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Resumo 

 

Na produção de formulações para entrega de fármacos a monoleína é considerado um lípido 

universal com base na sua propensão para formar cubossomas. Estas nanopartículas consistem em 

dispersões de fases cúbicas bicontínuas em água, tipicamente estabilizadas com um polímero anfifílico.  

O método de troca de solventes é um processo energeticamente eficiente e reproduzível onde o 

lípido é dissolvido num solvente miscível com a água, como o etanol, e rapidamente adicionado a uma 

solução aquosa. No entanto, este processo apresenta alguns entraves como a ausência de controlo sobre 

o tamanho das partículas produzidas. Anteriormente foi observado que a aplicação do método de troca 

de solventes em microfluídica possibilitou o controlo do tamanho das nanopartículas de monoleína 

através da manipulação do rácio de fluxo entre a solução de lípido dissolvido em etanol e as soluções 

aquosas laterias, mais especificamente, pelo aumento do rácio de fluxo, o tamanho das partículas 

diminuía.  

Neste trabalho exploramos o efeito da adição de lípido catiónico (DDAB ou DODAB) nas 

nanopartículas de monoleína com o objetivo de incorporar carga positiva nas partículas, capacitando-as 

a encapsular ácidos nucleicos.  

Contrariamente ao que acontecia num sistema de monoleína puro, na presença de lípidos 

catiónicos o tamanho final das partículas torna-se independente das condições de fluxo. Além disso, as 

partículas que se formam são significativamente mais pequenas, sendo que o tamanho das 

nanopartículas de lípido catiónico e monoleína é dependente da concentração de lípido total a da 

proporção de lípido catiónico para monoleína. Essencialmente, o tamanho das nanopartículas produzidas 

diminui com o aumento do rácio de lípido catiónico para monoleína e pela diminuição da concentração 

de lípido total da formulação.  

De acordo com a estrutura das partículas, quando realizamos testes em SAXS não há evidência 

de estruturas cúbicas, no entanto, quando as amostras são submetidas a análises em TEM com 

marcação negativa, estruturas com padrões hexagonais são visíveis. Esta observação poderá indicar a 

presença de uma fase cúbica, mas cenários alternativos ainda têm que ser considerados.  

 

 

Palavras chave: Auto-organização, Difração de raio-X de baixos ângulos, Lípidos catiónicos, 

Microfluídica, Monoleína, Troca de solventes. 
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Abstract 

 

Monoolein is an ubiquitous lipid in the production of drug delivery formulations mostly because 

of its propensity to form highly attractive cubosome nanoparticles. Cubosomes consist of dispersions of 

lipid bicontinuous cubic phases in water typically, stabilized with an amphiphilic polymer.  

Solvent-exchange is an energetically efficient and scalable process where the lipid is dissolved in 

a solvent miscible with water, like ethanol, and rapidly added to an aqueous solution. However, this 

process has issues mainly related to the poor size control over the particles produced. Previously, it was 

observed that by employing a solvent exchange approach in a microfluidic device, one could have control 

over the size of monoolein nanoparticles by manipulating the flow rate ratio between the ethanolic lipid 

solution and the two aqueous side-streams. It was shown that the particle size decreased with the increase 

of the flow rate ratio. 

In this work, we explore the effect of the addition of cationic lipid (DDAB or DODAB) to monoolein 

nanoparticles with the goal of embedding cationic charge on such particles to make them suitable for the 

encapsulation of nucleic acids. 

Contrary to neat monoolein, the presence of cationic lipids makes the final particle size 

independent of the flow rate. Additionally, the particles are markedly smaller, with the size of cationic 

lipid-monoolein nanoparticles dependent on total lipid concentration and the proportion of cationic lipid 

to monoolein. The size of the nanoparticles produced decrease with the increase of the ratio of cationic 

lipid to monoolein or by decreasing the total lipid concentration.  

In respect to the particles' structure, SAXS measurements did not provide evidence of cubic 

structures. Nonetheless, when samples are observed with Transmission Electron Microscopy with 

negative staining, hexagonal patterns are visible. This observation may indicate the presence of a cubic 

phase, but alternative scenarios should still be considered. 

 

 

 

 

 

Keywords: Self-assembly, SAXS, Cationic lipids, Microfluidics, Monoolein, Solvent-exchange. 
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Aim 
 

The main goal of this work was to understand the dynamic self-assembly behavior of monoolein 

with cationic lipid (DDAB or DODAB) governed by the distinct lipid properties in aqueous phase. The 

influence of the compositional parameters, such as, the type of cationic lipid used together with 

monoolein, the initial and final total lipid concentration, the mass ratio of cationic lipid to monoolein and 

the amount of stabilizer were investigated. Another aim intended was to have control and to tune the sizes 

and structures of Monoolein-Cationic Lipid systems using microfluidic devices. This was achieved by 

variation of the flow conditions, such as, the flow rate ratio and total flow rate used. 
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Chapter 1- General Introduction 
 

1.1 Colloidal domain 
 

Colloids can be viewed as dispersions of particles in a medium. Essentially, one phase is 

dispersed in a second, continuous phase. The definition of colloids can be somewhat challenging, but 

they should be considerably larger than the molecular unit (i.e. larger than ≈1 nm), and remain suspended 

in solution for a reasonable amount of time (i.e. do not settle or cream in solution, for which they should 

be smaller than ca. 2 µm). Typically, most colloids have sizes in the range of 2-2000 nm. In the case of 

macromolecular or polymer solutions, the molecular size of the dispersed material is significantly greater 

than that of the solvent or continuous phase. But both types are colloids. To define colloids in a coherent 

way, two aspects of the system should be considered: the structure and the size. The structure to 

understand how the components are put together and interact, and the size to know the dimensions 

present in the system and how they modulate the colloidal interactions [1].  

Cherepanov et al.[2] define colloidal suspensions as a continuous media, like molecular solutions, 

however they fill an intermediate position between true (molecular) solutions and coarse suspensions. 

Since they combine both properties of solutions (diffusion and thermodiffusion) and coarse suspensions 

(sedimentation, light scattering, particle aggregation, polydispersity, magnetophoresis, and others). 

Relevant to this work are the self-assembled colloids. This class of colloids consist of aggregates 

or units of molecules that associate in a dynamic and thermodynamically-driven process. Association 

colloids are mostly formed by amphiphilic molecules. Such molecules are typically constituted by two 

parts with very different polarities. Hence, when dispersed in a solvent with similar polarity to one of the 

molecule parts, the general system energy can be lowered if the solute molecules rearrange and associate 

each other in such a way that they hide the part with unfavourable polarity from the solvent and expose 

the part with favourable polarity. Hence, this is a spontaneous association process resulting from the 

energetic interactions between the individual units and the solvent medium[1]. This process depends on 

several factors, such as temperature, solvent composition and specific chemical structure. Many 

biological systems involve various forms of these structures, for example, cell membrane formation, 

certain digestive processes and blood transport phenomena.  
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1.1.1 Lipid and surfactant self-assembly 
 

Amphiphilic molecules (Figure 1) are constituted by at least two regions with opposite polarity. 

Surfactants and membrane polar lipids are amphiphilic molecules constituted by one polar region (or 

headgroup) connected to a nonpolar region, typically constituted by one or two aliphatic tails. The polar 

regions are attracted to polar solvents (hydrophilic), whereas nonpolar regions are repelled 

(hydrophobic)[3].  

 

Figure 1: Schematic representation of a surfactant molecule with the polar region (hydrophilic) and non-polar region 
(hydrophobic). These molecules can have different shapes depending on the hydrocarbon chain and head group. The 
hydrophobic region can vary in the number of chains, chain length, composition and chain saturation. The hydrophilic region 
can be either nonionic, ionic, zwitterionic, or catanionic. Adapted of [1]. 

 

To reduce the free energy of the system, surfactant molecules adsorb at various interfaces but 

when all available interfaces are saturated, the molecules tend to associate. 

Upon hydration, these amphipathic molecules self-assemble to form different types of 

aggregates[4]. Both domains, polar and non-polar are well defined. They generate interfacial regions 

(stabilizing emulsions) which have different applications accordingly to the architecture of the aggregate. 

Thus, playing key roles in many technological and biological processes[1], [3].  

The balance of the opposing forces and the lipid concentration lead the structural organization 

that lipids assume in water. The hydrophobicity of the lipid chains in water is the main factor leading 

molecules to self-assemble. However, this effect by itself, leads to the start of the assembly process, but 

not of its start. Hence, if it was only for the hydrophobic effect, the solute molecules would just form 

another bulk-phase, like any other immiscible liquid in water. The main effect that stops self-assembling 

and leads to the formation of discrete particles (or nanostructured phases incorporating part of the 

solvent) are repulsive interactions among the headgroups. Such interactions can be ionic or steric 

repulsions, which stop the headgroups of coming to close to each other. Hence, it is this balance between 

the hydrophobic effect, and repulsive headgroup interactions that promote the formation of self-
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assembled structures [4]. As will be seen below, the relative magnitude of these forces, which control the 

size of the headgroups and tails, results in different molecular shapes that result in different self-

assembled geometries.  

 

1.1.2. The polymorphism based on lipid-water systems  
 

Lipids self-assemble into several polymorphic structures with different geometries. The most 

common aggregate structures are spherical micelles, cylindrical micelles, bilayers, vesicles, bicontinuous 

phases, and inverted micelles, which one can see in more detail in Figure 2 [3].  

The phase formed is based on many factors, such as the lipid composition, the lipid 

concentration, the ionic strength, pH of the aqueous solution, temperature, pressure, nature of the 

counterion, size of the surfactant headgroup, length and number of alkyl chains per surfactant, and 

hydration degree[4], [5].  

To these numerous lipid-water systems, the nomenclature proposed by Luzzati et al.[6] is the 

most widely used. The lattice is defined with a capital letter, in other words, 𝐿 means lamellar, 𝐻 is for 

hexagonal and 𝑄 denotes the cubic phase. About the subscripts, 𝐼 and 𝐼𝐼 refer respectively, to the normal 

and inverted phase. To the type of phase or hydrophobic chain conformation, the Greek subscript 

suggests the 𝑐 for crystalline structure, 𝛽 for the ordered gel-like region, 𝛼 for the liquid-like region, 𝛽𝛼 

for a coexisting gel- and liquid-like regions and 𝛿 for helical chain conformation[4]. 
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Figure 2: Main types of self-assembled structures and phases in lipid-water systems. In the first group, I., the lamellar phases: 

A. 𝑳𝑪, Crystalline lamellar; B. 𝑳𝜷, gel; C. 𝑳𝜷
[𝒊𝒏𝒕]

,interdigitated gel; D. 𝑳𝜷
´ , gel, tilted chains; E. 𝑷𝜷

´ , rippled gel; F. 𝑳𝜶, liquid 

crystalline. In the second group, II., the micellar aggregates: G. 𝑴𝑰, spherical micelles; H. cylindrical micelles (tubules); I. 
disks; J. 𝑴𝑰𝑰, inverted micelles; K. liposome. On the third group, III., the nonlamellar liquid-crystalline phases of various 

topology; L. 𝑯𝑰, hexagonal phase; M. 𝑯𝑰𝑰, inverted hexagonal phase; N. 𝑸𝑰𝑰
[𝑴]

, inverted micellar cubic phase; O. 𝑸𝑰𝑰, bilayer 

cubic phase, Im3m; P. 𝑸𝑰𝑰
𝑫 , bilayer cubic phase, Pn3m; Q. 𝐐𝑰𝑰

𝑮 , bilayer cubic phase, Ia3d. Adapted from [4] 

 

1.1.3. The geometric parameter of packing and the interfacial curvature 
 

The most stable aggregate geometry can be estimated by the critical packing parameter (𝑃𝑆), 

which is the ratio of the volume of the hydrophobic tail region to the projected volume of the headgroup 

by the alkyl chain length, according to: 

𝑃𝑆 =
𝑣𝑐

𝑎0 ∙ 𝑙𝑐
 Equation 1 

where 𝑣𝑐 represents the volume occupied by the acyl chain, 𝑎0 is the surface area of the head group 

and  𝑙𝑐 is the effective maximum chain extension (Figure 3). 
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Figure 3: Schematic representation of a surfactant molecule and the structural parameters used to calculate the critical packing 
parameter. 𝒂𝟎 corresponds to the minimum interfacial area occupied by the head group; 𝒗𝒄 corresponds to the volume of 

the hydrophobic region and 𝒍𝒄 represents the maximum extended length of the tail(s) in a fluid environment. Taken from[1]. 

 

The maximum extended length, 𝑙𝑚𝑎𝑥, can be estimated by assuming some generic values: the 

distance between alternate carbon atoms, the value of the van der Waals radius of the terminal methyl 

group and half the bond distance between the first carbon in the core and that bonded to the head group 

which are 0.235 nm, 0.21 nm and 0.06nm respectively[1]. 

Thus, for a normal hydrocarbon chain with 𝑛𝑐´core carbon atoms, the 𝑙𝑚𝑎𝑥 in nanometers is 

given by, 

 

𝑙𝑚𝑎𝑥 = 0.15 + 0.1265𝑛𝑐´ Equation 2 

 

Note that in the liquid state the acyl chain tends to not be fully extended. An effective chain length, 𝑙𝑐, is 

statistically more representative of the extension of the length, and as an example, a chain with 𝑛𝑐´ =

11, the ratio of 𝑙𝑐 to 𝑙𝑚𝑎𝑥 is ca. 0.75[1]. Nonetheless, for the calculation of the critical packing parameter 

and prediction of the preferred aggregate structure, 𝑙𝑚𝑎𝑥 is the value that should be used.  

The volume of the aliphatic chain can be estimated also assuming representative values, 

therefore the 𝑣𝑐 in manometers is expressed by, 

 

𝑣𝑐 = 0.0274 + 0.0269𝑛𝑐´  Equation 3 

 

The headgroup area, however, is more difficult to estimate, since it depends largely on the nature 

of the headgroup. As a rule of thumb, ionic headgroups have areas significantly larger than nonionic 

headgroups due to the presence of more hydrating water around the ionic charge, and due to repulsions 

between the charges. In addition, when salt is added, the effective size of ionic headgroups is decreased 

due to screening of the ionic charges.  
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Estimating the critical packing parameter, or knowing as a reference the values of known 

molecules, allows predicting the types of nanostructures formed (illustrated in Table 1). Ionic surfactants 

with just one tail have values of ca. 0.3. This value is characteristic of a cone shape, and packing of cones 

favour the formation of spherical structures such as spherical micelles. Adding salt decreases the 

headgroup area, increasing slightly the packing parameter to ca. 0.5 (representing the shape of a 

truncated cone). Such values favour the formation of cylindrical micelles. Surfactants or membrane lipids 

with two tails have packing parameters close to 1, representing cylindrical shapes. Packing of cylindrical 

shapes favours the formation of bilayers. Conversely, lipids with a small headgroup and two alkyl tails 

have packing parameters greater than 1 (inverse cone), and thus have a tendency to form reverse phases 

such as inverted micelles and inverted hexagonal phases.  
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Table 1: This scheme relates the critical packing parameter (𝑷𝑺) with the type of structure formed and the curvature (𝑯𝟎) 

displayed. In the presence of large head groups, the 𝑷𝑺 is smaller than 1/3 and the lipid shape resembles a cone. The typical 

structure formed is a normal micelle with positive curvature. For double chain lipids with large hydrophobic volume, 𝑷𝑺=1, 

the shape resembles a cylinder, and the assembled structures are bilayers. For lipids which have relatively smaller polar head 
groups, the 𝑷𝑺 is bigger than 1, with the lipid shape resembling an inverted cone, which favours the formation of inverted 

micelles with negative curvature. 

Critical packing 

parameter (𝑃𝑆) 

Lipid Shape Type of structure Curvature (𝑯𝟎) 

<
𝟏

𝟑
 

 

 

Inverted Cone  

Normal micelle 

 

 

 

𝑯𝟎 > 𝟎 

𝟏 

 

 

Cylinder 

 

Bilayer 

 

 

 

𝑯𝟎 = 𝟎 

> 𝟏 

 

 

Normal cone 
 

Inverted micelle 

 

 

 

𝑯𝟎 < 𝟎 

 

Within bilayers, there are three main morphology types: vesicles (or liposomes), lamellar phases, 

and bicontinuous phases.  

An alternative parameter than can be used instead or as complement to the critical packing 

parameter is the membrane mean and spontaneous curvatures (H and H0) and Gaussian curvature (K) 

of the interface between the headgroups and alkyl tails, which are estimated by equations (4,5).  
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𝐻 =
𝑐1 + 𝑐2

2
 

Equation 4 

 

𝐾 = 𝑐1 ∙ 𝑐2 Equation 5 

 

Here, 𝑐1 and 𝑐2 are the principal orthogonal curvatures, which are the inverse of the principal radii of 

curvature (𝑅1; 𝑅2) [7]: 

 

𝑐1 =  
1

𝑅1
;  𝑐2 =

1

𝑅2
 

Equation 6 

 

𝐻0 > 0 indicates curvature towards the chain region while 𝐻0 < 0 indicates curvature towards 

the water region, for a lipid monolayer[7]. The Gaussian curvature becomes especially useful in the 

description of the different types of bilayer systems. 𝑘 = 0 for lamellar phases, 𝑘 > 0 for liposomes, 

and 𝑘 < 0 for bicontinuous cubic phases. Bicontinuous cubic phases will be described in more detail on 

section 1.4.  

 

1.1.4 Solubility, critical micellar concentration (CMC) and Krafft temperature 
 

Despite the amphiphilic character of surfactants and lipids, they have some solubility in water in 

their monomeric form. For the self-assembled structures described above to form, the concentration has 

to exceed a critical value. For micelles, this critical value is called the "critical micelle concentration (CMC). 

A more general term, regardless of the type of structure formed is "critical aggregation concentration" 

(CAC). Below the CMC the surfactants are present in the monomeric form. Beyond this concentration 

micelles form and coexist with the monomers in solution. However, the CMC can only be reached above 

the Krafft temperature, which is the temperature at which the monomer solubility equals the CMC (Figure 

4).  

