with respect to its free form.22-23,25 

However, as far as we know, there is no direct 

information on the topology and excited-state 

dynamics of the drug upon interaction with CDs. 

Thus, here we report on the confinement effect 

of regular and several modified CDs (β-CD, 

heptakis(2,6-di-O-methyl)-β-CD (DM-β-CD), and 

heptakis(2,3,6-tri-O-methyl)-β-CD (TM-β-CD), 

Figure1-2) on the photophysics of TPT in buffered 

solution at physiological conditions (pH = 7.23). Our 

efforts are aimed at understanding the nature of the 

formed complexes and the influence of the CD 

nanoconfinement on the behaviour of caged TPT at its 

ground- and electronically first excited-states, using 

steady-state and time-resolved spectroscopic 

techniques. We found that the CD environment 

influences the deactivation channels of the emitting 

TPT species, modifying the rate of the non-radiative 

processes upon its encapsulation. Furthermore, 

1H-NMR and semiempirical (PM3) calclulations are 

employed to support the discussion on the docking 

process to form the TPT:CD complexes.These findings 

give direct information of TPT, an anti-cancer drug, 

interacting with the CD nanocavity for drug storage, 

carrier, and delivery.  

 

2. Experimental 

TPT ((S)-(+)-Topotecan hydrochloride) 

(Sigma-Aldrich, ≥ 98%), β-CD (β-cyclodextrin) 

(Acros Organics, > 99%, H2O ~ 0.8%), DM-β-CD 

(heptakis(2,6-di-O-methyl)-β-cyclodextrin, degree of 

substitution (DS) ~ 14 for Me, 7 on the small gate, 7 

on the big gate) (CycloLab, > 95% for methylated 

β-CDs, H2O ~ 0.7%), TM-β-CD 

(heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin, DS = 21 

for Me, fully substituted) (CycloLab, > 98%, H2O ~ 

1.5%), anhydrous tetrahydrofuran (THF) 

(Sigma-Aldrich, ≥ 99.9%), and deuterium oxide (D2O) 

(Sigma-Aldrich, > 99%) were used without further 

purification. A phosphate (NaOH/KH2PO4) buffered 

solution (pH = 7.23) was used in all the cases. The 

buffered solution was prepared using doubly distilled 

water. The relative error of the measured pH was 

estimated to be around 2%. The TPT solutions were 

prepared at the concentration of ~ 10−6 M except for 

the NMR experiments, where 10−5 M solutions in D2O 

were used. The concentration of the β-CDs solutions 

was in the range 10−5–10−4 M except for the NMR 

experiments, where 10-2 M solutions of β-CD and 

TM-β-CD in D2O were used. Steady-state absorption 

and emission spectra were recorded on a Jasco V-670 

spectrophotometer and or Fluoromax-4P 

spectrofluorimeter, respectively. The emission spectra 

of TPT in presence of CDs were corrected for the 

fraction of light absorbed by the complex. Emission 

quantum yields were calculated using a solution of 

quinine sulphate in 0.5 M H2SO4 ( 345

F = 0.546) as a 

standard.26 The excitation wavelength for both the 

standard and the TPT molecule was 371 nm. The 

relative error of the measured emission quantum yields 

was estimated to be ~ 10%. Steady-state fluorescence 

anisotropy (r) experiments were carried out on a 

Perkin-Elmer (LS-50B) spectrofluorimeter. The 
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sample was excited at 371 nm, and the signal was 

gated at the emission intensity maximum. Each 

anisotropy value is an average of three independent 

measurements. Emission lifetimes were measured by 

using a picosecond (ps) time-correlated 

single-photon-counting (TCSPC) spectrophotometer 

(FluoTime 200, PicoQuant) described elsewhere.20 The 

sample was excited by a 40 ps pulsed (20 MHz) diode 

laser, centred at 371 or 433 nm. The instrumental 

response function (IRF) of the apparatus was typically 

65 ps. The fluorescence signal, gated at magic angle 

(54.7°), was monitored at a 90° angle to the excitation 

beam at discrete emission wavelengths. Decay data 

were analyzed using the FluoFit software package 

(PicoQuant). Exponential decay functions were 

convoluted with the experimental response function 

and fit to the experimental decay. The shorter 

component which could be resolved after a 

convolution process has a decay time of 15 ps. The 

quality of the fits as well as the number of 

exponentials were carefully selected based on the 

reduced χ2 values (which were ≤ 1.1) and the 

distributions of residuals. For higher values of χ2, the 

used exponential function was disregarded, and other 

components were added to improve the quality of the 

fit. The estimated uncertainty of the time constants, 

taking into account the errors from the experiments as 

well as those arising from the multi-exponential fit of 

the signals, was ~ 20%. The magic-angle 

time-resolved emission spectra (TRES) were recorded 

at several wavelengths of observation, and were 

constructed using the Fluofit package. 1H-NMR 

spectra were recorded on a Bruker AVANCE 400 

Fourier Transform spectrometer. Trace amount of 

protonated solvent was used as reference. All the 

measurements were done at 296 K. Quantum chemical 

calculations of the host-guest complexes structures 

were performaed using the GAUSSIAN 03 software 

package. Both the TPT and CDs structures used in the 

calculations are neutral. They were optimized by the 

semi-empirical PM3 method using a Polak-Ribiere 

algorithm (termination condition: RMS gradient=0.001 

kcal mol-1). The glycosidic O atoms of the largest gate 

of CD were placed into an XY plane containing the 

gate, and their centres were defined as that of the 

coordination system. The TPT molecule was initially 

placed along the major axis of the CD cavity (Z axis). 

The position of the guest was determined by the Z 

coordinate of its centre of mass. The geometry of the 

host-guest complex was completely optimized by PM3 

without any restriction. Therefore, we have considered 

two kinds of complexation modes of TPT: through its 

quinoline and lactone moieties.  

 

3. Results and Discussion 

3.1. Steady-State Observations 

3.1.1. Uv-Visible Absorption Spectra 

The study of TPT in presence of three different 

β-CDs, native and methylated ones (DM-β-CD and 

TM-β-CD), was carried out in buffered solutions. 

Figure 2A shows, as an example, the uv-visible 

absorption spectra of 9 × 10-6 M TPT in water and 

upon increasing the concentration of TM-β-CD (up to 

0.36 mM). For comparison, the absorption spectrum of 

the drug in tetrahydrofuran (THF), a solvent with a 

polarity comparable to that of the CD interior, is also 

reported in the same Figure and in Supplementary 

Data, Figure 1S. Based on the pKa values determined 

for the acid-base equilibria of TPT in aqueous 

solutions (Supplementary Data, Table 1S), we 

proposed that at pH 7.23 the drug exists as the 

following protolytic forms: enol, (E···H2O), max

abs = 

374 nm; cation, C, max

abs = 382 nm; zwitterion, Z, max

abs

= 411 nm, and anion, A, max

abs = 420 nm (Scheme 3S in 

Supplementary Data).20,21,27 (E···H2O) has been 

ascribed to an open E interacting with water 

molecules.20 Upon addition of TM-β-CD, the 

intensities of the absorption bands at 411, 340, and 281 

nm, corresponding to the absorption of Z form of 

TPT,20,21 decrease, while those at 381, 330, 312, 296, 

and 266, increase. Three principal isosbestic points 

(393, 353, and 274 nm) are clearly detectable from the 

spectral evolution. The absorption spectrum of the 

complex is not very different from the one observed in 

THF ( max

abs = 392, 374, 338, 323, 299, and 270 nm, 

Figure 2A). Therefore, we assigned the absorption 

intensities of the encapsulated drug to those of the E 

form. The evolutions of the absorption spectra of TPT 

in presence of β-CD ([β-CD] = 0−0.54 mM) and 
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DM-β-CD ([DM-β-CD] = 0−0.27 mM) are given in 

Supplementary Data, Figures 2SA and 3SA, 

respectively. Here, the spectral changes induced by the 

encapsulation of the initial Z form are well defined 

(isosbestic points: 390, 349, and 274 nm for DM-β-CD; 

393, 351, and 274 nm for β-CD). Figure 3A shows a 

comparative representation of the absorption spectra of 

TPT in buffered solution and after addition of the three 

used CDs (under saturation conditions). For a better 

visualization, the same spectra have been normalized 

and are shown in Supplementary Data in Figure 4SA. 

The absorption maxima of caged E are blue-shifted 

with respect to those in THF. Taking into account that, 

upon excitation of CPTs, electronic density 

redistributes from v-ring carbonyl group to quinoline 

moiety, one could explain the shift to shorter 

wavelengths of the absorption spectrum of TPT in 

protic media by the interaction of the solvent 

molecules with the unshared valence electron pairs of 

the v-ring carbonyl group.20,28 The latter has a charge 

donor character in the excited-state. This interaction 

destabilizes the charge-transfer excited-state relative to 

the ground-state, so that the absorption spectrum shifts 

to higher energies.28 Based on these considerations, we 

suggest that, in presence of CDs, a portion of the drug 

(iii-, iv- and v-rings) is still partially accessible to the 

surrounding water as it has been confirmed by 

1H-NMR experiments (vide infra).  

The hydrolysis of the v-ring of TPT has been 

taken into account for aqueous solutions of the drug at 

pH values ≥ 6, and similar spectroscopic (absorption 

and emission spectra) and dynamical behaviours has 

been proposed for the lactone and carboxylate 

forms.20,21 Therefore, we cannot disregard the 

interaction of CDs with the carboxylate E form of TPT 

at these experimental conditions. However, if they 

co-exist, they should display very similar behaviours. 

We did not observe any spectral change in a two-day 

old solution of TPT in buffer containing TM-β-CD, 

thus suggesting that the lactone and carboxylate forms 

show very similar absorption (and emission, vide infra) 

patterns even inside the cavity. 

The complex stability constant (K) for the 

encapsulation of TPT within the studied CDs is 

expressed as K = [TPT:CD]/([TPT]∙[CD]). To obtain 

the binding constants (K) for the involved equilibria 

between TPT and the CDs, the absorption spectra were 

treated with a model which takes into account the 

absorbance changes of TPT upon addition of CDs 

(details are given in Supplementary Data). Figure 2B 

shows the variation of the absorption intensity 

difference (A-A0) at 381 and 411 nm (wavelengths of 

the absorption intensity maxima of caged E and free Z, 

respectively) of TPT upon addition TM-β-CD, where 

A0 is the absorption of the drug in absence of the CD. 

The absorption changes were fitted supposing a 1:1 

complex. A satisfactory fit (χ2 > 0.99) was obtained, 

confirming the 1:1 binding stoichiometry of the 

complexes. Figures 2SB and 3SB show the fits for the 

systems TPT:β-CD and TPT:DM-β-CD, in that order. 

Very recently, the formation of 1:1 complexes of TPT 

with β-CD and hydroxypropylated-β-CD (HP-β-CD) 

has been investigated at two different pHs (3.5 and 6) 

in buffered solution containing 18% of ethanol.23 The 

binding constant for these systems at pH 6 are 13 ± 1 

and 14 ±1 M-1 for TPT:β-CD and TPT:HP-β-CD, 

respectively.23 The obtained K values for the 

complexation of TPT with the CDs used in this work 

are collected in Table 1. They are quite large: K296 K 

(104 M-1) = 0.88, 2.4, and 3.7 for TPT:β-CD, 

TPT:DM-β-CD, and TPT:TM-β-CD, respectively, 

indicating efficient formation and stable complexes. 

An increase of the K value with the substitution of the 

OH groups of β-CD by methoxy (OCH3) ones is 

clearly evidenced for the studied TPT:CD inclusion 

complexes by comparing the normalized (to 1) (A-A0) 

values of TPT upon addition of CDs (Inset of Figure 

3A). Thus, assuming analogous cavity diameters of the 

larger gate (~ 8.5 Å)8 for the studied CDs, the 

substitution at both gates will play a critical role for 

their binding affinity with TPT. Similar results have 

been observed for neutral water solutions of 

1′-hydroxy-2′-acetonaphthone (HAN). The latter 

shows a stronger binding to DM-β-CD (K300 K = 3600 

M−1) with respect to β-CD (K300 K = 1385 M−1) as a 

consequence of the increased hydrophobicity of the 

cavity with the substitution.9 

The regular bulk-like networks of water-water 

(WW) H-bonds in aqueous solutions of CDs are 

perturbed by the formation of CD-water (CW) 
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H-bonds.29 Moreover, substitution of the OH groups of 

the glucose rings of β-CD by much bulkier OCH3 

groups influences the making and breaking dynamics 

of CW H-bonds and, thus, the properties of the 

involved water molecules.29 In β-CD, the interactions 

between the different components of the system 

(zwitterionic guest, host as well as solvent molecules) 

reveal favourable net energetic due to the extrusion of 

the internal water molecules (up to seven for 

crystalline hydrated α-CD)8 from CD to the exterior, 

encapsulation of Z, and subsequent transformation of 

the latter into the more hydrophobic E. It is well 

known that the complexation strength of molecules to 

the CDs interior increases with a decrease in the 

hydrophilicity of the substrate.30 Thus, the much 

simplified rule of “like-dissolves-like” represents the 

driving force pulling E into the CD. With additional 

methyl substituents (DM-β-CD and TM-β-CD), the 

CD gates will be protected from water interaction, thus 

providing a more hydrophobic environment at their 

entrances when compared to the native one.29 These 

factors result in a higher protection of TPT from water 

molecules and they increase the stabilization of the 

formed complex in the following order: β-CD, 

DM-β-CD, and TM-β-CD. The percentages of 

complexation of TPT with CDs, estimated from the 

binding constant values and the initial host and guest 

concentrations (Supplementary Data), are: 82%, 86%, 

and 93% for β-CD, DM-β-CD, and TM-β-CD, 

respectively. The largest value of K found for the 

formation of E:TM-β-CD suggests the highest 

efficiency of interaction between the neutral guest and 

the host. The Gibbs' free energy changes ( 0

296KG ) for 

the interaction of TPT with β-CD, DM-β-CD, and 

TM-β-CD are -22.1 ± 0.2, -24.5 ± 0.5, and -25.6 ± 0.5 

kJ mol-1, respectively. These values are typical for 

inclusion complexes of drugs with CDs.9  

3.1.2. 1H-NMR Measurements 

To obtain information on the topology of the 

confined geometry, we recorded 1H-NMR spectra of 

aqueous solutions of TPT in absence and presence of 

β-CD and TM-β-CD. Figure 3B shows the signal 

positions of the protons together with their assignment. 

The chemical shifts for the free drug are not very 

different with those reported in the literature (carried 

out in buffered solution at pH 6).31 It should be noted 

that we observed slight discrepancies in the chemical 

shifts due to the co-existence of TPT lactone and 

carboxylate forms, whose relative contributions 

strongly depend on the pH of the solution.6,7 It has 

been observed that, upon hydrolization of the v-ring of 

TPT, the signals of the protons in iv-, v-, and iii- rings 

are somewhat modified, while the rest of the spectrum 

does not undergo any considerable change.31 The 

caging of the drug by the CD cavities results in 

significant low field-changes in the chemical shifts 

(ΔδH (ppm)) of H-7 ( CDTPT
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= 0.27) of 

the quinoline moiety, which are more pronounced as 

the degree of substitution in the CD increases. On the 

other hand, H-18 and H-19 are not affected by the 

molecular capsule. The signals ascribed to the protons 

in the 3–7 ppm region (H-5, H-9a, and H-17) are 

masked by one of the broad CD peaks, and therefore 

no information is available about these protons. For 

the E:TM-β-CD complex, a splitting of the H-9b,c 

signal is clearly observed, while for the case of 

E:β-CD it is similar to the water solution. Both the 

broadening and loss of splitting of the H-9b,c signal 

for the E:β-CD complex suggest a rapid exchange of 

the dimethylaminomethylene protons of TPT with 

water molecules,32 as it happens in pure water solvent. 

