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Abstract 

Drug delivery based on colloidal nanocarriers has been a fast-expanding scientific 

field over the last two decades, encompassing the search for new delivery vectors and new 

bioactive compounds. The industrial trend is to develop novel nanocarriers with not only 

improved chemical and colloidal stability, and better encapsulation capabilities, but also 

reduced cytotoxicity. Amino acid-based surfactants are interesting building blocks for 

nanocarriers due to their versatile aggregation properties, stimuli sensitivity and improved 

cytotoxic profile. In the present work, we studied anionic lysine-based surfactants, 

designated as mLysn (with m = 8,10,12 or 14 and n = 8,10 or 12 representing number of 

carbon atoms in alkyl tails), in a mixture with varying molar fraction of either cationic 12-n-

12 gemini (n= 2, 3 6, 10 or 12) or cationic single-tailed surfactants (DTAB and CTAB), with 

the goal of finding spontaneously forming catanionic vesicles, with improved interfacial and 

colloidal properties. These vesicles were afterwards used to encapsulate a C. cardunculus 

extract enriched in a bioactive molecule, cynaropicrin. 

The phase behavior of the mLysn/gemini and mLysn/single-tailed systems was 

evaluated using ocular and light microscopy observations to select the most promising 

vesicular systems. These systems consisted of 10Lys12/12-3-12 (x+=0.50), 12Lys8/12-3-

12 (x+= 0.30 and 0.50), 12Lys8/DTAB (x+=0.50 and 0.60), 12Lys8/CTAB (x+=0.50) and 

14Lys8/CTAB (x+=0.60). The interfacial properties of the latter mixtures were studied by 

surface tension, and all catanionic mixtures exhibited synergistic effects, having reduced 

critical aggregation concentrations in a range of approx. 2 to 700-fold when compared to 

the neat surfactants. The size, charge, and colloidal stability of the catanionic vesicles were 

also evaluated using dynamic light scattering. It was observed that the 10Lys12/12-3-12 

(x+=0.50) and the 14Lys8/CTAB (x+=0.60) have the largest vesicles, while the 

12Lys8/single-tailed systems have the smallest and less polydisperse vesicles. Overall, the 

mLysn/single-tailed systems show the highest colloidal stability over a 15-day period. 

The chromatographic profile of C. cardunculus extract was analyzed to evaluate the 

chemical stability in aqueous medium, and it was observed that cynaropicrin underwent 

deacetylation after 1 week, resulting in the formation of deacylcynaropicrin.  

Finally, the encapsulation efficiency and loading capacity of the catanionic systems 

was evaluated, and it could be concluded that the 10Lys12/12-3-12 (x+=0.50) and 

14Lys8/CTAB (x+=0.60) systems have the best encapsulation properties.  

 

Keywords: lysine-based surfactant, catanionic vesicle, cynaropicrin, drug delivery. 
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Resumo  

 A veiculação de fármacos por nanotransportadores coloidais constitui uma das 

áreas científicas em rápida expansão nas últimas duas décadas, abarcando uma constante 

procura por novos vetores de entrega e novos compostos bioativos. A nível industrial, tem 

sido procurado o desenvolvimento de novos vetores que sejam estáveis em termos 

químicos e coloidais, com capacidades melhoradas de encapsulação e citotoxicidade 

reduzida. Tensioativos derivados de aminoácidos constituem moléculas interessantes para 

a construção de vetores devido às suas propriedades de agregação versáteis, 

sensibilidade a estímulos e perfil citotóxico melhorado. Neste trabalho estudaram-se 

tensioativos derivados de lisina, designados por mLysn (m = 8,10,12 ou 14 e n = 8,10 ou 

12, em que m e n são o número de átomos de carbono das cadeias alquílicas), em mistura 

com diferentes frações molares de gemini catiónicos 12-n-12 i (n = 2, 3 6, 10 ou 12) ou 

tensioativos catiónicos de cadeia única (DTAB e CTAB), com o objetivo de se encontrar as 

condições de formação espontânea de vesículos cataniónicos. Estes vesículos foram 

utilizados para encapsular um extrato de C. cardunculus enriquecido em cinaropicrina. 

O comportamento de fase das misturas mLysn/gemini e mLysn/DTAB(CTAB) foi 

avaliado recorrendo a observações oculares e de microscopia de luz de modo a selecionar 

os sistemas vesiculares mais promissores, os quais consistem nos sistemas 10Lys12/12-

3-12 (x+=0.50), 12Lys8/12-3-12 (x+= 0.30 e 0.50), 12Lys8/DTAB (x+=0.50 e 0.60), 

12Lys8/CTAB (x+=0.50)  e 14Lys8/CTAB (x+=0.60). As propriedades interfaciais destes 

sistemas foram estudadas por tensão superficial, sendo que foi visível um efeito 

sinergético, em todas as misturas, na concentração de agregação crítica. O tamanho, carga 

e estabilidade coloidal dos vesículos cataniónicos foram também alvo de estudo, 

observando-se que os sistemas s10Lys12/12-3-12 (x+=0.50) e 14Lys8/CTAB (x+=0.60) 

continham os maiores vesículos e os sistemas 12Lys8/DTAB(CTAB) os vesículos mais 

pequenos e menos polidispersos.  

O perfil cromatográfico do extrato de C. cardunculus foi seguidamente estudado, 

tendo-se concluído que após 1 semana em meio aquoso a cinaropicrina acabava por sofrer 

deacetilação dando origem à molécula deacilcinaropicrina. A eficiência de encapsulação e 

capacidade de carga dos vesículos foi estudada, verificando-se que sistemas 10Lys12/12-

3-12 (x+=0.50) e 14Lys8/CTAB (x+=0.60) apresentam os melhores resultados.  

 

Palavras-chave: surfactantes derivados de lisina, vesículos cataniónicos, cinaropicrina, entrega de 

fármacos. 
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1. Introduction 

 Before addressing the various theoretical aspects necessary for the understanding 

of this thesis, it is relevant to briefly describe the general layout of this section. The present 

work focuses on the development of delivery systems for a specific plant extract, and this 

focus can be divided into three major themes that will be explored in this introduction. The 

first one is dedicated to surfactants, the building blocks of the delivery system, and we will 

delve into their structure, physicochemical properties, and fascinating aggregation behavior. 

Secondly, we will focus on the study of drug delivery itself, its current state in biosciences, 

its strengths, and weaknesses and how it intertwines with surfactants. Lastly, our attention 

will be directed to the family of compounds designated as sesquiterpene lactones, and more 

specifically to cynaropicrin, the main target of encapsulation. In this sub-section, the 

chemical structure of cynaropicrin, its biological activity and current biomedical applications 

will be elucidated. 

 

1.1 Surfactants 

1.1.1 Structure and physicochemical properties 

 

Surfactants have a wide range of applications across a great number of fields, 

including, among others, the cleaning products, the pharmaceutical, the cosmetics, the food 

and the agrochemical industries.1 With such a varied repertoire of uses, one would expect 

them to be a rather complex group of molecules, and yet surfactants possess an elegantly 

simple structure that provides them with very interesting physicochemical properties. 

Surfactants can be classified as amphiphiles, which means they have a molecular structure 

that can be divided into two major motifs with different polarities, as seen in Figure 1.  

 

 

Figure 1. Structural representation of a surfactant molecule. 
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A surfactant has a polar region, also described as a headgroup, and a nonpolar 

region, also known as the tail.2 The polar region of the molecule can be composed by 

charged or neutral groups which are hydrophilic. The nonpolar group is constituted by one 

or more hydrocarbon chains that that have no affinity towards water, making this region 

hydrophobic.  

This inner duality of these molecules results in a behavior that is dependent on the 

polarity of the solvent. When in an aqueous solution, the surfactant unimers tend to 

accumulate at the air-water interface to minimize the interactions between the hydrophobic 

tails and the solvent (Figure 2). When at the interface the hydrophilic headgroup will remain 

in contact with the water molecules the hydrophobic tails however, will be facing up, favoring 

contact with the air.3 This particular behavior of surfactants to move to the interface is most 

likely the etymological origin of the word surfactant itself, which simply means “agent that 

acts on the surface”. However, when the surface concentration is such that no more 

surfactant molecules can be adsorbed, the surfactant has reached its critical micellar 

concentration (cmc), it will start to form thermodynamically stable aggregates in the solution 

bulk, namely aggregates designated as micelles.4 These aggregates will be more deeply 

explored later in this introduction.  

 

 
Figure 2 Surfactant behavior at the interface and bulk of an aqueous solution. Adapted 3. 
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1.1.2 Classification of surfactants 

In this subsection we will delve into the most common methods of surfactant 

classification while giving structural examples and general information into the 

physicochemical properties of each type of surfactant. 

 

i) Nonionic surfactants 

Nonionic surfactants, as the name suggests, possess no charged groups and hence 

no charge in solution. These molecules have a neutral polar head group which bestows 

them some physicochemical properties that are distinct from their charged counterparts. A 

structural example of a nonionic surfactant can be seen in Figure 3. 

 The absence of charge results in a lower sensitivity to the presence of electrolytes 

and a smaller impact in the solution’s pH.1 These surfactants also have lower aggregation 

concentrations which enables the utilization of less surfactant to form micelles or 

liposomes.5 These surfactants play an important role in biochemistry and molecular biology 

studies since they leave protein-based structures that are present in lipid rafts intact while 

disrupting the cell membranes, allowing for a safe recovery of transmembrane and cytosolic 

proteins. The headgroup is more commonly constituted by alcohols, polyoxyethylenes, 

glycerol, ethanolamine or sugars.1, 5 

 

ii) Zwitterionic surfactants 

Zwitterionic surfactants have both permanent positive and negative charges in their 

polar region which can be separated by a small hydrocarbon chain thus creating a dipole 

moment in the headgroup. However, they have net zero charge.  

The length of the spacer influences the dipole moment, that will in turn affect the 

aggregation properties of the surfactant.6 When the net charge is dependent on pH, the 

surfactants are usually called amphoteric rather than zwitterionic. For amphoteric 

surfactants, in acidic solutions the headgroup is protonated and the molecule is positively 

charged. In alkaline solutions the polar region is deprotonated, and the molecule becomes 

anionic. The pH value in which both groups of the polar region are charged is called the 

isoelectric point, and in this case the surfactant is neutrally charged.7 

Figure 3. Structural representation of a commercial non-ionic surfactant, t-Octylphenoxypolyethoxyethanol. 
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Zwitterionic surfactants, unlike amphoteric molecules, do not suffer protonation of 

deprotonation with pH variation since their polar regions are often composed of molecular 

moieties with extreme values of pKa such as quaternary ammoniums as the cationic group 

and sulfuric, carboxylic or phosphoric acids as the anionic groups. 5 An example of a 

zwitterionic surfactant can be seen in Figure 4. 

Zwitterionic surfactants have excellent compatibility with other surfactants and are 

often used in shampoos and in various skin care compounds due to their exceptional 

dermatological attributes.1, 7 

 

iii) Ionic surfactants 

Ionic surfactants possess molecular charge. These surfactants can be subdivided 

into two groups, cationic and anionic surfactants. 

Cationic surfactants have a positively charged head group, most commonly a 

quaternary ammonium7 or an amine (Figure 5).5 This type of surfactant was not utilized very 

frequently, representing only about 10% of the worldwide surfactant production.1 Their use 

in the biomedical field was difficult, as their positive charge favors interaction with the 

negatively charged cell membranes, which despite increasing their potential as drug 

delivery agents, also increases their inherent cytotoxicity. However in the past decade, as 

new cationic surfactants were discovered their use in the biomedical sciences expanded 

and currently they have a vast library of applications such as protein and peptide delivery, 

gene delivery and antimicrobial effects.8 

 

Anionic surfactants have a negatively charged head group (Figure 6) and represent 

approximately 70% of the worldwide production of surfactants .1 The polar group of this type 

of surfactant can often be comprised by sulfonates, sulfates, phosphates or carboxylates. 

This group of surfactants has a wide array of research and industrial applications, especially 

in detergents, which together with their low cost of manufacture explains why they represent 

such a substantial portion of the worldwide production of surfactants. 7  

Figure 4. Structural representation of the zwitterionic surfactant 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. 

Figure 5. Structural representation of the cationic surfactant cetyltrimethylammonium bromide. 
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1.1.3 Specialized surfactants 

i) Catanionic surfactants 

Catanionic surfactants possess both a negative and a positive charge, but they are 

not covalently linked as in zwitterionics. Catanionic surfactants result from the equimolar 

mixture of an anionic and a cationic surfactant that no longer have inorganic counterions.  

The two oppositely charged surfactants will act as each other’s counterions and the couple 

will behave as a single molecule with its own physicochemical properties that differ from the 

parent molecules.9 Unlike catanionic surfactants, zwitterionic surfactants have counter ions 

and their oppositely charged regions are connected by a hydrocarbon chain. In catanionic 

surfactants however, there is no direct link between the charged regions, as represented in 

Figure 7, it is merely an electrostatic interaction that keeps both charged surfactants 

together. 

 

 

ii) Gemini surfactants 

Gemini surfactants, or dimeric surfactants, are composed by two identical 

amphiphiles connected at the polar region by a spacer moiety of varying length and 

flexibility, as it is represented in Figure 8.10 The tunable spacer has a considerable impact 

in the molecules physicochemical properties. Changes in the spacer will alter the molecules 

flexibility and hydrophobicity which in turn can induce structural transitions in the surfactant 

aggregates, for example in some cases a certain length will favor the curvature of a double 

layer resulting in the formation of vesicular aggregates instead of single layer micelles.8 

Figure 7. Structural representation of the catanionic surfactant dodecyltrimethylammonium-dodecanoate. 

Figure 6. Structural representation of the anionic surfactant sodium dodecyl sulfate. 
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Gemini surfactants also have lower critical aggregation concentrations, up to 100 

times lower, which is to be expected due to the increase in hydrophobicity resulting from 

the two hydrocarbon chains and the spacer.11 

 

 

1.2 Surfactant self-assembly 

One of the most interesting properties of surfactants is their ability to self-assemble 

into a vast number of aggregates which provides them with a wide arrange of practical 

applications. In this section we will explore the driving force behind the self-organization of 

surfactants and an assortment of surfactant properties that can influence the aggregation 

profile. 

 

1.2.1 The hydrophobic effect 

When in an aqueous solution, amphiphilic molecules, like surfactants, tend to adsorb 

at the air-water interface forming a monolayer. That is until a certain concentration is 

reached, the critical micellar concentration, at this point if the concentration of surfactant 

keeps increasing, the molecules will spontaneously begin to organize themselves into 

aggregates since the area of the air-water interface has become saturated.  

The self-assembly of surfactants occurs as to minimize the interactions between the 

hydrophobic tails and solvent molecules, therefore favoring the equilibrium of the system.  

The self-assembly phenomenon is thermodynamically spontaneous, yet there are 

many factors that favor the increase in the system’s Gibbs energy (ΔG), for example the 

electrostatic and/or steric repulsions between the polar heads of the surfactant molecules 

and the loss of conformational freedom of the hydrophobic tails.  

The reason the self-assembly occurs spontaneously is due to the hydrophobic effect 

which causes a significant increase in the systems entropy (ΔS).  

When the surfactant molecules are in an aqueous solution, a highly organized 

solvent structure is formed around the hydrophobic tails, as represented in Figure 9, these 

structures are aptly named water cages or clathrates.  

Figure 8. Structural representation of the gemini surfactant dimethyldodecylammonium bromide. 
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Once the self-assembly begins the clathrates are destroyed and the solvent 

molecules return to a more chaotic state, significantly increasing the systems entropy, and 

therefore reducing the ΔG. Some water molecules will still retain some organization around 

the newly formed aggregates, but the number of total molecules is much smaller than in the 

clathrates.12 The main driving force behind the spontaneous self-organization of surfactants 

is the increase in entropy resulting from the hydrophobic effect. 

   

1.2.2 Micelles and critical micelle concentration 

Surfactants can self-assemble into a wide variety of structures which can be infinite 

in nature, with large continuous structures that can connect in one, two or three dimensions, 

or limited size structures with discrete boundaries.3  

Micelles are part of the latter group, since they can be defined as finite monolayer 

structures with an approximately circular cross-section. Micelles can be small with a 

spherical or disk shaped, but also long and cylindrical in structures often described as worm-

like micelles.1 

Figure 9. Representation of a clathrate. The water molecules arrange in an almost crystalline structure around the hydrophobic 
region of the surfactant. 

Figure 10. Schematic representation of a micelle and reverse micelle. 
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One of the most significant factors in micelle structure is the polarity of the solvent. 

In water, as well as in other polar solvents, the hydrophobic tails are located inside the 

micelle as to minimize contact with the polar solvent and therefore effectively creating a 

nonpolar medium on the micelle’s interior, as represented in Figure 10. However, if the 

surfactants are solubilized in a nonpolar medium the hydrophobic tails of the molecule will 

be exposed to the solvent and the charged head of the surfactant will be on the core of the 

structure, thus creating a reverse micelle. 

Micelles are not formed immediately upon the addition of surfactant to the solvent 

but rather when a specific concentration is achieved. When the aggregates formed are 

micelles this value is referred as critical micelle concentration (cmc), for other self-

assembled structures the more general term critical aggregation concentration (cac) is 

used. 

When the surfactant unimers are in solution, some will migrate to the air-water 

interface, rather than remain at the bulk of the solution, in order to minimize interactions 

between the hydrophobic tails of the molecules and the polar solvent. At the interface, a 

monolayer is formed by the amphiphiles as they slowly cover the entire area of the air-water 

interface, lowering the surface tension. When this point is reached, since the interface 

cannot physically accommodate more surfactant molecules and due to the hydrophobic 

effect, the self-assembly process occurs and micelles are formed which results in a clear 

variation of the physicochemical properties of the solution, as can been seen in Figure 11 

.12  After the cmc, the concentration of surfactant unimers stabilizes as the newly added 

molecules will form more micelles, however this does not mean that they permanently 

reside in a specific aggregate since there is molecule exchange with the bulk of the solution. 

Figure 11. Sharp variation of physical properties upon reaching cmc. Adapted 3. 
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There are several factors that can influence the value of the cmc, which include but 

are not limited to: 

 

Temperature. Ionic and non-ionic surfactants have a distinct aggregation behavior 

in relation to temperature variations. Ionic surfactants are not affected in a significant way 

have a small initial descent on the cmc value as temperature rises, until a minimum is 

reached, after this point the cmc begins to increase.13 Non-ionic surfactants have their cmc 

value decrease significantly as temperature rises. 14 It is important to note that this is an 

approximation of how surfactants behave in regard to temperature variation, and that there 

will always be exceptions since surfactants are such a vast and diverse group of molecules. 