The monomer solubility depends significantly on the length of the hydrocarbon chain, nature of 

the head group, the valence of the counterion (in case of ionic head groups), and the solution 

environment. Typically, the longer the alkyl tail length and the bigger their number, the lower the monomer 

solubility is. 
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The formation of micelles results from a balance between the solubility of the monomer, the 

hydrophobic effect that drives association, and headgroup repulsions. After the CMC is reached and 

micelles form, as the total concentration of surfactant keeps increasing, the surfactant monomer 

concentration remains approximately constant. In other words, the concentration of aggregates is close 

to equilibrium with the monomer concentration.  The major factor that determines CMC is the length of 

the acyl chain. Increasing the alkyl chain length for a homologous series of surfactants, leads to a 

logarithmic decrease of the CMC. In the case of nonionic surfactants, this decrease is much larger 

because the repulsive force is smaller. The polar head also has some influence with the CMC increasing 

for larger headgroups [1], [4].  

 

 

Figure 4: The relation between the temperature and the monomer concentration of ionic surfactant. This illustration exhibits 
the Krafft temperature, the monomer solubility and the critical micellar concentration. Taken from[1]. 

 

Thermodynamically, the CMC can be reasonably described by the Gibbs free energy of micelle 

formation (∆𝐺°𝑚𝑖𝑐), 

∆𝐺°𝑚𝑖𝑐 = 𝑘𝑇 ln 𝑋𝐶𝑀𝐶   Equation 7 

 

where 𝑘 is the Boltzmann´s constant, 𝑇 is the absolute temperature and 𝑋𝐶𝑀𝐶 is the CMC concentration. 

Negative Gibbs free energy of micellization indicate that micelle formation is energetically favored. Highly 

hydrophobic molecules have more negative ∆𝐺°𝑚𝑖𝑐, which means that they form aggregates at a much 

lower concentration and the CMC is lower [4].  

When micelles form, several physical properties, such as, osmotic pressure, surface tension and 

light scattering show an abrupt change (Figure 5). As such, the CMC can be determined by means of 
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these physicochemical parameters[3], [4], the most common being the surface tension and conductivity 

as explained below.  

As mentioned above, surfactants, due to their amphiphilic character, tend to accumulate at 

interfaces, lowering their surface tension. The surface tension of a surfactant solution thus decreases 

until reaching the CMC because the surfactant monomers partition between the solution and the air-water 

interface. Hence, higher monomer concentrations leads to a higher surface coverage. Above the CMC, 

the surface tension remains approximately constant because the additional monomers of surfactant will 

form aggregates, hence not contributing to cover the air-water interface [4]. 

 

 

Figure 5: In this graphic, one can see the variation of the physical properties (osmotic pressure, surface tension and light 
scattering) with the increase of surfactant concentration in water. From the CMC these physical properties change abruptly. 
Adapted from [3]. 

 

Regarding electrical conductivity (Figure 6), below the CMC, ionic surfactants behave like a strong 

electrolyte and dissociate completely. Thus, the electrical conductivity increases sharply with the increase 

of the monomer concentration. Micelles, on the other hand, are only partially dissociated, and are also 

less mobile. Hence, at the onset of micellization, the slope of electrical conductivity as a function of 

concentration decreases [4]. The interception of the two curves (before and after the CMC) allow a good 

approximation of the CMC. 
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Figure 6: Figure illustrates the conductivity change as a function at monomer concentration. Taken from[4] 

 

1.2. Nucleation, growth and supersaturation conditions 
 

Micelles, as described above, are thermodynamically-favoured (i.e. equilibrium) structures. 

However, in technology, most often the particles that are used are non-equilibrium structures. This is the 

case for most liposomes, emulsions, and dispersions of liquid-crystalline phases, of which cubosomes 

(one of the central topics of this work) are an example. Hence, the method of preparation (i.e. synthesis 

route) of these particles strongly influence their structure and size distributions[8]. One of the most 

common approaches used to prepare non-equilibrium particles is by solvent exchange, in which the final 

particle size and the size distribution are controlled by the nucleation and growth kinetics under 

supersaturation conditions[9]. 

In general, there are two approaches in order to obtain nanoparticles; a relatively simple method 

“top-down”, that involves breaking down larger particles by milling and a more challenging route, “bottom-

up”, which involves assembling and controlling precipitations at the nanometer scale. The last approach 

has some advantages, such as, incorporating multiple active pharmaceutical ingredients in a single 

nanocarrier and the ability to tailor the nanoparticle surface functionality[9]. 

According to the crystallization theory, the onset of supersaturation determines the phase 

separation to reduce the free energy of the system. In homogenous nucleation, the primary nuclei start 

to form and then grow by aggregation of molecular species until reaching stability, when the critical size 

is achieved. The nucleation rate (B) is in accordance with the Arrhenius relationship: 

𝐵 = 𝐾1𝑒𝑥𝑝 (−
∆𝐺𝑐𝑟

𝑘𝑇
) 

Equation 8  
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where 𝐾1 is a constant, ∆𝐺𝑐𝑟 is the critical free energy for nucleation, 𝑘 is Boltzmann's constant and 𝑇 

is the absolute temperature[9]. 

For a spherical particle with radius, 𝑟, the energy of nucleation is the sum of the energy required 

to form an interface, ∆𝐺𝑠, and the free energy to form the bulk phase, ∆𝐺𝑣.  

∆𝐺 =  ∆𝐺𝑠 + ∆𝐺𝑣 = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟3∆𝐺𝑣 

Equation 9 

where 𝛾 is the surface tension. But the critical nucleus size, 𝑟𝑐, is given by:[9] 

𝑟𝑐 =  
−2𝛾

∆𝐺𝑣
 

Equation 10 

The ratio of the particle solubility at the interface, 𝐶𝑠, to the bulk solubility,𝐶∞, defines the 

supersaturation ratio, 𝑆𝑟,[9] 

𝑆𝑟 =  
𝐶𝑠

𝐶∞
 

Equation 11 

 

The supersaturation for solvent-exchange precipitations (Figure 7) is frequently described as the 

total mass of solute added divided by the final solution volume, 𝐶, divided by bulk solubility in the final 

solvent mixture (eq. 12) [10]. This method consists of a dissolved solute which is added to a large volume 

of non-solvent.  

𝑆 =  
𝐶

𝐶∞
 

Equation 12 

In this case, supersaturation is controlled by the mass transfer and mixing times, while thermodynamic 

driving forces have no influence on precipitation. The growth of the earlier nuclei in solution depletes the 

supersaturated solution which ends with nucleation. The nucleus grows until the solute concentration is 

equal to the bulk solubility (𝐶 = 𝐶∞)[9]. 
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Figure 7: Scheme about the solvent-exchange method. The solvent exchange from a good (ethanol) to a bad solvent (mostly 
water) induces the self-assembly of the lipid through homogeneous nucleation. 

 

1.3. Microfluidic devices 
 

Microfluidic devices have several interesting properties, such as: use of much smaller reagent 

volumes, shorter reaction times, the possibility of parallel operations, smaller geometrical size, 

disposability, lower cost, higher throughput and higher performance [11], [12]. Besides all these 

advantages, they can integrate an entire laboratory onto a single chip in the so-called lab-on-a-chip 

devices[13]. Currently they already find applications for biosensors in biomedical and life sciences [14], 

but other uses will soon emerge. 

Many of the advantages mentioned above arise from miniaturization. Microfluidic devices are 

characterized by handling and manipulating small amounts of fluids (10−9 to 10−18 liters) using 

channels with dimensions going from tens to hundreds of microns. Due to such small length scales there 

is a large surface-to-volume ratio that provides enhanced heat and mass transfer [11] and rapid diffusive 

mixing in the order of 100 µs [15].  

In these microfluidic systems there is a balance between bulk inertial, viscous, and interfacial 

forces [11], [16]. Besides that, a well-defined and predictable interfacial region between two fluids is 

defined by the laminar flow conditions in the channels. This feature can be used to focus the fluid streams 

hydrodynamically for rapid mixing and patterning at a submicron dimension[17], or to create droplets of 

well-defined size. While there are several different types of microfluidic devices, here attention will be 

devoted to hydrodynamically-flow focusing devices for mixing. Hydrodynamic flow-focusing devices are 
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used in several applications, such as flow cytometry on chip[18], self-assembly reactions[19], folding 

kinetics of biomacromolecules[20] and nanoprecipitation[21]–[25] which is the focus of this work.  

 

1.3.1. Micromixing 
 

Microreaction technology is related to enhanced product selectivity, improved safety, yield and 

purity and access to new products and processes. The most important constituents in microfluidic devices 

are the mixers, which can be classified as active or passive[11].  

Active mixers require external forces, like pneumatic or mechanical vibration, to enhance mixing 

efficiency in order to introduce vorticity into the laminar flow[26], [27]. Despite their attractiveness, the 

fabrication processes for active mixing are complex for packaging and control, and the fluidic components 

are hard to integrate. Conversely, passive mixers do not require external forces or components and are 

therefore much more robust and straightforward [11], [28]. To achieve mixing the interfacial area is 

increased by the repeated lamination and split flows in microfluidic channels [11], [29], [30].  

 

1.3.2. Reynolds number: laminar and turbulent flow 
 

The flow of fluids in channels or pipes is usually laminar or turbulent (Figure 8). These two types 

of flow have very different properties and their occurrence can be estimated through the use of the 

Reynolds number (Re), given by equation 13.  

𝑅𝑒 =  
𝜌𝑣𝑙

𝜂
 

Equation 13 

Where 𝜌 corresponds to the fluid density, 𝑣 represents the average fluid velocity, 𝑙 is the channel width 

and 𝜂 is the dynamic viscosity[31]. 𝑙, also known as the hydraulic diameter of the channel, can be 

expressed by: 

𝑙 =  
4𝐴

𝑃𝑤𝑒𝑡
  Equation 14 

  

where 𝐴 corresponds to the cross-sectional area of the channel and 𝑃𝑤𝑒𝑡 to the wetted perimeter[32]. 

The Re is a dimensionless number that compares inertial (which favour turbulence) with viscous 

forces (which favour laminar flows). Below Re =100, the flow is laminar. Above 104 the flow is turbulent. 

In between these values the transition from laminar to turbulent flows occurs[16], [31], [33]. 
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Turbulence can be used for fast mixing, which requires a high Reynolds number (high flow velocity 

or wide(r) channels). However, it is fast, on the order of microseconds, providing a large consumption of 

sample, typically tens of milliliters by the minute. Importantly, as can be deduced by eq. 13, the 𝑙 on the 

numerator indicates that channels with sub-millimiter dimensions will almost inevitably lead to low 

Reynolds numbers and therefore, microfluidic devices are dominated by laminar types of flow.  

 

Figure 8: Figure shows the basic principles of both types of mixing, by turbulence A. or diffusion in laminar flow B.. Taken 
from[31]. 

 

Laminar flow regimes are usually desired in microfluidics due to the improved control and 

reproducibility that they allow. This laminar flow produces two effects, first the fluid velocity results in a 

parabolic distribution which depend on the boundary conditions. Secondly, the mass transfer depends on 

diffusion as well as channel dimensions, where the mean mixing time (𝜏𝑚𝑖𝑥) of diffusion is given by: 

𝜏𝑚𝑖𝑥 ∝
𝑥2

𝐷
 

Equation 15 

where 𝑥 is the diffusion length (the distance that solutes need to travel during the diffusion) and 𝐷 the 

diffusion coefficient[32].  

 Because microfluidic devices have channels with lengths in the order of microns, the mixing time 

becomes very long (e.g. a molecule with a size of ca. 1 nm, would take ca. 20 s of mixing time in a 

microchannel with 100 µm of width and height). To overcome this difficulty, hydrodynamic flow-focusing 

was developed, as will be discussed further below. 
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1.3.3. Péclet number 
 

The Péclet number (Pe) is dimensionless number that compares the time that molecules need 

to mix (eq. 15) with the distance that they travel downstream through the channel by advection. If the 

fluid velocity is very high, the molecules move downstream very fast too, which means that their residence 

time in the channels may be too low to allow efficient mixing. This is therefore a relevant number when 

mixing processes are involved. The Péclet number can be obtained by the following equation:  

𝑃𝑒 =
𝑉𝑚𝐿

𝐷
 

 

Equation 16 

where 𝑉𝑚 represents the average fluid velocity, 𝐿 is the channel width and 𝐷 the diffusion coefficient. 

This number can be arranged to the following equation: 

𝑃𝑒 =
𝑍

𝐿
  

 

Equation 17 

where 𝑍 corresponds to the travelled distance. Hence, Pe refers to the relative distance (compared to the 

channel width) that the molecules need to travel for mixing to be complete [33]. Small Pe numbers 

indicate that mixing occurs very early on the channel, whereas large Pe indicate that mixing is complete 

at later times. In the limit, very large Pe may indicate that mixing is not complete within the channel 

length. 

 

1.3.4. Symmetric hydrodynamic flow-focusing 
 

As discussed above, the channel dimensions in the order of microns and the mixing controlled 

by diffusion lead to very slow mixing times in microfluidics (Figure 9, a). This limitation can be overcome 

in a number of ways. Of special relevance to this work is hydrodynamic flow-focusing devices. In such 

devices, the mixing time is significantly reduced by reducing the spatial length over which mixing occurs. 

For this, typically a device with three inlets and an outlet is used. One of the solutions is flowed through 

the central inlet, and the other solution is flowed through the side channels (Figure 9, b). As the two 

solutions meet, the central solution is compressed by the lateral solutions. This compression (i.e. 

focusing) leads to a decrease of the mixing time by reducing the diffusion length. 
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Figure 9: The distribution of solute concentration in microfluidic channels. a. The reaction products are dispersed inside of 
the channel because the fluid near the walls of the channel spends a longer time in the channel due to the lower velocity. b. 
The reaction time and the synthesized product distribution are more unvarying due to the confinement of the reaction zone to 
the center, caused by hydrodynamic focusing. Taken from[32] 

  

Lee et al[12] developed a theoretical model for predicting in rectangular microchannels the width 

of two-dimensional hydrodynamically focused streams. There are several assumptions, such as the flow 

is steady and laminar in the channels and the fluids are Newtonian and present with the same density 

and height for all channels (inlet, sides, and outlet).  

The amount of fluid incoming by the inlet must be equal to the amount of fluid passing through 

the dimension of the focused stream according to the principle of mass conservation: 

𝑤𝑓 =  
𝑄𝑖

𝑣𝑓̅̅ ̅ × ℎ
 

Equation 18 

where 𝑤𝑓 is the width of the focused stream (𝑚), 𝑄𝑖  is the volumetric flow rate of the inlet channel 

(µ𝐿𝑚𝑖𝑛−1), 𝑣𝑓̅̅ ̅  is the average velocity of the focused stream (𝑚𝑠−1) and ℎ is the height of channel 

(𝑚)[12]. 

The amount of fluid supplied from the inlet and side channels must be equal to the amount of 

fluid outgoing through the outlet channel: 

𝑣0̅̅ ̅ =  
𝑄𝑖 + 𝑄𝑠1 + 𝑄𝑠2

𝑤0 × ℎ
 

Equation 19 

 

where 𝑣0̅̅ ̅ is the average velocity of the outlet channel (𝑚𝑠−1), 𝑄𝑖  is the volumetric flow rate of the inlet 

channel (µ𝐿𝑚𝑖𝑛−1), 𝑄𝑠1 is the volumetric flow rate of side channel 1 (µ𝐿𝑚𝑖𝑛−1), 𝑄𝑠2 is the volumetric 

flow rate of side channel 2 (µ𝐿𝑚𝑖𝑛−1), 𝑤0 is the width of the outlet channel (𝑚) and ℎ is the height of 

the channel (𝑚)[12]. 
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To express the relationship among the width of the hydrodynamically focused stream (𝑤𝑓) and 

the volumetric flow rates of the inlet and side channels (𝑄𝑖, 𝑄𝑠1, 𝑄𝑠2), the following equation is 

noteworthy: 

𝑤𝑓

𝑤0
=

𝑄𝑖

𝑅(𝑄𝑖 + 𝑄𝑠1 + 𝑄𝑠2)
 

Equation 20 

 

where 𝑅 define the velocity ratio, 𝑅 =
𝑣𝑓̅̅̅̅

𝑣0̅̅ ̅
 [12]. 

 

1.3.5. Hydrodynamic flow-focusing to produce particles with tuneable size 
 

 The well-defined geometry of microchannels and reproducibility of laminar flow, coupled with 

faster mixing times easily tuneable with hydrodynamic flow-focusing devices, opens the opportunity to 

prepare self-assembled lipid-based nanoparticles. This principle has been explored by Jahn et al [17], 

[34] (Figure 10), followed by others [35] to produce liposomes of controlled size. Ferreira et al also used 

this principle to prepare cubosomes of controlled size [36]. In all these cases, the solvent-exchange 

approach is applied within microfluidic devices. Generically, the lipid is first dissolved in alcohol and flowed 

through the middle channel of the device. The aqueous solution that is mixed with the alcohol solution to 

produce the particles is flowed by the side channels. When the two solutions meet at the junction, the 

alcohol solution is squeezed, leading to fast and controlled mixing. By adjusting the flow rate ratio between 

the water solutions and the lipid-alcohol solutions, the diffusion length is adjusted, which allows also a 

fine tuning of the mixing time. Since this mixing time directly influences the nucleation and growth time 

of the formed nanostructures, the size is directly affected by controlling the flow rate ratio, as 

demonstrated by the works referenced above.  
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Figure 10: Vesicle formation in hydrodynamic focusing device. a. Represents the liposome formation process in the microfluidic 
channel. The concentration ratios of IPA to an aqueous buffer is specified by the color contours. b. Represent the liposome 
formation, at the focused region, the fluorescence intensity of 3-D color counter map. Taken from [17] 

 

1.4 Monoolein cubosomes 
 

Bicontinuous cubic phases are observed in biological systems and have several biotechnology 

applications, comprising drug delivery[27],[28], nucleic acid delivery[29],[30], biosensing[41], medical 

imaging[37], [42], membrane protein crystallization[43], [44], and foods[45], [46]. Cubosomes are 

colloidal dispersions of bicontinuous cubic phases, typically stabilized by an amphiphilic polymer.  

Monoglyceride glycerol monoolein, along with phytantriol, is one of the most common surfactants 

used to make cubosomes. 1-Monoolein is a monoacylglycerol with 9-cis-octadecenoic acid at the sn-1 

position of glycerol (Figure 11). [47] The mono prefix indicates that one hydrocarbon chain is esterified 

to the glycerol backbone. The acyl chain can be attached to glycerol at any of the three carbon positions 

by an ester bond. The two remaining carbons of the glycerol have active hydroxyl groups, giving polar 

characteristics to this portion of the molecule. The glycerol moiety may form hydrogen bonds with water 

in an aqueous environment and is commonly referred to as the head group. The hydrocarbon chain gives 

hydrophobic characteristics to monoglycerides and is often termed the tail [48], [49]. Essentially, MO is 

a neutral single tail unsaturated lipid that at room temperature and low concentrations assembles in water 

to form two inverse bicontinuous cubic phases[50], [51]. The structure of monoolein (MO) dispersed in 

water and the mesophase propensities are of interest in a number of areas ranging from controlled uptake 

and release to cosmetic, food and pharmaceutical formulations[47], [52].  
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Figure 11: Monoolein (MO) structure. 

