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Resumo 
 

Esta tese propõe um novo sistema de transporte de porfirinoídes, de modo a aumentar a 

eficiência da terapia fotodinâmica com a possibilidade de rastreamento (por emissão de luz) para 

terapia de cancro. Duas porfirinas diferentes: uma carregada negativamente, 5,10,15,20-(tetrakis)-(4-

sulfonatofenil) porfirina (H2TSPP-4) e uma carregada positivamente, 5,10,15,20-(tetrakis)-(N-metil-4-

piridinium-il) porpfirina (TMPyP) foram usadas como fotossensiblizadores e adsorvidas em 

microcápsulas com núcleo e com polielectrólitos sensíveis ao pH (PECs) de poli(estirenosulfonato) 

(PSS) e poli (hidrocloreto de alilamina) (PAH). A caracterização do sistema PEC foi realizada por 

absorção UV-Vis, emissão de fluorescência em estado estacionário e resolvida no tempo, microscopia 

de imagem de fluorescência resolvida no tempo, potencial zeta e microscopia de transmissão 

eletrónica. As principais características deste sistema de transporte são uma libertação elevada da 

carga (87,7%) em ambientes de pH ácido (~ 3,0), uma elevada estabilidade com baixa libertação da 

carga (2,18%) em ambientes de pH neutro e não-degradação do sistema por efeito da luz em ambientes 

não-oxidativos. Também é relatada a formação organizada de H4TSPP-2 em PECs em que o núcleo de 

CaCO3 funciona como um local de nucleação para a formação de estruturas de agulha radialmente 

distribuídas de agregados de porfirina. Estes últimos resultados foram publicados no dia 11 de julho de 

2017 em Langmuir (Publicações da ACS). 

Palavras-Chave: Microcápsulas, Porfirinas, Terapia Fotodinâmica, Polielectrólitos 

 
Abstract 
 

This thesis proposes a new porphyrinoid delivery system in order to increase the photodynamic 

efficiency with the possibility of light-tracking for Cancer therapy. Two different porphyrins: a negatively 

charged 5,10,15,20-(tetrakis)-(4-sulfonatophenyl) porphyrin (H2TSPP-4) and a positively charged 

5,10,15,20-(tetrakis)-(N-methyl-4-pyridinium-yl) porphyrin (TMPyP) were used as photosensitizers and 

adsorbed in pH-sensitive core-shell polyelectrolyte microcapsules (PECs) of poly(styrenesulfonate) 

(PSS) and poly(allylamine hydrochloride) (PAH). The characterization of the PECs system was made 

by UV-Vis absorption, steady state and transient spectroscopy, Fluorescence Lifetime Imaging 

Microscopy (FLIM), zeta potential and Transmission Electron Microscopy (TEM). The key characteristics 

of this delivery system are: pH dependence on encapsulation efficiency; a high load release (87.7%) in 

acidic pH (~3.0) environments; a high stability with very low release (2.18%) in neutral pH environments 

and non-degradation of the system by light in non-oxidative environments. It is also reported the 

organized self-assembly of H4TSPP-2 on PECs where the CaCO3 core works as a nucleation site for the 

formation of radially distributed needle-like structures of porphyrin aggregates. These last results were 

published on 11th July of 2017 in Langmuir (ACS Publications). 

Keywords: Microcapsules, Porphyrins, Photodynamic Therapy, Polyelectrolytes 
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According to a study from World Health Organization (WHO) in 2012, cancer is responsible for 

over eight million deaths and more than fourteen million new cancer cases were detected adding to 

thirty-two million people already living with cancer worldwide. Still, these numbers can have a tendency 

to increase. The International Agency for Research in Cancer reported that by 2035 over twenty-three 

million people should develop cancer and the death toll can increase up to fourteen million people [1]. 

This increase in incidence and mortality brings a focus to this problematic and a need to develop new 

therapeutics or improve current ones. 

The current cancer treatments are very limited. The options available are usually surgery or 

chemotherapy. Surgery implies removal of tissue or organ infected imposing a physical trauma to the 

patient which is not always applicable or successful due metastasized cancers. Chemotherapy is the 

major therapeutic approach for the treatment of localized and metastasized cancers with the use of 

chemical drugs, mostly intravenously administered. These drugs normally show limitations in: specificity, 

selectivity, therapeutic index, solubility and stability. Other limitations include: induction of chemo-

resistance and low molecular weight [2]. 

Previous limits might be overcome by using polyelectrolyte microcapsules as a delivery system 

of a therapeutic drug. 

These engineered micro-carriers offer advantages towards drug delivery, such as high 

loading/release of several drugs (as photosensitizer used in PDT), surface characteristics feasible for 

specific targeting, protection of drugs enhancing their stability, minimize their systemic clearance and 

also structural characteristics that enable their compartmentalization providing an easy way to 

incorporate different drugs and simultaneous therapeutics. 

The polyelectrolyte microcapsule properties drive the pharmacokinetics, the pharmacodynamics 

and the biodistribution of the entire system in vivo. Altering parameters such as size, conformation and 

surface can result in alterations regarding the interaction between the carrier and the biological 

environment [3,4]. 

 

a. Photodynamic Therapy 

The basis of PDT incurs in the use of photosensitizers, an adequate source of light (specific 

wavelength) and the oxygen dissolved in the target tissue [5] ending with the formation of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS), which are active molecules that are harmful 

for a normal function of the organism. These molecules can also be formed during physiological 

processes but extremely high levels of these molecules can appear with the development of certain 

diseases [6].  

When the concentration of antioxidants is low and a high level of free reactive species is present, 

the organism (and its cells) will suffer oxidative stress which can lead to cell damage, DNA mutation and 

numerous diseases [7]. Due to the high reactivity of oxygen species which are formed in the presence 

of photosensitizer, special attention has been given towards the development of new photosensitizers 

for therapeutic applications such as PDT. This therapy can be divided in two types (I and II) according 

to the amount of oxygen available in the tissue.In type I, there is a low concentration of oxygen in the 
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cell, the triplet excited state of the photosensitizer reacts with the tissue forming new radicals that react 

rapidly with oxygen present in the environment, leading to the formation of ROS (H2O2). In type II, there 

is a high oxygen concentration, the excited photosensitizer in the triplet state transfers energy to the 

triplet oxygen leading to singlet oxygen generation [1]. Type II refers to the conditions in which our study 

applies.  

The PDT has potential advantages comparing with conventional cancer therapies, there are: 

Non-Invasive; Can be target accurately and selectively in early or localized cancer; It can improve quality 

of life and lengthen survival (in case of advanced disseminated disease); Repeated doses can be given 

without total-dose limitation; has less side-effects; it doesn’t scar tissue; can be implemented with low 

infrastructures investments [8]. 

Cancer cells have a high supply of blood and a weak lymphatic drain which provides a high 

concentration of photosensitizers in this type of tissues comparing to the normal healthy tissue. This 

selectivity for cancer cells provides a higher generation of reactive oxygen species which improves the 

photodynamic efficiency [8]. 

One of the key components for PDT is the photosensitizer. It should be characterized by high 

chemical purity, activation wavelength adequate for tissue penetration, selectivity for tumor cells and 

formation of a long-lived triplet excited state. The most important factors are the period of 

photosensitivity, availability, concentration and the activation wavelength [9].  

 

b. Light Absorption and Excited state deactivation pathways 

As PDT is a process that starts with light absorption by the photosensitizer, it is important to 

study the physical-chemical pathways involved in the deactivation of its excited states.  

The photosensitizes, as the name indicates are sensitive to light (photons) and, as already has 

been stated, there is a need of a source of light at a certain wavelength to “activate” the photosensitizer 

that transfers energy to molecular oxygen with the formation of reactive oxygen species that interact 

with the cancer tissue. 

After light absorption, the molecule is excited to higher vibrational levels such as S1 or S2. the 

fluorophore undergoes an internal conversion process of relaxation from S2 to S1 occurring prior to 

fluorescence emission (figure 1). From the lowest energy vibrational state S1, the fluorophore can relax 

to a ground state energy level accompanied by an emission of fluorescence. The fluorescence 

processes always occur from the lower vibrational level of S1 as defined by Kasha rule [10]. The 

electronic excitations do not change the nuclear geometry so the spacing between the vibrational levels 

of the excited states and the ground state are similar originating a mirror-image between the emission 

and absorption spectrum. The absorption spectrum of a fluorophore shows distinct peaks resulting from 

different transitions to different vibrational energy levels. As a result, if a particular transition probability 

is allowed in absorption, the reciprocal transition is also most probable in emission. 

The molecules in the S1 state can undergo intersystem crossing to first triplet state T1 (figure 1). 

Although this transition can occur, it is normally a forbidden transition between energy states of different 

multiplicity since the enhancement of spin-orbit coupling due to the presence of heavy atoms (metals 
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and halogens) can be facilitated [11]. Afterwards, a radiative emission called phosphorescence 

happens, as it has longer wavelengths and longer lifetime than the fluorescence. 

 

The transitions between states are depicted as vertical lines that illustrate the instantaneous 

nature of light absorption. The molecule can then undergo relaxation radiative or non-radiatively. knr, kf, 

kp and kisc represent rate constants for non-radiatively decay, fluorescence decay, phosphorescence 

decay and intersystem crossing, respectively. 

The energy losses between excitation and emission are observed for fluorescent molecules in 

solution. This effect is known as Stokes shift [12] that can be attributed to the rapid decay of fluorophores 

from higher states of energy to the lowest S1 vibrational level. Fluorophores can also non-radiatively 

decay to higher S0 vibrational levels. In order to arrive at ground-state it still undergoes further energy 

loss due to thermalization. Fluorophores can exhibit further Stokes shifts due to solvent effects, excited-

state reactions, complex formation and energy transfer. 

 

c. Porphyrins 

To date, 400 compounds are known as photosensitizers and most of them are used in medicine, 

cosmetics and chemicals [8]. Single-molecule photosensitizers with low dark toxicity, adequate quantum 

yields (fluorescence, intersystem crossing and singlet oxygen formation), kinetic and thermodynamically 

stable with high stability are preferred over other fluorophores. First observation of tumor phototherapy 

(Haematoporphyrin derivative), first regulatory authorizations for clinical applications (Photofrin), one-

pot synthesis, possibility for group substitution and interesting photochemical and photophysical 

properties make porphyrins and their derivatives one of the most significant group of molecules for use 

in PDT [13]. 

 

The parent compound for all porphyrins is porphin, a planar hetero-macrocycle with D2h 

symmetry which consists of four pyrrolic moieties linked by their α-positions through methinic bridges 

[14]. The conjugated π-system contain 18 electrons along the shortest cyclic path and obeys the Hückel 

rule for aromatic systems. Two of the peripheral double bonds in the opposite pyrrolic rings are cross-

conjugated and their presence is not needed for the aromaticity so the reduction of these bonds 

Figure 1 – Diagram of energy levels for the excitation by photons of a molecule. S0, S1 and S2 represent 

the singlet electronic states of a molecule. T1 and Tn represent the first and higher triplet electronic states 

of a molecule, respectively.  
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+

H

H

+
pKa = 4.8

maintains the aromaticity [15]. Porphyrins have intensive absorption bands in the visible range in 

particular, the optical spectrum shows a very strong absorption band at the 400-450nm region (Soret 

Band)) and in the 500-700nm bands (the Q bands) [16] (figure 2D). Porphyrins also show a remarkable 

thermal stability [9] 

Porphyrins are substituted porphins with peripheral substituents which can be phenyl, pyridyl, 

4-bromophenyl, etc. Other substituents can be positioned at the center of the macrocycles of these 

porphyrins (eg. Metalloporphyrins) [15].  

In this study, two commercial available and water soluble porphyrins with different global 

charges were used: 5,10,15,20-(tetrakis)-(4-sulfonatophenyl) porphyrin (H2TSPP-4) and 5,10,15,20-

(tetrakis)-(N-methyl-4-pyridinium-yl) porphyrin (TMPyP). H2TSPP-4 is a tetra-anionic porphyrin that upon 

protonation of the nitrogen atoms (pKa≈4.8) within the macrocycle core forms H4TSPP-2 with a 

zwitterionic character and high capacity of self-assembly (figure 2A)  [17,18]. TMPyP is a tetra-cationic 

porphyrin (figure 2C) with high affinity with nucleic acids [19], preferential localization in tumor tissues, 

anti-HIV [20] and antibacterial activity [21] and reported use as active compound for singlet oxygen 

imaging of single cells [22] and for singlet oxygen photosensitization in skin fibroblasts [23]. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H2TSPP-4 has four sulfonatophenyl groups as meso-subsitituents (C44H28N4NaO12S4
-; Mr = 

955.954 g/mol) [24]. In the equilibrium crystal structure of tetraphenylporphyrins, its meso phenyl 

Figure 2 – (A,B) Acid-base equilibrium of H2TSPP-4 in aqueous solution, (C) TMPyP molecular structure, 

and (D) UV-Vis absorption spectra of [H2TSPP-4] = 1.99x10-6 M and [TMPyP] = 3.90x10-6 M. 

(A) (B) 

(C) 

(D) 

0

0,2

0,4

0,6

0,8

1

1,2

300 400 500 600 700 800

Ab
so

rb
an

ce

Wavelength (nm)
H2TSPP-4 TMPyP



7 
 

substituents are not co-planar with the macrocycles due to the intramolecular sterical hindrance between 

the hydrogen atoms in the ortho-positions of the phenyl rings and the adjacent hydrogen atoms at the 

porphin core [25]. This sterical hindrance leads to barriers to the rotation of the phenyl rings. The 

rotational motion of the phenyl rings is coupled to a saddle-shaped deformation of the porphyrin 

macrocycle by which the rotational barrier is reduced, during the transient co-planar orientation of phenyl 

rings and the macrocycles. The π-conjugation reaches a maximum, resulting in a further reduction of 

the rotational barrier [25]. At low pH values, H4TSPP-2 can assemble into highly ordered aggregates 

which have already been observed [26,27] and are thought of as a result of the intermolecular 

electrostatic attractions between the positively charged core and the negatively charged periphery 

substituents of the monomer. Other factors are known to influence porphyrin aggregation in aqueous 

solution, such as concentration, temperature, ionic strength, metal ions and counterions. [17]. 

