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A great part of this Ph.D. Thesis has been performed under the frame of collaborative 

projects. This is why, besides the results obtained by the author, it has been decided to 

include some experiments performed by other scientists that complete and reinforce the 

work presented in this manuscript. 
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Abstract 

 

 

Quatsomes are lipid-based nanovesicles developed by Nanomol group, composed of 

ionic surfactants and sterol derivatives. Regarding their properties, Quatsomes have 

shown to be highly homogenous and stable for years, important requirements for their use 

in pharmaceutical products. In recent years, the application of Quatsomes for drug delivery 

and bioimaging has been explored. In this work, new Quatsome formulations have been 

developed, to facilitate their use as intravenous drug delivery systems and increase their 

potential as bioimaging probes. 

In order to design these new Quatsomes for intravenous administration, the 

cholesterol and the positive MKC surfactant (myristalkonium chloride) were selected, 

which are molecules used in many parenteral formulations on the EU and USA market. 

The MKC-Quatsomes have homogenous particle size distributions, with diameters around 

85 nm. The stability of these MKC-Quatsomes is dependent on the chloride ions in the 

medium, being stable at physiological conditions. These MKC-Quatsomes were prepared 

in different media that are suitable for parenteral administration using the DELOS-SUSP 

methodology. Moreover, these MKC-Quatsomes are stable without changing their 

physicochemical properties in storage conditions, dilution and human serum. Furthermore, 

the MKC-Quatsomes were intravenously administered in mice, where the biodistribution 

assays showed nanovesicle accumulation in tumors, liver, spleen, and kidneys. No 

histological alteration or toxicity was observed in any of these organs.  

To enhance the functionality of Quatsomes as bioimaging probes Quatsomes have 

been labeled with FRET-pair dyes (the indocarbocyanine DiI and DiD), which allows to 

reduce the self-absorption by the animal’s tissues. We confirmed that this strategy yields 

bioprobes of high brightness, photostability, and FRET efficiency. Moreover, when the 

dyes are placed in the Quatsome’s membranes, there is no change in the cytotoxicity. 
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Finally, in order to acquire new functionalities, Quatsomes have been tuned. Their 

membrane components have been modified or changed, improving or gaining new 

functionalities. In this sense, PEG molecules have been anchored to the Quatsomes’ 

membrane and the negative SDS molecule has been used as ionic surfactant in the 

Quatsomes, achieving new negative Quatsomes. 

In summary, the results achieved in this thesis support the application of Quatsomes 

as new nanomedicines for intravenous drug delivery and bioimaging probes. 

 

 

  



xvii 
 

 
Contents 

 

1. Introduction and Objectives .................................................................................. 1 

1.1 Introduction ..................................................................................................... 1 

1.1.1. Nanoparticles for biomedical applications ................................................ 1 

1.1.2. Routes of administration of nanoparticles ................................................ 5 

1.1.3. Nanoparticles for bioimaging .................................................................... 8 

1.1.4. Vesicles ..................................................................................................10 

1.1.5. Quatsomes .............................................................................................17 

1.1.4. Vesicles’ preparation methods ................................................................19 

1.2. Objectives .....................................................................................................25 

1.3. References ....................................................................................................26 

2. MKC-Quatsomes:  colloidal stability, membrane organization, and dye labeling ..45 

2.1. Introduction ...................................................................................................45 

2.1.1. MKC as a proposed ionic surfactant for IV delivery .................................46 

2.1.2. Ionic strength and Hofmeister series: impact on colloidal structures stability

 ...............................................................................................................................47 

2.1.3. Relation between the electrical double layer and the colloidal stability ....48 

2.2. Quatsomes composed of MKC ......................................................................52 

2.2.1. Impact of ionic strength on MKC-Quatsomes stability and particle size 

distribution ..............................................................................................................57 

2.2.2. Stability in different saline solutions ........................................................72 

2.2.3 Summary .................................................................................................80 

2.3. MKC-Quatsome’s membrane at the atomistic level .......................................81 



xviii 
 

2.3.1. Synthon simulation ................................................................................. 81 

2.3.2. Micelle and crystal simulation ................................................................. 83 

2.3.3. MKC-Quatsome bilayer .......................................................................... 83 

2.3.4. Summary ............................................................................................... 87 

2.4. DiR labeling .................................................................................................. 88 

2.4.1. DiR fluorescent dye ................................................................................ 88 

2.4.2. DiR-labeled Quatsomes ......................................................................... 88 

2.4.3. Summary ............................................................................................... 91 

2.5. Summary and conclusions ............................................................................ 92 

2.6. References ................................................................................................... 93 

3. Preclinical characterization of MKC-Quatsomes as nanocarriers for intravenous 

drug delivery .................................................................................................................. 97 

3.1. Introduction ................................................................................................... 97 

3.2. Determination of chemical composition ...................................................... 100 

3.2.1. Optimization and validation of HPLC-ELSD procedure ......................... 101 

3.2.2. Cholesterol’s analysis method .............................................................. 104 

3.2.3. MKC’s analysis method ........................................................................ 108 

3.2.4. Compositional analysis of MKC-Quatsomes ......................................... 112 

3.2.5. Summary ............................................................................................. 114 

3.3. Quatsomes stability upon dilution ............................................................... 115 

3.4. Stability of Quatsomes in human serum ..................................................... 117 

3.5. Cell viability studies .................................................................................... 119 

3.5.1. Neutral red uptake assay ..................................................................... 119 

3.5.2. MTT assay ........................................................................................... 121 

3.5.3. Summary ............................................................................................. 122 

3.6. Cell uptake and internalization .................................................................... 124 

3.6.1. Internalization pathways ....................................................................... 124 

3.6.2. Quatsomes’ uptake and internalization ................................................. 125 

3.6.3. Summary ............................................................................................. 128 



xix 
 

3.7. Biodistribution and toxicity in animals .......................................................... 129 

3.7.1. Animals models .................................................................................... 129 

3.7.2. Biodistribution assays ........................................................................... 129 

3.7.3. Initial toxicity studies in animals ............................................................ 133 

3.7.4. Summary .............................................................................................. 134 

3.8. Summary and conclusions .......................................................................... 135 

3.9. References .................................................................................................. 136 

4. Dye-loaded Quatsomes exhibiting FRET for bioimaging applications ................ 139 

4.1. Introduction ................................................................................................. 139 

4.1.2. The FRET pair: DiI and DiD .................................................................. 140 

4.1.3. Nanoparticles exhibiting FRET .............................................................. 142 

4.2. Optimal loading for CTAB-Quatsomes exhibiting FRET .............................. 144 

4.2.1. Single-dye-loading in Quatsomes ......................................................... 144 

4.2.2. Different loadings of FRET-pairs in Quatsomes .................................... 150 

4.2.3. Summary .............................................................................................. 163 

4.3. Optical properties of the optimal FRET-based CTAB-Quatsomes ............... 164 

4.3.1. Dyes exchange between Quatsomes .................................................... 164 

4.3.2. Lifetime ................................................................................................. 165 

4.3.3. Fluorescent quantum yield and brightness ............................................ 168 

4.3.4. Stability on time and photodegradation ................................................. 170 

4.3.5. Summary .............................................................................................. 174 

4.4. Cellular response ........................................................................................ 175 

4.4.1. Cellular viability ..................................................................................... 175 

4.4.2. Cellular uptake ...................................................................................... 176 

4.4.3. FRET bioimaging .................................................................................. 177 

4.4.4. Summary .............................................................................................. 179 

4.5. FRET in IV Quatsomes ............................................................................... 180 

4.5.1. FRET-loaded MKC-Quatsomes ............................................................ 180 

4.5.2 Cellular response of FRET loaded MKC-Quatsomes ............................. 187 



xx 
 

4.5.3. Summary ............................................................................................. 191 

4.6. Summary and conclusions .......................................................................... 192 

4.7. References ................................................................................................. 194 

5. Tuned Quatsomes and other interesting applications ........................................ 199 

5.1. Introduction ................................................................................................. 199 

5.2. PEGylated MKC-Quatsomes ...................................................................... 201 

5.2.1. Modifying the protein corona ................................................................ 201 

5.2.2. Quatsomes’ functionalization with PEG molecules ............................... 203 

5.2.3. Stability of PEGylated Quatsomes in human serum ............................. 209 

5.2.4. Summary ............................................................................................. 216 

5.3. Negatively charged Quatsomes .................................................................. 217 

5.3.1. Anionic vesicles using SDS surfactant ................................................. 217 

5.3.2. SDS-Quatsomes, composed of cholesterol and SDS ........................... 218 

5.3.3. Summary ............................................................................................. 220 

5.4. Loading porous silicon nanoparticles into Quatsomes ................................ 222 

5.4.1. Porous silicon nanoparticles ................................................................. 222 

5.4.2. Synthesis of pSiNPs ............................................................................. 224 

5.4.3. Complexation of pSiNPs with calcein, a model-oligonucleotides payload

 ............................................................................................................................. 226 