Thus, in β-CD, similar chemical shifts of H-9b,c are 

proof of the smallest protection of TPT and imply the 

possibility of H-bonding interactions and related 

processes at the gate of the CD. The methyl groups of 

TM-β-CD have the effect to reduce the rate of proton 

exchange with water molecules, and a consequent 

split-in-two of the dimethylaminomethylene protons 

signal occurs. These results, in accordance with those 

observed from the absorption spectra, indicate that the 

encapsulation of TPT in CDs proceeds preferentially 

through the i- and ii-rings, while the non-aromatic part 

of the molecule is still influenced by the bulk-like 

water. Moreover, the degree of substitution of the CD 

regulates the dynamics of interaction in the host-guest 

system. In TM-β-CD, the highest differences in the 



Chapter 3. Results and Discussion 

~ 65 ~ 

chemical shifts and the splitting of the H-9b,c signal 

indicate a complete encapsulation of the quinoline 

moiety.  

3.1.3. Emission Spectra 

Figure 2A shows the emission spectra 

(corrected for the fraction of exciting light absorbed by 

the complex) of TPT in buffer ( max

em = 540 nm) upon 

excitation at 371 nm (close to the maxima of the caged 

E absorption band) and in presence of increasing 

amounts (up to 0.36 mM) of TM-β-CD. For a 

comparison, the emission spectrum of TPT in THF 

( max

em = 503 nm) is also presented in the same Figure. 

Analogous results were obtained for the interactions of 

aqueous TPT with β-CD ([β-CD] = 0−0.54 mM) and 

DM-β-CD ([DM-β-CD] = 0−0.27 mM), 

Supplementary Data, Figures 2SA and 3SA, 

respectively. An iso-emissive point at ~ 470 nm is 

detectable from the emission spectra of the 

investigated complexes (see, as an example, Figure 

4SB in Supplementary Data for TPT:DM-β-CD), 

indicating a small increase of the emission from E* in 

presence of CDs. In previous studies we have observed 

that in neutral aqueous solutions the Z form of TPT 

( max

em = 540 nm, Stokes shift (Δ ST(Z*)) ~ 7660 cm-1) is 

the main emitting fluorophore, while the fluorescence 

from the blue-emitting E* ( max

em = 421 nm, Δ ST(E*) = 

2425 cm-1) is not detectable.20 A, whose contribution 

to the ground-state population is irrelevant at neutral 

pHs, is mostly generated at the excited-state by 

deprotonation of directly excited (E∙∙∙H2O).20 However, 

its emission band ( max

em = 556 nm) is not detectable 

because it is masked, in the same region, by the more 

intense emission from Z*.20 The fluorescence band 

form C* ( max

em = 455 nm) is also hidden by that of Z*, 

and it has been observed only in time-resolved 

picosecond (ps) emission spectra (TRES).20 Details on 

the steady-state uv-visible fluorescence data of the 

enol (E), cation (C), anion (A), and zwitterion (Z) 

forms of TPT at pH 7.23 are in Scheme 3S in 

Supplementary Data. In contrast to the absorption 

spectrum, the shape of the emission band of TPT is not 

affected by the presence of CDs, and the emission of 

caged E* displays a very low intensity. These 

observations suggest that E* is efficiently converted to 

Z* even inside the CD cavity. The absence of 

confinement effect on the wavelength of the emission 

intensity maxima ( max

em = 540 nm for all the studied 

TPT:CD complexes) is explained in terms of a partial 

exposure (through the iii-, iv-, and v-rings) of caged 

TPT to the water molecules outside the cavity. The 

resulted interaction at the v-ring allows a large 

relaxation of caged Z* (charge transfer process from 

the deprotonated 10-OH to the v-ring carbonyl groups 

before the relaxation to the ground state) in a similar 

way to the observed one for the free drug in buffered 

solution.20  

The co-existence of at least two ground-state E 

forms of TPT in the CD cavity is evidenced from the 

analysis of the excitation spectra of the drug at 

different emission wavelengths, similar to the 

observations made for TPT in organic solvents (THF, 

DCM, ACN, and MeOH) and in water solution at pH = 

6.24.20 Figure 5SA (Supplementary Data) represents, 

as an example, the normalized (to the maximum of 

intensity) excitation spectra of TPT in presence of 

TM-β-CD along with the absorption spectrum. The 

red-shifted absorbing species (λobs = 670 nm) is 

assigned to a closed, non-interacting E at S0 giving Z* 

at S1, while the blue-shifted one (λobs = 425 nm) 

corresponds to an open E at S0 most likely interacting 

with the water molecules at the primary (small) gate of 

CD. This species undergoes an excited-state 

deprotonation to give A*, as it has been deduced from 

time-resolved measurements (vide infra). Figure 5SB 

shows, as a comparison, the normalized (to the 

maximum of intensity) uv-visible absorption and 

excitation spectra of TPT in THF. The fluorescence 

excitation spectra are gated at both the blue (λobs = 408 

nm) and green (λobs = 504 nm) emission bands. The 

spectra indicate the co-existence of a red-shifted 

absorbing species (assigned to a non-interacting E at 

S0 giving excited Z) and a blue- shifted one (assigned 

to an open E at S0 relaxing from S1 without undergoing 

any proton-transfer process). The red-absorbing band 

( max

abs = 411 nm) of spectrum 3 in Figure 5SA comes 

from the free form (7%) in equilibrium with the 

complexed one. We observed no change in the 
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emission spectrum of a two-day old solution of TPT in 

buffer containing TM-β-CD. This suggests that the 

lactone and carboxylate forms show very similar 

emission behaviours even within the CD cavity. 

Based on these results, Scheme 2S in 

Supplementary Data shows a proposal for the 

ground-state complexed E forms (open and closed) of 

TPT with TM-β-CD. On the other hand, Scheme 4S in 

Supplementary Data illustrates the excited-state 

species (open E*, closed E*, Z*, and A*) existing at S1 

for the studied TPT:CD complexes. The emission data 

will be better rationalized through time-resolved 

experiments (vide infra). 

Estimation of the Fluorescence Quantum Yield 

of the TPT:CD Complexes. The fluorescence quantum 

yield of the caged drug was calculated either from the 

absorption and emission spectra of the free and 

complexed (under saturation conditions) forms or from 

the fit of the variation of the relative emission intensity 

I/I0 (Figure 2C for TPT:TM-β-CD; Supplementary 

Data, Figures 2SC and 3SC for TPT:β-CD and 

TPT:DM-β-CD, respectively). I0 and I are the emission 

intensities at 540 nm from the free form in absence and 

in presence of CD, respectively. The experimental data 

were fitted assuming a 1:1 stoichiometry. A schematic 

illustration of the complex TPT:TM-β-CD is also 

shown in Figure 2C. The details of the fitting 

procedure are given in Supplementary Data. Table 1 

shows the obtained results.  

It has been found for the parent compound 

CPT, that the fluorescence quantum yield is 

moderately low in aprotic solvents (ΦF in THF = 0.62), 

while it increases in H-bonding ones (ΦF in PBS buffer 

= 0.76).28 This is mainly due to the different 

solute-solvent interactions. In THF, the vibronic 

coupling between the 1n,π* (coming from the 

heteroatomic functions of CPT: quinoline, pyrrolic 

nitrogen, carbonylic oxygens) and 1π,π* states is high 

due to their relatively small energy gap, the rate of the 

radiationless decay being favoured. However, in protic 

solvents such as the PBS buffer, the H-bonding 

interaction has the effect to destabilize the 1n,π* state 

and stabilize the 1π,π* one, thus increasing their energy 

gap and thereby decreasing their vibronic mixture. 

Therefore, the deactivation by radiative emission is 

enhanced.28 The emission quantum yield of TPT is 

0.45 in a neutral aqueous solution and 0.38 for the 

drug dissolved in THF. The very close similarity of the 

two values indicates that different TPT-solvent 

interactions do not considerably affect the interplay 

between the 1n,π* and 1π,π* states of the molecule. For 

the TPT:CD complexes, ΦF decreases to ~ 0.20 in the 

case of β-CD and DM-β-CD (ΦF = 0.21 and 0.19 for 

TPT:β-CD and TPT:DM-β-CD, respectively). The 

effect is more pronounced for TM-β-CD, ΦF = 0.11. 

The low fluorescence quantum yield of caged TPT 

with respect to that measured in THF is due to the 

presence of encapsulated A* having a short lifetime 

(vide infra), while this species does not exist in THF.  

3.2. Semi-Empirical (PM3) Calculations 

Semi-empirical PM3 calculations were 

performed on different conformations (distance and 

penetration modes) of the E form of TPT interacting 

with the cavity of the CDs. The dimensions of TPT, 

with semi-axis a = c = 4 Ǻ and b = 7.5 Ǻ, allow to 

allocate it inside the CD. Tables 2S, 3S, and 4S in 

Supplementary Data show the values of the standard 

enthalpy of formation ( 0

fH ) and of reaction ( 0

rH ) 

computed for several TPT:CD complexes 

encapsulating the drug through the quinoline and 

lactone sides, and at different depths of penetration. 

For the standard enthalpies of formation, we got the 

following values: 0

fH  (kcal mol-1) = -1611 

(TPT:β-CD), -1515 (TPT:DM-β-CD), and -1471 

(TPT:TM-β-CD). The calculated standard enthalpies of 

reaction are: 0

rH  (kcal mol-1) = -21 (TPT:β-CD), -15 

(TPT:DM-β-CD), and -13 (TPT:TM-β-CD). The 

differences on the 0

rH  values for the complexes 

using the two-encapsulation modes (through the 

quinoline and lactone sides) are: δ( 0

rH ) = -8, -16, and 

-12 for β-CD, DM-β-CD, and TM-β-CD, respectively. 

These results indicate that TPT interacts with the CDs 

mainly through the quinoline moiety, presenting the 

highest degree of penetration within the cavities, in 

agreement with the 1H-NMR interpretation. The 

geometry-optimized structures of the TPT:CD 

complexes are shown in Figure 6. Figures 8S, 9S, and 

10S in Supplementary Data give other views of these 

complexes.  
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3.3. Picosecond Time-Resolved Emission 

Measurements 

Emission Lifetimes. To begin with TPT in 

aqueous solutions, the 371 nm-excited-state dynamics 

of TPT in buffer is quite similar to that observed in 

more acidic conditions (pH = 6.24).20,21 Scheme 3S in 

Supplementary Data gives the molecular structures of 

the involved species and corresponding dynamical and 

spectral information. Due to the co-existence of 

several emitting species of TPT in water solutions, the 

decays were recorded and analyzed at different 

emission wavelengths. Representative emission decays 

following excitation at 371 nm (where E, C, and Z 

forms absorb) and gating at both the blue (430 nm) and 

yellow (570 nm) sides are shown in Figures 4A and 4B, 

respectively. Table 2 gives the obtained time constants 

(τi) and normalized pre-exponential factors (Ai) from a 

multi-exponential fit of the signals (λexc = 371 nm). 

The other examined emission wavelengths (λexc = 371 

and 433 nm) are given in Supplementary Data (Tables 

5S and 6S). The lifetime constants were accurately 

determined from a global analysis of the decays at 

several wavelengths of observation. All the fits were 

characterized by reduced χ2 values ≤ 1.1 (Tables 5S 

and 6S in Supplementary Data) and good distributions 

of the residuals. In the 430–505 nm region, three 

components (τ1 = 50 ps, τ2 = 0.67 ns, and τ3 = 5.77 ns) 

were required to fit the decays, while a new one (τ4 = 

1.19 ns, A4% maximum at 670 nm), not detected at pH 

6.24,20 was necessary at longer wavelengths (540–670 

nm) (Table 2 and Supplementary Data, Figure 6SA and 

Table 5S). The 1-2% components in the short 

wavelength region (430 and 450 nm, Table 2 and Table 

5S in Supplementary Data) were required in the global 

fit in order to get an accurate result. On the other hand, 

for decay fits at 430 and 450 nm, only two components 

(τ1 and τ2) were needed for the analysis (reduced χ2 

values ≤ 1).  

Based on previous assignments,20 we ascribe τ1, 

τ2, and τ3 to open E*, C*, and Z* forms, in that order. 

The photoformation of Z* occurs from directly excited 

open E in 670 ps with the C* intermediate formation 

and reaction. A (τ4 = 1.19 ns), whose ground-state 

absorbance is very low in buffered solution, is 

generated at S1 from open E*. This reaction is in 

competition with the very fast (< 10 ps) formation of 

C*.20  

Excitation at 433 nm, where Z is the main 

absorbing species, provides emission lifetimes of 0.62 

and 5.82 ns corresponding to the emission from C* 

and Z* forms, correspondingly (Supplementary Data, 

Table 6S), in agreement with the values obtained for 

C* (0.67 ns) and Z* (5.77 ns) upon excitation at 371 

nm. 

In order to elucidate the photobehaviour of the 

TPT:CD complexes (caged E), fluorescence lifetime 

measurements were carried out exciting at 371 nm and 

recording the decays in the whole range of the 

emission spectra. Figure 4 shows the results at 430 (A) 

and 570 (B) nm of TPT in aqueous buffered solutions 

in presence of β-CD, DM-β-CD, and TM-β-CD (more 

details are given in Supplementary Data, Figures 6SB–

6SE and Tables 7S–9S). Table 2 collects the 

corresponding fitting decay parameters τi and Ai. The 

global fits were characterized by reduced χ2 values ≤ 

1.1 (Tables 7S–9S in Supplementary Data). Even in 

this case, the 1% components in the short wavelength 

region (430 and 450 nm, Table 2 and Tables 7S–9S in 

Supplementary Data) were required in the global fit in 

order to get a more accurate result, while the decays at 

430 and 450 nm were satisfactory fit to bi-exponential 

functions (reduced χ2 values ≤ 1), giving τ1 and τ2. It is 

worth to note that 371 nm-light excites both the free 

TPT species and the complexed one to CDs. Therefore, 

the observed photodynamics represents a global 

behaviour of these structures. However, based on the 

high percentages of Z conversion (≥ 82%) obtained at 

saturating conditions of CDs and on the small 

contribution of free TPT (E, C, and Z forms) to the 

total absorption, we can deduce that the observed 

signal following excitation at 371 nm arises mostly 

from the excited-state reactions of the complexed E 

form. In presence of β-CD or DM-β-CD, the 

fluorescence decays fit to a tri-or four-exponential 

model if the analyzed region is in the blue (430–505 

nm) or in the red (540–670 nm), respectively. On the 

other hand, in the case of TM β-CD, a tri-exponential 

behaviour is displayed at all the wavelengths of 

observation due to the lack of the slow ps-rising 

component (τ2) at lower energies. The emission 
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lifetimes, four in all the cases, are: τ1 = 77, 38, and 39 

ps; τ2 = 0.68, 0.66, and 0.67 ns; τ3 = 5.63, 5.66, and 

5.67 ns; τ4 = 1.06, 0.81, and 0.44 ns for TPT 

interacting with β-CD, DM-β-CD, and TM-β-CD, 

respectively. τ1 and τ2 correspond to decay times at 

higher (430–505 nm) energies (Ai% maxima at 430 

and ~ 500 nm, respectively) and rising ones (except for 

TM-β-CD) at lower (540–670 nm) energies (|Ai|% 

maxima at 670 and 570 nm, respectively). τ3 and τ4 

correspond to emission mainly in the long wavelength 

side of the fluorescence spectrum, showing Ai% 

maxima at 540 and 670 nm, in that order.  