New models that try to better explain and predict their behavior in solution are always being 

developed.15 

 

Hydrophobic tail. In the case of a group of surfactants that share the same polar 

group but have distinct hydrocarbon tails, the cmc will decrease as the size of the said tail 

increases. Such is due to the fact that the presence of larger hydrophobic group, results in 

an intensification of the hydrophobic effect, which in turn decreases the cmc.16 

 

Ionic strength. An increase in ionic strength does not yield the same effect on all 

types of surfactants. For example, the cmc of ionic surfactants lowers as the ionic strength 

of the solution rises, this occurs due to the minimization of the repulsions between the polar 

heads of the surfactants thanks to the added salts, and therefore favoring aggregation. Non-

ionic surfactants however do not benefit from this effect and their aggregation remains 

barely affected by higher ionic strength.17, 18 Zwitterionic surfactants, despite being globally 

neutral molecules, have charged moieties on their polar region, this results in an 

intermediate response to changes in ionic strength that resides between ionic and non-ionic 

surfactants.18, 19 

 

Counter ion. For ionic surfactants, not only does the ionic strength have a significant 

impact on cmc, but also the specific counter-ion associated with the surfactant. The 

hydration radii and the polarizability of the counter-ion results in distinct interaction behavior 

with the micelles, which will affect the stabilization of the aggregates. 20 For anionic 

surfactants the cmc increases in the order Li+ > Na+ > K+ > Cs+.21 For cationic surfactants 

the critical aggregation concentration decreases flowing the order F- > Cl- > Br- > I-.22 

 

Presence of co-surfactants. Certain weakly amphiphilic molecules can influence 

the aggregation of surfactants, although they might not form self-assembled structures 
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themselves, for example long chain alcohols. They can also increase the fluidity of 

surfactant bilayers.3 

 

1.2.3 Surface tension and cmc determination  

Liquids minimize their surface area in order to maximize the number of molecules in 

the bulk, where interaction between the same type of molecule occurs in all directions. At 

the surface, an asymmetric force field due to unbalanced interactions creates an inward 

force at the air-liquid interface acting over each molecular unit. Collectively, this results in a 

tangential force acting over the liquid surface, acting like “an elastic membrane”; this force 

per unit length is termed surface tension. Surface tension can also be defined as the amount 

of reversible work required to increase the surface area (σ) of the liquid12, as represented 

in equation 1: 

 

d𝑤 = 𝛾 d𝜎                                                      (1) 

 

The constant of proportionality, γ, is the surface tension of the liquid and can be 

expressed in J·m-2 (or, equivalently in units of force/length, in N·m-1). Surface tension varies 

significantly with temperature. 

As was mentioned previously, surfactant molecules have surface activity and 

therefore affect surface tension. Many physicochemical properties of surfactant mixtures 

suffer a drastic change after reaching the critical micelle concentration, and such is the case 

for surface tension.  

 

 

Figure 12. Schematic example of a surface tension curve. 

 

Observing Figure 12, we can see the curve profile of a series of surface tension 

measurements in relation to surfactant concentration. As more surfactant molecules are 

added to the solution, γ lowers sharply until it reaches a stable plateau. This plateau 
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indicates that the cmc has been reached. The intersection point between the two linear 

regions of the surface tension curve, corresponds to the cmc value. 

Surface tension measurements can also be used to determine the surface excess, 

Γ, which represents the difference in amount of a molecule between the interface and bulk 

per unit area (hence being a surface concentration), and therefore can be used as a 

representation of the composition of an interface. In the case of surfactants, Γ has a positive 

value since surfactant unimers tend to accumulate at the interface at the expense of the 

bulk.  The relation between surface tension variation and interface composition is given by 

the Gibbs isotherm12, represented in equation 2: 

d𝛾 =  − ∑ 𝛤sdµss                                            (2) 

where Γs is the surface excess of surfactant s, and µs is the chemical potential of 

surfactant s. From this, equation 3 can be derived, where at a constant temperature, the 

maximum surface excess in a dilute system is: 

𝛤s,max =  − 
1

𝑛𝑅𝑇
×

∂γ

∂ln (𝑐s)
                                                   (3) 

where T is the temperature in Kelvin, R is the ideal gas constant, n is the number of chemical 

species adsorbed at the interface, cs is the concentration of surfactant s, and 
∂γ

∂ln (𝑐𝑠)
 is slope 

of the linear region that precedes the cmc. The Γs is usually expressed in mol·m-2 and ca 

be used to determine another surfactant property, the minimum surface area per molecule, 

amin, using equation 4: 

𝑎𝑚𝑖𝑛 =  
1

 𝛤s × 𝑁𝐴
                                                         (4) 

where NA is the Avogadro’s number. amin is usually expressed in nm2 and represents the 

minimum limiting area that each surfactant molecule occupies at the interface, at the point 

where micellization starts to occur in the bulk. 

 

1.2.3 Krafft Temperature 

Ionic surfactants in an aqueous solution slowly become more soluble as the 

temperature of the system rises. When a certain temperature is reached a sharp increase 

in the solubility curve of the surfactant unimers occurs, this point is labeled Krafft 

Temperature (TK)7. The self-aggregation of surfactants can only occur above the TK, since 

that point must be reached to have enough soluble unimers in solution to reach the critical 
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aggregation concentration and form micelles or another type of nanostructure.3 The 

transition from only having unimers in solution to also having self-assembled structures is 

what causes an abrupt shift in the solubility curve of the surfactant and allows the 

determination of the TK. This parameter is inherently tied with the surfactant molecule itself, 

the characteristics of the hydrophobic tail and the interaction between the polar head group 

and its counter-ion differ in each surfactant resulting in different TK. 

 

1.2.4 Critical Packing Parameter 

One of the most important parameters in the self-organization of surfactants it’s their 

geometrical shape. In the simplest of terms, a self-organized structure like a micelle is 

nothing more than a conglomerate of three-dimensional shapes that in this case are 

surfactant monomers. The geometry of these monomers is inherently associated with their 

molecular structure, and in turn the shape of these molecules in solution will influence the 

type of aggregate formed. Taking this into account, knowing the molecular structure of the 

surfactant, and creating a parameter that can define it, can help in predicting the most 

probable self-assembled structure that said surfactant will form when in solution.  

The critical packing parameter (Ps) expresses a relation between the hydrophobic 

and hydrophilic portions of the surfactant since it’s this relation between the volume (Vhc) 

and length (lhc) of the extended hydrocarbon tail and the area of the hydrated polar region 

(ahg) that determines the most probably aggregate to be formed.3, 23 The Ps can be 

calculated using equation 5: 

  𝑃𝑠 =
𝑉ℎ𝑐

𝑎ℎ𝑔𝑙ℎ𝑐
                                                                              (5) 

To calculate the Vhc, expressed in nm3 and lhc which is represented in nm, the 

following equations (6 and 7) are used: 

 

𝑉ℎ𝑐 =  0.0274 + 0.0269 𝑛𝑐      (6)     𝑙ℎ𝑐 = 0.154 + 0.127 𝑛𝑐                      (7) 

 

Where nc represents the number of carbon molecules on the hydrophobic tail of the 

surfactant molecule.3, 23, 24  The area of the hydrated head, ahg, proves to be more difficult 

to estimate since it is highly influenced by the medium conditions as they affect the 

interactions between the hydrophilic headgroups of surfactant molecules.3, 23 



13 
 

Catanionic vesicles based on lysine-derived surfactants for encapsulation of Cynara cardunculus extracts 

 

Different values of PS are associated with certain self-organized structures, for 

example, a Ps < 
1

3
  indicates a cone-like shape and results surfactant aggregation in the form 

of micelles, when Ps is between 
1

3
 and 

1

2
 cylindrical micelles will be formed,  for Ps values 

that range from 
1

2
  to 1, liposomes and disk-like micelles. Ps = 1 indicates a cylindrical shape, 

which favors lamellar structures. When Ps > 1, the surfactant molecule has a shape similar 

to a truncated cone which favors the formation of reverse micelles (hydrophobic tails 

exposed to the solvent).3 A schematic representation of the geometrical shapes associated 

with different Ps is represented in Figure 13. 

 

1.3 Bilayer self-assembled structures 

1.3.1 Vesicles 

Vesicles are spherical structures but unlike micelles, they are formed by a surfactant 

double layer that closes in on itself, creating a solvent pocket that is separate from the bulk 

solution (Figure 14).3, 12   

 

 

Vesicles can have a single surfactant bilayer (unilamellar vesicles) or multiple 

Figure 13. Representation of the relation between surfactant shape and Ps. Adapted 3. 

Figure 14. Schematic representation of a surfactant vesicle. 
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(multilamellar vesicles) and can also be classified according to their size, a classification 

that is represented in Table 1. Vesicles are formed by surfactant with Ps between 
1

2
 and 1, 

since molecules with such a geometry favor not only the formation of bilayers but also the 

stabilization of the curvature of the membrane that has closed on itself. The aggregation 

into a spherical shape keeps the hydrophobic region that would be exposed in the edges of 

the bilayer, from contacting with the polar solvent. As long as the surfactant molecules 

possess the adequate geometrical shape, vesicles will be the preferred self-assembled 

structures.23  

Cases in which different surfactants are used in a mixture to form vesicles, the inner 

and outer leaflets of the bilayer can have different compositions. This is particularly 

important in cases that the Ps of these molecules is different since a different geometry will 

favor a different curvature. For example the inner leaflet, that has a negative curvature, 

might have a higher concentration of molecules with a Ps > 1.25, 26 The asymmetry of the 

bilayer contributes to the stabilization of vesicular aggregates in surfactant mixtures. 

 

Table 1. Classification of vesicular aggregates according to their size and number of bilayers. Adapted 26. 

Type of vesicle Notation Radius 

Ultra-small unilamellar 

vesicle 
USUV 5-10nm 

Small unilamellar vesicle SUV 10-50nm 

Large unilamellar vesicle LUV 50-250 nm 

Giant unilamellar vesicle GUV >250nm 

Multilamellar vesicle MLV >200 nm to several µm 

 

 

1.3.2 Catanionic vesicles 

Catanionic vesicles result from the mixture of a cationic and an anionic surfactant, 

that form electrostatic interactions resulting in the spontaneous self-assembly into 

vesicles.27  

Catanionic vesicles have the same structure as traditional vesicles but have various 

physicochemical improvements, such as lower cmc,28 higher colloidal stability with tunable 

size and charge, controlled by mixing ratio of cationic/anionic surfactant.27, 29, 30 

Certain parameters can influence the stabilization or formation of the catanionic 

vesicles. For example, some additives can improve the stabilization of the vesicle by 
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minimizing steric repulsion. The length of the hydrocarbon chain of the surfactants also 

plays an important role, if the cationic and anionic surfactants have similar chain length 

vesicle formation is favored, if there is an imbalance between the surfactants then micelles 

will be the preferred aggregate.31 The different parameters that influence vesicle formation 

in catanionic systems are represented in Figure 15. 

Catanionic mixtures can also create vesicular systems from surfactants that, when 

pure, do not form such aggregates. This is theoretically explained by the fact that when in 

solution the two oppositely charged molecules will interact in such a way that they form a 

pseudo surfactant with a Ps that can be higher or lower than on the original molecules. If 

the Ps sits between 
1

2
 and 1, then vesicles will be formed.32 

 

 

 

1.3.3 Fibers, Ribbons and Nanotubes 

Some surfactants can form supramolecular structures that go beyond spherical 

aggregates or lamellar phases, such as fibers, ribbons, and nanotubes (Figure 16).  

Figure 15. Effect of additives and chain length in the transition between micelles and catanionic vesicles. 
Adapted 31. 
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Naturally, to self-assemble into such structures the surfactants must have certain 

physicochemical properties, mainly being chiral molecules, forming hydrogen bonds and 

having a Ps that favor the formation of stable bilayers.33 

 

The self-assemble process into nanotubes is deeply tied with the conformational, 

rotational, and translational liberty of the surfactant, which in turn relates to temperature. 

When temperature is high enough the amphiphiles can self-organize into the most 

thermodynamically favored structure, that being liposomes or micelles. As temperature 

decreases so does the molecular disorder of the system, surfactant’s hydrocarbon tails lose 

fluidity and the molecules begin to pack into a more organized supramolecular structure.33 

The specific temperature in which a system begins to pack into these supramolecular 

structures is known as melting temperature (Tm).  

After reaching this point, as it is shown in Figure 16, fibers are formed, followed by 

ribbons. If the surfactant is a chiral molecule a non-zero packing angle will be favored which 

in turn causes the supramolecular structure to twist to the point that helices appear.34, 35 

 

From these helical ribbons the aggregate can now evolve into one of two paths 

demonstrated in Figure 17: a) either the ribbon maintains its width and the helical pitch 

shortens until the tubule is formed; b) the helical pitch remains unscathed and the ribbon 

Figure 16. Evolution of supramolecular structures that lead to the formation of nanotubes. Adapted 34. 

Figure 17. Different paths followed during nanotube formation. a) Reduction of helical pitch; b) Increase of the 
helical tape width. Adapted 35. 
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becomes wider to close the nanotube.35 Following the a) or b) path will influence the inner 

diameter of the nanotube’s aqueous compartment, route a) resulting in narrower nanotubes. 

The supramolecular organization into nanotubes is tunable and reversible. Increasing the 

temperature will result in the disassembly of the tubules and return to the original 

aggregates, other stimuli, for instance, pH shifts and irradiation can cause the destruction 

of the nanotubes.36-38 

 

1.4 Amino acid surfactants 

1.4.1 Structure and properties 

Surfactants, although remarkably interesting and useful molecules, also present a 

serious environmental danger. Their overuse and mishandled disposal both in the home as 

well as in the industrial environment, pose a serious threat to both land and marine wildlife.39 

As a countermeasure to this problem, novel biocompatible surfactants were developed, 

among them were the amino acid derived surfactants.  

Amino acid surfactants (AAS) have an hydrophilic group composed by an amino 

acid, or a protein hydrolysate, that is then chemically or enzymatically attached to an 

hydrophobic tail obtained from natural oils (Figure 18).40, 41 The headgroup can be attached 

to the hydrocarbon chain by its amine or carboxylic acid moiety, as well as by its side chain.  

 

 

In the synthesis of AAS the molecular behavior of the surfactant can be tailored by 

utilizing different combinations of head and tail groups. For example, the amino acid that is 

used in the hydrophilic group controls the molecule’s overall charge, so cationic, anionic, 

and even neutral AAS can be obtained. The amphoteric nature of amino acids is still present 

in AAS, which results in nanostructures that are sensitive to pH stimuli.  

Figure 18. Different structural types of amino acid derived surfactants. Adapted 42. 
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The hydrocarbon chain that is used in the synthetic process also greatly influences 

the aggregation behavior of the AAS. There are four main groups of hydrocarbon tails used 

in AAS synthesis: a) linear or single chain, double chain or Gemini-like, glycerolipid based 

and bolaamphiphiles.40 The different chain used will influence the Ps and consequently, the 

aggregates formed by the AAS. 

Being produced using amino acids also grants these surfactants with improved 

aggregation properties, like a lower cac and chirality due to non-zero angle hydrogen bonds 

between the molecules, the latter provides the AAS with the ability to form nanotubes.42 

 

1.4.2 Current biomedical use 

As previously mentioned, the most used surfactants pose a present environmental 

danger, a problem that aims to the solved by AAS and therefore, several AAS have 

evaluated in cytotoxicity tests. It was shown that, although more toxic than natural lipids 

(which was to be expected since these AAS are still synthetic molecules), AAS are less 

cytotoxic and hemolytic when compared to more common surfactants. It was also verified 

that in a catanionic mixture with said commercial surfactants the AAS lowered the overall 

toxicity of the mixture.43 

These finds support the use of AAS in drug delivery, for use in liposomal or nanotube 

formulations as drug nanocarriers. Several studies have used AAS in drug delivery solutions 

as encapsulating agents with some measure of success, whether it being as pH sensitive 

components of nanoparticles44 or in catanionic mixtures for the delivery of the anticancer 

drug, doxorubicin.30 

AAS also have an important role in gene-therapy, where they act as alternative 

transfection vectors as a replacement of the traditionally used viral vectors, which pose 

serious biosafety concerns.45 Several studies have added AAS to previously developed 

non-viral vectors, an addition that resulted in better transfection profiles.46  For example the 

addition of amino acid or peptides to a spacer of a gemini surfactant resulted in better 

transfection profiles, a phenomenon that was attributed to the increased biocompatibility 

and flexibility of the surfactants provided by the added amino acids.47 

One of the most prominent application for AAS is as antimicrobial agents,42, 46 

especially cationic AAS, since they more easily interact with the negatively charged 

bacterial membranes, disrupting them can causing lysis.48  

Combining the high therapeutical potential of AAS with their ability to encapsulate 

other bioactive agents is a very promising step towards a more efficient and less cytotoxic 

application of liposomal solutions in biomedical sciences. 
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1.5 Drug Delivery  

 

1.5.1 Advantages over traditional drug administration 

The two major problems associated with direct drug administration is bioavailability 

at the desired site and cytotoxicity. Bioavailability is defined as the percentage of unaltered 

administered drug that reaches the systemic circulation by any route, with the intravenous 

application reaching 100% bioavailability by definition.49 Yet, 100% circulatory bioavailability 

does not guarantee that the total administered drug will reach its intended target, and this 

interaction with undesired targets results in increased cytotoxicity. Drug delivery aims to 

resolve, or at least reduce, these two problems by creating targeting-capable encapsulation 

systems. There are two types of targeting: passive and active. 

Passive targeting uses the innate high phagocytic activity of macrophages and 

dendritic cells. In this type of targeting, particulate carriers, like liposomes, are phagocytized 

and disintegrated as the endosome matures, releasing the encapsulated drug. Naturally, 

tissues and organs with a larger number of highly phagocytic cells and bigger blood supply 

will have higher drug concentration, for example organs like the liver or spleen.50 

Active targeting uses ligands on the surface of the nanocarrier as a way of directing 

the drug to a specific tissue or cell. The ligand will interact with specific binding partners on 

the surface of specific cells, followed by endocytosis or release of the drug.50 The most 

common used guiding ligands are based on antibodies, since they have high specificity and 

their binding site can be molded to an almost infinite number of molecules. 

Besides targeting, drug delivery also has an especially important role in the 

solubilization of hydrophobic drugs. The non-polar regions of amphiphiles can be used as 

refuge for hydrophobic drugs, preventing chemical degradation.  

Drug carriers can also be constructed to be stimuli sensitive, and thus allowing the 

release of their cargo to occur only when specific conditions are met. For example, using 

nanocarriers that disintegrate upon irradiation, or when a certain temperature is reached, 

or that are pH sensitive, some nanocarriers can even release their contents based on 

glucose concentration. 

Drug delivery can also be used to allow certain drugs to cross specific barriers, like 

cellular membranes, organelle membranes, the skin and the blood-brain barrier. This latter 

one being one of the most difficult barriers to cross since it is the tightest endothelium in the 

human body. Multiple drug delivery systems are capable of crossing this barrier in a non-

invasive way.51 
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1.5.2 Liposomes in drug delivery 

Liposomal drug delivery represents a significant investment of funds around the 

globe. Currently, it is estimated that the liposomal drug delivery market is worth around 3.5 

billion US dollars, with a predicted growth up to 7 billion in 2027.52 It is clear that liposomal 

systems have been growing in the drug delivery field and will continue to do so for the 

coming years. 