 

TMPyP has four pyridinium groups as meso-substituents (C44H42N8; Mr = 682,858 g/mol). In this 

case, the environment has a great influence on its excited state properties [28]. In the presence of water, 

formation of hydrogen bonds between water molecules and the porphyrin core are observed, which 

increases the probability of energy dissipation through radiationless decay, reducing fluorescence 

quantum yield, and singlet and triplet excited-state lifetimes. TMPyP in organic solvents, however, 

demonstrates low sensibility to polarity and low ability to form hydrogen bonds. 

 

d. Microcapsules 

Several drug molecules cannot be formulated or administered by conventional techniques as 

they exhibit poor water solubility or have a short life-time in a complex environment such as the human 

body. There has been a rise in the need to develop systems that can carry and deliver precise quantities 

of such molecules to a specific target or tissue at a tailored release rate while protecting drug 

degradation by the body and the body from the side effects of the drug. In the last years, there has been 

a trend towards miniaturization that has challenged drug- delivery scientists to engineer novel systems. 

One of the relevant approaches was the development of Microcapsules, specifically polyelectrolyte 

microcapsules. 

 

The microcapsules have begun to be designed and employed in various fields of application, 

such as pharmacy [29], food industry [30], agriculture [31], cosmetics [32], textile industry [33], printing 

[34], biosensor engineering [35], active coatings [36] and construction [37]. The interest and the demand 

of developing new custom microcapsules systems with different applications continues to rise and the 

scientific research is important to understand the fundamental properties for ground breaking innovation. 

The microcapsules formed by the Layer-by-Layer technique have attracted interest, particularly because 

of the ability to tailor their properties (size, composition, porosity, stability, surface functionality, colloidal 

stability). Therefore, these systems open the possibility to use a large variety of materials, including 

synthetic and natural polyelectrolytes, nanoparticles and biomacromolecules [38]. 
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When devising and studying a polyelectrolyte microcapsule system, is important to have into 

account the core and polyelectrolyte characteristics and drug encapsulation, release and targeting 

profiles. 

The core/template chosen for formation of the system was CaCO3 obtained by mixing equal 

parts of CaCl2 and Na2CO3. These microparticles with a size distribution of 4-6 µm and 30-50 nm porous 

sizes allow time-dependent permeability for different macromolecules. Its medium polydispersity can be 

controlled depending on experimental conditions: type of salts used and their concentration, pH, 

temperature and rate of mixing can contribute for uniform, homogenous and non-aggregated crystalline 

porous microcapsules [39]. Other characteristic of CaCO3 microcapsules is their easy dissolution even 

after polyelectrolyte deposition [40]. 

Layer-by-Layer assembly (LbL) is an adsorption technique to prepare multilayered composite 

structures using the sequential adsorption of opposite charged materials. In polyelectrolytes the 

adsorption is self-limited as it is not possible to adsorb more polyelectrolyte once the surface it’s fully 

charged. In the experimental part of the work the polymers used are poly(allylamine hydrochloride) 

(PAH) and poly(4-styrenesulfonic acid) (PSS) (figure 3) [41]. 

 

 

PAH is a cationic weak polyelectrolyte whose overall charge varies depending on environment 

pH. PSS is an anionic strong polyelectrolyte that maintains its charge over a wide range of pH values. 

The self-assembly of PAH/PSS complex is driven by electrostatic interactions, polyelectrolyte 

conformation, as well as by entropy changes due to counterion release. Its formation is influenced by 

various physicochemical parameters like ionic strength, pH, temperature and solvent polarity [42]. 

Several parameters should be controlled such as the ratio of concentration of polyelectrolytes, the pH 

and ionic strength, in order to achieve an efficient LbL deposition.  

In basic pH environments the multilayer film is bigger and less polydisperse than in acidic 

conditions This behavior is due to the modification of the fractional charge of PAH when the solution pH 

changes. The charges in a linear polyelectrolyte chain will repel each other, causing the chain to adopt 

a more expanded conformation. Polyelectrolyte complex formation, structure and morphology can be 

understood considering the ionic strength. For low concentrated salt solutions, ranging from 0.1M to 

1.0M of NaCl is observed a decrease of the aggregation levels and an increase of the complex diameter 

Figure 3 – Molecular structure of PSS (a) and PAH (b) 

(a) (b) 
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due to charge screening. For high concentrated salt solutions above 1.0M, it is observed secondary 

aggregation and an aggregated complex due to the excessive charge screening [42]. The salt 

concentration was selected as [NaCl] = 0.5M for suitable complex size and decreased polyelectrolyte 

aggregation.  

The surface chemistry of the microcapsules dictates how they behave within a biological 

environment. This way, surface modification prevents the body from recognizing the capsules as foreign 

material and possibly deliver the capsules to particular locations within the body by targeting specific 

cell types. The recognition of a microcapsule as a foreign object by the body results in the destruction 

and excretion before cargo delivery. Various coatings like PEG [43] and lipids [44] have been applied to 

the outer layer of microcapsules to limit their interaction with biological environments: Cheng et al. [45] 

showed that nanoparticles coated with LbL films can be conjugated with branched PEG improving 

stability and lifetime in a physiological environment. Bio-functionalization of core-shell is possible for an 

increase in the target cell uptake directing to over-expressed targets. Integrins, folate receptors, or GD44 

glycoproteins are examples of possible targets. Antibodies as biorecognition elements have already 

been used for successful targeting. Caruso et al. [46] demonstrated the increase in cell uptake in a line 

of colorectal cancer cells of LbL core-shells functionalized with the monoclonal antibody huA33. 

There are two distinct profiles for releasing of therapeutic cargo once it has reached its target: 

instant (burst release) or slowly over an extended period (sustained release). Sustained release is 

desirable when the capsules should remain extracellular and so high doses can be dangerous or 

constant levels of drug are required [47]. The Burst release can be achieved by using an external 

stimulus to trigger degradation of the capsules. Different strategies have been proposed to engineer 

stimuli-responsive LbL microcapsules, with the aim of adjusting the permeability of the LbL and 

controlling the release of the cargo. The stimuli can be classified as chemical (pH, solvent, and 

electrochemistry) or physical (temperature, light, ultrasounds, magnetic fields and mechanical 

deformation) [48]. The change in pH from normal tissue (pH ~7.4) to cancerous tissue (pH~5) has 

motivated researchers to design pH-sensitive delivery vehicles for tumor cells. Luo et al. [49] prepared 

pH-responsive microcapsules with interaction between polyaldehyde dextran-graft-adamantane (PAD-

g-AD) and carboxymethyl dextran-graft-β-cyclodextran (CMD-g-β-CD). The pH-responsiveness was 

due to acid-sensitive hydrazine bonds in the PAD-g-AD. DOX (Doxorubicin) was loaded into the wall of 

the microcapsules by conjugation with AD through hydrazones. At the tumor sites, the hydrazone bonds 

were disrupted and AD groups were removed, leading to the destruction of the microcapsules and the 

release of DOX. 

Drug Release can also be triggered by light activation, such as near-infrared (NIR) light. Wu et 

al. [50]. described a proof-of-concept application of a multilayer vehicle for drug delivery and NIR light-

controlled release induced by the film-loaded AuNPs. They first coated a porous template with poly(L-

lysine)/bovine serum albumin (PLL/BSA) films and then added a temperature-sensitive gelatin hydrogel 

that was loaded with DOX and AuNPs. After the template dissolution, the drug delivery system was 

ready and DOX could be released into the surrounding medium via light-induced melting of the gelatin 

hydrogel. 
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The Burst release method can also be triggered via the intracellular uptake process itself, since 

in this case the capsule can be cross-linked by disulfide bridges where although it can be retained in the 

bloodstream, in the oxidizing environment of the cell, the disulfide linkages would be disrupted [51]. 
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a. UV-Vis Absorbance 

One of the equipment’s used was the absorption spectrophotometer in the (UV-Vis) range, in 

which the efficiency of light absorption at a wavelength λ by an absorbing medium is characterized by 

the absorbance A (λ) or the transmittance T (λ) defined as [52]:  

 

𝐴 (𝜆) = log       (1) 

 

𝑇 (𝜆) =       (2) 

 

Following the Beer-Lambert Law, the equation (1) can be described as: 

 

𝐴 (𝜆) = 𝜀(𝜆)𝑙𝑐      (3) 

 

Where ε(λ) is the molar absorption coefficient (expressed in Lmol-1cm-1), c is the concentration 

(mol L-1) of absorbing species and l is the absorption path length (cm). 

Derivation of the Beer-Lambert Law from considerations at a molecular scale is more interesting 

than the classical derivation (which states that the fraction of light absorbed by a thin layer of the solution 

is proportional to the number of absorbing molecules). Each molecule has an associated photon-capture 

area, called the molecular absorption cross-section σ, which depends on the wavelength. A thin layer 

of thickness dl contains dN molecules. dN is given by (4):  

 

𝑑𝑁 = 𝑁𝑎 ∙ 𝑐 ∙ 𝑆 ∙ 𝑑𝑙       (4) 

 

Where S is the cross section of the incident beam and Na is the Avogadro’s number. The total 

absorption cross-section of the thin layer is the sum of all molecular cross-sections, dN. The probability 

of photon capture is σdN=S and is simply equal to the fraction of light (-dI/I) absorbed (5): 

 

− = = 𝑁𝑎 ∙ 𝜎 ∙ 𝑐 ∙ 𝑑𝑙       (5) 

 

𝑙𝑛 = 𝑁𝑎 ∙ 𝜎 ∙ 𝑐 ∙ 𝑙       (6) 

 

𝑙𝑜𝑔 =
.

𝑁𝑎𝜎𝑐𝑙        (7) 

 

𝜎 =
.

= 3.825 × 10 𝜀   (8) 

 

For the practical use of the Beer-Lambert law, in general, the sample is a solution placed in a 

cuvette. The absorbance is characteristic of the absorbing species. Therefore, it is important to note that 

in the Beer-Lambert law, I0 is the intensity of the beam entering the solution but not is the incident beam 
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Ii on the cuvette, and I is the intensity of the beam leaving the solution but not the beam Is leaving the 

cuvette. In fact, there are some reflections and absorptions (in a less extent). Moreover, the solvent is 

assumed to have no contribution, but it may also be partially responsible for a decrease in intensity 

because of scattering and possible absorption.  

The contributions of the cuvette walls and the solvent can be taken in account, using the 

equations in figure 4. Using double-beam spectrometers, it automatically records the true absorbance 

of the sample, thanks to a double compartment containing two cuvettes, one filled with the solution and 

one filled with the solvent.  

When starting a measurement, the baseline of the instrument is recorded and stored. [52]. 

 

 

b. Zeta Potential 

Another measure done was the zeta-potential which is a key parameter to control surface 

charge of particles.  

 

Most colloidal dispersions in aqueous media carry an electric charge and the development of 

this charge at the particle surface affects the distribution of ions in the surrounding interface region 

(figure 5,6).  

Figure 4 – Absorbance measurements in a double-beam spectrophotometer [53]. 
 

Figure 5 – Zeta-Potential, measured at the boundary of the surface. [54] 
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An increase in the concentration of counter ions close to the surface results in the formation of 

an electrical double layer. The liquid layer surrounding the particle can be divided in two parts. The inner 

region is called Stern Layer where the ions are strongly bound and an outer (diffuse) region where they 

are less firmly associated. When the particle moves, the boundary moves with it. The potential at this 

boundary is called the zeta potential [53]. 

The zeta potential of the colloidal dispersion can be measure using the technique of micro-

electrophoresis [54]. In this technique, a voltage is applied across two electrodes at either end 

of the cell containing the particle dispersion. Charged particles are attracted to the oppositely 

charged electrode and their velocity is measured and expressed as their electrophoretic 

mobility. Light scattering is one of the most commonly used techniques for determining the 

electrophoretic mobility of particles. Laser Doppler electrophoresis measures the frequency 

shifts in the scattered light that arise owing to the movement of particles in an applied electric 

field (9). 

 

Δ𝑓 =
( )

       (9) 

 

Where v is the particle velocity, λ is the wavelength of the incident light and 𝜃 is the scattering 

angle. The measured electrophoretic mobility (UE) is converted into zeta potential (ζ) through Henry’s 

equation (10). 

𝑈 =
( )

      (10) 

 

Where ε is the dielectric constant of the dispersant, F(ka) is the Henry function and η is the 

viscosity. This equation only applies for isolated particles of zeta potential less than 25mV. In large 

particles, when F(ka)=1,5, the Henrys equation transforms in the known Smoluchowski equation [55], 

and applies when ka is large and the double layer is thin by comparison with the particle radius. 

 

Figure 6 - Laser Doppler electrophoresis instrument. [54] 
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c. Fluorescence Emission and Light Excitation 

To measure the fluorescence emission or the excitation spectra of a molecule is necessary to 

use a spectrofluorometer. The device has a light source, generally a high - pressure xenon arc lamp, 

which offers the advantage of continuous emission from ∼250 nm to the near infrared. It has a 

monochromator which is used to select the excitation wavelength. 

The fluorescence is collected at right angle with respect to the incident beam and detected 

through a monochromator by a photomultiplier. Automatic scanning of wavelengths is achieved by the 

motorized monochromators, which are controlled by the electronic devices and the computer (figure 7). 

The optical module contains various parts: a sample holder, shutters, polarizers and a beam 

splitter consisting of a quartz plate reflecting a few percentage of the exciting light toward a quantum 

counter or a photodiode [52]. A reference channel has two advantages: it compensates for the time 

fluctuations of the lamp intensity via a ratiometric measurement and it permits a correction of excitation 

spectra. 

Emission and excitation spectra are defined using the following expression for the measured 

fluorescence intensity (11): 

 

𝐼  (𝜆 , 𝜆  )  =  𝑘𝐹(𝜆  )𝐼  (𝜆𝐸 ){1 −  𝑒𝑥𝑝[−2.3𝜀(𝜆  )𝑙𝑐 ]} (11) 

 

Where λE is the excitation wavelength, λF is the wavelength at which the fluorescence is 

observed, I0 is the intensity of the incident beam on the sample, ε (λE) is the molar absorption coefficient 

at the excitation wavelength, l is the optical path in the sample, c is the molar concentration, and A (λE) 

is the absorbance at the excitation wavelength, F (λF) is the variation in fluorescence intensity per unit 

wavelength. k is an instrumental factor that depends on many parameters: geometry of observation 

(solid angle through which the light is collected), monochromators transmission efficiency, width of the 

Figure 7 –Conventional spectrofluorometer [52]. 
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monochromator slits, high voltage of the photomultiplier and gain of the electronic devices. Therefore, 

the numerical value of the measured fluorescence intensity has no meaning and the fluorescence 

spectrum is usually plotted in arbitrary units.  

