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Abstract 
 

 

During the past years, technological advances have provided new uses of fluorescent 

materials to impact in fields such as opto-electronics, information technology and, more 

recently, nanotechnology. One of these technologies is fluorescence microscopy which is 

one of the most versatile imaging techniques in biomedical research. Particularly, two-

photon laser scanning microscopy (TPM) has attracted increasing attention due to several 

advantages over traditional techniques such as higher resolution, higher depth penetration 

in tissue, reduction of photobleaching and weak autofluorescence. These advantages allow 

to study in detail not only cellular or tissue structure, but also get information about cellular 

dynamics (biochemical and biophysical processes), generate medical imaging for 

diagnostic purposes, and monitor the site-specific delivery of a drug into a bio-specimen. 

To implement TPM, the biological sample under study is stained with fluorescent markers 

(contrast agents). 

Nevertheless, it should be pointed out that the commercially available organic fluorescent 

materials (fluorophores) currently used in two-photon imaging exhibit very small two-

photon absorption (TPA) with cross-sections commonly in the range of 1–100 GM (1 GM 

= 10
-50

 cm
-4

 s
-1

). This means an area of opportunity to develop new contrast agents to 

provide higher sensitivity in TPM.   

Intensive investigations during the last two decades have produced several reports on 

organic materials possessing much higher TPA properties than those commercially 

available; however, the toxicity of the organic solvents in which they are soluble, the 

decreased fluorescence properties exhibited in aqueous media and the difficult 

processability of these materials to fabricate nanostructures to improve their solubility in 

water are some factors that limit their applications in the two-photon imaging technique. 

In this dissertation, novel organic compounds synthesized to achieve optimized fluorescent 

and TPA properties are studied and their processing into aqueous suspension of 

nanostructures is developed. Accordingly, this work focuses in two aspects, one related 

with basic research and other with practical application of the material under study. For the 

former, the (molecular) structure / (optical) property relationship is obtained through 

spectroscopy techniques, while for the latter the bioimaging of cellular lines of biomedical 

interest is pursued. 

In total, three families of compounds are studied.  

1. Borinates  

Eight fluorescent borinates were considered in this study with different molecular 

structures and comprising different donor (D) and acceptor (A) electronic groups. 
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As a main result, it was found that in borinates the structure D- -C=N
+
- -A 

architecture introduced increments in the TPA cross-sections (σTPA) in at least a 

factor of five compared to the D- -C=N
+
- -D architecture.   Maximum value of 

σTPA in this family was of 174 GM at 760 nm. 

 

2. Three different BODIPYS with tetraphenylethene (TPE) units introduced to the 

molecular periphery were studied. In this family of compounds, it was found that 

TPA and two-photon excited fluorescence (TPEF) properties are significantly 

improved as more TPE units are attached at the BODIPY core.  Such TPE units are 

of importance as they provide aggregation induced fluorescence (AIE) property to 

the whole molecule. The luminogens with 3TPE units (3TPE-BODIPY) show the 

strongest TPA and TPEF in the wavelength range of 750–830 nm, with maximum 

cross-section values of 264 GM. 

 

3. Three fluorene derivates (two monomers and one polymer called M1, BT2 and P1, 

respectively) were studied. The fluorene monomer M1 and its cross conjugated 

polymer P1 were chosen to get insight into the enhancement of TPFE properties 

from the monomer to the polymer. The largest σTPA achieved in this work (~10
4 

GM) corresponds to this polymer. Likewise, BT2 being a structure of low 

molecular weight but high π-conjugation allowed to obtain  σTPA values as high as ~ 

1000 GM.  

The materials with higher two-photon absorption were those based on fluorene moieties. 

Therefore, they were chosen to obtain different nanostructures fabricated by methods such 

as reprecipitation, microemulsion and laser ablation, whose main properties and 

applications resulted to be:  

Aqueous suspensions of M1 and P1 nanoparticles prepared through the reprecipitation 

method exhibited maximum of 84 and 9860 GM at 740 nm, respectively, and a 

fluorescence quantum yield of ~1. Such two-photon activity was practically equal to that 

for molecular solutions of M1 and P1. These materials were then successfully encapsulated 

into silica nanoparticles (through microemulsion method of fabrication) to provide 

biocompatibility. A human lung cancer cell line (A549) and a human cervical cancer cell 

line (HeLa cells) were incubated with our fluorescent silica nanoparticles to carry out two-

photon imaging. By means of these studies we demonstrate that optimized nonlinear optical 

polymers loaded in silica nanoparticles can be used as efficient probes with low 

cytotoxicity and good photostability for two-photon fluorescence microscopy. To the best 

of our knowledge, this is the first time that polymer-doped silica nanoparticles have been 

fully characterized for their TPA and TPEF properties. 

In regards to the BT2, compound with a D-A-D architecture with fluorene moieties as 

donor groups and fluorenone or benzothiadiazole derivatives as acceptor groups, led to σTPA 
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of 236 and 1000 GM, respectively in THF. Fluorescence quantum efficiency of these 

compounds was affected by the medium, with fluorescence quenching in protic solvents 

such as methanol due to specific solvent interactions (i.e., hydrogen-bonding). 

Nevertheless, in a more polar medium such as water, synthesized nanoaggregates by 

reprecipitation method exhibited good two-photon activity, i.e., ~500 GM and fluorescence 

quantum efficiency of 0.83. Furthermore, these nanoaggregates exhibited more resistance 

against photodegradation processes than any of the organic solutions tested. 

Finally, a comparative study of the morphological and optical properties of BT2 

nanoparticles fabricated by reprecipitation (NPs-RP), laser ablation (NPs-LA) and 

microemulsion (NPs-ME) methods was realized. The way in which the chromophore BT2 

was packed in each type of nanoparticles influenced the absorption and photoluminescence 

properties. The studied nanoparticles were employed as exogenous agents for the 

visualization of human cervical cancer cell line (HeLa) using confocal and two-photon 

microscopy.  Under similar experimental conditions, we found that the micrographs of the 

highest contrast were obtained with NPs-LA. This result showed that laser ablation is a 

suitable technique for the fabrication of organic fluorescent nanoparticles used as contrast 

agents for in vitro fluorescent microscopy. It is very important to mention that before this 

study fluorescent organic nanoparticles had not been used in the context of biophotonic 

applications, i.e., imaging of biological samples. 
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CHAPTER 1 

 

Introduction 
 

 

A general introduction to the subject of this dissertation, the motivations and aims of this 

work are presented in this chapter. 

 

 

1.1 Two-Photon Microscopy 

 
 

During the past years, technological advances have provided new uses of fluorescence, 

reaping the benefits of significant advances in electronics, information technology and, 

more recently, nanotechnology. One of these technologies is fluorescent microscopy which 

is one of the most versatile imaging techniques in biomedical research. The development of 

targeted contrast agents such as fluorescent probes (also known as fluorescent markers or 

contrast agents) has made it possible to selectively view morphological details of cells, 

specific biological events and processes in both living and nonviable systems with 

improved detection limits.  

To date, fluorescence-based microscopy, i.e., confocal microscopy is widely used for 

bioimaging due to its high sensitivity, high selectivity, convenience and non-destructive 

character. Although confocal microscopy provides a high resolution optical sectioning 

capability, it has some inherent problems. As the confocal aperture reduces the fluorescence 

signal due to the exclusion of adjacent planes or out-of-focus, one needs a higher excitation 

power of UV, blue or green light, which increases the possibility of photobleaching
1
 on the 

utilized contrast agent whereas the high energy of the photons of such UV or visible light 

can induce damage on the biological sample under study. Two-Photon Microscopy (TPM), 

first demonstrated by Denk et al,
2 

is based on the two-photon absorption (TPA) properties 

of fluorophores. The fluorescence produced by this process also provides a direct visual 

tool for observing biological processes and clinical imaging, offering a number of unique 

advantages over confocal microscopy, such as: 

(1) reduced specimen photodamage,  

(2) enhanced penetration depth in scattering samples due to the use of excitation light in 

a near-infrared (NIR) spectral range, 

(3) three-dimensional localization of the excitation volume (reduction of 

photobleaching by selective excitation of the focal volume by limitation of 

fluorescence excitation to within a femtoliter size focal volume),  
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(4) reduced fluorescence background due to the relatively low two-photon cross-section 

of most biomolecules responsible for autofluorescence in biological systems.
3
 

 

In Figure 1 a schematic diagram of confocal and two-photon microscopy is shown. In 

confocal imaging, scattering reduces excitation of the specimen and diverts confocal 

fluorescent rays (green arrows) from the pinhole, cutting signal strength. In contrast, for 

two-photon imaging with near-IR rays, scattering of excitation rays is reduced, and 

fluorescence emission from the focal plane (green arrows) is efficiently collected on a wide 

area photomultiplier tube. Light path in a one-photon microscope showing fluorescence 

constricted at the focal plane but occupying all planes above and below the focus and 

showing the same total amount of fluorescence in each plane. Light path in a two-photon 

microscope showing that fluorescence excitation is localized (and limited) to the focal 

plane. 

 

Fig. 1 Comparison between confocal and two-photon microscope with respect to image formation. 

When focusing on the actual focal plane under one-photon excitation, a contribution from adjacent 

planes that are physically excluded in the two-photon process is obtained. 

 

Currently, one of the principal interests in the field of fluorescent microscopy is the 

development of novel fluorophores to be used as contrast agents or bio-markers with (a) 

high quantum yield of fluorescence (F) and high absorbance, (b) high TPA cross section, 
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quantified in GM in the NIR 700–900 nm window; (c) resistance to photobleaching, which 

is a critical problem; (d) sufficient in vitro and in vivo stability; (e) adequate dispersibility 

in the biological environment; (f) resistance to metabolic disintegration and non-toxicity 

and (g) the feasibility of conjugation with biomolecules for targeting specific cellular sites.
4
 

The first TPA dyes studied in 1972,
5
 were the Rhodamine derivatives which have σTPA  

values of 65 (Rhodamine 6G) and 140 GM (Rhodamine B) at 798-802 nm in methanol 

solution, and later a series of typical one-photon fluorophores (Alexa, fluorescein, 

Rhodamines and BODIPYs)
 6,7

 were also investigated for their TPA properties in water or a 

solvent compatible with biological medium. Table 1.1 summarizes the optical properties of 

commercially avialable dyes.
7,8

  

Several biological systems often possess fluorophores, proteins such as tryptophan, 

tyrosine, phycoerythrin, neurotransmitter serotonin and coenzyme nicotinamide adenine 

dinucleotide phosphate [NAD(P)H], such that they represent a source of background signal 

that has to be surpassed in various orders of magnitudes by synthetic  markers or labels 

when the latter are used in TPM in order to have a good signal to noise ratio.  

 

Table 1.1 TPA activity for commercial fluorophores in water. 

Dyes 
Excitation 
wavelength 

(nm) 

FσTPA 

(GM) 

Alexa350  700 35 

Alexa488 750 100 

Alexa568 780 180 

Alexa594 780 100 

Bodipy 930 18 

Ca-Crimson 870 100 

Ca-Green 950 60 

Cascade blue 740 2.5 

Coumarin307
a
 800 15 

DAPI 700 100 

Di-4-ANEPPS
b
 950 5 

Di-8-ANEPPS
b
 950 10 

Dil
a
 700 95 

dsRed 1000 110 

a
Methanol, 

b
Ethanol 
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Table 1.1 Continued 

Dyes 
Wavelength 

(nm) 
FσTPA 

(GM) 
eGFP 930 180 

Fluorescein 780 38 

Fluo-3 800 13 

Riboflavina 700 1 

Retinol 700 0.1 

Folic acid 700 0.01 

Lucifer yellow 850 1.4 

mCerulean 850 78 

mCFP 850 190 

NADH in PBS 700 0.09 

a
Methanol, 

b
Ethanol 

 

Recent search for molecules with high two-photon absorption cross-sections has led to the 

design and synthesis of molecules with two-photon cross-sections of >1000 GM.
9
 Thus, the 

optimization of the nonlinear properties of the dyes has two main motivations: a) the 

reduction of the excitation laser intensity (less photodamage) and b) the development and 

study of processing methods to take advantage of the optical properties of these molecular 

systems but in the form of organic nanoparticles (O-NPs), to overcome many of the 

limitations of conventional contrast agents.
10

 For instance, organic materials possessing 

high TPA properties are commonly soluble in toxic solvents,
11,12

 which greatly limits their 

applications in the two-photon imaging technique. To circumvent this limitation, 

nanoscience has recently provided methods to bring organic molecules into biological 

media such as water. Some of these methods are described in Chapter 3 of this thesis. 

 

1.2 Photoluminescent nanoparticles used as contrast agents 

Recently, various photoluminescent nanoparticles (NPs) systems have been proposed to 

replace organic fluorophores in many bioimaging applications. In this chapter, only the 

most representative nanoparticles will be mentioned as well as their application to create in 

vitro images of cells through confocal and multiphoton microscopy. 
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1.2.1 Quantum dots 
 

Quantum dots (QDs) are luminescent semiconductor nanocrystals with sizes ranging from 2 

to 15 nm. Most QDs are composed of atoms from groups II-VI (e.g., CdSe) or III-V (e.g., 

InP) of the periodic table. Recently, QDs have been proposed as an alternative to 

conventional organic fluorophores for bioimaging because of their unique advantages. 

These properties of interest include size-tunable optical properties (high quantum 

efficiency, high molar extinction coefficients, high resistance to photobleaching, distinctive 

emission lifetimes, and broad excitation and narrow emission spectra). The excitation and 

emission spectra of the QDs are very favorable for biological detection. For instance, their 

broad excitation spectra and narrow emission spectra help to reduce spectral overlap, which 

improves the possibility of distinguishing multiple fluorophores simultaneously. 

The dots are claimed to be 20 times as bright, 100 times as stable against photobleaching, 

and one-third as wide in spectral width, when compared to conventional fluorophores.
13

 

While QDs have emerged as promising probes for bioimaging, there are a number of issues 

that warrant attention before their full potential can be realized. The potential toxicity of 

QDs is a growing concern over the years. It is considered to depend on multiple QD 

properties, including QD core size, stability in biological media, and surface chemistry that 

determine the extent of cellular internalization. Unpassivated QDs could promote the 

generation of reactive oxygen species (ROS) causing cell death. Aggregation of QDs, as 

well as release of toxic ions from QDs, contributes to their cytotoxicity. Thus, few criteria 

should be met for QDs to be used for in vitro cellular studies without affecting the 

functionality of living cells. First, core-shell structure QDs must be used to prevent the 

leakage of cadmium ions. Second, the QDs should be additionally wrapped by 

biocompatible layer. Lastly, colloidal stability of QDs in biological fluids must be 

maintained.
1
 Bioconjugation of QDs can be achieved using several approaches, e.g., they 

can be conjugated to the linker 
14

 (e.g., avidin, protein A or protein G, or a secondary 

antibody) by covalent binding.
15,16

  

 

 

1.2.2 Gold nanoparticles 
 

Another type of contrast agent recently proposed for two-photon luminescence imaging is 

nanosized gold particles, such as nanorods, nanoshells, or nanoplates. Part of the energy 

absorbed by gold nanoparticles is emitted in the form of scattered light, which is the basis 

of much gold nanoparticle–based optical imaging. The rest of the energy decays in a 

nonradiative form. Biocompatibility of gold is well known, although absence of toxicity is 

still being questioned for gold nanoparticles. Several groups have examined the cellular 

uptake and cellular toxicity of AuNPs and there are conflicting results about the 
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cytotoxicity of these nanoparticles. In several reviews the cytotoxicity, although low, has 

been found to be dependent of the NP size and shape, the surface modifiers, and the type of 

cell. In general, AuNPs can be nontoxic under certain experimental conditions, although the 

toxicity and side effects need to be thoroughly examined for each study.
17

 Characteristic 

values for the two-photon action cross-section for these gold nanoprobes are determined to 

be in the order of a few thousand GM.
18,19 

However, their emission quantum efficiency is 

not high. It is necessary to modify the gold nanoparticle surface to improve its dispersion 

and also to allow for bio-conjugation for imaging applications. 

 

1.2.3 Organic fluorescent nanoparticles 
 

Among all the fluorescent nanoparticles (NPs) used in bioimaging, organic nanoparticles 

(O-NPs) are the most widely studied due to their rich chemical structures, easy chemical 

modification and high fluorescence quantum yield. Generally, these O-NPs include carbon-

based fluorescent nanostructures, fluorescent macromolecules, fluorescent polymeric 

nanoparticles, fluorescent supermacromolecular nanoassemblies and aggregation-induced 

emission fluorophores.
20

 

Dyes and polymers have been used to fabricate nanoparticles and often their photophysical 

and physicochemical properties do not differ significantly when are processed into O-

NPs.
21

 However, the photoluminescent properties of some materials change when they are 

aggregated, that is the case of luminogens, heteroatom-containing luminogens, 

organometallic luminogens, polymeric luminogens,  siloles and silole containing linear and 

hyperbranched polymers.
22-24

  

 

Intended as contrast agents, it is important that O-NPs preserve (or enhance) the optical 

properties of the molecules of which they are made. Thus, the way in which organic 

molecules assemble to form O-NPs is important in order to preserve their optical properties. 

Likewise, the methods of synthesis of such O-NPs and how they can be covered, 

encapsulated, functionalized or bioconjugated are of paramount importance for their 

application as contrast agents.  In this regard, let us mention as an example the rapid 

photobleaching exhibited by most organic fluorescent dyes. Numerous photochemical 

reactions occur in the cellular environment that can lead to photodegradation of the dye. 

Alternatives as the encapsulation of the dye in a silica matrix have emerged presently to 

maximize both in vitro and in vivo stability. This minimizes oxygen access, increases 

chemical stability and allows surface modification of the shell to enhance the hydrophilic 

character and cell uptake.
4
 Silica NPs are robust, mechanically stable and transparent, and 

they can protect and stabilize the embedded fluorophores. When the fluorophores are 

encapsulated into the silica matrix they are brighter than single organic dyes, since they can 
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incorporate more than one molecule into the particle. Commonly, silica nanocomposites 

show good monodispersity and biocompatibility. The first biological applications of these 

particles was the targeting of cancer cells.
17

 Different kinds of fluorescent dyes such as a 

metalorganic luminophore, tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate (Rubpy), 

and different derivatives of the organic dye rhodamine have been incorporated into the 

silica matrix and the particle’s silica surfaces covalently bound to an antibody and 

biomolecules for cell targeting purposes.
25-28 

 
 

1.3 Future Trends of nanostructures 

 

Each of the nanomaterials described above (gold NPs, QDs, O-NPs and fluorescent silica 

NPs) has its respective advantages and disadvantages depending on the intended 

application. All together, these materials will play a significant role in the development of 

imaging tools to provide better insights into biological processes, including early diagnosis 

of human diseases. It is anticipated that advances in nanosciences combined with the 

attractive features of many nanoparticle systems will render these particles increasingly 

attractive for bioanalytical applications in the future. An important trend is the development 

of multifunctional or theranostic nanoparticles, nanoparticles that are capable of 

accomplishing multiple objectives such as imaging, diagnostic and therapy. 

 

1.4. Goals 

 
 

The main aim of this dissertation is the study of the photophysical properties of novel 

organic fluorescent materials in solution and different nanostructures and their use as 

contrast agents in confocal and two-photon microscopy. As it was mentioned above, the 

way in which organic molecules assemble to form O-NPs determines their optical 

properties. This characteristic has received little attention in the literature. For that reason in 

this wok a comparative study of the morphological, photophysical and optical properties of 

organic-fluorescent nanoparticles fabricated by reprecipitation, laser ablation and 

microemulsion methods (fluorescent silica nanoparticles) is performed. Bioimaging of 

cellular lines using these O-NPs is also presented.   

The specific objectives of this dissertation are: 

 Assess the potential of novel fluorophores as contrast agents for fluorescent 

microscopy. Specifically, fluorescent borinates, bodypies, fluorene-chromophores 

and a polymer are studied. 
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 Measure the quantum yield of fluorescence of candidate materials with TPA 

properties. 

 Find optimal conditions to fabricate nanoparticles by reprecipitation, microemulsion 

and laser ablation. 

 Characterize the fluorophores in solution and nanoparticles by absorption 

spectroscopy, and two-photon excited fluorescence. 

 Obtain morphological characteristics of the fluorescent nanoparticles. 

 Evaluate the photostability of fluorophores in solution and aqueous suspensions of 

nanoparticles. 

 Investigate through confocal and two-photon microscopy the ability of organic 

nanoparticles to penetrate into a human lung cancer cell line (A549) and a human 

cervical cancer cell line (HeLa cells).  

 Evaluate the viability of cells after their staining with the organic nanoparticles. 

 Bioconjugate fluorescent silica nanoparticles with folic acid and transferrin. 

 

 

1.5. Outline 

The thesis consists of five chapters. Chapter 2 describes the two-photon absorption process 

in organic materials as well as fluorescence produced by one and two-photon absorption. 

Fluorescence quantum yield and the main techniques for measuring two-photon absorption 

cross section are also presented. Structure-property relationship for fluorescent organic 

materials is another important section of this chapter. Next, in Chapter 3, a description of 

fabrication methods of organic fluorescent nanostructures used in this dissertation 

(reprecipitation, laser ablation and microemulsion) are presented. The materials and 

methodology for the fabrication of organic fluorescent nanostructures are shown in 

Appendixes. Additionally, a brief introduction about functionalization of silica 

nanostructures fabricated by microemulsion method as well as bioconjugation for coupling 

with molecules of biological interest is shown. The results and discussions of photophysical 

characterization of fluorescent materials in solution and processing of these materials in 

different nanostructures are provided in chapter 4. Application of the fluorescent 

nanostructures fabricated as contrast agent in confocal and two-photon microscopy is 

provided in chapter 5. Finally, the conclusions and work perspectives are shown. 