Liposomal systems used in drug delivery can be divided into four categories, 

represented in Figure 19: a) conventional liposomes, which possess no targeting ligands 

(passive targeting) and whose physicochemical properties are directly linked to the 

surfactants that constitute de bilayer; b) Sterically stabilized liposomes or long circulating 

liposomes, which have an additional coating, most commonly polyethylene glycol (PEG), to 

prolong their circulation time. The PEG coating prevents or slows the phagocytosis of the 

liposomes; c) Immunoliposomes, which contain additional targeting ligands (antibodies) on 

the bilayer surface for active targeting; d) Imaging agents might also be added to the vesicle 

for diagnostic purposes.50, 53  

 

Figure 19. Representation of the multiple classes of liposomes. a) Conventional liposome; b) long circulating 
liposome; c) active targeting liposome; d) Multifunctional liposome with imaging agents for diagnostic purposes. 
Adapted 53. 
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However, this separation into categories is artificial since long circulating and active 

targeting liposomal systems have been developed, in which the targeting element can be 

attached to the surfactant molecules or directly to the PEG molecules of the coating .54 

These modifications of liposomal systems are designated as surface 

functionalization. This strategy increases the liposome’s functionality and delivery 

efficiency, especially in systems designed for cancer treatment. Since cancer cells are often 

similar to normal cells, the most common targets for active delivery are overexpressed 

receptors, whether they are exposed on the cell surface or on organelles or targeting the 

tumor microenvironment, which is also based on overexpress targeting but results in a cite 

based therapy instead of direct cell targeting. The targeting ligands used could not only be 

antibodies but also peptides, aptamers, small molecules (like folic acid which is vital for the 

survival of some tumors) and even a combination of multiple ligands.53 

On the other hand, the development of such complex delivery systems has its costs. 

The complexity of these systems proves to be a barrier for the transition from the laboratory 

to large-scale productions. The lack of methodologies for the quantification of the bound 

ligand on the liposome’s surface is a major problem since the batch to batch variability must 

be kept as low as possible to guarantee consistent therapeutic results.55 

The alternative would be to use passive targeting, relying on the enhanced 

permeation and retention effect (EPR). EPR is based on the irregularity and permeability of 

the endothelium in the vascular structures in tumor environments. This increase in 

permeability allows large particles to transition from the capillary to the interstitial space, 

where they begin to accumulate. Long circulating vesicular aggregates loaded with 

anticancer drugs can benefit from the EPR effect, and accumulate in the tumor 

microenvironment.56 This approach also has problems since this permeability of the tumor 

vascularization is highly variable and solid tumors hinder the homogenous diffusion of the 

drug.50, 54  

Catanionic systems, with their ability to spontaneously form vesicles, present a very 

enticing opportunity in the drug delivery field. The charge, size and compositional modularity 

of these vesicles makes them prime candidates for cancer treatment, since tumors are also 

very variable environments that require flexible systems. Several anticancer drugs have 

already been encapsulated in catanionic systems, for example doxorubicin, with good 

delivery profiles.30, 57 

The surface of catanionic vesicles has been functionalized either by binding ligands 

to create active targeting vesicular carriers, or even by adding magnetic nanoparticles for a 

controlled release under a magnetic field.58  

Catanionic systems have also been used in gene delivery59 and as soft templates 

for the development of hollow polymeric or silica-based particles.31, 60 
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1.5.3 Challenges in vesicular drug delivery 

One of the largest biological barriers to overcome in vesicular delivery is the 

reticuloendothelial system (RES), which consists of highly phagocytic cells such as 

macrophages, dendritic cells, and liver sinusoidal endothelial cells. The RES is responsible 

for the clearance of particulates and soluble substances from the blood circulation and 

tissues.61 The removal of these particles can follow a non-specific endocytic route and 

therefore, drug loaded vesicles in circulation can be removed before reaching the intended 

target. The RES is responsible for the accumulation of nanocarriers in certain organs, like 

the liver or spleen.62 

Long circulating liposomes utilize the PEG coating as a way to prevent or delay 

capture by the RES, thus increasing the probability of accumulation at tumor sites.50 The 

size and charge of nanocarriers also presents a possible way of prolonging vesicle 

circulation since larger and highly charged vesicles are quickly cleared due to interaction 

with serum proteins, forming aggregates that are easily cleared by the RES.63 

However, even long circulating liposomes are eventually captured by de RES.64 If 

these nanocarriers are formed by non-biodegradable molecules, they begin to accumulate 

in the tissues, since, even after the death of the cell that originally internalized the 

nanocarrier, the non-degradable components will simply be captured by another 

phagocyte.62 Biodegradable vesicular systems, such as those that use AAS present as a 

possible solution to this problem. 

 

1.6 Sesquiterpene lactones 

1.6.1 Structure and biological activity 

Sesquiterpene lactones (SLs) are present in a number of plant families, with the 

largest number of these of molecules being present in the Asteraceae family with over 3000 

different sesquiterpenoids reported.65 The sesquiterpenoid molecules are constituted by a 

15-carbon parent chain that originated from three isoprenoids. This parent chain can be 

mono, di or tricyclic and even acyclic.66  
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Sesquiterpene lactones are di or tricyclic molecules, and can be divided into six 

types, represented in Figure 20, based on the structure of the parent chain: 

Pseudoguaianolides, Guaianolides, Germacronolides, Eudesmanolides, Heliangolides and 

Hypocretenolides.  

A specific species of plants normally produces SLs based on only one type of parent 

chain, accumulating the molecule on the leaves or flower buds.65  Plants produce SLs as 

means of defense against microbes or as antifeedants, to prevent birds, mammals and 

insects from feeding on their leaves and stems.67, 68 Sesquiterpenoids can also act as bio 

signaling molecules in response to stress, which means that the composition of SLs is 

dynamic, and ca be used to establish some plant species as more closely related than 

others.67, 69  

 

Most of the biological effects resultant of SLs are caused by the α-Methylene-γ-

Lactone group (αMγL), represented in Figure 21. This moiety is highly reactive, especially 

Figure 20. Different classifications of Sesquiterpene Lactones based on parent chain structure. Adapted 65. 

Figure 21. Structural representation of the α-Methylene-γ-Lactone group 
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with thiol groups of proteins, resulting in SLs affecting major cell signaling pathways by 

interacting with enzymes or transcription factors.67, 70 This interaction with thiol groups is 

also used as an indirect quantification method based on the reaction of SLs with the amino 

acid cysteine.71 

 

1.6.2 Medicine or poison 

Sesquiterpene lactones are remarkably interesting molecules, their widespread 

availability among plant species and sheer number of molecular structures makes them an 

appealing target for the pharmaceutical industry.  

The major focus point of the possible therapeutic use of SLs is cancer treatment. 

The principal target for SLs tumor suppression capabilities is the nuclear factor κB (NF- κB), 

which is a crucial transcription factor associated with a cell’s sensitivity to stimuli. The NF-

κB is involved in the activation of multiple genes involved in apoptosis, proliferation, 

inflammation and immune response72, all of these cellular responses are often altered in 

cancer cells. SLs prevent the activation of NF-κB and its migration to the nucleus either by 

direct interaction with cysteine residues in one of its subunits or by alkylation of other 

upstream proteins involved in the NF-κB pathway.67, 73-75 

Since NF-κB protein complex is, as mentioned before, associated with the 

inflammatory response72, and therefore SLs can have a use in the modulation of acute 

inflammation or chronic inflammation that is often associated with autoimmune diseases. It 

has been reported that several guaianolide type SLs have been able to reduce the levels of 

iNOS and COX-2 (enzymes involved in the inflammatory response) in a NF-κB dependent 

manner.76  

The antimicrobial properties of these molecules are also not to be ignored, SLs have 

been proven effective against bacteria77, 78, viruses79 and parasites80-82. Most of this activity 

might be attributed to the interaction between the SLs and nucleophilic cysteine residues 

on microbial enzymes.78 

However, despite such therapeutic potential, SLs are synthesized by plants as 

feeding deterrents, as is proven by their distinct bitter flavor67, and therefore will possess 

certain toxic properties. The toxicity of these compounds has been observed for years in 

grazing livestock.83 The αMγL ring is mostly to blame for the inherent toxicity of SLs due to 

its substantial alkylation power, which results in indiscriminate interaction with thiol 

groups.84, 85 Other cytotoxic interactions that are not dependent on the alkylation power of 

SLs are also reported, such as interaction with cellular receptors acting as inhibitors.85 

These undesired interactions then result in pathologies, when plants rich in SLs are 

consumed in large quantities.  
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Sesquiterpene lactones walk a thin line between poison and medicine, yes, they do 

possess enormous therapeutic potential, but also inherent risk associated with their misuse. 

It is important to develop novel targeted delivery systems to ensure that the potential of 

these molecules is tapped into and that the undesired side effects associated with SLs are 

minimized. 

 

1.6.3 Cynaropicrin: Structure, stability, and biological activity 

Being the principal sesquiterpene lactone used in the development of this thesis, it 

is only natural for cynaropicrin to have its own dedicated section in this introduction. 

Cynaropicrin is a guaianolide type SL, first isolated from the plants of the Cynara genus, 

commonly known as artichokes, being present in both the wild and the cultivated form of 

the plant.86 Cynaropicrin, represented in Figure 22, is composed by one cyclopentane and 

the αMγL ring fused to a cycloheptane, which is why it is classified as a guaianolide. Further 

chemical moieties that are characteristic to cynaropicrin are the three additional methylene 

groups, two hydroxyl groups and an ester bond.86-88  

 

Figure 22. Structural representation of the cynaropicrin molecule. 

It has been reported that the ester group present in the molecule may be lost, thus 

occurring deacetylation and forming deacylcynaropicrin.87 

Cynaropicrin, like other SLs, has a large potential for biomedical applications which 

is proven by the growing number of publications on the subject through the years, some of 

these applications are listed in Figure 23.  
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The anti-proliferative capabilities of the molecule are one of the major focus points 

of researchers, which could be attributed to the omnipresence of cancer in modern society 

and the constant need for improved therapies both in price and efficiency, a problem that 

could be solved by recurring to natural products. Multiple studies have reported on the 

promising cytotoxic activity of Cynaropicrin on cancer cell lines, and several theories were 

developed as to why this SL proves to be effective against cancer. One of said theories 

suggests that cynaropicrin increases the expression of cell cycle check point proteins, and 

thus preventing cancerous cells from realizing mytosis.89 Another hypothesis is that 

cynaropicrin leads to the activation of the protein-kinase-C δ, which is involved in apoptotic 

pathways, thus inducing cell death.90 

A recent study attributes the cytotoxic potential of cynaropicrin, to its ability to inhibit 

the thioredoxin reductase (TrxR), which in turn increases the oxidative stress inside the cell 

thus leading to apoptosis. Cynaropicrin not only inhibits TrxR, but also modifies its function, 

creating a Sec-compromised thioredoxin reductase-derived pro-apoptotic protein, or 

SecTRAP, which contributes even more to the accumulation of ROS in the cell.91 

Cynaropicrin also has shown potential as a coadjutant in the treatment of chronic 

myeloid leukemia using Imatinib once again by blocking a protein kinase.92 

Figure 23. Most significant biological activities associated with cynaropicrin. Adapted 94. 
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Antimicrobial activity has also been described against bacteria77, 78, one study linking 

said activity to inhibition of the MurA enzyme by cynaropicrin. Said enzyme is vital in the 

peptidoglycan synthesis, a component which is present in both gram- and gram+ bacteria 

cell wall.78 Cynaropicrin and artichoke extracts have also demonstrated potential use in the 

treatment of viral infections, such as Hepatitis-C.79, 93, 94 Anti-parasitic activity has also been 

described both against Trypanossoma brucei, the parasite responsible for the sleeping 

sickeness95, and the south-american Trypanossoma cruzi, responsible for Chagas 

Disease.96 

Additional biological effects have also been reported such as anti-inflammatory 

properties97-99. Antioxidant and antiphotoaging effects have been reported and linked to the 

inhibition of the NF-κB protein complex100, 101, and with the possibility of developing novel 

molecular derivatives of Cynaropicrin capable of exerting the same NF-κB blocking 

effects.88 Artichoke leaf extracts, have reportedly been able to reduce acute gastric mucosal 

injury by increasing the production of gastric mucus, a protective effect that has been 

attributed mainly to cynaropicrin present in said plant extracts.102 

These promising findings make cynaropicrin a highly enticing bioactive compound 

and open a door for the development of delivery systems capable of encapsulating the 

molecule itself, or enriched artichoke extracts. Other SLs have been previously 

encapsulated, such as artimisin103-105 and tagitinin106. Plant extracts, rich in SLs, have also 

been successfully encapsulated and in doing so their cytotoxic activity against cancer cell 

lines was ameliorated. 107 The encapsulation of cynaropicrin and Artichoke extracts would 

be a favorable step in their road to therapeutic use since it could improve their desirable 

biological effects and reduce the unwanted ones, such as the inherent toxicity of SLs.84, 108, 

109 

 

1.7 Goals of this work 

The aim of thesis can be divided into two major sections: 

The first goal is to prepare catanionic mixtures of varying composition using lysine-

based surfactants as the anionic component combined with cationic gemini surfactants or 

commercial cationic single tailed surfactants. The most promising vesicular systems will be 

further characterized as to the size, charge and stability of the aggregates.  

The second main goal was to evaluate the stability of an ethanolic C.cardunculus 

extract in and aqueous medium and to test the capability of the vesicular systems of 

encapsulating said extract. 
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2. Materials and Methods 

2.1 Catanionic mixtures 

In this section we present the surfactant compounds that were used throughout this 

thesis, as well as buffer solutions and the overall methodology used in the preparation of 

the catanionic systems. 

 

2.1.1 Surfactants 

For the development of this thesis several cationic and anionic surfactants were 

utilized to prepare the catanionic mixtures to later be used in encapsulation studies. The 

anionic surfactants, referred to as mLysn 12Lys8, 8Lys12, 12Lys10, 10Lys12 and 14Lys8, 

represented in Table 2, were synthesized and purified under collaborative work between 

our group and an organic chemistry group, by a method already described in literature110, 

using the amino acid lysine as the polar head group. The mLysn surfactants have 

asymmetric hydrophobic tails varying in length, and have already been utilized in previous 

studies, where they have shown notably interesting aggregation properties.38, 111, 112 

 

Table 2. Structure, molecular weight, name, and abbreviation of the utilized anionic mLysn surfactants. 
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The cationic surfactants used throughout this thesis, represented in Table 3, consist of 

gemini and single-tailed surfactants. The gemini surfactants used differ in spacer length, 

and the molecules used were 12-2-12, 12-3-12, 12-6-12, 12-10-12, 12-12-12. Their 

synthesis was carried out in a previous work in our research group, and their purity was 

assured by nuclear magnetic resonance, surface tension measurements, mass 

spectrometry and differential scanning calorimetry.113 The single-tailed surfactants were 

purchased from Sigma-Aldrich, with CTAB having ≥99% purity and DTAB ≥98% purity. 

 

Table 3. Structure, molecular weight, name, and abbreviation of the utilized cationic surfactants. 

 

 

2.1.2 Buffer 

The mLysn surfactants require alkaline pH to maintain their anionic charge and to 

avoid precipitation. As such, all catanionic mixtures studied during this work used buffered 

solutions as solvent medium. The utilized buffer had pH = 10.0 and was prepared using a 

stock solution of NaHCO3 (0.0500 mM) and a stock solution of NaOH (0.100 M). 

 

2.1.3 Preparation of catanionic mixtures 

The various catanionic mixtures utilized during this work can be divided into two 

distinct groups: the mLysn/gemini systems, represented in Table 4, and the mLysn/single-
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tailed systems, represented in Table 5. Regardless of which group the mixture belonged to, 

all samples were prepared in the same manner. 

The cationic and anionic surfactants were weighted separately and solubilized in pH 

= 10.0 buffer to a final concentration of 1.00 mmol·kg-1. The samples were then heated to 

50 ⁰C to assure total solubilization. The two surfactants were then mixed considering the 

desired cationic molar fraction (x+) which can be calculated using equation 8: 

 

𝑥+ =  
𝑐+

𝑐++ 𝑐−
                                                                (8) 

 

where c+ is the molal concentration of cationic surfactant and c- is the molal 

concentration of anionic surfactant. The catanionic solutions were stirred and left for at least 

24h at 25 ± 0.2 ⁰C under mild agitation before being used in any characterization study. 

 

Table 4. Different compositions of the mLysn/gemini catanionic systems. 

Anionic surfactant Cationic surfactant 
Cationic molar 

fraction (x
+
) 

12Lys8 12-2-12 
12-3-12 
12-6-12 

12-10-12 
12-12-12 

0.30; 0.40; 0.50; 
0.60; 0.70 

8Lys12 

12Lys10 

10Lys12 

 

Table 5. Different compositions of the mLysn/single-tailed catanionic systems. 

Anionic surfactant Cationic surfactant 
Cationic molar 

fraction (x
+
) 

12Lys8 
12-2-12 
12-3-12 
12-6-12 

12-10-12 
12-12-12 

0.10; 0.20; 0.30; 
0.40; 0.50; 0.60 

14Lys8 

 

´ 
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2.2 Characterization techniques 

2.2.1 Light Microscopy 

Microscopy has been one of the most widespread tools for the characterization of 

surfactant self-assembled structures.114 In this section brief theoretical considerations will 

be given to three different types of light microscopy: bright field light microscopy, polarized 

light microscopy (PLM) and differential interference contrast light microscopy (DIC). 

i) Bright field microscopy 

Bright field light microscopy is the simplest of the types of light microscopy that we 

will explore. Yet, it provides a good platform to explore important concepts and physical 

limitations of microscopy, namely the resolution of a microscope. In a basic compound 

microscope light passes through a condenser and then through the sample. Light reaches 

the objective and then the lens, both contributing to magnification and focusing of the 

image.115 The observed image is never a perfect representation of the sample and is always 

limited by the resolution. 

The resolution, or resolving power (R), is the minimum distance at which two 

separate points on a sample can be distinguished on an image and is defined as: 

 

                                                   𝑅 =
𝜆

2𝑁𝐴
                                                             (9) 

 

Where λ is the light’s wavelength and NA is the aperture number which is defined as: 

   

                                𝑁𝐴 = 𝑛 × sin (𝛼)                                                       (10) 

 

where n is the refractive index of the medium on which light travels, which on vacuum would 

be 1, and α is half of the angular aperture of the objective.  

The lower the value of R, the better the microscope resolution. If the objective has 

the maximum aperture angle of 144⁰, there are two factors that can be modified to improve 

resolution: using light with a shorter wavelength or by altering the light’s travel medium, 

which is the most commonly used method (oil immersion microscopy). 

 

ii) Polarized light microscopy 

Although non-polarized light is often sufficient for visualization of naturally colored 

or stained specimens, it struggles when it comes to transparent colorless structures, such 
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as vesicles, lamellar structures, and tubules. To observe surfactant aggregates more 

complex techniques are necessary, such as differential interference contrast light 

microscopy. These more complex techniques require the use of polarized light and the 

changes that occur to light as it passes through the sample. 

