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Summary / Resumen 

English 

As consequence of the non-invasive nature of the light, fluorescence-based methods have 

become essential to understand biological processes, these ranging from the monitoring 

of cellular events to the identification of subcellular organelles. Recently, two-photon 

microscopy has aroused much interest in this field, mainly due to the use of lower energy 

excitation wavelengths or the possibility of focus in depth. Thus, the design and the 

development of new probes for two-photon (2P) microscopy bioimaging is an interesting 

research challenge nowadays.  

Firstly, in this thesis, I introduce new indolenines and indoliniums derivatives conceived to 

be applied in 2P microscopy. These molecular architectures are characterized for their 

synthetic flexibility as well as for demonstrating adequate photophysical properties for 2P 

microscopy bioimaging. Their versatility allows ready implementation of these dyes in 

diverse applications via straightforward and efficient structural modifications. Thereby, a 

new “off/on” indolinium-based system for detecting lysosomal hydroxyl radical in 2P 

microscopy is devised in Chapter 3. The reduction of compound 1 leads to a non-

fluorescent form 2, which selectively accumulates in lysosomes due to the presence of a 

tertiary amine in its structure. The later action of hydroxyl radical together with the acid 

environment in these organelles are responsible of the oxidation of 2 to generate the 

fluorescent form 1. Besides, this process is enhanced when inducing oxidative stress. That 

is, by using this system is possible to measure the endogenous production of lysosomal 

hydroxyl radical as well as the stimulated generation of this species by other agents 

affecting cellular oxidative stress. On the other hand, indolenine 4, obtained in the synthetic 

route towards 1 and 2, displays an interesting optical response to pH changes. This “off/on” 

response to acid environments under 2P excitation conditions can be harnessed for 

developing new pH sensors with application in subcellular contexts. Thus, methoxy group 

in model 4 is replaced in Chapter 4 and two different groups with different subcellular 

targets are incorporated: a carbitol group with non-specific target in 5, and a N-
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alkylmorpholine moiety in 6 which is intended to act as lysosomotropic agent. These 

compounds are also studied into cell environments, where 5 is capable of measuring 

changes in the intracellular pH, and 6 demonstrates an exceptional performance as 

lysosensor. In addition, the substitution of methoxy group in 1 by the two above-mentioned 

alkoxy groups gives rise to indolinium-based 11 and 12. The fluorescence of these 

analogues is not dependent on secondary processes such as oxidation or protonation, and 

in Chapter 6 it is shown how the combination of two different target vectors (the indolinium 

ring as a mitochondrial vector, and the different alkoxy groups as previously detailed) 

together with the occurrence of J-aggregation phenomena, results in an interesting ability 

of these compounds to label mitochondria and lysosomes simultaneously. Moreover, the 

assemblies of these dyes are only present in mitochondria and the monomer form is 

detected in lysosomes, which leads to organelle-specific photophysical properties that can 

be tracked by combination of confocal and 2P microscopy. Although more experiments 

are required, the preliminary studies with compound 12 suggest that these compounds 

could be exploited to monitor mitophagy. Finally, the results obtained in a short stay at 

Chalmers University with of Prof. Dr. Joakim Andréasson (September-December 2019) are 

presented in Chapter 7. The project performed during this time consisted of devising a 

new strategy that allows to overcome one of the drawbacks of 2P microscopy: the 3D-

resolution. Taking into account that the 3D-resolution is better as long as more photons 

are concurrently involved in the excitation process, a new dyad system consisting of the 

combination of a fluorenyl derivative and a diarylethene photoswitch, is described and 

characterized. This system is operated by two 2P-mediated processes: 2PA and FRET 

sensitized by 2P-excited fluorescence. The performance of this system under ideal 

conditions would lead to a quartic dependence of the light intensity on the excitation 

energy, typically observed in 4-absorbers. All in all, this system based on conventional two-

photon absorber dyes would proportionate an improved three-dimensional resolution 

when applied into two-photon microscopy. This system exhibits a good performance in 

agreement to the theoretical-experimental models, and the proof-of-principle is 

demonstrated. This strategy, that can be extrapolated to any pair of two-photon absorber 

dye and a FRET-efficient photochromic system, could open new avenues for the 

application of 2P absorption process.  
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Español 

A consencuencia de la naturaleza no invasiva de la luz, los métodos basados en 

fluorescencia han adquirido un rol fundamental para la compresión de los procesos 

biológicos, comprendiendo desde el estudio de procesos celulares hasta la identificación 

de estructuras subcelulares. Recientemente, la microscopía de absorción de dos fotones 

ha experimentado un gran desarrollo en este campo, principalmente debido al uso de 

longitudes de onda de excitación de menor energía y a un mayor poder de penetración en 

tejidos. Debido a todo esto, el diseño y desarrollo de nuevos compuestos con aplicación 

para bioimagen con microscopía de absorción de 2P constituye un desafío para la 

investigación en la actualidad. 

En esta tesis, en primer lugar se presentan nuevos derivados de indoleninas e indoleninios 

concebidos para su uso en microscopía de absorción de 2P. Estos diseños moleculares 

se caracterizan por su flexibilidad sintética y por demostrar propiedades fotofísicas 

adecuadas para su aplicación en biomagen con microscopía de absorción de 2P. La 

versatilidad de su diseño permite una adaptación buena para diversos fines a través de 

modificaciones estructurales sencillas y eficientes. De este modo, en el Capítulo 3 se ha 

desarrollado un nuevo sistema “off/on” para la detección de radical hidroxilo en lisosomas. 

La reducción del compuesto 1 da lugar a la forma no fluorescente 2, la cual se acumula 

selectivamente en lisosomas debido a la presencia de una amina terciaria en su estructura. 

La posterior acción del radical hidroxilo junto con la presencia de medio ácido en estos 

orgánulos son responsables de la oxidación de 2 que resulta en la forma fluorescente 1. 

Este proceso además se ve favorecido cuando se induce estrés oxidativo. Por tanto, este 

sistema permite el estudio tanto de la producción endógena de radical hidroxilo como 

monitorizar la producción de esta especie cuando se induce estrés óxidativo. Por otra 

parte, la indolenina 4, obtenida en la ruta sintética para 1 y 2, muestra una interesante 

respuesta óptica a los cambios de pH. Esta respuesta “off/on” a los ambientes ácidos bajo 

condiciones de excitación de 2P es aprovechada para el desarrollo de nuevos sensores 

de pH con aplicación en contextos subcelulares. De esta forma, el grupo metoxilo en 4 se 

reemplaza en el Capítulo 4 por dos sustituyentes con diferente diana subcelular: una 
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cadena de carbitol, sin objetivo específico, en el compuesto 5; y, una cadena de N-

alquilmorfolina en 6 con la cual se pretende alcanzar selectivamente lisosomas. Estos 

compuestos se estudian además en ambientes celulares, donde el compuesto 5 es capaz 

de monitorizar cambios de pH intracelular y el compuesto 6 demuestra una habilidad 

excepcional como “lisosensor”. Siguiendo una estrategia similar, la sustitución del grupo 

metoxilo de 1 por los sustituyentes antes mencionados da lugar a los compuestos 11 y 12 

respectivamente en el Capítulo 6. Sin embargo, la fluorescencia de estos derivados no 

depende de procesos secundarios como la oxidación o la protonación. En este Capítulo, 

se muestra como la combinación del anillo de indoleninio con los sustituyentes antes 

mencionados, junto con la presencia de fenómenos de J-agregación, confiere a estos 

compuestos una interesante habilidad para marcar mitocondrias y lisosomas de manera 

simultánea. Mientras que los agregados se forman exclusivamente en las mitocondrias, el 

monómero se observa en lisosomas. Las distintas propieades fotofísicas de estas especies 

permiten el estudio de las poblaciones de orgánulos de manera diferenciada y simultánea 

mediante la combinación de microscopía confocal y de absorción de 2P. Aunque se 

requieren más estudios, las investigaciones preliminares realizadas con el compuesto 12 

apuntan a este como un buen candidato para la monitorización de mitofagia. Finalmente, 

los resultados obtenidos durante una estancia breve en la Universidad de Chalmers 

(Septiembre-Diciembre 2019) con el Prof. Dr. Joakim Andréasson se recogen en el 

Capítulo 7. El proyecto desarrollado durante este tiemo tuvo como objetivo el alcanzar una 

estrategia que permitiera superar una de las desventajas de la microscopía de 2P: la 

resolución tridimensional. Teniendo en cuenta que la resolución tridimensional se mejora 

a medida que más fotones están involucrados de manera simultánea en una transicion, se 

desarrolló una nueva diada que combina un fluoreno y un fotocromo basado en diarileteno. 

El funcionamiento de este sistema se basa en enlazar dos procesos mediados por 

absorción de 2P: la propia absorción de 2P y la FRET sensibilizada por la emisión inducida 

por absorción de 2P. En condiciones ideales, este sistema daría lugar a una dependencia 

cuártica de la luz con la instensidad de la fuente de excitación, típica de compuestos con 

capacidad para absorción de cuatro fotones. Por tanto, el empleo de este sistema en 

microscopía de 2P proporcionaría una mejora de la resolución tridimensional. Este sistema 

demuestra un comportamiento que se ajusta a los modelos teórico-experimentales, 
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probándose así la hipótesis inicial. Esta estrategia además puede ser implementada en 

otras combinaciones de cromóforos con propiedades de absorción de dos fotones con un 

diarileteno con buena respuesta FRET, lo cual puede suponer nuevas oportunidades para 

la aplicación del proceso de absorción de 2P.  
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List of abbreviations 
#  

1P one photon 

1PA one-photon absorption 

2P two photons 

2PA two-photon absorption 

2PEF two-photon excited fluorescence 

2PEP two-photon excited phosphorescence 

2PM two-photon microscopy 

3D three-dimensional 

3P three photons 

3PA three-photon absorption 

4P four photons 

5P five photons 

  

A  

Å angstrom 

A aceptor 

Abs absorbance 

ACN acetonitrile 

AcOH acetic acid 

AIE aggregation-induced emission 

aq aqueous 

a.u. arbitrary units 

  

C  

c closed  

COSY 1H-1H homonuclear correlation spectroscopy 

  

D  

δ NMR chemical shift in parts per million 

Δλ difference between the absorption and emission maxima 

Δυ Stokes shift, expressed as cm-1 

d doublet 
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dd double-doublet 

D donor 

DCM dichloromethane  

DFT density functional theory 

DMF N,N-dimethylformamide 

DMSO dimethylsulphoxide 

DMSO-d6 deuterated dimethylsulphoxide 

DNA desoxirribonucleic acid 

DTE diarylethene 

  

E  

ε molar absorption coefficient 

e- electron 

E energy 

ESA excited-state absorption 

ESI electrospray ionization 

  

F  

φc→o isomerization quantum yield for the ring-opening reaction 

φΔ singlet oxygen formation quantum yield 

φf fluorescence quantum yield 

φFRET Förster’s Resonance Energy Transfer efficiency 

φo→c isomerization quantum yield for the ring-closing reaction 

fk→l oscilator strenght for the transition from k to l states 

FRET Förster’s Resonance Energy Transfer 

  

G  

g gerade 

  

H  

HeLa immortal cell line derived from cervical cancer cells taken from Henrietta Lacks 

hept heptuplet 

HMBC 1H-13C heteronuclear multiple bond correlation 

HOMO highest occupied molecular orbital 

HPLC high-perfomance liquid cromatography 
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HRMS high-resolution mass spectrometry 

HSQC 1H-13C heteronuclear single quantum correlation 

Hz hertzs 

  

I  

If fluorescence intensity 

ICT intramolecular charge transfer 

IR infrared 

  

J  

J coupling constant in Hz 

J (λ) overlap integral 

  

K  

κ2 orientation factor 

  

L  

λ wavelength 

λabs absorption wavelength  

λem emission or fluorescence wavelength 

λexc,1P excitation wavelength under one-photon conditions 

λexc,2P excitation wavelength under two-photon conditions 

LTDR lysotracker deep red 

LUMO lowest unocuppied molecular orbital 

  

M  

m multiplet 

M molar 

m.p. melting point 

MDV mitochondria derived vesicles 

MEF mouse embryonic fibroblast 

MTG mitotracker green FM 

MTR mitotracker red CMXRos 
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N  

nD refractive index 

NADPH nicotinamide adenine dinucleotide phosphate 

NLO non-linear optics 

NLT non-linear transmitance 

NMR nuclear magnetic resonance 

NTO natural transition orbital 

Ne number of π electrons 

NIR near infrared 

  

O  

o open 

  

P  

PCC Pearson’s correlation coefficient 

PCM polarizable continuum model 

pHi intracellular pH 

ppm parts per million 

PSS photostationary state 

  

Q  

quint quintuplet 

R  

R0 Förster’s critical radius 

RNS reactive nitrogen species 

ROI region of interest 

ROS reactive oxygen species 

r.t. room temperature 

  

S  

σp
+ Hammet-Browm constant 

σ2PA two-photon absorption coefficient 

s singlet 

S0 ground state 

S1 first excited state 
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Sn n-excited state 

SEFT spin-echo Fourier transform 

  

T  

τf fluorescence lifetime 

t triplet 

td triple-doublet 

TD-DFT time-dependent density functional theory 

TBHP tert-butyl hydroperoxide 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

Tol toluene 

  

U  

u ungerade 

UV ultraviolet 

  

V  

V volts 

vis visible 

  

W  

W watts 

WLC white-continuum light technique 
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1.1 THE TWO-PHOTON ABSORPTION PROCESS 

The absorption of a single photon by a material generally triggers an electronic transition 

to a certain excited state. However, this process can also be accomplished by the joint 

action of various lower energy photons as long as the sum of their energies equals to that 

of the transition. These alternative mechanisms, known as multiphoton processes, include 

thus all the excitation regimes in which more than a single photon operate. 

 

Fig. 1. Maria Göppert-Mayer (1906, Kattowitz – 1972, San Diego). Another portrait occupies the Chapter’s 

cover.  

In particular, the two-photon absorption (2PA) process was theoretically envisioned by 

Maria Göppert-Mayer (Fig. 1) back in the 1930s.1 This theory, in which she centered her 

PhD thesis, was not her unique contribution to the sciences field along her outstanding 

career. She was also implicated in the development of the nuclear shell model of the atomic 

nucleus.2 After Marie Curie, she was the second woman awarded with the Nobel Prize 

(1963) in the history.3 In her honor, the employed unit for measuring the ability of a 

compound or a material to absorb two photons (2P) receives her name: the Göppert-Mayer 

unit, abbreviated as GM. The 2PA first experimental demonstration had to wait however 

ca. 30 years from the theoretical prediction. Kaiser and Garrett demonstrated this 

phenomenon in CaF2:Eu2+ crystals in 1961,4 thanks to the advent of the first laser a few 
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years before.5 The investigation of 2PA became easier in the 1990s, when ultrashort-

pulsed lasers became more accessible.  

Since its first evidence, 2PA has aroused a fundamental interest among spectroscopists 

for the study of basic properties of materials as well as the matter-light interaction. Different 

selection rules apply in one-photon absorption (1PA) and 2PA, that is, complementary data 

from a same object of study are thus accessible. In addition, 2PA is susceptible to be 

combined with other processes that take place immediately after the biphotonic excitation, 

e.g., fluorescence emission, photochemical reactions, or energy transfer processes. These 

applications are mainly built on exploiting the square dependence of the process on the 

excitation light intensity, which interestingly enable the excitation of a material to be three-

dimensional spatially controlled. Nowadays, 2PA process lays on the foundation of 

numerous state-of-the-art techniques that find extensive application in multitude of diverse 

fields, as it will be discussed in detail later in this Chapter. 

Higher-order absorption processes have also been described, although their occurrence 

is substantially limited by technological issues: an increasingly high laser intensity is 

required as more photons concurrently participate in the electronic transition. Moreover, 

the excitation wavelengths in these phenomena are extremely red shifted: excitation at 

1200 nm will be required in a three-photon absorption (3PA) process if starting from a 1PA 

at around 400 nm, for example. This also constitutes a major challenge in terms of devising 

new materials that fulfills adequate features. Even so, elementary studies and/or 

applications about these multiphotonic processes can be found in the literature, in which 

three photons (3P),6–14 four photons (4P),11,13,15,16 or even more rarely five-photons (5P)13,17,18 

are concerned. 

1.1.1 Fundamental principles 

Focusing on the 2PA process, this implies per se the absorption of two photons of energies 

E1 and E2. To that end, it is demanded that the sum of the energies, E1 + E2, is in resonance 

with one of the electronic states of the system. If this is the case, the molecule reaches an 

excited state |f⟩, this being located at E1 + E2 above the ground state |g⟩. Subsequent 
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relaxation of the system to the original situation takes place, which deactivates first by non-

radiative pathways (mainly internal conversion and vibrational relaxation) until the lowest 

vibronic level of the lowest-energy excited state |r⟩ (Kasha’s rule).19 From this state, the 

final return towards the ground state can be mediated by both radiative and non-radiative 

processes (Fig. 2).  

 

Fig. 2. Schematic energy level diagram of the 2P excitation process. Two situations are conceivable for the 

biphotonic excitation: (a) the involved photons have the same energy (degenerate approach), or (b) these 

have different energies (non-degenerate approach). In any case, Ef = E1 + E2 needs to be accomplished. 

The blue arrow symbolizes the possibility of the fluorescence emission from the state |r⟩ within the 

deactivation events, at difference of the black one that represents only the non-radiative processes. 

Regarding to how the two photons are absorbed, one of the most accepted mechanism 

builds on the existence of a temporary virtual state of energy |v⟩, which is reminiscent of 

the fundamentals of Rayleigh scattering and non-resonant Raman scattering.20,21 The initial 

interaction of a photon of energy E1 conducts to this non real state, that solely exists for a 

short time interval. For photons in the visible and near infrared (NIR) spectral region, this 

time is typically in the scale of 10-15-10-16 s.20,22 As long as the virtual state is still present, 

the final state will be attained after a second photon of energy E2 interacts with the 

molecule.  



Chapter 1 

18 
 

This interpretation of the 2PA process, known as the two-state model, proposes thus that 

a) the sequential interaction of the two photons with the molecule is practically 

simultaneous and b) non-real states participate as intermediate in the process. 

In the manner of what is established for 1PA process, the existence of an electronic state 

of the adequate energy (E1 + E2) is not sufficient to achieve the electronic transition. 

Indeed, it is just the first of the conditions that needs to be satisfied. The symmetry of the 

species and the polarization of the excitation beam (or beams) will also determine if the 

system has the ability to absorb two photons according to the two-photon tensor model.23–

26 This tensorial description accounts thus from the intrinsic characteristics of the system 

to the given experimental conditions, being its interpretation far too complicated. 

Nevertheless, the following facts are frequently present in the great majority of 

experimental approaches: 

→ The two photons involved in the transition dispose of the same energy, i.e., E1 = 

E2 (Fig. 2a). This situation is usually known as the “degenerate” case. Although 

its use is far less common, “non-degenerate” (E1 ≠ E2, Fig. 2b) pathway has also 

been reported and is indeed the basis of applications such as 3D optical data 

storage.27,28 

→ The two photons belong to the same excitation beam and are generated by a 

coherent source, commonly a laser. Although the 2PA can arise when incoherent 

light is used (e.g., when using a lamp), the probability in these cases is almost 

negligible and appreciable signals are not detected unless large excitation 

intensities are employed. 

These conditions, which in the first instance seem to be restrictive, are certainly the ones 

that conduct to an easier implementation of the 2PA process in experimental applications. 

Additionally, these conditions allow a simplified description of the 2PA occurrence: the 

dipolar approach, this consisting of the application of the Lambert-Beer law to this type of 

processes.  
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According to this approach, the 2PA cross-section molecular coefficient, σ2PA , is 

determined by Eq. (1):  

σ2PA,max ∝ Sfg


Eq. (1) 

where  is the half-width at half maximum of the 2PA band in energy units, and Sfg is a 

summation29–31 that after some considerations and rearrangements,32 is defined by Eq. (2):  

Sfg = 
1
5 ቎ቆ∆μgf μgf

h
ቇ2

+ ෍ ൭ μgi
2 μif

2

(Egi - h)2൱
i ≠ f,g

቏2

 
Eq. (2) 

                                  D term                  T term 

In this expression, Egl is the energy gap between the ground state and an intermediate 

electronic i nearby to the virtual state; h is the photon energy; μ refers to the amplitude of 

the transition dipole moment induced by the electric field of a light wave, whose frequency 

must be coincident with the energy difference between two electronic states; and ∆μgf 

represents the change in the static dipolar moment. Here, two terms are distinguished: the 

“dipolar” D term and the “two-photon” T term. The selection rules for 2PA processes can 

be deduced from the previous equations. 

Centrosymmetric molecules 

The dipolar approach finds its simplest application in centrosymmetric chromophores. 

Given that the static dipole moments are zero in these molecular architectures, the D term 

is cancelled, and Eq. (2) is reduced to the T term. When considering this fact in Eq. (1), the 

next expression arises: 

σ2PA,max ∝ 
μgi

2 μif
2ൣ(Egi/h) - 1൧2

 
 C Eq. (3) 

where C is a constant.  
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The 2PA cross-section is therefore operated by the interaction of the ground state with two 

excited states (Fig. 3). These states have alternating symmetry: |g⟩ and |f⟩ are “gerade”, 

i.e., symmetric with respect to the center of inversion. On the contrary, the intermediate 

state |i⟩ is antisymmetric or “ungerade”. 

 

Fig. 3. Energy level diagram for the essential states in a centrosymmetric scaffold. The states are labeled 

for Ci symmetry. The diagram is applicable to the lowest 2PA transition in all the molecules whose point 

groups contain a center of inversion among their symmetry operations.  

According to the two-states model, the 2PA process is divided in two 1PA processes. Thus, 

1PA selection rules apply, and all the electronic transitions that imply a change in the 

symmetry are enabled, and transitions g ↔ i and i ↔ f are one-photon (1P) electric-dipole-

allowed (Fig. 3). Considering the overall effect of the 2PA process (i.e., the g to f transition), 

it is concluded that the selection rule for a 2PA process referred to the symmetry is reversal 

to that proposed for 1PA: 2P-active transitions are those that connect electronic states with 

the same symmetry.20,21,33 

On the other hand, the magnitudes of μgi
2  and μif

2 are proportional to the 1P oscillator 

strengths, so their values are experimentally available from the linear absorption spectrum. 

Conversely, μif is not often estimated from the experimental data. This can be determined 

by computational calculations,34–40 which are an essential and useful tool in 2PA 
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chromophores designing. The theoretical methods serve as a key guidance for molecular 

devising and allow avoiding from by trial and error method, that is, these save from 

unnecessary chemical efforts and its subsequent environmental impact. 

Concerning to μgf
2 , this term can be enhanced by installing electron donors (D) and 

acceptors (A) at the extremes of a π-conjugated chromophore. The enhanced 

displacement of charge from a donor-centered HOMO (Highest Occupied Molecular 

Orbital) to an acceptor-centered LUMO (Lowest Unoccupied Molecular Orbital) translates 

into a higher dipolar transition moment. Consequently, centrosymmetric D-π-A-π-D or A-

π-D-π-A schemes are the basis of a wide number of centrosymmetric 2P-absorbers, these 

achieving considerable 2PA cross-sections.41,42 However, the excited states and their 

occupancies cannot accurately be described through elementary molecular orbitals. 

Fortunately, a faithful description is accessible by means of the natural transition orbitals 

(NTOs),43 that account and combinate proportionally the different elementary orbitals 

involved in a same transition. This results in single configurations for the corresponding 

electronic transition. Thereby, the Hole NTO represents the ground state, and the Electron 

NTO is associated with the excited ones. 

An experimental example of all these statements for centrosymmetric scaffolds is 

illustrated in Fig. 4.44 The bis(dioxaborine) represented in this figure corresponds to a 

quadrupolar A-π-D-π-A structure with Ci symmetry, this being the simplest point group that 

contains a center of inversion between its symmetry operations. For this molecule, two 

bands were experimentally determined in the 2PA spectrum: one centered at 890 nm (σ 

2PA = 337 GM), and other one at 730 nm (σ2PA = 2800 GM). About the 1PA spectrum, only 

one band is appreciated with maximum at 440 nm.44 The use of Time-Dependent Density 

Functional Theory (TD-DFT) together with the use of the NTOs allows to delve in this 

behavior. Looking at the transition to the first excited state, this corresponds to the 1Ag → 

1Au transition at 2.80 eV and with an oscillator strength (noted as f0→n, where 0 and n refer 

to the ground and the n-excited states involved in the transition) of f0→1 = 1.807. The second 

electronic transition is associated with the 1Ag → 1Ag transition and is located at 3.24 eV. 

Given that the symmetry is maintained, this last one is not 1P-active, and a considerable 
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reduced oscillator strength is calculated (f0→2 = 0.000). The situation in 2P-excitation 

conditions is totally reversed, where this transition is indeed the truly active one. Both 

transitions share a common electronic configuration in the Hole NTO, which is mainly 

centered at the donor moiety of the molecule and corresponds with a 1Ag symmetry. 

Nevertheless, the Electron NTO is substantially different in these transitions. Whereas the 

electron density of the first excited state is spread along the length of the chromophore 

(1Au symmetry), the polarization in the second one is dramatically increased. In this case, 

the Electron NTO is located at the extremes of the molecule, specifically over the acceptor 

moieties. In addition, its symmetry is 1Ag, which is coincident with the one of the ground 

state. The increased quadrupolar polarization in the second excited state is the reason for 

a higher 2PA cross-section value in this last electronic transition. 

 

Fig. 4. Electronic structures obtained for the electronic states involved in the two first electronic transitions 

for a representative bis(dioxaborine). These were obtained by TD-DFTs and the NTOs are represented at 

the left. The occupancies of the HOMO, LUMO and LUMO+1 energy levels are detailed at the right. 

Assuming that alkyl chains have not influence on the electronic properties of the system, the butyl chains 

were shortened to methyl groups. 
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Non-centrosymmetric molecules 

In contrast with those of the centrosymmetric scaffolds, the static dipoles moments are 

non-zero in non-centrosymmetric dipolar chromophores. This entails that both D and T 

terms operate in Eq. (2), and consequently in Eq. (1). Regarding the electronic states, |f⟩ 
plays now the role of |i⟩, which implies that the transition g ↔ f is active under both 1P- 

and 2P-excitation conditions (Fig. 5). When analyzing the contribution of the D and T terms, 

firstly it is found that the contribution of the T term to σ2PA,max is smaller than in 

centrosymmetric molecules. This is due to the relationship of the T term with transitions to 

higher excited states and, in this case, the transition involves the first excited state instead 

of the second one. On the other hand, the D term for dipolar chromophores (assuming that 

Δµgf ≈ µgf) is intrinsically lower than the T term for centrosymmetric architectures. All in all, 

these arguments partially explain why quadrupolar molecules have a higher 2PA cross-

section vs. similar dipolar analogues. Regarding μgf
2 , the construction of a dipolar D-π-A 

system is essential for providing adequate 2PA cross-sections. Thus, studies of structure-

properties relationship become fundamental to design this type of 2P-chromophores. 

 

Fig. 5. Energy level diagram for the essential states in a non-centrosymmetric dipolar chromophore. 
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1.1.2 Experimental methods for quantifying the 2PA cross-section 

Several experimental methods have been developed into 2PA spectroscopy for measuring 

the 2PA cross-section. According to how the 2PA process is examined, two categories are 

distinguished: 

→ Direct methods: based on measuring the beam attenuation after this one goes 

through a medium where a 2PA chromophore is present. 

→ Indirect methods: the quantity to be measured is one of the effects produced by 

the generation of population in an excited state reached after the 2PA.  

Additionally, a third category of methods can be found in the literature: the wave-mixing 

methods. These techniques imply the use of more than one beam, that usually incises in 

the sample from different directions.45 One example of these methods is White-Light 

Continuum (WLC) technique, which allows to obtain non-degenerate 2PA spectra.46–48 

Nevertheless, both direct and indirect methods are the most used, so we will focus on them 

in this Section. 

Direct methods 

These methods can be conceived as an extension of the techniques used to characterize 

1PA by measuring the transmittance or the absorbance of a sample. Here, the 2PA process 

is directly observed, generally as a decrease in the intensity of an incident beam. The study 

of how the transmittance varies with the incident intensity leads to determine the 2PA 

cross-section. Non-linear transmission (NLT) and Z-scan methods are the main ones.45 

In NLT, the sample is positioned in the path of the excitation beam and the pulse energy is 

measured before and after the sample. Then, the pulse energy is varied, and the 

transmittance is measured for each of the conditions. The transmittance depends on the 

incident energy, given that the absorption process is supposed to be non-linear. 

Accounting this together with the pulse features and the optical configuration, the 2PA 

cross-section can be determined.45,49,50 However, the use of high laser intensities with (or 

without) long pulse rates, can derive in a non-desired process: the excited state absorption 
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(ESA). The build-up of excited-state populations can lead to this event, which results in 

apparently larger 2PA cross-section values. This effect can be reduced by using 

wavelengths out of the 1PA spectrum, very short laser pulses (<1 ps) and low repetition 

rates.  

On the other hand, Z-scan technique is the most selected alternative, among direct 

methods. Here, the sample is also placed in the path of the light. Unlike the previous one, 

the pulse energy is kept constant, and the sample is displaced along the propagation 

direction. This direction, referred to as z-axis, is from which the technique receives its 

name. The movement of the sample around the focal point entails changes in the 

transmittance, so this parameter is measured at each position of the sample in this path. 

Considering that 2PA requires of a high density of photons at the excitation point, the 

probability of the process decreases as a function of 1 r4⁄ , where r is the distance from the 

focal point of the laser. Therefore, the transmittance is 1 when the sample is far from the 

focus of the beam, and it decreases as the sample is moved closer to this point. At this 

location, the measured transmittance reaches its minimum. As long as the sample is 

displaced in the opposite direction, the transmittance displays the inverted trend.45,51,52  

There are two possible experimental setups for Z-scan, which are represented in Fig. 6. In 

case that the detector has a narrow aperture (Fig. 6 a), the collected signal is sensitive to 

the intensity-dependent changes in the refractive index, this resulting from third-order non-

linear polarizability or the thermal effects. These effects, usually given when the aperture 

of the detector is too narrow or too far from the sample, can lead to focusing or defocusing 

of the beam. These issues translate into the “adulteration” of the 2PA cross-section 

measurements. Alternatively, the absence of an aperture makes that all the intensity is 

collected (Fig. 6 b). Even if this option is apparently more faithful in terms of 2PA 

quantification, ESA effects can arise in both experimental configurations for Z-scan 

measurements. 
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Fig. 6. Schematic representation of the Z-scan experimental setups: (a) “closed-aperture” mode and (b) 

“open-aperture” mode. 

By and large, direct methods suffer from two major downsides: ESA and self-defocusing 

of the laser beam (particularly more relevant in Z-scan technique).51,53 These effects result 

in overestimated 2PA cross-section values. Additionally, and as shown on the 1,3,4-

oxadiazole derivative represented in Fig. 7, the measurements by these techniques are 

extremely dependent on the laser pulse rate.54 It is therefore convenient to indicate which 

pulse rate is used for the determination of the 2PA cross-section values with these 

techniques. The comparatives with the results obtained by other methods, such as the 

indirect ones, is feasible if the laser pulse rate is in the same scale of time. Considerable 

amounts of the material are also necessary, since the measurements are typically 

performed with solutions of concentrations no lower than 10-3 M. Even so, these techniques 

allow an accurate 2PA cross-section determination provided that the spatial and the 

temporal profiles of the beam are known. Despite these drawbacks, the relative simplicity 

of the optical setup and their non-dependence on a secondary process after 2PA takes 

place, are their major advantages. 



General introduction 
 

27 
 

 

Fig. 7. Example of 2P cross-sections values determined for a 1,3,4-oxadiazole derivative by NLT using two 

lasers with different pulse rates as indicated.54 The wavelength of study and the solvent used are also 

detailed in the square brackets. 

Indirect methods 

After being raised to the corresponding excited state by 2PA, the molecules return to the 

ground state and the acquired energy is released to the environment. Several deactivation 

outcomes are possible depending on the features of the chromophore. Indirect methods 

focus on measuring one of these relaxation pathways, thus opening to two possibilities: 1) 

indirect techniques that measure non-radiative processes and 2) the ones which track 

radiative events.  

About the first category, thermal lensing (or thermal blooming) is the main technique for 

monitoring non-radiative pathways. To that end, the optical effects provoked by the energy 

liberated as heat to the host medium are evaluated. In addition to the expected augment 

of the local temperature, the refractive index changes as well. Both temperature and 

variations in the refractive index depend at first instances on the 2PA properties of the 

chromophore, although they are also related to the characteristics of the beam and the 

thermal properties of the medium. An appropriate treatment of the data, considering these 

previous issues, allows the quantification of the 2PA process.55–59 Moreover, the local 

heating can implicate other effects, such as changes in the pressure of the system or the 

generation of acoustic waves. These phenomena can also be employed for the 

determination of the 2PA cross-section.60–62  
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Alternatively, the most commonly used are the techniques based on radiative deactivation 

mechanisms: fluorescence and phosphorescence essentially. Indeed, the two-photon 

excited fluorescence (2PEF) is considered the indirect technique par excellence. 

Regardless of the excited state reached by 2PA, the molecule rapidly relaxes (typically in 

ca.1 ps)19 by internal conversion to the lowest vibronic level of the first excited state 

(Kasha’s rule). At this stage, both radiative and non-radiative processes can befall, and 

their proportion is driven by the intrinsic characteristics of the fluorophore and the 

surrounding environment. In case that fluorescence outcomes, the 2PEF spectra can be 

recorded and measured. The comparative essence of this technique substantially eases 

the obtaining of 2PA spectra from monitoring the fluorescence intensity, being this due to 

the experimental parameters are considered by the method itself (e.g., the calibration of 

the system or the characteristics of the excitation beam).22,33,45 Diverse variations of this 

approach have been developed since reported by Xu and Webb,63 being the technique 

greatly optimized by Rebane et al.64 The recent reports of accurate references 2PA spectra 

for a wide number of commercially available dyes,65,66 makes this technique particularly 

attractive. 