 

 

 



9 
 

CHAPTER 2  

Two-Photon Absorption and fluorescence in organic materials 

 

 

2.1 Introduction 
 

 

Applications built around two-photon absorption (TPA) property as two-photon laser 

scanning microscopy,
2
 optical power limiting,

29
 3-D microfabrication,

30
 data storage

31
 and 

photodynamic therapy
32

 still require of new materials with optimized properties. For this 

purpose it is required to work in several areas, including molecular and synthetic chemical 

designs, understanding of structure–property relations to obtain molecules with large TPA 

cross sections, and increased fluorescence quantum yields in the visible and near-infrared 

(NIR).
33

 

For new TPA molecules, an accurate characterization of their optical properties is 

fundamental in order to assess their potential for applications. This chapter presents basic 

definitions of the optical properties of interest in this dissertation, the characterization 

techniques, and design strategies and structure–property relations of molecular structures 

with the goal of enhancing TPA for fluorescence microscopy application. 

 

2.2 Fluorescence induced by one photon absorption 
 

 

The radiation emission process due to the deactivation of a molecule is generally referred as 

luminescence while the term photoluminescence refers to the particular case in which the 

excitation takes place by absorption of photons. Photoluminescence can be divided into two 

categories: fluorescence and phosphorescence.  

Fluorescence is the emission of photons by atoms or molecules whose electrons are 

transiently stimulated to a higher excitation state by radiant energy from an outside source. 

During fluorescence, the absorption and re-emission events occur nearly simultaneously, 

the interval being only 10
-9

–10
-12

 seconds; therefore, fluorescence stops after there is no 

more exciting incident light. 

When a fluorescent molecule absorbs a photon of the appropriate wavelength, an electron is 

excited to a higher energy state and almost immediately collapses back to its initial ground 

state. In the process of energy collapse, the molecule can release the absorbed energy as a 

fluorescent photon. Since some energy is lost in the process, the emitted fluorescent photon 

exhibits a lower frequency of vibration and a longer wavelength than the excitatory photon 
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that was absorbed. The situation is depicted graphically in what is known as a Jablonski 

diagram (Figure 2.1), which shows a series of increasing energy states as a stack of 

horizontal lines. Each energy level is in turn composed of a number of subenergy levels. 

There are two categories of excited states, characterized by different spin states of the 

excited electron — the singlet excited state and the triplet excited state. Most commonly, an 

excited electron occupies an excitation level within the singlet excited state (straight 

upward pointing arrows), and when it collapses to the ground state, energy can be given up 

as fluorescence emission (straight downward pointing arrows). Alternatively, energy can be 

given up as heat (internal conversion), in which case no photon is emitted (wavy downward 

pointing arrows). When excited above the ground state, there is a probability that an 

electron can also enter the triplet excited state through a process called intersystem crossing 

(diagonal wavy arrow).
 34

 

 

  
 

Fig.2.1 Schematic energy level diagram showing the excitation process of a molecule from the 

ground state, S0, to an excited state, S1.  

 
 

 

 

2.3 Fluorescence induced by two photon absorption 
 

Fluorescence imaging can be further enhanced by utilizing nonlinear excitation processes 

such as Two-Photon Absorption, where the excitation photon energy is less than the energy 

gap of the fluorophore. The molecular TPA property is defined as the electronic excitation 

that is induced by a simultaneous absorption of a pair of photons with the same or different 
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energy (Figure 2.2). This phenomenon was first predicted in 1931 by M. Göppert-Mayer
 6 

who calculated the transition probability for the absorption of two quanta of energy. In this 

process a photon first interacts with the molecule and promotes a transition from ground 

state to a temporary virtual state of energy above the ground state. This is not a real state of 

the molecule and it exists only for a short time interval (~10
-15

–10
-16

s for photon energies in 

the visible and near-IR ranges).
35

 If during this interval of time other photon interacts with 

the molecule, the excited state can be achieved. The adjective “simultaneous” for TPA is 

used to indicate that the two photons interact with the molecule within the interval of time 

mentioned above and that no real states act as an intermediate state in this process.  

 

 

Fig. 2.2 Schematic energy level diagram showing the excitation process of a molecule from the 

ground state, S0, to an excited state, E1. The photons can have the same energy (degenerate case), or 

different energies (non-degenerate case). 

 

 

Lasers emitting short pulses (nano, pico o femtosecond pulse widths) can excite 

fluorophores by two-photon absorption. If the laser intensity is high, a fluorophore can 

simultaneously absorb two photons to reach the first singlet state (Figure 2.2). This process 

depends strongly on the light intensity and occurs only at the focal point of the laser beam. 

This can be seen in the photograph, Figure 2.3, where emission is occurring only from a 

single spot within the sample. Fluorophores outside the focal volume are not excited. 
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Fig. 2.3 Fluorescence induced by one and two-photon absorption in an organic material. 

 

 

The TPA is a third-order non-linear optical process which is increased in proportion with 

the square of the light intensity. The magnitude of TPA can be quantified by introducing 

the parameter called TPA cross section. This parameter is usually expressed in Goppert-

Mayer units: 1 GM = 10
-50

 (cm
4
 s/photon). 

 

2.4 Fluorescence quantum yield 

The fluorescence quantum yield (F) is a very important characteristic of a fluorophore. 

This is defined as the ratio of the number of photons emitted to the number absorbed. 

Substances with the largest quantum yields, approaching unity, display the brightest 

emissions.  

In this method it is necessary to use a reference sample whose quantum yield of 

fluorescence is known. By comparing the photoluminescence of the sample of interest with 

the photoluminescence of the reference sample it is possible to obtain the F for the 

sample. 

The experimental setup for measuring the quantum yield of fluorescence is shown in Figure 

2.4. It consists of a diode laser at 375 nm, diaphragm (D1) and two lenses (L1 and L2) 

which are used for collimating the laser beam incident on the sample placed in the center of 

an integrating sphere (model INS250 International Light Technologies) of 25.4 cm internal 

diameter; subsequently, a PMT (Hamamatsu R7400U series) is placed at 90° of the 

excitation beam and lock-in amplifier model SR830 from Stanford Research Systems to 

detect the fluorescence signal. The cell is placed outside and inside the sphere at positions 1 

and 2 respectively, in order to detect only the fluorescence and not consider the excitation 

light transmitted by the sample and the background noise. Therefore, the differences 
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between the signal obtained in position 2 and the value obtained in the position 1 for each 

sample including the reference sample (Fs and Fst for the sample and reference, 

respectively) are used to calculate the quantum yield of fluorescence according equation 1.  

 

 

 
 

Fig. 2.4 The experimental setup for measuring the quantum efficiency.  
 

 

 

 

𝑠=𝑠𝑡
𝐴𝑠𝑡

𝐴𝑠

𝐹𝑠

𝐹𝑠𝑡
(

𝑛𝑠

𝑛𝑠𝑡
)

2
 (1) 

 

Where 𝐴𝑠𝑡 is the absorption of the reference standard, 𝐴𝑠 is the absorption of the sample, 

both at the excitation wavelength,  𝑠𝑡 is the quantum yield,  𝑛𝑠 and 𝑛𝑠𝑡 are the refractive 

index of the sample  and the standard refractive index, respectively.
36

 

 

In general, rigid structures are essential for high fluorescence quantum yields and 

substituents such as NO2 and heavy atoms will lead to low fluorescence quantum yields via 

intersystem crossing to a triplet state.
37

 

The intensity of fluorescence can be decreased by a wide variety of processes. Such 

decrements in intensity are called quenching. Quenching can occur by different 

mechanisms; these include excited-state reactions, molecular rearrangements, energy 

transfer, ground-state complex formation, and collisional quenching. Collisional quenching 

occurs when the excited-state fluorophore is deactivated upon contact with some other 

molecule in solution, which is called the quencher. A wide variety of small molecules or 

ions can act as quenchers of fluorescence, for instance, iodide (I
-
), bromide, oxygen, 

halogens, amines, and acrylamide. However, there are others factors that can affect the 
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emission spectral properties of fluorophores such as solvent polarity and viscosity, internal 

charge transfer, probe–probe interactions, probe conformational changes and the local 

environment (rigidity of the local environment), among others.
38

 

 

Fluorescence emitted by almost all fluorescent dyes fades during observation. This 

phenomenon is called photobleaching and involves a photochemical modification of the 

dye resulting in the irreversible loss of its ability to fluoresce. Photobleaching affects the 

image formation process. Indeed, fluorescent dyes in the excited state may undergo 

chemical or biochemical reactions that lead to their rapid degradation and destruction and 

consequent loss of image quality during measurement. In a certain sense, fluorophores are 

consumed by being observed. 

This shows that in confocal microscopy and TPM the photostability problem can have a 

severe impact on the image formation process. Even in TPM, despite the tight confinement 

of the excitation volume and the use of infrared light, the high peak power of the laser 

pulses may cause photodamage of the fluorescent probes being used. In general, the loss of 

fluorescence that comes along with photobleaching has the undesirable effect of reducing 

the signal-to-noise ratio and the quality of the collected images and data. 

Several theories have been proposed to explain photobleaching. The main causes seem to 

involve photodynamic interactions between excited fluorophores and molecular oxygen 

(O2) in its triplet ground state and dissolved in the sample media.
39

 

 

 

2.5 Techniques for measuring two-photon absorption cross section 

(Z-scan and TPEF)  

 
 

Several techniques have been used to measure the two-photon excitation cross sections of 

various materials for more than two decades. The two main techniques for measuring σTPA 

are the Z-scan 
40

 and two-photon excited fluorescence (TPEF),
41 

although others methods 

exist such as thermal lensing
42

 and photoacoustic measurements.
43

  

Z-scan is a direct method to determine the non-linear absorption of materials; this technique 

consists in monitoring changes in the transmittance of the sample when the incident 

intensity of a train of laser pulses changes (this can be achieved by varying the position 

(position z) of the sample in the vicinity of the focal plane of a lens, hence the term “Z-

scan”). See Figure 2.5. The Z-scan curve obtained is symmetrical with respect to the focus 
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(z = 0), where it is possible to obtain a minimum in the transmittance (multiphoton 

absorption).
40

 The normalized transmittance is given by: 

𝑇(𝑧) = 1 −
1

23/2
𝑇𝑃𝐴  

𝐶𝑁𝐴

ℏ
  

𝐼0𝐿𝑒𝑓𝑓

1 + (
𝑧
𝑧0

)2
 (2) 

where C is the concentration of the material in solution (usually organics are characterized 

in solution), NA is Avogadro’s number,  is the optical frequency of the laser, z0 the 

Rayleigh range of the beam, Io the peak intensity at z =0 and Leff the effective thickness of 

sample. With this technique σTPA is determined straightforwardly when short laser pulses 

(femtosecond or picosecond) are employed by just fitting experimental data to the 

expression given above. The use of nanosecond pulses can lead to an overestimation for the 

σTPA since other effects different than simultaneous TPA can also be present.  

 

 

Fig. 2.5 Z-scan technique. The pulse energy of a train of pulses is kept constant, but changes in 

intensity are achieved by moving the sample along the propagation direction Z. The transmittance is 

measures at each Z position of the sample. 

 

 

The TPEF (Two-Photon Excited Fluorescence) technique is another procedure for 

determining σTPA and consists in measuring the fluorescence signal generated from a 

sample after it is excited by TPA. From the two-photon fluorescence signal a TPE (two-

photon fluorescence excitation) cross section σTPE can be determined. The σTPE is linearly 

proportional to σTPA with the constant of proportionality being the fluorescence quantum 

efficiency (F) of the sample   

𝜎𝑇𝑃𝐸 = F 𝜎𝑇𝑃𝐴. (3) 

Several variants of this experiment have been developed since it was first reported by Xu 

and Webb.
41

 However, if a standard calibration sample of known σTPE and spectra is 
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available, then the simplest approach is to compare the two-photon excited fluorescence 

excitation spectra of the sample with this reference sample tested under identical 

conditions. Then, with this method it is possible to cancel automatically a large number of 

variables. For instance, it is not necessary to know parameters related to the excitation 

(pulse energy, pulse duration, and temporal intensity distribution).
44

 The equation to 

calculate the TPA cross section is given by:  

𝜎𝑇𝑃𝐴(𝜆) = 𝜎𝑇𝑃𝐴(𝑟𝑒𝑓)(𝜆)
𝑟𝑒𝑓(𝜆)𝐶𝑟𝑒𝑓

 ()𝐶
 
〈𝐹(𝑡)〉𝑟𝑒𝑓

〈𝐹(𝑡)〉

𝑛𝑟𝑒𝑓

𝑛
 

 

(4) 

where C denotes the concentration of solution, 〈𝐹(𝑡)〉 is the time averaged fluorescence 

emission, 𝑛 is the refractive index of the sample, and 𝜆 is the excitation wavelength. The 

subindex ref denotes the parameters for the dye used as references or standard. 

Representative experimental setup of TPEF technique is shown in Figure 2.6, the laser 

beam of a Ti:sapphire laser (100 fs per pulse, repetition rate of 80 MHz, tunability 740–820 

nm) is focused into a quartz cell of 1 cm path length (containing the samples) by using a 5 

cm focal-length lens. The TPEF emission was collected using a lens in an epi-illumination 

configuration (in a perpendicular direction with respect to the excitation beam) and focused 

into the input slit of a spectrometer. 

The principal drawback of the TPEF method is that, obviously, it cannot be used for non-

fluorescing or weakly fluorescing materials. TPEF is also difficult to implement in 

compounds that exhibit wavelength-dependent emission (in either band shape or efficiency) 

or dual emission, as well as in solid-state samples. In those cases the use of Z-scan is more 

convenient. 

 

Fig. 2.6 Typical TPEF experimental setup to measure the σTPA in organic materials. The 

photoluminiscense promoted by the absorption of two photons is detected from a solution of the 

sample under test and compared with that from a standard tested under the same experimental 

conditions. 
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The TPA action cross-section is the most commonly used parameter for characterizing 

bioimaging TPA fluorophores. However, the action cross-section does not consider the 

impact of photostability. Low photostability will significantly limit the applications of a 

fluoroscent probe in fluorescence imaging. For this reason, X. Wang and coworkers 

developed a figure of merit to evaluate a TPA fluorescent probe based on the action cross-

section and photodecomposition quantum yield.
 45

 

The figure of merit (FM) is defined as:  

𝐹𝑀 =  𝜎𝑇𝑃𝐴

𝛷𝐹

𝛷𝑑
 (5) 

where 𝜎𝑇𝑃𝐴  is TPA cross-section, 𝛷𝐹  is fluorescence quantum yield, and 𝛷𝑑  is 

photodecomposition quantum yield. The incorporation of the photodecompostion quantum 

yield in the 𝐹𝑀 provides a more comphensive picture of a fluorophore for bioimaging and 

provides a value by which all fluorescent probes for two-photon fluorescence microscopy 

can be compared.
37

 

The values of photodecomposition quantum yields, 𝛷𝑑 , can be calculated according to 

equation 6: 

𝛷𝑑 =
(𝐴1 − 𝐴0)𝑁𝐴

103 × 𝜀 × 𝐼 × (1 − 10
𝐴1+𝐴0

2 ) (𝑡1 − 𝑡0)
 

 

(6) 

where 𝛷𝑑  is the photobleaching decomposition quantum yield,  𝐴1  is the absorbance 

maximum at 𝑡1 , 𝐴0  is absorbance max at 𝑡0 , 𝑁𝐴  is Avogadro’s number, 𝜀  is molar 

absorbance in M
-1

·cm
-1

, 𝑡1 − 𝑡0  is time exposed (s), and 𝐼  is the intensity of laser in 

photon·cm
-2

·s
-1

. 

A wide range of organic molecules with large TPA activity have been studied 

experimentally employing Z-scan and TPEF techniques. In the following section we 

present some representative samples.  

 

 

2.6 Structure-Property Relationships for fluorescent organic 

materials   
 

Organic molecules, with the capability of tailoring their linear and nonlinear optical 

properties by molecular structure modification, can be utilized in fluorescence sensing and 
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biological imaging. Many organic molecules and polymers having electronic π-conjugated 

systems in their structure have shown large nonlinear optical properties. So far, the largest 

values of σTPA reported in the literature are in the range of 10
2
 – 10

4
 GM. The number of 

examples within this range of nonlinearities has increased notably during the last three 

decades, and scientists have designed different families of molecules to achieve these 

values. A large number of scientific articles that report new TPA organic fluorescent 

materials are oriented toward imaging in vivo or in vitro of bio specimens, as well as the 

diagnosis of diseases. For these applications it is necessary to have organic molecules with 

high quantum yield of fluorescence and large TPA cross section values, in addition low 

cell-toxicity and compatibility with aqueous media. In particular, the architecture of organic 

molecules that have been studied and investigated for their two-photon absorption and 

fluorescent properties could be classified in two principal groups: a) linear and b) two-

dimensional architectures. For both structures there are some requirements for maximizing 

the TPA cross-section response: a long conjugated π-backbone system with a planar 

conformation; the presence of electron donor (D) and electron acceptor (A) groups able to 

promote an intense displacement of charge during the transition from the donor-centered 

HOMO (highest occupied molecular orbital) to the acceptor-center LUMO (lowest 

unoccupied molecular orbital).
12

 The energy difference between the HOMO and LUMO is 

the optical gap corresponding to the excitation transition promoted by TPA. Depending on 

the symmetry of the organic molecule, this gap can be the same or different from that 

promoted by one photon transition (linear absorption). For instance, in centrosymmetric 

molecules the maximum TPA appears usually at higher energies than the peak of one-

photon absorption transition. This is because one-photon and two-photon transitions are 

regulated by different dipole selection rules. 

In the case of chromophores with linear architecture such as polymers and small molecules, 

effective molecular architectures have been used to enhance the two-photon absorption. 

Arrangement such as donor-bridge-acceptor (D-π-A) dipolar structures (Figure 2.7a), 

donor-bridge-donor (D-π-D), acceptor-bridge-acceptor (A-π-A), donor-acceptor-donor (D-

π-A-π-D) and acceptor-donor-acceptor (A-π-D-π-A), the latter four corresponding to 

quadrupolar structures (Figures 2.7b and 2.7c), have been designed and synthesized.
44,46,47 

 

The appropriate donor-acceptor substitution in organic π-systems can enhance the TPA 

activity through an increase in the transition dipole moment or the dipole moment 

difference between the ground state and excited state. Experiments indicate that 

quadrupolar architectures in some cases are more efficient that dipolar ones. For 

quadrupolar systems the best results have been obtained for architectures containing donor 

groups in the periphery and acceptor in the core. For molecules that possess two 

dimensional structures the best results correspond to architectures containing a core with 

accepting properties and donor groups in a multi‒branched configuration (Figure 2.7d). 

These type of structures have octupolar response A-(π-D)3. Typical D groups are amino 

moieties as diphenylamino (NPh2), dimethylamino (NMe2) or diethylamino (NEt2) which 
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are the most employed, while some of the  fragments used as A are  anthracene, fluorine, 

benzothiadiazole, triazine, porphyrin or BODIPYS derivatives. For the -bridge between D 

and A is common to utilize aromatic (phenyl or fluorene) or heteroaromatic rings 

(thiophene) to favors the planar structure. However, some reports indicate that carbon triple 

bond is an excellent π−bridge.  

Organics systems as fluorene based molecules and polymers, porphyrin, BODIPYS, 

dendrimers, etc. have large TPA activity with linear and two-dimensional designs.  

 

 

Fig. 2.7 Molecular architectures for optimization of TPA responses in organic compounds: a) 

linear, b) dipolar c), quadrupolar and d) octupolar. 

 

 

2.7 Recent Efforts in Two-Photon Materials Development 

Upon excitation, molecules with TPA properties experiment substantial intramolecular 

charge transfer (ICT) over the π-backbone, producing a high σTPA. Enhancement of the σTPA 

is achieved with a correct design of the molecular structure able to modify properly the 

ICT. The environment is a factor that can affect the ICT process and in turn the nonlinear 

optical response. For instance, the linear TPA dye 5 (see Figure 2.8 for a collection of TPA 

dyes with linear molecular structure) having dipolar architecture showed intense 

solvatochromic effect such that in cyclohexane  (non-polar solvent) solution exhibits a large 

σTPA value of 6670 GM which is reduced in DMF (high polar solvent) to 1450 GM. In low 

polar solvents, such as toluene, linear quadrupolar structure 9 showed σTPA of 7080 GM 

while a two−dimensional molecule 13 (see Figure 2.9 for a collection of TPA dyes with 

two-dimensional molecular structure) has acceptable σTPA of 5300 GM. Other 

two−dimensional structures show much higher optical nonlinearities than linear structures. 

An example of the latter is the dendrimer with quadrupolar architecture (19) which in 

solution exhibits interesting value of 56000 GM.  

It must be observed that in general the studied molecules are hydrophobic and soluble only 

in highly toxic solvents. To emphasize this fact, Table 2.1 summarizes the main optical 

properties of the molecules shown in Figure 2.8 and Figure 2.9 and the cases in which the 
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molecules can be processed into nanoparticles (NPs) susceptible to be suspended in 

biocompatible media, i.e., aqueous solutions. 