5.4.4 Quatsome complexation with pSiNPs@calcein ..................................... 229 

5.4.5. Comparison between TFH and DELOS-SUSP ..................................... 234 

5.4.6. Summary ............................................................................................. 235 

5.5. Summary and conclusions .......................................................................... 236 

5.6. References ................................................................................................. 237 

6. Conclusions ...................................................................................................... 243 

7. Experimental Part ............................................................................................. 245 

7.1 Materials ...................................................................................................... 245 

7.2. Preparation and processes of Quatsomes .................................................. 247 

7.2.1. Preparation by DELOS-SUSP method ................................................. 247 



xxi 
 

7.2.2. Preparation by thin-film hydration (TFH) ............................................... 252 

7.2.3. Purification of Quatsomes ..................................................................... 253 

7.2.4. Lyophilization of colloidal systems ........................................................ 254 

7.3. Techniques for colloidal characterization ..................................................... 256 

7.3.1. Dynamic light scattering (DLS) and electrophoretic light scattering (ELS)

 ............................................................................................................................. 256 

7.3.2. Nanoparticle tracking analysis (NTA) .................................................... 257 

7.3.3. Cryogenic - transmission electron microscopy (cryo-TEM) ................... 258 

7.3.4. Multiple light scattering (MLS) ............................................................... 259 

7.4. Techniques for optical characterization ....................................................... 260 

7.4.1. UV-Vis spectroscopy ............................................................................ 260 

7.4.2. Determination of dye concentration and dye loading in dye loaded 

Quatsomes ........................................................................................................... 260 

7.4.3. Fluorescence spectroscopy .................................................................. 261 

7.4.4.-Time-resolved spectroscopy ................................................................. 261 

7.4.5. Fluorescence quantum yield calculation ............................................... 261 

7.4.6. Photodegradation quantum yield .......................................................... 262 

7.4.7. FRET Efficiency .................................................................................... 262 

7.5. Determination of chemical composition ....................................................... 263 

7.5.1. Cholesterol’s analysis method .............................................................. 263 

7.5.2. MKC’s analysis method ........................................................................ 265 

7.6. In vitro cytotoxicity assays ........................................................................... 267 

7.6.1. Cytotoxicity with MKC-Quatsomes ........................................................ 267 

7.6.2. Cytotoxicity with FRET-loaded Quatsomes ........................................... 267 

7.7. Cellular internalization ................................................................................. 269 

7.7.1 Cellular internalization of MKC-Quatsomes ............................................ 269 

7.7.2 Cellular internalization of FRET-loaded Quatsomes ............................... 270 

7.8. In vivo biodistribution and toxicity assessment of Quatsomes in two colorectal 

cancer models .......................................................................................................... 271 

7.9. Preparation of pSiNPs (porous silicon nanoparticles) .................................. 273 



xxii 
 

7.10. References ............................................................................................... 274 

Appendix 1. Zeta-potential measurements ............................................................ 277 

1.1. Debye length .............................................................................................. 277 

1.2. Zeta-potential ............................................................................................. 279 

1.3. References ................................................................................................. 283 

Appendix 2. Molecular dynamics simulations ........................................................ 285 

2.1. Methodology ............................................................................................... 285 

2.2. Protocol of modeling and build-up the simulations ...................................... 287 

2.3 References .................................................................................................. 289 

Nomenclature ....................................................................................................... 291 

Publications .......................................................................................................... 295 

i 



  Chapter 1  

1 
 

1 
Introduction and Objectives 

 

 

1.1 Introduction 

1.1.1. Nanoparticles for biomedical applications 

Nanomedicine is an emerging field that combines nanotechnology with pharmaceutical 

and biomedical sciences. One of the goals is developing nanoparticles (NPs) for 

biomedical applications, like drug delivery and bioimaging agents with higher efficacy and 

improved safety and toxicological profiles. Due to their sub-micrometer size and high 

surface area to volume ratio, the nanoparticles show key differences in comparison to bulk 

materials, including changes in biochemical, magnetic, optical, and electronic properties1–

5. 

Therefore, the development of new nanomedicines based on nanoparticles is 

increasing in order to acquire new theranostic nanoparticles. The theranostic nanoparticles 

enable the union of the drug delivery nanovehicle with the bioimaging agents, allowing the 

treatment together with the diagnostic and detection of a specific disease6–11. 

Nanoparticles can be made from a wide number of materials including proteins, 

peptides, polymers, lipids, metals and metal oxides, and carbon. The most relevant 

nanoparticle structures include drug conjugates and complexes, viruses, dendrimers, 

vesicles, micelles, core-shell structures, virus-like particles, and carbon nanotubes, among 

others 9,12. Usually, the nanoparticles are associated depending on their composition and 

materials. Thus, the nanoparticles can be classified in inorganic nanoparticles, polymeric-

based nanoparticles, lipid-based nanoparticles, and protein-based nanoparticles13–15 

(Figure 1.1). In this section, some of the characteristics of each nanoparticle will be 

detailed. 
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Figure 1.1.: Schematic representation of different nanoparticles classified depending on their composition. 
Adapted from 13–15. 

Inorganic nanoparticles 
Inorganic particles are mainly composed of metal or metal oxides. Inorganic nanoparticles 

have generated some considerable interest, such as easily tunable size and modified 

surface16. Their production is very controllable, allowing to have a wide variety of inorganic 

particles with different properties16. 

Metallic nanoparticles 

Metal-based nanoparticles have been considered as promising nanoparticles due to their 

small size, nondeformable shape, stability, and diversity regarding the composition15. In 

addition, their intrinsic physicochemical properties, such as photoacoustic and 

photothermal effect make them excellent candidates in some treatments16. Among them, 

the gold nanoparticles have been well studied for their easily surface tunability15. Their 

surface can be modified with different groups and can be easily functionalized with some 

peptides and proteins14. 

Quantum dots 

Quantum dots are semiconductor nanocrystals consisting of atoms such as cadmium, zinc, 

or selenium. However, the most studied quantum dots have a cadmium selenide core 
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structure surrounded by a zinc sulfide shell9,14. This distribution allows quantum dots to 

have an intrinsic fluorescence. Their absorption and emission can be tuned changing their 

size or chemical composition9. They present high photostability and high brightness, which 

allows for using the quantum dots for biomedical applications9. Furthermore, their surface 

can be easily grafted in order to anchor some (bio-)molecules14. 

Magnetic nanoparticles 

Magnetic nanoparticles have been used for their intrinsic magnetic properties. The 

distribution of the magnetic nanoparticles can be controlled using magnets14. One of the 

most used magnetic nanoparticles is the SPIONs (superparamagnetic iron oxide 

nanoparticles) composed by iron oxides17,18. These nanoparticles are widely used for their 

superparamagnetic properties and their easily tunability17,18. 

Porous nanoparticles 

Porous nanoparticles are nanoparticles that have pores in their structure.  The pore size 

is tunable, with pore sizes ranging from micropores (d < 2 nm) to mesopores (d = 2-50 nm) 

and macropores (d > 50 nm)15, wherein their pores some payloads can be entrapped19,20. 

The most used porous materials are the ones composed of silicon or silicon oxide (silica)15. 

Carbon nanotubes 

Carbon nanotubes are classified as inorganic materials although they are constituted 

solely of carbon atoms. Carbon nanotubes are cylindrical tubes that can be single-walled 

or multi-walled9. In order to increase their solubility, the carbon nanotubes have been 

functionalized with hydrophilic groups14, allowing them to load some active agents. 

Protein-based nanoparticles 
Protein-based nanoparticles are composed of proteins or modified proteins, which can be 

self-assembled in large strcutures21. They offer the advantage against other nanoparticles, 

where the own protein structure can act as targeting and vehicle unit. 

Virus-like particles 

Virus-like particles or viral vectors are proteins’ assemblies that form viral structures but 

without the immunogenic part13. Therefore, they are less immunogenic compared to real 

viruses22,23. In this way, they have widely used as nanoparticles for biomedical applications 

because they can be easily produced24, and they have the capability of infect cells13. 

Adeno-associated viruses and lentiviruses are two types of virus-like particles that are 

commonly used22,23. 
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Protein conjugates 

Protein conjugates are nanoparticles composed of proteins that have been synthesized de 

novo to have a specific architecture that allows for carrying and targeting a specific 

drug25,26. Sometimes this drug can be the protein itself. As there are a wide variety of 

proteins, the proteins conjugates can be used in different situations21. 