The light that leaves the microscope’s bulb has a randomly oriented electromagnetic 

field. A polarized light microscope has a polarizing filter before the condenser, and this filter 

is made of plastic impregnated with crystals all with the same orientation. When the light 

reaches the polarizer, only the electromagnetic waves whose field has a parallel orientation 

to that of the crystals can pass resulting in all light waves that hit the sample having 

identically oriented electromagnetic fields.116 After passing through the sample and 

objective, the light reaches a secondary filter, the analyzer, that is oriented at a 90⁰ angle 

with the polarizer. This orientation results in almost complete absorption of the light, unless 

the orientation of the electromagnetic field is altered by molecular structures with a high 

degree of molecular order but with distinct refraction indexes based on different angles of 

observation - such structures are called anisotropic. When light passes through an 

anisotropic specimen (such a lamellar liquid crystalline phase), the orientation of its 

electromagnetic field is altered, the light can then cross the analyzer, resulting in an image 

of a bright anisotropic structure in a black background.116 

 

iii) Differential interference contrast light microscopy 

This type of microscopy utilizes polarized light and can enhance the contrast of a 

non-colored transparent sample allowing for the distinction of self-assembled surfactant 

structures. In Figure 24 is represented the layout of a Normarski DIC system which can 

enhance the contrast on transparent structures.117 

The Normarski system has all the components of PLM microscopy but with two 

prisms being added to the light’s travel path.116 The first prism, also called beam splitter, 

separates the polarized light into two orthogonally polarized beams that are distanced from 

each other. Each of the beams travels to the sample at adjacent points, when passing 

through a structure (e.g. a vesicle membrane) and are combined by a second prism (beam 

combiner) just before the analyzer. If path difference occurs, a bright point in the image is 

observed; if there is no path difference there is no light visible. This results in a contrast 

difference across the image based on light path, and by moving the beam combiner laterally, 

this difference is represented as a grayscale image thus making thin-transparent structures 

more easily distinguishable.117 DIC images can also be enhanced digitally by coupling the 

microscope with a highly sensitive camera connected to a computer, giving the user even 

more control over the image’s contrast. 
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 Figure 24. Schematic representation of the Normarski DIC system. Adapted.117 

 

iv) Equipment and sample preparation 

 The microscope used in this work was an Olympus BX51 polarized light 

microscope, which was equipped for DIC microscopy. All micrographs were obtained using 

a Olympus C5060 video camera and then processed using the CellA software. Catanionic 

mixture samples were observed by placing an 8 µL droplet onto the slide and sealing the 

lamella with varnish to reduce the movement of the catanionic aggregates, since there is 

no sample fixation. 

 

2.2.2 Surface tension measurements 

i) Wilhelmy plate method 

There are multiple techniques of measuring surface tension of liquids, such as the 

capillary rise method118, maximum bubble pressure method and the du Noüy ring method119. 

In this work the Wilhelmy plate method was utilized. The Wilhelmy plate method utilizes a 

flat plate, which in this case was made of platinum with a coarse surface to guarantee 

maximum wetting. The plate is welded to a rod that is then connected to the tensiometer’s 

scale. The plate is submerged into the liquid and then slightly raised to form a meniscus, 

such as is represented in Figure 25.  
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Figure 25. A) Schematic representation of the Wilhelmy plate where l =plate length and w=plate width. B) 

Diagram of the Wilhelmy plate method where F= force measured by the tensiometer and θ=contact angle. 

 

The tensiometer’s scale measures the downward force (F) applied by the meniscus 

on the plate which allows the calculation of the γ value using the expression:118 

                                                    𝐹 = 𝑃 𝛾 cos (𝜃)                                                          (11) 

where θ is the contact angle considered 0, and P is the wetted perimeter of the 

Wilhelmy plate calculated using: 

                                                    𝑃 = 2(l + w)                                                      (12) 

in which l is the length of the Wilhelmy plate and w its width. 

 

ii) Equipment and sample preparation 

For the surface tension measurements, a Dataphysics DCAT11 apparatus was 

used. Initially all the components that will contact the measured solution, were thoroughly 

cleaned with ethanol ≥99.5% multiple times to guarantee that no surface-active impurities 

would affect the measurement. The Wilhelmy plate undergoes an extra cleaning step where 

it is heated until red hot to assure that no contaminants are stuck to its coarse surface. A 

volume of 25.0 mL buffer pH =10.0 solution is added to a glass vessel that is placed inside 

the tensiometer. A solution of 0.30 mmol·kg-1 of the catanionic mixture was prepared in 

buffer pH=10.0 the day before the tensiometry study. Small aliquots of the surfactant 

solution are added to the 25 mL buffer solution, followed by a 30 s period of agitation and 

equilibrium after which the γ measurements are taken. The experiments were done in a 

temperature-controlled environment at 25.0 ± 0.2 ⁰C. 
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2.2.3 Dynamic light scattering 

i) Hydrodynamic diameter  

One of the most influential factors in how a delivery system might perform in 

biomedical applications is the size of the nanocarriers. Therefore, to properly characterize 

a system intended for drug delivery it is essential to determine the nanocarrier’s 

hydrodynamic diameter (DH). One of the most used techniques to achieve such 

measurements is dynamic light scattering (DLS), also known as quasielastic light scattering 

(QELS).120  

 

Figure 26. Schematic representation of the different components of a DLS system. 

 

DLS utilizes a monochromatic laser that hits the sample and is scattered by the 

particles that are present in the sample. The scattered rays pass through a focus lens and 

are collected by two detectors placed at 90⁰ and 173⁰ from the sample. The collected data 

is analyzed by a digital signal processor (correlator) and is then transferred to the computer, 

as represented in Figure 26. 

The scattering intensity is time-dependent, when observed on a microsecond scale, 

due to the Brownian motion of the aggregates. The fluctuation of the scattering intensity can 

be used to calculate the translational diffusion coefficient (Dt) using an autocorrelation 

function in which the scattering intensity of the sample is compared to itself across a specific 

time period.120 Having calculated Dt, the Stokes-Einstein equation can be applied to 

determine the hydrodynamic radius (RH) of a given particle or aggregate.  

 

                                                𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑅𝐻
                                                      (13) 

 

Equation 13 is the Stokes-Einstein equation, where kB is the Boltzmann constant, T 

is the temperature, η is the viscosity of the medium and RH is the hydrodynamic radius, as 
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was mentioned before.121 Obviously once the RH is determined it is easy to calculate the 

DH. 

 

ii) Zeta potential 

Another important parameter in vesicle characterization is the determination of the 

zeta potential, since it can provide insight into the colloidal stability of said vesicles.  

 

Figure 27. Schematic representation of the multiple ionic layers associated with a charged particle in an ionic 
solution. 

When in an ionic solution, a charged particle due to their surface charge, will attract 

oppositely charged ions forming a tightly bound layer called the Stern layer. A secondary 

layer is also formed, but much more diffuse in its composition and there for it is aptly name 

the diffuse layer.122 These two layers form the electric double layer (EDL), and when an 

electric potential is applied on the colloidal solution, the particles will move towards the 

electrode with the opposing charge to that of the vesicle itself. The zeta potential is the 

difference in electric potential between the edge of the EDL (slipping plane) and the 

dispersant solution.121 

The zeta potential (ζ) cannot be measured directly and therefore it must be deduced 

using Henrys’ equation (equation 14): 

 

µ𝑒 =
2𝜀𝑟𝜀0𝜁𝑓(𝐾𝑎)

3𝜂
                                          (14) 

 

where µe is the electrophoretic mobility, εr = dielectric constant, ε0 = permittivity of vacuum, 

ζ = zeta potential, f(Ka)= Henrys’ function and η = the viscosity of the dispersion medium. 

Taking this equation into account, ζ can be determined is the µe of the vesicles is known.  
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 The electrophoretic mobility of the vesicles is determined by applying an electric field 

to the sample, which will cause the charged aggregates to move to the oppositely charged 

electrode. While the electric field is applied, a laser will hit the sample and be scattered by 

the moving particles, causing a shift in the light which is then used to calculate the vesicles 

velocity (V) that together with the electric field strength (E)  allows the calculation of µe 

accordingly with equation 15: 

 

    µ𝑒 =
𝑉

𝐸
                                                                   (15) 

  

 

iii) Equipment and sample preparation 

The catanionic mixtures were prepared in accordance with the method described in 

sub-section 2.1.3, and then incubated for 24 h at 25.0 ± 0.2 ⁰C and mild agitation. Some of 

the samples were extruded, a process that consists in forcing the vesicles through a filter 

with a specific pore size in order to homogenize the sizes of the aggregates present in 

solution. The samples were passed through a 400 nm filter 10 times followed by 15 passes 

through a 100 nm filter. The extrusion process was done under controlled temperature (30.0 

± 0.2⁰C) and pressure. The extruded samples were left to incubate overnight before being 

submitted to DLS measurements. 

The equipment utilized was the Litesizer 500 from Anton Paar, with a 

monochromatic laser (λ=633nm) placed at a 90⁰ angle from the detector. The size 

measurements results are all represented as intensity-weighted distributions using 

Cummulants fit, except for non-monodisperse samples (multiple populations detected) in 

which the multimodal fit was used instead. The extruded samples were done in duplicate 

as to evaluate the reproducibility of the extrusion process. All samples were studied at a 

25.0 ± 0.2⁰C temperature, with a 1-minute equilibrium after placing the sample into the 

equipment. At least 3 measurements were performed for each sample, with the DH values 

represented in this work being the average of said measurements. 

The zeta potential was determined using the same equipment, same temperature 

conditions and same samples used in the size studies, with the samples being placed into 

350 µL Omega cuvettes. Both the size and zeta potential data were treated using the 

Kalliope software.  
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2.3 Encapsulation studies 

In this section we will describe the techniques utilized to obtain the encapsulation 

efficiency and loading capacity results for the catanionic systems studied through this work.  

2.3.1 Sample preparation 

A relatively lengthy process was pursued to obtain the final samples ready for extract 

quantification. First, separate cationic and anionic surfactant solutions were prepared with 

a final concentration of 1.00 mmol·kg-1 and pH = 10.0. A C. cardunculus ethanolic extract, 

5.0 mg·ml-1, was then added to the surfactant solutions as to obtain a final extract 

concentration of 0.50 mg·ml-1. The cationic and anionic surfactant/extract solutions were 

then conjugated to form catanionic mixtures with specific x+, and left to incubate at 25.0 ± 

0.2⁰C for 24h. The samples were then extruded to homogenize vesicle size, following the 

same procedure used in the DLS studies, followed by another 24 h period at 25.0 ± 0.2⁰C. 

Afterwards, the samples were ran through a centrifugal filtration process, which will be 

described later, in order to separate free extract from the loaded vesicles followed by a third 

and final period (24 h, 25.0 ± 0.2 ⁰C) before finally quantifying the extract present in the 

catanionic mixtures using HPLC. A schematic representation of the sample preparation 

method can be seen in Figure 28. All samples were prepared in triplicate.  

 

 

Figure 28. Schematic representation of the procedures utilized to prepare a loaded catanionic system for 
encapsulation quantification. 

 

2.3.2 Size exclusion chromatography 

Size exclusion chromatography (SEC) was used as an early separation method to 

confirm extract encapsulation. The loaded catanionic mixture was ran through an 8 mL 

gravity chromatography column where the mobile phase was the pH =10.0 buffer solution 

and the stationary phase was Sephadex G50 from Sigma-Aldrich. The Sephadex beads are 

porous, allowing small molecules, such as cynaropicrin, to be trapped in their interior 

increasing their retention time. Large structures, such as catanionic vesicles cannot fit in 

the pores of the Sephadex beads and therefore leave the column much faster. Aliquots, 

1mL, of the eluate were collected and small samples taken of each one to be applied on 

thin layer chromatography (TLC) plates to accompany the evolution of the SEC. 



39 
 

Catanionic vesicles based on lysine-derived surfactants for encapsulation of Cynara cardunculus extracts 

The TLC was performed using a previously described method for sesquiterpene 

lactones123, where the eluent was composed by dicloromethane:acetone (5:1). To detect 

cynaropicrin, we used anisaldehyde reagent. The reagent was prepared using 0.5 mL 

anisaldehyde (Sigma-Aldrich, ≥98% pure), 4.5mL sulfuric acid (99.99%), 10 mL acetic acid 

(95%) and 85mL of methanol (98%). The TLC plates were sprayed with the anisaldehyde 

reagent and heated to 100⁰C for 3 minutes, which colored the cynaropicrin spot with a pink 

tone. The aliquots containing loaded catanionic vesicles were observed on the Olympus 

BX51 microscope under UV-light. 

 

2.3.2 Centrifugal filtration process 

Although SEC is effective in separating free extract from loaded vesicles, it is a very 

lengthy method especially since the technique used was gravity dependent. Therefore, to 

accelerate the separation process, Amicon® filters were used which allow the separation of 

multiple samples simultaneously. Amicon® filters are ultrafine centrifugal filters with specific 

molecular cutoff. In this case the Amicon® used were the Amicon Ultra-2 Centrifugal Filter 

Unit from Merck, with a 2 mL maximum volume and a molecular cutoff of 30 kDa. 

 

Figure 29. Amicon® filtering process of the loaded catanionic vesicles. 

 

Figure 29 depicts the centrifugal filtration process used in this thesis. First, the 

extruded loaded catanionic mixtures were placed into the Amicon® filter with a collection 

tube being fixed underneath and weighed as to determine the sample’s original mass. The 

samples were then centrifuged at 4800G for 15 minutes under controlled temperature 

(25⁰C). The collection tube, containing the free extracted diluted in buffer, was removed and 

a collection cone was fixed to the opposite end of the filter. The filter is then inverted and 
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placed back into the centrifuged where it was subjected to 2000G for 5 minutes under 

controlled temperature (25⁰C). The collection cone loaded with catanionic vesicles was then 

weighed and buffer was added as to return the sample to its original mass. The mixture was 

run through the centrifugal filtration process once more and buffer was added the final 

catanionic mixture to return to the sample’s original mass before being submitted 

quantification. 

2.3.3 High performance liquid chromatography 

Like all types of chromatography, high performance liquid chromatography (HPLC) 

is composed by two phases that will form the chromatographic bed, which for HPLC is a 

column. One phase is referred to as the stationary phase and the other as the mobile phase 

since it flows through the column. Compounds present in the samples are separated based 

on their preferential interaction with either the mobile or the stationary phase.124 

 For these studies the stationary phase was nonpolar,  we used a LiChrospher 100 

RP-18 (4.0mm X 250mm, 5µm particle size), which is a reverse-phase column, since it has 

an nonpolar stationary phase contrary to normal-phase columns using a polar stationary 

phase. The mobile phase was isocratic (constant composition) constituted by 75% water 

and 25% acetonitrile. 

The HPLC studies were done using an Elite LaChrom equipped with a DAD detector 

from Hitachi. The samples were injected (10µL) automatically into the column with the 

chromatographic process being run for 20 to 40 minutes, at 0.5mL·min-1 flow rate with 

compound detection being done with a 198 nm wavelength. These HPLC parameters had 

already been tested previously in the literature.125 

HPLC was used not only to qualitatively analyze the ethanolic C. cardunculus extract 

but also to quantify the extract loaded into the catanionic vesicles, for which we used a 

calibration curve that is represented in the Results and Discussion section of this thesis. 

 

2.3.4 Calculating encapsulation efficiency and loading capacity 

 After calculating the concentration of extract present in the loaded vesicles, the 

results were expressed in terms of encapsulation efficiency and loading capacity. 

 Encapsulation efficiency is defined as the percentage of initial drug, or extract in this 

case, that is present in the final delivery solution and ca be calculated using equation 16: 

Encapsulation efficiency (%) =  
𝐶𝑓

𝐶𝑖
× 100                                    (16) 
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 where Cf is the final encapsulated extract concentration and Ci is the total initial 

extract concentration.  

 The loading capacity does not compare initial and final extract, but instead it 

expresses which percentage of the final drug delivery system is composed by the 

encapsulation target. It is calculated using equation 17: 

Loading capacity (%) =   
𝑚𝑒

𝑚𝑒+𝑚𝑠
× 100                                           (17) 

where me is the mass of encapsulated extract and ms is the total mass of surfactant in 

solution. 
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3. Results and Discussion 

  

3.1 Phase behavior and structural characterization of 

catanionic mixtures 

 

In this section, different mixtures of cationic and anionic surfactants were prepared, 

and the molar fraction of the cationic surfactant was varied. The solutions were observed 

macroscopically to select the mixtures with that were most likely to contain vesicular 

aggregates. Those selected solutions were then observed microscopically to confirm the 

presence of said vesicles, and from those a few were further selected to advance to the 

next section. 

3.1.1 Mixtures of mLysn surfactants and gemini surfactants 

The mLysn surfactants used were 10Lys12, 12Lys10, 8Lys12 and 12Lys8. These 

surfactants were selected due to their low Tm (below 25 °C)38, 111 and low cytotoxicity. Five 

different gemini surfactants were utilized: 12-2-12, 12-3-12, 12-6-12, 12-10-12 and 12-12-

12. All the gemini surfactants have identical tail lengths, only differing on the length of the 

spacer between the two polar heads.  

Each mLysn surfactant was paired with each of the gemini surfactants, varying the 

molar fraction of the cationic surfactant (x+) from 0.30 to 0.70, with 0.10 increments. This 

resulted in 100 distinct catanionic mixtures to be investigated.  

Due to the number of solutions that needed to be observed, a basic screening was 

performed, where the macroscopic appearance of the solutions was evaluated 24h after 

sample preparation. 

 

 

Upon observing the samples, three distinct aspects, represented in Figure 30, could 

be discerned: (i) formation of a white precipitate that would be suspended upon sample 

Figure 30.  Different macroscopic appearances observed in the catanionic mixtures. 
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agitation; (ii) a clear solution that would turn cloudy upon agitation, a behavior suggestive 

of a liquid-liquid phase separation; and (iii) a bluish appearance that is often associated with 

vesicular solutions, that remains unchanged after agitation.  

Taking these macroscopic aspects into consideration, the solutions were observed 

and categorized. The systems were then organized according to which gemini surfactant 

was used in the catanionic systems, starting with the gemini surfactant with the smallest 

spacer. 

 

i) mLysn/12-2-12 catanionic systems 

 

 

  

As shown in Figure 31, the catanionic systems involving the mLysn surfactants 

10Lys12 and 12Lys10 result in precipitation or liquid-liquid phase separation across the 

whole range of x+ tested, with crystallite precipitates visible under microscope. For the 

systems utilizing the 12Lys8 and 8Lys12 mLysn surfactants, the mixture with 12-2-12 

proves to form vesicular aggregates. From x+ = 0.50 to 0.70 in the case of 8Lys12 and 

Figure 31. Macroscopic appearance screening of the catanionic mixtures containing 12-2-12. 
Relevant representative micrographs of a specific system (circle) were added. 
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x+=0.30 to 0.60 for 12Lys18, these vesicles appear rather abundant and fairly 

monodisperse, under microscopic evaluation. A possible explanation for the vesicle-forming 

ability of the mLysn surfactants 12Lys8 and 8Lys12 lies is the 8-carbon tail present in these 

molecules. It’s possible that the 10 carbon chain present in 10Lys12 and 12lys10 is affecting 

the packing of the hydrocarbon tails between the two ionic surfactants, and thus making the 

vesicular aggregates not energetically favorable126, which could then result in phase 

separations either liquid-liquid or solid-liquid (precipitation) as can be seen in Figure 31. 

Although the 2-carbon reduction may not appear significant, if the system is on the edge of 

stability, a 20% increase in tail length might be enough to cause phase separation. 

 

ii) mLysn/12-3-12 catanionic systems 

 

 

 

When comparing the mixtures with12-3-12 to those with 12-2-12, differing only by 

the addition of one carbon to the gemini’s spacer, the aggregation profile is significantly 

different, as we can see in Figure 32. For the 10Lys12 solutions, vesicular aggregates were 

Figure 32. Macroscopic appearance screening of the catanionic mixtures containing 12-3-12. 
Relevant representative micrographs of a specific system (circle) were added. 
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observed at the x+= 0.30, 0.50 and 0.60, with a presence of both multi-lamellar and multi-

vesicular aggregates. The 12Lys10 mixtures form vesicular aggregates when x+=0.30 to 

0.50, with multilamellar vesicles present. The 8Lys12 system also shows vesicular 

aggregates but when x+= 0.60 and 0.70; however, these vesicular structures were not the 

only supramolecular structures present since lamellar aggregates were also observed, as 

represented in Figure 32. The 12Lys8 system generates vesicular aggregates when 

x+=0.30, 0.50, 0.60 with multilamellar vesicles present.  

