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Abstract 
 

Ferreira, Matheus Ouverney; Percebom, Ana Maria (Advisor) Lima, Karina 

Oliveira (Co-Advisor);. Surfactants and polymers: from assembly to oil loading. 

Rio de Janeiro, 2024. 197p. Tese De Doutorado – Departamento de Química, 

Pontifícia Universidade Católica do Rio de Janeiro. 

 

Oil loading in aqueous formulations is a constant challenge when developing 

cosmetics with new claims, and different parameters may affect their preparation and 

properties. For instance, several methods require high energy input or are not adaptable 

to large-scale production in an industrial context. If nanoparticles with a high amount of 

oil loading are desired, this becomes even more challenging. Formulating with chemicals 

already used in cosmetics or using biocompatible ones is also essential. A possible 

strategy to avoid these issues involves using poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) (EOxPOyEOx), which are already approved for cosmetics and 

pharmaceutical formulations, their availability in different chain lengths and proportions 

of EO/PO groups can allow the control of different properties, such as enhancing stability 

in an aqueous medium by increasing the EO chain length. This thesis aims to design, 

obtain, and characterize different colloids, in four different papers, using triblock 

copolymers to uptake hydrophobic ingredients in aqueous formulations.  By employing 

simple preparation methods, we explore a range of colloidal structures, from 

nanoparticles to microcapsules, aiming to understand how the copolymer’s structure 

influences the final properties. These methods included spontaneous capsule formation 

through charge-driven complexation to the use of copolymers to stabilize liquid crystals 

dispersions. In the first study, core-shell particles were obtained through complexation 

between oxidized cellulose nanofibrils (OCNF) and poly(diallyldimethylammonium 

chloride) (PDADMAC), with triblock copolymers enhancing stability and oil loading. 

This method resulted in stable particles with high oil incorporation capacity, suitable for 

controlled release of active ingredients. In the second study, dispersing lamellar phases 

formed by sodium lauryl sulfate (SDS) and fatty alcohols using triblock copolymers 

enabled the formation of nanoparticles with water like viscosity and high stability, 

suitable for products with light textures. The third study utilized complexation between 

oppositely charged surfactants and polymers to form nanoparticles with high oil loading 

capacity, where the triblock copolymer improved stability and loading efficiency. Finally, 



 
 

the fourth study explored the use of cocamidopropyl betaine as a surfactant, forming 

micelles that can be used in personal care formulations. The results highlight the potential 

of these systems for applications in cosmetic products, where stability and active 

ingredient incorporation are essential. 
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Resumo 
 

Ferreira, Matheus Ouverney; Percebom, Ana Maria (Orientadora); Lima, Karina 

Oliveira (Coorientadora);. Surfactantes e Polímeros: da autoassociação até o 

encapsulamento de óleos. Rio de Janeiro, 2024. 197p. Tese De Doutorado – 

Departamento de Química, Pontifícia Universidade Católica do Rio de Janeiro. 

 

A incorporação de óleo em formulações cosméticas apresenta vários desafios, pois 

diferentes parâmetros podem afetar sua preparação e propriedades. Por exemplo, diversos 

métodos exigem alto fornecimento de energia ou não são adaptáveis para escalas grandes, 

principalmente em um contexto de aplicações industriais. Se nanopartículas com uma alta 

incorporação de óleo forem desejadas, os desafios são ainda maiores. Além disso, é 

essencial formular com produtos químicos já utilizados em cosméticos ou utilizar aqueles 

que são biocompatíveis. Uma possível estratégia para contornar esses problemas envolve 

o uso de poli (óxido de etileno) -poli(óxido de propileno)-poli(óxido de etileno) 

(EOxPOyEOx), que já são aprovados para formulações cosméticas e farmacêuticas. Sua 

disponibilidade em diferentes comprimentos de cadeia e proporções de grupos EO/PO 

permite controlar diversas propriedades, como aumentar a estabilidade em meio aquoso 

ao aumentar o tamanho da cadeia EO. A presente tese tem como objetivo projetar, obter 

e caracterizar diferentes coloides usando copolímeros tribloco para absorção de 

ingredientes hidrofóbicos em formulações aquosas, em quatro estudos diferentes. 

Empregando métodos de preparo simples, exploramos uma variedade de estruturas 

coloidais, desde nanopartículas até microcápsulas, com o objetivo de entender como a 

estrutura do copolímero influencia as propriedades desses sistemas. Esses métodos 

incluíram desde a formação espontânea de cápsulas por complexação eletroestática até o 

uso de copolímeros para estabilizar dispersões de cristais líquidos. No primeiro estudo, 

partículas núcleo-casca foram obtidas por complexação entre nanofibrilas de celulose 

oxidadas (OCNF) e poli(dialildimetilamônio) (PDADMAC), com copolímeros tribloco 

promovendo a estabilidade e a carga de óleo. Esse método resultou em partículas estáveis 

e com alta capacidade de incorporação de óleo, adequadas para a liberação controlada de 

ingredientes ativos. No segundo estudo, a dispersão de fases lamelares formadas por 

sulfato de laurila de sódio e álcoois graxos em copolímeros tribloco permitiu obter 

nanopartículas com viscosidade ajustável e boa estabilidade, adequadas para produtos 

com texturas leves. O terceiro estudo utilizou complexação entre surfactantes e polímeros 



 
 

de cargas opostas para formar nanopartículas com alta capacidade de carga de óleo, onde 

o copolímero tribloco aumentou a estabilidade e a eficiência de carga. Finalmente, o 

quarto estudo explorou o uso de betaína cocamidopropil como surfactante, formando 

micelas que podem ser utilizadas em formulações de cuidados pessoais. Os resultados 

destacam o potencial desses sistemas para aplicações em produtos cosméticos, onde a 

estabilidade e a incorporação de ingredientes ativos são essenciais. 
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CHAPTER 1 
 

INTRODUCTION 

 

1.1. Colloids and oil loading – An outlook of this work  
 

Colloids are mixtures where one substance is dispersed within another, 

without the dispersed particles settling out or merging into the surrounding 

medium. These particles are typically within the nanometer to micrometer range, 

allowing for stability and unique properties that differ significantly from those of 

bulk materials [1]. Such materials include complex coacervates, colloidal 

dispersions, liquid crystals, gels, emulsions, and nanocellulose-based materials 

[1].  

Colloids are found in several products in daily life, such as creams, paints, 

toothpaste, and foods. Despite their apparent diversity, these systems share a 

common feature: a complex structure often comprising polymers, particles, or 

surfactants designed to achieve specific structures and properties. In this PhD 

thesis, we focused on applying colloids for oil loading in aqueous systems. Oil 

loading refers to the process by which oil or other hydrophobic substances are 

encapsulated within a material, forming a core and a shell that isolates and 

protects these substances from environmental factors or when it is dispersed into 

the matrix.  

The use of vehicles for the loading or encapsulation of active ingredients 

has been widely explored across various sectors [2]. This technology offers 

numerous possibilities for creating a diverse range of products. In the personal 

care and hygiene industry, encapsulation is a valuable tool for enhancing the 

delivery of substances such as antioxidants and vitamins. It also contributes to 

the stability of these systems, as active ingredients in cosmetics are generally 

unstable and sensitive to temperature fluctuations, pH changes, light exposure, 

and oxidation. Encapsulating these substances reduces their exposure, thereby 

increasing their stability. Another possible property of interest is the gradual 

release of these substances, which decreases skin contact time, minimizing the 
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risk of irritation. The increased quantity and depth of active ingredient penetration 

into the skin is another possibility when using nanometric vehicles. Hence, 

loading the oil in soft materials can promote greater product efficacy, stability, 

safe administration, and controlled release. 

However, loading high levels of hydrophobic substances in aqueous 

formulations is a challenge, usually overcome by preparing emulsions in the 

cosmetic industry. However, emulsions present some limitations, such as the 

requirement of high energy input, possible instability, and droplets too large to 

achieve skin permeation. Besides, emulsions are usually very viscous, limiting 

their use only to products where this characteristic is desired. Different types of 

soft materials can be explored as alternatives to emulsions. Research in this area 

suggests that both the industrial and academic sectors have been investigating 

nanometric systems such as micelles [3,4], solid lipid nanoparticles [5–7], 

polymeric nanoparticles [8], [9,10], and others to achieve better application and 

product development, not only in the field of personal care but in various other 

areas as well [6,11–13].  However, scaling-up the process to obtain some of these 

vehicles can be complicated due to the use of very specific homogenizers or 

chemicals, limiting their application on a large scale.  

This thesis presents the preparation of three different colloids for loading oil 

in aqueous systems, including oppositely charged nanoparticles, lamellar 

dispersions and core-shell cellulose particles. It was initially conceived in 

partnership with the company Oxiteno. This thesis hypothesized that triblock 

copolymers of poly (ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 

(EOxPOyEOx) could be used to obtain and stabilize nanometric soft materials to 

load oil in aqueous medium for the cosmetics industry. Their EO blocks are 

hydrophilic and could promote dispersibility and stability in water, whereas the 

PO blocks could guarantee the oil loading or the interaction with the material of 

choice. These triblock copolymers are already approved for cosmetics and 

pharmaceutical formulations [14] and produced in large scale by Oxiteno and 

other companies.  
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1.2. Poloxamers 
 

Block copolymers known as Poloxamers, or by the trade names Pluronic®, 

Kolliphor® and SynperonicsTM, are a well-established class of synthetic 

copolymers with applications in various fields such as pharmaceuticals and 

cosmetics. They are nonionic, amphiphilic triblock copolymers composed of a 

hydrophobic central block of poly(propylene oxide) (PO) attached to two 

hydrophilic chains of poly(ethylene oxide) (EO), generally structured as 

EOxPOyEOx (Figure 1.1), where x and y represent the average number of 

monomeric units in the copolymer. This arrangement results in a polymer where 

the number of hydrophilic and hydrophobic units can be easily altered [15–17]. 

These polymers have been extensively studied by various groups, which have 

shown that they exhibit relatively low toxicity in cultured cells or even 

cytoprotective effects, making them well-suited for applications in both cosmetics 

and pharmaceuticals. [15-20] 

  

Figure 1.1: Molecular structure and schematic representation of a generic 
EOxPOyEOx poloxamer. 

 

These copolymers are commercially available in various molecular weights, 

block lengths, and EO/PO ratios, which determine their different physicochemical 

properties. Table 1.1 describes some types of poloxamers available on the 

market, their properties, and primary uses [18–20].   
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Table 1.1: Physicochemical characteristics and applications of some popular copolymers. [15-20] 

INCI Name Molecular Structure 
Mw 

(g.mol-1) 
HLB 

CMC 

(mmol.L-1) 

Cloud Point (°C) 

(10 wt%) 
Primary use 

Poloxamer 182 EO04PO30EO04 2110 1 a 7 - 
40 Controlled Release, Nonionic 

Surfactant 

Poloxamer 184 EO10PO30EO10 2640 
10 to 

12 
0.48 

>100 Surfactant, Controlled Release, 

Pharmaceutical Applications 

Poloxamer 334 EO20PO60EO20 5260 
10 to 

12 
0.0021 

15 
Controlled Release 

Poloxamer 407 EO90PO60EO90 11430 >24 0.0028 
>100 Long-Circulating Particles, Slow-

Release Gels, Tissue Engineering 
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One of the main properties of poloxamers is their ability to self-assemble 

into a variety of structures, as they also act as surfactants. They can self-

assemble, forming different aggregates, including micelles, gels, giant micelles, 

and various mesophases, depending on temperature, concentration, and 

composition [16,21–24]. Some of their properties can be tuned by controlling 

these parameters. For example, at room temperature, more hydrophilic 

poloxamers, with a higher EO/PO ratio value, tend to have higher Critical Micelle 

Concentration (CMC) values, and vice versa. At a fixed EO/PO ratio, the CMC 

decreases with increasing molecular weight of the copolymer. If the EO block 

fraction is less than 10% for a series with the same PO block length, lamellar 

phases are formed instead of micelles [15,24,25]. 

Because these polymers also act as surfactants, they can serve as 

stabilizers in different systems. The versatility of these substances explains the 

interest in using poloxamers in various industrial applications, as evidenced by 

numerous patents filed [26–29]. Additionally, the ability to control the size of 

EO/PO chains allows for understanding how each parameter (degree of 

polymerization, hydrophobicity/hydrophilicity ratio) affects the loading rate of 

active ingredients, enabling optimization of the proposed systems. 

For instance, Wulff-Pérez et al. [30] demonstrated the formation of stable 

nanoemulsions using Poloxamer 188 with various natural oils. These 

nanoemulsions were resistant to coalescence, even when volume fractions 

above 25% of oil were used. However, the reliance on ultrasonication poses 

challenges for scaling up the process. 

Mészáros et al. [31] proposed the use of a Poloxamer to disperse polymer-

surfactant (P-S) complexes in aqueous media by applying a specific method of 

stop-flow-mixing (Figure 1.2). They used the anionic surfactant sodium dodecyl 

sulfate (SDS), the cationic poly(ethyleneimine) (PEI), and the Poloxamer F108. 

The presence of EO and PO groups allows Poloxamer to interact with both 

aqueous media and the hydrophobic sites present in the system. The scheme in 

Figure 1.2 shows that the Poloxamer provided steric stabilization, suppressing 

phase separation in the systems and forming nanoparticles. Despite the specific 

mixing methodology, which is inadequate for a large scale, the authors did not 

explore the obtained nanoparticles to verify their capacity for loading hydrophobic 

substances.   
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Figure 1.2:Representation of the interaction between SDS-PEI in the absence 

and presence of Poloxamer. (Mészáros et al. [31] – permission of use at the 

end of this thesis) 

 

Nakano et al. [32] used EO90PO60EO90 to prepare cubosomes and 

hexosomes in aqueous medium with a mixture of monoolein and oleic acid. 

Cubosomes and hexosomes are particles of the cubic and hexagonal liquid 

crystalline phases, respectively, dispersed in a liquid medium. They found that 

increasing the poloxamer concentration led to a decrease in particle size while 

maintaining the same internal structure, though the particles were highly pH 

dependent. Despite successfully dispersing liquid crystalline phases, the 

preparation method is not yet suitable for large-scale production due to its 

reliance on solvent evaporation (chloroform), followed by drying under vacuum 

and mixing with a high-pressure emulsifier. 

While Poloxamers show promise in both liquid crystal dispersions and oil 

loading, further research is needed to develop scalable methods for their use in 

industrial applications. The availability of poloxamers in different chain lengths 

and proportions of EO/PO groups may be explored to control different properties, 
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such as enhance dispersibility in an aqueous medium with longer EO blocks or 

increased oil loading with longer PO blocks. 

Given all these properties and considering the advantages and challenges 

of applying nanometric vehicles in cosmetic formulations, this study employed 

triblock copolymers in various colloidal systems as a strategy to enhance stability 

and/or loading of hydrophobic actives and/or promote the dispersion and 

stabilization of liquid crystals in aqueous media with viscosity close to that of 

water.  
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1.3. Liquid crystals for oil loading 
 

Liquid crystals were discovered in 1888 and have attracted extensive 

interest due to their unique properties [33]. Lyotropic liquid crystals are usually 

formed in systems with high surfactant concentrations. Essentially, an elevated 

concentration of micelles can organize themselves to occupy a high volumetric 

fraction, forming a crystalline structure that can still flow under shear. The weak 

interactions between the surfactant micelles allow the material to flow under 

shear stress, like a liquid. However, their ordered structures classify them as 

crystalline, like solid crystals. The ordered structure produces a distinct 

interference pattern, identifiable through small-angle X-ray scattering (SAXS) or 

diffraction [34,35]. This new arrangement significantly increases viscoelasticity 

[36] and alters other properties, making them highly valuable in various industrial 

applications, such as the cosmetic industry. 

Common examples of lyotropic liquid crystals include cubic, hexagonal, and 

lamellar phases, as depicted in Figure 1.3. The micelles are nearly spherical in 

the cubic phase, indefinitely long cylindrical in the hexagonal phase, and stacked 

bilayers form the lamellar phase. The cross-section of the micelles and the 

thickness of the water layers between the surfactant bilayers can vary depending 

on the nature of the surfactant [36,37], which SAXS can also determine. 

 

 

Figure 1.3: Structures of lyotropic liquid crystals (a) Cubic Phase (b) Hexagonal 

Phase, and (c) Lamellar Phase.[38] 

 



34 
 

Due to its rheological properties and easy preparation, the lamellar phase 

is the main liquid crystal used in the cosmetics industry. The alternating bilayers 

can smoothly slide on the surface of hair or skin. Besides, they are used to 

stabilize emulsions or prepare liposomes (or vesicles) [34,39]. Liposomes can 

load both hydrophobic and hydrophilic substances, being very useful to prevent 

degradation [40]. Liposomes of different types, such as multilamellar vesicles, 

small unilamellar vesicles, large unilamellar vesicles, multi-vesicular, and sizes 

from nm to um in diameters can be prepared depending on the compositions 

and techniques of preparation [41]. However, the preparation method remains 

challenging in scaling up liposome applications because the techniques 

involved, such as lipid film formation [42], ethanol injection [43], and 

ultrasonication [44], either require high energy or are not feasible for industrial-

scale production, which increases the cost of it. For instance, Hanley et al. [45] 

showed the formation of giant multilamellar and large unilamellar vesicles using 

deoiled lecithin and sunflower lecithin dispersions. These liposomes were 

formed spontaneously using minimal processing but presented an average 

diameter of 6-7 μm. Hence, there are still possibilities for improvement in the 

methods to achieve efficient vehicles in a nanoscale [46]. 

Most liposome systems are formed by double-chain surfactants, because 

they assemble in close to zero-curvature aggregates, forming the bilayers, even 

at small concentrations. A high surfactant concentration is usually required to 

obtain lyotropic liquid crystals for single-chain surfactants. However, another 

way to anticipate their formation is the addition of certain chemicals, such as 

fatty alcohols [47] and oppositely charged polymers [48].  

Adding fatty alcohols to surfactants usually induces the formation of a 

lamellar phase because their molecules can intercalate with the surfactant 

molecules, acting as cosurfactants and reducing the micellar curvature [49–

51,51–53]. Fatty alcohols, used in cosmetics and pharmaceuticals as co-

surfactants, are typically manipulated by heating above their melting points, 

homogenizing under heat, and cooling to room temperature to induce alcohol 

crystallization and dispersed crystalline structures [49].  

Eccleston et al.[47] used SAXS to understand lamellar gel phase 

properties in pharmaceutical creams with cetrimide and fatty alcohols, 

measuring interlamellar water layer thickness under high water concentrations 
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(up to 93%) and correlating the structures with rheological properties and 

stability. Swelling due to higher interlamellar water content decreased with 

added salts, reducing electrostatic repulsion. Changing surfactant counter-ions 

affected interlamellar water content, with bromine increasing swelling and 

chloride reducing it. SAXS data showed lamellar phases with higher water 

content having more ordered structures, while those with lower water content 

were less organized [47].  

Liquid crystals in cosmetics are usually limited to emulsions and liposomes 

due to their high viscosity. However, dispersing them in an aqueous phase can 

expand their potential to be used as vehicles. For example, dispersions of liquid 

crystal, such as cubosomes, hexosomes and micellesomes have been being 

investigated for application in drug delivery [54].  

A previous study of our research group explored ionic surfactants with 

long-chain alcohols to obtain lamellar phases and ethoxylated surfactants to 

promote their dispersion in aqueous media [55]. However, the formed particles 

were micrometric, so the ethoxylated surfactants were not sufficient to achieve 

the nanoscale and keep the dispersion stable in the conditions used in this 

study. 
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1.4. Oppositely charged polymer-surfactant nanoparticles for 

oil incorporation 
 

Another approach to promote the formation of liquid crystals is by mixing 

ionic surfactants with oppositely charged polymers. These substances are 

usually combined in various applications, including personal care and 

pharmaceutical products, making the study of interactions between these 

systems a key topic in many research, which is particularly important because 

the properties of the mixture can differ significantly from those of the individual 

components [56]. 

In aqueous mixtures of oppositely charged surfactants and polymers, 

associative phase separation usually occurs, resulting in a concentrated phase 

of the polymer-surfactant complex (P-S) formed by the P-S interaction and a 

dilute phase containing the original counterions of these molecules[57]. The 

concentrated micelles can potentially form liquid crystalline structures, effectively 

incorporating hydrophobic ingredients due to their hydrophobic interiors. 

Therefore, the formation of nanoparticles from this concentrated phase 

represents a potential strategy for developing new methods to load and deliver 

hydrophobic ingredients. 

Recent studies present various strategies to prevent macroscopic phase 

separation in these systems by modifying the polymer architecture, using specific 

surfactants, adding a third component, or using specific preparation methods 

[2,58][59]. Examples of phase separation prevention included controlling ionic 

strength, pH, and temperature, which influenced the hydrophobic interactions and 

electrostatic forces governing complex formation. Another effective approach 

was adjusting the surfactant-to-polymer molar ratio, where an excess of 

surfactant could led to redispersion of the complexes [59]. 

Adding nonionic surfactants or polymers can also affect the kinetic stability 

of oppositely charged P-S mixtures, preventing their separation. For example, the 

use of n-dodecyl-β-maltoside can significantly suppress precipitation in mixtures 

of sodium dodecyl sulfate (SDS) with cationic polymers, mainly due to the 

adsorption of this substance on the surface of the P-S complexes, promoting the 

dispersion of these systems in water [60].  
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Another possibility of modifying the polymer architecture to ensure the 

dispersion and stabilization of the P-S complex in an aqueous medium in 

nanoparticles is using diblock polymers, with a neutral hydrophilic block 

covalently bound to the ionic block [61,62]. The ionic block of the polymer strongly 

interacts with the oppositely charged surfactant, forming a concentrated phase, 

which is dispersed in nanoparticles and stabilized in the aqueous medium by the 

hydrophilic neutral blocks, which forms an external hydrophilic shell that keeps 

the particles stable in an aqueous medium.  

Annaka et al. [58] investigated the phase behavior and colloidal structures 

of complexes formed by a neutral/anionic diblock polymer and a cationic 

surfactant, dodecyltrimethylammonium bromide (DTAB), whose charge is 

opposite to one of the polymer blocks. The polymer in question had a neutral 

block composed of poly(N-isopropylacrylamide), PNIPAM, and an anionic block 

of poly(acrylic acid), PAA. In this study, techniques such as dynamic light 

scattering (DLS) and small-angle neutron scattering (SANS) were used to 

understand the morphology and size of the particles. The results of both 

techniques indicated that these substances associate into colloidal complexes, 

with the structure of the complex being directly influenced by parameters such as 

reactant concentration, ionic strength, and temperature. 

Although there are methodologies to prevent phase separation and obtain 

nanoparticles from oppositely charged P-S mixtures, the mentioned studies did 

not explore their potential as vehicles. Our research group used nanoparticles 

formed by the cationic surfactant hexadecyltrimethylammonium chloride (CTAC) 

and the oppositely charged diblock copolymer poly(ethylene oxide)-b-

poly(methacrylic acid) (PEO-b-PMAA), with varying block lengths, to load oily 

ingredients [2]. The study focused on using hydrophilic diblock polymers 

containing one negatively charged block and one neutral block associated with a 

positively charged surfactant. The neutral block would prevent associative phase 

separation through the dispersion and stabilization of the complexes formed, as 

shown in Figure 1.4. The obtained nanoparticles at a concentration of 2 wt% 

could upload up to 4 wt% of oily actives with mild stirring, depending on the 

copolymer block lengths. The results highlight the potential application of these 

systems. However, a challenge for implementing these systems in real 

applications is the lack of approval as a cosmetic ingredient and the unavailability 
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of diblock copolymers with an ionic block and a hydrophilic neutral block in large 

scale.  

 

Figure 1. 4: Representation of the phenomena involved in the complexation of 

polyelectrolytes with oppositely charged surfactants and in the formation of 

core-shell nanoparticles using diblock copolymers. (Azevedo Stavale A et al.[2]  

permission of use in the end of the thesis) 

Obtaining nanoparticles by electrostatic complexation between oppositely 

charged materials is not limited to polymers and surfactants. The use of biobased 

materials with a charged surface can also be explored to obtain new materials by 

complexation, which can be used for oil loading.  
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1.5. Cellulose nanomaterials  
 

Cellulose is among the most abundant polysaccharides found in nature, 

sourced from various plants such as wood, flax, cotton, and banana. The linear 

homopolymer exists in a crystalline, hydrophilic form and can undergo chemical 

modification due to its hydroxyl groups, with two attached to secondary carbons 

and one to a primary carbon. It is a low-cost, globally available, biodegradable 

material with high rigidity in fiber form and low density [40,63–65]. 

