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Abstract 
Drug delivery systems based on colloidal nanocarriers have been intensively studied 

over the last decades, due to their ability to improve drug efficacy, for instance by 

protecting the drug from metabolism and site-directing it to the target. Among the myriad 

of nanocarriers available, vesicles are one of the most promising since they can 

encapsulate both hydrophilic and hydrophobic drugs, Moreover, vesicles formed by 

catanionic surfactants are an attractive variant because of their ease of formation and 

long-term stability. More recently, focus has been directed towards stimuli-sensitive drug 

systems, which allow for feedback/activation-mediated drug release.  

The purpose of this project was to form catanionic vesicles sensitive to light irradiation 

with or without acidification, entrap a model drug inside them and release it upon stimuli 

application. To achieve this, we incorporated newly developed amphiphiles derived from 

2-hydroxychalcones as the photosensitive unit into catanionic mixtures. The choice for 

2-hydroxychalcones was based in their intricate chemical network which combines 

dynamics of other commonly employed photoswitches as spyropirans and azobenzenes. 

Our strategy involved surveying multiple catanionic mixtures, containing amphiphilic 

2-hydroxychalcone derivatives of varying alkyl chain length and headgroup charges, as 

one of the components. For each system we explored different cationic/anionic mixing 

ratios and total surfactant concentrations using light microscopy. We then characterized 

the obtained vesicles and their response to stimuli through DLS, tensiometry, UV-Vis 

spectroscopy, cryo-TEM and light microscopy. Finally, we studied the ability of selected 

vesicle systems to entrap a model drug, doxorubicin, and release it under controlled 

conditions, using UV-Vis absorption and fluorescence spectroscopies as probing tools. 

Our results show that all the chalcone derivatives (photosurfactants) studied in this 

work form vesicles in catanionic mixtures in a wide range of mixing ratios, allowing for 

charge tunability of the aggregates. Regarding stimuli application, diverse responses are 

attained, leading to phase transitions, morphological shifts, disassembly into unimers 

and even, formation of aggregates from unimers. Furthermore, from the stimuli tested, 

the ones that lead to the formation of the flavylium cation, rather than other isomers, tend 

to disrupt the aggregates more easily. Finally, it is shown that the catanionic vesicles are 

able to encapsulate doxorubicin and release it in a sustained manner upon application 

of light/pH stimuli. Further optimization of the vesicle systems should address their 

loading capacity and the acidity levels required to achieve a stimuli-mediated release. 

Keywords: photosurfactants, catanionic vesicles, chalcones, drug entrapment and 

release 
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Resumo 
Os sistemas de veiculação de fármacos têm sido intensamente estudados devido à 

sua capacidade em melhorar a eficácia dos fármacos, protegendo-os do metabolismo e 

direcionando-os para o alvo terapêutico, de entre outros mecanismos. Entre o vasto 

leque de nanoveiculadores existentes, os vesículos são dos mais promissores, visto que 

encapsulam simultaneamente fármacos hidrofóbicos e hidrofílicos. Neste âmbito, os 

vesículos constituídos por misturas de surfactantes catiónicos e aniónicos (vesículos 

cataniónicos) apresentam várias vantagens, nomeadamente a preparação simples e 

elevada estabilidade coloidal. Recentemente, tem havido também um crescente 

interesse em sistemas de veiculação sensíveis a estímulos, que permitam um controlo 

mais fino do mecanismo de libertação do princípio ativo. 

Neste trabalho, propusemo-nos desenvolver vesículos cataniónicos sensíveis à 

irradiação com ou sem variação de pH, enquanto estímulos, que consigam encapsular 

um fármaco e libertá-lo mediante a aplicação desse estímulo. Para tal, foram utilizados 

novos surfactantes derivados de 2-hidroxichalcona, como unidade fotossensível, nas 

misturas cataniónicas. A estratégia adotada envolveu o estudo de várias misturas 

cataniónicas contendo, como um dos componentes, derivados da 2-hidroxichalcona, 

com carga do grupo polar e comprimento de cadeia alquílica variáveis. Para cada 

sistema, foram estudados diferentes razões de mistura catiónico/aniónico e diferente 

concentração total de surfactante, recorrendo-se à microscopia de luz. De seguida, 

foram caracterizados os vesículos e a sua resposta a estímulos por recurso a dispersão 

dinâmica de luz (DLS), tensiometria, espectroscopia de UV-Vis, microscopia electrónica 

de transmissão criogénica (cryo-TEM) e microscopia de luz. Por fim, estudou-se a 

capacidade dos vesículos encapsularem e libertarem um fármaco modelo, a 

doxorubicina, por recurso a espectroscopias de UV-Vis e de fluorescência. 

Demonstra-se que os derivados de chalcona (fotosurfactantes) estudados têm 

capacidade de formar vesículos em misturas cataniónicas, para um amplo intervalo de 

variação da razão de mistura catiónico/aniónico, evidenciando-se assim, a capacidade 

de manipulação da carga do agregado. Relativamente aos estímulos, obtêm-se vários 

tipos de resposta: transições de fase, alterações morfológicas, dissolução dos 

agregados e formação de agregados a partir de unímeros. Para além disso, verifica-se 

que quando há formação do flavílio, mais facilmente ocorre uma alteração estrutural nos 

agregados. Por fim, foi possível demonstrar a encapsulação e posterior libertação da 

doxorubicina mediante aplicação de estímulos.  

Palavras-chave: fotosurfactantes, vesículos cataniónicos, chalconas, encapsulação e 

libertação de fármacos  
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Figure 3.45 Spectral variation of xC6NCh = 0.30 (csurf = 1.00 mmol·dm-3) sample, from the C6NCh/SLSar 

system, regarding time of near-UV irradiation in neutral medium (left) and at pH = 3.0 (Right); 

Onset plots absorbance variations thought time of λ = 360nm and (left) and at λ = 360nm plus 

λ = 440nm (right). 

Figure 3.46 Spectral variation of xC6NCh = 0.30 (csurf = 1.00 mmol·dm-3) sample, from the C6NCh/SLSar 

system, regarding time of near-UV irradiation at pH = 4.5; Onset plots absorbance variations 

thought time at λ = 360nm and λ = 440nm. 

Figure 3.47 Number weighted Dh distributions of xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, from the 

C6NCh/SLSar system, obtained by DLS in the absence of stimuli, when irradiated without 

acidification, irradiated at pH  =  3.0 and irradiated at pH = 4.5. 

Figure 3.48 DIC micrographs xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, from the C6NCh/SLSar system, 

irradiated at pH = 3.0 (a) and irradiated at pH = 4.5 (b). 

Figure 3.49 Plot of γ vs ln(csurf) used for cac determination concerning the xC6NCh = 0.30 sample, from the 

C6NCh/SLSar system, in the absence of stimulus and in acidified and irradiated samples. 

Figure 3.50 Phase behavior observations for the 12-2-12/C6SCh system with varying molar fractions of the 

anionic component, C6SCh and total csurf, one week after sample preparation 

Figure 3.51 Light microscopy micrographs of  the xC6SCh = 0.20 at csurf = 3.00 mmol·dm-3 sample one day 

(a) and one week (b) after sample preparation; xC6SCh = 0.50 at csurf = 3.00 mmol·dm-3 sample  

one week after sample preparation (c) and (d); All the micrographs are from the 12-2-12/C6SCh 

system. 

Figure 3.52 Light microscopy micrographs of the xC6SCh = 0.20 at csurf = 1.00 mmol·dm-3 sample one day (a) 

and one week (b) after sample preparation¸ xC6SCh = 0.60 at csurf = 3.00 mmol·dm-3 sample one 

week after sample preparation (c) and (d); All the micrographs are from the 12-2-12/C6SCh 

system. 
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Figure 3.53 Light microscopy micrographs of the xC6SCh = 0.70 at csurf = 3.00 mmol·dm-3 sample (a) and 

xC6SCh = 0.90 at csurf = 3.00 mmol·dm-3 sample (b) one week after sample preparation; All the 

micrographs are from the 12-2-12/C6SCh system. 

Figure 3.54 Spectral variation of xC6SCh = 0.70 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C6SCh 

system, regarding time of near-UV irradiation in neutral medium (left) and at pH = 3.0 (Right); 

Onset plots absorbance variations thought time of λ = 360nm and (left) and at λ = 360nm plus 

λ = 440nm (right). 

Figure 3.55 DIC micrographs and photographs of the of xC6SCh = 0.70 (csurf = 3.00 mmol·dm-3) sample, from 

the 12-2-12/C6SCh system. (a) in the absence of stimuli; (b) irradiated with no acidification; (c) 

irradiated at pH = 3.0; black arrows are pointing towards vesicles and white arrows towards 

irregularly shaped MLVs. 

Figure 3.56 Spectral variation of xC6SCh = 0.70 (csurf = 1.00 mmol·dm-3) sample, from the 12-2-12/C6SCh 

system, regarding time of near-UV irradiation in neutral medium (left) and at pH = 3.0 (Right); 

Onset plots absorbance variations thought time of λ = 360nm and (left) and at λ = 360nm plus 

λ = 440nm (right). 

Figure 3.57 DIC micrographs and photographs of the of xC6SCh = 0.70 (csurf = 1.00 mmol·dm-3) sample, from 

the 12-2-12/C6SCh system. (a) in the absence of stimuli; (b) irradiated with no acidification; (c) 

irradiated at pH = 3.0;  

Figure 3.58 Light microscopy micrographs of neat C8SCh at csurf = 3.00 mmol·dm-3 ; (a) flat ribbons; (b) 

PLM micrograph containing flat ribbons and microtubule bundles; (c) microtubule bundle; (d) 

micrograph taken in the same position as (c) but 3 minutes after near-UV irradiation. 

Figure 3.59 Phase behavior observations for the 12-2-12/C8SCh system with varying molar fractions of 

the anionic component, C8SCh, at total csurf = 3.00 mmol·dm-3, one week after sample 

preparation. 

Figure 3.60 Light microscopy micrographs of the xC8SCh = 0.20 sample at csurf = 3.00 mmol·dm-3 one week 

after sample preparation (a) and (b), xC8SCh = 0.30 sample at csurf = 3.00 mmol·dm-3 one day (c) 

and one week (d) after sample preparation; All the micrographs are from the 12-2-12/C8SCh 

system. 

Figure 3.61 Light microscopy micrographs of the xC8SCh = 0.40 sample at csurf = 3.00 mmol·dm-3 one week 

after sample preparation (a) and (b), xC8SCh = 0.50 sample at csurf = 3.00 mmol·dm-3 one week 

after sample preparation (c) and xC8SCh = 0.60 sample at csurf = 3.00 mmol·dm-3 one week after 

sample preparation; all the micrographs are from the 12-2-12/C8SCh system. 

Figure 3.62 Light microscopy micrographs of the xC8SCh = 0.70 sample at csurf = 3.00 mmol·dm-3 one week 

after sample preparation (a) and (b), the xC8SCh = 0.90 sample at csurf = 3.00 mmol·dm-3 one 

week after sample (c) and (d); all the micrographs are from the 12-2-12/C8SCh system. 

Figure 3.63 Number weighed Dh distributions of xC8SCh = [0.10;0.20] samples at csurf = 3.00 mmol·dm-3, in 

the 12-2-12/C8SCh system, obtained by DLS one day after sample preparation 

Figure 3.64 Number weighed Dh and PDI variations in the of xC8SCh = 0.10 (left) and xC8SCh = 0.20 (right) 

samples at csurf = 3.00 mmol·dm-3, of the 12-2-12/C8SCh system through time. 

Figure 3.65 Light microscopy micrographs of the xC8SCh = 0.20 sample at csurf = 3.00 mmol·dm-3, from the 

12-2-12/C8SCh system, 10days after sample; (a) and (b) are the same micrograph, but with 

different filters. 

  

 

Figure A.A.1 Plot of γ vs ln(csurf) of 12-2-12 before and after recrystallization in dry acetone. 

Figure A.A.2 UV-Vis spectra of DOX at 0.30 mmol·dm-3 in a 2mm cell, before and after 120 minutes of near-

UV irradiation. 

Figure A.A.3 Obtained spectra of the filtrates in one of the experiments performed regarding the non-

encapsulated DOX removal using 4mm cells, from the vesicles in the 12-2-12/C4SCh system. 
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Figure A.A.4 UV-Vis spectra of the 12-2-12/C4SCh, xC4SCh = 0.40 with 0.30 mmol·dm-3 of DOX and a neat 

DOX solution as 0.30 mmol·dm-3, using 4mm cells. 

Figure A.A.5 Cumulative release of neat DOX solutions (0.08 mmol·dm-3) in a receiver compartments with a 

citrate buffer at pH = 3.0 with ionic strengths of ≈ 163 mmol·dm-3 and ≈ 55 mmol·dm-3. Dotted 

line is a guide for the eye, not a fitting. 

Figure A.A.6 Absorption and emission (λexcitation = 481nm) spectra of DOX in water (0.10 mmol·dm-3) obtained 

using 10 mm and 10mm x 4mm cells respectively. 

Figure A.B.1 Number weighted Dh distribution after tensiometry (csurf = 0.09 mmol·dm-3) of the sample xC4SCh 

= 0.40 in the 12-2-12/C4SCh system. 

Figure A.B.2 UV-Vis spectra of C4SCh under different molecular environments (concentrations of solute are 

not the same, hence no observations regarding the band intensities should be done). 

Figure A.B.3 Cyo-TEM micrographs of the sample xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3), from the 12-2-

12/C4SCh system, at pH = 3.0 evidencing the formation of precipitate (left) and conservation of 

some vesicles (right). 

Figure A.B.4 UV-Vis spectra of the xC4SCh = 0.40 sample, from the 12-2-12/C4SCh system, in the absence of 

stimuli and at the photostationary state upon irradiation of the system at pH = 1.0. 

Figure A.B.5 DIC micrographs of the xC6NCh = 0.20 at csurf = 1.00 mmol·dm-3 at 25ºC (a) and 37ºC (b); Arrows 

are pointing towards microtubules. 

Figure A.B.6 Plot of γ vs ln(csurf) of the xC6NCh = 0.25 mixture in the C6NCh/SC4 system, without stimuli 

application and irradiated at pH = 2.0 

Figure A.B.7 UV-Vis spectra of the xC6NCh = 0.80 sample in the absence of stimuli and at the photostationary 

state upon irradiation of the C6NCh/SC4 system at pH = 2.0. 

Figure A.B.8 Number weighted Dh distributions of xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, in the 

C6NCh/SLSar system, obtained by DLS in the absence of stimuli, when irradiated at pH = 3.0 

and at pH = 3.0 without irradiation. 

Figure A.B.9 Number weighted Dh distributions of xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, in the 

C6NCh/SLSar system, obtained by DLS in the absence of stimuli, when irradiated at pH = 4.5 

and at pH = 4.5 without irradiation. 

Figure A.B.10 DIC micrographs of the xC6SCh = 0.60 at csurf = 1.00 mmol·dm-3 sample from the 12-2-12/C6SCh 

system. one day (a) and a week (b) after sample preparation. 

Figure A.B.11 DIC micrographs and photographs of the of xC6SCh = 0.70 (csurf = 1.00 mmol·dm-3) sample, from 

the 12-2-12/C6SCh system. Irradiated at pH = 3.0, black arrows are pointing towards elongated, 

non-birefringent, µm sized structures. 

Figure A.B.12 Plot of γ vs ln(csurf) of neat C8SCh in aqueous solution. 
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1. Introduction 

 

1.1. Goals and scope of the project 

 

In this work, we investigated several aqueous catanionic mixtures of amphiphilic 2-

hydroxychalcone derivatives with oppositely charged conventional surfactants. Within 

each chalcone/surfactant system, we explored different cationic/anionic mixing ratios 

and total surfactant concentrations. Systems under the different conditions tested were 

thoroughly investigated to detect the formation of self-assembled aggregates and 

determine their structure. 

Our first goal was to obtain the conditions to form catanionic vesicles, and once that 

was fulfilled, we studied the morphological sensitivity of the vesicles to light irradiation 

with or without pH lowering, considering the chalcone derivatives and their rich multistate 

chemical network, arising from the interconversion between the different possible 

isomers and species. 

From the photosensitive nanostructures, our goal was to obtain a stimuli-responsive 

drug nanocarrier, as a proof-of-concept for a smart drug delivery formulation. To achieve 

this, we selected the most promising vesicle-containing system, encapsulated a model 

drug, doxorubicin, and then tested the aggregates ability to release the drug in a 

controlled manner. 

In the following sections, we will cover the relevant topics pertaining to the scope of 

this work, starting from surfactants and their interfacial and self-assembling properties, 

and then focusing on vesicles, with emphasis on catanionic mixtures. Following that, 

stimuli-responsive surfactants will be addressed, with focus on photosensitive 

compounds. Finally, the physicochemical properties of chalcones and drug delivery 

systems will also be discussed. 

 

1.2. Surfactants 

 

Surfactants are a wide class of organic compounds whose name is derived from their 

behavior as surface-active agents, which means they possess the ability to lower the 

surface tension of an interface (a boundary between two immiscible phases)1-2. Besides 

this capability, there is another common property all surfactants have: the ability to self-

assemble into supramolecular structures in solvents consisting of highly H-bonded polar 

molecules, such as formamide, glycerol and water1-4. The latter solvent, water, is where 
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these phenomena are most well characterized and the one this discussion will be 

focused on. 

Surfactants are widespread in nature, for instance, as the most important building 

blocks of the cell membranes of every organism, in the form of phospholipids 5-6. Besides, 

they fulfill a plethora of other not so ubiquitous purposes in the biosphere, such as being 

a large constituent of the outermost layer of the human skin, the stratum corneum, which 

acts as a barrier for very polar or nonpolar molecules, or even as a film in human lungs, 

preventing alveoli from collapsing every time a human exhales5-6.  

These compounds are also found in our lives ever since the dawn of society, as soaps, 

whose preparation and use have been reported thousands of years ago in ancient 

Babylon7. Nowadays, surfactants are one of the most versatile products used for very 

diverse purposes, such as formulation of therapeutic agents, cleaning detergents, paints 

and dyes, food additives, cosmetics, oil recovery agents, agrochemicals, to name but a 

few1-2, 5, 8.  

 

1.2.1. Structure and classification 

 

As stated above, surfactants are wide class of compounds, either of natural 

occurrence or of synthetic origin, and comprise a large variety of molecular structures 

and compositions1, 5 2. Despite all this variety, they all have some properties in common, 

due to some structural similarities –  their amphiphilic character1-2, 5, 9. An amphiphile is 

a molecule that bears well-separated polar and non-polar regions (Figure 1)2, 5-7, 10 As a 

consequence of this duality, in a strongly polar or non-polar solvent, there will be a partial 

mismatch regarding the intermolecular interaction with the solvent, as part of the 

amphiphile will be lyophilic and the other will be lyophobic1-2. 

 

 

Figure 1.1: Molecular structure of sodium dodecylsulfate, an archetype surfactant, and the schematic 

representation of its amphiphilic character. 

 

The nonpolar/hydrophobic part of the molecule is called the tail (Figure 1). It usually 

consists of one or more perfluoroalkyl, silicone or hydrocarbon chains1-2. The latter class, 

hydrocarbons, are the most widespread of the three1-2, 5, 11. These tails usually have 

between 8 up to 18 carbons, may be linear or branched, and may include unsaturations 
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and aromatic moieties1-2, 5, 11. When surfactants are synthetic, the hydrocarbon moieties 

originate from oleochemical (plant extracts) or petrochemical sources, and usually they 

are obtained in the form of a primary alcohol that can be manipulated at will to prepare 

the desired surfactant by addition of the headgroup2. 

The polar/hydrophilic region of the surfactant, commonly called the headgroup, is 

covalently linked to one, exceptionally two, end(s) of the molecule (Figure 1.1)1-2, 5, 9. This 

hydrophilic portion is very variable and shall be discussed further in this section 1-2, 5, 9. 

Due to the high diversity of surfactants classifying them is an intricate task. The most 

common way to do it is related to their headgroup charge (Table 1.2) and generic 

molecular structure (Table 1.1), namely the number and way the tails and headgroups 

are linked2, 5, 9. 

Considering the generic molecular structure, there are four main classes of 

surfactants. The most common are single- and double-chained surfactants, depending 

on whether they contain, respectively, one or two hydrocarbon chains covalently linked 

to the polar headgroup respectively (Table 1.1) 9, 12. Double-chained, also called swelling, 

surfactants aggregate into self-assembled structures at much lower concentrations than 

the single-chained, or micellizing, counterparts.2, 5-6, 13 . 

Apart from single- and double-chained surfactants, there are two other important 

classes with more unusual molecular structures, the gemini and the bolaforms2, 5. Gemini 

surfactants are dimeric structures made of two single chained surfactants which are 

covalently linked through a spacer that is at or near the headgroups. (Table 1.1) 5, 8, 14. 

These dimeric surfactants present higher efficacy on lowering the surface tension and 

can self-assemble at concentrations often tenfold lower than their monomeric 

counterparts5, 8, 14 

Bolaforms are dimeric compounds consisting of two headgroups connected to 

opposite ends of one or two hydrophobic tails (Table 1.1)5, 9. Compared to the previous 

categories, these compounds tend self-assemble at higher concentrations. These 

surfactants  are present in the cell membrane of Archaea and are one of the 

characteristics that defines this taxonomic domain 6, 15. 
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Table 1.1: Different classes of surfactants regarding their molecular structures and corresponding examples. 

  

 

When classifying surfactants by charge, five classes are to be considered (Table 1.2), 

herein discussed by decreasing order of abundance1-2, 5. 

Anionic surfactants are the most common class and their widespread use is due to 

their low cost and simple production2, 5. The most common headgroups are sulfates, 

sulfonates, phosphates and carboxylates (Table 1.2)2, 5. To neutralize their charge, one 

can use monovalent cations like sodium or potassium or divalent anions like magnesium 

and calcium2, 5. In hard waters, which contain high amounts of the latter two cations, a 

highly insoluble cation/surfactant pair is formed. This constitutes a major drawback in 

their detergency properties. However, not all groups are affected to the same extent, with 

the sensitivity decreasing in the following order2, 5: -CO2
- > -PO4

2- > -SO3
- ≈ -OSO3

-. 

Non-ionic surfactants are the second most common class2, 5. Since they are not 

charged, their polarity arises from a large presence of heteroatoms in the headgroup, 

namely oxygen atoms2, 5. The most common headgroups of this type are oligomers of 

five to ten ethylene oxide groups and glucosides either as monosaccharides like sorbitol 

or oligosaccharides like sucrose (Table 1.2)2, 5. These surfactants are not sensitive to 

hard water and are compatible with all other the other types2, 5. Like anionics, they are 

widely used in detergent formulations and the glucosides are often used in food products 

due to their biocompatibility2, 5. 

Cationic surfactants are the third most abundant class of surfactants. They are less 

used than anionic surfactants mostly due to being less environmentally friendly2, 5. 

Nonetheless, they are important in many applications, because most surfaces such as 

metals and plastics are negatively charged in solution2, 5. Consequently, these 
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surfactants adsorb to these surfaces through electrostatic interactions, thus lowering 

their surface energy and also acting as anticorrosive agents in the case of metals2, 5. The 

most common headgroups of cationic surfactants are primary amines and quaternary 

amines (Table 1.2)2, 5. 

Zwitterionic surfactants consist in surfactants that bear headgroups with positive and 

negative groups that are covalently linked (Table 1.2)2, 5. Therefore, they present a 

neutral character and share common behavior to nonionics2, 5. If the neutral charge 

properties are lost when one of the groups undergoes acid base reactions, then the 

surfactants are more appropriately designated as amphoteric2, 5. Zwitterionic surfactants 

are highly biocompatible and so they are widely used cosmetics and healthcare 

products2, 5. However, they are not so widespread as the previous classes due to their 

high cost of production2, 5. The widest subgroup of zwitterionic surfactants are the 

naturally occurring phospholipids, followed by the synthetic betaines2, 5.  

Finally, there are the catanionic surfactants. Albeit being one of the least widespread 

surfactant classes, mostly due to being a very recent class since the term “catanionic” 

was only introduced in the late 80’s, these surfactants are very promising applications in 

microreactors, cosmetics and drug delivery5, 16-17. Catanionic surfactants consist in 

pseudo-zwitterionic surfactants since they are made of a pair of an anionic and a cationic 

surfactant that are not covalently linked (Table 1.2) 5, 17. These surfactants extensively 

lower the surface tension of water and form aggregates at very low concentrations 

compared to their constituting components alone in solution 17-18. 
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Table 1.2: Different classes of surfactants regarding their headgroup charge and corresponding examples. 

 

 

1.2.2. Self-assembly and adsorption at interfaces 
 

Having briefly introduced surfactants, it is necessary to consider the driving forces at 

a molecular level that result in their surface activity and self-assembling properties which 

in turn, dictate their applications and behavior at the nano and macroscale. 

As stated previously, the common structural feature that all surfactants share is their 

amphiphilic character, key to their properties1-2, 10. If a molecule would only have a 

lyophobic character, a phase separation would occur once its solubility would be 

reached, instead of forming self-assembled nanostructures 2. On the other hand, if a 

molecule would be lyophilic it would not tend to accumulate in the air-water interface and 

instead, it could be readily solubilized and could in fact, as is the case for electrolytes 

such as simple salts, increase the surface tension at very high concentration1-2, 10. 

For water to solubilize the hydrophobic moieties of surfactants, the solvent molecules 

must be distorted around the surfactant tails, forming a clathrate, so the hydrogen bonds 

between water molecules are not compromised, which comes with a negative entropic 

cost10. To circumvent this effect, when successive increments of surfactant are added to 

a water solution, molecules of surfactant will migrate towards the air-water interface, and 

ultimately, they will self-assemble into micelles or other colloidal aggregates5, 12. The 

driving force for these two phenomena is the hydrophobic effect, which has a 

preponderant positive entropic term, attained by the segregation of the hydrophobic 
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groups from contact with water, thus eliminating the need to form the highly ordered 

clathrates1, 5, 12. 

The existence of surface tension (γ) of a liquid is due to the asymmetry between the 

cohesive intermolecular forces that is exist in the bulk liquid, compared to the interface, 

where the molecular interactions are lacking in the vapor side of the liquid-gas interface1, 

10. The surface tension can be quantified interchangeably, as the reversible work 

required to create interfacial area (usually given in mJ·m-2) or as a tangential force per 

unit length parallel to the interface (usually given in mN·m-1), as shown further in section 

2.5.7, Equation 2.111, 10. 

The migration of the surfactant molecules towards the air water interface, driven by 

the hydrophobic effect, results in the decrease of surface tension because the unimers 

orient themselves with the hydrophilic heads towards water while the hydrophobic tails 

face the air4, 10, 19. This arrangement results in water molecules at the interface having 

less unfavorable intermolecular interactions than they would have with air, which  causes 

a lowering of the surface tension4, 10, 19.  

The extent to which the surface tension is lowered depends on the structure of the 

surfactant and its concentration20. In dilute solutions, the decrease is low due to 

insufficient coverage of the air-water interface (Figure 1.2)10, 20. However, when 

concentration is further increased, and once over ≈ 60% of the interface area is covered, 

the surface tension starts to decrease abruptly up to a point where it becomes roughly 

constant (Figure 1.2)19-20. The Gibbs adsorption equation (Equation 1.1) relates the 

surfactant concentration at the interface, or surface excess (Γ), with the decrease in 

surface tension and the total surfactant concentration csurf: 

 

𝛤 = −
1

𝑛𝑠𝑖𝑅𝑇
(

𝜕𝛾

𝜕 𝑙𝑛 𝑐𝑠𝑢𝑟𝑓
) (1.1) 

 

where R is the gas constant, T the temperature and nsi is the number of surfactant 

species at the interface, that is, nsi = 1 for nonionic surfactants, nsi = 2 for single-charge 

surfactants and nsi = 3 for gemini surfactants bearing monovalent counterions 20-21 10, 19. 
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Figure 1.2: Schematic depiction of the variation of the equilibrium surface tension (γ) vs. surfactant concentration (csurf) 

and correspondent behavior of surfactant molecules in solution. 

The Gibbs adsorption equation is no longer valid once the plateau of surface tension 

variation is reached (Figure 1.2). In fact, at this point, other properties like osmotic 

pressure, electrical conductivity and unimer diffusion, undergo also an abrupt change in 

their variation with surfactant concentration2, 4, 19. This point, or more rigorously, a short-

range region, is called the critical micellar concentration (cmc) or critical aggregation 

concentration (cac). The cmc corresponds to the concentration above which, when 

surfactant is further added to the solution, it no longer migrates to the surface or is 

solubilized in unimer form, instead the molecules self-associate into soft cohesive 

structures of colloidal dimensions with varying morphologies and sizes(Figure 1.2) 5 , 19.  

This phenomenon occurs because the air-water interface is already packed with 

unimers. Henceforth, undergoing self-assembly, where only the headgroups are in 

contact with the solvent and the tails are interacting with each other, prevents the 

formation of the aforementioned entropically unfavorable water clathrates1, 10, 12. 

Formation of these aggregates is spontaneous (ΔG < 0)22. Apart from the highly positive 

entropic term of the hydrophobic effect, there are other terms that must be accounted for 

that are unfavorable, namely headgroup repulsions, creation of the polar/apolar micelle 

interface, and conformational constrictions on the hydrocarbon tails inside the micelle. 

Despite this unfavorable terms, the modulus of their sum is lower than that of the 

hydrophobic effect10, 12, 23-25. 
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1.3. Surfactant Self-assembly 

 

1.3.1. Thermodynamic models 
 

Having discussed what self-assembly is and why it occurs, the focus will now be on 

the thermodynamic models that rationalize this pseudo phase separation phenomenon. 

These models refer to a micelle, which is usually the first structure to form when the 

concentration threshold, cmc, is reached5, 12, 19. A micelle, whose cross-section view is 

represented schematically on figure 1.2 and 1.3, is a monomolecular surfactant film 

closed within itself forming a sphere with the headgroups contacting with the solvent and 

the tails forming a hydrophobic core2, 5, 19.  

There are two thermodynamic models that can be considered23-25. The first model is 

the pseudo-phase separation where the micellization process is considered a formation 

of a new phase and thus, the cmc corresponds to the solubility limit of the unimer5, 26-27. 

This model deduces the standard molar Gibbs (ΔmicGm
o) energy of micellization through 

consideration of the chemical potentials of the unimers and the micelles, which results in 

the following equation: 

 

𝛥mic𝐺𝑚
𝑜 =  𝑅𝑇𝑙𝑛 𝑥𝑐𝑚𝑐 (1.2) 

 

where xcmc is the surfactant molar fraction at the cmc. 

Even though this model is simple and often useful for the prediction of ΔmicGm
o, it has 

some limitations: it assumes that the aggregation number of the micelles is infinite, it 

does not account for the counterion dissociation of charged surfactants, and it assumes 

that the activity of the surfactant is constant above the cmc, when in fact it decreases26-

27. 

The mass action model is more sophisticated than the pseudo-phase separation, 

since it accounts for the fact that the micelles have a finite aggregation number (N), as 

represented in equation 1.3: 

 

𝑁𝑆 ↔ 𝑆𝑁 (1.3) 

 

where S are the unimers and SN the micelle5, 26, 28. Considering this, the equilibrium 

constant (K) can be calculated as represented in equation 1.4  

 

𝐾 =
𝑎𝑆𝑁

(𝑎𝑆)𝑁 (1.4) 
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From K, we can then calculate ΔmicGm
o as described below: 

 

 𝛥𝑚𝑖𝑐𝐺𝑚
𝑜 =

𝛥𝑚𝑖𝑐𝐺𝑜

𝑁
= −

𝑅𝑇𝑙𝑛𝐾

𝑁
= −

𝑅𝑇

𝑁
ln 𝑎𝑆𝑁

+ 𝑅𝑇𝑙𝑛 𝑎𝑆 =  𝑅𝑇𝑙𝑛 𝑎𝑆 = 𝑅𝑇 𝑙𝑛 𝑥𝑐𝑚𝑐   (1.5) 

 

The first term in the second step of Equation 1.5 can be neglected because usually N 

≥ 30, and the molar fraction of surfactant can be considered instead of its activity if ideal 

behavior is assumed26, 28. 

The equation deduced thus far does not differ from the ΔmicGm
o calculated in the 

pseudo-phase separation, and still does not account for the counterion dissociation. 

Therefore, it is only valid for nonionic surfactants26 , 28. 

To include the effect of the counter ion, let us consider an anionic surfactant S-, its 

counterion C+ and follow the same rationale as above for calculation of K (Equation 1.6, 

1.7):  

𝑁𝑆− + 𝑃𝐶+ ↔ 𝑆𝑁
(𝑁−𝑃)−

 (1.6) 

 𝐾 =
𝑎

𝑆𝑁
(𝑁−𝑃)−

(𝑎𝑆−)𝑁(𝑎𝐶+)𝑃 (1.7) 

 

Before solving the equation for ΔmicGm
o, the ionization degree of micellization (α), that 

indicates the extent of counterion screening, should be considered. The α can be 

calculated as follows: 

𝛼 =
𝑁−𝑃

𝑁
 (1.8) 

 

Considering this, ΔmicGm
o is then calculated as following26 , 28: 

 

𝛥𝑚𝑖𝑐𝐺𝑚
𝑜 =

𝛥𝑚𝑖𝑐𝐺𝑜

𝑁
= −

𝑅𝑇𝑙𝑛𝐾

𝑁
= −

𝑅𝑇

𝑁
ln 𝑎

𝑆𝑁
(𝑁−𝑃)− + 𝑅𝑇𝑙𝑛 𝑎𝑆− + (1 − 𝛼)𝑅𝑇𝑙𝑛 𝑎𝑐+ =

𝑅𝑇𝑙𝑛 𝑎𝑆− + (1 − 𝛼)𝑅𝑇𝑙𝑛 𝑎𝑐+  = (2 − 𝛼)𝑅𝑇 𝑙𝑛 𝑥𝑐𝑚𝑐 (1.9) 

 

Even though micelles are usually the first surfactant aggregate to be formed and these 

thermodynamic models rationalize self-assembly, there are a lot more aggregates that 

can be formed. Some of these aggregates are formed by the same surfactants as the 

one in micelles, but at concentrations well above the cmc, while others are made by 

surfactants that do not form micelles after unimer solubilization is reached. 

The formation of other aggregates is due to surfactants having a very variable 

structure as discussed in section 1.2.1 and some, cannot accommodate their tails in a 

micelle, and for the ones that form of micelles, other variables such as concentration and 

temperature can impair the ability to accommodate the tails properly in these structures 
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(section 1.3.4)10, 19. Regardless, self-assembly can all be traced and rationalized by 

geometric considerations for which the chemical structure of the monomer plays a pivotal 

role10, 19. Two models that account for this are the packing parameter model and the 

spontaneous curvature of the surfactant film10, 19.  

 

1.3.2. Surfactant geometry 
 

The packing parameter (Ps) is an important concept in surfactant self-assembly that 

relates the shape of the surfactant with what molecular aggregate will accommodate the 

molecules more efficiently and thus, will be preferably be formed. It can be calculated as 

presented in equation 1.10: 

𝑃𝑆 =
𝑉ℎ𝑐

𝑎ℎ𝑔𝑙ℎ𝑐
 (1.10) 

 

where Vhc, lhc and ahg are, respectively, the volume and the length of the hydrocarbon 

chain in all trans conformation and hydrated area of the headgroup. 10, 19, 29 

The denominator for calculation of Ps refers to a cylinder with the same height of the 

hydrophobic chain length and with the base area as the headgroup. When Ps is close to 

1, this mean that the surfactant has a shape close to this theoretical cylinder, therefore 

it will tend to self-assemble in structures such as flat bilayer structures (Table 1.3)10, 19, 

29. If Ps < 1, then the structure of the surfactant resembles that of a cone, and if Ps = 1/3, 

it will tend to form micelles. A truncated cone is representative for surfactants with Ps = 

1/3-1/2, which self-assemble in intermediate structures between those of micelles and 

bilayers, such as elongated micelles (Table 1.3)10, 19, 29. 