If working in a regime where the fluorescence signal depends on the laser intensity in a 

quadratic manner, it can be assumed that the emission contribution from 1PA is negligible. 

The application of this method resembles the one established by the IUPAC for the 

determination of the fluorescence quantum yield by comparative procedure.67 Dilute 

solutions are employed, usually at concentrations below 10-4 M. As well, the equation 

applied to estimate the 2PA cross-sections [Eq. (4)]68 is in part comparable to that used for 

the fluorescence quantum yield determination.  

σ2PA,s = σ2PA,r  Cr nD,r f,r Fs

Cs nD,s f,s Fr
 Eq. (4) 

In this expression, s refers to the sample and r to the reference compound, σ2PA is the 2PA 

cross-section, C is the concentration of the specie, f is the fluorescence quantum yield, 

nD is the refractive index of the used solvent and F is the area under the emission spectrum. 

In this manner, the 2PA cross-section is determined for each excitation wavelength as long 
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as the sample and the reference are excited under identical conditions, that is, same laser 

intensity and geometry of the system. Although the use of a pulsed laser about 100 fs is 

desirable, the precision of the obtained values is not extremely compromised to this 

experimental condition as it occurs with the other procedures.42 The dynamic range of this 

method can be large, and background noise due to scattering is considerably reduced in 

case that the signal is spectrally resolved. All in all, the typical errors in the obtained 2PA 

cross-sections values with this method, even under the best experimental conditions, are 

about 10%. Furthermore, this method finds two limitations. On the one hand, it can only be 

applied in spectral regions where the 1PA is totally negligible (this being extensible to all 

the techniques summarized in this Section). On the other hand, this method is restricted 

to photoluminescent species. 

However, the de-excitation of the molecule can be followed in other ways. For example, if 

the system presents large intersystem crossing rates that leads to a lower energy triplet 

excited state, phosphorescence process is possible and then two-photon excited 

phosphorescence (2PEP) can be employed. This technique follows similar principles to 

those established for 2PEF.69,70 Other alternative is the quantification by means of a 

secondary photochemical process, such as the luminescence from singlet oxygen by 

energy transfer from a 2PA-mediated triplet excited state of the chromophore.71 

In summary, the main limitation of the indirect methods is that they build on secondary 

processes. Consequently, these cannot be applied for all the 2PA chromophores, owing 

that not all of them present the necessary properties and/or behaviors. Besides, 2PEF and 

2PEP are difficult to be employed in compounds that display wavelength-dependent 

emission (in either band shape or efficiency) or dual emission. Thermal or photoacoustic 

methods require of certain knowledge of the material and the environment, but fortunately 

most of the necessary information is available in the literature. Although it is mandatory to 

demonstrate that 1PA does not take place in the study conditions, the 2PA observation is 

better when separated from the experimental conditions in these methods. An added 

surplus of the indirect methods is their superb accuracy, reliability, and reproducibility, 

which makes them the most attractive option. As mentioned before, the dependence on 

the pulse rate is not as crucial as in direct methods. More importantly, 2PEF method is the 
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most widely used as consequence of the massive application of 2P spectroscopy in the 

bioimaging field.72 This makes accessible a wide variety of commercial microscopes with 

adequate laser sources. Certainly, this is the technique that will be employed for the study 

of the 2PA properties in this thesis. 

1.1.3 Two-photon active molecules: structure-activity relationships 

2PA in organic dyes was first experimentally proved by Peticolas et al. in 1963.73 However, 

the first descriptions about structure-properties relationships were reported in the 90s.74,75 

Nowadays, this subject is still emergent and a comprehensive account of multiphoton dyes 

can be found in recent literature.68,76–78 These works not only focus on analyzing the 

structure-properties relationships in a wide variety of described compounds, but also 

pretend to serve as guidelines for the development of efficient two-photon chromophores. 

Unfortunately, it is not always simple to disentangle the different but interdependent factors 

that influence the 2PA properties.  

Noteworthy, some of the key ingredients described in these reviews are deduced from the 

theory described in Section 1.1. The following statements for maximizing the 2PA cross-

sections can be summarized: 

→ Peripheral donor and acceptor groups lead to high values of μgi, μif, μgf, and/or μgf

[see Eq. (2)].41,79,80 

→ π-conjugated chains with high coplanarity ensure large conjugation and contribute 

to a higher σ2PA.41,81–83 

→ Centrosymmetric designs improve on 2PA cross-sections, since these usually 

provide of a strong 1PA transition nearby to the 2PA laser wavelength (small Δ in 

Fig. 3, which eases the reaching of a virtual state).  

From an electronic and structural point of view, there is thus a strong correlation between 

intramolecular charge transfer (ICT)19 and 2PA properties.84–86 This is especially noted in 

dipolar D-A systems, where the presence of an electron-withdrawing component, an 

electron-rich one, or both elements is rather obvious. The symmetrization of these 
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scaffolds (even at the expense of the ICT character in some occasion)87 is also a formidable 

strategy to provide high 2PA cross-section values. Indeed, quadrupolar and octopolar 

architectures have been proven to be extremely efficient to enhance the ability for 2PA, 

leading to dyes with schemes such as D-π-D, A-π-A, D-A-D, D-π-A-π-D, A-π-D-π-A, or 

branched combinations of the previous. The research groups of Marder,41,88–90 Prasad,54,75,91 

and Blanchard-Desce92–96 have been pioneers in the development of these types of 

structures.  

However, not only the innate properties of the compounds are important, but also the 

environment in which the dye is immersed.97 This can severely influence on the effective 

2PA cross-section. Thereby, solvent polarity can adversely affect to the 2PA properties, as 

well as hydrogen bonding and solvent-mediated aggregation phenomena should be 

considered.98 This has aroused a great interest in the last years, with many contributions 

that show how Aggregation-Induced Emission (AIE)99 can be an extremely useful allied for 

2PA in bioimaging-related applications.100–105 Furthermore, a large number of 

chromophores display a somewhat reduced ability for absorbing 2P in aqueous or high 

polar media, whereas this process is considerably favored in a non-polar environment, 

such as an organic solvent (e.g., toluene) or a micellar location.106  

Thereupon, the structural motifs that compose 2P-chromophores and their relevance on 

the 2PA properties are exemplified, mainly focusing on dipolar structures. The selected 

cases aim to show the general trends when changing the cited moieties within the 

scaffolds, even if some of these cases are illustrated with symmetrical structures (the same 

principles apply for dipolar designs) or if different techniques have been performed for the 

quantification of the 2PA properties. 

Donor groups 

Traditionally, amines assume the role of electron-rich group, although oxygen-based 

donors are also employed. The ready availability of these groups from a synthetic point of 

view makes them the most recurred options for constructing 2PA chromophores. Since 

these groups do not display the same electron-donor behavior, their incorporation in the 
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molecular architectures will provide different capacities for 2PA, as illustrated in Fig. 8 for 

two fluorene derivatives with different electron donor groups.95 To explain the different 

attained properties, it is very instructive to compare the Hammet-Brown constants (noted 

as σp
+ሻ107,108 of the different electron-donor groups incorporated: for a dialkyl amino group 

this coefficient is of σp
+ = -1.7, while the one for alkoxy substituent is σp

+ = -0.78. 

 

Fig. 8. Structures of fluorene derivatives bearing different electron-donor groups.95 Further details about 

the quantification of the 2PA cross-section are indicated in the square brackets.   

Aryl amino groups are even most recurred than alkyl ones. Despite of a lower donor-

character (σp
+ = -1.4), the aryl amino moieties seem to provide better 2PA cross-section. 

This fact, a priori contradictory, can be ascribed to the greater number of π-electrons that 

these groups add to the whole system. Amino derivatives, both alkyl and aryl ones, are 

however prone to undergo photoinduced electron transfer especially in polar solvents, 

being this process translated into fluorescence quenching.109–111 In addition, alkoxy groups 

can be synthetically derivated in alcoxides, which display an even better electron-donor 

capacity (σp
+ = -4.7). 

Alternatively, π-excessive heterocycles such as thiophene have been proposed as donor 

groups (see Fig. 9). Nevertheless, these are not as efficient as triarylamino groups. The 

difference in normalized per π-electrons 2PA cross-section (σ2PA Ne⁄ , where Ne is the 

number of π-conjugated electrons) supports this observation: 26 π-electrons, 2.5 GM/e- in 

the benzothiazole-thiophene derivative vs. 40 π-electrons, 4.4 GM/e- in the benzothiazole-

triphenylamino one.112 
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Fig. 9. Structures of some benzothiazoles with different donor groups.112 Further details about the 

quantification of the 2PA cross-section are indicated in the square brackets.  

Moreover, the electron-donor behavior of some groups can be enhanced by extra 

decoration with other attached moieties. Thereby, the methoxy-assisted diphenylamino 

leads to an improved 2PA cross-section (see Fig. 10).75 

 

Fig. 10. Structures of fluorene dyes incorporating diphenylamino and methoxy-assisted diphenylamino 

moieties as electron-donor groups.75 Further details about the quantification of the 2PA cross-section are 

indicated in the square brackets.   

Acceptor groups 

The variability in donor groups is relatively limited, since the design criteria for most of the 

cases described in the literature lay on the examples shown above. On the contrary, there 

is a large number of groups that have been studied as acceptor motifs.  
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Among them, classical functional groups such as nitro,113–116 cyano/malononitrile,41 

sulfonyl,93,94,114,115,117–119 triflyl,93,94 and carbonyl 120–126 groups are highlighted and have been 

widely utilized. π-deficient heterocycles also constitutes a suitable choice.127 In this regard, 

we can find plentitude of examples in the literature referring to 4-pyridyl, 2-benzoxazole, 

2-benzimidazole, 2-benzothiazole,112,121,122,128–130 quinoxazole, quinoline, or oxadiazole,131 as 

electron withdrawing components. The positive charged alternatives are even more 

attractive, such as those that contain N-methylpyridium,132–134 N-methylbenzothiazolium,135 

or 1,3,3-trimethylindolium135–140 groups. Last but not least, there is an ongoing interest in 

the use of organoboron groups to play the electron-acceptor role.44,87,141  These groups, 

when properly adapted, not only lead to excellent 2PA properties but also to superb 

photophysical features.  

Taking into account the massive number of possibilities and for a better understanding, the 

examples in this case have been reduced to those depicted in Fig. 11. In these dyes series, 

it is nicely observed how the 2PA cross-section increases according to the electron-

acceptor character of the used moiety. Hence, compound bearing the nitro group yields 

the highest value in this collection as consequence of the improved ICT character.116 

 

Fig. 11. Structures of stilbene-based dyes with different acceptor groups.116 Further details about the 

quantification of the 2PA cross-section are indicated in the square brackets.   
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π-conjugated system 

The aim of this structural element is to facilitate the displacement of the electronic density, 

being its role to function the system even more crucial than the presence of exceptional 

donor and/or acceptor groups.  

There are two main parameters that must be considered when analyzing this architectonic 

motif:  

→ Size, translated into the number of π-electrons which are incorporated through the 

diverse elements that compose the structure. 

→ Conformation, that is, if it is rigid or flexible.  

Starting at the central core, a few very common examples are illustrated in Fig. 12. When 

comparing the naphthalene-based dye (so-called Prodan120) with the fluorene analogue, it 

is observed the 2PA properties are enhanced in this last one. 

 

Fig. 12. Structures of Prodan120 (top compound) and diverse analogues with different central cores.142,143 

Further details about the quantification of the 2PA cross-section are indicated in the square brackets. 

Although both compounds have the same number of π-electrons, the effective π-

conjugation is superior in fluorene derivative.120,142 That is, in naphthalene the electrons do 

not move in a linear direction, whereas in the 2,7-fluorenyl core they do. Both naphthalene 

and 2,7-fluorenyl are widely exploited in a large collection of 2PA chromophores. On the 
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other hand, more electrons are implicated in the pyrene derivative,143 but the electronic 

movement is substantially hindered in this core for a similar reason to that figured out for 

the naphthalene vs. fluorenyl comparison. Interestingly, the analogue bearing the pyrene 

core offers the maximum of the 2PA band in a longest wavelength. 

Other popular and simple approaches are those based on phenylene/vinylene or 

phenylethynyl/ethynyl moieties. More carbocycles have been explored, including 

dihydrophenanthrene92,144 or anthracene145 among others. Combinations of carbocycles 

and heterocycles are also feasible, such as phenantroline,122 bezonfurane or indole146 

based-nucleus. In recent years, benzothiadiazole147–152 and benzotriazole151 cores have 

been paid significant attention owing their suitable properties and high synthetical 

versatility.  

 

Fig. 13. Structures of phenylene/vinylene dyes with different extended π-conjugated systems.41,88 Further 

details about the quantification of the 2PA cross-section are indicated in the square brackets. 

Additionally, the central core often assumes the role of acceptor or donor group. 

Consequently, there are cases in which extra donor or acceptor moieties are attached to 

the central core with the aim of improving the electronic movements. Thus, the electron 

acceptor or donor character of the central core is also a factor to be considered. This is 

illustrated in Fig. 13, where the cyano-decorated phenylene/vinylene attains a 2PA cross 

section almost three times higher.41,88 

The length of the π-system, measured by the number of π-electrons that are involved, also 

has a considerable effect on the 2PA properties. As it can be appreciated in Fig. 14, the 

inclusion of an additional phenylethynyl motif in the scaffold improves the 2PA properties. 
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Fig. 14. Structures of anthracene-based dyes with different extended π-conjugated systems.153 Further 

details about the quantification of the 2PA cross-section are indicated in the square brackets. 

However, the inclusion of a double bond in the structure is more effective than a 

phenylethynyl moiety (Fig. 15).75 This structural modification attains a larger improvement 

of the 2PA properties, and it can be drawn that double bond facilitates the π-conjugation 

in a greater extent that triple one. 

 

Fig. 15. Structures of naphthalene-based dyes with different extended π-conjugated systems.75 Further 

details about the quantification of the 2PA cross-section are indicated in the square brackets.   

It is important to note that 2PA cross-sections are molecular quantities. Combining together 

two chromophores in a manner that does not involve electronic delocalization will simply 

double this magnitude. Nevertheless, if the π-systems are strongly coupled, the increment 

is not directly proportional to the number of electrons introduced in the system and is 
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usually larger than the expected. A beautiful illustration of this can be found in the series 

Fig. 16, where the progressive inclusion of phenyl rings in the central core provides a 

massive augment in the 2PA cross-section.44 

 

Fig. 16. Structures of compounds bis(dioxaborine) dyes with different central cores.44 Further details about 

the quantification of the 2PA cross-section are indicated in the square brackets. 

Certainly, and in line with how the units are connected, it is necessary to emphasize the 

importance of the used bridge in comparable conjugated systems. Focusing on multiple 

bonds and as mentioned above, vinylene-linked systems (sp2) reach a better electronic 

communication than or ethynylene-linked ones (sp). This behavior ascribes to molecular 

orbital energies that are non-coincident at C(sp) – C(sp2) connections and because of the 

different bond lengths.154 This can be appreciated in Fig. 17.95 The change in the 2PA cross-

section even gentle, is noted when using a vinylene motif. 

 

Fig. 17. Structures of different-linked biphenyl-based dyes.95 Further details about the quantification of the 

2PA cross-section are indicated in the square brackets. 
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The opposite trend is however plausible, and it is shown in Fig. 18.151 Although the π-

conjugated system has apparently improved when using a double bond instead of a triple 

one, steric hindrance and conformation can play a fundamental role in the properties of 

the dyes and specially when voluminous groups are implicated.151,155,156 In all cases, the 

electronic coupling is optimized when a π-system adopts a planar geometry as 

consequence of maximizing the π-orbital overlap, and in this case, this is attained in the 

system that incorporates the triple bonds.  

 

Fig. 18. Structures of different-linked benzotriazole dyes.151 Further details about the quantification of the 

2PA cross-section are indicated in the square brackets.  

By and large, there are many parameters that can be considered when designing a 2PA 

chromophore. As illustrated, not all the relationships can be tightly correlated, and, on 

some occasions, it is impossible to rigorously predict the exact features of the system. 

Although barely mentioned, the σ2P Ne⁄  parameter is a very instructive figure of merit to 

analyze the efficiency of the elements incorporated within a molecular design to modulate 

the 2PA, allowing thus the comparison between different structural models.  

Out of the context of dipolar structures, some asymmetrical non-dipolar structures have 

been described. Nevertheless, these have been developed to gain insight into higher-order 

architectures in which they are installed. For example, the analysis of asymmetrical 
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compounds on the top of Fig. 19 allows to partially explain the features of the branched 

dendrimers at the bottom of this one. In general, and when deepening in this type of 

scaffolds, it can be deduced that cooperative effect results in the measured cross section 

value being higher than the sum of the discrete units that constitute the whole molecular 

system.157 

 

Fig. 19. Non-dipolar chromophores for composing branched dendrimers with 2PA properties.157 Further 

details about the quantification of the 2PA cross-section are indicated in the square brackets.  

1.2 APPLICATIONS OF TWO-PHOTON EXCITATION 

As previously mentioned, 2P-excitation occurs efficiently when a high number of photons 

are focused on a discrete volume. That is, the probability of the process sharply falls when 

moving out of this volume, as function of 1 r4⁄ , where r is the distance from the focal point 

of the laser. This behavior can be observed in Fig. 20, which illustrates how the 

fluorescence emission from a fluorescein solution exactly reveals where the excitation is 

happening in both 1P and 2P-mediated conditions. More importantly, this performance is 
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a consequence of the square dependence of the process on the excitation energy, and it 

allows the excitation volume to be three-dimensionally controlled.  

 

Fig. 20. Left: 1P excitation by focused light in a fluorescein solution (λexc,1P = 488 nm). Right: 2P excitation 

at the same solution. In this case, fluorescence only outcomes from the focal point. Please note that no 

more data about the excitation conditions (i.e., employed laser or wavelength) or the concentration of the 

fluorescein sample are available for 2P regime. Image reproduced from http://microscopy.berkeley.edu/. 

Hence, parasitic photoinduced processes in areas nearby to the focal point are nicely 

avoided. This is precisely the key factor that most of the application of 2PA process exploit, 

whether if the interest is on the photophysical properties of the reached excited states or 

if this is on the processes that can take place after the 2PA. Noteworthy, most organic 

chromophores obey Kasha’s rule, that is, the lowest vibrational level of the first singlet 

excited state is attained with independence of the accessed excited state. Subsequent 

photophysical or photochemical processes arise from this point, as well as from the lowest 

triplet state in case that intersystem crossing is feasible. In addition to the excitation volume 

control, 2P process supposes a considerable reduction of the scattering losses. Given that 

Rayleigh scattering is inversely proportional to the fourth power of the used wavelength 

(1 4⁄ ), the use of excitation wavelengths in the NIR spectral region severely prevents this 

phenomenon. Moreover, the samples, regardless of their nature, tends to absorb more at 

shorter wavelengths, being this event also precluded.158,159 

These advantages have aroused interest for applications in two main areas, as hereinafter 

described: a) materials science and b) biological and biomedical fields. Whereas the 
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interest in the first one has decreased over the last years, the application of the 2PA 

process in biology-related applications (specially 2P-bioimaging) is continuously growing 

nowadays. 

1.2.1 Uses in materials sciences 

Microfabrication 

Fabrication in the micro scale (or even in the nano one) of three-dimensional (3D) objects 

is substantially facilitated by radical polymerization. In this concern, 2P-induced radical 

chemistry is extremely useful, and it can be performed through a) direct formation of 

reactive intermediates from the photoexcited species, or b) subsequent electron or energy 

transfer from the 2P-excited moieties to another species that can commence the radical 

reactions. 2P-initiated polymerization is doable in resins such as those containing acrylate 

monomers and/or oligomers, and was first demonstrated in the early 90s by Webb and 

coworkers.160,161 In these first studies, negative-tone resists (materials that become less 

soluble to irradiation) were used, and polymerization was achieved with the aid of 

conventional photoinitiators, that is, compounds devised to 1PA based applications. 

Although non-optimized to work under 2P conditions,162 this classical photoinitiators were 

used until new 2P-chromophores were specially developed (Fig. 21).163,164  

The classical initiators are known to undergo photocleavage upon irradiation, giving rise to 

PhCO• and R• radical species, that in turn initiate the acrylate polymerization. When 

containing more than one polymerizable acrylate group, this process leads to crosslinking 

of the polymer chains, which in turn yields insoluble material around the focus of the laser 

beam. The later develop of the film is performed by using an adequate solvent that removes 

the excess resin material from the unexposed areas. A similar process can be drawn for 

the improved 2P-photoinitiators, although the radical formation is mainly operated by 

energy transfer processes. These compounds allow substantial improvements in the 

process: lower concentrations of initiator were necessary, faster fabrication speed was 

increased and the laser intensity was lowered.  
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Fig. 21. Structures of conventional 1P-photinitiators and specially devised 2P-photoinitiators. 

Using this strategy, structures as these shown in Fig. 22 a, b and c were achieved. 164–166 

Other examples can be found in the literature following similar procedures.167–171 Cationic 

polymerization has also been demonstrated, although its use is more related to the optical 

data storage. However, this procedure was employed to obtain the micro-propeller of Fig. 

22 d.172

 

Fig. 22. Microstructures fabricated through 2P-induced radical polymerization: (a) cantilever,164 (b) bull,165 

(c) chain with interlocking rings166 and (d) propeller.172 The images are reproduced with permission from 

the corresponding references. 
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3D optical data storage 

The highly localized 2PA excitation volume and the high discrimination against the 

surrounding background led to the generation of high-density 3D optical memories, which 

offer considerable increases in the data density in relation to traditional 2D magnetic or 

optical media.27,173 Although 2P-mediated radical processes have been utilized in the 

construction of optical memories, cationic polymerization has been further exploited in this 

concern. This process builds on the generation of a cationic specie after the 2PA process, 

being this moiety responsible for originating the polymerization process. Despite the great 

similarity of the radical polymerization, this type of process entails some added advantages 

such as the possibility of using positive-tone resists, i.e., materials whose solubility 

increases on irradiation. The latter develop of the soluble obtained polymer provides a high 

fidelity writing from monomers such as epoxides.174 As it occurred for microfabrication, the 

first studies about optical memories were accomplished using a well-established 1P-

initiator under 2P-excitation conditions.162 Subsequently, 2P-optimized initiator were ad 

hoc devised, improving thus the process.175,176 An outstanding example of optical memory 

constructed by 2P-excitation was described by Walker and Rentzepis in 2008 (see Fig. 

23).177 In this work, these researchers demonstrated the potential application of the 

biphotonic process by making a DVD-size disk of up to 10 TB of capacity. Although this 

dispositive had a huge storage capacity, it took about 4 days to write because of the writing 

speed (3 MB/s). 

 

Fig. 23. 3D data storage disk written by 2P excitation. The image is reproduced with permission from the 

reference [177]. 
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Up-converted lasing 

Dye solutions and dye-doped solid materials are excellent candidates for lasing materials, 

because of the low pump threshold requirement, lasing wavelength tunability, high lasing 

efficiency, low cost, and so on. Immediately after the advent of lasers, 2PA and 3PA-

induced frequency-up-converted fluorescence was informed in organic dye materials upon 

pulsed laser excitation.73,178–180 These phenomena aroused increasingly interest specially 

between the 70s and the 90s, when the 2P-excited up-converted emission from a wide 

variety of commercial organic dyes was investigated in pumped-light systems.181–188 

Recently, 3P and 4P-pumped lasing in dyes solutions have been reported. 10,16,189,190 It is 

worth noting that whereas for most of the applications a large cross-section is highly 

desirable, the requirements for multiphoton-pumped lasing dyes are different. In these 

dyes, the easiness for establishing population inversion and a higher lasing efficiency are 

the most important design criteria. Because of these reasons, only a small number of the 

reported multiphoton active chromophores are suitable for multiphoton pumped lasing. 

These dyes are essentially salt-type dipolar compounds, most of them containing positive 

charged groups as strong electron-withdrawing moieties (e.g., compound represented in 

Fig. 24).189,191,192 The performance of a solution containing this dye is exhibited for 4P-

pumped lasing in the figure below.189,193 

 

Fig. 24. 4P-pumped lasing in a solution of the compound189 illustrated at the left. In the screens, it is 

observed the change in the color of the forward and backward lasing output beams. Image reproduced 

with permission from reference [193]. 
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Optical limiting 

An optical power limiter can be defined as a material that exhibits intensity-dependent 

absorption, i.e., the transmissivity through it decreases as long as the input signal intensity 

increases.194 This behavior is represented in Fig. 25,74 where is shown the performance of 

the same dye solution upon being excited with different input energy conditions. At low 

input energies, practically all the light is transmitted and the dye solution behaves as 

transparent. The opposite featuring is appreciated when exposing to high input energies 

(even greater than 150 µJ), where most of the light is absorbed and the output energy is 

below 20 µJ. That is, the solution acts in these high energy situations as an opaque 

medium, impeding thus the transmission of the light. The design and performance of 

optical limiters lays on diverse nonlinear optical effects.50,194–196  

 

Fig. 25.  Optical limiting response of the stilbene-based dye represented at the left in acetone solution 

upon being excited with 5 ns laser pulses at 600 nm and at different input energies (concentration: 0.14 

M). The solid line corresponds to the linear transmission of the solution (95%). The graph is reproduced 

with permission from reference [74]. 

1.2.2 Uses in biological and biomedical fields 

The invention of two-photon fluorescence microscopy (2PM) by Webb and coworkers in 

1990 meant to be a turning point in the bioimaging field.72 Between the above-mentioned 

advantages of 2PA processes, one of them must be specially considered here: the 

opportunity of exciting at wavelengths within the biological windows (see Fig. 26).197–200 
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Accordingly, the relative transparency of the tissues at these wavelengths ensures a 

penetration in depth in 2P microscopy typically between 500 and 1000 µm,201–204 which is 

considerable greater than the attained in confocal microscopy (roughly less than 100 

µm).205,206 Whether if the purpose is to gain insight in biological structures and/or processes 

or if the intention is to study photoinduced processes in a determined environment, 2PM 

is definitely settled as an extremely useful tool. In the next pages, some of the main 

applications of 2PA process in these contexts are described. 

 

Fig. 26. Absorption spectrum of human skin showing the first (NIR-I, from 700 to 950 nm), second (NIR-II, 

from 1000 to 1350 nm) and third (NIR-III, from 1550 to 1870 nm) biological windows. Image modified from 

reference [207]. 

Tracers and probes: 2P-bioimaging 

The use of NIR excitation wavelengths not only enables imaging in deep, but in turn 

facilitates in vivo monitoring because of the low phototoxicity of the employed light. 

Because of the reasons above, it is relatively easy to justify the growing importance of 2PM 

in bioimaging tasks. Particularly interesting is the ability to obtain three-dimensional images 

along the z direction in a thick sample, being this application proved with non-optimized 

fluorophores a few years after the 2PM was introduced.208 New fluorophores specially 

devised for 2P-bioimaging emerged which can be classified in two categories: 1) 2P-

fluorophores envisioned for staining subcellular compartments and 2) 2P-fluorophores 

Intended to monitor subcellular processes or chemical species within cells.  
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Regardless of the latter use, 2P dyes for bioimaging should display an adequate solubility 

in water in addition to suitable photophysical properties. The water solubility is indeed 

much more crucial for the staining than the optical features, since these last ones could be 

close conditioned by the external surrounding as mentioned above.97 Considering the 

solubility, if too high the compound will not stain the cells because is more stable in 

aqueous solution than in subcellular environments. On the other hand, a low solubility may 

involve mistargeting problems.209  

Following the design criteria described in Section 1.1.3, the enhancement of the 2PA 

cross-sections is usually achieved through increasing molecular size (often achieved by 

greater π-conjugated systems). However, large molecules entail generally more 

cytotoxicity and a lower solubility in water. Therefore, small molecules are the most 

appropriate candidates for 2P bioimaging, which needs to be accurately designed for 

obtaining the better properties and performance in the smaller size. One of the most 

recurred strategies to that end is enclosing the conjugation-bridge within a heterocycle, 

which leads to an additional increment in photostability in most of the cases. 

Once the appropriated dye has been selected, additional groups are usually incorporated 

to the scaffold for a fine-tuned targeting.210 The most useful moieties for staining different 

organelles are listed below: 

→ Cationic groups, such as triphenylphosphonium, are extremely useful for labelling 

mitochondria.211–215 This is reasoned on the membrane inner potential of these 

organelles. 

→ The reversible protonation at a physiological pH of N-alkylmorpholine facilitates the 

selective accumulation within lysosomes of dyes bearing this group.212,215–217 

→ Propyl chloride212,218 and pentafluorophenyl214,215,219 groups have demonstrated a 

good targeting-ability for this endoplasmic reticulum.  

→ Non-polar groups, e.g. cyclohexyl moieties, promotes the immersion of the dyes in 

lipid droplets.220 

→ Groups containing hydrocarbon chains with zwitterionic polar heads ease the 

accumulation and retention of dyes within the cell membrane.221  
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→ Myristic acid has been pointed as a promising targeting group for Golgi 

apparatus.222 

Although less controlled and more difficult to predict, the intrinsic properties of the dyes 

can make them excellent probes for certain subcellular environments. This is for example 

the case of Laurdan (Fig. 27 a, top compound), which has demonstrated an excellent 

polarity probe for the model membrane composed of 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine. This behavior is related to the interaction of the dye with the linear 

hydrophobic domains of the cellular membrane, especially with those rich in saturated 

hydrocarbon chains, cholesterol, and hydrophobic proteins. Nevertheless, the interaction 

with unsaturated molecules is not as a favorable, and new derivatives containing new 

functionalities were devised to improve this performance (Fig. 27 a). As illustrated in Fig. 

27 b, these derivatives exhibited an enhanced ability to stain the plasma membrane. 

Specially interesting is the case of the last compound represented in Fig. 27 a, whose 

internalization within the cell is minimum (Fig. 27 b, bottom). 123,125,126,223–225 

 

Fig. 27. (a) Structures of Laurdan (top compound) and new analogues.123,125,126,223–225 (b) 2P-bioimaging of 

the last two compounds previously shown within 293T cells, respectively. Images reproduced with 

permission from reference [126]. 
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At the other extreme, dyes that exhibit 2P-excited fluorescence sensitive to the presence 

of a particular chemical specie has notably stimulated the interest in the context of 2P 

bioimaging. A great number of 2P probes have been reported in the last years, which have 

been utilized for the detection of an immense variety of biological-relevant species present 

in those environments. Metal ions,226–236 glucose,237,238 or sulfides species239–242 are just a 

few examples of a long list that could be made in this concern. Further information about 

this type of dyes will given at the introductions of Chapter 3 and 4., focusing in them on the 

use of 2P sensors for detection of reactive oxygen species and the monitoring of pH 

changes with this sort of tools, respectively. 

2P-mediated release 

As the 2P-induced photorelease of acid species is essential for some of the applications 

described in Section 1.2.1, much attention has been paid to the photodelivery or 

photodeprotection of functional molecules by biology and medicine fields. The use of 2PA 

facilitates the release in considerably small volumes, which in turn allows a selective and 

controlled targeting. Furthermore, most of the 2P-chromophores operate within the 

biological windows, avoiding thus light scattering and other similar interferences. 

As it occurs in previous cases, the first studies about 2P-photolabile groups were 

performed with molecular scaffolds conceived to work under 1P conditions (Fig. 28, top 

compounds). However, these studies were done in the latter 90s, when the background 

knowledge about 2P-chromophores design was far advanced. Therefore, 2P-improved 

photolabile groups were rapidly devised, these mainly based on 7-hydroxycoumarins  or 

7-dimethylaminoquinoline analogues (Fig. 28, bottom compounds).243–247

Furthermore, these last-mentioned scaffolds have been used to photorelease a wide 

variety of species. These ranges from small moieties such as glutamate,248 alcohols,249 

diols,250,251 ketones/aldehydes,252 or nitric oxide,253 to larger entities like nucleobases,254 

nucleotides255 or DNA/RNA.256 
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Fig. 28. Structures of some of the first photoremovable protecting groups used and a few examples of 

especially devised 2P-photolabile groups. In all cases, L represents the ligand to which these groups are 

attached. 

Photodynamic therapy 

The benefits of 2PA can also be brought to photodynamic therapy.257 Through generation 

of cytotoxic singlet oxygen in a confined volume, the induced photodamage can be 

efficiently controlled. This technique has mainly been employed to treat skin cancers types 

and hollow organs.258 The singlet oxygen is commonly generated by energy transfer from 

the first triplet excited state of a dye to the triplet ground state of molecular oxygen.  

Taking into account that the lowest singlet state of molecular oxygen is 92.4 kJ mol-1 above 

the triplet ground state, the chromophores of interest should: 1) have a separation among 

the first triplet excited state and the singlet ground state larger than this energy quantity 

and 2) form the triplet excited state in a good yield on photoexcitation, that is, the dye 

should display an intersystem crossing rate that can compete with other processes that 

deactivate the first singlet excited state. 2P-induced singlet oxygen formation has been 

reported in a wide variety of chromophores with high 2PA cross-sections, such as 

compounds in Fig. 29)71,259 among many others. Presumably due to the presence of the 
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heavy atom bromine, the replacement of the cyano groups of compound leads to an 

increased singlet oxygen formation quantum yield (noted as φΔ). Water-soluble analogues 

of these dyes have also been devised.260 The production of singlet oxygen has been shown 

in other 2P-chromophores including dipolar fluorenes,261,262 and porphyrin- and 

porphycene-based systems.263–267 

 

Fig. 29. Structures of some 2P-induced singlet oxygen photosensibilizators.71,259 
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English 

This PhD thesis focuses on the 2PA process and more specifically, on the development of 

new organic molecular architectures for application in 2P bioimaging. Thereby, the first 

aim is to develop new 2P-optimized probes to sense chemical species that are frequent in 

the subcellular environment, as well as 2P-active trackers that identify cellular suburbs. To 

that end, new fluorophores based in indolenine and indolinium scaffolds will be developed 

(see Fig. 30). 