When compared to the 12-2-12 series, the 12-3-12 catanionic mixtures appear to be 

more prone to form vesicular aggregates. For example, where 12-2-12 failed with the 

12Lys10 and 10Lys12 surfactants, the gemini 12-3-12 appears to succeed. This might be 

explained once more due to the packing of the molecules, although this time the length of 

the hydrocarbon tails is not the deciding factor but rather the length of the gemini spacer. 

When in the bilayer the gemini molecule’s polar region establish electrostatic interactions 

with the mLysn surfactants to form a stable vesicle, but there also steric interactions to take 

into account. The presence of a third carbon molecule in the 12-3-12 spacer could increase 

the flexibility of said spacer and thus allow the gemini molecule’s polar group to more easily 

pack at the interface and thus overcome any stability barrier that the 12-2-12 could not. 

 This could be indicative that the 12-2-12 molecule was unable to pack properly with 

the 12Lys10 and 10Lys12 surfactants not only in the hydrophobic region but possibly also 

in the polar head region. 

 

iv) mLysn/12-6-12 catanionic systems 

The increase in spacer length from the 12-3-12 surfactant to the 12-6-12 is very 

substantial and certainly resulted in a higher structural flexibility of the polar head of the 

gemini surfactant. Yet, such an increase is clearly not beneficial when it comes to the 

formation of vesicular aggregates, as can been seen in Figure 33.  

When it comes to the 10Lys12 systems, vesicular aggregates are observed when 

x+= 0.30 and 0.60. However, these vesicles remain in close proximity to each other even 

after applying pressure on the lamella, which suggests that they do not possess a significant 

surface charge and thus flocculate due to lack of electrostatic repulsions. A similar pattern, 

even more noticeable, is observed for the vesicular aggregates formed by the 12Lys10 

system which can only form vesicles when x+= 0.40. 

The 8Lys12 system can also only form vesicular aggregates at a single specific 

molar fraction of gemini surfactant which is when x+= 0.40. The vesicles form appears to 

vary greatly in size, from LUVs to GUVs , and in the number of bilayers, since MLVs can 

also be observed in Figure 33. 
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Lamellar structures are also present in the representative micrograph of the system. 

Lastly, the 12Lys8 system, like 8Lys12 and 12Lys10, is only capable of forming vesicular 

aggregates at a single specific x+, which in this case is 0.30. Under the microscope, the 

observed vesicles were much more homogenous in size than 8Lys12 and no lamellar 

structures are observed. 

The question that remains is, why does 12-6-12, despite having increased flexibility 

in its polar region, perform much worse than 12-3-12 in the matter of vesicle formation. The 

most probable cause for this phenomenon, is that although 12-6-12 might have a more 

flexible headgroup due to the increase in spacer length, this also means that the molecule 

has a much larger headgroup region and the advantages that flexibility might have brought 

are downplayed by steric repulsions. While 12-3-12 can thread the needle between 

headgroup flexibility and size, and thus form a large number of multiple systems with stable 

vesicles, 12-6-12 overdoes it in headgroup size to the point that the vesicle aggregates are 

Figure 33. Macroscopic appearance screening of the catanionic mixtures containing 12-6-12. 

Relevant representative micrographs of a specific system (circle) were added. 
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not stable for a wide mixing ratio with anionic surfactants, and hence collapse to other 

structures. 

 

v) mLysn/12-10-12 catanionic systems 

 

 

 

Observing Figure 34, once more we can see that phase separation/precipitation 

dominates the phase behavior, and now even more dominantly since the size of the spacer 

has increased by 4 carbons, thus aggravating the steric constraints that were present in the 

12-6-12 systems. When observing the 10Lys12 mixtures, we can see that only one, x+=0.60, 

of the five molar fractions of cationic surfactant tested is successful in forming vesicular 

aggregates, with a large MLV being present in the representative micrograph. The same 

can be observed for 12Lys10, which can form vesicles when x+=0.30.  

Observing the 8Lys12 system, we can see that vesicles are present when x+= 0.40, 

although not in great number, at least not visible under light microscope. The 12Lys8 system 

Figure 34. Macroscopic appearance screening of the catanionic mixtures containing 12-10-12. 
Relevant representative micrographs of a specific system (circle) were added. 
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keeps the pattern of only one cationic molar fraction capable of generating vesicles, x+=0.40, 

and once again these are not very abundant when the observation is done under 

microscope. It would seem that the increase in spacer once more influences negatively the 

ability of the systems to assemble in vesicles, with one less successful system being present 

in the 12-10-12 systems when compared with 12-6-12. 

 

 

vi) mLysn/12-12-12 catanionic systems 

 

 

The final spacer increase, 2 carbons more that the previously considered series, 

results in the least successful ability to form vesicles of the five gemini surfactants tested, 

as can be confirmed by Figure 35. 

Both the 10Lys12 and 12Lys10 systems form liquid-liquid phase separation across 

all the tested molar fractions of cationic surfactant. The 8Lys12 and 12Lys8 series both 

Figure 35. Macroscopic appearance screening of the catanionic mixtures containing 12-12-12. 
Relevant representative micrographs of a specific system (circle) were added. 
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have vesicular aggregates present when, x+=0.40, although not very abundantly as can be 

seen in the respective micrographs. 

The increase in spacer once more results in poorer performance when it comes to 

vesicle formation. The 12-12-12 gemini originates 2 successful mixtures less than its 

predecessor 12-10-12. 

 

3.1.2. Selection of composition for the mLysn/gemini systems  

After macroscopic and microscopic observation of the different catanionic mixtures, 

29 different molecular combinations were obtained where vesicular aggregates were 

present. However, working with all those systems simultaneously would be unnecessarily 

convoluted, and therefore a second screening was applied to the successful systems. As 

represented in Table 6, the gemini surfactant 12-3-12 was involved in the formation of most 

of the catanionic vesicular systems, amassing 11 successful mixtures. Gemini molecules 

with longer spacers, as stated before, were much less successful in vesicle formation. 

 

       Table 6. Number of vesicular compositions formed by each tested gemini surfactant. 

 

  

From 12-3-12 to 12-6-12, the number of vesicular compositions decreased by about 

50%. In the future, it would be interesting to study other gemini surfactants such as 12-4-12 

and 12-5-12 to evaluate whether 12-3-12 would remain the most successful gemini 

surfactant when in combination the tested mLysn surfactants. 

 Due to time constraints and to focus our work, the only gemini surfactant used going 

forward was 12-3-12. 

 

 

 

Cationic surfactant 
Number of vesicular 

compositions 

12-2-12 7 

12-3-12 11 

12-6-12 5 

12-10-12 4 

12-12-12 2 
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Table 7 Number of vesicular compositions formed by each tested mLysn surfactant. 

Anionic surfactant Number of vesicular systems 

10Lys12 4 

12Lys10 5 

8Lys12 8 

12Lys8 10 

 

 

Having selected the cationic surfactant 12-3-12, the anionic counterpart remained 

to be chosen. In this case, more than one mLysn is to be selected, as to diversify the 

systems to later increase the probability of encapsulation. As we can see in Table 7, 12Lys8 

and 8Lys12 surfactants form 10 and 8 vesicular compositions, respectively, which is double 

of what their 12Lys10 and 10Lys12 counterparts form. Yet 12Lys8 and 8Lys12 are very 

similar molecules and using both of them would not contribute to the diversity of the tested 

systems during the encapsulation assays; therefore, only 12Lys8 was used.  

The next logical step would be to utilize 12Lys10 as well, but after a week at 

25±0.02⁰C the 12Lys10 mixtures began to form tubular aggregates. By process of 

elimination, the 10Lys12 surfactant was selected and together with 12Lys8, were chosen 

as the mLysn surfactants used in the following studies. However, a catanionic mixture is not 

defined solely by the molecules that constitute it, but also by the molar ratio between the 

surfactants. In the next sections, the 12-3-12/12Lys8 and 12-3-12/10Lys12 systems are 

observed more thoroughly to select the cationic molar ratio (x+) that microscopically appears 

to form the best vesicular system. 

 

i) 10Lys12/12-3-12: selection of the x+ 

In Figure 36, one can see the micrographs of the different molar ratios where 

vesicular aggregates were suspected under macroscopic observation and confirmed via 

microscope.  

The 10Lys12/12-3-12 system form vesicular aggregates when x+= 0.30, 0.50 and 

0.60. Yet, as can be observed in Figure 36, the microscopic appearance of these systems 

is clearly different. Both the x+=0.30 and x+=0.60 systems contain not only vesicles, but also 

lamellar structures. While it is possible to run these systems through an extrusion process 

to force the said lamellar structures into vesicular shape, those newly formed vesicles can 
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be only metastable, and in time return to their original form, therefore making it difficult to 

guarantee system’s stability.  

 

On the other hand, the x+= 0.50 system contains only vesicular aggregates that 

appear to not vary to greatly in size, at least from microscopic evaluation. This system 

possesses a higher probability of success in the stability and encapsulation tests that will 

be performed later, and therefore was selected. 

 

ii) 12Lys8/12-3-12: selection of x+ 

In Figure 37, we show the different microscopic appearances for the 12Lys8/12-3-

12 vesicular solutions, that were achieved when x+=0.30, 0.50 and 0.60. In this system there 

are no lamellar structures present and only vesicles are observed.  The system x+=0.30 

forms vesicular aggregates, although not many are visible under microscope, most likely 

due to their small size that is beyond the microscope resolution. The system x+=0.50 has a 

much more abundant number of vesicular aggregates present, some multivesicular as 

represented in Figure 37. Most of the aggregates were also too small to obtain a resolute 

micrograph but were perceptible in the live image. The x+=0.60 system has vesicular 

aggregates present, but unfortunately most of them are multivesicular or with a tendency 

for flocculation, which could be indicative of a low vesicular surface charge, that in turn 

makes this a difficult system to work for drug delivery applications. 

Figure 36. Microscopic representation of the different x+ that formed vesicular aggregates for the 10Lys12/12-
3-12 catanionic system. 
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The x+=0.30 and 0.50 were selected for further assays as they seem to form stable 

vesicles and have a different enough x+ to generate interesting results and discussion.  

In summary, the systems advanced to the next phase of development as a result of 

these screening procedures are: 10Lys12/12-3-12 (x+=0.50), 12Lys8/12-3-12 (x+=0.30) and 

12Lys8/12-3-12 (x+=0.50). 

 

3.1.3 Mixtures of mLysn surfactants and single-tailed surfactants 

 

The systems screened in this subsection were once more composed by anionic 

mLysn surfactants. However, instead of gemini surfactants, the cationic component of the 

catanionic solution was a single-tailed surfactant. The selected mLysn was 12Lys8, mostly 

due to its vesicle-forming ability in the mLysn/gemini catanionic system’s screening. To 

study the effects of chain length in vesicle formation, 14Lys8 was also used in the studies 

described below. Two commercially available cationic surfactants were used in these 

mixtures, the 12 hydrocarbon tail DTAB and the 16 hydrocarbon tail CTAB, which will allow 

to study whether the hydrophobic effect has a big influence in the systems’ ability to 

assemble into vesicles. 

 

 

Figure 37. Microscopic representation of the different x+ that formed vesicular aggregates for the 12Lys8/12-3-

12 catanionic system. 

Figure 38. Microscopic appearance of a catanionic system containing a hydrogel. 
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The studied mixtures have a x+ that varies from 0.10 to 0.60 in increments of 0.10. 

In this set of mixtures, a lower initial x+ is possible due to the molecular geometry of the 

DTAB and CTAB, which have a lower Ps than the gemini surfactants, thus reducing the 

probability of phase separation at lower x+. The number of catanionic mixtures from this 

group of surfactants totaled in 24, and thus a macroscopic screening was applied, similar 

to the one done for the mLysn/gemini systems, so as to reduce the number of systems used 

in further experiments. 

In the mLysn/single-tailed mixtures, however, a new macroscopic appearance 

represented in Figure 38, is observed instead of precipitation or liquid-liquid phase 

separation — the presence of a hydrogel composed by mLysn tubules. 
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i) 12Lys8/single-tailed catanionic systems 

 

 

 

As it is depicted in Figure 39, the 12Lys8/single-tailed mixtures do not result in phase 

separations, but instead in a gradual aggregate conversion from tubular structures to 

vesicles as x+ increased.  

It is important to underline that this transition is gradual and that the cationic 

surfactant interferes with tubule formation. 12Lys8 on its own can form highly dense tubule 

hydrogels, but after the addition of CTAB or DTAB in x+ as low as 0.4, such high-density 

hydrogels are no longer detected, macro or microscopically. The cationic surfactants are 

most likely preventing the appropriate packing of the mLysn surfactants and interfering with 

tubule-tubule interaction thus preventing the formation of a hydrogel and instead favoring 

small, isolated tubule structures. 

Figure 39. Macroscopic appearance screening of the catanionic mixtures containing 
12Lys8. Relevant representative micrographs of a specific system (circle) were added. 
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The effect of chain length on the formation of vesicles, appears to not be present, 

since both the CTAB and DTAB catanionic mixtures begin to from vesicular aggregates 

when x+= 0.40 and continue to do so for x+= 0.50 and 0.60. 

 

ii) 14Lys8/single-tailed catanionic systems 

 

Observing Figure 40, it is readily apparent that the DTAB and 14Lys8 systems are 

not able to form vesicles in any of the tested x+.  

CTAB based systems however are capable of forming vesicles when x+=0.40, 0.50 

and 0.60, which leads us to conclude that the hydrocarbon chain length of the cationic 

surfactant does in fact affect vesicle formation in the case of 14Lys8 systems. 

Normally, shorter chained surfactants have better packing capabilities than longer 

ones in mixed surfactant systems.126 The shorter tail allows the surfactant to better pack in 

the vesicular bilayers without destabilizing the hydrophilic portion of the leaflet while a longer 

hydrocarbon chain might cause vesicles to no longer be the most thermodynamically 

Figure 40. Macroscopic appearance screening of the catanionic mixtures containing 14Lys8. 
Relevant representative micrographs of a specific system (circle) were added. 
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favorable aggregate and instead form lamellar structures. In the present case however, this 

effect is not verified. The most probable explanation is that the longer chained CTAB is 

capable of preventing the proper packing of the 14Lys8 molecules by decreasing the 

molecular interaction between the mLysn surfactants to a point that, at 25±0.02°C, 14Lys8 

is incapable of packing into a gel phase and instead forms mixed vesicles with the cationic 

surfactant. It appears that the lower destabilizing power of DTAB is a disadvantage in this 

type of system. In this context, it would be interesting to study the variation of Tm for the 

14Lys8/CTAB systems as x+ increases. 

From this and the previous screening, the mixtures 12Lys8/DTAB, 12Lys8/CTAB 

and 14Lys8/CTAB were chosen to be submitted to subsequent studies. The 14Lys8/DTAB 

systems, however, were not advanced any further in this thesis. 

 

3.1.4 Selection of composition for the mLysn/single-tailed systems 

In this section the specific cationic molar ratios aimed at the encapsulation assays 

were determined based on microscopic observation of the different x+ of the 12Lys8/DTAB, 

12Lys8/CTAB and 14Lys8/CTAB catanionic systems. 

 

i) 12Lys8/DTAB: selection of x+ 

The three vesicular solutions present for the 12Lys8/DTAB mixtures were obtained 

using the cationic molar ratios of 0.40, 0.50 and 0.60. The three micrographs present in 

Figure 41, are undoubtedly similar in the aggregate composition. All the solutions have 

vesicles present, without trace of any tubules or lamellar structures.  

 

All three of these catanionic mixtures present high capacity for the creation of 

delivery systems. Yet, for the sake of time constraints the number of mixtures advancing for 

Figure 41. Microscopic representation of the different x+ that formed vesicular aggregates for the 
12Lys8/DTAB catanionic systems. 
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the next studies needed to be reduced as to not make further experiments too convoluted. 

The most logical mixture to be eliminated would be x+=0.40 since it sits at the limit of tubule 

formation and would be the system most likely to develop tubular aggregates as time 

progresses. Therefore, only the systems 12Lys8/DTAB, x+=0.50, and 12Lys8/DTAB, 

x+=0.60, will be used in further studies, although the x+=0.40 system has potential and could 

be investigated outside the context of this thesis. 

 

ii) 12Lys8/CTAB: selection of x+ 

The micrographs for vesicular solutions of the 12Lys8/CTAB mixtures are 

represented in Figure 42. These vesicles were present when x+=0.40, 0.50 and 0.60 as was 

the case for all the systems in this section.  

 

 

The x+=0.40 catanionic mixture were not used in further studies since vesicles begun 

to aggregate in solution and after a week at 25±0.02°C tubular structures started to form, 

which could be indicative that a cationic molar fraction of 0.40 might not be sufficient to 

prevent the formation of tubular aggregates but instead only slowing the kinetics of their 

assembly. 

No tubules are detected in the x+=0.50 and 0.60 mixtures, which make them both 

strong candidates for the development of delivery systems. However, since the x+=0.60 

mixture has a large prevalence of multilamellar vesicles that are not the desired focus of 

this thesis and such structures are not present in the x+=0.50 solution, the selected system 

to progress into further development and characterization was the 12Lys8/CTAB (x+=0.50). 

 

 

Figure 42. Microscopic representation of the different x+ that form vesicular aggregates for the 12Lys8/CTAB 
catanionic systems. 
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iii) 14Lys8/CTAB: selection of x+ 

 

In Figure 43 we can observe the micrographs for the 14Lys8/CTAB catanionic 

mixtures that are able to form vesicular aggregates, which were x+=0.40, 0.50 and 0.60. 

Although these 3 solutions contain vesicular aggregates, under microscopic evaluation 

there are enough differences that favor one x+ over the others.  

 

 

The x+=0.40 system possesses multi-vesicular aggregates and elongated 

structures, as can be seen in the respective micrograph in Figure 43, that are not ideal for 

drug delivery. Also, since the x+=0.30 system forms tubules, the x+=0.40 system stands at 

the border between tubular and vesicular formation, and therefore has a higher chance of 

still forming tubular aggregates.  

In the subsequent system, x+= 0.50, the elongated bilayer structures are not 

observed, but another issue was detected. The vesicles of this system tend to aggregate, 

which is most likely due to low surface charge and therefore low electrostatic repulsions. 

Vesicular agglomerates can be more easily removed from circulation; therefore, this system 

was not used in the encapsulation studies. 

The x+=0.60 system does not have any elongated structures or vesicle aggregation, 

but it does still have multi-vesicular aggregates, such as the one seen in the respective 

micrograph in Figure 43. Yet these structures are much less common in this system and 

can be removed by extrusion. Taking these results into account, the 14Lys8/CTAB (x+=0.60) 

catanionic system is the most logical choice to advance for further studies. 

 

Figure 43. Microscopic representation of the different x+ that formed vesicular aggregates for the 14Lys8/CTAB 
catanionic systems. 
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3.2 Interfacial properties of catanionic mixtures 

In this section, the results for the interfacial properties of the three selected 

mLysn/gemini systems, 10Lys12/12-3-12 (x+=0.50), 12Lys8/12-3-12 (x+=0.30) and 

12Lys8/12-3-12 (x+=0.50), are presented, including their critical aggregation concentration 

determined using surface tension measurements. The same is done for the four 

mLysn/single-tailed systems, 12Lys8/DTAB (x+=0.50), 12Lys8/DTAB (x+=0.60), 

12Lys8/CTAB (x+=0.50) and 14Lys8/CTAB (x+=0.60). 