Polymer-based nanoparticles 
Polymer-based nanoparticles are used in biomedical applications due to the 

biocompatibility and biodegradability of their main components, the polymers16. These 

nanoparticles are solid structures27, whose surface can be easily functionalized with the 

desired molecules in order to change their properties14,16. 

Polymeric nanoparticles 

Polymeric nanoparticles are polymer-based nanoparticles composed of natural or 

synthetic polymers. There is a wide range of polymeric nanoparticles depending on the 

polymer that is used. Alginate, chitosan, PEI (poly-(ethylenimine)), or PEG (poly-(ethylene 

glycol)) are the most used polymers14,16. Depending on the polymer used, the polymeric 

nanoparticles can have different properties. Moreover, the surface of the polymeric 

nanoparticles can be easy tuned28–30. 

Polymeric micelles 

Polymeric micelles are structures composed of amphiphilic block copolymers31,32. These 

polymers have a hydrophobic and a hydrophilic part, usually PEG molecules9, which are 

self-assembled in micelles. The polymeric micelles have the ability to efficiently solubilize 

hydrophobic molecules33. 

Dendrimers 

Dendrimers are polymeric hyperbranched nanostructures that can be controlled in size by 

regulating the number of polymerizations. As polymerization progresses, a small, planar 

molecule changes into a spherical nanostructure9. Thus, their controlled synthesis allows 

to have a perfect molecular characterization and an exact location of functional gropus34. 

Nanogels 

Nanogels are nanoparticles with three-dimensionally cross-linked polymers networks. 

Usually, they are composed of swellable polymers precursor and monomers, that enable 

their cross-linking (physical and chemical-cross link)35, with a high capacity to hold water36. 

Thus, a nanogel is a hydrogel particulate entities with a nanometer size spaced14,35. 

Further, it is known that the nanogels have a stimuli-response behavior35,36. 
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Lipid-based nanoparticles 
Lipid-based nanoparticles are nanoparticles composed of natural or synthetic lipids37. This 

type of nanoparticles can be easily functionalized with some ligands or molecules in order 

to gain new properties38. 

Nanovesicles 

Nanovesicles are constituted mainly by amphiphilic molecules, which are self-assembled 

in closed bilayer structures, which enclose an aqueous core inside them16,37,39. 

Nanovesicles can be divided depending on the nature of the membrane components. 

Liposomes are one of the main types of vesicles, whose amphiphilic compounds are 

mainly phospholipids39–41. They can load either hydrophobic or hydrophilic molecules37,42. 

Micelles 

Micelles are composed of amphiphilic molecules, like phospholipids or surfactants, which 

are self-assembled with a hydrophobic region inside9,15. Their size is highly controllable, 

and usually, they show a high nanoparticle to nanoparticle homogenity9. They can load 

hydrophobic molecules inside, although as lacking an aqueous core, the hydrophilic 

molecules must be linked on micelles’ surface. 

Solid lipid nanoparticles 

Solid lipid nanoparticles are micellar structures with a hydrophobic solid lipid core that 

prevents lipid permeation and degradation15. Its surrounded by a layer of one or more 

types of lipids or surfactants43. Hydrophobic molecules can be loaded inside the lipid core, 

which enables no-leakage of molecules43. 

1.1.2. Routes of administration of nanoparticles 

Nanoparticles can be administered through several routes to the organism. Figure 1.2 

summarizes the principal administration routes in humans. The administration routes can 

be classified as local or systemic routes44. Local routes are the ones that the effect of the 

drug is localized and, in most cases, do not reach the entire body. Examples of local 

administrations are the topical, ocular, or ear (auris) routes. The systemic routes are the 

ones that the drug can reach the whole body, through the blood. They are divided into 

enteral or parenteral routes. The enteral are the ones that are administered through the 

gastrointestinal system, like the oral or rectal administration. Meanwhile, the parenteral 

administrations do not pass through the gastrointestinal system, the drug passes directly 

to the blood. Examples of parenteral administrations are intravenous, intramuscular, or 

intradermal routes44. 
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Figure 1.2.: Different administration routes of a drug. Adapted from 45. 

Intravenous administration of nanoparticles 
The increased interest for intravenous (IV) delivery is not surprising given that drugs or 

nanoparticles delivered systemically have direct access to nearly all parts of the body and 

thus have the most potential to influence clinical care46. The intravenous route is the most 

rapid and simplest method for delivering a drug into the systemic circulation44,47. However, 

the poor water solubility of many drugs limits the application of the intravenous 

administration route in clinical trials47. Intravenous administration of these drugs can result 

in several side effects, such as systemic toxicity, and their rejection by the immune system. 

Furthermore, when a drug or a nanoparticle is injected intravenously, the first-pass 

metabolism is in the liver, which can remove the nanoparticle from the circulation and the 

nanoparticle can cause some hepatoxic side effects. 

Thus, when a nanoparticle is injected intravenously, some aspects must be 

considered. First, the injected nanoparticles must be biocompatible, biodegradables, and 

nontoxic at the injected doses48–50. As the intravenous administration is systemic, the 

nanoparticle can cause side effects in most of the body organs and tissues. Therefore, 

their toxicity must be controlled, determining also the nanoparticle biocompatibility and its 

biodegradation. 

Secondly, the nanoparticle size must be much lower than the blood capillaries’ sizes, 

which have diameters around 6 μm50. If the sizes are similar or bigger, there is the 

possibility to cause particle embolism or phlebitis (vein inflammatory). Therefore, the 

particle size distribution and the morphology must be analyzed precisely. Moreover, the 
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sample must be stable before the intravenous injection. So the sedimentation should be 

avoided, ensuring particle stability during storage50. 

Furthermore, when a nanoparticle is placed in the blood, the proteins in the 

bloodstream will surround the nanoparticle forming what is called the protein corona51–53. 

The magnitude of the interaction between the blood proteins and nanoparticles is tightly 

dependent on the physic-chemical characteristics of the NP. It is crucial, that the 

nanoparticles remain stable in the presence of the molecules and proteins located in the 

bloodstream, before reaching the target. In addition, the effect of protein corona can 

change the nanoparticles’ properties having other undesirable effects39,54–56. Therefore, 

the protein corona must be considered when a nanoparticle is injected intravenously. 

In addition, the biodistribution and the elimination of the nanoparticles must be 

studied57,58. The nanoparticles can be eliminated through several routes being the kidneys, 

the liver, and the spleen the most detoxification organs59,60. Furthermore, the nanoparticles 

can be accumulated into tumors due to the enhanced permeability and retention effect 

(EPR)61,62. To avoid an undesired systemic distribution, a targeting group anchored in the 

surface of the nanoparticle could be used in order to target the nanoparticles to the desired 

cells63,64. 

Therapeutic nanoparticles intravenously administrated can be used as drug delivery 

systems, as vaccines, and as metal replacements therapies, among others46. The most 

widely used are as drug delivery systems. A drug delivery system (DDS) is defined as a 

formulation or a device that enables the introduction of a therapeutic substance in the body 

and improves the efficacy and the safety by controlling the rate, time and place of release 

of drugs in the body6,12,65,66. This process includes the administration of the therapeutic 

product or drug, the delivery of the active ingredients, and the subsequent transport of the 

active ingredients across the biological membranes to the site of action12,66. A drug delivery 

system can be understood as an interface between the patient and the drug. It is important 

to distinguish the vehicle (the excipient) form the drug, as it is the criterion for regulatory 

control of the drug delivery system by the drug or medicine control agency. 

Therefore, much effort has been made to develop new formulations based on 

nanoparticles that are suitable for the intravenous route. Currently, there are several new 

medicines based on nanoparticles for intravenous drugs. For example, Doxil® and 

Abraxane® are two examples of intravenous pharmaceutical formulations, based on 

nanoparticles, which are approved by the medicine agecies46,49,50. The first one is based 

on PEGyladed liposomes which encapsulate Doxorubicin, a well known cytotoxic 

substance widely used for the treatment of ovarian cancer, whereas the second one is an 
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albumin-particle bound to paclitaxel, which is used for the treatment of pancreatic or breast 

metastatic cancer. Furthermore, other nanoparticle based IV formulations are currently in 

clinical trials to be used as nanomedicines for a wide-range of treatments46,49,50. 

1.1.3. Nanoparticles for bioimaging 

Nanoparticles, apart from being used for the development of drug delivery systems, have 

attracted interest in the development of contrast agents for the detection and bioimaging7–

11. For this purpose, apart to load drugs inside, they must be capable to be or to load some 

contrast agent or some dye. 