The spontaneous curvature model is a complementary way to rationalize aggregate 

morphology. It relates the spontaneous curvature of the surfactant film (H0) with the type 

of aggregate being formed10. It can be calculated as follows: 

 

𝐻𝑜 =
1

2
(

1

𝑅𝑐1
+

1

𝑅𝑐2
) (1.11) 

 

where Rc1 and Rc2 are the radii of the curvature in perpendicular directions. Rc is positive 

if the surfactant film curves away from the water and negative if it curves towards it10. 

Since surfactant films possess some degree of elasticity, the curvature can be 

different from Ho. However, any deviations from it come with an energy cost (gc) 

calculated by the following equation: 

 

𝑔𝑐 = 2𝜅(𝐻 − 𝐻𝑂)2 + �̅� 𝐾𝑔 (1.12) 
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where H is the curvature of the film,  is bending modulus, which quantifies how difficult 

it is to bend the surfactant film and ̅, the saddle-splay modulus, that describes the 

topology of the film and Kg the gaussian curvature5, 30. 

Even though the molecular parameter is based on unimer structure and the 

spontaneous curvature is based on the mechanical properties of the film, they both 

predict the morphology of aggregates. Lower packing parameters correspond to higher 

positive curvatures, packing parameters close to unity correspond to null curvature and 

negative curvatures correspond to higher packing parameters (Table 1.3)5, 10. 

 

Table 1.3:  Relation between the values of Ps and H0 found in surfactants and their corresponding preferable 

aggregates. 

 

 

1.3.3. Phase behavior and aggregate morphology 
 

Self-assembly of surfactants can occur at an interface or in a bulk of a phase. In the 

first case the self -assemblies involve long single or double chained surfactants that self-

assemble in gas-liquid and solid-liquid interfaces5, 31. Langmuir monolayers are an 

example of self-assembly that occurs in air-water interface, and these structures can 

appear in the form of different two-dimensional phases depending on the lateral pressure 

applied to the film. These type of self-assembled structures are useful for applications 

such as mimetic biological membranes for biophysical studies and decreasing the rate 

of evaporation in water reservoirs31-33.  
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The aggregates that are formed in the bulk of a liquid phase display a rich 

polymorphism5, 12. The structures can be classified according to four main criteria. The 

first criteria being the basic block of any type of these aggregates, whether it is a 

monomolecular film or a bilayer5, 12. The second criteria is regarding whether these 

aggregates are finite, when N ≠ ∞, or infinite5, 12. When the aggregate is infinite it can be 

further subdivided based on its continuity, that can occur in one, two or three dimensions. 

The third way self-assemblies can be classified is according to their curvature, being 

considered normal if Ho > 0 or reverse if Ho < 0.5, 12  

The last way to classify the self-assemble structures is based on how many phases 

are formed in a system5, 12. Homogenous systems are constituted by a single phase. 

They can be further subdivided in three categories: solution, liquid-crystalline and solid 

phases2, 5, 12. Solution phases are usually formed at low surfactant concentrations, and 

these include structures such as micelles and microemulsions2, 5, 12. The liquid-crystalline 

phases are characterized by properties in between those of solid and liquid phases. They 

possess solid-like orientational order of the unimers and liquid-like positional disorder of 

the unimers, which can diffuse in some directions of the aggregate.2, 5, 12. Finally, there 

also the solid-like phases which encompass structures such as gels, i.e. bilayer phases 

at low enough temperatures2, 5, 12.  

Regarding the heterogenous systems, they are more difficult to subdivide due to their 

high variability; they include emulsions, that possess two liquid phases, and foams, which 

are constituted by a liquid and a gas phase2, 5, 12. 

Depending on the surfactant packing parameter, aggregates with varying morphology 

can be formed. However, the same surfactant can form a sequence of other aggregates 

if its concentration is increased well beyond the cac5, 12, 34-35. The sequential 

morphological changes are a result of increasing inter-aggregate interactions, which 

force a rearrangement of the structures to effectively accommodate the surfactants while 

maintaining the tails away from water5, 12, 34-35. For ionic surfactants an additional variable 

has influence on this phenomenon: as the surfactant concentration increases, the 

relative amount of water decreases and so does its availability to solvate the counterion, 

which start to bind more strongly with the headgroups, thus decreasing ahg and 

consequently increasing Ps
5, 34-35. 

This phase behavior sequence can be represented in a so-called Fontell scheme 

(Figure 1.3), a model that rationalizes the sequence of structures formed, with a 

decreasing Ho as the concentration increases 5, 34-35. It must be noted that the Fontell 

scheme is an idealized model and hardly any surfactant goes through in its entirety34-35. 
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Figure 1.3: Fontell scheme; Legend: L: micellar phase; I: Discrete cubic phase; He: hexagonal phase; Q: 

Bicontinuous cubic phase; Lα :lamellar phase; 1 and 2 subscripts stand for normal and reverse phases respectively,  He 

and Q phases representations were adapted from 5. 

 

In order to grasp the wide variety of structures that can be formed from surfactant self-

assembly, those included in the Fontell scheme will be briefly discussed below. However, 

it must be stressed that many other possible structures are being left out from this 

discussion, examples being microemulsions, emulsions, foams, sponge phases, 

nanotubes and ribbons2, 5, 9. 

Micelles consist of spherical nanodroplets with a fluid core, their radii is close to that 

of the chain length and they are formed usually with 30 to 100 unimers (Table 1.3, Figure 

1.3)5, 36. Even though the spherical shape is the archetype shape for these aggregates, 

deviations can occur by manipulation of parameters such as temperature, salt and 

concentration (see section 1.3.4)37. Other types of micellar aggregates, include prolates, 

disk-like, branched and elongated/worm-like micelles 2, 37. The latter two kinds of micelles 

share many viscoelastic properties with polymer solutions37-38. 

Discrete cubic phases are usually formed after the micellar solution. Macroscopically, 

these phases are transparent and viscous2, 35. Microscopically, they are formed by 

micelles that are usually deformed in a prolate shape with an aspect ratio between 1-2 

packed in a cubic unit cell (Figure 1.3)2, 34-35. The most common space group is the body 

centered and the lattice parameter is usually between 6 and 10nm34. 

If the concentration of surfactant is increased from a micellar solution and they start 

to grow towards formation of rod-like micelles, the discrete cubic phase can be bypassed 

and the next phase of the Fontell scheme, the hexagonal phase, is formed5, 35. This 

phase is a liquid crystal made of infinitely long cylindrical micelles stacked in a hexagonal 
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pattern (Figure 1.3) 2, 35. This anisotropic arrangement results in extremely viscous 

solutions that are optically birefringent35. 

The bicontinuous cubic phases, which succeed the hexagonal phase, share 

similarities with discrete cubic phases, since they are all isotropic and spatially described 

by a cubic unit cell.35, 39 However, the average lattice parameter of the unit cell is larger 

in bicontinuous phases (9 to 14 nm) and the most common space group for the normal 

variant of this phase is the Ia3d, made of two networks intertwined but independent 

branched micelles (Figure 1.3)35, 39. 

Finally, there is the lamellar phase, an anisotropic and optically birefringent phase 

which is made of planar stacked bilayers (Figure 1.3)5, 35. Between the headgroups of 

consecutive bilayers there is water; the thickness of the water layers and the thickness 

of the surfactant bilayers can be altered by adding water or oil, respectively5, 35. The 

lamellar phase is an extremely versatile structure, giving rise to a plethora of other 

morphological distinct self-assembled aggregates while conserving the bilayer as a 

building block, examples being flat ribbons, coiled/twisted ribbons, microtubules and 

vesicles. The latter will be discussed in greater detail in section 1.45, 40-41.   

At the lamellar phase, there is a mirror plane in the Fontell scheme (Figure 1.3): 

beyond this point, reverse structures are formed following an opposite curvature to that 

that has been discussed for normal structures5, 35. Often, reverse structures require 

ternary systems involving surfactant, oil and water to be formed5, 35. 

 

1.3.4. Parameters influencing self-assembly 

 

Even though the packing parameter and concentration are parameters of cornerstone 

importance for the type of self-assembled aggregate formed, there are other variables 

that have a great impact on the aggregate morphology. These variables can affect the 

packing parameter and the spontaneous curvature expected ab initio from the molecular 

structure alone5, 42.  

Temperature is a key factor affecting aggregation behavior, because it can dictate 

whether an aggregate will form. This is due to the Krafft temperature, where the solubility 

of the unimer equals the cmc and below which, no aggregates are formed and instead 

the surfactant precipitates10, 12, 42. This point is part of the Krafft boundary, a line in the 

phase diagram that corresponds to a temperature for any given surfactant concentration 

below which the surfactant forms crystals. 10, 12, 42.  

Apart from determining if aggregates are formed, the temperature can affect the 

aggregates´ morphology5, 42. In the case of non-ionic ethoxylated surfactants, increasing 
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the temperature results in a less effective hydration of the headgroups because the water 

is less available to form intermolecular interactions with the oxygen atoms of the ether 

moieties; as a result, ahg is decreased and Ps is increased, causing micelles to become 

elongated or even form vesicles5, 42. In the case of ionic compounds, the effect is less 

drastic and has an opposite trend to non-ionic surfactants. When temperature is 

increased, the degree of micelle ionization increases slightly and the headgroup 

electrostatic repulsions are greater and thus the Ps decreases5, 43 . Regarding catanionic 

systems, temperature can also mediate interconversion between mesophases, for 

instance, it has been reported that some catanionic-salt free vesicles reversibly convert 

into elongated micelles upon temperature increase44.   

Finally, temperature can also induce phase transitions without altering the type of self- 

assembled aggregate. This is the case in bilayer-based structures, where there is a chain 

melting temperature (Tm), or more rigorously a gel (Lβ) to liquid-crystal (Lα) transition 

temperature5, 45. This phase transition is characterized by the loosening of the all-trans 

alkyl chain conformation, enhanced freedom of molecular rotation and lateral diffusion 

(Figure 1.4) 5, 45. Within the gel phase there are different variants of how the unimers can 

be organized which is a result of the degree of mismatch between the headgroup area 

and the cross section area of the alkyl chains in all-trans conformation(Figure 1.4) 5, 45. 

 

 

Figure 1.4: Schematic representation of a bilayer cross section in different phases: Legend: Lα liquid crystal phase; Lβ, Lβ’ 

LβIN : different gel phases  Reproduced from 5. 

Addition of salt also impacts aggregation behavior, especially for ionic surfactants, 

since its presence impacts headgroup interactions, specifically by decreasing 

electrostatic repulsive interactions due to charge screening at the surface of the 

aggregates42. This results in lower cmc and lower ahg, which increases Ps and may result 

in a mesophase transition42, 46-48. 

Besides the addition of salt, there is another variable exclusive of ionic surfactants, 

that is the effect of the counterion.30, 42. As the counterions go down the periodic table 

within the same group, polarizability increases, and so they will be less soluble in water, 

thus screening the surface charge of an aggregate more effectivlely30, 42. This has the 

same effect on Ps as the addition of salt30, 42. 



FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

17 
 

 

 

Co-surfactants are molecules with a weak amphiphilic character, such as long chain 

alcohols, that do not undergo self-assembly by themselves 5. However, when surfactants 

are present, they can affect their self-assembly properties, by formation of a surfactant-

cosurfactant pair49. This pair, results in a slight increase of ahg, a significant increase in 

Vhc and an overall increase of Ps
5, 42, 49.  

Finally, there is the effect of pH, which affects only surfactants with protonable 

headgroup, that is, moieties whose charge/protonated state depends on the pH of the 

solution2, 9, 42. This is the case e.g. for alkyl carboxylates and amphoteric surfactants 2, 9, 

42. 

 

1.4. Vesicles 
 

Vesicles are discrete colloidal aggregates that consist of a surfactant bilayer enclosed 

on itself usually forming an hollow sphere, that entraps a solvent pocket30, 42, 50-51. 

Similarly, to other aggregates, vesicles also have a reverse counterpart that is formed 

on ternary/quaternary systems requiring water and oil. In this case the sphere’s surface 

is made of water; surfactants are on the interfaces and the nonpolar solvent is inside and 

outside of the aggregate.30, 51 

Normal vesicles can be formed by a single component, e.g. double-chained 

surfactants, single-chained non-ionic surfactants, block copolymers and lipids. In the 

latter two cases the aggregates are designated as polymerossomes and liposomes, 

respectively50-52. Vesicles can also be formed by multiple components such as mixtures 

of nonionic/ionic surfactants and mixtures of ionic surfactants (e.g. catanionic mixtures 

or catanionic surfactants), with presence or not of co-surfactants30, 52. Despite the large 

variety of possible compositions employed to form vesicles, which in turn, dictates their 

structural characteristics and stability, there is one feature they have in common. The Ps 

of the surfactant(s) involved must be close to unity and preferably slightly below it.30, 53. 

Regarding size, these aggregates can be classified as ultra-small unilamellar vesicles 

(USUV), if their diameter is lower than 10 nm, small unilamellar vesicles (SUV) (Figure 

1.5) that can go up to 100 nm in diameter, large unilamelar vesicles (LUV) (Figure 1.5) 

which have diameters up 500 nm, and giant unilamellar vesicles when the diameter is 

larger than 500 nm30, 51, 53. Vesicles made of multiple concentric bilayers are called 

oligolamellar vesicles (OLV) if they are made with up to 5 concentric layers or 

multilamellar vesicles (MLV) if they are made from more than that (Figure 1.5) 30, 51, 53.  

Apart from variability regarding size and number of bilayers, there can also be 

changes in the morphology of the vesicles due to temperature, that are associated with 

the previously mentioned Tm (Section 1.3.2). Above this temperature, vesicles are 
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typically in a spheroidal shape. However, in the gel phase, different morphologies can 

form, such as: lens shapes, disks or faceted shapes(Figure 1.5) 30, 54. 

 

 

Figure 1.5: Cyo-TEM micrographs of morphologically different vesicles/Liposomes: Top left: SUV55; Top right: Liposome 

in the  Lβ phase54; Bottom left: LUV38 Bottom right :MLV56. 

 

For vesicles to be formed, depending on the amphiphiles being used and the desired 

proprieties, several strategies can be followed and they can employ either non-

spontaneous or spontaneous methods30, 52. 

In non-spontaneous methods, the starting point are lamellar aggregates with zero 

spontaneous curvature that require high energy inputs to form thermodynamically 

metastable vesicles. These methods can be further subdivided in chemical methods and 

mechanical methods30, 52.  Chemical methods consist in addition of a component to the 

bilayers that will intercalate between monomers, forcing them out of the zero 

spontaneous curvature. Common compounds used are other amphiphiles or 

macromolecules such as lipids functionalized with polyethylene glycol (PEG), which 

among other advantages, are able to make the vesicles/liposomes have a longer stability 

than they would by other non-spontaneous methods30, 52, 57 . 

Mechanical methods are employed following two main strategies. The first one starts 

of a lamellar phase in water that is subjected to strong mechanical action through 

sonication30. The second method, commonly used in liposomes, consists of hydration 

and agitation of a lipid film that was formed by evaporation of an organic solvent solution 

containing the lipids30, 51, 53. Both techniques produce very polydisperse populations of 
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vesicles that often contains MLVs. If a smaller and more monodisperse population is 

desired, extrusion can be applied30, 53.  

Spontaneous methods for vesicle formation are simpler and don’t require high inputs 

of energy nor addition of other components of solution. Often there is just a need of light 

agitation or thermal energy30, 52. Vesicles formed by such methods are usually more 

stable than those prepared by non-spontaneous methods and can sometimes be in a 

true equilibrium state30. 

Even though the large majority of vesicle forming systems are not in a true equilibrium 

state, many are considerably stable through time due to kinetic locks30. This long-lasting 

stability can be a result of several mechanisms. For single component systems, 

depending on the ration between ̅ and  (see equation 1.12, section 1.3.2), different 

conformations of the bilayers may be preferable, and when   < −̅ /2  the vesicles will 

be stable (Figure 1.6)30. However, that is rare occurrence, since most of the time  >>   

|̅ |30.  

 

Figure 1.6 Schematic representation of the preferable bilayer phase depending on the ratio between k̅ and k; 

Adapted 30. 

 

Another possible mechanism is entropic stabilization, which consists in the entropic 

gain associated with the existence of numerous vesicles, instead of a few flat bilayers. 

This mechanism is further favored by the lack of bilayers edges being exposed to the 

solvent when they are on vesicle form30. 

Regarding multicomponent vesicles, the two mechanisms mentioned above also 

apply. However, there is an additional way stabilization can be achieved. If the 

constituting surfactants have different Ps, heterogenous segregation between the bilayer 

leaflets may occur30, 58. Although there is an entropic unfavorable cost associated, the 

gain for the ability to form monolayers of opposite spontaneous curvature is greater30, 58. 
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1.4.1. Catanionic vesicles 

 

Catanionic systems encompass true catanionic surfactants and catanionic mixtures. 

True catanionic surfactants, or salt-free catanionic surfactants, are equimolar mixtures 

of an anionic and cationic surfactants forming an ion pair, devoid of its original 

counterions17, 59-60. These surfactants can be prepared by methods such as ion 

exchange, precipitation using heavy ions, such as silver, or by liquid-liquid extractions, 

which require a subsequent step to isolate the surfactant as a solid powder by using 

techniques such as lyophilization.13, 17, 59 

The catanionic mixtures are prepared by the mixture of the neat parent surfactants in 

water17, 59. They differ from salt free catanionic surfactants by the presence of the original 

counterions and by being able to be prepared using any mixing ratios of surfactants, 

conferring this subclass a rich and complex phase behavior (Figure 1.7)13, 17, 38, 59-61. The 

differences from salt free catanionic surfactants, makes these systems in water, a 

pseudo-ternary system, instead of binary, as their salt free counterparts17. The prefix 

“pseudo” arises from the fact that only part of the counterions will be adsorbed on the 

self-assembled aggregate, while the rest will behave like a normal electrolyte in water13, 

17, 60. Thus, in order to represent the phase behavior of these systems to its full extent, a 

tri dimensional phase diagram should be used , e.g. trigonal bi pyramid, instead of the 

equilateral triangle which only corresponds to a cross section of the full diagram(Figure 

1.7 and 1.8)13, 17, 60. 

Despite the differences between the two subclasses, they share many similarities, 

namely a great synergism of their adsorption/surface activity and self-assembling 

properties since they have much lower cmc/cac compared to their neat parent 

surfactants (Figure 1.7)13, 17, 61. This synergism is not exclusive of anionic/cationic 

surfactant mixtures, it occurs in mixtures of other classes of surfactants such has non-

ionic/ionic and non-ionic/non-ionic, that being the reason why mixed surfactant systems 

are the most used in most industrial and commercial applications17, 61. The extent of this 

synergism is, however, greater in catanionics, due to the electrostatic interactions 

between the headgroups of the components that is not present in other mixtures 13, 17, 61. 

Sometimes, the electrostatic interaction is so strong that the catanionic surfactant 

precipitates, especially when hydrocarbon chain lengths are symmetric and/or long13, 17, 

61. 
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Figure 1.7: Left: Phase diagram of Sodium dodecylsulfate (SDS)/ Didodecyldimethylammonium bromide (DDAB)/Water; 

Right: variation of surface tension vs. csurf in the catanionic mixture of SDS/ Dodecyltrimethylammonium bromide (DTAB) 

with varying mixing ratios, evidencing the rich phase behavior and enhanced adsorption and self-assembling properties 

of catanionic mixtures. Legend: (L), isotropic solution; (D), lamellar phase; (I), reversed cubic phase; (F)  reversed 

hexagonal phase; (E), normal hexagonal phase and (G), hydrated surfactant crystals; Adapted17, 61. 

 

In addition to the enhancement of the surfactant properties, there is also the possibility 

of easily manipulating the Ps by using surfactants with different structures, thus altering 

the preferable formed aggregate(Figure 1.7 and 1.8)13, 17, 60. In turn, the surface charge 

of the formed aggregates can also be tuned by varying the molar fraction of the parent 

surfactants62. 

The synergism of surfactant mixtures implies that they do not have and ideal mixing 

behavior, the extent of this synergism can be quantified by the molecular interaction 

parameter β that is calculated as follows: 

 

𝛽 =
𝑒(𝑊11+𝑊22−2𝑊12)

𝑅𝑇
 (1.13) 

 

where W11 and W22 are the molar Gibbs energies of interaction between unimers of the 

same surfactant and W12 between anionic and cationic surfactants 17. The more negative 

β, the stronger the synergism of the surfactants; in catanionic surfactants/mixtures this 

value usually ranges between -10 and -25 for both micellization and adsorption, while for 

ionic/non-ionic mixtures it is usually between -1 and -5, and for mixtures of ionic 

surfactants bearing the same charge is close to 0 or even positive, indicating they are 

often uncooperative17, 63-64.  

Vesicles are often formed both in salt free surfactants and catanionic mixtures. These 

vesicles are spontaneous and whether some of them are thermodynamic stable is 

debatable, nonetheless they are often very stable compared to single component 

vesicles due to the mechanism of selective segregation of the components between 

monolayers discussed in section 1.413, 17, 52, 56. 
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While other multicomponent vesicles sometimes also share high stability by the same 

mechanism as catanionic vesicles, they often require time consuming preparation and 

inclusion of complex components such as the case of the liposomes that contain 

PEGylated phospholipids30, 57. For catanionic vesicles, the preparation is rather simple 

consisting often of just adding two powders to a solvent and gently mixing them, which 

makes them suitable for large production and applications at the industrial scale17, 65. 

The formation of these vesicles is path-independent, that is, regardless of how they 

were prepared (e.g. addition of the solid surfactants in water or dilution from a sample of 

higher concentration on another phase), the vesicles will have the same properties, i.e. 

the same size and polydispersity17, 56. However, this converging process may be slow 

due to kinetic entrapments56. 

The catanionic vesicles may occur on these systems as single phases; however, there 

might be coexistence with other aggregates/phases such as precipitated crystals near 

equimolarity, micelles at lower concentrations and/or on regions far from equimolarity 

and with lamellar phases at high surfactant concentrations where the vesicles are often 

in the form of MLVs17, 59, 61 (Figure 1.8). The existence of exclusive vesicle phases is 

more common near equimolar region where there is a slight excess of one of the 

surfactants. If there is a mismatch between the chain lengths of the components the 

vesicles will form more easily, and the vesicle phase will be present in a wider range of 

molar fractions in the region with excess of the shorter surfactant (Figure 1.8)17, 59, 61. 

 

 

Figure 1.8:Phase diagram of SDS/ DTAB /water and Sodium octylsulfate (SOS)/Cetyltrimethylammonium bromide 

(CTAB)/Water Legend: (V) vesicles, (R) rod-like micelles, (M) micelles, (La) lamellar phase, (I) multiphase (S) 

Precipitate; Adapted61. 

 

1.5. Stimuli-responsive surfactants 

 

As discussed above, the surface activity and self-assembling properties of a 

surfactant are predetermined by its chemical structure and can be manipulated to some 

extent by tuning variables discussed in section 1.3.4. The ability to easily manipulate 
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these properties is of paramount importance in industry and potential applications66. For 

instance, surfactants are often used in only a part of a process, such as emulsions which 

are useful in oil transportation through pipelines and in enhanced oil recovery. After their 

use, surfactants may become a liability, requiring additional steps for their removal and 

creating wastes67. These drawbacks have triggered, in recent decades, the search and 

design of surfactants whose properties can be easily “switched” from on and off state, 

the so called stimuli-responsive or adaptive surfactants67.  

Parallel to this research, other stimuli-responsive surfactants have been developed 

for specific and high end applications, such as the light-mediated rheological control of 

viscous solutions made of entangled worm-like micelles that can be switched to a fluid 

solution with spherical micelles, or the use of redox sensitive surfactants in lipoplexes to 

controllably release the genetic material in the desired target68-69.  

The stimuli-responsive surfactants may undergo a reversible reaction, in which case 

they are considered switches, or the stimuli application may be irreversible, as in 

cleavable surfactants66, 69. One has to consider that not all aggregates containing 

switchable surfactants return to its original state after reverting the switch to its state 

before the stimulus66, 69. The stimuli-responsiveness is attained by incorporation of 

functional groups that undergo some change by the desired stimuli. These groups can 

be incorporated in the tail, adjacent or at the headgroup and be the headgroup itself66, 69. 

There is a plethora of stimuli that have been employed, which can be divided into 

chemical (Table 1.4)  and physical stimuli (Table 1.5), and some of them will be 

discussed further in this section66, 69. Chemical stimuli encompass pH variations, redox 

reactions and enzyme degradation. Physical stimuli include temperature variations, 

magnetic fields, electrical fields and light irradiation66, 69. Between chemical and physical 

stimuli, the latter is usually preferable since these are external and do not require addition 

of any component to the system, which consequently results in a higher likelihood that 

the stimuli responsiveness is reversible in the system69. 

Using pH as a stimulus has been a subject of interest due to its potential applications 

in self-assembled drug carriers that are sensitive to acidic media, such as that of cancer 

tissues, to attain a controlled and targeted release62, 66, 69. There are several chemical 

groups that can be employed as the headgroup to attain pH sensitivity, but in this 

discussion only the diamine and amidines will be covered (Table 1.4). Diamines are 

promising responsive groups due to their simple and high yield production, with two pH-

sensitive groups with different pKa
66. A representative example of diamine surfactant is 

the N‐dodecyl‐1,3‐diaminopropane, which starts from spherical micelles at pH = 2 and, 

as one adds base, assemble to wormlike micelles up to pH = 10, and then perforated 

vesicles which can become full vesicles if the temperature is increased (Table 1.4)66, 70. 
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An alternative pH control is attained using amidines as hydrophilic headgroups, which 

undergo protonation if a solution is bubbled with CO2 that leads to pH lowering by 

formation of bicarbonate. If the solution is then bubbled with an inert gas such as nitrogen 

or argon the effect can be reversed (Table 1.4)66-67, 71. Among several studies, this group 

has been incorporated in diblock copolymers containing ethylene oxide (Table 1.4), 

which in turn self-assemble into vesicles, that grow upon pH decrease due to protonation 

of amidines, that causes repulsion between the positively charged moieties, and revert 

back to its original size when pH is increased, by deprotonation of the amidines66, 71. This 

process was able to be performed several consecutive times giving these 

polymerossomes a breathing-like behavior66, 71.  

The second type of chemical stimuli discussed here is redox reactions. Some 

surfactants use cleavable blocks like diselenide or disulfide bridges (Table 1.4), others 

have d-block atoms incorporated and are switchable, e.g. ferrocene- and 

polyoxometalate (POM)-derived surfactants68-69. Ferrocenes have been employed in 

many classes of surfactants, both in the head and hydrophobic tails of surfactants66, 68. 

These complexes acquire a positive charge when they undergo oxidation, affecting the 

hydrophobic and hydrophilic balances of the surfactant (Table 1.4)66, 68. This dynamic 

has been used both for manipulation of surface tension and to attain morphological shifts 

on the self-assembled aggregates66, 68. POMs are an interesting group that has been 

incorporated as the hydrophilic head of surfactants69, 72. They differ from other surfactants 

due to their unusual bulky structure, incorporation of metal atoms such has tungsten and 

ruthenium, and additional catalytic properties69, 72. Regarding self-assembly control, 

there have been studies where a spherical-to-elongated micelle transition has been 

attained by the electrochemical stimulus69, 72. 
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Table 1.4: Examples of chemical groups incorporated in surfactants to attain a chemical stimulus mediated response. 

 

 

Regarding the physical stimuli, temperature sensitivity can be added using common 

chemical groups, whereas other physical stimuli require uncommon units, such as light 

(which requires photoactive units) or magnetic field (which requires 

paramagnetic/superparamagnetic metal ions)40, 69. The strategy followed for thermo-

responsiveness is mostly based on the enhancement of the mechanism, such as that 

based on ethylene oxide moieties.  

Temperature stimuli have been employed in combination with pH in the case of a 

diamine that at basic conditions, in its non-ionic form, self-assembles into a perforated 

vesicle. Upon temperature increase formation of closed vesicles is favored because the 

diamine groups are less effectively hydrated and Ps increases66, 69. This stimulus has 

also been employed on its own to regular surfactants, an example being novel 

surfactants based on amino acids that were used to attain a reversible tubule-to-vesicle 

transition upon temperature increase40. Another approach followed was based on the 

synthesis of di-block copolymers containing 2-(dimethylamino)ethyl methacrylate as a 

thermo-responsive hydrophobic block. Bellow the lower critical solution temperature, the 

block polymer is soluble and so it is in unimer form, while above the critical temperature 

this section of the molecule becomes insoluble, which ultimately results in the formation 

of MLVs (Table 1.5)69. 

Finally, there are the magnetic surfactants, which are synthesized by including a d or 

f- block paramagnetic ion in the headgroup66, 69. The incorporation of the ion can be 

attained by using a chelating agent that is functionalized with a hydrophobic tail, or by 

using a typical catanionic surfactant with ions such as FeCl4- as the magnetic counterion 

(Table 1.5)66, 69. Even though magnetic stimuli have not been used yet to manipulate the 
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morphology of self-assembled aggregates, these surfactants have been employed, for 

example, to reduce significantly the surface tension of water when a magnetic field is 

applied, or on the design of magneto-responsive emulsions, showing promising results 

for enhanced oil recovery and targeted drug delivery66, 69.  

 

Table 1.5 Examples of chemical groups incorporated in surfactants to attain a physical stimulus mediated response. 

 

 

1.5.1. Photosurfactants and photoswitchable vesicles 

 

Light can also be used as a stimulus to fine tune the delicate balance between the 

hydrophobic and hydrophilic character of the surfactant and consequently alter its 

properties73-75. As the other physical stimuli, light does not require adding components to 

the system and allows for greater temporal control of the stimuli. Additionally, it permits 

a finer spatial control compared to the other physical stimuli through the use of opaque 

masks and focused light beams, which is of great interest in solid phases like gels68, 73-

75. 

For a surfactant to be light sensitive, there must be a suitable chromophore included 

either in the headgroup or tail(s) of the amphiphile, the latter variant being the most 

common74. Depending whether the photochemical reaction is reversible or irreversible 

the chromophore is designated as a photochromic or a photolabile unit, respectively73. 

The light employed to trigger these reactions is in the UV-Vis range and includes trans-

cis isomerizations, dimerizations and bond cleavages. In the latter case, the stimulus can 
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result either in a ring opening or in breaking a surfactant monomer into two molecules. 

In some of these reactions, apart from the geometric change, there is an additional 

variation in the polarity of the chromophore.73-74, 76. 

Formation of light-responsive self-assembled aggregates has been achieved by using 

neat photosurfactants in solution, using photosensitive molecules as cosurfactants and 

by mixture of regular surfactants with photosurfactants, often as catanionic mixtures73. 

In the first case, the aggregates are more likely to undergo a morphological change upon 

irradiation than the latter two cases, which are inspired on mechanisms and biological 

systems of photoreceptor complexes73. Irradiation as a stimulus can be used to form and 

disrupt aggregates, cause a change in aggregate morphology or to increase/decrease 

permeability of the aggregate without affecting its morphology. All of these can be used 

as controlled drug delivery mechanism in vesicles69, 73-74, 76. 

The main functional groups of each type of photochemical reaction employed in photo 

surfactants will now be discussed, with special focus on photoswitchable vesicles.  

The most common photosurfactants are those which bear a photoisomerizable unit 

that is interconvertible between trans and cis form73-74. Isomerizable units have been 

included in single-chained, double-chained, bolaform and gemini surfactants, usually 

somewhere in the hydrophobic tail or in the spacer, as is the case of some gemini 

photosurfactants73-74.  

Azobenzenes are one of the most studied photoswitches due to ease of production 

and substituent modification73-75. They consist of an azo group with a benzene ring linked 

to each nitrogen (Table 1.6)74-75, 77. The trans form is the most stable. Isomerization to 

the cis isomer occurs by rotation with irradiation at 360nm and produces a change in the 

packing of the surfactant and an increased dipole moment74-75, 77. The isomerization can 

be reverted by an inversion mechanism attained with irradiation at wavelengths close to 

460 nm or by heating the solution in the dark74-75, 77. 

A representative system of azobenzene surfactants versatility is the catanionic 

mixture of 4-butylazobenzene-4’-(oxyethyl)trimethylammonium bromide (Table 1.6)  and 

sodium dodecylbenzenesulfonate (Table 1.1 and 2.1) (Figure 1.9)73, 78. In the regions off 

the phase diagram with excess anionic surfactant, vesicles are present at lower 

surfactant concentration and mixed micelles at higher ones73, 78. When the samples are 

irradiated, the vesicle-containing samples form precipitate while the mixed micelles 

reversibly transform into vesicles, which is an example of using the same stimuli to either 

form or disrupt vesicles(Figure 1.9)73, 78. 
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Figure 1.9: Phase diagram of 4-butylazobenzene-4’-(oxyethyl)trimethylammonium bromide(AZTMA) / Sodium 

Dodecylbenzenesulfonate (SDBSo)/ water before and after irradiation; Legend: M: micelles; V:vesicles and P: 

precipitate; 78. 

There are small isomerizable photochromic molecules, such as the plant metabolites 

p-coumaric acid and o-methoxycinnamic acid which do not have a strong amphiphilic 

character but have been used as co-surfactants to produce light sensitive aggregates 

(Table 1.6) 73, 76, 79. The p-coumaric acid has been used in mixture with zwitterionic 

surfactant, tetradecyldimethylamine oxide, to form vesicles that when irradiated, undergo 

a morphological transition to elongated micelles73. 

Another kind of isomerizable photosurfactants, are the stilbenes which are structurally 

similar to azobenzenes except that they have a C=C bond instead of N=N group (Table 

1.6)73-74. When stilbenes lie as unimers in solution, they undergo trans-cis isomerization 

upon irradiation similarly to their azo counterparts73-74. However, if the stilbenes 

molecules are in a self-assembled aggregate, the proximity between stilbenes moieties, 

promotes a cyclization to a cyclobutane (Table 1.6)73-74, 80. Since stilbenes units do not 

have hetero atoms, they are less soluble than azobenzenes73-74. To circumvent the 

insolubility, these photoswitches have been incorporated in gemini surfactants as part of 

the spacer74, 80.  

This gemini-stilbene strategy has been employed with a quaternary ammonium 

gemini surfactant that forms MLVs when added to water (Table 1.6)73, 80. Upon irradiation, 

dimerization occurs and a surfactant with four cationic groups is produced that self-

assembles into micelles73, 80. 
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Table 1.6 Common photo responsive groups and representative photo surfactants that undergo isomerization and 

dimerization reactions. 

 

Unlike dimerization and isomerizations, whereby perturbation of the aggregates is 

mostly due to the different packing of the unimers depending on the isomer form, 

photocission reactions affect the aggregates mostly by alterations of the balance 

between the hydrophobic and hydrophilic regions (Table 1.7)73-74, 76. Comparing to the 

photo reactions discussed above, photocleavable surfactants can be prepared with a 

wider and more distinct variety of chemical groups, which can either cleave the surfactant 

or promote a ring opening/closing(Table 1.7)73-74. 

Examples of photocleavable surfactant are azosulfonates and malachite green 

leuconitrile73-74. The first kind has been employed as the headgroup of single-chained 

surfactants74 (Table 1.7). Irradiating azosulfonates may result in different products 

depending on the environment. In aqueous solution, the ionic pathway is preferred, and 

phenol is produced. In nonpolar media as in an aggregate, the radical pathway is 

followed, and an alkyl benzene is formed. Regardless of the reaction pathway the result 

is a loss of the amphiphilic character of the molecule74. Malachite green leuconitrile, in 

contrast to azosulfonates, is used to promote amphiphilic character upon irradiation and 

consequent bond cleavage, which can revert to its hydrophobic state after heating in the 

dark (Table 1.7). Derivatives of malachite green have been used in mixture with sodium 

dioctylsulfosuccinate (Ps > 1) to obtain reversible micelle to vesicle transition upon 

irradiation(Table 1.7)73. 