 

 

 
 

Fig. 2.8 Linear structures of efficient organic TPA molecules. 
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Fig. 2.9 Two-dimensional structures of efficient organic TPA molecules. 
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Table 2.1 TPA properties of organic materials are shown in Figure 2.8 and Figure 2.9. The 

properties are presented for materials in molecular solution and in the form of nanoparticles.  

 

 Quantum yield 

(F) 

σTPA (solution) 

GM/technique 

σTPA (NPs) 

GM/technique 
Reference 

Linear structures
 

1 0.025 (in solution) 

0.13(NPs) 

172 / TPEF 217 
48

 

2 1 (solution) 

0.49 (SNPs) 

~400/TPEF - 
49

 

3 - 1200 8000000 
32a

 

4 0.082 (solution) 5250 /TPEF - 
50

 

5 0.805 (solution) 6670 /TPEF - 
51

 

6 ~0.5 (aqueous 

solution) 

1.0 (solution) 

3000 

ACN/TPEF 

~6000 

Water/TPEF 

 
52

 

7 - 93,600/Z-scan - 
53 

8 0.017 (solution) 1.0 × 10
6
 

/TPEF 

- 
54 

9 
~0.25 (in toluene) 

0.08 (SNPs) 
~7080/TPEF 6 800 

55
 

10 - - 200000 * 
56 

11 0.99 (solution) 128 - 
57 
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Table 2.2. Continued 

 Quantum yield 

(F) 

σTPA (solution) 

GM/technique 

σTPA (NPs) 

GM/technique 
Reference 

Two-dimensional materials
 

12 0.43 2990 /TPEF - 
58

 

13 0.86 (solution) 

0.56 (NPs) 

5300 /TPEF 

 

2790 
59

 

14 0.24 (TNP0), 

0.25 (NPs) 

TPEF 2015 (FTNP0, 

with DSPE-

PEG)  

2241 (BTNPs, 

without 

DSPE-PEG) 

60
 

15 0.57 9068 /TPEF - 
61

 

16 ~0.49 25000 /TPEF 9750 
62

 

17 0.55 11000 /TPEF - 
63

 

18 0.09 (CPNs) - 11 000*/TPEF 
64 

19 0.48 to 0.75 
~56 000 

GM/TPEF 
- 

65 

 

* Two-photon action cross section 

 

Usually organic molecules and polymers comprise -conjugation in their structures, as 

those shown in Figure 2.8 and Figure 2.9, exhibit one-photon excitation (linear absorption) 

in the UV-Vis of the spectrum.  According to these range of energies, the maximum two-

photon excitation (assuming roughly that the peak of the two-photon absorption spectrum is 

located at twice the wavelength of the one-photon absorption) occurs in the Vis-IR range. 

For biomedical applications the interest is focused in chromophores with TPA in the red 

and near-infrared region (650–1000 nm). Effective two-photon excitation at this range of 

wavelengths is observed with organics with relatively small optical band gap.  Further, the 

effectiveness in nonlinear absorption must be accompanied by a second molecular 

functionality. For instance, when a molecule o polymer is intended as a fluorescent label or 

contrast agent in multiphoton microscopy, it needs to exhibit a large value of quantum yield 
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of fluorescence, F. This is not always achieved, as it can be observed in Table 2.1. 

Sometimes, large σTPA values are obtained in detriment of F. In these cases, or in other 

cases where the needed functionality is other than fluorescence, the energy transfer concept 

can work satisfactorily. For instance, an effective fluorescent dye (energy acceptor) with 

poor two-photon activity is indirectly excited through resonant energy transfer from an 

effective TPA dye unit (energy donor).  
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CHAPTER 3 

Organic nanostructured materials with TPA properties  

 

 

Intense studies have been focused on developing efficient TPA organic fluorescent 

molecules that can be excited in the 650-1000 nm region, since they offer potential 

application in two-photon microscopy (TPM) and photodyamic therapy.
11

 For these kind of 

applications it is mandatory that the molecules show excellent TPA activity in aqueous 

media, however, most of them are hydrophobic and those that are soluble in water 

commonly exhibit low values of σTPA andF.
41,66

 The hydrophobic nature of the TPA 

chromophores means that, in some cases, organic polar solvents as dimethylsulfoxide 

(DMSO) or dimethylformamide (DMF) are required. These and other solvents imply high 

cytotoxicity. To circumvent these limitations, nanoscience has recently provided methods 

to bring organic molecules into biological media such as water. Different fabrication 

strategies have been developed and widely applied for obtaining organic nanoparticles in 

aqueous media with interesting morphologies and optical properties. Reprecipitation 

(RP),
67 

self-assembly,
68

 ion-association,
69

 condensation,
70

 microemulsion
71

 and laser 

ablation (LA)
72

 are some methods used to fabricate O-NPs. For the preparation of O-NPs 

comprising luminescent properties the most commonly employed methods are RP and ME. 

First, in this section a classification of fluorescent nanostructures will be provided. Also 

some examples of organic fluorescent nanostructures and the methods used in this 

dissertation to incorporate hydrophobic materials into aqueous suspensions are presented. 

 

3.1 Fluorescent nanostructures 

 

There are many classifications of fluorescent nanostructures according to the compositions, 

structure, fluorescence mechanisms and applications in bioimaging; however, here we 

present the classification proposed by M. Chen and M. Yin.
20

 They divided the fluorescent 

nanostructures into three categories, i.e., organic, inorganic and hybrid (organic/inorganic) 

(Figure 3.1). Among all fluorescent nanostructures used in bioimaging, organic ones are the 

most widely studied due to their rich chemical structures, easy chemical modification and 

high fluorescence quantum yield (F). Generally, these organic nanoparticles include 

carbon-based fluorescent nanostructures, fluorescent macromolecules, fluorescent 

polymeric nanoparticles, fluorescent supermacromolecular nanoassemblies and 

aggregation-induced emission fluorophores. 
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Fig. 3.1 Classification of fluorescent nanostructures based on their different chemical structural 

compositions according to M. Chen and M. Yin. 

 

 

Particularly, organic fluorescent (supermacromolecular nanoassemblies) and hybrids 

nanoparticles (flurophore in core and silica in shell) are of interest for this work. These 

nanoparticles have fluorescent units with amphiphilic structures that can self-assemble into 

micelle-like aggregates, which result from the intermolecular interaction within 

hydrophobic and hydrophilic moieties, respectively. Nanoaggregates, NPs-surfactant, 

nanoparticles covered by a biocompatible polymer or copolymer (NPs-PEG) and 

nanoparticles produced from laser ablation (NPs-LA) belong to this group (their fabrication 

methods are discussed below). Organic/inorganic hybrid fluorescent nanostructures are 

another interesting nanoparticles, they combine multiple constituents into a single 

nanostructure to improve the application in bioimaging. The core and shell segments 

alternatively contributed to the desired fluorescent properties or acted as protecting agents 

of matrix or scaffold, which thus offers better functionalization and biocompatibility. Fig. 

3.2. The doping of fluorescent TPA chromophores into silica NPs is also well-established 

in the literature. The fabrication of these fluorescent silica nanoparticles (FSNPs or NPs-
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ME) is performed by using a microemulsion method. The advantages of FSNPs are their 

optical transparency, non-antigenicity, and rich surface chemistry for facile bioconjugation. 

The silica shell protects the dyes from photobleaching and prevents their interaction with 

the biological environment. The absorption and emission of the nanoparticles are 

determined by the properties of encapsulated fluorophores. One of the major disadvantages 

of this type of nanoparticles is the phenomenon of aggregation induced fluorescence 

quenching of the loaded dyes.
2
 Organic chromophores can also be covalently encapsulated 

in silica nanoparticles.  

 

 

Fig. 3.2 Architectures of organic fluorescent nanostructures and their fabrication methods. NPs-

PEG could have different functions in the block sections or simply to self-assemble into uniform 

structures and silica shell in FSNPs acted as protecting agents of matrix or scaffold, which thus 

offers better functionalization and biocompatibility.  

 

 

 

3.2 Fabrication methods of organic fluorescent nanostructures 

 

Reprecipitation and microemulsion are the methods more common to fabricate organic 

nanoparticles (O-NPs) used as contrast agents in fluorescence microscopy. There are other 

methods to fabricate organic nanoparticles, but they have not been utilized in fluorescence 

microscopy. For example, to the best of our knowledge, there are no reports of the use of 

contrast agents (organic nanoparticles) fabricated by laser ablation method. 

All fabrication methods of organic nanoparticles allow obtaining a wide distribution of 

sizes that can be finely adjusted with the preparation conditions (reprecipitation and 

microemulsion method) or tuning the laser wavelength, pulse width, fluence, and the 

number of laser shots (laser ablation). The morphology of the O-NPs obtained by 

reprecipitation method differs according to the molecule used, these NPs can have irregular 

shape with amorphous structure
73

 and some particular cases ordered structures 

(nanocrystals).
74

 Some general characteristics of nanoparticles fabricated by LA, RP and 

ME methods are summarized in Table 3.1 and a more detailed description of each method 
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is presented in later sections. It is important to note that this table contains only few of the 

properties of O-NPs produced by LA since so far the number of studies in this topic is very 

limited. Thus it results of interest to get additional insight in some of the characteristics of 

O-NPs fabricated by LA and comprising nonlinear chromophores intended for their use in 

biophotonic applications.  

 

Table 3.1. Characteristics of organic nanoparticles produced by laser ablation (LA), reprecipitation 

(RP) and microemulsion (ME) methods. 

Characteristics Laser ablation (LA) Reprecipitation (RP) Microemulsion (ME) 

Preparation time 0.5-3 h 4 h 24 h+ purification time 

Morphology Irregular,
75 

triangular 

and hexagonal shapes,
76

 

nanocubes
 77,78 

Irregular or spherical 
79-

81
 

Spherical 
49

 

Structure Amorphous or 

crystalline
82,83

 

Amorphous or 

crystalline
67,79,84

  

Amorphous  

Size distribution Medium
75,76

  Wide
80,85

  Narrow 
49

 

Size tunability Easy
a 72,83

 Easy
86

 Easy
87,88

 

Stability  Stable fluorescence 
a89

 Stable fluorescence
79

 Stable fluorescence
90,91

 

Aggregation Low
72,76,92

  Low-medium 
93

 Medium but it can be 

reduced by adding inert 

functional groups to the 

surface of O-NPs
94-96

 

Surfactant  No necessary
97,98

  No necessary
79,99

 Removed after 

purification 

Coupling to specific 

biomolecules 

Not reported Possible 
60

  Relatively easy bio-

conjugation 
28,49,100

 

Cell penetration Easy
 a101

 Easy 
74a)

 More difficult without 

biomolecule 
28

 

Toxicity Dependent on amount 

of surfactant and 

material
a101

 

Dependent on amount 

of surfactant and 

fluorophore
102 

Very low 
102,103

 

Nonlinear optical 

properties 

Not reported σTPA ~100-2000 GM 
48,60

 

σTPA ~217-1200 GM
32

 

Fluorescence images No reported for O-NPs 

and there is only one 

report for inorganic 

NPs.
 a101

 

Good quality 
81,99,105 

 Acceptable quality 

without biomolecule 
28,106 

 

a
 Property reported from inorganic NPs 
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3.2.1 Laser ablation method to produce organic nanoparticles 

 

Pulsed laser ablation is a simple, clean, flexible and promising technique because of its 

ability to ablate almost all kinds of materials (metals or organic compounds) and obtain 

various compositions, morphologies (spherical nanoparticles, nanocubes, nanorods, etc.) 

and structures (amorphous or crystalline). 

In this work, I am interested in the method known as liquid phase pulsed laser ablation, in 

which a solid target is immersed in a liquid medium and the laser beam is focused through 

the liquid onto the target surface. Melting of the solid is a necessary condition for the 

formation of nanoparticles under ablation in liquid environment. This condition is obtained 

under sufficiently high laser fluence and depends on the absorptivity of the material at the 

laser wavelength. This technique allows controlling the growth process by manipulating 

parameters like irradiation time, duration, energy density, wavelength, etc.  The final 

product is usually obtained without any byproducts and therefore no need for further 

purification. However, in some cases it requires a minimum amount of chemical species 

(surfactant) for synthesis compared to the conventional chemical process. 

 

There are two laser ablation mechanisms to fabricate nanoparticles in a solvent: 

photothermal for nanosecond laser ablation and photomechanical for femtosecond ablation. 

For nanosecond photothermal ablation in a solvent, rapid temperature elevation upon pulse 

excitation is compensated by a cooling process due to thermal diffusion to the solvent, and 

its balance gives the transient temperature determining the nanoparticle size. Higher fluence 

gives higher effective transient temperature, leading to efficient fragmentation to smaller 

particles. Figure 3.3a. In the case of femtosecond irradiation, multiphoton absorption leads 

to very rapid increase in molecular and lattice vibrations giving transient high pressure in 

the irradiated area. As a result explosive mechanical fragmentation is started before thermal 

equilibrium with the solvent, leading to the small nanoparticles. Figure 3.3b. T. Asahi and 

co-workers described nanoparticle formation of quinacridone in water and they presented 

results about nanoparticles produced from several organic compounds including C60, and 

an anticancer drug.
72,76,89,97,107,108 
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Fig. 3.3 Fabrication method of organic nanoparticles utilizing laser ablation of amorphous target (a) 

or microcrystals in water (b), where the bulk solids are converted directly into nanoparticles which 

are caught by water and stabilized as nanocolloids.  

 

 

3.2.2. Reprecipitation method to produce organic nanoparticles 

 

From the three preparation methods schematized in Figure 3.2, the reprecipitation 

technique is the most facile and commonly used to assist the formation of nanoparticles in 

the aqueous medium.  

In this method, a small amount of concentrated stock solution of the target compound is 

injected rapidly into a vigorously stirred poor solvent. The great disparity between the 

solubilities of the target compound in the good and poor solvents, and the miscibility 

between the two solvents are essential for this method. The rapid mixing of the stock 

solution and the poor solvent changes the micro-environment of the target compound 

molecules. The molecules are exposed to the poor solvent surroundings in a very short 

time, inducing the nucleation and growth of the molecules to nanoparticles or nanocrystals. 

The size and morphology of the resulting nanoparticles can be controlled by varying the 

reprecipitation conditions, i.e., by tuning concentration, temperature, stirring speed, or 

adding surfactant.
 109

 

Typically, a target compound is first dissolved in a good water-miscible solvent such as 

alcohol, tetrahydrofuran or in acetone so that its concentration is of the order of mM. Next, 

a few microliters of the diluted solution is injected rapidly into a vigorously stirred poor 

solvent (10 ml, commonly water) at a constant temperature, using a microsyringe. Then, the 

solvent is evaporated and the target compound is reprecipitated in the form of organic 
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nanoparticles or nanocrystals dispersed in the aqueous medium, usually in a stable 

dispersion. Figure 3.4.
77

  

The reprecipitation method induces the formation of nanoaggregates that can be stabilized 

with a surfactant agent (CTAB, triton X-100, albumin, SDS, etc.). The use of surfactants 

not only stabilizes the suspensions but also protects the surfaces of the formed fluorescent 

nanoparticles. The morphology of the organic nanoparticles obtained by reprecipitation 

method differs according to the molecule used, these NPs can have irregular shape with 

amorphous structure
73

 and some particular cases ordered structures (nanocrystals).
74

 

Moreover, the lack of surface functional groups in O-NPs fabricated by reprecipitation 

greatly restricts their applications in specific targeted imaging. According to experimental 

results, the O-NPs fabricated by reprecipitation method not always tend to conserve the 

nonlinear properties showed by the corresponding molecules in solution, although in some 

cases they showed high cytotoxicity.
110,111 

To further reduce the cytotoxicity of O-NPs and 

increase their circulation time in vivo, they can be encapsulated with polyethylene glycol 

(PEG). PEG is considered an ideal biocompatible polymer with low toxicity, high water 

solubility and negligible immunogenicity. Some attractive TPA chromophores as silole and 

hexa-peri-hexabenzocoronene (~1000 GM) have been covered with PEG derivatives to 

form NPs-PEG with nonlinearities ~350 GM.
36,112 

 

 

 

 

Fig. 3.4 Reprecipitation method. 
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3.2.3 Microemulsion O/W to produce organic nanoparticles 

 

There are some methods of forming O-NPs from microemulsions, for instance, 

nanoparticles by polymerization, lipid nanoparticles, precipitation in aqueous droplets, 

direct solvent evaporation. Factors that should be taken into consideration when aiming to 

prepare O-NPs from microemulsion are: the physicochemical properties of organic 

substance, its solubility, desired characteristics of the final NPs (size, charge, encapsulating 

material), suitability of the system for the application goal (presence of solvents, surface 

active agents, polymer) and the techno-economical aspects of the chosen method. There are 

two models that have been proposed by the researchers in an attempt to explain the 

formation mechanism of the particles Therefore, prediction of the particle formation 

process outcome is very challenging, and many times is based on experimental knowledge 

only.
113

 

The microemulsion method is a versatile technique which allows the preparation of a great 

variety of nanomaterials alone or in combination with other techniques. The precise control 

of all the parameters which can be varied affecting the final particle sizes and shapes is still 

a challenge, but the richness of the possibilities which can be achieved from nano- to 

macroscales is a big spur to work.
114

 

The main advantage of the microemulsion method to prepare nanomaterials, over other 

preparation methods, is the ability to control the formation of different kind of core-shell(s) 

structures. The procedure used, shown in Fig. 3.5, consists of a two-step process: (1) 

formation of uniform particles (core) and (2) adding new reactants for the second reaction 

(shell). Hereafter, when I am speaking of microemulsion, I am referring to the method used 

to fabricate core-shell type nanoparticles, where the core is the fluorescent organic dye and 

the shell is the silica layer.  

Silica emerged as an excellent option to replace surfactant molecules on the surface of 

hydrophobic materials, thus eliminating their cytotoxicity and improving their 

biocompatibility. Also silica has a number of advantages, mainly including: (1) The 

preparatiion processes involved are quite facile; (2) the thickness of silica shell can be 

tuned to the desired size; (3) silica is extremely stable; (4) silica surface is easily modified 

with a variety of functional groups using silane chemistry and commercially available 

organosilicon reagents for biotargeting. Therefore doped silica nanoparticles with 

fluorophores has been reported in the literature for solving this problem of hydrophobicity, 

now having these materials in the form of aqueous suspensions of nanoparticles in a 

manner that increases their stability, biocompatibility, allowing its application in the 

biological area. 
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In general, the synthesis of silica nanoparticles doped with an organic fluorescent dye is 

carried out starting from a micellar solution, which consists of a surfactant called Aerosol 

OT (AOT), a co-surfactant (butanol) and water. A micelle is a group of amphiphilic 

molecules, i.e., molecules which have at their ends a hydrophobic part and a hydrophilic 

part. These molecules are linked together by their hydrophobic ends forming a uniform 

space that tends to be spherical (micelle core), being this space wherein the hydrophobic 

dye is staying. Figure 3.5. Subsequently, adding silicon precursors as triethoxyvinylsilane 

(VTES) and 3-aminopropyltriethoxysilane (APTES) cover the organic dye with silica, to 

finally obtain the core-shell nanoparticles.  

 

 

Fig. 3.5 Synthesis of silica nanoparticles doped with hydrophobic organic dyes. 

 

Reactions describing the formation of the silica layer are shown in Figure 3.6. The first 

reaction step involves the hydrolysis of silicon precursor (VTES) to form highly reactive 

silanols which react with other silanol in the solution forming hydrogen bonds. 

Subsequently, the condensation of the silane coupling agents is carried out and the network 

(-Si-O-Si-) is formed, wherein each network element is covalently bonded by stable 

siloxane bonds (or oxane bonds). After, the APTES is added and it interacts similarly as in 

the procedure described for VTES, so, the coating formed with the resulting organosilane 

precursor is a thick layer of polymer due to organic reagents used (amino groups) that 

extend out from the surface. The layer thickness depends on the concentration of the silane 

coupling agents used in the reaction (VTES and APTES) and the amount of water present 

in the solution. Gelest reported the deposition of a silane coupling agent using a 0.25% 

aqueous solution, resulting in a layer thickness of 3-5 silanes, approximately.
115
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Fig. 3.6 Formation of the silica layer functionalized with amino groups. 

 

3.2.3.1 Functionalization of fluorescent silica nanoparticles 

The surface of silica nanoparticles can be easily modified by the addition of functional 

groups, thus providing a charge on the surface of the nanoparticle and consequently a 

change in behavior or suspension stability. By adding these functional groups, reactive sites 

with other molecules for specific applications are provided. Functionalization of the silica 

nanoparticles is typically performed using alkyl functional silanes. Appropriate selection of 

the functional or reactive group for a particular application can allow attachment of 
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proteins, oligonucleotides, whole cells, organelles, tissue sections or substrates. 

Organosilanes used for these applications include functional or reactive groups such as 

carboxyl, aldehyde, hydroxy, amino, epoxy, thiol, and even alkyl groups linking molecules 

through hydrophobic interactions, Figure 3.7. These reagents and many other silane 

derivatives are commercially available. 3-aminopropyltriethoxysilane (APTES) and 3-

(trihydroxysilyl) propyl methylphosphonate monosodium salt solution (THPMP) are silane 

coupling agents used to functionalize the nanoparticles in this work. 

 

 

Fig. 3.7 Common functional groups on nanoparticles that provide the ability to couple to 

biomolecules. 