Chemically, cellulose is an unbranched polymer of β-1,4 linked D-glucose 

units, characterized by a high degree of polymerization [66,67]. The polymer 

chains are held together by associative van der Waals forces, as well as intra- 

and intermolecular hydrogen bonds. In woody plants, these cellulose chains form 

supramolecular structures known as microfibrils, which have a cross-section of 

approximately 350 nm and can reach lengths of several micrometers [66].  When 

dispersed in aqueous media, microfibrils flocculate at low concentrations due to 

net interfibrillar attractive forces [68]. Cellulose nanoparticles can be created 

through chemical modification, introducing charged chemical functional groups 

that form electrostatically stabilized colloidal nanoparticles. One example of 

chemical modification is the 2,2,6,6-tetramethylpiperidine-1-oxyl radical 

(TEMPO)-mediated oxidation of the primary hydroxyl groups [67,69,70]. This 

process uses catalytic amounts of TEMPO/NaBr/NaClO to selectively introduce 

charged carboxylate groups at the C6 position of the glucose rings in cellulose, 

resulting in negatively charged oxidized cellulose nanofibrils (OCNF). These 

OCNF belong to the colloidal domain, typically measuring a few hundred 

nanometers in length and approximately 4 nm in cross-section [71]. 

OCNF are often used as solid particles to stabilize oil droplets in water, 

forming oil-in-water (O/W) Pickering emulsions [9]. These emulsions enhance the 

rheological properties and create stable colloidal dispersions in water without the 

need for additional thickeners or stabilizers. For example, Yue et al. [72] used a 

1.0 wt% OCNF dispersion to stabilize d-limonene, forming an O/W Pickering 

emulsion that preserved the essential oil. The solid content of OCNF played a 

crucial role in determining the stability of these emulsions by forming a protective 

layer around d-limonene droplets, preventing coalescence. Kadam et al. [73]  also 
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reported the formation of Pickering emulsions but using charge driven 

polycondensation. They utilized stearic acid-functionalized cellulose nanofibers 

to form stable Pickering emulsions (both oil-in-oil and water-in-oil) and 

encapsulated N,N-diethyl-3-methylbenzamide (DEET) with an encapsulation 

efficiency of 98%. 

Shi et al. [74] used Pickering emulsions linked with electrostatic attractions 

to create microcapsules. Stable microcapsules were produced from cationized 

cellulose nanofibril (CCNF) that were used to stabilize Pickering emulsions 

following the addition of OCNF dispersions. The complex was formed between 

CCNF and OCNF networks at the oil-water interface via charge inversion of the 

primary Pickering emulsions, resulting in high stability for these capsules. A dye 

was used to study the release of these capsules, revealing that it was released 

from the oil phase through the CCNF/OCNF complex shell via diffusion.  

Pickering emulsions are one of the trending topics on using OCNF for oil 

loading, but they require high energy input for production. Scaling up is crucial in 

developing industry-applicable procedures for cellulose materials, particularly 

regarding their use as delivery vehicles.  

Electrostatic complexation of nanocellulose with oppositely charged 

polymers can be an option for vehicles, as proposed by Calabrese et al. [75]. 

They used CCNF to produce core-shell particles as vehicles for enzymes through 

charge-driven complexation. CCNF was extruded dropwise into an aqueous bath 

containing the negatively charged polymer, polyacrylic acid (PAA). The resulting 

capsules featured a liquid-like core composed of uncomplexed CCNF in water 

and a solid-like shell formed by CCNF-PAA complexation. Although the particles 

have a few millimeters in diameter, they exhibited a semipermeable nature, 

making them suitable as matrices for physical enzyme entrapment and allowing 

their use and reuse as microreactors. A significant advantage of this approach 

was that the capsules were fabricated spontaneously by simply dropping CCNF 

into the aqueous solution. However, the particles could not load oil due to the 

aqueous nature of the core.  
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1.6. Research justification 

 

Polyelectrolytes can form new materials by electrostatic complexation with 

oppositely charged surfactants or cellulose nanoparticles. The microcapsules 

formed by cationic cellulose nanofibers and the anionic polymer PAA have 

already shown potential for encapsulating hydrophilic actives as enzymes [75]. 

Combining anionic cellulose nanoparticles with a cationic polymer would prove 

the possibility of expanding the proposed method with different ingredients. 

However, it would still not solve the challenge of oil loading. Hence, considering 

the hypothesis that poloxamers can enhance the capability of soft colloids for oil 

loading, the present study adapted the previous method, combining anionic 

OCNF with a cationic polymer and poloxamer and using microfluidics to obtain 

smaller particles and encapsulate a hydrophobic dye. 

Poloxamers were also combined with lamellar liquid crystals formed by the 

anionic surfactant, sodium dodecyl sulfate (SDS), and various fatty alcohols or 

acids as cosurfactants. The effect of different parameters on the size and 

stability of the obtained particles was evaluated, such as the proportion of 

ingredients, and the length of the poloxamers blocks and fatty chains. The 

results indicated the characteristics to select systems to be tested for oil loading. 

This part of the study was conducted in partnership with Oxiteno. 

Since diblock copolymers with a hydrophilic neutral block attached to an 

ionic block are not approved as a cosmetic ingredient and are not commercially 

available on a large scale, the present study used the triblock copolymers of 

EOxPOyEOx to obtain nanoparticles when combined with oppositely charged 

surfactants and polymers.  

Through these efforts, the study aims to enhance the stability, dispersibility 

and/or oil loading of the formulated systems, contributing to the efficacy of the 

formulations in potential future applications by employing triblock copolymers in 

each system. These polymers are expected to improve the dispersibility of liquid 

crystal dispersions and enhance oil loading, depending on the EO/PO ratio.  

Considering the three mentioned soft materials combined with 

poloxamers, this research involved the strategic combination of ingredients 
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through several methods and their structural characterization by different 

techniques (SAXS, Cryo-TEM, Zeta Potential and DLS, for instance) to propose 

new systems for oil loading. Despite expanding the potential of applications for 

those materials, the results can provide important insights for tuning their 

properties by controlled preparation parameters and for the physical chemistry 

of colloids. 
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CHAPTER 2 
 

THESIS GOALS AND OUTLINE 

 

2.1. Goals 

 

The goal of this study is to design, synthesize, and characterize various soft 

materials using triblock copolymers for loading of hydrophobic ingredients into 

aqueous formulations. The study aims to evaluate the influence of the copolymer 

structure on the stability and properties of the resulting materials by employing 

straightforward preparation methods. Different systems have been produced, in 

which poloxamers were used in different ways. Therefore, the specific goals 

include:  

• Formation core-shell hydrogel particles using a cationic polymer, 

poly(diallyldimethylammonium chloride) (PDADMAC), combined with 

anionic OCNF, using triblock copolymers as a way to enhance oil loading. 

• Production and oil loading of micro- and nanoparticles by using triblock 

copolymer to disperse a lamellar phase formed by an anionic surfactant, 

sodium lauryl sulfate (SDS) and various fatty alcohols or acids. 

• Production and oil loading of nanoparticles by electrostatic complexation 

of a cationic surfactant, hexadecyltrimethylammonium bromide (CTAB) 

with an anionic polyion, polyacrylic acid (PAA), in the presence of triblock 

copolymers. 
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2.2. Thesis outline 

 

This doctoral thesis comprises three foundational Chapters (1 to 3), which 

present the ‘Introduction’, ‘Thesis goals and outline’, and ‘Materials and methods’, 

three ‘Research chapters’ written as independent articles (4 to 7), a chapter of 

‘General conclusions of the thesis’ (7) and a final chapter of ‘Bibliography’ (8), 

where the references for all chapters were consolidated to avoid redundancy. 

Hence, each ‘Research chapter’ includes an abstract, introduction, methodology, 

results and discussion, conclusion, and supplementary materials. The ‘Research 

chapters’ were interconnected through the overarching aim and objectives of the 

thesis, with each article addressing and building upon limitations identified in the 

preceding chapter. The figures, tables, and equations were numbered according 

to the chapter in which they appear, followed by their sequence number on the 

text, to facilitate navigation through the thesis. 

 

Chapter 1 – Introduction, fundamentals, and literature background 

 

The chapter describes general points important to the comprehension of the 

thesis regarding different colloidal systems for oil incorporation, including liquid 

crystals, lamellar phases induced by fatty alcohols, nanoparticles of oppositely 

charged polymers and surfactants, and the use of poloxamer.  

 

Chapter 2 – Thesis objectives and structure  

The current chapter includes the goals and thesis organization.  

 

Chapter 3 – Methodology  

This chapter focused on the general methodology of all the chapters.  

 

Chapter 4 - Triblock copolymer micelles for oil loading in core-shell 

hydrogel capsules of oppositely charged cellulose nanofibers and 

polyelectrolytes  
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This chapter is the first version of the manuscript of the study involving 

oxidized cellulose nanofibrils (OCNF) and poly(diallyldimethylammonium 

chloride) (PDADMAC) to create stable core-shell particles (CSHCs) through 

charge-driven complexation, integrating triblock copolymers to enhance oil 

incorporation. The text has not been revised by all the other co-authors yet. This 

research was initiated and mainly carried out during a six-month internship in the 

laboratory of Prof. Karen Edler at Lund University (Sweden), funded by the 

Institutional Program for Internationalization (CAPES PrInt). 

 

Chapter 5 – Triblock copolymers nanoparticles obtained by a dispersion of 

lamellae phase composed by sodium lauryl sulfate and different co-

surfactants. 

 

This chapter describes the investigation of liquid crystalline phase 

dispersions to address viscosity-related limitations and expand their application 

range. By combining SDS, fatty alcohols or acids, and a triblock copolymer, the 

study addressed the impact of the fatty chain length and poloxamer on particle 

size and stability, as well as the effect of mineral oil incorporation on dispersibility 

and stability. This study was exclusively conducted in Brazil in partnership with 

Oxiteno through the DAI Program (from the Portuguese: Doutorado Acadêmico 

para Inovação) funded by CNPq. The manuscript related to this chapter has been 

revised by most of the co-authors and will be submitted after incorporating the 

suggestions from the evaluators of this thesis. 

 

 

Chapter 6 – Oppositely Charged Polymers-Surfactants Nanoparticles 

Stabilized by Triblock Copolymers for Enhanced Oil Loading 

 

The manuscript related to this chapter has been submitted to a scientific 

journal in the field of colloids, revised by 4 referees, altered according to their 

suggestions, and is awaiting the final decision of the editor. This study 

investigates nanoparticle formation with hexadecyltrimethylammonium bromide 

(CTAB), poly(acrylic acid) (PAA), and various EOxPOyEOx copolymer, and how 

this combination affected oil loading in these systems. Some experiments 
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described in this charter were performed at Lund University, but most at PUC-

Rio. 

 

Chapter 7 – Cocamidopropyl betaine can behave as a cationic surfactant 

and electrostatically associate with polyacids of high molecular weight. 

 

This chapter is a scientific paper [76] which was, chronologically, the first 

part of the PhD, before starting the partnership with Oxiteno. It is described as a 

zwitterionic surfactant that, by electrostatically complexing with an anionic 

polymer, behaves like a cationic surfactant. This behavior elucidates structures 

and phenomena explored in systems like those described in Chapter 6. Hence, 

this part is not related to the use of poloxamers, not aligning directly with the main 

goal of this thesis. However, the deviation from the original focus was towards 

following the opportunity of this collaborative project with Oxiteno. Nevertheless, 

the study was conducted within the timeframe and scope of the doctoral project 

and has been included in this thesis. 

This study investigates the occurrence of phase separation in mixtures 

between cocamidopropyl betaine (CAPB) and polyanions and how different chain 

lengths impacted it. Combining different techniques allowed the understating of 

how nanoscale structures can impact the macroscopic behavior of this mixture.  

 

Chapter 8 – General Conclusions 

 

This chapter combines the conclusions of the different research chapters 

and links them to the goal of the thesis.  

 

Chapter 9 – Bibliography 

This chapter merges the list of all references cited in the thesis.  
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CHAPTER 3 
 

MATERIAL AND METHODS  

 

3.1 Materials  
 

The materials used in this study included triblock copolymers, 

EO90PO60EO90, EO20PO60EO20, EO10PO30EO10, and EO04PO30EO04, with detailed 

information available in Table 3.1, sodium lauryl sulfate, SDS, and different co-

surfactants, cetyl alcohol (C16OH), myristyl alcohol (C14OH), lauryl alcohol 

(C12OH), octanol (C8OH), caprylic/capric acid (C8/C10COOH) and CAPB in the 

form of Oxitaine CP 30 CM (28 wt % in aqueous solution, with 5 wt % of NaCl), 

generously provided by Oxiteno. Additionally, hexadecyltrimethyl ammonium 

bromide, CTAB, of ≥ 98% purity, along with polyacrylic acid with two different 

molecular weigths and degrees of polymerization, PAA 1.8 KDa and PAA 450 

KDa, poly(diallyldimethylammonium chloride), PDADMAC, with a molecular 

weight of 75 KDa, poly(sodium 4-styrenesulfonate) (NaPSS), Mw = 70 kDa, DP 

~ 340, 99.9% purity and NaCl were purchased from Sigma-Aldrich at the highest 

purity available.  

Ultrapure water, obtained from Direct-Pure UP Rephile with a conductivity 

of 18.2 MΩ·cm, was employed for sample preparation. Eucalypt oil (EOil), 

Bergamot oil (BOil), Sunflower oil (SFOil), Mineral oil (MOil) and Uvinul were 

acquired from viaAroma, Giroil and Neon respectively.  

Oxidized cellulose nanofibrils (OCNF) were prepared via 2,2,6,6-

tetramethylpiperidinyloxy (TEMPO)-mediated oxidation as previously reported 

[77], resulting in a solid paste of ca. 8 wt % in water with a degree of oxidation of 

25%. The OCNF was further purified via dialysis under DI water to remove any 

salt and preservatives. Briefly, approximately 20 g of OCNF slurry was dispersed 

in 100 mL of deionized water and stirred at room temperature for 30 min. The 

OCNF dispersion was dialyzed against ultrapure water for 5 days (medium 

replaced twice daily), using cellulose dialysis tubing molecular weight cut-off 

(MWCO) 12,400. Finally, the purified OCNF dispersion was freeze-dried. 



48 
 

 

Table 3.1: Names, weight fraction of ethylene oxide (EO%), average molecular 

weight (Mw) and hydrophilic-lipophilic balance (HLB) of the triblock copolymers 

provided by Oxiteno. 

 

Triblock colymers Trade Name Poloxamer Name EO% Mw (kD) HLB 

EO90PO60EO90 Ultraric PE 127 Poloxamer 127 70% 11.43 21 

EO20PO60EO20 Ultraric PE 334 Poloxamer 334 35% 5.26 15 

EO10PO30EO10 Ultraric PE 64 Poloxamer 184 35% 2.64 13 

EO04PO30EO04 Ultraric PE 62 Poloxamer 182 17% 2.11 7 

 

 

3.2 Experimental Section 

 

 

3.2.1. Samples Preparation  

 

For sample preparation, the methodology was specified in each chapter 

according to its content, as different methods were used for each study.  

 

3.2.2. Samples Characterization 

 

This section briefly describes the characterization techniques used 

throughout the different parts of this thesis. 

Visual inspections were used to determine the occurrence of phase 

separation and registered by photographs. Particle size was measured using 

Laser Diffraction (LD) using a Mastersizer 3000E (Malvern Instruments Ltd., Br) 

or Dynamic Light Scattering (DLS) using an SZ-100 Nanopartica instrument from 

Horiba which is also equipped to perform Zeta Potential measurements. Specific 

parameters were described in the studies chapters.  

SAXS measurements were performed at the Institute of Physics of the 

University of São Paulo (IF-USP). The used instrument was Xenocs Xeuss 
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Version 2.0, equipped with a Dectris Pilatus 300k. The beam wavelength 

employed was 0.154 nm (CuKα line). Each sample was positioned in a capillary 

sample holder and measured for 5400s. The distance between the sample holder 

and the detector was 0.2 m, resulting in a q range between 0.2 and 7.2 nm-1. The 

software Fit2D [78] and SuperSAXS package [79] allowed the subtraction of 

background and solvent (pure water) and integration of the obtained images. The 

resulting curves of intensity, denoted as I(q), as a function of scattering vector q, 

were analyzed using OriginLab, the relative peak position was used to determine 

the correlation distance, d = 2π/q, by using the q value of the peak.  

Cryo-TEM was used at the Brazilian Nanotechnology National Laboratory 

(LNNano). The samples were diluted to 2 mg mL-1, and a 3 uL droplet was 

deposited on a 300-mesh lacey carbon-coated copper grid. Samples were 

prepared in an automated vitrification system (Vitrobot Mark IV, FEI, Netherlands) 

with a blot force of 0 and a blot time of 3 s. The images were obtained using a 

TALOS F200C (ThermoFisher Scientific, Oregon, USA) equipped with a 4k x 4k 

CMOS camera, operating at 200 kV. Particle size was determined by analysing 

100 particles for each sample. Optical microscopy was also employed to analyze 

samples containing particles in the micrometer range. A Bel Photonics XPL-3220 

microscope, equipped with a CCD digital camera, was used to capture images 

under both normal and polarized light to detect birefringence. The presence of a 

shiny appearance indicates anisotropy, a characteristic feature of the lamellar 

phase.  

Differential Scanning Calorimetry (DSC) experiments were conducted using 

the N-DSC III calorimeter (TA Instruments, USA) in the temperature range from 

10 to 80 °C with a heating rate of 30 °C/hour at LNBio-CNPEM, proposal 

20230820. The calorimetric cells were filled with water equilibrated at 10 °C for 

10 minutes and examined repeatedly in the range of 10–80 °C until the baseline 

was reproducible. 
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CHAPTER 4 
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and polyelectrolytes 
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Abstract 
 

 

This study employed oppositely charged cellulose nanoparticles and 

polyelectrolytes in the presence of triblock copolymers to create millimetric stable 

core-shell hydrogel capsules particles (CSHC) containing micelles capable of oil 

loading. The CSHC were formed through charge-driven complexation by 

extruding a dispersion of anionic oxidized cellulose nanofibrils (OCNF) into a 

solution containing the cationic poly(diallyldimethylammonium chloride) 

(PDADMAC) and triblock copolymers of poly(ethylene oxide)-poly(propylene 

oxide)-poly(ethylene oxide), EOxPOyEOx. The capsules were approximately 

spherical with diameters around 3 mm with a solid-like OCNF-PDADMAC shell 

of approximately 1 μm, as revealed by optical microscopy. The liquid core was 

an aqueous OCNF suspension with EOxPOyEOx micelles capable of loading and 

releasing hydrophobic substances. SAXS data indicated that the EOxPOyEOx did 

mailto:apercebom@puc-rio.br
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not affect the capsule structure and the shell morphology. The CSHC maintained 

stability over three months in saline environments. Microfluidics was employed to 

produce smaller (~ 0.5 mm) and more monodisperse CSHC than the ones 

obtained by dropwise extrusion. This study indicates that the preparation of 

CSHC through charge-driven complexation can be extended to various 

combinations of oppositely charged cellulose nanoparticles and polyelectrolytes. 

Besides, their high stability, effective oil loading, and controlled release make 

CSHC suitable for various applications related to encapsulation and delivery of 

active ingredients. 

 

Keywords 
 

Poloxamers, hydrogels, cellulose, complex precipitate, oil loading.  

 

4.1 Introduction 

 Combining oppositely charged polyelectrolytes usually leads to a 

seggregative phase separation. They form a phase rich in an electrostatic 

complex of polyelectrolytes and a diluted phase containing the uncomplexed 

polyelectrolytes [59]. This behavior is driven by favorable mixing enthalpy and 

increased entropy due to counterion release [2,57,80,81]. The complex of 

polyelectrolytes can be liquid (complex coacervate) or solid (complex precipitate) 

[82].  

Complex precipitates can be used to form microcapsules, offering a 

versatile way to encapsulate, protect, and release active ingredients [83]. For 

instance, Kim et al. [84] fabricated stimuli-responsive polyelectrolyte 

microcapsules, in a single-step method based on the interaction between 

polyacrylic acid and branched poly(ethylenimine), capable of loading both 

hydrophilic and hydrophobic materials, with release triggered by ionic strength. 

Zou et al. [85] established a straightforward method to control the formation of 

w/w droplets in microfluidic systems by charge driven complexation between 

oppositely charged ingredients, whereas the size and uniformity of the droplets 
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were controlled by fine-tuning the flow of the device. A model enzyme was 

incorporated and released for 25 h without losing its enzymatic activity. 

Although microcapsules have an extensive range of applications as carriers 

and release vehicles, the vast majority are manufactured using nonbiodegradable 

polymers obtained from nonrenewable sources [86,87]. However, with the 

growing awareness of microplastics and green chemistry, polysaccharide-based 

microcapsules have attracted considerable attention as biodegradable and 

renewable materials such as cellulose [88,89]. Furthermore, complex 

coacervates and precipitates can also form when soluble polyelectrolytes mix 

with colloidal dispersions [90]. Cellulose is the most abundant organic polymer 

on Earth, and the large agro-industrial residues in Brazil have been used as a 

source for nanocellulose [91]. The high density of surface hydroxyl groups on 

nanocellulose enables various chemical functionalization’s such as oxidation and 

cationization [67,69,71,74]. Incorporating a specific amount of charge density on 

its surface is crucial to provide the necessary electrostatic repulsion forces for the 

proper dispersion of fibers and to open avenues for new applications. Calabrese 

et al. [75] showed the formation of capsules based on the charge-driven 

complexation by dropping cationic cellulose nanofibril into a solution of an anionic 

polyelectrolyte. The complex precipitate instantaneously formed a shell 

surrounding an aqueous suspension of cellulose nanofibrils. These capsules 

could incorporate enzymes and were used for catalysis nucleation. In the present 

study, we used different materials to adapt this methodology, allowing the 

encapsulation of hydrophobic ingredients and demonstrating its versatility. 

In this study, we used the interaction between anionic oxidized cellulose 

nanofibrils, OCNF, and the cationic polymer poly(diallyldimethylammonium 

chloride), PDADMAC, to fabricate stable millimetric core-shell hydrogel capsules 

(CSHC). Besides, triblock copolymers of poly(ethylene oxide)-poly(propylene 

oxide)-poly(ethylene oxide), EOxPOyEOx, were also incorporated into these 

systems to provide hydrophobic compartments to improve oil loading. 

Additionally, microfluidics improved the size control of the capsules, which were 

characterized by optical microscopy, small-angle X-ray scattering (SAXS) and 

measurements of zeta potential. 
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4.2. Experimental Section 

 

4.2.1. Materials 

 

Oxidized cellulose nanofibrils (OCNF), with a degree of oxidation of 25%, 

were prepared as an 8 wt % solid paste in water using 2,2,6,6-

tetramethylpiperidinyloxy (TEMPO)-mediated oxidation, as previously described 

[77]. OCNF paste was further purified by dialysis in ultrapure (UP) water to 

remove salts and preservatives. Specifically, approximately 20 g of OCNF 

suspension was dispersed in 100 mL of deionized water and stirred at room 

temperature for 30 minutes. The OCNF dispersion underwent dialysis against 

deionized (DI) water using cellulose dialysis tubing with a molecular weight cut-

off (MWCO) of 12,400 for 5 days, with the medium being replaced twice daily. 

After the dialysis period, the water was separated, and its conductivity was 

measured to confirm equivalence to UP water. The purified OCNF dispersion was 

then freeze-dried. 

0.9 g of freeze-dried OCNF was weighed and added to 45 mL of UP water 

to prepare a 2 wt% OCNF dispersion. The mixture was stirred at room 

temperature for 10 minutes. An ice bath was prepared, and the mixture was 

ultrasonicated with 1-second on/off cycles at 0.6% amplitude (500 Hz) for 10 

minutes. This ultrasonication process was repeated three times until the cellulose 

became completely clear. During the process, the ice bath was refreshed 

between cycles to prevent the material from overheating.  

Triblock copolymers, EO90PO60EO90 (Ultraric PE127) and EO04PO30EO04 

(Ultraric PE62) at the highest purity available, were kindly supplied by Oxiteno 

and used as received. Poly(diallyldimethylammonium chloride) 20 wt% solution, 

PDADMAC, (75 kDa), Nile red dye and sodium chloride were purchased from 

Sigma-Aldrich in the highest purity available. Mineral oil (MOil) was bought from 

Neon (Brazil).  

 

 

4.2.2. Sample Preparation 
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An aqueous OCNF dispersion (2.0 wt %, pH 7) was extruded dropwise (17.8 

± 0.2 μL) into 50 mL of a 4.0 wt % aqueous solution of PDADMAC (pH 6.5) using 

a syringe fitted with a blunt end polypropylene dispensing tip (Fisnar Inc., gauge 

21, inner diameter 0.513 mm) to create the core-shell particles (CSHC). The ratio 

between OCNF and PDADMAC was calculated based on the molar fraction 

necessary for complexation, as described in the SM 4.8.1 section. The tip was 

positioned approximately 5 cm above the PDADMAC solution–air interface. For 

some samples, the PDADMAC solution also contained 6.5 wt% of EO90PO60EO90 

or EO04PO30EO04, and the OCNF dispersion also contained 0.1 wt% of mineral 

oil and Nile red. Up to 50 CSHC were produced in a single PDADMAC batch to 

maintain this polymer in excess. CSHC was thoroughly rinsed with deionized 

water (18.2 MΩ cm) to remove any residual PDADMAC before each experiment. 

A schematic of the CSHC fabrication and their structure is shown in Figure 4.1. 

The obtained capsules were labeled according to their respective starting 

materials: OCNF-PDADMAC, OCNF-PDADMAC-EO90PO60EO90 or OCNF-

PDADMAC-EO04PO30EO04. 