The main functional groups employed on ring opening/closure photo surfactants are 

spiropyrans and diarylethenes73. Spiropyrans convert photochromically from a 

hydrophobic to a zwitterionic form through a ring opening (Table 1.7) 73, 76. Diarylethenes 

are able to cyclize reversibly into a 6-π electron system and are resistant to consecutive 

cycles of reactions(Table 1.7) 73, 81. However, the light driven morphology shift may be 

more challenging to achieve with diaryethenes than with other photo switches, since both 
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isomers do not have a considerable dipole moment difference or shape change73. 

Despite the drawbacks, both diarylethenes and spyropyrans have been successfully 

employed in photosensitive aggregates. For example, a neat nonionic cholesterol 

derivative bearing a diarylethene unit, has been used to form a lamellar phase that 

transitions to vesicles upon UV irradiation and revert back to the lamellar phase upon 

irradiation with visible light (Table 1.7)73, 81  

 

Table 1.7 Common photo responsive groups and representative photo surfactants that undergo bond cleavage 

reactions. 

 

 

1.5.2. Chalcones and flavylium derivatives 

 

In this work, chalcone/flavylium derivatives are used as photosurfactants in the 

catanionic mixtures. Chalcone/flavylium compounds are ubiquitous in nature, especially 

in fruits and flowers, giving them their red and blue colors and serving as an antioxidant82-

84. Regarding applications, these compounds have been used in a wide variety of distinct 

fields such as: dyes in art and textiles (as early as in the Roman empire), in our food, 

present naturally and as an additive. Finally, they are also present biological activity 

against several diseases82, 85. More recently, these compounds have also been 

employed in more high-end applications like sensitization of photovoltaic cells, 

information storage and signal generation 82-83. 

The flavylium compounds can be either synthetic or from a natural source, as is the 

case of the anthocyanins 82, 85 (Figure 1.10). Regardless of their origin, these compounds 
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share a common 2-phenylbenzopyrylium/flavylium cation core (Figure 1.10), which is 

responsible for the multistate photochromism and consequently, the applications of 

these class of compounds82, 84-85. 

 

Figure 1.10: Molecular structures of 2-phenylbenzopyrylium, oenin, an anthocyanin, and 4’-methoxyflavylium, a 

synthetic flavylium (From left to right). 

The interchangeability between different species from the flavylium cation is possible 

due to an intricate chemical network82, 84. Depending on conditions of the system and the 

type and position of the substituents, many derivatives can exist, such as: lactones, 

quinones, naphthene flavyliums and styryl derivatives82.  

For the sake of concision, we will only discuss the most common species formed in 

flaylium derivatives networks using oenin as an example (Figure 1.10 and 1.11). In very 

acidic media, usually pH < 2, the most stable species is the flavylium cation, AH+82, 84-85. 

Once the pH is increased, the flavylium cation can undergo two reactions: a proton 

transfer that forms a quinoidal base (A), which often is just a kinetic product and not the 

most thermodynamically stable species, or an hydration at position 2, which results in a 

hemiketal (B) (Figure 1.11) 82, 84-85. The hemiketal can then undergo a tautomerization to 

a cis chalcone (Cc) which ultimately isomerizes to an usually more stable trans form (Ct) 

(Figure 1.11)82, 84-85. This cis-trans isomerization can occur in a time frame of seconds or 

days, depending on the energy barrier of the reaction, which is specific to each flavylium 

derivative. When this kinetics are slow, a pH jump from acidic to neutral media, will result 

in pseudo equilibrium containing all the species but Ct82, 84. Finally, if the pH is raised 

above 8 the hydroxy moieties of ring A can become ionized by proton loss, thus forming 

Ct- 84. 

The process from AH+ to Ct can be reverted if the starting point is a neutral solution 

containing Ct. For the trans-cis isomerization to occur, the sample needs to be irradiated 

with near-UV light83, 86. Irradiation will cause Ct to be excited to a singlet state (1Ct*) which 

can decay by three mechanisms. The first two mechanisms are intersystem crossing and 

charge transfer, which do not lead to the cis isomer82-83. The third pathway, which occurs 

more commonly in nonpolar media, leads to a phantom state (P*) which is twisted around 
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the C=C bond and can decay either back to Ct or Cc82-83. If irradiation is performed on 

neutral media, a mixture of Cc and B is formed. However, if the solution is acidified AH+ 

will also form upon irradiation82, 86. 

From the chemical network just discussed, one can envision the usage of chalcones/ 

flavyliums as photochromic units in surfactants/co-surfactants since they since they 

share a photo induced cis-trans isomerization with azobenzene and stilbenes, and a ring 

opening/closure with polarity shift with spiropyrans (See section 1.5.1). In summary 

irradiation of a trans chalcone can result in two different reactions that can be chosen by 

a “lock” mechanism, the acidification of the media, which is also regarded as a stimulus 

itself82-83.  

 

Figure 1.11: Chemical network of oenin found from acidic to neutral media. 

The previous discussion of the chemical network did not consider the proportions of 

each species on equilibrium nor the kinetics of the reactions. Depending on substitute 

patterns on the 2-phenylbenzopyrylium core, some species might be favored, and others 

may even not be formed82, 84, 87. For instance, if a flavylium is substituted in position 3 the 

B form is favored. Substituents in positions 4 and 5 favor an equilibrium between AH+ 

and A. The absence of an hydroxyl group forbids the formation of A. Finally, absence of 

any substituent in any of the previously mentioned positions, favors the formation of 

chalcones82, 84, 87. 

There are other strategies to shift the equilibrium of the flavylium network besides 

using different substitution patterns, such as resorting to surfactant based aggregates 

and host-guest complexes (using hosts such as macrocycles and molecular clips)82, 84, 

86-87. The mechanism used by the latter systems to affect the equilibrium of the flavylium 

network is based on one of the species/isomers having a higher association constant to 

the host, thus stabilizing it relative to the others84, 86. 

The chalcones used in this project show a thermodynamic behavior analogous to that 

of 4’-methoxyflavylium, which has been previously reported (Figure 1.12)86. Since this 

compound does not have a hydroxy group, no quinoidal base is formed. In water, the 

pKa is around 1. However, upon a pH jump from neutral to very acidic media, Ct can still 

remain metastable if it is kept on the dark (Figure 1.12)86, 88. Since there is a high cis-

trans isomerization barrier, due to a stronger double bond character around the C=C 
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bond of the enone, there is a pseudo equilibrium (pKa’ = 4.2) established within seconds 

when the pH is increased from acidic to relatively neutral media between AH+ Cc , B(2) 

and B(4)86, 88. The latter species is a kinetic product formed in trace amounts from 

hydration at position 4 (Figure 1.12)88. Under ambient conditions the equilibrium, from 

the pH jump to neutral media, takes weeks to reach. However, it can be accelerated if 

the solution is heated in the dark84, 88. 

 

Figure 1.12: Thermodynamic energy level diagram for the 4’-methoxyflavylium in aqueous solution. Adapted82 

 

Ever since the flavylium chemical network was established, the behavior of these 

compounds has been studied in surfactant self-assemblies or using the flavyliums 

derivatives as the building blocks of aggregates themselves82, 85, 87. The latter case 

results from self-assemblies of low aggregation number consisting in parallel stacks of 

molecules (H aggregates) held together by the π-π interaction between flavylium 

cations85. In the case of more common surfactant self-assemblies, flavyliums have been 

studied in cationic, anionic and neutral aggregates both with regular derivatives and co 

surfactant like derivatives (e.g. bearing an alkyl chain at position 4)82, 89-90. 

In the case of anionic surfactant aggregates, the flavylium becomes apparently less 

acidic due to a higher concentration of protons at the surface of the aggregate compared 

to the bulk82, 87, 90. On the other hand, for cationic and neutral aggregates, the flavyliums 

are more acidic since the more nonpolar chalcone forms are stabilized in the bulk of the 

micelles and a higher concentration of protons is unavailable at the surface of the 

aggregates82,90. 

Flavyliums have been also included in colloidal systems to attain a light mediated 

morphological control of aggregates. More specifically in CTAB elongated micelles, 

where the chalcone derivative stabilizes the micellar structure89. However, upon 
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irradiation in acidic media, regular micelles are formed, and viscosity is lost due to 

formation of the flavylium cation. The flavylium can be reverted to the chalcone form in 

the dark, thus restoring the original rheological properties of the system89. 

 

1.6. Drug delivery 
 

Drug delivery systems have been extensively investigated over the last few decades 

due to their ability to improve the efficacy of therapeutic agents and decrease their 

toxicity91. These improvements are achieved through several strategies, such as: site-

directing the drug to its target, increasing its blood circulation time and protecting it from 

enzymatic/chemical degradation50, 92. Regardless of the strategy followed by a given drug 

carrier, they all result in a higher dose of the therapeutic agent reaching the desired target 

than it would without the vector, thus improving its efficacy50, 91-92.  

These systems have dimensions that vary all the way from the macroscale to the 

nanoscale. Herein, we will focus on the latter scale. Nanocarriers offer advantages 

compared to macrocarrier systems since they are able to penetrate tissues that are not 

accessible to other carriers such as the brain and bone marrow, and also because they 

are able to be internalized by cells by non-phagocytic endocytosis93-94.  

The spark of interest in drug nanocarriers coincides with the onset of some trends in 

the pharmaceutical industry91-92. For instance, many new potential drug candidates have 

poor physicochemical properties , e.g. solubility, which prevents potential drugs from 

ever reaching the market50, 92, 95. Besides, there has also been a rise of promising 

biotechnological based therapies which use biomolecules such as antibodies and DNA, 

both of which can easily undergo enzymatic degradation50, 65, 92, 96. 

The ongoing decades of research in drug delivery systems has allowed for 

improvements in preexisting therapies and has enabled new active principles to reach 

the market. Currently, many clinical formulations contain drug delivery systems carrying 

pharmaceuticals such as doxorubicin, amphotericin B, morphine sulphate and paclitaxel, 

to name but a few93, 97-98. 

Most of the wide variety of known nanomaterials have potential to be included in 

clinical formulations and have been tested at least in in vitro conditions92-93. Apart from 

what all these materials have in common (size or structural features at the nanoscale), 

they have different properties that can be exploited and tailored to best suit each drug 

and the plethora of diseases that can be addressed92-93. 

For instance, one can use inorganic nanomaterials such as carbon nanotubes that 

have a high cellular internalization, and magnetic nanoparticles like those based on 

magnetite, which can be site-directed, and cause hyperthermia when external magnetic 
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fields are applied92-93, 98. On the other hand, one can also use organic-based materials, 

as single molecules, like dendrimers, or as self-assembled nanostructures. Regarding 

the latter, both regular aggregates like polymer-based micelles, vesicles and gels or 

more uncommon aggregates such as solid lipid nanoparticles, cubossomes and 

hexossomes can be employed. The latter are particle dispersions of cubic and hexagonal 

phases in excess solvent 50, 92.  

Despite the wide variety of materials used as nanocarriers, they all can be classified 

into three categories depending on the profile of drug dose released through time93. The 

first class corresponds to a rate-programmed release, which is the oldest and most 

common type of drug delivery system present in clinical formulations. Rate-programmed 

release vectors employ a steady release of drug from the inert carrier. This involves 

mechanisms such as: diffusion of the drug, while the carrier remains intact, and erosion 

of the carrier, with concerted release of the drug (Figure .13)93.  

The second and third class are the activation-modulated release and feedback 

regulated release systems. Both systems present some form of stimuli-mediated release 

and correspond to the so-called “smart drug delivery systems”. In the activation-

modulated systems, the drug release rate is increased when the carrier is subjected to 

stimuli, and preferably there should be no release prior to stimuli application. The stimuli 

used in these vectors are basically similar to those discussed previously (see section 1.5 

and 1.5.1) (Figure 1.13)93. 

The feedback-modulated systems take advantage of stimuli mediated by 

biomolecules related to the ailment of interest. The concentration fluctuation of said 

molecules dictates whether or not the encapsulated drug is being released in the form of 

bursts (Figure 1.13)50, 93. An example of these kind of systems are hydrogel capsules 

functionalized with glucose oxidase, containing insulin in their insides. This system is 

sensitive to glucose levels in the blood, liberating insulin when the sugar level is too high, 

and halting it when it is low, thus functioning as a nano-pancreas50, 93, 99.  

 

Figure 1.13:  Plots of the drug release rates against time, in the three different classes of nanoscopic drug delivery 

systems. Adapted100. 
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Regardless of the type of release mechanism, two strategies can be employed to trap 

the drug inside the carrier: passive and active encapsulation. Passive encapsulation 

consists in processes where the drug is encapsuled at the same time as the nanocarrier 

is being formed, usually by adding the drug in one of the regular steps taken for the 

carriers formation. Despite its simplicity, the encapsulation efficiency of this method is 

usually rather low95. Active methods consist in the loading of the drug taking place after 

carrier formation. This type of method usually involves a pH gradient between the inside 

and outside of the carrier, or inclusion of a trapping agent inside the carrier, to promote 

drug partition and accumulation in the vector. Even though these methods usually involve 

a higher drug loading than the passive strategies, they are more resource- and time- 

consuming95. 

The main nanocarriers studied in this work, catanionic vesicles, share all the 

advantages of the structurally analogous liposomes and polymerossomes as drug 

delivery systems, namely the ability to encapsulate both hydrophobic and high amounts 

of hydrophilic drugs, effectively protecting them from enzymatic metabolism, ease of size 

manipulation and functionalization (e.g. grafting PEG chains and linking target 

antibodies)50, 65, 101. Catanionic vesicles are superior to the other vesicles in certain 

domains since they are made of cheaper surfactants, are easier to produce, tend to be 

more stable through time and are easier to store50, 65, 101. 

Despite all this, catanionic vesicles have yet to reach the market in clinical 

formulations. Nonetheless, they have been subjected to numerous studies, both to 

improve their toxicity, by designing new catanionic mixtures containing amino acid-based 

surfactants, and to elucidate their mechanism of action40, 62, 102. Just as the regular 

vesicles and liposomes, catanionic vesicles have been reported to be internalized by 

cells by several endocytic mechanisms and by membrane fusion.50, 65, 94. 
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2. Experimental section 
 

2.1. Materials 
 

All the names and molecular structures of the compounds used in this work are shown 

in Table 2.1. Some of them are commercial compounds, others were synthesized by 

researchers from previous projects, as noted below. The commercial surfactants are the 

anionic (STDC, SDSo and SDBSo) and the double chained quaternary ammonium-

based (DDAB) surfactants. All these surfactants were purchased from Sigma-Aldrich, 

with exception of DDAB, purchased from TCI, and all have a purity of ≥97%. They were 

used as received. The synthesized compounds are the threonine (SC8Thr and SC12Thr) 

and chalcone (C4SCh, C6SCh, C8SCh and C6NCh) derivatives, gemini surfactant (12-2-

12) and the calixarene macrocycle (SC4). The anionic threonine derivatives, SC8Thr and 

SC12Thr were synthesized and supplied by the group of Profs. Luísa do Vale and Enrique 

Borges (DBQ, FCUP). Finally, C4SCh, C6SCh, C8SCh, C6NCh, 12-2-12 and SC4 were 

synthesized and supplied by the group of Dr. Nuno Basílio. All the non-commercial 

derivatives were also used as received, except for the gemini derivative, which had 

surface active contaminants, as evidenced by a presence of minimum around the cmc 

in the tensiometry plot (Figure A.A.1)2. To overcome this, the 12-2-12 was recrystallized 

twice, in dry acetone, and then dried under vacuum overnight before being used in the 

preparation of the catanionic mixtures103-104. 

Finally, the drug used for the loading and release studies is doxorubicin hydrochloride 

(DOX) (Figure 2.1), purchased from Sigma-Aldrich with a purity ≥98%, and it was used 

as received. 
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Table 2.1: Names, abbreviations and molecular structures of the surfactants and the macrocycle used in this project. 
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2.2. Sample preparation 

 

The first step to obtain the catanionic surfactant mixtures was to prepare a stock 

aqueous solution for each surfactant. This was accomplished by weighing the surfactant 

solid powders and the Milli-Q grade quality water, with a resistivity of 18.2 MΩ.cm, in 

analytical grade balances with ± 10-5 g precision. Concerning the SC4 and C6NCh stock 

solutions, prepared for the C6NCh/SC4 system (section 3.3.6), the solvent was an 

aqueous solution of a sodium citrate buffer at 5.00 mmol·dm-3 and pH = 7.4, to ensure 

that the calixarene was in its pentanionic form (Table 2.1)105.  

The stock solutions were left under gentle mechanical agitation. For most surfactants 

this process was performed at 25.0 ± 0.1 ºC, while in the case of the 12-2-12 the 

temperature was 37.0 ± 0.1 ºC and for C6NCh, 65.0 ± 0.1 ºC. 

After the respective stock solutions were ready and the surfactants had solubilized, 

the catanionic mixtures were prepared by mixing and weighting aliquots from two stock 

solutions in the desired mixing ratios, resorting to the same balances as before. 

The composition of the catanionic mixtures studied will be given by the molar fraction 

of chalcone derivative, xchalcone, calculated as follows: 

 

𝑥𝑐ℎ𝑎𝑙𝑐𝑜𝑛𝑒 =
𝑛𝑐ℎ𝑎𝑙𝑐𝑜𝑛𝑒

𝑛 𝑐ℎ𝑎𝑙𝑐𝑜𝑛𝑒+𝑛𝑜𝑝𝑜𝑠𝑖𝑡𝑒𝑙𝑦 𝑐ℎ𝑎𝑟𝑔𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
 (2.1) 

 

where nx is the number of moles of component present in the catanionic mixture. 

Once prepared, the catanionic mixtures were equilibrated for 24 hours at 25.0± 0.1 

ºC, protected from light exposure and under gentle mechanical agitation.  

The concentration of the stock solutions and catanionic mixtures was initially 

calculated by considering molality (mol·kg-1) due to the preparation method employed. 

These concentrations by mass were then converted to molarity (mol·dm-3) by considering 

the water density at 25 ºC and 1 atm (0.997 kg·dm-3)106. 

When the catanionic samples were subjected to extrusion, a LipexTM apparatus was 

used. The solutions were ran fifteen times through filters with 400 nm diameter pores 

and then, another fifteen times, through filters with 100 nm diameter pores. Both filters 

were Nuclepore Track-Etch membranes from Whatman. All extrusions were conducted 

at 35 ºC to promote bilayer fluidity, which accelerates the filtration rate (see section 

3.2.2.2).  
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2.3. Stimuli application 

 

Stimuli application was performed on the catanionic mixtures 24 hours after sample 

preparation. The only exception was on the C6NCh/SC4 system, where stimuli were 

applied to the neat C6NCh solutions once they were homogeneous, and then the neat 

C6NCh and SC4 would be mixed. Irradiation of the catanionic mixtures was performed 

on an opaque black box with a 6W, Xe-Hg UV lamp.  

For stimuli application, the samples were placed on UV-transparent cells with 1 cm 

length and 1 cm width. The samples were irradiated until photostationary state was 

reached. The time of irradiation required for equilibrium depended on the system. The 

photostationary state was assured by halting the irradiation only when two consecutive 

aliquots (taken 10 minutes apart, while the sample was still under irradiation) did not 

show spectral variation under UV-Vis spectrometry. In the cases where interconversion 

between the chalcone isomers/species was followed with greater detail concerning 

irradiation time, the light was periodically turned off when an aliquot from the sample was 

retrieved. 

In the case of irradiation under acidic conditions, to promote formation of the flavylium 

cation species, the acidification of the sample was done prior to irradiation. Acidification 

was performed by adding an aliquot from an HCl solution that was ≈ 100 times more 

concentrated than desired, so that the dilution factor in the catanionic mixture was 0.01 

and thus negligible. The pH variation upon addition of HCl was determined and adjusted 

using a pH-meter (Inolab pH 730, from WTW). 

The choice of the pH for formation of the AH+ species was based on the known acid-

base behavior of the 2-hydroxychalcone derivatives, and how self-assembled 

nanostructures with different surface charges shift this equilibrium (see section 1.5.2).  

Analysis of the samples that were subjected to stimuli were performed with all the 

isomers/species in the photostationary state. The equilibrium could be maintained hours 

after irradiation was ceased due to the slow kinetics of cis-trans isomerization (see 

section 1.5.2). 

When the samples that contained drug were subjected to stimuli, care was taken to 

assure that no degradation of the drug occurred, since the model drug, doxorubicin (see 

section 2.4), is known to undergo photolysis. The occurrence and rate of this type of 

degradation is dependent on many factors, such as concentration, pH, type of buffer, 

etc. 107. To test if doxorubicin underwent degradation, a neat solution of the drug at 0.30 

mmol·dm-3 was subjected to irradiation in the same conditions as the system where 

stimuli-mediated drug release was performed (see section 2.4 and 3.2.1). The spectra 
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of the sample were drawn before and after irradiation. It was seen that no variations in 

the UV-Vis absorption properties occurred (Figure A.A.2). Hence, we concluded there is 

no photolysis. Furthermore, inclusion of the drug in vesicles not only does not enhance 

photolysis as it is known to protect the drug from it107-108. 

 

2.4. Drug loading and release 

 

The drug delivery studies of the photosensitive catanionic vesicles encompassed 

encapsulation, with respective quantification of loading efficiency and capacity, and 

determination of the in vitro release kinetics, with and without stimuli application. 

The drug selected for these studies was doxorubicin (DOX) (Figure 2.1). DOX is a 

well-known antineoplastic agent that is administered to treat a wide range of cancers. 

Despite its effectiveness, this drug has several nefarious side effects. Hence, clinically 

available formulations based on nanomaterials encapsulating DOX have been 

developed to mitigate its drawbacks62, 109-110. 

 

Figure 2.1: Molecular structure of Doxorubicin Hydrochloride. 

 

The choice for this drug for the drug delivery experiments was based on the fact that 

it is clinically used, benefitting from the use of nanostructures such as liposomes, and 

because it is a fluorophore, with well-defined absorption and emission properties, which 

allows for its quantification by both UV-Vis and fluorescence spectroscopy62, 109. 

This drug can exist in three ionization states depending on the pH of the solution. The 

two states that concern this project are the ones found in acidic and neutral solutions. 

These ionization states involve the (de)protonation of the sugar bound primary amine 

(pKa = 8.2). In acidic media, the drug is cationic and highly soluble (20 mg.cm-3) while in 
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weakly basic solutions, it is neutral and thus, is far less soluble (0.3 mg.cm-3). To promote 

the drug’s solubility, we employed the doxorubicin chloride form110.  

The system chosen to perform the drug delivery tests was a 12-2-12/C4SCh mixture 

(see section 3.2.1) since it was one of the most promising and well characterized 

systems. To encapsulate DOX onto the catanionic vesicles, we employed a passive 

encapsulation method which had been previously used in this research group and proven 

successful62. First, the stock solutions of each surfactant were prepared with 

concentrations slightly above the desired final concentration. In parallel, a concentrated 

DOX solution was prepared following the same procedure as for the neat surfactant 

solutions (see section 2.2). Then, an aliquot of the concentrated DOX solution was added 

to the surfactant stock solution, so the final concentration and the desired drug/surfactant 

molar ratio (1:10) was attained. Finally, both surfactant stock solutions containing DOX 

were mixed and equilibrated as described in section 2.2. To test if the equilibration time 

would have any influence on the amount of drug encapsulated, two equilibration times 

were employed, 24 and 48 hours. 

To access how much DOX was encapsulated, the excess non-encapsulated drug was 

removed by ultra-centrifugal filters (Amicon ultra-0.5 mL 30 kDa centrifugal filters, from 

Merck). This method has been previously employed for multiple loaded vesicle 

formulations, including in catanionic vesicles62, 111-112. The choice for the filters molecular 

cut-off was based on the pore size (approximately of 2 nm for 30 kDa pores), to prevent 

vesicles from squeezing through the filter due to the centrifugal force113. The vesicles 

tested (see section 3.2.1) are expected to have a bilayer thickness close to 2.5 nm, based 

on what has been reported for vesicles constituted by surfactants with similar chain 

lengths (DDAB)114. Considering this, for these vesicles to pass thought the filter without 

disruption, the pore would need to have a minimum size 5 nm.  

The vesicles were washed with the aforementioned filters resorting to centrifugation 

at 4800 g for 25 minutes (Figure 2.2). The centrifugation time was optimized with tests 

on empty vesicles so that the concentration factor would be close to 3.33x, thus avoiding 

unexpected precipitation from surfactant concentrations being above those tested prior 

to encapsulation studies (3.2.1.1). Following filtration, the filtrate container was removed, 

and the filter piece was subjected to a reverse spin at 1000 g for 5 minutes to recollect 

the concentrate. Then, the concentrate was diluted to its initial volume with Milli-Q water 

(Figure 2.2). These steps were repeated consecutively 3 times, resulting in a final sample 

where, on average, only 2.4 ± 0.7 % of the non-encapsulated drug remained, assuming 

DOX has the same sedimentation coefficient as the solvent. We found that the 

concentration on the filtrate after the 3rd cycle had decreased to 1/5 - 1/6 relative to the 

original DOX concentration added to the catanionic mixture (Figure A.A.3)115.  
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Figure 2.2: Schematic summary of the protocol followed for removal of the non-encapsulated DOX from the vesicles in 

the 12-2-12//C4SCh system. 

The washing process was repeated 3x so that the amount of non-encapsulated drug 

removed was maximized, while the time of the drug removal process was minimized to 

prevent encapsulated drug being released from the vesicles. 

UV-Vis spectroscopy was used to quantify the encapsulation efficiency (equation 2.2) 

and loading capacity (equation 2.3). These parameters are, the percentage of 

encapsulated drug relative to what was initially added to the system, and the mass 

fraction of the encapsulated drug relative to the sum of drug and nano vector mass, 

respectively. Before any quantification of encapsulated drug began, a calibration curve 

for DOX was drawn considering λ = 481 nm. The εA obtained was of 10155 mol·dm-3.cm-

1, just 2.4% lower than reported in the literature (Figure 2.3)116.  

A direct quantification of the drug was not possible because there was an 

hyperchromic shift of the DOX band when it was added to the catanionic mixture (Figure 

A.A.4). This shift likely resulted from a different molecular environment of the 

encapsulated drug relative to the free molecules found in solution. As an alternative, an 

indirect method was used. This method consisted in the determination of moles of DOX 

found in the filtrate. This was possible by determination of DOX concentration through 

interpolation of the calibration curve and knowledge of the volume of filtrate in each 

washing step.  

Once the moles of DOX in the filtrates was known, the encapsulation efficiency was 

calculated as follows112: 

 

encapsulation efficiency = 1 −
∑ 𝑛𝐷𝑂𝑋 𝑖𝑛 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒

𝑛𝐷𝑂𝑋 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑐𝑎𝑡𝑎𝑛𝑖𝑜𝑛𝑖𝑐 𝑚𝑖𝑥𝑡𝑢𝑟𝑒
 (2.2) 

 

Finally, the loading capacity was determined by the following equation:  

 

loading capacity =
𝑚𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝐷𝑂𝑋

𝑚𝐶4𝑆𝐶ℎ+𝑚12−2−12  + 𝑚𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝐷𝑂𝑋
 (2.3) 
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Once the excess non-encapsulated drug was removed and the encapsulated portion 

quantified, we determined the release kinetics both in presence in absence of stimuli. 

The technique used to separate the released DOX from the vesicles was the dialysis bag 

method. We chose this method because others, such as ultracentrifugation filter 

techniques, can cause disruption of the vesicles and there is a time delay and a drug 

loss during the filtration process that may significantly distort the real release kinetics115, 

117. Quantification of the released DOX was achieved by fluorescence spectroscopy 

considering a calibration curve (Figure 2.3) (see section 2.5.2.2). Fluorescence 

spectroscopy was chosen instead of UV-Vis spectroscopy because the dialysis bag 

method inherently implies an extensive dilution of DOX. Thus, a technique that can 

detect lower concentrations of the drug is required. 

The dialysis bags used were Standard RC membranes with a molecular weight cut off 

of 50 kDa from Spectra/Por, with pore sizes of around 2.4 nm113, which prevented the 

leakage of the aggregates from the donor to the receiver/sink compartment. The release 

experiments were started either after the photostationary state of the irradiated samples 

was reached (see section 3.2.1.3) or, in the case where no stimuli were applied, 120 

minutes after the removal of non-encapsulated DOX had finished.  

A 1mL aliquot of the DOX containing catanionic mixture was inserted inside the 

dialysis bag / donor compartment, while the receiver compartment had a 50mL solution. 

This volume in the receiver compartment was found to be the most adequate to have a 

strong enough signal of DOX through fluorimetry, necessary for quantification, without 

hindering release of the drug from the vesicles. 

For the samples that were not subjected to stimuli, the receiver compartment 

contained 1x PBS at pH = 7.4, to mimic the osmolarity found on the cells in the human 

body. For the samples that were subjected to stimuli (pH = 3.0 and irradiation, see 

section 3.2.1.2) a citrate buffer at pH = 3.0, 0.100 mol·dm-3 was used. 

The release experiments lasted for 72h, and the solution in the sink compartment was 

exchanged every 24h to prevent saturation with DOX, which could prevent more drug 

from being released from the vesicles. Aliquots of 1 mL were withdrawn from the sink 

compartment, periodically, for DOX quantification and fresh 1mL aliquots of solvent were 

added every time an aliquot was taken, to maintain the total volume of buffer in the 

sink/receiver compartment.  

It was noticed that the ionic strength of the PBS buffer (≈ 163 mmol·dm-3) was higher 

that of the citrate buffer (≈ 55 mmol·dm-3). To test if the difference in ionic strength would 

affect the kinetics of DOX diffusion through the compartments, neat solutions of DOX 

were added to dialysis bags and their release kinetics were studied in a receiver bag 
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containing citrate buffer with a ionic strength of ≈ 55 mmol·dm-3 and in another one with 

≈ 163 mmol·dm-3 ionic strength (same ionic strength as PBS). It was seen that, under 

these conditions, no influence in the diffusion of DOX through the compartments can be 

attributed to the mismatch in ionic strength between the citrate and PBS buffer (Figure 

A.A.5) 

 

 

Figure 2.3: DOX calibration curves considered for quantification of the drug delivery related parameters; Left: UV-Vis 

curve using 4mm cell; Right: Spectrofluorimetric curve. 

 

2.5. Techniques 
 

2.5.1. Imaging techniques 
 

2.5.1.1. Light microscopy 

 

Theoretical background 

Light microscopy is an imaging technique that produces a magnified image of an 

object that is not visible by the naked eye. It accomplishes this by using visible light and 

a set convex optical lenses118. This technique was pioneered in the 17th century and has 

been widely used in the field of colloids and soft materials since it allows for direct 

observation of the fine structure at the scale usually found in these materials 118-119. 

In order to attain a visible image, the components of a compound light microscope 

need to be arranged in specified manner and distance relative to each other118. A 

standard microscope of this kind consists in a light source in the bottom of the apparatus 

followed by the condenser lenses that focuses the light beam onto the specimen placed 

on the sample stage118-119. After the light crosses the sample and part of it is either 

absorbed, refracted or scattered, the remaining light reaches the objective lenses and 

creates a magnified image119. This intermediate image is then further magnified by the 
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ocular lenses that lie on the top of the apparatus, where the final image can be observed 

directly or through a computer(Figure 2.4)119. 

 

 

Figure 2.4: Schematic representation of the main components of a compound light microscope and the variants 

used in this project. Adapted 118. 

The total magnification power of the microscope corresponds to the magnification of 

the ocular lenses times the magnification of the objective lenses. The maximum 

magnification used in light microscopes is usually of 1000x118, 120. Even though one could 

use lenses with a higher magnification power, or add an additional pair of lenses, what 

can be seen is limited by the maximum theoretical resolution of this technique. Therefore, 

further magnification would just render a blurry image120. The resolution (r) is determined 

by the wavelength of light shun on the sample (λ), the refractive index of the medium 

between the sample and the specimen (ni) and half of the angular aperture of the 

objective lenses (θ) as follows: 

 

𝑟 =
0.61 𝜆

𝑛𝑖 sin
 (2.4) 

 

In ideal conditions, that is, irradiation with blue light, angular aperture of 180º and use 

of immersion oil (ni = 1.5), micrographs with a resolution of 200 nm could be attained118, 

120.   

In this work, three modes of light microscopy were used to analyze the self-assembled 

aggregates. The first of these variants is the polarized light microscopy (PLM) which, as 

the name implies, focuses plane-polarized light in the sample. PLM requires a polarizer 

filter placed between the light source and the condenser lens, and an analyzer filter 
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placed orthogonally relative to the polarizer, between the objective and ocular lenses 

(Figure 2.4)118, 120.  

Constraining light into one plane before it hits the sample is useful for the observation 

of optically anisotropic structures. When the light hits a sample of this kind, the two, 

direction-dependent distinct refractive indexes of the sample will cause the incident light 

to split and go out of phase120-121. When this split beams are added, a polarized beam of 

light, different from the incident beam will be formed and detected by the analyzer119-121. 

On the other hand, when the sample is optically isotropic, the incident beam is not split. 

Thus, due to the arrangement between the polarizer and analyzer, no light is picked up 

on the image119-121. Considering this, one can foresee that in a PLM micrograph, the 

anisotropic samples will appear bright, that is, will present birefringence, while isotropic 

samples will be dark119-121.  

PLM is a useful technique for studying surfactant-based materials because it permits 

the identification of phases in thermotropic and lyotropic liquid crystals, through the 

characteristic textures seen in the micrographs, without requiring direct observation of 

fine structure at the nanoscale119, 121. 

The second variant of this technique used in this work was differential interference 

contrast (DIC) microscopy. DIC differs from the former, PLM, by the presence of two 

additional elements called Nomarsky/Wollaston prisms119-120. The first prism is placed 

between the polarizer and de condenser lenses and the other, between the objective 

lenses and the analyzer (Figure 2.4). The first prism splits the polarized light into two 

spatially separate orthogonally polarized waves, while the second beam recombines 

these beam pairs119-120. If both beams pass through areas with the same refractive index, 

recombination will hold the same type of light as before it was split. However, if the pair 

goes through spots with different refractive indexes, a path difference will be generated. 

Recombination of these beams will create light with different polarization from the 

original119-120. 

This type of signal permits the formation of micrographs with enhanced contrast and 

perceived increased depth, allowing for cleared observation of the soft nanomaterials 

that normally have weak spatial variation of the refractive index119-120. 

The final variant, fluorescence microscopy (FM), enables the visualization of emitted 

light from fluorophores in the sample (see section 2.5.2.2). FM has a working principle 

slightly different from the other variants discussed thus far. It operates in a reflection 

mode instead of transmission mode119-120. In FM, a light source and a filter cube, bearing 

three elements, placed above the objective lenses is required (Figure 2.4). The light 

source emits light in the near UV-blue region, and the excitation filter then selects the 

wavelength that the fluorophore absorbs. Then, this light is reflected towards the sample 
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by the dichroic mirror. When the sample emits light, it is transmitted over the dichroic 

mirror into the emission filter, that will eliminate all non-fluorescent light emitted by the 

sample (Figure 2.4)119-120. This results in micrographs where areas containing a given 

fluorophore will appear bright and colored, while the rest will be dark119-120.  

Experimental procedure 

The microscopy techniques used — DIC, PLM and FM — were performed resorting 

to an Olympus BX-51 light microscope. The microscopy micrographs were captured with 

an Olympus DP71 camera and Cell A Olympus software was used for image processing. 