 

3.2.1 Neat surfactants  

The interfacial properties the anionic mLysn surfactants and the cationic gemini and 

single-tailed surfactants were previously determined in our research group in different 

works38, 111 The surface tension measurements of the mLysn surfactants are represented in 

Figure 44.  

 

 All catanionic mixtures were prepared and their interfacial properties measured 

using a pH =10.0 buffer solution; however, the same procedure was not applied to the 

measurement of all neat surfactants. The surface measurements of the neat surfactants 

were performed using conditions in which the surfactants molecules are stable. The 12Lys8, 

8Lys12 and 14Lys8 surfactants were measured in non-buffered pH conditions without any 

abnormal behavior, such as precipitation. 12Lys10 and 10Lys12 had were previously 

measured in pH=10.0 buffer since they were used in drug delivery studies111 and its advised 

to used buffered solution for systems aimed at biomedical applications.  

One of the advantages of catanionic mixtures is the reduction in cac resulting from 

the synergistic interaction of the surfactants.9, 127 Therefore, it is always interesting to 

compare the mixture’s cac with the neat surfactants’ cmc.  
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Figure 44. Surface tension curves of the different mLysn surfactants. The a) and b) measurements are for pH = 

10.0 in buffer. The c), d), and e) measurements are for pH = 12.0 with a NaOH solution. All measurements were 

performed for 25.0±0.2⁰C temperature, except e) which was done at 40.0 ± 0.2 ⁰C due to the high Tm of 14Lys8. 

Since the surface tension of neat 12Lys8 and 14Lys8 was not measured under the 

same conditions as the mixtures where they were used, it would usually prove difficult to 

evaluate rigorously any synergistic effect on the cac, since the cmc of buffered and non-

buffered solutions can differ by a factor of 3 for lysine-based surfactants.111 However, the 

synergistic effect on cac in the mLysn mixtures was so prominent, that this difference 

between buffered and non-buffered cmc values of the neat surfactants becomes negligible. 

As such the values present in Table 8 can be used to compare cmc of neat surfactants with 

the cac of the mLysn/gemini or single-tailed catanionic mixtures. 
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Table 8. Interfacial properties of the neat mLysn surfactants. 

System cmc[a] / µmol·kg
-1

 106 Γ / mol·m-2 amin
[b] / nm2 

12Lys8 110 2.61 1.64 

8Lys12 85 2.20 0.75 

12Lys10 5.6 1.80 0.92 

10Lys12 4.9 1.10 1.51 

14Lys8 8.5 2.64 1.29 

 [a] Typical uncertainty < ± 10%. 

[b] Typical uncertainty < ± 5%. 

 

The cationic surfactants were measured at a temperature of 25.0 ± 0.1⁰C with a non-

adjusted pH, with only ultrapure water being used. This lack of pH control, however, should 

not influence the interfacial properties of these surfactants significantly since they are not 

pH-sensitive (amphoteric) like the mLysn surfactants. The data referring to the cationic 

surfactants is displayed in Table 9. 

Table 9. Interfacial properties of the individual cationic surfactants. 

Cationic surfactant cmc[a] / mmol·kg
-1

 

12-2-12 0.890 

12-3-12 0.918 

12-6-12 0.982 

12-10-12 0.406 

12-12-12 0.340 

DTAB 13.9 

CTAB 0.847 

      [a] Typical uncertainty < ± 10%. 
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3.2.2 mLysn/gemini catanionic systems 

The following surface tension measurements were obtained at a temperature of 

25.0±0.2°C. 

 

i) 10Lys12/12-3-12 mixture at x+ = 0.50 

 

 

In Figure 45, the surface tension measurements of the 10Lys12/12-3-12 (x+=0.50) 

system can be seen. The surface tension curve observed is as expected for a surfactant 

system, with a linear descent followed by a plateau. The intersection of the two linear 

regressions represents the point in which the surfactant monomers begin to self-assemble 

into vesicular aggregates, the critical aggregation concentration. The cac for this particular 

system is 3.4 µmol·kg-1, emphasizing one of the major advantages of catanionic systems, 

the lower cac of the system when compared to the individual surfactants (cmc10Lys12 = 4.9 

µmol·kg-1; cmc12-3-12 ≈ 918 µmol·kg-1).  

In single surfactant systems, the surface tension measurements allow to infer other 

molecular properties of the surfactants, such as the maximum surface excess and minimum 

surface area per molecule, by applying Gibbs adsorption isotherm. Such calculations 

cannot be applied in catanionic mixtures because the molecular composition at the air-liquid 

interface is not known. 

 

 

 

 

 

Figure 45. Surface tension measurements of the 10Lys12/12-3-12 (x+=0.50) catanionic system. 
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ii) 12Lys8/12-3-12 at x+=0.30  

 

 

The surface tension curve for the 12Lys8/12-3-12 (x+=0.30) system is represented 

in Figure 46. The intersection of the two linear regressions reveals a cac = 5.4 µmol·kg-1, 

which remains lower than the individual components of the mixture (cac12Lys8 = 110 µmol·kg-

1; cac12-3-12 ≈ 918 µmol·kg-1), once more highlighting the synergistic interaction present in 

catanionic systems. 

 

iii) 12Lys8/12-3-12 at x+=0.50  

 

In Figure 47, one can see the surface tension curve of the 12Lys8/12-3-12 (x+=0.50). 

This composition has a sharper decrease in surface tension than x+=0.30 and hence this 

suggests higher surface activity, which is related to a higher fraction of 12-3-12. It is likely 

Figure 46. Surface tension measurements of the 12Lys8/12-3-12 (x+=0.30) catanionic system. 

Figure 47. Surface tension measurements of the 12Lys8/12-3-12 (x+=0.50) catanionic system. 
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that the increase in cationic surfactant has improved packing at the interface, by minimizing 

electrostatic repulsion between the 12Lys8 molecules. This also translated into a lower cac, 

1.35 µmol·kg-1 than for x+=0.30, cac = 5.4 µmol·kg-1. 

 

3.2.3 Comparing the cac and γcac of the mLysn/gemini mixtures 

In all the systems that were studied, the synergistic effect on aggregation between 

the cationic and anionic surfactant is clearly verified as can be confirmed in Table 10, since 

in all the catanionic mixtures the cac is lower than that of the individual surfactants. This 

effect is especially pronounced in the 12Lys8 and 12-3-12 surfactants, since in catanionic 

mixture the cac is reduced in a range of 20 to 115-fold.  

The comparison of the cac of the different systems yields interesting results. In a 

single surfactant system, it would be expected that the surfactant with the largest 

hydrocarbon tail would have a stronger hydrophobic effect and therefore a lower cac. Yet 

the 10Lys12 system has a higher cac than the 12Lys8/12-3-12 (x+=0.50), which emphasizes 

that in mixed surfactant systems there are more variables in play when it comes to 

aggregation such as the stable packing in the vesicular bilayer. 

The surface tension at the cac, γcac is nearly identical in all the studied catanionic 

mixtures. 

Table 10. Critical aggregation concentration and γcac for the different mLysn/gemini systems tested. 

System cac / µmol·kg-1 γcac / mN·m-1 

10Lys12/12-3-12 (x+=0.50) 3.4 ± 0.2 22.9  

12Lys8/12-3-12 (x+=0.30) 5.4 ± 0.7 22.2 

12Lys8/12-3-12 (x+=0.50) 1.3 ± 0.1 21.6 
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3.2.4 mLysn/single-tailed catanionic systems 

The surface tension curves represented in this section were obtained at a 

temperature of 25.0±0.5°C. 

 

i) 12Lys8/DTAB at x+=0.50 

In Figure 48, one can observe the surface tension curve of the 12Lys8/DTAB 

(x+=0.50) catanionic system. 

 

 

From the two linear sections of the curve depicted, their intersection point can be 

determined and therefore the calculated cac results in a value of 6.7 µmol·kg-1.  

 

ii) 12Lys8/DTAB at x+=0.60  

The surface tension measurements of the 12Lys8/DTAB (x+=0.60) system is 

depicted in Figure 49.  The surface tension of this system clearly has a profile that is distinct 

from the ones observed so far.  

The surface activity of this system is markedly lower than any of the other tested 

catanionic mixtures. The slope associated with the linear region that precedes the cac has 

is much less steep than the rest of the catanionic systems, and this is then reflected on the 

value of the cac itself, 31.4 µmol·kg-1, which is the highest of all the measured systems. The 

difference between this system and the 12Lys8/DTAB (x+=0.50) one is a 0.10 increase in 

the molar fraction of DTAB. Such a drastic increase in cac, from 6.7 to 31.4 µmol·kg-1 might 

be explained by the high cac of DTAB itself which is approximately 13.9 mmol·kg-1.  

Figure 48. Surface tension measurements of the 12Lys8/DTAB (x+=0.50) catanionic system. 
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The fact that DTAB has a cac that is approximately 10 times higher than 12Lys8 

might explain why such a small increase in x+ resulted in a 5-fold increase in the cac of the 

catanionic system. In spite of this, the cac of the system is still lower than the individual 

surfactants, since 12Lys8 still has a cac of 110 µmol·kg-1.  

 

 

 

iii) 12Lys8/CTAB at x+=0.50 

The surface tension curve of the 12Lys8/CTAB (x+=0.50), represented in Figure 50, 

has a profile that suggests high surface activity. The surface tension immediately begins to 

decrease rapidly after the first addition of surfactant solution, quickly reaching the linear 

region preceding the cac. 

 

Figure 49. Surface tension measurements of the 12Lys8/DTAB (x+=0.60) catanionic system. 

Figure 50. Surface tension measurements of the 12Lys8/CTAB (x+=0.50) catanionic system. 
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The same behavior is observed for the 12Lys8/DTAB (x+=0.50) system, however the 

CTAB mixture has a lower cac, 4.0 µmol·kg-1.  The decrease in cac can be attributed to the 

increase in chain length of the cationic surfactant, since CTAB possesses a 16-carbon tail 

and DTAB a shorter 12 carbon tail.  This is reflected in the cac of the individual surfactants 

since CTAB has a cac of 0.847 mmol·kg-1 128, which is 16 times lower than DTAB due to the 

increase in hydrophobic effect resulting from the longer hydrocarbon chain. 

 

iv) 14Lys8/CTAB at x+=0.60 

Observing Figure 51, we can denote that the 14Lys8/CTAB (x+=0.60) system, like 

most of the catanionic systems seen so far, has high surface activity.  

 

Comparatively to the 12Lys8/CTAB mixture, the 14Lys8 derivative seems to improve 

the interfacial properties of the catanionic mixture. This improvement is seen by the lower 

cac of this system, 1.3 µmol·kg-1. This effect should be mostly attributed to the lower cac of 

the 14Lys8 surfactant, 8.5 µmol·kg-1, which is almost 13 fold lower than the cac of 12Lys8. 

 

3.2.5 Comparing the cac and γcac of the mLysn/single-tailed systems 

Observing Table 11, we can denote that the DTAB systems have a higher cac than 

all the CTAB based systems, which was to be expected due to the increased hydrophobic 

effect resulting from the longer hydrocarbon chain present in CTAB. A similar explanation 

can be applied to the decrease in cac from 12Lys8 systems to 14Lys8 ones, this time not 

because of the cationic surfactant, but instead due to the longer hydrophobic chain present 

in 14Lys8. The most uncommon result from this set of experiments was the cac value for 

the 12Lys8/DTAB (x+ = 0.60) system, which deviates significantly from the set. The 

Figure 51. Surface tension measurements of the 14Lys8/CTAB (x+=0.60) catanionic system. 
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discrepantly high cac value could be attributed to the increase in the DTAB molar fraction, 

as mentioned before, since DTAB has a relatively high cac but could also be related to an 

increased number of positive headgroups at the interface, hampering molecular packing by 

increasing electrostatic repulsion between the surfactant molecules. 

 

Table 11. Critical aggregation concentration and γcac for the different mLysn/single tailed systems tested. 

The γcac of the tested systems are remarkably similar, as was observed for the 

mLysn/gemini systems. All the values are lower than the individual surfactants, especially 

for the cationic DTAB and CTAB that have a γcac between 40 and 35 mN·m-1.129 

 

3.3 Vesicle characterization 

In this section dynamic light scattering (DLS) was used to determine the 

hydrodynamic diameter of the vesicular aggregates present in both the mLysn/gemini and 

mLysn /single-tailed catanionic mixtures. Surface charge was also determined since it plays 

an important role in vesicle stability, and interaction with possible therapeutic targets. 

The colloidal stability of the vesicles was also evaluated over the course of 15 days 

by monitoring size and charge variations over that time. 

 

3.3.1 mLysn/gemini vesicles: size and charge 

In this sub-section we will evaluate the size, polydispersity index (PDI) and surface 

charge of three mLysn/gemini catanionic systems: 10Lys12/12-3-12 (x+=0.50), 12Lys8/12-

3-12 (x+=0.30) and 12Lys8/12-3-12 (x+=0.50). Some of the samples were submitted to the 

extrusion process while others were kept undisturbed, so as to determine the effect of said 

extrusion on the vesicular aggregates. The catanionic mixtures were monitored by DLS and 

the resulting data is displayed on Table 12. 

 

Catanionic System cac/ µmol·kg-1 γcac / mN·m-1 

12Lys8/DTAB (x
+
=0.50) 6.7 ± 0.1 23.2 

12Lys8/DTAB (x
+
=0.60) 31.3 ± 0.3 24.5 

12Lys8/CTAB (x
+
=0.50) 4.0 ± 0.3 22.6 

14Lys8/CTAB (x
+
=0.60) 1.3 ± 0.1 23.7 
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Table 12. Mean hydrodynamic diameter (DH), PDI and zeta potential of the mLysn/gemini catanionic systems. 

System Sample  Mean D
H
 / nm PDI 

Zeta 
potential / 

mV 

10Lys12/12-3-12 
(x

+
=0.50) 

Non-
extruded 

301 ± 12 0.29 27.8 ± 0.5 

1st 
extruded 
duplicate 

453 ± 24 0.25 31.0 ± 0.3 

2nd 
extruded 
duplicate 

235 ± 6 0.25 31.5 ± 0.7 

12Lys8/12-3-12 
(x0.30) 

Non-
extruded 

Population 
A:  

91 ± 30 

Population 
B:  

1167 ± 390 
------- -32.7 ± 0.5 

1st 
extruded 
duplicate 

120 ± 10 0.26 -40.1 ± 0.7 

2nd 
extruded 
duplicate 

123 ± 2 0.24 -41.1 ± 0.8 

12Lys8/12-3-12 
(x

+
=0.50) 

Non-
extruded 

Population 
A: 

59 ± 19 

Population 
B: 

476 ± 56 
------- 31.1 ± 0.5 

1st 
extruded 
duplicate 

240 ± 18 0.22 31.6 ± 0.9 

2nd 
extruded 
duplicate 

Population 
A: 

112 ± 9 

Population 
B: 

679 ± 273 
------- 28.7±0.8 

 

 

i) 10Lys12/12-3-12 at x
+
=0.50 

Observing Table 12, we can see that three samples belonging to the 10Lys12/12-3-

12 (x
+
=0.50) system vary greatly in size and in an unexpected manner. Before extrusion, 

the mean DH was 301 nm, yet after running two independent samples through 400 and 100 

nm filters, the resulting vesicles have diameters of 453 and 235 nm. It would be expected 

that after extrusion both samples would have a smaller diameter than the non-extruded 

solution, yet that was not the case, as can be seen in Figure 52. 
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Figure 52. Intensity distribution of the 10Lys12/12-3-12 (x+=0.50) catanionic system before and after extrusion.  

 

Although the PDI of the extruded samples was slightly lower (0.25) when compared 

to the non-extruded one (0.29), in terms of reducing the vesicles size, the extrusion process 

does not seem to be highly effective for this system. 

When it comes to zeta potential, the particles are positively charged which is 

expected, although the molar fraction of cationic and anionic surfactant are equal, the 

gemini molecule has two positive charges while the mLysn only has one negative charge, 

hence there is an excess of positive charge in these vesicles. The magnitude of said zeta 

potential did increase slightly after extrusion, from 27.8 mV to 31.0 and 31.5 mV. The reason 

for this increase is not yet certain. It is possible that the distribution of cationic and anionic 

surfactants is not homogenous between the two bilayer leaflets and the extrusion process 

might have caused a membrane reorganization resulting in a larger number of gemini 

surfactants to accumulate in the outer leaflet, thus increasing positive charge.  

 

ii) 12Lys8/12-3-12 at x+=0.30 

In Table 12, we can observe that the non-extruded sample contains in fact two 

vesicle populations of significantly different sizes, population A with mean DH = 91 nm and 

population B with mean DH = 1167 nm. After extrusion, however, as can be seen in Figure 

53, the largest population is no longer visible, and hence we can conclude that the extrusion 

process is highly effective in reducing the size of these catanionic vesicles. 
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Figure 53. Intensity distribution of the 12Lys12/12-3-12 (x+=0.30) catanionic system before and after extrusion. 

 

The extruded samples had very similar values of mean DH, with the 1st duplicate 

having vesicles with mean DH = 120 nm and the 2nd duplicate mean DH = 123 nm. This 

similarity in size makes this a very promising system for drug delivery, since it is crucial to 

guarantee consistency between batches. 

When it comes to zeta potential, the extruded vesicles bear more negative surface 

charge (-40.1 and -41.1mV) than the non-extruded samples (-32.7 mV). This negative 

charge is expected since the anionic surfactant is the major constituent of these catanionic 

vesicles, with a molar fraction of 0.70. Despite having only one charge per molecule versus 

the two charges present in the gemini the mLysn is still in a large enough concentration to 

result in an excess of negative charge in the vesicles surface. 

 

iii) 12Lys8/12-3-12 at x+=0.50 

The 12Lys8/12-3-12 (x+=0.50) system before extrusion has several vesicle 

populations with largely different sizes; yet, after extruding two populations were still present 

in the 2nd duplicate sample. By observing Figure 54, we can see that these two populations 

had similar sizes for both samples, however the population with the largest DH was 

significantly reduced in the 2nd extruded duplicate when compared to the non-extruded 

mixture. This indicates that the extrusion process was effective to a certain point but 

perhaps more passages through the 400 nm and 100 nm filter would improve the current 

result and remove the larger population completely. Although the 1st extruded duplicate only 

has one population, it still has a rather large mean DH of 240 nm, which also could benefit 

from more passages through the extrusion filters. 
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Figure 54. Intensity distribution of the 12Lys8/12-3-12 (x+=0.50) catanionic system before and after extrusion. 

 

The zeta potential of this system was similar between all the samples, with a positive 

value around 30 mV. The positive charge was to be expected since there was an increase 

in the molar fraction of cationic surfactant when compared to the 12Lys8/12-3-12 (x+=0.30). 

The extrusion process did not affect this system’s charge in any significant manner when 

compared to the other positively charged mixture 10Lys12/12-3-12 (x+=0.50), which could 

indicate that this system has higher bilayer stability. 

 

3.3.2 mLysn/gemini vesicles: colloidal stability 

This subsection will shed some light into the stability of the vesicular aggregates 

present in these mLysn/gemini catanionic mixtures. This was achieved by following the 

evolution in size and surface charge of the aggregates through a period of 15 days which 

resulted in the data represented in Table 13. 