 

Figure 4.1: Schematic representation of the CSHC fabrication and its structure. 
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The method of CSHC preparation was also adapted to a microfluidic glass 

device to reduce and control the size of the capsules. The microfluidic device 

utilized in this study was designed to facilitate the controlled introduction and 

mixing of fluids, specifically focusing on the interaction between the OCNF 

dispersion, triblock copolymer to increase mineral oil incorporation, and 

PDADMAC to form CSHC. The device's configuration, including round and 

square capillaries, enabled the precise control of fluid flow and droplet formation. 

The OCNF 2.0wt% solution flowed through the capillaries and met the continuous 

mineral oil phase, a crucial step for droplet formation, after that it met the 

PDADMAC 4.0 wt% - EO90PO60EO90 6.5 wt% mixture. The setup (Figure 4.2 and 

4.3) includes two types of capillaries: round and square (OD 1.0 mm, ID 0.58 mm, 

manufactured by World Precision Instruments, Inc.). The round capillaries have 

an inner diameter of 150 µm, while the square capillaries have an inner dimension 

of 250 µm. These capillaries are positioned between two microscope slides, with 

a spacing of 150 µm between them. The overall width of the setup is 1050 µm on 

one side and 580 µm on the other. Mineral oil and NaCl solution (0.5 mol L-1) 

were used in the process, where OCNF 2.0wt% droplets are formed and carried 

through the device. Figure 4.3 describes where each one of the chemicals were 

used in microfluids. The resulting particles were collected and further observed 

under a microscope. 
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Figure 4. 2: Schematic representation of the experimental microfluidics setup. 

 

 

Figure 4. 3: Scheme and image of the microfluidic device used to produce 
CSHC. 

 

4.2.3. Sample Characterization  
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The CSHC-shell morphology was visualized by fracturing the CSHC on a 

glass slide using an optical microscope (Brunel Ltd. SP200 equipped with a 

Canon EOS 1300D). The intensity profile (in arbitrary units) as a function of 

distance was measured using the “plot profile” tool in ImageJ, resulting in the size 

of particles shell.  

SAXS measurements were performed using a GANESHA SAXS system 

(SAXSLAB) at Lund University, using a q-range of (0.1–7 nm−1). Since the entire 

capsules are too large to fit in the sample holder for in situ analyses and given 

that they contain both complexed and uncomplexed OCNF, which prevented the 

individual analysis of both the core and the shell structures, the shell structure 

was mimicked by pouring, dropwise, 2 mL of OCNF dispersion (2 wt % pH 7) into 

50 mL of PDADMAC solution (4.0 wt % pH 6.5) under continuous stirring, allowing 

complete complexation of the oppositely charged moieties. In some cases, 

PDADMAC also contained EO90PO60EO90 or EO04PO30EO04 (6.5 wt%). The 

complex precipitate was then rinsed with DI water to remove any excess of 

uncomplexed PDADMAC and centrifuged. These samples were placed in 

thermostated sandwich holder with disposable mica window, connected to a 

circulating water bath to maintain the temperature at 25 °C. SAXS pattern of the 

OCNF dispersion (2.0 wt %) was obtained after loading the suspension into glass 

capillary tubes (Capillary Tube Supplies Ltd.) of 1.5 mm external diameter. The 

data were collected with a total acquisition time of 10800 s in a vacuum chamber. 

All the scattering data were background subtracted and transmission corrected, 

for the capillary and solvent contribution using the Irena package from IGOR Pro 

(Wavemetrics, Inc.) [92]. 

SAXS curves of pure OCNF and OCNF–PDADMAC complexes were fitted 

to a model of aggregates composed by semi-flexible cylindrical building blocks, 

that depends on two parameters, Contour length and Kuhn length, corresponding 

to the overall length of the fibrils and the persistence length, characteristic node-

to-node distance between cylinders, respectively, using the NIST SANS Analysis 

package  also within IGOR Pro (Wavemetrics, Inc.) [92]. This model was used 

with no modification and couples the form factor of randomly oriented 

homogeneous cylinders, Pcyl(q) = Pcyl(q,R,L), with a structure factor, S(q) 
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= S(q,ξ,D), describing an structure as used by Schmitt et al. [93] to compute the 

scattering intensity I(q) [94,95]. The major radius of the cylindrical building blocks, 

in this case, OCNF fibrils, was determined by fitting the scattering pattern of a 2.0 

wt% OCNF dispersion in the intermediate-q region [96]. For pure EOxPOyEOx 

micelles, the data were fitted using a spherical micelle core-shell model. This 

approach followed the methodology employed by Manet et al. [97]. In this model, 

the micelle core represents the hydrophobic region composed of PO groups, 

while the shell corresponds to the hydrophilic region formed by EO groups. To 

simplify the discussion, we focused on two key parameters: the core radius and 

the shell radius. Electron densities for both regions were calculated using the 

NIST Scattering Length Density Calculator (National Institute of Standards and 

Technology). The calculated values were verified by comparison with the 

literature data reported by Manet et al. [97], ensuring consistency and reliability 

of the model. Samples containing OCNF-PDADMAC and EOxPOyEOx were 

treated using both the semi-flexible cylinder model and the spherical micelle core-

shell model, as neither of them alone was sufficient to explain the data. This 

analysis was processed using the NIST SANS Analysis package within IGOR Pro 

(Wavemetrics, Inc.) with the curve addition mode.  

The swelling/shrinking of the CSHC was monitored immediately after 

fabrication by rinsing and placing them in quartz cuvettes (1 × 1 cm) containing 1 

mL of different aqueous media: DI water; PDADMAC (4.0 wt%); PDADMAC (4.0 

wt%) with EO90PO60EO90 or EO04PO30EO04 (6.5 wt%); or NaCl (0.5 mM). The 

CSHC behavior was imaged over time using a drop-shape analyzer (DSA30R). 

The area of the CSHC (A, in pixels) was determined from the images using the 

"analyze particles" tool in ImageJ and normalized as the ration between Final 

Area (Af) and Initial Area (Af), where Af is the area of the particle at time fs, the 

moment that the image was taken, and Ai is the initial area of the particle at time 

= 0s. In cases where the CSHC ruptured, expelled aggregates were excluded 

from the calculation of the area of the particle; only the remaining shell fragments 

were measured. This effect led to significant variations in Af after rupture due to 

irregular osmotic pressure changes between the CSHC core and the surrounding 

media. Data were obtained from three independent experiments. 
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Zeta-potential (ζ) of OCNF was measured using a Malvern Zetasizer Nano 

ZSP (Malvern, UK) and the Smoluchowski approximation. This approximation is 

independent of the particle shape for the case of k∙a >10, where 1/k is the Debye 

length, and a is the radius of the rod. Hence, the Smoluchowski equation can be 

used independently from the particle shape for particles with a small double layer 

and large a. For the present case of OCNF at different NaCl concentrations, the 

Smoluchowski equation is expected to be in its limits of validity only in the 

absence of NaCl (where 1/k would be on the order of a few nanometers) while 

gaining reliability upon NaCl addition where the Debye length thins and the case 

of k∙a >10 is satisfied [98,99]. OCNF dispersions (0.02 wt %) were prepared in 

NaCl solutions at different concentrations and placed in the folded capillary 

electrode cell. The ζ average values were obtained from four measurements with 

100 scans of three samples. 

Transmitted light (%) was measured to detect Nile red release using a 

spectrophotometer Agilent/HP 8553. For measuring it 5 CSHC were placed in a 

quartz cuvette (Hellma Analytics, 1 x 1 x 5 cm), and the release was monitored 

at a wavelength of 532 nm over 6000 s. 

 

4.3  Results and Discussion  

 

4.3.1 Morphology of CSHC  

When OCNF was extruded dropwise into the polycation solution, the 

complexation of OCNF-PDADMAC at the droplet interface instantly occurred, 

forming a CSHC-shell that hinders further migration of PDADMAC into the CSHC-

core. Optical micrographs showed a shell of approximately 1 μm thickness for all 

samples (Figure 4.4A, 4.4C, 4.4E) and capsules with a spherical shape and 

around 3 mm of diameter (Figure 4.4B, 4.4D, 4.4F). To calculate the shell 

thickness, the plot profile tool in ImageJ was used. This tool allowed us to identify 

regions of constant pixel intensity at capsules’ core and in the medium, enabling 

the determination of the  shell thickness, which corresponds to the region where 

pixel intensity changes[100]. The appearance of the capsules is very similar to 

the ones obtained by Calabrese et al.[75], indicating that their method can be 
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extended to different combinations of oppositely charged nanocellulose and 

polyelectrolytes. The formation of the capsule was confirmed upon its rupture, 

revealing an interior composed of hydrogel and a shell with a distinct structure. 

Hence, CSHC can be depicted by a spherical capsule formed by OCNF-

PDADMAC complex shell containing an aqueous dispersion of uncomplexed 

OCNF in the core. Although the images showed different roughness levels, it 

could be attributed to water drying on the microscope slide. The subtle differences 

noted among the samples with or without EOxPOyEOx copolymers were related 

to the shape of the drop, which determined the shape of the capsule. Hence, the 

copolymers did not cause relevant differences in the size or structure of CSHC 

shells and were probably solubilized in the capsule interior. 

 

 

Figure 4.4 Images from optical microscopy of the CSHC-shell (top) and the 

entire capsule (bottom) of: A-B) OCNF-PDADMAC; C-D) OCNF-PDADMAC-

EO04PO30EO04; and E-F) OCNF-PDADMAC-EO90PO60EO90. 

 

SAXS curves (Figure 4.5) of OCNF were fitted using a flexible ellipsoidal 

cylinder model, commonly applied to describe worm-like micelles [101]. In this 

model, we assumed that the cellulose nanofibers exhibit some flexibility along 

their length, with points of contact between the fibrils. This model had already 

been used to fit curves from complexes of cellulose nanofibrils[93,102,103]. In 
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this model, the scattering contribution of OCNF was associated with the flexible 

length of the cylinders, which depended on two parameters: the Kuhn length and 

the contour length. The Kuhn length was correlated with twice the persistence 

length, indicating the flexibility of the fibril and, as described by Schmitt et al.[93], 

associated with the mesh size of the cellulose network. The contour length, on 

the other hand, was related to the overall length of the fibrils. The contour length 

was fixed as 160 nm for all samples. This value was chosen based on the length 

of OCNF obtained by TEM images [96]. 

For OCNF-PDADMAC, Figure 4.6, we observed that shell preserved the 

scattering contribution related to OCNF cross-section, with some inclination 

difference at low-q range. Elongated objects, such as OCNF, usually present a 

scattering intensity decay proportional to q-1, but it was proportional to q-2 for 

CSHC, indicating a strong interaction between the fibrils forming the shell.  
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Figure 4.5: SAXS curves of aqueous suspensions of OCNF (2 wt %) and 

OCNF–PDADMAC (4.0 wt%) with and without EO90PO60EO90 (6.5 wt %). 
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SAXS of CSHC data were also fitted to a model of flexible ellipsoidal 

cylinder, resembling OCNF, as building blocks (Figure 4.5). The contribution of 

PDADMAC was not included due to its negligible contribution to the scattering 

intensity.  As already mentioned, EO90PO60EO90 micelles were fitted as spherical 

micelles composed by a core-shell structure, with the core consisted of 

hydrophobic PO groups and the shell formed by hydrophilic EO groups. The fitting 

revealed a core radius of 4.2 nm and a shell thickness of 5.1 nm, consistent with 

previously reported values in the literature.[97,104]  

For OCNF-PDADMAC-EO90PO60EO we observed that upon poloxamer 

addition only the flexible ellipsoidal cylinder model was not enough to treat the 

data, and a micelle core-shell model was added to it by using the sum up mode 

of IGOR software, showing that poloxamers were presented as micelles in the 

mixture. The values obtained by fitting SAXS data were described at Table 4.1 

 

Table 4.1: Values obtained by fitting SAXS data from dispersions of OCNF, 

OCNF+PDADMAC and OCNF-PDADMAC-EO90PO60EO90 to a flexible 

ellipsoidal cylinder model. 

 OCNF OCNF-PDADMAC OCNF-PDADMAC-EO90PO60EO90 

Contour Length 

(nm) 

160 160 160 

Kuhn Length (nm) 30 ± 2 6.3 ± 0.5 6.5 ± 0.3 

Major Radius (nm) 4.1 ± 0.5 4.5 ± 0.4 4.5 ± 0.4  

Core Radius (nm)  NA NA 4.2 ± 0.5 

 Shell Radius (nm) NA NA 5.1 ± 0.6 

 

The Kuhn length obtained from the fittings, representing the characteristic 

distance between nodes in the OCNF, decreased with complexation to 

PDADMAC. This suggests that the addition of the polycation brought the OCNF 

closer together due to electrostatic attraction, indicating that the cellulose network 

became more compact, reducing their flexibility and mesh size. The major radius 
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also exhibited a slight increase, which could be attributed to the adsorption of the 

polymer onto the fibrils.  

When comparing the results of fittings combining the spherical micelle core-

shell model with the flexible cylinder model for the mixture of OCNF-PDADMAC, 

we observed that OCNF-PDADMAC retained the same structure, while the 

copolymer formed micelles of approximately 10 nm in size. This result aligns with 

previous reports on copolymer micelles [105]. Furthermore, we concluded that 

upon the addition of copolymers the structure of CSHC was the same, therefore, 

the triblock copolymers did not affect CSHC structure, but mainly created 

hydrophobic compartments inside the capsules due to the presence of micelles. 

Based on the results, we propose that the CSHC consists of a 1 µm shell 

composed of OCNF-PDADMAC, formed through charge-driven complexation as 

indicated by our SAXS data. Inside, the core was an OCNF hydrogel matrix 

containing EOxPOyEOx micelles, that could be used for oil loading, as described 

in Figure 4.6.  

 

Figure 4. 6: Schematic representation of CHSP particles, featuring a shell 

composed of complexed OCNF-PDADMAC and a core consisting of 

uncomplexed OCNF and triblock copolymer micelles, with mineral oil loaded. 
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4.3.2 Swelling/shrinking behavior and stability 

 

CSHC swelling and shrinking behavior were monitored over time, showing 

that their stability was highly dependent on the medium. The CSHC shell shrunk 

in aqueous solution of PDADMAC (4.0 wt%) or PDADMAC (4.0 wt%) with 

EO90PO60EO90/EO04PO30EO04 (6.5 wt%) between 0 and 2000s, but in different 

rates (Figure 4.7A-B). Differences in osmotic pressure could cause this effect 

because the molar concentration of EOxPOyEOx was different in the three 

systems (0, 5, and 28.5 mmol L-1, respectively). Hence, the shrinking rate 

increased with the molar concentration. CSHC swelled in DI water, causing shell 

rupture and leakage after 1600 s (Figure 4.7C-D). The same behavior was 

observed by Calabrese et al.[75], but with a fracture 2x faster, suggesting that 

the interaction of OCNF-PDADMAC was stronger.  Moreover, CSHC was stable 

for at least three months in aqueous solution of NaCl (>0.5 mmol L-1) even in the 

presence of EOxPOyEOx copolymers (Figure 4.7E-F), with minimal shrinking up 

to 1000s, which can be related to electrostatic interactions between charged 

moieties. 
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Figure 4.7: Relative areas and photographs of CSHC over time to verify their 

swelling or shrinking behavior in different media:  A-B) PDADMAC 4 wt% or 

PDADMAC-EO90PO60EO90/ EO04PO30EO04  6.5 wt%, C-D) Deionized (DI) Water 

E-F) Solution of NaCl 0.5 mol.L-1. 
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According to a previous study, NaCl can enhance or hinder the interfibrillar 

interactions within OCNF in the core [106]. ζ values were measured at different 

concentrations of NaCl. In DI water, OCNF showed a ζ = -42 mV, and upon NaCl 

addition, this value approximated to zero (Figure 4.8A), indicating shielding of 

the negatively charged moieties. Hence, adding NaCl can reduce electrostatic 

repulsion between fibrils, resulting in more attractive interfibrillar interactions, 

which could strengthen the CSHC shell. This effect could explain the high stability 

of CSHC in NaCl 0.5 mM at 80 °C for at least a week, as shown in Figure 4.8B. 

 

Figure 4.8: A – Zeta potential values of OCNF at different concentrations of 

NaCl in water. B – Photographs of OCNF-PDADMAC-EO90PO60EO90 

capsules in NaCl 0.5 mol L-1 at room temperature or 80 °C after different 

periods. 

4.3.3 Capsules for oil loading 

Nanocellulose hydrogels have been widely used to load and deliver active 

substances[107]. However, maintaining the encapsulation over extended periods 

remains a significant challenge, hindering their practical use and recyclability. We 

investigated the oil loading capacity of CSHC particles with and without 

EO90PO60EO90 or EO04PO30EO04. As expected, CSHC with EOxPOyEOx was 

efficient in loading Mineral oil and a lipophilic dye (Nile red), whereas the ones 
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without EOxPOyEOx were not (Figure 4.9). Without the EOxPOyEOx we didn’t 

observed the formation of CSHC, where the oil and the structure remained 

dispersed in the interface. Therefore, the triblock copolymers played a crucial role 

in facilitating the formation of CSHC, likely due to micelle formation in the core, 

which ensured efficient oil loading within the particles, or the increased viscosity 

of PDADMAC + EOxPOyEOx mixtures, which may have contributed to improved 

CSHC formation. 

 

 

Figure 4.9: Photographs of A) Samples where Mineral Oil was added into an 

OCNF dispersion. B) OCNF-PDADMAC-EO90PO60EO90 capsules loaded with 

mineral oil and the lipophilic dye, Nile red. 

 

The release of Nile red into the medium was monitored by the absorbance 

at 532 nm (Figure 4.10) after adding CSHC into UP water. Both CSHC released 

dye until 2000 s, with a typical diffusion-controlled release behavior, where the 

release rate decreases over time as the concentration gradient driving the 

diffusion diminishes. The similarity observed between the absorbance graphs in 

the presence of the two poloxamers indicated that different types of copolymers 

could achieve the same release outcome. This suggested that more than one 

type, regardless of its chemical characteristics, was compatible with the capsule. 
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Figure 4.10: Absorbance measurements ate 532 nm over time to verify Nile red 

release from OCNF-PDADMAC-EOxPOyEOx capsules.  

 

4.3.4 Production of core-shell OCNF particles in microfluidics 

devices 

Adapting the extrusion method for microfluidics allowed for obtaining of 

CSHC with smaller and monodisperse sizes, keeping their capability to load 

hydrophobic ingredients (Figure 4.11). The CSHC obtained by microfluidics 

exhibited an average size of 500 µm, 6 x smaller than those obtained by the 

dropwise extrusion (Figure 4.11). The final collection in NaCl solution kept the 

capsules stable, and they are currently being studied in terms of controlled 

release. These results revealed more possibilities of adapting the method of 

obtaining CSHC by combining oppositely charged nanocellulose and 

polyelectrolytes to control their properties according to the desired application. 
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Figure 4.11: A) Image of optical microscopy and B) photograph of OCNF-

PDADMAC-EO90PO60EO90 capsules obtained by microfluidics containing 

mineral oil and Nile red. 

 

4.4   Conclusion  

In this study, we obtained spherical core-shell hydrogel capsules (CSHC) 

capable of oil loading by using a cationic polymer (PDADMAC) complexed with 

anionic cellulose nanofibrils (OCNF) and triblock copolymers (EOxPOyEOx). The 

use of microfluidics further enhanced the process, enabling the production of 

smaller (0.5 mm) and more monodisperse capsules compared to the dropwise 

extrusion method (3 mm). The results indicated that the triblock copolymers had 

a crucial role in effective oil loading and did not affect the shell. They probably 

formed micelles in the capsule core to dissolve or disperse hydrophobic 

substances, as tested with mineral oil and Nile red. SAXS revealed that the shells 

kept a strong interaction between nanofibrils, which explains their robustness and 

stability in NaCl solutions, even at high temperatures and after long periods. 

The ability to control the size of CSHC through microfluidics and the 

possibility of obtaining capsules by different combinations of nanocellulose with 
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oppositely charged polyelectrolytes present new opportunities for tailoring these 

capsules for specific applications, including loading and controlled release.  
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4.8  Supplementary material  

 

4.8.1 Definition of the ratio between OCNF and PDADMAC 

It’s well documented that the molar ratio and consequently the charge 

density are key factors to guarantee that a complex coacervation occurs. 

Therefore, the mole fraction, f, of the oppositely charged species must be 

calculated to ensure complete complexation of the OCNF with the PDADMAC 
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across the CSHC/water interface without any free OCNF remaining. This fraction, 

f, was calculated as shown in Eq. 1. 

𝑓 =
𝑚𝑂𝐶𝑁𝐹𝛼𝑂𝐶𝑁𝐹

𝑚𝑂𝐶𝑁𝐹𝛼𝑂𝐶𝑁𝐹 +  
𝑚𝑃𝐷𝐴𝐷𝑀𝐴𝐶𝛼𝑃𝐷𝐴𝐷𝑀𝐴𝐶

𝑀𝑀𝑃𝐷𝐴𝐷𝑀𝐴𝐶

 
 

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.1) 

  

In this equation: 

• 𝑚𝑂𝐶𝑁𝐹 is the mass of OCNF used (g). 

• 𝛼𝑂𝐶𝑁𝐹 is the mol/g of carboxyl group functionalization on the OCNF 

surface, determined to be 0.00154321 mol/g. – using the conductivity titration 

described below.  

• 𝑚𝑃𝐷𝐴𝐷𝑀𝐴𝐶 is the mass of PDADMAC in the solution (g). 

• 𝑀𝑀𝑃𝐷𝐴𝐷𝑀𝐴𝐶 is the molecular weight of the PDADMAC repeating unit 

(161.67 g/mol). 

• 𝛼𝑃𝐷𝐴𝐷𝑀𝐴𝐶 =1 since each repeating unit of PDADMAC bears a positive 

charge. 

With 𝑚𝑂𝐶𝑁𝐹= 0.032 g, considering 2 wt% of OCNF and  𝑚𝑂𝐶𝑁𝐹  as the mass 

required to form 80 capsules, in the medium and to achieve a mole fraction f=0.5, 

indicating a perfect charge balance between OCNF and PDADMAC, the required 

mass of PDADMAC was determined as approximately 0.8 wt%, however 

considering that PDADMAC was sold in a 20 wt% solution, we need 

approximately 4.0 wt% of it. This ensures that the entire amount of OCNF 

interacts with the PDADMAC to produce at least 80 capsules.   

 

4.8.2 Conductometric Titration  
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The degree of oxidation (DO) of OCNF was determined using 

conductometric titration, as previously described by Habibi et al. Briefly, cellulose 

samples (50 mg) were suspended in 15 mL of 0.01 mol·L⁻¹ HCl solution. After 

stirring, the suspensions were titrated with 0.01 mol·L⁻¹ NaOH. The titration curve 

are presented in Figure 4.12, representing the average of a triplicate. The DO 

was calculated using the following equation: 

 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4.1      𝐷𝑂 =  
162 𝑥 𝐶 𝑥 (𝑉2 − 𝑉1)

𝑤 − 36 𝑥 𝐶 𝑥 (𝑉2 −  𝑉1)
 

 

Where: 

• C: NaOH concentration 

• V₁ and V₂: Volumes of NaOH 

• W: Weight of the freeze-dried cellulose used 

• The value of 36 corresponds to the difference between the molecular 

weight of the anhydroglucose unit and the sodium salt of the glucuronic 

acid moiety. 

 

After calculation, we obtained a DO of 25%, which aligns with the expected 

value as previously reported by Calabrese et al [96]. 
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Figure 4.12: Conductimetric Titration curves of OCNF. 
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CHAPTER 5  
 

In Chapter 4, we successfully incorporated small amounts of oil into a 

system composed of OCNF, PDADMAC, and EOxPOyEOx. However, the oil 

content remained low, and the resulting particles were not at the nanoscale, 

which would limit their application in targeted delivery systems, for example. 

Despite the potential of this technology, we chose to explore an alternative 

approach known for its ability to achieve high oil incorporation and produce 

nanoscale particles: the lamellar phase. 

This chapter focuses on the second study of this thesis, where we 

investigated lamellar phase dispersions using triblock copolymers in combination 

with various fatty acids and alcohols. We aimed to develop a system capable of 

achieving high oil incorporation. 

 

 

 

Triblock copolymers nanoparticles obtained by a dispersion of 

lamellae phase composed by sodium lauryl sulfate and 

different co-surfactants 
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Highlights:  

• Incorporating fatty alcohols into ionic surfactants aids in forming lamellar 

liquid crystals. 

• The introduction of triblock copolymers enhances the dispersion and 

stability of particles.  

• Shorter chain co-surfactant (C8/C10OOH) produce smaller particle 

diameters and better dispersion. 
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• Longer chain co-surfactants (C12-C16OH) result in larger particles with 

more hydrophobicity. 

• Stability tests showed that C8/C10COOH systems maintained integrity for 

over 120 days. 

Keywords:  fatty alcohols/acid, lamellar phase, triblock copolymers, particle 

dispersions.  