 

The aqueous phase behaviour of the monoolein-water system and the correspondent structures 

formed are illustrated in Figures 12 and 13, respectively. According to the phase diagram, when going 

from very low to high water content, there is a transition from lamellar to cubic Ia3d, then to cubic Pn3m, 

and finally to cubic Pn3m with water in excess [53]. It is in this region of excess water that cubosomes 

can be formed. By increasing the temperature, a transition to inverted hexagonal and inverted micelles is 

also observed. A bicontinuous cubic liquid crystalline phase exhibit a single structure at the nanometer 

level, which is a material optically clear and very viscous. [54].  

 

 

Figure 12: Aqueous phase behaviour of the monoolein-water system. 𝑳𝒄 and 𝑳𝜶 represent the crystalline and fluid lamellar 

phases, respectively. 𝑸𝑰𝑰
𝑮  and 𝑸𝑰𝑰

𝑫  represent the inverted bicontinuous phase, Ia3d and Pn3m respectively. 𝑳𝟐 and 𝑯𝑰𝑰 
correspond to the inverted micellar and hexagonal phase, respectively. Adapted from[55], [56]. 
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Figure 13: The various structures (crystal, liquid crystal, and fluid phases) identified in the aqueous phase behaviour of the 
monoolein-water system. Taken from [47] 

 

  To form cubosomes the cubic phase formed by hydrating a surfactant or polar lipid needs to be 

dispersed into smaller particles that must be stabilized. Cubosomes structure is like “honeycomb” with 

bicontinuous domains of water and lipid, once the surfactant assembles into bilayers that are twisted into 

a three-dimension, periodic, the minimal surface forming tightly packed structure. These structures, 

contrary to liposomes, can simultaneously accommodate water-soluble, lipid-soluble, and amphiphilic 

molecules[53], [54]. 

 Luzzati et al. [57] proposed three structures of cubosomes, Pn3m (illustrated in Figure 14), Ia3d, 

and Im3m. These dispersions of cubosomes are thermodynamically unstable however by the addition of 

polymers (as F-127) they can be stabilized for some time by providing steric repulsions that opposes 

cubosome aggregation[58], [59]. Regarding the microstructure of cubic phases is biologically compatible 

and capable of controlled release of solubilized active ingredients like drugs and proteins[54].  

The aqueous dispersions of lipid-based lyotropic liquid crystalline phases, cubosomes, can be 

produced by two different techniques: top-down and bottom-up. On the top-down approach, the bulk cubic 

phase is first produced and then dispersed by high energy processing into cubosome nanoparticles. In 

the case of the bottom-up approach, the nanostructure building blocks are first formed and in the end, 

they can assemble into the final material. Spicer et al.[60] developed a process to produce cubosomes 
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at room temperature based on mixing monoolein-ethanol solutions with Poloxamer 407 solutions by 

spontaneous emulsification[54].  

 

A. 

 

B. 

 

Figure 14: Pn3m structure of a cubosome. In A. is illustrative the coexistence of extensive lipidic and aqueous domains, 
where polar (marked by the stars) and lipophilic (marked by the lunes) drugs can be delivered. In B. the lipid bilayers that 
prevent the aqueous regions to intersect each other are shown.  

 

1.4.1. Block copolymer to stabilize the cubic phase  
 

The synthesis of copolymers results from the polymerization of more than one type of monomer. 

Regarding the amphiphilic copolymers in aqueous solution, they can assemble in microstructures that 

resemble micelles formed by low-molecular-weight surfactants[61].  

The poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-PPO-PEO) 

polymer in aqueous solutions, at low temperatures and/or concentrations is solubilized in the form of 

individual monomers, but when the critical micellization concentration is reached (by increasing the 

temperature or concentration) micelles are formed. By increasing the molecular weight or content of PPO 

polymer, the CMC decreases due to the hydrophobic effect. Since the PEO and PPO are hydrophilic and 

hydrophobic, respectively [61]. 

These triblock copolymers present several industrial applications, such as detergency, dispersion 

stabilization, foaming, emulsification, lubrication, and formulation of cosmetics and inks. Other 

applications more specific are pharmaceuticals (drug solubilization and controlled release), burn wound 

covering, bioprocessing and separations[61].  

These pluronics are typically used to stabilize colloidal nanostructured particles of a lyotropic 

liquid crystalline bicontinuous cubic phase sterically, and the Pluronic F127 is the most commonly 

employed (structure is presented in Figure 15)[62]. This steric stabilization is transient. Since cubosomes 



 

23 
 

are not thermodynamically-stable structures, with time they tend to aggregate and form the non-dispersed 

bicontinuous cubic phase again. The effect of F127 is to provide them with stability for a limited amount 

of time, which can be of several weeks. The use of F127 as a stabilizer enhances the stability of the 

particles (Figure 16).  

 

A. 

 

 

 

 

B. 

 

Figure 15: Non-ionic tri-block copolymer. In A. one hydrophobic block represented by red color flanked by two hydrophilic 
blocks represented by the black color. In B. the structure is constituted of 100 units on average of polyethylene glycol (PEG) 
on both sides of a 65-unit long polypropylene oxide (PPO) block[62]. 
 

 

Figure 16: Cubosomes stabilization by the pluronic F127. The hydrophobic block absorbs in the cubosome surface, while the 
hydrophilic blocks prevent aggregation due to steric interactions. 

 

1.4.2 The cationic lipids (DODAB and DDAB)  
 

Didodecyldimethylammonium bromide (DDAB) and dioctadecyldimethylammonium bromide 

(DODAB) are both cationic surfactants with two alkyl tails each. In solution they tend to form bilayer 

structures, most commonly lamellar phases. Below 2-3 wt% these lamellar phases can be dispersed into 

liposomes. In aqueous dispersions, the Tm (the gel to liquid-crystalline phase transition) of neat DDAB 

and DODAB is around 16° and 43°C, respectively. The DDAB-rich liposomes are in the liquid-crystalline 

phase, while the DODAB-rich liposomes are in the gel state, at room temperature, around 22°C[63]. 

 

A.  
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B.  

 

Figure 17: The structure of homologue double-chain liposome-forming cationic lipids. In A. the Dioctadecyldimethylammonium 
bromide (DODAB) and in B. the Didodecyldimethylammonium bromide (DDAB). 

 

1.4.3. Cationic surfactant incorporation in cubic phases 
 

1.4.3.1. DODAB:MO mixtures 

 

The [dioctadecyldimethylammonium bromide (DODAB): monoolein (MO)] system has been 

studied for use as promising non-viral gene delivery formulations. The cationic charge of DODAB mediates 

electrostatic attractions between the lipid bilayers and negatively charged DNA [64]. 

The balance between the tendency of DODAB to form zero-curvature bilayer structures and the 

predisposition of MO to form non-bilayer structures with negative curvature control the final morphology 

of DODAB:MO aggregates at equilibrium [64]. 

Oliveira et al.[64] did a complete characterization of the phase behavior and aggregate 

morphology of DODAB:MO mixtures at different molar ratios (𝒙𝑫𝑶𝑫𝑨𝑩) using several techniques, dynamic 

light scattering (DLS), fluorescence spectroscopy, differential scanning calorimetry (DSC) (Figure 18), 

cryogenic transmission electron microscopy (cryo-TEM) (Figure 19), light microscopy (LM), and surface 

pressure–area isotherms. These results show that both MO content and temperature are related to non-

bilayer structures formation, affecting the final structure of the aggregates. Bilayer-based structures are 

dominant for 𝒙𝑫𝑶𝑫𝑨𝑩 ≥ 𝟎, 𝟓 and the molar composition and temperature influence the size, as well as, 

fluidity. However, the densely packed cubic-oriented particles are dominant for 𝒙𝑫𝑶𝑫𝑨𝑩 < 𝟎, 𝟓. An 

increase in MO has a similar effect as an increase in temperature on the aggregate morphology.  
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Figure 18: This picture shows the results obtained by DSC for pure DODAB, pure MO and DODAB:MO mixtures, at different 
molar fractions (𝒙𝑫𝑶𝑫𝑨𝑩) and total lipid concentration of 1.0 Mm. A. represent the thermograms and B. the melting 

temperature versus 𝒙𝑫𝑶𝑫𝑨𝑩. In A. the gel-to-liquid crystal transition temperature, Tm, for pure DODAB dispersions exhibits 

an endothermic peak at 46,6°C. As the monoolein increases up to 𝒙𝑫𝑶𝑫𝑨𝑩 = 𝟎, 𝟖, the peak which corresponds to the Tm 

becomes broader, weaker and less well-defined, shifting to a lower temperature. When 𝒙𝑫𝑶𝑫𝑨𝑩 is between 0.95-0.85 a pre-

transition appears before the main transition, which takes place at around 36°C. This is due to the tilting of the DODAB chains. 
In B. it is visible the dependence of Tm on DODAB molar fraction, which means that an increase of MO content causes a 
substantial increase in the fluidity of the vesicle bilayer. Taken from [64]. 

,  

Figure 19: Cryo-TEM micrographs at 25°C for different molar ratio of DODAB:MO; A. - 𝒙𝑫𝑶𝑫𝑨𝑩=0,5; B. - 𝒙𝑫𝑶𝑫𝑨𝑩=0,3; C. - 
𝒙𝑫𝑶𝑫𝑨𝑩=0,2, and D. for pure MO. A. At equimolar composition, there is a coexistence of spherical unilamellar vesicles, 

vesicles of irregular shape, bilamellar vesicles and also some fused vesicles. B. Small spherical bilamellar vesicles (with a 
diameter of about 100 nm), dense unilamellar vesicles and vesicles with internal structure appear with the increase of MO. 
C. The densely packed structures with a diameter of about 50-60 nm dominate the dispersion. D. The characteristic cubic 
structures of neat MO are dispersed in excess of water. Taken from [64]. 
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Gene therapy is a promising strategy to deliver genes of therapeutic interest with resultant 

production of desired proteins to reduce both inherited and acquired deficiencies[65].  

When Felgner and colleagues discovered that complexes between 2,3-dioleyloxypropyl-1-trimethyl 

ammonium chloride (DOTMA) cationic liposomes and DNA efficiently transfected the COS-7 cell line the 

cationic liposomes emerges as a promising alternative to the viral vectors in the late 1980s [66]. 

In order to increase the transfection efficiency of lipoplexes(Figure 20) the charge ratio (+/-) 

between the lipid and DNA have been optimized, as well as, neutral lipids (also designated as helper 

lipids, i.e monoolein) were added to the formulation. Some helper lipids favor the fusion of the lipoplexes 

with cell membranes, due to its propensity to form non-lamellar structures with negative curvature that 

are analogous to membrane fusion intermediates. However, the type of cationic lipid and their charge is 

also important in the resulting formulation efficacy [67].  

Silva et al.[65] presented lipoplexes composed of pDNA and DODAB:MO at different molar ratios 

(4:1, 2:1 and 1:1) and at different cationic lipid:DNA ratios for transfection of mammalian cells (293 T 

cells). The results for DODAB:MO formulations showed little toxicity and successfully mediated in vitro 

cell transfection. The lipoplexes were able to access the cytosol and deliver pDNA to the nucleus. 

Carneiro et al. [68] demonstrated the potential of a liposomal antigen delivery system (ADS) in 

mediating protection against systemic candidiasis. Once the DODAB:MO formulation contained Candida 

albicans cell wall surface proteins (CWSP). 

This study showed that one of the formulations tested of DODAB:MO-based ADS efficiently 

enhanced the stimulatory effect of CWSP and constitutes a promising new vaccine antigen delivery 

system. A considerable humoral and cellular immune response in mice was shown by results in vivo 

using DODAB:MO. 

Oliveira et al. [69] focused on the liposomal system composed of the cationic lipids 

dioctadecyldimethylammonium bromide or chloride (DODAB/DODAC) and the neutral lipid monoolein 

(MO) for siRNA delivery. The delivery of some sequences of nucleic acids constitutes one of most 

important challenges due to the stability and protection of genetic material in physiological conditions. As 

well as, the ability to target specific cells and release the therapeutic payload onto their cytoplasm. 
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Figure 20: Illustration of lipoplexes formation between positively charged liposomes and negatively charged DNA molecules. 

 

1.4.3.2. Distinct cationic lipids applied at cubic phase of monoolein and phytantriol 

 

Phytantriol is another ubiquitous lipid that forms bicontinuous cubic phases and cubosomes. At 

room temperature with increasing water content, we observe an inverse micellar phase (𝐿2), then lamellar 

(𝐿∝), gyroid (Ia3d) and diamond (Pn3m) inverse bicountinuous cubic phases [70], [71]. The addition of 

an additive to the amphiphilic matrix or to the aqueous solutions influence the structural properties 

(bilayer thickness, water channel diameter and curvature) and the phase behaviour of phytantriol.  

Based on SAXS measurements Astolfi et al. [72] demonstrated that the addition of cationic lipid 

(DDAB) to phytantriol induced structural changes. A cubic phase with the double-diamond (Pn3m) 

symmetry and a lattice parameter of 6.51 nm is formed in excess of water with neat phytantriol. In the 

presence of 3 mol% of DDAB a Pn3m cubic phase was still observed with an increased cell unit with 

respect to phytantriol alone. Between 5-8 mol% of DDAB occurs a phase transition to Im3m cubic phase, 

whereas for 10 mol% of cationic lipid a multilayer lamellar phase is clear. These systems of phytantriol 

and DDAB can loaded anticancer drugs, such as drug 5-fluorouracil.   

Liu et al. [73] showed optical changes concerning with the amount of DDAB to phytantriol, for 

lipid dispersions with low content of DDAB in water appeared as milky emulsions whereas with high DDAB 

content the dispersion was colorless, transparent, and viscous. Once again with resource of SAXS profiles, 

by increasing the DDAB amount caused the phase transition from Pn3m cubic phase into Im3m cubic 

phase and lamellar phase. 

Angelov et al. [74] have identified large channels in cationic PEGylated cubosome nanoparticles 

constituted of a lipid mixture of monoolein, DODAB and DOPE-PEG2000 (1,2-dioleoyl-sn-glycero-3-phospho-



 

28 
 

ethanolamine-N-(methoxy(polyethyleneglycol)-2000) ammonium salt) which was dispersed in excess 

aqueous phosphate buffer medium, with resource to SAXS and Cryo-TEM imaging. Besides that, onion 

intermediates and bilayer stacks have been suggested as prerequisite for the development and growth of 

cubic nanochannel network structures[75]. These augmented water channels diameter might facilitate 

the lodging of hydrophilic biomacromolecules (e.g. siRNA, DNA, or peptides) in synthetic drug delivery 

nanocarriers.  

Leung et al. [46] proved phase behavior changes regarding the amount of cationic and PEGylated 

lipids used in the system of MO/DOTAP (1,2-dioleoyl-3-trimethylammonium propane)/DOPE-PEG (DOPE-

PEG – 1,2- dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000 kDa]) in 

excess of water using SAXS and Cryo-EM analysis. For a fixed DOPE-PEG concentration of 1 mol%, by 

decreasing the amount of DOTAP there are a transition from the lamellar to cubic phase. At fixed high 

MO/DOTAP ratio (92:8, molar percentage) for 5 mol% and 1-3% of DOPE-PEG the diamond/primitive 

cubic phase is dominant, respectively.  
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Chapter 2- Materials and Methods 
 

In this chapter, we present how to prepare nanoparticles constituted for monoolein (Nu-chek Prep 

Inc, Elysian, MN), a neutral lipid, and DODAB (Sigma-Aldrich®) and DDAB (Sigma-Aldrich®) both are 

cationic lipids, through the “solvent shifting” or “solvent exchange” or “nanoprecipitation” method in bulk 

and in a microfluidic device based on focusing flow.  

Dynamic light scattering (DLS) is the main technique for the measurements of the size of the 

particles, thus it will be briefly described. Furthermore, the procedures to calculate the hydrodynamic 

diameter using a MATLAB routine will be exemplified.  

Small Angle X-ray Scattering (SAXS) and Transmission Electron Microscopy (TEM) were 

performed to characterize the internal structure of the nanoparticles, therefore both techniques will be 

discussed. 

 

2.1 Bulk preparation of lipid nanoparticles  
 

In this work the use of microfluidics to produce lipid nanoparticles constitutes the main goal. 

Since this technique allows to control the size of the particles by manipulating the flow rate ratio (QR). 

Dissimilar QRS infers distinct dilution ratios (DR) which are relevant to apply in solutions prepared by 

ethanolic injection to establish comparations with microfluidics method. Basically, the final concentration 

of each component (lipid, F127, water, ethanol) is maintained, while the effect of the technique applied 

is evaluated on the diameter of the particle.    

To produce our self-assembled lipid nanoparticles, we place a vial with a specific volume of F127 

(Sigma-Aldrich®) solution and a stirring bar on a magnetic stirrer (VWR VMS C7) at intermediate speed 

of rotation and at room temperature. Then a specific volume of lipid solution is injected in a vial with a 

pipette in a fast and unique moment while stirring for an additional minute (Figure 21). 
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Figure 21: Scheme of the lipid nanoparticles production by the ethanolic injection (bulk method). The vial with a specific 
volume of F127 solution starts stirring. Then the lipid solution is injected and remains stirring for 1 minute, at intermediate 
speed of rotation and room temperature. 

  

2.2 Microfluidic assembly of lipid nanoparticles 
 

The microfluidic device (Figure 22) is two dimensions (2D), in this case, the material is Cyclic-

Olefin-Copolymer (COC) (catalog no. 02-0757-0166-02, ChipShop Microfluidic). There are three inlets: 

two lateral inlets where the aqueous solution with stabilizer polymer (F127) flows and one on the middle 

where an ethanolic solution with lipid dissolved flows. The total flow rate (QT) is stated in microliters by 

the minute, which corresponds to the sum of all flow rates, the sides (2QO) and the central (QI). There are 

several flow rate ratios (QRS) which are defined by the ratio between the flow rate of F127 water solution 

and the flow rate of lipid ethanol solution (Table 2,3).  