The emission spectrum corresponds to the variations of IF as a function of λF, the excitation 

wavelength λE being fixed, whereas the excitation spectrum reflects the variations of IF as a function of 

λE, the observation wavelength λF being fixed. 

 

d. Fluorescence Lifetime Imaging (FLIM) 

Fluorescence Lifetime Imaging (FLIM) produces an image based on the differences in the 

excited state decay rate from a fluorescent sample. FLIM is a fluorescence imaging technique where 

the contrast is based on the lifetime of individual fluorophores rather than their emission spectra. The 

fluorescence lifetime is defined as the average time that a molecule remains in an excited state prior to 

returning to the ground state by emitting a photon (figure 8). 

 

As the fluorescence lifetime does not depend on concentration, absorption by the sample, 

sample thickness, photo-bleaching and/or excitation intensity are more robust than intensity based 

methods [56]. The excited-state lifetime of a fluorophore is sensitive to its microenvironment.  

 

Therefore, imaging of the lifetime provides complementary information on local physical 

parameters and chemical parameters in addition from the steady-state characteristics. Some 

applications of FLIM that have been reported are calcium (or other chemical) imaging; membrane 

fluidity, transport and fusion; imaging using RET (resonance energy transfer) for quantifying the distance 

between two species labeled with different fluorophores; DNA sequencing; Clinical imaging. FLIM has 

been developed using either time-domain or frequency-domain methods. In this study, it was used the 

time-domain FLIM.  

 

In principle, lifetime imaging is possible by combination of the single-photon timing technique 

with scanning techniques. However, the long measurement time required for collecting photons at each 

point is problematic. Alternatively, a gated microchannel plate (MCP) image intensifier can be used in 

Figure 8 - Generalized setup of a fluorescence lifetime imaging microscope [56]. 
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conjunction with a slow-scan cooled CCD camera for digital recording. Laser picosecond pulses are 

used to illuminate the entire field of view via an optical fiber and a lens of large numerical aperture. At 

time td after excitation by a light pulse, a sampling gate pulse (duration Δt) is applied to the photocathode 

of the image intensifier. Fluorescence can thus be detected at various delay times (multigate detection). 

For a single exponential decay of the form α exp (-t/τ), two delay times t1 and t2 are sufficient (figure 9).  

 

The corresponding fluorescence signals D1 and D2 given by: 

 

𝐷 = ∫ 𝛼 exp(− )
Δ

 𝑑𝑡        (11) 

 

𝐷 = ∫ 𝛼 exp(− )
Δ

 𝑑𝑡        (12) 

 

By this procedure, which requires calculation from only four parameters (D1; D2; t1 and t2), 

lifetime images can be obtained. Time-resolved images can be accumulated on the CCD chip by 

repeated pulse excitation. The images are then read out to a computer [52]. 

 

 

 

 

 

 

 

e. Transmission Electron Microscopy (TEM) 
A transmission electron microscope (TEM) is an instrument that is used to directly visualize 

small or thin samples using electrons rather than photons as an illumination source. Typical components 

of a typical TEM are an electron gun to illuminate the specimen, condenser lenses to focus the electrons, 

an objective lens to form the image, intermediate and projector lenses to magnify the image, and either 

a fluorescent screen or charge-coupled device (CCD) camera (or film) to observe or record the image. 

Ernst Ruska in 1933 showed that electrons, with their much shorter wavelengths than light, could 

produce higher resolution images from a microscope.  

 

The most common electron gun in these instruments is called a thermionic gun. Thermionic 

guns work by applying a current to the filament to create a hot cathode. As current is applied to the 

filament, the filament becomes hotter. As the thermal barrier (work function) keeping the electrons bound 

Figure 9 - Principle of lifetime measurement by the gated image intensifier [52]. 
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to the filament is exceeded, electrons are ejected into the column by a process called thermionic 

emission (figure 10). 

 

 

The ejected electrons are then accelerated toward the anode and focused through an 

electrostatic lens. As the electrons accelerate through the Wehnelt and pass the anode, they encounter 

the condenser lenses (two or three), which focus the beam of electrons and pass them through the 

condenser aperture to evenly illuminate the thin sample. Once the electrons exit the condenser aperture, 

they evenly illuminate the specimen.  

 

The interaction between the specimen and the electron beam produces different types of 

radiation: Direct beam; Coherent beam; Incoherent Beam; Elastic Beam and Inelastic Beam. When the 

beam impinges on and passes through the specimen, a significant portion fails to interact with it at all 

and is unaffected by the specimen. This is called the direct beam.  

A coherent beam is one in which all of the electrons are in phase with each other and have the 

same wavelength, energy, and speed.  In an incoherent beam, the electrons have different wavelengths, 

different energies, and travel at different speeds in different directions. After the beam passes through 

the specimen, elastic or inealastical electrons are detected.  

Elastic electrons retain their energy and speed with a negligible amount of energy loss after 

passing through the specimen. Inelastically scattered electrons have lost a significant portion of their 

energy as a result of interaction with the specimen.  

The direct and scattered beam passes through the objective lens. The objective aperture serves 

two important roles. Its first role is to filter out the electrons scattered to high angles. Its second role is 

to increase the image contrast reducing the charge that builds up as a result of exposure to the electron 

beam.  

 

Figure 10 - Design and layout of a generic transmission electron microscope [57]. 
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The escape of electrons from the specimen builds a net positive charge upon the specimen 

surface that deforms the specimen and acts as an imperfect lens that distorts the image. When the 

objective aperture is inserted, the scattered beam coming from the specimen affects the aperture and 

produces back-scattered electrons that travel back to the specimen.  

Since these electrons have less energy than the incident beam, they affect the specimen and 

remain, tending to neutralize the positive charge accumulating in the specimen. Without the aperture, 

nonconductive biological specimens like thin sections from resin-embedded tissue prepared by 

ultramicrotomy can overcharge, melt, and break before they can be imaged because of the charge.  

 

The intermediate lenses and the projector lens are used to set the magnification of the image 

and project it either onto a fluorescent screen or onto a CCD camera or film for recording [57]. 
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a. Materials 

Poly(styrenesulfonate), PSS (MW ∼ 75000, 18% wt.%), poly(allylamine hydrochloride), PAH 

(MW ∼ 15000), H2TSPP-4 (ε413 = 5.1x105 M-1cm-1) and TMPyP (ε422 =2.49x105 M-1 cm-1) were obtained 

from Sigma-Aldrich. Diammonium ethylenediaminetetraacetate monohydrate, EDTA (MW ~326) was 

obtained from TCI. Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used to control pH and 

were purchased from Sigma-Aldrich. All reagents were used as obtained. Polyelectrolyte solutions (3 

mg/mL, 0.5 M NaCl) were prepared in bi-distilled water and adjusting pH at 6.5 (NaOH) or pH 3.0 (HCl). 

H2TSPP-4, TMPyP solution (3x10-4M) and EDTA were prepared in bi-distilled water.  

Preparation of CaCO3. CaCO3 used for the polyelectrolyte core was obtained by adding equal 

volumes of CaCl2 (0.1M) and Na2CO3 (0.1M) and mixed for one minute under intense stirring and let to 

rest for 5 minutes. CaCO3 microparticles were recovered after supernatant removal followed by three 

washing/centrifugation cycles. 

Preparation of Polyelectrolyte Microcapsules. The polyelectrolyte microcapsules were 

prepared by dispersing the CaCO3 template in an aqueous PAH (3mg/ml, 0.5M NaCl) solution. After 

stirring for 30 minutes and centrifugation (6000 rpm, 10 minutes), the particles are recovered and the 

supernatant removed. After three washing/centrifugation cycles to remove the excess PAH, the particles 

are resuspended in an aqueous PSS (3mg/ml, 0.5 NaCl) solution. This layer-by-layer deposition 

technique of opposite charged polyelectrolytes was repeated until four or five polyelectrolyte layers were 

adsorbed. 

Porphyrin Adsorption onto Polyelectrolyte Microcapsules. H2TSPP- or H4TSPP-24 and 

TMPyP were adsorbed onto polyelectrolyte microcapsules with PAH and PSS as the last layer, 

respectively. Polyelectrolyte microcapsules resuspended in water were added to a porphyrin solution 

(3µM, pH 6.5 or pH 3.0) and mixed for one hour. After centrifugation the supernatant is removed and 

stored and the functionalized microcapsules are washed three times with distilled water (pH 6.5 or pH 

3.0). 

Polyelectrolyte Microcapsules Porphyrin Release. In a quartz cuvette porphyrin dopped 

polyelectrolyte microcapsules are added to a release solution. A gastric solution, was prepared by 

dissolving 0,2% (w/v) NaCl in water and adjusting pH 2.0 (HCl) and an intestinal solution was prepared 

by dissolving 0,68% (w/v) KH2PO4 in water with and adjusting pH = 7,2 (NaOH) [58]. The supernatant 

fluorescence emission is then measured, under stirring, over time. 

Preparation of Hollow Polyelectrolyte Microcapsules. Hollow polyelectrolyte microcapsules 

were obtained by suspending microcapsules in EDTA (10 mL, 0.1 M) and stirring for 30 min at room 

temperature. This process was repeated twice. The prepared hollow polyelectrolyte microcapsules were 

washed three times with distilled water before further use. 

 

 



24 
 

Formation of J-aggregates on Polyelectrolyte Microcapsules. The polyelectrolyte 

microcapsules were left overnight at room temperature in an aqueous solution of H4TSPP-2 at pH =3.0 

without stirring. Afterwards, the supernatant is removed and the PECs are washed with distilled water 

at pH 3.0. 

b. Methods 

A Jasco V-560 and a Hitachi (U-2000) spectrophotometers were used in UV–vis absorption 

measurements. Corrected fluorescence measurements were recorded with a SPEX Fluorolog 

spectrophotometer (Horiba Jobin Yvon).  

FLIM measurements were performed with a time-resolved confocal microscope (MicroTime 

200, PicoQuant GmbH). The excitation at 483 nm/639 nm was carried out by a pulsed diode laser at a 

repetition rate of 10/20 MHz. The fluorescence lifetime was detected with a single-photon counting 

avalanche diode (SPAD) (PerkinElmer) whose signal is processed by TimeHarp 200 TC-SPC PCboard 

(PicoQuant) working in the time-tagged time resolved (TTTR) operation mode. For point-by-point 

measurements, fluorescence decays of more than thirty-pixel points were collected from random points 

chosen within microcapsules.  

The pH was measured at 24.0◦C with a Denver Instrument Model 215 pH sensor and the 

adjustment to the desired pH values accomplished by the addition of HCl or NaOH. 

The zeta potential values were measured in a Doppler electrophoretic light scattering analyzer, 

Zetasizer Nano ZS from Malvern Instruments Ltd. 

Transmission Electron Microscopy (TEM) images were obtained by a Hitachi 8100 transmission 

electron microscope operating at 200 kV with an energy dispersive X-ray spectrometer (EDS). 

The light-mediated release was done using with a mounted High-Power LED (595L3) from 

THORLABS with a nominal wavelength of 595nm allowing to achieve an irradiance of 0.5mW/cm2. 
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CHAPTER 4 

 

Porphyrin Interaction with 
Polyelectrolyte Microcapsules 
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CaCO3CaCO3 CaCO3

PAH H2TSPP-4 PSS TMPyP

The optical properties and amount of the fluorophore adsorbed onto polyelectrolyte 

microcapsules are important conditions to infer the system PDT efficiency. Three different 

polyelectrolyte microcapsules systems were designed and prepared. These systems have four or five 

layers of positive and negative polyelectrolytes and a porphyrin is adsorbed in the last one (figure 11). 

CaCO3(PAH/PSS)2PAH H2TSPP-4, CaCO3(PAH/PSS)2 H2TSPP-4 and CaCO3(PAH/PSS)2 TMPyP were 

obtained using layer-by-layer methodologies. 

The first part of this chapter is dedicated to the optimization of the experimental procedure in 

order to achieve the best pH conditions for layer-by-layer assembly and porphyrin loading, followed by 

a detailed study on the optical properties (UV-Vis absorption and steady state emission) and FLIM of 

the optimized systems. In the second part of the chapter, the encapsulation efficiency and release kinetic 

profiles were determined and compared.  

 

 

 

 

 

 

 

 

  

Figure 11 – Polyelectrolyte microcapsules studied. (A) CaCO3(PAH/PSS)2PAH H2TSPP-4, (B) 

CaCO3(PAH/PSS)2 H2TSPP-4 and (C) CaCO3(PAH/PSS)2 TMPyP. 

 

a. H2TSPP-4 Interaction – UV-Vis Absorption and Emission studies 

To study the interactions of H2TSPP-4 with polyelectrolyte microcapsules, we started by 

adsorbing a H2TSPP-4solution at pH 6.5 onto pre-formed CaCO3 (PAH /PSS)2 PAH structures. After the 

adsorption and washing procedures the UV-Vis absorbance spectrum was acquired and analyzed 

(figure 12). It was observed a spectrum composed by two main bands in Soret region (413 nm and 430 

nm) and four bands in the Q-region (500-700 nm) one at 413 nm corresponding to the Soret band of 

H2TSPP-4 and another red shifted band at 430 nm. 

Figure 12 – UV-Vis spectrum of CaCO3(PAH/PSS)2PAH H2TSPP-4 (pH 6.5). 

430 nm  
413 nm 

(A) (B) (C) 
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In a first glance to justify the presence of these two bands, we started by studying the interaction 

of H2TSPP-4 which each one of polyelectrolytes (PAH and PSS) in solution by absorption and emission 

spectroscopy (figure 13 and table 1). 

Table 2 – Maxima absorption (𝜆 ) and emission (𝜆 ) (for H2TSPP-4 in water, PAH and PSS 

polyelectrolyte solutions.  

  𝜆  (nm) 𝜆  (nm) 
   

H20 (pH=7) (a) 413 650;708 
PAH (a) 400 650;708 
PSS (b) 420 650;718 

(a) 𝜆 = 413 nm (b) λ = 420 nm 

 

The interaction of H2TSPP-4 with PAH is electrostatically favored as H2TSPP-4 and PAH have 

opposite charges. This interaction is verified by a broadening of the Soret band in the H2TSPP-4 

absorption spectrum and a hypsochromic shift of the maximum wavelength from 413 nm to 400 nm, 

characteristic of H-aggregates formation.   