The ocular lens had a 10× magnification. The objective lenses had 10×, 40× and 100× 

magnification power.  

A Linkam plate, model TMHS 600, was used for temperature control when needed. 

The temperature of interest was equilibrated for 10 minutes before micrograph capturing. 

The scan rates were 2ºC/min (see section 3.3.2.2). 

The light source of fluorescence microscopy was a 100W mercury lamp with a 

excitation filter for λ = [460;490] nm and a emission filter for λ > 420nm. The light source 

was turned on 30 minutes before sample observation and no micrographs were taken 

after photobleaching had occur.  

 

2.5.1.2. Cryogenic transmission electron microscopy 

 

Theoretical background 

Transmission electron microscopy (TEM) and its cryogenic variant (cryo-TEM) are 

imaging techniques where atomic resolution can be attained on the micrographs. This 

type of microscopy shares a similar, but inverted, instrumental configuration with light 

microscopy (Figure 2.4). There is a beam source at the top of the apparatus that is 

focused by condenser lenses before hitting the specimen. The remainder of the beam 

that goes through the specimen is then processed by objective lenses and finally 

collected for image production120. Despite the similarities with light microscopy, there are 

also many differences, the most critical of them being the use of electromagnetic lenses 

instead of glass less, and the use of an electron beam instead of visible light120, 122.  

The use of an electron beam is the key for this technique high resolution. Electrons 

that are accelerated can have a much lower wavelength than visible light (Equation 2.4 

and 2.5)120. In TEM, the electron beam is generated on a cathode where a large voltage 

is applied. As the applied voltage gets higher, the electron speed increases and its 

wavelength decreases, as can be deducted from De Broglie equation: 

 



FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

49 
 

 

 

𝜆 =
ℎ

𝑚𝑒 𝑣
~ 

1.23

√𝑉
 (2.5) 

 

where h is the Plank constant me, the mass of the particle v, its speed and V the 

acceleration voltage applied in the cathode. Even though a higher voltage results in a 

higher resolution, it also results in a decrease of contrast in the micrographs. In order to 

balance resolution and image contrast, voltages between 80 and 200 kV are usually 

applied and a resolution x105 higher than in light microscopy is attained120, 122. 

It is possible to produce an image by hitting a beam of electrons in a sample because 

some of these particles do not reach the condenser lenses. Either because they were 

scattered due to areas with high electron density, or because they were diffracted when 

they hit a crystalline lattice120, 122. Regardless if part of the electrons is scattered, 

diffracted or both, a black and white image is obtained. The bright areas of the image 

correspond to high transmittance of electrons and darker areas to low transmittance of 

electrons (Figure 2.5)122-123. 

For a sample to be analyzed with TEM, it needs to be under vacuum, so the electron 

beam is not scattered by molecules in the air before reaching the sample. This 

requirement constitutes a drawback for observation of self-assembled aggregates in the 

bulk of aqueous solutions. In order to observe these kinds of samples by TEM, they must 

be preserved123. The most common sample preparation methods for observation soft 

materials with TEM are drying, staining and cryogenic preservation123. 

Drying consists of applying an aliquot of the solution in the sample holder and letting 

it dry. This method might compromise the aggregates since their morphology is deeply 

dependent on concentration (Figure 2.5) (Section 1.3.3)123. The staining technique 

includes an additional step before drying the sample. That consists in the addition a 

heavy metal salt to the sample which will coat the objects, creating a fingerprint of its 

structure123. Even though this conserves the structure of aggregates better than drying, 

the stain covers the inner details of the aggregates (Figure 2.5). Finally, in cryo-TEM, the 

sample is blotted onto a holey carbon grid, and then plunged in liquid ethane at its melting 

point. This plunging process, vitrifies the sample, holding it in a “snapshot” of its native 

state, thus permitting observation of the true aggregates in the sample and its inner 

details (Figure 2.5)122-123 
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Figure 2.5: TEM micrographs of liposomes loaded with Doxorubicin crystalized in their interior, using different methods 

of sample preparation: From left to right: drying (liposomes were destroyed), negative staining and cryo-TEM 123. 

 

Experimental procedure 

Samples were vitrified using a Leica EM GP cryo-preparation station at controlled 

temperature and 100 % relative humidity. A drop of sample was applied on a holey 

carbon TEM grid (Lacey substrate, 300 mesh, Ted Pella, Inc.), automatically blotted with 

filter paper, and plunged into liquid ethane at its freezing point.  

The vitrified specimens were stored under liquid nitrogen before being transferred to 

a TEM (Tecnai G2 12, FEI) with a Gatan workstation and cryo-holder for imaging at -

175ºC. The microscope was operated at 120 kV in low electron dose mode with a few 

micrometers under-focus to increase the phase contrast. Images were recorded on a 

Gatan 794 CCD camera. 

 

2.5.2. Spectroscopy techniques 
 

2.5.2.1. UV -Vis spectrophotometry 

 

Theoretical background 

Many molecules, both organic and inorganic, absorb electromagnetic radiation in the 

ultra-violet (UV) and visible (Vis) region of the spectrum (190-900nm). The UV-Vis 

spectroscopy is based on the quantitative measurement of light absorption by said 

molecules either in terms of absorbance or transmittance124-125.  

The spectrophotometer instrument consists in a light source containing a deuterium 

lamp for UV-light and a tungsten lamp for visible light. The light is then focused on a 

sample holder where a transparent cell in the UV-Vis region contains the solution with 

the analyte of interest. Finally, the transmitted light is collected on a detector positioned 

180º relative to the light source. The latter components usually consists of a 

photomultiplier or an array of photodiodes124-125.  
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There are two main types of UV-Vis spectrometers. The ones containing a 

monochromator between the light source and the sample, consist in a rotating 

mechanical piece with wavelength selective slits125. There are also the diode array 

spectrophotometer, which consists in irradiation of the sample with all wavelengths 

simultaneously and using the previously mentioned photodiode-based detector to draw 

the spectrum125. The first type of spectrophotometer has a higher resolution; however, 

the spectra in the second variant, are drawn faster124. 

Molecules that absorb the UV-Vis irradiation, the so-called chromophores, do so 

because the energy of the photon is used to excite an electron from an electronic energy 

level to another124-125. This transition usually occurs from the highest occupied molecular 

orbital to the lowest unoccupied molecular orbital. However, this is not the only transition 

that occurs, and might even not be the most important in the spectrum, since there are 

constrictions to what type of electronic transitions can occur. This constrictions are due 

to selection rules that prevent, for instance, the transition between levels that require a 

change in the spin quantum number125. 

Since every chromophore has a unique molecular structure, that is, bonds positioned 

on specific sites and with respective vibrational and rotational levels, the absorption 

spectrum of a molecule is a fingerprint and can be used to detect an unknown compound 

in a sample. However, the absorption spectrum can suffer hyper-, hypso-, hypo and 

bathochromic shifts depending on variables  such as the type of solvent and 

temperature125. 

The more likely a chromophore is to undergo an electronic transition when subjected 

to a specific wavelength, the more effectively will it absorb the light. This property is 

translated to the empirically determined molar absorptivity (εA). Another way to extend 

the amount of light absorbed by a solution is to increase the concentration (c) of the 

chromophore. Both these variables are related in the Lambert-Beer law (Equation 2.6) 

to the absorbance (A) and transmittance (TL) of a sample124-125: 

 

𝐴 = − log 𝑇𝐿 = − log
𝐼𝑑

𝐼𝑂
= 𝜀𝐴𝑙𝑐 (2.6) 

 

where Io is the intensity of the light at the source, Id in the detector and l, the length of 

the cell. 

Even though this technique and Lambert-Beer law are simple and straightforward 

tools for quantification of chromophores, there are maximum concentration limits for their 

application. These limits are determined by the sensitivity of the instrument being used 
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and by the occurrence of solute-solute interactions above a certain concentration that 

alter the spectrum of said chemical species 124-125. 

Experimental procedure 

UV-Vis spectra were obtained using an Agilent 8453 spectrophotometer at the 

controlled temperature of 25.0 ± 0.1 ºC. The samples were analyzed in quartz cells with 

lengths of 2, 4 and 10 mm depending on the samples available volume and the most 

convenient length to avoid signal saturation. 

Dilutions were performed when needed, also to avoid signal saturation. When dilution 

was performed in catanionic mixtures, the final concentration was always above the cac 

so the shape of the spectral bands would not be compromised. 

 

2.5.2.2. Fluorimetry 

 

Theoretical background 

Fluorescence is a phenomenon in which a molecule emits a photon after it has 

absorbed light in the UV-Vis region. Fluorimetry is the technique employed to measure 

this emission phenomenon126-127. The molecules that present fluorescence are called 

fluorophores. When a fluorophore is irradiated with wavelengths in the UV-Vis region 

which it absorbs, the energy of the photon will be used to promote an electron in the 

ground electronic and vibrational state to an excited singlet state that is either, on the 

first (S1), or second (S2), excited electronic energy level (see section 2.5.2.1) (Figure 

2.6)124, 126-127. Once the electron is promoted to the excited state, in which it also lies on 

an excited vibrational level of a given bond, vibrational relaxation (VR) occurs. This leads 

the electron to occupy the ground vibrational level of the electronically excited state. 

Finally, the electron will decay to some of the vibrational levels associated to the 

electronic ground state (S0). This decay results in a emission of a photon with a 

wavelength corresponding to the energy between the levels it transitioned in the last step 

of this process (Figure 2.6)124, 126-127.  
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Figure 2.6: Jablonski diagram depicting the process of light absorption and the mechanisms by which the electron 

decays to the ground state; Adapted127 ; 

 

Since the electron loses energy in the form of heat, by VR, before photon emission, 

the irradiation emitted will have lower energy and thus, higher wavelength, than the one 

that was absorbed126-127. The difference in the wavelengths between the maximum 

intensity peaks of absorption and emission spectrums constitutes the Stokes shift. 

Despite this shift, there often is a partial overlap of both spectra in the highest 

wavelengths the fluorophore absorbs126-127. 

The intensity of emission, disregarding the effects of fluorophore concentration, is 

determined by how many photons are emitted relative to how many photons were 

absorbed by the fluorophore. This is determined quantitively, by the fluorescence 

quantum yield (φ) (Equation 2.7). The quantum yield is calculated by the quotient 

between the rate constants (kri) of fluorescence (krf) and the sum of all rate constants of 

both radiative and non-radiative decay processes (Equation 2.7)124, 126-127.  

There are many non-fluorescent decay processes. External conversion (ec), that can 

also be called dynamic quenching or collisional quenching (cq), constitutes non radiative 

decay processes occurring by collision with solvent molecules. Internal conversion (ic), 

in which the electron decays due to an overlap between the electronic excited state and 

the excited vibrational levels of the electronic ground the state. Pre-dissociation (pd) and 

dissociation (d) refer to photochemical reactions. Intersystem crossing (isc) and 

phosphorescence (ph) are also processes, both of which necessary for radiative decay 

involving an excited triplet state (T1) (Figure 2.6) (Equation 2.7)124, 126-127: 

 

𝜑 =
𝑘𝑟𝑓

𝑘𝑟𝑓+𝑘𝑟𝑒𝑐+𝑘𝑟𝑖𝑐+𝑘𝑟𝑝𝑑+𝑘𝑟𝑑+𝑘𝑟𝑖𝑠𝑐+𝑘𝑟𝑝ℎ
 (2.7) 

 

where kri are the rate constants and i the index for the radiative and non-radiative 

decay processes. The higher and closer the quantum yield is to unity, the better the 
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fluorophore is. Most of molecules have a very low fluorescence quantum yield and thus, 

are not considered fluorophores. Empirically, it has been observed that fluorophores are 

usually rigid molecules with extensive conjugated systems and that fluorescence results 

from π*→π type transitions124, 127. 

The standard spectrofluorometer, has many structural similarities to the UV-Vis 

spectrometer (see section 2.5.2.1). It differs in the fact that the beam is split before hitting 

the sample, part of it being focused on the sample and the other directed through a 

different path to the detector, to serve as a reference. Besides this, the positioning of the 

detector is at 90º relative to the light source, in order to minimize radiation scattering124, 

126.  

Quantification of fluorophores by this technique is possible because there is a linear 

relation between the intensity of fluorescence and the concentration of fluorophore up to 

A ≈ 0.05 of the excitation wavelength. Above this concentration, absorption of light 

throughout the cell becomes significant and the increase in emission intensity is no 

longer linear. After reaching a maximum emission intensity, increasing the concentration 

of fluorophore will result in a decrease of overall emission due to re-absorption of the 

emitted light by other fluorophore molecules before it hits the detector, provided there is 

an overlap between the monitoring emission wavelength and the excitation spectrum. 

Despite these drawbacks in quantification, fluorimetry is still an attractive tool for this 

purpose, especially in dilute systems, since this technique has a detection limit around 

103x lower than UV-Vis spectroscopy124, 126-127. 

Experimental procedure 

The instrument used to obtain the emission spectrums was an LS-55 fluorescence 

spectrometer from PerkinElmer, operating at 25.0 ± 0.1 ºC. The specifications used to 

draw the spectrums were emission and excitation slits at 5 nm and high signal gain. The 

samples were analyzed in a 10x4mm quartz cell, positioned so the signal intensity would 

be maximized. The molecular species of interest for fluorescence analysis in this project 

was DOX (see section 2.4). To determine the excitation wavelength, an absorption 

spectrum was drawn and the wavelength of maximum absorbance was chosen, λ = 481 

nm (Figure A.A.6). From the emission spectrum obtained by excitation at said 

wavelength, the peak of maximum intensity emission, at λ = 590 nm, was chosen for 

calibration curve and quantification of DOX in the drug release assays (Figure A.A.6). 
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2.5.3. Light scattering techniques 

 

2.5.3.1. Dynamic light scattering 

 

Theoretical background 

Dynamic light scattering (DLS), also known as photon autocorrelation spectroscopy, 

is a technique that measures light scattering intensities to determine the hydrodynamic 

diameter (Dh) distribution of a particle population dispersed in a solvent. This is possible 

through indirect measurement of the random movement of the particles that arises from 

collisions with the molecules of the liquid, i.e. Brownian motion128-129. The Dh corresponds 

to the size of a theoretical sphere, containing the particle and an additional layer that 

moves as a single entity in the solution. In the case of spherical self-assembled 

aggregates such as micelles and vesicles, the Dh is a close measure of the real diameter, 

considering it is the sum diameter of the aggregate itself, plus the thin layer of ions that 

are tightly adsorbed at its interface (Figure 2.7)129-130. 

When light hits an object much larger than its wavelength, assuming it is not absorbed, 

it will either be refracted or reflected. However, if the object that the beam is being 

focused on has a size in the same order of magnitude has the wavelength, scattering 

will occur. This means that the incident beam will be split and deviated in multiple 

directions128. There are two types of scattered light: elastic scattered light, where the 

frequency of light is conserved upon scattering; and inelastic scattering, where this is not 

the case. For particles at the nano scale, the Doppler shift caused by inelastic scattering 

is negligible, hence DLS can be considered a quasi-elastic light scattering technique 128, 

130.  

When particles are in solution and thus possess Brownian motion, the light scattered 

from a given perspective will vary through time for a single, or an ensemble, of particle(s). 

For larger particles, the intensity of light scattered observed from fixed position will 

fluctuate less than for smaller particles, since the larger the particle, the slower it moves. 

This Brownian motion can be quantified by a mean square displacement, defined as the 

diffusion coefficient (Dτ)128-129. 

The DLS takes advantage of this phenomenon to determine Dh. The instrument 

consists of a monochromatic laser beam source hitting the sample and a detector 

positioned ≥ 90º from the light source128-129. The detector collects time-resolved 

constructively interfered back scattered light as a signal. This signal is then resolved by 

a correlation function (g) (Equation 2.8) with an exponential decay constant that is 

dependent on Dτ: 
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𝑔(𝑡) = 1 + 𝐴𝑐𝑒−2𝐷𝜏𝑞2𝑡
 (2.8) 

 

where t is time, Ac a coherence factor dependent on the area of the light detector and 

q, the scattering vector128, 130. 

Finally, once Dτ is determined, Dh can be calculated by the Stokes-Einstein equation: 

 

𝐷𝜏 =
𝑘𝐵𝑇

3𝜋 𝐷ℎ
 (2.9) 

 

where kB is the Boltzmann coefficient and η, the viscosity128-129. 

To derive the Dτ from the data of the correlation plot, more than one fitting method 

can be applied. For monomodal monodisperse systems, the cumulant analysis, which 

fits for a single exponential decay, can be used. For non-monomodal and/or polydisperse 

systems, a non-negative least square method, that can assume multiple decay constants 

should be applied. Even though the latter method has a wider versatility, it is less 

sensitive to small Dh variations compared to the cumulant analysis129.  

 

Experimental procedure 

For determination of Dh distributions in the catanionic mixtures, a Nano Zetasizer ZS 

from Malvern and a Litesizer 500 from Anton Paar were used. The first instrument had a 

monochromatic laser with λ = 633 nm and the detector position was at 173º relative to 

the laser. For the second instrument, the laser had a λ = 658 nm and the detector was 

positioned 90º relative to the laser. The Dh distributions presented throughout this thesis 

are all number-weighted (with one exception, in Figure 3.8) and were determined by 

multimodal fit incorporated in the Zetasizer and Kalliope softwares. All measurements 

with a fit error > 0.02 were discarded, as recommended by the manufacturers. 

The measurements were performed at 25.0 ± 0.2 ºC, with the equilibration time being 

3 minutes. For each sample, at least 3 measurements were performed, and the data 

presented throughout this thesis correspond to an average distribution obtained from the 

several measurements performed consecutively on each sample.  
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2.5.3.2. ζ-Potential measurements 

 

Theoretical background 

ζ-Potential, as the Dh distribution, is another important parameter that must be 

considered in charged colloidal particles. It is defined as the electric potential at the 

slipping plane (Figure 2.7). This plane is a theoretical boundary within the electric double 

layer of a particle. It is located above the Stern layer, composed of tightly bound 

counterions, and lies in the beginning of the diffuse layer, where the counterions are 

more loosely bound (Figure 2.7)131-132. In the case of self-assembled structures made of 

charged surfactants, this factor is important because it is an indication of how stable the 

particle is as colloid, with respect to flocculation and coagulation. The further away the 

potential is from 0 mV, the less the particles will tend to coagulate and coalesce. Usually, 

when the module of the ζ-potential is > 30mV, the particles will possess colloidal 

stability131-132. 

 

 

Figure 2.7 Schematic representation of the electrical layers on a charged particle .Adapted1 

 

It is possible to measure this parameter using a modified DLS instrument (see section 

2.5.3.1) which consists in the addition of a specialized cell that is connected to two 

electrodes. Once the current is turned on, the particles will start to move toward the 

electrode with the opposite charge to the slipping plane. In the beginning, the particles 

will accelerate until they overcome viscous opposing forces, when a constant speed is 

reached. The speed of the particle is proportional to how far the charge of the particle is 

from 0 mV131-132. At this equilibrium stage, the doppler effect is no longer negligible and 
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the scattered light is no longer all elastic. This phenomenon results in a phase shift of 

the scattered light at different wavelengths. The interference from this interaction can be 

used to measure the time resolved scattered light intensity, following the same principles 

as previously described. This permits the determination of the electrophoretic mobility 

(UE). The UE can, in turn, be used to calculate the ζ-potential by the following equation: 

 

𝑈𝐸 =
2 𝑒 𝑓(𝑘𝑎)

3
 (2.10) 

 

where εe is the dielectric constant and f(ka) is the Henry’s function, that is 1.5 when 

the solvent is water and 1.0 for viscous solvents131-132. 

Experimental procedure 

For determination of ζ-potential, the same instruments and experimental procedure, 

as the one followed for DLS, was applied. In the Malvern instrument DTS1070 cells were 

used. For the Anton Paar instrument, the cell model was the Omega cuvette. Throughout 

this thesis, we present the mean ζ-potential of the aggregates. Since all the samples had 

monomodal ζ-potential distributions, the presentation of the mean value of this parameter 

is a good representation of all the aggregates in the samples. 

 

2.5.4. Tensiometry 

 

Theoretical background 

As was discussed in section 1.2.2, surface tension can be interchangeably described 

either from a mechanical point of view, as a tangential force (F) per unit length (l) acting 

on the surface of a condensed phase, or from a molecular/thermodynamic standpoint, 

as the amount of reversible work that has to be added on a system to create superficial 

area (δAs). The latter can be translated into Gibbs energy variation if pressure (p) and 

temperature are constant (Equation 2.11)10, 133: 

 

𝛾 =  
𝑑𝐹

𝑑𝑙
=

𝛿𝑤𝑟𝑒𝑣

𝛿𝐴𝑠
= ( 

𝛿𝐺

𝛿𝐴𝑠
 )𝑇,𝑝 (2.11) 

 

Measurement of surface tension, or tensiometry, was used in this project for 

determining the cmc or cac of the catanionic mixtures, by intersection of two linear fits 

before and after the said parameters based on a γ vs ln csurf plot, as represented in figure 

1.2 (Equation 2.13)133. Determination of γ is also relevant for many other applications 

since surface tension of condensed phases governs many functionalities. That is the 



FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

59 
 

 

 

case for the wettability of surfaces, detergency properties of commercial cleaning 

products and coating processes 10, 133. 

The are many techniques that can be used to determine the surface tension of a liquid. 

All these techniques allow for indirect determination of γ by measurement of other 

variables such as weight, as in Wilhelmy plate technique, pressure, as in maximum 

bubble pressure and height, as in the capillary rise technique10, 133-134.  

Given the wide range of techniques used to measure surface tension, one must 

choose carefully which methods suits best the desired purpose. For instance, the 

maximum bubble pressure, which consists in the monitorization of pressure of a gas and 

the volume of a bubble produced by a capillary submerged in a liquid, allows for good 

measurement of dynamic surface tension at the microsecond scale, but does not allow 

for determination of surface tension between two liquids. On the other hand, the 

Wilhelmy plate method does allow the measurement of γ in two immiscible liquid systems 

and is very sensitive to small surface tension variations. However, the quality of the 

measurement can be greatly hindered if there is even a scarce amount of a surface-

active contaminant present134.   

In this project, determination of surface tensions was done by using weight 

determination-based techniques. These consist in techniques such as the Du Noüy ring 

method and the Wilhelmy plate, the variant used in this work. Both these methods have 

analogous working principles; however, they differ in the shape of the key component. 

The Wilhelmy plate has a rectangular thin shape and the Du Noüy method involves a 

ring shape. Besides this, the Whilelmy method can be used on both static and 

detachment modes, whereas the Du Noüy ring can only be used in the latter mode134. 

During this project, the Wilhelmy plate was used in the static mode. This consists in 

submerging a plate connected to a balance in a liquid, and then raising it to the surface 

level of the sample, resulting in wetting of the plate (Figure 2.8). The liquid meniscus 

above the liquid surface that is wetting the plate causes a vertical force that is equivalent 

to its weight (w) which can be used to calculate the γ with the following equation: 

 

𝛾 =
𝑤

𝐿𝑝 cos 𝑐
 (2.12) 

 

where Lp is the perimeter of the plate in contact with the liquid (Figure 2.8) and cos θ 

is the contact angle of the liquid in the air-water-plate interface. Since in this work, and 

in most other cases, a platinum-iridium plate is used, which as a high surface energy and 

consequently, good wettability, the contact angle is virtually zero. Thus, the cos θ 

variable is negligible133-134. 
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Figure 2.8: Schematic representation of the Wilhelmy plate working principle on static mode; Adapted134. 

 

Experimental procedure 

Surface tension of the catanionic mixtures was determined using a DCAT11 

tensiometer from Dataphysics with an attached PT11 2000323 platinum-iridium 

Wilhelmy plate, also from Dataphysics. All the experiments were performed at the 

controlled temperature of 25.0 ± 0.1 ºC. To determine the cac of the catanionic mixtures, 

incremental aliquots of a concentrated aqueous catanionic mixture were added to a 

vessel containing initially water or a buffer solution, as was the case of C6NCh/SC4 

system (section 3.3.6). The surface tension was measured upon each aliquot addition 

and the value was recorded when γ did not vary for at least 60 seconds.  

To calculate cac of a given catanionic mixture, the interception between two linear fits, 

considering at least 5 data points, before and after the cac, was determined as presented 

in the following equation:  

 

𝑚𝑠1 × ln 𝑐𝑎𝑐 + 𝑏1 = 𝑚𝑠2 × ln 𝑐𝑎𝑐 + 𝑏2 ≡  𝑐𝑎𝑐 =  𝑒
𝑏2−𝑏1

𝑚𝑠1−𝑚𝑠2  (2.13) 

 

where ms and b are the slope and intercept of the functions and the subscripts 1 and 

2, referring to the functions before and after the cac, respectively. 

The uncertainty associated with the determined cac (εcac) was then calculated as 

follows: 
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𝜀 𝑐𝑎𝑐 = ± 𝑐𝑎𝑐 × ln 𝑒 × 𝜀 𝑙𝑛 𝑐𝑎𝑐  × √(
√( 𝑏1)2+( 𝑏2)2

𝑏2−𝑏1
)

2

+ (
√( 𝑚𝑠1)2+( 𝑚𝑠2)2

𝑚𝑠2−𝑚𝑠1
)

2

 (2.14) 

 

Finally, the surface tension at the cac (γcac) was determined by resolving one of the 

aforementioned linear fits as function of the calculated cac. The uncertainty εcac, was 

then calculated as follows: 

𝜀 𝛾𝑐𝑎𝑐
= ± 𝛾𝑐𝑎𝑐 × √(

𝑚𝑠1

𝑚𝑠1
)

2

+ (
𝑏1

𝑏1
)

2

 (2.15) 
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3. Results 

 

3.1. Strategy for the investigation of catanionic mixtures  

 

This chapter is subdivided into four sections, one for every chalcone derivative studied 

in this work. Within each section there are the subsections relative to each catanionic 

mixture prepared. 

For photoderivative C4SCh, the systems studied were based on previous work 

preliminarily developed in our research group135-136. For photoderivative C6NCh, all the 

systems were newly investigated. The choice of the oppositely charged surfactant was 

based on variation of headgroups, hydrophobic chain lengths and generic molecular 

structure, in pursuit of the optimal conditions to attain stable and stimuli-responsive 

aggregates. In addition, a host-guest complex using a calixarene derivative was also 

studied in collaboration with Dr. Nuno Basílio’s group. Finally, for the C6SCh and C8SCh 

photoderivatives, we studied mixtures containing the gemini surfactant 12-2-12 (which 

was already seen as the most promising system for C4SCh), to gain further insight into 

the effect of the chalcone derivative’s chain length on the self-assembling properties of 

catanionic mixtures. 

Within each system, the first step was to study the phase behavior of the mixture by 

varying the molar fraction of the amphiphilic components and, in some cases, the total 

surfactant concentration. From the phase behavior screening, we selected samples at 

conditions that lead to stable aggregates, with main focus on vesicles, for further 

characterization. Once the aggregates were characterized, we tested the effect of stimuli 

(irradiation with or without acidification) on the self-assembled particles. Afterwards, we 

selected samples from the most well characterized and promising system, the 12-2-

12/C4SCh mixture (section 3.2.1), and investigated their ability to encapsulate and 

controllably release an antineoplastic agent, doxorubicin.  
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3.2. Systems with the anionic photoderivative C4SCh 
 

3.2.1. Gemini 12-2-12/C4SCh mixture 

 

The study of the catanionic 12-2-12/C4SCh mixture has been continuation of 

preliminarily work developed in our research group under a BSc thesis project135. Where, 

this mixture was previously characterized with respect to its phase behavior, and some 

preliminary work on aggregates response to stimuli was also performed. In the current 

work, we started by reproducing the mixture’s phase behavior and structural 

observations made previously.  

 

3.2.1.1. Phase behavior 

 

For this system, an initial phase scan was performed at total surfactant concentration 

of 10.00 mmol·dm-3, covering xC4SCh = [0.10;0.90]. The samples were observed through 

light microscopy up to one week after preparation to detect formation and characterize 

the structure of potential aggregates. 

In the regions between excess chalcone content and the equimolar composition, 

solutions were milky and a macroscopic precipitate was visible. This macroscopic 

precipitate was more even more prominent for xC4SCh = [0.60;0.70]. This is expected, 

since these fractions are the closest to charge neutrality of the catanionic mixture, where 

the inter-aggregate/particle electrostatic repulsions are lower. Under the light 

microscope, these samples presented birefringent hydrated crystals with amorphous 

shape from the first day after sample preparation (Figure 3.1). 

Regarding the samples with a slight excess of gemini, xC4SCh = [0.45;0.30], initially, 

bluish-like solutions containing vesicular aggregates were observed. However, a week 

after preparation, macroscopic precipitate was present and hydrated crystals coexisting 

with vesicles could be seen under the microscope. These crystals differed from the ones 

found in the regions with chalcone excess, being more elongated and regularly shaped 

(Figure 3.1 and 3.2).  

Finally, the samples with highest content of gemini surfactant, xC4SCh≤0.25, were clear 

and no aggregates or precipitate could be seen through the light microscope up to one 

week after preparation. It is expected, however, that micelles exist in solution, since the 

concentration of 12-2-12 is well above its cmc, 0.8-0.9 mmol·dm-3 103-104, 137. These 

micelles are most likely mixed catanionic micelles made of both constituents, since 
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chalcone derivatives have been shown to partition towards surfactant-based 

aggregates89-90. To confirm this, one could use, for instance, self-diffusion NMR to 

measure the diffusion coefficient of the chalcone derivatives and see if it matches or not, 

the one of micelles, or tensiometry to detect any variation in the aggregation and surface 

active properties relative to a neat 12-2-12 solution.102, 138. 

 

 

Figure 3.1 Phase behavior observations for the 12-2-12/C4SCh system with varying molar fraction of anionic 

component, C4SCh, and total csurf = 10.00 mmol·dm-3 one week after sample preparation. 

 

To further explore the region where vesicles were detected, more samples between 

xC4SCh = [0.25;0.45] at total surfactant concentration of 10.00 mmol·dm-3 were prepared 

(Figure 3.1). As described above, all the samples between xC4SCh = [0.30;0.45] had 

hydrated crystals one week after preparation. However, before formation of the hydrated 

crystals the samples only had vesicles and lamellar structures that differed depending 

on sample composition. 

For the samples with xC4SCh = [0.45,0.40], there were only individualized spheroidal 

structures, some of which presented Maltese crosses under polarized light, thus 

indicating the presence of MLVs (Figure 3.1, 3.2a and 3.2b)139. On the other hand, for 

the samples with higher gemini content xC4SCh = [0.35,0.30], the aggregates tended to be 

lamellar elongated structures that deviated from the spheroidal shape, having larger 

dimensions than the ones discussed above, sometimes reaching lengths of several 

tenths of µm (Figure 3.C). Apart from these large lamellar structures, there were other 

µm-sized agglomerates made of small particles from which the larger lamellar structures 

seemed to arise because of the coalescence of small particles (Figure 3.2d). 
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The cause of the larger bilayer aggregates found with greater gemini content, could 

be a result of an average Ps of the mixture closer to unity than what is found on the 

samples with higher chalcone content. 

 

Figure 3.2: Light microscopy micrographs taken 24 hours  after sample preparation of xC4SCh = [0.45,0.40] (csurf = 

10.00 mmol·dm-3) samples containing MLVs (a and b, same micrograph, different filters) and the xC4SCh = [0.35,0.30] 

(10.00 csurf = 10mmol·dm-3) samples, containing larger  bilayer-based structures (c) and small particles agglomerates, 

potentially amidst coalescence (d), all the micrographs are from the 12-2-12/C4SCh system. 

Considering the previous observations, in an attempt to attain stable vesicles, the most 

promising samples xC4SCh = [0.45,0.40] were prepared at lower surfactant concentration 

(csurf = 3.00 mmol·dm-3). The sample with xC4SCh = 0.45 was unstable: one week after 

preparation it presented hydrated crystals analogous to those present at higher 

concentrations (Figure 3.3b). However, the xC4SCh = 0.40 sample, was extremely stable, 

macroscopically, as it weakly scattered light and maintained the same appearance up to 

six months after preparation. Under the microscope, small particles in Brownian motion 

could be seen but, due to the light microscope resolution, it was no possible to identify if 

these aggregates were vesicles (Figure 3.3a). 



66 
 

FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

 

 

 

Figure 3.3: Light microscopy micrographs taken a week after sample preparation of xC4SCh = 0.40 (csurf = 3.00 

mmol·dm-3) (a) and xC4SCh = 0.45 (csurf = 3.00 mmol·dm-3) (b). Arrows are pointing towards small particles in Brownian 

motion. All the micrographs are from the 12-2-12/C4SCh system. 

To unveil if the aggregates detected at xC4SCh = 0.40, csurf = 3.00 mmol·dm-3, were 

indeed vesicles, a sample was observed by cryo-TEM. It was seen that vesicles are 

indeed formed in these conditions and no other type of aggregate is detected. The 

vesicles sizes vary from small and spheroidal to the less abundant giant vesicles. The 

latter correspond to the aggregates detected in the light microscope (Figure 3.3a and 

3.4). Most of the vesicles found are unilamellar but some OLVs are also seen (Figure 

3.4). 

 

Figure 3.4: Cryo-TEM micrographs of the vesicles present in xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 

12-2-12/C4SCh system. 

 

3.2.1.2. Vesicle characterization 

 

Given that the sample xC4SCh = 0.40, csurf = 3.00 mmol·dm-3 had potential for further 

stimuli response and drug delivery studies, due to the presence of vesicles that appeared 

stable, more experiments were performed to further characterize it. The first step was 

the determination of the size distribution both by DLS and cryo-TEM one day after 

sample preparation. By both techniques, a monomodal log-normal distribution of sizes 

is obtained. Pertaining a Dh/diameter mode of ≈ 50 nm considering DLS, 75-100 
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considering the cryo-TEM’s histogram and 64 nm considering cryo-TEM’s log-normal 

fitting (Figure 3.6 and Table 3.1). 

The discrepancy between the mode vesicle sizes and polydispersity from DLS and 

cryo-TEM data, may be a result from the low number of vesicles counted from the latter 

technique. Also, one must bear in mind that the difference in PDI leads to a more 

significant mismatch regarding the mean diameter of the particles (Figure 3.6 and Table 

3.1). Despite this unconformity among techniques, the overall profile of the particle’s size 

distribution and the order of magnitude of the mode diameter are in agreement.  

 

Figure 3.5: Size distribution of the vesicles in the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh 

system, 24 hours after preparation; Left: Histogram and log-normal fitting of the cryo-TEM counts; Right: DLS 

distribution of Dh (number-weighted). 

This sample was then measured periodically through DLS to monitor the variation of 

vesicle sizes up to one month after sample preparation (Figure 3.6) During this period, 

both the monomodal log-normal profile and the mean Dh (≈ 60 nm) remain unchanged, 

and the PDI fluctuated between ≈ 0.370 and ≈ 0.300. This constitutes a clear evidence 

that these vesicles are stable through time, as could be expected given the particles’ 

high ζ-potential (Table 3.1). 

The next characterization step was the determination of the cac. This parameter is 

important for a potential future application in drug delivery, given that if the vesicles were 

to be administered e.g. though intravenous injection, they would be extensively diluted. 

The dilution could lead to the dissolution of the aggregates to free unimers, before 

effectively delivering the drug. Tensiometry (Table 3.1, Figure 3.6) showed that there is 

a strong aggregation synergism in the mixture. The cac value is ≈ 85-fold lower than the 

cmc of the gemini surfactant and > 103-fold than the chalcone (DLS of neat chalcone 

solution at 10.00 mmol·dm-3 did not reveal any aggregates)104. On the other hand, no 

significant enhancement of the surface active properties of this mixture was seen, given 

that the surface tension of the mixture at the cac was close to what is found on the 

literature for solutions of neat 12-2-12 (Figure 3.6 and Table 3.1)104. 
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Figure 3.6: Left: Mean Dh and PDI variation up to one month after preparation, followed though DLS (number-weighted); 

Right: Plot o γ vs ln(csurf) used for cac determination; Both plots are concerning the xC4SCh = 0.40 sample from the 12-2-

12/C4SCh system. 