To prepare the nanoparticles of pure monoolein as well as the cationic lipid:monoolein 

(Cat.Lip.:MO) systems with microfluidic devices, the lipid dissolved in ethanol flows through the central 

channel. The ethanolic solution is squeezed by the two aqueous side-streams of F127 according to the 

manipulation of the flow rate ratio. Thus, the hydrodynamic focus is formed improving the mixing speed 

by narrowing the mixing area for exchange. The higher the flow rate ratio, the smaller the focusing width 

(related with the equation 18). The F127 concentration in the aqueous solution can be adjusted with the 

flow rate ratio to maintain the ratio of lipid to F127 of 1:1, or can be constant for all the QRS. 
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Table 2: List of compositional variables used to describe the formulas. 𝒎𝑳 and 𝒎𝑬𝒕𝑶𝑯 represent the masses of lipid and 

ethanol added, respectively.. 

Symbol Meaning Formula 

QI Flow rate of lipid ethanol solution 

flowing in the middle inlet; 
𝑄𝐼 =  

𝑄𝑇

1 + 𝑄𝑅
 

QO Flow rate of F127 water solution 

flowing in each lateral inlet; 
𝑄𝑂 =  

𝑄𝑅

2
⋅  𝑄𝐼 

QR ⟺ DR Flow rate ratio between the flow 

rate of F127 water solution and 

the flow rate of lipid ethanol 

solution; 

𝑄𝑅 =  
2𝑄𝑂

𝑄𝐼
 

QT Total flow rate of lipid ethanol 

solution and F127 water 

solution;  

𝑄𝑇 =  2𝑄𝑂 + 𝑄𝐼 

LTI Initial concentration of lipid 

ethanol solution injected in the 

middle inlet 

𝑚𝐿

𝑚𝐿 + 𝑚𝐸𝑡𝑂𝐻
 

LTF Final concentration of lipid 

extracted from the outlet 

𝐿𝑇𝐹 =  
𝐿𝑇𝐼

𝑄𝑅 + 1
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Figure 22: COC chip illustration. In (A) are represented the three inlets: 2. The central channel for the lipid solution; 1. and 
3. the lateral channels for the aqueous solution with F127 and 4. the outlet used to extract the lipid nanoparticles. In (B) the 
zoom of the intersection zone is shown where the lipid solution is mixed with the aqueous solution which allows a hydrodynamic 
focus between the two solvents (ethanol and water). QI and QO correspond to the flow rate of the lipid solution and F127 
solution respectively. 

 

To get the same mass ratio of total lipid (LT) to F127, 1:1, we need to vary the initial concentration 

of F127 solution for each QR (Table 4). To obtain the same concentration of all components in the final 

solution to normalize the conditions we used the same concentration of F127 solution (0.1 m/m%) at 

different flow rate ratios, but we need to put some volume of this F127 solution in the Eppendorf before 

starting the collection. Hence, we calculate the time to have the necessary volume of aqueous solution 

with F127 according to the total flow rate applied (QT = 100 µL/min) to make up the final volume of 

sample.  

Table 3: In this table, we present the central flow rate (QI) and the side flow rate (QO) in function of the flow rate ratio (QR) and 

the total flow rate (QT). Once 𝑸𝑹 =
𝟐𝑸𝑶

𝑸𝑰
 and 𝑸𝑻 = 𝟐𝑸𝒐 + 𝑸𝑰. 

QT = 100 µL/min 

QR QI (µL/min) QO (µL/min) 

10 9.091 45.45 

15 6.250 46.88 

20 4.762 47.62 

30 3.226 48.39 

50 1.961 49.02 
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Table 4: Initial F127 concentrations used at each QR to keep the mass ratio of monoolein to F127 constant at 1:1. 

1% MO/EtOH 2% MO/EtOH 

QR %[F127]initial  QR %[F127]initial  

10 0.1 10 0.2 

15 0.067 15 0.133 

20 0.05 20 0.1 

30 0.033 30 0.067 

50 0.02 50 0.04 

 

The setup (illustrated in Figure 23) used to produce these lipid nanoparticles in a microfluidics 

device includes one microscope to screen the focusing flow, two syringe pumps where the syringes are 

placed, which promote the injection of the solutions with the correspondent flow rate stated according to 

the correct diameter of the syringe. More in detail we have the chip, three syringes of which two are of 

500 microliters and another of 25 microliters, three tubes of Teflon (1548L, IDEX) for connecting the chip 

with the syringes and another tube to collect the final sample to the Eppendorf. Thus, the 500 microliters 

syringes are refilled with the F127 solution and placed on the biggest syringe pump ((NE-1200, New Era 

Syringe Pumps) whereas the 25 microliters syringe is refilled with a lipid solution and placed on the 

smallest syringe pump (NE-300, New Era Syringe Pumps).  
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A. 

 

B. 

 
 

Figure 23: Scheme of the setup that allows the production of lipid nanoparticles. In (A) a real image is presented where the 
microscope is used to screen the focusing flow. In (B) the assembly of the pumps with the microfluidics chip is better specified: 
1. and 2. represents respectively the biggest and the smallest syringe pump which gives the support to the three syringes: a. 
and b. correspond to 500 µL and c. corresponds to 25 µL. 3. Illustrates a COC chip which is connected to the syringes by 
the tubes of Teflon. The shorter tube allows the collection of the produced nanoparticles to the Eppendorf.   
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2.3 Dynamic Light Scattering technique 
 

In general, dynamic light scattering (DLS) is an optimal technique to measure colloidal particles, 

which typically falls in the range of nanometers to a few microns. It provides some advantages, such as, 

an ensemble-averaged estimate of particle size in suspensions, a broad accessible range of particles size 

in the submicron range and a fast data acquisition. To overcome some disadvantages it is important to 

have precautions during the analysis and interpretation of the data[76], [77].  

There are two common characteristics of colloids, the Tyndall effect (scattering) and Brownian 

motion. At DLS for ambient conditions the scattering intensity of the particles measured is dependent of 

the time where the colloidal particles move in a random walk fashion. This random movements over time 

are related to the distance traveled by the scattered waves from the particle to the detector. Further, the 

interference of scattered waves occurs and produces random “speckles” in space, such as, dark or bright 

spots in a detector. To measure this random diffraction pattern that fluctuates in time the spatial 

resolution of the photodetector needs to be high enough[76], [77].  

The coherence area (𝐴𝑐𝑜ℎ), that corresponds to the size of the single speckle is related to the 

wavelength (𝜆) and to the distance between the scattering object and detector (𝑟) is estimated by the 

following equation, 

𝐴𝑐𝑜ℎ =  
𝜆2𝑟2

𝜋𝑎2
 

Equation 21 

where 𝑎 corresponds to the radius of the scattering volume[76].  

The resolution of the measurement is dependent on the spatial coherence factor that corresponds 

to the ratio of the aperture of the photodetector to the coherence area. In order to increase the value of 

coherence factor the size of the aperture of the detector (pin hole) is decreased [76].  

DLS measures the characteristic time of fluctuations in the scattered intensity according to the 

diffusion coefficient of the particles undergoing Brownian motion. The quantitative information about the 

time scale of these fluctuations is achieved by a signal processing technique known as autocorrelation 

(Figure 24). Thus, the normalized autocorrelation function(𝑔2(𝜏)) of the scattered intensity is given by 

the relation, 

 

𝑔2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
 

Equation 22 
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where the 𝐼(𝑡) and 𝐼(𝑡 + 𝜏) represent the scattering intensity at a time (𝑡) and the scattering intensity 

after a delay time (𝜏), respectively[76]. 

The time scale is related to the size of the particles. Small particles diffuse faster than the large 

particles, therefore resulting in a higher number of intensity fluctuation over time, which results in a rapid 

decrease in the correlation for small particles when compared with the largest particles as illustrated in 

Figure 24. 

According to the Gaussian statistics, the autocorrelation function is related to the first-order 

correlation function by the equation, 

𝑔1(𝜏) = [𝑔2(𝜏) − 1]0.5.  Equation 23 

 

In the presence of a monodisperse solution with spherical particles, the first-order correlation can 

be approximated by an exponential decay function of the type: 

𝑔1(𝜏) = 𝐴 ∙ 𝑒−𝐷𝑞2𝜏 + 𝐵 Equation 24 

 

where (𝐴) is the amplitude of the function, (𝐷) the translational diffusion coefficient of the particles, (𝑞) 

the magnitude of the scattering vector and (𝐵) the baseline. 

The hydrodynamic radius for spherical particles can be estimated by the Stokes-Einstein 

relationship for translational diffusion coefficient (𝐷), 

𝐷 =
𝐾𝐵𝑇

6𝜋𝜂𝑅ℎ
 

Equation 25 

Where (𝐾𝐵) is the Boltzmann´s constant, 𝜂 the solvent viscosity and 𝑇 the absolute 

temperature. 

For a polydisperse distribution of diffusion coefficient the first-order correlation function can be 

approximated by a sum of exponentials, that can be expressed as: 

𝑔1(𝜏) = ∫ 𝐺(Γ) exp(−Γ𝜏) 𝑑Γ
∞

0

 
Equation 26 

 

Wherein the Γ is the decay constant for a given size, which is equal to 𝐷𝑞2. The distribution 𝐺(Γ) 

represents the relative scattering intensity at constant decay (Γ). To obtain the 𝐺(Γ) an inverse Laplace 
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transform can be applied on the measured correlation function. However, in case some noise occurs on 

the measurement, or baseline drifts, or dust interference, this equation is considered ill-conditioned[76].  

 

Figure 24: Representation of fluctuations in the intensity of scattered light according to the size of the particles as well as the 
corresponding autocorrelation function. Adapted of [76] 

 

To analyze samples with a moderate degree of polydispersity the method of cumulants[78] is the 

only method that is currently recommended in the international standard ISO 13321 since it involves 

calculating the mean and variance of the distribution without considering the higher moments. In a 

practical way the term exp(−Γ𝜏) can be expanded about a mean value Γ̅: 

𝑔1(𝜏) = 𝑒(−Γ̅𝜏) [1 +
𝜇2𝜏2

2
] 

Equation 27 

 

In our measurements, we used the Dynamic Light Scattering System SZ100Z from Horiba and 

polystyrene cuvettes with a minimum volume of 500 microliters of solution. The samples were analyzed 

for four repeats for ninety seconds each for two distinct angles, at 173° and 90° as show in the Figure 

25. To calculate the size and the polydispersity index (PDI) we used a MATLAB routine. Firstly, we identify 

visually if the autocorrelation curves have one or two decay modes (Figure 26). If only one mode is 

present, we employ the cumulants analysis. If two decay modes are visible, we employ a biexponential 

decay model. 
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Figure 25: The basic principle of dynamic light scattering to measure the size of the particles. 1. represent the laser beam 
which focus the sample represented by 2. After, the light is scattered with fluctuations of intensity according to the size of the 
particles until reaching two detectors at distinct angles, 90° and 173°, that corresponds respectively to 3. and 4.  

 

A. B. 

 

Figure 26: DLS autocorrelation function (G2(𝝉) - 1) data and fitting of a typical DDAB-MO system. (A) The sample used was 

produced from an initial lipid solution of 5 m/m% for the mass ratio of 10 to 90 of DDAB to MO in a COC microfluidic device 
at a QT=100 µl/min and QR=20. The measurements were performed at two different scattering angles (90º - circles, 173º - 
squares), and the data fitted with the cumulants method in a homemade Matlab routine, providing the characteristic decay 
constant Γ for the several decays (fast for cumulants and biexponential, and slow for biexponential) and polydispersity index 

(PDI) for the cumulants method. (B) Fitting of the obtained 𝚪 in A as a function of the scattering vector 𝒒𝟐. The blue (upper) 

curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a linear fit to the 
characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the slow mode of the 
biexponential fit. 
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2.4. Techniques for structural characterization: Small-angle X-ray Scattering (SAXS) and 
Transmission Electron Microscopy (TEM) 
 

The samples measured by these techniques were produced by the same methods. First 

DDAB:MO system were produced in bulk conditions where two initial total lipid concentrations were 

prepared, 7 and 10 m/m%, but for TEM only the 7 m/m% were tested. The dilution factor corresponds 

to the QR30 where the final total lipid concentration was 0.23 and 0.32 m/m% respectively. However, in 

order to increase the final total lipid concentration to acquire a good signal with SAXS the samples were 

centrifuged.  

We used four Amicon® ultra0.5mL Centrifugal Filters 30000 NMWL, which were refilled with 

500 µl of bulk solution each. The centrifugations were performed for 15 minutes, at 4400×g. The 

centrifugation was divided into four cycles, the first three to extract the maximum amount of ethanol, 

where the supernatant was weighted after the filtrate is removed and the water is added in order to 

achieve 0.5g. The fourth cycle was used to increase the final concentration of the sample, where we 

mixed two pellet solutions (twice) in one Amicon® filter and added the initial bulk solution instead of using 

water to achieve 0.5g. The final concentrated solutions from two Amicon® filters are mixed to increase 

the final volume of the sample.  

2.4.1. SAXS  
 

We use SAXS to look at diffraction patterns originated from periodic arrangements of material 

within a sample, such as a liquid crystal. When X-rays are scattered by the electron density in the material, 

there can be constructive and destructive interference. Constructive interference, which originates 

scattering peaks, occurs when the phase shift of two scattered waves is proportional to 2π. For simplicity, 

we will consider the case of parallel plane waves (Figure 27). The extra path length traveled by the 

radiation of λ wavelength and scattering angle 2θ is given by: 

𝐴𝐵 + 𝐵𝐶 = 2𝑑 sin 𝜃 Equation 28 
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Figure 27: Representation of Bragg law for parallel plane waves. The scattered waves are in phase, therefore interfering 
constructively and meeting the Bragg condition, when the extra length travelled by the wave on the bottom (AB + BC) is a 
multiple of λ (equations 28 and 29). 

 

The scattered waves from the different planes are in phase if the path length AB+BC is a multiple 

of λ (AB+BC = nλ). Hence, eq 28 takes the form 

 

𝑛𝜆 = 2𝑑 sin 𝜃 Equation 29 

 

Eq 29 is known as the Bragg law. Combining it with the modulus of the scattering vector q: 

𝑞 =
4𝜋

𝜆
sin 𝜃 

Equation 30 

 

yields the Bragg law in terms of q: 

 

𝑞 =
𝑛2𝜋

𝑑
 

Equation 31 

 

where d is the repeat distance between the planes of a lattice, and n is the order of the scattering peak. 

For the case of parallel planes, such as a lamellar phase, n is a series of integers (1:2:3:…), whereas for 
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a Cubic Pn3m n=√2:√3:√4:√6:√8:√9. A more complete list of n periodicities for different liquid 

crystalline phases is given in Table 5. 

 

Table 5: List of n periodicities for different liquid crystalline phases. 

Lamellar Hexagonal Simple 

cubic 

Cubic 

Pn3m 

Cubic  

Fd3m 

Cubic  

Im3m 

Cubic  

Ia3d 

√1 √1 √1 √2 √3 √2 √6 

√4 √3 √2 √3 √8 √4 √8 

√9 √4 √3 √4 √11 √6 √14 

√16 √7 √4 √6 √12 √8 √16 

√25 √9 √5 √8 √16 √10 √20 

√36 √12 √6 √9 √19 √12 √22 

√49 √13 √8 √10 √24 √14 √24 

√64 √16 √9 √11 √27 √16 √26 

 

In a typical SAXS experiment, a range of angles (thus q) are probed, and depending on the 

structure of the material, the different planes give rise to specific Bragg peaks. Since different liquid 

crystalline phases give rise to different scattering patterns (due to the different reflection sequence for n) 

from the observation of this pattern the nature of the phase can be identified. In addition to the 

identification of the structure, the spacing between the different crystallographic planes can be determined 

through equation 31. 

In general, the SAXS instruments are constituted by a source, a collimation system, a sample 

holder, a beam stop and a detection system. The sample is irradiated by the source, X-ray, and the 

detector measures the radiation coming from the sample in a certain range of angles, which is processed 

mathematically (Figure 28). The beam width and the zero-angle position are defined by the collimation 

system. The beam stop prevents the intensive incident beam hitting the detector, which can destroy some 

of the detectors or overshadow the relatively weak scattering[79].  
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Figure 28: The components of SAXS instruments: X-ray source to irradiate the sample, the collimation system to narrow the 
beam and define the zero-angle position, the sample holder, the detector to measure the scattering radiation, as well as the 
beam stop that prevents the intensive incident beam hitting the detector. Taken from[79] 

 

Regarding SAXS measurements of concentrated lipid samples were performed using a Kratky 

camera (SAXSess, Anton-Paar, Austria) with a slit-geometry. The x-ray source (a x-ray copper tube) is 

connected to a power supply operating at 40kV and 50mA at25°C. The emitted radiation is the copper 

𝑘𝛼 radiation, with a wavelength of 0.15406 nm. The liquid samples of lipid NPs were filled in quartz 

capillaries (Anton Paar, diameter 1.0mm) and exposed to x-rays for two hours and the scattered x-rays 

were collected in an image plate. The image plate data was digitalized using an image plate reader, and 

the 2D data was converted to 1D Intensity vs. 𝑞 using the SAXS instrument software. 

 

2.4.2. TEM 
 

TEM was developed in 1931 by Max Knoll, a German electrical engineer, and Ernst Ruska, a 

German physicist[80].  

Regarding the mechanism of image system of modern microscope, this comprises an electron 

gun that generates electron beams which could be closely focused in the column of a TEM by metal 

apertures and electromagnetic lens. These mechanism of the focusing phenomenon of electrons results 

from them behave as negatively charged particles, then deflected by magnetic or electric fields. Later, 

the transmitted electrons are employed to the specimen that is placed onto the TEM grid. Through 

condensed lens application, the crystal structure information of the specimen could also be obtained by 

the paralleled electrons beams. After the transmitted electrons pass through the specimen are refocused 
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and then magnified by an electromagnetic lens system, and to convert the electron image information to 

a visible form they are projected on a phosphor screen[81].  

To prepare the samples for TEM, a drop of 10 µl of our sample (3.4 m/m% of final total lipid 

concentration, at a mass ratio of 10 to 90 of DDAB to MO) was placed on a 400 mesh carbon-coated 

copper grid and left for two or three minutes before removing the excess (blotting). After a drop of 5 µl of 

negative staining, UranyLess® was placed on the grid and left for two or three minutes before removing 

the excess. Finally, the samples were dried using nitrogen (N2) to accelerate the process or by leaving 

them in a Petri dish during some hours. 