Currently, the modalities available for bioimaging include optical imaging, magnetic 

resonance imaging (MRI), computed tomography (CT), ultrasound (US), and positron 

emission tomography (PET) or single-photon emission computed tomography 

(SPECT)9,67,68. Figure 1.3 shows the advantages and disadvantages of the different 

bioimaging modalities, with their wave detection. Furthermore, it appears the 

characteristics of the bioprobes to be used. 

 
Figure 1.3.: Characteristics of imaging modalities used in biomedical applications with the bioprobes involved. 

Adapted from 9,67. 
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Optical bioimaging and nanoparticles 
Optical bioimaging is one of the most common imaging modalities used in research69–71. 

Optical bioimaging uses photons emitted from fluorescent or bioluminescent probes. 

Advantageously the detection of low energy photons is relatively economic9,67. Moreover, 

the spectrum from visible to near-infrared (NIR) light (from 380 to 740 nm) provides good 

spatial resolution, without exposure to ionizing radiation9,67, as X-rays or γ-rays are. 

Furthermore, optical bioimaging provides high sensitivity. 

Unfortunately, compared to other bioimaging modalities, the optical imaging suffers 

from poor tissue penetration (only 2 cm in depth) and fluorescent imaging is highly 

susceptible to noise due to the tissue scattering of photons in the visible light region 

(between 395 and 600 nm)68. Optical imaging also suffers from a significant background 

because of tissue autofluorescence and light absorption by proteins (caused by the 

aromatic residues, between 257 and 280 nm), heme groups (around 560 nm), and even 

water (above 900 nm)72. 

Despite these challenges, some groups have developed new strategies to overcome 

these limitations. One is to use fluorescent dyes that emit in the NIR73–75. The NIR (between 

700 and 900 nm) window has the advantages of reduced autofluorescence, reduced tissue 

scattering, and greater depth of penetration, which is most suitable for in vivo imaging9. 

Another approach is using FRET (Förster resonance energy transfer) phenomenon 76–81. 

FRET allows reducing the noise caused by the tissue scattering because the wavelength 

of emission is far away from the excitation wavelength of the fluorescent dye. Moreover, 

the FRET phenomenon allows us to study the stability of the nanoparticles in the cell media 

and inside the cell.  

The idea of integration dyes in a single nanoparticle has gained interest in comparison 

of using single dye molecules69,82. The adequate design of fluorescent nanoparticles with 

superior luminescence in comparison with single dye molecules. The extensive gain in 

brightness is extremely important. Thus, the principle for achieving high brightness in 

fluorescent nanoparticles relies on the confinement of a high number of fluorescent dyes 

in a nanosized structure (Figure 1.4). Consequently, the brightness of the nanoparticle is 

much brighter compared to that of the single fluorophore71. 
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Figure 1.4.: Schematic representation of the selective labeling of a cell membrane by using a) single dye 
molecule and b) a fluorescent nanoparticle. Adapted from 71. 

Therefore, fluorescent nanoparticles that exhibit FRET are a good strategy to 

overcome the drawbacks that arise with optical bioimaging, meanwhile the brightness of 

the fluorophores is increased. 

1.1.4. Vesicles 

Nanovesicles are one of the nanoparticles attracting large interest in intravenous drug 

delivery and for the development of fluorescent organic nanoparticles (FONs) for optical 

imaging. 

As explained before, nanovesicles are lipid-based nanoparticles which are spherical-

like objects composed of amphiphilic molecules. When the amphiphilic molecules are 

dispersed in water they are self-organized forming a closed bilayer, which encloses a liquid 

compartment inside (lumen)83–85 (Figure 1.5). The amphiphilic molecules have at least two 

parts, one which is soluble in a solvent (the lyophilic part) and one which is insoluble (the 

lyophobic part). When the solvent is water, one usually talks about the hydrophilic part 

(soluble in water) and hydrophobic part (insoluble in water) (Figure 1.5). Generally, the 

hydrophobic region consists of one or two hydrocarbon tails, and the hydrophobic region 

usually is a polar head, which can be ionized or not. When are put in contact with water 

this type of molecules are oriented protecting the hydrophobic tails from the water and 

exposing its polar head towards it, forming closed bilayers42,85 (Figure 1.5). 
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Figure 1.5: On top, the scheme of an amphiphilic molecule. At the bottom, the self-organization of the 

amphiphilic molecules in water forming vesicular structures. 

According to their size and number of bilayers (lamellarity), vesicles can be 

classified as (Figure 1.6): small unilamellar vesicles (SUVs, size < 200 nm and single 

bilayer), large unilamellar vesicles (LUVs, size ranging from 200 to 1000 nm and single 

bilayer), giant unilamellar vesicles (GUVs, size > 1000 nm and single bilayer), 

multilamellar vesicles (MLVs, consisting of several concentric bilayers) and 

multivesicular vesicles (MVVs, composed by several small vesicles entrapped into 

larger ones)42. Size and lamellarity are crucial factors that determine the performance of 

vesicles as drug carriers86–88. 

 
Figure 1.6.: Classification of vesicles depending on their size and lamellarity. SUVs: small unilamellar vesicles, 
LUVs: large unilamellar vesicles, GUVs: giant unilamellar vesicles, MLV: multilamellar vesicles and MVV: 
multivesicular vesicles. 

Nanovesicles are one of the most versatile supramolecular assemblies used as 

nanocarriers for therapeutic actives, due to their great flexibility concerning size, 

composition, surface characteristics, and capacity for entrapping and delivering active 

molecules with different physicochemical properties89–91.  

Furthermore, their particular structure enables them to entrap hydrophilic compounds 

(such as therapeutic actives, proteins or oligonucleotides) within the lumen or adsorbed 
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on the surface, and hydrophobic molecules in the hydrophobic region of the bilayer39,41. In 

addition, their membranes can be efficiently functionalized with different targeting units 

which promote a specific and increased accumulation of the active (or bioactive) molecule 

in the target cells or diseased organs. Moreover, vesicles can be engineered to develop 

stimuli-responsive vesicle platforms that are sensitive to specific signals, either exogenous 

(light, heat, magnetic field, etc.) or endogenous (pH changes or specific enzymes), 

enabling to deliver payloads at specific sites 92. Figure 1.7 summarizes most of the 

modifications and functionalities that can be implemented in a nanovesicle to enhance 

their functionality as drug nanocarrier and diagnosis nanoprobe. 

 
Figure 1.7.: Schematic representation of some modifications of a vesicle. Adapted from 84. 

These characteristics make nanovesicles very appealing candidates for biomedical 

appliucations5,84,93–95. Indeed, nanovesicles are one of the most studied nanoparticles, due 

to their versatility and applicability in pharmacological fields, since they are non-toxic, 

biodegradable, and non-immunogenic96,97. The pharmacological characteristics of 

nanovesicles strongly depend on their structural characteristics98,99. A high degree of the 

structural particle to particle homogeneity, regarding size, morphology, and composition is 

crucial for their optimum performance4. 

The stability, rigidity and permeability, functionalization, and response to an external 

stimulus are ruled by the nanovesicle membrane composition and supramolecular 

organization. Thus, the behavior of nanovesicles is tightly linked to their vesicle 
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homogeneity, in size and morphology, but also in composition and supramolecular 

organization42. For instance, in the case of nanovesicles used as drug delivery systems, 

the structural vesicle to vesicle homogeneity concerning size and lamellarity plays a crucial 

role to have a sharp response to an external stimulus, which allows the homogeneous 

release of drugs in the targeted site. In fluorescence imaging applications, the 

nanovesicles must be homogeneous regarding their fluorescent dye’s loading, in order to 

ensure that all of the nanovesicles have the same brightness. 

Types of vesicles 
Vesicles can be classified depending on the nature of the membrane components. In 

Table 1.1 are summarized the most well-known types of vesicles with their membrane 

components. 

Table 1.1.: Types of the lipid-based vesicular systems with their membrane components. 

Type of vesicles Membrane components 

Liposomes Phospholipids (and cholesterol) 

Transfersomes Phospholipids and surfactants 

Ethosomes Phospholipids and alcohols 

Pharmacosomes Phospholipids and drugs 

Virosomes Phospholipids and viral envelope proteins 

Ufasomes Fatty acids and surfactants 

Sphingosomes Cholesterol and sphingolipids 

Niosomes Cholesterol and non-ionic surfactants 

Quatsomes Cholesterol and ionic surfactants 

        Adapted from 37. 

Liposomes 

Liposomes are the most widely used vesicular systems10,40,100,101. They are composed of 

phospholipids in their membrane. Liposomes were discovered in 1964 by Dr. Alec 

Bangham et al.102,103. Over the last 50 years, liposomal nanotechnology has significantly 

evolved, and now liposomes are used in many fields apart from the pharmaceutical world, 

like cosmetics104, food105, and textile106.  