Based on the above data, the decaying 

components τ1, τ3, and τ4 are assigned to a mixture of 

free and caged E*, Z*, and A*. On the other hand, τ2, 

which does not change in presence of CDs (τ2 = 0.67, 

0.68, 0.66, and 0.67 for TPT in absence and presence 

of β-CD, DM-β-CD, and TM-β-CD, respectively, 

Table 2) is due to the contribution of the free form of 

C*. These results suggest the occurrence of both inter 

and intramolecular proton-transfer reactions in excited 

TPT:CD complexes to give caged A* and Z*, 

respectively. Moreover, the different positions of TPT 

molecule adopted inside the cavity may not give 

different lifetimes of the same species, as we observe 

in the decay curves. As the fluorescence lifetimes are 

associated to the non-radiative processes at S1, and the 

equilibrium constant (K) value is related to the 

energetic at S0, we do not expect any correlation 

between their behaviours. Using time-resolved 

femtosecond (fs) spectroscopy, one can make a more 

accurate comparison between real-time dynamics of 

the free and complexed TPT. The shortening of the 

emission lifetimes observed for complexed A* and Z* 

is due to the lower polarity and the hydrophobic 

character of the CD cavity, which affect the rate 

constants of the non-radiative channels. The 

confinement effect on the lifetime is more pronounced 

for A* than for Z* due to the larger destabilization of 

the former within the chamber. The decay of open E* 

upon addition of CDs can be either slower or faster, 

compared to that in solution, in the native or 

substituted ones, respectively. The slowing-down (77 

ps) of the excited-state intermolecular proton-transfer 

(ESiPT) process in β-CD is explained because of a 

higher protection of the 10-OH group, while the 

quinoline nitrogen is exposed to the outside water. The 

restricted mobility of the water molecules inside the 

cavity makes them less accessible to accept the proton 

from E* in such a way as to affect its deprotonation 

rate constant. It has been observed that the caging 

effect of CD walls reduces the interionic separation of 

7.5 Å, the mean value for a solvent-separated ion pair 

in a proton-transfer reaction, to a lower value.33 This, 

together with the instability of the charged anionic 

intermediate, could enhance the geminate 

recombination of the proton to yield the slower value 

of the deprotonation rate constant found for the 

E:β-CD complex.34 For the CD substitution, the higher 

degree of confinement of E within the host ensures the 

quinoline ring protection, while the 10-OH group can 

reasonably interact with the interfacial water at the 

small gate. The less interaction with water experienced 

by the quinoline nitrogen inside the CD chamber 

induces a molecular electronic redistribution by 

enhancing the electron-withdrawing effect of the 

pyridone v-ring and, thus, increasing the acidity of the 

10-OH group at S1. As a consequence, the 

deprotonation of E* with an intimate water molecule at 

the gate of the CD will occur on a shorter time-scale (~ 

40 ps).  

Normalized (at the intensity maxima) TRES of 

TPT:TM-β-CD in buffer upon excitation at 371 nm are 

illustrated in Figure 4C. The occurrence of fast 

(sub-nanosecond time scale) and slower (nanosecond 

time scale) processes in the involved excited species 

emerges from the analysis of the spectral evolution at 

different time delays. We mainly distinguish 2 spectral 

regions: a 430-500 nm one, where caged E* and free 

C* forms emit, and another 500-650 nm one, where 

emission comes from caged Z* and A*. The behaviour 

of TRES agrees with the above assignment, made 

using the fluorescent lifetime measurements, of three 

forms (E*, Z*, and A*) caged by CDs. A fast growth 

(within the ps laser pulse) of the signal from caged Z* 

( max

em = 545 nm) suggests, like in solution, a fast (< 10 

ps) channel for the formation of Z*. The precursor of 

Z*, in this case, should be an E* form in a closed and 

more reactive configuration, whose existence has been 

previously evidenced from the analysis of the 
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excitation spectra. Direct excitation of caged Z* can 

also occur at these conditions. We observed the same 

dynamics using the TPT:TM-β-CD solution after 2 

days storage in the dark, which indicates, again, the 

similarity of the excited-state dynamics of lactone and 

carboxylate forms of TPT. Scheme 4S in 

Supplementary Data describes, as an example, the 

excited-state dynamics of open and closed E forms of 

TPT within TM-β-CD. 

Time-Resolved Anisotropy Measurements. The 

steady-state fluorescence anisotropy (r) of TPT in 

buffer is 0.018 ± 0.005 and that of the sample 

containing 0.36 mM of TM-β-CD is 0.021 ± 0.005. 

The obtained values clearly indicate a fast emission 

depolarization in pure water as well as in presence of 

TM-β-CD. The small difference between both values 

reflects the freely rotation of TPT within the CD cavity. 

This is confirmed by time-resolved anisotropy 

experiments, which provide information on the 

rotational dynamics of the TPT:CD complexes. Figure 

5 shows emission anisotropy r(t) decays of TPT in 

THF, water (pH = 6.24), and in buffered aqueous 

solutions of β-CD and TM-β-CD upon excitation at 

371 nm. In water at pH = 6.24, we have observed a 

rotational time (φ) of 156 ps. Based on the Stokes–

Einstein–Debye hydrodynamic theory,20,35,36 we have 

found that the experimental value is quite similar to 

the theoretical one (174 ps, Supplementary Data, Table 

10S) obtained by modelling the molecule as a prolate 

ellipsoid, non-hydrated rotor under stick-boundary 

conditions. This indicates that strong H-bonding 

interactions between TPT and the surrounding water 

molecules affect its rotational relaxation time. The 

anisotropy decays of the drug exciting at 371 nm are 

still fitted to a mono-exponential function giving φ = 

169 and 178 ps in β-CD and TM-β-CD, respectively. 

The values do not change significantly from that in the 

bulk phase. Applying the hydrodynamic theory, we 

obtain relaxation times (under stick-boundary 

conditions) of 506 and 689 ps for TPT:β-CD and 

TPT:TM-β-CD, correspondingly (Supplementary Data, 

Table 10S). General rotational times for β-CD 1:1 

complexes with aromatic molecules of similar sizes 

range from 510 to 660 ps.9 This implies that the whole 

complex of TPT with CDs is not implicated in the 

rotational relaxation, the drug being still able to rotate 

inside the cavity.  

Exciting TPT:TM-β-CD at 433 nm, where only 

the free Z form absorbs, we observed, as expected, the 

behaviour of the non-complexed form. The decay fit to 

a single-exponential function, yielding φ = 183 ps 

(Figure 7S in Supplementary Data). The latter value is, 

within the associated experimental error, higher 

compared to that (φ = 153 ps) found for free TPT in 

the same experimental conditions due to the expected 

increase of the viscosity of water upon addition of 

CD.9,11 The initial value of r(t) (r0 ~ 0.30), different 

from the ideal one (0.4), suggests, in water as well as 

with CDs, the existence of a very fast emission 

depolarization due to the proton-transfer reactions as 

observed in previous reports.37,38 

 

4. Conclusion 

The results described and discussed in this 

work reveal the dynamics of the anti-cancer drug TPT 

in aqueous buffered solutions of three different β-CDs, 

native and substituted ones (DM-β-CD and TM-β-CD). 

The complexation of the E form of TPT gives the most 

stable structure. The formed 1:1 complexes are 

characterized by equilibrium constants K296 K (104 M-1) 

= 0.88, 2.4, and 3.7 for TPT:β-CD, TPT:DM-β-CD, 

and TPT:TM-β-CD, respectively. The highest value of 

K found for the binding of the E form of TPT with 

TM-β-CD suggests the formation of a more favourable 

interaction between the neutral guest and the host due 

to its increased hydrophobic character. 1H-NMR 

measurements describe the topology of the confined 

geometry, giving additional evidences for the 

formation of the TPT:CD complexes. Semiempirical 

PM3 calculations are in accordance with the 1H-NMR 

experiments, suggesting that the docking of TPT with 

the CDs occurs through the quinoline moiety. The 

efficiency of radiative deactivation of caged TPT is 

clearly reduced (ΦF = 0.45, 0.21, 0.19, and 0.11 for 

free TPT, TPT:β-CD, TPT:DM-β-CD, and 

TPT:TM-β-CD, respectively, where ΦF is the 

fluorescence quantum yield) due to the effect exerted 

by the CD environment on the number of the emitting 

fluorophores as well as their non-radiative rate 

constants. A shortening of the fluorescence lifetimes of 
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complexed A* (from 1.19 to 0.44 ns for free and 

TM-β-CD-engaged TPT, in that order) and Z* (from 

5.77 to ~ 5.6 ns for free and engaged TPT, respectively) 

with the lower polarity and the hydrophobic character 

of the CD cavity is observed, the confinement effect 

being more pronounced for A* than for Z* because of 

the larger destabilization of the former inside the 

cavity. The dynamics of caged open E* can be slower 

(τ1 = 77 ps) or faster (τ1 ~ 40 ps), compared to that in 

solution (τ1 = 50 ps), in the native or substituted CDs, 

respectively. This is explained in terms of different 

geometries adapted by the encapsulated drug leading 

to different ESPT kinetics. Time-resolved emission 

anisotropy measurements of TPT:CD complexes show 

very similar rotational relaxation values compared to 

that of the free drug in water solution (φ = 156, 169, 

and 178 ps for TPT, TPT:β-CD, and TPT:TM-β-CD, 

respectively), thus suggesting that the drug is still able 

to rotate inside the CD cavity. We believe that these 

results can provide additional information on the 

processes occurring in structurally comparable drugs 

encapsulated and interacting with the CD cavities and 

thus this work is a relevant contribution in the field of 

drug delivery. 
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Tables, Schemes and Figures Captions 

 

Figure 1. Molecular structures of Topotecan (TPT) in its lactone form and of CDs used in this work: β-CD, 

DM-β-CD, and TM-β-CD. 

 

 

Figure 2. (A) Uv-visible absorption and emission (exciting at 371 nm) spectra of TPT in water (black, solid lines) 

at pH 7.23 upon addition of different amounts of TM-β-CD, and in THF (red, dashed lines). (B) Variation of the 

absorption intensity difference (A-A0) at 381 and 411 nm of TPT with TM-β-CD concentration. A0 and A are the 

absorption values of TPT in absence and presence of CD, respectively. The solid line is from the best fit assuming 

the formation of a 1:1 stoichiometry complex and using the model described in the text. (C) Variation of the 

emission intensity at 540 nm of TPT in buffer at pH 7.23 with TM-β-CD concentration. I0 and I are the emission 

values of TPT in absence and presence of CD, respectively. The solid line is from the best fit assuming the 

formation of a 1:1 stoichiometry complex and using the model described in the text. The Inset shows a schematic 

illustration of TPT:TM-β-CD. 
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Figure 3. (A) Uv-visible absorption and emission (exciting at 371 nm) spectra of TPT in buffer at pH 7.23 in (1) 

absence and presence of (2) β-CD (0.54 mM), (3) DM-β-CD (0.27 mM), and (4) TM-β-CD (0.36 mM). Inset: 

normalized (to 1) variation of the absorption intensity difference (A-A0) of TPT with the concentration of β-CD, 

DM-β-CD, and TM-β-CD. The solid lines are from the best fit assuming the formation of a 1:1 stoichiometry 

complex and using the model described in the text. (B) 1H-NMR spectra of TPT (10 μM) in D2O in (1) absence 

and presence of (2) β-CD (10 mM) and (3) TM-β-CD (10 mM). The labelling of the signals is in accordance with 

the molecular structure shown in Figure 1. 

 

 

Figure 4. Emission decays of TPT in buffer at pH 7.23 (1) in absence and presence of (2) β-CD (0.54 mM), (3) 

DM-β-CD (0.27 mM), and (4) TM-β-CD (0.36 mM) observed at (A) 430 and (B) 570 nm. The solid lines are from 

the best exponential fit, and IRF is the instrumental response function (65 ps). The excitation wavelength was 371 

nm. (C) Normalized magic-angle time-resolved emission spectra (TRES) of TPT in buffer at pH 7.23 in presence 

of TM-β-CD (0.36 mM), gated at the indicated delay times after excitation at 371 nm. The inset gives the gating 

times of the spectra. 
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Figure 5. Emission anisotropy r(t) decays of TPT in (●) THF, (■) water (pH = 6.24), and in buffered (pH = 7.23) 

solutions of (○) β-CD (0.54 mM) and (▲) TM-β-CD (0.36 mM). The solid lines are from the best exponential fit. 

The excitation wavelength was 371 nm, and the observation ones were 505, 530, and 540 nm for THF, water, and 

CD solutions, respectively. 

 

Figure 6. Geometries of the most stable complexes of TPT with (A) β-CD, (B) DM-β-CD, and (C) TM-β-CD 

obtained using PM3 calculations. The quinoline part of TPT is encapsulated by the CD cavity. For a better 

visualization, colors are assigned to different atoms of TPT: cyan (carbon), white (hydrogen), red (oxygen), and 

blue (nitrogen) 

a 
From Ref. 27. 

b
 Binding constant. 

c
 Fluorescence quantum yield. 

d
 Values obtained from the absorption and emission spectra (under saturation 

conditions) of the free and complexed forms. In parenthesis: values obtained from the fit of the variation of the relative emission intensity I/I0. 

I0 and I are the emission intensities at max

em (540 nm) from the free form in absence and presence of CD, respectively. 

Table 1. Steady-state uv-visible absorption (wavelengths of the absorption intensity maxima, max

abs ; molar 

extinction coefficients at 371 nm, 371

f  or 371

c ; binding constants, K) and emission (wavelengths of the emission 

intensity maxima, max

em ; fluorescence quantum yields, ФF) data of TPT in buffer at pH 7.23 in absence and 

presence of β-CD (0.54 mM), DM-β-CD (0.27 mM), and TM-β-CD (0.36 mM). 371

f  and 371

c
 are the molar 

extinction coefficients of the free and complexed TPT forms, respectively. 

 

 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3
 TPT / THF  = 104 ps

 TPT / water  = 156 ps

 TPT:-CD  = 169 ps

 TPT:TM--CD  = 178 ps

A
n

is
o

tr
o

p
y

Time / ns

Medium 

 

max

abs  

/ nm 

371  

/ M-1 cm-1 

371371 / fc   
Kb 

/ 10
4

 M
-1
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buffer (pH = 7.23) 411 8500a – – 540 0.45 

β-CD 388 11800 1.39 0.88 ± 0.09 540 0.22 (0.21)d 

DM-β-CD 383 14200 1.67 2.4 ± 0.5 540 0.20 (0.19)d 

TM-β-CD 381 18400 2.16 3.7 ± 0.8 540 0.12 (0.10)d 
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λem 

/ nm 

τa (A%) BUFFER 

(pH 7.23) 

β-CD DM-β-CD TM-β-CD 

430 

 

τ1 / ps (A1%) 50 (53) 77 (31) 38 (78) 39 (90) 

τ2 / ns (A2%) 0.67 (46) 0.68 (68) 0.66 (21) 0.67 (9) 

τ3 / ns (A3%) 5.77 (1) 5.63 (1) 5.66 (1) 5.67 (1) 

570 

τ1 / ps (A1%) 50 (3) 77 (-3) 38 (-6) 39 (-14) 

τ2 / ns (A2%) 0.67 (-11) 0.68 (-22) 0.66 (-17)  

τ3 / ns (A3%) 5.77 (82) 5.63 (68) 5.66 (70) 5.67 (78) 

τ4 / ns (A4%) 1.19 (4) 1.06 (7) 0.81 (7) 0.44 (8) 

a 
The experimental error of the measured emission lifetimes was ~ 20%. 