 

Abstract 
 

Liquid crystalline phases formed at high surfactant concentrations exhibit 

unique properties, such as spontaneous self-organization and a high capacity for 

incorporating hydrophobic actives. However, their high viscosity can limit their 

application in products like sprays. This study explores the potential of liquid 

crystalline phase dispersions to overcome viscosity-related limitations and 

expand their applications. A lamellar phase was achieved using a combination of 

sodium lauryl sulfate (SDS), various fatty alcohols or acids, and a triblock 

copolymer. SDS was mixed with fatty chains to facilitate lamellar phase formation. 

Different fatty chains were employed to optimize these structures, and their 

properties were described using various techniques, including microscopy, size 

distribution, DSC, and X-ray scattering analysis. 

Our results indicated that the size of the fatty chain significantly affects 

particle size and stability. Systems with shorter chain lengths, such as 

C8/C10COOH, formed smaller particles, while longer chains like C12OH, C14OH, 

and C16OH resulted in larger particles and reduced stability. Incorporating mineral 

oil into the particles via sonication improved dispersibility and reduced particle 

size, particularly for C12OH and C8/C10COOH, demonstrating notable stability for 

over 120 days. Cryo-TEM analysis confirmed the formation of spherical, 

homogeneous nanoparticles, while DSC and SAXS analyses provided insights 

into their crystalline structures and phase transitions. Systems containing C12OH 

and C8/C10COOH were identified as the most promising for practical applications, 

demonstrating high stability and effective incorporation of hydrophobic actives.  
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This study highlights the importance of understanding phase behavior and 

structural preferences induced by triblock copolymers for optimizing nanoparticle-

based delivery systems. 

 

5.1 Introduction 

 

Liquid crystalline phases, formed at high surfactant concentrations, offer 

numerous advantages such as spontaneous self-organization, high capacity for 

incorporating hydrophobic actives, and retention of surfactant's versatile and 

valuable properties [59,108–110]. Dispersions of liquid crystal can expand the 

possibilities of application to systems like spray or nanoparticles for controlled 

delivery [111]. Hence, strategies for dispersing liquid crystals in the nanoscale 

can broaden its range of applications. For instance, diblock copolymers of 

poly(ethylene oxide)-b-poly(methacrylic acid) were combined to a cationic 

surfactant to concentrate the micelles, forming a liquid crystalline structure by 

electrostatic complexation but dispersed in nanoparticles due to the hydrophilic 

EO blocks [56]. These systems presented high oil loading and stability. However, 

these copolymers are not commercially available on a large scale, which makes 

it challenging to use these systems in industry. 

Another well-known method for forming liquid crystalline structures involves 

mixtures of surfactants with fatty alcohols or acids [112–115]. These fatty alcohols 

and acids are commonly used in cosmetics and pharmaceuticals as co-

surfactants. Typically, formulations are prepared by heating these alcohols above 

their melting points, followed by homogenization under heating and cooling to 

room temperature, which induces crystallization of the alcohols and forms 

dispersed crystalline structures [116]. Depending on the temperature, chain 

length, and agitation process, various crystalline structures can form, each 

providing distinct sensory experiences based on their rheological properties 

[117]. The varying chain lengths of these fatty components result in the formation 

of distinct structures. For instance, longer fatty chains increase the surfactant’s 

critical packing parameter (CPP), favoring the formation of a lamellar phase, and 

increasing hydrophobicity in the medium. It could influence the dispersibility of 
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the liquid crystal in aqueous media and its capacity to incorporate oily ingredients 

[51].  

For instance, Fontell et al. [53] studied the lamellar phase in a ternary 

system containing cationic surfactants, fatty alcohols, and water, which was 

highly influenced by the chain length of the fatty alcohol. These played a crucial 

role in determining the phase behavior and structural organization of the system. 

Short-chain alcohols, such as methanol or ethanol, resulted in a limited presence 

or even absence of the lamellar phase, confining it to small regions of the phase 

diagram. As the alcohol chain length increased, as seen with octanol, decanol, 

and notably n-dodecanol, the lamellar phase became more prominent, occupying 

a broader central region, and allowing for significant water incorporation. 

Dodecanol, with its longer carbon chain, further stabilized the lamellar structure 

and promoted the formation of inverse cubic and hexagonal phases. These 

phases reflected changes in the system’s spontaneous curvature due to the 

increase in the CPP. The inclusion of dodecanol not only enhanced the structural 

integrity of the lamellar phase but also supported the formation of more complex 

phases, expanding the system's potential for applications in solubilization 

processes and controlled release systems.  

Percebom et al. [50] described that the inclusion of long-chain fatty alcohols 

promoted the stability of the lamellar phase by matching the hydrophobic tail 

length of the surfactant, thereby enhancing the alignment and packing within the 

bilayers in systems formed by the surfactant hexadecyltrimethylammonium 

bromide, C16TAB, or its complex salts formed with polyacrylate, C16TAPA30. 

Using long-chain alcohols rather than short-chain alcohols would reduce the 

disordering into these systems since alcohols appear to disrupt the CCP, 

increasing the average distance between surfactant molecules, showing that n-

alcohols act as cosurfactants, inducing crystalline structures.  

Dispersing the lamellar phase could broaden its application, especially in 

scenarios where the high viscosity, typical of this structure, is undesirable. In this 

context. In line with this approach, a previous study by Macedo et al. [37] 

investigated the use of various ionic surfactants, including sodium lauryl sulfate 

(SDS), in combination with long-chain alcohols to generate a lamellar phase. The 

study aimed to enhance the dispersion of this liquid crystal in water by 
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incorporating nonionic surfactants, thereby creating nanoparticles that could be 

able to load oil. However, the conditions employed in the study were insufficient 

to achieve the lamellar phase's dispersion into nanoparticles or load oil into 

microparticles.  

Using different molecules to obtain lamellar dispersion is a topic where 

different groups are acting, and one class of substance that have been used 

extensively in cosmetics and pharmaceuticals industries are the poloxamers, also 

known as pluronics, to favor it. Poloxamers are a class of nonionic surfactants 

that consist of polyethylene glycol (EO) and polypropylene glycol (PO) 

copolymers [16,24,118,119]. Their structure allows them to be used to improve 

the stability of nanoparticles in water medium, since it also contains EO blocks 

[120]. For instance, Tilley et al. [121] explored the role of the triblock copolymer 

in stabilizing dispersions of liquid crystalline nanoparticles, specifically 

cubosomes and hexosomes. The research focused on how Pluronic F127 

associates with these particles, both on their external surfaces and within their 

internal structures, and how this association influences the stability and behavior 

of the dispersions. The study found that the interaction between Pluronic F127 

and the nanoparticles is strongly influenced by the lipid composition and internal 

architecture of the particles. These findings underscore the critical role of 

copolymers in stabilizing such dispersions, suggesting that careful control of 

copolymer concentration is essential for optimizing the formation and stability of 

liquid crystal dispersions for potential applications. Although, its well-known to 

use copolymers to enhance liquid crystal dispersions, much it still needed to 

improve its application, since until nowadays high-energy methods are still 

needed to obtain it, mostly if high oil incorporation is desired [54].  

This study aimed to disperse the lamellar phase formed by sodium lauryl 

sulfate (SDS) and various co-surfactants (fatty alcohols with chain lengths 

ranging from C8 to C16 and caprylic/capric acid) using a triblock copolymer 

(EO10PO30EO10). While the hydrophobic blocks of PO are expected to form mixed 

micelles with the ionic surfactants, the hydrophilic blocks of EO are expected to 

extend toward the aqueous medium to ensure dispersibility and stability in water. 

Furthermore, the impact of the fatty chain length was evaluated on the oil loading 

capacity and stability of the system. The study systematically characterized the 
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structures formed by sodium lauryl sulfate (SDS), EO10PO30EO10 and various co-

surfactants by different techniques: optical microscopy, cryogenic transmission 

electron microscopy (cryo-TEM), laser diffraction, dynamic light scattering (DLS), 

high-sensitivity differential scanning calorimetry (DSC) and small-angle X-ray 

scattering (SAXS). 

 

5.2. Experimental Section 

 

5.2.1. Materials 

 

Most of the chemicals used in this work were kindly supplied by Oxiteno and 

used as received, being them: anionic surfactant sodium dodecyl sulfate (SDS- 

Alkopon NS ECO 92F), triblock copolymer (EO10PO30EO10- Ultraric PE64), cetyl 

alcohol (C16OH-Alkonat 1698), lauryl alcohol (C12OH-Alkonat 1214CH), and 

caprylic/capric acid (C8/C10COOH-Ultracid 810). Myristyl alcohol (C14OH-) and 

octanol (C8OH) were purchased from BASF in the highest available purity, 95%. 

Ultra-pure water (18.2 MΩ·cm) obtained from Direct-Pure UP Rephile was used 

to prepare the samples. Isoamyl cocoate (IsoCo) and isoamyl palmitate (IsoPa) 

from Oxiteno, mineral oil (MOil) from Neon, Uvinul MC 80 (Uvinul) from BASF 

and bergamot oil (BOil) from viaAroma were used to test oil loading in the 

selected systems.  

 

 
5.2.2. Sample Preparation  

 

The samples were prepared by weighing fixed amounts of 0.12 g of SDS in 

30 mL of water, 0.36 g co-surfactant, and 0.12 g of EO10PO30EO10, (which is a 

proportion of 1:3:1). The SDS solution was mixed with the co-surfactant, followed 

by the immediate addition of the EO10PO30EO10 solution. The mixture was 

homogenized by a mechanical stirrer at 900 rpm for 15 min at a temperature 

above the melting point of the fatty component (35 °C for C8/C10COOH, 35 °C for 

C12OH, 50 °C for C14OH, and 60 °C for C16OH). In some cases, 0.06 g of mineral 



79 
 

oil was added to a 20 mL portion of the obtained suspension, followed by 

sonication for 3 min at a continuous cycle of 0.5 A on a Hielscher UP50H 

ultrassonicator.  

 

5.2.3. Sample Characterization 
 

Visual inspection to determine the occurrence of phase separation was 

registered by photographs.  

Particle size distributions were measured using laser diffraction (LD) or 

dynamic light scattering (DLS). LD measurements were conducted using a 

Mastersizer 3000E (Malvern Instruments Ltd., Br) particle size analyzer based on 

laser light diffraction. Mie theory was employed to determine the size distribution, 

using distilled water as the dispersing medium (refractive index of 1.33), and fatty 

alcohol/ fatty acid as the dispersed medium (refractive index of 1.44, adsorption 

index of 0.01, and density of 1 g.cm-3). All measurements were conducted for 20 

s, maintaining obscuration between 10 and 15%, at room temperature (25°C), 

with a stirring speed of 1600 rpm. The results were reported as averages of 5 

replicates with the respective standard deviation. DLS measurements were 

conducted using an SZ-100 Nanopartica instrument from Horiba, equipped with 

a 10 mW laser with a wavelength of 532 nm. Each sample (0.4 mL) was added 

to a polystyrene cuvette with four optically clear sides and a path length of 10 

mm, and completed with Ultra-Pure water to 2 mL. The cuvettes were previously 

rinsed with fresh ultra-pure water and immediately covered after sample addition 

to avoid contamination with dust. All experiments were performed in triplicate at 

25 °C, with a time exposure of 120 s and a scattering angle of 90°. The acquired 

data were processed using the HORIBA NextGen Project SZ-100 software, 

employing Inverse Laplace Transform (ILT) to obtain intensity distributions and 

mean hydrodynamic radii.  

SAXS measurements were performed at the Institute of Physics of the 

University of São Paulo (IF-USP). The used instrument was Xenocs Xeuss 

Version 2.0, equipped with a Dectris Pilatus 300k. The beam wavelength 

employed was 0.154 nm (CuKα line). Each sample was positioned in a capillary 
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sample holder, and a thermal bath was used to maintain a constant temperature 

of 30 °C during the whole measurement time (3 h). The distance between the 

sample holder and the detector was 0.2 m, resulting in a q range between 0.2 

and 7.2 nm-1. The software Fit2D [78] and SuperSAXS package [79] allowed the 

subtraction of background and solvent (pure water) and integration of the 

obtained images. The resulting curves of intensity, denoted as I(q), as a function 

of scattering vector q, were analyzed using OriginLab, the relative peaks position, 

measured using OriginLab, was used to determine the correlation distance, d = 

2π/q, by using the q value of the peak.  

Cryo-TEM was used at the Brazilian Nanotechnology National Laboratory 

(LNNano). The samples were diluted to 2 mg mL-1, and a 3 uL droplet was 

deposited on a 300-mesh lacey carbon-coated copper grid. Samples were 

prepared in an automated vitrification system (Vitrobot Mark IV, FEI, Netherlands) 

with a blot force of 0 and a blot time of 3 s. The images were obtained using a 

TALOS F200C (ThermoFisher Scientific, Oregon, USA) equipped with a 4k x 4k 

CMOS camera, operating at 200 kV. Particle size was determined using ImageJ 

software and analysing 100 particles for each sample. Optical microscopy was 

also employed to analyze samples with particles in the micrometer range. A Bel 

Photonics XPL-3220 microscope, equipped with a CCD digital camera, was used 

to capture images in brightfield and polarized light to detect birefringence and 

correlate with the possible presence of the lamellar phase.  

DSC experiments were conducted at LNBio-CNPEM, proposal 20230820. 

using the N-DSC III calorimeter (TA Instruments, USA) in the temperature range 

from 10 to 80 °C with a heating rate of 30 °C/hour. The calorimetric cells were 

filled with water equilibrated at 10 °C for 10 minutes and examined repeatedly in 

the range of 10–80 °C until the baseline was reproducible. After calibrating the 

baseline with water, the sample cell of the calorimeter had its replaced by another 

containing the lamellar phase dispersions. The temperature scanning process 

with the equipment containing the lamellar phase dispersion involved a single 

heating run from 10 to 80 °C. This procedure was conducted in duplicate: after 

the first scan, another aliquot of the same sample was injected, and a second 

scan was performed. The contribution of heat capacity at constant pressure (Cp, 

kJ·mol⁻¹·K⁻¹) of the buffer solution was subtracted from the Cp values of the 
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lamellar phase dispersion in the investigated temperature range. The calorimetric 

enthalpy variation (ΔHcal) for the phase transition process was determined by 

calculating the area of the thermogram after baseline correction, and the 

temperature of melting (Tm) was determined as the center position of each peak.   

 

5.3. Result and Discussion 

 

5.3.1 Influence of fatty chain length on particle formation 

 

All the samples formed by 1.0 wt % of SDS, cosurfactants and 

EO10PO30EO10 in water were turbid. The viscosity and turbidity of these samples 

were highly dependent on the co-surfactant chain size, with C8/C10COOH and 

C8OH resulting in turbid-opalescent samples with water-like viscosity, while 

C16OH produced opaque and viscous samples. (Figure 5.1). 
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Figure 5. 1: Pictures of SDS: cosurfactant: EO10PO30EO10 at 1.0 wt% 
containing A) C8/C10COOH; B) C8OH; C) C10OH; D) C12OH; E) C14OH; F) 

C16OH 

Laser diffraction and dynamic light scattering showed that the diameters 

ranged from 149 nm to 91 μm for the samples with different cosurfactants (Figure 

5.2 and Table 5.1). These results indicated a smaller particle diameter when 

using shorter chain lengths. Increasing the chain length also enhanced the 

hydrophobicity of the fatty alcohol, resulting in a lower HLB and higher CPP 

(critical packing parameter), which could lead to an increase in particle size as 

already observed for Vankalaya et al. [122]. They observed that the fatty chain 

length dictated the size of their particles, which ranged from 77 nm (C12OH) to 

503 nm (C16OH). Shi et al. [123] also demonstrated that the length of the alkyl 

chain in lipid particles primarily affected their size, and our findings were 

consistent with this observation. C8 and C10OH showed phase separation after 7 

days, and therefore these co-surfactants were used only to understand the effect 

of chain length in the particles’ preparation.  
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Figure 5.2: A) Laser diffraction results for SDS:co-surfactant: EO10PO30EO10, 

using C12OH, C14OH and C16OH. B) DLS results for C10OH, C8OH and 

C8/C10COOH. 

 

Table 5.1 Hydrodynamic diameters and D50 values for different SDS:co-
surfactant: EO10PO30EO10 

Cosurfactant Hydrodynamic 

Diameter* (nm) 

Dv50** (μm) 

C8/C10COOH 149 + 10 NA 

C8OH 162 ± 15 NA 

C10OH 348 ± 25 NA 

C12OH NA 12 ± 2 

C14OH  NA 75 ± 8 

C16OH NA 91 ± 9 

*Average and standard deviation of mean hydrodynamic diameter values from at least 

three measurements ** Median particle size distribution values from at least three 

measurements. NA not applied:  

 

The obtained systems were observed by microscopy analysis, with optical 

microscopy used for C12OH, C14OH, and C16OH, and cryo-transmission electron 

microscopy (Cryo-TEM) for C8/C10COOH (Figure 5.3). The results revealed that 

using C8/C10COOH led to the formation of spherical nanoparticles with a 

homogeneous interior (Figure 5.3A). In contrast, C12OH resulted in the formation 

of polygonal microparticles with a heterogeneous interior (Figure 5.3B). The 

black dots observed in the interior could be attributed to lauryl alcohol that was 
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not incorporated into the particles but acted as nucleation points for their creation. 

With an increase in the co-surfactant chain length to C14OH and C16OH, 

heterogeneous aggregate formation was observed, indicating that more 

hydrophobic systems exhibited lower stabilization and inferior dispersion, with the 

same behaviour of black spots being noted. 

 

Figure 5. 3: Images of microscopy for SDS:co-surfactant:EO10PO30EO10 samples. A: 

C8/C10COOH;B:C12OH;C:C14OH;D:C16OH 

Differential Scanning Calorimetry (DSC) analysis was conducted to determine the 

presence of crystalline structures. The DSC curves (Figure 5.4) indicated that 

carbon chains with fewer than 12 carbons did not exhibit any transitions, 

suggesting the absence of crystalline structures. This lack of crystalline 

transitions could indicate the formation of nanoparticles without the anticipated 

lamellar structure. In contrast, samples containing carbon chains longer than C12 

exhibited several transition peaks. For the C12OH sample, three endothermic 

peaks were observed, as detailed in Table 5.2. These peaks overlapped, 
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necessitating deconvolution for a more precise analysis. The enthalpy associated 

with each transition was calculated based on the deconvoluted peak values [27]. 
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Figure 5. 4: DSC analysis for SDS:co-surfactant: EO10PO30EO10 systems. 

 

Table 5. 2 Phase transition data (temperature, heat capacity (Cp), and enthalpy 

values) obtained by DSC analysis. 

Samples of SDS:X: EO10PO30EO10 Tm (°C) Cp (J.g.-1°C-1) dH (J.g-1) 

C8/C10COOH 0 NA NA 

C8OH 0 NA NA 

C10OH 0 NA NA 

C12OH 21.5 40 43.5 4.01 21 35 79.4 160.27 53.04 

C14OH NA 51 54.9 NA 33 42.96 NA 180 138.5 

C16OH NA 60 62 NA 54 65 NA 180 148 

NA: not applied 

The first peak was attributed to the polymorphs commonly found in fatty 

acids, such as lauryl alcohol. Similar observations were reported by Philip et al. 

[124], who identified multiple peaks within the same temperature range (14.5 °C 
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and 25 °C), attributing them to solid-solid or solid-liquid phase transitions prior to 

complete liquefaction. The presence of excess C12OH was inferred from 

microscopy images, which showed C12OH within some particles. The other two 

peaks was postulated to be associated with a structural transition within the 

formed lamellae [125–127]. 

For C14OH and C16OH, two peaks were observed in each system. The first 

peak was related to solid-liquid transitions, while the second was attributed to 

structural transitions within the lamellae. It is evident that different fatty alcohols 

lead to an increase in the transition temperature, which was associated with the 

increase in carbon chain length, which was also observed by Percebom, et al. 

[50]. Additionally, the enthalpy values of the transitions indicated that the process 

is more endothermic for longer carbon chains, Usma et al.[128] reported similar 

results where an increase in the alcohol content promoted a clear decrease in 

dH, and a broadening in the gel-to-fluid phase, due to n-decanol shorter chain, 

which hinders the crystalline organization of the bilayer. A similar resulted was 

also observed by Karl et al. [129] , where the thermal behavior and molecular 

organization of long-chain alcohols in ternary systems with surfactant solutions 

was evaluated. DSC revealed distinct endothermic peaks corresponding to the 

melting of fatty chains, with peak temperatures increasing with carbon chain 

length, similar with the results found in this work. 

Since crystalline transitions potentially related to liquid crystal structures 

were observed using DSC analysis, SAXS analysis was employed to confirm the 

formation of it. Lamellar phase was confirmed by the peak positions (Figure 5.5), 

for samples containing C12OH, C14OH and C16OH. To better understand the 

organization of the lamellar phase, a model incorporating a random lamellar 

head/tail sheet with a Caille structure factor was applied to fit the data. However, 

due to the low sample concentration (1% wt), resulting in noisy data, fitting the 

data into the model proved challenging. Hence, we used only the position of the 

peaks to obtain the distance interplanar, d, for the lamellae. We observed an 

interplanar distance of 34.9, 40.5 and 48.3 nm for C12OH, C14OH and C16OH, 

respectively.  
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Figure 5. 5: SAXS curves for samples containing 
SDS:cosurfactant:EO10PO30EO10 

 

Notably, in systems containing C8/C10COOH, a liquid crystal phase was not 

observed, which aligns with the DSC results where no transitions were detected. 

Instead, we identified the formation of a broad peak (0.97 nm-1), which was 

associated with the onset of some organization.  

Tests for mineral oil incorporation using magnetic stirring were initially 

conducted in all systems produced; however, effective incorporation was not 

achieved, Fig 5.12 SM, in any of the cases. Tests involving the addition of oil 

during the process were also conducted; however, this resulted in emulsions, 

which was not the goal of this work. In search of alternatives, the application of 

energy through a probe sonicator was chosen. This approach proved to be 

effective for incorporating mineral oil, but this energy input could result in 

modifications in the systems structure [130], therefore all systems in the absence 

of mineral oil were subjected to sonication and characterized (see section 5.8.1 

of SM), which resulted in a significant reduction in particle size in systems 

containing C12OH, C14OH, and C16OH.  
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5.3.2 Influence of oil mineral loading on particles size and 

Structure 

 

Mineral oil (0.06 g) was introduced into 20 mL of the system (0.2 g of 

particle) using a sonicator probe as previously described. DLS measurements 

revealed a size of 149; 151; 122 and 450; 213 and 1200 nm for C8/C10COOH, 

C12OH, C14OH and C16OH, respectively (Figure 5.6). C12OH and C8/C10COOH 

presented a smaller particle size and formation of a monodisperse population, 

while for C16OH and C14OH two nanometric populations were observed. 
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Figure 5.6 Hydrodynamic diameter distributions of samples containing 1.0 wt % 

of SDS:cosurfactant:EO10PO30EO10 nanoparticles and 0.3 wt% of MOil . 

 

In comparison with sonicated samples without oil (Fig 5.11 SM), we 

observed that upon oil addition the size distribution was broader for samples 

containing C8/C10COOH, indicating that particles are more uniform in the absence 

of oil, therefore oil may promote some change in the structure of these samples. 

For C12OH, C14OH and C16OH the presence of oil resulted in a reduction in the 
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average hydrodynamic size of the particles.  The reduction in particle size in these 

specific systems is associated with a notable improvement in their dispersibility. 

This result is crucial for ensuring the uniform distribution of active components, 

contributing to the efficacy of the system in potential future applications. However, 

it is important to note that, despite the observed benefits, phase separation was 

identified in the systems containing C14OH and C16OH. This instability can 

compromise the efficacy of active encapsulation, as phase separation is 

undesirable in this context. Consequently, these samples were excluded from 

future testing plans. In contrast, the samples containing C12OH and C8/C10COOH 

demonstrated notable stability for over 120 days. This prolonged durability 

suggests that these systems are promising for practical applications, highlighting 

their ability to maintain structural integrity over time. 

Both systems containing C12OH and C8/C10COOH were analysed by 

Cryo-TEM (Figure 5.7), revealing the formation of spherical and homogeneous 

nanoparticles in both cases. Specifically, for C8/C10COOH, the use of sonication 

and mineral oil incorporation did not appear to affect the morphology of the 

particles. In contrast, for C12OH, nanoparticles with very different morphologies 

compared to samples non-sonicated and without oil (Figure 2B) were obtained, 

which were more dispersed and with a homogeneous interior. 

 

Figure 5.7 Cryo-TEM images of samples containing 1 wt% of 

SDS:cosurfactant:EO10PO30EO10 nanoparticles. 

DSC analysis was also conducted not only to determine the presence of 

crystalline structures but also to observe if there was any effect of incorporating 
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oil into the structure of the samples. Although the systems containing C14OH and 

C16OH were excluded from future encapsulation tests, DSC analysis were 

conducted on all systems to understand the role of the mineral oil in presence of 

different co-surfactants. According to the results in Figure 5.8, the incorporation 

of oil reduced the phase transition for C12OH, C14OH, and C16OH, while 

C8/C10COOH did not show any phase transition, consistent with the observations 

for samples without oil. For C12OH to C16OH, the enthalpy associated with each 

transition was calculated based on the deconvoluted peak values (Table 5.3). 