 

3.4 Bioconjugation  

 

Bioconjugation involves the linking of two or more molecules to form a novel complex 

having the combined properties of its individual components.
115

 Bioconjugation has had a 

great impact over the years, making possible numerous applications such as modulation and 

monitoring of specific biological processes, detection or location specific substances or 

cancer cell lines. Fluorescent nanoparticles to be used in a biological environment need to 

be biofunctionalized and bioconjugated appropriately, which remains a significant 

challenge. Not surprisingly, a great deal of research work was carried out to make them not 

only biocompatible, but also to attach biological molecules in order to extend their 

applications into the life sciences.  Sometimes, the internalization of nanoparticles into cells 

is severely limited by the low efficiency of uptake. Hence, in order to increase the 

internalization of nanoparticles, the nanoparticles surface is modified with a ligand known 

to be efficiently internalized by target cells.  
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After FSNPs and NPs-PEG have been modified with different functional groups, they can 

act as a scaffold for the grafting of biological moieties, such as peptides, proteins, sugars 

and polysaccharides, nucleic acids and oligonucleotides, lipids, and can be chemically 

bonded with nearly any other imaginable molecule, by means of standard covalent 

bioconjugation schemes, Figure 3.8, such as carbodiimide chemistry, disulfide-coupling 

chemistry and succinimidyl ester hydrolysis chemistry. Some techniques are reported and 

characterized, thus obtaining general protocols that may be useful to have excellent 

prospects of success in bioconjugation.
115

 

 

 

Fig. 3.8 Representative bioconjugation scheme for attachment of biomolecules onto the surface of 

silica nanoparticles. 

 

 

Nanoparticles conjugated with a specific antibody, aptamer, peptide and protein have been 

documented for cancer cell targeting.
116

 Over the last two decades, folic acid has been 

studied widely as a recognition element for imaging and cancer therapy because folate 

receptors (FAR) are up-regulated (over expressed) on a variety of human cancers, including 

cancers of the breast, ovaries, lungs, colon, endometrium, kidneys, brain, and myeloid cells 

of hematopoietic origin. The lack of folate receptors in nonproliferating normal cells 

differentiates them from tumor cells.
117

 

Several studies about nanoparticles with folic acid have been reported, for example, 

Zhaowu Zhang and Jun Ai report the development of gold nanoparticles-folate conjugate 

system.
48,60 

Moreover, Kai Li and et. al reported a strategy for one-step formation of 
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hydrophobic TPA chromophore-doped NPs with surface folic acid groups by encapsulating 

this chromophore in a mixture of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) and DSPE-PEG5000-Folate.
91 

Although these targeting systems have good biocompatibility and internalization efficiency, 

the large size of these macromolecule-based systems does not facilitate intravenous 

delivery.
118

 Silica-modified gold nanorods,
119

 albumin nanospheres,
120

 Pluronic F127 

magnetic nanoparticle clusters
121

 and two-photon dye-doped mesoporous silica 

nanoparticles conjugated with folic acid also have been reported,
122

 unfortunately the last 

nanoparticles, the grafting of folic acid enables the formation of charge transfer complexes 

between the two-photon dye and folic acid which leads to quenching of the fluorescence of 

the nanoparticles. 

 

Section 4.3.3 presents the work performed in this dissertation concerning silica surface 

modification with carbonyl groups, addressing the bioconjugation of fluorescent 

nanoparticles with biological molecules and proteins as folic acid or transferrin, 

respectively. Moreover, thinking in future studies, FSNPs were functionalized with other 

groups as carboxyl and amide to inhibit their internalization into cells. Particularly, for 

FSNPs with carboxyl groups also can be used to couple with other molecules of biological 

interest. 
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CHAPTER 4 

Fluorescent organic materials, photophysical characterization 

 

As mentioned in Chapter 2, there are a variety of materials with significant TPA properties. 

In the search for materials with potential linear and nonlinear optical properties it resulted 

interesting to study a family of eight fluorescent borinates, considering that in the literature 

there are reports on boron containing fluorophores whose cross sections are between 325 

and 1016 GM.
66,123,124 

On the other hand, we decided to study four BODIPIES with 

tetraphenylethene (TPE) units introduced as periphery to the methylated BODIPY core. 

Recently, BODIPY has regained considerable research attention owing to its excellent 

photophysical properties. The third family under study in this work consisted in flourene-

based compounds. Flourene is a moiety able to provide π-conjugation and intense 

fluorescent and nonlinear effects to a variety of molecules. For instance, nowadays many 

flourene-based polymers are fundamental for organic optoelectronic technology; similarly, 

they result very attractive for biophotonic applications. Conjugated polymers have also 

been employed for the synthesis of nanoparticles.
49,125,126

 The advantage of employing this 

type of polymers as fluorescent probes is that they comprise TPA cross sections between 

two to three orders of magnitude larger compared with common dyes, and also exhibit low 

levels of aggregation-induced fluorescence quenching. In this work it is demonstrated that a 

flourene-based polymer is an excellent material for the fabrication of contrast agents for 

fluorescent microscopy. Finally, a novel fluorene-chromophore called BT2 was also 

studied.  The results obtained from all materials are presented in this chapter. Reagents and 

equipment used to fabrication and characterization of fluorescent materials in solution and 

nanostructures is shown in Appendix A. 

 

4.1 Borinates  

 

4.1.1 Linear Optical Properties 

Eight borinates (5a-5h) were synthesized by Cristina Jiménez from the group of Dr. 

Norberto Farfan (Facultad de Química, UNAM). These borinates contain an electronic π-

bridge that connects a strong donor group (–NEt2) in one terminal of the molecular 

structure with a variety of substituents R1 located at the other end (see Figure 4.1). The 

photophysical properties of borinates are summarized in Table 4.1. The linear absorption 

and emission spectra for the boron complexes in THF solution are shown in Figure 4.2. 

These boron complexes have an intense absorption band from 402 to 425 nm, which is 

assigned to typical n * electronic transition. In particular, compounds 5g and 5h 
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possessing both the strong donor (–NEt2) but different acceptor groups (–COOEt and –

COOMe), showed a red shift  of 16 and 23 nm, respectively, compared with the 

absorption band of the borinate 5a (having a –H end group). Similarly, a shift of 23 nm was 

observed in the case of compound 5f containing the –NEt2 donor group in a quadrupolar 

architecture D––C=N
+
––D. In the case of borinate 5e, possessing a quadrupolar 

architecture with an –OMe group, the absorption band is similar to 5a. It is also observed 

an increment of molar absorption (ε) in compounds with architecture D–C =N
+
–A and 

surprisingly a reduction in compounds with D–C=N
+
–D design. It is important to note that, 

after boron complexation, compounds 5a-h give intense green emission (band around 500 

nm) when excited at 370 nm.  

 

 

Fig. 4.1 Molecular structure of borinates 5a-5h. 

 

 

a)                                                                    b) 

Fig. 4.2 Linear absorption (a) and emission spectra (b) for borinates 5a-5h in THF solution. 
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Quantum yields ΦF for all borinates were measured in THF solutions, giving values from 

0.03 to 0.26 (see Table 4.1), which are in agreement with those values obtained from 

similar boron compounds (0.01-0.6) reported by other authors,
127

 but lower that those 

reported in the range 0.31-0.65 for boron compounds derivates from benzoxazole.
128

 

A possible explanation of the low ΦF values is the non-planar conformation observed in the 

-backbone of 5c and 5e in comparison to the π-system of benzoxazole derivatives that 

have flat conformation. In general, the experimental ΦF values obtained from 5a-h showed 

a dramatic decrement for compounds with D–C=N
+
–D architecture, in which there is an 

increase of electronic density in the -skeleton. 

 

4.1.2 Two-photon absorption 

To obtain information of the efficiency of the TPA process in this series of compounds, the 

cross section (σTPA) of borinates 5a-h were calculated from data of TPEF experiments. This 

technique is based on a comparison of the two-photon excited fluorescence spectra from the 

sample (borinate) with a standard (Rhodamine 6G). Figure 4.3 displays the values 

measured for σTPA at the wavelength range 740-830 nm. From this figure we observe that at 

such wavelength range the molecules exhibit only small variations in their σTPA values. For 

shorter wavelengths (corresponding to energies higher than the one-photon transitions that 

define the peaks shown in Figure 4.2a), it is expected that some TPA resonances might 

occur. In our case, however, the two-photon absorption spectra were not extended to shorter 

wavelengths due to the limited tunability of our laser system. Nevertheless, the σTPA values 

shown in Figure 4.3 allowed comparison of the effect of the molecular structure on the 

nonlinear optical properties. 

The studied borinates can be grouped in two categories, those comprising a D––C=N
+
––

D architecture with strong electron donor groups at the end of the molecule, i.e., 5e (–

OCH3) and 5f (–NEt2), and compounds containing a D––C=N
+
––A architecture, 5b (–F), 

5c (–Cl), 5d (–I), 5g (–COOCH3) and 5h (–COOCH2CH3). Surprisingly, the architecture 

D–– C=N
+
––D produced the lowest values of σTPA and the smallest fluorescence 

quantum yields. Larger values of σTPA were obtained for the D––C=N
+
––A architecture, 

and for the particular case of 5b, 5c, and 5d the cross section values are inversely related to 

the electronegativity. For the same architecture, the highest cross section was found for the 

ester groups 5g and 5h where the acceptor provides stabilization. 

5h exhibited the largest fluorescence quantum yield among all set of studied molecules. 

This system with architecture D––C=N
+
––A has larger two-photon activity (light 

emission induced by TPA) than ferrocenyl substituted pyrazaboles with architecture D––

A––D.
36 
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Fig. 4.3 TPA cross section spectra of borinates 5a-5h in THF solution. 

 

 

Table 4.1. Photophysical properties of borinates 5a-5h. 

Molecule λabs (nm) ε 10
3
 

(M
-1

 cm
-1

) 

λem  (nm) ΦF
 a
 σTPA (GM)

b
 

5a 402 42 502 0.11 53 

5b 402 39 494 0.11 49 

5c 409 48 500 0.16 85 

5d 417 38 503 0.17 100 

5e 403 37 513 0.03 37 

5f 425 38 547 0.04 12 

5g 418 55 503 0.10 124 

5h 425 46 504 0.26 174 

a 
Using Rhodamine 6G as reference, ΦF = 0.95 in methanol, λex= 370 nm 

b
 using a excitation irradiation of 760 nm 

 

All borinates exhibit fluorescence induced by one and two-photon absorption at the 

wavelengths about 400 and 800 nm, respectively. The highest two-photon absorption cross-

section (σTPA = 174 GM) of the series of studied compounds corresponds to 5h with a D––

C=N
+
––A (D = NEt2 and A = COOCH2CH3) architecture. It is low and similar to 

commercial dyes, so that we decided not to process them into organic nanostructures. 

However, the results provided important insight on the structure/properties for borinanes, 

which were included in the scientific article paper “Synthesis and chemical-optical 

characterization of novel two-photon fluorescent borinates derived from Schiff bases”, 

Cristina C. Jiménez, Norberto Farfán, Margarita Romero-Avila, Mario Rodríguez, Laura 

Aparicio-Ixta, Gabriel Ramos-Ortiz, José Luis Maldonado, Rosa Santillan, Nancy E. 
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Magaña-Vergara, Ma. Eugenia Ochoa. Journal of Organometallic Chemistry, 755, 33-40, 

2014.  

 

4.2 Bodipys 

 

We decided to study four BODIPYS (4,4-difluoro-4-bora-3a,4a-diaza- s -indacene) with 

tetraphenylethene (TPE) units introduced at the periphery to a methylated BODIPY core 

because they are classical chromophores that recently have regained considerable research 

attention owing to their excellent photophysical properties, including large molar extinction 

coefficients, intense photoluminescence (PL), narrow absorption and emission bandwidths, 

high photostability, etc. They comprise an attractive chemical nature that allows facile 

modifications at the meso-, 2,6- and 3,5-positions of BODIPY ring or fusing other aromatic 

rings to pyrroles,
129

 which offers an abundant possibility to fulfill specific requirements of 

practical applications. TPE-decorated BODIPY luminogens, illustrated in Figure 4.4, were 

synthesized by Prof. Zujin Zhao and coworkers (College of Material Chemistry and 

Chemical Engineering, Hangzhou Normal University, China). 

  

 

 

Fig. 4.4 TPE-decorated BODIPY luminogens. 
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For biophotonic applications, it is necessary that TPA materials be water soluble or 

dispersible and remain highly fluorescent in aqueous media. Many TPA materials, 

however, are hydrophobic and their fluorescence quantum yields are considerably reduced 

in water owing to the aggregation of molecules, which generally leads to fluorescence 

quenching. As an effective approach to overcoming the notorious aggregation-caused 

quenching (ACQ) problem in the usage of traditional fluorescent dyes, materials with 

aggregation-induced emission (AIE) or aggregation enhanced emission (AEE) properties 

can dramatically boost the fluorescence from luminogen aggregation when their 

concentrations increase. AIE phenomenon is caused by restricted intramolecular vibrational 

and rotational motions in the aggregated solid. Although AIE luminogens with various 

functionalities have been prepared, there are few examples available in the literature that 

reports the synthesis of luminogenic compounds with both AIE features and TPA 

absorption.
130

  

 

Consequently a special molecular design for a TPA material is required not only to ensure a 

large two-photon activity, but more importantly, to offer a new path to the solution of the 

thorny problem of aggregation-caused quenching. Therefore, the usage of AIE and AEE 

compounds with strong TPEF could revolutionize fluorescence microscopy. To solve the 

notorious aggregation-caused quenching problem of many widely used fluorescent dyes, an 

AIE phenomenon was reported in a series of propeller-shaped molecules such as 

tetraphenylethene (TPE).
131

 TPE and its derivatives are composed of an ethenyl core and 

multiple rotational phenyl rings. Due to the steric repulsion between the adjacent phenyls, 

these molecules have to take a nonplanar conformation. As a result, there is only a little 

intermolecular π−π interaction possessed in their solids.  

The attachment of AIE moieties to traditional ACQ dyes can also successfully transform 

them into AIE compounds with desirable aggregated state emission. A number of TPE-

based derivatives have been synthesized. Nevertheless, there is still huge space to modify 

the structure and to develop TPE-based advanced functional materials. In an attempt to 

overcome the aggregation-caused quenching limitation of the current TPA fluorophores 

four BODIPYS with tetraphenylethene units (TPE) were synthesized. The aim was to 

investigate how conjugation affects their properties such as light emission and TPA 

absorption, and Prof. Zujin Zhao investigated their potential practical applications in 

bioimaging. 

 

4.2.1 Linear Optical Properties 

The one-photon absorption (OPA) spectra of TPE-decorated BODIPY luminogens in THF 

solutions are shown in Figure 4.5a. 3TPE-BODIPY and 2TPE-BODIPY that bear two TPE 
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units at the 2,6-positions of BODIPY ring exhibit almost the same spectral profiles with 

absorption maxima at 534 nm, associated with the – * transition. TPE-BODIPY 

containing one TPE moiety linked through a phenyl bridge at the meso-position of 

BODIPY core shows absorption maximum at 500 nm, which is close to that of Ph-

BODIPY (495 nm).
132

 The absorption spectra of 3TPE-BODIPY and 2TPE-BODIPY are 

bathochromically shifted by 34 nm with respect to TPE-BODIPY, demonstrating that the 

conjugation length of luminogen is noticeably more extended by covalently attaching -

conjugated substituents at the 2,6-positions of BODIPY ring than at the meso-position. 

Figure 4.5b displays the one-photon excited fluorescence (OPEF) spectra of the luminogens 

in THF solutions. 3TPE-BODIPY and 2TPE-BODIPY show fluorescence peaks at 584 and 

583 nm, respectively, which are much redder than those of TPE-BODIPY (516 nm) and Ph-

BODIPY (507 nm).
116

 The Stokes shifts of 3TPE-BODIPY and 2TPE-BODIPY are 46 nm, 

which are much larger than those of TPE-BODIPY (16 nm) and Ph-BODIPY (12 nm), 

evidently disclosing that incorporation of TPE units at the 2,6-positions of the BODIPY 

ring is an effective approach to create BODIPY derivatives with large Stokes shifts. 

The good conjugation and large Stokes shift enable 3TPEBODIPY to fluoresce efficiently. 

The fluorescence quantum yield (ΦF) of 3TPE-BODIPY is 44%, which is higher than those 

of 2TPE-BODIPY (38%) and TPE-BODIPY (28%), measured in THF solutions by the 

integrating sphere method. Although many luminogens consisting of TPE units fluoresce 

faintly in the solution state due to exciton annihilation by intramolecular rotation,
24,133,134 

there are also some exceptions. 

 

  

Fig. 4.5 a) Absorption and b) fluorescence spectra of TPE-decorated BODIPY luminogens in dilute 

THF solutions. 
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4.2.2 Two-photon absorption 

Significantly, these TPE-decorated BODIPY luminogens show good two-photon absorption 

and two-photon excited fluorescence within the window of biomedical interest, in particular 

at the wavelength range of 750–830 nm. The cross-sections of TPA (σTPA) and TPEF 

(σTPEF) of these luminogens vary with the molecular structure as well as wavelength of the 

laser excitation (Figure 4.6). The values become augmented obviously with the increase of 

TPE units in the luminogens. 3TPE-BODIPY shows the best nonlinear optical property, 

with the highest σTPA and σTPEF values of 264 and 116 GM, respectively, when its THF 

solution is pumped with laser pulses at wavelength of 810 nm. These values are much 

higher than those of Ph-BODIPY
135

 and other BODIPY dyes in the literatures (4–128 

GM).
56

 Figure 4.7 compares the spectrum of fluorescence excited by one photon (OPEF) 

with TPEF spectrum of 3TPE-BODIPY excited at 375 and 800 nm, respectively. The TPEF 

spectrum resembles the OPEF one except for a tiny bathochromic shift of ≈3 nm, 

suggesting that the red emissions of both TPEF and OPEF originate from the same decay of 

singlet excitons. Table 4.2 summarizes the optical properties of bodipys in THF solution. 

 

Fig. 4.6 a) TPA and b) TPEF dispersion curves of TPE-decorated BODIPY luminogens dissolved in 

THF. 

 

Fig. 4.7 OPEF and TPEF spectra of 3TPE-BODIPY in THF solution. 
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Table 4.2. Optical properties of BODIPYS. 

Molecule λabs (nm) λem  (nm) ΦF
 a
 σTPA (GM)

b
 

1TPE-BODIPY 500 516 0.28 14 

2TPE-BODIPY 534 583 0.38 165 

3TPE-BODIPY 534 584 0.44 264 

a 
Using Rhodamine 6G as reference, ΦF = 0.95 in methanol, λex= 370 nm 

b
 using a excitation irradiation at 810 nm 

 

 

In summary, linear and nonlinear optical properties of a series of luminescent materials 

consisting of TPE peripheries and a BODIPY core were investigated to gain a deeper 

insight into the structure–property relationship of these BODIPY luminogens. The 

accumulation of TPE units can not only ameliorate the fluorescence emission in the 

aggregate state but also benefit the TPA and TPEF properties of the luminogens. 

These important results were include in the paper “Red Emissive Biocompatible 

Nanoparticles from Tetraphenylethene-Decorated BODIPY Luminogens for Two-Photon 

Excited Fluorescence Cellular Imaging and Mouse Brain Blood Vascular Visualization”, 

Zujin Zhao, Bin Chen, Junlong Geng, Zhengfeng Chang, Laura Aparicio-Ixta, Han Nie, 

Chi Ching Goh , Lai Guan Ng , Anjun Qin , Gabriel Ramos-Ortiz, Bin Liu, and Ben Zhong 

Tang, Part. Part. Syst. Charact. 2014, 31, 481–491. 

 

 

4.3 Fluorene derivatives 
 

The fluorene-based compounds are of great interest since they show a strong -electron 

conjugation, i.e., large electron delocalization and, additionally, high fluorescent efficiency. 

They have been used for different optical applications, such as organic electroluminescence 

devices (OLEDs) and organic photovoltaic cells (OPVs).
136

  Other optical uses are for two-

photon absorption (TPA),
137

 and sensors.
138

 

Fluorene-based monomer (M1) and its cross conjugated polymer (P1) studied in this 

dissertation were designed and synthesized by Prof. Mikhail G. Zolotukhin (Instituto de 

Investigaciones en Materiales, Universidad Nacional Autónoma de México) while BT2 was 

designed by Mario Rodríguez (Centro de Investigaciones en Óptica, A.C.) and synthesized 

by Jesús Rodríguez-Romero in the Group of Dra. Rosa Santillán (Departamento de 

Química, Centro de Investigación y de Estudios Avanzados del IPN, México D.F.). Figure 

4.8 a) shows the molecular structures of these three organic compounds and Figure 4.8 b) 

shows THF solutions of the same compounds excited by UV light. 
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a) 

 

b) 

Fig. 4.8 a) Chemical structures of the fluorene-based compound BT2, the monomer M1 and its 

cross-conjugated polymer P1. b) THF solutions of the same compounds excited by UV light. 

 

 

4.3.1 M1 and P1 

This section reports on the fabrication and TPA properties of aqueous suspensions of silica 

nanoparticles loaded with the fluorene-based cross-conjugated polymer (P1). The results 

are compared with those obtained from dye-loaded silica nanoparticles, this dye being the 

monomer (M1) of such a conjugated polymer. Our study also includes the TPA properties 

of organic solutions of M1(P1) and aqueous suspensions of nanoparticles of M1(P1) 
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fabricated by reprecipitation method, M1 (M1-NPs) and P1 (P1-NPs). The procedure to 

fabricate these nanoparticles is described in Appendix B.  