Table 2. Values of fluorescence time constants (τi) and normalized (to 100) pre-exponential factors (Ai) of fitting 

decay functions for TPT in buffer at pH 7.23 in absence and presence of β-CD (0.54 mM), DM-β-CD (0.27 mM), 

and TM-β-CD (0.36 mM). The excitation wavelength was 371 nm. The emission was gated at different 

wavelengths (λem = 430 and 570 nm). The experimental error of the measured emission lifetimes was ~ 20%. A 

negative sign before the Ai value indicates a rising component. 
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Figure 1S. Uv-visible absorption and emission (exciting at 371 nm) spectra of TPT in tetrahydrofuran (THF). Inset: 

emission decay of TPT in THF upon excitation at 371 nm and observation at 403 nm. The solid line is from the 

best exponential fit, and IRF is the instrumental response function (65 ps).  
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Figure 2S. (A) Uv-visible absorption and emission (exciting at 371 nm) spectra of TPT in water at pH 7.23 upon 

addition of different amounts of β-CD. (B) Variation of the absorption intensity difference (A-A0) at 388 and 411 

nm of TPT with β-CD concentration. A0 and A are the absorbance of TPT in absence and presence of CD, 

respectively. The solid line is from the best fit assuming the formation of a 1:1 stoichiometry complex and using 

the model described in the text. (C) Variation of the emission intensity at 540 nm of TPT in buffer at pH 7.23 with 

β-CD. I0 and I are the emission intensity of TPT in absence and presence of CD, respectively. The solid line is 

from the best fit assuming the formation of a 1:1 stoichiometry complex and using the model described in the text.  

 

 

Figure 3S. (A) Uv-visible absorption and emission (exciting at 371 nm) spectra of TPT in water at pH 7.23 upon 

addition of different amounts of DM-β-CD. (B) Variation of the absorption intensity difference (A-A0) at 383 and 

411 nm of TPT with DM-β-CD concentration. A0 and A are the absorbance of TPT in absence and presence of CD, 

respectively. The solid line is from the best fit assuming the formation of a 1:1 stoichiometry complex and using 

the model described in the text. (C) Variation of the emission intensity at 540 nm of TPT in buffer at pH 7.23 with 

DM-β-CD. I0 and I are the emission intensity of TPT in absence and presence of CD, respectively. The solid line is 

from the best fit assuming the formation of a 1:1 stoichiometry complex and using the model described in the text.  
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Figure 4S. (A) Normalized (to 1) uv-visible absorption and emission (exciting at 371 nm) spectra of TPT in buffer 

at pH 7.23 in (1) absence and presence of (2) β-CD (0.54 mM), (3) DM-β-CD (0.27 mM), and (4) TM-β-CD (0.36 

mM). (B) Zoom of the blue region of the emission spectra of TPT in water at pH 7.23 upon addition of different 

amounts of DM-β-CD. The iso-emissive point (~ 470 nm) is indicated by the black circle. 

 

Figure 5S. (A) Normalized (to the maximum of intensity) uv-visible (1) absorption and excitation spectra ((2), λem 

= 425 nm; (3), λem = 670 nm) of TPT in buffer at pH 7.23 in presence of TM-β-CD (0.36 mM). (B) Normalized (to 

the maximum of intensity) uv-visible (1) absorption and excitation spectra ((2), λem = 408 nm; (3), λem = 504 nm) 

of TPT in THF.  
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Figure 6S. Normalized (to 1) emission decays of TPT in buffer at pH 7.23 in (A) absence and presence of (B) 

β-CD (0.54 mM), (C) DM-β-CD (0.27 mM), and (D) TM-β-CD (0.36 mM) observed at (1) 570, (2) 620, (3) 640, 

and (4) 670 nm. The solid lines are from the best exponential fit, and IRF is the instrumental response function (65 

ps). (E) Comparison of the normalized (to 1) emission decays of TPT in buffer at pH 7.23 in (1) absence and 

presence of (2) β-CD (0.54 mM), (3) DM-β-CD (0.27 mM), and (4) TM-β-CD (0.36 mM) observed at 670 nm. The 

excitation wavelength was 371 nm. 

 

Figure 7S. Emission anisotropy r(t) decays of TPT in buffered (pH = 7.23) solutions in absence (■) and presence 

of (▲) TM-β-CD (0.36 mM). The solid lines are from the best exponential fit. The excitation wavelength was 433 

nm, and the observation one was 540 nm. 
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Figure 8S. Views of the most stable complex of TPT with β-CD obtained using PM3 calculations. The quinoline 

part of TPT is encapsulated by the CD cavity. For a better visualization, the atoms of TPT have different colors: 

cyan (carbon), white (hydrogen), red (oxygen), and blue (nitrogen). Top right: scheme of the angle between the 

dipole moment of caged TPT and that of CD (see Table 2S).  

 

Figure 9S. Views of the most stable complex of TPT with DM-β-CD obtained using PM3 calculations. The 

quinoline part of TPT is encapsulated by the CD cavity. For a better visualization, the atoms of TPT have different 

colors: cyan (carbon), white (hydrogen), red (oxygen), and blue (nitrogen). Top right: scheme of the angle between 

the dipole moment of caged TPT and that of CD (see Table 3S). 

 

Figure 10S. Views of the most stable complex of TPT with TM-β-CD obtained using PM3 calculations. The 

quinoline part of TPT is encapsulated by the CD cavity. For a better visualization, the atoms of TPT have different 

colors: cyan (carbon), white (hydrogen), red (oxygen), and blue (nitrogen). Top right: scheme of the angle between 

the dipole moment of caged TPT and that of CD (see Table 4S). 
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a From Ref. 1. b From Ref. 2. c From our previous work (3). d From Ref. 4. 

 

Table 1S. Ground- and electronically first excited-state pKa values of TPT and their assignment. 

 

 

The enthalpy of reaction, ΔHr
0, was calculated using:ΔHr

0 = ΔHf
0(TPT:CD) - ΔHf

0(TPT) - ΔHf
0(CD) The ΔHf

0 

values were obtained from PM3 calculations. 

Table 2S. Results from semi-empirical (PM3) calculations computed for several E:β-CD complexes by 

encapsulating the drug into the β-CD cage through the quinoline or lactone sides, and at different depths. The table 

gives the values of the standard enthalpy of formation (ΔHf
0) and of reaction (ΔHr

0), dipole moment of β-CD (μCD) 

and caged TPT (μTPT), depth (considered from the distance between the centres of mass of β-CD and TPT) and θ, 

which is the angle between μTPT and μCD when the quinoline part of TPT is encapsulated (see Figure 8S). 

Group pKa
a pKa* 

N1 < 0.8  

pKa1 

1.64b, 1.85c 

(CPT) 

N4 ≈ 3.6 

pKa2 

2.18d 

10-OH 6.5 

pKa3 

≈ -0.7  

(10-CPT)b 

-2.62d 

9-dimethylaminomethylene 10.7 

pKa4 

13.15d 

Entering  

from  

quinoline  

side 

Depth / 

Å 

ΔHf
0 / 

kcal 

ΔHr
0 / 

kcal 

μTPT / 

D 

μCD / 

D 

θ / º 

Entering  

from 

lactone  

side 

Depth / 

Å 

ΔHf
0 / 

kcal 

ΔHr
0 / 

kcal 6.7 -1597 -7 7.6 9.4 145 6.6 -1591 -1 

6.1 -1605 -15 7.3 9.6 146 6.1 -1603 -13 

5.3 -1604 -14 7.2 9.5 147 5.5 -1600 -10 

4.5 -1607 -17 7.1 9.7 151 4.7 -1602 -12 

3.7 -1605 -15 6.9 10.0 153 3.9 -1598 -8 

3.3 -1609 -19 6.7 10.1 155 3.1 -1592 -2 

2.9 -1611 -21 6.7 10.4 156 2.3 -1599 -9 

2.5 -1608 -18 6.6 10.6 155    

2.1 -1603 -13 6.5 10.7 153    

1.8 -1585 5 6.3 11.0 153    
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Table 3S. Results from semi-empirical (PM3) calculations computed for several E:DM-β-CD complexes by 

encapsulating the drug into the DM-β-CD cage through the quinoline or lactone sides, and at different depths. The 

table gives the values of the standard enthalpy of formation (ΔHf
0) and of reaction (ΔHr

0), dipole moment of 

DM-β-CD (μCD) and caged TPT (μTPT), depth (considered from the distance between the centres of mass of 

DM-β-CD and TPT) and θ, which is the angle between μTPT and μCD when the quinoline part of TPT is 

encapsulated (see Figure 9S). 

Entering 

from 

quinoline 

side 

Depth / 

Å 

ΔHf
0 / 

kcal 

ΔHr
0 / 

kcal 

μTPT 

/ D 

μCD / 

D 

θ / o 

Entering 

from 

lactone 

side 

Depth / 

Å 

ΔHf
0 / 

kcal 

ΔHr
0 / 

kcal 6.0 -1460 -2 8.2 8.0 155 6.2 -1453 5 

5.0 -1463 -5 7.8 8.2 157 5.1 -1459 -1 

4.3 -1468 -10 7.2 8.5 156 4.2 -1453 5 

3.6 -1466 -8 7.2 8.4 159 3.5 -1450 8 

3.3 -1469 -11 7.1 8.8 159 3.0 -1454 4 

3.1 -1471 -13 7.0 8.9 161    

2.9 -1471 -13 7.1 9.0 162    

2.7 -1465 -7 7.1 9.2 160    

2.4 -1458 0 6.9 9.3 159    

 

Table 4S. Results from semi-empirical (PM3) calculations computed for several E:TM-β-CD complexes by 

encapsulating the drug into the TM-β-CD cage through the quinoline or lactone sides, and at different depths. The 

table gives the values of the standard enthalpy of formation (ΔHf
0) and of reaction (ΔHr

0), dipole moment of 

TM-β-CD (μCD) and caged TPT (μTPT), depth (considered from the distance between the centres of mass of 

TM-β-CD and TPT) and θ, which is the angle between μTPT and μCD when the quinoline part of TPT is 

encapsulated (see Figure 10S). 
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Depth / 
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ΔHr
0 / 

kcal 

μTPT / 

D 

μCD / 

D 

θ / º 

Entering 

from 

lactone 

side 

Depth / 

Å 

ΔHf
0 / 

kcal 

ΔHr
0 / 

kcal 6.6 -1503 -3 7.9 5.1 139 6.5 -1493 7 

5.8 -1506 -6 7.7 5.3 140 5.7 -1497 3 

5.0 -1509 -9 7.3 5.3 141 4.9 -1495 5 

4.2 -1505 -5 7.1 5.4 143 4.1 -1492 8 

3.8 -1512 -12 7.1 5.4 142 3.3 -1499 1 

3.4 -1515 -15 6.9 5.5 144    

3.1 -1505 -5 6.9 5.7 143    

2.8 -1499 1 6.7 5.9 142    
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Table 5S. Values of fluorescence time constants (τi) and normalized (to 100) pre-exponential factors (Ai) of fitting 

decay functions for TPT in buffer at pH 7.23. The excitation wavelength was 371 nm. The emission was gated at 

different wavelengths (λem). The experimental error of the measured emission lifetime was ~ 20%. A negative sign 

before the Ai value indicates a rising component. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6S. Values of fluorescence time constants (τi) and normalized (to 100) pre-exponential factors (Ai) of fitting 

decay functions for TPT in buffer at pH 7.23. The excitation wavelength was 433 nm. The emission was gated at 

different wavelengths (λem). The experimental error of the measured emission lifetime was ~ 20%. 

 

TPT / Phosphate buffer (potassium dihydrogen phosphate and sodium hydroxide), pH 

7.23 (exc = 371 nm) 

λem / 

nm 

τ1 

/ ps 

A1% τ2 

/ ns 

A2% τ3 

/ ns 

A3% τ4 

/ ns 

A4% χ2 

430 50 53 0.67 46 5.77 1   1.049 

450 50 41 0.67 57 5.77 2   1.003 

480 50 22 0.67 41 5.77 37   1.020 

505 50 11 0.67 10 5.77 79   1.044 

540 50 3 0.67 (-)5 5.77 91 1.19 1 1.035 

570 50 3 0.67 (-)11 5.77 82 1.19 4 1.060 

620 50 (-)7 0.67 (-)13 5.77 71 1.19 9 1.080 

640 50 (-)8 0.67 (-)15 5.77 65 1.19 12 0.998 

670 50 (-)9 0.67 (-)15 5.77 60 1.19 16 1.027 

TPT / Phosphate buffer (potassium dihydrogen phosphate and sodium 

hydroxide), pH 7.23 (exc = 433 nm) 

λem / nm τ1 

/ ps 

A1% τ2 

/ ns 

A2% χ
2
 

460 0.62 10 5.82 90 1.079 

480 0.62 5 5.82 95 1.033 

500   5.82 100 1.045 

540   5.82 100 1.100 

580   5.82 100 1.022 

620   5.82 100 1.044 
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Table 7S. Values of fluorescence time constants (τi) and normalized (to 100) pre-exponential factors (Ai) of fitting 

decay functions for TPT in buffer at pH 7.23 in presence of β-CD (0.54 mM). The excitation wavelength was 371 

nm. The emission was gated at different wavelengths (λem). The experimental error of the measured emission 

lifetime was ~ 20%. A negative sign before the Ai value indicates a rising component. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8S. Values of fluorescence time constants (τi) and normalized (to 100) pre-exponential factors (Ai) of fitting 

decay functions for TPT in buffer at pH 7.23 in presence of DM-β-CD (0.27 mM). The excitation wavelength was 

371 nm. The emission was gated at different wavelengths (λem). The experimental error of the measured emission 

lifetime was ~ 20%. A negative sign before the Ai value indicates a rising component. 

 

 

TPT:β-CD / Phosphate buffer (potassium dihydrogen phosphate and sodium hydroxide), 

pH 7.23 (exc = 371 nm) 

λem / 

nm 

τ1 

/ ps 

A1% τ2 

/ ns 

A2% τ3 

/ ns 

A3% τ4 

/ ns 

A4% χ
2
 

430 77 31 0.68 68 5.63 1   1.018 

450 77 29 0.68 70 5.63 1   1.058 

480 77 21 0.68 62 5.63 17   1.061 

505 77 12 0.68 26 5.63 62   1.018 

540 77 (-)4 0.68 (-)13 5.63 82 1.06 1 1.085 

570 77 (-)3 0.68 (-)22 5.63 68 1.06 7 1.078 

620 77 (-)10 0.68 (-)25 5.63 49 1.06 16 1.038 

640 77 (-)9 0.68 (-)26 5.63 44 1.06 21 1.088 

670 77 (-)14 0.68 (-)24 5.63 37 1.06 25 1.081 

TPT:TM-β-CD / Phosphate buffer (potassium dihydrogen phosphate and sodium hydroxide), pH 

7.23 (exc = 371 nm) 

λem / 

nm 

τ1 

/ ps 

A1% τ2 

/ ns 

A2% τ3 

/ ns 

A3% τ4 

/ ns 

A4% χ
2
 

430 39 90 0.67 9 5.67 1   0.860 

450 39 86 0.67 13 5.67 1   0.991 

480 39 69 0.67 18 5.67 13   1.000 

505 39 37 0.67 11 5.67 52   1.078 

540 39 (-)9   5.67 88 0.44 3 1.050 

570 39 (-)14   5.67 78 0.44 8 1.100 

620 39 (-)26   5.67 55 0.44 19 1.090 

640 39 (-)42   5.67 38 0.44 20 1.100 

670 39 (-)53   5.67 25 0.44 22 1.040 
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Table 9S. Values of fluorescence time constants (τi) and normalized (to 100) pre-exponential factors (Ai) of fitting 

decay functions for TPT in buffer at pH 7.23 in presence of TM-β-CD (0.36 mM). The excitation wavelength was 

371 nm. The emission was gated at different wavelengths (λem). The experimental error of the measured emission 

lifetime was ~ 20%. A negative sign before the Ai value indicates a rising component. 