 

It was chosen an excitation wavelength of 400 nm to obtain the emission spectrum of H2TSPP-

4 in a PAH solution. Nevertheless, the emission spectrum has the same form and both two maximum 
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Figure 13 – UV-Vis absorption (a), fluorescence (λexcH2TSPP-4, PAH = 413 nm; λexcPSS = 420 nm) (b) and 

excitation spectra (λ = 650 nm) (c) of H2TSPP-4 (3.9x10-7M) in water and polyelectrolyte solutions 
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wavelengths for 650nm and 708nm as H2TSPP-4 in aqueous solution at pH=7 (figure 13 b). Also, the 

excitation spectra obtained at 650 nm (Figure 13 c) overlaps in each point its absorption spectra of 

H2TSPP-4 in water. Therefore, the fluorescence observed should be a result of the remaining monomeric 

H2TSPP-4. 

The H2TSPP-4 interaction with PSS is not electrostatically favored as both porphyrin and 

polyelectrolyte have the same charge. Nevertheless, the interaction of H2TSPP-4 and PSS promote a 

bathochromic shift of the Soret band from 413 nm to 420 nm. When using 420nm as an excitation 

wavelength, the maximum emission wavelength for the solution of H2TSPP-4 and PSS is 650nm and 

718nm. The second maximum is the only with a visible change (~10nm) which implies a modification of 

the vibrionic levels of H2TSPP-4 as the overlap of both bands is also reduced when compared with the 

free-base H2TSPP-4 at pH=7.  

By comparison of the spectra of H2TSPP-4 in PAH solution with the ones observed previously 

for microcapsules resuspended in water at pH 6.5 (figure 12), it is possible to infer that the interaction 

of PAH as the microcapsules external layer, does not induce the formation of H aggregates as it occurs 

in solution. Two main reasons may be in the origin of this observation: a lower concentration of PAH 

adsorbed or a preferential location of H2TSPP-4 in more hydrophilic environments such as interstitial 

water as revealed by the presence of the absorption band at 413 nm and the typical emission bands of 

H2TSPP-4 in water. Another interesting point is the changes observed in the absorption spectra of 

H2TSPP-4 due to the presence of PSS. Although the wavelength maxima of the unknown band at 430 

nm in polyelectrolyte microcapsules is 10 nm red shifted when compared to the one Soret band of 

H2TSPP-4 in PSS solution the possibility that the two are due to the same type of interaction should not 

be disregarded, since the differences accounted for may be related with adsorption. 

In order to best understand the porphyrin interaction with each one of the polyelectrolyte 

constituents in PECs, the effect of the pH of the last layer was studied. PECs were washed with water 

at pH 3.8, 4, 5, 6.5 and 8 and the zeta potential was measured (figure 14). A total reversal of zeta 

potential was observed for pH 3.8 and 4. 

 

 

 

 

 

 

 

Figure 14 – Effect of the pH of the washing solution on the zeta potential of the polyelectrolyte 

microcapsule. It was done two different measurements for pH =6.0, 5.0 and 4.0. For 4.0 B, only the 

last layer was washed with pH=4.0 between the rest of them washed with pH=5.0. 
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After optimizing the experimental pH for the total reversal of the surface zeta potential, two 

different experiments were designed.  The conditions used were CaCO3(PAH/PSS)2PAH with a washing 

pH of 4.0 adsorbed with a H2TSPP-4 solution with pH 6.5 and CaCO3(PAH/PSS)2 with a washing pH of 

6.5 adsorbed with a H2TSPP-4 solution with pH 8.0 (figure 15). 

 

It is interesting to note that the nature of the polyelectrolyte last layer as well as the surface 

charge has a direct outcome on H2TSPP-4 interactions within polyelectrolyte microcapsules. For 

CaCO3(PAH/PSS)2PAH microstructures with a positive last layer, only one band in the Soret region of 

the absorption spectra with a maximum wavelength at 413 nm was detected. In contrast, when H2TSPP-

4 was adsorbed onto polyelectrolyte microcapsules CaCO3(PAH/PSS)2 with a negative last layer, the 

only absorption band observed in the absorption spectra has its maximum at 430 nm. Nevertheless, it 

was possible to design two systems where the appearance of only one specific H2TSPP-4 form is 

obtained.    

In the first system the low pH should increase the protonation of PAH and increase water 

polyelectrolyte microcapsules content, leading to a higher adsorption of H2TSPP-4 in water rich 

environments, as reflected by the presence of the absorption band at 413 nm. In the second system, 

the lower protonation of PAH and the last layer PSS increased the hydrophobicity and electrostatic 

repulsion of the system. In this case the adsorption of H2TSPP-4 near PSS, probably mediated by 

counterions, or its location in more hydrophobic environments should be preferred. Bédard et al. 

reported a red shift on the Soret band of H2TSPP-4 sandwiched between PAH and PSS layers to 424 

nm. [47]. 

The difference observed in spectra baseline is related with the dispersion of light due to 

polyelectrolyte microcapsules Brownian motion. In the CaCO3(PAH/PSS)2PAH H2TSPP-4 system, the 

microcapsules have a tendency to deposit in the cuvette. In the CaCO3(PAH/PSS)2 H2TSPP-4 system, 

the microcapsules tend to suspend in solution. 

To proceed the study of the differences of H2TSPP-4 form in polyelectrolyte microcapsules, it 

was examined the emission spectrum of both systems present in figure 15. The excitation and 

deexcitation of a fluorescent molecule is related to the electronic transition induced by photon absorption 

Figure 15 – UV-Vis spectra of (A) CaCO3(PAH/PSS)2PAH H2TSPP-4 and (B) CaCO3(PAH/PSS)2 

H2TSPP-4 systems in water. 

(A) (B) 
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that consists of the passage of electrons from a lower electronic state, ground state, to a state of higher 

energy and return back to the ground state [52]. 

 

The differences between both systems are a slight shift to the higher wavelengths (~4-14nm) 

accompanied by an overall decrease of fluorescence emission probably due to lower porphyrin 

concentrations (see next section). Interestingly the emission spectra of CaCO3(PAH/PSS)2PAH 

H2TSPP-4 and the emission spectra of CaCO3(PAH/PSS)2 H2TSPP-4 are quite comparable to the ones 

obtained for H2TSPP-4 in water and in PSS solutions, respectively, in accordance with the previous 

results obtained by absorption spectroscopy.  

The excitation spectra of both systems were also measured and analyzed. The excitation 

spectrum is an important measure as it provides useful information regarding the presence of different 

fluorescent species or when a sole species is present in different forms in the ground state energy level. 

In the presence of a single type of molecules in the ground state the corrected excitation spectrum is 

identical in shape with the absorption spectrum of that same molecule. If that is not verified is possible 

to conclude that the molecules are present in different forms in the solution as in form of aggregates, 

complexes or tautomeric forms. 

Using the information of the emission spectra of both systems in figure 16, it was selected the 

emission wavelength for which the excitation of the system was monitored. For the polyelectrolyte 

microcapsule system CaCO3(PAH/PSS)2PAH H2TSPP-4, the emission wavelengths selected for the 

excitation spectrum were 650 nm and 718nm (figure 16). 

Figure 16 - Normalized Emission Spectra of H2TSPP-4 adsorbed on polyelectrolyte microcapsules 

for easier comparison. 
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The excitation spectra obtained allows to confirm that the emission peaks of 

CaCO3(PAH/PSS)2PAH H2TSPP-4 match with the absorbance spectrum of the same system. It is then 

possible to confirm that the emission spectra obtained only regards monomeric H2TSPP-4 in water (figure 

17). 

To conclude, the study done with H2TSPP-4 in sole interaction with the polyelectrolytes did not 

give a straight answer regarding the shift of Soret band maximum of the absorbance spectrum to 430 

nm. In the system CaCO3(PAH/PSS)2, H2TSPP-4 is electrostatically repulsed as it has the same charge 

of PSS polyelectrolyte and the deprotonation of PAH caused by the increase of the pH value, decreased 

the volume of water present inside the microcapsule and the mobility of charged counterions [59]. 

H2TSPP-4 absorbance maximum at 430 nm should be consequence of an arrangement of H2TSPP-4 

monomers, that are spread in certain hydrophobic domains near PSS polyelectrolyte.  

TMPyP Interaction – UV-Vis Absorption and Emission studies 

Similarly to H2TSPP-4 the adsorption of TMPyP onto polyelectrolyte microcapsules 

CaCO3(PAHPSS)2 was also followed by UV/Vis absorption and Fluorescence Spectroscopy. 

The TMPyP UV-Vis spectrum changes whether it is present in solution and when it is adsorbed 

in polyelectrolyte microcapsules (figure 18). 

Figure 17– Excitation Spectra normalized of H2TSPP-4 on both polyelectrolyte microcapsules 

systems. A- λem=650 nm; B- λem=718nm. 
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It is noticeable a small redshift (~4nm) and a broadening of the Soret band when adsorbed into 

the microcapsules and also a decrease in intensity relatively to both Q-bands. There is also a variation 

between the emission spectra of TMPyP when is free in solution and adsorbed onto polyelectrolyte 

microcapsules (figure 18). 

The free base water TMPyP presents a characteristic emission spectrum with two vibrational 

bands Q (0,0) and Q (0,1) around 650 nm and 718 nm, respectively. The unresolved emission is 

described in literature [19]. The Q (0,0) emission band appears as a shoulder of the broad Q (0,1) band 

which is explained by the mixing of the first excited state of TMPyP with nearby charge transfer state 

due to electron transfer between the porphyrin core to the pyridinium meso-substituents. The rotational 

freedom of the pyridinium group determines the degree of coplanarity and resonance between the 

porphyrin core and pyridinium meso-substituents. 

The interaction of TMPyP with PSS changes the absorbance spectra of TMPyP in solution. The 

maximum of the Soret band changes from 422 nm to 433 nm. The interaction with PAH is not favored 

and the absorbance spectrum does not change from one of the free base porphyrin.  The broadening 

observable in the spectrum of TMPyP adsorbed microcapsules are a result of the interaction with the 

shell (figure 19). This interaction also promotes the resolution of the emission spectrum and allows a 

visible separation of the Q (0,0) and Q (0,1) band. This resolution occurs due to the modification of the 

degree of coplanarity of the pyridinium group and the electron transfer to the sulfonate group of PSS. 

The interaction with PAH polyelectrolyte is not favored due to electrostatic repulsion. It is only 

visible a decrease of fluorescence intensity in the emission spectrum. 
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Figure 18 – UV-Vis absorbance spectra normalized of TMPyP absorbed onto polyelectrolyte 

microcapsules (orange) and in aqueous solution (4.9x10-6 M) (blue) (pH=7).  
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The polyelectrolyte microcapsule emission spectrum is obtained as a combination of the 

interaction of PSS and water, as it can be denoted by a loss in the vibrational resolution when compared 

to PSS alone (Figure 19b)  

 

It was done an excitation spectrum of TMPyP in polyelectrolyte solution, revealing a maximum 

at 422 nm in PAH and a maximum at 428 nm in PSS. As the PAH interaction is not favored, the excitation 

spectrum is overlapping with the same solution absorbance spectrum meaning that the monomeric 

TMPyP aqueous solution contributes to the emission in PAH. The interaction of TMPyP with PSS is 

favored and, by the absorbance and emission spectrum is notable this influence. In the excitation 

spectrum this is confirmed, being obtained a spectrum in which the maximum shifts ~6nm. In fact, this 

TMPyP form is the most responsible for the emission spectra and resolution.  

b. Porphyrin adsorption by polyelectrolyte microcapsules: Spectroscopic studies 

i. Encapsulation Efficiency 

The efficiency of a drug delivery system depends on the amount of pharmaceutical that can 

transport. To characterize and compare our systems, it was calculated the encapsulation efficiency by 

UV-Vis absorbance. We started by determining the amount of porphyrin adsorbed per amount of 

polyelectrolyte microcapsule. For this, we measured the absorption of the supernatant of a porphyrin 

solution (H2TSPP-4/TMPyP, 0.3mg/ml) before and after one hour in contact with a known amount of 

polyelectrolyte microcapsules (figure 20). The difference found in absorption is proportional to the 

concentration of porphyrin adsorbed by polyelectrolyte microcapsules, accordingly with Beer-Lambert 

law. After separation of the supernatant from the polyelectrolyte microcapsules by centrifugation, the 

Figure 19 - UV-Vis absorption (a), fluorescence emission (λexc = 508 nm) (b) and excitation spectra 

(λem = 718 nm) (c) of TMPyP (4.9x10-6 M) in polyelectrolyte aqueous solution (3mg/ml) and adsorbed 

onto PECs. 
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microcapsules were dried in vacuum and weighed. The encapsulation efficiency was then calculated 

(Table 2, Annexes 1). 

Table 2 – Encapsulation Efficiency of the systems studied (mean values of three experiments). 

System Encapsulation Efficiency (%) 

CaCO3(PAH/PSS)2PAH H2TSPP-4 2.32 ± 0.06 

CaCO3(PAH/PSS)2 H2TSPP-4 0.42 ± 0.02 

CaCO3(PAH/PSS)2 TMPyP 1.43 ± 0.08 

 

The system more efficient to encapsulate porphyrin was the CaCO3(PAH/PSS)2PAH with the 

higher mass of H2TSPP-4 adsorbed by mass of polyelectrolyte microcapsules (Table 2). The 

encapsulation efficiency of this system was almost 1% higher than CaCO3(PAH/PSS)2 TMPyP and 

approximately six times higher than CaCO3(PAH/PSS)2 H2TSPP-4.  These results are as expected as 

the electrostatic interactions between opposite charged polyelectrolytes and porphyrins are favored. 

Figure 20 – UV-Vis absorbance spectra of the initial and final supernatant solutions of (a,c) H2TSPP-4

and (b) TMPyP. The correspondent microcapsules systems are (a) CaCO3(PAH/PSS)2 PAH H2TSPP-4

(b) CaCO3(PAH/PSS)2 TMPyP and (c) CaCO3(PAH/PSS)2 H2TSPP-4. I, II and III refer to three

independent experiments. 
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ii. Characterization by Fluorescence Lifetime Image Microscopy (FLIM)  

FLIM measurements were also done in order to compare both systems of H2TSPP-4 adsorbed 

in polyelectrolyte microcapsules. The polyelectrolyte microcapsules non-functionalized are non- 

emissive upon irradiation at λexc=635nm therefore is possible to conclude that the emission observed 

only arises from the adsorbed H2TSPP-4. A TEM image of the non-functionalized systems is shown in 

figure 21, assuring a good circular shape previous to porphyrin adsorption. Figure 22 is the FLIM image 

of H2TSPP-4 adsorbed onto CaCO3(PAH/PSS)2 PAH polyelectrolyte microcapsules of the same sample 

at different scales. 