On the other hand, doped silica nanoparticles were synthesized based on methods described 

by Wang et al., Qian et al., and Arriagada et al.
49,139,140 

The process consists of the 

preparation of a microemulsion system based in the nonpolar core of Aerosol-OT/1-butanol 

micelles in water, following by addition of dyes and silica precursors. The details are 

shown in Appendix C. 

 

4.3.1.1Transmission electron microscopy of M1(P1)-NPs 

 

Our nanoparticles were analyzed through transmission electron microscopy (TEM). The 

size and dispersion of nanoparticles were determined by parameters used during the 

synthesis such as the concentrations of surfactants, organic materials, and silica precursors. 

In the following our attention is focused on nanoparticles obtained from P1. For instance, 

Figure 4.9a and 4.9b present micrographs of P1-NPs from suspensions (4.1×10
-7

 M) 

processed with two different concentration of CTAB (0.08 and 0.8 mM, respectively). The 

mean sizes of P1-NPs so obtained were 29 nm and 19 nm, respectively. As expected, 

higher concentration of surfactant reduced the nanoparticles size. Likewise, for the case of 

P1-SNPs different sizes were obtained from suspensions (3.1×10
-7

 M) by varying the 

amount of aerosol-OT utilized during their synthesis. Figure 4.9c and 4.9d present P1-SNPs 

with mean sizes of 125 nm and 40 nm obtained with two different concentrations of 

aerosol-OT (50 mM and 98 mM, respectively). From these TEM micrographs it is clearly 

observed that the reprecitation method produced P1-NPs with irregular shapes while silica 

encapsulation produced P1-SNPs with spherical shape. The insets of Figure 4.9 show the 

nanoparticles size distribution obtained from the analysis of various TEM micrographs 

using the software ImageJ. We performed additional experiments to obtain NPs size 

distribution through dynamic light scattering (DLS). In this case, the size of nanoparticles 

were in relatively good agreement with TEM results, although the mean sizes resulted 

somewhat larger and with broader size distribution. This was expected because when a 

liquid medium moves a dispersed particle, often an electric dipole layer adheres to its 

surface which has influences in the particle motion, for this reason in dynamic light 

scattering (DLS) the measured particle diameter, which is known as hydrodynamic, most of 

times is greater than the diameter measured with a transmission electron microscope 

(TEM). For instance, suspension of P1-NPs processed with CTAB at 0.8 mM of 

concentration resulted in mean sizes of 41 nm, while P1-SNPs synthesized with aerosol-OT 

at concentrations of 50 mM resulted in 154 nm (see Figure 4.9).  
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Fig. 4.9 TEM micrographs of P1-NPs obtained from suspension processed with two different 

concentration of CTAB: a) 0.08 mM and b) 0.8 mM. TEM micrographs of P1-NPs obtained with 

two different concentrations of aerosol-OT: c) 5 mM and d) 10 mM. Insets: nanoparticles size 

distribution from the analysis of various TEM micrographs. 

 

4.3.1.2 Linear Optical Properties 

 

Linear absorption 

Figure 4.10a shows the UV-vis absorption spectra from THF solution of M1 (M1-THF) and 

from aqueous suspensions of nanoparticles of M1 (M1-NPs) and M1-doped silica 

nanoparticles (M1-SNPs). Two absorption bands are present in these spectra. Our 

calculations performed within the framework of DFT for a model of M1-THF showed that 

the long wavelength absorption maxima (S0 → S1) at 415 nm nm is due to a significant 

intramolecular charge transfer (ICT) process, where the charge is transferred from π 

orbitals of fluorene fragments to π* orbitals of benzothiadiazole (charge density distribution 

for the HOMO and LUMO orbitals are displayed in inset of Figure 4.10a and in Fig. 4.11). 

In the case of M1-NPs it is observed that the  - * transition (404 nm) is blue-shifted 

compared with M1-THF. Commonly, blue shifting is assigned to molecular bending or to a 

decrease in the Stokes shift that results from restraint of vibronic relaxation, as it has been 
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observed by other authors who reported on organic nanoparticles in mixtures of solvent and 

water.
101

 In our case, however, the use of surfactants to stabilize nanoparticles in water 

plays a role in the localization of the absorption peak. For instance, nanoparticles stabilized 

with CTAB and Triton X-100 produced a blue shifting of 9 nm as compared with THF 

solution, but red shifting of 8 nm was detected when albumin was employed as surfactant 

(result not included in Figure 4.10). In regard to M1-SNPs the peak of maximum 

absorption did not display significant shifting with respect to M1-THF. The presence of 

silica nanoparticles, however, is clearly evident in absorption spectra since it produces light 

scattering, i.e., the real absorption bands are superimposed into a baseline of scattering. The 

so obtained absorption spectra from M1-SNPs were the same independently of the silane-

based precursors (APTES or THPMP) utilized during their synthesis. To correct the 

absorption spectra and remove the scattering artifact in Figure 4.10, we used the empirical 

approach followed by Lebret et al.
141 

 Thus, the region of null absorption of M1, from 550 

to 700 nm, was used as model of the baseline that is extrapolated to shorter wavelengths 

through a polynomial regression. A good approximation of the real absorption spectrum 

was then obtained by subtracting the scattering baseline from the measured spectrum. 

 

 

Fig. 4.10 Linear absorption spectra from a) THF solution of M1, aqueous suspensions of M1-NPs  

and aqueous suspensions M1-SNPs; b) THF solution of P1, aqueous suspensions of P1-NPs and 

aqueous suspensions P1-SNPs. In the case of M1(P1)-NPs the suspensions are stabilized with 

CTAB. The dash-dotted line represents the M1(P1)-SNPs absorption spectrum before scattering 

subtraction and the dotted line the scattering baseline.  

 

Figure 4.10b displays the UV-vis absorption spectrum from a THF solution of P1 (P1-

THF).  Similarly to the case of M1, DFT calculations demonstrated that absorption at long 

wavelengths in P1-THF is also dominated by ICT character. In this case the optical 

properties of the polymer were simulated by using an oligomer as a model (see Figure 

4.12). We can observe that four molecular orbitals are involved in S0 → S1 transition 



51 
 

(HOMO-1, HOMO, LUMO, LUMO+1). Such  - * transition appears at 419 nm in P1-

THF but it is red-shifted to 423 and 435 nm for P1-NPs and P1-SNPs (independently of the 

use of APTES or THPMP as silane-based precursor), respectively. Comparable red-shifting 

has been observed previously in nanoparticles synthesized from fluorene polymers
142

 

although other authors have reported a blue-shifting effect in similar compounds.
113 

The 

discrepancy between these observations is ascribed to the specific structure of the utilized 

hydrophobic polymer and the conformational changes introduced in the structure when it is 

brought in an aqueous environment.  

 

Charge transfer (CT) character of M1 and P1 

Figure 4.11 shows the model used for M1 in DFT calculations and the most important 

molecular orbitals involved in the electronic transitions. The long wavelength absorption 

maxima (S0S1) resulted to be max=397 nm (415 nm experimentally). This transitions 

shows a significant charge transfer (CT) character, where the charge is transferred from π 

orbitals of fluorene fragment to π* orbitals of benzothiadiazole moiety. Broad and intense 

absorption maxima for M1 in the range 280-340 nm can be attributed to S0S2 and S0S3 

transitions. In the case of S0S3, the transition has high oscillator strength (1.22) and 

involves π orbitals extended over the entire molecule (HOMO LUMO+1). On the other 

hand, the weaker S0S2 transition (HOMO-1 LUMO) has CT character similar to S0S. 

 

Fig. 4.11 The most important excitations contributing to the transitions in M1. 

 

Figure 4.12 shows the model used for P1 in DFT calculations. In this case P1 was modelled 

using an oligomer as depicted in the figure. The long wavelength absorption maxima 

(S0S1) involves mostly four molecular orbitals (HOMO-1, HOMO, LUMO, LUMO+1, 

LUMO+2 and LUMO+3) as it has a charge transfer character similar to M1. It is 

noteworthy that the S0S2 transition also has CT character and lies very close to S0S1 

(395 mn), contributing to the long wave absorption of P1, but with very weak oscillator 
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strength. For short wavelength absorption, the most intense transition is S0-S5 (max=291, 

oscillator strength 2.40), corresponding to a combination of HOMO-1LUMO+3 and 

HOMOLUMO+2, with no CT character. 

 

 

 

Fig. 4.12 The most important excitations contributing to the transitions of an oligomer structure 

used as model for P1. 

 

 

Photoluminescence properties 

One-photon excited fluorescence spectra from monomer M1 and polymer P1 in solutions 

and aqueous suspensions are displayed in Figure 4.13. Emission spectra undergo 

wavelength shifting for the case of nanoparticles. In particular, the monomer M1 exhibited 

notorious changes such that the emission peaks in M1-NPs and M1-SNPs were blue-shifted 
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approximately 5 nm and 16 nm, respectively, compared with the peak of M1-THF.  In 

contrast, fluorescence peaks in P1-NPs and P1-SNPs exhibited red-shifting of 4 nm and 9 

nm, respectively. Thus, the chances in the energies corresponding to the -
*
 transition in 

the absorption spectra shown in Figure 4.10 are consistent with the wavelengths shifts 

observed in photoluminescence spectra shown in Figure 4.13.  

 

       

 

Fig. 4.13 Normalized photoluminescence (PL) spectra for a) monomer M1 and b) polymer P1 in 

solutions and aqueous suspensions. Excitation: UV lamp. 

 

Fluorene based molecules and polymers are recognized for exhibiting high quantum yields 

(ΦF) of fluorescence. Our measurements through the integrating sphere method 

demonstrated that both M1 and P1 in dilute THF solutions have values of ΦF1, in 

agreement with the values for similar fluorene compounds reported by other 

authors.
49,143,144 

The integrating sphere method was also applied to aqueous suspensions 

under study in order to know to what extent ΦF is affected due to the introduction of 

channels of non-radiative decays for excited states when M1(P1) are agglomerated or 

loaded into silica  nanoparticles. Table 4.2 summarizes the results. For these measurements 

concentrations of aqueous suspensions were kept below 110
-5 

mol/L. Notoriously, both 

M1-NPs and P1-NPs did not exhibit strong effects of photoluminescence quenching and 

the quantum yields remained near to one, although for the case of  M1-SNPs and P1-SNPs 

there was a reduction of about 30% and 25%, respectively. Despite the photoluminescence 

quenching exhibited by M1- and P1-loaded silica nanoparticles, the obtained values for ΦF 

are comparable with those exhibited by some representative fluorescent nanoparticles 

reported recently, i.e., organically modified silica nanoparticles entrapping fluorene dyes 

(ΦF =0.49)
122

 and polymeric nanocarriers encapsulating aggregation-induced emission 

(AIE) dyes (ΦF =0.62).
145

 For these examples as well as for our nanoparticles, ΦF resulted 
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considerably much larger than most of the quantum yields reported in seminal works on 

nanoparticles of conjugated polymers.
85,113 

 

4.3.1.3 Two-photon absorption   

 
 

M1 and P1 in THF solutions and aqueous suspensions of M1-NPs, M1-SNPs, P1-NPs and 

P1-SNPs emit intense upconverted fluorescence under infrared excitation within the 

tunability of Ti:Sapphire laser (740–820 nm). We verified the nature of the fluorescence 

induced by femtosecond pulses at 800 nm by measuring its intensity as a function of the 

input laser power; a quadratic dependence confirmed that the nature of the upconverted 

fluorescence was indeed induced by two-photon absorption (Figure 4.14).  

 

 

Fig. 4.14 Log-log plot for the dependence of TPEF on pump intensity taking M1-SNPS and P1-

SNPs as an example. 

 

For all samples, the TPEF spectra were the same compared with the OPEF spectra shown in 

Figure 4.13, indicating that in both cases the light emission originated from the same lowest 

lying transition in the singlet manifold (see TPEF spectra in Figure 4.15). Figure 4.16 

shows the two photon-absorption cross sections (σTPA) as a function of the excitation 

wavelength for all samples. We point out that the measured values of σTPA resulted 

practically the same when Rhodamine 6G or Rhodamine B where employed as standards in 

our TPEF experiments, this in spite that their σTPA values and quantum yields differ 

appreciably.
6
 This confirmed that our experimental setup was well calibrated. For all 

samples the nonlinear absorption increases at shorter wavelengths (within the range of 

tunability of the excitation source). The maximum σTPA was obtained at 740 nm for P1-
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THF with a value of approximately 9.8×10
3
 GM. This is a 117-fold increment with respect 

to the maximum nonlinearity measured in M1-THF. We see that such increment is in 

correspondence with the number of repeating units in P1, and in consequence the large 

nonlinearity of P1 is due to an additive effect of the nonlinearities from individual units, 

i.e., the σTPA values per repeating unit are similar to that exhibited by M1. As it was 

explained previously, M1 and P1 exhibit an ICT character upon excitation, such that charge 

is transferred from fluorene fragments located at the edges of each monomer/polymer 

section to the central benzothiadiazole moety (see Figure 4.8). This means that the 

nonlinear response of M1 and P1 is of quadrupolar origin.   

 

 

 

Fig. 4.15 Normalized TPEF spectra for a) monomer M1 and b) polymer P1 in solutions and 

aqueous suspensions. Excitation: femtosecond pulses at 750 nm. 

 

 

 

 
Fig. 4.16 Two-photon absorption spectra of a) M1 and b) P1 in solutions and aqueous suspensions 

of nanoparticles and loaded silica nanoparticles. 
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Notice from Figure 4.16 that nonlinearities from M1 and P1 measured in THF solutions are 

not substantially affected when such materials agglomerate to form nanoparticles or they 

are encapsulated into silica nanoparticles. It should be mentioned that the optical properties 

of aqueous suspensions of bare nanoparticles synthesized through the reprecipitation 

method without the use of surfactants were also studied and gave similar results than those 

in M1-NPs and P1-NPs prepared with the use of surfactants such as CTAB and Triton X-

100, but they lacked a desirable stability for long periods and in general generated 

suspensions with lower nanoparticle concentrations. Similarly, in the case of M1-SNPs and 

P1-SNPs the measured σTPA values were independent on the silane-based precursors 

(APTES or THPMP) and the amount of surfactants utilized during their synthesis. There 

are in the literature many examples of silica nanoparticles loaded with organic dyes
146-149 

and recently the attention has focused in nanoparticles loaded with dyes exhibiting 

enhanced TPA.
66,106a),113,139,150

 However, to the best of our knowledge, P1-SNPs is the first 

example of polymer-loaded silica nanoparticles intended for two-photon activity. The use 

of a polymer to be loaded into silica nanoparticles represents an advantage in terms of low 

fluorescence quenching and high nonlinearities, as in the case of P1 whose two-photon 

activity is between two and three orders of magnitude higher than in common dyes and 

other representative materials.
151,152

 It should be emphasized that such high nonlinearities in 

the cross conjugated polymer P1 are based on the additive effect of repeating units, as it is 

observed for many polymers, but the same approach of encapsulation into silica 

nanoparticles can be used for cross-conjugated polymers similar to P1 for which 

cooperative enhancement of σTPA values have been achieved.
153

 
 

Further, our approach can also be extended to oligomers
154

 and other polymers,
155

 

hyperbranched polymers
156

 and dendrimers
157

 for which large nonlinearities are due to 

cooperative enhancement rather than the additive effect of repeating units. Our results 

demonstrate that even when the polymer chains are constrained into a small volume in P1-

NPS and P1-SNPs, there is no significant reduction of the optical nonlinearities due to 

possible bending of the polymer backbone or other polymer interactions or conformations. 

This is also supported by the data displayed in Figure 4.10 which did not show any sign of 

reduction for the π-conjugation, i.e., there is no blue shifting for the absorption peaks 

compared with those exhibited by the polymer in solution. Table 4.3 summarizes the 

nonlinear optical properties of our nanoparticles. In the following chapter we demonstrate 

the utility of our nanoparticles for the imaging of cells through two-photon microscopy. 
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Table 4.3 Wavelengths of maximum absorbance and fluorescence, quantum yield and maxima TPA 

cross sections. 
 

 

 

 

 

 

 

 

Moreover, in order to know the weight percentage of M1 and P1 relative to silica 

nanoparticle doped with them and functionalized with amino groups, a differential thermal 

analysis and thermogravimetric analysis was performed. Two suspensions of M1-SNPs and 

P1-SNPs (~20 mL) were prepared to carry out these analyses; subsequently the fluorescent 

silica nanoparticles were purified by centrifugation and dialysis procedure. Immediately 

they were precipitated by centrifugation and placed in the oven to dry. Thermogram 

experiments were run on a thermo-analyzer model SDT Q600 Simultaneous TGA/DSC, 

TA Instruments brand under dynamic atmosphere of ultra high purity air (100 mL/min), 

heating rate of 10 °C/min using reference standard grade alumina and platinum sample 

holder. The analysis of the thermogravimetric experiments showed that polymer P1 has a 

glass transition temperature around 205 °C. The sample P1-SNPs lost 23.5 % of initial 

weight between 229 and 310°C. This weight loss corresponds to the organic fluorophore 

contained in the sample additionally of the vinyl and aminopropyl groups. Similar loss 

weight had M1-SNPs (25.8%) between 231 and 319 °C. Both Thermogram experiments 

were run from 21 °C to 900°C and the residue color of the samples (M1-SNPs and P1-

SNPs) was white. In Figure 4.17, table 4.4 and table 4.5 are shown the results obtained.  

 

Table 4.4 Results of thermogravimetric analysis of M1-SNPs. 

Temperature range
 

0
C 

Thermic process % Loss 

21 – 136 No reaction 0.6 

136 – 231 No reaction 0.7 

231 – 319 Exothermic 25.8 

319 – 518 Exothermic 21.8 

518 – 735 Exothermic 10.4 

735 – 900 No reaction 0.01 

 

 

Sample Absorbance  

max (nm) 

Fluorescence  

max (nm) 

ΦF σ
TPA

(max) 

(GM) 

M1-THF 415 526  1 84 

M1-NPs 404 521  1 72 

M1-SNPs 415 511 0.7 76 

P1-THF 419 531  1 9860 

P1-NPs 423 536 0.95 8481 

P1-SNPs 435 540 0.75 8686 
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Table 4.5 Results of thermogravimetric analysis of P1-SNPs. 

Temperature range
 

0
C 

Thermic process % Loss 

24 – 161 No reaction 1.0 

161 – 229 No reaction 1.4 

229 – 310 Exothermic 23.5 

310 – 474 Exothermic 19.7 

474 – 521 Exothermic 5.0 

521 – 602 Exothermic 11.4 

602 - 900 No reaction 1.6 

 

   

Fig. 4.17 Differential thermal analysis and thermogravimetric analysis of a) M1-SNPs and b) P1-

SNPs to determine the percent of fluorophore encapsulated in the silica. 

 

 

 

4.3.1.4 Photostability 
 
Organic fluorophores usually suffer of irreversible photobleaching upon intense light 

irradiation due to photochemical reactions. Photobleaching is a drawback of organic 

fluorophores used in fluorescence microscopy. To evaluate how the formation of 

nanoparticles prevents this effect we compared the photostability of aqueous suspension of 

nanoparticles with the photostability of molecular solutions of M1 and P1. To carry out this 

study, quartz cells of 0.1×1×4 cm
3
 were filled with M1(P1)-THF, M1(P1)-NPS and 

M1(P1)-SNPs  and exposed to the illumination from a 150 watts Xenon lamp. The peak of 

absorption for each sample corresponding to the -
*
 transition was then monitored as a 

function of time. Figure 4.18 illustrates the relative photobleaching of the samples. In this 

figure both M1-THF and P1-THF exhibit low photostability. i.e., their absorbance 

decreased to approximately 50% of the initial value during the period of time chosen for 

light irradiation. Meanwhile, the decrease of absorption was less than 10% for all of 

aqueous suspensions of nanoparticles, with the exception of P1-SNPs in which the 

photobleaching reached a maximum value of 13 %. This demonstrates that the formation of 



59 
 

nanoparticles prevents the photobleaching effect. We assign this effect to the isolation of 

the fluorescent materials from the medium. Photobleaching is often caused by molecular 

oxygen dissolved in the liquid medium that generates photo-oxidation reaction in dyes. 

When M1 (or P1) are encapsulated within the silica matrix, the reaction with oxygen is 

significantly hindered. Similarly, the molecular aggregation of M1 and P1 and the 

subsequent covering with surfactant micelles can effectively exclude oxygen outside M1-

NPs and P1-NPs. Such reduction in photobleaching effect results very useful for long time 

bio-imaging. 

 

 

 

Fig. 4.18 Photostability of M1 and P1 in THF solutions and aqueous suspensions of nanoparticles. 

The samples were exposed to illumination from a Xenon lamp and the absorption at the peak of the 

-
*
 transition was measured as a function of exposure time. 