 

 

 

 

TPT:DM-β-CD / Phosphate buffer (potassium dihydrogen phosphate and sodium hydroxide), pH 7.23 (exc = 

371 nm) 

λem / nm τ1 

/ ps 

A1% τ2 

/ ns 

A2% τ3 

/ ns 

A3% τ4 

/ ns 

A4% χ
2
 

430 38 78 0.66 21 5.66 1   0.930 

          

450 38 69 0.66 30 5.66 1   1.003 

          

480 38 52 0.66 32 5.66 16   1.071 

          

505 38 21 0.66 14 5.66 65   1.078 

          

540 38 (-)5 0.66 (-)2 5.66 89 0.81 4 1.100 

          

570 38 (-)6 0.66 (-)17 5.66 70 0.81 7 1.008 

          

620 38 (-)11 0.66 (-)13 5.66 62 0.81 14 1.003 

          

640 38 (-)16 0.66 (-)13 5.66 53 0.81 18 1.002 

          

670 38 (-)29 0.66 (-)8 5.66 45 0.81 18 1.050 
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a Vtheor = (4πa2b)/3, where a = c and b hold for the semi minor (major) and the semi major (minor) axis of the prolate (oblate) 

ellipsoid, respectively. b The parameter f is a factor which takes into account the shape of the solute (f = 1 for a sphere, > 1 for 

non-shperical molecules). c Vexp = (φkBT)/(ηfC), where φ is the experimental rotational time, kB is the Boltzmann constant, T is the 

temperature, η is the viscosity of the medium, and C is a factor which is equal to 1 for stick-boundary conditions.  

Table 10S. Experimental rotational relaxation times (φ) and molecular volumes (Vexp) deduced for TPT, TPT:β-CD, 

and TPT:TM-β-CD at the conditions indicated in the Table. The molecular systems were modelled as ellipsoid, 

non-hydrated rotors under both stick- and slip-boundary conditions using Stokes–Einstein–Debye hydrodynamic 

theory. The calculated parameters are: τstick, τslip (rotational times) and Vtheor (molecular volume). 

 

Schemes 

 

Scheme 1S. The schematic ground-state equilibrium between the lactone and carboxylate forms of TPT in water 

solution. 

 

Scheme 2S. Schematic illustration of the ground-state forms of TPT in the TM-β-CD cavity (open and closed E 

forms). 

System 

(λexc, λem / nm) 

a =c 

/ Å 

b  

/ Å 

Type of 

ellipsoid 

Vtheor
a
 

/ Å
3
 

f
b
 τstick (τslip)  

/ ps 

φ / ps Vexp
c
  

/ Å
3 

TPT  

water, pH = 6.24 

(371, 530) 

4 7.5 prolate 503 1.39 174 (33) 156 455 

TPT:β-CD  

buffer, pH = 7.23 

(371, 540) 

7.5 8 prolate 1885 1.01 506 (0.85) 169 618 

TPT:TM-β-CD  

buffer, pH = 7.23 

(371, 540) 

8.5 8 oblate 2421 1.02 689 (1) 178 644 
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Scheme 3S. Schematic illustration of the ground- and excited-state (upon excitation at 371 nm) behaviour of TPT 

in buffer at pH 7.23. The molecular structures of the involved species (A, (E···H2O), C, and Z), with only the 

quinoline moiety for simplicity, are shown. The values of the absorption and emission wavelengths shown in the 

scheme correspond to those of the maximum intensity. We also indicate the time constants of the involved 

reactions and fluorescence relaxations. 

 

Scheme 4S. Excited-state dynamics of (1) open and (2) closed E* forms of TPT within TM-β-CD upon 371 

nm-excitation. 
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Determination of the Binding Constant of the Complexes of Topotecan with Cyclodextrins (β-CD, DM-β-CD, 

and TM-β-CD) 

To obtain the binding constant K, we took into account that the host (CD) was not in a large excess compared to 

the guest (TPT) in the complexation experiments. So, the equilibrium and its related constant are expressed by the 

use of Equations 1 and 2:5 

CDTPTCDTPT
K

:                                                                        (1) 

]][[

]:[

CDTPT

CDTPT
K 

                                                                            (2) 

The concentrations of free TPT and CD are described by Equations 3 and 4: 

]:[][][ CDTPTTPTTPT TOT                                                                       (3) 

]:[][][ CDTPTCDCD TOT                                                                     (4) 

where [TPT]TOT and [CD]TOT are the total concentrations of TPT and CD, respectively. The concentration of the 

complex is then described in Equation 5: 
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The absorbance measurements can be defined as in Equations 6 and 7: 
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The Ai values represent the absorbance changes of TPT produced by its interaction with increasing amounts (i) of 

CD, while AS is the absorbance at saturation of CD. [TPT:CD]i are the concentrations of the complex when 

different quantities (i) of CD are added to a constant amount of TPT, and [TPT:CD]S is the concentration of the 

complex at saturation of CD. The final equation (Equation 8) is obtained with the substitution of Equation 5 into 

Equation 7: 
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Estimation of the Percentages of Complexation of TPT with CDs 

Taking into account Equation 2, the concentrations of TPT, CD, and TPT:CD at the equilibrium are expressed as: 

xTPTTPT  0][][                                                                           (9) 

xCDCD  0][][                                                                           (10) 

xCDTPT ]:[                                                                              (11) 

where [TPT]0 and [CD]0 are the initial concentrations of TPT and CD, respectively. Subsitution of Equations 9, 10, 

and 11 in Equation 2 gives: 

)])([]([ 00 xCDxTPT

x
K




                                                                  (12) 

which, expressed in function of x, gives the quadratic expression: 

0][][)1][]([ 0000

2  KCDTPTxKCDKTPTKx                                            (13) 

Resolution of Equation 13 gives the amount of TPT:CD at the equilibrium (x). Once note x, [TPT] and [CD] can 

be derived from Equations 9 and 10, respectively. The percentage of complexation is calculated as: 
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Determination of the Fluorescence Quantum Yield of Encapuslated Topotecan (β-CD, DM-β-CD, and 

TM-β-CD) 

1. From the absorption and emission spectra of the free and complexed (under saturation conditions) forms. 

The quantum yield of TPT in presence of CDs was determined upon excitation at 371 nm. The concentration of 

CDs was that corresponding to the saturation condition. The contributions to the total absorbance 
371

TOTA of free 

(
371

fA ) and encapsulated (
371

cA ) forms were simply calculated as shown in Equation 15: 

lclcAAA ccffcfTOT

371371371371371                                                             (15) 

fc and cc , which are the concentration of free and encapulated forms at the equilibrium, were calculated from K. 

The molar extinction coefficient of the free form (
371

f ) was known from literature, while that of the caged drug 

(
371

c ) was obtained from our experimental data.  

The quantum yield of encapulated TPT 
c

F was calculated taking into account the ratio of the fluorescence 

emission intensity from the free form (
max

0I ) and that from both the free and complexed forms (
maxI ). 
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After rearrangment of (18), we obtain: 
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2. From the fit of the variation of the relative emission intensity I/I0. I0 and I are the emission intensities at 

540 nm from the free form in absence and in presence of CD, respectively.6 
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The experimental date were fitted using Equation (20) assuming a 1:1 stoichiometry complex. G is the ratio of the 

molar extinction coefficient of the dye upon interaction with CD. G was taken fixed in the fit. The ratio of quantum 

yield and K were left free. Very comparable values of K were obtained from methods 1 and 2. 
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Chapter 3.5 
 

 

Femtosecond to second studies of a water-soluble porphyrin derivative in 

chemical and biological nanocavities 

Reprinted with permission from Wang, Y.; Cohen, B.; Jicsinszky, L.; Douhal, A.: Femtosecond to second studies 

of a water-soluble porphyrin derivative in chemical and biological nanocavities. Langmuir 2012, 28, 4363-4372. 

Copyright 2012 American Chemical Society. 
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Abstract 

The interactions of 5,10,15,20-tetrakis(4-sulfonatophenyl)-porphyrin (TSPP, a singlet oxygen photosensitiser 

molecule) with a hexa-2,4-diynediyl bridged β-cyclodextrin dimer (CD-CD) in aqueous solutions of pH 7 were 

studied using steady-state uv-visible absorption/emission and femto- to millisecond time-resolved spectroscopy. 

TSPP forms 1:1 complexes with CD-CD (Ke = 1.9×108 M-1 at 293 K). The chemical nano-cavity has notable effect 

on the fluorescence lifetimes of the Qx state (9.3 ns in water and 10.8 ns in CD-CD). Furthermore, the rotational 

times (400 ps for TSPP in water and 1.1 ns for the CD-CD:TSPP complexes), clearly indicate the robustness of the 

formed entities. The ultrafast femtosecond dynamics (0.1-0.2 ps) of the drug is moderately affected by the 

confining environment, with evident influence on the ps component (1-2 ps in water and 5 ps within CD-CD) 

assigned to the vibrational relaxation of the Qx state. Moreover, complexed to CD-CD, a 50 ps component emerges 

in the emission transients in the 640-720 nm range, and which is assigned to a thermalization of the hot Qx state. 

The effect of triplet O2 on the important triplet state of the encapsulated TSPP was also studied, in light of the 

shielding effect of CD-CD cavity. We observed only a slight increase in the quantum yield (from 0.62 to 0.69) of 

the generated singlet molecular oxygen upon complexation of TSPP with CD-CD. We believe that our results on 

molecular interaction between TSPP and CD-CD from femtosecond to millisecond regime at both ground and 

electronically first excited state give relevant information for improving our understanding of this kind of caged 

drugs, and thus for a better design of drug:nanocarrier complexes. 

 

1. Introduction 

Porphyrins are heterocyclic macrocycles 

composed of four modified pyrrole subunits 

interconnected at their α carbons via methine bridges. 

They are aromatic and highly conjugated systems that 

have very intense absorption bands in the visible 

region and are deeply colored. Porphyrins and their 

derivatives have been applied in dye-sensitized solar 

cells,1 biosensors,2 and photodynamic therapy (PDT).3 

PDT is widely considered to be a minimally invasive 

and toxic treatment to cancers compared to 

chemotherapy and radiotherapy. One of the most used 

and studied member of the porphyrin family is 

5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin 

(TSPP, Scheme 1A), a water-soluble porphyrin that 

has been already applied to treat cancer clinically.4 It 

has a large quantum yield in generating singlet oxygen, 

an active species for PDT.5 Several studies have 

characterized the interaction of the free base 

porphyrin and its derivatives with chemical and 

biological nano-cavities.6-9 Host-guest interaction has 

been widely studied during the past decades due to its 

significance in the field of nano-medicine.10-12 A 

recent feature article discussed about the ultrafast 

dynamic and structural aspects of the host-guest 

interactions and elucidated the relevance of the 

photobehavior and photostability of the host-guest 

complexes to the delivery of drugs when using 

nanocarriers.13 

Cyclodextrins (CDs) are good candidates to 

be used as drug delivery nano-carriers due to their 

ability to form stable inclusion complexes. During the 

last two decades, various kinds of CDs have been 

synthesized to enhance the physicochemical 

properties of the cyclodextrins as high-performance 

drug carriers.14,15 Here, we used a β-cyclodextrin 

dimer linked by a rigid tether through their secondary 

sides (CD-CD, 

Bis(2’-O-cyclomaltoheptaosyl)-1,6-hexa-2,4-diyne, 

Scheme 1B), where the two CD units are expected to 

be kept close together and provide preorganization 

upon the complexation with the guest molecules, thus 

enhancing the cooperation between two CD moieties 

and improving the affinity towards suitable guests.16 

mailto:Abderrazzak.Douhal@uclm.es
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Recently we have shown how the interaction 

with quaternary ammonium modified β-CD and 

human serum albumin (HSA) protein affects the 

excited state dynamics of TSPP.6 We found that the 

chemical and biological cavities affect the BQy and 

QyQx transition dynamics, as well as the lifetime of 

the relaxed Qx state, while the strongest effect is 

observed in the relaxation dynamics in the hot Qx 

state.6  

In this work, we studied uv-visible 

absorption and emission spectra, and the femto- to 

millisecond (fs-ms) photodynamics of TSPP 

complexed to CD-CD. The effect of the cavity dimer 

on the triplet lifetimes of TSPP is studied under 

different O2 concentrations. The singlet oxygen 

quantum yield is determined by measuring the 

phosphorescence of the singlet oxygen generated by 

the TSPP:CD-CD complexes. We believe that these 

results might be beneficial for a better understanding 

of the dynamics and photostability of porphyrins in 

nanocavities and improving the efficiency of 

photodynamic therapy by complexing photosensitizers 

with chemically linked dimers of CD. 

 

2. Materials and Methods 

2.1 Materials 

TSPP 

(5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin) 

(Porphyrin System, 98%) was used without further 

purification. The synthesis procedure of CD-CD 

(Bis(2’-O-cyclomaltoheptaosyl)-1,6-hexa-2,4-diyne) 

was described elsewhere.16 A NaOH / KH2PO4 buffer 

solution (pH = 7.0) was used in all cases. The buffer 

solution was prepared using doubly distilled water. All 

TSPP solutions contain 3% DMSO due to the TSPP’s 

high tendency to form aggregates in phosphate buffer 

solutions. TSPP solutions were prepared at the 

concentration of ~10-6 M except for the femtosecond 

fluorescence experiments, where 10-5 M solutions 

were used. The concentrations of CD-CD were ~10-5 

M except for the femtosecond fluorescence 

experiments, where 10-4 M solutions were used. 

 

2.2 Experimental setup 

The steady-state UV-visible absorption and 

fluorescence spectra have been measured using a 

JASCO V-670 spectrophotometer and FluoroMax-4 

(Jobin-Yvone) spectrofluorometer, respectively. The 

picoseconds (ps) emission decays were recorded using 

a time-correlated single-photon counting (TCSPC) 

system described elsewhere.17 The sample was excited 

by pulsed 40 ps diode laser centered at 433 nm (20 

MHz repetition rate). The emission signal was 

collected at the magic angle, and the instrument 

response function (IRF) was typically 70 ps. The 

emission decays were convoluted to the IRF and 

analyzed using the Fluofit package (PicoQuant). The 

time-resolved anisotropy was constructed by the 

expression: 
( ) ( ) / ( 2 )r t I GI I GI   P P , where G is a 

factor to compensate for the polarization bias of the 

detection system. The value of G was acquired by 

tail-matching of fluorescence intensity at parallel (
IP) 

and perpendicular ( I ) polarizations.18 In all cases, 

reduced χ2 was below 1.2 to achieve a good fit. 