Besides, due to their biocompatibility, biodegradability, and low toxicity, liposomes are 

well-recognized and applied as pharmaceutical carriers57,58,63,64,107,108. Relevant 

pharmacological specifications like stability, loading capability, or leakage and release 
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kinetics of integrated drug substances are defined by the structural properties (e.g., vesicle 

size distribution, morphology, supramolecular organization) of these nanocarriers41,109. In 

particular, liposomes with sizes around 80 and 100 nm have attracted great attention in 

the drug delivery field in intravenous administrations. These molecular nano-assemblies 

are large enough to avoid the first-pass elimination through the kidneys but are sufficiently 

small to exhibit uptake by the mononuclear phagocytic system of the liver and spleen, 

increasing the circulation lifetime in the body and, hence, enhancing the possibility to reach 

the target cells or organs. Moreover, they can be accumulated in tumors thanks to the 

enhanced permeability and retention effect (EPR)61,110. 

Some liposomal drugs have met the pharmaceutical quality criteria concerning the 

physicochemical properties, reproducibility, shelf stability, and clinical requirements, and 

have been therefore approved by regulatory agencies and are now commercialized40. 

Nevertheless, these systems show in many cases some drawbacks such as poor colloidal 

and chemical stabilities during the circulation in the bloodstream. Indeed, this is because 

pure liposomes are not thermodynamically stable entities as they lack a spontaneous 

curvature and, therefore, they collapse over time in the lamellar equilibrium state of 

aggregation37. Pure liposomes correspond to metastable kinetically trapped states, formed 

by an energetic external input over a planar lamellar stable phase. The kinetically driven 

stability of pure liposomes is therefore limited by the water non-solubility of their building 

blocks, the phospholipids6,90. In a thermodynamic point of view, the equilibrium state is not 

closed vesicles, it corresponds to the planar lamellar bilayer111. In addition, the 

phospholipids are not long-term chemically stables, undergoing hydrolysis, oxidation, or 

peroxidation, which are generally limited by the addition of antioxidant and low-

temperature storage. Physical instability of pure liposomes leads, for example, to issues 

related to the permeability of their membrane which induces fast leakage of their payloads. 

To overcome this issue, cholesterol is usually incorporated in the liposomes, enhancing 

their rigidity and stability and reducing the permeability112–114. 

Transfersomes 

Transfersomes are vesicles composed of mainly phospholipids and surfactants115,116. 

Usually, the surfactants are single-chain surfactants that are used as edge activators. Their 

function is to produce a higher radius of curvature, destabilize the lipid bilayers and 

increase its deformability. This type of vesicles was discovered to improve the skin 

penetration, leakage of the encapsulated drug, aggregation, and fusion of the vesicles of 

other vesicles117. Thus, transfersomes are highly deformable (elastic or ultra-flexible) 

vesicular systems, which are able to penetrate the mammalian skin intact when applied 

under nonocclusive conditions118. 
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The size of transfersomes is in the nano and sub-micron range, and regarding 

lamellarity, the vesicles are unilamellar119,120. These new kinds of vesicles are good 

candidates for transdermal delivery of both low and high molecular weight drugs, due to 

their high deformability allowing them to penetrate the skin by squeezing themselves along 

the intracellular sealing lipid of the stratum corneum (the outermost layer of the 

epidermis)121–125. 

However, transfersome formulations have some limitations, like their poor chemical 

stability due to oxidation, and the lack of purity of natural phospholipids126. 

Ethosomes 

Ethosomes are vesicular systems composed of phospholipids and alcohols. The alcohols 

are used as edge-activator, which interact with the membrane127–130. The alcohols mostly 

used are ethanol or isopropyl alcohol, at high concentrations131. Ethosome size can be 

modulated, and either unilamellar or multilamellar vesicles can be obtained131. 

Ethosomes were developed as vesicular systems in order to penetrate the mammalian 

skin when applied both under occlusive and non-occlusive conditions124,132,133. It is well 

known that the high content of alcohol enhances the intercellular region of the stratum 

corneum134. 

Pharmacosomes 

Pharmacosomes are colloidal dispersions composed mainly of phospholipids and drugs, 

which are covalently bonded to the phospholipids135,136. When the drug is an active herbal 

ingredient, the pharmacosomes are known as phytosomes137. Depending on the drug 

covalently linked, the pharmacosomes can have different assemblies with different sizes. 

The physicochemical stability of pharmacosomes depends mainly on the physicochemical 

properties of the complex. 

Pharmacosomes were developed in order to increase the loading of hydrophilic drugs. 

Therefore, pharmacosomes can pass through biomembranes efficiently since the drug is 

covalently bonded to the lipid, and thus, the leakage of drugs is avoided138. Moreover, 

there is no need for additional steps to eliminate the free drug, and the drug release is not 

affected by the membrane fluidity139. 

Virosomes 

Virosomes are hybrids of liposomes and viruses, which integrate fusogenic viral envelope 

proteins into the lipid membrane of liposomes140–143. Virosomes have a wide variety of 

sizes and can be unilamellar or multilamellar.  
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Virosomes are promising candidates for the delivery (bio-)pharmaceuticals, since the 

fusogenic viral proteins allow them to penetrate into cells, and escape from the 

endosomes, delivering their cargo directly into the cytoplasm of the cells144–146. Moreover, 

virosomes have been used as vaccine carriers and as adjuvant systems145, since they 

have shown to improve cell-mediated and humoral immune response, generating long-

term immunity against pathogens. 

Despite all the advantages that virosomes have shown, safety concerns are related to 

their use since the viral proteins produce some immunogenicity147; additionally, they have 

shown poor stability. 

Ufasomes 

Ufasomes are vesicular systems composed of fatty acids (saturated and unsaturated) and 

surfactants148. Ufasomes can have different sizes and can be unilamellar or 

multilamellar148. 

Ufasomes have some advantages since they show improved stability, better 

entrapment efficiencies for hydrophobic drugs, and their membrane components are 

cheaper and more available149–151. Ufasomes are therefore potential carriers for topical 

delivery of (bio-)pharmaceuticals152,153. Nevertheless, ufasomes have some issues related 

to their skin toxicity and their low entrapment efficiency of hydrophilic drugs. 

Sphingosomes 

Shingosomes are vesicles composed of natural or synthetic sphingolipids and cholesterol. 

They can have different sizes with unilamellar or multilamellar membranes154. 

Sphingosomes have better stability compared with other vesicular systems. Moreover, 

they present better resistance to hydrolysis and better drug retention. Sphingosomes have 

shown promising results in vitro and in vivo for the delivery of several drugs155,156. In 

addition, they can be administered by different routes, such as intravenous, intramuscular, 

and subcutaneous. However, these vesicular systems show some limitations both related 

to their cost, because sphingolipids are very expensive, and to their poor entrapment 

efficiency126. 

Niosomes 

Niosomes, or non-ionic surfactant vesicles, are constituted mainly by non-ionic surfactants 

and cholesterol157,158, although, they can have aminoacids, fatty acids, or other lipids in 

their membrane. The size range of niosomes includes nano and submicron sizes, and the 

vesicle structures can be unilamellar or multilamellar159. 
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The addition of cholesterol to these structures improves the rigidity of the bilayer, 

reducing the permeability of vesicles, thereby preventing drugs’ leakage160–162. Moreover, 

the high chemical stability of surfactants, makes niosome purification, handling, and 

storage much more easier163–166. Furthermore, niosome formulations have shown good 

results in vitro and in vivo results for the delivery of (bio-)pharmaceuticals157,167,168. 

Despite the promising results achieved, niosomes have some disadvantages related 

to their poor physical stability and sterilization issues169. 

1.1.5. Quatsomes 

Quatsomes (QS) are lipid-based nanovesicles, developed by Nanomol group of the Institut 

de Ciència de Materials de Barcelona (ICMAB) of CSIC, which are thermodynamically 

stable entities, and thus they show colloidal stability in terms of size, morphology, and 

lamellarity, in aqueous media37. Quatsomes are constituted by the association of ionic 

surfactants and sterol derivatives170. 

The most studied Quatsomes are composed of the quaternary ammonium surfactant 

CTAB (cetyltrimethylammonium bromide) and cholesterol (Figure 1.8)170–172. Cholesterol 

in water forms crystals, while the CTAB in water is selfassembled in micelles (Figure 1.8). 

But when they are placed together in water in an equimolar ratio, they form stable 

nanovesicles called CTAB-Quatsomes. These nanovesicles are unilamellar and highly 

homogenous in size (around 60 nm)170,173,174. 