All the observed catanionic mixtures suffer no phase separation or precipitation after 

the 15-day period at 25.0±0.2⁰C. When it comes to vesicle size through time an interesting 

pattern (Figure 55) is observed in all cases for at least one of the sample duplicates. After 

7 days size always decreases when compared to the 1st day, but after 15 days the mean 

DH had increased again in a manner that surpassed the initial value.  

A possible explanation for this phenomenon is that these systems take more than 

24 h to reach stabilization after being extruded, and perhaps there are aggregates other 

than vesicles present that end up causing an influence in the DLS measurements since the 

equipment will always treat any particle present as a sphere and therefore lamellar 
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structures will be simply treated as larger spheres thus increasing the perceived mean DH 

of the vesicular aggregates.  

Table 13. Mean hydrodynamic diameter (DH), PDI and zeta potential of the extruded mLysn/gemini catanionic 
systems through a 1, 7- and 15-days period. 

System Duplicate 
Time / 
days 

Mean D
H
 / nm PDI 

Zeta 
potential / 

mV 

10Lys12/12-3-12 
(x

+
=0.50) 

1st 

1 453 ± 24 0.25 31.0 ± 0.3 

7 145 ± 3 0.26 ---------- 

15 534 ± 75 0.34 30.7 ± 0.4 

2nd 

1 235 ± 6 0.25 31.5 ± 0.7 

7 125 ± 7 0.25 ------------- 

15 319 ± 40 0.14 29.4 ± 0.4 

12Lys8/12-3-12 
(x

+
=0.30) 

1st 

1 120 ± 10 0.26 -40.1 ± 0.7 

7 86 ± 2 0.25 ------------- 

15 
Population 

A:  
165 ± 32 

Population 
B:  

703 ± 167 
------ -40 ± 1 

2nd 

1 123 ± 2 0.24 -41.1 ± 0.8 

7 94 ± 2 0.25 ------------- 

15 142 ± 3 0.27 -41.4 ± 0.8 

12Lys8/12-3-12 
(x

+
=0.50) 

1st 

1 240 ± 18  0.22 31.6 ± 0.9 

7 142 ± 3 0.26 ------------- 

15 373 ± 50 0.32 28.3 ± 0.5  

2nd 

1 
Population 

A: 
112 ± 9  

Population 
B: 

679 ± 273  
------ 28.7 ± 0.8 

7 
Population 

A:  
161 ± 24 

Population 
B:  

630 ± 51 
------ ---------- 

15 
Population 

A: 
68 ± 10 

Population 
B: 380 ± 

87 
------ 23.9 ± 0.3 
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After 7 days the lamellar structures may disappear and only vesicles remain, which 

explains the smaller mean DH value. However, vesicles of this small size are only 

metastable and after 15 days, an increase is seen again as the system is still reaching 

equilibrium. 

An interesting result is also observed for the 1st duplicate of the 12Lys8/12-3-12 

(x
+
=0.30) system. After 15 days a large population with a mean DH = 703 nm is visible as 

well as a smaller mean DH = 165nm population. This larger population is most likely not a 

product of vesicle size increase but instead of vesicle flocculation. Despite this, the 

12Lys8/12-3-12 (x
+
=0.30) still appears to be the most stable of the mLysn/gemini systems 

with the 2nd duplicate only varying in mean DH from 123 to 142 nm after 15 days. 

 

Figure 55. Evolution of the mean DH of the mLysn/gemini catanionic mixtures throughout a 15-day period. 

  



75 
 

Catanionic vesicles based on lysine-derived surfactants for encapsulation of Cynara cardunculus extracts 

The zeta potential of all the systems remains stable throughout the whole period, 

and with the values being superior to ± 30mV being often the criteria in literature for 

electrostatically stable particle solutions121 it would be expected that all these systems suffer 

little to no size variation through the observation period. Such result however was not 

obtained, emphasizing once more the complexity of catanionic systems, and that stability 

depends on more than just surface charge. 

 

3.3.3 mLysn/single-tailed vesicles: size and charge 

In this sub-section the size, PDI and zeta potential of the vesicles found in the 

12Lys8/DTAB (x+=0.50), 12Lys8/DTAB (x+=0.60), 12Lys8/CTAB (x+=0.50) and 

14Lys8/CTAB (x+=0.60) catanionic systems are evaluated.  

Table 14. Mean hydrodynamic diameter, PDI and zeta potential of the mLysn/single-tailed catanionic systems 

System Sample Mean D
H
 / nm PDI 

Zeta 
Potential / 

mV 

12Lys8/DTAB 
(x

+
=0.50) 

Non-Extruded 184 ± 7 0.26 -45 ± 1 

1st extruded 
duplicate 

73 ± 1 0.25 -51 ± 1 

2nd extruded 
duplicate 

74 ± 1 0.25 -52 ± 1 

12Lys8/DTAB 
(x

+
=0.60) 

Non-Extruded 217 ± 10 0.26 -35.3 ± 0.4 

1st extruded 
duplicate 

90 ± 2 0.25 -34 ± 1 

2nd extruded 
duplicate 

87 ± 1 0.26 -38.6 ± 0.5 

12Lys8/CTAB 
(x

+
=0.50) 

Non-Extruded 160 ± 10 0.25 -23.6 ± 0.8 

1st extruded 
duplicate 

90 ± 1 0.25 -43.1 ± 0.5 

2nd extruded 
duplicate 

99 ± 3 0.24 -49 ± 1 

14Lys8/CTAB 
(x

+
=0.60) 

Non-Extruded 
Population A: 

67 ± 7 
Population B: 

327 ± 26 
-------

-- 
10.8 ± 0.5  

1st extruded  
duplicate 

117 ± 23 0.30 -10.1 ± 0.5 

2nd extruded 
duplicate 

125 ± 1 0.29 -39 ± 1 
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The method applied for this study was identical to the one used for the mLysn/gemini 

catanionic systems, where some mixtures were extruded through 400 nm and 100 nm filters 

while others remained non-extruded. The samples were then monitored by DLS and the 

corresponding data is gathered in Table 14. 

i) 12Lys8/DTAB at x
+
=0.50 

Observing the data on Table 14, we can see that the extrusion process worked as 

expected for this system reducing the mean DH of the non-extruded vesicles from 184 nm 

to 73 nm and 74 nm in the 1st and 2nd extruded duplicates, respectively. 

 

 

Figure 56. Intensity distribution of the 12Lys18/DTAB (x+=0.50) catanionic system before and after extrusion. 

 In Figure 56, we can see the graphical representation of the reduction in mean DH 

that occurs after extrusion. We can also observe that both duplicates have almost identical 

curve profiles which points to the reproducibility of the extrusion method in this system. The 

PDI of the samples did not reduce in a significant manner after extrusion. This is not a 

significant issue, however, since a PDI value of 0.25 reflects a reasonably monodisperse 

system.  

Similarly, to what was observed in some of the mLysn/gemini systems, after 

extrusion the zeta potential increases in magnitude from -45 mV to -51 and -52 mV, an 

increase which might make the vesicles more electrostatically stable. A negative surface 

charge is unexpected since both surfactants have equal molar ratio in this mixture, and 

since both have a single charge a value closer to neutral was the expected outcome. The 

observed negative charge could be explained by two factors: pH plays a significant role in 

zeta potential121, 130, with the alkaline pH of the mixture is contributing to an increase of 

negative ions in the shear plane thus resulting in a negative zeta potential; the other possible 

explanation for these results is the asymmetric distribution of surfactants on the two bilayer 
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leaflets, a higher concentration of 12Lys8 in the outer leaflet would result in an excess of 

negative charge on the particles surface which then is reflected by a negative zeta potential. 

 

ii) 12Lys8/DTAB at x
+
=0.60 

Examining the results in Table 14, we can see that once more, the extrusion method 

proved successful reducing the mean DH of the non-extruded vesicles from 217 nm to 90 

nm and 8 7nm for the 1st and 2nd extruded duplicates, respectively. This reduction in size 

can be observed in the intensity distribution represented in Figure 57. 

 

 

Figure 57. Intensity distribution of the 12Lys18/DTAB (x+=0.60) catanionic system before and after extrusion. 

Comparatively to the 12Lys8/DTAB (x
+
=0.50) system, the 12Lys8/DTAB (x

+
=0.60) 

catanionic mixture has vesicles with a larger diameter both before and after extruding. The 

increment in cationic surfactant molar fraction might be causing an increase in electrostatic 

repulsions and thus vesicles must be larger to guarantee bilayer stability. The increase in 

cationic surfactant also resulted in a less negative zeta potential varying from -51 mV for 

the 12Lys8/DTAB (x
+
=0.50) system to -35 mV for the 12Lys8/DTAB (x

+
=0.60) mixture. The 

increase in zeta potential after extrusion is not as prominent in this system, being present 

in only the 2nd duplicate. 

  

iii) 12Lys8/CTAB at x
+
=0.50 

 The extrusion process is able to reduce the vesicle’s mean DH from 160 nm to 90 

nm and 99 nm for the 1st and 2nd duplicates, respectively (Figure 58). Comparatively to the 

12Lys8/DTAB (x
+
=0.50) system the 12Lys8/CTAB (x

+
=0.50) vesicles are larger which could 
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be attributed to the increase in chain length that could be influencing the packing in the 

bilayer resulting in a size increase. 

 Before extrusion, the zeta potential of this system is also smaller in magnitude with 

a value of -23.6 mV when compared to the -45 mV of the 12Lys8/DTAB (x
+
=0.50) mixture. 

Both systems have the same x+, and CTAB and DTAB have the same polar group differing 

only in tail length. Therefore, the zeta potential of these two systems should be similar in 

principle, yet it is not the case. This difference in zeta potential once more emphasizes that 

charge is not only dependent on catanionic system composition but also on the surfactant 

distribution across the bilayer leaflets. 

 

 

Figure 58. Intensity distribution of the 12Lys18/CTAB (x+=0.50) catanionic system before and after extrusion. 

After extruding the zeta potential increased in magnitude to -41 mV for the 1st 

duplicate and -49 mV for the 2nd duplicate, an increase that could favor the overall 

electrostatic stability of the aggregates, and could be related to bilayer reorganization during 

the extrusion process. 

  

iv) 14Lys8/CTAB at x
+
=0.60 

 The non-extruded 14Lys8/CTAB (x
+
=0.60) mixture was the only one of the 

mLysn/single-tailed systems to have several vesicle populations, which could be related to 

the increase in the mLysn chain length when compared to the 12Lys8 surfactant. The two 

populations present in the non-extruded sample, population A with a mean DH of 67 nm and 

population B with a mean DH of 317 nm, were converted into a single population after 

extrusion in both duplicates resulting into vesicles with a mean DH of 117 nm and 125 nm 

for the 1st and 2nd duplicates, respectively, as can be seen in Figure 59. Although there is a 

difference in size in these duplicates they are still within margin of error, once more 



79 
 

Catanionic vesicles based on lysine-derived surfactants for encapsulation of Cynara cardunculus extracts 

confirming the apparent trend that the mLysn/single-tailed systems provide much more 

reproducible results in general when compared to the mLysn/gemini systems. 

When it comes to zeta potential, the 14Lys8/CTAB (x
+
=0.60) system has an 

interesting behavior. Before extrusion, the vesicles are positively charged with a zeta 

potential of 10 mV. After extrusion, however, the zeta potential was negative for both 

extruded duplicates with a value of -10 mV and -39 mV for the 1st and 2nd extruded duplicate, 

respectively. The difference between the charge of the two duplicates is significant, and the 

fact that de 2nd duplicate has a much larger charge means that this sample is expected to 

have higher colloidal stability.  

 

 

Figure 59. Intensity distribution of the 12Lys18/CTAB (x+=0.60) catanionic system before and after extrusion. 

After a week, however, the 2nd duplicate had a cloudy macroscopic appearance 

suggesting aggregation or flocculation of the vesicles while the lightly charged non-extruded 

and 1st extruded duplicate samples remained stable. The stability of vesicles is in fact 

related to zeta potential, but a second parameter is also of critical importance, namely the 

long range van der Waals attractive forces between the separate vesicles. If the van der 

Waals forces are such that the distance at which two particles enter an attractive energetic 

trap is larger than the distance that is assured by electrostatic repulsion the particles will 

eventually aggregate or at least flocculate making the colloidal system unstable. It is 

possible that the bilayer’s outer leaflet composition in the 2nd duplicate was such that the 

van der Waals attractive forces were capable of surpassing the electrostatic repulsions 

causing aggregation, despite the vesicles found in this sample having a considerably strong 

negative charge. 
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3.3.4 mLysn/Single-tailed vesicles: colloidal stability  

In this section we present the evolution of the charge and size of the vesicular 

aggregates present in the mLysn/single-tailed systems as to determine their colloidal 

stability throughout a 15-day observation period. The samples were all extruded and 

submitted to DLS studies after 1, 7- and 15-day observation and the collected data is 

represented in Table 15.  

 

Table 15. Mean hydrodynamic diameter, PDI and zeta potential of the extruded mLysn/single-tailed catanionic 
systems through a 1, 7- and 15-days period. 

System  Duplicate 
Time / 
days 

Mean D
H
 / nm PDI 

Zeta 
potential / 

mV 

12ys8/DTAB 
(x

+
=0.50) 

1st 

1 73 ± 1 0.25 -51 ± 1 

7 88 ± 2 0.24 ----------- 

15 97 ± 6 0.24 -43 ± 1 

2nd 

1 74 ± 1 0.25 -52 ± 1 

7 68 ± 3 0.25 ----------- 

15 72 ± 1 0.25 -48.0 ± 0.7 

12Lys8/DTAB 
(x

+
=0.60) 

1st 

1 90 ± 2 0.25 -34 ± 1 

7 103 ± 8 0.26 ------------- 

15 123 ± 7 0.24 -36.4 ± 0.5 

2nd 

1 87 ± 1 0.26 -38.6 ± 0.5 

7 106 ± 14 0.25 ----------- 

15 95 ± 5 0.27 -37.5 ± 0.8 

12Lys8/CTAB 
(x

+
=0.50) 

1st 

1 90 ± 1 0.25 -43.1 ± 0.5 

7 
Population A: 

81 ± 12 
Population B: 

642 ± 48 
----- ----------- 

15 
Population A: 

71 ± 8 
Population B: 

700 ± 85 
----- -44.7 ± 0.6 

2nd 

1 99 ± 3 0.24 -49 ± 1 

7 
Population A: 

86 ± 7 
Population B: 

721 ± 299 
----- ----------- 

15 
Population A: 

83 ± 7 
Population B: 
1150 ± 308 

----- -45.9 ± 0.9 

14Lys8/CTAB 
(x

+
=0.60) 1st 

1 117 ± 23 0.30 -10.1 ± 0.5 

7 218 ± 24 0.27 -------------- 

15 191 ± 8 0.26 -21.3 ± 0.5 

 

Overall, the mLysn/single-tailed systems appear to have much larger colloidal 
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stability through the evaluated period than the mLysn/gemini systems. The size variations 

are exceedingly small in most of the systems especially on the DTAB-based systems, 

whose largest size variation was 24 nm after 15 days (Figure 60). Zeta potential also 

remains very stable for the DTAB systems through the whole 15-day period. These systems 

are thus prime candidates for drug delivery, at least in terms of colloidal stability. 

The CTAB based systems do not have such a stable mean DH throughout, especially 

the 12Lys8/CTAB (x
+
=0.50) mixture in which several populations are observed with the 

largest reaching mean DH of 700 nm, indicating possible flocculation of the vesicles. The 

smaller mean DH population however has a reasonable stability as can be seen in Figure 

60, with a size variation of 19 nm for the 1st duplicate and 16n m for the 2nd after 15 days. 

The zeta potential remains stable as well throughout the observation period.  

 

Figure 60. Evolution of the mean DH of the mLysn/single-tailed catanionic vesicles throughout a 15-day period. 

 

The 14Lys8/CTAB (x+=0.60) system has only one duplicate represented in this study 

since, as we have previously seen, the 2nd duplicate had a cloudy macroscopic appearance 

after 7 days and as such was excluded from this colloidal stability study. The 1st duplicate 

has a significant increase in mean DH, increasing from 117 nm to 218 nm after 7 days, 

followed by stabilization, as can be seen in Figure 60. It is not uncommon for extruded 

vesicles to increase in size over time as the smaller diameters are often only metastable 

and the system must reach thermodynamic equilibrium. The zeta potential of the system 

increases significantly in magnitude from -10.1 mV to -21.3 mV after 15 days. Thus, this 

system does not appear to have much colloidal stability, since its properties vary 

significantly as a function of time. Yet, no type of phase separation or aggregation was 
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visible in this sample. We thus highlight that it would be relevant to conduct a longer study 

to continue evaluating the physical properties of these 14Lys8/CTAB catanionic vesicles. 

 

3.4 Cynaropicrin encapsulation 

Having characterized the vesicular aggregates formed by selected catanionic 

mixtures, we could proceed with the extract encapsulation studies. This section will be 

divided into three parts: first, the extract and cynaropicrin itself will be analyzed; secondly, 

we assess the encapsulation; and lastly, the encapsulation is quantified for the different 

catanionic systems. 

 

3.3.1 HPLC analysis of the C. cardunculus extract 

The C.cardunculus 1mg·ml-1 ethanolic extract was analyzed using HPLC at room 

temperature, after which the chromatogram represented in Figure 61 was obtained 

Observing the chromatogram, we can see that there is a very prominent peak with a 

retention time (RT) of 21.74 min. Although the chromatographic conditions used in this 

analysis were based on a previously described method,125 the chromatogram represented 

in literature shows cynaropicrin with a RT of 28.46 min. The difference in retention time 

could be due to the different column or to the fact that the literature chromatogram was 

obtained under different temperature conditions (30 ⁰C), which was not possible to 

reproduce in this work due to equipment limitations. Nevertheless, the literature also shows 

a single peak after the 20-min mark, a similar profile to the one represented in Figure 61, 

which strongly indicates that the peak seen in this chromatogram at 21.74 min is most likely 

cynaropicrin. 

 

Figure 61. HPLC chromatogram of the ethanolic C.cardunculus extract. 
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There are other peaks present, with the major ones being at the 5- and 10-min mark. 

However, the specific chemical compounds that correspond with said peaks could not be 

determined through HPLC. There are studies that delve deeper into the chemical 

composition of C.cardunculus extracts87, but in our study the HPLC technique is used mostly 

as means to quantify cynaropicrin and not to determine the precise chemical composition 

of the extract.  

Since one of the main goals of this work is to encapsulate cynaropicrin using 

catanionic vesicles, which are formed in an alkaline aqueous medium, it is also important 

to determine if the medium affects the chromatographic profile of cynaropicrin. For that, an 

ethanolic and an alkaline (pH=10.00) aqueous extract of identical concentration (0.5 mg·ml-

1) were incubated for a week at 25.0 ± 0.2 ⁰C. The HPLC assays were then performed and 

the resulting chromatogram is represented in Figure 62. 

 

Figure 62. HPLC chromatograms of the ethanolic and aqueous C.cardunculus extract. 