In order to acquire the images, an electron microscope (JEM-2100-HT with a LaB6 electron gun, 

an operational range of 80-200kV and a 4k vs 4k CCD camera that operates at 25fps) operated at 80kV 

to preserve the sample.  
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Chapter 3- Results and Discussion 

 

3.1. Monoolein formulations in microfluidic devices 
 

It has been shown recently in the research group that lipidic nanoparticles of monoolein could be 

prepared with tunable size using microfluidic devices [36]. This is achieved by manipulating the flow rate 

ratio QR, which directly influences the rate of mixing of the components, and therefore the particle size. In 

the first part of this work we decided to reinvestigate the formation of monoolein nanoparticles for several 

reasons. Firstly, it was important to start this study with a known reference, to assess that the microfluidic 

platform was suitable and, importantly, that the formation of monoolein particles was independent of the 

operator. Secondly, we wanted to increase the overall lipid concentration, and therefore investigated initial 

lipid concentrations of 2 m/m%, which had not been studied before. (Note that at initial lipid 

concentrations of 3 m/m% resulted in uncontrolled sizes [36]). Lastly, in the present study, by default, 

the final concentrations of monoolein and F127 were all normalized by dilution after production, to the 

composition equivalent to QR=50. This ensures that when comparing sizes, eventual differences reflect 

only differences due to the microfluidic manipulation of the assembly process, and not from the 

composition. This normalization by dilution is also useful to decrease the concentration of ethanol to the 

minimum, helping to ensure that any possible ethanol-induced effect is minimized.  

In Figure 29 the sizes of monoolein (MO) particles formed for 1 and 2 m/m% MO in ethanol initial 

solutions is shown. In this case, the resulting samples are not normalized by dilution. That means that, 

even though the MO:F127 mass ratio is kept constant at 1:1, for all different QR the final concentrations 

are different (Table 6).  This is due to the fact that a higher QR entails a higher dilution as well. To keep 

the MO:F127 ratio constant, the concentration of the F127 solution flowed from the sides is adjusted for 

every QR (Table 4). This difference in concentration makes the comparison of the sizes for different QR 

more difficult, since besides the flow conditions, also the compositions are changing. For this reason, in 

a different set of experiments, the resulting particles were diluted, right after coming out of the microfluidic 

device, to a composition equivalent to QR=30, and resulting in a final composition of approximately 0.07, 

3.16 and 0.1% m/m% for MO, EtOH and F127, respectively. Such results are shown on Figure 30. For 

all cases (normalized and non-normalized final concentrations, and 1 and 2 m/m% of initial MO 

concentration), it is possible to see that the sizes of the MO particles decrease with QR. The exception 

occurs at QR=50 with LTi = 1 m/m% (non-normalized - Figure 29) in which an increase in size was observed. 

This increase is most likely due to increased mechanical instabilities in the syringe pumps that are 
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sometimes observed for this flow rate ratio. In general, it is also possible to observe that particles with a 

lower final MO concentration show smaller sizes. This is true when comparing LTi = 1 with LTi = 2 m/m% 

(where the latter will have final concentrations twice of the former), and when comparing non-normalized 

with normalized compositions (where the latter have smaller final concentrations due to dilution).  

As suggested previously [36], we believe that the mixing ratio (as controlled by QR) is a 

determinant factor controlling the nucleation rate of MO particles, which controls the particle size. I.e. a 

greater QR induces a greater nucleation rate. A greater nucleation rate means that the remaining 

solubilized monoolein will accumulate on a larger number of nuclei, resulting in overall smaller particles. 

A larger initial concentration is likely to lead to larger particles because there is more monoolein to grow 

the initial nuclei seeds, which explains the results in Figure 29. On the other hand, in Figure 30, both 

series have the same initial MO concentration. The difference is that the normalized samples are diluted 

right after they come out of the device. Hence, although the nucleation rate is similar for normalized and 

non-normalized samples, since the approximate residence time of a molecule inside the device at QT=100 

µL/min is ≈ 0.5s, the normalized samples have only ≈ 0.5 s to grow while concentrated. After they get 

dilute the growth rate of the nuclei is likely to decrease, which explains the smaller sizes observed.  

Another point worth noting, is the non-negligible error bars across different preparation batches. 

One reason that justifies these error bars is the fact that the flow conditions are somewhat sensitive to 

mechanical perturbations from the outside (e.g. vibrations) or pulsation from the syringe pumps.  

 

Figure 29: Influence of the initial lipid concentration and flow rate ratio (QR) on the hydrodynamic diameter (2RHyd) of monoolein 
formulations assembled in a microfluidic device. In this case, the samples are not diluted at the end to an equivalent 
concentration. The red (⚫) and blue circles (⚫) correspond to initial monoolein in ethanol concentration of 1 and 2 m/m%, 

respectively. The total flow rate QT is 100 µl/min. Larger QR correspond to higher dilutions and lower MO, F127 and ethanol 
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concentrations. The mass ratio of MO:F127 is fixed at 1:1. For both initial lipid concentrations, the sizes of the lipid particles 
decrease with increasing QR. This decrease is more abrupt for the 1 m/m% samples. The upturn for QR=50 is most likely 
caused by flow instabilities, more noticeable for this QR. The error bars for 1 m/m% samples represent the standard deviation 
resulting from repeated measurements for a single batch (n=1), whereas for 2 m/m% the error bars represent the standard 
deviation measured across three batches (n=3). 

 

Table 6: Composition of non-normalized samples at different QR for initial MO concentration of 2 m/m%. 

QR % m/m Monoolein 

(MO) 

% m/m Ethanol (EtOH) % m/m F127 

10 0.18 8.91 0.18 

15 0.13 6.13 0.13 

20 0.10 4.67 0.10 

30 0.07 3.16 0.07 

50 0.04 1.92 0.04 

 

 

Figure 30: Comparison between composition-normalized and non-normalized samples on the hydrodynamic diameter (2RHyd) 
of monoolein particles assembled in a microfluidic device. The initial lipid concentration is 2 m/m% for all points and the 
MO:F127 ratio is fixed at 1:1 for the non-normalized and 1:1.5 for the normalized samples. The blue circles (⚫) correspond 

to samples where the concentration of MO, F127 and ethanol decrease for higher QR (as in the previous figure). The red 
squares (◼) correspond to samples diluted to final compositions equivalent to QR =30, where all the components (MO, F127, 

EtOH and H2O) have the same concentration. The total flow rate QT is 100 µl/min. For both samples, the sizes of the lipid 
particles decrease for higher QR. 
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3.2. DODAB:Monoolein formulations on microfluidic devices 
 

Formulations of DODAB:MO are interesting since the positive charge of DODAB can be exploited 

to complex and encapsulate nucleic acids (which are negatively charged) for gene therapy applications 

[64], [65]. Such DODAB:MO systems show a rich phase behavior [64], and form particles with interesting 

structures alone and when complexed with siRNA [65]. As such, one of the goals of this work was to 

explore the possible use of microfluidic devices as a tool to tune the sizes and structures of DODAB:MO 

particles.  

The first important observation when working with the DODAB:MO system was that initial total 

lipid concentrations of 2 m/m% or higher, at a mass ratio of 10/90, led to substantial precipitation inside 

the microfluidic device channels (Figure 31). This probably arises due to the high gel-to-liquid crystal  

phase transition (Tm), which for DODAB is ca. 45-48°C [63], [64], [82]. This high temperature is due to 

the long acyl chain with 18 carbons. At 1 m/m% initial concentration no observable macroscopic 

precipitation was noticed.  

 

 

Figure 31: Microscope image of COC chip showing lipid precipitation resulting from an initial total lipid concentration of 2 
m/m% at a mass ratio of 10/90. 

 

Keeping the initial lipid concentration at 1 m/m%, for the microfluidic assembly we tested 

DODAB:MO mass ratios of 10:90, 5:95, 2:98 and 1:99. Representative DLS measurements are shown 

in Figure 32, and the corresponding 2RHyd = f(QR) data is displayed in Figure 33. In this case, the final 

concentrations of all components (MO, DODAB, F127, water, and ethanol) were made equal across the 

different QR (10, 15, 20, 30, 50). I.e. they were normalized for an easier comparison. The dilution factor 

of these samples corresponds to the flow rate ratio of 50, at QT = 100 µl/min.  
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In contrast with the neat MO system, addition of DODAB seems to change the particles size 

distribution from monomodal into bimodal, in which one of the populations have sizes significantly smaller 

than the sizes measured for the neat MO particles, and the other population has much larger sizes. This 

is clearly visible in the DLS autocorrelation curves (Figure 32), which show two decay modes. These 

bimodal samples are difficult to measure with DLS, and for that reason the sizes reported should be taken 

in a more qualitative manner. The fraction of small particles is likely to be much higher than the very 

large particles, since otherwise, the large particles would completely offuscate the presence of the small 

particles, due to their much larger contribution to scattering.  

It is interesting to note that the extent of this bimodality seems to be greater for the samples with 

greater amounts of DODAB. One possibility that could explain such result would be a saturation of DODAB 

on the MO membranes, which would lead to some phase separation (i.e. to particles that are richer in 

MO and particles that are richer in DODAB). Alternatively, such different particles could also occur due to 

uneven mixing at the time of formation, although by comparing with the neat MO system, this hypothesis 

seems more unlikely.  

It is worth noting here that at higher concentrations (total final lipid concentration of 1 mM) and 

in the presence of 30 mM of Tris-HCl buffer, DODAB:MO formulations were reported to display also 

bimodal distributions, but only for DODAB molar fractions larger than 0.1 [64]. In the present case, the 

highest DODAB amount used (10:90 in mass) corresponds to 0.059, which should be within the 

monomodal regime. The final lipid concentration in the present case is within the 0.54-0.56 mmol range 

(depending on the fraction of DODAB), which is in the same order of magnitude of the other study. The 

differences observed could therefore be explained by the absence of Tris-HCl buffer, which will decrease 

the importance of charge in the aggregates, and presence of F127. 
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A. DODAB:MO 10:90 

 

B. DODAB:MO 5:95 

 
C. DODAB:MO 2:98 

 

D. DODAB:MO 1:99 

 
Figure 32: DLS data for non-aged DODAB:MO particles (QR=15), at a final total lipid concentration of 0.02 m/m% (normalized 
to QR=50). Measurements performed within 2 to 24h after sample preparation. The several mass ratios of DODAB:MO 
evaluated were 10:90, 5:95, 2:98 and 1:99, and the sizes of their small population were 22 ± 2, 40 ± 3, 47 ± 4 and 50 ± 4 
nm, respectively. Higher amounts of DODAB leads to a higher degree of bimodality. 

 

Interesting also is the fact that the size of the small population is seen to decrease when the 

amount of DODAB is increased. As mentioned above, the DLS measurements in these bimodal samples 

is more challenging, but inspection of Figure 32 shows that the fast decay curves (corresponding to the 

small-size population) have a larger slope for higher amounts of DODAB, which indicates faster decay 

times and hence, smaller particles. The mean size of the particles (averaging over all QR) is 24 ± 2, 36 ± 

3, 47 ± 4, and 50 ± 4 nm, for compositions 10:90, 5:95, 2:98 and 1:99, respectively. 

Finally, it is observed that the small-size population sizes do not seem to be influenced by QR. As 

possible to observe in Figure 33, the size dependence on QR for the different DODAB:MO compositions is 

very erratic. This means that the size is independent of mixing speed, even at a low mass fraction of 

DODAB. This could indicate that the particles form on a longer time scale than the mixing speed and are 

therefore the size is determined by other factors. We will come back to this later (section 3.6). 
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Figure 33: Hydrodynamic diameter (2RHyd) dependence of non-aged DODAB:MO particles as a function of the flow rate ratio QR. 
In this case, samples that show a bimodal distribution are represented by empty symbols, but for clarity, only the sizes of the 
small-sized population are shown. The red squares (◼) correspond to a 10:90 DODAB:MO mass ratio, the blue (◼) to 5:95, 

the green (◼) to 2:98, and the orange (◼) to 1:99. The 2RHyd of the 10:90 samples prepared at QR = 20, 30 and 5O, are not 

shown due to poor fitting of the DLS data. In the presence of DODAB, the size of the particles seems to be independent of QR 
and decreases with larger amounts of DODAB. The mean values (averaged over all QR) for the 10:90, 5:95, 2:98, and 1:99 
samples are 24 ± 2, 36 ± 3, 47 ± 4, and 50 ± 4 nm, respectively. The total lipid concentration in solution is 0.02 m/m%. 

 

3.3. Influence of F127 on the DODAB:MO particles assembled with microfluidics  
 

F127 is used in the MO formulations to shield unfavorable interactions of exposed lipid chains to 

the solvent and provide steric stabilization against particle aggregation. Since DODAB is a cationic lipid 

(or surfactant), we hypothesized that F127 was perhaps not necessary in DODAB:MO formulations. In 

order to test this hypothesis and the role of pluronic F127 on production/stabilization of the lipid particles 

we performed two similar experiments, for the same initial lipid solution (1 m/m% of DODAB:MO, at a 

mass ratio of 2:98) and flow conditions (varying QR and QT fixed at 100 µl/min), but in one case the side 

fluid was a 0.1 m/m% F127 solution, and in the other case was only water.  

 As can be seen in Figure 34, in the presence of F127 the size of the particles is approximately 

the same for the several QR tested, wherein the mean is 47 ± 4 nm. However, in the absence of F127, 

the size of the small particles decreases with the flow rate ratio, assuming values between 91 ± 5 and 

37 ± 2 nm. However, importantly, DODAB:MO particles assembled without F127 show a significantly 

higher polydispersity, evidenced by two populations (Figure 35). These results are somewhat unexpected 

and may hint at a complex interplay between F127 and DODAB on the lipid particles, as will be discussed 

further below.  
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Because F127 results in particles that are more monodisperse than without F127, it was decided 

to continue the ongoing particle assembly in the presence of F127.    

 

Figure 34: Influence of F127 on the hydrodynamic diameter (2RHyd) of non-aged DODAB:MO particles as a function of the flow 
rate ratio QR. Samples that show a bimodal distribution are represented by empty symbols, but for clarity, only the sizes of the 
small-sized population are shown. The red circles (⚫) correspond to particles assembled in the presence of F127, whereas 
the blue circles (⚫) correspond to particles assembled without F127. In both cases the DODAB:MO mass fraction is 2:98. The 

size of the particles in the presence of F127 is approximately the same for the several QR, presenting a mean of the 47 ± 4 
nm. While the particles without F127 present a size that changes with the flow rate ratio, with values between 91 ± 5 and 37 
± 2 nm. Besides that, the samples with F127 are less polydisperse than the samples without F127. The total lipid concentration 
in solution is 0.02 m/m%. 

 

A. F127 present 

 

B. F127 absent 

 
Figure 35: DLS data for non-aged DODAB:MO particles (QR=10), at a final total lipid concentration of 0.02 % m/m (normalized 
to QR=50), prepared by solvent-exchange in a microfluidic device from an ethanol solution with total lipid concentration of 1 
%m/m and a mass ratio of 2:98 of DODAB:MO. Measurements performed within 2-24h after sample preparation. In (A) the 
F127 is present whereas in (B) the F127 is absent. The empty symbols correspond to the data excluded. DODAB:MO particles 
assembled without F127 show a significantly higher polydispersity, evidenced by two populations. 
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3.4. DDAB:MO formulations with microfluidic devices 
 

Since the presence of DODAB resulted in lipid particles that are much more polydisperse than 

MO alone, and, furthermore, the initial total lipid concentration was limited to a maximum of 1 m/m% or 

otherwise precipitation inside the device would occur easily, we decided to replace DODAB with DDAB. 

DDAB is similar to DODAB with the difference that the alkyl chains are shorter (12 carbons length). As 

such, the gel to liquid crystal temperature (Tm) is ca. 16 ºC, which means that at room temperature 

DDAB membranes are in the liquid-crystalline state [63].  

We tested several total lipid concentrations (1, 2, 3, 5, 7, and 10 m/m%), at a constant mass 

ratio of DDAB to MO of 10 to 90. Surprisingly, no precipitation inside the chip was noticed for any of these 

concentrations. This was a considerable improvement. This is promising, especially to measure the 

sample with methods that require high concentrations, such as SAXS. However, the size distributions 

were still relatively polydisperse with two size populations being frequently observed (c.f. the Annexes). 

Since the large-size population is likely to be much less-frequent by number (otherwise they would 

dominate the scattering and be the only visible particles), for clarity reasons, in Figure 36, only the sizes 

of the small-sized population are shown.  

Once again, the samples were prepared for different QR (10, 15, 20, 30, 50), and normalized by 

diluting to an equivalent QR=50. The total flow rate QT was 100 µl/min. DLS measurements were 

performed on the same day (at least two hours later) or one to two days after sample preparation.  

As can be seen on Figure 36(A), similarly to the DODAB case, also in the presence of DDAB, the 

size of the particles produced becomes independent of the flow rate ratio. Compared to the neat-MO 

particles, the sizes of this smaller-sized population is also markedly smaller. Similarly to the DODAB:MO 

particles, this apparent independence of the size with QR (hence, mixing speed), could indicate that the 

particles form on a longer time scale than the mixing speed, and therefore their size is determined by 

other factors. We will come back to this later. 

According to the influence of the total initial lipid concentration (LTi) - Figure 36(B) - we observe 

that the hydrodynamic diameter of the lipid particles increases by increasing LTi. Overall, this behavior 

also resembles the DODAB:MO system.  
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A.  

 

B.  

 
  

Figure 36: Hydrodynamic diameter (2RHyd) dependence as a function of the flow rate ratio QR (A) and total initial lipid 
concentration (B) of non-aged DDAB:MO particles. The DDAB:MO mass ratio is fixed at 10:90. In (A), samples that show a 
bimodal distribution are represented by empty symbols, but for clarity, only the sizes of the small-sized population are shown. 
The red circles (⚫), correspond to an initial total lipid concentration (LTi) of 1 m/m%; the blue squares (◼) to 2; the dark green 
triangles () to 3; the orange squares (◼) to 5; the light green triangles () to 7; and the black circles (⚫) to 10 m/m%. The 

2RHyd corresponding to QR=30, at 10:90 DDAB:MO for LTi=2 m/m% is not shown due to poor fitting of the DLS data. In (B) each 
symbol corresponds to a different flow rate ratio QR. The total final lipid concentration assumed the following values, 0.02, 
0.04, 0.06, 0.1, 0.14 and 0.2 m/m%, according to the respective initial LTi concentrations of 1, 2, 3, 5, 7, and 10  m/m%. 