After the tensiometry experiment was completed, an aliquot from the measurement 

vessel was collected (csurf = 0.09 mmol·dm-3) for DLS and ζ-potential analysis, to 

compare how the vesicles near the cac differ from those studied at csurf = 3.00 mmol·dm-

3 (Figure A.B.1, Table A.B.1). The vesicles at low concentration still presented a 

monomodal log-normal distribution. However, their size was larger than for those at csurf 

= 3.00 mmol·dm-3 (Figure A.B.1 Table A.B.1). This could be explained by the fact that as 

concentration increases, the vesicles are more densely packed and thus, tend to shrink, 

as previously reported 17.  

Regarding the ζ-potential, it is seen that the charge of the particles remains high and 

positive at lower concentration. However, it is lower than that found on the concentrated 

sample (Table A.1). This variation is consistent with what is found regarding size: larger 

vesicles imply a higher Ps, which can result from a decrease in ahg. This decrease in ahg 

can be traced, partially, to the effect of diluting the system, as a more dilute catanionic 

system implies less salt in solution (and less counterions will be adsorbed on the 

aggregates surface). This could result in an increased attraction between oppositely 

charged headgroups, which overall results in a decrease of ahg and consequentely of ζ-

potential140.  

Further evidence of the interaction between both amphiphiles reside on UV-Vis 

spectroscopy data. When a neat C4SCh aqueous solution is analyzed, a spectrum 

consisting of two completely overlapped bands between 275-400 nm is seen. This is 

analogous to what has been previously reported for 2-hydroxy chalcone derivatives in 

water (Figure A.B.2). 86, 88 . However, when chalcone is mixed with 12-2-12, in the 

conditions where vesicles are formed, the band profile is changed, and two maxima (λ ≈ 

310 and 360nm) with one minimum (λ ≈ 340nm) appear (Figure A.B.2). This shape-shift 

indicates that there are different intermolecular interactions between chalcone molecules 

in presence of the gemini surfactant. This shows that it is likely the chromophore lies 
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within the bilayer. Further support comes from the spectrum of a neat solution of 

chalcone in methanol, a less polar solvent, that presents the same profile as the one in 

the aqueous catanionic mixture of interest (Figure A.B.2).  

 

Table 3.1: Summary of the main parameters determined for the vesicles in the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) 

sample, from the 12-2-12/C4SCh system. 

Mean Dh /nm PDI 
Mean diameter* 

/nm 

ζ-potential 

/mV 
cac /µmol·dm-3 γcac/ mN·m-1 

59 ± 4 0.355 ± 0.020 198 79 ± 3 10 ± 1 37.03 ± 0.89 

*Determined by the arithmetic mean of cryo-TEM counts. 

 

3.2.1.3. Vesicle response to stimuli 

 

The vesicles present in the xC4SCh = 0.40, csurf = 3.00 mmol·dm-3 sample have potential 

for stimuli application and drug loading. The first step to study the effect of stimuli was 

the determination the amount of irradiation time needed to reach the photostationary 

state. When the sample is irradiated with near UV light, spectral variations in the UV-Vis 

region occur, namely the decrease in absorbance of the main band between 275-400nm 

and an increase in absorbance intensity at around 250 nm. Both these spectral variations 

are consistent with the trans-cis photoisomerization found on for chalcone derivatives86, 

88. Under these conditions, the photostationay state is reached after 150 minutes of 

irradiation, however most of the conversion occurs in the first 60 minutes of stimuli 

application (Figure 3.7). 

Regarding irradiation under acidic conditions, used to promote the formation of the 

AH+ cation, the assays in this work were ran at pH = 3.0. This pH was chosen based on 

the apparent pKa previously determined in water for C4SCh (4.2), with the aim to induce 

extensive conversion to the zwitterionic AH+ form. For that reason, this pH shall be the 

starting point for stimuli application under acidic conditions for all the systems presented 

henceforth. 

Spectral variations under these stimuli occurred again as expected. The same 

changes as for irradiation without acidification were identified. Besides that, there was 

an appearance of a new band centered at ≈ 440 nm, corresponding to the formation of 

the AH+ species86, 88. The photostationary state under these conditions is reached with 

approximately the same time of irradiation as in neutral media. However, the formation 

of AH+ is halted just after one hour of irradiation, and only conversion of Ct to Cc and B 

occurs afterwards (Figure 3.7). Furthermore, under these conditions, the formation of 

AH+ is incomplete, since it would be expected that the A of the flavylium band would be 
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around twice as intense as the trans-chalcone band if the conversion was close to total86. 

Thus, a mixture of different isomers and species is found on the photostationary state at 

this pH. The formation of the mixture, instead of complete conversion to AH+, is 

somewhat expected, because it has been previously described that positively charged 

aggregates tend to decrease the apparent pKa of chalcone derivatives (see section 1.5.2) 

90. 

 

Figure 3.7: Spectral variation of xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh system, 

regarding time of near-UV irradiation in neutral medium (left) and at pH = 3.0 (right); Onset plots: absorbance variations 

thought time of λ = 360nm and (left) and at λ = 360nm plus λ = 440nm (right). 

 

Having determined how long the sample needs to be irradiated to reach the 

photostationary state for both conditions tested, the next step was to analyze the 

samples that underwent stimuli application, resorting to DLS and ζ-potential 

measurements. 

Regarding DLS size distributions, it is seen that, when the number-weighted 

distribution is considered, no changes are detected in the vesicle population, regardless 

of which stimuli is applied (Figure 3.8). However, when the data for the same 

measurements is plotted considering the relative volume of the Dh, the distributions no 

longer overlap. This difference between representations is not unexpected, since the 

weight of a given particle in the distribution of sizes by volume scales by 103 with Dh, 

compared to the size distribution that is number-weighted, thus evidencing a small 

number of larger particles that can potentially be overshadowed in the number-weighted 

distribution129. 

Concerning irradiation of the sample without acidification, the volume-weighted size 

distribution of the particles still overlaps with the one where no stimuli is applied. This 

indicates that the trans-cis isomerization does not promote a morphological 

shift/perturbation of these vesicles. Despite the absence of size variations, it is still 

possible that this stimulus could induce a controlled drug release, for instance if there is 
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a membrane perturbation that changes its permeability to the diffusion of molecules, 

especially those of low molecular weight, as previously reported141. 

When irradiation is performed in acidic media (pH = 3.0) and the mixture between the 

negative and zwitterionic chalcone/flavylium derivatives is formed, there is a shift in the 

distribution regarding the Dh. The population with Dh ranging between 10-102 nm 

decreases in frequency and a second population of lower intensity, with Dh in the µm 

range, arises. This indicates that a stimuli-mediated response occurred (Figure 3.8).  

Further evidence supporting the observations above come from ζ-potential 

measurements of the particles. When irradiation is applied without acidification, just as 

for the size distributions, the surface charge remains high and unchanged relative to the 

samples that were undisturbed (Table 3.2). When irradiation is performed in acidic 

medium, the potential is decreased but remains highly positive (Table 3.2). Even though 

this decrease might seem counterintuitive, since part of the negative chalcone is 

converted to a zwitterionic flavylium, one must bear in mind the ζ-potential of the acidified 

and not irradiated sample. This sample has an even lower ζ-potential than the sample 

subjected to irradiation at the same pH (Table 3.2). This contrast indicates that formation 

of the zwitterionic flavylium does increase the ζ-potential of the aggregates. The 

decrease in this parameter relative to the non-acidified and non-irradiated sample, is a 

result of the acid acting as a salt and the chloride ions screening the surface charge of 

the aggregates, thus shifting the aggregates potential closer to charge neutrality142-143.   

 

 

 

Figure 3.8: Dh distributions of xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh system, 

obtained by DLS in the absence of stimuli, irradiated without acidification and irradiated at pH  =  3.0; Left: Dh number 

weighed distribution; Right : Dh volume weighed distributions. 
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Table 3.2: ζ-Potentials of xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh system, under the 

different conditions and stimuli tested. 

Sample ζ- Potential 

No stimuli 77 ± 1 

pH = 3.0 48 ± 1 

Irradiated @ pH = 3.0 61 ± 1 

Irradiated 75 ± 2 

 

In order to have a deeper understanding of what was the morphological change 

caused by formation of AH+ and the other isomers, a sample subjected to these stimuli 

was observed by cryo-TEM. Even though some vesicles can still be seen on the 

micrographs, there is a clear morphological change that results from the stimuli. Most of 

the vesicles that are still present do not have the same appearance that they had before 

stimuli application. No longer an electron-dense edge with a light core is seen. Instead, 

many spheroidal particles with an electron-dense core are present (Figure 3.9). Besides, 

other dark spheroidal structures with apparent perforations are detected. Finally, there 

are platelet/sheet-like particles with sizes that vary from a few hundred nm in length to 

the µm range (Figure 3.9). These large structures may be the same as the large particles 

in the second population detected by DLS upon irradiation at this pH. 

These micrographs constitute a clear evidence that this system is responsive to the 

combination of both stimuli (pH variation and light). The conversion of C4SCh from the 

trans isomer to a mixture of cis, hemiketal and flavylium cation promotes the transition 

from vesicle to flat bilayer structures, as evidenced not only by the platelet-like particles, 

but also by the dark vesicles with apparent perforations. The electron-dense areas in 

these vesicles could result from a fusion/collapse of the vesicle bilayers. This hypothesis 

is supported by the presence of vesicles captured in the micrographs that are clearly 

undergoing rupture and that will ultimately lead to the disk-like aggregates. 

This kind of shape shifting of self-assembled aggregates ought to be mainly due to 

the formation of AH+ from C4SCh. One can envision that, upon formation of the flavylium 

cation, the chalcone region that was embedded in the hydrophobic core of the bilayer, 

no longer can remain there due to formation of a positive charge. The zwitterionic 

flavylium can be slightly inserted in the hydrophobic region of the aggregate and its 

charges placed at the surface of the aggregate. We are proposing that the AH+ assumes 

a structure and amphiphilic character similar to what occurs with bile salts, which 

possess a convex bean-like structure with the minor groove being hydrophilic and the 

major groove being hydrophobic144.  
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Whether or not the flavylium cation of this chalcone derivative has an amphiphilic 

character similar to bile salts needs further investigation. However if this would be the 

case, the mechanism stated above would be likely since this type of vesicle to flat bilayer 

transition has been previously reported in phospholipid-based liposomes perturbated by 

the presence of bile salts144.  

 

 

Figure 3.9: Cryo-TEM micrographs of the of xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh 

system, after irradiation with near UV-light at pH = 3.0; From left to right: Top row: Vesicle with an electron dense core 

and a spheroidal homogenously electron dense structure, perforated vesicles; Bottom row: spheroidal homogenously 

electron dense structure and different kinds of platelet/ sheet -like structures. 

 

Additional information confirming that this morphological shift is a result of irradiation 

and consequent formation of AH+, Cc and B comes from the sample that was acidified 

to pH = 3.0 but not irradiated (the C4SCh remains in the trans form). Apart from the shift 

in the ζ-potential, discussed above (Table 3.2), macroscopic observation of the acidified 

and non-irradiated sample reveals formation of elongated crystals at about 4 days after 

sample preparation. Under the light microscope, there was a mixture of hydrated crystals 

and vesicles, some of which had diameters in the µm range (Figure 3.10). These results 

were reproduced by cryo-TEM, as the same type of structures was observed (Figure 

A.B.3). 

The discrepancy between the structures under acidic condition that were irradiated or 

not, further validates that a light-mediated morphological response of these structures 
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has been attained. When the system is only acidified, partial precipitation occurs; 

however, when it is irradiated, different structures are formed (Figure 3.9, 3.10 and A.9). 

 

 

Figure 3.10: DIC micrographs of xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh system, 

acidified at pH = 3.0, a week after preparation; a) Large OLV (arrow); b) hydrated crystal. 

 

The final study to characterize stimuli-response consisted in tensiometry assays to 

determine the effect of formation of Cc, B and AH+ in the cac and interfacial properties 

of this mixture.  

Regarding the irradiated sample at pH = 3.0, the differences of the plot profile 

compared to the non-stimulated sample are inconspicuous. A slight increase of the cac, 

from 10 ± 1 to 14 ± 2 µmol·dm-3, and a minute decrease of the γcac are obtained (Figure 

3.11, Table 3.3). This variation indicates that formation of the mixture of isomers and 

species other than Ct, might promote the enhancement of the interfacial properties in the 

mixture while impairing its aggregation properties. This variation is more likely a result of 

formation of AH+ than of Cc and B, since exclusive formation of the latter two were seen 

not to cause any disturbance of the aggregates by both DLS and ζ-potential (Figure 3.8 

and table 3.2). 

A weak variation of these properties under these stimuli is not entirely unexpected, 

considering what was seen under cryo-TEM: a vesicle to bilayer fragment morphological 

transition instead of a more abrupt aggregate transition (e.g. vesicle-to-micelle), where 

a more abrupt variation of interfacial properties could be expected.  

To further proof the rationale stated above, an additional tensiometry experiment 

where the system was irradiated at pH = 1 to promote greater formation of AH+, was 

performed. Irradiating the sample at this pH fulfilled its purpose: a complete/nearly 

complete conversion from neutral chalcone isomers to the flavylium cation was attained 

(Figure A.B.4). In this case it was seen that the cac of the system was more significantly 

increased. Furthermore, the γcac decreased more compared to both absence of stimuli 
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and the irradiated sample at pH = 3.0 (Figure 3.11, Table 3.3). This indicates that the 

mixture of 12-2-12 with the AH+ form of C4SCh, aggregates less readily than the mixture 

containing Ct form, but its interfacial properties are enhanced. This result also constitutes 

an indication that the vesicles found between csurf = [10;18] µmol·dm-3 could be 

disassembled into its constituting monomers upon application of these stimuli. 

 

 

Figure 3.11: Plot of γ vs ln(csurf) used for cac determination concerning the xC4SCh = 0.40 sample, for the 12-2-

12/C4SCh system, in the absence of stimulus and in acidified plus irradiated samples.  

 

Table 3.3: Results obtained through the plot of γ vs ln(c) concerning the xC4SCh = 0.40 sample of the 12-2-12/C4SCh 

system, in the absence of stimulus and in acidified and irradiated samples. 

Sample no stimuli irradiated @ pH = 3.0 irradiated @ pH = 1-0 

cac /mmol·dm-3 10 ± 1 14 ± 2 18 ± 2 

γcac/mN·m-1 37.03 ± 0.89 34.32 ±1.02 25.55 ± 1.11 

 

3.2.1.4. Drug loading and release 

 

Once the vesicles present on the xC4SCh = 0.40, csurf = 3.00 mmol·dm-3 sample were 

fully characterized and a morphological response to irradiation under acidic media was 

attained, the drug delivery related tests begun. The first step was to test whether, and 

how, the presence of DOX would disturb the vesicles prior to removal of non-

encapsulated drug. Observation through cryo-TEM of a sample containing 0.30 

mmol·dm-3 of DOX reveals that the only self-assembled aggregate present are still 

spheroidal SUVs and LUVs. No GUVs are seen, and OLVs were scarce. These results 
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reveal that the presence of DOX, at this concentration, does not promote any phase 

transition or morphological change of the previously seen aggregates (Figure 3.12). 

Furthermore, analysis of these micrographs allows us to state that the drug is 

solubilized inside the vesicle core (Figure 3.12). Otherwise, there would be an electron-

dense region inside the vesicles, indicating that the drug was in its crystalline form, as 

previously reported in some liposomal formulations containing DOX145-146. 

 

 

Figure 3.12: Cyo-TEM micrographs of the sample xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3), from the 12-2-12/C4SCh 

system, with DOX (0.30 mmol·dm-3). 

 

Regarding the size distribution of the vesicles, determined again, by both cryo-TEM 

counts and DLS, it was seen that the vesicles in the presence of DOX still retain a 

monomodal, log-normal distribution. Comparing the histograms obtained by cryo-TEM 

without (Figure 3.5) and with DOX (Figure 3.13), two main differences can be discerned. 

First, in the presence of the drug, the mode vesicle size lies between 50-75 nm, while 

without the drug, it lies between 75-100 nm. Second, the inclusion of DOX in the mixture 

seems to promote a less polydisperse character to the distribution given the absence of 

GUVs/LUVs. When considering the DLS data, the differences in the distributions when 

DOX is included or not, are less notorious. The distribution mode is the same regardless 

of the conditions. However, just as in the cryo-TEM histograms, a slight difference in the 

PDI is detected, with the sample containing drug being less polydisperse (Figure 3.13 

and Table 3.4). 

The difference in PDI between both samples does not withstand long after sample 

preparation. Just withing five days the PDI of the sample containing DOX converges to 

the same value as the one found in the samples with no drug and remains stable at this 

value for at least one month (Table 3.4). Considering these results, it can be stated that 

DOX promotes, initially, a more monodisperse character of the aggregate distribution. 

However, the mechanism by which this phenomenon occurs is unknown. 
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Regarding ζ-potential, in the presence of DOX, the surface charge of the aggregates 

is highly positive and no difference regarding this parameter is detected relative to the 

absence of DOX (Table 3.1 and 3.4), further supporting the fact that the presence of 

DOX does not affect the vesicles.  

 

 

Figure 3.13: Size distribution of the vesicles in the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-

12/C4SCh system, with DOX (0.30 mmol·dm-3) 24 hours after preparation; Right Histogram and log-normal fitting of the 

cryo-TEM counts; Left: DLS distribution of Dh (number-weighed). 

 

Table 3.4: Summary of the main parameters determined for the vesicles in the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-33.00 

mmol·dm-3) sample, from the 12-2-12/C4SCh system, with DOX (0.30 mmol·dm-3). 

Mean Dh 

/nm 
PDI one day after 

preparation 
PDI five days 

after preparation 
Mean 

diameter /nm * 
ζ-potential 

/mV 

56 ± 3 0.290 ± 0.022 0.387 ± 0.014 98 78 ± 1 

*Determined by the arithmetic mean of cryo-TEM counts. 

 

Finally, a vesicle sample containing DOX was analyzed using DLS several times 

during the course of one month. Apart from the previously discussed variation in PDI, 

both the profile of the distribution and the mean Dh remain stable and unchanged over 

time, overlapping what is found on the empty vesicles (Figure 3.14). 

All in all, the tests discussed above regarding the effect addition of the DOX at 0.3 

mmol·dm-3 in the catanionic mixture, clearly show that the addition of DOX at this 

concentration, does not impair the stability of the vesicles and no other property tested, 

apart from an initial shift of the PDI. This indicates that this system is a good candidate 

for further studies concerning drug delivery.  
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Figure 3.14: Mean Dh variation up to one month after preparation of the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, 

from the 12-2-12/C4SCh system, with DOX (0.30 mmol·dm-3) (number weighed parameters). 

 

The next step on drug delivery studies was to remove the non-encapsulated DOX. 

Before discussing how much of the drug was encapsulated, one must consider the effect 

of the washing procedure on the vesicles and assess if the drug that remains on the 

samples is indeed inside of the vesicles. 

A DLS analysis of the vesicle sample after the three washing cycles reveals that the 

monomodal log-normal particle size distribution is retained, and that the PDI is 

unchanged relative to samples that were not subjected to this process (Table 3.1, 3.4 

and 3.5). However, there is an increase in the ζ-potential and mean size of the particles. 

The variation of the ζ-potential can be attributed to the concomitant removal of the free 

counter-ions with the free DOX, decreasing the overall counterion concentration in the 

final washed vesicles and ultimately resulting in the desorption of said counterions of the 

aggregates surface and an increase of ζ-potential147. Considering the variation of surface 

charge, it is intuitive to think that the vesicles would become smaller since there would 

be an increase on ahg leading to a decrease on PS and increase in Ho. However, the 

opposite occurs. This unexpected increase in Dh could result from the intense 

mechanical forces that the vesicles were subjected during this process which could 

suppress the effect of the possible counterion-desorption — especially considering that 

this DLS measurement was performed right after the washing process, and it could take 

more time for the vesicles to reach their equilibrium state147. 
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Table 3.5: Summary of the main parameters determined for the vesicles in the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) 

sample, from the 12-2-12/C4SCh system, with encapsulated DOX, after the washing process. 

Mean Dh /nm PDI ζ-potential /mV 

90 ± 8 0.345 ± 0.017 84 ± 1 
 

Besides the structural differences caused by the washing process, it was also found 

that there is an impact in the composition of the system. It was noticed that upon the 3 

cycles of washing, besides the removal of non-encapsulated DOX, some chalcone was 

also being lost (Figure 3.15). In order to assess how much chalcone/surfactant was lost 

on the process, the spectra of the empty vesicles and loaded vesicles were compared. 

To see where the absorbance peaks overlapped and where the presence of different 

DOX concentration would not interfere. It was determined that the peak and through at 

360 and 338 nm, respectively, were the best wavelengths to assess how much surfactant 

was lost during this process (Figure 3.15).  

On the six-independent washing experiments performed, it was obtained by UV-Vis 

spectroscopy, that an average of 13 ± 6 % of chalcone was lost on the removal of non-

encapsulated DOX. The value of chalcone lost in each experiment was used to normalize 

the encapsulation efficiency and loading capacity. Since no chalcone lost during this 

process is detected in the filtrate vials (Figure A.A.3), the compound must be adsorbed 

on the filter and was not recovered in the reverse spin. These results led us to believe 

that part of the vesicles were strongly adsorbed on filter and were consequently 

disrupted, which lead to part of the encapsuled DOX leaking towards the filtrate. Hence, 

the need for the normalization of the loading properties relative to the percentage of lost 

C4SCh. Herein, we will present both normalized and non-normalized loading properties 

of this system. The non-normalized properties will be the effective encapsulation 

calculated and the normalized properties represent how much drug would be 

encapsulated had not part of the vesicles been lost. Despite this experimental drawback, 

the percentage of lost material during removal of non-encapsulated load is similar to 

what occurs in other methods, such as in size exclusion chromatography148.  
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Figure 3.15: UV-Vis spectra of the xC4SCh = 0.40 sample, from the 12-2-12/C4SCh system, Left: comparison of the 

catanionic sample with DOX before and after the removal of non-encapsulated drug. Right: Comparison between the 

catanionic vesicles with and without DOX. 

 

Regarding the loading properties of the vesicles under these conditions, it was seen 

that the amount of drug encapsulated does not vary whether the system is incubated for 

24 or for 48 hours. The encapsulation efficiency of the vesicles using this loading method 

and conditions varies between about 20-27%, depending on if the values were or were 

not normalized regarding lost chalcone/surfactant. These encapsulation efficiency 

values are close to what has been previously obtained in our group regarding DOX in 

catanionic vesicles (Table 3.6) 62.  

Regarding the loading capacity of this formulation, it was found that it varies between 

2.1% and 2.9%, with the value being again, lower regarding non normalized 

encapsulation and higher when it was normalized (Table 3.7). This parameter is rather 

unsatisfactory, since for clinical applications, the loading capacity of a formulation should 

be > 5-10%149-150. A typical dosage of DOX administered to an average 70kg male would 

be of ≈ 190 mg, which would imply that, in a single dose administration there would be ≈ 

7.4 g of catanionic mixture151. This low loading capacity could be a drawback, since such 

an high amount of the carrier could be cytotoxic, consequently suppressing the 

advantages of having DOX more efficiently delivered to its target149-150. However, one 

must bear in mind that drug nanocarriers improve the efficacy of the drug (see section 

1.6) and so, in practice, the DOX dosage and consequently, the amount of surfactants 

administered, could be lower. 

Even though a low loading capacity was attained, this does not mean that this system 

does not have potential for clinical applications. Especially considering that this low value 

is partially caused by the conditions used, since the initial DOX:surfactant ratio (1:10) 

would only allow for a loading capacity of ≈ 10% if all the drug added was encapsulated. 

In order to prove this point, these tests should be repeated with a higher DOX:surfactant 
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ratio, and if the encapsulation efficiency would be conserved, this problem would be 

circumvented. 

 

Table 3.6: DOX encapsulation efficiency of the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-

12/C4SCh system, equilibrated with DOX for 24 and 48 hours. 

Equilibration time 
/ hours 

non normalized normalized 

24 23.6 ± 1.6 25.6 ± 1.2 

48 22.5 ± 2.8 25.0 ± 1.8 

 

Table 3.7: DOX loading capacity of the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh 

system, equilibrated with DOX for 24 and 48 hours. 

Equilibration time 
/ hours 

non normalized normalized 

24 2.5 ± 0.2 2.7 ± 0.1 

48 2.2 ± 0.1 2.7 ± 0.2 

 

To prove that the drug quantified after the washing process was indeed corresponding 

to encapsulated drug, two samples containing DOX pre and post washing were analyzed 

by FM. After the washing process, the sample has a dark background with red bright 

dots in Brownian motion which correspond to DOX-loaded vesicles (Figure 3.16a). On 

the other hand, the sample that was not subjected to the washing process has a red 

background and the bright particles have a much weaker contrast, compared to the 

washed sample (Figure 3.16b). This indicates that despite some loss of the vesicles 

during the non-encapsulated drug removal process, this methodology was a success, 

since the free DOX is no longer present in the sample and the quantified properties 

indeed correspond to the encapsulated DOX.  
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Figure 3.16: FM micrographs of the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C4SCh system, 

with DOX, after the removal of non-encapsulated drug (a) and before the removal of non-encapsulated drug (b). 

 

To finalize the drug delivery studies of this system and determine if these vesicles 

could produce a stimuli-mediated release of the drug, the DOX-loaded vesicles release 

kinetics were studied through the dialysis bag method.  

When the samples are not subjected to stimuli, we observe an asymptotic growth in 

cumulative drug release in the first four hours, with up to ≈ 20% of the drug being 

released. After this time, a plateau is reached and no increase in DOX concentration in 

the sink is detected up to 24 hours (Figure 3.17). In the 24 hours mark, we exchanged 

the solution in the receiver compartment. We did this to know if this plateau in the release 

profile resulted of no more drug being released from the vesicles or, because the solution 

of the receiver compartment was saturated with DOX, which could prevent further 

release. We came to realize that this was indeed a plateau, since exchanging the sink 

solution after 24 and 48 hours did not result in any more release of the drug, as no DOX 

could be detected with fluorescence spectroscopy. Considering this, it can be stated that 

this plateau is representative at least up to 72 hours of the release conditions used. This 

kind of release profile indicates that most of encapsulated DOX remains inside the 

vesicles. However, there is a partial burst leakage which is common in passively loaded 

formulations due to  weak stabilization of the drug inside the carriers, as previously 

reported 95.  

Regarding the release profile of the sample when subjected to irradiation at pH = 3.0, 

it follows the same type of asymptotic release growth up to 4 hours after the release 

experiment began, as found in the absence of stimuli. Despite this analogous release 

profile, under stimuli application the plateau corresponds to a cumulative drug release 

approximately 4-fold higher than what occurred with no stimuli application, averaging an 

≈ 80 % of DOX release (Figure 3.17). Again, this plateau is believed to be maintained up 

to 72 hours since, upon the daily exchange of the sink solution, no more DOX release is 

detected by fluorescence spectroscopy. The remainder 20% of unreleased DOX ought 
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to be still encapsulated in the vesicles, where an electron dense core was seen but no 

bursting was detected (Figure 3.9). 

This cumulative drug release experiment demonstrates that this system constitutes a 

smart drug delivery system with an activation-modulated release (see section 1.6), since 

both the absolute release rate and the total amount of drug released are far greater when 

both stimuli are applied93. 

 

 

Figure 3.17: Release profiles of DOX from the xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-

12/C4SCh system, without application of stimuli and upon irradiation at pH = 3.0. Dotted lines are a guide for the eye, 

not a fitting. 

 

3.2.2. DDAB/C4SCh mixture 

 

The study of this system, containing the catanionic surfactant, DDAB, and the 

chalcone derivative, C4SCh, is a continuation of preliminary work developed in a BSc 

project in our research group136. This system was preliminarily characterized with regards 

to the phase behavior at csurf = 10.00 mmol·dm-3 and 0.10 mmol·dm-3, and this study was 

expanded in the current work. Following this phase behavior screening, the aggregates 

in some of the samples were thoroughly characterized and their response to stimuli was 

tested. 
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3.2.2.1. Phase behavior 

 

For this system, an initial phase scan was performed at total surfactant concentration 

of 5.00 and 1.00 mmol·dm-3, covering xC4SCh = [0.20;0.80] and xC4SCh = [0.10;0.80], 

respectively. The samples were observed periodically by light microscopy up to one 

week after sample preparation, to detect occurrence of self-assembled nanostructures 

and identify the type of aggregates. 

In contrast with the 12-2-12/C4SCh system, the initial surfactant concentrations tested 

for this system were lower. This was done to prevent the formation of precipitate as was 

seen in the previous system and because DDAB self-assembles more readily than 12-

2-12, with a cac in the 10-5 mol·dm-3 range, compared to that of 12-2-12, at around 10-3 

mol·dm-3 104, 152. 

For both concentrations tested, the phase diagram showed two distinct regions 

(Figure 3.18). For molar fractions at equimolarity and with excess chalcone, the samples 

strongly scattered light and appeared turbid. Under the microscope, the samples with 

excess chalcone presented spheroidal structures in Brownian motion with a strong 

contrast, especially in their edges, relative to what is regularly seen for vesicles. These 

structures were stable at least up to one week after preparation. Using polarized light, 

these spheroidal aggregates show as an isotropic core with a birefringent edge (Figure 

3.18, 3.19c and 3.19d). We believe these structures are ionic liquid (IL) droplets, as 

discussed further below.  

For excess DDAB, the samples weakly scattered light and appeared bluish-like. Under 

the microscope, vesicles, both unilamellar and multilamellar, could be seen up to one 

week after preparation (Figure 3.18). It was expected that vesicles would be formed in 

this region, since DDAB self-assemble into these type of aggregates both as the sole 

component and in catanionic mixtures30, 153. We can also state that the chalcone 

derivative is either inserted in the bilayer or at least adsorbed at the interface of the 

aggregates, given that the vesicles appeared to have an orange-yellow hue, 

characteristic of the chalcone derivatives (Figure 3.18, 3.19a and 3.19b).  
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Figure.3.18: Phase behavior observations for the DDAB/C4SCh system with varying molar fractions of anionic 

component, C4SCh, and total csurf, one week after sample preparation. 

 

As stated above, the conditions tested revealed two distinct type of aggregates that 

were influenced by the molar fraction but not by total surfactant concentration. Even 

though the concentration did not affect the type of aggregate formed, a trend was 

noticed. In the more concentrated samples (csurf = 5.00 mmol·dm-3), the aggregates were 

more polydisperse, varying from the resolution limit of the microscope up to tens of µm 

(Figure 3.19a and 3.19c). For the sample containing a total surfactant concentration of 

1.00 mmol·dm-3, the distribution of sizes appeared to be more monodisperse. The 

particles had diameters ranging, again, from the resolution limit of the microscope up to 

a few µm (Figure 3.19b and 3.19d). Besides this, it could be seen that structures with 

larger dimensions were more abundant in the more concentrated samples, evidencing 

not only a more polydisperse population, but also a higher average diameter. Despite 

this size variation, the vesicle-containing samples still had MLVs regardless of 

concentration and molar fraction tested, as indicated by Maltese crosses (Figure 3.18). 
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Figure 3.19: DIC micrographs of some samples from the DDAB/C4SCh system, (a) xC4SCh =  0.20, csurf = 5.00 mmol·dm-3; 

(b) xC4SCh =  0.20, csurf = 1.00 mmol·dm-3; (c) xC4SCh =  0.80, csurf = 5.00 mmol·dm-3; (d) xC4SCh =  0.80, csurf = 1.00 

mmol·dm-3. 

 

To identify the nature of the spheroidal aggregates found in xC4SCh ≥ 0.50, a sample 

with xC4SCh = 0.80 with csurf = 5.00 mmol·dm-3 was analyzed with cryo-TEM. The 

observation revealed that these structures were indeed not vesicles. Instead, they were 

homogenous electron-dense structures (Figure 3.20). The sizes observed through cryo-

TEM confirm their high polydispersity at 5.0 mmol·dm-3 since there were diameters 

varying from the µm range down to ≈ 100 nm. These structures have a fluid character 

since it was seen that they could deviate from the spheroidal shape and even spread to 

fit better in the holey carbon grid (Figure 3.20). 

We suspect these structures to be ionic liquid droplets dispersed in solution. Even 

though their appearance in the TEM micrographs is consistent with emulsions, the 

composition of this system makes it unlikely since none of the components is uncharged 

and completely/mostly hydrophobic. Hence, we believe these structures might be ionic 

liquid droplets since their appearance matches those of some ionic liquid droplets seen 

with cryo-TEM154-155. Furthermore, there has been reports of formation of ionic liquids 

from catanionic mixtures of surfactants bearing headgroups with quaternary ammoniums 

and sulfonate moieties154, 156. 
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Figure 3.20: Cryo-TEM micrographs of the sample xC4SCh = 0.80 (csurf = 5.00 mmol·dm-3), from the DDAB/C4SCh 

system. 

 

3.2.2.2. Aggregate characterization 

 

From the several samples prepared to study the phase behavior of the DDAB/C4SCh 

system, the ones with csurf = 1.00 mmol·dm-3 were selected for further aggregate 

characterization, as they appeared to be less polydisperse than the ones found in csurf = 

5.00 mmol·dm-3 (Figure 3.19). 

The first step in the characterization of both vesicle- and droplet-containing samples 

was an analysis by DLS one day after preparation. We observed that the vesicle-

containing samples have aggregates that form a monomodal log-normal distribution. In 

the case of the sample with the lowest chalcone content, the mode Dh is centered at ≈ 

10 nm. For the one that contains xC4SCh = 0.20, it is at ≈ 25. nm (Figure 3.21). Even 

though these sizes are extremely small and cannot be seen in the light microscope, one 

must bear in mind that there can be larger vesicles captured by the light microscope, 

including MLVs. These larger aggregates could be overshadowed in the DLS 

distributions if there is a high population of much smaller structures, which seems to be 

the case here. 

It was also seen that the presence of C4SCh promotes an uniformity in sizes of the 

vesicles. When a non-extruded sample of DDAB was analyzed by DLS, an extremely 

polydisperse vesicle population was found, so that the DLS results did not have physical 

meaning. However, when C4SCh is present, below the equimolar fractions, a monomodal 

distribution of vesicles can be discerned from the DLS correlogram (Figure 3.21). 

Regarding the samples containing the presumed ionic liquid droplets dispersed in the 

aqueous environment, we observed that these structures are part of a monomodal log-

normal, distribution, like for the vesicles. However, the mean size of the droplets is much 
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larger, in the hundreds of nanometers. Furthermore, these populations present size 

distributions broader than found for the vesicle-containing samples (Figure 3.21). Among 

these two, the sample at the equimolar fraction is the one that shows the highest mean 

and mode size for the structures and is the most polydisperse, containing structures 

whose diameters range from < 100 nm up to almost 1 µm, with sizeable ζ-potential, as 

discussed below (Figure 3.21 and figure 3.23). 

 

 

Figure 3.21: Number weighted Dh distributions of the aggregates in some of the samples in the DDAB/C4SCh 

system at csurf = 1.00 mmol·dm-3 one day after sample preparation. 