 

4.3.2 BT2 

Electronic -systems containing fluorene rings represent an attractive class of aromatic 

compounds to build different molecular structures, including those with a D-A-D 

arrangement.
158

 Fluorene has been largely used as donor in D-A materials due to its 

interesting properties which are a consequence of a large HOMO-LUMO energy gap.
159,160

 

Moreover, fluorene based systems possess unique photophysical properties such as high 

fluorescent quantum yield, large optical nonlinearities, large photostability, and excellent 

hole-transporting properties.
161-164

 

In this section we study a novel fluorescent molecule with D-A-D architecture based on 

fluorene moieties linked to the acceptor benzothiadiazole rings called BT2 (4,7-bis((9,9-

dioctyl-2-fluorenyl)ethynyl)-2,1,3-Benzothiadiazole, see Figure 4.8). In the design we 

chose the fluorene ring as donor group since it exhibits excellent photon harvesting and 
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good charge transfer properties toward the acceptor core. The aims of this work were 

divided in two parts. First, the study the effect of the solvent-solute interaction on the 

Intramolecular Charge Transfer character of BT2 and consequently on its luminescent and 

non-linear optical properties and, second, to study the linear and non-linear optical 

properties of the same chromophore in different nanostructures and their application as 

contrast agent in fluorescence microscopy. 

 

4.3.2.1 Linear Optical Properties  

Linear absorption 

UV-Vis absorption spectra of BT2 were obtained in different solvents such as hexane, 

toluene, dioxane, tetrahydrofuran, acetone, acetonitrile and methanol to evaluate the 

influence of the polarity of the medium over their photophysical properties. The linear 

absorption spectra of the compound are shown in Figure 4.19 and the main characteristics 

are summarized in Table 4.6. A “camel back” spectrum shape is observed with two strong 

absorption bands around 319–321 (π → π*) and 431–441 nm. According to previous 

reports,
165,166

 the intense bands observed in the range 431–449 nm should correspond to an 

ICT transition that occurs between the fluorene edge units and benzothiadiazole central 

cores.  

Table 4.6 shows that the position of the π → π* electronic transitions in different solvents 

are practically independent of solvent polarity. As for the ICT bands, it is known that they 

usually show bathochromic shifts when the solvent polarity is increased; however, only 

slight shifts were recorded with a non–monotonic behavior. In any case, it is known that the 

absorption spectra are less sensitive to polarity changes in comparison with the emission 

spectra.
38,158

 

 
 

Fig. 4.19 UV-Vis normalized absorption spectra of BT2 in different solvents. 
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Table 4.6 One-photon absorption data for BT2 compound obtained in different solvents. 
 

  BT2 

Solvent P. I.
a
 λπ→π*

b
 (ε)

c
 λICT

b
 (ε)

c
 

Hexane 0.009 320(43450) 441(33000) 

Toluene 0.099 320(47600) 441(34750) 

Dioxane 0.164 320(43550) 438(31200) 

THF 0.207 321(51950) 441(37500) 

Acetone 0.355 320(87200) 435(63400) 

Acetonitrile 0.460 319(36560) 431(23900) 

Methanol 0.762 320(25300) 439(16700) 

a
 Polarity Index see ref 

167
 

b
 Value expressed in nanometers 

c
 Value expressed in M

-1
cm

-1 

 

 

Photoluminescence properties 

The photoluminescence (PL) spectra were also obtained in different solvents (see Figure 

4.20). The corresponding wavelengths of maximum emission, intensity of emission and 

Stokes shifts are summarized in Table 4.7, as well as the quantum yield values. No 

significant blue PL generated by fluorene moieties was observed. The quenching of the 

emission of the fluorene moiety is compatible either with a charge transfer process from the 

fluorenes to the acceptor core center,
165,168

 or with an energy transfer process, although the 

latter is rather related to bimolecular systems.
169

 It is noteworthy that the PL spectra from 

BT2 is strongly dependent on the solvent and show a monotonic bathochromic shift 

through the solvent polarity, going from greenish emission in hexane solution to reddish in 

methanol (see Table 4.7 and Figure 4.20).
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Fig. 4.20 Emission spectra of BT2 in different solvents. 

 

 

 

Table 4.7 Emission data for derivatives studied in different solvents. 
 

Solvent BT2
a
 

λem
b 

(I. E.)
c
 F

d
 Stokes Shift

e
 

Hexane 495(670) 0.85 11048 

Toluene 511(530) 0.76 11681 

Dioxane 515(530) -- 11833 

THF 525(540) 0.87 12105 

Acetone 541(720) 1 12766 

Acetonitrile 545(440) 0.9 12999 

Methanol 582(120) 0.3 14068 

 
a Concentration 5.2×10

–5
 M. λex=320 nm. The slit aperture was of 2.5 for excitation and emission. 

b Value expressed in nm. 

c Intensity emission expressed in arbitrary units.  

d Rhodamine 6G methanol solution (F = 0.95) was utilized as reference. 

e Value expressed in cm
-1

. 

 

Firstly, to verify the ICT character of this molecule we obtained its excitation spectrum. 

Fig. 4.21a presents the PL intensity detected at 510 nm for BT2 dissolved in toluene. As 

expected, the largest green emission was recorded with the excitation from 320 to 340 nm, 

corroborating that the PL properties of compound BT2 are due to the ICT. In general, the 

wavelength of maximum emission for this derivative shows a monotonic shift effect when 

the solvent polarity is increased. This bathochromic shift was accompanied with changes in 

the fluorescence quantum yield (see Table 4.7). Results show a significant reduction for 
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this photophysical property going from non polar aprotic to polar protic solvents. Acetone, 

acetonitrile and THF solutions gave quantum yields higher than 0.85, however, in 

methanol, there was a drastic PL quenching (F = 0.3) which was assigned to hydrogen 

bonding interactions between the solvent and benzothidiazole core.
170-172

 The quenching 

was also observable in mixtures of solvents. For instance, Fig. 4.21b displays the PL spectra 

of BT2 (at concentration of 6×10
–5

 M) in mixtures of THF–methanol. The data shows that 

as the ratio of methanol present in the solution is increased, the emission band undergoes a 

bathochromic shift. A reduction of the PL intensity is also clearly observed.  

 

 

 

Fig. 4.21 a) Excitation spectrum from BT2 in toluene solution. The PL is detected at 510 nm b) 

PL spectra of BT2 in mixtures of THF-methanol. The concentration of BT2 in these mixtures was 

kept constant (6×10
–5

 M), c) PL exhibited by the mixtures. 

 

4.3.2.2 Two-photon absorption in different solvents 
 

TPA properties were also evaluated, taking advantage of the PL exhibited by solutions of 

the fluorene derivative BT2. The TPA cross-sections (σTPA) for BT2 compound using the 

TPEF technique with femtosecond laser pulses, described in Chapter 2, were obtained. 

Table 4.7 summarizes a comparison between the σTPA values measured at 750 nm using 
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different solvents. TPA effect in BT2 is comparable with recent reports on D-A-D 

structures. For instance, Cheng et al.
173

 observed values of σTPA ~1600 GM when they used 

diphenylamine and benzothiadiazole moieties as D and A, respectively, and fluorene units 

as -bridges. Similarly, Wang et al. measured σTPA values up to 2103 GM (with F ~0.36) 

in THF solutions of a D-A-D compound containing a benzothiadiazole core and fluorene 

units as a -bridges;
174

 note that in this case the two-photon activity (the product of F × 

σTPA) is similar to the activity of BT2. The enhanced TPA properties observed in BT2 can 

also be visualized by comparison with other D-A-D systems that employed 

benzothiadiazole as acceptor group but lack the presence of fluorene units in their structure, 

i.e., in the representative works performed by Kato et al. in a variety of such compounds 

they obtained σTPA in the range 43-330 GM.
175

 Small chromophores with D--A structure 

comprising fluorene units also display similar σTPA, although the TPA effect can be 

certainly improved incorporating fluorene moieties into multibranched chromophores to 

reach values of σTPA in the order of 600-3000 GM.
58

 

 

Figure 4.22a displays the σTPA measured for BT2 in different solvents. The recorded data 

indicate that for all solvents the maximum TPA cross-sections for BT2 is obtained at 750 

nm, with a maximum value of nearly 1000 GM in THF solution. However, the non-linear 

response decreases notably in hexane, acetonitrile and methanol solutions, with measured 

σTPA values of 317, 238 and 236 GM, respectively. To summarize these results, Figure 

4.22b presents the maximum value of σTPA for BT2 as a function of solvent dielectric 

constant. We can see that σTPA has a non-monotonic behavior with respect to the dielectric 

constant. It is evident that the interaction between the chromophore and solvent molecules 

produced enhanced ICT process (which is the basis of TPA response) with medium polar 

solvent such a THF, but such process was considerably reduced in non-polar (hexane) and 

polar (methanol) solvents. For the case of methanol, chromophore-solvent interactions were 

also responsible for strong fluorescence quenching effects. The relatively large σTPA values 

and high quantum yield exhibited by BT2 are attractive properties; in fact the two-photon 

activity of this chromophore is larger than those measured for commercial biomarkers, i.e., 

Rhodamine-Phalloidin with ~80 GM, open the possibility of use this material as contrast 

agent in fluorescence microscopy.
176

 

 

Table 4.8 Summary of σTPA values of BT2 compound at 750 nm. 

Hexane Toluene THF Acetone Acetonitrile Methanol 

317 819 1000 660 238 236 

TPA cross section given in GM units (1 GM = 10
-50 

cm
4
 s). 
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Fig. 4.22 a) TPA spectra of BT2 dissolved in hexane, toluene, THF, acetone, methanol, 

acetonitrile. b) Non-monotonic behavior of the maximum σTPA of BT2 as a function of dielectric 

constant for each solvent. 

 

 

A parameter that plays a significant role on the TPA properties exhibited by organic 

chromophores is the molecular environment; this is because in solutions the dipole 

moments for ground and excited states are affected by solvent polarity. The effect of 

solvent polarity on TPA is not well understood yet, although some theoretical and 

experimental results show that the solvent effect on σTPA values for D--D and D-A-D 

systems displayed a nonmonotonic behavior with respect to solvent polarity.
176,177

 In 

general, for these -systems the highest σTPA values are obtained using solvents with low or 

intermediate polarity, although sometimes the highest σTPA values are observed in polar 

solvents, as in the case of dibenzothiophene core-branched structures.
178

 

 

 

4.3.2.3 Fabrication of nanoparticles 

Silica nanoparticles doped with BT2 (BT2-SNPs) were fabricated by microemulsion 

method where micelles were prepared by dissolving 0.22 g, 0.44g or 0.6g of Aerosol-OT, 

300 μL of 1-butanol and 200 μL of NMP in 10 mL of deionized water by magnetic stirring. 

The rest of the conditions used in the fabrication of BT2-SNPs remained constant as were 

described in the Appendix C. The linear absorption spectra of the BT2-SNPs are shown in 

Figure 4.23. For the synthesis conditions of the BT2-SNPs used, the resulting mean particle 

sizes were of 97 nm, 58 nm and 51nm for the 0.2g, 0.4g and 0.6g of AOT, respectively. 

These values were revealed by scanning electron microscopy observation (Figure 4.24). It 

can be observed in the distribution graphs that the BT2-SNPs fabricated with 0.4g AOT 
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have a narrower size distribution than the other BT2-SNPs fabricated with 0.2g and 0.6g de 

AOT. For this reason, in the following studies and comparisons we use BT2-SNPs 

fabricated with 0.4g AOT.  

 

 Fig. 4.23 UV-Vis normalized absorbance spectra of BT2-SNPs fabricated with 0.2g, 0.4g and 0.6g 

of AOT. 

 

 

 

     

Fig. 4.24 TEM micrographs and size distribution graphs of BT2-SNPs obtained by different amount 

of AOT surfactant used in the fabrication process a) 0.2g, b) 0.4g and c) 0.6g. 

 

Moreover, in order to know the weight percentage of BT2 relative to silica nanoparticle 

doped with them and functionalized with amino groups, a differential thermal analysis and 
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thermogravimetric analysis were performed. The sample BT2-SNPs lost 29.9 % of initial 

weight between 219 and 310°C. This weight loss corresponds to the organic molecule 

contained in the sample additionally of the vinyl and propyl groups. In table 4.9 are shown 

the results obtained. 

 

Table 4.9 Results of thermogravimetric analysis of BT2-SNPs. 

Temperature range
 

0
C 

Thermic process % Loss 

21 – 219 No reaction 1.2 

219 – 310 Exothermic 29.9 

310 - 511 Exothermic 18.9 

511 – 715 Exothermic 11.6 

715 - 900 No reaction 0.01 

 

To determine if the silica layer of BT2-SNPs is porous, the following experiment was 

performed: first, BT2-SNPs dispersed in water were centrifuged, the supernatant (water) 

was removed and the precipitate (BT2-SNPs) was redispersed in different proportions of 

THF and water (9:1, 8:2 and 7:3). Subsequently the absorption spectra of these samples 

were obtained and compared to the spectra of BT2-SNPs in water and molecule in THF. 

Once redispersed BT2-SNPs in the mixtures above mentioned, it is not possible to 

precipitate them by centrifugation again. From the absorption spectra shown in Figure 4.25, 

it was observed that when BT2-SNPs are redispersed in THF-water mixtures the absorption 

spectra match with the spectrum of the molecule in solution, which is different than when 

the molecule is forming BT2-SNPs. Thus we can conclude that the BT2-SNPs are porous. 

So, BT2-SNPs obtained by microemulsion method offer numerous advantages over other 

organic nanoparticles, such as well defined and tunable structures in terms of size 

(modifying the amount of surfactant, i.e. micelle size) and morphology.  

 

Fig. 4.25 Absorption spectra of BT2 in THF solution and FSNPs in THF-water mixtures. 



68 
 

 

Comparing the absorption spectra of BT2 in solution and BT2-SNPs, a shoulder was 

clearly observed at 465 nm. With the goal to clarify the reason for this observation, other 

nanoparticles were fabricated by reprecipitation method using CTAB or TRITON as 

medium stabilizer (conditions are shown in Appendix B). All BT2-NPs spectra were 

compared, in addition to BT2 films with and without polystyrene. Figure 4.26. In general, 

BT2 spectra both in NPs as BT2 films with and without polystyrene showed a broadening 

in the absorption band compared to the absorption band in solution. Presumably, this 

widening is due to the formation of charge-transfer complexes between the molecules BT2. 

Figure 4.27 shows the spectra of BT2-Hexane solutions, the first spectrum was obtained 

from a stock solution 20 μL (1mg / 2mL) with 3 mL of hexane, next, 20 μL of stock 

solution were added to the previous solution and the absorption spectrum was again 

obtained, this procedure was performed until the spectrometer allowed us to obtain the 

spectra without being saturated. We can observe a widening in the band corresponding to 

ICT transition when the concentration of the organic molecule is increased, which indicates 

that when the molecules are closer there are interactions between them. 

 

 
Fig. 4.26 a) Comparison of absorption spectra of BT2 in THF solution, BT2-NPs, BT2-SNPs and 

BT2 films. Comparing the absorption spectra of the BT2 in solution, BT2 film and BT2 

nanoparticles, a shoulder was clearly observed in BT2 nanoparticles and BT2 film. Presumably, this 

widening is due to the formation of charge-transfer complexes between BT2 molecules. 
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Fig. 4.27 Effect of the increase of BT2 concentration in hexane solution. When the concentration of 

BT2 increases a) a decrease of the band corresponding to π → π* transition is observed and b) a 

widening of the band corresponding to ICT transition also is observed. 

 

Other BT2 nanostructures were fabricated using three different types of polyethylene glycol 

(PEGs), PEG 5000 (O- [2- (3-Mercaptopropionylamino) ethyl] -O'-methylpolyethylene 

glycol 5000, purchased from Sigma-Aldrich), PEG 3400 (PEG Succinimidyl 3400 MW 

succinimidyl ester, INC NANOCS) and PEG 2000 (1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000] (ammonium salt), 

purchased from Avanti Polar Lipids Inc.), average molecular weight is 5000 g/mol, 3400 

g/mol and 2000g/mol, respectively. The nanostructures were fabricated by reprecipitation 

method. An aqueous solution of PEG at a concentration of 6 x 10
-4

M was prepared. To 

5mL of this solution 0.5mL of stock solution BT2 in THF (1mg/2mL) was injected and 

then the solvent was evaporated. Figure 4.28 shows absorption and emission spectra of the 

nanoparticles.  

This type of nanoparticles (NPs-PEG) will be studied in a future work; it is a first 

approximation to obtaining a methodology for the fabrication of other type of organic 

nanoparticles poorly explored in our group and uses it with other fluorophores of interest. 

Some PEGs with functional groups or bioconjugated of interest that can be used to fabricate 

nanoparticles are Cholesterol PEG acid (CLS-PEG-COOH), Folic acid PEG acid (FA-PEG-

COOH) and Folic acid PEG DSPE (FA-PEG-DSPE). 
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Fig. 4.28 b) Absorption and b) photoluminescence spectra of BT2 in THF solution, BT2-SNPs and 

BT2-PEG-NPs. 

 

 

4.3.2.3 Comparative study of BT2-Nanoparticles fabricated by three 

different methods 

In contrast to inorganic nanoparticles, in the literature there are no extensive studies about 

the influence of the synthesis method on the optical properties of O-NPs fabricated with a 

single type of molecule. In particular, little attention has been paid to the possible 

alterations of the linear absorption, quantum yield and fluorescence induced by two-photon 

absorption when a π‒conjugated system is part of a nanoparticle. Motivated by this fact, a 

comparative study was performed on the linear and nonlinear optical properties and 

stability exhibited by BT2 in: i) molecular solution, ii) O-NPs synthesized by RP method 

(NPs-RP), iii) O-NPs in aqueous solutions fabricated by Laser Ablation (NPs-LA) and, iv) 

fluorescent silica nanoparticles synthesized by microemulsion method (NPs-ME).   

In this section a change of notation for clarity on the comparative study of the nanoparticles 

fabricated by different methods was made, however it must be remembered that BT2-NPs 

and BT2-SNPs is equal to NPs-RP and NPs-ME, respectively. 

BT2 nanoparticles fabricated by reprecipitation method (NPs-RP) were synthesized using 

cetyltrimethylammonium bromide (CTAB), tetrahydrofuran and milli Q water, the 

procedure is described in Appendix B.
110

 To fabricate O-NPs via LA (NPs-LA) single 

organic crystals of BT2 and a Ti:Sapphire Regenarative Amplifier (800 nm wavelength, 60 

fs FHWM pulse width, energy of 650 μJ/pulse, 1 kHz repetition rate) from Coherent Inc 

were used. The ejected nanoparticles obtained were caught by water and stabilized as 

nanocolloids with CTAB. Appendix D. 
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4.3.2.3.1 Size of the nanoparticles  

The size of O-NPs is an important parameter for biomedical applications. In general, the 

size of O-NPs determines properties as luminescence intensity, penetration ability, 

intracellular mobility and cytotoxicity.
179

 Therefore, O-NPs with appropriate sizes are 

essential for optimal image contrast. The mean sizes of the synthesized BT2-based 

nanoparticles were 25 nm for the case of NPs-LA, 34 nm for NPs-RP and 53 nm for NPs-

ME. These values were estimated from SEM images (Figure 4.29) using the software 

ImageJ. SEM images reveal that laser ablation and reprecipitation methods tend to produce 

nanoparticles with irregular shape, while microemulsion method produce BT2-loaded silica 

nanoparticles of spherical shape. Among these O-NPs, the reprecipitation method produces 

some agglomerates. The insets in Figure 4.29 display histograms with the nanoparticles 

size dispersion (such agglomerates were not considered to estimate the nanoparticles size 

dispersion in the case of NPs-RP).  

  

 

                                                
Fig. 4.29 SEM micrographs of BT2-NPs obtained by different fabrication methods a) 

reprecipitation, b) laser ablation and c) microemulsion. 
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4.3.2.3.2 Linear Optical Properties  

Linear absorption 

For comparison purposes, suspensions of nanoparticles of BT2 synthesized by 

reprecipitation, laser ablation and microemulsion were prepared by dilution at the same 

concentration (1×10
-6

 M). In addition, a solution of BT2 in THF (BT2-THF) was prepared 

also at the same concentration. The UV-Vis absorption spectra of BT2-THF and 

suspensions of nanoparticles are shown in Figure 4.30.  Distinctive characteristics for each 

sample are clearly observed.  For instance, while the maximum absorption band of BT2-

THF is at 439 nm, in the case of NPs-RP and NPs-ME the maximum is red-shifted to 445 

nm and 443, respectively. NPs-ME also exhibited a small shoulder at 465 nm. The optical 

characteristics of NPs-ME were practically the same independently of the precursors 

(APTES or THPMP) used to modify the surface of such nanoparticles with amine groups 

(NH2) or methyl phosphonate groups (MePO2
-
). For the case of NPs-LA, a slight blue-shift 

is observed in their maximum of absorption (438 nm) compared to BT2-THF. The molar 

absorption was calculated for all O-NPs, resulting a maximum value in the order of 30 000 

M
-1

cm
-1

.  

 

Fig. 4.30 UV-Vis normalized absorption spectra of BT2-THF, NPs-LA, NPs- RP and NPs-ME 

obtained at the concentration of 1 μM. 

 

 

 

 

Photoluminescence properties 

One-photon excited fluorescence spectra of BT2 in solutions, microcrystal (before laser 

ablation) and aqueous suspensions of BT2-NPs (at the same concentration of BT2) were 

obtained using an excitation wavelength of 375 nm. Figure 4.31. Emission spectra undergo 

wavelength shifting for the nanoparticles. In particular, the BT2 processed as NPs-RP and 
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NPs-ME exhibited a notorious red-shifting of the emission peak compared with BT2 in 

solution, the maxima are red-shifted 32 and 26 nm, respectively compared with the peak of 

BT2-THF while the maximum emission for NPs-LA exhibited a small blue-shifting and a 

notorious change in the spectrum emission width. 