 

Figure 1.8.: On top: molecular structures of CTAB and cholesterol along with a schematic representation of 
their structures in water. At the bottom: schematic representation of a CTAB-Quatsome, with its organization 
of the membrane and synthon. Adapted from 170,175. 
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Both molecules are self-assembled in a bimolecular synthon, that works as a single 

entity (Figure 1.8)170. In this organization, seen by molecular dynamics simulations (MD), 

the hydrophilic head of the CTAB and the hydroxyl group of the cholesterol interact by 

electrostatic attractions, and they point to the aqueous media170. Due to the cationic 

ammonium groups, both surfaces of CTAB-Quatsomes have positives charges. 

Meanwhile, the hydrophobic tail of the CTAB and the cholesterol’s backbone compose the 

hydrophobic region of the membrane (Figure 1.8)170. The energy difference between both 

molecules forming the synthon and each molecule self-organized, cholesterol in crystals 

and CTAB in micelles, is small, but high enough to form stables CTAB-Quatsomes170. 

Furthermore, theoretical and experimental results demonstrate that these CTAB-

Quatsomes are thermodynamically stable vesicles (unpublished results). 

The CTAB-Quatsomes’ membrane has characteristics of a fluid-like lipid bilayer. It is 

compact and homogeneous in composition, and with structural and mechanical properties 

that depend on the surrounding environment172, which can be tuned changing the 

temperature or the aqueous solution nature. When the temperature increases the CTAB-

membrane is becoming more homogenous in terms of topography, a phenomenon also 

observed when the water solvent is replaced by PBS (phosphate buffered solution) 

solution172. 

CTAB-Quatsomes can entrap hydrophobic and hydrophilic molecules. Hydrophobic 

molecules can be placed in the hydrophobic region of the bilayer, while hydrophilic 

molecules can be loaded inside the vesicle, in the lumen, or adsorbed on the exterior 

surface. The CTAB-Quatsomes have been used for dispersing hydrophobic molecules and 

compounds. CTAB-Quatsomes have successfully entrapped hydrophobic fluorescent 

dyes like fluorene derivatives176, diketopyrrolopyrroles75, and indocyanines171, or more 

large compounds like silicon nanocrystals177. Moreover, CTAB-Quatsomes have 

entrapped small hydrophilic molecules like fluorescein178, and larger ones, like EGF 

(epidermal growth factor)179 and BSA (bovine serum albumin)180 proteins. 

It is important to highlight that the unilamellarity of Quatsome-like structures and their 

homogeneous morphology make these systems ideal for precise functionalization of their 

membranes, which is very important for a robust and efficient drug targeting181–183. Thus, 

CTAB-Quatsomes have been functionalized with PEG molecules180 and biotin vitamin to 

do targeting with streptavidin protein174  

Another important characteristic of Quatsomes is that their membrane components 

are not expensive and are available at pharmaceutical grade. For instance, the surfactants 

forming the Quatsome membrane are widely used as preservatives, disinfectants, 
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algaecides, detergents, and antistatic components184. This confers to Quatsomes an 

additional antibacterial feature. Thus, Prof. Clive A. Presidge and his coworkers had 

prepared CPC-Quatsomes composed by CPC (cetylpyridinium chloride) and cholesterol, 

to be used as anti-biofilm and antibacterial platforms in Staphylococcus aureus and 

Pseudomonas aeruginosa, without showing toxicity to human cells (NuLi-1 cells) at the 

tested doses185,186. 

The charge of the Quatsomes plays an important role in Quatsome’s characteristics. 

Dr. Surajit Ghosh and his coworkers studied how the surface charge impacts on the 

loading of molecules. They prepared CTAB-Quatsomes and SDS-Quatsomes, the later 

ones composed of cholesterol and SDS (sodium dodecyl sulfate), in order to complex 

positive hydrophilic molecules like rhodamine fluorescent dye187. They obtained that this 

positive hydrophilic molecule was labeled in SDS-Quatsomes but not in CTAB-

Quatsomes187, demonstrating that the surface charge impacts directly on the loading of 

hydrophilic compounds. 

Quatsomes as drug delivery systems 
Before the starting of the present thesis, all Quatsomes prepared and studied were 

designed for topical drug delivery. One of the most successful examples is the use of 

CTAB-Quatsomes for the topical delivery of the protein rh-EGF179. Nevertheless, the own 

nature of the CTAB and other ionic surfactants, bring up safety concerns, particularly for 

their in vivo use for parenteral administration188. 

Quatsomes for optical bioimaging 
Quatsomes have been used for the development of optical probes for bioimaging since 

they are capable to load optical fluorescent dyes. The integration of hydrophobic 

fluorescent DiI and DiD dyes has given good results regarding their encapsulation and 

stability75,171. These hydrophobic dyes were loaded between the bilayers and they 

remained inside without any leakage178,189. Therefore, the Quatsomes labeled with DiI or 

DiD dyes have achieved promising results to use Quatsomes as optical bioprobes. 

However, these fluorescent Quatsomes have a small spectral gap between the excitation 

and emission maximums, which impacts on increasing the self-absorption and, hence, the 

background noise while imaging. Additionally, the DiI emits at the yellow wavelengths, 

which presents poor penetration and high autofluorescence by the animal’s tissues. 

1.1.4. Vesicles’ preparation methods 

The optimal performance of the nanovesicles is completely related to their structural 

characteristics. Thus, tight control over these physicochemical properties takes 
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outstanding importance. In this regard, not only environmental conditions like temperature, 

pH, ionic strength, composition, and concentration of the components are crucial but also 

the path followed by the self-assembly of the molecules. Therefore, the method of 

preparation must be considered to achieve homogeneous vesicular formulations that 

present controlled size, morphology, and supramolecular organization. Besides, the 

manufacturing process should be easily compliant with the regulations of the FDA (Food 

and Drug Administration) in the United States and the EMA (European Medicines Agency) 

in Europe. These regulations involve the development and implementation of good 

manufacturing practices (GMPs), which ensure the quality, safety, and traceability of the 

obtained product190,191. Also, the majority of vesicle preparation methods employ organic 

solvents that, depending on the final application of the systems, must be reduced below 

the allowed limits192. 

Conventional methods 
Conventional techniques for the preparation of nanovesicles and Quatsomes are thin-film 

hydration101,102,193–195, reverse-phase evaporation196, freeze-drying, and ethanol injection194 

among others. Besides, these preparation methods, which involve a solvent-free state, 

may favor the demising of membrane components197. For instance, by these methods, it 

can be difficult to obtain stable cholesterol-based supramolecular vesicles due to the 

formation of cholesterol-rich domains174,197. Furthermore, these conventional methods use 

large amounts of organic solvents, which are toxic in many cases, and particularly their 

incomplete post-processing removal are other major issues not only at lab scale but also 

at large scale production198. 

In addition, the important drawback of these conventional methodologies lies in the 

little control of the self-assembling of the molecules constituting the system, resulting in a 

high vesicle to vesicle structural heterogeneity37,199,200. Thus, an extra step of the sample’s 

homogenization is required in order to precisely control the size and size distribution. 

These post-formation steps could be freeze-thawing196,201, sonication202, extrusion203–205, 

or high-pressure homogenization206,207. These multi-step and time-consuming procedures 

have a high risk of damaging the functionality of bioactive molecules if they are added in 

the system, and of oxidizing the vesicle membrane components. 

Consequently, it is of extreme interest in the development of new, efficient, and 

environmentally respectful methodologies that allow the manufacturing of these materials 

in only one-step but achieving also controlled properties (Figure 1.9). 
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Figure 1.9.: Different routes to achieve homogenous vesicles starting from their membrane components 
dissolved in an organic solvent. 

Compressed fluids-based methodologies 
The use of compressed fluids (CFs)-based methodologies, also named as dense gas 

technologies have emerged as promising alternatives to conventional methodologies for 

the preparation of nanostructured materials, including vesicles173,180,208–211. 

Compressed fluids are molecules that at normal conditions of pressure (P) and 

temperature (T) are founded as gases, but when these magnitudes are increased the 

gases can be converted into liquids or supercritical fluids. The supercritical region is one 

of the states of matter that is obtained when the compound is submitted to conditions 

above its critical pressure (Pc) and temperature (Tc) (Figure 1.10). One of the most 

important features of this supercritical region is the absence of phase boundary between 

the gas and liquid phases, being a single-phase. The supercritical fluids present “hybrids” 

properties associated with liquids and gases, which can be adjustable with small pressure 

and temperature variations. The viscosities and diffusivities are similar to those of the gas 

phase while the density and solvation power is closer to the liquid phase. 
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Figure 1.10.: Phase diagram of CO2. 