 

Fig. 30. General structures of indolenine- and indolinium-based 2P-chromophores developed in this thesis. 

On the other hand, the spatial resolution of 2PM is a slight downside of this technique. 

Accordingly, the other topic to talk about in this thesis is the proof that the resolution of the 

2PM technique can be improved by simply combining 2P-mediated processes. This 

approach would lead to a substantial upgrade in the field of 2P microscopy. 

Accordingly, the specific objectives of the thesis are: 

1. Design, synthesis, and characterization of a new 2P-fluorophore that can be 

adapted for the detection of Reactive Oxygen Species (ROS). 

2. Design, synthesis, and characterization of a new pH-sensitive 2P-fluorophore 

scaffold; as well as its derivatization to control the subcellular targeting. 

3. Design, synthesis, and characterization of new 2P-trackers for mitochondria. 

4. Design and characterization of a new dyad system that operates through 2P-

mediated processes. 
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Español 

Esta tesis está centrada en el proceso de absorción de dos fotones y más específicamente, 

en el desarrollo de nuevas modelos orgánicos con propiedades de absorción de dos 

fotones para su aplicación en bioimagen. De este modo, el primero de los objetivos es 

desarrollar tanto nuevos sensores de especies frecuentes en entornos subcelulares 

optimizados para el proceso de 2PA, como nuevos marcadores con propiedades de 2PA 

para la identificación de elementos a nivel subcelular. Para ello, se desarrollarán nuevos 

fluoróforos basados en indolenina e indoleninio (ver Fig. 30). Por otro lado, la resolución 

espacial es un pequeño “talón de Aquiles” de la microscopía de 2P. El otro tema tratado 

en esta tesis es el estudio de la mejora de la resolución de la técnica a través de la 

combinación de dos procesos mediados por la absorción de 2P. Este modelo podría dar 

lugar a una mejora sustancial de la 2PM. 

Los objetivos específicos de la tesis son: 

1. Diseño, síntesis y caracterización de un nuevo fluoróforo con propiedades de 

absorción de 2P que pueda ser adaptado para la detección de especies reactivas 

de oxígeno (ROS). 

2. Diseño, síntesis y caracterización de un nuevo fluoróforo con propiedades de 

absorción de 2P sensibles al pH, así como su derivatización para controlar la diana 

subcelular.  

3. Diseño, síntesis y caracterización de nuevos marcadores para mitocondrias con 

propiedades de absorción de 2P.  

4. Diseño y caracterización de una nueva díada que funcione a través de dos 

procesos mediados por absorción de 2P.  
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3.1 INTRODUCTION 

3.1.1 Reactive Oxygen Species (ROS) 

Molecular oxygen is undoubtedly essential for cellular respiration in living aerobic 

organisms. Its triplet ground-state is responsible for almost its negligible reactivity with 

biomacromolecules. Nevertheless, certain derivatives of oxygen are highly toxic to cells. 

This was demonstrated for the first time back in the decade of 1950s, when Gerschman 

and coworkers reported the damage produced by oxygen-containing free radicals to 

aerobic organisms.268,269 With the passage of time, terms such as ROS (reactive oxygen 

species), and RNS (reactive nitrogen species) have been used to define endogenous 

oxygen- and nitrogen-bearing molecules characterized for a high reactivity (see Fig. 31). 

These species are naturally generated to control cellular metabolism and signaling, as well 

as in response to certain pathological stimuli.270–276 The imbalance between generation and 

elimination of ROS (and RNS), a mechanism known as oxidative stress,277,278 is associated 

with the onset and development of multiple diseases, e.g., cardiovascular diseases,279 

neurodegenerative diseases,280 cancer,281,282 rheumatoid arthritis,280 allergies and other 

immune disfunctions.283,284  

Fig. 31. Principal ROS and RNS species, and their formation mechanisms (mainly energy- and electron-

transfer reactions).  
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As illustrated in Fig. 31, molecular oxygen is first derived in two different species: singlet 

oxygen and superoxide radical ion. While singlet oxygen is formed after energy transfer 

process, superoxide radical ion is produced by one-electron reduction. Both derivatives 

present considerable reactivity to organic molecules versus that of molecular oxygen. In 

addition, superoxide radical ion is in turn transformed into other oxygen-reactive 

molecules. Among them, hydrogen peroxide and hydroxyl radical are the most important. 

Hydrogen peroxide is characterized for its relative stability under physiological conditions 

despite of having positive electron reduction potentials: +0.38 V for one-electron process 

and +1.35 V for two-electron one.285 In stark contrast, hydroxyl radical is the most powerful 

oxidant in the biological context, with a reduction potential of +2.33 V.286 Consequently, this 

specie displays a high capacity to damage several biomacromolecules including lipids, 

proteins, and nucleic acids.287  

Focusing on the intracellular sources of ROS, the most important are: 

• Cytoplasm: cytosolic enzyme systems such as transmembrane nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidases (NOX) are implicated in the 

generation of superoxide radical ion. There are various types of these enzymes, so 

different biological outcomes can be triggered.288,289 The generation of singlet 

oxygen is also feasible in this environment. In particular, this derivative is produced 

in areas of inflammation through the action of phagocytes’ NOX.288  

• Mitochondria: these organelles are the major source of intracellular ROS. 

Superoxide radical ion is produced in the electron-transport chain.290–293 

• Lysosomes: the formation of hydroxyl radical through Fenton reaction is 

substantially favored within these organelles, either from accumulated superoxide 

radical ion and/or hydrogen peroxide.294–296 The acidic content (pH 4.5 – 5.0)297 and 

the presence of multiple ferric proteins298 in these subcellular compartments, 

provide the additional required ingredients for this reaction to occur. A high level 

of ROS is often translated into lysosomal membrane permeabilization, which 

implies the release of cathepsins into the extracellular space and is tightly 

associated with promotion and progression of tumors.299,300 
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3.1.2 Two-photon probes for detecting ROS 

Several techniques have been employed to study the generation of ROS and the 

associated chemical processes, including high-performance liquid chromatography 

(HPLC), mass spectrometry or electron paramagnetic resonance (so-called EPR; only 

suitable if free radicals are implicated), among others.301–303 These techniques offer 

information about the biological production of ROS by detecting oxidation products from 

protein, lipids, DNA, or other biomolecules. The major downside of these methods is their 

destructive character, that is, these are only adequate for in vitro measurements. Instead, 

fluorescence-based methods, such as confocal or two-photon fluorescence microscopy, 

enable for in vivo monitoring of ROS through the development of specific ROS-sensitive 

probes.304–313 Even if there is a wide variety of this type of probes, not all of them are suitable 

for 2PM and there is still large room for improvement.  

One of the classifications of fluorescent sensors most used is below and groups this type 

of compounds in two categories: 

→ Ratiometric probes: the interaction of a molecular sensor with a certain compound 

of interest, produces a second form that presents a change in the photophysical 

properties in relation to the first one. Both derivatives are fluorescent under 

identical excitation conditions, but different emission bands are displayed. Thus, 

the target specie can be quantified through the quotient between the fluorescence 

intensities at each wavelength. An example of this type of probes is shown in Fig. 

32 a, where the action of hydrogen peroxide produces the release of the carbamate 

group, and an improved π-conjugated system is attained. Consequently, the 

emission of the benzothiazole bearing the free methylamino group is red shifted 

from the blue to the yellow spectral region. Noteworthy, the incorporation of the 

triphenylphosphonium moiety provides the selective accumulation of this dye 

within mitochondria.314 

→ “On/off” - “off/on” probes: unlike the previous, here only one of the forms is 

fluorescent under given excitation conditions. In most of the cases, it is desirable 

that the fluorescent form is the second one, i.e., which results from the interaction 
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with the interest molecule. This class of sensors, more concretely the “off/on” ones, 

are characterized for minimizing the background signals. One of such probes is 

indicated in Fig. 32 b. Photoinduced electron transfer from the amino groups 

quenches the fluorescent of the primary form. The reaction of nitric oxide with these 

amino moieties implies the loss of this quenching process, and thus, 2P-excited 

emission is observed in the secondary form.110,111  

 

Fig. 32. Examples of 2P-probes based on Prodan’s architecture for detection of (a) hydrogen peroxide314 

and (b) nitric oxide.315

3.2 MOLECULAR DESIGN AND SYNTHESIS 

3.2.1 Structural elements and expected working principle 

The control of hydroxyl radical as well as other ROS in lysosomes can provide valuable 

information for the development of some diseases. In order to achieve this objective, the 
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system represented in Fig. 33 was originally envisioned for detecting, in principle, any type 

of lysosomal ROS. 

 

Fig. 33. (a) Structure of the target fluorophore 1 and potential ROS-sensor 2, and (b) expected working 

principle for the system. 

This molecular design of the fluorophore consists of the following structural elements: 

→ Naphthalene as central core: the use of this π-conjugated system for constructing 

2P-chromophores has been extensively reported in the literature. Prodan and its 

derivatives (e.g., Laurdan and other compounds mentioned in the previous 

Chapter) are some of such examples.120,142,143 The reason for applying this structural 

element is that endows an appropriate π-conjugation grade in a very concentrated 

molecular space, and consequently, good 2PA cross-sections are provided. Other 

cases of compounds bearing this structural element are those shown in Fig. 32, 

which were also devised for ROS sensing.314,315 For these reasons, this group is 

incorporated within the structure of the target compound 2. Unlike most of Prodan 
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derivatives, in this approach we have selected methoxy group instead of amino one 

as donor element. This choice pretends to avoid parallel processes frequently 

observed when using nitrogen-derivatives (e.g., energy-transfer or protonation in 

acid environments). 

→ Use of 1,3,3-trimethyindolium as acceptor group: this element is the one most used 

in cyanines and hemicyanines, which are recognized for being excellent dyes that 

include quaternary N-heterocycles as acceptor groups.316 The reduction of the 

iminium group breaks the π-conjugation grade along the entire scaffold and results 

in a dramatic change in the photophysical properties. However, ROS-mediated 

oxidation would lead to recover this group and the starting optical features. There 

are a few examples of hydrocyanines displaying this performance in the 

literature.317 Moreover, the reduction reaction yields a tertiary amine that could act 

as a lysosomotropic agent, as mentioned in Section 1.2.2.  

Concerning to the expected working mechanism for the system, this can be deduced from 

the previous-made considerations: the reduction of the iminium group in 1 will result in a 

tertiary amine, being compound 2 the intended ROS-probe. If this is accumulated within 

lysosomes after being uptaken by cells, lysosomal ROS would oxidize compound 2 to the 

initial state 1. The loss of the iminium group involves a reduction in the π-conjugation of 

the system and consequently, fluorescence under given excitation conditions for 1 is not 

expected in compound 2. Thus, this system could be considered an “off/on” probe for 

lysosomal ROS. 

3.2.2 Theoretical calculations 

Prior to the synthesis, theoretical calculations were performed at the CAM-B3LYP/6-

31+G(d) level for compound 1. This calculation method was found to be good enough for 

other 2P-scaffolds that were previously studied in our research group.318–320  

Regarding the electronic configurations, the HOMO is entirely located over the 6-

methoxynapthalene group, while the LUMO is centered but slightly displaced toward the 

indolinium ring (Fig. 34). This electron density displacement suggests an ICT character in 
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this dye. Moreover, HOMO and LUMO are mainly implicated in the transition from ground 

to first excited state (Fig. 34). Hence, the electronic configurations of these states can be 

described through the above-mentioned frontier orbitals, respectively. Deepening more 

into the data, TD-DFT predicts that absorption will be located around 360 nm. This fact 

strongly suggests that the system could be studied in 2P-conditions (i.e., when λexc,2P = 

2λexc,1P) at one of the facilities that we had available.  

 

Fig. 34.  Molecular frontier orbitals involved in the transitions between the ground (S0) and excited (S1) 

states, and representative data selected from the calculations (parameters for absorption (S0→S1) and 

emission (S1→S0) processes). All the calculations refer to compound 1. 

 

3.2.3 Synthetic approach 

Having an orientation about the potential usefulness of the system, the following synthetic 

scheme (Fig. 35) was proposed and performed: 
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Fig. 35. Synthetic scheme for target compounds 1 and 2. Reagents and conditions: (a) isobutyril chloride, 

AlCl3, DCM,0 ºC → r.t., overnight; (b) phenylhydrazine hydrochloride, AcOH, reflux, 24h; (c) MeI, ACN, 

80ºC, overnight; (d) NaBH4, MeOH. 

This sequence starts with a Friedel-Crafts reaction between 6-methoxynapthalene and 

isobutyril chloride. Ketone 3 is obtained from this reaction and with a yield of 73%. This 

compound is then subjected to a so-called “interrupted” Fischer-indole reaction321 with 

phenylhydrazine. From this reaction, indolenine 4 is obtained in a slightly higher yield 

(80%). Methylation of the nitrogen of 4 conducts to the desired fluorophore 1, this 

occurring quantitatively. Finally, the reduction of the iminium group of 1 is accomplished 

by reaction with sodium borohydride, and the ROS-sensor candidate 2 is obtained in a 

96% yield. 

The mechanism of the “interrupted” Fisher-indole synthesis is as distinct from the classical 

Fisher-indole synthesis, as illustrated in Fig. 36. Except for the last step, both processes 

share a common pathway. These start with the condensation between carbonyl and 

hydrazine groups. After several acid-base equilibriums take place, the intermediate 

species undergo a [3,3] sigmatropic rearrangement. The aromaticity is then recovered, 

and an amino group is formed. As good nucleophile, this moiety attacks to the iminium 

group and generates the five-member N-heterocycle. In the usual way, the proton at 3 

(marked in red in Fig. 36) and a molecule of ammonia are simultaneously eliminated, giving 

rise to the double bond at position 2,3 typical of indole ring. The molecule of ammonia is 
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first released in the “interrupted” variant, and an iminium group at position 1,2 is formed. 

Finally, its deprotonation yields the 3H-indole ring, also known as indolenine.  

 

Fig. 36. Mechanisms of classical Fisher-indole synthesis (top ) and “interrupted” Fisher-indole synthesis 

(bottom ). 
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3.3 PHOTOPHYSICAL STUDIES

3.3.1 Characterization of compound 1 

Optical properties under 1P conditions 

Absorption and emission spectra were recorded in different solvents for compound 1., 

these shown in Fig. 37. The relevant photophysical data are summarized in Table 1.  

Table 1. Photophysical data of compound 1 in diverse solvents (10 µM air-equilibrated solutions). 

Solvent 
λabs (nm) 

[ε (M-1 cm-1)] 
f (nm) f 

Δυ (cm-1) 

[Δλ (nm)] 

diethylether 365 [3600] 506 0.00 7634 [141] 

chloroform 375 [9100] 510 0.01 7059 [135] 

tetrahydrofuran 365 [10000] 521 0.02 8203 [156] 

dichloromethane 390 [10400] 510 0.08 6033 [120] 

acetone 358 [5600] 522 0.03 8776 [164] 

acetonitrile 367 [8000] 517 0.03 7906 [150] 

dimethylsulphoxide 355 [6100] 530 0.01 9301 [175] 

water 361 [7000] 508 0.01 8016 [147] 

Looking at the spectra of 1, these are characterized for broad and structureless bands 

typical of push-pull based architectures. Absorption bands display their longest wavelength 

maxima (associated to S0→S1 transition) between 355 and 390 nm. On the other hand, the 

fluorescence maxima are centered at ca. 520 nm, within the green spectral region (see 

Fig. 37). Bathochromic shifts are observed as long as the solvent polarity increases in both 

absorption and emission. These moderate solvatochromic effects might be partially 

associated with the expected ICT character for the dye. 
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Fig. 37. Absorption (solid lines) and emission (dotted lines) spectra of compound 1 in different solvents 

indicated for each case (optically diluted air-equilibrated solutions).  
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The most intriguing optical feature of 1 is its Stokes shift (Δυ), that regardless of the 

considered solvent is above 6000 cm-1. In other terms, the separation among absorption 

and emission maxima (Δλ) is at least of 120 nm, suggesting potential application in 

biological contexts. Contrastingly, the fluorescence quantum yields are low to moderate 

(from ca. 0.01 to 0.08). This fact could be anticipated, since large Stokes shifts are 

associated with the occurrence of multiple non-radiative pathways. Furthermore, this 

compound has good photostability (its emission remained practically constant after 

continuous irradiation at λexc,1P = 370 nm for 1 h).  

Comparing the experimental data with those obtained in the theoretical calculations 

(Section 3.2.2), it is found that absorption energies can accurately be predicted for this 

type of molecules. On contrary, the calculation is not as precise for the emission ones. This 

calculation methodology is therefore mostly suitable for estimating the S0→S1 transition, 

which is useful to obtain a faithful orientation about whether the 2PA properties of the 

molecules could be or not studied according to the instrumental characteristics of the 

facilities. 

 

Fig. 38. Absorption (solid line) and emission (dotted line) spectra of 1 in aqueous 1% DMSO/glycine-HCl 

buffer (pH 2.4, 10 µM air-equilibrated solution). 

As mentioned in Chapter 1, the innate properties of the compounds are important but also 

the situation where they are immersed.97 Considering that this compound has been 

intended to work within lysosomes, their most significant characteristics were reproduced 

in vitro: high acid content (pH usually ranges between 4.5 – 5.0),297 and large viscosity 
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(these organelles are considered the most viscous of all subcellular compartments).322 To 

build the acidic environment, an aqueous glycine/hydrochloric acid buffer (pH 2.4) was 

employed as solvent, and the photophysical properties of 1 were examined. More 

importantly, no significant differences are observed between the features of the compound 

in this solvent and those determined in aqueous solution. This behavior is illustrated in Fig. 

38, where the absorption and emission bands of 1 in acid solution are shown, which are 

seemingly identical to those obtained in aqueous solution (cf. Fig. 37). 

 

Fig. 39. (a) Emission spectra of 1 in different glycerol/water mixtures. These spectra were recorded upon 

excitation at 370 nm (10 µM air-equilibrated solution, 1% DMSO). (b) Changes in the emission maximum 

intensity and fluorescence quantum yield of 1 when increasing the viscosity of the medium. 

In contrast with pH studies, the viscosity of the medium affects in a great extent to the 

photophysical properties of 1. To that end, diverse water/glycerol mixtures were employed 

as solvent (Fig. 39). Since the two rings that compose the structure can rotate around the 

single bond that connect them, an increase in the emission intensity could be anticipated 

as long as the rotation is hindered by setting a more viscous medium. This is precisely 

observed when increasing the glycerol content in the medium (Fig. 39). It is noteworthy 

that the restriction of the movements does not only involves an increment in the 
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fluorescence intensity. Additionally, a 30-fold increase in the fluorescence quantum yield 

is determined, hence confirming that molecular motions are hampered by the high 

viscosity. Concerning the spectral position of the absorption and emission bands, these 

are only slightly affected, and the displacements are no significative. 

2PA properties 

The 2PA cross section (σ2PA) of compound 1 was determined in acetonitrile solution by 

2PEF method,68 and is indicated in Fig. 40. The biphotonic nature of the electronic 

transitions under the given experimental conditions was confirmed through the 

dependence of the two-photon excited fluorescence on the laser power. The trend line’s 

slope, quite close to the value of 2.0, corroborates the 2PA occurrence (inset of Fig. 40). 

This compound displays good σ2PA values, addressing 25 GM when λexc,2P = 740 nm. 

 

Fig. 40. 2PA cross section (σ2PA) of compound 1 in acetonitrile (10 µM air-equilibrated solution). The inset 

shows the dependence of the fluorescence emission intensity on the excitation source intensity (λexc,2P = 

740 nm, slope: 1.7, R2 = 0.9995). 

The emission spectra are comparable regardless of the number of photons implied in the 

excitation process (Fig. 41). Moreover, the excitation wavelengths are essentially 

coincident, i.e., λexc,2P = 2λexc,1P. It can thus be concluded that: a) the same excited electronic 
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state participates in both processes, and b) the first excited state participates in the 

electronic transitions that have been observed. 

 

Fig. 41. Normalized excitation (solid lines) and emission (dotted lines) spectra of 1 in acetonitrile (10 µM 

air-equilibrated solution) under 1P (orange lines) and 2P (blue lines) conditions. 

In consonance with the studies in 1P excitation conditions, the effect of a more restricted 

medium on the 2PA properties of 1 was evaluated. Accordingly, the σ2PA of this dye was 

measured in different glycerol/water mixtures (Fig. 42). These measurements were also 

performed using water as unique solvent, but in these conditions the σ2PA of 1 was too low 

and the data cannot be treated with enough confidence. 

 

Fig. 42. 2PA cross section (σ2PA) of compound 1 in diverse glycerol/water mixtures (10 µM air-equilibrated 

solution, 1% DMSO). 
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The increase of the viscosity clearly yields an enhancement of σ2PA as well as it occurred 

with the fluorescence quantum yield. That is, the properties of 1 are tightly dependent on 

the restriction of the movements. Indeed, in the glycerol/water 9:1 solution, the σ2PA value 

at λexc,2P = 740 nm is of 75 GM, three times longer that the obtained in acetonitrile solution.  

3.3.2 Characterization of compound 2 

Optical properties under 1P conditions 

The reduction of the iminium group to a tertiary amine entails unambiguously a 

considerable change in the optical properties of the fluorophore. Indeed, the π-conjugated 

system is dramatically altered and the ICT character of the dye is lost in compound 2. The 

absorption spectrum of this dye clearly shows this issue (Fig. 43 a), where the band 

centered at 370 nm disappears. The changes in the structure also affect the emissive 

properties, and no fluorescence upon excitation at 370 nm is observed in a solution 

containing 2 (Fig. 43 b). 

2PA properties 

Owing that the longest wavelength absorption band of indolinium 1 is missed in 2, it can 

be anticipated that this last is not going to be fluorescence-active under 2P-excitation at 

740 nm. Furthermore, the 1P absorption of 2 is limited to the region below 350 nm, which 

excludes the possibility of exciting at other wavelengths in the range between 700 and 740 

nm. Only compound 1 presents 2PA properties in the working range, and consequently, 

2P-excited fluorescence (Fig. 43 c). 
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Fig. 43. (a) Absorption and (b) emission spectra of compounds 1 (black lines) and 2 (red lines) in 

acetonitrile (10 µM air-equilibrated solutions). Emission spectra were recorded upon excitation at λexc,1P = 

370 nm. (c) Emission spectra of compounds 2 (black line) and 1 (red line) in acetonitrile (10 µM air-

equilibrated solutions) upon excitation at λexc,2P = 740 nm 

3.4 OXIDATION MECHANISM OF COMPOUND 2 

Once examined the photophysical properties of compounds 1 and 2, it was studied if the 

iminium group could be recovered by some reaction starting from 2. In this case, this 

system effectively would be settled as an “off/on” probe.  
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3.4.1 Selectivity and sensitivity toward hydroxyl radical 

 

Fig. 44. Relative fluorescence response of 2 (10 μM in 1.0% DMSO/glycine-HCl buffer, pH = 2.4) to 

various oxidants (λexc,1P = 370 nm, λem = 502 nm, oxidant concentrations: 50 μM. More details about the 

preparation of the oxidants are in Chapter 8). 

 

Fig. 45. Fluorescence response of 2 (10 µM in 1% DMSO in water with adjusted pH, λexc,1P = 370 nm, λem = 

502 nm) to hydroxyl radical (50 µM) at different pH values. Only at low pHs did hydroxyl radical-mediated 

oxidation yield compound 1 and increase fluorescence emissions. 
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First, the spectroscopic responses and selectivity of 2 (“off”) toward different chemical 

species that could give rise to 1 (“on”) were studied. The selection of these species 

includes a wide variety of ROS, RNS and some biologically relevant species. These studies 

were carried out under acid conditions, to simulate in part the lysosomal environment. As 

represented in (Fig. 44), compound 2 displays a high selectivity for hydroxyl radical vs. the 

other examined species. A significant enhancement of the relative fluorescence intensity 

upon excitation at 370 nm, of 20-fold, is only observed when employing this powerful 

oxidant agent. Moreover, this change is exclusive to acid environments (Fig. 45). The 

complete selectivity studies were repeated at different pH conditions, but the fluorescence 

response was only observed when combining the two mentioned ingredients: hydroxyl 

radical and low pH. 

 

Fig. 46. (a) Fluorescence intensity of 2 in response to varying concentrations of •OH, (10 µM solution of 2 

in 1% DMSO/glycine-HCl buffer, pH = 2.4; •OH obtained from a 1.5 mM solution in H2O2 and Fe2+; λexc,1P = 

370 nm, λem = 502 nm). (b) Oxidation study of compound 2 (10 µM in 1% DMSO/glycine-HCl buffer (pH = 

2.4) (dashed line, λexc,1P = 370 nm, λem = 502 nm) and 10 µM in acetonitrile (solid line, λexc,1P = 370 nm, λem 

= 520). 
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Next, the response of 2 to different amounts of hydroxyl radical was examined and 

fluorescence intensity was determined linear for •OH concentrations from 0.5 to 75 µM 

(Fig. 46 a). Oxidation of compound 2 is not only highly selective, but also displays 

outstanding sensitivity to the presence of hydroxyl radical at the nanomolar level. The limit 

of detection (LOD) of hydroxyl radical for 2 was determined in 32 nM, this calculated as 

3.3 times the standard deviation of the blank measurements divided by the slope of the 

fitting curve. The stability of 2 to auto-oxidation was also evaluated by placing a solution of 

the probe in diverse solutions at room temperature and taking fluorescence measurements 

over time. As represented in Fig. 46 b, thermal oxidation of 2 is almost negligible. 

3.4.2 Monitoring the Fenton’s reaction by NMR 

The oxidation of 2 with •OH was monitored also by 1H-NMR, treating the probe with an 

equimolar concentration of Fenton’s reagent and trifluoroacetic (TFA). Looking at the 

crude’s spectra, the signals corresponding to 1 are clearly appreciable in both aromatic 

and aliphatic regions, where also those corresponding to 2 are barely present (see Fig. 47 

a and b, respectively). 

 

Fig. 47. Reaction of 2 and Fenton’s reagent. Zoom-ins of the 1H-NMR spectra of 1, the crude reaction, and 

2 in the (a) aromatic region (δ 8.8 – 6.8) and (b) aliphatic region (δ 5.0 – 1.3). All spectra were performed 

in DMSO-d6. 
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To exclude other possible reactions, control experiments were conducted with Fe2+, Fe3+ 

and H2O2 in acid conditions, and likewise followed by 1H-NMR. The individual addition of 

these species did not address any change to the spectrum of 2. Only when encountered 

with hydroxyl radicals, the spectrum changes toward that of 1, corroborating thus the 

recovery of the initial chromophore structure after the oxidation process (Fig. 48). 

 

Fig. 48. Proposed oxidation mechanism of 2 to yield fluorophore 1. 

3.5 IN VIVO IMAGING  

To explore the photophysical properties of 1 and the behavior of 2 as a potential ROS 

probe in living cells, mouse embryonic fibroblasts (MEFs) were used. MEF is a type of 

fibroblast isolated from mouse embryo. This cell line is limited, i.e., cells senesce and dye 

after several transmissions. In other words, this cell line is a non-immortalized one. The 

studies below were performed in collaboration with the group of Prof. Dr. Jose Maria Perez-

Pomares. Details concerning to the cell culture and the diverse treatments are in Chapter 

8. 
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3.5.1 Cytotoxicity studies 

Prior to the imaging experiments, cell viability in the presence of the potential ROS-sensor 

2 was examined through a WST-1 assay. This colorimetric test consists in using a water-

soluble tetrazolium salt. This compound is accumulated within the plasma membrane, 

where NADPH is responsible of its reduction if the cell maintain an optimal activity.323 

Thereby, the absorption band changes and cell viability is extrapolated from measuring the 

absorbance at 440 nm and referring these data to control experiments For compound 2, 

significant cytotoxicity (i.e., low cell viability) was observed only at concentrations of this 

probe over 0.1 μM (Fig. 49). Considering these results, the concentration employed in the 

below detailed bioimaging experiments was of 0.025 µM.  

 

Fig. 49. Cytotoxicity of 2 on mouse embryonic fibroblast (MEF) cells. Data are expressed as mean values 

and standard error of the mean from three independent experiments (n=3). 

3.5.2 Fluorescence imaging of compounds 1 and 2 

Initially, compound 1 (“on” form) was applied to the cells to examine the behavior of 

fluorophore within cells. Fluorescence was recorded with appropriate excitation and 

emission settings, according to the photophysical properties of this compound (λexc,2P = 

740 nm, λem = 500-550 nm) (Fig. 50). Living MEFs treated with 1 display strong green 



Detection of lysosomal hydroxyl radical 

85 
 

fluorescence spread along the cytoplasm, as observed in Fig. 50 A1. The overlap of the 

fluorescence image with the brightfield (Fig. 50 A2) indicates that compound was 

accumulated within cells, as no fluorescence is observed in areas outside the cells.  

 

Fig. 50. MEF cells incubated for 24 h with 0.025 μM 1 (A1 and A2), 0.025 μM 2 (B1 and B2), and without 

any treatment (C1 and C2). Sample A was visualized with less laser power to compensate for the higher 

concentration of 1 inside the cells. Fluorescence was recorded between 500 and 550 nm upon λexc,2P = 

740 nm. Scale bars: 25 µm.  

On the other hand, 2-treated MEFs display fluorescence only in discrete punctuated 

cytoplasmic regions, seemingly lysosomes (Fig. 50 B1 and B2). Control cultures (without 

any compound-treatment, Fig. 50 C1 and C2) did not show significant fluorescence. In all 

cases, the recorded fluorescence was cytoplasmic rather than nuclear. 

A more exhaustive analysis was performed to know how the fluorescence increases with 

time after treating cells with compound 2 (Fig. 51). At determined times, images registered 

during the timelapse experiment show a progressive increase of the fluorescence, which 

maintains in all cases its subcellular distribution (Fig. 51 A-F). An appropriate treatment of 

the data from these images confirms the increasing trend of the fluorescence with time 
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(Fig. 51 G, see Chapter 8 for details about the calculation of the average spot fluorescence 

per cell from the images).  

 

Fig. 51. Timelapse evaluation of 2 oxidation in living cells. Fluorescence emission was evaluated at 0h (A), 

2h (B), 4h (C), 6h (D), 8h (E) and 10h (F) after treating the cells with 54. Average spot fluorescence per 

cell over time is also shown (G). Scale bar: 5 µm. 

Colocalization experiments 

Considering the characteristic and peculiar distribution of the “on” form within the cells 

after this being produced from compound 2, two different specific and commercial 

fluorescent probes were employed to counterstain mitochondria (Mitotracker Red 

CMXRos, MTR) and lysosomes (Lysotracker Deep Red, LTDR).  

After treating MEFs with 2 for 24 h, cultures counterstained with MTR probe did not display 

overlapping fluorescence (Fig. 52 A). For a better visualization, the area selected was 

magnified and the emission channels were separated (Fig. 52 a1 and a2). The fluorescence 

registered from compound 1 generated in situ from 2 is shown in green in Fig. 52 a1, and 

the one from MTR is in red in Fig. 52 a2. The merge between these two channels is shown 

in Fig. 52 a3, where no orange points (resulting from the combination of green and red 

signals) are appreciated. Therefore, it seems that oxidation of compound 2 is not taking 
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place in a mitochondrial environment, since there is no colocalization between the emissive 

signals described. 

 

Fig. 52. MEF treated with 0.025 µM 2 (A–C, green, λexc,2P = 740 nm, λem = 500-550 nm). Mitochondrial (A, 

MTR, red, λexc, 1P = 561 nm, λem = 600 - 640 nm) and lysosomal (B, LTDR, red, λexc, 1P = 633 nm, λem = 645 - 

740 nm) counterstains were performed. Selected areas in A and B are magnified in a1-3 and b1-3, 

respectively. 

Conversely, LTDR-counterstained cells display appreciable colocalization of the two 

emission signals, as illustrated in Fig. 52 B and more clearly in Fig. 52 b1-b3. Akin 

distribution is observed for both produced 1 and LTDR, shown in green and red in Fig. 52 

b1 and b2 respectively. The overlap between these two signals, i.e., the colocalization 

between 1 formed from 2 and LTDR is more evident in Fig. 52 b3. Practically all the discrete 

points are orange in this image. 

As lysosomes are particularly mobile in MEFs, cells were also incubated with 2, then 

treated with LTDR and finally fixed with 4% paraformaldehyde. The later analysis of the 

fixed cell images yielded a Pearson correlation coefficient (PCC, details about the 

calculations are in Chapter 8) between 0.83 (whole cell image, Fig. 53 A and B) and 0.87 

(crop region, Fig. 53 a-c) (Fig. 53). Thus, it can be confirmed that these cytoplasmic vesicle 

regions are lysosomes. 
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Fig. 53. Analysis in fixed cells of compound 2 with LTDR. Pearson Correlation Coefficient (PCC) values 

were obtained for 2 fluorescent signal (A, λexc,2P = 740 nm, λem = 500-550 nm) versus LTDR (B, λexc, 1P = 

633 nm, λem = 645 - 740 nm) related fluorescence. Crop region of fluorescent signal of (a) 2 and (b) 

lysotracker and (c) combined images (a) and (b). 

3.5.3 Monitoring induced oxidative stress 

To prove that increased ROS is capable of promoting the oxidation of 2 to the fluorescent 

form 1, MEFs were treated with 2 and then oxidative stress was induced in different vias. 