Femtosecond (fs) emission transients 

were collected using the fluorescence up-conversion 

technique.19 The system consists of a fs Ti:sapphire 

oscillator Mai Tai HP (Spectra Physics) and coupled 

to second harmonic generation and up-conversion 

setups (CDP Systems). The oscillator pulses (90 fs, 

2.5 W, 80 MHz) were centered at 830 or 840 nm and 

doubled in an optical setup through a 0.5 mm BBO 

crystal to generate pumping beams at 415 or 420 nm 

(~ 0.1 nJ). The polarization of the latter was set to 

magic angle in respect to the fundamental beam. The 

sample has been placed in rotating cell with thickness 

of 1 mm. The fluorescence was focused with 

reflective optics into a 1-mm BBO crystal and gated 
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with the fundamental fs-beam. The IRF of the 

apparatus (measured as a Raman signal of pure 

solvent) was 170 fs (FWHM). To analyze the decays, 

a multi-exponential function convoluted with the IRF 

was used to fit the experimental transients. 

The nano- to microsecond flash 

photolysis setup consists of LKS.60 laser flash 

photolysis spectrometer (Applied Photophysics) and 

Vibrant (HE) 355 II laser (Opotek) as a pump pulse 

source (5 ns duration).20 The 355-nm pumped optical 

parametric oscillator (OPO) signal at 415 nm or 420 

nm were used for the sample excitation. The probing 

light source was a 150 W xenon arc lamp. The light 

transmitted through a 1-cm sample quartz cell was 

dispersed by a monochromator and detected by either 

visible or near-infrared photomultipliers (Applied 

Photophysics R928 and HAMAMATSU H10330A, 

respectively), both coupled to a digital oscilloscope 

(Agilent Infinium DS08064A, 600 MHz, 4 GSa/s). 

The pump pulse energy was attenuated to 2 mJ by a 

pair of a half-waveplate and a polarizer. For time 

windows shorter than 500 μs, the pulsed lamp was 

used, while for longer time windows the lamp worked 

in a continuous mode and the photomultiplier tube 

(PMT) signal was connected with additional 

resistance of 5 kΩ to the oscilloscope with a signal 

input impedance of 1 MΩ instead of 50 Ω. The 

phosphorescence decay of the singlet oxygen is 

reported in Volts as obtained from the data acquisition 

program (Applied Photophysics). Coumarin 153 in 

methanol was used as a reference to correct the 

artifact due to the saturation of the detector. The 

transient decays were analyzed using exponential 

function and the transient absorption spectra were 

constructed for the experimental decay at single 

observation wavelength. All the experiments were 

done at 293 K.  

Semi-empirical method PM3 was used to 

optimize (by minimizing the energy) the structures of 

the complexes formed by caged TSPP drug within 

CD-CD. Gaussian 03 was the software used.21 

 

3. Results and Discussion 

3.1 Steady-state measurements 

Figure 1A shows the UV-visible 

absorption spectra of 1 μM TSPP in pH 7 buffer and 

complexed with CD-CD (10 μM) in buffer solutions.6 

Interaction of TSPP with CD-CD results in a red shift 

of ~ 5 nm in the absorption spectra, observed for both 

the B (maximum at 419 nm) and Q bands (maxima at 

516, 551, 585 and 640 nm). This shift is due to the 

formation of inclusion complexes and the change of 

the polarity of the local environment of TSPP, as a 

result of the encapsulation by the hydrophobic pocket 

of the CD-CD. Similar red shift has been reported for 

other porphyrin-CD complexes.6,22,23 Upon 

encapsulation with CD-CD, the intensity of the Qy 

(1,0) band with respect to that of the Qy (0,0) 

decreases. This could be attributed to a 

conformational change of the sulfonatophenyl 

substituent, which leads to a change in the electronic 

transition moment of TSPP. A previous study of a 1:2 

TSPP:CD complex has shown that the rotational 

motion of the sandwiched phenyl groups is restricted, 

while the encapsulated ones still have the freedom to 

rotate which can be associated with a change in the 

transition dipole moment of the absorption from this 

state.8 Figure 1B shows the change in the Soret band 

(414 nm) in the absorption spectrum of TSPP in buffer 

solution at different concentration of CD-CD. The 

figure clearly shows the existence of a single 

isosbestic point at 417 nm, which indicates formation 

of one type of complex. Recently, we reported on 

formation of 1:1 and 1:2 complexes of TSPP and 

quaternary ammonium modified β-CD (QA-β-CD) 

which was evidenced also by the existence of two 

isosbestic points (at 416 and 418 nm) in the 

absorption spectra, with the absorption maximum of 
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the 1:2 complex at 419 nm.6 Hence, we suggest that 

upon interaction with CD-CD, TSPP is encapsulated 

by both its cavities. This complex also shows an 

absorption maxima at 419 nm, thus indicating that 

TSPP is encapsulated by both cavities of CD-CD.6 

This result is in agreement with previous absorption 

and NMR studies on the complexation behavior of 

TSPP with comparable CD cavities, such as β-CD and 

heptakis(2,3,6-tri-O-methyl)β-CD (TMe-β-CD).17,24 

To obtain the binding constants for these complexes, 

we used equation 1 (detailed derivation is described in 

Supporting Information)25: 
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  (1) 

where A is the absorbance change of the system at 

different concentration of CD-CD, [CD-CD] and 

[TSPP] are the concentrations of CD-CD and TSPP in 

the solution, A0 is the absorbance of TSPP without 

CD-CD, A1 is the absorbance of TSPP forming 1:1 

complex with CD-CD. From the best fit we obtained 

  18102.09.1  MKe
 and   molkJG /9.04.460   at 

293 K. The large value for the equilibrium constant 

indicates a high stability of the formed complexes, 

and thus a strong affinity of CD-CD to TSPP. Recently, 

equilibrium constant values of 5 1

1 1.9 10eK M    and 

3 1

2 7 10eK M    have been obtained for a two-step 

formation of 1:2 complexes between TSPP and 

QA-β-CD.6 

Figure 1A also shows a comparison of the 

emission spectra of TSPP in buffer solution (pH 7) 

and in presence of CD-CD upon 433-nm excitation. 

The main features of the fluorescence spectrum of 

TSPP in pH 7 buffer are two peaks at 643 and 704 nm, 

assigned to the emission from the Qx band. The Qx 

fluorescence emission of TSPP in CD-CD solution 

also exhibits two emission peaks at 645 nm and 709 

nm, which are red-shifted (2 and 5 nm; 48 and 

100cm-1, respectively) compared to those of TSPP in 

the pH=7 buffer. Upon encapsulation by CD-CD, the 

ratio of the Qx (0,1) band to that of the Qx (0,0) 

emission intensities strongly decreases. This result 

further confirms the change in the electronic transition 

moment of TSPP upon encapsulation, and it reflects a 

conformational change (loose of molecular planarity) 

of the sulfonatophenyl substituent upon encapsulation. 

In a 1:2 complex of TSPP with CD of trans-type, the 

rotational motion of the phenyl rings sandwiched by 

the CD moieties is completely restricted, whereas the 

encapsulated counterparts still have a probability to 

rotate or twist.8  

 

3.2 Picosecond Time-Resolved Emission 

Measurements 

To get information on the excited-state 

dynamics of TSPP in presence of CD-CD solution, we 

measured and compared the fluorescence decay of the 

formed complexes to that of the drug in water, upon 

excitation at 433 nm and observation at 650 nm.6 The 

result of the fit is shown in Table 1, and the 

comparison of the decays is shown in Figure 2A. 

The fluorescence decay of the TSPP (1 

μM) complexed to CD-CD (10 μM) fits to a single 

exponential and gives a lifetime of 10.8 ns. For the 

free TSPP in buffer solution, a bi-exponential feature 

was reported with two emission lifetimes being 9.3 

and 1.4 ns assigned to the TSPP monomers and 

aggregates, respectively.6 It was demonstrated that the 

contribution of the 1.4 ns varies from 42% at low 

TSPP concentration (1 μM) to 69% upon increasing 

the concentration (10 μM). Several studies have 

suggested that even at low concentration TSPP can 

still form aggragates when in phosphate buffer.6,26-28 

This behavior has been explained in terms of increase 

in the ionic strength of the solution due to the 
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presence of phosphate ions.27 Furthermore, the 

elongation of the monomer lifetime, from 9.3 to 10.8 

ns, can be explained by a CD-CD partial shielding of 

the emitting core from water molecules, the effect of 

presence of phosphate ions and dissolved oxygen in 

solution. Therefore, the lifetime of the relaxed Qx state 

is not evidently affected by the encapsulation of the 

dye by the CD-CD host. A recent study on TSPP 

interacting with QA-β-CD and HSA has reported an 

increase of the monomer lifetime from 9.3 to 11.1 and 

11.6 ns, respectively.6 The slight difference between 

the lifetimes of TSPP in CD-CD, QA-β-CD and HSA 

could be attributed to the different degree of 

protection provided by the cavities. Another effect that 

needs to be taken into account, in presence of 10 μM 

of CD-CD, is the possibility of a change in the 

refractive index of the medium that can affect the Qx 

emission band position and its lifetime. This 

dependence on the index of refraction (due to the 

dependence of the polarizability function) has been 

suggested for other porphyrin derivatives in several 

solvents and HSA protein.29 In addition to that, we did 

not observe the short time component, reported 

previously in pH 7 phosphate buffer and in presence 

of QA-β-CD and HSA and assigned to the presence of 

TSPP aggregates.6,27 The lack of the short time 

component when TSPP is interacting with CD-CD 

suggests that the nanocavity of CD-CD is able to 

prevent the formation of aggregates and further 

indicates the high efficiency of the encapsulation 

process (   18102.09.1  MKe
). The high 

efficiency of complex formation and the lack of 

aggregates are in contrast with previous reports on the 

interactions of TSPP with other chemical and 

biological cavities, where, although diminished upon 

encapsulation, the formation of aggregates was still 

observed under physiological conditions.6,9 For 

example, we have reported on the interaction between 

TSPP and a β-CD derivative carrying a positive 

charge on its amino groups (QA-β-CD), where the 

relative contribution of the short time component 

decreased compared to TSPP in buffer solution, from 

42% to 14%.6 This observation has significant 

importance for the development of drug nanocarriers 

based on CD-CD since the presence of aggregates 

might diminish the TSPP activity or even induce 

adverse effects when introduced in therapeutic 

concentrations in the blood stream. 

 

3.3 Picosecond Time-Resolved Emission 

Anisotropy Measurements 

In order to get information on the rotational 

times of the TSPP interacting with CD-CD, and which 

will give direct information on the robustness of the 

formed complexes, we performed ps time-resolved 

emission anisotropy measurements exciting at 433 nm 

and observing at 650 nm. Figure 2B show the results 

of the experiments, and Table 1 gives the results of the 

fit of the anisotropy decays in water and in presence 

of CD-CD. 

For the complexes, the anisotropy (r(t)) 

decay displays a bi-exponential behavior giving time 

constant φ1 = (30 ± 20) ps (12%) and φ2 = (1.1 ± 0.2) 

ns (88%). Using the longer rotational time, we 

calculated a hydrodynamic volume of 2200 Å3 under 

slip boundary conditions. PM3 semi-empirical method 

was used to optimize the structure of the 1:1 complex 

until the minimum energy of the system was achieved 

(Scheme 2). We obtained a value of 2150 Å3 for the 

volume of the optimized structure of 1:1 complex. 

This value well agrees with the one obtained from the 

hydrodynamic theory (2200 Å3), using the long 

component (1.1 ns) in the anisotropy decay. This 

agreement suggests that the structure obtained from 

the theoretical calculation is the one contributing to 

the rotational motion. In a previous study, a 

single-exponential decay with a rotational time of φ = 

(410 ± 40) ps was observed for the TSPP in buffer 
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solution.6 The lack of this component in the 

anisotropy decay of TSPP in presence of 10 μM 

CD-CD suggests that almost all of the available 

porphyrin molecules were encapsulated by the CD 

dimer to give 1:1 complex. This is in agreement with 

the high value of the binding constant obtained from 

the steady state measurements, which indicates that 

99% of TSPP (1 μM) forms a 1:1 complex and only 

1% exists freely in solution. We assign the fast 

component (30 ps) in the anisotropy decay of the 

TSPP:CD-CD complexes to a fast depolarization 

process arising from a geometry change in the 

porphyrin ring due to the complete restriction of 

rotational motion of the phenyl rings sandwiched 

between the two CD entities. It should be noted that in 

this configuration the encapsulated phenyl rings still 

have some degree of rotational freedom as 

demonstrated by NMR studies of a trans-type 1:2 

complexes between TSPP and β-CD and TMe-β-CD.8  

 

3.4 Femto- picosecond Time-Resolved Emission 

Measurements 

To get information on the ultrafast dynamics of 

TSPP:CD-CD complexes, we performed 

femto-picosecond (fs-ps) emission experiments. We 

excited at 420 nm the TSPP:CD-CD complexes in the 

buffer aqueous solution, and gated the emission at 

different wavelengths from 510 to 720 nm. Figure 3 

shows representative emission transients, compared to 

those found in buffer without CD-CD. The signals 

were fitted using a multi-exponential function 

convoluted to the IRF (obtained from water Raman 

signal). The results of the fits are given in Table 2. In 

all the signals we observed a long time nanosecond 

component, which has been fixed to 10.8 ns in the 

510-720 nm range as obtained from the TCSPC 

measurements. As previously discussed, this 

component is the value of the fluorescence lifetime of 

the relaxed Qx state. The first component (τ1) of the 

emission transients has a time constant of 60 fs at 510 

nm, and it increases to ~100 fs in 550-620 nm range. 

The second component (τ2) has a value of ~ 5 ps in all 

the spectral range with a relative contribution of ~20% 

and ~35% in the 550-620 and 640-720 nm range, 

respectively, while the third one (τ3) is about 50 ps in 

the 640-720 nm range and has amplitude ~ 35%. 

We now discuss the origin of the observed 

components and compare them with those of the free 

TSPP as well as when encapsulated in other chemical 

and biological cavities. A three-step process has been 

suggested for the free base porphyrin in benzene: 

intramolecular vibrational energy redistribution (IVR) 

with time-constants between 100 and 200 fs, elastic 

collisions with solvent molecules that occurs within 

the first 1-2 ps and thermal equilibration or cooling by 

energy transfer to the solvent in 10-20 ps.30,31 This 

model was further developed into a four-step 

relaxation mechanism for the unsubstituted porphyrin 

in benzene/cyclohexane (v/v:1/10) solution: B to Qy 

internal conversion (ultrafast, within the 

time-resolution of the system), followed by Qy to Qx 

conversion within ~ 150 fs, then vibrational relaxation 

(1.8 ps) and finally thermalization (24.9 ps).32 Hence, 

in our observations, the first component (τ1 = 60-100 

fs) arises from both the B to Qy internal conversion 

and the Qy to Qx conversion, which agrees well with 

our previous studies on TSPP:QA-β-CD complexes, 

where this component was between 50 and 130 fs.6 

Compared to the fast component observed for TSPP in 

buffer solution, these processes are faster for the 

encapsulated TSPP molecules. Since the fs 

components are mostly affected by only ultrafast 

molecular conformational changes and electronic 

distribution (in addition to ultrafast solvent response), 

the difference in times could be mainly explained by 

alteration of the energy gap.29  

In similarity with previous observations for 

both free and encapsulated porphyrin and its 
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derivatives, we assign the 5 ps component that has a 

maximum contribution (42%) at 650 nm to vibrational 

relaxation of the Qx state as a result of elastic 

collisions with solvent molecules. It has been reported 

that the vibrational relaxation of the Qx state of TSPP 

in buffer solution is ~1.8 ps.6 This component was 

reported as 1-2 ps for the free base porphyrin in 

benzene and 1.8 in benzene/cyclohexane (1:10) 

solution, while for 

5,10,15,20-tetrakis(4-hydroxyphenyl)-porphyrin 

(p-THPP) in MeOH and THF its value was found to 

be 2 – 2.3 ps. In our previous study on the 

TSPP:QA-β-CD system, we obtained a 5 ps 

component in the 550-650 nm range, and it increased 

to 10 ps in 700-720 nm, which were both assigned to 

the vibrational relaxation/cooling of the Qx state.6 To 

note, this 10-ps component at the longer wavelengths 

could be an average of two components, one being 5 

ps and another one being longer than 10 ps, although 

the fitting result was satisfactory (χ2<1.2). For the 

interaction of p-THPP with the cavity of the HSA 

protein the mechanism of vibrational relaxation of the 

Qx state was more complex and it was suggested to 

involve additional energy transfer processes with the 

protein. The resulting time-constant was reported as 

0.6 – 1.2 ps. The increase in the value of this 

component when TSPP interacts with CD-CD 

indicates the change in the properties of the water 

molecules around the gates of the CD entities forming 

the covalently linked dimer and resulting in a change 

in the solvent collision energy. 