The solvent power of a CF, either in the liquid or supercritical state, depends 

proportionally on its density, which also responds to changes in temperature and pressure 

around the critical point. Therefore, the solvation power of CFs can be tuned by pressure 

changes, which propagates much more quickly than the temperature and composition 

solvent changes. This can offer better control over the morphology of the materials on the 

microscopic and nanoscopic scale than most of the conventional processing techniques. 

The most widely used dense gas is carbon dioxide (CO2) since it is inexpensive, non-toxic, 

flammable, non-corrosive, non-polluting, and has easily accessible critical parameters of 

31.1 °C and 73.8 bar212. Due to these interesting properties, CO2 has become a “green 

substitute” to organic solvents in the preparation of vesicular nanocarriers. Several 

methodologies that employ CO2 aim to reduce the amount of organic solvent required in 

conventional methodologies and at the same time improving the final vesicle structural 

characteristics199,213. Other advantages of the processing with CO2 are the sterile operating 

conditions along with the potential for one-step production processes. So, it is not needed 

of performing a second post-formation step of homogenization of the vesicles’ size 

distribution174,214. However, there are still some drawbacks such as the elevated pressures 

and temperatures required during the process. 

DELOS-SUSP methodology 
In the year 2000, the Nanomol group of ICMAB-CSIC developed and patented a new 

procedure based on the use of compressed CO2 called depressurization of an expanded 

organic solution (DELOS) for the production of micron and submicron-sized crystalline 

particles with high polymorphic purity215,216. In this process, CO2 is a cosolvent completely 
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miscible at a given pressure and temperature with an organic solution that contains the 

solute to be crystallized215,216. DELOS requires milder conditions of pressure (< 10 MPa) 

and temperature (< 308 K) than other compressed fluids-based methodologies199, 

allowing the processing of heat-labile compounds while reducing the cost of a high-

pressure plant for the scale-up. Later, a new and improved procedure based on the 

DELOS process was developed for the preparation of colloidal suspensions: the 

depressurization of an expanded organic solution-suspension (DELOS-SUSP) process 

enables the one-step preparation of cholesterol-rich nanovesicles214. 

Briefly, the DELOS-SUSP method (Figure 1.11) consists of loading the hydrophobic 

membrane components solution and the desired hydrophobic actives in an organic solvent 

(like ethanol) into a high-pressure vessel previously driven to the working temperature 

(35 ºC) (Figure 1.11a). In the second stage, the reactor is pressurized using compressed 

CO2 until the working pressure is achieved (10 MPa) (Figure 1.11b). Finally, the vesicular 

conjugates are formed by the depressurization of the CO2-expanded solution over an 

aqueous phase containing the hydrophilic membrane components and hydrophilic 

(bio)actives (Figure 1.11c). In this final step, a flow of N2 at the working pressure is used 

as a plunger of the CO2-expanded solution. The expanded organic solution experiences 

then, a large, abrupt, and extremely homogenous temperature decrease produced by the 

CO2 evaporation from the expanded solution. This might explain the resulting homogenous 

vesicles in terms of size, lamellarity, and morphology. 
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Figure 1.11.: Schematic representation of the DELOS-SUSP method for the efficient preparation of 
nanovesicles-conjugates. The whole procedure includes the loading (a) of an organic solution of the 
hydrophobic membrane components and the desired hydrophobic active compounds/molecules into a vessel 
at working temperature (Tw) and atmospheric pressure; the addition of CO2 (b) to produce a CO2-expanded 
solution, at a given XCO2, working pressure (Pw), and Tw, where the hydrophobic active and membrane 
components remain dissolved; and finally, the depressurization (c) of the expanded solution over an aqueous 
solution, which contains hydrophilic membrane components and hydrophilic (bio)molecules, to produce an 
aqueous dispersion of the nanovesicles-conjugates with high vesicle-to-vesicle homogeneity regarding size 
and morphology. 

DELOS-SUSP is thus a simple, robust, scalable, and one-step process to prepare a 

variety of SUVs with different functionalities and high structural homogeneity. Interestingly, 

this technique allows high incorporation of cholesterol since there is not a free-solvent 

state174, like in the case of conventional methodologies. 

DELOS-SUSP has demonstrated its potential to prepare a variety of nanovesicles-

(bio)molecule conjugates (like Quatsomes) with high structural homogeneity, which are 

interesting for the development of new nanomedicine candidates180. 
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1.2. Objectives 

There is a huge interest in the biomedical community on the development of nanoparticles 

that can be intravenously administered, and on the design of fluorescent nanoparticles to 

be used as optical probes for bioimaging and diagnosis. 

Considering these challenges, the following objectives have been addressed in the 

present thesis: 

1. Develop and well characterize a new Quatsome nanovesicular system with the 

appropriate physicochemical and biological characteristics to be used as a 

nanocarrier for intravenous drug delivery. 

2. Prepare new Quatsomes based fluorescent organic nanoparticles to be used as 

bioprobes for advanced optical microscopies with application to bioimaging and 

diagnosis. 
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2 
MKC-Quatsomes:  

colloidal stability, membrane 

organization, and dye labeling 
 

 

2.1. Introduction 

As described in the general introduction, Quatsomes are composed of a sterol molecule 

and an ionic surfactant. The most studied Quatsomes are those composed by CTAB as 

an ionic surfactant and cholesterol as a sterol-derivative (CTAB-Quatsomes)1,2. These 

CTAB-Quatsomes are nanoscopic vesicles which present a high vesicle-to-vesicle 

homogeneity, regarding size, morphology and supramolecular organization, and infinite 

colloidal stability1,3,4. Most of the applications studied for the CTAB-Quatsomes are for 

topical delivery. 

Therefore, there is high interest in the designing and preparation of Quatsome like 

nanovesicles, by using molecules approved by the medical agencies, for their intravenous 

(IV) delivery. One of the main components of CTAB-Quatsomes is cholesterol (Figure 

2.1a), which is the major sterol of the higher animals and thus, found in all body tissues, 

especially in the brain and spinal cord. Cholesterol is generally regarded as an essentially 

nontoxic and nonirritant material at the levels employed as an excipient5. Its physiological 

occurrence is the reason for its proven excellent biocompatibility. This lipid is approved by 

European and U.S. regulatory authorities as an inactive ingredient in IV injections6, some 

of them being liposomal injections (e.g. Ambisome®)7. 

On the contrary, CTAB (cetyltrimethylammonium bromide) is a quaternary ammonium 

surfactant, used generally for non-parenteral pharmaceutical formulations and approved 

by the medical regulatory agencies such as the EMA (European Medicines Agency) or the 

FDA (Food and Drug Administration)5. For this reason, and because the CTAB has still not 
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been approved for intravenous administration, there is an interest to use other ionic 

surfactants already being used for IV administration and approved by the medical 

agencies. 

In this chapter, a new intravenous drug delivery system based on Quatsomes has 

been developed. A deep physicochemical characterization was carried out in order to 

understand their stability, which is a crucial parameter for the further use of these 

nanovesicles for drug delivery and drug formulation. 

2.1.1. MKC as a proposed ionic surfactant for IV delivery 

Myristalkonium chloride (MKC), also known as benzyldimethyltetradecylammonium 

chloride or tetradecyldimethylbenzylammonium chloride (Figure 2.1b), is a quaternary 

ammonium surfactant present in some pharmaceutical formulations such as ophthalmic, 

nasal, otic, and parenteral products5. Hence, MKC could be a good candidate to replace 

the CTAB in the Quatsomes structure and has the appropriate molecular structural 

characteristics to form, together with sterols, nanovesicular structures. MKC (C23H42ClN, 

Mw = 368.05 g/mol) is a quaternary ammonium surfactant with a hydrophobic aliphatic 

chain consisting of fourteen carbons, a polar head, composed by a positive quaternary 

ammonium group and a phenyl group, which hides the positive charge, and a chloride 

anion as a counterion. These three characteristics are different from CTAB (Figure 2.1c), 

which has a bromide ion as a counterion, sixteen aliphatic carbons, and a quaternary 

ammonium group in the polar head. 

 
Figure 2.1.: Molecular structures of a) cholesterol, b) quaternary ammonium surfactant MKC, and 

c) quaternary ammonium surfactant CTAB. 

MKC is the fourteen-carbon homolog of benzalkonium chloride (BAK). BAK is a 

mixture of different homologs with alkyl chain lengths ranging from 8 to 18 carbon atoms5, 

which has already been used as an antimicrobial preservative in 74% of ophthalmic 

preparations (EMA/352187/2012)8 and parenteral formulations on the EU and USA 

market, thus backing up the safety of its use9. 