The first agent for provoking this situation was ultraviolet (UV) light irradiation, which is a 

well-documented ROS generating agent.324 This treatment results in a vast increment in 

fluorescence intensity, which can be noted when comparing Fig. 54 A2 and A3 (non-UV 

treated and post-UV treatment, respectively). This enhancement of the fluorescence signal 

is besides observed exclusively in living cells, i.e., no significant increase of the 

fluorescence was found in fixed MEFs after UV irradiation (Fig. 54 B2 vs. Fig. 54 B3). Thus, 

upon UV exposure and resulting from a biological response to induced cell damage, •OH 

is generated and reacts with 2 (“off”) yielding the 1 (“on”) form. 
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Fig. 54. Detection of endogenous ROS generation upon UV irradiation. MEF cells incubated for 24 h with 

0.025 μM 2 before (A1, A2, B1, B2) and after UV irradiation (A3, B3). Cultures shown in B2 and B3 were 

fixed in 4% PFA. Fluorescence was recorded between 500 and 550 nm upon λexc,2P = 740 nm. Scale bars: 

25 μm. 

Similar results, although not as gratifying as the previous, were obtained by treatment with 

other ROS-generating agents such as tert-Butyl hydroperoxide (TBHP), or 2-

methoxyestradiol (Fig. 55). TBHP promotes oxidative stress by means of producing free 

radicals in the presence of cellular Fe2+.325 On the other hand, 2-methoxyestradiol is a 

superoxide dismutase (SOD) inhibitor which induces the •OH generation. 

 

Fig. 55. ROS-inducing agents increase 2 oxidation increasing fluorescence in cultured living cells. Cells 

treated (with 2/TBHP or 2/2-Methoxyestradiol) significantly increase their fluorescence emission as 

compared to untreated cells as shown (Student’s t-test; data represent mean ± SEM; *p˂0.01, three 

independent experiments (n=3)). Measurement of mean spot fluorescence per cell are indicated for each 

case. 
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3.6 SUMMARY  

A lysosome-targeting activatable probe, 2, based on a small non-fluorescent naphthalene-

indolenine molecule, has been developed. The oxidation of this probe within living cells 

lysosomes gives rise to the fluorescent state 1, acting this system as an “off/on” fluorescent 

probe for hydroxyl radical detection in acid environments. This system demonstrates high 

sensitivity and selectivity for tracing •OH formation within living cells. The utility of 2 for 

detecting endogenous production of this specie as well as its generation by other agents 

affecting cellular oxidative stress in 2P microscopy has been demonstrated. This 

application is possible thanks to the good optical properties of 1, which are besides 

enhanced in lysosome-like conditions. Hence, this system represents a powerful tool for a 

better comprehension about the role of •OH in biological processes. 

Part of the results presented in this Chapter have been published in reference [326]. 
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4.1 INTRODUCCIÓN 

4.1.1 El papel y la importancia del pH en el organismo 

El pH intracelular (pH i) es un parámetro esencial en multitud de procesos biológicos, como 

son, entre otros, la proliferación celular,327 la apoptosis,328 la actividad enzimática,329 la 

contracción muscular330 o el transporte de iones.331 El control del pH i no solo es crucial 

para estas funciones, sino que la actividad de ciertos orgánulos subcelulares está 

altamente condicionada por la regulación de su pH local. Los valores óptimos de pH en 

los distintos entornos subcelulares332 se encuentran indicados en la Fig. 56, donde se 

puede observar cómo los lisosomas son los orgánulos que poseen un valor de pH más 

bajo, normalmente entre 4.5 y 5.0 (en la figura se indica un valor medio).297 Este valor de 

pH en lisosomas es fundamental para mantener el control de la homeostasis a nivel celular. 

 

Fig. 56. Valores de pH en los diferentes compartimentos subcelulares.  

Todo alejamiento de estos valores óptimos de pH implica una alteración severa en su 

correcto funcionamiento, afectando tanto al organismo como a las actividades 

subcelulares. De hecho, diversas enfermedades como el Alzheimer,333 la fibrosis 
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quística,334 el cáncer335 o los desórdenes derivados del almacenamiento lisosomal336 están 

relacionados con valores inusualmente bajos de pH. Por esta razón, el estudio de estos 

cambios de pH en el organismo puede proporcionar información de gran utilidad que 

ayude a comprender los desórdenes fisiológicos y procesos patológicos a los que están 

asociados.  

La microscopía de fluorescencia es el método más empleado para observar y estudiar 

cambios en el pH i y en orgánulos subcelulares. Esta técnica ha complementado y/o 

desbancado a métodos más tradicionales, como pudieran ser la resonancia magnética 

nuclear (RMN)337 o los microelectrodos.338 Las razones que motivan este hecho se pueden 

resumir en su simplicidad operacional, alta sensibilidad, alta resolución temporal y el 

carácter no invasivo que conlleva el empleo de la fluorescencia como medio de detección. 

Estas ventajas se incrementan si en el proceso de excitación se emplean dos fotones (2P) 

en lugar de uno solo (1P). De este modo, la microscopía de dos fotones (2PM), que 

conlleva el uso de longitudes de onda de excitación enmarcadas dentro de la primera 

ventana biológica (700-1000 nm),207 incorpora a las ya mencionadas ventajas una menor 

dispersión de luz en muestras biológicas, una fototoxicidad más baja y una reducción de 

la autofluorescencia procedente de las estructuras biológicas. 

4.1.2 Sensores de pH para 2PM descritos en la literatura 

Debido al potencial de la microscopía de fluorescencia, se han desarrollado una variedad 

amplia de sensores de pH con aplicación en bioimagen, siendo los más frecuentes los 

diseñados para trabajar en condiciones de excitación de 1P.339–341 No obstante, el auge 

que ha experimentado la 2PM en los últimos años ha hecho que se hayan desarrollado en 

paralelo nuevos sensores con propiedades de 2PA.209,340,342–355  

Una posible clasificación de estos compuestos podría realizarse en función a la unidad 

sensible al pH dentro de la estructura molecular. Atendiendo a este criterio, encontramos 

que los más numerosos son los que disponen de un átomo de nitrógeno como centro 

básico 342,344,345,347,349,350,353–355, lo que implica en la mayoría de los casos que la sonda de pH 

sea del tipo “on/off ”. Por otro lado, cabe destacar a los derivados de 7-hidroxicumarina, 
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los cuales sustituyen el nitrógeno por oxígeno como centro de respuesta al pH. 343,347,351 

Otros criterios o parámetros, como el rango de pH en el cual tienen capacidad de 

detección o la aplicación concreta, podrían ser empleados para agrupar estos 

compuestos. 

En la Tabla 2, se presentan los compuestos para detección de cambios de pH en 2PM más 

similares en cuanto a características fotofísicas y ácido-base a los derivados que se 

plantean en este Capítulo, indicándose algunas de sus propiedades más relevantes.  

El primero de ellos combina en su estructura una cumarina y un benzimidazol, dando lugar 

a una sonda “off/on” para el cambio de medio ácido a neutro y “on/off” para el paso de 

medio neutro a básico. Esta sonda está concebida para detectar estos cambios en las 

mitcondrías. La segunda sonda que se recoge es un derivado de 1,4-divinilbenceno 

decorado con grupos de piridina como centros básicos. La capacidad aceptora de los 

núcleos de piridina incorporados en esta molécula se ve incrementada tras el proceso de 

protonación, lo cual se traduce a nivel fotofísico en un desplazamiento batocrómico de las 

bandas de absorción y emisión. Esta sonda es del tipo ratiomérica en condiciones de 

excitación de 2P, y su aplicación reside en proporcionar información del pH i. Aunque 

estos dos compuestos tienen un valor de pKa adecuado para el estudio del pH en 

lisosomas (4.5-5.0), ninguno de ellos tiene la capacidad para alcanzar selectivamente este 

orgánulo.  

Tabla 2. Ejemplos de sensores de pH descritos para 2PM. 

Compuesto f (nm) σ2PA (GM) pKa 
Intervalo de pH 

para su uso 

Tipo de sonda y 

aplicación 
Ref. 

 

480 11 (800 nm) 
4.20 

7.20 

3.30-5.40 

6.50-8.30 

“on/off” – “off/on”; 

estudio de pH 

mitocondrial 

[347] 

 

465 411 (700 nm) 3.85 2.99-5.28 
Ratiomérica; 

mapeo de pH 
[349] 

OEt

EtO

N N
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4.2 DISEÑO MOLECULAR Y ESTUDIO DEL COMPUESTO MODELO 

(4) 

Como punto de partida para el trabajo desarrollado dentro de este Capítulo se toma el 

compuesto 4 (Fig. 57). Durante la preparación de este compuesto, se observó una alta 

fluorescencia verde en el crudo de reacción, la cual desapareció al emplear carbonato 

sódico en la elaboración de la reacción. Este hecho, sugiere su potencial aplicación como 

sensor de pH. Al igual que 1, el compuesto 4 presenta una estructura D-π-A o tipo push-

pull. La protonación del nitrógeno del anillo de indolenina, que actúa como centro básico, 

implica un incremento en la capacidad aceptora (mayor deficiencia electrónica), lo que se 

traduce a nivel fotofísico en un desplazamiento sustancial de las bandas de absorción y 

emisión. 

 

Fig. 57. Mecanismo para la detección de cambios de pH a través del empleo de derivados de indolenina y 

nuevos compuestos propuestos (5 y 6). 

En base al compuesto 4, se proponen dos nuevos derivados: 5 y 6 (Fig. 57). Las 

modificaciones sobre el modelo se realizarán sobre el sustituyente alcóxido. La variación 

del sustituyente en esta posición no debería conllevar cambios ni en las propiedades 

ópticas del cromóforo ni en las propiedades ácido-base de la molécula, dado que los 

cambios en esta posición no deberían tener una repercusión significativa sobre las 

unidades aceptoras y dadoras de la estructura. Teniendo esto en cuenta, las siguientes 

modificaciones se plantean con objeto de guiar la sonda de pH a nivel subcelular: 
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→ Incorporación del grupo carbitol en 5: esta unidad no tiene una diana definida a 

nivel subcelular, siendo incorporada para mejorar la solubilidad y favorecer su 

ubicuidad dentro del entorno celular. Esto permitirá el empleo de 5 como sonda 

general de pH i. 
→ Incorporación de N-alquilmorfolina en 6: este grupo es un agente lisosomotrópico, 

es decir, contribuye a la acumulación selectiva del fluoróforo dentro de los 

lisosomas. Tras protonarse este resto básico, el derivado 6 quedará 

confinado.212,215–217 El pH ácido de los lisosomas dará posteriormente lugar a la 

forma fluorescente. Es decir, este compuesto será un sensor de lisosomas. 

4.2.1 Estudio preliminar de las propiedades de 4 

En primer lugar, se lleva a cabo el estudio de las propiedades fotofísicas del compuesto 

modelo (4) en distintos disolventes, quedando los resultados recogidos en la Tabla 3. Los 

espectros de absorción y emisión se muestran en la Fig. 58. 

Tabla 3. Propiedades fotofísicas de 4 en diferentes disolventes (disoluciones 10 µM, sin desoxigenar). 

Compuesto Disolvente 
λabs (nm) 

[ε (M-1 cm-1)] 
f (nm) f 

Δυ (cm-1) 

[Δλ (nm)] 

4 tetrahidrofurano 338 [23300] 413 0.02 5373 [75] 

 diclorometano 333 [24800] 415 0.03 5934 [82] 

 metanol 337 [23200] 422 0.02 5977 [85] 

 agua 337 [22300] 438 0.14 6843 [101] 

4H HClaq (pH 1.22) 401 [25100] 502 0.37 5017 [101] 
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Fig. 58. Espectros de absorción (líneas sólidas) y emisión (líneas punteadas) del compuesto 4 en distintos 

disolventes (disoluciones 10 µM, sin desoxigenar). 

Como se puede apreciar, las bandas de absorción de 4 se encuentran en una región 

espectral relativamente pequeña, centradas entre 332 y 338 nm y fuera del rango de 

trabajo del microscopio de 2P. Las variaciones en la emisión, en cambio, son más 

acentuadas y los máximos se encuentran localizados entre 412 y 438 nm acorde a la 

polaridad del disolvente (Fig. 58). Este efecto fluorosolvatocrómico positivo apunta a un 

mayor momento dipolar en el estado excitado, hecho que justifica por qué las bandas de 

emisión se ven más afectadas por la polaridad que las de absorción. Ello, a su vez, se 

podría trasladar a la posible presencia de una transferencia de carga intramolecular (ICT) 

en estas moléculas. Por otro lado, de entre sus propiedades fotofísicas cabe destacar los 

altos desplazamientos de Stokes de hasta 6843 cm-1, que además están acompañados de 

rendimientos cuánticos de fluorescencia moderados (0.14 en disolución acuosa, Tabla 3). 

Con objeto de estudiar la respuesta óptica al pH del compuesto 4, los espectros de 

absorción y emisión se registran en condiciones ácidas (HClaq pH 1.22). Los datos 

fotofísicos están recogidos también en la Tabla 3, mientras que la comparación de los 

espectros en registrados en condiciones ácidas y neutras se encuentra en la Fig. 59.  
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Fig. 59. Espectros de absorción (líneas sólidas) y de emisión (líneas punteadas) del compuesto 4 (pH 

7.00, líneas azules), y su respectiva forma protonada 4H (pH 1.22, líneas rojas). La emisión fue registrada 

tras excitar en los respectivos máximos de absorción (λexc, 1P = 340 y 401 nm para las formas neutra y 

protonada, respectivamente; disoluciones 10 µM, sin desoxigenar). 

Como se mencionaba antes, en condiciones neutras la absorción del compuesto 4, 

independientemente del disolvente que se considere, no es idónea para su aplicación en 

2PM. La situación es notablemente distinta tras la protonación, observándose un cambio 

brusco en las propiedades de la forma protonada 4H a consecuencia de la mejora en el 

proceso de ICT que gobierna la transición electrónica S0 → S1. Concretamente, el máximo 

de la banda de absorción sufre un desplazamiento desde 340 nm en el compuesto 4 hasta 

401 nm en la forma 4H (Fig 59 y Tabla 3). Este desplazamiento batocrómico tan acusado 

habilita la aplicación en 2PM del sistema 4/4H como sonda de pH tipo “off/on”. Al igual 

que la absorción, la emisión experimenta un cambio en una extensión similar a causa de 

la formación del indolinio, desplazándose desde 437 hasta 502 nm. Es importante destacar 

que el proceso de protonación conlleva un aumento del rendimiento cuántico de 

aproximadamente tres veces, conservando además la forma protonada un desplazamiento 

de Stokes grande (5017 cm-1). 

Para profundizar en las propiedades ácido-base del compuesto 4, la absorción y la emisión 

del compuesto se registran en disoluciones de distinto pH comprendidas entre 2.32 y 4.38 

(Fig. 60 a). A partir de estos espectros, el pKa se calcula tanto en el estado fundamental 

como en el estado excitado mediante la ecuación de Henderson-Hasselbach [Eq. (5)]:  
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 pH = log ൬Imax - I 
I - Imin

൰  + pKa Eq. (5) 

donde Imax y Imin son los valores más altos y bajos registrados en los espectros de absorción 

y emisión para una longitud de onda, asociada en este caso a las bandas relativas a la 

forma protonada. Por otro lado, I es la absorbancia o intensidad de fluorescencia medida 

al pH considerado. 

 

Fig. 60. (a) Cambios en los espectros de absorción (parte superior) y de emisión (parte inferior) del 

compuesto 4 causados por la variación de pH de la disolución (rango de estudio: 2.32-4.38; los espectros 

de emisión fueron registrados tras λexc, 1P = 400 nm, 10 µM). (b) Representación de la Eq. (5) en base a los 

valores de absorción a 400 nm (parte superior) y los de emisión a 500 nm tras λexc, 1P = 400 nm (parte 

inferior) para el compuesto 4. 
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De la introducción de los respectivos valores en la Eq. (5) se obtienen valores de pKa de 

3.38 para el estado fundamental y 3.48 para el estado excitado (Fig. 60 b). Aunque existe 

una diferencia entre los valores obtenidos, esta no es significativa. Por ello, se puede 

concluir que tanto estado fundamental como excitado presentan el mismo 

comportamiento ácido-base, lo cual ha sido descrito en N-heterociclos.356,357  

 

Fig. 61. (a) Espectros de excitación en 2P de 4 (azul, disolución acuosa a pH 7.00) y de 4H (rojo, 

disolución acuosa a pH 1.22). (b) Espectro de absorción en condiciones de 1P (línea sólida roja), espectro 

de excitación (línea sólida roja con círculos) y espectros de emisión en las distintas condiciones de 

excitación (línea sesgada para 1P y línea punteada con círculos para 2P) de la forma protonada 4H. (c) 

σ2PA de 4H (disolución acuosa a pH 1.22, 10 µM). La representación en la esquina superior derecha 

muestra la relación logarítmica entre la intensidad de fluorescencia y la potencia del láser incidente (λexc,2P 

= 800 nm, pendiente: 1.8, R2= 0.9996). 

El comportamiento de 4 en régimen de excitación de 2P se recoge en la Fig. 61. Bajo estas 

condiciones y como se anticipaba antes, solo la forma protonada 4H presenta emisión tras 

la excitación con 2P (Fig. 61 a). Esta emisión es además coincidente con la registrada en 

condiciones de excitación de 1P, con lo cual, se puede confirmar que se cumple la regla 
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de Kasha (Fig. 61 b) y la emisión se produce en ambos casos desde el estado S1. 

Finalmente, se calculó σ2PA para la forma 4H mediante el método 2PEF.68 Esta presenta un 

máximo de 59 GM a 800 nm (Fig 61 c), longitud de onda equivalente a la cual se observa 

la transición S0 → S1 en condiciones de 1P (véase Fig. 61 a). La dependencia cuadrática 

de la intensidad de emisión con la potencia del láser (Fig 61 c) demuestra la excitación 

bifotónica en estas condiciones. 

4.2.2 Cálculos teóricos 

Tras optimizar las geometrías del estado fundamental (S0) y excitado (S1) mediante DFT y 

usando el funcional CAM-B3LYP358 junto con la base 6-31+G(d), se calculan las energías 

de absorción y emisión mediante TD-DFT. El disolvente se tiene en cuenta mediante el 

empleo del modelo de polarización continua (polarizable continuum model, PCM).359 Los 

resultados obtenidos están recogidos en la (Tabla 4), en la que se además de incluyen los 

datos experimentales obtenidos. 

Tabla 4. Datos calculados mediante TD-DFT para la indolenina neutra (4) y el indolinio resultante de la 

protonación (4H) al nivel PCM(H2O)/CAM-B3LYP/6-31+G(d). 

Transición (f) 
Ecalc

a 

eV (nm) 

Eexp
 

eV (nm) 

Componente 

dominanteb (%) 

Diferencia 

HOMO-LUMO 

eV 

Absorción      

4 S0 → S1 (1.108) 3.70 (335.09) 3.65 (340) HOMO → LUMO (94) 6.22 

4H S0 → S1 (1.133) 3.14 (394.85) 3.09 (401) HOMO → LUMO (95) 5.57 

Emisión      

4 S1 → S0 (1.211) 2.77 (447.60) 2.84 (437) LUMO → HOMO (97)  

4H S1 → S0 (1.223) 2.62 (473.22) 2.47 (502) LUMO → HOMO (97)   

a Obtenidos como respuesta lineal (linear response (LR) approach). 

b Componentes con una contribución a la transición mayor del 10%. 
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Mientras que el cálculo muestra una gran precisión para la estimación de las energías de 

absorción, los errores son mayores en cuanto a las energías de emisión. No obstante, las 

diferencias entre las energías experimentales y teóricas para el proceso de emisión - 

sobrestimada en el caso de la molécula neutra y subestimada para la forma protonada - 

se encuentran dentro del margen de error de esta metodología de cálculo (0.25 eV), y, lo 

que es más importante, la tendencia observada es reproducida. En ambos procesos 

electrónicos los orbitales moleculares implicados son exclusivamente HOMO y LUMO.  

La disminución de la diferencia de energía entre HOMO y LUMO tras el proceso de 

protonación está relacionada con el desplazamiento batocrómico observado tanto en la 

absorción como en la emisión. En líneas generales, se podría concluir que este modelo de 

cálculo es válido para este tipo de compuestos, especialmente para la predicción de las 

energías de absorción. 

4.3 SÍNTESIS Y CARACTERIZACIÓN DE LOS NUEVOS DERIVADOS 5 

Y 6 

4.3.1 Síntesis de los derivados 5 y 6 

Para la obtención de los nuevos derivados propuestos se plantea el esquema sintético 

ilustrado en la Fig. 62. En este, se parte del compuesto 3, previamente sintetizado. La 

desmetilación del oxígeno anclado al anillo de naftaleno se realiza con HBraq/AcOH, dando 

lugar al derivado de naftol 7 con un rendimiento del 86%.  

Desde 7, el compuesto 5 se obtiene en dos pasos: 1) la introducción mediante síntesis de 

Williamson del grupo carbitol en la estructura a partir de su derivado tosilado, 

obteniéndose la cetona 8 con un rendimiento del 82%; y 2) la transformación del grupo 

carbonilo de 8 en el anillo de indolenina mediante la síntesis “interrumpida” de indoles de 

Fisher. Esta última reacción conduce al compuesto 5 con un rendimiento del 74%. 
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Por otro lado, la síntesis del compuesto 6 requiere de tres etapas. La primera de ellas parte 

del naftol 7, que se hace reaccionar en condiciones de alta dilución con 1,4-

dibromobutano, obteniéndose la cetona 9 con un rendimiento del 81%. A partir de esta 

cetona se obtiene la indolenina 10 (82%). Finalmente se alcanza el compuesto deseado 6 

tras la sustitución nucleófila en la cadena alquílica de 10 empleando morfolina (86%). 

 

Fig. 62. Esquema sintético para la obtención de los derivados 5 y 6. Reactivos y condiciones: (a) HBraq, 

conc., AcOH, reflujo, 24h; (b) 4-metilbencenosulfonato de 2-(2-etoxietoxi)-etilo, KI, K2CO3, DMF, 80 ºC, 12h; 

(c) fenilhidrazina, AcOH, reflujo, 24h; (d) 1. KOH, MeOH, reflujo, 1h; 2. 1,4-dibromobutano, ACN, 80ºC, 

5h; y (e) morfolina, KI, K2CO3, DMF, 12h. 
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4.3.1 Propiedades fotofísicas de los derivados 5 y 6 

Para corroborar que los sustituyentes incorporados no afectan a las propiedades 

fotofísicas del cromóforo, se registran en primer lugar los espectros de absorción y emisión 

de los nuevos compuestos en distintos disolventes. Los datos obtenidos están recogidos 

en la Tabla 5, mientras que los espectros quedan ilustrados en la Fig. 63. 

Tabla 5. Propiedades fotofísicas de 5 y 6 en diferentes disolventes (disoluciones 10 µM, sin desoxigenar).  

Compuesto Disolvente 
λabs (nm) 

[ε (M-1 cm-1)] 
f (nm) f 

Δυ (cm-1) 

[Δλ (nm)] 

5 tetrahidrofurano 338 [20300] 413 0.01 5373 [74] 

 diclorometano 332 [27400] 415 0.02 6024 [83] 

 metanol 337 [23600] 423 0.02 6033 [86] 

 agua 337 [17400] 438 0.10 6843 [101] 

5H HClaq (pH 1.22) 402 [21300] 500 0.35 4876 [98] 

6 tetrahidrofurano 338 [29300] 412 0.02 5314 [74] 

 diclorometano 332 [28300] 415 0.03 6024 [82] 

 metanol 337 [27700] 423 0.03 6033 [86] 

 agua 337 [24500] 437 0.14 6790 [100] 

6H HClaq (pH 1.22) 401 [25200] 500 0.41 4938 [99] 

De la comparación de estos datos y espectros con los registrados para el modelo 4 (Tabla 

3 y Fig. 58), se concluye que el cromóforo efectivamente permanece inalterado tras los 

cambios estructurales introducidos. No solo no se observan cambios entre las 

propiedades de estos compuestos, sino que además estas son esencialmente idénticas a 

las determinadas para 4. 
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Fig. 63. Espectros de absorción (líneas sólidas) y emisión (líneas punteadas) de los compuestos 5 y 6 en 

distintos disolventes (disoluciones 10 µM). 

Ambos derivados muestran también una respuesta análoga al cambio de pH, tal y como 

se aprecia en la Fig. 64 y como queda recogido en la Tabla 5, donde también están 

indicadas las propiedades fotofísicas de las formas protonadas. Al igual que ocurre en el 

compuesto modelo, la absorción y la emisión en estos derivados experimenta un 

desplazamiento hacia el rojo tras el proceso de protonación. También se aprecia un 

aumento importante en el rendimiento cuántico junto a buen desplazamiento de Stokes. 
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Fig. 64. Espectros de absorción (líneas sólidas) y de emisión de los compuestos 5 y 6 (pH 7.00, líneas 

azules), y sus respectivas formas protonadas 5H y 6H (pH 1.22, líneas rojas). La emisión fue registrada 

tras excitar en los respectivos máximos de absorción (λexc, 1P = 340 y 401 nm para las formas neutra y 

protonada, respectivamente; disoluciones 10 µM). 

Un estudio pormenorizado de las propiedades ácido-base se recoge en la Fig. 65 para 

estos compuestos. A partir de los datos de los espectros de absorción y emisión recogidos 

a distintos pHs (Fig. 65 a) y mediante la aplicación de la Eq. (5) (Fig. 65 c), los valores de 

pKa obtenidos son 3.52 y 3.61 para el compuesto 5, y 3.53 y 3.65 para el 6 (estado 

fundamental y excitado, respectivamente). De nuevo, no se observan diferencias 

significativas en los valores de pKa, es decir, las cadenas introducidas tampoco repercuten 

en las propiedades ácido-base del grupo imina del anillo de indolenina. Las curvas de 

valoración de la Fig. 65 b apuntan que además solo hay un centro básico cuya protonación 

(o deprotonación) afecte a la fotofísica del cromóforo. 
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6 

 

Fig. 65. (a) Cambios en los espectros de absorción (parte superior) y de emisión (parte inferior) de los 

compuestos 5 y 6 causados por la variación de pH de la disolución (rangos de pH: 1.22-6.64 y 1.19-6.19 

respectivamente; los espectros de emisión fueron registrados tras λexc, 1P = 400 nm; 10 µM). (b) Curvas de 

valoración en función de los datos de absorción (parte superior) y de los de emisión (parte inferior) para 

estos derivados. (c) Representación de la Eq. (5) en base a los valores de absorción a 400 nm (parte 

superior) y los de emisión a 500 nm tras λexc, 1P = 400 nm (parte inferior) para estos compuestos. 

Para conectar los cambios en las propiedades ópticas antes descritos con la protonación 

del anillo de indolenina, se registran los cambios en los espectros de protón (RMN-1H) de 

5 y 6 tras la adición de distintos equivalentes de ácido trifluoroacético (TFA). 
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Fig. 66. Variaciones en el espectro RMN-1H (DMSO-d6) del compuesto 5 tras la adición de TFA 

(ampliación de la parte aromática).  

En la Fig. 66 se muestran los cambios en el espectro de 5 tras la adición de un equivalente 

de TFA. En líneas generales, la protonación conlleva un desapantallamiento de todas las 

señales aromáticas. Particularmente, el H1 naph es la señal más afectada, cuyo 

desplazamiento varía desde 8.6 ppm en la forma neutra hasta aproximadamente 8.9 ppm 

en la protonada. Otras señales convenientemente señaladas en la Fig. 66 pasan de estar 

resueltas a agruparse tras la protonación del anillo de indolenina. La adición de más 

equivalentes de TFA no produce ningún cambio adicional, demostrándose que el centro 

básico responsable del cambio en las propiedades fotocrómicas de 5 es el nitrógeno de 

la indolenina. En la parte alifática no se observan cambios apreciables. 

El compuesto 6 se diferencia del 5 en cuanto a la incorporación de un grupo básico 

adicional al de la indolenina: el resto de N-alquilmorfolina, el cual además tiene un mayor 

carácter básico. La protonación de esta unidad transcurre por tanto en primer lugar, lo 

cual se traduce en una restricción conformacional que implica desdoblamiento de señales 

que antes eran equivalentes y estaban asociadas a los metilenos pertenecientes al anillo 

de morfolina (Fig. 67). Las modificaciones en esta parte de la estructura no conllevan 

cambios en la parte aromática, y es necesaria la adición de un segundo equivalente de 



Capítulo 4 

112 
 

TFA para observar cambios de las señales aromáticas. El desplazamiento a campo bajo 

de estas señales es similar al descrito para el compuesto 6.  

 

Fig. 67. Variaciones en el espectro RMN-1H (DMSO-d6) del compuesto 6 tras la adición de TFA.  

Para finalizar la caracterización a nivel fotofísico de los nuevos compuestos, se procede al 

estudio de las propiedades de absorción de dos fotones. Los espectros de excitación de 

2P, en los que se registra la emisión entre 400 y 655 nm y se excitó desde 700 hasta 1040 

nm, aseguran que en ambos compuestos solo las formas protonadas son activas en 

condiciones de excitación de 2P (Fig. 68). 
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Fig. 68. Espectros de excitación en 2P de 5 y 6 (azul, disolución acuosa a pH 7.00) y de 5H y 6H (rojo, 

disolución acuosa a pH 1.22). Teniendo en cuenta el pKa de la N-metilmorfolina (7.38), el resto N-

alquilmorfolina incorporado en 6 podría estar parcialmente protonado a pH 7.00. No obstante, la 

protonación en esta posición no tiene repercusión en las propiedades fotofofísicas, y por ello se ha 

representado en la forma totalmente deprotonada. 

Por otra parte, la comparación de espectros de emisión y excitación realizada en la Fig. 

69 a nos permite afirmar que al igual que el modelo 4H, las formas protonadas de los 

nuevos compuestos cumplen con la regla de Kasha. Finalmente, se determina la σ2PA en 

el rango de longitudes de onda comprendido entre 710 y 1000 nm (Fig. 69 b). El máximo 

del espectro de absorción de dos fotones se registra en ambos casos a 800 nm, siendo 

los valores de cross section de 57 y 61 GM para 5H y 6H, respectivamente. La 

dependencia cuadrática de la intensidad de fluorescencia con la intensidad de la luz 

incidente, representada junto a los espectros de absorción de dos fotones, corrobora la 

ocurrencia del fenómeno bifotónico en las condiciones de estudio. 
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5H 

 

6H 

 

Fig. 69. (a) Espectro de absorción en condiciones de 1P (línea sólida roja), espectro de excitación (línea 

sólida roja con círculos) y espectros de emisión en las distintas condiciones de excitación (línea sesgada 

para 1P y línea punteada con círculos para 2P) de las formas protonadas 5H y 6H. (c) σ2PA de 5H y 6H 

(disolución acuosa a pH 1.22, 10 µM). La representación en la esquina superior derecha muestra la 

relación logarítmica entre la intensidad de fluorescencia y la potencia del láser incidente (λexc,2P = 800 nm; 

pendientes: 2.0 y 1.9, respectivamente; R2= 0.9996 en ambos casos). 

4.4 ESTUDIOS FOTOFÍSICOS ADICIONALES 

Tras estudiar el comportamiento óptico de los nuevos derivados frente a los cambios de 

pH, los siguientes estudios se enfocan a comprobar la selectividad y sensibilidad de estos 

compuestos para la detección el protón frente a otras especies con importancia a nivel 

biológico y presencia considerable en el entorno celular. Además, se examina la fatiga de 

estos compuestos tanto a nivel de reversibilidad, como de estabilidad frente a la exposición 

de luz. 
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4.4.1 Estudio de selectividad de los derivados 5 y 6 

La existencia de múltiples especies cargadas positivamente (fundamentalmente metales) 

en el entorno celular que puedan actuar como interferencias en la respuesta luminiscente 

de los compuestos 5 y 6, hace que sea necesario un estudio de la selectividad. Para ello, 

ambos compuestos se exponen a algunas de las especies de este tipo más abundantes 

en el entorno subcelular tanto a pH neutro (7.00) como a pH ácido (1.22), mostrándose los 

resultados en la Fig. 70. Para medir los cambios en la fluorescencia a la presencia de 

metales, las muestras se excitan a 400 nm y la emisión se mide en 500 nm. 

  

  

Fig. 70. Estudios de selectividad de protón frente a otras especies con carga positiva e importancia 

biológica para los compuestos 5 y 6. Las mediciones de fluorescencia fueron realizadas a pH 1.22 (barras 

negras) y a pH 7.00 (barras rojas). La fluorescencia fue registrada a 500 nm tras excitar a 400 nm. 

Concentración de los compuestos de interés: 10 µM (1% DMSO en disolución acuosa); concentración de 

los distintos iones: 100 mM. 

Ambos derivados presentan una alta selectividad y sensibilidad a la presencia de entornos 

ácidos, con un incremento en la fluorescencia de más de 100 veces en cualquiera de los 

casos presentados Fig. 70. En caso de que pudieran dar lugar a complejos con algunos 

de los metales examinados, el prácticamente inapreciable tamaño de las barras rojas 
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asociadas a los experimentos en medio neutro indica que la formación de estos no tiene 

ninguna repercusión en las propiedades fotofísicas del cromóforo. 

4.4.2 Estudio de la reversibilidad de los derivados 5 y 6 

  

 

Fig. 71. Estudios de reversibilidad de los compuestos 5 y 6. a fluorescencia fue registrada a 500 nm tras 

excitar a 400 nm. Concentración de los compuestos de interés: 10 µM (1% DMSO en disolución acuosa) 

La resistencia de estos compuestos a diversos ciclos de protonación-deprotonación en 

disolución es examinada en la Fig. 71. Para ello, el pH se cambia desde 1.22 hasta 7.00 

en múltiples ocasiones. Estos compuestos presentan una buena resistencia a los cambios 

de pH del medio. 

4.4.3 Estudio de la fotoestabilidad de los derivados 5 y 6  

Finalmente, se estudia la fotoestabilidad de los nuevos derivados en disolución acuosa 

tanto a pH neutro (7.00) como a pH ácido (1.22) (Fig. 72). En condiciones ácidas, se 

demuestra una buena estabilidad ante la irradiación continua a 400 nm. Por otra parte 

aunque la dimerización entre indoleninas es un proceso que podría darse via 

fotoquímica,360 en medio neutro no se observa ninguna interferencia. 
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Fig. 72. Estudios de fotoestabilidad de los compuestos 5 y 6 a pH 1.22 (rojo) y a pH 7.00 (azul). La 

fluorescencia fue registrada a 500 nm tras excitar a 400 nm. Concentración de los compuestos de interés: 

10 µM (1% DMSO en disolución acuosa). 