 

 

 

 

 

 

 

 

The intensity of H2TSPP-4 fluorescence at the microcapsules depends on the form and on its 

location. The FLIM images obtained from the system CaCO3(PAH/PSS)2PAH H2TSPP-4 shows 

micrometric fluorescent rounded shapes (matrix-type) well dispersed and with the same shape as the 

microcapsules in the TEM study (figure 21). It also shows that H2TSPP-4 diffuses into the multilayer film, 

from the interface to the inner core (figure 22).  

B 

Figure 22 – FLIM of H2TSPP-4 adsorbed onto CaCO3(PAH/PSS)2 PAH polyelectrolyte microcapsules. 

(A) 80µm2; (B) 20µm2; (C) 5µm2 

A C B 

B 

Figure 21 – TEM image of polyelectrolyte microcapsules CaCO3 (PAH/PSS)2 PAH. 
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The figure 23 is the FLIM image of H2TSPP-4 adsorbed onto CaCO3(PAH/PSS)2 polyelectrolyte 

microcapsules of the same sample at different scales. Figure 22B and 22C are both microcapsules 

which demonstrate a high variability of the system as different microcapsules present a different 

distribution of lifetimes. 

The FLIM images show a less uniform system as it is only visible irregular microcapsule shapes 

with different range of lifetimes and it is also difficult to differentiate the core and periphery of the 

microcapsule. The microcapsules of the CaCO3(PAH/PSS)2 H2TSPP-4 system have smaller diameters 

(3-3,5µm) that CaCO3(PAH/PSS)2PAH H2TSPP-4 system (4,5-5µm). 

 ԏ1 (ns) A(%) ԏ 2 (ns) A (%) ԏ 3 (ns) A(%) ԏ avg χ2 

H2O* 10 100 - - - - 10 1,066 

PAH* 1 62 10,9 38 - - 9,6 1,187 

PSS* 3,2 62 10,5 38 - - 7,7 1,102 

CaCO3(PAH/PSS)2PAH (a) 0,9 28,4 4,5 40,8 8,7 30,8 4,8 1,01 

CaCO3 (PAH/PSS)2PAH (b) 0,6 35,1 2,8 46,0 6,0 18,9 2,5 0,962 

CaCO3 (PAH/PSS)2 (a) 0,5 52,7 3,5 27,6 9,3 19,6 3,1 1,069 

CaCO3 (PAH/PSS)2 (b) 0,5 56,9 3,2 26,6 9,1 16,5 2,6 1,055 
*[60]  
(a) Core (b) Periphery 
 

 

Figure 23 - FLIM of H2TSPP-4 adsorbed onto CaCO3(PAH/PSS)2 polyelectrolyte microcapsules. (A) 

80µm2; (B) 5µm2; (C) 5µm2. 

Table 3 – Fluorescence lifetimes of H2TSPP-4 (pH=7) in aqueous solutions with polyelectrolytes 

and associated with the polyelectrolyte microcapsules.  

A 

C

B 
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The interpretation of the lifetime results is not straightforward. The fluorescence lifetime results 

of H2TSPP-4 adsorbed onto PECs can be decomposed in three exponential factors (figure 24 a). The 

longest fluorescence lifetime (6-10 ns) can be attributed to the interaction between H2TSPP-4 and the 

interstitial waters of the system or with PAH. The medium fluorescence lifetime (2-4 ns) can be attributed 

to the interaction between H2TSPP-4 and PSS polyelectrolyte. The shorter lifetime (<1 ns) is of complex 

nature and cannot be easily attributed to a single interaction (figure 24 a; Table 3).  

The histogram of the overall systems fluorescence lifetimes adsorbed with H2TSPP-4 show 

different distributions in the CaCO3(PAH/PSS)2 H2TSPP-4 system. This is in accordance with the FLIM 

images obtained from this system detailing its heterogeneity (figure 24b). 

 

Figure 24- (a) Distribution of fluorescence lifetimes of CaCO3 (PAH/PSS)2PAH H2TSPP-4 and CaCO3

(PAH/PSS)2 H2TSPP-4 in the core and periphery. (b) Histogram of fluorescence lifetimes measured in 

both samples.  

(a) 

(b) 
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The results of this displacement are responsible to the differences already been discussed in 

the absorption, emission and excitation spectra of both systems.  

FLIM measurements were also done in order understand the TMPyP system adsorbed in 

polyelectrolyte microcapsules. The emission observed only arises from the adsorbed TMPyP.  

 

 

 

(a) – Core (b) – Periphery 

 

The FLIM images show fully doped polyelectrolyte microcapsules with round shapes well 

dispersed (matrix-type) and a very homogenous system (figure 25A,B and C) For the measure of 

fluorescence lifetimes, the measures revealed complex decays in which two exponential components 

were always needed to achieve a proper fit. 

 

  ԏ 1 (ns) A (%) ԏ 2 (ns) A (%) ԏavg χ2 

H2O 5,4 83,6 <0,01 16,4 5,3 1,18 
PSS - - 13,8 100 13,8 1,11 

CaCO3 (PAH/PSS)2 (a) 3,1 23,2 8,3 76,8 7,1 1,11 

CaCO3 (PAH/PSS)2 (b) 2,6 27,2 7,7 72,8 6,3 1,05 

Table 4 – Fluorescence lifetimes of TMPyP (pH=7) in aqueous solutions with polyelectrolytes and 

associated with the polyelectrolyte microcapsules.  

Figure 25 - FLIM of TMPyP adsorbed onto CaCO3(PAH/PSS)2 polyelectrolyte microcapsules. (A) 80µm2; 

(B) 13µm2; (C) 5µm2. (D) Distribution of fluorescence lifetimes measured in different points of 

microcapsules. (E) Distribution of total fluorescence lifetimes of polyelectrolytes microcapsules. 

A B C 

(D) (E) 

• Core 
• Periphery  
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It is observable a shorter distribution of fluorescence lifetimes (2-4 ns) with a lower contribution 

that can be attributed to the interaction between TMPyP and the interstitial waters of the system. The 

longer distribution of fluorescence lifetimes (8-10 ns) with a higher contribution can be attributed to the 

interactions between TMPyP and PSS. (figure 25D and Table 4). 

The overall fluorescence lifetime histogram revealed a homogeneous distribution of 

fluorescence lifetimes (figure 25E). 

The fluorescence lifetime distribution of the polyelectrolyte microcapsule systems adsorbed with 

porphyrin were obtained by FLIM.  Is possible to observe, by fluorescence lifetimes, the different 

interactions that rises in the system specially between the porphyrin and the polyelectrolyte multilayer 

film. Instead of a simple adsorption on the surface of the polyelectrolyte microcapsules, the results show 

that occurs a diffusion of the porphyrin inside the system whose presence is possible in complexed form 

with polyelectrolyte or in the interstitial waters. 
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CHAPTER 5  

 

Porphyrin release  
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As it has already been discussed, the photodynamic therapy efficiency shows a great 

dependence on the local concentration of photosensitizer and one of the ultimate goals of this study is 

to understand if the polyelectrolyte microcapsules may work as an efficient porphyrin delivery method. 

As the adsorption of porphyrin has already been studied, is important to understand how the system 

behaves in controlled environments that mimic different parts of the human body. CaCO3(PAH/PSS)2 

PAH H2TSPP-4, CaCO3(PAH/PSS)2 H2TSPP-4 and CaCO3(PAH/PSS)2 TMPyP systems were studied. 

a. Intestinal environment 

i. H2TSPP-4 and TMPyP release 

For this release, it was used the intestinal solution (pH=7.2, 0.68% (w/v) KH2PO4), with the 

objective to mimic pH neutral and intestinal environments. 

 

 

 

 

 

 

 

 

 

 

 

It’s observed that the system CaCO3(PAH/PSS)2PAH H2TSPP-4 is the system that has the 

higher amount of H2TSPP-4 released in the solution. Nevertheless, this quantity is very low (~2.18%) 

comparing with the overall amount of H2TSPP-4 that has been adsorbed in the polyelectrolyte 

microcapsules. CaCO3 (PAH/PSS)2 TMPyP release values were near the release percentage of 

CaCO3(PAH/PSS)2PAH H2TSPP-4. In the system CaCO3(PAH/PSS)2 H2TSPP-4 the release values were 

very low (~1%) (figure 26, table 5). 

The sustained release of porphyrin in a neutral pH environment is not very effective which 

means that has a high stability when travelling inside the human body in this type of environment. If the 

release is done inside a cell and the pH values are not acidic, the porphyrin release is very low. Since 

System H2TSPP-4/TMPyP release (µg) % Release 

CaCO3(PAH/PSS)2PAH  H2TSPP-4 1,63 2,18 

CaCO3(PAH/PSS)2  H2TSPP-4 0,04 0,92 

CaCO3(PAH/PSS)2 TMPyP 0,87 1,98 

Table 5 – Total amount of porphyrin release and % Release observed for polyelectrolyte microcapsule 

in intestinal environment  

Figure 26 - Porphyrin release from CaCO3(PAH/PSS)2PAH H2TSPP-4, CaCO3(PAH/PSS)2

H2TSPP-4 (λexc=413 nm; λemi=650 nm) and CaCO3(PAH/PSS)2TMPyP in intestinal environment. 

(λexc=421 nm; λemi=718 nm). 
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the release studied does not incorporate all the cell conditions it is possible that due to the biological or 

mechanical mechanisms present in cell, such as enzyme activity or endocytosis, the polyelectrolyte 

microcapsules degrade and give way to a burst release yielding a higher release efficiency. 

The system CaCO3 (PAH/PSS)2 H2TSPP-4 yield the lowest release in these conditions. 

Therefore, the interest of the release kinetics in other conditions are only being studied for the 

CaCO3(PAH/PSS)2PAH H2TSPP-4 and CaCO3 (PAH/PSS)2 TMPyP system.  

To further understand the H2TSPP-4 release conditions, the release was studied for longer time 

while renewing the intestinal release solution (Figure 27). 

Table 6– Release of H2TSPP-4 in intestinal conditions and supernatant fluorescence emission measured 

after 30 and 300 minutes (with medium renewed). 

 

With the continuation of the H2TSPP-4 release in intestinal conditions is possible to infer that the 

release is fast in beginning but it tends to stabilize its release without the system being completely clear 

of H2TSPP-4 (table 6). It reveals a system that tends to stabilize its release after a long time in a neutral 

pH environment. 

b. Gastric environment 

For this release, the objective was to mimic the stomach environment (pH=2.0, 0.2% (w/v) 

NaCl). 

One problem that was reported when the release study was done in acidic pH was that the low 

pH degrades the CaCO3 core of the polyelectrolyte microcapsules. This promotes the core degradation 

and a neutralization of the environment pH (Annexes 2) causing oscillating inflating-deflating cycles due 

Time (Minutes) Release  H2TSPP-4 (µg) Release  H2TSPP-4 (%) 

30 1,52 1,98 

420 3,39 4,41 

Figure 27 –Release profile (%) of CaCO3 (PAH/PSS)2PAH H2TSPP-4 (λexc=413 nm; λem=650 
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to CO2 formation and release, promoting the capsule collapse. Its believed that this effect promotes the 

higher porphyrin release but also the release of polyelectrolytes to the supernatant as the destruction of 

the capsule occurs. Another side effect is that polyelectrolyte microcapsules do not have enough weight 

to stay in the bottom part of the cuvette, therefore, they rise due to the stirring motion affecting the 

release kinetics measures and increasing the measure of the release efficiency.  

Due to the error imposed in the release kinetics measuring, only the supernatant measured after 

centrifugation and removal of the microcapsules, is used for the calculation of the release of porphyrin 

by polyelectrolyte microcapsules in this environment.  

i. H2TSPP-4 Release 

When the fluorescence emission of the supernatant solution is measured, the shape of the 

emission spectrum is similar to the spectrum of H2TSPP-4 at pH 7.0 rather than the emission spectrum 

of the acidic form H4TSPP-2. The kinetics was followed by picking the 650nm wavelength (figure 28).  

 

The emission spectrum reveals that the environment pH, during the release, is not acidic as the 

H4TSPP-2 emission spectrum at an acidic pH is only comprised by one broad band (675 nm) and the 

supernatant emission spectra is similar to the H2TSPP-4 emission spectrum at pH 7.0. The slight red-

shift is characteristic with the interaction with PAH which opens the possibility that due to the core 

destruction, the oscillating inflating-deflating cycles due to the CO2 formation and the polyelectrolyte 

microcapsules collapse, H2TSPP-4 is released in a complex with PAH.  

It is visible the difference in values during the kinetic measuring and after the separation of the 

polyelectrolyte microcapsules and supernatant measure. As already stated, this difference is due to the 

presence of polyelectrolyte microcapsules in the kinetics solution as the low stirring velocity is enough 

to suspend the now-hollow polyelectrolyte microcapsules as an effect of the destruction of the core. 

Due to the high variability observed, only the supernatant measured was accounted for the 

calculations of the release efficiency (Table 7). 

Figure 28 – (a) Emission spectra of H2TSPP-4, supernatant solution after the release at pH 2.0. (λexc=413 

nm) and H4TSPP-2 (λexc=434 nm) spectrum (b) Release profile of CaCO3(PAH/PSS)2PAH H2TSPP-4  in

gastric environmental conditions (blue) and respective supernatant after removal (orange) (λexc=413 nm; 

λem=650 nm). 
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As the neutralization of the pH environment value occurs and has an impact on the release 

kinetics it is necessary to understand the release kinetics when the pH is still 2.0. For this, the study of 

the release was performed switching the release solution for a fresh one in periods of thirty minutes in 

order to achieve optimal release conditions (figure 29). 

Table 7 – Release of H4TSPP-2 and supernatant fluorescence emission measured after 30 and 300 

minutes (with medium renewed). 

With the renewal of the gastric release solution is possible to notice the continuum porphyrin 

release due to the acidic pH conditions. This release achieved 87.72% over the total H2TSPP-4 that was 

adsorbed initially in the polyelectrolyte microcapsules as the reduction of the reddish tone of the 

polyelectrolyte microcapsule was observable along the release kinetics finishing without any red color 

precipitate. 