 

Fig. 4.31 Normalized photoluminescence (PL) spectra for BT2 in solution and aqueous suspensions 

of nanoparticles.  

 
 

Fluorescence lifetime measurements  

Fluorescence lifetimes were obtained at room temperature by the time correlated single 

photon counting (TCSPC) technique on a Horiba Jobin Yvon TemPro instrument with a 

nanoLED laser of 455 nm excitation. A 0.01% suspension of Ludox AS40 (Aldrich) in 

ultrapure water was used for the prompt signal. Calibration of the equipment was realized 

with a POPOP [1,4-Bis(4-methyl-5-phenyl-2-oxazolyl)benzene] methanol solution (optical 

density <0.1 and lifetime of 0.93ns.
180

 The samples under test were at the concentration of 

1 μM. Data were fitted in the software DAS6 available with the equipment.   

The fluorescence lifetime of BT2-THF presents a mono-exponential decay with a lifetime 

of 3.42 ns (see Figure 4.32). The observed fluorescence decay profiles for the O-NPs 

suspensions had a bi-exponential decay. For instance, for the case of NPs-LA the 

fluorescence decay had a fast component (that accounts for approximately 65% of the 

signal) with a time constant 1 of 0.23 ns and a slow component (about 35%) with a time 

constant 2 of 3.61 ns. For the case of NPs-RP the fast component (about 69%) had a 1 

value of 0.09 ns and the slow component (about 31% of the signal) a 2 value of 3.44 ns. As 

we can see, the time constants 2 corresponding to the slow components of the signals from 

NPs-LA and NPs-RP are similar to the fluorescence lifetime of the molecular solutions 

BT2-THF. The fast decay components 1 arise from the molecular interactions that take 



74 
 

place in nanoparticles. Moreover, the differentiated behavior of the fluorescence decay 

between NPs-LA and NPs-RP means that BT2 is possibly assembled in different manner 

in each case. In particular, it can be suggested that NPs-LA are nanocrystals as they 

resulted from the ablation and fragmentation of microcrystals while NPs-RP are 

amorphous nanoparticles as they resulted from the nano-aggregation of molecules.    

 
Fig. 4.32 Fluorescence decay curves of BT2-THF, NPs-LA and NPs-RP. 

 

 

4.3.2.3.3 Two-Photon Absorption  

Two-photon absorption (TPA) is a property of paramount importance when O-NPs are 

intended for application such as the imaging of biological samples through multiphoton 

microscopy. The values for our samples at 1 μM were measured through the TPEF 

technique.
181

 The maximum TPA cross section was of nearly 1000 GM for BT2-THF 

measured at 750 nm (see Figure 4.33). O-NPs exhibited similar spectra of nonlinear 

absorption but with decreased values of their maximum TPA cross sections. The maximum 

TPA values were 790 GM, 600 GM and 545 GM for NPs-LA, NPs-RP and NPs-ME, 

respectively. So, NPs-LA exhibited the most intense luminescence among all NPs studied 

and a little decrease in the TPA cross section. 
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Fig. 4.33 Two-photon absorption spectra of BT2 in solutions and aqueous suspensions of 

nanoparticles. 

 

 

 

 

4.3.2.3.4 Photostability 
 

 

It is well known that most of commercial fluorophores used as labels and markers in 

fluorescent microscopy suffer of photodegradation after few minutes of excitation. The 

integration of fluorophores into nanostructures can alleviate photodegradation effects. To 

evaluate the photostability of molecular solution and O-NPs based on BT2, the samples 

were exposed to the focused illumination from a 150 watts Xenon lamp. The peak of 

emission of samples was then monitored over different intervals of time. Figure 4.34 

illustrates the decay in the intensity of photoluminescence during the degradation 

experiment. The molecular solution BT2-THF showed a total photodegradation after 45 

minutes. In contrast, O-NPs exhibited only a partial decay of photoluminescence after 45 

minutes of being exposed to irradiation, with 72% (NPs-LA), 50% (NPs-RP) and 28% 

(NPs-ME) of the original intensity. Interestingly, after two hours of exposure to constant 

irradiation from the Xenon lamp, the O-NPs still exhibited photoluminescence. Clearly, the 

formation of nanoparticles is a good option to prevent irreversible photodegradation of the 

fluorophores. Such photodegradation is often caused by a photo-oxidation reaction when 

molecular oxygen is present. When BT2 is covered with surfactant micelles (in the case of 

NPs-LA and NPs-RP) or encapsulated within the silica matrix (NPs-ME), the reaction 

with oxygen is then significantly hindered. Reduction in the photobleaching effect is very 

useful for long time bio-imaging.  
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Fig. 4.34 Photostability of BT2 in molecular solution (THF) and aqueous suspensions 

nanoparticles. Samples were exposed to illumination from a Xenon lamp and the 

photoluminescence was measured as a function of exposition time. 

 

Photophysical properties of BT2-NPs were obtained from the absorption, fluorescence, and 

Two-photon absorption spectra as well as photostability curve and summarized in Table 

4.10. 

 
Table 4.10 Photophysical Properties of fluorescent organic nanoparticles and BT2 in THF solution. 
 

Type of 

NPs 

Fabrication  

method 

Mean 

size 

(nm) 

Absorption 

max(nm) 

Emission 

max 

(nm) 

F a) (ns) 
σTPA  

(GM) 

PL after 2 

hours of 

illumination 

(%) 

BT2-THF Solution - 439 522 0.87 3.42  1000 0 

NPs- LA Laser ablation 25 438 520 0.86 0.23 (3.61)
b  790 42 

NPs-RP Reprecipitation 34 445 554 0.83 0.09 (3.44)
b 600 12 

NPs-ME Microemulsion 53 443, 465 548 0.8 - 545 21 

a
 Fluorescence lifetime 

b
 Time constant of the slow fluorescence decay component 

 

 

 

 

4.3.3 Functionalization and bioconjugation 
 
 

The functionalization of fluorescent silica nanoparticles with amino groups (NH2) was 

simple because a silica precursor containing this group was used during the fabrication 

procedure. An accurate determination of the amino groups in the surface of the silica 
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nanoparticles doped with BT2 (BT2-SNPs) before or after modification may be important 

for the evaluation of the reaction yield or suitability for subsequent croosslinking 

procedures. In the literature there is an assay called TNBS (2,4,6-Trinitrobenzene Sulfonic 

Acid) that allows to realize counts by simple spectrophotometric absorption 

measurements.
115

 Subsequently, functionalizations on surface of the BT2-SNPs with 

different groups as carbonyl (CHO) were realized in order to obtain bioconjugated BT2-

SNPs with folic acid and transferrin. The methods used to obtain bioconjugated BT2-SNPs 

are shown in Appendix E. 

To obtain CHO groups, a modification of the BT2-SNPs with the most popular bis-

aldehyde homobifunctional crosslinker Glutaraldehyde (GA) was realized (Figure 4.35).
115

 

Different quantities of Glutaraldehyde (always was considered a molar excess over the 

amount of amines to be modified) were added to BT2-SNPs suspension using buffers as 

sodium phosphate, HEPES and sodium acetate. Then, to remove excess glutaraldehyde, 

BT2-SNPs were washed with coupling buffer at least several times using centrifugation.
 

 

Fig. 4.35 Functionalization of BT2-SNPs with carbonyl groups. 

 

It has been reported in the literature that fluorescent silica nanoparticles with amino groups 

can penetrate nonspecifically into the cells;
28

 motivated by this fact and thinking in future 

studies, BT2-SNPs were functionalized with other functional groups to finally obtain 

acetylated and carboxylic BT2-SNPs to inhibit their internalization (Figure 4.36). Also, 

they can be used as a negative control and compare the cellular uptake of all fabricated 

BT2-SNPs, both functionalized as bioconjugated BT2-SNPs.  

BT2-SNPs modified with succinic anhydride to create terminal carboxylate functionalities 

may be further conjugated to other bio-molecules of interest. Succinic anhydride was used 

to block amino groups and to convert an existing functionality into a carboxylic acid in 

buffers as Sodium acetate and potassium carbonate in a 0.1–1.0 M concentration.  
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Fig. 4.36 a) BT2-SNPs functionalized with carboxyl groups. Succinic anhydride reacts with 

primary amine groups in a ring-opening process, forming an amide bond and a terminal 

carboxylate. b) BT2-SNPs functionalized with amide group (acetylated BT2-SNPs) to inhibit the 

internalization into cells. 

The functionalization and bioconjugation of BT2-SNPs surface can be confirmed from the 

changes in the electrostatic charge, which could be analyzed by electrophoresis. This 

technique is based on the mobility of the nanoparticles through the agarose gel promoted by 

electric field. This mobility is affected for an increased overall size of the nanoparticles, as 

well as a modification in the surface charge and the intensity of the electric field applied. 

The photoluminiscence properties of BT2-SNPs allow direct visualization of their mobility 

after the electrophoresis experiment. A shift in a lane relative to BT2-SNPs-NH2 (control) 

in the agarose gel corresponds to a successful functionalization and bioconjugation of BT2-

SNPs.  

For the functionalization of BT2-SNPs with carbonyl groups, different amounts of GA (12, 

36 and 60 μL) in Sodium phosphate, Sodium acetate and Hepes buffers were used to obtain 

BT2-SNPs-CHO (intermediate step to bioconjugate the BT2-SNPs-NH2 with folic acid or 

transferring, route S2, Apendix D). To evaluate the best functionalization with carbonyl 

groups, an electrophoresis on agarose gel containing 0.5 % TAE after applying a 90 mV 

voltage for 30 min and using TAE as electrophoresis electrolyte was realized. Figure 4.37. 

The results showed a better surface modification of BT2-SNPs-NH2 with Hepes buffer and 

there is not difference between use 36 or 60 μL of GA.  
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Fig. 4.37 Agarose gel electrophoresis showing comparative methodologies to functionalize BT2-

SNPs-NH2 with CHO group. (Lane 1) fluorescent molecule BT2, (Lane 2) BT2-SNPs with amino 

groups used as control or reference, (Lanes 3-5) BT2-SNPs functionalized with 12, 36 and 60 μL of 

GA, respectively using hepes buffer, (Lanes 6-8) BT2-SNPs functionalized with 12, 36 and 60 μL 

of GA, respectively using Sodium phosphate buffer. 

 

Figure 4.38 shows the electrophoresis gel of BT2-SNPs-FA (bioconjugated by route 1 

Apendix D) and BT2-SNPs-CHO fabricated using 36 μL of GA and the 3 buffers (Sodium 

phosphate, Sodium acetate and Hepes). The result of the electrophoresis showed a greater 

mobility of BT2-SNPs-CHO when Hepes buffer is used and moreover, the mobility of 

BT2-SNPs-FA loaded in the well 4 and fluorescence of folic acid showed that 

bioconjugation was carried out.  

 

 

Fig. 4.38. Agarose gel electrophoresis showing BT2-SNPs-NH2 modified with 36 μl of GA in 

Hepes (lane 1), Sodium phosphate (lane 2), Sodium acetate (lane 3) buffer and BT2-SNPs-FA 

(route 1). 
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In conclusion, we have synthesized nanoparticles, having a covalently incorporated 

fluorophore BT2, with a variety of functional groups on their surface (amine, carbonyl, 

carboxyl, and amide). These nanoparticles were conjugated to folic acid to be selective 

targeting to cancer cells. However, the work in this dissertation was limited to demonstrate 

bioimaging using the synthesized nanoparticles; it was decided to leave for future work the 

demonstration of selective cellular uptake of these nanoparticles. Nevertheless, the results 

obtained in this dissertation are the foundation for the development of theranostic 

multifunctional nanoparticles, combining the conjugation of other suitable fluorophores 

(e.g., dyes with TPA properties) and incorporating therapeutic molecules, drugs, for the 

purpose of combined diagnosis and therapy. 
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CHAPTER 5 

Organic nanostructures as contrast agents in confocal and two-

photon microscopy 

 

A useful parameter for determining whether a material has potential applications as a 

contrast agent (fluorescent probe) in confocal microscopy is its brightness, which is defined 

as the product of the maximum molar absorbance and the quantum yield of fluorescence. 

For confocal microscopy the fluorescence from the probe is produced via one-photon 

excitation. It has been reported that a material does not have practical application if its 

brightness is below than 5000 M
-1

cm
-1

.
182

 The O-NPs under this study (fabricated with 

monomer M1, polymer P1 and BT2) surpass this limit as they exhibit typical molar 

absorbance and they have high quantum yields of fluorescence. Likewise, for multiphoton 

microscopy the brightness or figure of merit for a good contrast agent is the product of the 

TPA cross section and the quantum yield. According to Table 4.2 and Table 4.9, our O-NPs 

have a good brightness (typically  × TPA ≥ 500 GM) compared with most of 

commercially available dyes for multiphoton microscopy which are limited by typical TPA 

cross sections in the range 0.1-100 GM.
2
 

Although bodipyies also have acceptable TPA properties, they are not used for cell staining 

in this thesis. However, our colleagues at the Hangzhou Normal University in China 

continued with this work, other nanostructures were fabricated in which the dyes were 

encapsulated with the biopolymer 1,2-sistearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] and demonstrated its potential use as contrast agents 

in MCF-7 breast cancer cells. 

In this chapter the results of the in vitro cytotoxicity of M1 and P1 nanoparticles to A549 

and HeLa cells as well as the micrographs obtained by the multiphoton microscope are 

presented. Moreover, it is presented for the first time (to the best of our knowledge) the use 

of O-NPs synthesized by LA as exogenous fluorescent agents in two-photon microscopy. 

Finally, a comparison of micrographs (under similar experimental conditions) of HeLa cells 

using BT2-NPs fabricated by three methods is presented. 

 

5.1 Cell staining  

 

HeLa (line derived from cervical cancer) and A549 (line derived from lung 

adenocarcinoma) cells were cultivated in Dulbecco’s minimum essential media (DMEM) 

with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin solution and 2mM 
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glutamine at 37°C in an atmosphere with 5% CO2 until a confluence of 70-80%. Then the 

cells were washed twice with phosphate-buffered saline (1X PBS). After fixation with 4% 

paraformaldehyde, the fluorescent samples (M1-NPs, P1-NPs, M1-SNPs or P1-SNPs) 

were added and the cells were incubated for 1 hr at room temperature away from light. 

Then the volume was removed and the cells were washed once with 1X PBS.  Cell nucleus 

was stained with 1 µM of Hoechst 33258. Finally the cells were imaged through a Leica 

TCS-SP5 MP two-photon laser scanning microscope (Leica Microsystem, Wetzlar 

Germany). 

 

 

5.2 Cell viability  
 

In vitro cytotoxicity of nanoparticles and silica-loaded nanoparticles to A549 and HeLa 

cells was investigated by MTT assay.  All tests were performed using suspensions with 

different concentration of nanoparticles (see Figure 5.1). First, we compared the toxicity of 

nanoparticles stabilized with CTAB and Triton X-100, that is, M1(P1)-NPs-CTAB and 

M1(P1)-NPs TRITON, finding that at the concentration of 7.5×10
-5

 M for M1 and 4.1×10
-7

 

M for P1 (denoted in the figure as no dilution), respectively, there is no cell viability. In the 

case of M1(P1)-NPs-TRITON viabilities greater than  50% are achieved in A549 and HeLa 

cells after 1:4 and 1:32 dilution of the suspensions, respectively, while for  M1(P1)-NPs-

CTAB the viabilities  remained very poor compared with M1(P1)-NPs-TRITON even at 

more diluted suspensions, in particular for the case of HeLa cells. The low viability of 

M1(P1) nanoparticles synthesized through the reprecipitation method either with the use of 

CTAB or TRITON was substantially improved in silica nanoparticles loaded with M1 or 

P1. For instance, Figure 5.1a shows that at the relatively high concentrations (1:1 dilutions) 

of 5.2 ×10
-5

 M and 3.1×10
-7

 M for M1-SNPs and P1-SNPs, respectively, the viability in 

A549 cells is approximately 80%, which is higher than in M1(P1)-NPs-CTAB and 

M1(P1)-NPs-TRITON. Similarly, Figure 5.1b shows how the viability is also improved in 

HeLa cells through the use of loaded silica nanoparticles, although in this case viabilities 

higher than 80% are obtained in 1:8 dilutions. These results provide clear evidence of the 

importance of encapsulating the TPA materials in order to reduce their cytotoxicity.  
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Fig. 5.1 Viability of a) A546 cells and b) HeLA cells cultured after the addition of aqueous 

suspensions at different dilutions of M1(PI)-NPs (stabilized with surfactants such as CTAB and 

Triton X-100) and M1(P1)-SNPs. The concentrations of suspensions before dilution were 7.5× 10
-5

 

M (M1-NPs), 4.1× 10
-7

 M (P1-NPs), 5.2× 10
-5

 M (M1-SNPs) and 3.1× 10
-7

 M (P1-SNPs). 

 

 

5.3 Fluorescence Microscopy 

 

5.3.1 Fluorescence images of HeLa cells treated with M1(P1)-NPs 

One-photon and two-photon fluorescence microscopy was used to study the uptake of all 

samples under study. For example, Figure 5.2 displays micrographs of He-La cells treated 

with P1-NPs and P1-SNPs as fluorescent probes and Hoechst 33258 to stain specifically 
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the nucleus of cells (Hoechst 33258 is a commercially available dye). For the case of one-

photon excitation the cells were illuminated with a wavelength of 488 nm (micrographs in 

the first and third row) while 740 nm was used for two-photon illumination (micrographs in 

the second and fourth row). For clarity, the images were taken with green and blue filters to 

identify nanoparticles (left column) and nucleus (middle column), respectively. The column 

at the right is the merging of both images. Notice that under illumination at 740 the nucleus 

of cells (micrographs E and K) is not detected due to the poor two-photon activity of 

Hoechst 33258 at such wavelength. Figure 5.2 shows clearly that P1-NPs (micrographs A, 

B, C, D and F) and P1-SNPs (micrographs G, H, I, J and L) penetrated the cells and 

reversibly stained the cytoplasm, without specific binding to cellular components. This was 

expected, since for the particular case of P1-SNPs no specific treatment was followed after 

silica encapsulation to conjugate the nanoparticle surface. Similar micrographs were 

obtained from cells treated with nanoparticles synthesized from M1 but with the use of 

suspensions with larger concentrations due to the lower two-photon activity of such 

samples. The concentrations used to obtain these micrographs were the same as for 

cytotoxicity tests before dilution. 
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Fig. 5.2 One-photon (first and third row) and two-photon (second and fourth row) fluorescence 

images of HeLa cells treated with Hoechst 33258 and P1-NPs ( A, B, C, D, F)  and P1-SNPs (G, H, 

I, J, L). Left column: images taken with green filter to identify cytoplasm stained by nanoparticles 

under test. Middle column: the images taken with blue filter. Right column: superposition of images 

from the left and middle column. The wavelengths for one- and two-photon excitation is indicated 

to the left of the columns.  
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5.3.2 Fluorescence images of HeLa cells treated with BT2-NPs 

 

Confocal (one-photon excitation at the visible wavelength of 488 nm) and multiphoton 

(two-photon excitation at the infra-red wavelength of 740 nm) microscopy were used to 

study the uptake of O-NPs by HeLa cells (human cervical cancer cell line). For comparison 

purposes, in all cases the cells were treated with aqueous suspension at the same 

concentration (1μM).  Figure 5.3 displays micrographs of HeLa cells treated with NPs-LA, 

NPs-RP, and NPs-ME as fluorescent probes. The micrographs corresponding to one-

photon imaging (first row in the figure) were obtained by setting  the confocal microscope 

with the same parameters of image acquisition, i.e., laser excitation intensity, scanning 

times, gain of detectors, etc. Similar procedure was followed for the two-photon imaging 

(second row in the figure). The confocal micrographs show that the nanoparticles (with 

greenish light emission) penetrated nonspecifically into the HeLa cells and remained 

mainly in the cytoplasm.  In this case DAPI dye was used to stain specifically the nucleus 

of cells. The blue emission is from DAPI dye bound to rich regions of DNA in the nucleus. 

In regards to the microscopy performed with two-photon excitation (second row of the 

figure), light emission from the nanoparticles is detected from cytoplasm, although the cell 

nuclei is no longer observed due to the very small TPA activity of DAPI (~ 37 GM).
183

 

NPs-RP produced images of relatively poor quality compared with those obtained with 

NPs-LA. This is an interesting result since in both cases the samples were treated with 

suspensions of nanoparticles of the same concentration and stabilized with the same 

surfactant (CTAB). Micrographs show cellular uptake of NPs-ME, but images of less 

quality compared with those obtained with NPs-LA and NPs-RP. There was not significant 

difference in the images obtained with NPs-ME whose surfaces were functionalized with 

either amino or methyl phosphonate groups.  
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Figure 5.3 One-photon (first row) and two-photon (second row) fluorescence images of HeLa cells 

treated with a) NPs-RP, b) NPs-LA, and c) NPs-ME. The wavelengths for one- and two-photon 

excitation are indicated to the left of the columns. The micrographs corresponding to the first row 

were obtained by setting the confocal microscope with the same parameters of image acquisition. 

Similar procedure was followed for the two-photon imaging. 