4.5 ESTUDIOS CON CÉLULAS EN MICROSCOPÍA DE DOS FOTONES 

Una vez concluida la caracterización química y fotofísica de los derivados 5 y 6, se 

procedió a su ensayo en medio biológico. Estos estudios fueron realizados en colaboración 

con el grupo del Prof. Dr. D. José María Pérez-Pomares. Para los estudios de este capítulo 

se usan fibroblastos de embriones de ratón (mouse embryonic fibroblast, MEF). 

4.5.1 Estudios de citotoxicidad 

De manera preliminar a los ensayos de bioimagen y para determinar la concentración más 

adecuada para realizar estos experimentos, se utiliza el test de citotoxidad WST-1 (más 

detalles acerca de este test se encuentran en la Sección 3.5.1). Los resultados de este 

ensayo, recogidos en la Fig. 73, indican que la citotoxidad de ambos compuestos 5 y 6 es 

baja en el rango de concentraciones en el que se emplea. A raíz de estos datos, se 

determina 10 µM como una concentración adecuada para los siguientes estudios.  
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Fig. 73. Test de citotoxicidad WST-1 para los derivados 5 y 6 a diversas concentraciones.  

 

4.5.2 Estudios de bioimagen con 5 

Los primeros estudios se realizan incubando las células con el compuesto 5 durante una 

hora en PBS a pH 7.4, observándose tras este tiempo señal fluorescente regiones 

discretas y punteadas dentro del citoplasma (Fig. 74 a y a’), las cuales podrían ser 

relacionados con lisosomas. Toda la señal obtenida se limita a estas regiones, es decir, no 

se observa fluorescencia en el resto del citoplasma. El compuesto 5 requiere de un 

entorno ácido (pH < 4.5) para dar lugar a la forma fluorescente 5H, con lo cual a pH i 7.4, 

solo en orgánulos ácidos (lisosomas) podemos disponer de las condiciones adecuadas 

para dar lugar al proceso de protonación.  



Detección de entornos ácidos a nivel subcelular 

119 
 

 

 

Fig. 74. (a−c) Imágenes de fluorescencia del compuesto 5 (10 µM, λexc,2P = 800 nm, λem = 500-550 nm) e 

(a’−c’) imágenes de fluorescencia combinadas con campo claro en células MEF a diferentes pH (7.4, 4.3 y 

3.3). (d) Intensidad de fluorescencia media determinada a partir de seis medidas independientes. (e) 

Imágenes de colocalización entre 5 y LDTR a pH 4.3 (50 nM, λexc, 1P = 633 nm, λem = 645 - 740 nm). Barras 

de escala: 10 µm. 

Dado que el propósito de la incorporación del grupo carbitol en el compuesto 5 es facilitar 

su distribución a nivel subcelular para así actuar como sensor de pH i, se emplean 

nigericina (10 nM) y KCl (140 mM) para modificar este parámetro.361,362 Estos estudios se 

realizan además a dos valores de pH distintos: 4.30 (Fig. 74 b y b’) y 3.30 (Fig. 74 c y c’). 
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En primer lugar, a pH i 4.30 se observa un incremento en la señal procedente del 

citoplasma, mientras que las regiones discretas y más brillantes se hacen más numerosas. 

A pH i 3.30, el aumento en la fluorescencia en toda la célula es más notable. Estos 

incrementos en la intensidad de fluorescencia en paralelo a la bajada de pH se encuentran 

ilustrados en la Fig. 74 d, indicando la utilidad del compuesto 5 como sonda para pH i.  
Para identificar las regiones antes mencionadas, se realiza un ensayo de colocalización 

entre el compuesto 5 y LTDR (Fig. 74 e) en condiciones de pH 4.30. La presencia de 

puntos de color amarillento casi naranja en esta imagen, resultantes de la combinación de 

verde (señal del compuesto 5 en su forma protonada) y rojo (señal procedente del LTDR), 

indica que estas regiones discretas y vesiculadas observadas son lisosomas. En la región 

citoplasmática, por el contrario, no se da colocalización entre ambas señales. 

4.5.3 Estudios de bioimagen con 6 

Para examinar la utilidad de 6 como sensor de lisosomas, se lleva a cabo una incubación 

en las mismas condiciones que se han descrito anteriormente para el compuesto 5 y a pH 

7.4. En este caso, se puede observar con una mayor claridad las regiones vesiculadas 

dentro del citoplasma (Fig. 75 a). Posteriormente, se realiza el ensayo de colocalización, 

empleándose de nuevo LTDR (Fig. 75 b y c). El solapamiento entre las señales 

procedentes de los dos canales de emisión resulta evidente en la Fig. 75 c, donde se 

aprecia que prácticamente la fluorescencia de las imágenes anteriores coindice. El 

coeficiente de correlación de Pearson a partir de estas imágenes se determina en 0.84. 

Esta buena colocalización se comprueba además a través del perfil lineal que se muestra 

Fig. 75 d, donde existe una buena coincidencia entre las señales. Estos resultados 

demuestran la utilidad de 6 como sensor de lisosomas. 

  



Detección de entornos ácidos a nivel subcelular 

121 
 

 

 

Fig. 75. Imágenes de colocalización en células MEF tratadas con (a) 6 (10 µM, λexc,2P = 800 nm, λem = 500-

550 nm) y (b) LTDR (50 nM, λexc, 1P = 633 nm, λem = 645 - 740 nm). (c) Superposición entre a, b y el campo 

claro. (d) Perfil de intensidad de la emisión de ambos fluoróforos a lo largo de la línea azul trazada en la 

célula. Barra de escala: 10 μm 

4.6 RESUMEN 

En primer lugar, se ha realizado un estudio detallado de las propiedades ópticas y 

fisicoquímicas del compuesto 4 como modelo para nuevos sensores de pH. En base a 

este, dos nuevos derivados (5 y 6) han sido diseñados, sintetizados de manera eficiente y 

caracterizados en profundidad. Los cambios estructurales planteados en estos 

compuestos no han conllevado variaciones en las buenas propiedades fotofísicas del 

modelo, las cuales además son sustancialmente mejoradas cuando se expone a un 

entorno ácido. La presencia de ácido en el medio implica el desplazamiento batocrómico 

tanto de la absorción como de la emisión, siendo especialmente destacable el cambio en 

la absorción y que permite constituir una sonda “off/on” en régimen de excitación de dos 
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fotones. De entre las propiedades fotofísicas de las formas protonadas, destacan una 

considerable eficiencia cuántica, que oscila en torno a 0.40, que además está acompañada 

de desplazamientos de Stokes grandes (~4900 cm-1). Sus valores de cross-section, de 

aproximadamente 60 GM, junto con los antes detallados, aseguran su aplicación en 2PM. 

Estos derivados, además, presentan una buena sensibilidad y selectividad por el protón 

frente a otras especies con carga positiva, así como una buena fotoestabilidad y una alta 

resistencia a diversos ciclos de protonación-desprotonación. Ambas modificaciones 

estructurales han cumplido con sus cometidos, es decir, mientras que 5 muestra una 

ubicación general dentro de la célula, 6 queda confinado selectivamente en lisosomas. Por 

último, cabe destacar que la fotofísica observada a nivel celular es la misma que ha sido 

estudiada en cubeta para las formas protonadas. 

Parte de los resultados presentados en este Capítulo han sido publicados en la referencia 

[363]. 

 

 

 



 

 
 

 

 

 



 

 
 

 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

Shedding light on  

lysosome-mitochondria communication 
 



 

 
 

 

 

 



Shedding light on lysosome-mitochondria communication 

127 
 

5.1 INTRODUCTION 

5.1.1 Lysosomes and mitochondria: an intricate relationship 

Subcellular organelles, far from acting as isolated entities, establish complex functional 

networks. Consequently, the cellular activity lies on the controlled and synchronized labors 

of the different organelles.364,365 Among these, lysosome-mitochondria communication 

plays a crucial role for cellular homeostasis and indeed, the dysfunction of one or both 

organelles is tightly associated with some human diseases.366–369  

As mentioned in the previous Chapter, lysosomes are characterized for hosting a high 

acidic content (pH 4.5-5.0)297 as well as numerous enzymes, which together are essential 

for the degradation of endocytosed and endogenous intracellular materials. It is worth 

noting that these subcellular compartments are also the most viscous of all cellular 

organelles.370,371 On the other hand, mitochondria are responsible for managing the cellular 

energy supply. Adenosine triphosphate (ATP) is generated within these subcellular 

“powerhouses”, which requires the action of diverse proton pumps to remove the 

consequent proton excess. Because of this, the double membrane that surrounds these 

organelles is polarized, and the subsequent mitochondrial membrane potential (around 

180 mV; commonly noted as ΔΨm )372 determines the pass through this structure and is 

related with the selective accumulation of positive charged species within mitochondria. 

211–215 Besides, these organelles are one of the most important source of ROS at cellular 

level.373 However, this issue implies a gradual oxidative damage to mitochondria often 

associated with aging, cancer and neurodegenerative diseases.374–376 

Hence, it can be drawn that preserving the quality and quantity of mitochondria population 

is crucial for cell survival. This requires periodic removal and subsequent recycling of 

damaged and/or excess mitochondria in a process so-called mitophagy. In this 

mechanism, the role of lysosomes is fundamental for breaking down the mitochondrial 

components.377–380 This process can occurs in two vias, as illustrated in Fig. 76 a: 1) 

lysosomes wrap the damaged mitochondria, or 2) the injured parts are released in form of 

mitochondria-derived vesicles (MDVs), which are then engulfed by lysosomes. 
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Fig. 76. Schematic illustration of the different lysosome-mitochondria interactions: (a) degradative and (b) 

non-degradative processes. Image reproduced from ref. [369] 

Despite of these organelles are known for a long time, non-degradative interactions beyond 

mitophagy have been recently described in healthy cells.369,381 It is represented in Fig. 76 

b, that both organelles establish contact between their membranes and later, some content 

is transferred from each to other. 

5.1.2 Simultaneous and dual-color organelle trackers 

Although confocal and 2PM offer a wide number of advantages for live imaging of cellular 

processes, individual small fluorescent molecules capable to specifically stain multiple 

subcellular regions with organelle-specific photophysical properties are all but unknown. 

Thus, this task is practically limited to the use of multiple fluorescent labels, which is in turn 

limited by the availability of photophysically-compatible dyes that allow simultaneous 

visualization of organelle-specific dynamics. 
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Fig. 77. Structure of the only one dual-color and simultaneous tracker described in literature to date. 

To date, only one example of specific multi-organelle probe has been described in the 

literature, this represented in Fig. 77. This compound was devised to gain insights into lipid 

droplets and lysosome interactions, and its ability to reach these organelles is based on 

incorporating two well-known targeting groups in its structure: a tertiary amine, responsible 

for the storage of the dye within lysosomes; and the triphenylamine as hydrophobic moiety 

that facilitates the accumulation in lipid droplets. The different polarities of these organelles 

and the strong solvathochromic character of this dye are responsible for the dual-color 

tracking.382

 

Fig. 78. Structures of some representative probes for monitoring mitophagy. 

Regarding lysosome-mitochondria dual labeling, this is only accessible by means of two 

photophysically distinguishable dyes as yet.383 Although some probes have been 
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developed for monitoring mitophagy (a few representative examples are indicated in Fig. 

78),384–391 the use of a single small molecule capable of separately labeling both organelles 

simultaneously has never been reported. The functioning of most of mitophagy probes lays 

on the different pH within these organelles. Thereby, these compounds are first 

accumulated in mitochondria, where they display a certain photophysical features. When 

they reach lysosomes after mitophagy takes place, the protonation of the structures 

induces a different optical behavior to that previously exhibited. 

5.2 MOLECULAR DESIGN AND SYNTHESIS 

5.2.1 Structural composition of the new derivatives 11 and 12 

Two new derivatives (11 and 12, Fig. 79) were devised in this Chapter combining different 

organelle-tracker moieties in a single scaffold.  

 

Fig. 79. Structure of the target compounds 11 and 12. 

Although these compounds are inspired by the ones developed in Chapter 4, the presence 

of the indolinium group in compounds 11 and 12 implies two significant differences: 

→ As they dispose of the same fluorophore composition that compound 1, it is 

anticipated that these compounds will be 2P-active without depending on 

secondary processes such as protonation or oxidation. That is, these dyes are 

conceived as trackers instead of sensors. 
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→ There are lipophilic cationic species containing an indolinium moiety that have been 

described in literature to stain selectively mitochondria.392 Moreover, it has 

previously been informed about J-aggregation phenomena in some cyanine dyes 

within these same organelles.393 Considering this, it might be possible that the 

proposed derivatives display a different optical feature if reaching these cellular 

suburbs. 

On the other hand, the selection of the alkoxy substituents builds on similar principles to 

that applied in the previous Chapter:  

→ Incorporation of carbitol chain in compound 11: this moiety is known for being a 

non-specific organelle-targeting group that facilitates the pass through the cellular 

membranes and improves molecular solubility. This group was selected with the 

aim of achieving a mitochondrial localization. 

→ Incorporation of N-alkylmorpholine chain in compound 12: this group is a well-

documented lysosomotropic agent.212,215–217 As this compound bears a positive 

charge in the indolinium ring yet, this moiety was envisioned to provide the scaffold 

of a dual-organelle tracker ability. 

5.2.1 Synthetic approach 

For these new compounds, the synthetic scheme shown in Fig. 80 was proposed and 

performed. Compound 11 was obtained through the methylation of the previously 

prepared 5 (61% yield). For the insertion of the morpholine moiety in 12, two synthetic 

steps were required: 1) the methylation of previously prepared 10 that quantitatively yields 

indolinium 13 and 2) the nucleophilic substitution of iodide per morpholine obtained in this 

last one. After this reaction, the desired compound 12 was achieved with a 58% yield as 

the hydroiodide 12H. As it will be detailed below, the protonation of the morpholine ring 

has not influence on the photophysical properties of the chromophore. That is, both forms 

(12 and 12H) exhibit the same optical features. 
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Fig. 80. Synthetic scheme for the obtention of compounds 11 and 12H (please note that H in compound 

12 indicates that its morpholine moiety is protonated). Reagents and conditions: (a) MeI, ACN, 80ºC, 24h; 

(b) morpholine, acetonitrile, reflux, overnight. 

 

5.3 PHOTOPHYSICAL PRELIMINARY STUDIES 

5.3.1 Characterization of compounds 11 and 12 

The new derivatives 11 and 12 dispose the same fluorophore moiety that compound 1, 

whose photophysical properties were thoroughly studied in Chapter 3. In order to compare 

the optical features of the new dyes with the ones of the model 1, these analogues were 

photophysically characterized in acetonitrile solution. The corresponding data are 

summarized in Table 6, and the absorption and emission spectra are in Fig. 81.  
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Table 6. Photophysical data of compounds 1, 11 and 12H in acetonitrile (10 µM air-equilibrated solutions). 

Compound 
λabs (nm) 

[ε (M-1 cm-1)] 
f (nm) f 

Δυ (cm-1) 

[Δλ (nm)] 

1 367 [8000] 517 0.03 7612 [146] 

11 361 [10500] 517 0.04 8358 [156] 

12Ha 361 [10200] 515 0.04 8283 [154] 

a Please note that the properties of 12 and 12H are comparable. 

 

 

Fig. 81. Absorption (solid lines) and emission (dotted lines) spectra of compounds 11 (blue lines) and 12H 

(orange lines) in acetonitrile (10 µM air-equilibrated solutions). 
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Both absorption and emission bands are seemingly identical for these derivatives. First, 

absorption bands displayed their maxima at 361 nm with molar extinction coefficients 

above 10000 M-1 cm-1. Moreover, broad and structureless emission bands were registered, 

these centered around 516 nm. More importantly, these data are similar to those observed 

in the model compound 1 (see Table 6). The great separation between the absorption and 

the emission bands (above 150 nm) yields considerable large Stokes shifts of around 8300 

cm-1. The fluorescence quantum yields determined were also close to that of the model 

reference: ~0.04 in these analogues vs. ~0.03 in the model. Although these values could 

be considered moderate-to-low at first sight, it was demonstrated that for 1 the 

fluorescence quantum yield is dramatically enhanced (30-fold) by increasing the viscosity 

of the environment (Fig. 39, Chapter 3). Judging from these data, it seems clear that alkoxy 

moiety has almost a negligible effect on the chromophore’s features. Hence, a similar 

response toward viscosity displayed by 1 can be expected in these compounds. 

 

  

Fig. 82. (a) Excitation (solid lines) and emission (dotted lines) spectra of compounds 11 (blue) and 12H 

(orange) under 1P (lines) and 2P (lines and symbols) excitation conditions. (b) σ2PA of 11 and 12H (blue 

and orange lines respectively). Inset shows laser power dependency of 2P excited fluorescence. All the 

spectra were recorded in acetonitrile (10 µM, air-equilibrated solutions). 
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Next, the 2PA properties of these compounds were examined via 2P-excited 

fluorescence.394  As illustrated in Fig. 82 a, the emission spectra registered are comparable 

regardless of the nature of the excitation source, indicating thus that the same electronic 

states are involved (S0→S1 transition). Moreover, both compounds displayed very similar 

spectra in terms of shape and spectral position. In Fig. 82 b it can be appreciated that the 

2PA spectra are also similar, where σ2PA at λexc,2P = 740 nm were determined at 38 and 45 

GM for 11 and 12 respectively. All in all, it can be safely assumed that only the oxygen 

participates as donor group in the dipolar D-π-A structure, and that changes on the 

structure does not have consequences on the 2PA properties of the fluorophore moiety. 

5.3.2 Photostability and interference studies 

Additionally, the photostability of these compounds was examined, as represented in Fig. 

83 a. Despite a slight decrease in the emission intensity at 515 nm upon excitation at 370 

nm for 1 hour, photobleaching can be considered low (the emission barely decreases from 

6.5 to 6.0 a.u.). Both compounds not only demonstrated a notable robustness to the 

continuous irradiation, but also the attained fluorescence intensity levels were similar. 

These results also corroborate the absence of non-desired photochemical processes 

which could alter the fluorescence properties. 

 

Fig. 83. (a) Photostability of 11 and 12H in acetonitrile (10 µM, air-equilibrated solutions). Compounds 

were excited continuously at 370 nm for 1 hour and the emission was monitored at 515 nm. (b) 

Interference studies of dyes 11 and 12 towards physiologically important species. The solutions were 

prepared in distilled water (10 µM for our derivatives and 1 mM for the other chemical species). 
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The possible interferences with some of the most common biological cations were also 

evaluated. Furthermore, the possible interaction with cysteine, considering the electrophile 

character of the indolinium ring, was also examined (Fig. 83 b). The differences observed 

in optical behavior of these derivatives towards the tested species are not significant in all 

cases. 

5.4 CELL STUDIES  

The studies with living cells were carried out employing HeLa cells. This cell line consists 

of immortal cancer cells. Interestingly, these cells were taken for the first time in February 

1951 from the cervical cancer that suffered Henrietta Lacks, who passed away that same 

year.395 This cell line is the most extensively used in scientific studies. Cell studies in this 

Chapter were performed in the U28 Unit of the ICTS “NANBIOSIS” hosted at the 

Andalusian Centre for Nanomedicine & Biotechnology (Bionand). 

5.4.1 Cytotoxicity studies 

Prior to the imaging experiments, the cytotoxicity of these compounds was evaluated to 

determine the optimal concentration to incubate the cells. In this case and taking into 

account the possible interferences, we performed a “Live/Dead” test, which consists of 

determining the number of live and dead cells. This is feasible through staining cells with 

propidium iodide, which passes through the disordered areas of the nuclear membrane of 

dead cells, thus allowing the differentiation of live from dead cells. This dye, once it has 

reached the cellular nucleus, intercalates with the DNA of the nuclei and emits red 

fluorescence light.396 The results obtained are shown in Fig. 84. These data point out that 

these dyes, at the concentrations tested, are practically harmless to cells (please note that 

compounds are considered toxic when cell survival is below 80% by this method, 

according to ISO 10993-5:2009). Considering the results, the selected concentration for 

the biomaging studies was 10 µM.  
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Fig. 84. Cytotoxicity of 11 and 12 on HeLa cells. Data are expressed as mean values and standard error of 

the mean from four independent experiments (n=4). 

 

5.4.2 Bioimaging studies with compound 11 

The initial cells studies with compound 11 revealed an unexpected behavior upon 2P- 

excitation at 740 nm: an apparently dual emission was observed. Noteworthy, the 

emissions were separated in two channels: one that ranges from 450 to 520 nm (“green”) 

and other that covers from 580 to 700 nm (“red”). Interestingly, it was observed that these 

emissions were localized at different subcellular localizations, i.e., the typical filamentous 

pattern of mitochondria was drawn in the red channel whereas the green one presented 

multiple and discrete vesicles, likely lysosomes, spread along the cytoplasm. 

Different 1P- and 2P-excitation conditions in the microscope were tested to gain insights 

into this behavior, being attained a selective manner to observe the different described 

emissions: fluorescence at the green channel can be obtained upon 2P excitation at 740 

nm, and the red one can be selectively triggered by 1P excitation at 514 nm (hereinafter 
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noted as IndGreen and IndRed, respectively). These results point thus to two emissive species 

at the subcellular level (Fig. 85). Since the observed emissions after 2h of incubation were 

clearly appreciable (Fig. 85 a), the culture medium was then replaced by fresh one without 

containing compound 11. This was performed with the aim of examining the evolution of 

the fluorescence signals. Please note that the emissions observed hereupon outcome from 

the dye that has been accumulated during the 2h incubation. Images of experiments at 

long-time expose a decrease in the emission of both channels (Fig. 85 b). Furthermore, 

the merge of fluorescence and brightfield images confirms that no fluorescence signal is 

observed in other subcellular areas rather than the previous mentioned at any conditions 

(Fig. 85 a’ and b’). 

 

 

Fig. 85. Fluorescence images within living HeLa cells after incubation with 11 (10 μM in complete medium). 

Emissions were recorded in two different channels: λexc, 2P = 740 nm, λem = 450 - 520 nm (shown in green, 

hereinafter noted as IndGreen) and λexc, 1P = 514 nm, λem = 580 - 700 nm (shown in red, hereinafter noted as 

IndRed). Images were taken (a) after 2h of incubation and (b) 24h post-incubation. Merged 

fluorescence/brightfield images are presented in (a’) and (b’). 

In order to ascertain the identity of the subcellular distributions, colocalization experiments 

were carried out with two photophysically-compatible commercial trackers: Lysotracker 
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Deep Red (LTDR) was selected to counterstain lysosomes, and Mitotracker Green FM 

(MTG) to examine the mitochondrial localization. The images obtained are indicated in Fig. 

86 and 87 for the counterstaining of 11 with LTDR and MTG, respectively. These 

experiments were conducted at short and long-time conditions, and PCCs were 

determined for the most evident signal combinations. 

In Fig. 86 a and b, the different emissions from the indolinium derivative are represented 

in green (IndGreen) and red (IndRed) respectively, being clearly reflected the well-

differentiated subcellular distributions. LTDR channel (magenta) is represented in Fig. 86 

c. All these images were taken at short time experiences. The combination of these three 

channels is illustrated in Fig. 86 d, where small and discrete whitish points, resulting from 

the sum of green and magenta signals, are detected.  

 

 

Fig. 86. Colocalization between 11 with LTDR. The following fluorescence channels are shown: (a) IndGreen : 

λexc, 2P = 740 nm, λem = 450 - 520 nm; (b) IndRed : λexc, 1P = 514 nm, λem = 580 - 700 nm;  (c) LTDR (shown 

in magenta) = λexc, 1P = 633 nm, λem = 645 - 740 nm. Images were taken (a-d) after 2h of incubation and (a’-

d’) 24h post-incubation. The fourth column of each panel (d and d’) represents a merged overlay of the 

three separate channels shown in each row. 
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It is important to note long time experiments, where the lysosomal localization of 11 is 

practically loss (Fig. 86 a’). Consequently, the overlap between IndGreen and LTDR is not 

appreciable in Fig. 86 d’. On the other hand, the mitochondrial distribution is maintained, 

but showing a marked decrease in the intensity of the IndRed signal (Fig. 86 b’).  

The counterstaining with MTG and 11 is represented in Fig. 87, where the two different 

emissions that arise from 11 are in Fig. 87 a and b (IndGreen and IndRed, correspondingly), 

and Fig. 87 c refers to MTG (magenta). The overlap in short time experience, shown in Fig. 

87 d, results in the filamentous pattern of mitochondria totally pink-colored. This fact 

indicates that red and magenta signals are in good coincidence. 

 

 

Fig. 87. Colocalization between 11 with MTG. The following fluorescence channels are shown: (a) IndGreen : 

λexc, 2P = 740 nm, (b) λem = 450 - 520 nm; IndRed : λexc, 1P = 514 nm, λem = 580 - 700 nm; (c) MTG (shown in 

magenta) = λexc, 1P = 458 nm, λem = 470 – 560 nm. Images were taken (a-d) after 2h of incubation and (a’-

d’) 24h post-incubation. The fourth column of each panel (d and d’) represents a merged overlay of the 

three separate channels shown in each row. 
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In turn, the Pearson Correlation Coefficient (PCC) for 11 and the different commercial 

trackers are determined in the different experiences. Thereby, PCCs for 11 vs. LTDR are 

calculated from Fig. 86 d (short time) and Fig. 86 d’ (long time) in 0.72 and 0.33, 

correspondingly. For the mitochondrial localization, the PCCs of MTG vs. 11 obtained from 

Fig. 87 d (short time) and Fig. 87 d’ (long time) are of 0.78 and 0.87, respectively. These 

data support the previous-made observations over the images, that is, the staining of 

lysosomes with 11 is not preserved with time. On the contrary, compound 11 displays a 

good ability to track mitochondria regardless of the time considered. 

5.4.3 Bioimaging studies with compound 12 

 

 

Fig. 88. Fluorescence images within living HeLa cells after incubation with 12 (10 μM in complete medium). 

Emissions were recorded in two different channels: IndGreen : λexc, 2P = 740 nm, λem = 450 - 520 nm; IndRed : 

λexc, 1P = 514 nm, λem = 580 - 700 nm. Images were taken (a) after 2h of incubation and (b) 24h post-

incubation. Merged fluorescence/brightfield images are presented in (a’) and (b’). 

Alike 11, compound 12 displayed an apparent dual emission when incubated in HeLa cells, 

these located at the same spectral regions and showing similar subcellular distribution (Fig. 

88). At short time, multiple and discrete points are depicted in IndGreen (Fig. 88 a), and IndRed 
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appears as a stretched red pattern (Fig. 88 b). As intended, 12 seems to exhibit an 

enhanced lysosome-targeting ability. This is more notable in long-time experiments, in 

which the number of green spots and their intensity has increased particularly (Fig. 88 b) 

if comparing to those barely observed when using 11 in comparable conditions (cf. Fig. 85 

b). The IndRed signal, although somewhat reduced, is also visible after 24h post-incubation 

in Fig. 88 b. As it occurs with 11, fluorescence that outcomes from 12 is not detected at 

the cytoplasm after merging fluorescence and brightfield images for each time considered 

(Fig. 88 a’ and b’). 

The subcellular localization of 12 was investigated, being the counterstaining of this dye 

with LTDR or MTG shown in Fig. 89 and 90, correspondingly. 

 

 

Fig. 89. Colocalization between 12 with LTDR. The following fluorescence channels are shown: (a) IndGreen : 

λexc, 2P = 740 nm, λem = 450 - 520 nm; (b) IndRed : λexc, 1P = 514 nm, λem = 580 - 700 nm; (c) LTDR (shown in 

magenta) = λexc, 1P = 633 nm, λem = 645 - 740 nm. Images were taken (a-d) after 2h of incubation and (a’-

d’) 24h post-incubation. The fourth column of each panel (d and d’) represents a merged overlay of the 

three separate channels shown in each row. 



Shedding light on lysosome-mitochondria communication 

143 
 

When examining the lysosomal localization of 12, it is found that the overlap of IndGreen with 

LTDR (magenta) is considerable in both short and long-time conditions (Fig. 89 d and d’, 

respectively), although it is more evident with the passage of time (Fig. 89 d’). In this last 

image, numerous white discrete points are easily recognized.  

Moreover, compound 12 shows a similar performance to label mitochondria to that 

displayed by 11. This is illustrated in Fig. 90 d and d’ for short- and long-time conditions, 

respectively. In both images mitochondria are labelled in pink, which results from the sum 

of IndRed and MTG channels.  

 

 

Fig. 90. Colocalization between 12 with MTG. The following fluorescence channels are shown: (a) IndGreen : 

λexc, 2P = 740 nm, (b) λem = 450 - 520 nm; IndRed : λexc, 1P = 514 nm, λem = 580 - 700 nm; (c) MTG (shown in 

magenta) = λexc, 1P = 458 nm, λem = 470 – 560 nm. Images were taken (a-d) after 2h of incubation and (a’-

d’) 24h post-incubation. The fourth column of each panel (d and d’) represents a merged overlay of the 

three separate channels shown in each row. 
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As previously indicated, with time, a similar behavior from the displayed by 11 is 

appreciated in the IndRed signal from 12. When comparing Fig. 89 b vs. 89 b’ and Fig. 90 b 

vs. 90 b’, long-time conditions are translated into a decrease of the fluorescence detected 

from mitochondria. In stark contrast, the IndGreen signal from 12 increases with time, which 

indicates this dye as a better dual tracker for lysosomes and mitochondria (see Fig. 89 a 

vs. 89 a’ and Fig. 90 a vs. 90 a’). 

Then PCCs are calculated for each experience. The PCCs for 12 vs. LTDR obtained from 

Fig. 89 d (short time) and Fig. 89 d’ (long time) were of 0.74 and 0.77, respectively. 

Likewise, PCCs of MTG vs. 12 were determined from Fig. 90 d (short time) and Fig. 90 d’ 

(long time) in 0.78 and 0.87, respectively. These values support the visual analysis 

performed over the images. 

When comparing the PCCs for mitochondrial 12 vs. MTG, it is however noticed that this 

decreases with time. This fact is contradictory with the observed in the merged IndRed and 

MTG (magenta) images at long time experiences (Fig. 90 d’), where the overlap is clearly 

reflected through the pink pattern. Nevertheless, in this image a considerable amount of 

discrete whitish points can also be detected. These white points are resulting from the sum 

of the green 12 and MTG (magenta) signals. That is, it seems that there is a population of 

lysosomes that probably contain MTG within them. 

Indeed, MTG can label both healthy mitochondria as well as injured ones (both MDVs or 

mitochondria being engulfed by lysosomes), and has been used to study mitophagy 

process.397–399 Thus, these white points could be ascribed to mitochondria being degraded 

by lysosomes. A more detailed image analysis was performed to deepen in this behavior 

(Fig. 91). This analysis was realized over the long-time experiment images Fig. 90 a’-d’. 
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Fig. 91. Analysis of the images from counterstaining MTG vs. 12 in long-time conditions (Fig. 90 a’-c’). The 

following operations were performed: (a) subtraction of IndGreen from 12 to MTG signal (Fig. 90c’ minus Fig. 

90 a’), (b) merge between (a) and IndRed (Fig. 91 a plus Fig. 90 b’); (c) subtraction of IndRed from 12 to MTG 

signal (Fig. 90c’ minus Fig. 90 b’); and (d) merge between (c) and IndGreen (Fig. 91 a plus Fig. 90 a’) 

When subtracting the lysosomal emission from 12 to MTG signal (i.e., Fig. 90 c’ minus Fig. 

90 a’) an interesting result is addressed: the remaining signal from MTG shows a clear 

filamentous distribution. Please note that in Fig. 90 c’, discrete magenta points are also 

appreciated. The merge of this resulting image (Fig. 91 a) with the mitochondrial emission 

from 12 (Fig. 90 b’) is in good coincidence, as displayed in Fig. 91 b. Thus, this observation 

suggests that the observed points at Fig. 90 c’ are like lysosomes or mitochondria being 

engulfed by the former. 

Additionally, the emission from mitochondrial 12 emission (Fig. 90 b’) is subtracted to MTG 

fluorescence (Fig. 90 c’). In the resulting image Fig. 91 c, multiple discrete points are now 

appreciated. Moreover, these points are partially overlapped with the green emission of 

12, as regards to the presence of white points in Fig. 91 d in which Fig. 91 c and Fig. 90 a’ 

(lysosomal emission from 12) are overlapped. 
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All in all, the points observed in Fig. 91 c could be mitochondria being degraded. Although 

further experiments are required to deepen in this issue, these observations point 

compound 12 as a good candidate for tracking mitophagy. 

5.5 UNDERSTANDING THE WORKING PRINCIPLE: ADDITIONAL 

PHOTOPHYSICAL STUDIES 

Considering that subcellular environments are responsible of the observed optical 

properties for these compounds, additional photophysical studies were performed to 

deepen in the behavior of these dyes. Although it is practically impossible to faithfully 

reproduce organelles conditions in vitro considering that numerous biological and 

processes are participating in the function of these suburbs, we attempted to gain insights 

into how the different properties of lysosomes and mitochondria (mainly pH and 

viscosity),322,400 are linked to the unexpected photophysical behaviors of these dyes in vivo. 

Please note that some environmental factors and its influence on the optical properties 

have yet been examined. In Section 5.3.2, it was studied the interaction of these 

compounds with diverse biologically relevant species in diluted aqueous solutions, without 

these addressing significant changes to the optical properties. Moreover, it was 

demonstrated in Chapter 3 that viscosity only affects to the emission intensity and the 

fluorescence quantum efficiency of the fluorophore moiety, but not to the spectral position 

of the bands.  