Is possible to conclude with this result that if the medium in which the polyelectrolyte 

microcapsules are is not neutralized (stomach conditions) a high release of H2TSPP-4 is inevitable after 

more than five hours.  

ii. TMPyP release 

The release of TMPyP from polyelectrolyte microcapsules also yield the same phenomena of 

the release of H2TSPP-4 at an acidic pH. These phenomena are due to the destruction of the CaCO3 

core giving rise to the neutralization of the medium and destruction of the polyelectrolyte microcapsules 

increasing the variability of the kinetics measures and adding a large error to the fluorescence emission 

values. For the calculation of the release efficiency, the supernatant value after centrifugation was the 

only accounted for. 

Time (Minutes) Release  H4TSPP-2 (ug) Release  H4TSPP-2 (%) 

30 2,55 4,10 

300 54,48 87,72 

Figure 29 –Release profile (%) of CaCO3 (PAH/PSS)2PAH H2TSPP-4 (λexc=413 nm; λem=650 nm). 
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It was observed that the first half hour of the reaction resulted in a high concentration of TMPyP 

released. Due to inner filter effects (A > 0.2) which limits spectrofluorometer measures, the release of 

TMPyP was followed by the emission spectrum (718 nm) when excited at 508 nm (TMPyP Q-band) 

rather than being excited at 421 nm (TMPyP Soret band).  

 

 

The differences in fluorescence intensity observed between the supernatant after removal and 

previous to removal (during release measurements) are very different. The last, seems to have a high 

influence from the presence of microcapsules. It was believed that due to the destruction of the 

polyelectrolyte microcapsules, TMPyP was released in a complex form with PSS although this was not 

possible to be confirmed as the centrifugation stage has possibly removed the polyelectrolyte complex 

or the remaining polyelectrolyte microcapsules (figure 30). 

Due to the neutralization of the medium pH, it was found interesting to continue the release 

kinetics while changing the medium, in order to study the continuous release of the system in acidic pH 

without interference from the change in pH. 

For this, the polyelectrolyte microcapsule system adsorbed with porphyrin was left in a release 

solution, the medium was changed in periods of thirty minutes and the fluorescence emission spectrum 

of supernatant was measured (figure 31). 

Figure 30 - (a) Release profile of CaCO3(PAH/PSS)2 TMPyP in gastric environmental conditions 

(blue) and respective supernatant after removal (orange) (λexc=508 nm; λem=718 nm). (b) 

Emission spectra of TMPyP in supernatant, TMPyP emission spectra during the kinetics and the 

polyelectrolyte microcapsules after the release of TMPyP at pH 2.0.  
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Table 8 – Release of TMPyP and supernatant fluorescence emission measured after 30 and 300 

minutes (with medium renewed). 

In gastric pH conditions, the polyelectrolyte microcapsules adsorbed with TMPyP have a higher 

release in the first thirty minutes when compared with the H2TSPP-4 system (table 8). Nevertheless, it 

still continues to have the possibility for some release even after eight hours. This reveals that the system 

endures more time in gastric conditions when compared with H2TSPP-4 absorbed in polyelectrolyte 

microcapsules. 

c. Light-Mediated Release 

The sustained release studies done in different conditions (intestinal and gastric) showed the 

continuous response of polyelectrolyte microcapsule system to the environment. Light-mediated burst 

release was found interesting to study in this system due to the presence of a fluorophore and to study 

the impact of light irradiation on the polyelectrolyte microcapsule system. 

Previous works already showed light mediated degradation of polyelectrolyte microcapsules 

functionalized with H2TSPP-4 but only with H2O2 present in solution [47]. Nevertheless, the possibility to 

further control the release of polyelectrolyte microcapsules functionalized with a porphyrin, mediated by 

a remote and physical method opens a new pathway for controlled release inside the target tissue, 

increasing the local concentration of porphyrin and increasing the PDT efficiency.   

Due to the higher encapsulation efficiency and release in intestinal conditions, the CaCO3 

(PAH/PSS)2 PAH system with adsorbed H2TSPP-4 was selected. 

Time (Minutes) Release TMPyP (µg) Release TMPyP (%) 
30 9,32 23,40 

450 18,72 47,00 

Figure 31 - (a) Release Kinetics measured by fluorescence emission along time and (b) Porphyrin 

Release (%) of the overall polyelectrolyte microcapsules sample along time (λexc=421 nm; λem=718 nm)
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Following the scheme of figure 32, the system was irradiated by a laser with 0.5mW/cm2 of 

irradiance power at 595 nm. After periods of two minutes, the fluorescence emission was measured and 

the release profile was evaluated at 650 nm. This kinetic was done in intestinal conditions. 

The light-mediated release was compared with the release in intestinal conditions without light 

irradiation of the same system for easier understanding the light effects on the polyelectrolyte 

microcapsule system (Figure 33). 

 

The release of polyelectrolyte microcapsules in intestinal conditions without light irradiation 

actually yield a release of 1.5% while the light mediated release in the same conditions yield a lower 

release of 0.9%.  

Figure 32 – Assembly of the light-mediated release device. The light travels from the laser 

source and is focused ending irradiating the system. After light irradiation, the supernatant 

fluorescence emission is measured. The area of irradiation has a radius of 1.5cm. 

 
Figure 33 – Fluorescence emission measured for CaCO3(PAH/PSS)2PAH TSPP in intestinal 

condition with (orange) and without (blue) light irradiation (λexc=413 nm; λem=650 nm). 

• H2TSPP-4 pH 6.5 
• H2TSPP-4 Light-Mediated 
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To confirm the lower light-mediated release of H2TSPP-4 from polyelectrolyte microcapsules, is 

important to confirm that there is not any degradation or photobleaching of H2TSPP-4 when irradiated by 

the laser (Figure 34). 

The light irradiation of H2TSPP-4 did not have enough intensity to degrade the porphyrin. This 

means that the release in intestinal conditions was higher without any light irradiation than in a light-

mediated release, so the light irradiation actually hinders the H2TSPP-4 release.  

Some possibilities are opened to why the light-mediated release actually hinder the H2TSPP-4 

release form the polyelectrolyte microcapsule system. These are: low irradiance power from the LED, 

formation of cross-linking bonds between the polyelectrolyte network and not enough oxidative 

environment (Bédard et al. actually added H2O2 to the solution in order to achieve microcapsule 

destruction [47]). 

These results are actually contrary of what was expected but although the release has affected 

and cannot be used as a remote physical burst release method, it also shows that following the 

polyelectrolyte microcapsule delivery can be possible without compromising the drug delivery process, 

as the tracking of the system actually does not destroy it. It maybe still possible that if the formation of 

oxidative species by the polyelectrolyte microcapsules inside the cancer tissue is high enough, a light 

trigger can also ensure the complete release of the load by destruction of the delivery vehicle. 

d. Conclusions 
The use of the polyelectrolyte microcapsules as drug delivery systems shows a high stability of 

the system in neutral pH conditions adequate for drug transport in human body systemic circulation. The 

best therapeutic effects due to higher release values can be obtained in stomach cancer. Accompanied 

by destruction of CaCO3 core, neutralization of the medium is verified (Annexes 2).  

A triggered remote release of the system was not achieved using light, possibly only occurs in 

already high oxidative environments. 

 

 

Figure 34 – Fluorescence emission of H2TSPP-4 (c = 2.14x10-4mM) that has been irradiated in the 

same conditions of the light-mediated release. 
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CHAPTER 6 

 

Core-assisted formation of porphyrin J-
aggregates in pH- sensitive 

polyelectrolyte microcapsules.  
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In an attempt to improve the porphyrin loading onto polyelectrolyte microcapsules, we thought 

in adsorbing H2TSPP-4 in its dianionic form (H4TSPP-2) and compare the results with the ones previously 

obtained using an adsorption solution of tetraanionic H2TSPP-4 (Chapter 4). With this idea in mind, we 

have studied the pH effect on porphyrin adsorption efficiency using UV-Vis absorption spectroscopy. 

Interestingly we have found evidences for the growth, on microcapsules microenvironment, of 

different self-assembled structures, which were further identified as J aggregates. We have also 

observed that the formation, size and homogeneity of these aggregates are highly dependent on the pH 

either of adsorption solution or the surrounding environment as well as on the stirring conditions. 

Regarding the potential application of porphyrins in PDT, aggregate species present several 

disadvantages when compared to monomers. The most important one is the significant reduction of the 

intersystem crossing yield, leading to low triplet state efficiencies, which is the initial state for singlet 

oxygen formation.  In such a way, the formation of the cytotoxic species is meaningfully reduced and 

the photodynamic activity clearly compromised. Additionally, lower fluorescence quantum yields are also 

a result of porphyrin aggregation [61]. Even though the formation of porphyrin J-aggregates in solution 

and in confined environments has been widely studied, in the last decade due to their attractive 

applications in optoelectronics, that makes it an active area of research, their formation in polyelectrolyte 

microcapsules is almost unknown.  

Information on the possibility of porphyrin aggregation in core-shell polyelectrolyte 

microcapsules may be useful to the knowledge of these systems properties and applicability. We 

decided to go a step forward and study in detail the aggregation phenomena observed. UV-Vis 

absorption, steady-state and transient emission and Fluorescence Lifetime imaging microscopy (FLIM) 

were the main spectroscopic and microscopic techniques used for their optical and morphological 

characterization. A new methodology to promote the organized self-assembly of H2TSPP-4 on pH 

sensitive core shell polyelectrolyte microcapsules systems of PSS and PAH was developed using mild 

pH conditions (pH 3).  

First, a general overview and description of porphyrin aggregates is presented, covering some 

already reported work regarding their formation in nano- and micro-confinement. Afterwards, the 

experimental results will be presented and discussed obtained highlighting their potential future 

applications. 

a. Porphyrin Aggregates: General Overview 

Much attention has been given on developing suitable conditions for the formation of 

nanostructured self-assembled nanostructures, which are expected to have important applications for 

the development of new technologies. Often, these are inspired by light harvesting complexes and 

reaction centers of photosynthetic organisms in order to mimic the highly efficient electron and energy 

transfer processes [62]. 
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The design of assemblies based on porphyrinoids, which display a rich variety of photonic 

properties has remained a challenge. The main problems faced are the control of the molecular 

orientation and to overcome the lack of robustness due to the weak intermolecular forces involved that 

prevent their easy incorporation into devices [63,64]. The effective noncovalent synthesis requires a 

wide range of interactions, such as hydrogen bonding, electrostatic, van der Waals and hydrophobic 

interactions, to build well-defined supramolecular assemblies. 

The excitation of molecular aggregates results in emission dynamics that are different from 

isolated molecules due to the formation of Frenkel excitons. These excitons are delocalized as a result 

of intermolecular coupling between molecules and the sharing of excitation gives rise to aggregates with 

electronic and spectroscopic properties that are unique [27] 

The specific types of aggregates that may result due to the ionic self-assembly can be of two 

types: H- and J-aggregates (Figure 35) [17].  

The H-aggregates correspond to the face-to-face stacking of the monomeric species that has a 

blue-shift (hypsochromic) in their spectral band with respect to the absorption band of the monomer. 

The J-aggregates correspond to edge-by-edge or side-to-side assemblies that produce red-shifts 

(bathochromic) regarding the monomer absorption band [65]. 

The structure and photophysical proprieties of aggregates determinate their applications, for 

example, organic semiconductors at the nanometer scale, photovoltaic cells, artificial light-harvesting 

systems and nonlinear optic materials can be obtained. It has already been shown that the photocatalytic 

activity of porphyrin aggregates depends on their morphology. Significantly higher photocatalytic activity 

was observed in nanofibers of 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine compared with 

nanospheres of the same porphyrin, both prepared with the same methodology [66]. Bera et al. [67] 

observed a 1,9-fold increment, due to electron transfer, on the photocurrent generated under visible light 

from a system made of 5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin nanorods (TCPP NR) and 

reduced graphene oxide (RGO). 

Sadavisin et al. [68] studied the self-aggregation of a tetraanionic porphyrin on hollow 

microcapsules comprised of heat-sensitive multilayers made of strong polyelectrolytes (HPECs). In their 

approach, porphyrin self-assembly was promoted by increasing the concentration of salt and acid on 

the system. Satellite-like structures of HPECs containing cylindrical nanotubes protruding were isolated 

from the nanotubes formed in solution and were characterized by conventional spectroscopic and 

microscopic techniques. The aggregates dimensions were dependent on the temperature, interestingly 

the surface charge of the microcapsules had no impact on the orientation of the nanotubes. 

Figure 35 – Structural models for porphyrinoids (a) H- and (b,c) J-Aggregates  [6] 
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The promising properties of self-assembled porphyrinoid systems and the advantages of micro 

and nanoconfinement, peaked the groups interest focusing on the development of photoactive 

polyelectrolyte microcapsules through its functionalization with porphyrin aggregates [26]. 

One of the most promising porphyrins for self-assembly is H2TSPP-4 due to its zwitterionic 

character over a wide range of pH. Under acidic conditions, a combination of intermolecular ionic 

interactions and H-bonding between porphyrin anionic sulfonate groups and the positively charged 

macrocycle core of neighbour molecules are considered the main instigators for self-assembly [69]. 

Alterations in the absorption spectra, quantum yields, fluorescence lifetimes, and triplet state lifetimes 

are induced by changes in the porphyrin symmetry [70]. At pH 4.5 it is observable a symmetry change 

from D2h to D4h and a red shift in the Soret band from 413 to 434 nm accompanied by the disappearance 

from four to two, Q bands. Aggregation is also a fundamental state phenomenon as it changes the 

typical absorption spectra of porphyrins. The appearance of a red-shift peak at 490 nm and a broadband 

at 708 nm is assigned to monomer self-assembly towards a J-aggregate organization [71]. A broad band 

near 400 nm is characteristic of H-aggregation phenomenon. 

b. Interaction of H4TSPP-2 with PECs: Influence of the Core 

The optical and electronic properties of H4TSPP-2 adsorbed in PECs were studied at pH 3.0 and 

1.5. These pH values were chosen with the basis on the already observed formation of J-aggregates in 

PAH polyelectrolyte (pH = 3.0) or in aqueous solution (pH near 1). The effect of the charge of the last 

polyelectrolyte layer was also evaluated. 

i. pH 3.0 

The core-shell polyelectrolyte microcapsules were left in contact (overnight, room temperature, 

with no stirring) with an aqueous solution of H2TSPP-4 at pH 3.0. In this procedure, it is promoted the 

adsorption of porphyrin in the form of the aggregate precursor. 