 

3.5. Influence of aging on DDAB:MO particles assembled with microfluidics 
 

To evaluate the stability as well as the behavior of these lipid particles over time, we measured 

the previous samples in an aged stage (except 7 m/m%) for 7, 8 or 10 days after sample preparation. 

The flow rate ratio was kept fixed at QR = 10. As can be seen in Figure 37, in general, for all initial 

concentrations (1, 2, 3, 5, 10 m/m%) used, aged samples show larger sizes. At 1, 2 and 10 m/m% a 

considerable increase in the hydrodynamic diameter is exhibited, whereas for 3 and 5 m/m% the growth 

is small. 

Interestingly, we note that despite an increase in size, the size distributions seem to become less 

polydisperse with aging for the more dilute samples. For LTi = 1 and 2 m/m%, by aging, the bimodal 

distribution exhibited on the non-aged stage is replaced by a monomodal distribution. At 3 and 10 m/m%, 

the samples present a bimodal distribution in both stages (non-aged and aged). Lastly, at 5 m/m%, the 

aged samples show a bimodal distribution, whereas the non-aged show a monomodal distribution. 
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Figure 37: Hydrodynamic diameter (2RHyd) dependence of non-aged (blue bars) and aged (orange bars) DDAB:MO particles as 
a function of the initial total lipid concentration. In this case, samples that show a bimodal distribution are marked with the 

symbol (). The blue bars represent the non-aged samples, where the measurements were performed one day after sample 

preparation. The orange bars represent the aged samples, where the measurements were performed, 7-10 days after sample 
preparation. The non-aged 1 and 2 m/m% samples present a bimodal distribution that becomes monomodal with aging. At 3 
and 10 m/m%, the samples present a bimodal distribution in both stages (non-aged and aged). Lastly, at 5 m/m%, the aged 
samples show a bimodal distribution, whereas the non-aged show a monomodal distribution. The total final lipid concentration 
assumed the following values, 0.02, 0.04, 0.06, 0.1 and 0.2 m/m%, according to the respective total initial lipid concentrations 
of 1, 2, 3, 5, and 10 m/m%. 
 

3.6. Influence of total flow rate (QT) on DDAB:MO particles assembled with microfluidics 
 

Since the addition of cationic lipid (DODAB or DDAB) seems to make the particle sizes 

independent of the flow rate ratio (i.e. independent of the mixing time), we decided to test also the 

influence of the total flow rate since it directly influences the residence time of the lipids in the channel, 

and indirectly the mixing time.  

This way, we fixed the flow rate ratio at QR = 30, and varied the total flow rate to QT = 25, 50, 75, 

100, 125 and 150. The initial LTi concentration was 7 m/m%, at a mass ratio of DDAB:MO of 10:90. 

Since QR is fixed, all samples presented the same quantities of each component (DDAB, MO, F127, water, 

and ethanol). We measured the samples at two stages of aging, first, one day after sample preparation 

(non-aged samples) and then seven days after sample preparation (aged samples).  

These results are shown in Figure 38, where the non-aged samples are represented by the blue 

squares and the aged samples are represented by the red squares. The sizes of the non-aged particles 

seems to be almost constant, independently of the total flow rate, with an average of 134 ± 12. This once 
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again suggests that in the presence of cationic lipid, the rate-limiting step for nanoparticle formation is 

not mixing any longer, but rather the formation and/or stabilization of an intermediate structure.  

With aging, in general, the particles seem to grow in size, especially at QT = 25, 75 and 100. 

Concerning the polydispersity, the aged particles show a monomodal distribution (except at QT = 150), 

whereas the non-aged show a bimodal distribution at all QT. 

  

Figure 38: Hydrodynamic diameter (2RHyd) dependence of non-aged versus aged DDAB:MO particles as a function of the total 
flow rate (QT). In this case, samples that show a bimodal distribution are represented by empty symbols, but for clarity, only 
the sizes of the small-sized population are shown. The blue squares (◼) correspond to the non-aged samples, at 7 m/m% of 

initial total lipid concentration. Whereas the red squares (◼) correspond to the aged samples, at 7 m/m% of initial total lipid 

concentration. By variation of the total flow rate, the size of the non-aged lipid particles produced seems to be almost constant, 
with an average of 134 ± 12. By aging, the particles seem to grow in size, especially, at QT = 25, 75 and 100. Concerning the 
polydispersity, the aged particles show a monomodal distribution (except at QT = 150), whereas the non-aged show a bimodal 
distribution at all QT. The total lipid concentration in solution is 0.23 m/m%. 

 

3.7. Comparison of DDAB:MO formulations assembled in bulk and in microfluidics 
 

As evident in the above results, when incorporating cationic lipid in the MO particles, the size 

stops being dependent on the flow rate ratio. This hints that there are other factors at play that should be 

studied more carefully, and the use of microfluidics is perhaps not necessary. Here, we thus compare 

equal DDAB:MO compositions as prepared with microfluidics and prepared in a flask via ethanolic 

injection. The initial and final compositions are identical, and only the mixing is performed differently.  

We produced lipid particles of mass fractions of 5:95 and 10:90 DDAB:MO, at an initial total lipid 

concentration of 7 m/m%, by both methods (Figure 39). All samples presented the same dilution factor 

(corresponding to QR=50), as well as equal proportions of DDAB, MO, F127, ethanol, and water. The 
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correspondent size (2RHyd) of these lipid particles is measured by dynamic light scattering, at two angles 

(90º and 173º). The size was measured within 2-24h after sample preparation.  

Regarding the results, shown in Figure 39, by comparison of both techniques, we observe similar 

sizes to the ones from microfluidics. This is in marked contrast with the neat-MO system, where 

significantly different size distributions are found when the particles are assembled in bulk or 

microfluidics. These observations are practically common to the two mass fractions of DDAB:MO used 

(5:95 and 10:90). The average size of the particles of both methods is 130 ± 24 and 105 ± 14, at 5:95 

and 10:90 of DDAB-MO, respectively. The microfluidics method seems to result in more polydisperse 

particles than bulk, since the error bars (calculated from the standard deviation) are bigger, but this could 

be partly explained by the higher instability of the microfluidic pumps at QR=50.  

While there is no reason to believe that microfluidic devices produce particles with higher 

polydispersity than in bulk, it seems also evident that for these formulations they do not present an 

obvious advantage over bulk ethanolic injection either, since the particle sizes seem to be controlled by 

compositional parameters rather than flow conditions. As a result of this test, most of the forthcoming 

experiments are performed in bulk.  

 

 

Figure 39: Comparison of hydrodynamic diameter (2RHyd) of non-aged DDAB:MO particles obtained with bulk (blue) and 
microfluidic assembly (orange). The QR in the microfluidic method is 50, and in bulk an equivalent dilution ratio of 50 was 

used. Samples that show a bimodal distribution are marked with the symbol (). Measurements performed within 2-24h 

after sample preparation. The initial and final total lipid concentrations are 7 and 0.14 m/m% for all the samples, respectively. 
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3.8. The broader cationic lipid (DODAB or DDAB) to MO ratio regimes  
 

We have seen before that even for cationic lipid to MO mass ratios of 1:99, the influence of the 

cationic lipid on the overall sizes was striking. In this section we aim at trying to understand the effect of 

the cationic lipid by studying a much broader range of cationic lipid fraction on the MO particles. For this 

we tested several mass fractions of cationic lipid (DDAB or DODAB) over total lipid, which we now define 

as Wcat.lipid (Wcat.lipid = mcat.lipid / (mcat.lipid + mMO)). These samples were prepared by solvent exchange in bulk from 

an initial ethanol solution with total lipid concentration of 1 m/m% to the final total lipid concentration of 

0.02% m/m%. The corresponding size (2RHyd) of these lipid particles is measured by dynamic light 

scattering, at two angles (90º and 173º). The size of the non-aged and aged samples was performed one 

and eight-days after sample preparation, respectively. Two replicates were performed for each Wcat.lipid, for 

non-aged and aged samples. 

Regarding the non-aged cationic lipid - monoolein particles, some samples show a bimodal 

distribution with a fast and a slow decay modes for both systems (DDAB and DODAB), indicating higher 

polydispersity. Figure 40 shows this in more detail. For DDAB (blue circles) a monomodal distribution is 

observed between 0.1 and 2% WDDAB, whereas below 0.1% WDDAB and above 2% WDDAB a bimodal distribution 

is observed (empty blue circles). For DODAB (red squares) most samples show a bimodal distribution of 

sizes (empty red squares). 

For the small-sized population (fast decay mode), the sizes of DDAB and DODAB systems as a 

function of Wcat.lip seem to display two regimes (figure 40). For DDAB, one regime between 1-10 % WDDAB, 

which resembles a logarithmic decay of size with WDDAB, and the other below 1% WDDAB, with an average of 

84 ± 14 nm. For DODAB, one regime between 1-10 % WDODAB, which resembles a logarithmic decay of size 

with WDODAB, and the other for WDODAB below 1%, with an average of 82 ± 11 nm. Both systems, DDAB and 

DODAB, present a similar behavior. Between 1-10% WCat.Lip. the decrease of mass fraction of cationic lipid 

leads to an increase in the size of the particles. Below 1% WCat.Lip., the particles seem to present a size 

plateau around 80 nm, which can be explained by the little variance on the mass fraction of cationic lipid, 

which implies a small difference between the sizes of the particles.  

However, it is important to note that even for this plateau, at very low WCat.Lip., the particle size is 

markedly smaller than the equivalent neat-MO system (≈130 nm). It is also important to highlight how 

low is WCat.Lip. = 0.01 %. This cationic lipid fraction corresponds approximately to one molecule of cationic 
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lipid within 9999 molecules of monoolein. Such influence on the particle size is therefore remarkable. 

This could possibly hint at a mechanism where the final particle structures are mediated by intermediate 

structures that have to grow by fusion, which would also explain the observation that particle size seems 

to be independent of mixing time. One of such possible intermediate structures is bilayer disks. Bilayer 

disks are known to be intermediate structures in the formation of liposomes[83]–[85]. Since both DDAB 

and DODAB have slightly different alkyl tail structures, they could be partially segregated and accumulated 

at the edges of the disks. Hence, an excess of positive charge at these bilayer edges could eventually 

slow down the disk growth of the particles to their final size, and even favor the formation of other 

aggregates, such as liposomes, instead of cubosomes. Since the area of the disk edge (or rim) is 

comparatively smaller than the total bilayer disk, perhaps even one molecule out of 9999 ones could 

make a difference. In other words, one molecule out of 9999 is unlikely to make a difference in the final 

steady-state structures (e.g. liposomes/cubosomes), but it would perhaps be significant if they tend to 

accumulate on the disk edges, since those narrow spaces control fusion between disks. Nonetheless, 

more experiments would need to be performed to confirm or disprove this hypothesis. We note however 

that F127 could also modulate this behavior, since it could, at least in principle, also adsorb preferentially 

on the bilayer edges. The interplay between cationic lipid and F127 is probably resulting in additional 

complexity as already pointed out in the previous sections.  

After eight days, all the particles (Figure 41) show increased polydispersity and bimodal 

distributions. This is likely an indication that the particles aggregate over time, showing bigger sizes. Again 

considering the small-sized population only, the DDAB system exhibited mostly sizes above 100 nm, 

whereas the DODAB also, with the exception of WDODAB ≥ 2, where the sizes seem to be below 50 nm.  
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Figure 40: Hydrodynamic diameter (2RHyd) dependence of the non-aged cationic lipid - Monoolein particles as a function of the 
mass fraction of cationic lipid over total lipid. Samples that show a bimodal distribution are represented by empty symbols. 
The blue circles (⚫) correspond to the DDAB system whereas the red squares (◼) to the DODAB system. The sizes on the 

DDAB system seems to display two regimes, one between 1-10 % WDDAB, which resembles a logarithmic decay of size with WDDAB, 
and the other below 1%, with an average of 84 ± 14 nm. The sizes on the DODAB system also seem to display two similar 

regimes, one between 1-10 % WDODAB, which resembles a logarithmic decay of size with WDODAB, and the other for WDODAB below 1%, 
with an average of 82 ± 11 nm. The total lipid concentration in solution is 0.02 m/m%. 

 

 

Figure 41: Hydrodynamic diameter (2RHyd) dependence of the aged cationic lipid - Monoolein particles as a function of the mass 
fraction of cationic lipid over total lipid. Samples that show a bimodal distribution are represented by empty symbols. The blue 
circles (⚫) correspond to the DDAB system whereas the red squares (◼) to the DODAB system. The sizes on the DDAB system 

do not seem to display regimes but exhibit two general sizes with an average of 116 ± 27 and 185 ± 18. The sizes on the 

DODAB system also do not seem to display regimes but exhibit three general sizes with an average of 40 ± 13, 233 ± 14 and 
113 ± 17, and at 0.1% WDODAB the correspondent size is 465.4. The total lipid concentration in solution is 0.02 m/m%. 
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Figure 42 shows the same data from Figures 40 and 41, but now reorganized into the DDAB 

system for non-aged and aged samples (Figure 42A) and the DODAB system for non-aged and aged 

samples (Figure 42B). With this arrangement it is easier to compare the effect of aging on the two 

systems. For the DDAB:MO system, the sizes are seen to increase for practically all compositions, with 

the ones for WDDAB ≤ 0.05 showing a smaller size increase. For the DODAB:MO system, the sizes seem to 

be approximately preserved for WDODAB ≤ 0.05 and WDODAB ≥ 2, whereas they increase substantially and 

become more polydisperse with aging for the compositions in between these values.  

A. 

 
 

B.  

 

Figure 42: Hydrodynamic diameter (2RHyd) dependence of the non-aged as well as aged cationic lipid - Monoolein particles as 
a function of the mass fraction of cationic lipid over total lipid. For DDAB:MO particles (A) and DODAB:MO particles (B), the 
samples that show a bimodal distribution are represented by empty symbols. The blue symbols (⚫;◼) correspond to the non-

aged samples whereas the red symbols (⚫;◼) to the aged samples. The total lipid concentration in solution is 0.02 m/m% for 

all samples. 

 

3.9. Small Angle X-Ray Scattering (SAXS) and Transmission Electron Microscopy (TEM) 
characterization 
 

In order to characterize the lipid particles produced at the structural level, SAXS and TEM were 

performed. Both techniques provide additional structural information beyond the hydrodynamic diameter 

measured by DLS.  

For this, we used the DDAB:MO system, since it allows obtaining particles at higher 

concentrations, which is essential for both techniques. The samples were prepared in bulk conditions 

with an initial concentration of 7 or 10 m/m% of total lipid, at a dilution corresponding to a QR of 30, 

which resulted in final lipid concentrations of 0.23 and 0.32 m/m%, respectively. After, these samples 

were centrifuged to increase the final lipid concentration to 3.4 and 4.5 m/m%. For TEM, we used only 

the final LT concentration of 3.4 m/m% to measure. These measurements were performed one day after 

sample preparation.  
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The data from the SAXS measurements is shown on Figure 43. As can be seen, the scattering 

patterns for both lipid concentrations are essentially featureless, not showing any Bragg peaks. This 

suggests that the particles are not structured. For comparison, a reference measurement for a different 

cubosome system (Phytantriol (PT) cubosomes) with features similar to monoolein cubosomes is shown. 

The PT sample was prepared using the same protocol and the final LT concentration is 2.35 m/m%. As 

can be seen, even for a lower concentration, the phytantriol cubosomes clearly show the first two Bragg 

peaks expected for a cubic phase of the Pn3m symmetry group (also expected for monoolein). Hence, 

the absence of such features on the DDAB:MO particles suggests that they are not cubosomes. The q-

range available in the used SAXS setup has a lower limit of q ≈ 0.22 nm-1, which means that if we were 

in the presence of semi-ordered structures with periodic spacings d smaller than 27 nm, a structure peak 

should be observable. This is not the case. As such, it seems reasonable to rule out structured 

nanoparticles where the cationic lipid could have increased the spacing between the structure periodic 

planes. It is also reasonable to rule out particles resembling cubosomes but with a more disordered order, 

since in such case a more disordered peak reflecting the average distance between the layers would still 

be expected.  

The picture that naturally surfaces is that we are now in the presence of particles more consistent 

with liposomes. We recall that previous studies with DODAB:MO [64] have shown exclusively liposome 

structures in mixtures up until DODAB molar fractions of 0.5, and coexistence of liposomes and 

intermediate layered structures until DODAB molar fractions of 0.3. It is possible that in the present case, 

the absence of buffer (Tris-HCL) promotes a much larger effect of the cationic lipid and shifts the 

structures from being of the cubic type to liposomes. The presence of F127 may also have a role in 

modifying the structures formed.  

In contrast, the TEM images show well-organized structures that resemble hexagonal patterns 

(Figure 44). In a first analysis, these observations could point to the cubic phase. However, it should be 

pointed out that in this procedure, the samples are dried and then stained. Even though we cannot rule 

out the hypothesis of such structures resulting from cubosomes, it is important to point out that on 

another work within the research group, the same protocol was followed to image phytantriol cubosomes 

(whose cubosome structure was confirmed with SAXS) [86], but the observed structures are markedly 

different from the images we obtained for the DDAB:MO system. Namely, the drying of the sample in the 

phytantriol case, combined with the size of the cubosomes, resulted in very amorphous structures. In the 

present DDAB:MO system the imaged structures seem markedly thinner. Taking these observations 

together with the SAXS results, we propose that these hexagonal structures result from liposomes 
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composed by MO and DDAB, which have dried and collapsed in the TEM grid, making a nanostructured 

film. Because these liposomes are composed by 90 m/m% of MO, when they collapse on the grid, the 

MO can relax and adopt a more curved structure consistent with it's spontaneous curvature. According 

to the TEM images, the size of the particles present values comprised between ca. 100 and 300 nm.  

The size and zeta potential (Table 7) of the particles analyzed on SAXS and TEM were measured 

before being centrifugated for DLS. These measurements were performed on the preparation day (within 

2-8h) and one day after sample preparation for samples used on SAXS and TEM, respectively. The 2RHyd 

of the nanoparticles is 86.5 ± 7.3 and 56.5 ± 1.8 nm for the samples measured with SAXS and TEM, 

respectively. The zeta potential is 86.0 ± 1.5 and 69.8 ± 0.3 mV for the samples measured with SAXS 

and TEM, respectively.  