5.5.1 pH titrations 

The possible effect of pH over the fluorophore was studied, being the results obtained 

represented in Fig. 92. Looking at this figure, it is observed that fluorescence emission is 

maintained at acid to neutral conditions (pHs 4 and 6), where both compounds exhibit the 

same optical features. However, a considerable decrease is observed at pH 8, where both 

emission and absorptions bands are halved. At more basic conditions (pH 10), these bands 

suffer a dramatic decrease. Otherwise, this behavior is expected if taken into account that 

the nucleophilic character of the hydroxyl ion and the electrophile one from the indolinium 
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ring. The disappearance of the emission band is very likely due to loss of the π-conjugated 

system as a result of a nucleophilic addition. 

 

 

 

 

Fig. 92. Absorption (left) and emission (right) spectra of 11 and 12 at different pH (10 µM air-equilibrated 

distilled water solutions). pH was adjusted by adding NaOH 1M or HCl 1M while measuring with a 

calibrated pH-meter. Emission was recorded upon excitation at 370 nm. 

5.5.2 Aggregation studies: optical properties of the aggregates 

As pH alone (as well as viscosity) seems unlikely to be sufficient to mediate these 

differential emissions, we investigated self-assembly effects by increasing the compounds 
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concentration from 10-5 M to 10-2 M in acetonitrile solutions (Fig. 93). These studies lay on 

a) J-aggregation phenomena has previously been reported to some cyanine dyes within 

mitochondria393 and b) the changes in the optical properties caused by the formation of 

this type of assemblies are very similar to the ones demonstrated by our derivatives. That 

is, J-aggregate’s formation entails red-shifts in both excitation and emission spectra, being 

more pronounced in the excitation ones. These trends are certainly the ones exhibited by 

11 and 12 within cells. Gratifyingly, in Fig. 93 it can be appreciated how both emission and 

excitation are red-shifted when increasing the concentration of the compound.  

 

 

 

 

Fig. 93. Emission (dotted lines) and excitation (solid lines) of 11 (blue lines) and 12H (orange lines) at 10-5 

M (monomer) and 10-2 M (aggregate) in acetonitrile solution. 

More specifically, the excitation bands move from 370 nm in high diluted conditions to 

~540 nm in the aggregated state. Further, the change in the emission is not as pronounced, 

and the maxima of the bands are approximately displaced from 515 to 580 nm. Noteworthy, 

both compounds exhibited similar trends and these are coincident with the optical 

properties observed in mitochondria, which strongly suggests that self-assembling is 
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substantially favored in this organelle. The absence of aggregation-quenching effects on 

emission intensities is also consistent with the formation of these high-ordered structures. 

Additionally, the absence of secondary photochemical processes when these structures 

are formed was assessed, i.e., these assemblies neither they suffer from photobleaching 

when they are continuously irradiated (Fig. 94). 

 

Fig. 94. Photostability of 11 and 12H in acetonitrile (10-2 M, air-equilibrated solutions). Compounds 

were excited continuously at 540 nm for 1 hour and the emission registered at 580 nm. 

Finally, it was examined how pH and viscosity can affect self-assembly phenomena for a 

closer approximation to the in vivo situation. These studies were carried out combining 

these parameters by means of different pH adjusted water/glycerine mixtures (Fig. 95). A 

similar behavior is observed in both acid and basic non-viscous conditions (Fig. 95 a and 

c, respectively), where the emission from the aggregate state is superior to that of the 

monomer one. Only when placing high viscosity and acid pH, (Fig. 95 b) the monomer 

emission bands are favored over those of the aggregates, being these conditions closer to 

lysosomal environment. The combination of basic and viscous conditions results in the loss 

of the emission of both monomers and aggregates (Fig. 95 d), which can be ascribed to 

the formation of a precipitate in the cuvette. All together, these data indicate that pH and 

viscosity could partially support as why aggregate formation is not occurring in lysosomes. 
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Fig. 95. Emission of compound 11 and 12 (10-2 M air-equilibrated solution) upon excitation at 370 nm (solid 

lines) and at 520 nm (solid lines). The solvent systems employed were: (a) pH 4 aqueous solution, (b) pH 4 

aqueous solution/glycerin mixture (1:1), (c) pH 8 aqueous solution and (d) pH 8 aqueous solution/glycerin 

mixture (1:1). 

5.5.3 Bioimaging studies at different concentrations 

Further studies were performed at the subcellular level to evaluate the J-aggregation 

phenomena observed in mitochondria. Since 12 demonstrates an enhanced ability for the 

dual staining, we decided to perform this experiment only using this dye. Considering that 

the concentration of the dye is critical for this process to occur,401,402 12 was incubated at 

different concentrations for two hours as illustrated in Fig. 96.  
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Fig. 96. Fluorescence images within living HeLa cells after 2h incubation with 12 at different 

concentrations: (a) 10 µM, (b) 5 µM and (c) 1µM. The following fluorescence channels are shown: (a) 

IndGreen : λexc, 2P = 740 nm, (b) λem = 450 - 520 nm; IndRed : λexc, 1P = 514 nm, λem = 580 - 700 nm.  

Whereas the lysosomal staining is apparently independent of the concentration employed, 

the signal that outcomes from mitochondria seems to be extremely dependent on the 

concentration of the compound. Thereby, it can be appreciated how the red signal is 

practically lost when incubating with a complete medium solution containing 5 µM (Fig. 96 

b) of 12 instead of 10 µM (Fig. 96 a). At lower concentrations (1 µM, Fig. 96 c), this trend 

is consistent, that is, no emission is observed in the red channel. 

5.6 SUMMARY  

Two different indolinium-based compounds (11 and 12) have been developed. As these 

dyes incorporate the same chromophoric moiety, comparable photophysical properties 

are attained. These derivatives offer the interesting possibility of dual-color and 

simultaneous labelling of mitochondria and lysosomes, especially compound 12. The 

performance of these compounds is not solely compromised on the mitophagy 

occurrence, and the double staining is observed even if looking at short time incubation 

experiences. This selective difference seems to be related to aggregation processes, 

which in turn builds on a junction of different subcellular conditions. Although further 

studies will be required to demonstrate the potential of these compounds, compound 12 

seems track mitophagy. It is very likely that these compounds could play a key role in 

providing biorelevant knowledge about the interactions between the mitochondria and 

lysosomes, facilitating information about the biological processes in which these organelles 

participate. 
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6.1 INTRODUCTION 

6.1.1 Photochromic molecules: an overview 

Photochromism is a reversible transformation between two isomers of a chemical species 

having different absorption spectra, which can be induced in one or both directions by 

electromagnetic irradiation.403–405 Some of the most representative examples of 

photochromic compounds are represented in Fig. 97.  

 

Fig. 97. Representative examples of photochromic molecules 

The most common classification of photochromic molecules attends to the thermal 

reversibility or not. Thereby, two main groups are distinguished: 
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→ T-type photochromic molecules: the majority of the reported photochromes 

correspond to this type. Among them, azobenzenes and spiropyrans  are the most 

investigated. Such compounds are characterized for being thermally reversible, 

i.e., one of the isomers is thermally unstable and photoisomerization process is 

reverted to the action of temperature (and time). Particularizing at the azobenzene 

example, the so-called “a” form is colorless. UV light prompts the formation of the 

colored “b” form. However, when keeping this isomer in the dark at room 

temperature, the color is loss due to the thermal isomerization that provides the 

initial “a” form. 

→ P-type photochromic molecules: in contrast to the previous one, the 

photoisomerization between the two isomers is thermally irreversible but 

photochemically reversible in these dyes. In other words, both isomers are 

thermally stable, and the use of different wavelength lights conduct to the formation 

of one of these structures. The number of families of compounds with this behavior 

is however relatively limited, and furylfulgide and diarylethene are the most 

common ones. In both shown cases in Fig. 97, irradiation with UV light achieves 

the closed (c) forms. This chemical transformation is characterized for involving the 

establishment of a six-member ring with subsequent reorganization of the π-

conjugated system. In consequence, the absorption bands of the “c” forms are red-

shifted respect to those of the open (o) forms. Thus, visible light is responsible for 

the photoisomerization from “c” to “o”.  

Although the choice of one or other type of photochromes depends on the intended use, 

thermal irreversibility is crucial for their application in photonic devices, as for example, 

optical memories, switches or molecular machines. Besides, other features are highly 

desired for such applications: 1) fatigue-resistance property, 2) high sensitivity and 3) rapid 

response. Among the derivatives presented in Fig. 97, well-designed diarylethene dyes 

fulfill all these requirements, and especially dithienylethenes (DTEs).406,407 The best 

performance of DTEs includes:  

→ Both isomers display a half-life time of thermal isomerization at room temperature 

greater than 400000 years. 
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→ Ring-closing or -opening cycles can be repeated more than 10000 times.  

→ Isomerization reactions occur in a picosecond time region, and usually displaying 

good isomerization quantum yield for the closing reaction. 

This project detailed below was performed in residence at Chalmers University of 

Technology under the supervision of Prof. Dr. Joakim Andréasson. All the compounds 

presented in this study were kindly provided by his research group. 

6.2 MOLECULAR DESIGN 

6.2.1 Working principle 

The system proposed in this Chapter (Fig. 98) combines a 2PA dye with a photochromic 

system within a single scaffold. Although the structural components are intentionally 

electronically decoupled as detailed below, they can communicate each other by Förster 

resonance energy transfer (FRET). Please note that for FRET to occur efficiently, it is 

required a) an optimal donor-acceptor distance, and b) a prominent spectral overlap 

between the emission from the donor and the absorption of the acceptor. Thus, the design 

criteria for the system 14o/14c are oriented to fulfill the Förster theory. The system can be 

described as below:  

→ A FRET acceptor: a DTE photoswitch, highlighted in red in Fig. 98. 

→ A FRET donor: a fluorene derivative, marked in blue in Fig. 98. This unit was 

selected for procuring a suitable overlap integral (J) between its emission and the 

longest absorption wavelength of DTE. As well, this type of fluorophores 

demonstrated suitable 2PA properties.142 

→ A fine-designed spacer: the insulating spacer should limit the conformational 

freedom without disturbing the photophysical properties of the two 

abovementioned components. The selected bridge also provides of a restricted 

geometry, allowing the knowledge of the distance between the donor and the 

acceptor and thus, an accurate treatment of the photophysical events. 
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Fig. 98. Working principle of a photochromic dyad (14) having a DTE appended to a 2PA dye. The FRET 

acceptor, FRET donor and the used bridge are distinguished in red, blue, and black, respectively. 

In our specific case, FRET would imply the closed form but not the colorless open one. 

Thereby, the fluorescence from the fluorene unit would be quenched by FRET in the 14c 

isomer. This FRET process would sensitize the isomerization to the 14o form, in which the 

2P-excited fluorescence from the fluorene would arise. The combination of these two two-

photon induced processes, that is, a) FRET sensitized isomerization that yields the emissive 

form of the dyad and b) the 2P-excited fluorescence, will affect directly to the emission 

intensity dependence on the laser power.  

Under ideal conditions, the fluorescence of the considered system will respond to Eq. (6), 

If = If,∞ (1 - ekt)  Eq. (6) 

where t is the time, If is the fluorescence, If,∞ is the fluorescence at infinite, and k is the rate 

of the isomerization process. 
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Since the coupled processes are 2P-mediated, the effect on duplicate the intensity of the 

laser would be translated into a 4-fold increase in both If,∞ and k owing to the quadratic 

dependence of the fluorescence intensity on the laser power. Thus, two different situations 

can be figured: one at half intensity of the laser power, and other one when using the full 

intensity (Fig. 99 a). The dynamic range among these conditions (i.e., the quotient between 

the associated curves) would lead to a quartic dependence for the first instances of the 

photochromic conversion, obtaining a difference up to 16 times at time zero as represented 

in Fig. 98. Once all 14c is converted, the usual quadratic dependence, arising from two-

photon-excited fluorescence, would apply for (Fig. 99 b). 

 

Fig. 99. (a) Modeling of the FI and HI conditions according to Eq. (6) and (b) dynamic range between FI 

and HI.  

This quartic dependence is typically observed in systems absorbing simultaneously four 

photons. Considering that the occurrence of the multiphotonic absorption process is 

confined to a smaller space as long as photons are simultaneously involved, this novel 

dyad system, displaying a similar performance that a 4PA dye, would achieve a dramatic 

improvement of the spatial resolution by combining two two-photon mediated processes. 

Thereby, the applications in which 2PA process is essential and whose major downside is 

the three-dimensional resolution, would be improved by this novel strategy. 
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6.3 PHOTOPHYSICAL STUDIES

6.3.1 Characterization of the model compounds 

Prior to the synthesis of the dyad, the optical properties of the isolated models that 

compose the system were studied. Their structures are indicated in Fig. 100. 

 

Fig. 100. Structure of the model fluorene (15) and DTE (16). 

In stark contrast to most of DAEs, fluorenes such as the one employed in this Chapter 

exhibit prominent solvatochromism. Thereby, the solvent is critical for the system to 

function, and methanol was considered appropriate attending to the previous reported 

data for a similar fluorene and those of the model DTE.142,403,408 In this solvent, 15 displays 

a structureless absorption band at 377 nm (Fig. 101). The excitation at this wavelength 

leads to a broad intramolecular charge-transfer band in the emission spectrum, with 

maximum at 555 nm (φf = 0.36, fluorescence lifetime (τf ) = 2.4 ns). 
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Fig. 101. Absorption spectra (solid lines) of the model compounds in methanol (15, orange line; 16o, blue 

line; 16c, green line; 10 µM aerated solutions). In addition, the emission spectrum of 15 is shown as 

dashed orange line.  

Table 7. Photophysical relevant data of the models 15 and 16 in methanol (10 µM aerated solution). 

Compound 
λabs (nm) 

[ε (M-1 cm-1)] 
f (nm) f 𝜏f (ns) 

15 336 [34900] 555 0.36 2.4 

16o 302 [49600] n.d.b n.d.b n.d.b 

16c a 592 [18700] n.d.b n.d.b n.d.b 

a It actually refers to the observed properties at the Photostationary State (PSS), which mainly consist of 16c.408 

b n.d.: not determined. 

On the other hand, 16o exhibits an absorption band with maximum at 302 nm. Note that 

no absorption is appreciated in wavelengths larger than 400 nm for this molecule in Fig. 

101, dismissing thus any possibility of FRET between 15 and 16o. The treatment of 16o 

with UV light (302 nm) efficiently leads to a blue solution through the enrichment in the 

closed isomer 16c. Although the main component at the Photostationary State (PSS) is 

certainly the closed isomeric form, both photoisomers are present in the solution at this 

stage. All the same, when comparing the absorption spectrum of the PSS with that of 

isolated 16o, it can be confirmed that the lower energy band (centered at 592 nm, Fig. 101) 

corresponds exclusively to 16c. All these data are duly summarized in Table 7. 
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Moreover, with this data and following Förster theory,409 the overlap integral [J(λ)] for the 

pair 15/16c was calculated as 1.54 x 1015 nm4 (M cm)-1 by using a|e - UV-Vis-IR Spectral 

Software.410 This value results from the spectral overlap between the emission from the 

donor and the absorption of the acceptor, and was determined according to Eq. (7): 

J () = න εA() 4 FD() d
∞

0

  Eq. (7) 

where εA is the extinction coefficient spectrum of the acceptor in units of M-1cm-1, λ is the 

wavelength in nm and FD is the wavelength dependent donor emission spectrum 

normalized to an area of 1.  

The critical Förster radius (R0), that is, the maximal length between donor and acceptor 

molecules under which resonance energy transfer yet to occur, was calculated as 47 Å by 

means of Eq. (8):  

R0 = 0.211 ൥κ2  f,D  J()

n4 ൩1
6ൗ

  Eq. (8) 

where κ2 is an orientation factor between the donor and acceptor (assumed as 2/3), n is 

the refractive index, and φf,D is the fluorescence quantum yield of the donor in absence of 

the acceptor. 

Furthermore, the 2PA properties of 15 were examined via 2P induced fluorescence 

between 700 nm and 1000 nm.394 Looking at Fig. 102 a, it has been founded that the 2PA 

spectrum features a maximum at 770 nm with a significant 2PA cross section (σ2PA) of 156 

GM. Moreover, this spectrum resembles the 1P absorption when the wavelength scale is 

conveniently adapted, i.e., λ2PA ≈ 2λ1PA. Likewise, the 2P-excited fluorescence essentially 

coincides with the registered under 1P conditions, confirming that the same excited state 

is involved in either process. The double logarithmic plot, shown in Fig. 102 b, confirms 

the two-photon absorption occurrence because the closeness to 2 of the slope. 
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Fig. 102. (a) One-photon absorption (left) and fluorescence (right) spectra of 15 (black solid lines), and 

energy-scaled two-photon absorption spectrum (red dashed line and red points) and the two-photon-

excited fluorescence spectrum (black dashed line and black points); 10 μM in methanol. (b) Double-

logarithmic plot of the emission maximum intensity versus laser power for 15. The dashed line represents 

the linear regression fittings. 

6.3.2 Characterization of the dyad 

Once having studied the properties of the isolated model compounds, the photophysical 

properties of the dyad 14, in both isomeric forms, were examined.  

Table 8. Photophysical relevant data of the dyad 14 in methanol (10 µM aerated solution). 

Compound 
λabs (nm) 

[ε (M-1 cm-1)] 
f (nm) f 𝜏f (ns) 

14o 378 [20400] 555 0.36 2.4 

14ca 600 [49600] -b -b -b 

a It actually refers to the observed properties at the Photostationary State (PSS), see details below. 

b Some residual fluorescence is observed due to the presence 14o in the photostationary state, see details below. 
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Fig. 103. (a) Absorption spectra (solid lines) of the dyad in both isomeric forms in methanol (14o, black 

line; 14c, red line). The 14o emission spectrum is shown as dashed black line. (b) One-photon absorption 

(left) and fluorescence (right) spectra of 14o (black solid lines), and energy-scaled two-photon absorption 

spectrum (red dashed line and red points) and the two-photon-excited fluorescence spectrum (black 

dashed line and black points); 10 μM in methanol. (c) Double-logarithmic plot of the emission maximum 

intensity versus laser power for 14o. The dashed line represents the linear regression fittings. 

When looking at the open form (14o), regardless of the excitation conditions, it is 

noteworthy that similar optical features to that of the model 15 were observed. Briefly, the 

absorption band of the fluorene appears together with the one from the DTE, looking like 

a shoulder at ca. 384 nm. The excitation at this wavelength leads to a very similar 

fluorescence in terms of spectral features (spectral position, maximum and shape of the 
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band) and of spectroscopical parameters (fluorescence quantum yield and lifetime) (Fig. 

103 a and Table 8). Under 2P regime, the properties were also comparable. 14o showed 

a maximum σ2PA of 150 GM at λexc,2P = 770 nm, as 15 did (Fig. 103 b). Hence, as stated 

above, it can be confirmed that no FRET is present when fluorene is encountered with the 

open DTE in the dyad, that is, there is no electronic communication in this photoisomer. 

The quadratic fluorescence intensity dependence on the laser power, confirms the 2PA 

occurrence (Fig. 103 c). 

In turn, pure 14o was irradiated with 302 nm light until reaching the PSS, where the 

photophysical properties were examined. At this point, some residual fluorescence with 

identical shape, spectral position, and fluorescence lifetime to that of 14o (and 15) was 

observed, which seems to indicate that a small portion of the open isomer is still present 

at the PSS. 1H-NMR and the model DTE were employed to confirm this hypothesis, 

assuming that there are no significant changes in the properties of the isolated DTE vs. 

when incorporated in the dyad (Fig. 104). Through this experiment, the composition of the 

PSS was determined in 94/6 for closed/open isomers. 

 

Fig. 104. 1H-NMR in methanol-d4 of the PSS attained by irradiating 16o with 302 nm light (δ 4.0 – 1.5). The 

signals corresponding to 16c are highlighted in red, and those of 16o in blue. 
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In light of these results, we could evaluate that the observed residual fluorescence 

outcomes from open isomer at the PSS. However, this would only be right if FRET were 

practically quantitative. To corroborate this, we carried out theoretical calculations that aid 

us to gain insights into the behavior of the system. 14c geometrical parameters at the 

ground state (S0) were optimized using DFT, and employing the CAM-B3LYP358 functional 

with the 6-31+G(d) basis set. The solvent effects, methanol in this case, were taken into 

account by including the PCM.359 From this optimized structure, the center-to-center 

distance between the two chromophores within the dyad was determined as 22 Å (Fig. 

105). 

FRET efficiency ሺΦFRETሻ = 
R0, theo

6

R0, theo
6  + R0, exp

6   Eq. (9) 

 

Fig. 105. Optimized structure of the 14c dyad. 

Considering that the experimentally determined R0 in Section 6.3.1, the FRET efficiency 

[Eq. (9)] was estimated as practically quantitative in the dyad (φFRET = 0.99), which ensures 

that the fluorescence observed at the PSS corresponds effectively to the open isomer. 

Additionally, the absorption energies for both isomers of 14 were computed at the 

PCM(MeOH)/CAM-B3LYP/6-311+G(d,p) level for the first ten excited states, using the 

linear-response (LR) approach with the TD-DFT.108 Natural Transition Orbitals (NTOs),43 

which better describe the electronic transitions, are represented in Fig. 106.  

In the 14o form, the transitions to the first (S1) and the fourth (S4) excited states are 

assigned to the absorptions of fluorene and DTEo units, respectively. A similar analysis can 
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be performed at the transitions of the closed 14c, where the transitions to the first (S1) and 

the third (S3) excited states correspond to those of DTEc and fluorene components, 

correspondingly (Fig. 106). It is very encouraging the accuracy of the calculations 

performed, as it can be appreciated in the tables included in this figure where the 

theoretical and experimental values are compared. 

 

Fig. 106. NTOs of the photoisomers of 14. Representative data for the transitions depicted are further 

indicated. 
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Furthermore, from the transitions of 14c, the dipole moment transitions (M) can be used to 

better approximate κ2. This can be calculated following Eq. (10): 

κ2 = (cosθAD – 3 cosθA cosθD)2 Eq. (10) 

In this expression, θD and θA are the angles between the donor-acceptor geometric center-

to-center vector and the transition dipoles moments of these units, respectively; θAD refers 

to the angle between the transition dipole moments implicated. The transition dipole 

moments are represented in Fig. 107 together with the angles’ values. 

 

 

Fig. 107. Dipole transitions moments abovementioned for 14c (upper panel) and respective angles (bottom 

panel) with the center-to-center vector. 

Accordingly, κ2 was estimated as of 1.48. This more precise orientation factor gives rise to 

a slightly higher and more accurate critical Förster radius of 53 Å, although it does not 

involve any substantial change to the prediction of a quantitative FRET (ΦFRET = 1). 

Furthermore, the isomerization quantum yields were determined according to a 

comparative method (similar to the one employed for the fluorescence quantum yield or 
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the 2PA cross-section determination) by using furylfulgide as reference.411–413 The ring-

opening reactions were triggered using 523 nm, whereas the closing ones were carried 

out with a 302 nm light. As usually observed in DTE derivatives, the isomerization quantum 

yield for the closing process was as efficient as φo→c = 0.50. The opening reaction, in 

contrast, showed a relative lower efficiency of φc→o = 0.008, but yielding quantitatively the 

open isomer.  

6.3.3 Kinetic studies under 2P excitation conditions 

To bring about these studies, we started from a solution enriched in the closed isomer 14c. 

Considering the observed optical features and having established the FRET behavior of 

the dyad, 820 nm was selected as excitation source because: a) at half of this wavelength, 

i.e., 410 nm, the DTE photochrome exhibits a considerable low absorption in both isomeric 

forms (below 1000 M-1 cm-1 for 16c and zero for 16o), and b) model 15 bears a suitable 

2PA cross-section of 86 GM at this wavelength. 

 

Fig. 108. (Left) Kinetics of fluorescence build-up on irradiation of 14c (10 μM in aerated methanol) with 820 

nm laser light at full intensity (FI, blue points) and at half intensity (HI, red points). Modeling of these 

conditions, introducing the initial 6% of the open isomer in Eq. (5), are included as dashed black lines. 

(Right) Ratio of time-dependent fluorescence intensities shown at the left, these including the theoretical 

curves. 

The irradiation of the PSS enriched in 14c with this light prompted a fast increase of the 

2P-excited fluorescence, as illustrated in Fig. 108. Two laser powers were also employed, 
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being the ratio of the fast kinetic components, ascribed to FRET-induced isomerization, of 

4.3. It is very encouraging to notice that for a quartic dependence the ratio is expected to 

be 4 (kobs,FI = 0.483 s-1, kobs,HI = 0.112 s-1). The quotient between the curves, however, 

addressed a value of ca. 10, which is lower than that expected for a “pure” quartic 

dependence, i.e., of 16 (cf. Fig. 99). Gratifyingly, this deviation from the ideal assumptions 

can be anticipated, since the modelling performed above did not contemplate the presence 

of already 6% 14o in the initial solution, corresponding to the value experimentally 

observed for the PSS of the open-to-close reaction. When introducing this 6% at time zero 

in the modeling [Eq. (6)], the quotient yielded a maximum of 10.1, being in line with the 

experimental observations and corroborating thus this proof-of-principle (see Fig. 108).  

6.4 SUMMARY  

It is proposed an innovative approach toward dye systems that conducts to a dramatic 

improvement of the dependence of the fluorescence signal on the excitation light intensity. 

By combining a conventional two-photon absorbing fluorophores and photochromic 

system that can be switched by two-photon-initiated FRET, two 2PA processes are 

entangled, and consequently, this system practically performs as a 3PA dye. Although 

originally a quartic dependence was expected, the characteristics of the studied system 

are responsible for originating a deviation from the ideal theoretical models. However, this 

strategy would effectively lead to a quartic dependence for a photochromic system with 

quantitative conversion. Hence, the presented approach enables to overcome the 

photophysically imposed limitations of 2PA dyes, while maintaining the technological 

benefits of working under 2P-excitation regime. Noteworthy, this structurally modular 

approach, i.e., the nonconjugative combination of the two functional units, allows the merge 

of any 2PA dye with a FRET-efficient photochromic system to yield the phenomenon 

described. 

Part of the results presented in this Chapter have been published in reference [414]. 
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English 

In relation to Objective 1 

A new “off/on” 2P-probe has been devised to detect hydroxyl radical in acid environments. 

When applied into cells, the presence of a tertiary amine in 2 was responsible of its 

selective accumulation within lysosomes, where the fluorescent form 1 was produced. The 

utility of 2 for detecting endogenous production of lysosomal hydroxyl radical as well as its 

generation by other agents affecting cellular oxidative stress in 2PM has been proved. 

In relation to Objective 2 

The appropriate decoration of compound 4 has resulted in two new-indolenine-based pH 

sensors with different intended uses: compound 5 as a pHi -probe, and compound 6 as a 

lysosensor. Their application in cellular contexts has been demonstrated. 

In relation to Objective 3 

Compounds 11 and 12 presented two emissive forms at the subcellular level: monomer 

and J-aggregates, which have been observed in lysosomes and mitochondria, 

respectively. These species displayed different photophysical properties, and in 

consequence, 11 and 12 offered the interesting possibility of dual-color and simultaneous 

labelling of these organelles. Compound 12 has demonstrated to serve for tracking 

mitophagy. 

In relation to Objective 4 

The combination of two two-photon processes in a dyad system (2PA and FRET sensitized 

by 2P-excited fluorescence) has resulted in a system that practically perform as a 3PA dye. 

Although under ideal conditions for the system, it was expected a quartic dependence of 

the fluorescence on the excitation source., the observed behavior was reproduced when 

contemplating the experimental characteristics of the dyad within the model. This strategy 
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allows literally matching any 2PA dye with a FRET-efficient photochromic system, and 

conducts to a superior 3D-resolution than the one of the 2PA process per se.  

Español 

En relación con el Objetivo 1 

Se ha desarrollado una nueva sonda “off/on” con propiedades de absorción de 2P para la 

detección de radical hidroxilo en entornos ácidos. La presencia de una amina terciaria en 

2 propicia su acumulación selectiva dentro de lisosomas, donde se da lugar a la forma 

fluorescente 1. La utilidad de 2 para detectar radical hidroxilo en lisosomas (ya sea este 

producido de forma endógena o estimulada por otros agentes que aumente el estrés 

oxidativo) en 2PM ha sido demostrada. 

En relación con el Objetivo 2 

La modificación del compuesto 4 ha dado lugar a dos nuevos sensores de pH basados en 

indoleninas con diferentes usos: el compuesto 5 como sensor de pHi, y el compuesto 6 

como sensor de lisosomas. Su aplicación en células ha sido probada. 

En relación con el Objetivo 3 

Los compuestos 11 y 12 presentaron dos formas emisivas a nivel subcelular: monómero 

y agregados tipo J en lisosomas y mitocondrias, respectivamente. Estas especies 

mostraron propiedad fotofísicas diferentes, lo que permite el marcaje de ambos orgánulos 

de manera simultánea y diferenciada a través del uso estos derivados. El compuesto 12 

ha demostrado servir para monitorizar el proceso de mitofagia. 

En relación con el Objetivo 4 

La combinación de dos procesos mediados por 2PA en una diada (la propia 2PA y la FRET 

sensibilizada por fluorescencia obtenida por excitación con 2P) da lugar a un sistema se 

comporta prácticamente como un compuesto con capacidad de absorción de 3P. Aunque 
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para este sistema se esperaba una respuesta cuártica de la intensidad de fluorescencia 

con la intensidad del láser, el comportamiento experimental se puede justificar cuando se 

tienen en cuenta las características de la díada en el modelo teórico. Esta estrategia 

permite la combinación de cualquier compuesto con propiedades de absorción de dos 

fotones y un sistema fotocrómico con una alta eficiencia para FRET, proporcionando 

además una mayor resolución tridimensional que la que se obtiene con el proceso de 2PA.  
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8.1 GENERAL CONSIDERATIONS AND TECHNIQUES 

8.1.1 Reagents and solvents for synthesis 

Commercially available reagents and solvents were purchased and used as supplied. 

Thin layer chromatography (TLC) was performed using silica gel 60 F254 plates. 

Visualization was performed by exposure to UV light (254 nm). Occasionally, chemical 

revealing agents, such as potassium permanganate, were further used. Purification via 

column chromatography was carried out with silica gel 60 (230-400 mesh). Solvents are 

indicated for each case. 

The synthetic procedures of Chapters 3, 4 and 5 are described according to the routes 

represented in Fig. 35, 62 and 80, respectively. Compounds studied in Chapter 6 were 

synthesized and characterized by Prof. Dr. Joakim Andréasson group. 

8.1.2 Nuclear magnetic resonance  

In Chapters 3, 4 and 5, NMR spectra were collected on a Bruker Advance III Ascend 400 

MHz spectrometer at 25 ºC. In Chapter 6, NMR were recorded on an Agilent 400 

spectrometer at 25 ºC. 

1H NMR and 13C NMR chemical shifts (δ) are expressed in parts per million (ppm).  

In 1H NMR the signals are referred to the residual protic solvent: CHD5SO at 2.50 ppm in 

DMSO-d6, CHCl3 at 7.26 ppm in CDCl3 and CHD2OH at 3.31 ppm in MeOH-d4. Coupling 

constants are expressed in Hertzs (Hz), and multiplicity of the signals is indicated with the 

following abbreviations: (s) singlet, (d) doublet, (t) triplet, (quint) quintuplet, (hept) 

heptuplet, (dd) double doublet, (td) triple doublet, (m) multiplet. The chemical shifts of 13C 

NMR are calibrated respect to the signals of the carbon resonance: 39.5 ppm for DMSO-

d6, and 77.0 ppm for CDCl3. 
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Total assignment of the NMR shifts was accomplished using 2D NMR experiments (COSY, 

HSQC, HMBC) as appropriate. 

8.1.3 High Resolution Mass Spectrometry 

High resolution electrospray ionization (ESI) mass spectra were obtained on a Thermo 

Fisher high resolution mass spectrometer Orbitrap. 

8.1.4 Infrared spectra 

Infrared spectra were recorded on a JASCO FT/IR-4100. Representative data are indicated 

as appropriate.  

8.1.5 Melting point determination 

Melting points (m.p.) were measured using an Electrothermal IA-9300 melting point 

apparatus. The determined values were not corrected. 

8.1.6 UV/vis and fluorescence measurements 

Spectroscopic grade solvents were employed for all the photophysical measurements, 

including studies under 2P-excitation conditions (Section 8.1.7). 

Experiments were performed at room temperature, using air-equilibrated solutions 

contained in a 1 cm pathlength quartz cuvettes. Compound’s solutions were prepared to 

a final concentration of 10 µM or optically diluted (Abs of the longest wavelength band < 

0.1), indicated for each case. 

In Chapters 3, 4 and 5, absorption spectra were recorded on a Cary 100 Bio UV-Vis 

Spectrophotometer, and both emission and excitation spectra on a JASCO FP-750 

Spectrofluorometer. In Chapter 6, absorption spectra were registered on a Varian CaryBio 

50 UV/vis spectrophotometer and steady-state fluorescent measurements on a SPEX 

Fluorolog-3 spectrofluorometer or a Varian Cary Eclipse spectrofluorometer. 
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Fluorescence quantum yields (f) were determined according to a published procedure.67 

The expression used is Eq. (11), where s refers to the sample and r to the reference 

compound; F notes the area of the fluorescence spectrum; f is calculated as 1-10-Abs, where 

Abs is the absorbance value at the excitation wavelength used; and nD is the refractive 

index of the solvent used.  

f
s = 

F s  fs  nD,s
 2

F r  fs  nD,r
 2  f

r Eq. (11) 

Taking into account the fluorescent spectra of the species, quinine sulphate in sulphuric 

acid 0.5M (f = 0.546) or coumarine 153 in ethanol (f = 0.38) were used as references.  

More details about specific photophysical experiments of each Chapter (such as pH 

titrations or the preparation of aqueous solutions) are duly indicated in the Sections below. 