UV-Vis absorption was used to check the absence of J-aggregates in the adsorption solution 

before and after 24 hours reveling the stability of the H4TSPP-2 monomer in water (TFA, pH3). 

Afterwards, the supernatant was removed and the polyelectrolyte microcapsule were washed with 

distilled water (pH 3.0). UV-Vis absorption spectra of supernatant and of core-shells microcapsules left 

in contact with H4TSPP-2 at pH 3.0 are shown in Figure 36. 

Figure 36 – UV-Vis absorption spectra of the supernatant and polyelectrolyte microcapsules of both 

systems (Core-shell and hollow microcapsules). 
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According to these results, is possible to notice the characteristic J-aggregate absorption band 

at 490 nm and an additional one at 708 nm, in the core-shell polyelectrolyte microcapsules. As there is 

no evidence of these bands in the supernatant solutions is possible to infer that the formation of J-

aggregates occurs only in the core-shell microcapsule environment.  

Based on previous work done in the group involving the spectroscopic evaluation of the 

interaction of H4TSPP-2 with aqueous solutions containing different concentrations of PAH that shows 

clearly the formation of J-aggregates [26] we were tempted to predict that strong Coulombic attraction 

between the external PAH layer and the porphyrin substituents and the electrostatic interaction between 

neighboring molecules were the main forces to stabilize and prompt the J-aggregate growth. To evaluate 

this possibility, the same experience was performed after core removal. The hollow polyelectrolyte 

microcapsules obtained (also with PAH external layer) show different optical features (Figure 36). As 

can be seen, the typical absorption band of J-aggregate (490nm and 708nm) are absent in the 

absorption spectra and in the supernatant of the hollow polyelectrolyte microcapsules obtained in the 

same experimental conditions that the core-shell polyelectrolytes. In this case, only the typical monomer 

band (434 nm) is observed. 

These observations go against the previous hypothesis, pointing to an inductive effect provided 

by the CaCO3 presence. 

The differences observed between polyelectrolyte microcapsules (Hollow or Core-shell) and the 

studies in solution seem to be induced by a change in the PAH/porphyrin affinity. The different 

Coulombic contributions between the available PAH binding sites in water and in the polyelectrolyte 

shell are responsible for these differences. 

This is reinforced by low affinity of H4TSPP-2 for the shell by analysis of the absorption spectra 

of H4TSPP-2 adsorbed onto hollow polyelectrolyte microcapsules. Other change that clarifies this 

phenomenon is related with the change of the porphyrin configuration that occur upon protonation, a 

result of the twisting of the phenyl aryl groups from out of the plane to coplanar configuration with the 

porphyrin core. This coplanar configuration, the zwitterionic character of the porphyrin, the strong 

interpenetration of the polyelectrolyte layers on the shell adsorbed on the CaCO3 core can provide a 

balance between electrostatic interactions and decrease in the impact of the electrostatic repulsion. This 

way, the porphyrin diffusion through the water interpenetrating channels and through the charged 

polyelectrolyte network may be facilitated independently of the polyelectrolyte charge or 

presence/absence of the CaCO3 core. 

The spectroscopic evidence of the important role of the CaCO3 core in the formation of J-

aggregates was not observed after the H4TSPP-2 adsorption onto the CaCO3 core. In such a sense, the 

preferential formation of J-aggregates in the core-shell microcapsules do not rely only in the effect of 

the CaCO3 core but on a cooperative or synergistic effect of the polyelectrolyte network. 
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FLIM measurements were done in order to obtain further insight into the electronic 

properties/morphology of the systems in the presence and absence of the core. The FLIM images 

(Figure 37) of the core-shell and hollow polyelectrolyte microcapsules show micrometric fluorescent 

round shapes that are well dispersed in solution (data not shown).  

A FLIM image was also obtained for a drop of the adsorption solution. This H4TSPP-2 at pH 3.0 

has an average fluorescence lifetime distribution associated with its image (Figure 37A) 

In Figure 37B is shown an image of a hollow polyelectrolyte microcapsule with a well-distributed 

fluorescence around all of the microstructure due to porphyrin adsorption and where is possible to 

observe that H4TSPP-2 can diffuse through the polyelectrolyte complex. Its average fluorescence lifetime 

is centered at 5,8ns which is greater than fluorescence lifetime acquired for the H4TSPP-2 droplet. It is 

believed that the difference in these values is related with the interaction of the porphyrin with the 

polyelectrolyte shell. FLIM images obtained for other aleatory chosen hollow polyelectrolyte 

microcapsules of the same sample shows different fluorescence lifetimes distributions, revealing a high 

heterogeneity within this system.  

On the contrary, FLIM images obtained for core-shells polyelectrolyte microcapsules show high 

homogeneity within their morphology and fluorescence lifetime profiles. It also shows fluorescent 

micrometric circular structures with radially distributed needlelike structures protruding from the 

polyelectrolyte microcapsules. These structures are within the diffraction limit (ca.350nm). The 

fluorescence lifetimes associated with this image much shorter than the ones obtained for H4TSPP-2, a 

consequence expected for the aggregation phenomena. 

 

Figure 37 – FLIM images obtained of (A) H4TPPS−2 in water (pH 3.0), (B) hollow (PAH/PSS)2PAH and

(C) core−shell CaCO3 (PAH/PSS)2PAH PECs after H4TPPS−2 adsorption (pH 3.0), (D) magnification of 

image C, (E) Fluorescence lifetime histograms of H4TPPS−2 in water, in hollow and core−shell PECs

λexc = 483 nm. 
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The experimental data obtained for the CaCO3 polyelectrolyte microcapsules holds the 

hypothesis of a mechanistic pathway with active core influence: the absence of J-aggregates in hollow 

PECs with the same architecture of core-shells, the higher encapsulation efficiency of core-shells and 

the low affinity of H4TPPS−2 for CaCO3 cores in the absence of polyelectrolytes. The absence of j-

aggregates in the supernatant solution excludes also the possibility of that the needlelike structures are 

formed in solution and then adsorbed onto the CaCO3 polyelectrolyte microcapsules. 

 

ii. pH 1.5 

The pH value of the adsorption solution was decreased to 1.5. J-aggregates formation has 

already been reported in aqueous solution for pH values near 1 [72] and also the polyelectrolyte complex 

permeability increases near this value due to the protonation of sulfonate groups of PSS. This mutual 

effect should improve the conditions for J-aggregation on PECs. All other experimental conditions were 

kept constant. 

  Firstly, UV-vis absorption spectroscopy was used in order to check the presence of 

characteristic J-aggregate bands. In this case, J-aggregation occurs at a lesser extent thus it seems that 

lowering the pH value of the adsorption solution hinders aggregation phenomena.  

The FLIM images of polyelectrolyte microcapsules after H4TSPP-2 adsorption (pH 1.5) obtained 

at excitation of 650nm reveals high levels of heterogeneity in the microcapsule morphology: rounded 

shaped and matrix type microcapsules and other irregular structures (Figure 38 (B),(C))  The FLIM 

images of rounded shaped microcapsules (Figure 38) have an average of 0.5ns which is in agreement 

with the fluorescence lifetimes obtained for J-aggregates of H4TSPP-2 at pH 0.5. Although there is a 

confirmed formation of J-aggregates in polyelectrolyte microcapsules at pH 1.5, the formation of 

needlelike radially distributed structures is not observed in the FLIM images.  

Figure 38 – UV-Vis absorption spectra of H4TSPP-2in water (pH 1.5) and adsorbed in core-shell CaCO3

(PAH/PSS)2PAH (A), FLIM images of H4TSPP-2 adsorbed onto CaCO3 (PAH/PSS)2PAH core-shell at 

pH1.5 (B,C) and respective fluorescence lifetime histograms of CaCO3 (PAH/PSS)2PAH (D) The arrows 

indicate the presence of irregular H4TSPP-2 structures. 
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Nevertheless, it is possible that the growth of J-aggregates is hindered and only forms 

nanostructures shorter in length and beyond microscope limit. This can occur due to the increase of 

ionic strength due to core dissolution. 

When the pH value of the adsorption solution is lowered there is a direct impact on ion pair 

dissociation because the negative charge of PSS is decreased and the positive charge of PAH is 

maintained. The result of these changes in the polyelectrolytes complex interactions increases the 

mobility and its network reorganizes itself to form thermodynamically stable complexes. 

Also, at low pH values, the CaCO3 cores start to dissolve which causes oscillating inflating-

deflating circles due to CO2 formation and release. The consequence of this effect can be the capsule 

total collapse or the formation of irregularly shaped microstructures.  

iii. Replacement of the polyelectrolyte last layer 

According to experimental results of H4TSPP-2 interaction with polyelectrolytes in aqueous 

solution, the formation of J-aggregates was found to overcome electrostatic repulsion for 20µM PSS 

solutions. By this reason, PAH last layer was replaced by PSS and the aggregation of H4TSPP-2 in 

CaCO3 (PAH/PSS)2 was studied whilst maintaining the concentration of the adsorption solution. 

An important effect on the optical properties of the adsorbed H4TSPP-2 was found. Besides the 

presence of J-aggregates characteristic absorption bands, the formation of a new species characterized 

by an adsorption band at 424 nm is a very interesting result. The characteristic low encapsulation 

efficiency of hollow polyelectrolyte microcapsules with the same polyelectrolyte complex network may 

cover for the absence of this band in its respective UV-vis absorption spectrum (Figure 39). 

 

Figure 39 – UV-Vis absorption spectrum (A), FLIM images (80 × 80 μm2) (B,C) and respective 

fluorescence lifetime histograms of hollow and core-shell (PAH/PSS)2  after adsorption of H4TSPP-2 at 

pH 1.5  (D) 
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The presence of similar absorption bands with a similar shape and a 

bathochromic/hypsochromic shift when compared with the neutral monomeric H2TSPP-4 form has 

already been studied [73]. However, it is still a subject of some controversy due to its assignment to the 

presence of H-aggregates or to the short-range aromatic-aromatic interactions between the H2TSPP-4 

and the aromatic groups of complementary positive polymers. It is the last hypothesis that is established 

in the scientific community. [73] 

Other results obtained by the group are going to be discussed now. These results are important 

for further comprehension of the system and the results obtained in several experiments. 

c. Interaction of H4TSPP−2 with polyelectrolytes PAH and PSS. 

The combination of positive charged porphyrins and negative polyelectrolytes can give rise to 

the formation of a variety of nanoscale assemblies driven by either electrostatic of π−π interactions [74]. 

Previous works, by the group and others, have already described the interactions of meso-tetraaryl 

porphyrins (with pH close to neutrality) with PAH and PSS in order to understand the porphyrin 

interactions within polyelectrolyte hollow microcapsules [47,60]. 

The porphyrin diacidic form H4TSPP-2 was the chosen structural monomer unit for the porphyrin 

aggregation within the polyelectrolyte microcapsules. It is important to understand the interactions that 

occur between this porphyrin dianionic form and polyelectrolytes.  

To achieve these different solutions of H4TSPP-2 at a fixed concentration (3 μM) containing 

variable concentrations of polyelectrolytes were analyzed by UV-vis absorption and fluorescence at pH 

3.0 and pH 1.5. The interaction of H4TSPP-2 with PAH and PSS at acidic pH values is very different from 

the ones reported at pH 6.5. At pH 6.5, H4TSPP-2 absorption spectrum presents a typical band of H-

aggregates at [PAH]= 200 μM as shown by the appearance of a hypsochromic shift of the Soret peak. 

The emission spectrum of this system, it has a bathochromic shift from 644 nm to 665 nm and from 704 

nm to 727 nm.  

At pH 3.0 and low [PAH] (0.33 μM), the typical spectrum of H4TSPP-2 is replaced by a 

combination of H-aggregates and J-aggregates characteristic bands. Increasing the [PAH] induces an 

increase in the J-aggregates characteristic band while reducing the H aggregates and diacid bands 

(Figure 40A). In the emission spectra, it is only observable the typical monomer bands which can be a 

result of a residual diacid monomer that has a fluorescence quantum yield higher than the aggregates. 

The J-aggregates bands are also well observed in the absorption and emission spectra in diacid 

solutions with increasing concentrations of PSS (Figure 40B). The absorption spectrum has a 3 nm 

bathochromic shift relatively to the diacid free base spectrum. Also, a noticeable increase of the J-

aggregates characteristic bands is found at [PSS] = 20 μM, that tends to decrease at higher 

polyelectrolyte concentrations. When the [PSS] is high enough that the band at 490nm makes the higher 

contribution, the emission spectra also changes. It shows an intense band at 710 nm that tends to 

decrease at higher [PSS]. With [PSS] increase is possible to infer that the balance between hydrophobic 

and electrostatic interactions change and J aggregation becomes less favorable. 
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The Fluorescence decays were also obtained for the diacid H4TSPP-2 monomer in the presence 

of increasing concentration of polyelectrolytes. Using excitation wavelengths of 445 nm and emission 

wavelength of 650 nm and 710 nm the existence of different species was also predicted whose pre-

exponential values are very variable. In solution with the PAH polyelectrolyte, the fluorescence decays 

are fitted by a triexponential function. The short-lived component can be assigned to the porphyrin 

aggregates and the intermediate component can be assigned to the diacid porphyrin which is the only 

one that is obtained in the free diacid H4TSPP-2 solution (water, ԏ = 3.7 ns). The long-lived component 

may correspond to a complex formed and mediated by electrostatic interactions between the porphyrin 

and polyelectrolyte which can also explain the enlargement of the 490nm band owing to superposition 

with the J aggregate band (Figure 40A). This can be caused due to the acidic pH values with the 

polyelectrolyte amino groups fully protonated.  

Table 9 - Fluorescence Lifetimes of H4TSPP-2 (3 μM, pH 3.0) in Aqueous Solutions with Increasing 

amounts of Polyelectrolytes 

(a)λem = 650 nm. (b)λem = 710 nm. 