For C12OH, we observed that only two transitions observed in Figure 5.8 shifted: 

the first was kept, indicating that lauryl alcohol was also present in the structure, 

and the other two shift to lower temperatures. The small enthalpy values can be 

explained by the relatively minor rearrangements of the lamellae needed for 

converting the lamellar structure to a different structure, indicating that oil loading 

caused lamellae repacking. For C14OH and C16OH, a similar behavior was 

observed, with only one peak present, which could be associated with the fact 

that introducing mineral oil led to system self-rearrangement, as the previously 

excess fatty alcohol was solubilized into the oil matrix. Moreover, the reduction in 

the transition temperature could indicate that introducing mineral oil resulted in a 

less structured system, as observed by De Souza, et al. [131]. 
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Figure 5. 8: DSC analysis for SDS:co-surfactant: EO10PO30EO10 systems after 

Mineral Oil loading. 
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Table 5. 3: Phase Transition Data (Temperature, Heat Capacity (Cp), and 

Enthalpy Values) obtained by DSC analysis of samples containing Mineral Oil. 

Samples of SDS:X: 

EO10PO30EO10 

Tm (°C) Cp (J.g.-1°C-1) dH (J.g-1) 

C8/C10COOH 0 NA NA 

C8OH 0 NA NA 

C10OH 0 NA NA 

C12OH 21.5 37 40.9 14.6 12.8 24.9 178.5 61.2 21.5 

C14OH NA NA 46.1 NA NA 21.2 NA NA 286.9 

C16OH NA NA 52.9 NA NA 31.5 NA NA 373.9 

 

Since phase transitions were identified, we also used SAXS to confirm these 

structures. Although the systems containing C14OH and C16OH were excluded 

from future encapsulation tests, SAXS measurements were conducted on all 

systems to understand the role of the co-surfactant in particle structure, Figure 

5.9. For C8/C10COOH, as observed in non-sonicating samples, it was impossible 

to use a fitting model due to noisy data. However, we observed that sonication 

did not alter the position of the peak for C8/C10COOH when comparing both data, 

suggesting that the energy applied does not affect the system's organization but 

merely reduces particle size (see Figure 5.15 at SM), however upon Moil addition 

we observed a pronounced increase in intensity at low q values, compared to the 

other samples. This suggests that the presence of Mineral Oil led to the formation 

of larger or denser structures, since different of sizes were not observed by DLS 

or Cryo-TEM we believed that denser structures were formed. For C12OH and 

C14OH, upon incorporating oil, the lamellar phase was disrupted, increasing the 

interplanar distance, as we obtained noisy data due to low concentration, it was 

not possible to discern between peaks and loud, so we assumed that the lamellae 

phase was not present upon oil addition. For C16OH, the uptake of Mineral Oil led 

to a reduction in the lamella interplanar distance to 28.5 nm, indicating that MOil 

impacted the packing of its structure, becoming more organized, which is in 

accordance with the results obtained by DSC measurements.  
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Figure 5. 9: SAXS curves for samples containing 

SDS:cosurfactant:EO10PO30EO10 after Mineral Oil addition.  

The SAXS curve analysis for C16OH systems (Figure 5.9) revealed that 

increasing the chain length resulted in greater system organization, indicated by 

the increased prominence and definition of the peaks. These results suggest 

more pronounced bilayer stacking as the carbon chain length increases, 

highlighting a significant influence on the structural organization of these 

systems. Despite excluding C14OH and C16OH from future tests, the SAXS 

measurements enrich our understanding of the structure of this system, 

emphasizing the complexity of the interactions between components and their 

influence on particle structure. This refined analysis will guide further research to 

optimize the design of active encapsulation systems. 

After optimizing the system, we selected the particles with C8/C10COOH and 

C12OH as the optimal ones to obtain particles and to use as loading systems.  

 

5.3.3 Stability 

Since both C8/C10COOH and C12OH resulted in the optimal samples, tests 

were performed to understand their stability, and which one performed better. 
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Both samples were kept at 50 °C for 30 days and at room temperature (25°C) for 

at least 120 days. After this period, the particle sizes were measured (Figure 5.10 

and 5.11).  

 

Figure 5. 10: Hydrodynamic Diameter measurements for SDS:cosurfactant: 

EO10PO30EO with A) C8/C10COOH after 4 months in room temperature and at 

50°C for a month. B) C12OH after 4 months in room temperature and at 50°C for 

a month. 
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Figure 5. 11: SDS:co-surfactant:EO10PO30EO10 for A) C8/C10COOH at first day 

after preparation; B)  C8/C10COOH at 120 days after preparation at room 

temperature; C) C8/C10COOH at 30 days after preparation at 50 °C. D) C12OH 

on the first day after preparation; E) C12OH at 120 days after preparation at 

room temperature; F) C12OH at 30 days after preparation at 50 °C. 

 

No size difference was observed for the samples kept at room temperature 

after 120 days, indicating that both had high stability. However, after 30 days at 

50 °C the samples containing C12OH showed two populations (with no visual 

phase separation), indicating that this sample is less stable compared to 

C8/C10COOH, which did not show any size changes in either scenario. Zeta 

potential measurements were also conducted, yielding a value of –39 mV for 

C8/C10COOH, which could be related to the higher colloidal stability, due to 

negative charges COO- groups. Therefore, C8/C10COOH was selected as the 

primary sample for the other studies.  

 

5.3.4 Loading of Different Oils 
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Particles with C8/C10COOH, due to its superior stability, was the system 

chosen to verify its versatility and capability of incorporating different oils in 

addition to mineral oil and verify the consequent impact on particle size. Bergamot 

oil (BgOil) is an essential oil with a cyclic structure and can be used in 

pharmaceutical and cosmetics formulations [132,133]. Isoamyl cocoate (IsoCo) 

and palmite (IsoPa) are a constituent of a broader group of cosmetic ingredients, 

alkyl esters, which consist of the reaction products of fatty acids and alcohols, 

which functions are mostly related to skin-conditioning. Ethylhexyl 

Methoxycinnamate (Univul, as its INCI name) is a UVB filter suitable for skin care 

applications, such as anti-aging face care products and sunscreens. All the 

systems displayed low viscosity (visually like water), regardless of the oil added 

(at 0.3 wt %), allowing their use in various formulations, such as spray 

formulations or scalp care. Adding BgOil, IsoCo, and IsoPa slights decreased the 

hydrodynamic diameter of the nanoparticle while adding Uvinul increased particle 

size, Figure 5.12. When comparing to Moil all samples resulted in bigger 

particles, which could indicate that Moil resulted in more compact systems; since 

all the other oils have smaller molecules, this could indicate that they were 

affecting the structure of the lamellae, more SAXS analysis could indicate the 

impact of it in the particle structure. All samples presented phase separation after 

1 month, showing that oils choice could affect the stability of the particles. 

However, since low viscosity was observed the increase of it could led to a higher 

stability.  
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Figure 5. 12 Hydrodynamic diameter distribution of samples containing 0.6 wt 

% of SDS: cosurfactant: EO10PO30EO10 nanoparticles with different oils 

obtained by DLS. 

 

5.4. Conclusion 

This study highlights the potential of liquid crystalline phase dispersions to 

overcome viscosity-related limitations inherent to high surfactant concentration 

systems, thereby broadening their application spectrum. By utilizing SDS, fatty 

alcohols or acids, and a triblock copolymer (EO10PO30EO10), we successfully 

synthesized lamellar phase liquid crystals, resulting in the formation of 

nanoparticles with varying structural properties. The incorporation of shorter fatty 

chains led to more stable and smaller particles, while longer chains increased 

hydrophobicity and particle size, impacting system stability.  

Microscopic, DSC, and SAXS analyses confirmed the presence of distinct 

liquid crystalline structures influenced by the type and length of the fatty chains 

used. Specifically, C8/C10COOH and C12OH systems demonstrated high stability 

and effective dispersion in aqueous media, making them promising candidates 

for practical applications. Notably, loading mineral oil and other oils into these 

systems resulted in the formation of monodisperse nanoparticles, further 
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underscoring their potential for diverse applications in the cosmetic and 

pharmaceutical industries. Future research will focus on optimizing these 

systems for specific applications, particularly in active component encapsulation 

and targeted delivery. Understanding the interplay between surfactant 

composition, fatty chain length, and co-surfactant ratios will be crucial in refining 

these dispersions for industrial use, ensuring both efficacy and stability in their 

intended applications. 
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5.8. Supplementary Materials 

 

5.8.1. Effect of sonication on particle structure:  

As mentioned in the paper, we observed a significant oil incorporation upon 

subjecting systems to sonication, up to 30 %wt in oil. This approach proved to be 

effective, resulting in a significant reduction in particle size in the systems with 

C12OH, C14OH, and C16OH to the nanometric scale compared to the non-

sonicated systems, which exhibited micrometric-scale particles. 

These systems were evaluated for the incorporation of 30% mineral oil via 

sonication (Figure 5.13), demonstrating that incorporation was possible. In the 

system containing C8/C10COOH, without significantly impacting the average 

hydrodynamic diameter of the particles, while for C12 to C16, even resulted in a 

reduction of particle size. This result is crucial for ensuring the uniform distribution 

of active components, contributing to the efficacy of the system in potential future 

applications. 
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Figure 5. 13: Hydrodynamic diameter measured by DLS from samples 
containing SDS- co-surfactants-EO10PO30EO10- after sonicating without Mineral 

Oil.  

It is important to note that, despite the observed benefits of particle size 

reduction and notable improvement in the dispersibility of mineral oil, phase 

separation was identified in the systems with C14OH and C16OH after mineral oil 

incorporation. This instability can compromise the efficacy of active 

encapsulation, as phase separation is undesirable in this context. Consequently, 

the C14OH and C16OH systems were excluded from future testing plans.  

Cryo-TEM images of C14OH and C16OH, Figure 5.14, revealed a correlation 

between these populations and the presence of particles and lamellae phase 

sheets, that could be associated with this phase separation. 
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Figure 5. 14: CryoTEM imaging for a sample containing SDS:C14OH-
EO10PO30EO10. 

SAXS measurements showed that for C8/C10COOH samples sonicating the 

samples, without mineral oil, didn’t affect the particle strucute, as the curve 

maintained the same. However upon Moil addition an increase of scattering at 

low q values were observed.  
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Figure 5. 15: SAXS curves comparing samples containing 1.0wt% of particle 

for  C8/C10COOH system without sonication, sonicating without Mineral Oil and 

sonicating with Mineral Oil 

 

5.8.2. Test for oil loading with magnetic stirring 

 

For all tested systems, oil incorporation was attempted using only 

magnetic stirring. As shown in the figure below, although oil incorporation 

occurred, the particles exhibited instability, leading to phase separation within up 

to three days. This result suggests that sonication is crucial for both the 

successful incorporation of mineral oil and the stability of the system. 
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Figure 5. 16: A) SDS-C8C10COOH-EO20PO60EO20 after Moil addition with 
magnetic starring. B)  SDS-C8C10COOH-EO20PO60EO20 after Moil addition with 

magnetic starring after one day. 
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CHAPTER 6 
 

As observed throughout this thesis, we successfully obtained cellulose 

particles capable, which form spontaneously, but capable of incorporating low 

amounts of oil. In our second study, we managed to incorporate high amounts of 

oil into lamellar dispersion systems using triblock copolymers. Although particles 

formed spontaneously, as seen in the case of SDS-C8/C10COOH-EO10PO30EO10, 

achieving high oil incorporation still required a method involving high energy 

input. 

Therefore, in our next study, we decided to explore an alternative approach 

to nanoparticles formation: the interaction between surfactant polymers and 

oppositely charged species. This method was not only aimed at creating systems 

with low energy input but also at achieving high oil incorporation. 
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Highlights: 

• Triblock copolymers dispersed oppositely charged surfactant-polymer 

coacervates. 

• Spherical nanoparticles for oil loading were formed by applying a low-

energy method.  

• Materials available on a large scale and easily obtained ensure cost-

effective usability.  

• Copolymer's ethylene oxide length blocks controlled nanoparticle stability. 

• Nanoparticles could be fine-tuned for diverse formulations, including 

sprays. 

 

Keywords:  Core-shell, coacervate, encapsulation, triblock copolymer, colloids.  

Abstract 

 

When oppositely charged polymers and surfactants combine, they can form 

a concentrated phase rich in micelles interconnected by polymer chains. 

Dispersing this concentrated phase as nanoparticles in an aqueous media can 

be a way to load and deliver hydrophobic ingredients. This study employed 

triblock copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 

oxide), EOxPOyEOx, also known as poloxamers or pluronics, to disperse the 

concentrated phase, forming nanoparticles of aggregated micelles connected by 

the polyion chains. We showed that nanoparticles formed by 

hexadecyltrimethylammonium bromide (CTAB), poly(acrylic acid) (PAA), and 

different EOxPOyEOx copolymers can enhance the loading of oily ingredients 

compared to pure surfactant micelles. Dispersions with 1.6 wt % of nanoparticles 
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exhibited water-like viscosity and loaded up to 0.48 wt % of oil. Characterization 

techniques, including dynamic light scattering (DLS), zeta potential, small-angle 

X-ray scattering (SAXS), and cryogenic transmission electronic microscopy 

(cryo-TEM), revealed positively charged spherical 50-180 nm nanoparticles with 

a core formed by concentrated micelles, that were stable for at least 4 months. 

Variations in the EO and PO block lengths did not impact morphology, showing 

that different EOxPOyEOx copolymers were suitable for dispersing the 

nanoparticles. Increasing EO block length size decreased the diameter of 

nanoparticles and enhanced stability, providing a means to control their 

properties. In conclusion, nanoparticles formed by oppositely charged polymer-

surfactant mixtures and stabilized by triblock copolymers showed potential for 

applications, such as sprays, due to their effective oil loading, high stability, and 

facile preparation.  
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6.1. Introduction  
 

 

Oppositely charged polymers and surfactants tend to phase separate at a 

stochiometric ratio, forming a concentrated phase composed of interconnected 

micelles and polymer chains. This concentrated phase can potentially be 

effective for incorporating hydrophobic ingredients due to its hydrophobic interior. 

Hence, the formation of nanoparticles from this concentrated phase represents a 

potential strategy to develop new ways of loading and delivering hydrophobic 

ingredients. 

The interactions between oppositely charged polymers and surfactants 

have garnered significant interest due to their wide-ranging applications across 

industries such as cosmetics, household products, and enhanced oil recovery 

[57,134–138]. However, the mixture of these components can have properties 

completely different from the expected for the individual components, which can 

be undesirable if not thoroughly understood. In essence, charged polymers can 

concentrate oppositely charged surfactants, leading to phase separation in a 

stochiometric ratio [139–144]. This phenomenon results in a concentration of 

micelles enveloped by polymers that may form liquid crystal phases [2,144–146]  

capable of incorporating oil [2,147]. Adding hydrophilic blocks to the system can 

be a way to avoid the macroscopic phase separation but still have particles able 

to incorporate oil [59,148,149]. 

Bronich et al. [150] showed for the first time that covalently attaching a 

hydrophilic block to the polyion chain is an effective strategy to hinder the phase 

separation of oppositely charged polymer and surfactant. The authors showed 

the formation of an electroneutral complex (at a stoichiometric ratio of anionic 

monomer to cationic surfactant) that remained dispersed in water. Other studies 

using block copolymers [61,62,151–154]  observed the formation of core-shell 

nanoparticles whose interior comprises the surfactant molecules associated with 

the oppositely charged polymer and the hydrophobic groups of the block 

copolymer, while the copolymers' hydrophilic groups are in the matrix, increasing 

the nanoparticle stability. Our group [2] showed that the core-shell nanoparticles 

formed by electrostatic complexation of charged-neutral block copolymers with 

cationic surfactants can load hydrophobic ingredients [2]. Longer anionic blocks 
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resulted in higher oil loading, while longer neutral hydrophilic blocks increased 

nanoparticle dispersibility and stability [2]. However, these systems require the 

synthesis of the mentioned diblock polymers, which are not widely available on a 

large scale for the industry.  

Apart from diblock copolymers, grafting EO blocks to a main chain of 

polyelectrolyte is another strategy to avoid phase separation when mixing the 

polymer with oppositely charged surfactants. However, instead of dispersing the 

concentrated phase, this mixture forms water-soluble micelles [155] or liquid 

crystals at very high concentrations [156], similar to the behavior of regular 

surfactants. The addition of oils was not tested for these systems, but adding n-

alcohols changed their phase behavior [52]. Besides, the grafted polyelectrolytes 

were synthesized for the study and are not commercially available. 

Another approach to obtain dispersions of oppositely charged surfactant-

polymer systems involves using nonionic surfactants [157–161]. For instance, 

octaethylene glycol monododecyl ether (C12E8) led to the total dissolution of 

ordered complexes, in some oppositely charged polymer-surfactant mixtures 

whereas in others, a transition to different structures was observed [162]. Janiak 

et al. [143] also used a nonionic surfactant, penta(ethylene glycol) monododecyl 

ether (C12E5), to disperse oppositely charged polymer-surfactant systems. Their 

findings showed the formation of nanoparticles with both hexagonal and 

bicontinuous cubic internal structures. Specifically, they observed hexagonal 

structures at lower concentrations of C12E5, while higher concentrations led to a 

transition to bicontinuous cubic phases, as confirmed by small-angle X-ray 

scattering (SAXS) analysis. Cryo-transmission electron microscopy (cryo-TEM) 

images depicted faceted nanoparticles with diameters ranging from 88 to 140 nm, 

consistent with dynamic light scattering (DLS) measurements. Electrophoretic 

mobility measurements indicated that the nanoparticles carried a net positive 

charge, contributing to their long-term stability. Mészáros et al. [163] showed the 

influence of dodecyl maltoside (C12G2) on the formation of nanoparticles between 

sodium poly(styrenesulfonate) (PSS) with hexadecyltrimethylammonium 

bromides (CTAB) by mobility and turbidity measurements. Without C12G2, 

PSS/CTAB assemblies exhibited negative charges, indicating polymer excess. 

Upon adding a nonionic surfactant, the charges of PSS molecules are further 

compensated, the assemblies underwent a charge inversion from negative to 
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positive, followed by a sharp increase in turbidity, as C12G2 concentration 

increased precipitation. The presence of nonionic surfactant enhanced the 

binding of ionic surfactants to polyelectrolyte chains, leading to a decrease in 

mobility and charge reversal of the assemblies. The formation of water-soluble 

complexes was also observed by Somasundaran et al. [159], where C12G2 was 

added to a mixture of oppositely charged guar grafted with hydroxypropyl 

trimethyl ammonium chloride (HTAC) and sodium dodecyl sulfate (SDS). SDS 

attaches to HTAC through electrostatic attraction and acts as an anchor for the 

nonionic surfactant to interact with the complex, which plays a determinant role 

in its solubility. Although these studies obtained nanoparticles with a hydrophobic 

core, their internal structure and their ability to encapsulate oils were not studied. 

Adding nonionic polymers could also provide stable dispersions of 

oppositely charged polymers and surfactants. For instance, poly(ethylene oxide), 

PEO, is adsorbed onto the surface of SDS/ poly(ethyleneimine) (PEI) 

nanoparticles, depending on its concentration [164,165]. At lower concentrations 

of PEO (0.1 to 1 g.L-1), flocculation occurred. Above 1 g.L-1 of PEO, a thick 

adsorbed layer was formed on the nanoparticle surface, resulting in the steric 

stabilization of SDS/PEI nanoparticles dispersions. The adsorbed layer also 

depended on the molecular mass of the nonionic polymer and the preparation 

method [164,165].  

Triblock copolymers, EOxPOyEOx, are a class of synthetic copolymers 

formed by blocks of hydrophilic poly(ethylene oxide) (EO) and hydrophobic 

poly(propylene oxide) (PO). Due to their amphiphilic nature, they can form 

different assemblies in water, like micelles or liquid crystals, and have 

applications in drug delivery, cosmetics, and synthesis of different nanostructures 

[14,20,21,118,166,167]. For instance, EOxPOyEOx can prevent the aggregation 

between PEI and SDS when using an apparatus for a stopped-flow mixture, 

resulting in the complete suppression of PEI/SDS complex precipitation. The 

authors proposed the formation of sterically stabilized dispersions of 

nanoparticles with hydrophobic core and hydrophilic corona, although dynamic 

light scattering was the only technique used for characterizing the structure [31]. 

Confirming this structure would be important to explore the capacity of the 

hydrophobic core to dissolve hydrophobic molecules, whereas the hydrophilic 

shell disperses and stabilizes the system in aqueous medium.  
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The present study explored the triblock copolymers as agents for 

dispersing a concentrated phase of oppositely charged surfactant and polymer in 

the formation of nanoparticles capable of efficiently dissolving hydrophobic 

molecules within their core while maintaining dispersion in low-viscosity aqueous 

media by applying a simple mixing protocol. Four different EOxPOyEOx triblock 

copolymers were employed in an optimized preparation method involving 

hexadecyltrimethylammonium bromide and polyacrylic acid. The aim was to 

investigate the capacity of these nanoparticles to load oil and comprehend the 

impact of different triblock copolymer chain lengths on the nanoparticles' 

structure, stability, and oil encapsulation capacity. Hence, we proposed a more 

straightforward way to obtain nanoparticles of oppositely charged surfactants and 

polyions compared to the ones described in the literature, using chemicals widely 

available in the industry, which imply a potential application for the delivery of 

hydrophobic ingredients.  

 

6.2. Experimental Section 
 

6.2.1.  Materials  
 

Triblock copolymers, EO90PO60EO90, EO20PO60EO20, EO10PO30EO10, and 

EO04PO30EO04 were kindly supplied by Oxiteno and used as received, and their 

information is available in Table 6.1. Hexadecyltrimethyl ammonium bromide (≥ 

98%), CTAB, and polyacrylic acid, PAA, (Mv ~ 450 kDa), were purchased from 

Sigma-Aldrich in the highest purity available. CTAB was selected for this study to 

precisely control the stoichiometric ratio, as its solid form allows for higher purity 

and accurate weight measurement. However, some tests were also conducted 

with Dehyquart A-CA from BASF, which is an aqueous solution of 

hexadecyltrimethyl ammonium chloride 24-26% used in cosmetic products. Ultra-

pure water (18.2 MΩ·cm) obtained from Direct-Pure UP Rephile was used to 

prepare the samples. Eucalypt oil (EOil) and bergamot oil (BOil) were bought 

from viaAroma, sunflower oil (SFOil) from Giroil, and mineral oil (MOil) from Neon. 

The chemical structures of the materials used in this study are presented in 

Scheme 6.1-SI. 

 



110 
 

Table 6. 1 Names, weight fraction of ethylene oxide (EO%), average molecular 

weight (Mw) and hydrophilic-lipophilic balance (HLB) of the triblock copolymers 

provided by Oxiteno. 

Polymer Trade Name Poloxamer Name EO% Mw (kD) HLB 

EO90PO60EO90 Ultraric PE 127 Poloxamer 127 70% 11.43 21 

EO20PO60EO20 Ultraric PE 334 Poloxamer 334 35% 5.26 15 

EO10PO30EO10 Ultraric PE 64 Poloxamer 184 35% 2.64 13 

EO04PO30EO04 Ultraric PE 62 Poloxamer 182 17% 2.11 7 

 

6.2.2. Sample Preparation  
 

Samples were prepared by adding a PAA aqueous solution (0.14 wt% or 

13.7 mmol.L-1 of repeating units, pH of the solution was 4,3 in the range of its pka 

[168,169])  dropwise (1 drop per second) to an aqueous solution of CTAB (0.5 

wt%, 13.7 mmol.L-1)  and EOxPOyEOx (0.96 wt%) under continuous magnetic 

stirring. The concentrations in molarity were 0.77 mmol.L-1 for EO90PO60EO90, 

1.77 mmol.L-1 for EO20PO60EO20, 3.31 mmol.L-1 for EO10PO30EO10 and 4.38 

mmol.L-1 for EO04PO30EO04. In some cases, a desired amount of oil was also 

present in the surfactant solution. The supplementary material (Section 6.8.1) 

describes the tests employed to select the mentioned concentrations.  

 

6.2.3.  Sample Characterization  
 

Visual inspection was registered by photographs to determine the 

occurrence of phase separation. Dynamic light scattering (DLS) measurements 

were conducted using a SZ-100 Nanopartica instrument from Horiba, equipped 

with a 10 mW laser with a wavelength of 532 nm. Each sample (2.0 mL) was 

added to a polystyrene cuvette with four optically clear sides and a path length of 

10 mm. The cuvettes were previously rinsed with fresh ultra-pure water and 

immediately covered after sample addition to avoid contamination with dust. All 

experiments were performed in triplicate at 25 °C, with an exposition time of 120 

s and a scattering angle of 90°. The acquired data were processed using the 
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HORIBA NextGen Project SZ-100 software, employing Inverse Laplace 

Transform (ILT) to obtain intensity distributions and mean hydrodynamic radii. 