As can be seen in the Figure 62 chromatogram, the ethanolic and aqueous extract 

have distinct chromatographic profiles. The ethanolic extract still has a prominent peak with 

RT ≈ 21 min, which corresponds to cynaropicrin. In the aqueous extract however, this peak 

is no longer present and instead a very sharp peak at RT = 3.95 min is visible. The absence 

of the cynaropicrin peak and appearance of this new peak suggests that cynaropicrin may 

have suffered some form of molecular degradation resulting in the formation of a new 

compound. It has been reported that sesquiterpene lactones can in fact suffer chemical 

changes when subjected to alkaline mediums or UV-radiation.131, 132  

Considering these reports, a new study was conducted where ethanolic and alkaline 

(pH=10) aqueous extracts were incubated in varying temperatures and light conditions to 

determine the influence of pH, temperature and light in the stability of cynaropicrin. The 

extracts were incubated for a week, after which they were analyzed via HPLC.  
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In Figure 63, we represent the levels of sesquiterpene lactones present after one-

week under different conditions. The sesquiterpene levels are normalized to the ethanolic 

extract. 

 

Figure 63. Variation of sesquiterpene lactone levels after 7 days while under different conditions. 

 

By observing Figure 63, we can see that between the ethanolic extract and the 

aqueous extract at 6 ⁰C, there was a decrease in sesquiterpene lactone levels which could 

be attributed to the alkaline degradation of cynaropicrin that originated the new compound 

with RT ≈ 3-4 min. This decrease can be due to the fact that this new compound produces 

a weaker HPLC signal when compared to cynaropicrin, or to complete destruction of the 

sesquiterpene molecule, or both. When the temperature was increased from 6 to 

25.0±0.2⁰C, the decrease in sesquiterpene levels was even more drastic, reducing from 

89.6% to 53.5% of the original quantity of cynaropicrin. The increase in temperature favors 

the molecular degradation of cynaropicrin in a more destructive manner since the values of 

the derived compound are even lower. Light stimuli induced did not result in any significant 

variation. A summary of the results is represented in Table 16. 

 

Table 16. HPLC data of the C.cardunculus extracts after 7-day period at various conditions. 

Environment 

conditions 

HPLC peak area / 

mUA 

SL levels /  

% 

Retention time /  

min 

Ethanol 6⁰C 64227 100.0 20.74 

Aqueous 6⁰C 57542 89.6 3.95 

Aqueous 25⁰C 34351 53.5 3.46 

Aqueous 25⁰C+ light 36818 57.3 3.68 
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Alkaline degradation of cynaropicrin has been previously described but using more 

destructive conditions. The results, however, were similar to the ones obtained here since 

the cynaropicrin levels decreased to the point of the molecule no longer being detected. 

Simultaneously, the levels of a cynaropicrin derivative, deacylcynaropicrin, increased 

significantly.87 It is most likely that this compound that appears around the 3 to 4 minute 

mark in the HPLC analysis is deacylcynaropicrin, represented in Figure 64, a molecule that 

results from the loss of the ester bond present in the cynaropicrin molecule.  

 

 

Figure 64. Structural representation of the deacylcynaropicrin molecule. 

  

Since the degradation of cynaropicrin is caused by alkaline pH, and the catanionic 

vesicles depend on alkaline pH for stability, cynaropicrin degradation will unavoidably occur 

and therefore it is necessary to quantify extract encapsulation using a calibration curve 

based on the deacylcynaropicrin derivative. To this effect, a series of standard extract 

solutions of known concentration were prepared and analyzed by HPLC, resulting in the 

calibration curve represented in Figure 65, whose equation was used to calculate extract 

encapsulation in a later section. 

 

Figure 65. Calibration curve for the quantification of aqueous C.cardunculus extract. 
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3.3.2 Assessment of extract encapsulation 

Before the encapsulation efficiency could be calculated, it was crucial to determine 

if there was in fact encapsulation and to develop an efficient method of separating non-

encapsulated extract from the loaded catanionic vesicles. To achieve this goal, size 

exclusion chromatography (SEC) was used together with thin layer chromatography (TLC). 

 

 

Figure 66. TLC plates resulting from SEC separation of a loaded mLysn/gemini catanionic system. 

In Figure 66 we present the TLC plates used to accompany the size exclusion 

technique. As 1 ml aliquots were collected, a small sample was applied to the TLC plates 

and after elution with a non-polar solvent, the plates were colored using anisaldehyde 

reagent. This reagent colors cynaropicrin with a distinct pink tone.123  

Observing Figure 65, we can see a distinct pink spot in aliquot 3 where the sample 

was first applied, indicating that this compound did not have affinity for the with the non-

polar eluent. On the 14 and 16 aliquots pink spots are also present but, in this case, they 

did move with the eluent in a manner similar to the pure extract (represented with an E). 

This could be indicative that these are the same compounds, although the color present for 

the extract is much darker most likely due to its high concentration in cynaropicrin. The 

shade of pink present in aliquot 3 is notably like the one seen on the aliquots 14 and 16, 

which in this case could indicate that it is the same compound.  

The most probable explanation for this unexpected observation is that the aliquot nr 

3 is composed by loaded vesicles that once on the TLC plate collapse, but still maintain the 

sesquiterpene molecule entrapped in the application point, preventing it from moving with 

the eluent. Assuming the presence of loaded vesicles, this also explains why this pink spot 

appears so early in the SEC, since the large vesicles cannot enter the porous beads that 

compose the stationary phase, and therefore move faster through the column. The free 



87 
 

Catanionic vesicles based on lysine-derived surfactants for encapsulation of Cynara cardunculus extracts 

extract remains entrapped by the beads and therefore can only be detected much later in 

aliquots nr. 14 and 16. We can then conclude that SEC could separate free and 

encapsulated extract. 

 

 

Figure 67. Micrographs of a mLysn/gemini vesicle under UV-light. Loaded vesicle on the left and unloaded 
vesicle on the right. 

Observing aliquot nr 3 under the microscope, we can see vesicular aggregates, 

while such structures are not present in aliquots 14 and 16. Interestingly, under UV-light the 

vesicles from aliquot 3 fluoresce with a distinct orange color, a phenomenon that is not 

present in catanionic mixtures without plant extract, as seen in Figure 67.  

 From the presence of this orange fluorescence in the vesicles found in aliquot 3 and 

the pink color in the TLC plates, we can conclude that the vesicles can in fact encapsulate 

the C.carcunculus extract.  

 Although the SEC method was successful in separating loaded vesicles from free 

extract, it is also a lengthy process and would be impractical to use it to process a large 

number of samples. As an alternative, the centrifugal filtration process was considered, and 

its effectiveness tested. 
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Figure 68. TLC analysis of a loaded mLysn/gemini system throughout the different phases of the centrifugal 
filtration process. C: Pure extract; 1: vesicles with extract; 2: vesicles with extract after extrusion; 3: vesicles with 
extract after the centrifugal filtration process. 

              

In Figure 68, we can observe that before extruding there are two spots present in 

the vesicles with extract sample (1), both with a pink shade: one present in the application 

point, which is most likely the sucessfuly encapsulated fraction of extract, and another that 

moved with the eluent, the non-encapsulated sesquiterpen lactones. These results were 

expected since the sample had not yet gone through any type of separation. After extruding 

(2), the top spot is no longer visible but the one in the application point remained. It is 

possible that most of the free extract was absorbed by the extrusion filter, and thus the top 

pink spot is no longer detected, which could mean that all the non encapsulated extract was 

removed or reduced to a concentration below the LOD of this method. To minimize the risk 

of still having free extract, the centrifugal filtration process was performed (3), resulting in a 

decrease in the intensity of the pink spot present at the application point, which could 

indicate loss of loaded extract (as expected).  

 

 

Figure 69. HPLC chromatogram of a loaded mLysn/gemini catanionic system after the centrifugal filtration 

process. The red arrow indicates the deacylcynaropicrin peak. 
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Despite this reduction of encapsulated extract, the HPLC analysis of the sample, 

represented in Figure 69, was still able to detect a peak at RT≈ 4 min, which is most likely 

deacylcynaropicrin. 

 The centrifugal filtration process appears to be efficient at separating loaded vesicles 

from free extract. Its ability of allowing the separation of multiple samples simultaneously 

makes this the method of choice for the encapsulation efficiency and loading capacity 

assays. 

 

3.3.3 Encapsulation efficiency and loading capacity 

The encapsulation studies were done by preparing multiple solutions of each 

catanionic mixture, while guaranteeing equal surfactant concentration between all samples. 

All of these solutions contained the same initial concentration of C.cardunculus extract, 0.5 

mg·ml-1, before being submitted to the extrusion process and finally centrifugal filtration 

process. After the free extract was removed from the mixtures, the samples were analyzed 

by HPLC as to quantify the encapsulation efficiency (Figure 70) and loading capacity (Figure 

71) of the different systems. The 12Lys8/12-3-12 (x+=0.50) data is not shown in this set of 

results due to the inconsistency of its encapsulation capabilities over multiple assays. 

With respect to encapsulation efficiency, Figure 70, we can see that the most 

efficient system is 10Lys12/12-3-12 (x+=0.50) catanionic system, with 37.3% of the initial 

extract being encapsulated, being followed by the 14Lys8/CTAB (x+=0.60) system with 

29.0%, and 12Lys8/12-3-12 (x+=0.30) with 10.5%. 

Observing the results on Figure 70 and taking the DLS size measurements into 

account, a pattern can be discerned in which vesicles with a larger mean DH have higher 

encapsulation efficiency than smaller ones. The 12Lys8/CTAB and 12lys8DTAB systems 

have vesicles with diameters in the range of 70 to 90 nm, and consequently have lower 

encapsulation efficiency ranging from 1.3 to 5.9%. The 10Lys12/12-3-12 system, however, 

has the largest vesicular aggregates with mean DH between 235 to 453 nm, and as a result 

also has the highest encapsulation efficiency at 37.3%. The lack of charge of the 

cynaropicrin or deacylcynaropicrin molecules, implies that there are no electrostatic 

interactions established with the charged vesicles, and instead the ability to encapsulate 

the extract hinges only on the moment of vesicular formation, in which the extract itself is 

simply entrapped in the vesicle’s interior without any sort of attractive (or repulsive) 

electrostatic force. This makes it so that smaller vesicles cannot entrap as much extract and 

therefore haver lower encapsulation efficiencies.  
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Figure 70. Encapsulation efficiency of the different mLysn based catanionic systems. 

 

In Figure 71, we represent the loading capacity results for the different mLysn 

catanionic systems. Loading capacity is a very important parameter when considering 

possible large-scale production, since almost 100% encapsulation can be achieved. 

However, if the encapsulation required the use of very big quantities of the entrapping 

agent, in this case surfactants, the system will have scaling problems. Loading capacity 

gives insight into which mass percentage of the drug delivery system is in fact the active 

drug. 

 

Figure 71. Loading capacity of the different mLysn based catanionic systems. 

 

When comparing to the encapsulation results, we can see that the systems have a 

lower loading capacity than encapsulation efficiency, an effect that is more accentuated in 

the mLysn/gemini systems. Although all the solutions have the same molar concentration, 

they most definitely do not have the same mass of surfactant, and since the gemini 
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molecules have a higher molecular mass than the single-tailed DTAB and CTAB, any 

system containing gemini surfactants will have much lower loading capacity than 

encapsulation efficiency. Besides, the higher the x+ of gemini, the more pronounced this 

effect will be. However, despite this reduction, the 10Lys12/12-3-12 system still has a good 

loading capacity with a value of 22.0 %, and together with the 14Lys8/12-3-12 system with 

23.6% appear to be the most promising systems for future studies.  

It would be interesting to improve the encapsulation capabilities of the 12Lys8/DTAB 

and 12Lys8/12-3-12 (x+=0.30) systems, since due to their colloidal stability and smaller 

vesicles, they could be particularly good candidates for intracellular delivery. Overall, the 

investigated systems have shown reasonable capability of encapsulating the C.cardunculus 

extract, considering that the cynaropicrin and deacylcynaropicrin molecules do not have 

any charge and suffer from stability problems in aqueous media.   
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4. Conclusion and Future Prospects  

 

In the present work, several catanionic mixtures with varying surfactant composition 

were produced and their self-assemble behavior and interfacial properties were studied. 

Several of these mixtures were capable of spontaneously forming vesicles at room 

temperature. These vesicles were observed under a microscope and later characterized 

with respect to their size and charge. The most promising of the catanionic systems were 

used in the encapsulation of a C.cardunculus ethanolic extract, enriched in Cynaropicrin,  

after the extract’s composition and stability in aqueous medium was evaluated. 

The catanionic mixtures studied were composed by an anionic lysine-based 

surfactant (mLysn) and a cationic gemini or single-tailed surfactant. To simplify the 

rationalization of the results, the self-assembled and interfacial studies were divided into 

mLysn/gemini systems and mLysn /single-tailed systems. The mixtures were evaluated as 

to their ability to form vesicular aggregates. 

When it comes to the mLysn /gemini systems, we were able to determine that the 

most relevant mixtures, in terms of vesicle formation, were based on the 12-3-12 gemini 

surfactant, a fact that was tentatively associated with its improved membrane packing 

properties, due to its spacer length, which appears to be long enough to provide flexibility 

to the polar head without creating steric hindrances. The mLysn  surfactants with an 8-

carbon tail proved to be the most successful in vesicle formation, but to improve system 

diversity a 10-carbon tailed system was selected, which resulted in a good choice judging 

from the encapsulation studies. The selected mLysn surfactants were 12Lys8 and 10Lys12. 

The vesicles present in 12Lys8/12-3-12 and 10Lys12/12-3-12 systems were observed 

under microscope to determine which x+ would be used in future studies for each system. 

The x+ = 0.50 was chosen for the 10Lys12/12-3-12 and the x+=0.30 and 0.50 were selected 

for the 12Lys8/12-3-12 system, since the micrographs revealed that there were no lamellar 

structures nor vesicle flocculation. 

The mLysn /single-tailed systems have a more gradual behavior when it comes to 

vesicle formation when compared to the gemini mixtures. It was observed that as x+ 

increases, tubular structures begin to disappear giving way to vesicles, which is attributed 

to the interference caused by the cationic surfactants in the formation of the tubular 

aggregates. The 12Lys8/DTAB, 12Lys8/CTAB and 14Lys8/CTAB mixtures could form 

vesicles and therefore were observed under microscope for x+ selection, which resulted in 
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choosing the 12Lys8/DTAB (x+=0.50), 12Lys8/DTAB (x+=0.60), 12Lys8/CTAB (x+=0.50) 

and 14Lys8/CTAB (x+=0.60) catanionic systems.  

All the chosen systems, both gemini and single-tailed based, were subjected to 

surface tension measurements to evaluate their interfacial properties. All systems have 

lower cac than the individual surfactants that constitute them, in a range of 1.3 to 31.4 

µmol·kg-1, with the lowest value corresponding to the 14Lys8/CTAB (x+=0.60) system, and 

the highest value to the 12Lys8/DTAB (x+=0.60). 

The DLS size and zeta potential determination of the mLysn/gemini systems 

revealed that the 12Lys8/12-3-12 (x+=0.30) system have the smallest monodisperse 

vesicles (after extrusion), with values of 123 nm, but after 15-days flocculation occurred for 

one of the tested duplicates. The 10Lys8/12-3-12 (x+=0.50) have the largest vesicles (534 

nm) after 15-days but with no flocculation. All systems have good zeta potential values 

ranging from 27 to 41 mV in magnitude.  

The mLysn/single tailed systems have much greater colloidal stability and smaller 

monodisperse vesicles (after extrusion) than the gemini based mixtures, with 14Lys8/CTAB 

(x+=0.60) having the largest vesicles at 191 nm after a 15-day period and 12Lys8/DTAB 

(x+=0.50) the smallest at 72 nm after the same time. All the systems have medium to high 

zeta potential values that ranged from 23 to 52 mV in magnitude, except for the 

14Lys8/CTAB (x+=0.60) that had values with a magnitude of 10mV. 

When it comes to the C.cardunculus extract stability in aqueous systems, more 

specifically cynaropicrin, it was observed that the molecule was not present after a one-

week period, with a new peak appearing in the HPLC chromatograms, which was attributed 

to deacylcynaropicrin. However, more studies are needed for a full confirmation of this 

observation. 

SEC and centrifugal filtration methods proved successful in the separation of non-

encapsulated extract from loaded vesicles and assessment of loading since the loaded 

vesicles had a distinct orange fluorescence under UV-light microscopy. The encapsulation 

studies revealed a direct relation between vesicle size and encapsulation efficiency with 

10Lys8/12-3-12 (x+=0.50) and 14Lys8/CTAB (x+=0.60) being the most successful with 37.3 

and 29.0% encapsulation, respectively. Loading capacity evaluation yielded similar results 

with 10Lys8/12-3-12 (x+=0.50) having a 22% value and 14Lys8/CTAB (x+=0.60) a 23% 

value. The decrease observed in the mLysn/gemini system is attributed to the gemini 

molecule itself that has much higher molecular mass than CTAB.  

Overall, these two catanionic systems appear to have great potential when it comes 

to the delivery of plant extracts owing, to the stability of their vesicular carriers and to their 

encapsulation ability. 
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As future work, it would be interesting to evaluate the cytotoxicity of these catanionic 

systems in vitro and in vivo. Some preliminary dialysis studies were attempted in this work 

to determine pH-induced release of these systems. However, more work is needed to 

determine the optimal parameters for this effect. It would also be interesting to try to improve 

the encapsulation efficiency of the 12Lys8/DTAB systems, since they have exceptionally 

good colloidal stability with sub-100 nm mean diameter vesicles. 

Although, only a group of seven catanionic systems was used in the final 

encapsulation studies, there were many more mixtures that could form vesicles and still 

prove to be efficient nanocarriers, being worthy of future studies. 

Finally, it would also be important to analyze the C.cardunculus extract using either 

NMR or GC-MS to confirm if cynaropicrin does suffer deacetylation, resulting in the 

formation of deacylcynaropicrin. It would also be of interest to determine if 

deacylcynaropicrin retains the therapeutical effects of its predecessor. 
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Supplementary information 

 

 

Figure S1. Vesicle size (intensity distribution) of the 10Lys12/12-3-12 (x+=0.50) catanionic systems after a 
period of 1, 7 and 15 days. The samples were done in duplicate. 

 

 

 

Figure S2. Vesicle size (intensity distribution) of the 12Lys8/12-3-12 (x+=0.30) catanionic systems after a 
period of 1, 7 and 15 days. The samples were done in duplicate. 
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Figure S3. Vesicle size (intensity distribution) of the 12Lys8/12-3-12 (x+=0.50) catanionic systems after a 
period of 1, 7 and 15 days. The samples were done in duplicate. 

 

 

 

 

Figure S4. Vesicle size (intensity distribution) of the 12Lys8/DTAB (x+=0.50) catanionic systems after a period 

of 1, 7 and 15 days. The samples were done in duplicate. 
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Figure S5. Vesicle size (intensity distribution) of the 12Lys8/DTAB (x+=0.60) catanionic systems after a period 
of 1, 7 and 15 days. The samples were done in duplicate. 

 

 

 

Figure S6. Vesicle size (intensity distribution) of the 12Lys8/CTAB (x+=0.50) catanionic systems after a period 
of 1, 7 and 15 days. The samples were done in duplicate. 
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Figure S7. Vesicle size (intensity distribution) of the 12Lys8/CTAB (x+=60) catanionic systems after a period of 
1, 7 and 15 days. The samples were done in duplicate. Note: The 2nd duplicate sample precipitated after a 

weak therefore no curves for 7- and 15-days are present. 

 