8.1.7 Studies under two-photon excitation conditions 

Two-photon absorption (2PA) cross-sections (σ2PA) were determined using the two-photon-

excited-fluorescence method.394,415 Rhodamine B (0.1 or 5 µM in methanol) was employed 

as reference under experimentally identical conditions, assuming that fluorescence 

quantum yield is independent of the excitation regime. Compounds were diluted to 10 μM, 

and spectra were measured in a laser power regime where the fluorescence was 

proportional to the square of the laser excitation power. All solutions were contained in 0.1 

cm pathlength quartz cuvettes. σ2PA was calculated for each wavelength using a similar 

expression to that of the fluorescence quantum yield: 

σ2PA,s = σ2PA,r  Cr nD,r f,r Fs

Cs nD,s f,s Fr
 Eq. (4) 

where 𝑠 refers to the sample and 𝑟 to the reference compound, σ2PA is the 2PA cross-

section, C is the concentration of the specie, f is the fluorescence quantum yield, nD is the 

refractive index of the used solvent and F is the area under the emission spectrum. 
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In Chapters 3, 4 and 5, the fluorescence properties of the compounds were analyzed using 

an inverted Leica SP5 MP confocal and multiphoton microscope hosted at the Andalusian 

Center for Nanomedicine and Biotechnology (Bionand). This microscope is equipped with 

a MaiTai Ti:Sapphire HP laser (Spectra-Physics, Inc.) tunable between 690 and 1040 nm. 

Imaging was performed using a 10x Plan APO objective (NA 0.4) focused at the air/liquid 

boundary, allowing for simultaneous detection of sample and background fluorescence. 

Emission and excitation spectra data for compound and background regions of interest 

(ROIs) were registered using Leica LAS AF software. Emission spectra were measured 

using a dynamic 15 nm wide emission detection window moving in 20 steps from 400 to 

700 nm. In Chapter 6, a ZEISS LSM710 NLO MP/Confocal Microscope at the Centre of 

Cellular Imaging at Gothenburg University was employed. This microscope is equipped 

with an InSight DS+ laser (Spectra-Physics) tunable between 680 nm and 1300 nm. The 

provided pulse width was 100 ps. Imaging was performed using a Plan-Apochromat 10x 

objective (NA 0.45) focused at the air/liquid boundary, which enables simultaneous 

detection of sample and background fluorescence. Emission spectral data for compound 

and background ROIs were registered using ImageJ software. Emission spectra were 

measured using a dynamic 10 nm wide emission detection window moving in 25 steps 

between 445 and 700 nm. 

8.1.8 Theoretical calculations 

Calculations were performed with Gaussian 16A03 software.416 Geometrical parameters at 

the ground (S0) and excited (S1) states were determined by density-functional theory 

(DFT), using the Coulomb-attenuated CAM-B3LYP417 functional and the 6-31+G(d) basis 

set. The absence of negative frequencies in analytical Hessian calculations corroborated 

the nature of the minima. Solvent effects were accounted generally, by using the 

polarizable continuum model (PCM).418 Energy parameters were calculated as vertical 

electronic excitations from the minima of the S0 or S1 structures using the linear response 

(LR) approach and the time-dependent density functional response theory (TD-DFT).108 

These calculations was carried out for the ten first excited states.  
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8.2 EXPERIMENTAL PROCEDURES IN CHAPTER 3 

8.2.1 Synthesis of 1-(6-methoxynaphthalen-2-yl)-2-methylpropan-1-
one (3) 

 

2-Methoxynaphtalene (3.00 g, 18.8 mmol) and AlCl3 (3.29 g, 24.6 mmol) were dissolved in 

10 mL of dichloromethane in a 50 mL two-neck round bottom flask. Nitrobenzene (0.6 mL, 

59.0 mmol) was then added, maintaining the temperature at 20ºC. Finally, isobutyryl 

chloride (2.3 mL, 21.1 mmol) was dropwise added to the previous solution. The reaction 

was followed by TLC using dichloromethane/hexane 8:2 as eluent. Once the reaction was 

finished, the solution was poured into a water-ice mixture at 0ºC. The mixture was then 

extracted using dichloromethane (3x10 mL). The combined extracts were washed with 

10% NaHCO3 (2x15 mL) and brine (2x15 mL), dried over anhydrous MgSO4 and 

concentrated in vacuo. The crude product obtained was purified by column 

chromatography using dichloromethane/hexane 8:2 as eluent, obtaining a colourless solid 

(3.14 g, 73% yield).  

m.p.: 54-56ºC.  

1H-NMR (400 MHz, CDCl3, δ  ppm): 8.43 (d, J=1.6Hz, 1H, H1 naph), 8.04 (dd, J=8.7, 1.6Hz, 

1H, H3 naph), 7.88 (d, J=8.9Hz, 1H, H8 naph), 7.80 (d, J=8.7Hz, 1H, H4 naph), 7.23 (dd, J=8.9, 

2.5Hz, 1H, H7 naph), 7.18 (d, J=2.5Hz, 1H, H5 naph), 3.97 (s, 3H, CH3O), 3.73 (hept, J=6.8Hz, 

CH(CH3)2), 1.30 (d, 6H, J=6.8Hz, CH(CH3)2). 
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13C-NMR (101 MHz, CDCl3, δ ppm): 204.2 (C=O), 159.7 (C6 naph), 137.2 (C4a naph), 131.6 (C2 

naph), 131.2 (C8 naph), 129.6 (C1 naph), 127.9 (C8a naph), 127.2 (C4 naph), 125.1 (C3 naph), 119.7 (C7 

naph), 105.7 (C5 naph), 55.4 (CH3O), 35.2 (CH(CH3)2), 19.4 (CH(CH3)2). 

IR (υ cm-1): 2971, 2930, 2872, 2848, 1675, 1618, 1502, 1088, 1016.  

8.2.3 Synthesis of 2-(6-methoxynaphthalen-2-yl)-3,3-dimethyl-3H-
indole (4) 

 

Compound 4 (0.80 g, 3.5 mmol) and phenylhydrazine hydrochloride (0.51 g, 3.5 mmol) 

were dissolved in 6 mL of glacial acetic acid in a 25 mL round-bottom flask. The mixture 

was heated to reflux and temperature maintained for 24 hours. The reaction was followed 

by TLC using hexane/dichloromethane/EtOAc 8:1:1 as eluent. The crude reaction was then 

concentrated in vacuo and resolved in 25 mL of dichloromethane. The solution was 

washed with Na2CO3conc. (2x15 mL) and brine (2x15 mL). Finally, the organic layer was 

dried over anhydrous MgSO4 and concentrated in vacuo. The crude product was purified 

by column chromatography using n-hexane/dichloromethane/EtOAc 8:1:1 as eluent, 

obtaining a yellow solid (0.94 g, 80% yield).  

m.p.: 152-155ºC. 

1H-NMR (400 MHz, CDCl3, δ ppm): 8.53 (d, J=1.6Hz, 1H, H1 naph), 8.41 (dd, J=8.7, 1.6Hz, 

1H, H3 naph), 7.90 (d, J=8.9Hz, 1H, H8 naph), 7.86 (d, J=8.6Hz, 1H, H4 naph), 7.79 (dd, J=7.6, 

0.7Hz, 1H, H7), 7.42 (td, J=7.6, 0.7Hz, 1H, H6), 7.40 (dd, J=7.6, 0.7Hz, 1H, H4), 7.32 (td, 

J=7.6, 0.7Hz, 1H, H5), 7.24 (dd, J=8.9, 2.5Hz, 1H, H7 naph), 7.20 (d, J=2.5Hz, 1H, H5 naph), 3.97 

(s, 3H, CH3O), 1.72 (s, 6H, C(CH3)2).  
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13C-NMR (101 MHz, CDCl3, δ ppm): 183.1 (C2), 159.0 (C6 naph), 153.3 (C7a), 147.8 (C3a), 135.8 

(C4a naph), 130.6 (C8 naph), 128.6 (C8a naph), 128.4 (C1 naph), 127.8 (C6), 127.2 (C4 naph), 126.2 (C3 

naph), 125.8 (C5), 121.0 (C7), 120.8 (C4),119.4 (C7 naph), 105.8 (C5 naph), 55.4 (CH3O), 53.5 

(C(CH3)2), 25.2 (C(CH3)2).  

IR (υ cm-1): 3061, 3042, 3009, 2965, 2929, 2867, 1736, 1719, 1673, 1622, 1606, 1518, 

1480, 1454, 1439, 1394, 1378, 1363, 1336, 1310, 1271, 1258, 1205, 1107, 1085, 1023.  

HRMS (ESI): calculated mass for C21H20N1O1 (M+H+): 302.1539, found: 302.1540.  

8.2.4 Synthesis of 2-(6-methoxynaphthalen-2-yl)-1,3,3-trimethyl-3H-
indol-1-ium iodide (1) 

 

Compound 4 (0.300g, 0.996mmol) was dissolved in 15 mL of acetonitrile. Methyl iodide 

was then added (0.1mL, 1.494mmol) and the solution heated to 60ºC in a sealed tube. The 

reaction was followed by TLC using n-hexane/dichloromethane/EtOAc 8:1:1 as eluent. 

When the reaction had finished, the crude product was concentrated in vacuo and washed 

with cold diethyl ether. The desired compound was obtained without further purification as 

an orange solid (0.44 g, quantitative yield).  

m.p.: 197-200ºC.  

1H-NMR (400 MHz, DMSO-d6, δ ppm): 8.37 (d, J=1.6Hz, 1H, H1 naph), 8.16 (d, J=8.7Hz, 1H, 

H4 naph), 8.09 (d, J=8.9Hz, 1H, H8 naph), 8.09-8.06 (m, 1H, H7), 7.97-7.93 (m, 1H, H4), 7.79 (dd, 

J=8.6, 1.6Hz, 1H, H3 naph), 7.77-7.70 (m, 2H, H5 and H6), 7.55 (d, J=2.5Hz, 1H, H5 naph), 7.37 

(dd, J=8.9, 1H,1.6Hz, H7 naph), 3.98 (s, 3H, NCH3), 3.96 (s, 3H, OCH3), 1.66 (s, 6H, C(CH3)2).  
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13C-NMR (101 MHz, DMSO-d6, δ ppm): 189.8 (C2), 159.8 (C6 naph), 142.3 (C7a), 142.2 (C3a), 

136.3 (C4a naph), 131.0 (C8 naph), 130.1 (C5), 129.7 (C1 naph), 129.1 (C6), 127.9 (C4 naph), 127.3 

(C8a naph), 124.5 (C3 naph), 123.4 (C4), 120.5 (C2 naph), 120.4 (C7 naph), 116.1 (C7), 106.3 (C5 naph), 

55.6 (OCH3), 55.1 (NCH3), 36.8 (C(CH3)2), 22.2 (C(CH3)2).  

IR (υ cm-1): 3039, 3012, 2967, 2935, 2859, 1994, 1948, 1870, 1847, 1827, 1793, 1739, 

1686, 1601, 1586, 1543, 1522, 1485, 1457, 1180, 1128, 1047.  

HRMS (ESI): calculated mass for C22H22N1O1 (M+H+): 316.1697, found: 316.1696.  

8.2.5 Synthesis of 2-(6-methoxynaphthalen-2-yl)-1,3,3-
trimethylindoline (2) 

 

Compound 1 (0.38g, 0.113mmol) was dissolved in 10 mL of methanol in a round-bottom 

flask. Sodium borohydride (0.043 g, 1.13 mmol) was added as a solid in small fractions. 

The reaction was followed by TLC using n-hexane/dichloromethane/EtOAc 8:1:1 as eluent. 

Once completed, the crude product was concentrated in vacuo and resolved in 15 mL of 

dichloromethane. The organic layer was washed with water (2x15 mL). The aqueous layer 

was extracted with dichloromethane (2x10 mL) and organic layers combined and 

concentrated in vacuo. The final product was obtained without further purification as a 

colorless solid (0.26g, 96% yield).  

m.p.: 144-146ºC.  

1H-NMR (400 MHz, DMSO-d6, δ ppm): 7.87-7.81(m, 3H, H8 naph, H4 naph, H1 naph), 7.47 (d, 

J=7.7Hz, 1H, H3 naph), 7.34 (d, J=2.4Hz, 1H, H5 naph), 7.16 (dd, J=8.9, 2.4Hz, 1H, H7 naph), 7.11 

(d, J=7.4Hz, 1H, H4), 7.08 (t, J=7.4Hz, 1H, H6), 6.73 (t, J=7.4Hz, 1H, H5), 6.68 (d, J=7.4Hz, 
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1H, H7), 4.13 (s, 1H, H2), 3.87 (s, 3H, OCH3), 2.62 (s, 3H, NCH3), 1.38(s, 3H, C(CH3)2), 0.64 

(s, 3H, C(CH3)2).  

13C-NMR (101 MHz, DMSO-d6, δ ppm): 157.2 (C6 naph), 151.5 (C7a), 138.2 (C3a), 133.9 (C8a 

naph), 132.7 (C2 naph), 129.3 (C8 naph), 128.3 (C4a naph), 127.4 (C4), 126.5 (C1 naph and C3 naph), 

121.8 (C6), 118.7 (C7 naph), 118.5 (C5), 108.1 (C7), 105.8 (C5 naph), 81.6 (C2), 55.2 (OCH3), 44.1 

(C3), 34.6 (NCH3), 26.0 (C(CH3)2), 25.1 (C(CH3)2).  

IR (υ cm-1): 3042, 2995, 2964, 2934, 2902, 1633, 1542, 1521, 1505, 1482, 1457, 1436, 

1422.  

HRMS (ESI): calculated mass for C22H24N1O1 (M+H+): 318.1852, founded: 318.1852.  

8.2.5 Optical studies 

Aqueous solutions were prepared from a 1 mM stock solution in DMSO of the interest 

compounds (1 and 2). The resulting concentration of DMSO in these solutions was ca. 1%, 

which has negligible effect on the photophysical properties. 

8.2.6 Selectivity and sensitivity studies. Preparation of ROS and RNS 
species in-cuvette 

ROS and RNS were added to 3 mL of 2 solution (10 μM in 1% DMSO/Gly-HCl buffer, 

pH=2.4) from 1.5 mM stock solutions to obtain a 50 μM final concentration of each 

ROS/RNS agent. Stock solutions were prepared as follows:  

→ KO2 was dissolved in DMSO.  

→ H2O2, TBHP and NaClO were diluted in ultrapure water.  

→ •OH was generated in situ, adding the appropriate quantity of H2O2 to a solution 

containing an equimolar concentration of Fe2+ and 10 μM 2.  

→ 1O2 was generated by adding H2O2 to a solution that contained NaClO and 2 at a 

10:1 concentration ratio. 
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→ •NO was released from sodium nitroprusside [Na2Fe(CN)5NO·2H2O]. This salt was 

dissolved and then storage for 3 h before using.419 

On the other hand, metallic ions were provided from their commercially available inorganic 

salts: FeSO4·7H2O, FeCl3·6H2O and CuCl2·2H2O for Fe2+, Fe3+ and Cu2+, respectively. These 

salts were dissolved in water to a concentration of 1.5 mM. A proper quantity of these 

solutions was added to one containing 3 mL of 10 µM 2 to obtain a 50 μM final 

concentration of each metallic ion. A similar protocol was followed to examine the possible 

influence of cysteine. 

8.2.7 Cell studies 

These studies were performed in collaboration with the group of Prof. Dr. Jose Maria 

Perez-Pomares, who provided the used cells and carried out the below-detailed 

experiments. 

Cell culture and incubation with compounds 1 and 2 

MEF cells were isolated from 14.5 old mouse embryos following standard protocols,420 and 

were cultured in complete medium (DMEM + 10% FBS + 1% Penicillin-Streptomycin + 2 

mM L-Glutamine) at 37°C in a humidified environment with 5% CO2. For microscopy 

experiments, MEF cells were grown in 35 mm glass-bottomed dishes (Ibidi) suitable for 

optical microscopy to approximately 50% confluency prior to starting the experiment. 

Unless otherwise stated, compounds 1 and 2 were added to cells diluted 0.025 µM in 

complete medium. 

Cell cytotoxicity assay 

A standard Cell Proliferation Reagent WST-1 assay was used to test the cytotoxicity of 2 in 

mouse embryonic fibroblasts (MEFs). Cells were cultured in a 96-well microplate to a total 

volume of 100 µL per well with a density of 6×105 cells per mL at 37ºC in a 5% CO2 

atmosphere. After 24 h, 2 at 0.01 µM, 0.025 µM, 0.05 µM, 0.1 µM, 0.5 µM, 1 µM, 2.5 µM 

concentrations was incubated with MEFs for 12 h in fresh medium. Cells cultured without 
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2 were used as a negative control. After incubating the cells for 12 h with 2, 10 µL of Cell 

Proliferation Reagent WST-1 was added into each well of the 96-well microplate for another 

6 h. Finally, wells’ absorbance was measured at 440 nm and cell viability calculated using 

the following equation [Eq. (12)]: 

% viability = 
෍ ( Ai

Acontrol
൘ ) x 100

n
 Eq. (12) 

where Ai is the experimental absorbance value and Acontrol is the average absorbance of the 

control wells. Three replicas were performed for each sample (n = 3).  

Visualization of intracellular fluorescence in 2PM from 1 

Intracellular fluorescence and distribution following incubation with compounds 1 and 2 

were analyzed using the above-mentioned inverted Leica SP5 MP confocal microscope. 

For cell studies, a 63x PLAN APO NA 1.4 oil immersion objective was used. Optimal 

conditions were maintained throughout the imaging process with an integrated microscope 

enclosure keeping cells at 37°C and 5% CO2.  

Compound 1 (either as is or in situ generated from 2) was visualized with two-photon 

excitation at 740 nm and fluorescence detection between 500-550 nm using a HyD non-

descanned detector. Brightfield images were captured independently using a 405 nm laser 

as light source. For timelapse experiments, 3D image stacks were captured every 10 

minutes for 10 hours, with each timepoint composed of 6 images separated by 1.25-micron 

intervals.  

Colocalization experiments 

After cells being incubated with 2 for 5 hours, colocalization experiments were performed 

by adding Lysotracker Deep Red (LTDR, Thermofisher Scientific Cat. No. L12492; 50 nM 

final concentration) or Mitotracker Red CMXRos (MTR, Thermofisher Scientific Cat. No. 

M7512; final concentration 250 nM) to the cell culture media approximately 30 minutes 
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prior to visualization by microscopy. MTR and LTDR were visualized using single photon 

excitation: λexc, 1P = 561 nm, λem = 600 - 640 nm and λexc, 1P = 633 nm, λem = 645 - 740 nm 

respectively. These configurations were selected to avoid signal contamination between 

markers. The generated-by-oxidation 1 was detected sequentially using the two-photon 

configuration described above. As lysosomes and mitochondria are extremely mobile in 

MEF cells, images were captured at high speed to minimize the time delay between 

confocal and two photon acquisitions (<1 s). Identical laser power and gain settings were 

used for all samples within each experiment. 

Treatments for inducing oxidative stress at the subcellular level 

Once MEF cells had been cultured with 2 for 5 hours, different physical (UV) or chemical 

treatments (tert-Butyl hydroperoxide “TBHP”, 2-methoxyestradiol) that produce reactive 

oxygen species (ROS) were added to the culture medium to study the oxidizing effect that 

they produce on the cells. For TBHP and 2-methoxyestradiol treatments, cells were first 

incubated with compound 2 as described above followed by the addition of complete 

medium supplemented with 0.001 mM TBHP or 0.001 mmol 2-methoxyestradiol. For UV 

treatment, cells were identified with a Leica DMI6000 microscope and a 63x PLAN APO oil 

immersion objective (NA 1.4). Pre-treatment brightfield and two-photon microscopy 

images were captured before applying a 10 second UV exposure using a conventional 

mercury lamp light source (Leica EL6000 fitted with an OSRAM 120 W short arc bulb) with 

a Leica “A” filter cube resulting in UV treatment between 340-380 nm. Post UV exposure 

two-photon microscopy images were captured using identical settings to the pre-treatment 

images. 

Image analysis and quantification 

Cell fluorescence following incubation with compound 2 combined with different 

treatments was quantified in terms of average spot fluorescence per cell. Spots were 

detected automatically using Imaris version 7.6 (Bitplane Inc.) to detect spots with a 1-

micron size and a minimal intensity threshold of 20. Images were analyzed without 

preprocessing other than to select individual cells for analysis. To determine if a given 



Experimental section 

193 
 

treatment had a statistically significant effect on spot fluorescence, the Student’s T-test 

was used to perform pairwise comparisons with and without each treatment and determine 

a p-value for each case. Quantification of average spot fluorescence of compound 1 during 

the timelapse experiment was performed using the same spot detection methodology 

described above for each timepoint.  

Colocalization analysis comparing MTR and LTDR with compound 2 was carried out using 

the “Coloc 2” module of the image processing package ImageJ.421,422 In living cells, 

thresholds were normalized based on selecting the top 15% of pixels of each channel 

analyzed. Using these thresholds, Pearson Correlation Coefficient (PCC) values were 

obtained for compound 2 versus MTR and compound 2 versus LTDR. In fixed cells, PCC 

values were obtained for compound 2 versus lysotracker using maxima projections of the 

images. 

8.3 EXPERIMENTAL PROCEDURES IN CHAPTER 4 

8.3.1 Synthesis of 1-(6-hydroxynaphthalen-2-yl)-2-methylpropan-1-
one (7) 

 

Compound 3 (5.0 g, 21.9 mmol) and HBr 48% (25.0 mL, 219.0 mmol) were dissolved in 75 

mL of glacial acetic acid in a 250 mL round bottom flask. The mixture was heated to reflux 

for 24 hours. The reaction was followed by TLC (DCM/n-hexane 9:1). Then was 

concentrated in vacuo, dissolved in 100 mL of EtAcO. and washed with 10% NaHCO3 (2 x 

75 mL) and brine (75 mL). The organic layer was dried over anhydrous MgSO4 and 

concentrated in vacuo. The product was purified by column chromatography using DCM/n-

hexane (9:1) to DCM as eluent, obtaining compound 7 as a brown oil (3.25 g, 86% yield).  
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1H-NMR (400 MHz, CDCl3, δ ppm): 8.42 (d, J = 1.5 Hz, 1H, H1), 7.99 (dd, J = 8.7, 1.5 Hz, 

1H, H3), 7.87 (d, J = 8.5 Hz, 1H, H7), 7.71 (d, J = 8.7 Hz, 1H, H4), 7.23–7.17 (m, 2H, H8 and 

H5), 3.73 (hept, J = 6.9 Hz, 1H, CH(CH3)2), 1.28 (d, J = 6.9 Hz, 6H, CH(CH3)2). 

13C-NMR (101 MHz, CDCl3, δ ppm): 205.0 (C=O), 156.0 (C6), 137.2 (C4a), 131.7 (C7), 131.4 

(C2), 130.0 (C1), 127.8 (C8a), 126.9 (C4), 125.1 (C3), 118.9 (C8), 109.6 (C5), 35.3 (CH(CH3)2), 

19.4 (CH(CH3)2).  

IR (υ cm-1): 3311, 2966, 2918, 2867, 1655, 1616, 1559, 1477, 1280, 1239, 1154, 935, 799, 

664.  

8.3.2 Synthesis of 1-(6-(2-(2-ethoxyethoxy)ethoxy)naphthalen-2-yl)-2-
methylpropan-1-one (8) 

 

Compound 7 (0.65 g, 3.03 mmol) and 2-(2-ethoxyethoxy)ethyl 4-methylbenzenesulfonate 

(0.67 g, 2.33 mmol) were dissolved in 5 mL of DMF in a 25 mL round bottom flask. K2CO3 

(0.84 g, 6.06 mmol) and KI (0.13 g, 0.76 mmol) were added to the mixture, which was 

heated to 80ºC overnight (ca. 12h). The reaction was followed by TLC using DCM/EtAcO 

(95:5) as eluent. Then, 50 mL of EtAcO were added and washed with saturated NaHCO3 

(2 x 15 mL) and 10% Na2CO3 (15 mL). The organic layer was dried over anhydrous MgSO4 

and concentrated in vacuo. The syrup obtained was purified by column chromatography 

using DCM/EtAcO (95:5) as eluent, obtaining ketone 8 as a brown oil (0.70 g, 91% yield).  

1H-NMR (400 MHz, CDCl3, δ ppm): 8.32 (d, J = 1.8 Hz, 1H, H1), 7.92 (dd, J = 8.6, 1.8 Hz, 

1H, H3), 7.77 (d, J = 9.0 Hz, 1H, H8), 7.68 (d, J = 8.6 Hz, 1H, H4), 7.16 (dd, J = 9.0, 2.5 Hz, 

1H, H7), 7.08 (d, J = 2.5 Hz, 1H, H5), 4.21 (t, J = 4.8 Hz, 2H, H1 alk), 3.87 (d, J = 4.8 Hz, 2H, 

H2 alk), 3.68 (d, J = 5.0 Hz, 2H, H3 alk), 3.62 (hept, J = 6.8 Hz, 1H, CH(CH3)2), 3.56 (t, J = 5.0 
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Hz, 2H, H4 alk), 3.47 (q, J = 6.9 Hz, 2H, H5 alk), 1.19 (d, J = 6.9 Hz, 6H, CH(CH3)2), 1.14 (t, J = 

7.0 Hz, 3H, H6 alk).  

13C-NMR (101 MHz, CDCl3, δ ppm): 204.2 (C=O), 158.8 (C6), 137.1 (C4a), 131.6 (C2), 131.1 

(C8), 129.6 (C1), 128.0 (C8a), 127.2 (C4), 125.1 (C3), 119.9 (C7), 106.6 (C5), 71.0 (C3 alk), 69.9 

(C4 alk), 69.6 (C2 alk), 67.6 (C1 alk), 66.7 (C5 alk), 35.2 (CH(CH3)2), 19.4 (CH(CH3)2), 15.2 (C6 alk).  

IR (υ cm-1): 3061, 2968, 2928, 2871, 2359, 1672, 1621, 1470, 1383, 1349, 1262, 1196, 

1151, 990, 856, 813, 743.  

HRMS (ESI, m/z): calculated mass for C20H27O4 (M+H+): 331.1904; found, 331.1903. 

8.3.3 Synthesis of 2-(6-(2-(2-ethoxyethoxy)ethoxy)naphthalen-2-yl)-
3,3-dimethyl-3H-indole (5) 

 

Compound 8 (0.77 g, 2.33 mmol) and phenylhydrazine hydrochloride (0.34 g, 2.33 mmol) 

were dissolved in 10mL of glacial AcOH in a 25 mL round bottom flask. The mixture was 

heated to reflux for 24 hours. The reaction was followed by TLC using DCM/EtAcO (95:5) 

as eluent. The reaction was concentrated in vacuo, dissolved in 25 mL of DCM and washed 

with Na2CO3conc. (2 x 15 mL) and brine (2 x 15 mL). Finally, the organic layer was dried 

over anhydrous MgSO4 and concentrated in vacuo. The product was purified by column 

chromatography using DCM/EtAcO (95:5) as eluent, obtaining compound 5 as a brownish 

oil (0.69 g, 74% yield). 

1H-NMR (400 MHz, DMSO-d6, δ ppm): 8.62 (d, J=1.7 Hz, 1H, H1 naph), 8.36 (dd, J = 8.8, 1.7 

Hz, 1H, H3 naph), 8.14 (d, J = 8.9 Hz, 1H, H8 naph), 7.90 (d, J = 8.8 Hz, 1H, H4 naph), 7.63 (d, J = 

7.5 Hz, 1H, H4), 7.56 (d, J = 6.9 Hz, 1H, H7), 7.41 (d, J = 2.4 Hz, 1H, H5 naph), 7.37 (td, J = 



Chapter 8 

196 
 

7.5, 1.2 Hz, 1H, H5), 7.29 (td, J = 6.9, 0.8 Hz, 1H, H6), 7.26 (dd, J = 8.9, 2.4 Hz, 1H, H7 naph), 

4.27 (t, J= 4.8 Hz,  2H, H1 alk), 3.84 (t, J= 4.8Hz, 2H, H2 alk), 3.63 (t, J = 5.8 Hz, 2H, H3 alk), 3.52 

(t, J=5.8 Hz, 2H, H4 alk), 3.45 (q, J = 7.0 Hz, 2H, H5 alk), 1.64 (s, 6H, C(CH3)2) 1.11 (t, J = 7.0 

Hz, 3H, H6 alk).  

13C-NMR (101 MHz, DMSO-d6, δ ppm): 182.8 (C2), 158.3 (C6 naph), 153.2 (C3a), 148.5 (C7a), 

135.9 (C4a naph), 131.4 (C8 naph), 128.8 (C1 naph), 128.5 (C2 naph), 128.1 (C8a naph), 128.1 (C5), 

127.6 (C4 naph), 126.2 (C3 naph), 126.2 (C6), 121.9 (C7), 120.7 (C4), 119.6 (C7 naph), 107.3 (C5 

naph), 70.5 (C3 alk), 69.7 (C4 alk), 69.3 (C2 alk), 67.8 (C1 alk), 66.1 (C5 alk), 53.4 (C(CH3)2), 25.0 

(C(CH3)2), 15.6 (C6 alk).  

IR (υ cm-1): 3060, 2969, 2925, 2866, 1625, 1602, 1519, 1453, 1272, 1255, 1206, 1107, 752.  

HRMS (ESI, m/z): calculated mass for C26H30N1O3 (M+H+): 404.2220; found, 404.2219. 

8.3.4 Synthesis of 1-(6-(4-bromobutoxy)naphthalen-2-yl)-2-
methylpropan-1-one (9) 

 

Compound 7 (2.60 g, 12.13 mmol) was dissolved in MeOH and KOH (0.88 g, 13.34 mmol) 

was added. This mixture was heated until reflux for one hour. Then, the resulting alkoxide 

salt was concentrated in vacuo. In a 250 mL two-neck round bottom flask, 1,4-

dibromobutane (1.88 mL, 15.77 mmol) was solved in 100 mL of ACN and heated at 80 ºC. 

The alkoxide salt was dispersed in 20 mL of ACN and slowly added to the two-neck round 

bottom flask through a dropping funnel. After finishing the addition, the temperature was 

maintained for 2 hours. The reaction was followed by TLC using DCM/n-hexane 8:2 as 

eluent. When the reaction finished, was concentrated in vacuo and dissolved in 50 mL of 

DCM. The solution was washed with 10 % NaHCO3 (2 x 50 mL) and water (50 mL). The 
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organic layer was dried over anhydrous MgSO4 and concentrated in vacuo. The product 

was purified by column chromatography using DCM/n-hexane (8:2) to afford compound 9 

as a brown oil (3.45 g, 82% yield).  

1H-NMR (400 MHz, CDCl3, δ ppm): 8.42 (d, J = 1.7 Hz, 1H, H1), 8.03 (dd, J = 8.7, 1.7 Hz, 

1H, H3), 7.88 (d, J = 8.9 Hz, 1H, H8), 7.78 (d, J = 8.7 Hz, 1H, H4), 7.21 (dd, J = 8.9, 2.5 Hz, 

1H, H7), 7.17 (d, J = 2.5 Hz, 1H, H5), 4.17 (t, J = 6.5 Hz, 2H, H1 alk), 3.73 (hept, J = 6.8 Hz, 

1H, CH(CH3)2), 3.55 (t, J = 6.5 Hz, 2H, H4 alk), 2.15 (quint, J = 6.5 Hz, 2H, H2 alk), 2.06 (quint, 

J = 6.5 Hz, 2H, H3 alk), 1.30 (d, J = 6.8 Hz, 6H, CH(CH3)2).  

13C-NMR (101 MHz, CDCl3, δ ppm): 204.2 (C=O), 158. 9 (C6), 137.1 (C4a), 131.6 (C7), 131.2 

(C2), 129.6 (C1), 128.0 (C8a), 127.1 (C4), 125.1 (C3), 119.8 (C8), 106.4 (C5), 67.0 (C1 alk), 35.2 

(CH(CH3)2), 33.4 (C4 alk), 29.5 (C2 alk), 27.8 (C3 alk), 19.4 (CH(CH3)2).  

IR (υ cm-1): 3059, 2966, 2931, 2871, 1671, 1620, 1468, 1383, 1261, 1195, 1174, 1016, 989, 

855, 811, 743, 648.  

HRMS (ESI, m/z): calculated mass for C18H22O2Br1 (M+H+): 349.0798; found 349.0799. 

8.3.5 Synthesis of 2-(6-(4-bromobutoxy)naphthalen-2-yl)-3,3-dimethyl-
3H-indole (10) 

 

Compound 9 (3.40 g, 9.74 mmol) and phenylhydrazine hydrochloride (1.41 g, 9.74 mmol) 

were dissolved in 20 mL of glacial AcOH in a 50 mL round bottom flask. The mixture was 

heated to reflux for 24 hours. The reaction was followed by TLC using DCM as eluent. The 

reaction was then concentrated in vacuo, redissolved in 50 mL of DCM and washed with 

saturated Na2CO3 (2 x 30 mL) and brine (2 x 30 mL). Finally, the organic layer was dried 
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over anhydrous MgSO4 and concentrated in vacuo. The product was purified by column 

chromatography using DCM as eluent, obtaining the compound 10 as a yellow solid (3.34 

g, 81% yield).  

m.p.: 132-133 ºC. 

1H-NMR (400 MHz, DMSO-d6, δ ppm): 8.60 (d, J = 1.8 Hz, 1H, H1 naph), 8.35 (dd, J = 8.7, 1.8 

Hz, 1H, H3 naph), 8.12 (d, J = 9.0 Hz, 1H, H8 naph), 7.90 (d, J = 8.7 Hz, 1H, H4 naph), 7.63 (d, J = 

7.5 Hz, 1H, H4), 7.55 (d, J = 7.1 Hz, 1H, H7), 7.40 (d, J = 2.5 Hz, 1H, H5 naph), 7.37 (td, J = 

7.5, 1.2 Hz, 1H, H5), 7.29 (td, J = 7.1, 0.8 Hz, 1H, H6), 7.25 (dd, J = 9.0, 2.5 Hz, 1H, H7 naph), 

4.20 (t, J = 6.1 Hz, 2H, H1 alk), 3.76 (d, J = 6.3 Hz, 1H, H4 alk), 3.65 (t, J = 6.6 Hz, 1H, H4 alk), 

2.08–1.88 (m, 4H, H2 alk and H3 alk), 1.64 (s, 6H, C(CH3)2).  