Zeta Potential was measured using the same equipment at 25 °C. The sample 

was held in a 1.5 mL U-shaped, disposable, folded capillary cell with two 

electrodes. The electrophoretic mobility was measured by the same equipment 

and converted to the zeta potential using its software based on the Smoluchowski 

Theory.  

Small-angle X-ray scattering (SAXS) measurements were performed at the 

Institute of Physics of the University of São Paulo (IF-USP). The instrument used 

was a Xenocs Xeuss 2.0, equipped with a Dectris Pilatus 300k. The X-ray 

wavelength employed was 0.154 nm (CuKα line). Each sample was positioned in 

a capillary sample holder, and a thermal bath was used to maintain a constant 

temperature of 30 °C. The measurement duration was 5400 seconds. The 

distance between the sample holder and the detector was 0.2 m, resulting in a q 

range between 0.2 and 7.2 nm-1. Fit2D [78] and SuperSAXS package software 

[79] allowed the subtraction of background and solvent (pure water) and 

integration of the obtained images. The resulting intensity curves, denoted as I(q), 

as a function of scattering vector q, were fitted to a power law model using 

OriginLab at low q values. The q value of the first peak (selected from the peak 

maximum value) of each curve was used to determine the correlation distance, d 

= 2π/q. A Pm3n cubic structure was identified by the peaks corresponding to 

crystallographic planes (011),(002),(201),(112),(202), and (301) for some 

samples. In these cases, the cell parameter, a, was calculated by Equation 6.1. 

𝑞 =
2𝜋

𝑎
(ℎ2 + 𝑘2 + 𝑙2)  Equation 6.1 

Where h, k, l are the Miller indices of the peak.   

The cell volume was calculated using V = a3. The micelle volume was 

calculated as Vm= V/(8 x 0.333), considering the presence of 8 quasi-spherical 

micelles within each unit cell, with a packing parameter of 0.333. Micelle radius 

was geometrically estimated as rm = (3·Vm/4 π)1/3. 

Cryogenic transmission electron microscopy (cryo-TEM) was used at the 

Brazilian Nanotechnology National Laboratory (LNNano). The samples were 
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diluted to 2 mg mL-1, and a 3 uL droplet was deposited on a 300-mesh lacey 

carbon-coated copper grid (Ted Pella). Samples were prepared in an automated 

vitrification system (Vitrobot Mark IV, FEI, Netherlands) with a blot force of -3 and 

a blot time of 3 s. The images were obtained using a TALOS F200C 

(ThermoFisher Scientific, Oregon, USA) equipped with a 4k x 4k CMOS camera, 

operating at 200 kV. Particle size was determined by analyzing at least 100 

particles for each sample.  

The oil loading capacity was accessed by the addition of various amounts 

of MOil (0.32, 0.48, and 0.64 wt %) into 5.0 mL of the solution containing CTAB 

and EOxPOyEOx, followed by the gradual addition of 5.0 mL of PAA. 

 

6.3. Results and Discussion  

 

6.3.1.  Characterization of nanoparticles 
 

All the samples formed by 1.6 wt % of CTAB-PAA-EOxPOyEOx in water 

are turbid and have water-like viscosity (Figure 6.1A). Samples with 

EO04PO30EO04 or EO10PO30EO10 presented phase separation after 4 months, 

EO20PO60EO20 after 4 months and 20 days, while samples with EO90PO60EO90 

remained visually homogenous for at least 6 months. EOxPOyEOx hydrophilic 

neutral blocks can hinder the macroscopic phase separation, dispersing and 

stabilizing the complexes in aqueous medium, forming nanoparticles. Based on 

the studies using hydrophilic blocks attached to the polyion [2,59,144] or by 

adding EOxPOyEOx [31,170], we hypothesized that the nanoparticles would form 

a core-shell structure. The core would be formed by polyion chains neutralizing 

CTAB micelles mixed with EOxPOyEOx. The long EO chains would create a 

"hairy" shell extending towards the aqueous media (Scheme 6.1). It is 

worthmentioning that the samples formed by the posterior addition of EOxPOyEOx 

to a mixture of CTAB and PAA does not hinder phase separation, indicating that 

the order of the process is essential to form the nanoparticles. 
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Figure 6. 1 Pictures of CTAB-PAA-EOxPOyEOx nanoparticles at 1.6 wt % A) 
before and B) after mineral oil loading (0.48 wt %).  
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Scheme 6. 1 Representation of (A) components and micelles; and B) hypothetic 

core-shell structure expected for CTAB-PAA-EOxPOyEOx particles based on the 

literature [2,31,144,156] and confronted with the results of the present study. PAA 

addition to CTAB-EOxPOyEOx micelles leads to electrostatic interaction, 

interconnecting the mixed micelles and forming core-shell nanoparticles. 

 

Cryo-TEM images showed the morphology of the nanoparticles (Figure 

6.2A-C and 6.2G-I), revealing that CTAB-PAA-EOxEOyEOx formed spherical 

nanoparticles with a diameter varying from 50 to 180 depending on the poloxamer 

of choice (obtained by measuring 120 particles for each system, diameters 

measured are described in Table 6.2). The interface of the nanoparticles is 

smooth, and they have a uniform electron density without the expected hairy shell 

of EO blocks represented in Scheme 6.1. Indeed, based on the gyration radius 

of the hydrophilic block in water [171], the shell would theoretically present a 

maximum thickness of 1.6 nm. This observation may originate from inadequate 

contrast or resolution to discern the shell or from the fact that electron microscopy 

could not resolve them due to solvation effects. Using different EOxPOyEOx did 

not affect the morphology or diameter of the nanoparticles.  
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Figure 6. 2 Cryo-TEM images of different CTAB-PAA-EOxPOyEOx nanoparticles: 

A-B) with EO90PO60EO90; C) Zoom into the region highlighted in yellow in A; D-

E) with EO90PO60EO90 and MOil; F) Zoom into the region highlighted in yellow in 

E; G-H) with EO04PO30EO04 nanoparticles; I) Zoom into the region highlighted in 

yellow in G; J-K) with EO04PO30EO04 and Moil. L) Zoom into the region 

highlighted in yellow in K. 
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Table 6. 2 CTAB-PAA-EOxPOyEOx nanoparticles' diameter measured by Cryo-
TEM and DLS. 

Samples Cryo-TEM (diameter) nm DLS (Hydrodynamic Diameter) nm 

EO04PO30EO04 70 ± 21 132 ± 5 

EO90PO60EO90 85 ± 20 161 ± 3 

 

DLS provided size distributions showing that all samples present only one 

population with mean hydrodynamic diameter varying from 132 to 175 nm 

depending on the copolymer of choice (Table 6.2 and Figure 6.3), confirming the 

formation of nanoparticles due to the addition of EOxPOyEOx copolymers. The 

large difference between the hydrodynamic diameter obtained by DLS and the 

size measured by TEM could be related to the presence of a hairy shell affecting 

the diffusion or the difference in weighting between the techniques. When 

comparing two systems with the same PO block length, the ones with longer EO 

chains presented slightly larger hydrodynamic diameters, corroborating the 

hypothesis because larger nonionic blocks would lead to larger corona structures 

than the others. Measurements after 1 month showed that the diameter of 

nanoparticles with EO04PO30EO04, EO10PO30EO10, EO20PO60EO20, and 

EO90PO60EO90 increased 14 %, 60 %, 64 %, and 2,5 %, respectively (Figure 6.3). 

Precipitation was observed for EO04PO30EO04 and EO10PO30EO10 after 120 days 

and for EO20PO60EO20 after 140 days. However, nanoparticles prepared with 

EO90PO60EO90 did not precipitate for at least 6 months and presented the 

smallest diameter variation, showing that its long EO blocks were important to 

guarantee stabilization.  
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Figure 6. 3: Hydrodynamic diameter distribution of samples containing CTAB-

PAA-EOxPOyEOx nanoparticles at 1.6 wt % measured by DLS 1, 120, and 180 

days after preparation. The numbers indicate the mean hydrodynamic diameter 

and the standard deviation of triplicates. *Straight line: samples measured after 

1 day, dash line: samples measured 120 days, short-dash line: samples 

measured after 180 days. 

 

Due to the high stability observed, apparent zeta potential (ζ) was measured 

for all CTAB-PAA-EOxPOyEOx nanoparticles, presenting a value of 39 ± 5 mV, 

corresponding to an electrophoretic mobility of 0.00037 ± 0.00004 cm2.Vs-1, 

which remained the same across all samples. The measurements were 

performed in water; hence, the potential zeta values are only apparent but 

indicate positively charged particles. The particles were expected to be 

electroneutral, but the complexation equilibrium shifted, probably due to the pKa 

of PAA and the pH of the medium. However, there is no sufficient evidence to 
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prove this hypothesis. Although a high positive value could be attributed to the 

high stability, this is not the sole reason. Samples with different EOxPOyEOx 

presented different times for destabilization and had the same zeta potential 

value. A possible explanation would be the presence of the expected hairy shell, 

which would explain why the systems with longer EO blocks exhibited greater 

stability. All the samples presented a pH of 4.3, indicating that only a fraction of 

carboxyl groups are ionized in PAA. The degree of ionization affects the overall 

electrostatic balance within the system, potentially influencing the self-assembly 

and stability of nanoparticles formed. In the present study, the pH was not varied 

to study nanoparticle formation by only mixing the raw materials. However, this 

parameter could be varied to explore other possibilities, such as the controlled 

release of components loaded in the nanoparticles due to pH sensitivity. 

The range of diameter for the obtained nanoparticles is similar to or slightly 

higher than the ones observed in previous studies, which obtained core-shell 

structures by using diblock charged-neutral copolymers with oppositely charged 

surfactants [2,153] or by adding a nonionic surfactant to the complex of oppositely 

charged surfactant and polymers [41]. The differences between the average 

sizes observed by TEM and the hydrodynamic diameters obtained by DLS are in 

the same range as the studies that proposed core-shell structures [153], 

reinforcing that this structure is also possible in the present system, although the 

shell was not visible by cryo-TEM, due to the similar electron density of highly 

hydrated EO and the surrounding water. 

USAXS and SAXS curves also provide information for elucidating the 

structure of the obtained nanoparticles (Figure 6.4). The Guinier region is not 

within the analyzed range of q to calculate the gyration radius, Rg, due to the 

relatively large sizes of nanoparticles (around hundreds of nanometers, providing 

Rg*q > 1.3). Hence, the decay observed at q values lower than 5 x 10-2 nm-1 is 

probably related to the Porod region, providing information on the surface of the 

nanoparticles through their fractal dimension. This region was fitted to a power-

law model, where I(q) ~ q-α, and α is the power-law exponent, which is related to 

the fractal dimension of the object, Dm (mass fractal for 1 < α < 3) or Ds (surface 

fractal for 3 < α < 4) [172,173]. According to Porod's law, objects with a smooth 

surface have α = 4 [174,175]. For the nanoparticles from the present study, α 
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varies between 1.9 and 2.4, indicating they are a mass fractal and do not have a 

smooth surface as seen by cryo-TEM images. The literature presents some 

values as references for comparison. Interestingly, the range of 2 to 2.5 is mainly 

related to different conformations of polymer chains [172,173], indicating that the 

nanoparticle's surface might be formed by a shell of EO blocks extending towards 

the aqueous medium. 
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Figure 6. 4 USAXS and SAXS curves of aqueous samples prepared with CTAB 

17 mmol.L-1, PAA 17 mmol.L-1 and different EOxPOyEOx (0.77 mmol.L-1 of 

EO90PO60EO90, 1.77 mmol.L-1 of EO20PO60EO20, 3.31 mmol.L-1 of EO10PO30EO10 

and 4.38 mmol.L-1 of EO04PO30EO04). The lines refer to the fitting of I(q) ~ q-α, and 

the values are the power-law exponent (α). Measurements were performed one 

day after sample preparation. 

 

After characterizing the shell, SAXS data can also be used to gather 

information about the structure inside the core. Mixing surfactants and oppositely 

charged polymers at a stoichiometric ratio of charges can form liquid crystals [57]. 

Previous studies involving the attachment of a hydrophilic block to the 
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polyelectrolyte [2,176] or the addition of nonionic surfactant [143,176] can keep 

the presence of a liquid crystalline structure in the dispersed nanoparticles. When 

aqueous solutions of CTAB and PAA were mixed in stoichiometric proportion of 

charges (17 mmol.L-1 each), a liquid crystalline phase with a cubic Pm3n structure 

and a unit cell of 9.5 nm was formed, as evidenced by SAXS (Figure 6.4). 

However, by adding EOxPOyEOx copolymers, the SAXS curve exhibited only a 

broad structure peak. Hence, the copolymers hinder not only phase separation 

but also the self-organization of micelles in liquid crystals. This disorganization is 

probably caused by the presence of hydrophobic PO blocks inside the 

nanoparticle's core. The correlation distance is probably related to the distance 

between the center of neighboring micelles and can be calculated from the 

structure peak position (d = 2π/q). The value of d was 4.2 nm for EO04PO30EO04 

and EO90PO60EO90 and 3.8 nm for EO10PO30EO10 and EO20PO60EO20. A straight 

hexadecyl chain has 2.15 nm, according to Tanford's equation [177], so CTAB 

micelles have a diameter of around 4.3 nm. The similarity between the diameter 

and the correlation distance indicates that the micelles are still in close contact, 

although not organized. SAXS results from micellar solutions of CTAB with 

EO90PO60EO90 or EO04PO30EO04 at the same concentrations used to prepare the 

nanoparticles corroborate this hypothesis (section 6.8.2 of Supplementary 

material). The micelles formed by CTAB or its mixture with EOxPOyEOx can be 

considered core-shell ellipsoids with cross-sections in the same size range of the 

correlation distance obtained by SAXS for the nanoparticles. Therefore, although 

EO blocks disperse and stabilize the nanoparticles in water, PO blocks likely 

hinder the organization of the concentrated micelles inside the core.  

The obtained results agree with our hypothetical structure. Although they 

are not an unequivocal proof, we propose that upon PAA addition into CTAB-

EOxPOyEOx mixed micelles, the polyanion interconnects several cationic mixed 

micelles by electrostatic attraction, forming a core rich in the concentrated 

micelles, while the EO blocks of the nonionic copolymer extend towards the 

aqueous medium forming a hydrophilic hairy shell, as represented in Scheme 

6.1. The proposed structure is very similar to core-shell nanoparticles formed by 

charged-neutral diblock copolymers with oppositely charged surfactants 

[2,59,176]. Hence, we propose that the nanoparticles obtained in the present 
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study can also be used to load hydrophobic ingredients in their core formed by 

concentrated micelles [2]. 

 

6.3.2.  Oil loading  
 

Mineral oil (MOil) was added during the preparation of the nanoparticles to 

verify their applicability as vehicles of hydrophobic ingredients. The overall oil-

loading capacity was tested with samples containing and increasing 

concentrations of MOil up to 0.64 wt%. Oil separation was evident at the highest 

used concentration (Figure 6.10 of Supplementary material), indicating that the 

loading capacity was exceeded. Consequently, suspensions of 1.6 wt% of 

nanoparticles with 0.48 wt% of MOil were characterized and compared with 

similar samples without oil. It is worth noticing that the solutions of CTAB, PAA, 

EOxPOyEOx, CTAB-EOxPOyEOx, or PAA-EOxPOyEOx are not capable of 

dissolving or dispersing oil at this concentration by the same method of 

homogenization used for the nanoparticles.  

MOil addition did not alter the visual appearance of the suspensions 

(Figure 6.1B) or the morphology of the nanoparticles (Fig 6.2D-F and 6.2J-L) 

but reduced their hydrodynamic size and increased their polydispersity (Figure 

6.5), except for the sample with EO90PO60EO90. Comparing the different 

copolymers used in the nanoparticles, the stability was lower for samples made 

with EO10PO30EO10 or EO20PO60EO20, presenting oil separation after 2 days, than 

for samples with EO20PO60EO20, which were stable for 60 days, or with 

EO90PO60EO90, which were stable for more than 180 days. However, there is no 

clear trend of the effects of EO/PO block length on the stability time. 
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Figure 6.5 Hydrodynamic diameter distribution of CTAB-PAA-EOxPOyEOx 

nanoparticles at 1.6 wt % obtained by DLS measurements without and with 0.48 

wt% of mineral oil, one day after preparation. 

 

A reduction in size after oil addition has already been observed for core-

shell nanoparticles [2], which was attributed to the phase transition of the micelles 

inside the core, observed in SAXS data. However, in the present study, MOil only 

caused a slight increase in the correlation distance for nanoparticles containing 

EO04PO30EO04 to d = 4.4 nm, comparing with the sample without oil which 

showed d = 4.2 nm (Figure 6.6), suggesting that incorporation of MOil did not 

alter the structure of the nanoparticles.  
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Figure 6.6 SAXS curves of CTAB-PAA-EO04PO30EO04 and CTAB-PAA-

EO90PO60EO90 nanoparticles at 1.6 wt% without and with 0.48 wt% of mineral oil. 

Measurements were performed one week after sample preparation. 

 

6.3.3.  Loading of different oils  

 

CTAB-PAA-EO90PO60EO90 system was chosen to compare the effects of 

different oils due to its superior stability. Various oils were employed to evaluate 

the system's capability to incorporate oils of diverse polarities and origins, 

including vegetal and mineral oils. Bergamot oil (BgOil) and Eucalyptus Oil 

(EuOil) are essential oils with a cyclic structure (Scheme 6.21-SM) and can be 

used in pharmaceutical and cosmetics formulations [133]. Sunflower Oil (SfOil) 

is a vegetable oil containing predominantly linoleic acid [178]. All the systems 

displayed low viscosity (visually similar to water), regardless of the oil added (at 

0.48 wt %), allowing their use in spray formulations, for example. Adding SfOil 

and EuOil decreased the hydrodynamic diameter of the nanoparticles to values 

similar to those observed upon MOil addition. The addition of BgOil did not 

change the nanoparticles diameters (Figure 6.7). As observed for Moil, samples 

containing BgOil, EuOil did not present phase separation for at least 6 months. 

However, the sample with SFOil presented oil separation after 3 months.  
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Figure 6. 7: Hydrodynamic diameter distribution of samples containing 1.6 wt % 

CTAB-PAA-EOxPOyEOx nanoparticles with different oils obtained by DLS, one 

day after sample preparation. 

 

Although the nanoparticles presented the same diameter range and several 

months of stability regardless of the oil used, SAXS results show the effect on the 

core structure (Figure 6.8). The correlation peak became narrower and more 

intense in the following order: MOil, SfOil, EuOil, and BgOil. Moreover, the peaks 

slightly shifted to lower q-values, and a broad signal appeared around 0.08 and 

0.06 Å-1 for samples containing EuOil and BgOil, respectively. MOil is mainly 

formed by linear saturated hydrocarbons, and SfOil by unsaturated fatty acids. In 

contrast, EuOil and BgOil are mainly formed by cyclic compounds, which are very 

different to the linear CTAB molecules compared to the compounds of MOil and 

SfOil. Hence, when dissolved in the interior of CTAB micelles, EuOil and BgOil 

could probably have more impact on the micellar curvature and diameter, 

affecting their organization. The effect of hydrophobic oil in the core of CTAB was 

also observed by Akamatsu et al. [179], where SANS measurements was used 

to study the solubilization of oils in the presence of micelles. This study showed 
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that limonene (one of the major components of BgOil) was solubilized inside the 

core of CTAB micelles, which could be related to the broad bump observed in 

SAXS measurements.   
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Figure 6. 8 SAXS curves of 1.6 wt% of CTAB-PAA-EO90PO60EO90 nanoparticles 

with 0.48 wt% of different oils. Measurements were performed one week after 

sample preparation. 

 

6.4. Conclusion  

 

The present study shows the possibility of obtaining stable nanoparticles 

capable of loading hydrophobic ingredients by a straightforward method. It uses 

triblock copolymers (EOxPOyEOx) to disperse the liquid-crystalline phase formed 

by oppositely charged surfactants and polymers. The procedure is simple, 

involves widely available materials, and does not require high energy input. The 

suspensions have water-like viscosity, which is adequate for spray formulations 

or to be adapted using rheology modifiers when necessary. 

Cryo-TEM images provided a clear depiction of the morphology of the 

nanoparticles, evidencing their spherical shape and sizes of tens to hundreds of 
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nanometers depending on the EOxPOyEOx used. Despite expectations of a core-

shell structure with a "hairy" shell extending towards the aqueous media, the cryo-

TEM images did not show evidence of the expected shell, possibly due to 

resolution limitations, lack of electron contrast, or solvation effects. However, 

dynamic light scattering (DLS) measurements confirmed the presence of 

nanoparticles with hydrodynamic diameters consistent with the formation of a 

shell, as evidenced by the difference between DLS and TEM measurements. 

Moreover, longer EO blocks contributed to enhanced stability, with nanoparticles 

containing EO90PO60EO90 stable for at least 6 months. Zeta potential 

measurements further supported the role of EO blocks in stabilizing the 

nanoparticles because all samples presented similar positive zeta potential 

values. 

Although electron microscopy could not reveal the hypothetical structure, 

small-angle X-ray scattering (SAXS) provided additional insights. The core is 

formed by concentrated CTAB micelles neutralized by PAA chains but is not liquid 

crystalline. The nanoparticles have a mass fractal surface structure, indicating 

their surface is not smooth, which agrees with a hairy shell. Hence, we propose 

that the hydrophobic PO blocks are probably inside the micelles, whereas the 

hydrophilic EO blocks probably extend towards the aqueous medium, providing 

stability. The differences are small when varying the copolymer structure or the 

oil type, showing the nanoparticles' versatility as vehicles of oily ingredients in the 

aqueous medium. For samples containing 1.6 wt% of CTAB-PAA-

EO90PO60EO90 nanoparticles, at least 0.48 wt% of different oils can be loaded, 

resulting in 30% oil relative to the particle mass with stability of at least 6 months. 

In conclusion, our study advances the understanding of colloidal and 

surface science by providing detailed insights into the formation, structure, and 

stability of nanoparticles composed of CTAB-PAA-EOxPOyEOx copolymers. Our 

findings suggest an interplay between copolymer composition, nanoparticle 

structure, and stability, with implications for various applications in 

pharmaceuticals, cosmetics, and beyond. The proposed core-shell structure, 

inspired by previous studies with charged-neutral diblock copolymers [2,59,144], 

highlights the ease of preparation and versatility of these nanoparticles for loading 

hydrophobic ingredients and potentially delivering them to target sites. Moreover, 
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considering the pH-sensitivity of PAA, future studies can investigate the system 

at different pH levels to explore the possibility of pH-controlled release 
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6.8.1. Optimization of the Experimental Procedure  

 

All concentrations used in the experiments are described in Table 6.3. For 

clarity, chemicals concentrations will be denoted as [CTAB]a, [PAA]b and 

[EOxPOyEOx]c, where a, b and c represent the respective concentrations 

employed in mmol.L-1. The chemical structure of the compounds employed in this 

study are illustrated in Scheme 6.2, for oils we used the major component.  

 

Scheme 6. 2 Chemical structures of (A) EOxPOyEOx triblock copolymer, (B) 

CTAB, (C) PAA, (D) limonene (the major component of BOil), (E) eucalyptol, (the 

major component of EOil) (F) paraffin (the major component of MOil) (G) linoleic 

acid (the major component of SFOil). 

Table 6.3: Concentrations of Hexadecyltrimethyl ammonium bromide(CTAB), 

polyacrylic acid, PAA and different triblock copolymers (EO90PO60EO90) used 

in this work.   

 

[CTAB] mmol.L-1 [PAA] mmol.L-1 [EO90PO60EO90] mmol.L-1 

2.7 2.7 0.15 

8.2 8.2 0.46 

13.7 13.7 0.77 
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27.4 27.4 1.54 

54.8 54.8 3.08 

13.7 13.7 0 

13.7 13.7 0.03 

13.7 13.7 0.13 

13.7 13.7 0.26 

13.7 13.7 1.54 

 EO10PO30EO10 mmol.L-1 

13.7 13.7 3.3 

 EO04PO30EO04 mmol.L-1
 

13.7 13.7 4.4 

 EO20PO60EO20 mmol.L-1 

13.7 13.7 1.8 

 

6.8.2 Methods of preparation  

 

The investigation started by employing EO90PO60EO90, chosen for its 

heightened hydrophilicity. Throughout the text, polymer’s concentration is 

expressed in terms of repeating units. Previous studies highlighted the impact of 

different methodologies on the dispersibility of a concentrated phase [31,161], 

hence, to determine the optimal sample preparation method, a concentration of 

13.7 mmol.L-1 was fixed for CTAB and PAA monomers. 

Three distinct methodologies were explored. Initially, a CTAB-PAA mixture 

was prepared, followed by the gradual addition of EO90PO60EO90. However, 

EO90PO60EO90 demonstrated an inability to dissolve the formed CTAB-PAA 

complex due to strong electrostatic interactions, rendering the complex insoluble. 

An alternative approach involving gradual CTAB drops addition to a PAA-

EO90PO60EO90 mixture, but this resulted in turbidity and some phase separation, 

which was attributed to the tendency of PAA-EO90PO60EO90 to form larger 

micellar aggregates, as observed by Wang at al. in their study [180]. The final 

method utilized a mixture of CTAB-EO90PO60EO90 with PAA added drop by drop, 

yielding a milk-like sample characterized by high stability. 