The sizes obtained with DLS and TEM are quite different. On one hand, if one assumes that the 

structures are liposomes, the size of 56 nm as measured with DLS, would result in a collapsed TEM 

structure with diameter of ca. 112 nm, which matches the lower end size of the structures observed with 

TEM. On the other hand, one must consider that the DLS measurements were performed before 

centrifugation, which could have also resulted in structural chances and growth of the particles.  

 

Figure 43: X-ray small-angle scattering patterns of non-aged DDAB:MO particles. The blue line corresponds to phytantriol 
cubosomes, shown here as a reference sample with lipid concentration of 2.35 m/m%. Two Bragg peaks can be seen 
(highlighted by the red boarded circles), corresponding to the first two reflections of the Pn3m bicontinuous cubic phase. The 
red and black lines correspond to DDAB:MO particles with a final total lipid concentration of 4.5 and 3.4 m/m%, respectively 
(both samples have a DDAB:MO mass ratio of 10 to 90). All the samples were fabricated using the same conditions and 
protocol. The DDAB:MO system does not exhibit Bragg peaks, suggesting non-ordered structures. 
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Figure 44: Negative-staining TEM images from a DDAB-MO sample, at a mass ratio of 10 to 90, and final total lipid 
concentration of 3.4 m/m%. This sample was also measured with SAXS. The size of the particles is comprised between 100 
and 300 nm. Interestingly, well-organized structures that resemble hexagonal patterns are visible. Given that these samples 
are dried and very thin, these structures probably result from dried liposomes, which reorganized into these ordered patterns 
on the TEM grid due to the high amount of MO (which has a tendency to form reverse structures with negative curvature). 

 

Table 7: The correspondent size and zeta potential of the samples prepared for SAXS and TEM analysis. These measurements 
were performed before centrifugation on the day of sample preparation or one day after sample preparation for samples used 
on SAXS and TEM, respectively. 

 SAXS sample TEM sample 
2RHyd /nm 86.5 ± 7.3 56.5 ± 1.8 

Zeta Potential /mV 86.0 ± 1.5 69.8 ± 0.3 
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3.10. Overview of the assembly behaviour of DDAB:MO and DODAB:MO in water and in 
presence of F127 

 

We have seen in the previous sections that even when very minute amounts of DDAB or DODAB 

are added to MO in the presence of F127 and absence of a buffer, the assembly behavior is drastically 

modified. The particle sizes are markedly smaller, and SAXS does not reveal structures even with low 

degree of order. The overall picture that emerges is that we are in the presence of liposomes or other 

types of more disordered particles.  

This behavior is in marked contrast with neat MO systems in the presence of F127 (as shown in 

section 3.1 and in previous work by the research group [36], and also in marked contrast with DODAB:MO 

mixtures without F127 and in the presence of 30 mM Tris-HCl [64]. In the latter work, mixtures of 

DODAB:MO formed dense particles resembling more cubosomes, and the overall behavior was suggested 

to result from a balance between the tendency of MO to form structures with negative curvatures and 

DODAB to form structures with zero curvature[50][87]. Although those forces are likely to still be at play 

in the present system, we believe that the presence of F127, and absence of buffer/salt strongly change 

this behavior. The absence of salt in the present work amplifies the importance of the positive charge of 

the cationic lipids, and therefore they become important even at very low amounts.  

Taking together the fact that (i) SAXS does not show evidence of ordered structures, (ii) the sizes 

of particles are significantly smaller in the presence of DDAB or DODAB, and (iii) even minute amounts 

of Wcat.lip = 0.01% produce a significant impact in the sizes of the particles, the picture that seems to emerge 

from these observations is that the structures have been modified to liposomes or other similar structures. 

The fact that we observe thin ordered structures with TEM is also in agreement with a scenario of having 

liposomes that collapse on the TEM grid when dried, forming the ordered patterns due to the high 

amounts of MO. Naturally, additional measurements should be performed, namely SAXS and TEM on 

DDAB:MO particles at lower Wcat.lip to confirm this hypothesis, but all these observations together seem to 

promote this scenario.  

It is not clear why such small amounts of cationic lipid promote such large differences in size and 

structure. Like cubosomes, liposomes can also be formed by top-down and bottom-up methods. In the 

top down, typically a lamellar phase is broken down into liposomes by mechanical forces [88]. In the 

bottom-up approach, they can be formed by assembly of molecules or micelles. Along the monomer- or 

micelle-to-liposome transition, bilayer disks are important intermediate structures that form and grow by 

fusion for some time (the time can vary from some minutes to some hours) until they form disks that are 

large enough to close into vesicles [89][90]. The dynamics of bilayer disks are therefore important in 
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determining the final liposome sizes [84][91]. In such bilayer disks, the presence of two components 

often leads to accumulation of the component with bigger curvature in the disk edge, to minimize 

hydrophobic interactions of the chains with water[92]. Given that MO has a negative curvature and DDAB 

or DODAB have zero curvature, these cationic lipids would likely have a tendency to accumulate on the 

disk edges. Given that the area of the disk edges is considerably smaller than the disk area, even minute 

amounts of the cationic lipid, if accumulated on the disk edge, could lead to a substantial stabilization of 

the bilayer disks. The stabilization of the bilayer disks and charge on the edges could lead to a slow-down 

of disk growth, and consequently on smaller liposomes (or equivalent particles) when the disks close. The 

presence of F127 could also contribute to the stabilization of eventual disk-like intermediate structures, 

but this behavior has to be potentiated by the presence of DDAB or DODAB, since the presence of F127 

in neat-MO particles only seems to stabilize the cubosome structure against aggregation.  

Hence, as a summary, we propose that the mechanism more likely to cause the drastic 

differences observed in the cationic lipid-MO systems is the apparent stabilization of bilayer disks by the 

cationic lipids (Figure 45). These disks are likely to grow slower and therefore result in particles that are 

also smaller. For DDAB:MO of 10:90 the final particle size is more consistent with liposomes than 

cubosomes or other structures with intermediate degrees of order. However, it is not clear if with time 

such liposomes would transform into cubosomes. It is not clear either if for lower cationic lipid to 

monoolein ratios the structures formed could be liposomes or cubosomes, although the significantly 

smaller sizes observed with DLS seem to favor the liposome hypothesis as well.  
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Figure 45: Bilayer disks stabilized by cationic lipid with F127 adsorbed as long-lived intermediate structures. Based on the 
different curvatures of monoolein and cationic lipids, a higher accumulation of the cationic lipid on the disk edges is likely to 
be favoured due to their higher curvature. The accumulation of charge on the disk edges is likely to lead to more stable disks.  
The disks could lead to liposomes or to other structures, but since the disk fusion and growth is slow due to the charge around 
the particles, the resulting final particles are likely to be smaller. 
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Chapter 4- Conclusion and future perspectives 
 

Tuning the sizes of lipid nanoparticles is an important capability when designing drug and gene 

delivery formulations. Recently, the research group proposed the use of microfluidics to tune the sizes of 

monoolein nanoparticles. This control is achieved via manipulating the flow-rate ratio between an 

ethanolic solution carrying monoolein and two aqueous side-streams, squeezing the ethanol and 

promoting mixing with water. This leads to the formation of monoolein nanoparticles in a controlled way. 

The higher the flow-rate ratio, the smaller the nanoparticles. In this work, we expanded this approach into 

two different directions. First we aimed at increasing the overall lipid concentration in the neat-MO system. 

In the second approach, we explored the effect of adding a cationic lipid (DDAB or DODAB) to the 

monoolein nanoparticles with the goal of embedding cationic charge on the particles and making them 

suitable to encapsulate nucleic acids[68], [93]. 

In the neat monoolein system, we were able to increase the particles concentration by a factor of 

two. In general, greater concentrations result in slightly larger particles, but an accurate control of the 

size of the particles with the flow rate ratio is still achieved.  

In contrast to the neat monoolein, where the sizes of the nanoparticles can be tuned with the 

flow-rate ratio in microfluidic devices, in cationic lipid with monoolein systems, the final size of the particles 

becomes independent of the flow conditions and markedly smaller. By performing solvent-exchange in 

bulk conditions, similar sizes to the ones from microfluidics are observed, also in contrast with the neat 

monoolein system. We observe that the addition of even minute quantities of cationic lipid (0.01%) strongly 

shifts the assembly behaviour.  

Regarding the final structures, SAXS did not provide evidence of cubic structures, and therefore, 

liposomes are likely to be the main structures present, at least for DDAB:MO ratios of 10:90. TEM imaging 

shows structures with hexagonal patterns, which could indicate cubic phases or collapsed liposomes 

whose high content of MO caused the emergence of hexagonal patterns in the lipid film. These patterned 

structures are interesting and intriguing, and should be studied more carefully in future work.  

Taken together, these observations suggest that DDAB or DODAB is stabilizing some intermediate 

structure, such as bilayer disks. Bilayer disks are known precursors to liposomes, but could also be 

precursors to other structures based on bilayers. One possible explanation is that even though disks in 

the case of neat-MO grow very fast to form the final particles, the presence of cationic lipid significantly 

slows the disk growth and influences the final size of particles.  
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In conclusion, the present study revealed strong differences in the final particle structure and 

assembly mechanism when even minute amounts of DDAB or DODAB are added to monoolein. To 

confirm some of the proposed hypotheses more studies are needed, namely (i) Cryo-TEM observations 

to identify the internal structure, (ii) more cat.lip:MO compositions analyzed with negative-staining TEM 

and SAXS, and time-resolved synchrotron SAXS studies to evaluate the structures formed at early times.  

The long-term goal of this project is to form lipoplexes for gene therapy. Knowledge of the early-

stage structures formed in these cat.lip:MO mixtures is therefore a valuable guide for the design of nucleic 

acid formulations and obtaining particles in a more controlled way. 
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Appendix 

Dynamic Light Scattering Auto-correlation curve fitting and determination of size 

 

Influence of DDAB molar fraction on the aggregate structure. Non-aged samples.  

 
Figure A.1: DLS data for DDAB/(DDAB+MO) = 10 %m/m (replcate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond 
to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model 
fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared 
scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic 
diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue (upper) curve is 
a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a linear fit to the 
characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the slow mode of 
the biexponential fit. Here, 2RHyd.Fast = 40 ± 3 nm (R2 = 0.972, N=8); 2RHyd.Cum = 43 ± 5 nm (R2 = 0.988, N=2); 2RHyd.Slow = 3568 

± 965 nm (R2 = 0.732, N=6). The average PDI obtained from the cummulants fit (at 173º) is 0.10 ± 0.10. 

 

  
Figure A.2: DLS data for DDAB/(DDAB+MO) = 10 %m/m (replcate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. The obtained results were normalized.  (a) Autocorrelation curves for the 
measured samples. The circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle 
of 173º.  The lines correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay 
time as a function of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. 
The particle hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. 
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The blue (upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve 
is a linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to 
the slow mode of the biexponential fit. Here, 2RHyd.Fast = 20 ± 3 nm (R2 = 0.881, N=8); 2RHyd.Cum = 23 ± 3 nm (R2 = 0.983, 

N=2); 2RHyd.Slow = 2500 ± 0 nm (R2 = 1.000, N=6). The average PDI obtained from the cummulants fit (at 173º) is 0.03 ± 

0.03. 

 

 
Figure A.3: DLS data for DDAB/(DDAB+MO) = 5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond 
to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model 
fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared 
scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic 
diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue (upper) curve is 
a linear fit to the fast modes of the biexponential fit and cummulants fit. The red (bottom) curve is a linear fit to the slow 
mode of the biexponential fit. Here, 2RHyd.Fast = 53 ± 2 nm (R2 = 0.989, N=8); 2RHyd.Slow = 3118 ± 528 nm (R2 = 0.833, N=8). 

 

 
Figure A.4: DLS data for DDAB/(DDAB+MO) = 5 %m/m (replcate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond 
to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model 
fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared 
scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic 
diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue (upper) curve is 
a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a linear fit to the 
characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the slow mode of 
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the biexponential fit. Here, 2RHyd.Fast = 34 ± 5 nm (R2 = 0.870, N=8); 2RHyd.Cum = 40 ± 3 nm (R2 = 0.984, N=5); 2RHyd.Slow = 2690 

± 204 nm (R2 = 0,989, N=3). The average PDI obtained from the cummulants fit (including both angles) is 0.14 ± 0.08. 

 

 
Figure A.5: DLS data for DDAB/(DDAB+MO) = 2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond to 
data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model fittings 
using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared scattering vector. 
The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic diameter 2RHyd is determined 
from the diffusion coefficient through the Stokes-Einstein equation. The green curve is a linear fit to the characteristic times 
obtained from the cumulant fits. Here, 2RHyd.Cum = 70 ± 1 nm (R2 = 0.998, N=8). The average PDI (including both angles) is 0.49 

± 0.01. 

 

 
Figure A.6: DLS data for DDAB/(DDAB+MO) = 2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond to 
data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model fittings 
using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared scattering vector. 
The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic diameter 2RHyd is determined 
from the diffusion coefficient through the Stokes-Einstein equation. The green curve is a linear fit to the characteristic times 
obtained from the cumulant fits. Here, 2RHyd.Cum = 53 ± 2 nm (R2 = 0.986, N=8). The average PDI (including both angles) is 0.28 

± 0.02. 

 

 



 

77 
 

 
Figure A.7: DLS data for DDAB/(DDAB+MO) = 1 %m/m (replicate 1) , at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond 
to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model 
fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared 
scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic 
diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green curve is a linear 
fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 84 ± 1 nm (R2 = 0.999, N=8). The average 

PDI (including both angles) is 0.31 ± 0.08. 

 

 
Figure A.8: DLS data for DDAB/(DDAB+MO) = 1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond 
to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model 
fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared 
scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic 
diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green curve is a linear 
fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 63.7 ± 0.5 nm (R2 = 1.000, N=8). The average 
PDI (including both angles) is 0.22 ± 0.03. 
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Figure A.9: DLS data for DDAB/(DDAB+MO) = 0.5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The circles correspond 
to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond to model 
fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the squared 
scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle hydrodynamic 
diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green curve is a linear 
fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 66.9 ± 0.3 nm (R2 = 1.000, N=8). The average 
PDI (including both angles) is 0.15 ± 0.01. 

 

  
Figure A.10: DLS data for DDAB/(DDAB+MO) = 0.5 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 76.9 ± 0.2 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.18 ± 0.01. 
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Figure A.11: DLS data for DDAB/(DDAB+MO) = 0.2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 78.7 ± 0.4 nm (R2 = 1.000, 
N=8). The average PDI (including both angles) is 0.16 ± 0.01. 

 

 
Figure A.12: DLS data for DDAB/(DDAB+MO) = 0.2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 82.8 ± 0.6 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.12 ± 0.04. 
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Figure A.13: DLS data for DDAB/(DDAB+MO) = 0.1 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 70.1 ± 0.2 nm (R2 = 1.000, 
N=8). The average PDI (including both angles) is 0.13 ± 0.01. 

 

 
Figure A.14: DLS data for DDAB/(DDAB+MO) = 0.1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 75.3 ± 0.4 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.13 ± 0.01. 
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Figure A.15: DLS data for DDAB/(DDAB+MO) = 0.05 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 76 ± 3 nm (R2 = 0.990, N=8); 2RHyd.Cum = 99.3 ± 0.3 nm (R2 = 1.000, 

N=3); 2RHyd.Slow = 16306 ± 11299 nm (R2 = 0.342, N=5). The average PDI obtained from the cummulants fit (at 90º) is 0.47 

± 0.24. 
 

 
Figure A.16: DLS data for DDAB/(DDAB+MO) = 0.05 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 79.7 ± 0.5 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.13 ± 0.01. 
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Figure A.17: DLS data for DDAB/(DDAB+MO) = 0.02 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. . The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 71 ± 5 nm (R2 = 0.969, N=8); 2RHyd.Cum = 105 ± 3 nm (R2 = 0.997, N=4); 
2RHyd.Slow = 25000 ± 0 nm (R2 = 1.000, N=4). The average PDI obtained from the cummulants fit (at 90º) is 0.42 ± 0.29. 

 

 
Figure A.18: DLS data for DDAB/(DDAB+MO) = 0.02 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 121 ± 1 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.25 ± 0.01. 
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Figure A.19: DLS data for DDAB/(DDAB+MO) = 0.01 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 70 ± 7 nm (R2 = 0.953, N=6); 2RHyd.Cum = 101.6 ± 0.5 nm (R2 = 1.000, 
N=4); 2RHyd.Slow = 25000 ± 0 nm (R2 = 1.000, N=2). The average PDI obtained from the cummulants fit (at 90º) is 0.54 ± 

0.03. 
 

 
Figure A.20: DLS data for DDAB/(DDAB+MO) = 0.01 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 140 ± 1 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.31 ± 0.02. 

 

 

 



 

84 
 

Influence of DDAB molar fraction on the aggregate structure. Aged samples.  

 

 
Figure A.21: DLS data for DDAB/(DDAB+MO) = 10 %m/m (replicate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 210 ± 5 nm (R2 = 0.997, N=8); 2RHyd.Cum = 212 ± 2 nm (R2 = 0.999, N=7); 

2RHyd.Slow = 15486 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 0.36 
± 0.09. 

 

 
Figure A.22: DLS data for DDAB/(DDAB+MO) = 10 %m/m (replicate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 57 ± 7 nm (R2 = 0.917, N=8); 2RHyd.Cum = 78 ± 3 nm (R2 = 0.993, N=5); 
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2RHyd.Slow = 13229 ± 12411 nm (R2 = 0.362, N=3). The average PDI obtained from the cummulants fit (including both angles) 

is 0.98 ± 0.35. 
 

 
Figure A.23: DLS data for DDAB/(DDAB+MO) = 5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter DHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The red (bottom) curve is a linear 
fit to the slow mode of the biexponential fit. Here, 2RHyd.Fast = 113 ± 7 nm (R2 = 0.972, N=8); 2RHyd.Slow = 9269 ± 4425 nm (R2 

= 0.385, N=8).  
 

 
Figure A.24: DLS data for DDAB/(DDAB+MO) = 5 %m/m (replicate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter DHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 42 ± 7 nm (R2 = 0.839, N=8); 2RHyd.Cum = 73 ± 3 nm (R2 = 0.999, N=2); 
2RHyd.Slow = 8417 ± 4389 nm (R2 = 0.424, N=6). The average PDI obtained from the cummulants fit (at 173º) is 0.46 ± 0.27. 
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Figure A.25: DLS data for DDAB/(DDAB+MO) = 2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 266 ± 6 nm (R2 = 0.997, 

N=8). The average PDI (including both angles) is 0.87 ±.0.03. 
 