 

Considering that in the droplet samples there was a high size variability, and that their 

dimensions were considerable, we subjected them to extrusion, to induce smaller 

particles and a more monodisperse size distribution. For xC4SCh = 0.80, the extrusion was 

successful and the number of larger particles diminished. Particles with Dh < 75 nm were 

formed and the mode decreased from ≈ 120 nm to ≈ 90 nm (Figure 3.22). In the case of 

the equimolar sample, however, the extrusion did not promote a such significant 

decrease in size and polydispersity. The diameters still ranged between ≈ 100-800 nm 

and the mode Dh still was > 100 nm (Figure 3.22). The somewhat ineffective extrusion 

of this sample is not surprising given the low ζ-potential of the particles, as discussed 

further below (Figure 3.23). 
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Figure 3.22: Number weighted Dh distributions of the aggregates of the xC4SCh = 0.80 (left) and xC4SCh = 0.50 (Right) 

at csurf = 1.00 mmol·dm-3 before and after extrusion, from the DDAB/C4SCh system. 

 

Concomitant to the DLS size distribution the ζ-potential was determined for the 

aforementioned samples, plus for the sample containing xC4SCh = 0.90 at csurf = 1.00 

mmol·dm-3. It can be seen that the variation in ζ-potential values against the molar 

fraction follows a sigmoidal trend (Figure 3.23). The ζ-potential starts out very positive, 

assuming values of ≈ 70. mV with excess DDAB. Then it passes through charge 

neutrality near equimolarity. Finally, it reaches negative values of approximately -30 mV 

in regions of excess chalcone (Figure 3.23). 

In the excess DDAB region, the catanionic vesicles have a high surface charge. Thus, 

there is a strong inter-aggregate electrostatic repulsion. It is also noticed that the 

catanionic vesicles have a higher ζ-potential than found in neat DDAB vesicles at the 

same concentration (Figure 3.23).  

In equimolar fraction, as expected, the aggregates possess virtually net zero charge. 

This may result in low inter-aggregate repulsions and thus low colloidal stability leading 

to formation of larger particles and unsuccessful extrusions, due to quick coalescence of 

the structures, as discussed above in this section (Figure 3.23). 

Finally, the remainder droplets presented a negative ζ-potential that was, in modulus, 

lower than that of the catanionic vesicles, despite having the same excess amount of 

one of the charged surfactants. Thus, this suggests that they might have lower colloidal 

stability than the vesicles. This asymmetry in charge modulus can result from one (or 

more) of the following hypotheses: (i) the droplet-like aggregates promote a higher 

counter-ion binding to their surface relative to the vesicles; (ii) DDAB in these aggregates 

preferably accumulates at the surface of these aggregates rendering them less negative; 

(iii) it is the effect of the higher polarizability of the sodium ions relative to bromide, which 

leads to a higher charge screening of the aggregates (see section 3.3.5.2)157. 

 



90 
 

FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

 

 

 

Figure 3.23: ζ-potential variation of the particles found on some of the samples in the DDAB/C4SCh system at csurf = 

1.00 mmol·dm-3 one day after sample preparation. 

 

The samples that were analyzed by DLS one day after preparation, were also 

reanalyzed five days after preparation, to evaluate how their size distributions varied 

through time and consequently assess the aggregates´ stability. Regarding the vesicle-

containing samples, a monomodal distribution was still present and there was no 

significant variation of the mean sizes in this time period for both the molar fractions 

tested. This indicates that these vesicles are stable as was expected from their high 

positive ζ-potential (Table 3.8 and Figure 3.23). 

For the samples that contained the droplet-like aggregates, we found that they were 

not so stable as the vesicles. For the equimolar sample, the DLS size distribution plots, 

five days after preparation, were extremely polydisperse and so the data did not have 

any significant meaning. Thus, it can be stated that the structures at this molar fraction 

were not stable, which can be a consequence of their neutral ζ-potential that does not 

avoid rapid coalescence (Table 3.8 and Figure 3.23). For the xC4SCh = 0.80 sample, the 

particle size distribution variation was not as drastic, since that the monomodal profile 

was still observed. However, there is still a significant increase in the mean size of the 

aggregates of around ≈ 50 nm, just within five days after the sample preparation (Table 

3.8). This variation can also be the cause of ζ- potential not being very far from charge 

neutrality. However, since these aggregates are still more charged than those found in 

the equimolar sample, their size variation with time is not as pronounced. 
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Table 3.8: Mean Dh of the aggregates found on some of the samples in the DDAB/C4SCh system at csurf = 1.00 

mmol·dm-3 one and five day after sample preparation. 

 Mean Dh /nm 

xC4SCh One day Five days 

0.1 10 ±1 9 ± 2 

0.2 20 ± 3 17 ± 1 

0.5 230 ± 12 - 

0.8 142 ± 8 201 ± 7 

 

3.2.2.3. Aggregate response to stimuli 

 

From the various samples characterized at csurf = 1.00 mmol·dm-3, the samples xC4SCh 

= 0.20 and 0.80 were selected to test the effect of near-UV irradiation in neutral media 

and at pH = 3.0. These sample were selected due to their “symmetric” composition, 

regarding molar fraction of amphiphiles and presence of distinct types of aggregates.  

As for the previous 12-2-12/C4SCh mixture (see section 3.2.1.3), the first step was to 

determine which isomers/species were formed and the extent of conversion, upon stimuli 

application. Before that, it was noticed that in the sample with excess DDAB the profile 

of the spectra was analogous to that found in the 12-2-12/C4SCh (Figure 3.7, Figure 3.24 

and Figure A.B.2). However, for the sample with excess chalcone, the spectral profile 

was similar to that of neat C4SCh in solution. This indicates that in these droplets, the 

chalcone molecules are in a different and more polar microenvironment than in the 

vesicle bilayer (Figure 3.24 and Figure A.B.2). 

The approach to stimuli application in these samples was much more simplistic than 

that followed for the 12-2-12/C4SCh and other systems in this project, since few spectra 

were obtained throughout irradiation. For both samples, in all conditions tested, the 

photostationary state was reached between 90 and 120 minutes of irradiation. 

Regarding irradiation of the non-acidified samples, as expected, the Cc isomer was 

formed, and the amount of Ct decreased (Figure 3.24). For the samples irradiated at pH 

= 3.0, it was seen that the AH+ form was attained in both samples. For the sample with 

excess C4SCh, there was an extensive conversion of the chalcone to the AH+ form. 

Conversely, for the vesicles, the formation of the flavylium cation was scarce and the 

intensity of absorption of this species was even lower that that found in the 12-2-

12/C4SCh system. This indicates that this sample will mostly consist of the Cc and B 

isomers (Figure 3.7 and 3.24). 

These trends confirm what was discussed in section 1.5.2: positively charged 

aggregate will tend to stabilize the chalcone form, while negatively charge aggregates 

promote the formation of the flavylium cation by increasing the apparent pKa. 



92 
 

FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

 

 

 

 

Figure 3.24: UV-Vis spectra of the xC4SCh = 0.80 sample (left) and the xC4SCh = 0.20 sample (right) at csurf = 1.00mmol·dm-

3 without stimuli application and at the photostationary state without acidification of the medium and at pH = 3.0, from 

the DDAB/C4SCh system. 

 

After irradiation and confirmation that the samples reached the photostationary state, 

they were analyzed through DLS to determine size distribution and the ζ-potential of the 

particles. Regarding the vesicle-containing particles, xC4SCh = 0.20, neither stimuli applied 

produced a significant shift in the size distribution of the vesicles. There was a slight 

decrease in the mode Dh and PDI for both stimuli applied, but the size distribution 

retained the same profile and comprised essentially the same aggregate sizes (Figure 

3.25).  

For the irradiated sample without acidification, the ζ-potential of the aggregates 

remained unchanged relative to the control sample, which further supports that a 

stimulus-mediated response was not attained in this case (Table 3.9). Even though the 

sample that was irradiated at pH = 3.0 did not present any significant aggregate size 

shift, which is expected since its composition mostly resembles that of the irradiated 

sample in neutral conditions, there was an increase of the ζ-potential. This can be 

expected since part of the chalcone converts to a zwitterionic state (AH+), from the 

negative Ct form (Table 3.9). One must mind that the extent of ζ-potential increase is 

larger than what it seems, when it is compared with the control sample. This is because 

acidification without irradiation lowers this parameter towards charge neutrality, both in 

the catanionic vesicles and the neat DDAB vesicles, due to charge screening by the 

chloride ions form the acid, as previously discussed (see section 3.2.1.3) (Table 9). 

In contrast to the vesicle-containing samples, the chalcone-rich droplet-like 

aggregates did display a stimuli-mediated morphological response for both conditions 

tested. In both cases there was a decrease in the overall diameters of the particles, with 

the mode diameter going from ≈ 120nm to ≈ 60-70 in both stimuli conditions tested 

(Figure 3.25). Further evidence of the aggregates’ response resided in the ζ-potential of 

the aggregates. In the case of irradiation without acidification, there was a decrease in 
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the charge of the particles towards charge neutrality. The reason for such variation is 

unknown since formation of Cc and B from Ct is not accompanied with alteration of the 

charged state of the chalcone (Table 3.9). In the case of stimuli application under acidic 

medium, there was a decrease in charge of the aggregates by acidification of the sample 

due to charge screening of the protons. When the system is also irradiated, the 

aggregates charge gets even closer to charge neutrality, as a consequence of the 

formation of zwitterionic AH+ from the negatively charged chalcones (Table 3.9). 

 

 

Figure 3.25: Number weighted Dh distributions of xC4SCh = 0.20 (left) and xC4SCh = 0.80 (right) samples at csurf = 1.00 

mmol·dm-3, from the DDAB/C4SCh system, obtained by DLS in the absence of stimuli, when irradiated without 

acidification and irradiated at pH = 3.0. 

 

Table 3.9: ζ-potentials of the xC4SCh = 0.20, xC4SCh = 0.80 and neat DDAB samples at csurf = 1.00 mmol·dm-3, from the 

DDAB/C4SCh system, under different conditions. 

 ζ- Potential /mV 

xC4SCh 0.00 0.20 0.80 

No stimuli 63 ± 2 70 ± 1 -25 ± 3 

Irradiated - 67 ± 3 -14 ± 1 

pH = 3.0 51 ± 2 63 ± 2 -15 ± 1 

pH = 3.0 and irradiated - 77 ± 2 -10 ± 1 
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3.3. System with the cationic photoderivative C6NCh 
 

3.3.1. C6NCh/STDC mixture 

 

3.3.1.1. Phase behavior 

 

Concerning the catanionic mixture containing C6NCh and the bile salt STDC, several 

samples varying from xC6NCh = [0.10;0.80] and csurf = 1.00 mmol·dm-3 were prepared and 

observed through light microscopy up to one week after preparation. The total surfactant 

concentration studied is below the cac/cmc of both amphiphiles158. Thus, formation of 

any aggregate will evidence a synergism in self-assembling properties. 

The observations made for this system are valid from the first day after the sample 

preparation up to at least one week after. The molar fractions tested in this system can 

be divided in two regions. The first region comprises the two samples with highest 

content of STDC xC6NCh = 0.10 and 0.20, whose samples weakly scattered light. Under 

the light microscope, small µm-sized hydrated crystals could be seen (Figure 3.26 and 

Figure 27a). 

All the other samples, also weakly scattered light. Which could be attributed to 

hydrated crystals similar to the ones of the other two samples, seen in the light 

microscope. Apart from this, the samples presented a macroscopic phase separation, 

which consisted in an aqueous phase and denser, orange colored, viscous phase, found 

in the bottom of the vials. Observation of these samples under the microscope revealed 

that part of the denser phase had dispersed into the aqueous phase, in the form of 

droplets with diameters ranging from tens of µm and up. These structures had an 

isotropic core and birefringent edge (Figure 3.26). 
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Figure 3.26: Phase behavior observations for the C6NCh/STDC system with varying molar fractions of the cationic 

component, C6NCh, at total csurf = 1.00 mmol·dm-3, one week after sample preparation. 

 

The crystals found on all the samples of this system presented an aspect ratio close 

to unity and were optically anisotropic (Figure 3.26 and 3.27a). These structures were 

likely formed by the strong synergism of both amphiphiles, since these crystals are 

distinct from the hydrated crystals formed by C6NCh, often found in chalcone-rich region 

of other catanionic systems studied in this work (see section 3.3.4.1 , 3.3.5.1 and 

3.3.7.1). 

Regarding the samples xC6NCh = [0.30;0.80], there was a clear trend in the volume of 

the denser phase plus in the amount and size of the dispersed droplets in the aqueous 

phase. This trend consisted in the volume of the non-aqueous phase being greater when 

the molar fraction was closer to equimolarity (Figure 3.27b and 27c). We believe that this 

droplets/phase constitute an ionic liquid, as the droplets seen in the microscope 

resemble those seen in the DDAB/C4SCh system (se section 3.2.2.1), that is, fluid-like 

particles with high contrast and birefringent edges. Assuming they are ILs, their volume 

would be expected to be higher in the equimolar fraction, where the oppositely charged 

molecules are in 1:1 proportion, optimal for formation of ion-pairs.  
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Figure 3.27: Light microscopy micrographs of some samples from the C6NCh/STDC system at csurf = 1.00 mmol·dm-3, 

one day after sample preparation; (a) xC6NCh = 0.20; (b) xC6NCh = 0.50; (c) xC6NCh = 0.70. 

 

3.3.2. C6NCh/SDSo mixture 

 

3.3.2.1. Phase behavior 

 

For the system containing C6NCh and the commercial anionic surfactant SDSo only 

one phase screening at csurf = 1.00 mmol·dm-3 with xC6NCh = [0.10;0.70] was performed. 

This time, we did not prepare samples with higher chalcone content to avoid formation 

of hydrated crystals as seen in other systems (see sections 3.3.1.1, 3.3.4.1, 3.3.5.1 and 

3.3.7.1). The samples were again observed periodically through the light microscope up 

to one week after preparation. The observations recorded and discussed are valid for 

the entire time the samples were observed. 

For the molar factions tested, two distinct regions were identified. The first, containing 

high SDSo content, xC6NCh = [0.10;0.20], did not present any macroscopic precipitate and 

the samples weakly scattered light. When observed through light microscopy, the 

samples had small particles in Brownian motion whose diameters were close to the 

resolution limit of the microscope. Therefore, it was not possible to determine the nature 

of these particles/aggregates (Figure 3.28 and Figure 3.29a). 

The second region found on the phase screening performed, comprised the rest of 

the molar fractions tested. All the samples had macroscopic precipitate, and regularly 

shaped, righ-angled, birefringent, hydrated crystals could also be seen under the light 

microscope (Figure 3.28, Figure 3.29b and Figure 3.29c). 
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Figure 3.28: Phase behavior observations for the C6NCh/SDSo system with varying molar fractions of cationic 

component, C6NCh, at total csurf = 1.00 mmol·dm-3, one week after sample preparation. Arrows are pointing towards 

small particles in Brownian motion. 

 

In order to attain further insight into the structure of the particles seen in the samples 

with high SDSo content at csurf = 1.00 mmol·dm-3, samples with the same molar fraction 

of chalcone, xC6NCh = [0.10;0.20], were prepared at higher concentration csurf = 3.00 

mmol·dm-3. We could thus test if the nature of these aggregates would become more 

evident upon concentration increase.  

One day after sample preparation, macroscopic precipitate could be seen in this 

concentrated samples. Hydrated crystals were identified under light microscope 

observation. These hydrated crystals have an analogous appearance to the ones seen 

in this system at lower concentrations and higher xC6NCh (Figure 3.29b and Figure 3.29c). 

Considering these results, we posit two hypotheses. Either the aggregates present in the 

xC6NCh = [0.10;0.20] samples at csurf = 1.00 mmol·dm-3 are true self-assembled 

nanostructures that are no longer stable at csurf = 3.00 mmol·dm-3; or, they are small 

hydrated crystals that remain readily dispersed in solution, which grow and form a 

macroscopic precipitate only at higher concentrations. In order to determine the true 

nature of said particles, an imaging technique with a higher resolution, e.g. cryo-TEM 

and cryo-SEM, would be needed. 
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Figure 3.29: Light microscopy micrographs of some samples of the C6NCh/SDSo system at total csurf = 1.00 mmol·dm-3, 

one day after sample preparation; (a) xC6NCh = 0.20, arrows are pointing towards the small particles with unknown 

nature; (b) xC6NCh = 0.50 ; (c) xC6NCh = 0.50. 

 

3.3.3. C6NCh/SDBSo mixture 

 

3.3.3.1. Phase behavior 

 

Regarding the system containing C6NCh and SDBSo, two phase screening studies 

were performed for the period of one week at csurf = 1.00 and 0.60 mmol·dm-3 ,covering 

a wide range of molar fractions: xC6NCh = [0.05;0.70] and xC6NCh = [0.10;0.70], for csurf = 

1.00 and 0.60 mmol·dm-3, respectively (Figure 3.30). Again, no molar fractions with 

higher excess of chalcone were prepared to avoid formation of hydrated crystals as seen 

for the first system with chalcone mixed with a sulfonate derivative (see section 3.3.1.1) 

and other catanionic mixtures containing C6NCh (see section 3.3.4.1, 3.3.5.1 and 

3.3.7.1). The total surfactant concentrations for both phase screens performed are below 

the cmc/cac of both amphiphiles, as for the C6NCh/STDC system (see section 3.3.1.1)159. 

The initial phase screen was performed at csurf = 1.00 mmol·dm-3. Only later the more 

dilute samples were prepared in an attempt to eliminate the precipitate found in most 

samples, as will be discussed below (Figure 3.30). 

For both concentrations tested, the phase behavior can be divided into two regions 

regarding their macroscopic appearance. There was a wide range of molar fractions that 

comprised solutions with excess chalcone up to slight excess of SDBSo that were turbid 

and presented macroscopic precipitate. Besides this, there was a narrower region with 

a large excess of anionic surfactant that was turbid as well but did not present any 

macroscopic precipitate (Figure 3.30). 

Under the light microscope, all the samples tested for both these concentrations 

presented elongated structures with lengths on the tenths of µm and varying widths. All 

these structures present a low contrast. These aggregates constitute microtubules, 

corresponding to those structures which present a narrower width, and flat ribbons, which 
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were the thicker structures160. These aggregates are mostly likely responsible for the 

turbid appearance of all the samples since it was the only thing they all had in common 

(Figure 3.30, 3.31b and 3.31c). 

On the other hand, the macroscopic precipitate seen in most samples ought to be 

caused by the presence of amorphous particles that were seen under the microscope 

coexisting with the microtubules and the flat ribbons. Given the lack of regularity in the 

shape of these particles, we cannot state whether they are hydrated crystals or 

something else (Figure 3.30, 3.31b and 3.31c).   

 

 

Figure 3.30: Phase behavior observations for the C6NCh/SDBSo system with varying molar fractions of the cationic 

component, C6NCh, and total csurf, one week after sample preparation. White arrows are pointing towards microtubules 

and black arrows pointing towards flat ribbons. 

 

Since the samples with high SDBSo content did not have any macroscopic precipitate 

and because there were bilayer-based aggregates present, we prepared samples with 

xC6NCh = 0.10 and 0.20 at a higher surfactant concentration of csurf = 3.00 mmol·dm-3 to 

promote a morphological shift form microtubules/ribbons towards vesicles. These 

concentrated samples had the same macroscopic appearance as found for csurf = 1.00 

mmol·dm-3, that is, the samples scattered light, but no macroscopic precipitate could be 

seen. When analyzed by microscopy, the observations were invariable from one day up 

to one week after preparations. No vesicles were formed, and only microtubules could 

be seen. However, these microtubules varied from those that seen at lower 

concentrations. Instead of being individualized in solution, for these more concentrated 

conditions, the tubules seemed to agglomerate, forming a structure where the 
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microtubules interacted in a central point, from where they then extended towards the 

bulk of the solution in a radial disposition (Figure 3.29a). 

Comparing the C6NCh/SDBSo system with the previous C6NCh/SDSo, which were 

partially tested under same conditions, it can be stated that the addition of the benzene 

ring between the sulfonate and the hydrocarbon chain promotes the formation of self-

assembled aggregates. This is specially the case in the regions with excess sulfonate 

derivative, given that for the SDBSo system, microtubules and ribbons were detected 

while for the SDSo system presence of self-assembled aggregates were not 

unequivocally identified (and even if the particles in the C6NCh/SDSo were aggregates, 

they were only present in a more restrict range of molar fractions). 

 

 

Figure 3.31: Light microscopy micrographs of some samples of the C6NCh/SDBSo system; (a) xC6NCh = 0.20 at  csurf 

= 3.00 mmol·dm-3, blue arrow is pointing towards a microtubule agglomerate; (b) and (c) xC6NCh = 0.40 at  csurf = 1.00 

mmol·dm-3; white arrows are pointing toward microtubules, green arrows towards precipitate and black arrows towards 

flat ribbons. 

 

3.3.3.2. Aggregate characterization 

 

From the several samples prepared, we focused on the ones with xC6NCh = [0.05;0.20], 

csurf = 1.00 mmol·dm-3 since they did not present any precipitate.  

The first step taken in this characterization was to test if there would be a 

microtubule/ribbon to vesicle transition with an increase in temperature, as previously 

reported in surfactant based aggregates40, 160. This was not only an attempt to obtain 

vesicles in this system, but also to develop aggregates that would be sensitive to 

irradiation with or without acidification, and to temperature, as was done previously for 

surfactant-based  aggregates (see section 1.5)70. However, upon heating the samples to 

37 ºC, no morphological shift in the bilayer-based structures was seen, which indicates 

that there is no thermal response in the 25-37 ºC range and that these bilayer-based 

aggregates are stable (Figure A.B.5). 

The last characterization step of the bilayer-based structures involved the 

measurement of the ζ-potential. The aggregates of all the samples had an extremely 
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negative ζ-potential of around -70 mV, which can be expected given the large excess of 

the anionic, SDBSo, surfactant (Table 3.10). This surface charge, far from charge 

neutrality, indicates that there are strong electrostatic repulsions between aggregates, 

thus resulting in high colloidal stability of the samples. It was also noticed that there is no 

variation of the ζ-potential of the aggregates for the different molar fractions tested (Table 

3.10). This lack of variation could be attributed to the difference of molar faction among 

the samples being ≤ 15%. 

 

Table 3.10: ζ- potential of the microtubules and ribbons found in the C6NCh/SDBSo system at csurf = 1.00 mmol·dm-3 

with varying molar factions where no precipitation occurs. 

xC6NCh ζ-potential /mV 

0.20 -70 ± 2 

0.15 -71 ± 3 

0.10 -70 ± 3 

0.05 -69 ± 2 
 

3.3.4. C6NCh/SC8Thr mixture 

 

3.3.4.1. Phase behavior 

 

For the system containing C6NCh and the threonine derivative SC8Thr, an initial phase 

screen was performed at csurf = 1.00 mmol·dm-3 with xC6NCh = [0.10;0.70]. The samples 

were periodically observed up to one week after preparation. 

On this initial phase screening, we identified three distinct types of samples. The ones 

with a large excess of the anionic surfactant were clear solutions and nothing could be 

seen through microscopy. This indicates that the surfactant molecules are likely in their 

unimer form, since surfactants with an alkyl chain of 8 carbons are known to self-

assemble at ≈ 100 mmol·dm-3 and C6NCh is not known to self-assemble on its own 

(Figure 3.32)161. The samples that were closer to equimolarity had macroscopic 

precipitate and regularly shaped hydrated crystals could be seen under the light 

microscope from the first day after sample preparation (Figure 3.32). Finally, for the 

sample with the highest chalcone content, at first, it resembled the samples close to 

equimolarity. However, once a week after preparation had passed, it acquired a bluish-

like appearance with macroscopic precipitate still present. This light scattering was a 

result of non-birefringent large OLVs that could be seen on the light microscope (Figure 

3.32). 
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Considering the aforementioned observations, samples with both higher , csurf = 2.00 

mmol·dm-3, and lower, csurf = 0.50 mmol·dm-3 surfactant concentrations were prepared, 

to promote the formation of aggregates in the regions with high SC8Thr excess and 

disappearance of the hydrated crystals in regions were vesicles were detected, 

respectively. This approach proved to be unsuccessful for the concentrated samples: 

three distinct regions, analogous to what was found in csurf = 1.00 mmol·dm-3 were still 

present, even though the region of vesicles was extended (Figure 3.32). For the more 

dilute samples, only two samples could be found. There was a region of clear samples 

where the surfactants are expected to be in their unimer form, which had extended. In 

the region where vesicles were seen, there only hydrated crystals and no light scattering 

could be seen in the solution. Despite this, this experiment allowed us to indirectly 

determine that the cac for vesicle formation of the xC6NCh = 0.10 sample lies somewhere 

between csurf = [0.50;1.00] mmol·dm-3. For the vesicles in the xC6NCh = 0.20 sample, cac 

lies between csurf = [1.00;2.00] mmol·dm-3 (Figure 3.32). 

 

 

Figure 3.32: Phase behavior observations for the C6NCh/SC8Thr system with varying molar fractions of the cationic 

component, C6NCh, and total csurf, one week after sample preparation. 

 

3.3.5. C6NCh/SC12Thr mixture 

 

3.3.5.1. Phase behavior 

 

Regarding the catanionic system containing C6NCh and the anionic threonine 

derivative SC12Thr, an initial phase screen was performed at csurf = 1.00 mmol·dm-3, 
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similar to the system containing the shorter threonine derivative, with xC6NCh = [0.10;0.80]. 

The samples were, again, periodically observed up to one week after preparation. 

The observations made on this system were invariable with regards to time of 

observation, hence everything stated is valid from one day up to one week after sample 

preparation. The sample with the lowest chalcone derivative molar fraction was clear and 

no aggregates could be seen under the light microscope. Given this, the surfactant 

molecules are likely in a unimer form or as mixed micelles (Figure 3.33). We 

hypothesized these two scenarios because C6NCh is not known to self-assemble at this 

concentration and similar amino acid-based surfactants to SC12Thr only self-assemble 

at around 10 mmol·dm-3. However synergistic effects in the catanionic mixture could lead 

to a lower cmc than found for the surfactants alone, and hence the possibility for 

occurrence of mixed micelles (See section 1.4.1 and 3.3.7.1). 

Next, there were two distinct regions with almost “symmetric” content xC6NCh = 

[0.20;0.25] and xC6NCh = [0.70;0.75], that had an analogous phase behavior. 

Macroscopically, these samples scattered light weakly, giving this sample a bluish-like 

appearance. Under the microscope stable, individualized, vesicles could be seen, some 

of which were MLVs since they presented Maltese crosses under polarized light, while 

others were unilamellar, given the lack of birefringence (see section 3.2.1.1) (Figure 3.33, 

3.34c and 3.34d). Despite the similar macroscopic appearance and presence of 

analogous aggregates, it was noticed that the samples with excess chalcone had a more 

polydisperse vesicle population whose diameter ranged from the resolution limit of the 

microscope up to tens of µm. This polydispersity was more prominent for the xC6NCh = 

0.70 sample, where some aggregate agglomeration was also seen (Figure 3.33, 3.34c 

and 3.34d). On the other hand, the samples with excess of threonine derivative, had an 

apparently more monodisperse population through the microscope, whose diameters 

ranged, again from the resolution limit of the microscope up to few µm (Figure 3.33). 

We also found a vast region near equimolarity xC6NCh = [0.30;0.65] that presented 

larger MLVs than those found outside this range of molar fractions, discussed above. 

Besides these MLVs, there were non-birefringent fluid-like aggregates that we believe to 

be GUVs, given the presence of MLVs. These bilayer-based aggregates tended to 

agglomerate, and since no hydrated crystals were seen, they are the likely cause of the 

precipitate seen macroscopically (Figure 3.33, 3.34c and 3.34d). 

Finally, there was a sample with the highest chalcone content that also presented 

macroscopic precipitate. Under the microscope, regularly shaped hydrated crystals, 

analogous to those found in the SC8Thr system could be seen (Figure 3.31, 3.31a and 

3.31b). 
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Considering the observations made above for csurf = 1.00 mmol·dm-3 we prepared 

samples in the xC6NCh = [0.30;0.65] region at the lower concentration of csurf = 0.50 

mmol·dm-3 to promote a disintegration of these vesicle agglomerates. However, this 

strategy was not successful since the samples presented an analogous behavior as 

those found at higher concentrations (Figure 3.33). 

 

 
Figure 3.33: Phase behavior observations for the C6NCh/SC12Thr system with varying molar fractions of the cationic 

component, C6NCh, and total csurf, one week after sample preparation, the arrows are pointing towards vesicles. 

 

For the samples near equimolarity where macroscopic precipitate is seen, it was 

noticed that the closer the samples were to the equimolar fraction, the amount and size 

of the precipitate macroscopic particles also increased. Upon inspection of the samples 

with the light microscope, it was established that it was due to the vesicular agglomerates 

growing as the molar fraction tended towards equimolarity (Figure 3.34a and 3.34b). 

This phenomenon is a consequence of the aggregates surface charge approaching 

charge neutrality as the molar fraction approaches equimolarity, hence resulting in a less 

effective inter-aggregate electrostatic repulsion, and ultimately leading to a more 

extensive agglomeration of the self-assembled particles. 

When the phase behavior of this system is compared with the one found in 

C6NCh/SC8Thr (see section 3.3.4.1), one can establish the same rationale as between 

the C6NC/SDSo and C6NCh/SDBSo systems (see section 3.3.3.1). That is, the more 

hydrophobic threonine-based surfactant, having a longer alkyl chain, tends to form self-

assemble nanostructures more readily when mixed with C6NCh under this concentration 

range. For the shorter threonine derivative, there were vesicles in a short range of molar 

factions, and when the length of the anionic surfactant is increased, bilayer-based 

aggregates are found in wider range of molar fractions, xC6NCh = [0.20;0.75]. 



FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

105 
 

 

 

 

 

Figure 3.34: Light microscopy micrographs of (a) xC6NCh = 0.60 at csurf = 1.00 mmol·dm-3; (b) xC6NCh = 0.50 at csurf = 

1.00 mmol·dm-3; (c) and (d) xC6NCh = 0.70 at csurf = 1.00 mmol·dm-3, same micrograph, different filters. All the samples 

are from C6NCh/SC12Thr system. 

 

3.3.5.2. Vesicle characterization 

 

From the several samples studied, the ones that unequivocally contained vesicles and 

did not present any macroscopic precipitate were further characterize by DLS one day 

after preparation.  

Both vesicle-containing samples with excess of anionic surfactant presented a 

monomodal log-normal distribution with Dh ranging from ≈ 50-300nm, with the mode 

being ≈ 80 nm for the xC6NCh = 0.20 and ≈ 60 nm for the xC6NCh = 0.25. The similarity in 

Dh between both this samples is expected since there only is 5% difference in molar 

fraction of the amphiphile components (Figure 3.35). 

Concerning the other two vesicle-containing samples that had excess chalcone xC6NCh 

= [0.70;0.75], the one with xC6NCh= 0.70 had a high PDI, and hence, the DLS data 

regarding the Dh distribution does not hold any physical meaning and is not presented 

(Figure 3.35). This high polydispersity of the vesicles is foreseen considering the light 

microscopy observations discussed above (see section 3.3.5.1). 

For the case of the xC6NCh = 0.75 sample, determination of the vesicle size distribution 

was possible. This sample has a monomodal population with a mode Dh of ≈ 70 nm and 
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the distribution comprises the same range of dimensions as the vesicles in samples with 

excess anionic surfactant. Apart from these similarities, the vesicles size distribution on 

the xC6NCh = 0.75 sample do not encompass a typical log-normal profile and instead, 

possess a more platykurtic profile relative to the other two samples (Figure 3.35). 

 

 

Figure 3.35: Number weighted Dh distribution of the readily dispersed, vesicle-containing samples at csurf = 1.00 

mmol·dm-3, in the C6NCh/SC12Thr system, one day after sample preparation. 

 

Concomitantly to the determination of the size distribution of the vesicle-containing 

samples with no macroscopic precipitate, the measurement of the ζ-potential was also 

performed. As expected, the samples with excess chalcone had a positive surface 

charge, while the ones with excess of threonine derivative had negative ζ-potentials 

(Table 3.11). The samples with excess chalcone had a |ζ-potential| > 30 mV, which would 

indicate possible colloidal stability of the aggregates due to inter-particle electrostatic 

repulsions (Table 3.11). However, as seen through light microscopy for the sample xC6NCh 

= 0.70, this high surface charge is not sufficient to prevent agglomeration of the vesicles 

(Figure 3.34c and 3.34d). 

Interestingly, the samples with excess anionic surfactant that were further from the 

equimolar fraction actually had a |ζ-potential| < 30 mV. Yet, no aggregate agglomeration 

of this particles was detected through light microscopy during the period of observation 

(Table 3.11 and Figure 3.30). Even though these samples are further from the equimolar 

region, they have a ζ-potential closer to charge neutrality, which might seem 

counterintuitive. To understand this phenomenon, one must mind the effect of the 

counterion. While the anionic surfactant has sodium ions, the chalcone derivative 
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possesses bromide ions. Even though bromide is further down its periodic group, alkali 

metals, such as sodium, are overall more polarizable, and thus screen the surface 

charge more effectively, as discussed in section 1.3.4, ultimately leading to more neutral 

ζ-potentials 30, 42, 157. 

 

Table 3.11: ζ- potential of the readily dispersed vesicles with varying molar fractions at csurf = 1.00 mmol·dm-3, in the 

C6NCh/SC12Thr system, one day after sample preparation. 

xC6NCh ζ - potential / mV 

0.20 -27 ± 1 

0.25 -25 ± 1 

0.70 33 ± 2 

0.75 37 ± 1 

 

3.3.6. C6NCh/ SC4 mixture 

 

This system containing the chalcone derivative, C6NCh, and the macrocycle, SC4, 

was studied in collaboration with Dr. Nuno Basilio’s group, which prior to the work 

presented here, found that the mixture of these components in water, formed aggregates 

under specific molar fractions (see section 3.3.6.1) and that these aggregates were likely 

a result from aggregation of host-guest complexes formed by interaction of the 

quaternary ammonium group of C6NCh and the hollow cavity of SC4. Finally, it was also 

found that under irradiation at acidic conditions, the aggregates were disassembled. 

Amphiphilic host-guest complexes consist of the supramolecular complexation of two 

or more components though intermolecular interactions, in which one of the components 

has a hollow cavity with which the other molecule can interact162-163. In the case of the 

host guest amphiphiles all the components could be non-amphiphilic when non-

complexed, or one of the components could already an amphiphile. Regardless of the  

case, upon formation of the host-guest complex, the self-assembling and surface active 

properties are altered162-163.  

In the current work, we reproduced the phase behavior of the system, made an 

attempt on the identification of the nature of the aggregates, and further characterized 

this system’s response to stimuli. 

 

3.3.6.1. Phase behavior 

 

A phase screening at total solute concentration of 0.40 mmmol·dm-3 with xC6NCh = 

[0.10;0.90] was performed. More of these mixtures were concentrated in the region of 
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excess chalcone, where formation of aggregates had been previously observed. The 

samples were inspected periodically up to one week after preparation and the 

observations stated below are valid throughout this period. 

For excess calixarene, xC6NCh = [0.10;0.40], the samples were clear and nothing could 

be seen under the microscope (Figure 3.36). We suspected that the molecules were 

present as unimers in solution (see section 3.3.6.3). The sample that was at equimolar 

fraction, weakly scattered light, and under the light microscope, small particles in 

Brownian motion, whose diameter was in the resolution limit of the microscope, were 

present. For xC6NCh = [0.75;0.83], the same small particles, as the ones seen in the 

equimolar fraction were present; however, these molar fractions strongly scattered light 

and appeared milky instead of the bluish-like appearance of the equimolar sample 

(Figure 3.36). 

Finally, the sample with the highest content of chalcone presented macroscopic 

precipitate, under the light microscope, and µm-sized birefringent amorphous structures 

could be seen (Figure 3.36).  