 

6.8.3 Effect of EO90PO60EO90 on the dispersion of CTAB-PAA complex 

and formation of nanoparticles: 
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To assess the optimal EO90PO60EO90 proportion to obtain the nanoparticles, 

samples were prepared with the same CTAB and PAA concentration, varying the 

copolymer concentration. Images in Figure 6.9 depict distinct system changes 

as EO90PO60EO90 concentration increased. Particle size analysis confirmed 

macroscopic observations, indicating a crucial role of EO90PO60EO90 

concentration in phase behaviour. Initially, a solid formed at concentrations up to 

0.13 mmol. L-1 of EO90PO60EO90, Figure 6.9A-6.9C. This solid, characterized by 

thin filaments visible only to the naked eye, in imagens 1B and 1C, was not 

captured in images. Subsequently, a mixture of solid and a highly turbid sample 

emerged, indicating the beginning of nanoparticles’ formation up to 0.26 mmol. L-

1 of EO90PO60EO90, Figure 6.9D. Following this stage, the sample transitioned 

into a white and turbid dispersion without any solid formation above 0.77 mmol. 

L-1 of EO90PO60EO90 and the same behaviour was observed up to 1.54 mmol. L-

1 of EO90PO60EO90. 

 

 

Figure 6.9: Photographs of samples containing 13.7 mmol.L-1 CTAB 13.7 

mmol.L-1 PAA monomers and EO90PO60EO90 in the following concentrations: A) 

none; B) 0.03 mmol.L-1; C) 0.13 mmol.L-1; D) 0.26 mmol.L-1; E) 0.77 mmol.L-1; F) 

1.54 mmol.L-1. 

 

Particle size was determined using DLS, yielding results consistent with 

macroscopic observations, Figure 6.10. Particle size analysis of 

[EO90PO60EO90]0.13 and [EO90PO60EO90]0.26 was conducted after separating the 
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solid and liquid components, revealing diameters above 1 μm for 

[EO90PO60EO90]0.13 , outside the measured range of the technique, and 350 nm 

for [EO90PO60EO90]0.26, confirming the formation of nanoparticles. An increase in 

EO90PO60EO90 concentration resulted in a reduction in particle diameter, with 

[EO90PO60EO90]0.77   measuring 161 nm and [EO90PO60EO90]1.54 110 nm. This 

suggests a crucial role of the copolymer in phase behaviour, consistent with 

previous findings in similar systems where increased nonionic surfactant 

concentration led to enhanced miscibility in water of different P-S complexes 

[162].  
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Figure 6.10: Hydrodynamic diameter distribution of samples containing CTAB-
PAA-EO90PO60EO90 by DLS at different triblock copolymer, EO90PO60EO90, 
concentrations. 

 

Both [EO90PO60EO90]0.77 and [EO90PO60EO90]1.54 exhibited similar particle 

sizes with stability maintained for at least 45 days at 25 °C, therefore considering 

the eventual application of these systems on bigger scales we decided to fix 0.77 

mmol.L-1 as the copolymer concentration.  
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Following adjustment of copolymer concentration, we investigated the 

impact of varying CTAB-PAA concentrations on the size distribution of the 

systems (ranging from CTAB2.7-PAA2.7-[EO90PO60EO90]0.15 to CTAB27.4-PAA27,4-

[EO90PO60EO90]1.54. Figure 6.11) to determine the optimal concentration of the 

surfactant and polyion for utilizing this system as nanocarriers. Gradually 

increasing CTAB-PAA concentration from samples such as CTAB2.7-PAA2.7-

[EO90PO60EO90]0.15 to CTAB13.7-PAA13.7-[EO90PO60EO90]0.77, Figure 6.11A-

6.11C, resulted in a slight increase of the size, as observed in DLS 

measurements at Figure 6.11. However, CTAB27.4-PAA27,4-[EO90PO60EO90]1.54, 

Figure 6.11D, exhibited a notable change. This behaviour suggests that the 

system may be approaching a phase transition, as evidenced by the drastic 

transformation of CTAB54,8-PAA54,8-[EO90PO60EO90]3,08 into a gel-like sample with 

high viscosity, Figure 6.11E, making the measurement of its size through DLS 

unfeasible.  

 

Figure 6.11: Photographs of samples containing CTAB-PAA-EO90PO60EO90 in 

the following concentrations: A) CTAB 2.7 mmol.L-1, PAA 2.7 mmol.L-1 and 

EO90PO60EO90 0.15 mmol.L-1; B) CTAB 8.2 mmol.L-1, PAA 8.2 mmol.L-1 and 

EO90PO60EO90 0.46 mmol.L-1; C) CTAB 13.7 mmol.L-1, PAA 13.7  mmol.L-1 and 

EO90PO60EO90 0.77 mmol.L-1; D) CTAB 27.4 mmol.L-1, PAA 27.4 mmol.L-1 and 

EO90PO60EO90 1.54 mmol.L-1; E) CTAB 54.8 mmol.L-1, PAA 54.8 mmol.L-1 and 

EO90PO60EO90 3.08 mmol.L-1. 
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Figure 6.12: Hydrodynamic diameter distribution of samples containing CTAB-

PAA-EO90PO60EO90 by DLS in the following concentration: A) CTAB 2.7 mmol.L-

1, PAA 2.7 mmol.L-1 and EO90PO60EO90 0.15 mmol.L-1; B) CTAB 8.2 mmol.L-1, 

PAA 8.2 mmol.L-1 and EO90PO60EO90 0.46 mmol.L-1; C) CTAB 13.7 mmol.L-1, 

PAA 13.7  mmol.L-1 and EO90PO60EO90 0.77 mmol.L-1; D) CTAB 27.4 mmol.L-1, 

PAA 27.4 mmol.L-1 and EO90PO60EO90 1.54 mmol.L-1. 

 

Mineral oil loading was assessed in all samples with EO90PO60EO90 

concentrations up to 0.77mM, higher concentrated samples was not tested 

considering the phase transition proposed. Mineral oil was encapsulated in both 

CTAB8,2-PAA8,2-[EO90PO60EO90]0,46 and CTAB13.7-PAA13.7-[EO90PO60EO90]0.77, 

however, the last one showed high stability and oil entrapment while the first one 

had oil separation after two hours, therefore, we selected this sample as the 

optimal concentration for further study.  

In order to determine the maximum oil loading capacity of CTAB13.7-PAA13.7-

[EO90PO60EO90]0.77 sample, we tested with various proportions of Moil, up to 0.64 

wt%. However, at this concentration, we observed oil separation and 0.48 wt% 
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were selected as the highest amount of oil to be loaded into the nanoparticles. 

(Figure 6.13) 

 

Figure 6.13: Pictures of CTAB-PAA-EOxPOyEOx nanoparticles at 1.6 wt % with 
0.48 wt% and 0.64 wt% of Mineral Oil, respectively. 

 

6.8.4 Structural evaluation by Small Angle X-Ray Scattering  

To evaluate the structure of the particles, SAXS measurements were 

performed for samples containing CTAB-EO90PO60EO90/EO04PO30EO04 and pure 

CTAB, Figure 6.14 contains all scattering patterns for samples.  
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Figure 6.14: SAXS Curves, with normalized intensity in arbitrary units (with 
background subtraction as a function of the scattering vector q CTAB and 

CTAB-EO90PO60EO90/EO04PO30EO04. 

Fitting parameters and model were the same as described by Wu et al[181]. 

CTAB and CTAB-EO90PO60EO90/EO04PO30EO04 were fitted using core-shell 

ellipsoidal model.  

SAXS measurements of CTAB 0.5 wt%, CTAB-EO90PO60EO90, and CTAB-

EO04PO30EO04 in aqueous solutions at 0.97% were used to characterize the 

micelles that composed the particles’ core. A core-shell ellipsoidal model was 

used, where the core is composed by surfactant alkyl chains and PO blocks, and 

the shell is composed by surfactant hydrophilic groups (alkyltrimethylammonium 

bromide and EO blocks).  

For EO90PO60EO90, a core shell sphere model was used for fitting the 

parameters. The obtained parameters by the best fitting are presented in Table 

6.4, and these values agree with previous structural parameters measured for 

CTAB in SAXS described in literature [182]. 
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Table 6. 4: Structural parameters obtained by fitting SAXS data to the core-shell 
ellipsoidal (CTAB and CTAB-EO90PO60EO90/EO04PO30EO04) and sphere model 
(EO90PO60EO90). 

  

Sample 

Model 

Core-Shell Ellipsoidal Core-Shell Sphere 

a (nm) b (nm) te (nm) r (nm) tr(nm) 

CTAB 2.9 2.4 0.6 - - 

CTAB-EO90PO60EO90 3.2 1.5 2.0 - - 

CTAB-EO04PO30EO04 4.2 1.4 1.7 - - 

EO90PO60EO90 - - - 4.7 2.5 

 

Upon EO90PO60EO90 addition, mixed micelles of CTAB-EOxPOyEOx still 

presented a core-shell prolate ellipsoidal shape but the semimajor radius 

increased, while the semi minor axis reduced to b = 1.5 nm, indicating the 

unidirectional growth of the micelle related with polymer addition, when compared 

to pure CTAB micelles. Alexandridis, et al.[183,184] also described similar 

dimensions in SDS and EO90PO60EO90 micelles, using 3 wt% (fixed) 

EO90PO60EO90 . The authors showed four different regions of association 

between SDS and copolymer, based on their concentration range. These regions 

could be summarized as: no association between SDS and copolymer micelles, 

the formation of EO90PO60EO90-rich SDS/EO90PO60EO90 assemblies, SDS-rich 

SDS-EO90PO60EO90 assemblies or free SDS micelles and SDS-EO90PO60EO90, 

respectively, with increasing SDS concentration. Unidirectional growth of the 

micelle was also observed upon polymer addition. Although this range of 

concentrations was studied for SDS, we can predict that in our system we are in 

the same region that led to the formation of CTAB-rich CTAB-EO90PO60EO90 

assemblies, which can be observed in SAXS scattering curves, since the shape 

of the data obtained are more comparable to pure CTAB micelles. Shell thickness 

for mixed micelles of CTAB with EOxPOyEOx micelles also increased when 

compared to pure CTAB micelles, 3.3 times higher, which we associate with EO 

groups presented at the shell structure. The structural parameters presented the 

same tendency for CTAB-EO04PO30EO04. Fitting values showed micelles with a 

semimajor axis a = 4.2 nm, and a semi minor axis b = 1.4 nm, with shell thickness 

of 1.7 nm. Mixed micelles of CTAB-EO04PO30EO04 are slightly bigger than the 



137 
 

ones of CTAB-EO90PO60EO90, although the latter is a longer polymer. Hence, this 

difference could be due to the higher molar concentration of EO04PO30EO04 (4.39 

mmol.L-1) compared to EO90PO60EO90 (0.77 mmol.L-1).  

6.8.5 Structural evaluation by Cryo-TEM and DLS 

 

CTAB-PAA-EOxPOyEOx systems were also characterized using DLS and 

Cryo-TEM. Additional Cryo-TEM images are provided in Figures 6.15 to 18, and 

the correlation functions obtained from DLS are presented in Figure 6.19. 

 

Figure 6. 15: Cryo-TEM images of different CTAB-PAA- EO04PO30EO04 
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Figure 6.16: Cryo-TEM images of different CTAB-PAA- EO04PO30EO04 and Moil 
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Figure 6. 17: Cryo-TEM images of different CTAB-PAA- EO90PO60EO90  
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Figure 6. 18: Cryo-TEM images of different CTAB-PAA- EO90PO60EO90 and 
MOil 
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Figure 6. 19: Correlation Functions of samples containing CTAB-PAA-

EOxPOyEOx nanoparticles at 1.6 wt % measured by DLS.   
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CHAPTER 7 
 

Cocamidopropyl betaine can behave as a cationic surfactant 

and electrostatically associate with polyacids of high molecular 

weight  

Matheus Ouverney Ferreira a, Huliana Francisca Câmara de Assis a, Ana Maria Percebom 

*aDepartment of Chemistry, Pontifical Catholic University of Rio de Janeiro (PUC-Rio), 22451-

900, Rio de Janeiro/RJ. 

* apercebom@puc-rio.br (corresponding author) 

Abstract:  

Many practical applications, especially cosmetics, use mixtures of 

zwitterionic surfactants with polymers, but the scarcity of studies limits the control 

of their mixture properties. In the specific case of cocamidopropyl betaine (CAPB) 

and polyanions, the occurrence of phase separation with no previous 

characterization and the lack of knowledge of the involved parameters motivated 

the present study. Comparison of mixtures of CAPB with polyacrylic acid (PAA) 

of different chain lengths indicated phase separation only occurs if the chain is 

long enough to promote bridging. Surface tension measurements confirmed the 

aggregation between CAPB and PAA, but not at neutral pH. Scattering 

techniques allowed to elucidate the structures formed by CAPB with the polymers 

at different conditions. The results demonstrate that the association between PAA 

and CAPB occurs even when the polymeric chain is short because PAA reduces 

the pH and the protonated form of CAPB behaves as a cationic surfactant. 

However, there is no bridging when the micelles are associated with short chains, 

being still water-soluble. In conclusion, low pH is important for the association 

between CAPB and PAA, but high degree of polymerization is a requirement for 

the phase separation, whereas ionic strength is not essential for these 

phenomena. 

 

 

Keywords: Polyelectrolyte, SAXS, DLS, amphoteric surfactant, 

cocoamidopropyl betaine, poly(sodium 4-styrenesulfonate). 
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Graphical Abstract: 

 

 

 

7.1. Introduction  

 

Many applications such as cosmetics, household products, and enhanced 

oil recovery use polymers and surfactants due to their individual properties. 

However, their combination gives rise to new properties that can be inconvenient 

when not known. This problem can happen especially with zwitterionic 

surfactants and polyelectrolytes due to the frequent use but lack of studies on this 

pair. The interactions between surfactants and polymers can lead to new 

structures, depending on their chemical nature, concentration, and other 

conditions, such as pH and ionic force. Many studies have shown the structures 

formed by different pairs of polymers and surfactants in the past decades, 

bringing some practical conclusions. At surfactant concentrations below the 

critical micellar concentration (CMC), the molecules can adsorb on polymer 

chains forming aggregates at the concentration called critical aggregation 

concentration (CAC). Once the polymer is saturated, surfactant molecules start 

forming free micelles at a concentration higher than the original CMC. It can be 

explained by the strong interactions between polymers and surfactants and the 

reduced contact between the alkyl chain and water [141,185]. There are different 

types of segregative and associative phase separation phenomena above the 
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CMC [140]. For systems of polyelectrolytes with oppositely charged surfactants, 

electrostatic complexation can lead to separation into one phase concentrated in 

polymer and surfactant and one dilute solution [141,186]. The addition of 

electrolytes can hinder the phase separation [187]. The ionic strength and 

species' chemical nature directly affect the formed structures and the phase 

behavior [188] but zwitterionic surfactants combined with polymers are still 

scarcely studied. 

Zwitterionic surfactants contain positive and negative charges in the 

headgroup. Betaine-based surfactants are the main representatives of 

zwitterionics, which in their structure have a quaternary ammonium and a 

carboxylic acid group. Due to the possibility of protonation of the carboxylic group, 

they are also considered amphoteric. They can be completely biodegradable and 

based on natural, renewable sources such as stripped coconut fatty acid. They 

present good cleaning performance [189] and act as foam boosters [190,191] 

with low skin irritation [192], and even reduce the irritating effect of anionic 

detergents on the skin [193] and human oral mucosa [194]. The presence of two 

opposite charges on the headgroups makes them neutral and with lower CMC 

values than the ionic surfactants, guaranteeing mildness to the skin and eyes, 

resistance to hard water, and high compatibility with other surfactants [195]. Due 

to that, cocamidopropyl betaine (CAPB) is broadly used in shampoos and body 

washes for children and is the most used secondary surfactant in cosmetics, 

personal care, hygiene, and dishwashing products [196,197]. With the recent 

boom of "sulfate-free" shampoos (also popularly known as low-poo), CAPB is 

becoming the primary surfactant in many formulations. They are also widely 

applied as additives for enhanced oil recovery, analytical separation, 

bioremediation, nanoscience, electrochemistry, and wastewater treatment.[198] 

There are many studies about mixtures of CAPB with other surfactants, 

mainly anionic, because they are commonly combined in the applications 

mentioned above. Mixing CAPB with anionic surfactants can form wormlike 

micelles with useful rheological properties [199–203]. However, at pH < 4.2, the 

mixture becomes less viscous and more turbid because CAPB behaves like a 

cationic surfactant, forming bilayers instead of wormlike micelles [204]. CAPB 

suppliers usually suggest the use at pH > 4 to avoid unexpected results due to 
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the changes in phase behavior. Hence, using CAPB in the presence of polyacids 

can cause significant changes. However, there are many examples of polyacids 

in cosmetics, such as Carbopol – a copolymer of polyacrylic acid – and hyaluronic 

acid – a polysaccharide functionalized with carboxylic acids. For applications in 

enhanced oil recovery, different studies have already used a mixture of betaine-

based surfactant combined with anionic sulfonated polymers [205–208] 

Still, there are only a few studies in the literature about mixtures of 

zwitterionic surfactants and polymers in general, and even less when considering 

carboxylic betaines and polyacids or polyanions. Studies with sultaine and 

betaine surfactants indicated that nonionic polymers do not interact or associate 

with zwitterionic surfactants nor significantly affect their CMC [195,209–211]. 

Whereas the cationic polymers, poly(diallyldimethylammonium chloride) and 

Eudragit E100, presented no signals of interactions with zwitterionic surfactants 

[212,213], poly[3-(methacrylamido)propyl trimethylammonium chloride] formed 

complexes with lauramidopropyl hydrosysultaine in a particular range of 

concentration [214]. Among polyelectrolytes, poly(sodium 4-styrenesulfonate), 

NaPSS, is the most studied with zwitterionic surfactants. Surface tension 

measurements [209] and isothermal titration calorimetry [211] showed NaPSS 

induces the formation of aggregates with zwitterionic surfactants in 

concentrations lower than the CMC due to the predominance of hydrophobic 

contributions. However, DLS measurements indicated electrostatic interactions 

could also be relevant in certain conditions [214]. When weak polyanions without 

significant hydrophobic groups are in the salt form, there is no evidence of 

interactions with zwitterionic surfactant [209,213,215,216]. However, in the 

polyacid form, they can make complexes with zwitterionic surfactants due to 

hydrogen bonds, as suggested by isothermal titration calorimetry and simulation 

[211,217,218]. These are the only reported studies on this theme to the best of 

our knowledge. 

Although the information about the complexes formed by the combination 

of polyelectrolytes and zwitterionic surfactants is still scarce, both substances are 

broadly used in different applications. The combination of CAPB with polyacids – 

both so frequent in cosmetics – can bring unexpected properties when it is not 

well understood to be controlled, and even undesired phenomena, such as phase 
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separation and precipitation, destabilizing the product. Hence, it is crucial to 

understand the parameters governing the self-assembly structures formed when 

mixing these compounds, to allow the control of their properties. 

We investigated mixtures of CAPB with polyacrylic acid, PAA, of different 

molecular weights at different pHs. We also compared some results replacing 

PAA with poly(sodium 4-styrenesulfonate), NaPSS, a stronger polyelectrolyte in 

the salt form, which has an aromatic ring guaranteeing a hydrophobic part. 

Surface tension measurements brought insights into the interactions 

between commercial CAPB and PAA, whereas scattering techniques – Small 

Angle X-Ray Scattering (SAXS) and Dynamic Light Scattering (DLS), allowed the 

elucidation of the structures formed at the nanoscale. This information allowed 

us to understand the observed macroscopic behavior, such as the propensity to 

phase separation, and determine the main parameters to control them. 

 

 

7.2. Materials and Methods  

 

7.2.1. Materials 

Polyacrylic acids with two different molecular weights and degrees of 

polymerization, Mw = 1.8 kDa, DP ~ 18, 99.9% purity and Mv = 450 kDa, DP ~ 

4400, 99.9% purity,  and poly(sodium 4-styrenesulfonate) (NaPSS), Mw = 70 

kDa, DP ~ 340, 99.9% purity were purchased from Sigma Aldrich and used as 

received. Oxiteno gently provided CAPB in the form of Oxitaine CP 30 CM (28 wt 

% in aqueous solution, with 5 wt % of NaCl). According to the company, this 

surfactant is derived from stripped coconut fatty acids, providing a chain 

distribution of 12 to 18 carbon atoms (mainly 12), with approximately 63% of 

carbons from renewable sources and complete biodegradability. 1H Nuclear 

Magnetic Resonance (NMR) spectroscopy confirmed the molecular structure of 

CAPB (Supplementary Material). For all experiments, deionized water obtained 

from a Milli-Q® system (0.2 mm filter, resistivity above 18.2 MΩ·cm−1) was used. 
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7.2.2. Potentiometric titrations  

A CAPB solution at 0.058 mol L-1 was titrated with PAA 450 kDa solution at 

0.058 mol L-1, monitoring pH, turbidity, precipitation, and any visual change after 

each addition, to identify the pH for phase separation in the presence of PAA. 

Potentiometric titrations also allowed to study the behavior of the mixture of 

CAPB and PAA in different pHs and determine its pKa. For that, two different 

aqueous solutions were titrated with HCl 0.1 mol L-1: NaOH 0.1 mol L-1 (reference 

curve); and CAPB 0.058 mol L-1 mixed with PAA 0.058 mol L-1 in NaOH 0.1 mol 

L-1 (sample). The value of pH was measured after each addition of acid. The 

intersection of the neutralization curve of the sample with the reference curve 

gives the isoelectric point (IP) [200,219]. 

 

7.2.3. Surface tensiometry 

The surface tension (γ) values of aqueous solutions of CAPB at different 

concentrations were determined by Du Noüy ring method in the absence and 

presence of PAA 450 kDa at two different pHs. Measurements were performed 

in triplicate with an SEO Surface Tension Analyzer DST 60 equipped with a 

Platinum wire ring of 6.022 cm of circumference and calibrated with Milli-Q® 

water at 25 ºC, with a correction factor R/r = 48.95.  

The experimental data points were used to determine the values of 

breakpoints related to a bulk cooperative association. When a plateau followed a 

sharp decrease of γ after a defined breakpoint, the region of rapid decrease of γ 

and the plateau region were fitted to straight lines. The breakpoint was 

determined as the intersection of the two lines, indicating the critical micellar 

concentration (CMC) or the critical association concentration (CAC). 

 

7.2.4. Sample preparation  
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Aqueous mixtures of polymers and surfactants were prepared at specific 

concentrations by adding the calculated weight of the polymer and volume of the 

surfactant solution to water. The chosen proportion guaranteed a stoichiometric 

ratio between the polymeric repeating units and surfactant molecules (for 

example, acrylic acid:CAPB = 1:1). The range of concentration was selected to 

be higher than the CMC and to guarantee the diffusive regime for dynamic light 

scattering and not too much interference for small-angle X-ray scattering (SAXS) 

measurements, but still with sufficient scattering intensity. 

PAA 450 kDa was titrated with sodium hydroxide solution until pH = 7.0 to 

verify the effect of pH on the physicochemical properties. The obtained solution 

was called NaPA 450 kDa, which was also used to obtain stoichiometric mixtures 

with CAPB in water. 

 

7.2.5. Sample characterization 

First, visual observation allowed to determine in which samples the phase 

separation occurred or not, to identify the parameters related to it. Dynamic light 

scattering (DLS) and small-angle X-ray scattering (SAXS) measurements were 

performed to characterize the colloidal structure resulting from the mixture of 

CAPB and the different polymers. 

For DLS experiments, 2.0 mL of each sample was added to a polystyrene 

cuvette with four optically clear sides and a path length of 10 mm. The cuvettes 

were previously rinsed several times with freshly filtered water obtained from Milli-

Q® system and immediately covered after the sample addition to avoiding dust 

contamination. The DLS equipment was a SZ-100 Nanopartica, from Horiba, 

equipped with a 10 mW laser with a wavelength of 532 nm. All measurements 

were performed in triplicate, with time exposure of 120 s, at a temperature of 25.0 

°C and angles of 90 and 173 °. The obtained autocorrelation functions were 

treated using the software HORIBA NextGen Project SZ-100, with Inverse 

LaPlace Transforme (ILT) to provide intensity distributions and mean values of 

hydrodynamic radii.  
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SAXS experiments were performed at the SAXS1 beamline of the Brazilian 

Synchrotron Light Laboratory (LNLS, Campinas-SP, Brazil). The beam 

wavelength was 1.488 Å. Samples were set in a mica window as the sample 

holder with a thermal bath to regulate the temperature (25.0 ºC) for 120 s. The 

distance between the sample holder and the detector was 0.9 m. Detector Pilatus 

330 K was used to collect 2D images, which were subtracted from pure water 

and integrated using the software Fit2D. The integrated curves of intensity, I(q), 

as a function of scattering vector, q, were treated using SasView 4.2.2 [220]. 