 
Figure A.26: DLS data for DDAB/(DDAB+MO) = 2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 85 ± 2 nm (R2 = 0.997, N=8); 2RHyd.Cum = 86.9 ± 0.7 nm (R2 = 1.000, 

N=7); 2RHyd.Slow = 25000 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) 
is 0.53 ± 0.14. 
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Figure A.27: DLS data for DDAB/(DDAB+MO) = 1 %m/m (replicate 1), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The red (bottom) curve is a linear 
fit to the slow mode of the biexponential fit. Here, 2RHyd.Fast = 307 ± 50 nm (R2 = 0.846, N=8); 2RHyd.Slow = 6015 ±  2349 (R2 = 

0.484, N=8). Note: the erratic results of the measurements demonstrate that this sample became unstable and not suitable 
for DLS. 

 

 

 
Figure A.28: DLS data for DDAB/(DDAB+MO) = 1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % m/m, 
prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. Measurements 
performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The circles 
correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines correspond 
to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function of the 
squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 112 ± 6 nm (R2 = 0.981, N=8); 2RHyd.Cum = 119 ± 3 nm (R2 = 0.995, N=7); 

2RHyd.Slow = 2500 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 0.49 ± 
0.19. 
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Figure A.29: DLS data for DDAB/(DDAB+MO) = 0.5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 231 ± 21 nm (R2 = 0.944, N=8); 2RHyd.Cum = 320 nm (R2 = 1.000, N=1); 
2RHyd.Slow = 7230 ± 3240 nm (R2 = 0.454, N=7). The average PDI obtained from the cummulants fit (at 173º) is 1.12 ± 0.56. 

 

 
Figure A.30: DLS data for DDAB/(DDAB+MO) = 0.5 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 122 ± 4 nm (R2 = 0.994, 

N=8). The average PDI (including both angles) is 0.71 ±.0.04. 
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Figure A.31: DLS data for DDAB/(DDAB+MO) = 0.2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter DHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 208 ± 12 nm (R2 = 0.986, N=5); 2RHyd.Cum = 236 ± 1 nm (R2 = 1.000, 

N=4); 2RHyd.Slow = 8591 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (at 90º) is 0.93 ± 0.01. 
 

 
Figure A.32: DLS data for DDAB/(DDAB+MO) = 0.2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter DHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 123 ± 4 nm (R2 = 0.994, N=8); 2RHyd.Cum = 123 ± 4 nm (R2 = 0.994, N=7); 

2RHyd.Slow = 2500 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 0.61 ± 
0.13. 
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Figure A.33: DLS data for DDAB/(DDAB+MO) = 0.1 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 199 ± 11 nm (R2 = 0.980, N=8); 2RHyd.Cum = 237 nm (R2 = 1.000, N=1); 
2RHyd.Slow = 7662 ± 3743 nm (R2 = 0.411, N=7). The average PDI obtained from the cummulants fit (at 173º) is 1.07 ± 0.54. 

 

 
Figure A.34: DLS data for DDAB/(DDAB+MO) = 0.1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 22 ± 14 nm (R2 = 0.264, N=8); 2RHyd.Cum = 131 ± 5 nm (R2 = 0.993, N=7); 

2RHyd.Slow = 25000 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 0.51 
± 0.15. 
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Figure A.35: DLS data for DDAB/(DDAB+MO) = 0.05 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. . The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 7 ± 1 nm (R2 = 0.782, N=8); 2RHyd.Cum = 244 nm (R2 = 1.000, N=1); 2RHyd.Slow 
= 12799 ± 7409 nm (R2 = 0.411, N=7). The average PDI obtained from the cummulants fit (at 90º) is 1.37 ± 0.68. Note: 

the erratic results of the measurements demonstrate that this sample became unstable and not suitable for DLS. 
 

 
Figure A.36: DLS data for DDAB/(DDAB+MO) = 0.05 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 102 ± 8 nm (R2 = 0.957, N=8); 2RHyd.Cum = 113 ± 4 nm (R2 = 0.994, N=7); 

2RHyd.Slow = 25000 ± nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 

0.42 ± 0.12.  
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Figure A.37: DLS data for DDAB/(DDAB+MO) = 0.02 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The red (bottom) curve is a linear 
fit to the slow mode of the biexponential fit. Here, 2RHyd.Fast = 6 ± 1 nm (R2 = 0.843, N=6); 2RHyd.Slow = 23870 ± 1708 nm (R2 = 

0.975, N=6). Note: the erratic results of the measurements demonstrate that this sample became unstable and not suitable 
for DLS. 

 

 
Figure A.38: DLS data for DDAB/(DDAB+MO) = 0.02 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 144 ± 2 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.31 ±.0.02. 
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Figure A.39: DLS data for DDAB/(DDAB+MO) = 0.01 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The red (bottom) curve is a linear 
fit to the slow mode of the biexponential fit. Here, 2RHyd.Fast = 14 ± 7 nm (R2 = 0.464, N=6); 2RHyd.Slow = 10769 ± 6330 nm (R2 

= 0.367, N=6). Note: the erratic results of the measurements demonstrate that this sample became unstable and not 
suitable for DLS. 

 

 
Figure A.40: DLS data for DDAB/(DDAB+MO) = 0.01 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 121 ± 15 nm (R2 = 0.900, N=8); 2RHyd.Cum = 145.7 ± 0.7 nm (R2 = 1.000, 

N=7); 2RHyd.Slow = 25000 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) 
is 0.29 ± 0.11. 
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Influence of DODAB molar fraction on aggregate structure. Non-aged samples.  

 

 
Figure 41: DLS data for DODAB/(DODAB+MO) = 10 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 27 ± 3 nm (R2 = 0.907, N=8); 2RHyd.Cum = 30 ± 3 nm (R2 = 0.956, N=6); 
2RHyd.Slow = 3191 ± 883 nm (R2 = 0.929, N=2). The average PDI obtained from the cummulants fit (including both angles) is 

0.07 ± 0.04. 
 

 
Figure A.42: DLS data for DODAB/(DODAB+MO) = 10 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 27 ± 4 nm (R2 = 0.897, N=8); 2RHyd.Cum = 26.3 ± 0.5 nm (R2 = 0.999, 
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N=4); 2RHyd.Slow = 4621 ± 1503 nm (R2 = 0.759, N=4). The average PDI obtained from the cummulants fit (at 173º) is 0.02 

± 0.03. 
 

 
Figure A.43: DLS data for DODAB/(DODAB+MO) = 5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 40 ± 3 nm (R2 = 0.967, 

N=8). The average PDI (including both angles) is 0.23 ± 0.01. 
 

 
Figure A.44: DLS data for DODAB/(DODAB+MO) = 5 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 27 ± 5 nm (R2 = 0.828, N=8); 2RHyd.Cum = 34 ± 3 nm (R2 = 0.973, N=4); 
2RHyd.Slow = 4129 ± 882 nm (R2 = 0.879, N=4). The average PDI obtained from the cummulants fit (including both angles) is 

0.13 ± 0.05. 
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Figure A.45: DLS data for DODAB/(DODAB+MO) = 2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 44 ± 1 nm (R2 = 0.995, 

N=8). The average PDI (including both angles) is 0.24 ± 0.05. 
 

  
Figure A.46: DLS data for DODAB/(DODAB+MO) = 2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 48 ± 7 nm (R2 = 0.861, N=8); 2RHyd.Cum = 52 ± 4 nm (R2 = 0.965, N=7); 

2RHyd.Slow = 6293 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 0.29 ± 
0.08. 
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Figure A.47: DLS data for DODAB/(DODAB+MO) = 1 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 59 ± 1 nm (R2 = 0.996, N=8); 2RHyd.Cum = 59.6 ± 0.4 nm (R2 = 1.000, 

N=7); 2RHyd.Slow = 7614 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 
0.21 ± 0.04. 

 

 
Figure A.48: DLS data for DODAB/(DODAB+MO) = 1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 59.2 ± 0.7 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.21 ± 0.01. 
 

 

 



 

98 
 

 
Figure A.49: DLS data for DODAB/(DODAB+MO) = 0.5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 58.1 ± 0.6 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.23 ± 0.02. 
 

 
Figure A.50: DLS data for DODAB/(DODAB+MO) = 0.5 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 72 ± 2 nm (R2 = 0.993, N=8); 2RHyd.Cum = 75.5 ± 0.9 nm (R2 = 0.999, 

N=7); 2RHyd.Slow = 4000 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 
0.16 ± 0.05. 

 

 

 



 

99 
 

 
Figure A.51: DLS data for DODAB/(DODAB+MO) = 0.2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 75.9 ± 0.7 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.16 ± 0.01. 
 

 

 

 
Figure A.52: DLS data for DODAB/(DODAB+MO) = 0.2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 100.7 ± 0.4 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.17 ± 0.01. 
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Figure A.53: DLS data for DODAB/(DODAB+MO) = 0.1 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 68.1 ± 0.4 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.23 ± 0.02. 
 

 
Figure A.54: DLS data for DODAB/(DODAB+MO) = 0.1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 82.4 ± 0.9 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.16 ± 0.01. 
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Figure A.55: DLS data for DODAB/(DODAB+MO) = 0.05 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 82 ± 4 nm (R2 = 0.987, N=8); 2RHyd.Cum = 105.9 ± 0.5 nm (R2 = 1.000, 
N=4); 2RHyd.Slow = 25000 ± 0 nm (R2 = 1.000, N=4). The average PDI obtained from the cummulants fit (at 90º) is 0.45 ± 

0.03. 
 

 

 
Figure A.56: DLS data for DODAB/(DODAB+MO) = 0.05 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 89.8 ± 0.9 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.17 ± 0.01. 
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Figure A.57: DLS data for DODAB/(DODAB+MO) = 0.02 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 72 ± 5 nm (R2 = 0.972, N=8); 2RHyd.Cum = 107.8 ± 0.4 nm (R2 = 1.000, 
N=4); 2RHyd.Slow = 25000 ± 0 nm (R2 = 1.000, N=4). The average PDI obtained from the cummulants fit (at 90º) is 0.60 ± 

0.03. 
 

 
Figure A.58: DLS data for DODAB/(DODAB+MO) = 0.02 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 119 ± 1 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.24 ± 0.01. 
 

 

 



 

103 
 

 
Figure A.59: DLS data for DODAB/(DODAB+MO) = 0.01 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 70.4 ± 0.3 nm (R2 = 1.000, 

N=6). The average PDI (including both angles) is 0.11 ± 0.01.  
 

 

 
Figure A.60: DLS data for DODAB/(DODAB+MO) = 0.01 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed one day after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 89.6 ± 0.2 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.16 ± 0.01.  
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Influence of DODAB molar fraction on aggregate structure. Aged samples.  

 

 
Figure A.61: DLS data for DODAB/(DODAB+MO) = 10 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 26 ± 1 nm (R2 = 0.991, N=8); 2RHyd.Cum = 31 nm (R2 = 1.000, N=1); 2RHyd.Slow 
= 13654 ± 4564 nm (R2 = 0.599, N=7). The average PDI obtained from the cummulants fit (at 173º) is 0.00 ± 0.00. 

 

 
Figure A.62: DLS data for DODAB/(DODAB+MO) = 10 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 27 ± 6 nm (R2 = 0.751 N=8); 2RHyd.Cum = 38.1 ± 0.2 nm (R2 = 1.000, N=4); 

2RHyd.Slow = 3226 ± 937 nm (R2 = 0.798 N=4). The average PDI obtained from the cummulants fit (at 173º) is 0.13 ± 0.00. 
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Figure A.63: DLS data for DODAB/(DODAB+MO) = 5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 39 ± 6 nm (R2 = 0.862, N=8); 2RHyd.Cum = 60 ± 34 nm (R2 = 0.762 N=2); 
2RHyd.Slow = 4075 ± 1165 nm (R2 = 0.710, N=6). The average PDI obtained from the cummulants fit (at 173º) is 0.69 ± 0.69. 

 

 
Figure A.64: DLS data for DODAB/(DODAB+MO) = 5 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 45 ± 5 nm (R2 = 0.932 N=8); 2RHyd.Cum = 43 ± 3 nm (R2 = 0.965 N=7); 

2RHyd.Slow = 25000 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 0.24 
± 0.08. 
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Figure A.65: DLS data for DODAB/(DODAB+MO) = 2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 53 ± 3 nm (R2 = 0.984, N=6); 2RHyd.Cum = 60 ± 1 nm (R2 = 1.000, N=2); 
2RHyd.Slow = 5864 ± 3159 nm (R2 = 0.535, N=4). The average PDI obtained from the cummulants fit (at 173º) is 0.22 ± 0.16. 

 

 
Figure A.66: DLS data for DODAB/(DODAB+MO) = 2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 38 ± 8 nm (R2 = 0.781, N=8); 2RHyd.Cum = 58 ± 0 nm (R2 = 1.000, N=2); 

2RHyd.Slow = 4420 ± 1287 nm (R2 = 0.702, N=6). The average PDI obtained from the cummulants fit (at 173º) is 0.29 ± 0.17. 
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Figure A.67: DLS data for DODAB/(DODAB+MO) = 1 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 421 ± 24 nm (R2 = 0.984, N=6); 2RHyd.Cum = 465 ± 10 nm (R2 = 0.999, 
N=3); 2RHyd.Slow = 6250 ± 4688 nm (R2 = 0.471, N=3). The average PDI obtained from the cummulants fit (at 90º) is 1.13 ± 

0.01. 
 

 
Figure A.68: DLS data for DODAB/(DODAB+MO) = 1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 71.3 ± 0.5 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.38 ± 0.03. 
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Figure A.69: DLS data for DODAB/(DODAB+MO) = 0.5 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 378 ± 35 nm (R2 = 0.959, N=6); 2RHyd.Cum = 395 ± 23 nm (R2 = 0.993, 
N=3); 2RHyd.Slow = 3577 ± 1533 nm (R2 = 0.731, N=3). The average PDI obtained from the cummulants fit (at 90º) is 1.18 ± 

0.05. 
 

 
Figure A.70: DLS data for DODAB/(DODAB+MO) = 0.5 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 90.2 ± 0.4 nm (R2 = 1.000, 

N=8). The average PDI (including both angles) is 0.31 ± 0.01. 
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Figure A.71: DLS data for DODAB/(DODAB+MO) = 0.2 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 325 ± 13 nm (R2 = 0.992, N=6); 2RHyd.Cum = 339 ± 11 nm (R2 = 0.996, 

N=5); 2RHyd.Slow = 25000 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) 
is 1.05 ± 0.29. 

 

 
Figure A.72: DLS data for DODAB/(DODAB+MO) = 0.2 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 112 ± 1 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.29 ± 0.01. 
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Figure A.73: DLS data for DODAB/(DODAB+MO) = 0.1 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 465 ± 36 nm (R2 = 0.971, N=6); 2RHyd.Cum = 558 ± 33 nm (R2 = 0.969, 
N=4); 2RHyd.Slow = 25000 ± 0 nm (R2 = 1.000, N=2). The average PDI obtained from the cummulants fit (including both 

angles) is 0.79 ± 0.01. 

 

 
Figure A.74: DLS data for DODAB/(DODAB+MO) = 0.1 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 98 ± 4 nm (R2 = 0.988, N=8); 2RHyd.Cum = 102 ± 3 nm (R2 = 0.996, N=7); 
2RHyd.Slow = 3061 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (including both angles) is 0.34 ± 

0.09. 
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Figure A.75: DLS data for DODAB/(DODAB+MO) = 0.05 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 6 ± 1 nm (R2 = 0.808, N=6); 2RHyd.Cum = 222 ± 14 nm (R2 = 0.993, N=3); 
2RHyd.Slow = 25000 ± 0  nm (R2 = 1.000, N=3). The average PDI obtained from the cummulants fit (at 90º) is 1.34 ± 0.04. 

 

 
Figure A.76: DLS data for DODAB/(DODAB+MO) = 0.05 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 102 ± 2 nm (R2 = 0.999, 

N=8). The average PDI (including both angles) is 0.30 ± 0.01. 
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Figure A.77: DLS data for DODAB/(DODAB+MO) = 0.02 %m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 6 ± 1 nm (R2 = 0.811, N=6); 2RHyd.Cum = 201 ± 1 nm (R2 = 1.000, N=2); 
2RHyd.Slow = 24869 ± 259  nm (R2 = 1.000, N=4). The average PDI obtained from the cummulants fit (at 90º) is 1.34 ± 0.77. 

 

 
Figure A.78: DLS data for DODAB/(DODAB+MO) = 0.02 %m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 132 ± 2 nm (R2 = 0.998, 

N=8). The average PDI (including both angles) is 0.30 ± 0.01. 
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Figure A.79: DLS data for DODAB/(DODAB+MO) = 0.01%m/m (replicate 1), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The blue 
(upper) curve is a linear fit to the fast modes of the biexponential fit and cummulants fit. The green (middle) curve is a 
linear fit to the characteristic times obtained from the cumulant fits exclusively. The red (bottom) curve is a linear fit to the 
slow mode of the biexponential fit. Here, 2RHyd.Fast = 81 ± 18 nm (R2 = 0.873, N=4); 2RHyd.Cum = 103.6 ± 0.6 nm (R2 = 1.000, 
N=3); 2RHyd.Slow = 25000 nm (R2 = 1.000, N=1). The average PDI obtained from the cummulants fit (at 173º) is 0.32 ± 0.29. 

 

 
Figure A.80: DLS data for DODAB/(DODAB+MO) = 0.01%m/m (replicate 2), at a final total lipid concentration of 0.02 % 
m/m, prepared by solvent exchange in bulk from an ethanol solution with total lipid concentration of 1 %m/m. 
Measurements performed eight days after sample preparation. (a) Autocorrelation curves for the measured samples. The 
circles correspond to data taken at a scattering angle of 90º and the squares to a scattering angle of 173º.  The lines 
correspond to model fittings using the cummulants or bi-exponential equations. (b) Characteristic decay time as a function 
of the squared scattering vector. The diffusion coefficient is determined from the slopes of the linear fits. The particle 
hydrodynamic diameter 2RHyd is determined from the diffusion coefficient through the Stokes-Einstein equation. The green 
curve is a linear fit to the characteristic times obtained from the cumulant fits. Here, 2RHyd.Cum = 106 ± 3 nm (R2 = 0.995, 

N=8). The average PDI (including both angles) is 0.27 ± 0.09.  
 

 