 

 

Two-photon micrographs were again obtained but now optimizing the laser output level in 

the utilized microscope for the particular case of each sample, as shown in Figure 5.4. The 

rest of the parameters for image acquisition were set equal for all samples. In this case, the 

micrograph of HeLa cells treated with NPs-LA were obtained with only 1% of laser 

excitation output level, while  for the cases of NPs-RP and NPs-ME  the levels were 2% 

and 4%, respectively. Thus, images of comparable quality are obtained with NPs-LA and 

NPs-RP, but in the latter case twice of laser excitation is required. In regards to samples 

treated with NPs-ME the imaging of cellular structure resulted rather poor. Presumably, the 

relatively large size of our NPs-ME limited their penetration ability into cells compared 

with NPs-RP and NPs-LA. Jin and co-workers studied the effect of size on the penetrating 

ability of NPs fabricated by ME and they showed that the small NPs (23±3 nm) clearly 

penetrated the cells much faster than larger NPs (85±5 nm).
88

 In addition, the better image 

quality achieved with NPs-LA is assigned to their larger values of TPA (see Figure 4.33). 
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Fig. 5.4 Two-photon images of HeLa cells treated with a) NPs-RP, b) NPs-LA, and c) NPs-ME. In 

each case, the laser output level for image acquisition was optimized keeping constant the 

remaining parameters in the microscope. 
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Conclusions 

 

In conclusion, with this work, a new line of research related to the development of contrast 

agents and markers for confocal and multiphoton microscopy within the GPOM group was 

opened and to our knowledge there is not another group in Mexico working on this research 

line. It is noteworthy that this thesis was multidisciplinary, areas such as chemistry, 

materials engineering, photonics and life sciences joined together and the result was the 

design of fluorescent materials, processing of these materials in different nanostructures, 

physical-chemical characterization and finally their application as contrast agent in 

confocal and two-photon microscopy.  

Linear and nonlinear optical properties of a series of luminescent materials such as 

borinates, BODIPYs and fluorine derivates were investigated. All borinates exhibit 

fluorescence induced by absorption of one- or two-photons at the wavelengths about 400 

and 800 nm, respectively. The highest two-photon absorption cross-section (σTPA = 174 

GM) of the series of studied compounds corresponds to 5h with a D––C=N
+
––A (D = 

NEt2 and A = COOCH2CH3) architecture.  

Three different BODIPIES with tetraphenylethene (TPE) units were investigated to gain a 

deeper insight into the structure–property relationship of these BODIPY luminogens. The 

accumulation of TPE units can not only ameliorate the fluorescence emission in the 

aggregate state but also benefit the TPA and TPEF properties of the luminogens. 3TPE-

BODIPY shows the best nonlinear optical property, with the highest σTPA and σTPEF values 

of 264 and 116 GM, respectively, when its THF solution is pumped with laser pulses at 

wavelength of 810 nm. 

Moreover, a comparative study of the two-photon action from a fluorene-based monomer 

and its polymer when they were molecularly dissolved, agglomerated in nanoparticles and 

encapsulated into silica nanoparticles was realized. In particular, the polymer-doped silica 

nanoparticles gave high nonlinearities, on the order of 10
3
 GM, excellent quantum yields 

with good photostability. To the best of our knowledge, this is the first time that polymer-

doped silica nanoparticles have been fully characterized for their TPA and TPEF properties. 

On the other hand, a novel stable fluorene derivative with D-A-D architecture (BT2) was 

studied; the linear and non-linear absorption and the photoluminescence properties were 

recorded in several solvents. These photophysical properties were strongly affected by the 

solvents and did not show a monotonic trend with respect to solvent polarity. The 

maximum two-photon absorption cross-section obtained was σTPA = 1000 GM at 750 nm 

and a fluorescence quantum yield of F ~0.87 in THF. The two-photon activity decreased 
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slightly (about 1.3 times) in toluene (non-polar solvent) and acetone (polar aprotic solvent), 

but it was substantially reduced (about 4.2 times) in polar protic solvents such as methanol. 

Besides, organic florescent nanoparticles of BT2 by three different methods (laser ablation, 

reprecipitation and microemulsion) were successfully prepared. It was found that using any 

of the three methods the fluorescence quantum yield of nanoparticles is similar (~ 0.8), 

although the largest TPA cross section was achieved for nanoparticles produced by laser 

ablation. The photostability of all the BT2-based nanoparticles under study was notably 

better in comparison to molecular solution of BT2; the best photostability corresponds to 

nanoparticle obtained by laser ablation method.  

All properties exhibited by aqueous suspensions of nanoparticles of Fluorene-

chromophores (polymer P1 and BT2) are attractive for possible applications as fluorescent 

contrast agents utilized in fluorescence microscopy. Although bodipyies also have 

acceptable TPA properties, they are not used for cell staining in this thesis.  

The brightness exhibited by these nanoparticles is suitable for confocal or two-photon 

microscopy. M1 and polymer P1 were employed as contrast agents for the visualization of 

HeLa cells using confocal and two-photon microscopy. Using MTT assay the viability was 

investigated for M1and P1 in NPs and FSNPs, the results provide clear evidence of the 

importance of encapsulating the TPA materials in order to reduce their cytotoxicity.  

Finally, BT2-NPs (fabricated by reprecipitation, ablation and microemulsion method) were 

employed to as exogenous agents for the visualization of HeLa cells using confocal and 

two-photon microscopy, under similar experimental conditions. Particularly, the results 

showed that laser ablation could be a worthy and alternative approach for the fabrication of 

organic nanoparticles useful as exogenous fluorescent agents for in vitro studies using 

fluorescent microscopy. This is the first time in the literature that the use of organic 

nanoparticles fabricated by laser ablation for bioimaging applications is reported. 
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Perspectives 

 

Due to their attractive properties, including small size, high brightness, monodispersity and 

low photobleaching, organic fluorescent nanoparticles represent a highly attractive platform 

for bioimaging. Despite their great potential and promising future as novel fluorescent 

probes in bioimaging, further improvement of O-NPs still faces many challenges. First, 

progress in the design and development of (1) better fluorophores with high quantum yield 

and TPA properties, (2) better synthesis routes for different O-NPs with good target 

specifity are needed; (3) non-toxicity; (4) both the excitation light and fluorescent emission 

in the spectral range which is favorable for the penetration of light through thick tissues; (5) 

efficient and stable fluorescence signal. 

Second, O-NPs should be simultaneously functionalized with other properties in addition to 

fluorescence. For example, O-NPs can be used as vehicles for delivery of therapeutic 

agents, obtaining potential clinical uses of such nanoparticles as tumor imaging and 

photodynamic therapy of cancer in deep tissues. For this, methods should be devised and 

optimized to achieve functionalized biocompatible nanoparticles for site-specific imaging 

and therapeutics. With the development of suitable nanoparticles, we might suggest a novel 

approach promising and might represent a new direction for treatment of cancer through 

nanotechnology in the near future.  

Third, O-NPs in other fields, such as biological recognition, delivery, chemical sensors and 

fiber optic modal interferometers (using O-NPs as active shell) also can be explored. 
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Appendix A. Reagents and equipment used to fabrication and 

characterization of fluorescent materials 
 

 

 

All fluorophores (Borinates, BODIPYS, M1, P1 and BT2) used in this dissertation are non 

commercial and their synthesis were reported elsewhere.
i-iv

 

For the fabrication of organic nanoparticles and doped silica nanoparticles the following 

materials were utilized: deionized water,  1-butanol 99.8%, 1- Sodium bis(2-

ethylhexyl)sulfosuccinate (AOT, D201170), N-Methyl-2-pyrrolidinone (NMP, 328634), 

triethoxyvinylsilane (VTES, 175560), 3-aminopropyltriethoxysilane (APTES, A3648) and 

3-(Trihydroxysilyl)propyl methylphosphonate monosodium salt solution (THPMP, 

435716),  tetrahydrofuran (THF, 401757), hexadecyltrimethyl-ammonium bromide 

(CTAB) and p-(1,1,3,3-tetramethylbutyl) phenoxypolyoxyethylene glycols (Triton X-100).  

For the characterization of BT2 in solution were used Hexane, Toluene, Dioxane, 

Tetrahydrofuran, Acetone, Acetonitrile and Methanol. All solvents were anhydrous grade 

and all chemicals for the fabrication of organic nanoparticles also were purchased from 

Sigma Aldrich. Only 1-butanol was purchased in Karal S.A. de C.V. All chemicals were 

used without further purification. 

For BT2 nanostructures with polyethylene glycol the following PEG’s were utilized: PEG 

5000 (O- [2- (3-Mercaptopropionylamino) ethyl] -O'-methylpolyethylene glycol 5000, 

purchased from Sigma-Aldrich), average molecular weight: 5000 g/mol. PEG 3400 (PEG 

Succinimidyl 3400 MW succinimidyl ester, INC NANOCS), average molecular weight: 

3400 g/mol. PEG 2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy 

(polyethylene glycol)-2000] (ammonium salt), purchased from Avanti Polar Lipids Inc.), 

average molecular weight: 2000g/mol. 

For the estimation of amino groups on the silica nanoparticles surface were used TNBS, 

Picrylsulfonic acid solution 5 % (W/V) (P2297, Sigma-Aldrich), HCl and Sodium Dodecyl 

Sulfate (SDS), BioReagent, suitable for electrophoresis, for molecular biology, ≥98.5% 

(GC) (L3771, Sigma Aldrich).  

For different functionalizations and bioconjugations of fluorescent silica nanoparticles the 

following materials were used: Succinic anhydride (239690), Sodium acetate, Potassium 

carbonate, Sodium Phosphate, Acetic Anhydride, ACS Reagent, >=98.0%, N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, (EDC), HEPES Biotechnology 

Performance Certified, ≥99.5% (titration), cell culture tested (H4034), Glutaraldehyde 

grade II (G6257), Folic acid  ≥97% (F7876), Glycine for electrophoresis, ≥99% (G8898), 

NHS-PEG-NHS PEG average Mn 3,400 (n ~ 77), NaOH, Transferrin human powder, 

BioReagent, suitable for cell culture, invitrogen and Biotech CE 100Kd, 16mm. trial kit. 

http://www.sigmaaldrich.com/catalog/product/sial/328634?lang=es&region=MX
http://www.sigmaaldrich.com/catalog/product/sigma/l3771?lang=es&region=MX
http://www.sigmaaldrich.com/catalog/product/sigma/l3771?lang=es&region=MX
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For electrophoresis gel were used Agarose (V3121), Tris Base P/Karal (9131), EDTA, 

Glacial Acetic Acid, Sodium bicarbonate (5010, Karal). 

Cell-culture products and Hoechst 33258 were purchased from GIBCO™ (Invitrogen 

Corporation, Grand Island, NY). Vecta Shield-DAPI (4',6-diamidino-2-phenylindole), a 

fluorescent stain that binds strongly to A-T rich regions in DNA was purchased from 

Vector Laboratories, USA. 

The human cervix cancer cell line HeLa ATCC
®

 CCL-2
TM

 and A549 (line derived from 

lung adenocarcinoma) were used. 

 

UV-visible absorption spectra were obtained with a Perkin Elmer LAMBDA 900, 

spectrophotometer. The photoluminescence spectra were acquired with an Ocean Optics 

4000 spectrometer using a diode laser (375 nm) as an excitation source. Scanning electron 

microscopy (SEM) was performed in a JEOL JSM-7500F microscope. TPA cross sections 

of samples were measured through two-photon excited fluorescence (TPEF) technique 

using a Ti:Sapphire laser (100 fs/pulse, repetition rate of 80 MHz, tunability 740–830 nm). 

Fluorescence lifetimes were obtained at room temperature by time correlated single photon 

counting (TCSPC) technique on a Horiba Jobin Yvon TemPro instrument with a nanoLED 

laser of 455 nm as excitation source.  

 

Finally the cells were imaged through a Leica TCS-SP5 MP two-photon laser scanning 

microscope (Leica Microsystem, Wetzlar Germany) and Olympus FV1000 microscope. 
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Appendix B. Synthesis of organic nanoparticles by reprecipitation 

method 

First, 1 mg of organic fluorescent fluorophore was dissolved in 2 mL of THF. Then a small 

volume of these solutions (typically in the range 0.25–0.8 mL) was injected quickly and 

under sonication in 8 mL of deionized water or in 8 mL of aqueous solution containing one 

of the following surfactants: CTAB or Triton X-100. The surfactants were used at the 

concentrations in the range of 0.08-0.8 mM to achieve high nanoparticles concentration and 

long stability. THF was then removed by evaporation under vacuum, followed by filtration 

through membrane filters with 0.2 μm cutoff. The resulting aqueous suspensions of 

nanoparticle were of high optical quality and without significant light scattering. Figure A1. 

 

 

Fig. A1. Reprecipitation method to fabricate organic nanoparticles. 

 

Appendix C. Synthesis of silica nanoparticles doped with organic 

fluorescent fluorophores 

 

This method was described by X. Wang, J Qian, F. J. Arriagada and coworkers.
49,134,135

 The 

process consists in the preparation of a microemulsion system to synthesize fluorescent 

silica nanoparticles (FSNPs) in the nonpolar core of Aerosol-OT/1-butanol micelles in 

water. Micelles were prepared by dissolving either 0.22 g or 0.44g of Aerosol-OT, 300 μL 

of 1-butanol and 200 μL of NMP in 10 mL of deionized water by magnetic stirring. NMP 

was used as a hydrophilic solvent for the organic fluorescent fluorophores and exhibits 

unlimited water miscibility. Then, 200 μL of the fluorophore dissolved in NMP at the 

concentration of 10 mM and 0.1 mM,
 
respectively, was added to the micellar solution under 

constant magnetic stirring. Half an hour later, 100 μL of neat VTES was added to the 

micellar system, and the resulting solution was stirred for about 1 hr. Next, the doped silica 

nanoparticles were precipitated by adding 20 μL of APTES or THPMP and stirring the 
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solution for 20 hrs at room temperature. The use of two different precursors such as APTES 

or THPMP allowed us to modify the surface of FSNPs with amine groups (NH2) or methyl 

phosphonate groups (MePO2
-
), respectively. To remove surfactants, co-surfactants, non-

encapsulated fluorophore and residues of unreacted precursors, the suspension was dialyzed 

against deionized water in a 8-10 kDa cutoff cellulose membrane Float-A-Lyzer G2 for 72 

hrs. Aqueous suspension of FSNPs was obtained at different concentrations and special 

care was taken to eliminate big particles by filtering the suspensions with a membrane filter 

with 0.2 μm cutoff. The resultant samples exhibited high colloidal stability. 

 

 

Appendix D. Fabrication of organic nanoparticles by laser ablation 

To fabricate O-NPs through LA method (NPs-LA), the first step was to grow single 

crystals of the BT2 fluorophore. A saturated solution of the compound (in hexane) was 

covered and kept undisturbed for slow evaporation of the solvent at room temperature. 

After few days crystals in the form of needles were obtained. These crystals of BT2 were 

pulverized mechanically to obtain micrometer-sized crystals of which 2 mg were suspended 

in 5 mL of milli-Q water containing the surfactant cetyltrimethylammonium bromide 

(CTAB) at the concentration of 0.8 × 10−3 M. Such microcrystals (suspended in the water-

CTAB solution using continuous magnetic stirring) were exposed to an intense laser beam 

of femtosecond pulses (800 nm wavelength, 650 μJ/pulse, 60 fs pulse width, 1 kHz 

repetition rate) provided by a Ti:Sapphire Regenerative Amplifier from Coherent Inc. 

Without any beam focusing (beam waist of ≈5 mm), the laser ablated the microcrystals 

during 60 min and the ejected material was trapped by the water–CTAB solution and 

stabilized as fluorescent O-NPs. Samples were filtered using membrane filters with 0.2 μm 

cutoff. Figure A2. 

 

 

Fig. A2. Laser ablation method to fabricate organic nanoparticles. 
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Appendix E. Surface modification of amino-functionalized SNPs 

with folic acid/Transferrin  
 

For an efficient bioconjugation, first it is necessary to obtain a quantitative estimation of 

amino groups of the FSNPs to use the appropriate amount of crosslinking agent and 

provide another reactive group at the other end to couple with the biomolecule.  2,4,6-

Trinitrobenzene Sulfonic  Acid (TNBS) is used for this purpose. It reacts with 

amine‐containing compound and a highly chromogenic product is generated whose 

absorbance is readily measured at 335nm. For quantitation of amines, the results were 

compared with a standard curve generated with an amine‐containing the compound 

prepared at various concentrations.  

In the first method to conjugate silica nanoparticles with folic acid, which is called S1, the 

following procedure was used: To 2 mL of suspension of FSNPs with amine groups in the 

surface dispersed in sodium phosphate (0.1M, pH~7.3), 200 μL of 0.1 M EDC solution was 

added, and the mixture was stirred at room temperature for 30 min. Then 2.2 mg of folic 

acid diluted in a sodium phosphate solution was added, and the reaction between folic acid 

and amino groups was allowed to proceed for 12 h. Finally, the suspension obtained was 

dialyzed against deionized water for 50 h to remove unreacted molecules.
49

 

The next method called S2 carried out is similar for bioconjugation of the BT2-SNPs with 

folic acid or transferrin. To a 2.5 mL of suspension of BT2-SNPs with amine groups in the 

surface, was added 2.5 mL of HEPES buffer (pH value ~8.0, 40 mM). Next, 121 μL of GA 

was added to suspension obtained, and we let the reactions between GA and amino groups 

last for about 12 hours. The reacted suspension was dialyzed against DI water to eliminate 

the unreacted excess GA molecules. Then, to the dialyzed suspension was added 5 mL 

HEPES buffer, and then it was divided by half, to the first part, 20 mg transferrin was 

added for conjugation and 2 mg of FA for the second part. The reaction was allowed for 

about 12 hours. Next, 5 mg of glycine were added to the suspension of nanoparticles to 

block the remaining aldehyde groups on the surface of the nanoparticles. Finally, the 

suspensions were dialyzed, purified and then stored at 4 °C.
v
 

In the third method, called S3, NHS-PEG-NHS was used for conjugation of BT2-SNPs. 

14.5 mg (MW: 3,000) was added to 2 mL of the suspension of BT2-SNPs (

M), and NaOH solution was added until the pH value of the solution was around 8. 

After 12 hours of stirring, the reaction solution was dialyzed against DI water for 24 h to 

remove the unreacted excess NHS-PEG-NHS molecules. Next, to BT2-SNPs-PEG 

suspension was added 1.33 mL HEPES buffer. 485 μL of GA was added, and the reaction 

lasted for about 12 hours. The reaction solution was then dialyzed against DI water to 

eliminate the unreacted excess GA molecules. 24 hours later 2.66 mL HEPES buffer was 

added to the dialyzed suspension and 4 mg Tf was added to 1 ml as-diluted suspension for 
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conjugation. Next, certain 6 mg were added to FSNPs-PEG-Tf to block the remaining 

aldehyde groups on the surface of nanoparticles. After purification, the suspension was 

stored at 4°C.
182

 Figure A3. 

 

 

Fig. A3. Schematic illustration of three routes for the bioconjugation of FSNPs. 

 

 

Appendix F. Agarose gel electrophoresis  
 
 

The functionalization and bioconjugation was monitored by agarose gel electrophoresis 

which is a successful technique used to separate nanoparticles according to size and shape, 

also it is commonly used to separate biomolecules and to sort nanoparticles according to the 

exact number of attached polymer chains.
vi

 

Agarose gels (0.35-0.5%) were prepared with and immersed in sodium bicarbonate solution 

and 1X TAE buffer (TRIS, Acetic acid, EDTA buffer). The gels are run in a horizontal 

electrophoresis system fabricated by the student Yenisey Ponce from the Group of Dr. Juan 

Luis Pichardo. The FSNPs-NH2 and FSNPs functionalized using different conditions in the 

synthesis were set and agarose gel is run for 30 min at 90-150 V in 0.5X TAE buffer. Gel 

images were recorded with a digital camera and processed the images only with small 
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linear contrast adjustments in order to give a true representation of the visual gel 

appearance.  

 

 

Appendix G. Cell cytotoxicity assay 
 

Methylthiazolyldiphenyl-tetrazolium (MTT) assays were performed to assess the 

cytotoxicity of fluorescent samples into HeLa and A549 cells. These cells were seeded in 

96-well plates and incubated at 37 ° C and 5% CO2 for 24 h to allow adherence in the well. 

Then dilutions (in the range 1:1-1:32) of the aqueous suspensions of M1(P1)-NPs, M1(P1)-

SNPs in DMEM medium were made and the cells were incubated 24 h to allow the 

suspensions of nanoparticles acting on all cells. After this, the medium was removed and 

replaced with fresh culture medium. Next, MTT (0.5mg/mL) in 1×PBS solution was added 

into each well. The MTT medium solution was carefully removed after 4 h of incubation 

and purple MTT-formazan crystals were formed. Finally, this precipitated was dissolved by 

adding isopropanol and the absorbance of MTT at 540 nm was measured by ELISA 

microplate reader (Labsystems Multiskan). The percentage of viability was obtained as 

follows: % Viability = OD treated cells × 100 / OD control cells. 

 

P1-SNPs

M1-SNPs

P1-NPs Triton

M1-NPs Triton

P1-NPs CTAB

M1-NPs CTAB

Triton

CTAB

Control Medio 
RPMI

 

Fig. A4 Cell cytotoxicity assay. Cells were seeded in 96-well plates and exposed with an aqueous 

suspensions of M1(P1)-NPs, M1(P1)-SNPs. Purple color shows that there are live cells. 
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