As expected, considering previous data available, we detected formation of 

aggregates in the xC6NCh = [0.75;0.83] region. Besides, we also observed similar looking 

particles in the equimolar sample. Given that the latter presented a weaker light 

scattering properties than the ones found in the excess region of chalcone, we 

hypothesized that these aggregates might be all of the same nature, and that they were 

formed in greater amount with excess chalcone, resulting in the increase of turbidity from 

the equimolar sample to the ones with excess chalcone164. 
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Figure 3.36: Phase behavior observations for the C6NCh/SC4 system with varying molar fractions of the cationic 

component, C6NCh, at total csurf = 0.40 mmol·dm-3, one week after sample preparation. Arrows are pointing towards 

small particles in Brownian motion. 

 

3.3.6.2. Aggregate characterization 

 

In order to unveil the nature of the dispersed small particles found in xC6NCh = 

[0.50;0.83], the sample xC6NCh = 0.80 at 0.40 mmol·dm-3  was selected for a coagulation 

test, to see if upon such phenomenon, coalescence would also occur, and consequently 

growth of the aggregates would permit the identification of the particles. 

This was accomplished by preparations of several samples with the conditions stated 

above and subsequent addition of KCl so the salt concentrations in the sample varied 

from 1.0 to 100 mmol·dm-3. The choice for KCl was based on the fact that salts are known 

to provoke charge screening and coagulation in both soft and hard colloidal particles 

(see section 1.3.4)165-166. 

From the prepared samples, it was seen that, five days after salt addition, formation 

of a macroscopic precipitate located at the bottom of the vials that contained cKCL ≥ 5.00 

mmol·dm-3, was seen. This reveals that the strategy employed to coagulate the particles 

was correct. Upon closer inspection of this precipitate under the light microscope, many 

µm-sized spheroidal particles with a high contrast of the edge could be seen (Figure 

3.37a). When polarized light was used, many of these particles presented birefringence, 

and Maltese crosses were discerned (Figure 3.37b). This experiment indicates that 



110 
 

FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

 

 

MLV’s are present in the sample; however, one must bear in mind that the presence of 

salt might result in the displacement of the chalcone derivatives and exchange for 

monovalent cations in the calixarene core, thus potentially altering the morphology of the 

aggregate, as previously reported167. In summary, addition of salt did promote 

coalescence of the particles, and vesicles seem to be present; however, confirmation of 

the true nature of this aggregates should be performed in absence of salt, using 

techniques with higher resolution such as cryo-TEM and cryo-SEM. 

 

 

Figure 3.37: Light microscopy micrographs of the xC6NCh = 0.80 at 0.40 mmol·dm-3 sample, from the C6NCh/SC4, 

system with 5.00 mmol·dm-3 of KCl five days after sample preparation. 

 

Further characterization of these aggregates was performed by tensiometry, to 

determine the mixtures cac and surface-active properties. We analyzed the variation of 

surface tension with respect to solute concentration for the samples containing xC6NCh = 

0.25, 0.75 and 0.80. 

For the sample with excess calixarene, no aggregation was detected up to ≈ 0.17 

mmol·dm-3 and the surface tension slowly decayed down to ≈ 58 mN·m-1, which is 

consistent with the microscopy observations, where no aggregates were seen (Figure 

A.B.6). 

Regarding the two mixtures with excess chalcone tested, we found that aggregation 

occurs, for both molar factions, at around ≈ 20 µmol·dm-3. The virtually analogous cac of 

both mixtures is not unexpected since there is only a slight difference in the molar 

fractions between both components in the mixtures (Table 3.12, Figure 3.38 and 3.39). 

Interestingly, the surface-active properties are not so similar among these two samples. 

Even though both mixtures have weak surface-active properties, the one with lower 

chalcone content is more surface active than the other (Table 3.12). This might be a 

consequence of a possible difference in the ratio of host-guest complexes/free chalcone 
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and of a mismatch between the surface-active properties between the two species. This 

would consequently result in different surface activity among the two different molar 

fractions tested. 

 

Table 3.12: Main properties determined by tensiometry of the xC6NCh = 0.75 and xC6NCh = 0.80 mixtures, from the 

C6NCh/SC4, system in the absence of stimuli. 

xC6NCh cac / µmol·dm-3 γcac / mN·m-1 

0.75 19 ± 3 51.90 ± 1.27 

0.80 21 ± 4 61.11 ± 0.67 

 

3.3.6.3. Aggregate response to stimuli 

 

The first step taken was the determination of the time of irradiation required to reach 

photostationary state of the photochemical reaction of C6NCh at pH = 2.0. The approach 

followed involved withdrawing less aliquots throughout irradiation, since the kinetics of 

this system were studied by Dr. Nuno Basílio’s group and the only interest here was to 

reach the equilibrium. It was seen that, to reach the photostationary state under the 

conditions used, between 190 to 200 minutes irradiation were required and that total 

conversion to the flavylium cation form was achieved (Figure A.B.7). 

Compared to other systems, the kinetics of conversion between the Ct and the AH+ 

form is much slower than in other systems studied in the current work (see section 

3.2.1.3. and 3.3.7.3, e.g.). This slower rate of conversion is expected since in this system, 

unlike the others throughout this project, the stimuli was applied in a neat solution of 

C6NCh, instead of in a catanionic mixture, where the chalcone lies in a more hydrophobic 

environment. As has been discussed above (see section 1.5.2), this increases the 

quantum yield of the photochemical isomerization ultimately leading to the 

photostationary state being reached more rapidly. 

Once the requirements to reach the photostationary state were known, the plot of γ 

vs. ln c for three of the mixtures studied in the phase behavior section, irradiated at pH 

= 2.0, was determined. 

In the first mixture, xC6NCh = 0.25, no aggregation was detected and the profile of the 

surface tension was analogous to the one found in the absence of stimuli, the only 

difference being the fact that the mixture containing the C6NCh in the AH+ form was 

slightly less surface active than the mixture that had C6NCh in the Ct form (Figure A.B.6). 

For the sample containing xC6NCh = 0.75, no aggregates are formed up to the maximum 

concentration tested (65 µmol·dm-3). Instead, the surface tension slowly decreases up 
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to 53.4 mN·m-1. This indicates that the aggregates formed at these molar fractions in 

neutral mediums, can be disassembled to their constituting unimers upon irradiation in 

acidified media, at least within the range of concentrations tested (Figure 3.38). 

Finally, for the sample containing xC6NCh = 0.80, it is also possible to disassemble the 

particles into their constituting unimers up to 115 µmol·dm-3. However, above this 

concentration a plateau in γ is reached. By retrieving an aliquot of the sample above said 

concentration and observing it under the microscope, hydrated crystals were seen, which 

indicates that a Krafft boundary was reached (Figure 3.39 and 3.40a). Besides this, it 

was also seen that, in this molar fraction, the mixture containing AH+ is more surface 

active than the one in the absence of stimuli, at least in the range of concentrations tested 

(Figure 3.39). 

 

 

Figure 3.38: Plot of γ vs ln(csurf) of the xC6NCh = 0.75 mixture in the C6NCh/SC4 system, without stimuli application and 

irradiated at pH = 2.0. 
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Figure 3.39: Plot of γ vs ln(csurf) of the xC6NCh = 0.80 mixture in the C6NCh/SC4 system, without stimuli application and 

irradiated at pH = 2.0. 

 

Since hydrated crystals were detected during the tensiometry experiment for xC6NCh = 

0.80, and the concentration where this occurred was not covered in the xC6NCh = 0.75 

mixture. We decided to investigate if formation of hydrated crystals occurred in the other 

samples subjected to stimuli, where dispersed particles in Brownian motion could be 

seen at neutral pH, xC6NCh = [0.75;0.83]. To achieve this, we prepared the mixtures in the 

aforementioned molar fractions at c = 0.40 mmol·dm-3 and subjected them to stimuli. All 

the samples dispersed light (Figure 3.40b) and under light microscopy, regularly shaped, 

right-angled, hydrated crystals, analogous to those found in the aliquot retrieved during 

tensiometry experiment, could be found (Figure 3.40a). 

All these results clearly indicate that the aggregates in samples xC6NCh = [0.75;0.83]. 

are responsive to stimuli (irradiation at pH = 2.0). These stimuli can lead to two outcomes 

depending on the concentration of the mixture: at concentrations slightly above the cac, 

the aggregate will be disassembled into its constituting unimers, and above a certain 

threshold, hydrated crystals will form upon stimuli application. 
11 
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Figure 3.40: (a) DIC micrograph of xC6NCh = 0.80 mixture in the C6NCh/SC4 system at ≈ 115 µmol·dm-3 upon 

irradiation at pH = 2.0; (b) Photographs of samples xC6NCh = [0.75;0.83] (ordered from right to the left) at c = 0.40 

mmol·dm-3 , irradiated at pH = 2.0. 

 

3.3.7. C6NCh/SLSar mixture 

 

3.3.7.1. Phase behavior 

 

The last system that will be covered regarding mixtures containing the cationic 

chalcone derivative, C6NCh, is the one that was mixed with a commercially available 

amino acid based anionic surfactant, SLSar. For this mixture, we performed a phase 

screening of samples with csurf = 1.00 mmol·dm-3 and xC6NCh = [0.10;0.80] throughout the 

period of one week. The observations presented in the discussion below are valid for the 

whole period of observation since the samples phase behavior was invariable in almost 

all samples, with the exception of the mixture containing xC6NCh = 0.35. 

Regarding the two samples with the highest excess of SLSar content, nothing could 

be seen macroscopically or through the light microscope, which indicates that the 

amphiphiles are likely either in the unimer form in solution, or as mixed micelles (Figure 

3.41). We believe this because SLSar is reported to form micelles at approximately 10 

mmol·dm-3 and we know that C6NCh does not self-assemble on its own at the 

concentrations tested. On the other hand, mixed micelles could form due to the 

synergism that commonly occurs in catanionic mixtures and that has been reported in 

mixtures containing SLSar, in which mixed micelles were formed in the range of 

concentrations tested in this system (see section 1.4.1) 168-169. 

The samples on the next region found on the phase screening, still on the excess 

range of SLSar, xC6NCh = [0.25;0.30], had a bluish-like appearance due to weak light 

scattering. When observed through microscopy, both these samples contained 

individualized small particles in Brownian motion, whose size was in the resolution limit 

of the microscope, and µm-sized spheroidal particles that did not present any 
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birefringence and had a highly contrasted edge relative to their core. This led us to 

believe that the samples are constituted by LUVs/GUVs and other unilamellar 

aggregates (Figure 3.41). 

There also was a vast region of molar factions near equimolarity, with xC6NCh = 

[0.35;0.65], that presented vesicular aggregates, comprising MLVs instead of LUVs, 

given the presence of Maltese crosses under the polarized light microscope. However, 

in this region the samples had macroscopic precipitate along with the bluish-like 

appearance, which likely resulted from the vesicle agglomerates that could be seen 

through light microscopy (Figure 3.41 and 3.42). The sample with lowest chalcone 

content found in this region, xC6NCh = 0.35, initially did not have this appearance. One day 

after preparation it had an analogous behavior to that found in the samples xC6NCh = 

[0.25;0.30], that is, bluish like appearance caused by the well dispersed LUVs. However, 

once a week after preparation had passed, these vesicles coalesced, forming 

agglomerated MLVs, resulting in macroscopic precipitate (Figure 3.42a).  

Finally, in the region with the highest chalcone content, there was, again, macroscopic 

precipitate but the samples did not scatter light. Under the light microscope we observed 

that right-angle hydrated crystals are abundant in the sample (Figure 3.41). 

Considering the observations made above, we can see that there are striking 

similarities in the phase behavior of this system and the one found for SC12Thr (see 

section 3.3.5.1). In the regions with large excess of one of the amphiphiles, both systems 

present in one end, hydrated crystals and in the other, clear solutions where nothing can 

be seen through microscopy. In the molar fractions close to equimolarity, there are 

bilayer-based structures that tend to agglomerate, and finally, between equimolarity and 

the large excess of one of the components, there are readily dispersed stable vesicles. 
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Figure 3.41: Phase behavior observations for the C6NCh/SLSar system with varying molar fractions of the cationic 

component, C6NCh, at total csurf = 1.00 mmol·dm-3, one week after sample preparation. Arrow is pointing towards a 

unilamellar vesicle. 

 

Even though the phase behavior of the samples in the vast region close to 

equimolarity was analogous, there were still some differences among the samples, like 

what was found in the SC12Thr/C6NCh system (see section 3.3.5.1). The samples that 

were farther from the equimolar fraction had less precipitate and the agglomerates were 

formed only by a few vesicles (Figure 3.42a), while the samples that were closer to 

equimolarity had a greater amount of precipitate and the agglomerates contained more 

vesicles (Figure 3.42b). This type of behavior is to be expected since the closer the 

mixture is to equilmolarity, the closer to charge neutrality of the aggregates will be. 

Hence, the inter aggregate electrostatic repulsions will be weaker and agglomeration 

and coalescence will be favored (see section 3.3.5.1 and 3.2.2.2). 

 

 

Figure 3.42: DIC micrographs of xC6NCh = 0.35, csurf = 1.00 mmol·dm-3 (a) and xC6NCh = 0.50, csurf = 1.00 mmol·dm-3 (b) 

samples, from the C6NCh/SLSar system, one week after sample preparation. 
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3.3.7.2. Vesicle characterization 

 

From the several samples studied in this system, the ones that at one point in time 

did not present any macroscopic precipitate and unequivocally had aggregates seen by 

light microscopy (in this case, vesicles), xC6NCh = [0.25;0.35], were further characterized. 

The first step was the analysis by DLS one day after the samples had been prepared. 

All three samples had a monomodal distribution with a log-normal profile (Figure 3.43). 

The sample with xC6NCh = 0.35 was the most polydisperse of the three with Dh varying 

between ≈ 75-750 nm with the mode Dh being ≈ 150 nm. The next sample, xC6NCh = 0.30, 

had a higher mode Dh than the previous one, ≈ 160 nm. However, this sample was less 

polydisperse and comprised aggregates with Dh varying within ≈ 100-450 nm. Finally, 

the sample containing the lowest chalcone content of the three, xC6NCh = 0.25, had the 

lowest mode Dh, ≈ 100, nm and the narrowest range of aggregates sizes that varied 

between ≈ 50-350 nm. 

Regarding the ζ-potential of these vesicles, there was a high variation of this 

parameter considering the low variation of molar fractions, compared to what was seen 

in other systems that contained C6NCh, and formed microtubules/ribbons (see section 

3.3.3.2) and vesicles ( see section 3.3.5.2). Even though it was abrupt, the trend follows 

what would be expected, since an increase in the molar fraction of chalcone drove the 

surface charge of the particles close to charge neutrality (Table 3.13). The weak charge 

of the vesicles found for xC6NCh = 0.35 causes a rather low inter-aggregate electrostatic 

repulsion, which may be the reason why these unilamellar vesicles tend to coalesce and 

form agglomerates over time, as seen by microscopy (Figure 3.42a). Even though the 

other two samples have a ζ-potential farther from charge neutrality than xC6NCh = 0.35 

(Table 3.13), the value of this parameter is still not negative enough, | ζ-potential | < 30 

mV, to confidently state that the electrostatic repulsions between the aggregates will be 

strong enough to prevent the coalescence and agglomeration of the aggregates over 

time. 
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Figure 3.43: Number weighed Dh distribution of the readily dispersed, vesicle-containing samples at csurf = 1.00 

mmol·dm-3, in the C6NCh/SLSar system, one day after sample preparation. 

 

Table 3.13: ζ- potential of the readily dispersed vesicles with varying molar fractions at csurf = 1.00 mmol·dm-3, in the 

C6NCh/SLSar system, one day after sample preparation. 

x C6NCh ζ - Potential / mV 

0.25 -24 ± 1 

0.30 -21 ± 1 

0.35 -15 ± 1 

 

To assess if the relative neutral character of the vesicles found for xC6NCh = 0.25 and 

0.30 did cause these aggregates to coalesce and aggregate over time, the sample xC6NCh 

= 0.30 was periodically measured by DLS (Figure 3.44). Interestingly, there was no 

increase in size of Dh for a period of three weeks, which would indicate that coalescence 

and agglomeration were occurring. Instead, we observed that within the first five days 

upon sample preparation, there was a considerable decrease in mean Dh from ≈ 180 nm 

to ≈ 85 nm and in mode Dh also, from ≈ 160 nm to ≈ 80 nm. Besides this, there is a slight 

increase of the PDI from ≈ 0.260 to ≈ 0.330. From this point onward, the Dh distribution 

of the particles remained unchanged up to three weeks after preparation. 

Even though the range of vesicle Dh three weeks after preparation is located between 

≈ 25-200 nm, which is much shorter than what is found just a day after sample 

preparation, the overall PDI of the population increases, which at first sight might seem 

counterintuitive. However, one must recall the formula for calculation of this parameter 

depends on the mean Dh and standard deviation of the distribution. Hence, if there are 
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two distributions with the same standard deviation but different means, the one with the 

lower mean will have a higher PDI170.  

 

 

Figure 3.44: Left: Mean Dh and PDI variation up to three weeks of the vesicles up to three weeks, Right: Dh distribution 

of the vesicles one day and three weeks after sample preparation. Both plots are regarding the xC6NCh = 0.30, csurf = 1.00 

mmol·dm-3 sample, from the C6NCh/SLSar system (the parameters are number-weighted). 

 

Finally, the last characterization performed on this system was the determination of 

the cac of the xC6NCh = 0.30 mixture through tensiometry. We found that there was a great 

enhancement of the self-assembling properties of this mixture, just as was found for the 

xC4SCh = 0.40 in the 12-2-12/ C4SCh system (see section 3.2.1.2). The cac of the mixture 

was around 50/60x lower than that of neat SLSar and ≈ 3 times lower than reported in 

for SLSar in other catanionic mixtures (Table 3.15 and Figure 3.15)168-169. However, no 

synergism in this mixture is detected regarding surface activity since SLSar has been 

reported to have γcac ≈ 22 mN·m-1 and the γcac obtained in this mixture is almost twice as 

that (Table 3.15 and Figure 3.49)169. 

 

3.3.7.3. Vesicle response to stimuli 

 

Since the sample containing xC6NCh = 0.30 was stable over time, despite the low ζ-

potential and the initial variation in vesicle size, we investigated its morphological 

response to stimuli.  

As for other systems, the initial conditions tested were irradiation in neutral medium 

and irradiation in an acidified sample at pH = 3.0. The first step in this characterization 

was to determine the time required to reach the photostationary state. Regarding the 

sample irradiated without any acidification, it was seen that, as expected, the Ct form is 

converted to Cc and B (Figure 3.45). Under these conditions the photostationary state is 

reached just 30 minutes after irradiation, a lower time than required for the 12-2-

12/C4SCh (see section 3.2.1.3). However, this lower time does not indicate that the 
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quantum yield of the photo-isomerization is higher since the concentration of chalcone 

in this system is much lower than was found on the sample from the 12-2-12/C4SCh 

system. 

In the case of irradiation performed in a sample at pH = 3.0, the photostationary state 

is reached even faster, with just 20 minutes of irradiation. These stimuli lead to a total 

conversion of Ct to AH+ as is evidenced by the strong absorption of the band centered 

at λ = 440 nm (Figure 3.45). The extensive conversion to the flavylium cation form 

compared to the one seen in the 12-2-12/C4SCh system at the same conditions (see 

section 3.2.1.3) can be attributed to higher proton concentration found in negatively 

charged aggregates, as was discussed previously in section 1.5.2. Furthermore, we can 

compare this case to the system C6NCh/SC4, where chalcone was irradiated in acidic 

medium as a unimer in solution, and qualitatively state that a greater quantum yield of 

photoisomerization is found in the C6NCh/SLSar system. The increase in quantum yield 

is expected when the chalcone photochromic unit is within a more nonpolar media, as is 

the case of the vesicle bilayer (see section 1.5.2). 

 

 

Figure 3.45: Spectral variation of xC6NCh = 0.30 (csurf = 1.00 mmol·dm-3) sample, from the C6NCh/SLSar system, 

regarding time of near-UV irradiation in neutral medium (left) and at pH = 3.0 (Right); Onset plots absorbance variations 

thought time of λ = 360nm and (left) and at λ = 360nm plus λ = 440nm (right). 

 

Given that a complete conversion of the Ct form to AH+ was attained at pH = 3.0, we 

attempted irradiation of the sample at the pH = 4.5 to test if some AH+ would still form. 

The choice for this acidity value was based on how acidic it can get at intracellular level. 

In this case, pH = 4.5 is the acidity found inside lysosomes, which is relevant for an 

eventual application of these vesicles in drug delivery171. When we irradiated the vesicles 

at this pH, some AH+ was indeed formed. However, the conversion was not complete, 

and instead a similar behavior to what was found in the 12-2-12/C4SCh system at pH = 

3.0 occurred (see section 3.2.1.3), that is, a mixture of Cc, B and AH+ was formed. The 

AH+ conversion was completed in 15 minutes, but the Cc and B kept being formed until 
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the photostationary state was reached, which 45 minutes after irradiation had 

commenced (Figure 3.45). 

 

 

 
Figure 3.46: Spectral variation of xC6NCh = 0.30 (csurf = 1.00 mmol·dm-3) sample, from the C6NCh/SLSar system, 

regarding time of near-UV irradiation at pH = 4.5; Onset plots absorbance variations thought time at λ = 360nm and λ = 

440nm. 

 

The next step to characterize the vesicle response to stimuli was to analyze samples 

at the photostationary state by DLS. All the stimuli tested induced some sort of shift in 

the Dh distribution relative to the one in the absence of stimuli. 

In the case of irradiation without acidification, there is a conservation of the Dh 

distribution profile but an overall increase of the aggregates size from a mode of ≈ 100 

nm to ≈ 160 nm (Figure 3.47). Concerning the ζ-potential, it shifts slightly towards charge 

neutrality. Since for this stimulus there is no addition of any charged components in the 

mixture and no alteration in the charge of the monomers occurs (Table 3.14), this 

variation can be attributed to the fact that Cc and B must have a different configuration 

in the aggregates bilayer, that promotes a stronger interaction between the headgroups, 

resulting in a more neutral surface charge. This charge neutralization can also be traced 

to the increase in aggregate size, since stronger electrostatic interaction of the oppositely 

charged unimers will result in a lower ahg, leading to an increased Ps, and ultimately to 

aggregates with lower curvature and larger size. 

Regarding the sample that was subjected to irradiation at pH = 3.0, a more drastic Dh 

distribution shift can be seen. Even though the monomodal log-normal profile of the 

particle distribution is conserved, the particles size no longer is centered in the few 
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hundred nanometer range, being shifted mostly to the µm range (Figure 3.47). 

Accompanied to this considerable size shift, there is also an inversion of the ζ-potential 

from a negatively charged surface to a positive one upon stimuli application (Table 3.14). 

The inversion of this parameter cannot be attributed exclusively to the conversion of the 

cationic Ct form to the di-cationic AH+. Upon this stimuli application, the negative/positive 

charge ratio of the amphiphiles goes from 7:3 to 7:6, and thus, a negative charge of the 

aggregates would still be expected. We believe this shift in the ζ-potential results from a 

combination of the formation of the di-cationic flavylium and the protonation of the SLSar 

carboxylate moiety, as evidenced by the weakly positive charge of the vesicles at pH = 

3.0 in the absence of irradiation (Table 3.14)172. 

Finally, regarding the last stimuli applied, involving irradiation at pH = 4.5, a similar 

trend to what was found in the irradiated sample occurs regarding the Dh distribution shift 

(Figure 3.47). This similar behavior is expected since only part of the chalcone is 

converted to AH+ and the majority is converted to Cc and B (Figure 3.47). Regarding the 

ζ-Potential, a slightly more neutral particle charged is attained relative to the irradiated 

sample, which can be attributed to the partial conversion of Ct to the di-cationic AH+ and 

to the partial protonation of SLSar, as evidenced, again, by the ζ-potential of the vesicle-

containing sample at pH = 4.5 in the absence of irradiation (Table 3.14). 

The comparison of the Dh distributions between the samples subjected to irradiation 

at different pH levels, must be accompanied by a consideration of the Dh distributions of 

the non-irradiated acidified samples. This is to confer if the morphological shifts are 

indeed a consequence of both stimuli and not of the acidification alone, especially for the 

samples at pH = 3.0, where the protonation of SLSar is significant, if not complete. For 

the sample in the most acid medium, it is seen that the distribution profile is conserved 

but that there is a shift of the mode Dh to ≈ 160nm (Figure A.B.8). A variation of the 

vesicle sizes is not surprising in this case, since these vesicles are no longer constituted 

by a catanionic mixture but rather a mixture of cationic, anionic and nonionic amphiphiles. 

Nonetheless, this clearly demonstrates that a different morphological shift is caused by 

irradiation of the molecule and not solely by acidification of the sample. Regarding the 

sample at pH = 4.5, the effect seen is not so extreme, since acidification of the sample 

only leads to a slight increase of the mode Dh to ≈ 130 nm relative to the ≈160nm when 

the sample is also irradiated (Figure A.B.9). Again, this evidences that the morphological 

shift detected is at least partially due to the irradiation of the vesicles.   
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Figure 3.47: Number weighted Dh distributions of xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, from the C6NCh/SLSar 

system, obtained by DLS in the absence of stimuli, when irradiated without acidification, irradiated at pH  =  3.0 and 

irradiated at pH = 4.5. 

 

Table 3.14: ζ-potentials of the of xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, in the C6NCh/SLSar system, under 

different conditions. 

Sample ζ- potential / mV 

No stimuli -20 ± 1 

Irradiated -12 ± 1 

Irradiated @ pH = 3.0 19 ± 1 

pH = 3.0 5 ± 1 

Irradiated @ pH = 4.5 -10 ± 1 

pH = 4.5 -14 ± 1 

 

To gain further insight into what effect the stimuli had in the aggregates, we analyzed 

the samples at their photostationary state through the light microscope in an attempt to 

determine if there was any change in the nature of the aggregates present in the sample. 

Relative to the sample irradiated at pH = 3.0, no longer small particles in Brownian motion 

and LUVs/GUVs can be seen under the microscope. Instead, there are µm-sized 

spheroidal particles, that are optically isotropic and have a high contrast throughout the 

whole aggregate, relative to the background, compared to what would be found in 

LUVs/GUVs (Figure 3.48a). The nature of these aggregates has yet to be determined. 

Nonetheless, it is a strong indication that the vesicles are indeed stimuli-responsive 

under these conditions. 
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Regarding the other two samples, irradiation without acidification and irradiation at pH 

= 4.5, small particles in Brownian motion and LUVs/GUVs can be seen under the light 

microscope (Figure 3.48b). This indicates that these stimuli do not promote a change in 

the nature of the aggregates and only a shift on the size of the aggregate occurs. 

 

 

Figure 3.48: DIC micrographs xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, from the C6NCh/SLSar system, irradiated 

at pH = 3.0 (a) and irradiated at pH = 4.5 (b). Arrow is pointing towards a vesicle. 

 

The last step taken for characterization of these vesicle response to stimuli was to 

draw the γ vs. ln (csurf) plot to determine the cac and the interfacial properties of the 

mixtures upon the three different stimuli applications tested. All the three different stimuli 

applied led to an enhancement of the self-assembling and interfacial properties, lowering 

the cac and γcac relative to the catanionic mixture in the absence of stimulus (Figure 3.49 

and Table 3.15). For the irradiated and non-acidified sample, we saw the greatest 

enhancement of the self-assembling properties and the lowest enhancement of the 

interfacial properties among the stimuli tested. The cac decreased almost 60% relative 

to the mixture not subjected to irradiation and the decrease of γcac was close to none 

(Figure 3.49 and Table 3.15). The sample that was irradiated at pH = 3.0 on the other 

hand only presented a decrease of cac of ≈ 40 % but had a great enhancement of the 

interfacial properties with a decrease of > 30% of the γcac (Figure 3.49 and Table 3.15). 

Coincidentally, this great enhancement of the interfacial properties of a mixture 

containing a chalcone that was fully converted to AH+ was previously seen in the 12-2-

12/C4SCh mixture (see section 3.2.1.3), which indicates that this derivatives of flavylium 

cations are good surface-active agents, at least when mixed with other amphiphiles.  

Finally, for the sample that was irradiated at pH = 4.5, we observe that there is a 

combination of properties of both the sample irradiated at pH = 3.0 and the one irradiated 

without acidification of the medium. There is a great decrease of the cac, comparable to 

the one seen in the solely irradiated sample and the decrease of γcac analogous to what 



FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

125 
 

 

 

occurs in the sample irradiated at pH = 3.0 (Figure 3.49 and Table 3.15). This 

phenomenon is not unexpected given that, upon application of this stimuli, a complex 

mixture containing all the isomers and species found on the previous two stimuli exists 

in solution. 

Finally, these tensiometry results allow us to observe an interesting response of this 

mixture to stimuli application. Unlike what was seen on other systems such as 12-2-

12/C4SCh and C6NCh/SC4 ( see section 3.2.1.3 and 3.3.3.6), where application of some 

stimuli might result in the disassembly of the aggregates into its constituting unimers in 

a specific range of concentrations, here we have the catanionic mixture with its 

constituting molecules as unimers in solution when the chalcone derivative is in its Ct 

form, and formation of aggregates, upon stimuli application in the concentration range of 

0.07-0.17 mmol·dm-3 (Figure 3.49 and Table 3.15). 

 

 

Figure 3.49: Plot of γ vs ln(csurf) used for cac determination concerning the xC6NCh = 0.30 sample, from the C6NCh/

 SLSar system, in the absence of stimulus and in acidified and irradiated samples. 

 

Table 3.15: Results obtained through the plot of γ vs ln(c) concerning the xC6NCh = 0.30 sample from the C6NCh/

 SLSar system, in the absence of stimulus and in acidified and irradiated samples. 

Sample cac /mmol·dm-3 γ cac / mN·m-1 

No stimuli 0.17 ± 0.01 40.81 ± 1.06 

Irradiated 0.07 ± 0.01 38.30 ± 1.51 

Irradiated @ pH = 3.0 0.10 ±0.01 27.43 ± 2.00 

Irradiated @ pH = 4.5 0.08 ± 0.01 30.93 ± 0.94 
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3.4. System with the anionic photoderivative C6SCh 

 

3.4.1. Gemini 12-2-12/C6SCh mixture 

 

3.4.1.1. Phase behavior 

 

In this system, containing C6SCh and 12-2-12, an initial phase screening was 

performed at csurf = 3.00 mmol·dm-3 with xC6SCh = [0.10;0.90]. These samples were 

analyzed periodically up to one week after preparation by light microscopy. After these 

studies, samples with the same molar fractions but with csurf = 1.00 mmol·dm-3 were also 

prepared and analyzed following the same procedure as for the more concentrated ones. 

The reason for preparation of the more diluted samples will be explained below, 

throughout this section and the next one.  

The phase behavior diagram presented in this section does not include the 

representative micrographs for each region of molar fractions, as was done for all the 

previous systems, given the rich and complex nature of aggregates found in these 

samples. 

Regarding the samples with the lowest chalcone content, xC6SCh = 0.10, for both 

concentrations tested, the samples had a clear appearance, and nothing could be seen 

through microscopy (Figure 3.50). However, considering the observations done in 

section 3.2.1.1, where an analogous behavior was seen, it is likely that micelles exist in 

solution. These micelles are either made entirely of 12-2-12 or they are mixed. The latter 

case is even more likely in this system than for the 12-2-12/C4SCh system, given that 

C6SCh has a greater hydrophobic character than C4SCh and could thus partition into the 

micelle more easily. 

The next region observed contained the samples xC6SCh = [0.20;0.30] for csurf = 3.00 

mmol·dm-3, for which a slight light scatter can be seen, conferring the samples a bluish-

like appearance (Figure 3.50). Then, there was a region concerning samples of both 

concentrations, that prevailed up to xC6SCh = 0.60, where the samples had a bluish-like 

appearance but that also contained macroscopic precipitate (Figure 3.50). Finally, there 

was a region of high chalcone content xC6SCh = [0.70;0.90], where the samples had a 

viscous character and scattered light intensely, conferring the samples a milky-like 

appearance (Figure 3.50). 
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Figure 3.50: Phase behavior observations for the 12-2-12/C6SCh system with varying molar fractions of the anionic 

component, C6SCh and total csurf, one week after sample preparation. 

 

Even though the samples for xC6SCh = [0.20;0.50] at csurf = 3.00 mmol·dm-3 had a 

different macroscopic appearance, they were in fact constituted by the same structures 

at the micro/nano scale. All these samples presented, a week after preparation, vesicular 

aggregates and hydrated crystals (Figure 3.51). For the two samples with lowest 

chalcone content in this region, xC6SCh = [0.20;0.30], initially unilamellar vesicles and 

small particles with Brownian motion whose sizes were in the resolution limit of the 

microscope could be detected in the samples (Figure 3.51a). However, once a week 

upon preparation had past, hydrated crystals were seen coexisting with these lamellar 

structures. Furthermore, part of these lamellar structures were adsorbed in the hydrated 

crystals, which were, at the time of observation, likely, amidst precipitation (Figure 

3.51b).  

Regarding the two samples with lower chalcone content xC6SCh = [0.40;0.50], the 

observations were invariable regardless of time of observation. In these two samples, 

the amount of hydrated crystals seen under the light microscope was higher than in the 

other two samples, hence the clear observation of macroscopic precipitate, which could 

not be seen in the other two samples (Figure 3.50). Concerning the bilayer-based 

aggregates, apart from the non-birefringent unilamellar vesicles (Figure 3.51c) there 

were also MLVs, evidenced by the presence aforementioned Maltese crosses under 

polarized light (Figure 3.51d) (see section 3.2.1.1). 
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Figure 3.51: Light microscopy micrographs of  the xC6SCh = 0.20 at csurf = 3.00 mmol·dm-3 sample one day (a) and 

one week (b) after sample preparation; xC6SCh = 0.50 at csurf = 3.00 mmol·dm-3 sample  one week after sample 

preparation (c) and (d); Black arrows are pointing towards LUVs/GUvs/OLVs and white arrows towards MLVs; All the 

micrographs are from the 12-2-12/C6SCh system. 

 

Considering the vesicles found at xC6SCh = [0.20;0.30] at csurf = 3.00 mmol·dm-3 were 

unstable, we prepared samples at lower concentrations in an attempt to slow down 

formation of hydrated crystals, as was done successfully for a similar system in this work 

(see section 3.2.1.1). These two samples, with same molar fraction but more diluted, still 

presented readily dispersed unilamellar vesicles upon preparation as their concentrated 

counterparts (Figure 3.52a). However, the latter vesicles were not stable, and 

precipitation was again observed, this time macroscopically, one week after preparation. 

This precipitation, however, was not due to formation of hydrated crystals, instead, it was 

from long microtubules were observed through microscopy. Alongside these 

microtubules, there was still coexistence of large lamellar structures that were mainly 

adsorbed on the surface of said microtubules, likely undergoing a phase transition 

towards the tubules (Figure 3.52b). 

Apart from the samples discussed above, there are other samples that are included 

in the same region of macroscopic observations that have yet to be discussed, namely 

xC6SCh = 0.60 at csurf = 3.00 mmol·dm-3 and xC6SCh = [0.40;0.60] at csurf = 1.00 mmol·dm-3. 

All these samples presented, exclusively, extremely long birefringent aggregates that 
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preferably were arranged in bundles (Figure 3.52c and Figure 3.52d). These aggregates 

comprised microtubules, that were the most abundant structure and flat ribbons and 

twisted ribbons (Figure 3.52c). The first of these three aggregates seem to be the only 

component of the observed aggregate bundles. Besides this, it was also observed that 

the size of the bundles and the amount of macroscopic precipitate was proportional to 

the chalcone molar fraction, which is to be expected since the sample with highest 

chalcone content of this region xC6SCh = 0.60 is the closest to charge neutrality. Here, 

inter-aggregate repulsions are expected to be lower, thus favoring the formation of said 

bundles (Figure 3.52d). 