 

7.3. Results and Discussion  

 

7.3.1. CAPB aqueous solutions 

In the concentration range of study (up to 2 wt %), CAPB does not cause 

significant changes in water viscosity and clarity. Surface tension (γ) 

measurements of CAPB aqueous solutions at different concentrations, Figure 

7.1, indicated its capacity to lower the surface tension of water to 33 mN m-1, 

which remains nearly constant due to a cooperative association from 2.0 x 10-4 

mol L-1 , assumed to be the CMC. It is worth mentioning that the CAPB solution 

also contains NaCl which may affect the CMC value. The molar concentration of 

NaCl is very close to the surfactant concentration and varies from 5 x 10-7 to 0.01 

mol L-1 in Figure 7.1. Many studies reported different values of CMC for CAPB 

ranging from 7 x 10-5 to 3 x 10-3 mol L-1, which is probably due to differences in 

composition, ionic strength, and method of measurement [198,201,221–224]. 

CAPB is formed mainly by dodecyl chains but can have other alkyl chains 

present, and the composition can vary for different suppliers. The presence of 

salt is common in commercial CAPB, and there is a lack of systematic control in 

the different reports. Besides, the measurement method can also affect the CMC 

value. Hence, the result from the CAPB used in the present study is essential for 

comparison with systems containing polymers. 
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Figure 7. 1 Surface tension values of CAPB aqueous solutions at different 

concentrations in the absence or presence of PAA or NaPA of 450 kDa (0.01 mol 

L-1). The error bars are the standard deviations from triplicates. The arrows 

indicate the intersection of the dotted lines obtained by linear least-squares fits 

as described in detail in the text (for interpretation of the colors in this figure, the 

reader is referred to the web version of this article). 

 

7.3.2. Mixtures of CAPB and polymers in water 

 

7.3.2.1. Conditions for phase separation 

Images of stoichiometric mixtures of CAPB and three different polymers 

(0.029 mol L-1 of each), Figure 7.2, show that phase separation occurs only with 

PAA 450 kDa. Polymer molar concentration is expressed in terms of repeating 

units throughout the text. The combination with PAA 1.8 kDa forms a clear 

solution under the same conditions. The pH of both mixtures is 4.5. The results 

indicate that the degree of polymerization has an essential role in phase behavior. 
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Probably, there is a threshold on the polymer length to promote bridging between 

the different micelles and lead to phase separation. Mixtures of oppositely 

charged polymers and surfactants exhibit similar behavior. Svensson et al. have 

shown that the attraction between PAA and cationic surfactants decreases with 

decreasing the polymeric chain length, leading to increased miscibility with water 

[225]. Results from scattering techniques will also indicate the occurrence of the 

same phenomenon in the present study. 

Although NaPSS of 70 kDa is not as long as PAA 450 kDa, it is a stronger 

polyelectrolyte and has hydrophobic aromatic groups that could favor phase 

separation. However, the mixture of NaPSS of 70 kDa and CAPB remains 

soluble. This behavior assigns that phase separation is also related to acidity 

because the polymer is in its salt form, and the mixture is spontaneously close to 

neutrality (pH 6.8). It can be confirmed when observing the mixture of CAPB with 

PAA converted to the salt form: NaPA 450 kDa, which also forms a clear solution 

(pH 7.0). We also prepared a sample of CAPB and PAA 450 kDa with NaCl (at 

the same concentration of NaOH used to titrate NaPA) to verify whether the ionic 

strength from the sodium counter ions is not the cause. This mixture has a pH of 

4.2 and still phase separates, confirming the two most important parameters for 

this phenomenon are acidity and degree of polymerization. 

 

 

Figure 7. 2: Photographs of aqueous samples of CAPB (0.029 mol L-1 or 1.0 wt 
%) and different polymers (0.029 mol L-1 or 0.2 wt % to PAA and 0.6 wt % to 
NaPSS) immediately after mixture to verify the conditions to phase separation 
through turbidity, and the achieved pH. The concentration of NaCl from the CAPB 
reactant is estimated as 0.03 mol L-1 or 0.18 wt %. 

 

Previous studies on the interaction of betaine surfactants with ionic 

surfactants show they interact much more strongly with anionic than with cationic 
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surfactants [226]. However, electron-neutral mixtures of anionic and betaine 

surfactants do not phase separate, and they are commonly used due to their high 

compatibility [219]. It confirms that the phase separation requires the high 

molecular weight of the anionic polymers to occur. 

 

7.3.2.2. Potentiometric titrations 

Before the titration, CAPB and PAA 450 kDa 0.058 mol L-1 aqueous 

solutions had pH values of 5.82 and 2.72, respectively. After each polymer 

addition to the surfactant solution, the mixture remained clear before reaching a 

pH of 4.79 (Figure 7.7 SM). After that, the solution became increasingly turbid 

with pH reduction, indicating phase separation. According to potentiometric 

titrations, the IP of the mixture, pH = 3.8 (Figure 7.8 SM), is lower than the 

threshold pH of phase separation. Since PAA has a pKa of 4.2-4.5 [168,169] and 

CAPB has an IP of 4.0 [220], they must already have protonated carboxylic units 

at pH = 3.8. However, they probably also have some remaining negatively 

charged units, which can electrostatically complex to the positively charged 

quaternary ammonium groups of CAPB. Therefore, associative complexation 

occurs when the solution pH gets closer to the IP of the mixture. The lower the 

pH, the more carboxylate groups become protonated, and the cationic character 

of CAPB increases. Besides, hydrogen bonds between carboxylic 

acid/carboxylate units could also favor the association between PAA and CAPB 

at low pH, as already described for polyacids with other zwitterionic surfactants 

[211,217] and predicted by simulations [218].  

 

 

7.3.2.3. Tensiometry and CMC 

Surface tension measurements (Figure 7.1) can provide information about 

the association process between CAPB and PAA 450 kDa. The CAPB 

concentration dependence of γ shows an onset of association to PAA 450 kDa at 

8.8 x 10-5 mol L-1. This is the critical association concentration (CAC), lower than 

the CMC of the pure surfactant, confirming the attraction between CAPB and 



153 
 

PAA. At concentrations higher than 1 x 10-3 mol L-1 (after the plateau), PAA is 

saturated with CAPB and the free CAPB concentration increase again, lowering 

γ.  

In the presence of NaPA 450 kDa (when pH = 7.0), the breakpoint (1.8 x 10-

4 mol L-1) is very close to the CMC measured for pure CAPB (2.0 x 10-4 mol L-1). 

Indeed, zwitterionic surfactants are expected to have no distinct interaction with 

homopolymers [185]. Hence, the difference in CAPB concentration dependence 

of γ in the presence of PAA or NaPA confirms that only protonated species of 

CAPB act like cationic surfactants. 

 

7.3.2.4. Structural characterization 

DLS and SAXS measurements provided results to elucidate the structures 

formed by CAPB in the presence of polymer. CAPB aqueous solution at 0.029 

mol L-1 (or 1.0 wt %) has one population of micelles with a mean hydrodynamic 

radius (RH) of 3.2 ± 0.2 nm measured by DLS (Figure 7.3). According to Tanford's 

equation [110], the length of a straight alkyl chain is 1.668 nm for 12 C and 2.427 

nm for 18 C, so the radius of a spherical CAPB micelle should be in this range. 

The greater value can be due to the large polar head of CAPB, the hydration shell 

or an indication that CAPB micelles are slightly anisometric. SAXS results will 

confirm the anisometry. 
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Figure 7. 3: Intensity distribution of hydrodynamic radii obtained by DLS for 

aqueous samples of CAPB (0.029 mol L-1), PAA 1.8 kDa (0.029 mol L-1), and 

the mixture of CAPB and PAA 1.8 kDa (0.029 mol L-1) (for interpretation of the 

colors in this figure, the reader is referred to the web version of this article). The 

concentration of NaCl from the CAPB reactant is estimated as 0.03 mol L-1 or 

0.18 wt %. 

 

DLS results of PAA samples could not be interpreted as actual 

hydrodynamic radii. For PAA 450 kDa, the autocorrelation function could not be 

fitted to provide a relaxation time (Figure 7.9 SM). For 1.8 kDa, although the 

distribution shows a population with RH = 279 ± 27 nm, this size does not 

correspond to a single chain, indicating a slow relaxation process or interchain 

interactions, which are typical for polyelectrolytes [227]. However, this result is 

important to verify a change in conformation with the addition of CAPB. 

When mixing CAPB with PAA 1.8 kDa, there is only one population of 3.6 ± 

0.3 nm, which is very close to the micellar size. The dramatic conformation 

change of the polymer is probably because the chains are only neutralizing and 
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wrapping the surfactant micelles. Phase separation did not allow measuring the 

mixture of CAPB with PAA 450 kDa by DLS. 

SAXS curve of CAPB sample exhibits a profile typical of micelles with 

different scattering length densities for the non-polar and polar regions (Figure 

7.4). Due to that, we tested several models based on core-shell morphology to fit 

the experimental curve, where the core corresponds to the region formed by 

hydrocarbon chains, and the shell corresponds to the region of polar heads (with 

and without polydispersity). The best fitting was obtained with the model for the 

form factor of an ellipsoid core-shell (see Supplementary Material) and the 

parameters: semi-major axis of core = 3.08 nm, semi-minor axis of core = 1.65 

nm, and shell thickness = 1.15 nm. The values of electron densities were kept 

constant at 275 e/nm3 for the core and 334 e/nm3 for the solvent [228] but allowed 

to vary for the shell, obtaining the value of 356 e/nm3 (hence these values were 

fixed to the next fittings). The value of the semi-minor axis of the core is close to 

the expected length of a straight dodecyl chain (1.668 nm, according to Tanford's 

equation [110]). The other parameters corroborate with the hydrodynamic radius 

obtained by DLS, confirming CAPB micelles are ellipsoidal. For clarity, all the 

fitting curves are exhibited in Figure 7.10. 
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Figure 7. 4 SAXS curves of aqueous solutions of CAPB (0.029 mol L-1) with 

different polymers (0.029 mol L-1) (for interpretation of the colors in this figure, the 

reader is referred to the web version of this article). The concentration of NaCl 

from the CAPB reactant is estimated as 0.03 mol L-1 or 0.18 wt %. 

 

The addition of polymers to the CAPB aqueous solution significatively 

changes the SAXS profile (Figure 7.4). The signal corresponding to the micelle 

form factor, P(q), is shifted to the right, indicating the micellar cross-section 

decreases. However, the slope of the curve at low values of q is increased, 

indicating either a higher aspect ratio or interparticle interference. For the sample 

of CAPB and PAA 1.8 kDa, curve fitting using the model for the form factor of an 

ellipsoid core-shell provided the parameters: semi-major axis of core = 2.62 nm, 

semi-minor axis of core = 1.48 nm, and shell thickness = 1.42 nm. The 

dimensions are close to the ones obtained for pure CAPB micelles but indicate a 

slight compaction of the hydrophobic core and a thicker shell in the presence of 

PAA 1.8 kDa. 
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The curve of the sample containing CAPB and PAA 450 kDa could not be 

fitted using the ellipsoid core-shell model, so other models were tried. The fractal 

core-shell model provided the best fitting and describes the scattering from core-

shell spheres as building blocks of a fractal structure. For that, the structure 

factor, S(q), from the well-known Teixeira model [229,230], is combined with the 

form factor, P(q), of core-shell spheres. This model has been successfully applied 

to describe structures formed by protein-surfactant [229] or polymer-surfactant 

[156] interactions as a "pearl-necklace" (of core-shell “pearls”).  

For the lower q-range, the curves can be described by I(q) ~ q-α, where the 

exponent, α, is related to the fractality of the scattering objects. Some typical 

values of the exponent can be found in references [173,175]. For example, when 

α = 1, the structure can be attributed to low-dimensional objects as randomly 

distributed rods [173], and when α = 2, the structure can be an ideal linear 

polymer or swollen branched polymer (mass fractal) [175]. For the sample of 

CAPB with PAA 450 kDa, α = 2.1, indicating a mass fractal, with a shell thickness 

of 1.4 nm, a core radius of 1.7 nm, and a correlation length longer than 15 nm 

(lower q-range would be necessary to determine this value precisely).  

The fractal core-shell model was then applied to the CAPB and PAA 1.8 

kDa sample, providing α = 1.1, which agrees with the formation of isolated 

anisometric micelles. The other parameters obtained were a shell thickness of 

1.3 nm, a core radius of 1.7 nm, and a correlation length of 5.2 nm. Although the 

curve can be fitted to the “pearl-necklace” model, results show that the structure 

would be formed by only one “pearl”, indicating that the simpler core-shell 

ellipsoid model is the best way to describe the system. 

The SAXS profiles are not changed upon addition of NaCl, indicating that 

ionic strength does not affect the formed structure (Figure 7.11). However, the 

addition of NaOH leads to a pattern completely different from the previous ones, 

and the curve could not be fitted using either the model for core-shell ellipsoids 

or core-shell cylinders. It could only be fitted by using identical parameters to 

CAPB micelles combined with a power-law of -1.3, which could be related to the 

scattering from the free polymeric chains. It suggests that the polymer chains of 

NaPA 450 kDa do not complex with CAPB surfactant, so the polymers and the 

micelles coexist as separated species in the same solution. 
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To summarize the results obtained with the scattering techniques, Table 7.1 

presents the parameters from all the different models, and Figure 7.5 depicts 

schemes of the proposed structures. In summary, CAPB forms ellipsoid micelles, 

which can be neutralized and wrapped by PAA. The short chains of PAA 1.8 kDa 

do not promote bridging, but PAA 450 kDa can form connect several CAPB 

micelles as a necklace. However, polymer chains in the salt form do not wrap 

CAPB micelles. 

 

Table 7. 1: Parameters obtained from fitting of SAXS curves using different 
models. 

Sample 

DLS SAXS 
Core-Shell 
Ellipsoid 

Fractal Core-Shell 
Power-

Law 

Rh 
(nm) Model 

R2 
(nm) 

R1 
(nm) 

t 
(nm) 

R 
(nm) Ø Df 

l 
(nm) α 

CAPB 
3.2 ± 
0.2 ECS 3.1 1.7 1.1           

CAPB + PAA 1.8 
kDa 

279 ± 
27 ECS 2.6 1.5 1.4           

3.6 ± 
0.3 FCS     1.3 1.7 0.06 1.1 5.2   

CAPB + PAA 450 
kDa   FCS     1.4 1.7 0.06 2.0 > 15   

CAPB + NaPA 
450 kDa   

ECS + 
PL 3.1 1.7 1.1         1.3 

 

ECS: ellipsoid core-shell; FCS: fractal core-shell; PL: power-law. 

R1: semi-minor axis of core 

R2: semi-major axis of core 

t: thickness of hydrophilic shell 

Ø: volume fraction 

Df: fractal dimension 

l: length correlation 

α: power law 

 



159 
 

 

Figure 7.5: Schematic representation of structures according to SAXS results 

proportionally to the obtained dimensions. 

The association of CAPB with PAA 1.8 and 450 kDa can be explained by 

electrostatic attraction and hydrogen bonds formed at low pH, which does not 

occur with NaPA 450 kDa. Results indicated CAPB behaves as a cationic 

surfactant due to the protonation of the carboxylate group. In aqueous mixtures 

of oppositely charged surfactants and polyelectrolytes, the macromolecules 

encircle the micelles to neutralize them, forming an electrostatic complex [225]. 

The longer the polymers are, the more micelles they can tie to each other. It can 

explain the difference between using PAA 1.8 and 400 kDa. Probably, the same 

complexation occurs, but there is no bridging between micelles by PAA 1.8 kDa 

to lead to phase separation, maintaining the complex soluble in water.  

maintaining the complex soluble in water. According to their degree of 

polymerization, PAA 1.8 and 450 kDa have 25 and 6250 carboxylic units, 

respectively. The aggregation number of CAPB micelles has been reported as 84 

[233]. Considering a stoichiometric ratio between the polymeric units and the 

surfactant ions, we can estimate around 3 chains of PAA 1.8 kDa per CAPB 

micelle, and around 74 CAPB micelles per PAA 450 kDa chain. Besides, the fully 

extended lengths of PAA 1.8 and 450 kDa were estimated as 6 and 1572 nm, 

respectively, and the perimeter of a CAPB micelle is around 22 nm (see 
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Supplementary Material for calculations). These dimensions confirm that a single 

chain of PAA 1.8 kDa does not surround more than one CAPB micelle, whereas 

PAA 450 kDa could wrap and bridge many of them. This bridging explains the 

phase separation of CAPB with PAA 450 kDa, which is very similar to the 

behavior described for cationic surfactants with the same polymer. The attraction 

between oppositely charged surfactants and polymers increases with longer 

polymer chains, decreasing water miscibility [225]. 

 

7.4. Conclusions  

 

When the polyanions are long enough to promote bridging between CAPB 

micelles, phase separation occurs, as previously observed with cationic 

surfactants [225]. However, for CAPB, this behavior is only observed with the 

acid form of the polymer and is not significantly affected by ionic strength. The 

threshold pH to observe the phase separation is 4.79, confirming that CAPB 

behaves as a cationic surfactant due to the protonation of the carboxylate group 

at low pHs. 

Indeed, NaPA 450 kDa did not cause significant changes in the CMC of 

CAPB (2.5 x 10-4 mol L-1). However, PAA 450 kDa, induced the appearance of a 

CAC (7.9 x 10-5 mol L-1) lower than the CMC. For the first time, structural 

characterization by scattering techniques confirmed the formation of CAPB 

micelles surrounded by the polyacid. PAA 1.8 kDa can only individually wrap the 

micelles, whereas PAA 450 kDa can connect the micelles by bridging. 

Nevertheless, there is no association between CAPB and the salt form of the 

polymer, NaPA 450 kDa. The bridging is the cause of phase separation of CAPB 

at low pH, which could be even more pronounced at high concentrations of 

surfactants and polyions, as the typical range of most applications. 

The study allowed us to understand the macroscopic behavior of the 

mixture, such as the propensity to phase separation due to the cationic character 

of CAPB in an acidic medium. It shows that polymerization degree and pH are 

the key parameters to tuning the miscibility and structures formed by betaine-
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based surfactants and anionic polymers, which is essential for controlling the 

properties of their mixtures in real applications. 
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7.8. Supplementary Materials  

 

1H NMR characterization of CAPB 

 

The spectrum of cocamidopropyl betaine in deuterated water (D2O) was 

measured at 25 °C in a Bruker Advance III HD 400 MHZ spectrometer. The signal 

of water was supressed from spectra before data treatment. The data processing 

was carried out using MestrReNova software and the results are presented in 

Figure 7.6 and Table 7.2. Integration of signals confirms CAPB is formed by 

molecules with different alkyl chain lengths (from C12 to C18). 
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Figure 7.6:  1H NMR spectrum of CAPB. 

 

Table 7. 2: Parameters obtained by integration of signals of 1H NMR spectrum 
of CAPB. 

 a  b c d e f g h 

CAPB 0.83-

0.86 

(3H;dd) 

1.25 

(21 

H,s) 

1.56 

(2H, 

s) 

1.96 

(2H,s) 

2.21-

2.20 

(2H,d) 

3.20-

3.24 

(8H,m) 

3.58-

3.6(2H,d) 

3.85(2H,s) 
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Supplementary figures of results: 
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Figure 7.7: Potentiometric titration of CAPB aqueous solution at 0.058 mol L-1 
with PAA 450 kDa aqueous solution at 0.058 mol L-1. 
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Figure 7. 8 : Potentiometric titration of solutions in the presence of NaOH 0.1 mol 

L-1 to determine the isoelectric point according to the method of reference: J.-Q. 

Guan, C.-H. Tung, G.-Z. Li, Modification of Alkylbetaine by Incorporation of 

Hydroxypropyl Group: Preparation, Surface Activity, and Biodegradability of N-
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Alkoxy-Hydroxypropyl-N, N-Dimethyl-Glycine Betaine Surfactants, J. Dispers. 

Sci. Technol. 19 (1998) 63–76. 
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Figure 7. 9: Autocorrelation functions obtained by DLS from aqueous solutions 
of CAPB (0.0292 mol L-1) with different polymers and their respective fittings. 
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Figure 7. 10: SAXS curves of aqueous solutions of CAPB (0.0292 mol L-1) with 
different polymers and their respective fittings. 
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Figure 7.11: SAXS results of aqueous solutions of CAPB and polymers with and 

without the addition of NaOH (up to pH = 7) or NaCl (0.1 mol L-1). 

 

Model Function of Ellipsoid core-shell from SASView software [231,232]: 

 

Intensity is calculated as that for solid ellipsoids, but with separate terms of the 

core-shell and shell-solvent boundaries: 

 

𝐼(𝑞) =
𝑠𝑐𝑎𝑙𝑒

𝑉
〈𝑃2(𝑞)〉 + 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 Equation 7.1 

 

where scale is related to the absolute intensity factor and V is the ellipsoid 

volume. 

 

〈𝑃2(𝑞)〉 = ∫ 𝑑𝜇 |𝑃(𝑞, 𝜇)|2 Equation 7.2 

 

𝑃(𝑞, 𝜇) = (𝜌𝑐 − 𝜌𝑠ℎ)𝑉𝑐[3𝑗𝑖(𝑢𝑐)/𝑢𝑐] + (𝜌𝑠ℎ − 𝜌𝑠)𝑉𝑡[3𝑗𝑖(𝑢𝑡)/𝑢𝑡] Equation 7.3 
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𝑢𝑖 = 𝑞[𝐴𝑖
2𝜇2 + 𝐵𝑖

2(1 − 𝜇)]1/2 Equation 7.4 

 

where ρ is the scattering length density, A is the minor axis, B is the major axis, 

and c, sh, s and t denote the core, shell, solvent, and overall, respectively. 

 

 

Estimation of the length of fully extended PAA  

 

The length (𝑙) of a fully extended polymeric chain can be estimated as: 

 

𝑙 = 𝑁 ∙ 𝑑 ∙ 𝑠𝑒𝑛 (
𝜃

2
) Equation 7.5 

 

where 𝑁 is the number of covalent bonds, 𝑑 is the bond length, and 𝜃 is the bond 

angle. 

 

Since the molecular mass of an acrylic acid unit is 72 g/mol, which has 2 C–C 

bond, the number of covalent bonds for PAA can be obtained by: 

 

𝑁 =
2∙𝑀𝑤

72 𝑔/𝑚𝑜𝑙
− 1 Equation 7.6 

 

For a C–C bond, 𝑑 = 0,154 nm and 𝜃 = 109,5 °. 

 

 

Estimation of the perimeter of CAPB 
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Different approximation formulas can estimate the perimeter (𝑝) of an ellipse, but 

we used the Equation S7, which is adequate when the values of polar and 

equatorial radii are not close to each other: 

 

𝑝 = 2𝜋√
𝑎2+𝑏2

2
  Equation 7.7 

 

where 𝑎 and 𝑏 are the ellipse’s radii, which were calculated as, 𝑎 = (𝑅2 + 𝑡) and 

𝑏 = (𝑅1 + 𝑡), from the values of Table 1. 
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CHAPTER 8 
 

8.1. General conclusions of the thesis and suggestions for 

future works 
 

This study successfully designed, synthesized, and characterized various 

soft materials using triblock copolymers to load hydrophobic ingredients into 

aqueous formulations. Employing straightforward preparation methods and 

biocompatible chemicals, the research demonstrated the relevant roles of triblock 

copolymers on the stability and properties of each strategy: 

- Core-shell hydrogel particles were developed using 

poly(diallyldimethylammonium chloride) (PDADMAC) and OCNF, we showed 

that  upon incorporating triblock copolymer we were capable of incorporating 

mineral oil, and with microfluidics the reduction of the size of these particles.  

- Micro- and nanoparticles were successfully produced from lamellar phases 

by mixing sodium lauryl sulfate (SDS) with various fatty alcohols or acids, 

achieving effective oil encapsulation. 

- Nanoparticles were obtained through the electrostatic complexation of 

hexadecyltrimethylammonium bromide (CTAB) with polyacrylic acid (PAA), 

resulting in low-viscosity suspensions with enhanced stability. 

Triblock copolymers created hydrophobic compartments to ensure oil 

loading and improved the dispersibility and stability of the colloidal systems in 

water.  

Moreover, we were able to understand how the pH and molecular weight of 

polyanions affect the phase behavior of a CAPB and PAA mixture, successfully 

connecting nanostructures with macroscopic behavior, which is essential for 

controlling properties in real applications. 

For future work further exploration of the triblock copolymers with different 

ratios of hydrophilic and hydrophobic blocks could enhance oil loading 

capabilities. This optimization could target specific applications, such as tailored 

delivery rates or improved stability in varying pH environments. We could also 

extend the study's findings to different fields, such as pharmaceuticals or food 

science, where controlled release of hydrophobic ingredients is beneficial. 

Besides that, investigating other factors like temperature and ionic strength in 
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more depth, particularly for their effects on stability and encapsulation efficiency 

in varying environmental conditions could increase particles’ applications.  

 

8.2. Declaration of generative AI in scientific writing 
 

During the preparation of this text, the author utilized ChatGPT to assist with 

reviewing and editing the content to enhance readability and language. 

Generative AI was employed as a tool to support the manuscript's improvement 

under human oversight and careful review. After using this service, the author 

thoroughly reviewed and edited the content. 
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