  C (µM) ԏ1 (ns) A1 (%) ԏ2 (ns) A2 (%) ԏ3 (ns) A3 (%) Χ2 

PAH 3.3 4.4 16.2 12.1 76.9 <0.5 6.9 1.11 

  6.6 4.2 19.6 11.8 72.2 <0.5 8.2 1.12 

  33 (a) 3.5 49.7 10.6 33.8 <0.5 16.6 1.04 

  (b) 3.6 56.2 10.8 36.3 <0.5 7.5 1.05 

  330 (a) 3.1 91.3 - - <0.5 8.7 1.28 

  (b) 3.1 69.9 10.9 0.7 <0.5 29.4 1.25 

                  

PSS 5 (a) 3.8 100 - - - - 1.33 

  (b) 3.9 90.3 11.0 0.6 <0.5 9.1 1.27 

  12 (a) 3.7 99.4 11.0 0.6 - - 1.03 

  (b) 3.7 98.4 11.0 1.6 - - 1.22 

  20 (a) 3.6 98.6 11.0 1.4 - - 1.05 

  (b) 3.6 97.4 11.0 2.5 - - 1.19 

  40 (a) 3.7 96.6 11.0 3.4 - - 1.18 

  (b) 3.7 96.7 11.0 3.3 - - 1.23 

Figure 40 – UV-Vis absorption (A,B) and emission spectra (insets) of H4TSPP-2 (3 μM, pH 3.0, water, 

rt) with increasing concentrations of PAH (A) and PSS (B). λexc = 490 nm.   
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The presence of the polyelectrolyte in solution can be noticed by a continuous decrease in the 

fluorescence lifetimes accompanied with an increase in the contributions of the short and intermediate 

components at the cost of the long-lived pre-exponential factor (table 9). Regarding the H4TSPP-2 

interaction with PSS, this effect is less notorious and the formation of J-aggregates is less favored when 

compared with interaction with the opposite charge polyelectrolyte. Similar interactions have been found 

at pH 1.5. 

The combination between the diacid H4TSPP-2 with polyelectrolytes regardless of their charge, 

leads to the formation of porphyrin assemblies ruled by electrostatic and π−π interactions. J-aggregates 

formed in PAH are more stable at higher polyelectrolyte concentrations when comparing with PSS. 

Nevertheless, pH is still a key factor that controls the H or J aggregation.  

The sole interaction of H4TSPP-2 and CaCO3 promotes the formation of J-aggregates due to the 

presence of characteristic band at 708nm (figure 41). Nevertheless, this interaction is not stable as after 

a few minutes this band disappears (figure 41 B). This shows that the CaCO3 core may have an inductive 

j-aggregation effect. 

 

Figure 41 – UV-Vis absorption spectra of H4TSPP-2 (3 μM) in water solutions and in the presence of 

CaCO3 (A,B). Variations in the absorption spectra of H4TSPP-2 (15 μM) in water solutions (a) in the 

presence of CaCO3 (b) and with increasing concentrations of H4TSPP-2: (c) 22 μM, (d) 22 μM after 5 

min, (e) 30 μM, and (f) 30 μM after 5 min 
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d. Following of J aggregation pathway on Core-shells by FLIM 

Figure 41 presents the FLIM images and the corresponding average fluorescence lifetime 

distributions obtained from samples removed from the solution whilst the aggregation on the core-shells 

was occurring (15 min, 3 hours and 24 hours after porphyrin addition). The formation of the needlelike 

radiatially distributed J-aggregates is believed to have three fundamental steps: porphyrin adsorption in 

the polyelectrolyte shell and inorganic core (figure 42A), followed by stabilization of the porphyrin 

released from the core and its capture by the polyelectrolyte complex network (Figure 42B) which 

increases local H4TSPP-2 concentration within the shell ending with aggregates growth (Figure 42C). 

The fluorescence lifetime images allow to distinguish two different domains: nucleus with a 3− 

5 μm, agreeing with the CaCO3 core structure and that associates longer-lifetime components (ԏavrg = 

7.2 ns). The polyelectrolyte shell has associated shorter lifetime components (ԏavrg = 4.1 ns). 

Fluorescence lifetimes obtained with point-by-point measurements of the two sections reveal very 

different decay distribution. In the polyelectrolyte shell, the fluorescent decays are fitted with a 

biexponential function revealing a shorter component (ԏ = 2.3ns) and a longer component (ԏ = 7.4ns) 

although with lower pre-exponential factor (35%). In the polyelectrolyte core, a biexponential fitting is 

also done but reveals a shorter component of ԏ = 3.5 ns and a longer component of ԏ = 10.3 ns, with 

balanced preexponential factors (46% and 54%, respectively). The shorter component is very close to 

the fluorescence lifetimes obtained in water for H4TSPP-2 and the longer components are similar to the 

fluorescence lifetimes obtained for H2TSPP-4. In fact, the presence of these two components reveals a 

different pH values inside the polyelectrolyte microcapsule microenvironment. 

Figure 42 - FLIM images (A−C) and respective fluorescence lifetime histograms (D) of a CaCO3

(PAH/PSS)2 PAH polyelectrolyte microcapsules (A) 15 min, (B) 3 h, and (C) 24 h after H4TPPS−2

addition. 
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After the three hours of adsorption, the two domains easily observed before, cannot be 

distinguished any longer due to a reorganization of the porphyrin within the core-shell, visible the 

decrease in the average fluorescence lifetimes. This is more evident after twenty-four hours in which 

the appearance of needle like structures radially distributed around the polyelectrolyte microcapsule. 

Fluorescence lifetimes obtained with point-by-point within the microcapsules structure are now 

comparable and fitted by a triexponential function with a very short lifetime as the main component 

(80%).  

e. Other Results 

Although we have already shown that the formation of J-aggregates occurs in polyelectrolyte 

microcapsules when H4TSPP-2 is adsorbed at pH 3.0 we found interesting to test another methodology 

and study the effect of the pH in previously adsorbed tetraanionic H2TSPP-4. In such a way a solution of 

H2TSPP-4 and 0.6M of KCl is adsorbed at pH 11.0 on polyelectrolyte microcapsules with a last layer of 

PAH and then the pH is lowered to 1.2, 1.5, 4.0 and 5.5 by emerging them into a water solution at these 

pH values. By using this methodology, it is expected to form the aggregates precursor (H4TSPP-2) at 

lower pH values (1.2, 2.5 and 4) followed by aggregation in situ.  

 

The UV-Vis absorption spectra presented in figure 43 shows that at pH 4.0 and 5.5, H2TSPP-4 

is the only form adsorbed on polyelectrolyte microcapsules, noticeable by the Soret band present at 413 

nm. At pH 2.5 a band at 428 nm is present but a J-aggregate band (490 nm and 708 nm) is not present. 

Only at pH 1.2, the porphyrin J aggregation occurs, as the characteristic J-aggregate band is present 

along with the Soret band of H4TSPP-2 (434nm). Fluorescence lifetime imaging microscopy was used to 

verify the presence of J-aggregates.   

Figure 43– UV-Vis absorption spectra of H4TSPP-2 in core shells CaCO3 (PAH/PSS)2 PAH at different 

pH values (1.2, 2.5, 4.0 and 5.5). (A) Uncorrected. (B) Normalized 
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In figure 44, is presented the FLIM images and the distribution of lifetimes collected from the 

system formed at pH 1.2. 

Compared with the already discussed polyelectrolyte microcapsule system with H4TSPP-2  

adsorbed at pH 3.0 (figure 37), the J-aggregates formed by this methodology have a bigger size and 

although they are not as uniformly distributed around the microcapsule, as the other system, it still 

presents needle like structures radially distributed around the microcapsule surroundings. Nevertheless, 

the presence of a background signal with a longer lifetime (ԏ ~ 3.8 ns) is similar to H4TSPP-2 in glass. 

Is possible to predict that the release of the porphyrin from the polyelectrolyte microcapsules occurs 

prior to J-aggregates formation, favoring aggregation outside the microcapsule structure. 

The fluorescence lifetime presents an accordance with the formation of J-aggregates as the 

decomposition of fluorescence lifetimes in a third part exponential decay, obtained by time-resolved 

fluorescence emission, reveals a bigger contribution of the shorter lifetime factor correspondent with the 

present of H4TSPP-2 J-aggregates.  

This methodology instead of promoting the formation of J-aggregates in the polyelectrolyte 

microcapsule structure, as the one described in chapter 6, it promotes the formation of J-aggregates in 

solution (at a lower pH value) using polyelectrolyte microcapsules as a reservoir where are deposited 

and arranged and not as a nucleation site. 

 

 

 

 

Figure 44 – FLIM images and fluorescence lifetime distribution of PECs with TSPP adsorbed at pH 1.2. 
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f. Conclusions and potential applications 

With this work, a simple, fast and scalable new methodology to prepare photoactive core-shell 

polyelectrolyte microcapsules containing porphyrin aggregates was successfully developed, via 

combination of a diacid porphyrin H4TSPP-2 at pH 3.0, an inorganic core CaCO3 and a pH sensitive 

polyelectrolyte complex (PSS/PAH).  Spherical core-shell microcapsules functionalized with radially 

distributed porphyrin self-assembled needles sticking out were viewed by FLIM.  

The existence of a core and polyelectrolyte cooperative and synergistic effect supports the 

results obtained. The directional growth is also proposed as it starts by the porphyrin adsorption in the 

polyelectrolyte microcapsule followed by stabilization of the porphyrin release from the core and 

captured by the polyelectrolyte complex and ending with the aggregate growth due initiated by the 

increase in the local porphyrin concentration.  

Lower than pH 3.0, the polyelectrolyte microcapsules become unstable and the core-shell 

collapse is possible. Changing the last layer from PAH to PSS has also a negative outcome in the J-

aggregates formation. 

As it was already stated in the introductory section of this chapter, the photodynamic activity of 

J-aggregates is low due to significant reduction of the intersystem crossing yield, leading to low triplet 

state efficiencies. However, J-aggregates are an efficient model that mimics light-harvesting systems 

and supports faster energy transport due to its strong intermolecular coupling. To this, J-aggregates 

present themselves as organic system with optoelectronics applications.  

The absorption characteristic peak at 490 nm is near the maximum spectral irradiance 

wavelength of electromagnetic radiation coming from the sun. This way, one of the possible applications 

is its incorporation as a light-harvesting system in an organic solar cell with a neighboring cathode and 

anode coupled with an electron acceptor. Other applications are also dependent on the characteristic 

sharp absorption band of J-aggregates as it can be incorporated in the design on specific photodiodes 

with the detection capacity up to two different wavelengths (two higher peaks at 490nm and 708nm) 

[75,76]. 
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In this work, polyelectrolyte microcapsules with potential applications in PDT were prepared and 

further knowledge of PEC system adsorbed with porphyrins was obtained. For the use in PDT, 

adsorption of porphyrin was conducted on polyelectrolyte microcapsules. Photosensitizer 

photochemical properties were studied and analyzed revealing different characteristics depending on 

the environment, sole interaction with polyelectrolytes and adsorbed on polyelectrolyte microcapsules. 

The drug loading, encapsulation efficiency and drug release were measured showing different values 

according to polyelectrolyte microcapsules architecture and environment pH: a neutral pH environment 

showed a high stability of the system whereas acidic pH environment promoted a high release of 

therapeutic cargo. The systems were also characterized by time-resolved fluorescence and 

fluorescence lifetime imaging (FLIM). 

The system designed CaCO3 (PAH/PSS)2PAH revealed a drug release of almost 90% of its 

initial cargo in five hours at an acidic pH being the most promising system for use in stomach cancer 

therapy.  It is therefore important as future work to increase the potential therapeutic effect of the system. 

One way to achieve this is to take advantage of pathological characteristics of the disease such as 

enhanced permeability and retention of macromolecules and porphyrinoids (EPR) where the 

physicochemical properties of the delivery system has a major role. If porphyrin functionalization is not 

enough to guarantee tumor selective and specificity, polyelectrolyte microcapsules surface modification 

must be considered. Adsorption of PEG or the use of thiol groups or thiomers can be done in order to 

increase systemic circulation and accumulation of the system in the target area. In the case of thiol 

group modification, it increases the adherence through covalent binding to the fluid mucus layer of the 

stomach. Another way, is to actively target a specific tumor. For this, surface or polyelectrolyte 

modification should be done with the use of aptamers or immunoglobulins that target over-expressed 

molecules or membrane receptors. In the case of gastric cancer promoted by helicobacter pylori 

infection, IFNγ is over-expressed making it a suitable target also, for targeting of this gram-negative 

bacterium is better suited the use of a cationic photosensitizer such as TMPyP. Another way to increase 

the potential therapeutic effect of this system is by increasing singlet oxygen quantum yield. Porphyrin 

chemical modification, as the introduction of halogens as substituents or metal coordination should 

increase intersystem crossing by spin-orbiting coupling interaction.  

Additionally, and during the experimental work developed in the aim of the project objectives, 

we have also found interesting conditions to promote the aggregates growth on these systems. Although 

porphyrin aggregates are non-ideal structures to cancer therapeutics, other interesting applications can 

be found. In such a way, it is also reported herein a new methodology to obtain photoactive core−shell 

polyelectrolyte microcapsules containing porphyrin aggregates with radially distributed porphyrin self-

assembled needles, sticking out of the microcapsule shell as confirmed by fluorescence lifetime imaging 

microscopy (FLIM). 
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Annexes 

Annexes 1 – Encapsulation Efficiency and Drug Loading 
The Efficiency Encapsulation for the different systems was calculated by dividing the mass of 

porphyrin adsorbed by the microcapsule mass weighed [S. Papadimitriou, D. Bikiaris. Journal of 

Controlled Release 138 (2009) 177–184]. For each system it was done an average of three experiments 

and calculated the standard deviation between them. 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝑜𝑟𝑝ℎ𝑦𝑟𝑖𝑛 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 (𝑚𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑀𝑖𝑐𝑟𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒𝑠 (𝑚𝑔)
 × 100 

𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (%) =
[𝑃𝑜𝑟𝑝ℎ𝑦𝑟𝑖𝑛 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑] (𝑚𝑔 𝑚𝑙 )

[𝑃𝑜𝑟𝑝ℎ𝑦𝑟𝑖𝑛]  (𝑚𝑔 𝑚𝑙 )
× 100 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑃𝑜𝑟𝑝ℎ𝑦𝑟𝑖𝑛 (𝑔) = 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 
𝑔

𝑚𝑜𝑙
× 𝑃𝑜𝑟𝑝ℎ𝑦𝑟𝑖𝑛 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 (𝑀) 

 

Annexes 2 – Environment neutralization  
 

 

 

The environment neutralization of core-shells of polyelectrolyte microcapsules is evaluated 

with a pH sensor along time. The starting medium has a pH of 2.0   

 

 

 

 