Finally, the time-constant assigned to the 

thermal equilibration of the Qx state for the 

encapsulated TSPP:CD-CD complex (τ3 ~ 50 ps) is 

longer than the one observed for the free porphyrin (~ 

10 ps), which indicates the change in the properties of 

the water molecules surrounding the TSPP molecule 

since they actively participate in the thermalization 

process.6 Longer relaxation times, 27−40 ps, have 

been observed for a zinc porphyrin encapsulated in 

apo-myoglobin protein.33 Recently, 17−32 ps time 

constants have been reported for p-THPP in HSA and 

were assigned to vibrational relaxation taking place 

through the interaction with the surrounding water 

molecules within the hydrophobic cavities.29 Here we 

adopt the same conclusion for the origin of the 50 ps. 

It is important to note that the offset component for 

TSPP:CD-CD emission has much smaller amplitude 

when compared to the one without CD-CD, a result 

which suggests the existence of an efficient 

deactivation channel from the hot vibrational states of 

Qx in the CD-CD environment. It has been reported 

that CD nanocavity can act as a heat reservoir in the 

cooling processes of the encapsulated guest.34 

 

3.5 Microsecond Flash Photolysis Measurements 

To get information on the μs-ms processes 

involved in the relaxation of TSPP:CD-CD complexes, 

we studied the triplet state behavior of the 

encapsulated TSPP with varying oxygen content in 

solution. We excited at 420 nm and observed at 470 

nm, the maximum of the triplet absorption (Figure S1). 

Representative transients are shown in Figure 4, and 

the obtained time constants are given in Table 1. 

Under aerobic conditions (equilibrated 

solution with air), the decay of the triplet state of the 

drug in the TSPP:CD-CD complexes in pH 7 buffer 

solutions is fitted by a mono-exponential function, and 

it gives a time constant of 2.5 μs. This value decreases 

to 1 μs in O2 saturated solutions, while in anaerobic 

conditions after purging with N2 we obtained a value 

of 590 μs. Compared to the decay times observed for 

the TSPP in water solution at the same pH, and  

under comparable excitation and observation 

conditions, the triplet lifetimes clearly increase in all 

the cases.6 The observed values are in agreement with 

previously published data, where the complexation of 

TSPP with 2-hydroxypropyl-cyclodextrin and 
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QA-β-CD has been studied and it was found that the 

accessibility to the encapsulated molecules by the 

oxygen is hindered by the shielding provided by the 

CD cavity.5,6 Notably, the triplet lifetimes in presence 

of QA-β-CD were found to be longer than the ones 

with CD-CD, 8.3 and 2.5 μs at ambient conditions, 1.9 

and 1.0 μs in solution saturated with oxygen 

molecules, and 700 and 590 μs in N2 rich solution, 

respectively. This effect can be explained by the 

different degree of protection provided by the 

different β-CD derivatives, since on average there are 

eight aliphatic chains in a 1:2 complex of TSPP and 

QA-β-CD, and only one for the 1:1 complex of 

TSPP:CD-CD. 

 

3.6 Singlet Oxygen Quantum Yield Measurements 

It is well-known that TSPP triplet can efficiently 

produce singlet oxygen.35 In order to find out the 

efficiency of the singlet oxygen production, we 

studied its phosphorescence intensity in presence of 

TSPP in different media under ambient conditions. 

The excitation wavelengths were 415 and 420 nm, for 

TSPP in a buffer and a CD-CD solution, respectively. 

The observation wavelength was 1270 nm, the 

maximum of the singlet oxygen phosphorescence 

emission (Figure S2). The singlet oxygen quantum 

yields are determined using equation 236: 
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Where the subscript r and s stand for reference and 

sample under study. 
rI  and 

sI  represent absorbed 

incident light intensities, 
rI  and 

sI
 are the singlet 

oxygen emission intensities at 1270 nm, 
r  and 

s  

are the singlet oxygen phosphorescence lifetimes, and 

r  and 
s  are the singlet oxygen quantum yields, 

for the reference and the sample, respectively. TSPP in 

buffer (pH=7) was employed as a reference, with the 

singlet oxygen yield in this case reported to be 
r = 

0.62 under ambient conditions.35 The relative error of 

the quantum yields was estimated to be ~ 10%. 

    A comparison of the decays obtained at 1270 nm 

for TSPP (1 μM) in pH=7 buffer and in presence of 

CD-CD (10 μM) solution is shown in Figure 5A. 

Bi-exponential functions were necessary to fit both 

decays. The first component (τ1) is a rising signal, and 

it has a time constant of 1.5 and 2.5 μs for TSPP in 

buffer and CD-CD solutions, respectively. It is 

attributed to the process involving the production of 

singlet oxygen via energy transfer from the triplets of 

TSPP (free for 1.5 μs, and encapsulated 2.5 μs). These 

values agree with the triplet lifetimes observed for 

corresponding system.(Table 1) Similar values for the 

formation of the singlet oxygen have been reported for 

TSPP in pH=7.4 buffer (1.8 μs) and in HSA protein 

(2.5 μs).37 The second component (τ2) of 4.1 and 6.1 

μs for TSPP in buffer and CD-CD solutions, 

respectively, is assigned to the phosphorescence 

lifetime of singlet oxygen. Values of 3.6 μs have been 

shown for singlet oxygen lifetime in water solutions, 

where TSPP acts as the photosensitizer.37 The 

protecting hydrophobic and not polar space provided 

by the CD-CD “dimer like” can be a key factor 

elongating the singlet oxygen lifetime, from 4.1 to 6.1 

μs. It is well-known that singlet oxygen lives longer in 

more apolar solvents than in water, where rapid 

quenching between water molecules and singlet 

oxygen decrease the singlet oxygen lifetime.38 Upon 

excitation of TSPP in presence of 50 μM HSA the 

singlet oxygen lifetime has been reported to be 12.4 

μs, and it suggests that the protein cavity is more 

effective in elongating its lifetime.37 However, the 

total oxygen concentration decreases over time due to 

the oxidation of HSA by the singlet oxygen. The 

intensities of the singlet oxygen phosphorescence (Ir 

and Is) have been measured, and after a 

deconvolution of the decays obtained at 1270 nm, we 

got 1.21  10-3 and 2.01  10-3, respectively. 
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According the absorption spectra, the absorption 

intensities Ir and Is are 0.60 and 0.59, respectively. 

Following equation 2, the formation yield of singlet 

oxygen in the buffer solution of TSPP interacting with 

CD-CD is 0.69. This value is ~11 % higher than the 

one reported for TSPP in pH 7 buffer (0.62)38, and the 

result shows a slight increase in the singlet oxygen 

production when TSPP is encapsulation by CD-CD. 

 

4. Conclusion 

In this work, we used steady-state and 

time-resolved measurements to study the excited-state 

relaxation dynamics of TSPP complexed to CD-CD, a 

covalently linked CD dimer with a rigid bond between 

the two CD units. 

The results indicate that TSPP forms strong 1:1 

complexes with CD-CD, giving a binding constant of 

1.9×108 M-1 at 293 K. In the presence of CD-CD, the 

formation of TSPP aggregates is effectively avoided 

under physiological condition. The rotational 

relaxation time of TSPP/CD-CD complex gives a 

hydrodynamic volume in agreement with that 

obtained from PM3 optimization of the 

“sandwich-like” structure of 1:1 complex.(Scheme 2) 

The fs-ns photodynamics of the encapsulated TSPP 

can be described as a five-step process: (1) a fast 

internal conversion from the B to the Qy (60 fs), (2) an 

internal conversion from the Qy to Qx state (100 fs), (3) 

a vibrational relaxation in the Qx state (5 ps), (4) a 

cooling of the hot Qx state (50 ps), and (5) and 

intersystem crossing process from the Qx to the triplet 

of the dye (10.8 ns). The observed effect of the 

CD-CD cavity on the relaxation dynamics of TSPP is 

mainly due to a conformational change and the 

hindered rotational motion of the sulfonato-phenyl 

group, as well as the hydrophobic environment 

provided by the CD-CD apolar and hydrophobic 

pocket. The shielding effect provided by the long 

cavity is able to prolong the triplet lifetime of TSPP 

and increase slightly the efficiency of the singlet 

oxygen generation (from 0.62 to 0.69). 

These results might benefit the development of 

CD derivatives to act as drug carriers, and the future 

design of porphyrin-based PDT sensitizers.  
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Captions of Tables and Figures. 

(A)                     (B) 

   
Scheme 1. Schematic representation of molecular structures of: (A) TSPP, (B) CD-CD dimer. 

 

     

          

 

 
 
 
 
 
 
 
 

 
Scheme 2. Schematic presentation of proposed molecular structure of TSPP:CD-CD complex. 

 
Scheme 3. Schematic diagram of energy levels and involved times in the photodynamics of TSPP: in buffer (pH=7, 

between brackets before slasha), interacting with QA-β-CD (between brackets after slasha) and CD-CD in aqueous 

buffer (pH=7) solution. 
a, 

From ref. 6 

 
Figure 1. (A) UV-visible absorption and emission spectra of TSPP in buffer (pH=7, black dashed) and with 10 μM 

of CD-CD (red solid) in water solutions. The excitation wavelength was 433 nm. (B) UV-visible absorption spectra 

of TSPP in buffer (pH=7) upon addition of different amounts of CD-CD (0-3.5 μM). Note that the absorption 

spectra at higher concentrations of CD-CD (> 2.5 μM) are overlapping. (Inset) Zoom of the absorbance variation 

of TSPP with CD-CD concentration observed at 414 and 418 nm. The solid lines are from the best fit using eq 1, 

assuming the formation of a 1:1 complex. 
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Figure 2. (A) Decays of TSPP emission (□) in buffer at pH=7 and (○) in presence of 10 μM of CD-CD, collected 

at 640 nm for TSPP in buffer and at 650 nm for TSPP in CD-CD solution. The solid lines represent the best fits 

using single- or two-exponential functions. Excitation wavelength was 433 nm. (B) Emission anisotropy decays of 

TSPP (□) in buffer (pH=7) and (○) in presence of 10 μM of CD-CD, collected at 640 nm for TSPP in buffer and at 

650 nm for TSPP in CD-CD solution. The solid lines represent the best fits using single- or two-exponential 

functions. Excitation wavelength was 433 nm. 
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Figure 3. Femtosecond emission transients of TSPP in (○) buffer (pH=7) and (△) in presence of 35 μM of 

CD-CD, observed at (A) 510, (B) 620, (C) 640 and (D) 720 nm. The excitation wavelength was 415 nm for free 

TSPP and 420 nm for TSPP in CD-CD solution.  

  
 
 
Figure 4. Normalized transient absorption 

decays of TSPP in (■) buffer (pH=7) and (△) 

in presence of 10 μM of CD-CD under 

different concentrations of molecular oxygen: 

(A) as prepared (without purging N2 or O2), 

(B) deoxygenated (purging with N2) and (C) 

saturated with molecular oxygen (purging 

with O2). The excitation and observation 

wavelengths were 415 and 450 nm, 

respectively. The solid lines represent the 

best fits using single-exponential function. 
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Figure 5. (A) Decays of phosphorescence emission of singlet oxygen (collected at 1270 nm) using TSPP in (□) 

buffer (pH=7), (Ο) in presence of 10 μM CD-CD. The solid lines represent the best fits using bi-exponential 

functions. (B) Phosphorescence emission spectra of TSPP in (□) buffer (pH=7), (Ο) in presence of 10 μM CD-CD 

recorded at 10 μs delay. The excitation wavelength was 415 nm for TSPP in buffer and 420 nm for CD-CD. 

Coumarin 153 in methanol was used as a reference to correct the artifact due to the saturation of the detector. 
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Table 1. (Up) Values of the fluorescence lifetimes (τi), fluorescence rotational times (φi) and their pre-exponential 

factors (Ai) obtained from single- or multi-exponential fits of the fluorescence emission and anisotropy decays of 

TSPP in indicated media. (Down) Values of time constants (in μs) of the exponential functions used in fitting the 

laser flash photolysis transients of TSPP in pH=7 buffer and aqueous CD-CD solutions having different oxygen 

content.
  a, b From ref. 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Values of fluorescence lifetimes (τi) and pre-exponential factors (Ai) obtained from a single- or 

multi-exponential fit of the emission decays of TSPP in pH=7 buffer and aqueous CD-CD solutions.
   a From ref. 
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 Fluorescence lifetimes Fluorescence rotational times 

medium τ1/ns A1/% τ2/ns A2/% φ1/ns A1/% φ2/ns A2/%   

buffer 

pH=7a 
9.3 58 1.4 42 0.41 100   

  

CD-CD 10.8 100   0.03 12 1.1 88   

Triplet lifetimes 

 Deoxygenated As prepared O2 saturated 

 τ1/μs A1/% τ1/μs A1/% τ1/μs A1/% 

buffer 

pH=7b 
88 100 1.5 100 0.4 100 

CD-CD 590 100 2.5 100 1.0 100 

λobs / 

nm 
Decay 

buffer  

pH=7a 

CD-CD 

510 

τ1 / fs  (A1) 90 (0.98) 60 (0.91) 

τ2 / ps  (A2) 1.5 (0.01) 4.5 (0.08) 

τ3 / ns  (A3) 9.3 (0.01) 10.8 (0.01) 

550 

τ1 / fs  (A1) 100 (0.93) 100 (0.78) 

τ2 / ps  (A2) 1.6 (0.06) 4.7 (0.21) 

τ3 / ns  (A3) 9.3 (0.01) 10.8 (0.01) 

590 

τ1 / fs  (A1) 140 (0.85) 100 (0.78) 

τ2 / ps  (A2) 1.7 (0.14) 5.1 (0.17) 

τ3 / ns  (A3) 9.3 (0.01) 10.8 (0.05) 

620 

τ1 / fs  (A1) 100 (0.85) 100 (0.72) 

τ2 / ps  (A2) 1.3 (0.08) 4.9 (0.18) 

τ3 / ns  (A3) 9.3 (0.07) 10.8 (0.10) 

640 

τ1 / fs  (A1) 190 (0.59) 5000 (0.41) 

τ2 / ps  (A2) 1.7 (0.03) 50.9 (0.39) 

τ3 / ns  (A3) 9.3 (0.38) 10.8 (0.20) 

650 

τ1 / fs  (A1) - 5000 (0.42) 

τ2 / ps  (A2) 1.8 (0.04) 49.4 (0.36) 

τ3 / ns  (A3) 9.3 (0.96) 10.8 (0.22) 

700 

τ1 / fs  (A1) - 5000 (0.33) 

τ2 / ps  (A2) 1.8 (0.04) 49.8 (0.23) 

τ3 / ns  (A3) 9.3 (0.96) 10.8 (0.44) 

720 

τ1 / fs  (A1) - 5000 (0.35) 

τ2 / ps  (A2) 1.8 (0.09) 50.5 (0.38) 

τ3 / ns  (A3) 9.3 (0.91) 10.8 (0.27) 
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This thesis focuses on the application of steady-state and time-resolved 

spectroscopy techniques to the study of the interactions between drugs and chemical 

(β-CD and derivatives) and biological (HSA) nano-hosts. Drugs used are PDT 

photosensitizer TSPP, anticancer drug topotecan and biologically active lumichrome. 