13C-NMR (101 MHz, DMSO-d6, δ ppm): 182.8 (C2), 158.4 (C6 naph), 153.2 (C3a), 148.5 (C7a), 

135.9 (C4a naph), 131.4 (C8 naph), 128.8 (C1 naph), 128.5 (C2 naph), 128.1 (C8a naph and C5), 127.5 

(C4 naph), 126.2 (C3 naph), 126.1 (C6), 121.9 (C7), 120.7 (C4), 119.6 (C7 naph), 107.3 (C5 naph), 67.4 

(C1 alk), 67.3 (C1 alk), 53.4 (C(CH3)2), 45.7 (C4 alk), 35.3 (C4 alk), 29.6, 29.4, 27.8 and 26.6 (C2 alk 

and C3 alk), 25.0 (C(CH3)2).  

IR (υ cm-1): 3059, 2950, 2927, 2871, 1627, 1609, 1522, 1472, 1455, 1393, 1205, 1173, 

1019, 887, 865, 810, 773, 756, 650.  

HRMS (ESI, m/z): calculated mass for C24H25N1O1Br1 (M+H+): 422.1114; found, 422.1112. 

8.3.6 Synthesis of 2-(6-(4-morpholinobutoxy)naphthalen-2-yl)-3,3-
dimethyl-3H-indole (6) 
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Compound 10 (0.30 g, 0.71 mmol), KI (0.03 g, 0.18 mmol) and K2CO3 (0.10 g, 0.75 mmol) 

were added to a 25 mL round bottom flask, then DMF (5 mL) and morpholine (0.20 mL, 

2.24 mmol). The mixture was heated to 80 ºC overnight (ca. 12h). The reaction was 

followed by TLC using DCM/MeOH (95:5) as eluent. When the reaction was finished, 40 

mL of DCM were added and washed with HClaq 2M (2 x 40 mL). The aqueous layer was 

neutralised with NaOH 2M (90 mL). Then, the aqueous layer was extracted with DCM (2 x 

50 mL). Finally, the organic layer was dried over anhydrous MgSO4 and concentrated in 

vacuo obtaining compound 6 as a yellow solid (0.26 g, 86% yield). 

m.p.: 104-105 ºC.  

1H-NMR (400 MHz, DMSO-d6, δ ppm): 8.61 (d, J=1.7 Hz, 1H, H1 naph), 8.35 (dd, J = 8.7, 1.7 

Hz, 1H, H3 naph), 8.12 (d, J = 9.0 Hz, 1H, H8 naph), 7.90 (d, J = 8.7 Hz, 1H, H4 naph), 7.63 (d, J = 

7.5 Hz, 1H, H4), 7.56 (d, J = 7.1 Hz, 1H, H7), 7.39 (d, J = 2.3 Hz, 1H, H5 naph), 7.37 (td, J = 

7.5, 1.2 Hz, 1H, H5), 7.29 (td, J = 7.1, 0.8 Hz, 1H, H6), 7.24 (dd, J = 9.0, 2.3 Hz, 1H, H7 naph), 

4.16 (t, J = 6.5 Hz, 2H, H1 alk), 3.57 (t, J = 4.6 Hz, 4H, O-(CH2)2 morph), 2.36 (t, J = 7.1 Hz, 6H 

N-(CH2)2 morph and H4 alk), 1.83 (quint, J = 6.5 Hz, 2H, H2 alk), 1.68–1.59 (m, 8H, C(CH3)2 and 

H3 alk).  

13C-NMR (101 MHz, DMSO-d6, δ ppm): 182.8 (C2), 158.5 (C6 naph), 153.2 (C3a), 148.5 (C7a), 

135.9 (C4a naph), 131.4 (C8 naph), 128.8 (C1 naph), 128.4 (C2 naph), 128.1 (C8a naph), 128.0 (C5), 

127.5 (C4 naph), 126.2 (C3 naph), 121.9 (C7), 120.6 (C4), 119.7 (C7 naph), 107.2 (C5 naph), 68.0 (C1 

alk), 66.7 (O-(CH2)2 morph), 58.3 (C(CH3)2), 53.8 and 53.4 (N-(CH2)2 morph and C4 alk), 27.0 (C2 

alk), 25.0 (C(CH3)2), 22.9 (C3 alk).  

IR (υ cm-1): 3061, 2928, 2847, 2800, 2763, 1626, 1608, 1519, 1454, 1273, 1256, 1116, 979, 

867, 813, 751, 652.  

HRMS (ESI, m/z): calculated mass for C28H32N2O2 (M+H+): 429.2537; found, 429.2535. 
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8.3.7 Optical studies 

Aqueous solutions were prepared from a 1 mM stock solution in DMSO of the interest 

compounds (4, 5 and 6). The resulting concentration of DMSO in these solutions was ca. 

1%, which has negligible effect on the photophysical properties. 

Aqueous pH-adjusted solutions were prepared by addition of HCl or NaOH 1M to ultrapure 

water, controlling pH value with a well-calibrated pH-meter. 

For interference studies, metallic ions were provided from their commercially available 

inorganic salts: NaCl, MgCl2, KCl, CaCl2, FeSO4·7H2O, CuCl2·2H2O, ZnCl2, NiCl2·6H2O and 

CoCl2·6H2O for Na+, Mg2+, K+, Ca2+, Fe2+, Cu2+, Zn2+, Ni2+ and Co2+ respectively. These salts 

were added to 3 mL of 10 µM pH-adjusted aqueous solutions of 5 or 6, to obtain a final 

concentration of the ions of 1 mM. 

8.3.8 Cell studies 

As in Chapter 3, cell studies were performed in collaboration with the group of Prof. Dr. 

Jose Maria Perez-Pomares. 

Cell culture and incubation with compounds 5 and 6 

Cell cultures details are identical to those explained in Section 8.2.7.  

Different incubation treatments were applied. MEF cells were treated with 10 µM 5 or 6 in 

PBS pH 7.4 for one hour. To equilibrate the pHi with external pH, cells were then incubated 

in citric acid/phosphate buffer adjusted to various pHs (7.40, 4.30 and 3.30). These buffers 

were supplemented with 10 nM nigericin (a well-known K+/H+ ionophore) and 140 mM 

KCl.361  

Cell cytotoxicity assay 
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WST-1 assay was again used to test the cytotoxicity of compounds 5 and 6 in MEF cells. 

The protocols followed were analogous to those described in Section 8.2.7, excepting the 

employed concentrations of the compounds. These dyes were incubated at 0.01 µM, 0.1 

µM, M, 1.0 µM, and 10.0 µM concentrations with MEF cells in fresh medium. Three replicas 

were performed for each sample (n=3). 

Visualization of intracellular fluorescence in 2PM from protonated 5 or 6 

Intracellular fluorescence and distribution following incubation with compounds 5 and 6 (in 

their protonated forms) were analyzed following the procedures detailed in Section 8.2.7. 

Different excitation and emission settings were utilized: 800 nm light was employed for 2P-

excitation, and fluorescence was detected between 450 and 550 nm.  

Colocalization experiments 

To examine the lysosomal localization, LTDR was used as a counterstain to 5H/6H. Details 

about the image acquisition and the colocalization analysis are identical to those of Section 

8.2.7. Please note that excitation and emission wavelengths for visualizing 5H/6H are 

mentioned above. 

8.4 EXPERIMENTAL PROCEDURES IN CHAPTER 5 

8.4.1 Synthesis of 2-(6-(2-(2-ethoxyethoxy)ethoxy)naphthalen-2-yl)-
1,3,3-trimethyl-3H-indol-1-ium iodide (11) 
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In a 20 mL sealed tube, compound 5 (0.190 g, 0.47 mmol) was dissolved in 5 mL of ACN. 

Methyl iodide was then added (0.09 mL, 1.45 mmol) and the mixture heated to 75 °C for 

24 hours. The reaction was followed by TLC using DCM/MeOH 98:2 as eluent. The crude 

product was concentrated in vacuo and purified by column chromatography using 

DCM/MeOH (98:2 to 95:5) as eluent. Compound 11 was obtained as a red viscous oil 

(0.157 g, 61% yield). 

1H-NMR (400 MHz, DMSO-d6, δ ppm): 8.36 (d, J = 1.8 Hz, 1H, H1 naph), 8.13 (d, J = 8.7 Hz, 

1H, H4 naph), 8.12 - 8.03 (m, 2H, H8 naph and H7), 8.00 - 7.91 (m, 1H, H4), 7.78 (dd, J = 8.7, 1.8 

Hz, 1H, H3 naph), 7.78 - 7.69 (m, 2H, H5 and H6), 7.56 (d, J = 2.5 Hz, 1H, H5 naph), 7.39 (dd, J 

= 9.0, 2.5 Hz, 1H, H7 naph), 4.33 - 4.28 (m, 2H, H1 alk), 3.98 (s, 3H, NCH3), 3.88 - 3.81 (m, 2H, 

H2 alk), 3.63 (dd, J = 5.9, 3.6 Hz, 2H, H3 alk), 3.52 (dd, J = 5.9, 3.6 Hz, 2H, H4 alk), 3.44 (q, J = 

7.0 Hz, 2H, H5 alk), 1.65 (s, 6H, C(CH3)2), 1.10 (t, J = 7.0 Hz, 3H, H6 alk). 

13C-NMR (101 MHz, DMSO-d6, δ ppm): 189.8 (C2), 159.0 (C6 naph), 142.3 (C7a), 142.2 (C3a), 

136.3 (C4a naph), 131.0 (C8 naph), 130.1 (C5), 129.7 (C1 naph), 129.1 (C6), 127.9 (C4 naph), 127.3 

(C8a naph), 124.5 (C3 naph), 123.4 (C4), 120.6 (C7 naph), 120.5 (C2 naph), 116.1 (C7), 107.0 (C5 naph), 

70.1 (C3 alk), 69.3 (C4 alk), 68.8 (C2 alk), 67.6 (C1 alk), 65.6 (C5 alk), 55.1 (C(CH3)2), 36.8 (NCH3), 

22.2 (C(CH3)2), 15.1 (C6 alk). 

IR (υ cm−1): 3369, 2972, 2924, 2866, 2361, 2339, 1620, 1601, 1582, 1517, 1484, 1457, 

1395, 1349, 1271, 1249, 1211, 1184, 1105, 1051, 971, 939, 925, 861, 817, 765, 720, 690, 

669, 650, 630.  

HRMS (ESI, m/z): calculated mass for C27H32N1O3 (M+): 418.2377, found: 418.2375. 
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8.4.2 Synthesis of 2-(6-(4-iodobutoxy)naphthalen-2-yl)-1,3,3-trimethyl-
3H-indol-1-ium iodide (13) 

 

In a 20 mL sealed tube, compound 10 (0.400 g, 0.95 mmol) was dissolved in 5 mL of ACN. 

Methyl iodide was then added (0.18 mL, 2.89 mmol) and the mixture was heated to 75 °C 

for 24 hours. The reaction was monitored by TLC using dichloromethane/methanol (98:2) 

as eluent. Once the reaction was completed, the crude product was concentrated in vacuo 

and thoroughly washed with approximately 20 mL of cold diethyl ether/EtOH (95:5). 13 was 

obtained as an orange solid (0.580 g, quantitative yield) and used without further 

purification. 

m.p.: 136 °C.  

1H-NMR (400 MHz, DMSO-d6, δ ppm): 8.35 (s, 1H, H1 naph), 8.13 (d, J = 8.7 Hz, 1H, H4 naph), 

8.11 - 8.04 (m, 2H, H8 naph and H7), 7.98 - 7.92 (m, 1H, H4), 7.77 (d, J = 8.7 Hz, 1H, H3 naph), 

7.75 - 7.68 (m, 2H, H5 and H6), 7.55 (d, J = 2.5 Hz, 1H, H5 naph), 7.37 (dd, J = 8.9, 2.5 Hz, 1H, 

H7 naph), 4.22 (t, J = 6.2 Hz, 2H, H1 alk), 3.40 (t, J = 6.7 Hz, 2H, H4 alk), 2.04 - 1.95 (m, 2H, H3 

alk), 1.95 - 1.88 (m, 2H, H2 alk), 1.65 (s, 6H, C(CH3)2).  

13C-NMR (101 MHz, DMSO-d6, δ ppm): 189.8 (C2), 159.1 (C6 naph), 142.3 (C7a), 142.2 (C3a), 

136.3 (C4a naph), 131.0 (C8 naph), 130.1 (C5), 129.7 (C1 naph), 129.1 (C6), 127.9 (C4 naph), 127.2 

(C8a naph), 124.5 (C3 naph), 123.4 (C4), 120.6 (C7 naph), 120.4 (C2 naph), 116.1 (C7), 107.0 (C5 naph), 

66.9 (C1 alk), 55.1 (C(CH3)2), 36.8 (NCH3), 29.7 (C3 alk), 29.5 (C2 alk), 22.2 (C(CH3)2), 8.4 (C4 

alk). 
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IR (υ cm−1): 3020, 2928, 2869, 1620, 1602, 1560, 1484, 1461, 1418, 1389, 1271, 1209, 

1182, 1129, 1045, 1015, 936, 918, 857, 814, 760, 670, 650, 634. 

HRMS (ESI, m/z): calculated mass for C25H27N1O1I1 (M+): 484.1132, found: 484.1133. 

8.4.3 Synthesis of 2-(6-(4-morpholino-4-ium)naphthalen-2-yl)-1,3,3-
trimethyl-3H-indol-1-ium iodide (12) 

 

Compound 13 (0.383 g, 0.63 mmol) was dissolved in 5 mL of ACN in a 25 mL round bottom 

flask. Morpholine (0.08 mL, 0.92 mmol) was added, and the mixture heated to reflux 

overnight (ca. 12h). The reaction was followed by TLC using DCM/MeOH 98:2 as eluent. 

The crude product was concentrated in vacuo and purified by column chromatography 

using DCM/MeOH (98:2 to 95:5) as eluent. Compound 12 was obtained as a red viscous 

oil (0.253 g, 58% yield). 

1H-NMR (400 MHz, DMSO-d6, δ ppm): 10.76 (s, 1H, NH morph), 8.36 (d, J = 1.8 Hz, 1H, H1 

naph), 8.14 (d, J = 8.7 Hz, 1H, H4 naph), 8.11 - 8.05 (m, 2H, H8 naph and H7), 7.98 - 7.93 (m, 1H, 

H4), 7.78 (dd, J = 8.7, 1.8 Hz, 1H, H3 naph), 7.76 - 7.71 (m, 2H, H5 and H6), 7.55 (d, J = 2.5 Hz, 

1H, H5 naph), 7.37 (dd, J = 9.0, 2.5 Hz, 1H, H7 naph), 4.25 - 4.19 (m, 2H, H1 alk), 4.00 - 3.93 (m, 

5H, NCH3 and OCH2 morph), 3.83 - 3.76 (m, 2H, OCH2 morph), 3.45 - 3.40 (m, 2H, NCH2 morph, 

under residual water signal), 3.21 - 3.15 (m, 2H, H4 alk), 3.10 - 3.02 (m, 2H, NCH2 morph), 1.94 

- 1.84 (m, 4H, H2 alk and H3 alk), 1.65 (s, 6H, C(CH3)2).  

13C-NMR (101 MHz, DMSO-d6, δ ppm): 189.8 (C2), 159.0 (C6 naph), 142.3 (C7a), 142.2 (C3a), 

136.3 (C4a naph), 131.0 (C8 naph), 130.1 (C5), 129.7 (C1 naph), 129.1 (C6), 127.9 (C4 naph), 127.3 

(C8a naph), 124.5 (C3 naph), 123.4 (C4), 120.6 (C7 naph), 120.5 (C2 naph), 116.2 (C7), 107.0 (C5 naph), 
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67.3 (C1 alk), 63.2 (relative to both O(CH2)2 morph), 55.6 (C4 alk), 55.1 (C(CH3)2), 50.9 (relative 

to both N(CH2)2 morph), 36.8 (NCH3), 22.2 (C(CH3)2), 25.8 and 19.8 (C2 alk and C3 alk).  

IR (υ cm−1): 3377, 2934, 2870, 2601, 2470, 1620, 1577, 1485, 1462, 1395, 1270, 1210, 

1184, 1133, 1108, 1048, 1017, 969, 918, 868, 821, 766, 717, 669, 620, 616.  

HRMS (ESI, m/z): calculated mass for C29H36N2O2 (M2+): 222.1383, found: 222.1383. 

8.4.4 Interference studies 

Metallic ions were provided from their commercially available inorganic salts: NaCl, MgCl2, 

KCl, CaCl2, FeCl3·6H2O and CuCl2·2H2O for Na+, Mg2+, K+, Ca2+, Fe3+and Cu2+ respectively. 

These salts were added to 3 mL of 10 µM aqueous 11 or 12 to get a final concentration of 

the ions of 1 mM. Cysteine interference was examined in the same manner. 

8.4.5 Cell studies 

Cell studies were carried out by Dr. John R. Pearson, from the U28 Unit of the ICTS 

“NANBIOSIS” hosted at the Andalusian Centre for Nanomedicine & Biotechnology 

(Bionand). 

Cell culture and incubation with compounds 11 and 12 

HeLa cells were cultured in complete medium at 37°C in a humidified environment with 

5% CO2. For microscopy experiments cells were grown on 8-well chambered slides 

suitable for optical microscopy to approximately 50% confluency. Cells were pre-incubated 

with 10 µM solutions of the 11 or 12 in complete medium for 2 hours. Prior to fluorescence 

imaging, media was replaced with fresh unlabeled complete medium. Images were 

recorded at 0- and 24-hours post-incubation.  

  



Chapter 8 

206 
 

Cell cytotoxicity assay 

“Live/dead” assay was used to test the cytotoxicity of 11 and 12 in HeLa cells. This assay 

consists in determining live and dead cells, which are differentially labeled by using 

propidium iodide. This compound only passes through the disordered areas of the nuclear 

membrane of dead cells.  

Cells were cultured in complete medium (DMEM + 10% FBS + 1% Penicillin-Streptomycin 

+ 2 mM L-Glutamine) in a 96-well microplate to a total volume of 100 µL per well. Wells 

were seeded with ~10000 cells and grown under optimal conditions (37 ºC and 5% CO2 

atmosphere) until reaching ~50-60% confluency (~2.0-2.2 x 104 cells/well), typically after 

24h. Compounds 11 or 12 were then added at different concentrations: 0.001 µM, 0.005 

µM, 0.01 µM, 0.05 µM, 0.1 µM, 0.5 µM,1 µM, 5 µM and 10.0 µM. After incubating for 24 

hours, propidium iodide was added (10 µL), and cells (living and dead ones) were counted 

in a Perkin Elmer Operetta High Content Screening (HCS) system. Accounting the total 

number of cells for each well, the percentage of living cells was calculated. Four replicas 

for each condition were performed, and the results refer to the average. Cells without any 

compound were used as negative controls. 

Visualization of intracellular fluorescence from 11 or 12 

The fluorescence properties of derivatives 11 and 12 in HeLa cells were analyzed using 

Leica SP5 confocal/multiphoton microscope mentioned previously. Cell imaging was 

performed using a 63x PLAN APO NA 1.4 oil immersion objective. Dye visualization was 

performed by combining Confocal and 2P microscopy. Emission was recorded in two 

different channels with different excitation sources and emission windows: a green channel 

(λexc, 2P = 740 nm, λem = 450 - 520 nm) and a red channel (λexc, 1P = 514 nm, λem = 580 - 700 

nm). Brightfield transmitted light images were captured at the same time. Negative control 

cells, without 11 or 12, did not show significant background fluorescence. 
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Colocalization experiments 

Colocalization experiments were performed by adding LTDR (Thermofisher Scientific Cat. 

No. L12492; 50 nM final concentration) or Mitotracker Green FM (MTG, Thermofisher 

Scientific Cat. No. M7514; 20 nM final concentration) to the cell culture media 

approximately 30 minutes prior to visualization by microscopy. The commercial dyes were 

visualized using single photon excitation: λexc, 1P = 633 nm, λem = 645 - 740 nm for LTDR, 

and λexc, 1P = 458 nm, λem = 470 – 560 nm for MTG. These configurations were selected to 

avoid signal contamination between markers. Compounds 11 or 12 were detected 

sequentially using the two-photon configuration described above. As lysosomes and 

mitochondria are extremely mobile in MEF cells, images were captured at high speed to 

minimize the time delay between confocal and two photon acquisitions (<1 s). Identical 

laser power and gain settings were used for all samples within each experiment. 

Colocalization analysis comparing MTG and LTDR with compound 11 and 12, were carried 

out using the “Coloc 2” module of the image processing package ImageJ.421,422 PCC values 

were obtained for the different combinations between the compounds channels vs. MTG 

or LTDR, as indicated in the corresponding figures to colocalization experiments. 

8.4.5 Additional photophysical studies 

pH titrations 

Aqueous pH-adjusted solutions were prepared by addition of HCl or NaOH 1M to ultrapure 

water, controlling pH value with a well-calibrated pH-meter. Compounds 11 and 12 were 

added from a 10-3 M stock solution in DMSO. 

Aggregation studies 

Self-assembly effects were studied by increasing the compounds concentration from 10-5 

M to 10-2 M in acetonitrile solution. 
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Studies of the optical properties of the aggregates in pH-viscosity combined 
conditions 

Diverse mixtures of pH-adjusted and glycerine were prepared in 1:1 proportion of aqueous 

solution/glycerine. Two pH conditions were examined: 4.0 and 8.0. Compounds were 

directly dissolved in these solutions. As well, the effect of pH alone was examined in a 

similar manner. 

8.5 EXPERIMENTAL PROCEDURES IN CHAPTER 6 

8.5.1 Optical studies 

Fluorescence lifetimes for compounds in this Chapter were determined using a time-

correlated single-photon-counting (TC-SPC) setup. The excitation light (λexc = 377 nm) was 

provided at a repetition rate of 20 MHz by a diode laser (LDH-P-C-375) powered by a PDL 

800B pulsed diode driver (Picoquant, GmbH Germany). The emitted photons were 

collected at the magic angle (54.7°) at around the emission maxima by a thermoelectrically 

cooled microchannel plate photomultiplier tube (R3809U-50, Hamamatsu). The signal was 

digitalized using a multi-channel analyzer with 4096 channels (SPC-300, Edinburgh 

Analytical Instruments) and to ensure good statistics 10000 counts were recorded in the 

top channel. The measured fluorescence decays were fitted after deconvolution of the data 

with the instrument response function (IRF). 

The isomerization quantum yields were determined according to standard procedures by 

using furylfulgide (Aberchrome 540TM) as actinometer. 411–413 The ring-opening reactions 

were triggered using 523 nm from a LED (LZ4-00G108-0000). The closing reactions were 

carried out with a 302 nm handheld lamp (UVP 34004401). The absorbance changes in 

the dyad were monitored at 592 nm and compared to those of the reference compound at 

494 nm under identical irradiation power/geometries. The molar absorption coefficients of 

either the dyad and the reference compound, at 302 nm for the open isomers and at 523 

nm for the closed isomers, were used to correct the isomerization quantum yields of the 

closing and the opening reactions, respectively. 
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8.5.2 Kinetic studies under 2P-excitation conditions 

A 14o solution (10 μM in methanol) was irradiated with 302 nm light until the 

photostationary state was reached, being this process followed by UV/vis absorption. 

Approximately less than 1 μL of this solution was introduced inside 5 μL microcapillary 

tubes (Hirschmann). Theses tubes were employed in order to avoid as much as possible 

any diffusion phenomena. The capillaries were then sealed to avoid evaporation of the 

solvent. The isomerization process was followed by recording 500 images during 120 

seconds, i.e., 1 image each 240 msec. Excitation at 820 nm was carried out at half intensity 

and full intensity of the laser power at this wavelength.  
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1H-NMR (400 MHz) spectrum of compound 3 in CDCl3 

 

13C-NMR (101 MHz) spectrum of compound 3 in CDCl3 
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1H-NMR (400 MHz) spectrum of compound 4 in CDCl3. 

 

13C-NMR (101 MHz) spectrum of compound 4 in CDCl3 
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1H-1H COSY (400 MHz) spectrum of compound 4 in CDCl3 (aromatic region) 

 

1H-13C HSQC spectrum of compound 4 in CDCl3 (aromatic region) 
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1H-NMR (400 MHz) spectrum of compound 1 in DMSO-d6 

 

13C-NMR SEFT (101 MHz) spectrum of compound 1 in DMSO-d6 
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1H-1H COSY (400 MHz) spectrum of compound 1 in DMSO-d6 (aromatic region) 

 

1H-13C HSQC spectrum of compound 1 in DMSO-d6 (aromatic region) 
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1H-13C HMBC spectrum of compound 1 in DMSO-d6 (aromatic region) 

 

1H-NMR (400 MHz) spectrum of compound 2 in DMSO-d6 
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13C-NMR SEFT (101 MHz) spectrum of compound 2 in DMSO-d6 

 

1H-1H COSY (400 MHz) spectrum of compound 2 in DMSO-d6 (aromatic region) 



Appendix I 

254 
 

 

1H-13C HSQC spectrum of compound 2 in DMSO-d6 (aromatic region) 

 

1H-13C HMBC spectrum of compound 2 in DMSO-d6 (aromatic region) 
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1H-NMR (400 MHz) spectrum of compound 7 in CDCl3. 

 

13C-NMR SEFT (101 MHz) spectrum of compound 7 in CDCl3 
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1H-1H COSY (400 MHz) spectrum of compound 7 in CDCl3 

 

1H-13C HSQC spectrum of compound 7 in CDCl3 
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1H-13C HMBC spectrum of compound 7 in CDCl3 

 

1H-NMR (400 MHz) spectrum of compound 8 in CDCl3. 
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13C-NMR SEFT (101 MHz) spectrum of compound 8 in CDCl3 

 

1H-1H COSY (400 MHz) spectrum of compound 8 in CDCl3 
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1H-13C HSQC spectrum of compound 8 in CDCl3 

 

1H-NMR (400 MHz) spectrum of compound 5 in DMSO-d6 
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13C-NMR SEFT (101 MHz) spectrum of compound 5 in DMSO-d6 

 

1H-1H COSY (400 MHz) spectrum of compound 5 in DMSO-d6 
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1H-13C HSQC spectrum of compound 5 in DMSO-d6 

 

1H-NMR (400 MHz) spectrum of compound 9 in CDCl3. 
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13C-NMR SEFT (101 MHz) spectrum of compound 9 in CDCl3 

 

1H-1H COSY (400 MHz) spectrum of compound 9 in CDCl3 
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1H-NMR (400 MHz) spectrum of compound 10 in DMSO-d6 

 

13C-NMR SEFT (101 MHz) spectrum of compound 10 in DMSO-d6 
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1H-1H COSY (400 MHz) spectrum of compound 10 in DMSO-d6  

 

1H-13C HSQC spectrum of compound 10 in DMSO-d6  
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1H-13C HMBC spectrum of compound 10 in DMSO-d6  

 

1H-NMR (400 MHz) spectrum of compound 6 in DMSO-d6 
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13C-NMR SEFT (101 MHz) spectrum of compound 6 in DMSO-d6 

 

1H-1H COSY (400 MHz) spectrum of compound 6 in DMSO-d6  
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1H-13C HSQC spectrum of compound 6 in DMSO-d6  

 

1H-NMR (400 MHz) spectrum of compound 11 in DMSO-d6 
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13C-NMR SEFT (101 MHz) spectrum of compound 11 in DMSO-d6 

 

1H-1H COSY (400 MHz) spectrum of compound 11 in DMSO-d6  
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1H-13C HSQC spectrum of compound 11 in DMSO-d6  

 

1H-13C HMBC spectrum of compound 11 in DMSO-d6  
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1H-NMR (400 MHz) spectrum of compound 13 in DMSO-d6 

 

13C-NMR SEFT (101 MHz) spectrum of compound 13 in DMSO-d6 
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1H-1H COSY (400 MHz) spectrum of compound 13 in DMSO-d6  

 

1H-13C HSQC spectrum of compound 13 in DMSO-d6  
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1H-NMR (400 MHz) spectrum of compound 12 in DMSO-d6 

 

13C-NMR SEFT (101 MHz) spectrum of compound 12 in DMSO-d6 
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1H-1H COSY (400 MHz) spectrum of compound 12 in DMSO-d6  

 

1H-13C HSQC spectrum of compound 12 in DMSO-d6  
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1H-13C HMBC spectrum of compound 12 in DMSO-d6  

 

 





Vicerrectorado Estudios de Posgrado 
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10 

E-mail: doctorado@uma.es



Vicerrectorado Estudios de Posgrado 
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10 

E-mail: doctorado@uma.es



Vicerrectorado Estudios de Posgrado 
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10 

E-mail: doctorado@uma.es





 
 

 

Vicerrectorado Estudios de Posgrado 
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10

E-mail: doctorado@uma.es

INFORME DE VALORACIÓN DE TESIS 
THESIS EXAMINER’S REPORT 

 
Título de la tesis / Thesis title: Synthesis and characterization of new chromophores with two-photon 
absorption properties and study of their application in bioimaging 

Doctorando / PhD candidate: Carlos Benítez Martín 

Informe redactado por / Examiner’s name: Prof. Dr. Cristian A. Strassert 

 
RESUMEN VALORACIÓN / ASSESSMENT SUMMARY 

 
 Excelente  

Excellent 
Buena  
Good 

Suficiente 
Fair  

Deficiente 
Poor 

Originalidad / Originality X    

Metodología / Methodology X    
Relevancia de los resultados/  
Relevance of results X    

Discusión y Conclusiones 
Discussion and conclusions X    

Bibliografía / References X    

Presentación / Presentation X    

Publicaciones / Publications X    

 
RECOMENDACIÓN / RECOMMENDATION 

 
[ X ] Acceptar /Accept  
[ _ ] Cambios Menores / Minor Corrections 
[ _ ] Cambios Mayores / Major Corrections 
[ _ ] Rechazar / Revise and Resubmit 
 
Explicación de las recomendaciones. La calificación otorgada dependerá del tipo de comentarios realizados por el evaluador y 
del tiempo que considera el experto que el doctorando necesita para llevar a cabo los cambios sugeridos: menos de 1 mes para 
cambios menores, menos de 3 meses para cambios mayores. En el caso en que el evaluador considere que el doctorando 
necesita más de 3 meses para incorporar los cambios sugeridos, la evaluación debe ser negativa (Rechazar). Una 
recomendación de aceptar indica que el revisor considera que la tesis presentada no necesita cambios.  
Explanation of Recommendations. The examiner should recommend Accept if no changes are required to the manuscript. 
Other recommendations suggest that changes are required, and they depend on the kind of changes and the estimated time 
required to implement them. Minor corrections must be completed within one month, and major modifications may require 
up to three months to implement. If the examiner considers that the suggested changes are substantial enough to require 
more than 3 months, the recommendation shall be Revise and re-submit. 
 
Por favor, indique en la siguiente página una justificación de la valoración otorgada siguiendo el esquema propuesto, e incluya 
una lista detallada con los cambios que se sugiere incorporar en la tesis.  
 
Please use the following pages to justify your recommendation and to list your suggested changes.  



 
 

 

Vicerrectorado Estudios de Posgrado 
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10

E-mail: doctorado@uma.es

 INFORME JUSTIFICATIVO DE LA VALORACION OTORGADA / DETAILED Report: 
Use tantas páginas como necesite / use as many pages as needed  

 
1. PUNTOS FUERTES DE LA TESIS / STRENGTHS 
 
The doctoral thesis is correctly written, and the results are presented in a coherent and systematic 
manner.

I very much enjoyed the quality of the graphical work as well as the in-depth photophysical
characterization of the products paired with the assessment of their applicability in bioimaging – these 
are beautifully elegant results.

The conclusions are adequately supported by experimental evidence and put in context of previously 
published work. Most of the experimental results and their discussion have been published in 
international peer-reviewed journals, meaning that they have been evaluated by external referees 
according to the highest scientific standards at international level. The high impact factor of the 
publications demonstrates the scientific and technical relevance of the work.

The guidance and supervision of the experienced doctoral mentors further guarantee that the content 
of this work can be defended by the candidate aiming the doctoral degree. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2. PUNTOS DÉBILES / WEAKNESSES 
 
I have no negative comments. 
 
 
 
 
 
 



 
 

 

Vicerrectorado Estudios de Posgrado 
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10

E-mail: doctorado@uma.es

 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

 

Vicerrectorado Estudios de Posgrado 
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10

E-mail: doctorado@uma.es

Use tantas páginas como necesite / use as many pages as needed  
3. CAMBIOS SUGERIDOS / SUGGESTED CHANGES  (1/2) 
 
3.1 Cambios obligatorios / Mandatory changes 
 
 
I have no changes to suggest. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

 

Vicerrectorado Estudios de Posgrado
Servicio de Posgrado y Escuela de Doctorado 

Edificio Pabellón de Gobierno. Campus El Ejido. 29071 
Tel.: 952 13 10 28 / 952 13 14 61 / 952 13 71 10

E-mail: doctorado@uma.es

Use tantas páginas como necesite / use as many pages as needed  
3. CAMBIOS SUGERIDOS / SUGGESTED CHANGES  (2/2) 
 
3.2 Otros cambios propuestos / Optional changes and suggestions for improvement 
 
 
No further comments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fecha / Date (dd/mm/yy):  16.09.2021 
 
Firmado / Signature: 
 
Univ.-Prof. Dr. Cristian A. Strassert 
 



Response to reviewers 
 
Comments to Dr. Cristian Strassert 
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