Even though the samples just mentioned presented an invariable phase behavior 

throughout the period of observation, a morphology shift was noticed for all the samples. 

This shift comprised a substantial elongation of these bilayer-based structures (Figure 

A.B.10). Whether this elongation behavior is due to true growth of the aggregates by 

assembly of unimers or due to a fusion of different aggregates is not known. 

 

 

Figure 3.52: Light microscopy micrographs of the xC6SCh = 0.20 at csurf = 1.00 mmol·dm-3 sample one day (a) and one 

week (b) after sample preparation¸ xC6SCh = 0.60 at csurf = 3.00 mmol·dm-3 sample one week after sample preparation (c) 

and (d); Black arrows are pointing toaward LUVs/GUvs/OLVs, blue arrows towards microtubules and white arrow 

towards flat ribbons; All the micrographs are from the 12-2-12/C6SCh system. 
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The remainder of the samples that made part of region with milky appearance were 

viscous (Figure 3.50) and contained small particles, whose size was in the resolution 

limit of the microscope, and MLVs as evidenced by the presence of Maltese crosses 

(Figure 3.53a). The only exception in these samples was xC6SCh = 0.90 at csurf = 3.00 

mmol·dm-3, that alongside the aforementioned MLVs, also presented microtubule 

structures that appeared to grow from a single nucleation center (Figure 3.53b). 

The extent of light scattering seen in these samples was higher in the more 

concentrated samples. This can be attributed to the greater number of vesicles seen in 

the concentrated samples, as discussed in the section 3.3.6.1. 

Even though the scattering decreases with dilution of these samples, the apparent 

viscosity seems to remain the same. This viscous behavior seems to be dependent on 

the shear stress applied on the sample. Samples have a higher viscosity with low shear 

stress and flow like water when the shear stress is increased, resembling a Bingham 

fluid173. The origin for this viscosity is unknown. However, we presume that these 

vesicular dispersions coexist with elongated micelles that, as discussed before, can 

increase the viscosity of the sample (see section 1.3.3) or, that this rheological property 

is due to the vesicles themselves, as reported before for catanionic vesicles with a non-

Newtonian behavior38, 173. In order to unveil if this viscoelastic behavior is due to the 

presence of elongated micelles or the vesicles themselves, other techniques with higher 

resolution, such as cryo-TEM, should be employed. 

 

 

Figure 3.53: Light microscopy micrographs of the xC6SCh = 0.70 at csurf = 3.00 mmol·dm-3 sample (a) and xC6SCh = 0.90 

at csurf = 3.00 mmol·dm-3 sample (b) one week after sample preparation; All the micrographs are from the 12-2-

12/C6SCh system. 
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3.4.1.2. Vesicle response to stimuli 

 

From the several samples investigated in this mixture, the only ones that did not 

present any form of precipitate throughout the time of observation and that unequivocally 

formed aggregates were those with xC6SCh = [0.70;0.90] for both concentrations tested. 

Hence, we selected the one containing xC6SCh = 0.70 for testing the aggregates response 

to stimuli. The conditions chosen were, as for previous systems, irradiation without 

addition of acid and irradiation with an acidified sample at pH = 3.0. 

Regarding the stimuli applied in the xC6SCh = 0.70 at csurf = 3.00 mmol·dm-3 sample, we 

observed that there was a rather incomplete formation of the desired isomers/species. 

Upon irradiation without acidification, 140 minutes of irradiation only lead to partial 

conversion of Ct into Cc and B (Figure 3.54). It is also seen that there is an increase in 

the apparent absorbance at λ > 400nm, which likely results from an increase in light 

scattering from the structures formed under this stimulus. In the case of the sample 

irradiated at pH = 3.0 a rather peculiar behavior is observed. The absorbance at the 

wavelengths attributed to the formation of the flavylium cation initially increased, but 15 

minutes after irradiation has commenced, the absorbance decreases and a plateau 

corresponding to the photostationary state appears, indicating that incomplete formation 

of AH+ is observed 30 minutes after irradiation had started.(Figure 3.54). This behavior 

can be attributed, again, to the light scattering, as evidenced by the profile of the spectra 

obtained within the first 15 minutes of irradiation, likely caused by the formation of 

transient structures that are present during irradiation but that disappear, or undergo 

some morphological shift, once more AH+, Cc and B are formed. 

Regardless of the unusual behavior seen in the latter stimuli applied, the incomplete 

conversion of Ct to the other isomers/species in both conditions tested could be at least 

partially attributed to the milky appearance of the sample. This causes intense light 

scattering, resulting in photons departing the sample before being absorbed by the 

chalcone molecules. 

One must mind that the distinct spectral variations observed for this system under the 

applied stimuli, relative to what has been seen up to this point, could be due to an 

intermolecular [2+2] photocycloaddition between the chalcone molecules. This kind of 

reaction normally occurs in the presence of a catalyst, but can also occur without it, in a 

nonpolar medium if the photochromic units are spatially close174-175. The last scenario is 

consistent to what could be found in these sample, given that there is large excess of 

chalcone, and the photochromic units are expected to be inserted within the vesicle 

bilayer. To confirm such hypothesis, however, further studies should be employed using 



132 
 

FCUP 
Photosensitive catanionic nanostructures for smart drug delivery 

 

 

techniques such as NMR to determine the structure of the molecules formed upon 

irradiation. 

 

 

Figure 3.54: Spectral variation of xC6SCh = 0.70 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-12/C6SCh system, 

regarding time of near-UV irradiation in neutral medium (left) and at pH = 3.0 (Right); Onset plots absorbance variations 

thought time of λ = 360nm and (left) and at λ = 360nm plus λ = 440nm (right). 

 

After the application of stimuli, the samples were analyzed macroscopically and 

through the light microscope to see if there was any morphological shift of the 

aggregates. Regarding their macroscopic appearance, samples still appeared milky and 

seemed to maintain the same viscous properties regardless of the stimuli that had been 

applied (Figure 3.55). 

Concerning microscopic observations, the sample that was irradiated without sample 

acidification did not present any difference relative to the non-irradiated sample. With 

microscopy, it can be seen that there are vesicles whose diameters are in the few µm 

range in solution (Figure 3.52b). In the case of the sample that was irradiated at pH = 

3.0 a clear morphological change of the aggregates is detected. The only aggregates 

that can be seen under the light microscope in these conditions are still MLVs. However, 

they are much larger than the ones found in the absence of stimuli and some seem to 

be undergoing coalescence, being irregularly shaped (Figure 3.53c). 

 

 

Figure 3.55: DIC micrographs and photographs of the of xC6SCh = 0.70 (csurf = 3.00 mmol·dm-3) sample, from the 12-2-

12/C6SCh system. (a) in the absence of stimuli; (b) irradiated with no acidification; (c) irradiated at pH = 3.0; black 

arrows are pointing towards vesicles and white arrows towards irregularly shaped MLVs. 
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In an attempt to circumvent the incomplete conversion of Ct into the desired 

isomers/species found in the sample at csurf = 3.00 mmol·dm-3, which likely resulted from 

its intense light scattering, we subjected a sample containing the same molar fraction of 

each amphiphile but with lower concentration (csurf = 1.00 mmol·dm-3) to the same stimuli 

as before. Despite still appearing somewhat milky, it scattered much less light than the 

concentrated counterpart and was partially see-through (Figure 3.55a and Figure 3.57a). 

This time conversion of the other isomers and species from Ct seems to be attained 

in a greater extent. In the case of the irradiated sample with no acid addition, spectral 

variations seemingly consistent with the formation of Cc and B are seen, with most 

conversion occurring in the first fifteen minutes of irradiation (Figure 3.56). Even though 

conversion occurred apparently to a greater extent this time, one can still see that the 

resulting sample at the photostationaty state scatters light at λ > 400nm, as was the case 

in the more concentrated sample (Figure 3.55b and Figure 57.b). Other techniques, such 

as NMR, should be employed to unequivocally confirm the formation of Cc and B. 

For the irradiation performed at pH = 3.0, just as for the solely irradiated sample, the 

photostationary state was reached after 15 minutes of irradiation. A monotonic increase 

of the absorbance at λ = 440 nm was observed in contrast to what occurred in the sample 

with csurf = 3.00 mmol·dm-3 (Figure 3.56). The absorbance at the photostationary state at 

λ = 440nm was also higher than in the concentrated sample, indicating a greater extent 

of photoconversion to the AH+ form. On the other hand, the decrease in absorption at λ 

≈ 360 nm corresponding to the formation of Cc and B, is not so extensive compared to 

the more concentrated sample. Finally, the extent of the visible light scattering, 

evidenced by an increase of absorbance at λ>400 nm, is also greater on this more dilute 

sample. 

 

 

Figure 3.56: Spectral variation of xC6SCh = 0.70 (csurf = 1.00 mmol·dm-3) sample, from the 12-2-12/C6SCh system, 

regarding time of near-UV irradiation in neutral medium (left) and at pH = 3.0 (Right); Onset plots absorbance variations 

thought time of λ = 360nm and (left) and at λ = 360nm plus λ = 440nm (right). 
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Following the same strategy as before, the samples at the photostationary state were 

observed both macroscopically and through the light microscope. Regardless of the 

stimuli applied, the samples still scattered light strongly, as expected considering their 

UV-Vis spectra (Figure 3.56 and Figure 3.57). Both stimuli tested seemed, qualitatively, 

to induce a photorheological control of the sample, given that, once irradiated, the 

samples had a fluid behavior analogous to water, instead of the non-Newtonian character 

of the sample in the absence of stimuli (Figure 3.57). Note that this observation was 

merely qualitative. To confirm this photo-rheological control and the non-Newtonian 

behavior of the sample without stimuli application, further tests involving rheometry 

should be performed. 

Concerning the microscopy observations, a morphological shift of the aggregates was 

detected for both stimuli tested. In the irradiated and not acidified sample, larger MLVs 

were formed similarly to what was seen for the concentrated sample that were irradiated 

at pH = 3.0. However, in this case, the MLVs seemed to possess a more spheroidal 

shape (Figure 3.57b). For the sample irradiated at pH = 3.0, there are still MLVs in 

solution with an analogous appearance to those seen in the non-irradiated sample. 

(Figure 3.57c). Besides these vesicles, there is formation of elongated, non-birefringent, 

µm-sized structures, whose nature was not identified and required further studies (Figure 

3.57c) (for more detailed micrographs see figure A.B.11). 

All and all, the sample xC6SCh = 0.70 demonstrated to be sensitive to application of 

stimuli, either in the more concentrated samples, where there is a morphology shift of 

the aggregate when irradiation is combined with acidification and in the more dilute 

samples, where there seems to be a photorheological control and an evident 

morphological shift of the aggregates for both stimuli tested. 

 

 

Figure 3.57: DIC micrographs and photographs of the of xC6SCh = 0.70 (csurf = 1.00 mmol·dm-3) sample, from the 12-2-

12/C6SCh system. (a) in the absence of stimuli; (b) irradiated with no acidification; (c) irradiated at pH = 3.0; black 

arrows are pointing towards elongated, non-birefringent, µm sized structures. 
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3.5. System with the anionic photoderivative C8SCh 
 

We now consider the last chalcone derivative tested in this project, the C8SCh, which 

contained a negatively charged sulfonate headgroup and an alkyl chain with 8 carbons. 

Unlike the rest of the chalcones studied before, which were readily soluble and did not 

self-assembled alone in solution at the concentrations tested, a solution of this chalcone 

with csurf = 3.00 mmol·dm-3 scattered light weakly, conferring it a bluish-like appearance. 

This light scattering varied with the shear applied with the solution.  

Before preparation of any catanionic mixtures, we investigated a neat solution of this 

chalcone through light microscopy to determine if this light scattering effect was a 

consequence of hydrated crystals formation. It revealed that there were microtubule 

bundles that seemed to have grown from a single nucleation center and individualized 

flat ribbons that were dozens of µm long (Figure 3.58a and Figure3.58c). Both these 

structures presented birefringence. However, the brightness of the flat ribbons was 

higher than that found in the microtubule bundles (Figure 3.58b). 

We also performed a preliminary test on these aggregates regarding their sensitivity 

to stimuli by irradiating an aliquot with the same light source used for fluorescence 

microscopy (see section 2.5.1.1), but using a different excitation filter with λ = 360-370 

nm. Upon approximately 3 minutes of light exposure, it could be seen that every 

aggregate the UV-light that was shun upon would disassemble. This indicates that the 

Ct isomer of this chalcone derivative is more prone to self-assemble than Cc and B 

(Figure 3.58c and 3.58d). 
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Figure 3.58: Light microscopy micrographs of neat C8SCh at csurf = 3.00 mmol·dm-3 ; (a) flat ribbons; (b) PLM 

micrograph containing flat ribbons and microtubule bundles; (c) microtubule bundle; (d) micrograph taken in the same 

position as (c) but 3 minutes after near-UV irradiation. 

 

The last study done for the neat C8SCh in solution was to determine its cac through 

tensiometry (Figure A.B.12 and Table 3.16). This chalcone derivative self assembles at 

csurf ≈ 0.36 mmol·dm-3 which corresponds to a cac at least 25 times lower than that of 

C4SCh (see section 3.2.1.2). Even though this amphiphile self assembles at relatively 

low concentrations, it does not have strong surface-active properties (Table 3.16). 

Finally, it was seen that the surface tension starts to decrease again once the cac is 

reached. This is an indication that at higher concentrations there could be phase 

transitions, which would result in a an appearance of a new plateau of γ vs. ln(c) plot160. 

Regardless of a possible second cac, we know that the one that was detected indeed 

corresponds to the formation of microtubules/ribbons. This is because an aliquot taken 

of the vial after the cac was reached, was observed through microscopy and structures 

analogous to the ones depicted in figure 3.58 could be seen. 

 

Table 3.16: Results obtained through the plot of γ vs ln(c) of a neat C8SCh aqueous solution. 

cac /mmol·dm-3 γcac /mN·m-1 

0.36 ± 0.03 53.74 ± 1.15 
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3.5.1. Gemini 12-2-12/ C8SCh mixture 

 

3.5.1.1. Phase behavior 

 

For the last catanionic system covered in this thesis, containing the chalcone 

derivative C8SCh and 12-2-12 cationic gemini, a phase screening was performed for 

xC8SCh = [0.10;0.90] with csurf = 3.00 mmol dm-3. The samples were observed periodically 

up to one week after preparation through light microscopy. 

As for the previous system, 12-2-2/C6SCh, the phase behavior diagram presented in 

this section does not present the representative micrographs for each region of molar 

fractions given the complex nature of aggregates found. 

The samples with the lowest chalcone content, xC8SCh = [0.10;0.20], scattered light 

weakly, conferring them a bluish like appearance and evidencing the formation of self-

assembled aggregates (Figure 3.59). All the other samples in the region with excess 12-

2-12, up to the equimolar faction, also scattered light resembling a bluish like solution, 

albeit the intensity of this scatter was visibly higher than the one seen in the two samples 

with lowest chalcone content (Figure 3.59). Finally, the samples with excess chalcone 

all presented a milky appearance. Besides this, the ones with xC8SCh = [0.60;0.80] also 

had macroscopic precipitate (Figure 3.59). 

 

 
Figure 3.59: Phase behavior observations for the 12-2-12/C8SCh system with varying molar fractions of the anionic 

component, C8SCh, at total csurf = 3.00 mmol·dm-3, one week after sample preparation. 

 

When observed through light microscopy, the samples xC8SCh = [0.10;0.20] presented, 

from the first day after sample preparation, small particles in Brownian motion whose 

sizes were in the resolution limit of the microscope and some structures that clearly 

consisted of LUVs/GUVs and OLVs (Figure 3.60a and Figure 3.60b). Considering the 

unequivocal presence of these large vesicles, it is likely that the small particles seen are 
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also vesicles. These microscopy observations are consistent with the macroscopic 

bluish-like appearance of the samples (Figure 3.59).  

For the sample containing, xC8SCh = 0.30, in the first day after preparation, it had a 

macroscopic appearance analogous to the two samples discussed above. In the 

microscope, LUVs/GUVs and OLVs similar to those found on xC8SCh = [0.10;0.20] could 

be seen (Figure 3.60c). However, for this molar fraction the vesicles tended to 

agglomerate instead of being readily dispersed as in the samples with higher 12-2-12 

content, indicating that they could be unstable. The instability of these aggregates was 

confirmed one week after sample preparation, given that macroscopic precipitate was 

present. Under the microscope, there were hydrated crystals with lamellar phases 

adsorbed on them, as was previously seen for the 12-2-12/C6SCh system (see section 

3.4.1.1), albeit in this sample, the solid particles were much smaller than those found on 

the other system (Figure 3.60d). 

From the observations done on all catanionic mixtures containing large excess of 

gemini surfactant (see sections 3.2.1.1 and 3.4.1.1), it can be stated that the increase of 

the alkyl chain of the chalcone derivatives, as expected, promotes the formation of the 

aggregates other than the micelles by alteration of the overall Ps of the surfactants. This 

is based on the fact that it has been observed, the longer the chalcone derivative, the 

lower the amount of chalcone is required for formation of the aggregates other than the 

micelles. 
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Figure 3.60: Light microscopy micrographs of the xC8SCh = 0.20 sample at csurf = 3.00 mmol·dm-3 one week after sample 

preparation (a) and (b), xC8SCh = 0.30 sample at csurf = 3.00 mmol·dm-3 one day (c) and one week (d) after sample 

preparation; arrows are pointing toward vesicles; All the micrographs are from the 12-2-12/C8SCh system. 

 

For the next samples prepared in this phase screening, xC8SCh = [0.40;0.60] which all 

had an analogous appearance, it was seen that the aggregates and structures present 

were invariable with regards to time of observation. All these three samples had bilayer-

based aggregates consisting of GUVs and OLVs that tended to agglomerate as the ones 

found in the xC8SCh = 0.30 (Figure 3.61b, Figure 3.61c and Figure 3.61d). Apart from these 

self-assembled structures, there was coexistence of precipitate and regularly shaped 

hydrated crystals. The amount of the latter structures got higher as the chalcone content 

of the samples increased. This is expected since the sample xC8SCh = 0.60 is the closest 

to charge neutrality of the three, where the electrostatic interparticle repulsion will be 

lower (Figure 3.61b, Figure 3.61c and Figure 3.61d). 

The sample xC8SCh = 0.40 contained, apart from the aforementioned precipitate and 

agglomerated vesicles, long microtubule structures that tended to agglomerate in 

bundles (Figure 3.61a). Within these bundles, the microtubules did not seem to 

agglomerate in a radial fashion, as was previously seen in section 3.4.1.1 and 3.5. 

Instead, these microtubules tended to orient themselves in the same direction within a 

given bundle (Figure 3.61a). 
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Figure 3.61: Light microscopy micrographs of the xC8SCh = 0.40 sample at csurf = 3.00 mmol·dm-3 one week after sample 

preparation (a) and (b), xC8SCh = 0.50 sample at csurf = 3.00 mmol·dm-3 one week after sample preparation (c) and xC8SCh 

= 0.60 sample at csurf = 3.00 mmol·dm-3 one week after sample preparation; all the micrographs are from the 12-2-

12/C8SCh system. 

 

Finally, the final three samples of this system are for xC8SCh = [0.70;0.90], which all had 

a milky character but did not contain the same type of aggregates and structures. The 

samples containing xC8SCh = [0.70;0.80] were pretty similar with regards to the 

microstructures present. There were many particles in Brownian motion, whose diameter 

were in the range of the resolution limit of the microscope (Figure 3.62a). These 

aggregates did not present birefringence and their nature is not known. Yet, we believe 

them to be the cause of the milky appearance of the solution given their abundance. 

Besides these small particles, there were also the coexistence of amorphous precipitate 

that was birefringent (Figure 3.62b and Figure 3.62c). 

The last sample, xC8SCh = 0.90, also contained abundant small particles in Brownian 

motion as the samples xC8SCh = [0.70;0.80.], but there were no amorphous µm-sized 

precipitate. Instead, there were coexisting microtubule bundles that seemed to grow in a 

radial fashion from a nucleation center as was seen in the neat C8SCh solution (see 

section 3.5) (Figure 3.62d). Furthermore, in contrast to what is seen in the neat C8SCh 

solution, these microtubules appeared to form weaves between different bundles, which 
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is likely possible by the inclusion of 12-2-12, that could partially neutralize the charges of 

these aggregates and decrease the electrostatic repulsions between the bundles. 

 

 

Figure 3.62: Light microscopy micrographs of the xC8SCh = 0.70 sample at csurf = 3.00 mmol·dm-3 one week after sample 

preparation (a) and (b), the xC8SCh = 0.90 sample at csurf = 3.00 mmol·dm-3 one week after sample (c) and (d); all the 

micrographs are from the 12-2-12/C8SCh system. 

 

3.5.1.2. Vesicle characterization 

 

From the several molar fractions tested in this system we chose the ones containing 

xC8SCh = [0.10;0.20] for further characterization, because they exclusively contained 

vesicles that were seemingly stable for at least one week after preparation.  

The first analysis performed on these samples was determination of the Dh distribution 

of the vesicles by DLS. The sample with the lowest chalcone content presents a 

monomodal, log-normal distribution with a mean Dh of 140 nm, a mode Dh of 110 nm and 

the vesicle diameters are comprised between ≈ 75-400 nm (Figure 3.63 and Table 3.17). 

On the other hand, the xC8SCh = 0.20 sample shows a monomodal, quasi-normal 

distribution, with a lower mean and mode Dh of ≈ 80 nm and an overall narrower diameter 

distribution comprised between ≈ 25-200 nm (Figure 3.64 and Table 3.17). 
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Besides the DLS analysis, the particles’ ζ-potential was also measured. The 

aggregates of both samples exhibit a highly positive surface charge, indicative of 

colloidal stability due to inter-particle electrostatic repulsion (Table 3.17). The sample 

with the lowest chalcone content has a slightly higher surface charge than the sample 

with the lowest chalcone content, which is explained by the fact that the one containing 

xC8SCh = 0.20 is closer to charge neutrality. Therefore, the positive charges of 12-2-12 

are more effectively neutralized by the larger quantity of the negatively charged chalcone 

derivative. 

Interestingly, it was noticed that, in contrast to the xC4SCh = 0.40 sample from the 12-

2-12/C4SCh system, where vesicles are also formed and there is a greater balance 

between the negative and positive charges of the amphiphiles (see section 3.2.1.2), the 

ζ-potential of the aggregates is higher than what is found in the two samples of this 

system. This phenomenon could be a consequence of the variation of the alkyl chain 

length of the chalcone derivatives, with the packing of C8SCh with 12-2-12 being such, 

that would lead to a greater interaction between oppositely charge headgroups, thus 

lowering the vesicles ζ-potential more effectively than what occurs in the vesicles of the 

12-2-12/C4SCh system.  

 

 

Figure 3.63: Number weighed Dh distributions of xC8SCh = [0.10;0.20] samples at csurf = 3.00 mmol·dm-3, in the 12-2-

12/C8SCh system, obtained by DLS one day after sample preparation. 
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Table 3.17: Main number weighed parameters of the vesicles found in the of xC8SCh = [0.10;0.20] samples at csurf = 

3.00 mmol·dm-3, in the 12-2-12/C8SCh system, one day after sample preparation. 

xC8SCh Mean Dh /nm PDI ζ-potential /mV 

0.10 140 ± 5 0.304 ± 0.041 70 ± 4 
0.20 81 ± 3 0.261 ± 0.013 62 ± 2 

 

Next, as was done in other systems where there were seemingly stable vesicles (see 

section 3.2.1.2 and 3.3.7.2), both samples were analyzed periodically through DLS to 

determine how their Dh distribution varied over time. In the xC8SCh = 0.10 sample, both 

the mean Dh and PDI decreased within the first four days after sample preparation, and 

then these parameters remained stable up to one week after sample preparation (Figure 

3.64). In the case of the xC8SCh = 0.20 sample, the PDI fluctuated between ≈ 0.275-0.175 

over the period of one week, and the mean Dh initially stayed stable for the first four days 

but then decreased to ≈ 50nm after a week had passed (Figure 3.64). 

 

 

Figure 3.64: Number weighed Dh and PDI variations in the of xC8SCh = 0.10 (left) and xC8SCh = 0.20 (right) samples at 

csurf = 3.00 mmol·dm-3, of the 12-2-12/C8SCh system through time. 

 

We intended to continue with the stability test for a longer period of time. However, 

we noticed that in the 10th day mark after the samples had been prepared, a macroscopic 

precipitate in both solutions had formed. Upon observation of these samples under light 

microscopy, we realized that there had been a phase transition. Unilamellar and 

oligolamellar, non-birefringent vesicles were still present in the solution, however they 

had now grown and were agglomerated (Figure 3.65a and 3.65b). Coexisting with the 

vesicles, were birefringent microtubule bundles to which the vesicles tended to adsorb 

onto (Figure 3.65a and 3.65b).  

Considering all this, the vesicles that seemed stable through the initial phase screen 

actually fluctuated in size through the course of one week, and were only transient 

structures, since about a week and a half after the samples were prepared, microtubules 
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started to form. Despite this, if anything, these samples and in contrast, the sample xC6NCh 

= 0.30 from the C6NCh/SLSar system (see section 3.3.7.2), serve to show that the ζ-

potential is only an indicator and not a definitive proof of the colloidal stability of self-

assembled nanostructures. 

In retrospect, there is also the possibility that when xC8SCh = 0.30 was observed to form 

precipitate (see section 3.5.1.1), it could be the onset of the formation of microtubules 

given the presence of said aggregates in the xC8SCh = 0.40 sample and in the xC8SCh = 

[0.10;0.20] a week and half after their preparation. In order to confirm this point, the 

samples comprised between xC8SCh = [0.10;0.30] should be re-prepared and analyzed by 

the light microscope for a longer period of time than what was done. 

 

 

Figure 3.65: Light microscopy micrographs of the xC8SCh = 0.20 sample at csurf = 3.00 mmol·dm-3, from the 12-2-

12/C8SCh system, 10days after sample; (a) and (b) are the same micrograph, but with different filters. 
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4. Conclusion 

 

In this work, our goal was to develop self-assembled soft nanostructures that were 

sensitive to light with or without acidification, based on catanionic surfactant mixtures 

containing 2-hydroxychalcone derivatives, which constitute the photochromic unit. We 

then used these nanostructures to encapsulate a model drug, doxorubicin, and studied 

the nanocarriers capability to release the molecular load upon stimuli application. 

The practical relevance of the work developed is related to the rising interest on drug 

nanocarriers that possess the ability to significantly improve the efficacy of existing active 

principles and enable the usage of others. In fact, several clinical formulations containing 

nano vectors have already reached the market. Among the wide variety of nanocarriers, 

vesicles are one of the most promising. Hence, they were the main interest within the 

realm of possible structures that could, and did, form in the catanionic systems studied.  

The choice for catanionic systems was due to the simpler preparation and higher 

stability of the vesicles formed by this class of surfactants relative to others, which is 

advantageous for commercial applications. On the other hand, the chalcone derivatives 

were selected as the photosurfactant, because they combine the dynamics of different 

common responsive groups found in photoswitchable vesicles, namely light responsive 

isomerization, cyclization and polarity shifts. Besides this, the chalcones have potential 

biocompatibility due to their ubiquity in the biosphere and in our diet. 

In the catanionic mixtures herein studied, we employed several chalcone derivatives, 

with varying chain length and headgroup charge. For each chalcone derivative, we 

studied mixtures containing several oppositely charged surfactants. Within each 

catanionic pair, we surveyed varying molar fractions and total surfactant concentrations. 

From the experimental data, we can state that all these chalcone derivatives have 

great potential to form self-assembled nanostructures in catanionic mixtures. All the 

photosurfactants studied were seen to form vesicles, on regions of both excess and 

deficit of the chalcone derivatives, which means we can produce surface charge tunable 

vesicles. Despite this charge tunability, the ones that contained lower chalcone content 

tended to be more stable overtime, and thus more viable for a future practical application. 

Apart from the desired vesicles we managed to form many other structures that were 

mostly bilayer-based (microtubules and flat ribbons), and some more uncommon 

structures that could constitute ionic liquid dispersions. 

By comparing the chalcone derivatives used in this project, we found that as the alkyl 

chain gets longer, the polymorphism within a given catanionic mixture becomes richer, 

likely due to the higher amphiphilic character of the chalcone. This was evidenced by the 
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ability of C8SCh, the longest chalcone amphiphile tested, to self-assemble on its own in 

aqueous solutions, for the concentrations used.  

Regarding the aggregates’ sensitivity to stimuli, we observed that conversion of the 

chalcone derivatives to the other isomers/species does produce a morphological 

response on the aggregates. Irradiation with or without acidification can lead to several 

different outcomes depending on the system and on the stimuli itself. We saw that some 

aggregates undergo a phase transition, while others retained the same nature but 

underwent some sort of change, such as vesicles whose sized varied. These stimuli can 

also result in the disassembly of the aggregates into its constituting unimers, as well as 

the formation of aggregates from free unimers in solution. Finally, we observed, 

qualitatively, that chalcone conversions can lead to macroscopic shifts, namely, 

photorheological control of viscous solutions. 

Among the stimuli applied, the ones that cause a partial/total conversion from Ct to 

AH+ (irradiation in acidified mediums), tend to result in a more significant response of the 

aggregates than when only Cc and B are formed (irradiation with no acidification). This 

is expected, given that formation of the flavylium species results in simultaneous charge 

and shape change of the molecule, whereas formation of Cc and B mostly results just in 

a shape change of the molecule. 

Furthermore, the irradiations performed on the several systems tested, allowed us to 

empirically observe that indeed the quantum yield of chalcone photoconversion is higher 

when the photochromic unit lies within a nonpolar medium, as is the vesicle bilayer. 

Besides, positively charged aggregates hinder the formation of the AH+ species while 

negatively charged ones favor it. 

We proved that catanionic vesicles containing this photochromic units can 

encapsulate drugs and release them upon stimuli application. Herein, we specifically 

managed for a drug to be released from the carrier when irradiated at pH = 3.0. Thus, 

an activation-modulated smart drug delivery system was found, that can deliver the load 

when irradiated with the requirement that it must occur in an acidic medium. This can be 

envisioned as a “lock mechanism” that only frees the cargo in the desired target, without 

addition of site directing molecules to the nano vector, in biological tissues that are 

inherently acidic, such as tumors.  

Even though we succeeded in the development of this concept, there are still some 

limitations and shortcomings that have to be overcome. The pH tested is too acidic and 

uncommon in vivo, the loading capacity was low and the wavelength of irradiation has 

low tissue penetration. Yet, there are some strategies that can be followed to circumvent 

these drawbacks: we can use negatively charged vesicles that are sensitive to higher pH 

as the ones from the C6NCh/SLSar system, use higher DOX:surfactant ratios or active 
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encapsulations methods, and include components in the clinical formulation that will 

result in chemiluminescence in the desired target. 

In conclusion, the main goals of this project were achieved. We formed catanionic 

vesicles with distinct compositions, some of which were stable and sensitive to the stimuli 

applied. We successfully entrapped a model drug inside the aggregates and induced its 

release upon irradiation. The results presented here also left considerable fertile ground 

for future work, namely encapsulation and release studies in the systems that were 

sensitive to irradiation alone and in less acidic environments and, the development of 

solutions that undergo photorheological control. 
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6. Appendix 

A- Supporting information regarding experimental section 

 

Figure A.A.1: Plot of γ vs ln(csurf) of 12-2-12 before and after recrystallization in dry acetone. 

 

Figure A.A.2: UV-Vis spectra of DOX at 0.30 mmol·dm-3 in a 2mm cell, before and after 120 minutes of near-UV 

irradiation. 
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Figure A.A.3: Obtained spectra of the filtrates in one of the experiments performed regarding the non-encapsulated 

DOX removal using 4mm cells, from the vesicles in the 12-2-12/C4SCh system. 

 

 

Figure A.A.4: UV-Vis spectra of the 12-2-12/C4SCh, xC4SCh = 0.40 with 0.30 mmol·dm-3 of DOX and a neat DOX solution 

as 0.30 mmol·dm-3, using 4mm cells. 
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Figure A.A.5: Cumulative release of neat DOX solutions (0.08 mmol·dm-3) in a receiver compartments with a citrate 

buffer at pH = 3.0 with ionic strengths of ≈ 163 mmol·dm-3 and ≈ 55 mmol·dm-3. Dotted line is a guide for the eye, not a 

fitting. 

 

 

Figure A.A.6: Absorption and emission (λexcitation = 481nm) spectra of DOX in water (0.10 mmol·dm-3) obtained using 10 

mm and 10mm x 4mm cells respectively. 
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B- Supporting information regarding the results 

 

Figure A.B 1: Number weighted Dh distribution after tensiometry (csurf = 0.09 mmol·dm-3) of the sample xC4SCh = 0.40 in 

the 12-2-12/C4SCh system. 

 

Table A.B.1: Data obtained through DLS of the sample xC4SCh = 0.40 in the 12-2-12/C4SCh system after tensiometry (csurf 

= 0.09 mmol·dm-3). 

Mean Dh /nm PDI ζ-potential /mV 

151 ± 5 0.153 ± 0.022 57 ± 1 
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Figure A.B.2: UV-Vis spectra of C4SCh under different molecular environments (concentrations of solute are not the 

same, hence no observations regarding the band intensities should be done). 

 

Figure A.B.3: Cyo-TEM micrographs of the sample xC4SCh = 0.40 (csurf = 3.00 mmol·dm-3), from the 12-2-12/C4SCh 

system, at pH = 3.0 evidencing the formation of precipitate (left) and conservation of some vesicles (right). 
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Figure A.B.4: UV-Vis spectra of the xC4SCh = 0.40 sample, from the 12-2-12/C4SCh system, in the absence of stimuli and 

at the photostationary state upon irradiation of the system at pH = 1.0. 

 

Figure A.B.5: DIC micrographs of the xC6NCh = 0.20 at csurf = 1.00 mmol·dm-3 at 25ºC (a) and 37ºC (b); Arrows are 

pointing towards microtubules. 
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Figure A.B.6: Plot of γ vs ln(csurf) of the xC6NCh = 0.25 mixture in the C6NCh/SC4 system, without stimuli application and 

irradiated at pH = 2.0. 

 

Figure A.B.7: UV-Vis spectra of the xC6NCh = 0.80 sample in the absence of stimuli and at the photostationary state upon 

irradiation of the C6NCh/SC4 system at pH = 2.0. 
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Figure A.B.8: Number weighted Dh distributions of xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, in the C6NCh/SLSar 

system, obtained by DLS in the absence of stimuli, when irradiated at pH = 3.0 and at pH = 3.0 without irradiation. 

 

 

Figure A.B.9: Number weighted Dh distributions of xC6NCh = 0.30 sample at csurf = 1.00 mmol·dm-3, in the C6NCh/SLSar 

system, obtained by DLS in the absence of stimuli, when irradiated at pH = 4.5 and at pH = 4.5 without irradiation. 
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Figure A.B.10: DIC micrographs of the xC6SCh = 0.60 at csurf = 1.00 mmol·dm-3 sample from the 12-2-12/C6SCh system. 

one day (a) and a week (b) after sample preparation. 

 

Figure A.B.11: DIC micrographs and photographs of the of xC6SCh = 0.70 (csurf = 1.00 mmol·dm-3) sample, from the 12-2-

12/C6SCh system. Irradiated at pH = 3.0, black arrows are pointing towards elongated, non-birefringent, µm sized 

structures. 

 

Figure A.B.12: Plot of γ vs ln(csurf) of neat C8SCh in aqueous solution. 
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“Tenho visto muito (…) 
E há um certo prazer até no cansaço que isto me dá, 
Que afinal a cabeça sempre serve para qualquer coisa.” 

 

Álvaro de Campos, Estou cansado, é claro, 