In chapter 3.1, the ultrafast dynamics of lumichrome in solutions and 

complexed by β-CD and the HSA protein was studied by fs time-resolved uv–visible 

emission and transient absorption spectroscopy. In presence of β-CD, the emission 

and transient absorption dynamics of lumichrome are comparable to that observed in 

water, which indicates that caged lumichrome is accessible to water solvent. However, 

the absence of ps-rise time obtained in water at 750 nm shows that the complex 

absorbs at different region from that of free forms. Moreover, the transient absorption 

measurements display a rise of T1 → Tn triplet absorption which is faster in complex 

(∼0.5 ns) than that in water solution (>2 ns), which could be due to an increased 

efficiency of inter-system crossing process upon encapsulation. In presence of HSA 

protein, the lumichrome emission transients show no rising component at the red side 

of the emission spectrum and the transient absorption results present a decay of 

3.7–6.8 ps and a ∼0.4 ps rise of non-emitting lumichrome structures interacting with 

the protein. A larger protection of lumichrome by the protein pocket from H-bonding 

with bulk water and a fast electron transfer from HSA to lumichrome are responsible 

for such phenomenon. These findings give insight into lumichrome fs to ps behavior 

when interacting with chemical and biological cavities, and may be relevant to the 

behavior of flavin adenine dinucleotide. 

In chapter 3.2, 3.3 and 3.4, we studied the photodynamics of the anticancer 

drug topotecan in different organic solvents, in aqueous solutions at different pHs and 

in aqueous buffered (pH = 7.23) solutions of three different β-CDs. In aprotic solvents 

(ACN, THF, DCM), a very fast (< 10 ps) excited-state intra-molecular proton transfer 

occurs in the enol (E) form of topotecan to form the zwitterion (Z) form. In protic 

solvents like MeOH, Z is formed slower (~32 ps) due to the participation of a solvent 

molecule. In aqueous solutions of pH=6.4-7.4, topotecan exists at ground state in 

equilibrium between E, Z and cation (C) forms. A very fast protonation of E* gives 
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C* (< 10 ps), which then deprotonates (~580 ps) and gives Z*(τZ = 5.83 ns). At 

pH=12.15, anion (A) form of topotecan is the dominant species (τA = 0.41 ns). With a 

higher proton concentration (pH= 0.48-1.31), topotecan exists in three cationic forms, 

C1, C2 and C3. The photo-reactions at the excited state between these three species 

are governed by the proton diffusion. The number of protons involved in the reactions 

changes from 2 (pH=0.48-0.78) to 1 (pH=0.78-1.31), thus indicating two different 

proton transfer dynamics. In aqueous buffered solutions (pH=7.23), topotecan forms 

1:1 complexes with β-CD, DM-β-CD, and TM-β-CD, which have equilibrium 

constants of K296 K (10
4
 M

-1
) = 0.88, 2.4, and 3.7, respectively. Semiempirical (PM3) 

calculations suggest that the docking of TPT is through its quinoline moiety, in 

agreement with the 
1
H-NMR assignment. The hydrophobic environment provided by 

the cyclodextrin cavity influences the deactivation channels of the emitting species by 

modifying the rate of the non-radiative processes upon encapsulation. These results 

evidence the conformational, structural, and dynamical changes of aqueous solutions 

of TPT with the pH of the environment. They provide insights on the role of the 

intermolecular H-bonding surrounding medium on the ground- and excited-state 

structure and reaction of TPT. These findings contribute to a better understanding of 

the relationship between the structures of the drug and its surroundings and are 

relevant to drug-host interactions and proton-transfer reaction dynamics in 

supramolecular systems for structurally related drugs, and should contribute to the 

development of drug delivery field. 

In chapter 3.5 and 3.6, we have studied the interactions of TSPP with a 

QA-β-CD, CD-CD and HSA protein in aqueous solutions at pH 7 using steady-state, 

stopped-flow, and fs to ms time-resolved spectroscopy. TSPP forms 1:1 and 1:2 

complexes with QA-β-CD, whereas with the CD-CD and HSA protein only 1:1 

complexes have been found. Both chemical and biological nano-cavities show 

effective disaggregation of TSPP dimers or aggregates. Furthermore, the rotational 

times obtained from time-resolved anisotropy measurements clearly indicate the 

robustness of the formed entities. The pre-steady-state kinetics of the TSPP:HSA 

complex has been studied by the stopped-flow spectrometer, and a two-step model 
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with a fast ligand recognition and a slower consecutive relaxation, was proposed for 

the complexation processes. The fs dynamics (0.1-0.2 ps) of the encapsulated 

molecule is not largely affected by the confined environment, with evident influence 

on the ps component assigned to the vibrational relaxation of the Qx state. Moreover, 

in the presence of CD-CD, a 50 ps component emerges in the 640-720 nm range, 

which is assigned to the thermalization of the hot Qx state. Nano-cavities have notable 

effect on the relaxation of the triplet state of TSPP by protecting the guest from 

possible quenching of O2. The singlet oxygen quantum yield slightly increases upon 

the complexation with CD-CD. The obtained results might have further implication in 

the design of porphyrin-based PDT sensitizers, as well as for the development of 

porphyrin-CD derivatives to act as drug carriers. 

In conclusion, we have successfully demonstrated the effect of the 

nano-confinement provided by the chemical and biological hosts on the photophysical 

and photochemical properties of the caged guest molecules by utilizing steady-state 

and time-resolved spectroscopic methods. Lumichrome complexed with β-CD 

behaved similarly to that in water, while its photodynamics changed dramatically 

upon encapsulation with HSA protein due to the cavity protection from bulky water 

and an electron transfer between HSA and lumichrome. These findings can be 

beneficial for the future application of lumichrome as a drug and the design its 

delivery system. Photobehavior of topotecan was largely affected by the H-bonding 

environment and the pH of the media, which could benefit the clinical usage of the 

drug to prevent any adverse effect due to the undesired environment. Plus, topotecan 

formed a stronger complex with TM-β-CD compared to β-CD and DM-β-CD, which 

implies topotecan requires a highly hydrophobic delivery system. CD-CD has been 

found to effectively inhibit the aggregating behavior of TSPP and the efficiency of 

singlet oxygen generation does not change from the free TSPP to the complexed one, 

hence it can be a potential delivery vehicle of the TSPP photosensitizer.  
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Conclusións 

Esta tesis se centra en la aplicación de técnicas de espectroscopia en estado 

estacionario y resolución temporal para el estudio de las interacciones entre fármacos 

y nano huéspedes químicos (β-CD y derivados) y biológicos (HSA). Los fármacos 

utilizados son terapia fotodinámica TFD TSPP, el anticancerígeno topotecan y el 

lumicromo biológicamente activo. 

En el capítulo 3.1, la dinámica ultrarrápida del lumicromo en soluciones y 

complejado  por β-CD y la proteína HSA fue estudiada mediante la técnica de 

espectroscopia de resolución temporal fs de emisión UV-visible y espectroscopia de 

absorción transitoria. En presencia de β-CD, la dinámica de emisión y de absorción 

transitoria del lumicromo es comparable a la observada en el agua, lo que indica que 

el lumicromo enjaulado es accesible al agua solvente. Sin embargo, la ausencia de un 

aumento de tiempo ps obtenido en el agua a 750 nm muestra que el complejo absorbe 

a diferentes regiones a la de las formas libres. Por otra parte, las medidas transitorias 

de absorción muestran un aumento de absorción triple T1 → Tn que es más rápida en 

el complejo (~0,5 ns) que en la solución de agua (> 2 ns), lo que podría ser debido a 

un aumento de la eficiencia del proceso de cruce intersistema sobre el encapsulado. 

En presencia de la proteína HSA, los transitorios de emisión de lumicromo no 

muestran ningún componente ascendente en la parte roja del espectro de emisión y los 

resultados de absorción transitorios presentan una caída de 3.7 a 6.8 ps y un aumento 

de ~0,4 ps de las estructuras de lumicromo no emisoras que interactúan con la 

proteína. Los responsables de este fenómeno son una mayor protección de lumicromo 

por parte de la proteína pocket de enlace de hidrógeno con agua a granel y una rápida 

transferencia de electrones de HSA a lumicromo. Estos resultados dan una clara 

visión del comportamiento de fs a ps del lumicromo al interactuar con cavidades 

químicas y biológicas, y pueden ser relevantes para el comportamiento del flavín 

adenín dinucleótido. 

En los capítulos 3.2, 3.3 y 3.4, estudiamos la fotodinámica del fármaco 

anticancerígeno topotecan en diferentes disolventes orgánicos, en soluciones acuosas 

con diferentes pHs y en soluciones acuosas tamponadas (pH = 7.23) de tres diferentes 
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β-CD. En disolventes apróticos (ACN, THF, DCM), se produce una transferencia 

intramolecular de protón muy rápida (<10 ps) en el estado excitado en la forma enol 

(E) de topotecan para formar la forma zwitterión (Z). En disolventes próticos tales 

como MeOH, Z se forma más lentamente (~32 ps) debido a la participación de una 

molécula de disolvente. En soluciones acuosas de pH=6.4-7.4, el topotecán existe en 

estado fundamental en equilibrio entre E, Z y formas de cationes (C). Una 

protonación muy rápida de E* da C* (<10 ps), que luego deprotona (~580 ps) y da Z 

* (τZ=5,83 ns). Con un pH = 12.15, la forma anión (A) de topotecan es la especie 

dominante (τA=0,41 ns). Con una concentración de protones superior (pH=0,48-1,31), 

el topotecán existe en tres formas catiónicas, C1, C2 y C3. Las fotoreacciones en el 

estado excitado entre estas tres especies se rigen por la difusión de protones. El 

número de protones implicados en las reacciones cambia de 2 (pH = 0,48-0,78) a 1 

(pH = 0,78 a 1,31), indicando de este modo dos dinámicas de transferencia de 

protones diferentes. En soluciones acuosas tamponadas (pH=7.23), el topotecan forma 

complejos 1:1 con β-CD, DM-β-CD y TM-β-CD, que tienen constantes de equilibrio 

de K296K(10
4
 M

-1
)=0.88; 2,4 y 3,7 respectivamente. Los cálculos semiempíricos (PM3)  

sugieren que el acoplamiento de TPT es a través de su fracción de quinoleína, de 

acuerdo con la asignación de 
1
H-NMR. El entorno hidrófobo proporcionado por la 

cavidad de la ciclodextrina influye en los canales de desactivación de las especies que 

emiten mediante la modificación de la velocidad de los procesos no radiactivos sobre 

la encapsulación. Estos resultados evidencian los cambios de conformación, de 

estructura, y de dinámica de soluciones acuosas de TPT con el pH del medio. 

Proporcionan información sobre la función del medio que rodea el enlace de 

hidrogeno intermolecular en la estructura en estado fundamental y excitado y la 

reacción del TPT. Estos resultados contribuyen a una mejor comprensión de la 

relación entre las estructuras de los fármacos y su entorno y son relevantes para las 

interacciones entre fármaco y paciente y las dinámicas de reacción de transferencia de 

protones en sistemas supramoleculares para medicamentos relacionados de manera 

estructural, y deberían contribuir al desarrollo en el campo de la administración de 

fármacos. 



 Chapter 4. Conclusions 

~ 123 ~ 

En el capítulo 3.5 y 3.6, hemos estudiado las interacciones de TSPP con 

QA-β-CD, CD-CD y de la proteína HSA en soluciones acuosas con pH 7 usando las 

técnicas de espectroscopia en estado estacionario, flujo detenido, y resolución 

temporal de fs a ms. El TSPP forma complejos 1:1 and 1:2 con QA-β-CD, mientras 

que con el CD-CD y la proteína HSA solo se han encontrado complejos 1:1. Tanto las 

nanocavidades químicas como biológicas muestran una desagregación efectiva de 

dímeros de TSPP o agregados. Por otra parte, los tiempos de rotación obtenidos a 

partir de las medidas de anisotropía de resolución temporal indican claramente la 

robustez de las entidades formadas. El análisis de la cinética del estado 

preestacionario del complejo TSPP:HSA ha sido realizado mediante el espectrómetro 

de flujo detenido, y se ha propuesto para los procesos de formación de complejos un 

modelo de dos etapas con un reconocimiento rápido de ligandos y una relajación 

consecutiva más lenta. La dinámica fs (0,1-0,2 ps) de la molécula encapsulada no se 

ve muy afectada por el ambiente confinado, con una influencia evidente sobre el 

componente ps asignado a la relajación vibracional del estado Qx. Por otra parte, en 

presencia de CD-CD, un componente 50 ps emerge en un rango de 640-720 nm, que 

se asigna a la termalización del estado caliente Qx. Las nanocavidades tienen un 

efecto notable en la relajación del estado triplete de TSPP al proteger al huésped de un 

posible quenching fluorescente de O2. El rendimiento cuántico de oxígeno singlete 

aumenta ligeramente en la formación de complejos con CD-CD. Los resultados 

obtenidos pueden tener una implicación adicional en el diseño de los sensibilizadores 

TFD basados en porfirina, así como en el desarrollo de derivados de porfirina-CD 

para que actúen como portadores de fármacos. 

En conclusión, hemos demostrado con éxito el efecto del nanoconfinamiento 

proporcionado por los anfitriones químicos y biológicos sobre las propiedades 

fotofísicas y fotoquímicas de las moléculas huésped atrapadas mediante la utilización 

de técnicas de espectroscopia en estado estacionario y resolución temporal. El 

complejo de lumicromo con β-CD se comportó de manera similar a la del agua, 

mientras que sus fotodinámicas cambiaron drásticamente sobre el encapsulado con la 

proteína HSA debido a la protección de la cavidad de agua a granel y una 



 Chapter 4. Conclusions 

~ 124 ~ 

transferencia de electrones entre HSA y lumicromo. Estos hallazgos pueden ser 

beneficiosos para la futura aplicación del lumicromo como fármaco y el diseño de su 

sistema de distribución. El fotocomportamiento de topotecan se vio afectado en gran 

medida por el entorno de enlace de hidrógeno y el pH del medio, lo que podría 

beneficiar a la utilización clínica del fármaco para evitar cualquier efecto adverso 

debido al ambiente no deseado. Además, el topotecán forma un complejo más fuerte 

con el TM-β-CD en comparación al β-CD y DM-β-CD, lo que implica que el 

topotecán requiere un sistema de entrega altamente hidrofóbico. Se ha descubierto que 

CD-CD puede inhibir de forma eficaz el comportamiento agregado de TSPP y la 

eficiencia de la generación de oxígeno singlete no cambia del TSPP libre al 

complejado, por lo que puede ser un vehículo de administración potencial del 

fotosensibilizador TSPP. 
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