Myristalkonium chloride (MKC)

Cetyltrimethylammonium bromide (CTAB)

Cholesterol (Chol)

b)

c)

a)
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MKC, as CTAB, can form micelles. The CMC (critical micelle concentration) of a 

surfactant is defined as the concentration above which the surfactant will be self-

assembled in micelles, and below which the surfactant will be solubilized as a monomer. 

In the case of MKC, the CMC in water at 25 ºC is 2.16 mM10. Therefore, MKC in water is 

structured in micelles if its concentration is equal or higher than 2.16 mM but if it is lower, 

the MKC is found as a monomer. 

For all the above-detailed reasons, we selected MKC as the quaternary ammonium 

surfactant for the preparation of new Quatsomes for drug intravenous delivery. 

2.1.2. Ionic strength and Hofmeister series: impact on 

colloidal structures stability 

When a drug is administered intravenously it has to be injected in the presence of 

electrolytes instead of being administered in pure water. An adequate concentration of 

electrolytes (isotonic medium) helps keeping the osmotic pressure in the blood. Thus, 

when a nanoparticle is designed to be administered intravenously, it is important to study 

the colloidal stability of the nanoparticle in the presence of electrolytes. 

Quatsomes are colloidal structures, like micelles, and their structure is affected by the 

nature of the aqueous dispersant medium. For instance, the formation of micelles and the 

CMC value are strongly related to the molecular structure of the surfactant and its 

environment. For example, an increase in the carbon-chain length of a given surfactant 

induces a decrease in the CMC. Moreover, the CMC depends on the electrolyte 

concentration in the solution and the nature of the ions used. Thus, the value of CMC will 

depend on the buffer used. 

In 1947 M. L. Corrin and W. D. Harkins studied the effect of adding salts on the CMC 

of a given surfactant11. For ionic surfactants with a molar relation between the surfactant 

and the counterion of 1:1, they analyzed the dependence of the concentration of the 

surfactant’s counterion with the CMC. They came up with an equation, which was named 

Corrin-Harkins equation (Equation 2.1), which relates the CMC with the counterion 

concentration (Cel). In this equation, where k and kg are constants associated to the 

surfactant’s nature and the system, the CMC decreases as the counterion concentration 

increases12. 

 log CMC = k - kg log (CMC + Cel) (2.1) 

In 1887, F. Hofmeister published his study about the impact of salts on protein stability 

and solubility. He described the effect, known as salting in and salting out, of ions 

concentration over the solubility of proteins. These studies describe the power of the ions 
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to solubilize (salting in) or aggregate (salting out) proteins12,13. The ions which induce 

protein solubilization are the chaotropic ions, while the ones that promote the aggregation 

are kosmotropic ions14. Below are the series in which the cations and the anions located 

more to right (more kosmotropic ions), are those that increase the stability of the protein 

structure (salting out), at the same ion concentration. There are referred as Hofmeister 

series: 

Cations: NH4
+ < Cs+ < K+ < Na+  < Li+ < Mg2+ < Ca2+ 

Anions: SCN- < ClO4
- < I- < Br- < Cl- < F- < SO4

2- < CO4
2- < PO4

3- 

The most stabilizing ions reduce protein denaturation and favor aggregation of 

proteins. On the contrary, the non-stabilizing ions induce solubility of the hydrocarbon parts 

of the proteins, and therefore, a destabilization of proteins. 

The salt nature, described in the Hofmeister series, has an impact on other 

phenomena like zeta-potential, micellar properties, and the CMC13. The CMC also 

changes depending on the type of electrolyte used, following the Hofmeister series. The 

more to the left the ion in the micellar solution is found in the series, the lower the CMC 

will be13. 

Taking into account the huge impact of the nature and concentration of the ions in 

micelles formation; it can be inferred that nature and ions’ concentration would also play 

an important role in other colloidal structures, like Quatsomes. For this reason, the 

presence of ions must be considered in the formation and stability of Quatsomes, such as 

the ones developed in this Thesis. 

2.1.3. Relation between the electrical double layer and the 

colloidal stability 

Nanoparticle colloidal stability is strongly related to the surface charge, so it is important 

to know how the surface charge affects the stability of Quatsomes and how it can be 

modified. 

When a charged or non-charged nanoparticle is dispersed in water or in any liquid with 

high dielectric constant, the nanoparticle usually acquires a surface charge15. This process 

depends on two charging mechanisms: i) the ionization or dissociation of surface 

nanoparticle groups, which leaves behind a charged surface and ii) the adsorption or 

binding of ions from a solution onto an uncharged surface15. 

In a system electrically neutral, the total charge in the system is zero. Some ions could 

be absorbed onto the surface, forming what is known as the Stern layer (Figure 2.2). This 
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compact layer is formed by ions of the opposite sign of the nanoparticles’ charge. Then 

another organization onto the compact layer is assembled, generating a diffuse layer 

named electrical double layer (EDL) or double layer. This layer is composed firstly by ions 

with the opposite sign of the Stern layer and then layers of the alternated charge ions are 

arranged around. The thickness of the EDL is the Debye length (λD), whose end is the 

starting of the homogeneous bulk solution regarding electrolyte concentration. For 

example, if we consider a nanoparticle with a positive surface charge, negative ions will 

surround the nanoparticle being strongly attached (Stern layer), and a diffuse layer of 

positive and negative ions will wrap around the Stern layer (electrical double layer) (Figure 

2.2). 

 
Figure 2.2.: Electrical double layer of a positive nanoparticle. A first layer, Stern layer, of negative ions is 
formed surrounding the nanoparticle and the second layer of positive and negative ions is distributed around, 
called electrical double layer. The length of the electrical double layer is known as the Debye length (λD). 

The magnitude of the Debye length depends on the nature and saline concentration 

of the nanoparticle dispersant media. The larger the ion concentration of the solution, the 

more shielded the charge of the particle will be, causing a more compact and thinner EDL 

and thus leading to a reduction of the zeta-potential. 

DLVO theory 
The classical explanation that describes the stability of colloids in suspension is called the 

DLVO theory, named after Derjaguin, Landau, Verwey, and Overbeek15,16. This theory 

states that the stability or the aggregation of a colloidal system, such as colloidal 

nanoparticles, is determined by the balance between two opposite forces: van der Waals 

(VDW) attraction and electrical double layer repulsion15,17. Figure 2.3 shows the 

dependency of the interaction of two planar surfaces. In this figure two main interactions 

are represented: the negative VDW attraction, which decays as the distance decreases, 

and the positive double layer repulsion, which increases with a decrease in the distance. 

Electrical double 
layer

Stern layer

Homogeneous 
electrolyte 

concentration

Debye length
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These two forces are critical at shorter distances, and they become less important at larger 

distances17. In the figure, the solid curves between the two dashed curves represent the 

sum of the two interactions. The final interaction between the two surfaces strongly 

depends on the nature and the concentration of the ions in the solution, between the two 

surfaces18. With an increase of salts, the surface charge density (σ) will decrease, reaching 

a scenario where the double layer repulsion will not take place and the VDW attraction will 

have a strong contribution. 

 
Figure 2.3.: Schematic DLVO plots showing how the attractive VDW and repulsive electrical double layer 
forces (dashed lines) together determine the total interaction potential between two charged surfaces in 
aqueous electrolyte solutions at different surface charge densities (σ). The Y-axis is the interaction energy 
between the two surfaces and the X-axis is the normalized distance, using the inverse of the Debye length. 
Adapted from 17. 

Quatsomes are considered to be big structures at the nanoscale, so the external 

surfaces of two Quatsomes approaching each other can be considered as two planar 

surfaces.  

When the van der Waals attraction is balanced with the electrical double layer 

repulsion, the nanoparticles start to aggregate between them. This point can be reached 

by increasing the ion concentration in the solution, making thinner the EDL17. 

The minimum concentration of a given electrolyte required to induce the coagulation 

or aggregation of stable nanoparticles, of a given nature, is called critical coagulation 

concentration (CCC)18,19. The Schulze-Hardy rule (Equation 2.2), which follows the 

Hofmeister series, states that the greater the valency (z) of oppositely charged ion of the 

added electrolyte is, the lower is the CCC. The n value is related to the surface charge 
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density of the nanoparticle, which can take values ranging between 2 if the surface charge 

density is low, to 6 if it is higher18,20,21. 

 CCC ∝ z-n
 (2.2) 

The value of the CCC is slightly influenced by the nanoparticle concentration, where 

for more concentrated nanoparticles, the CCC is higher20. For conventional liposomes and 

monovalent salts, the CCC usually is between 100 mM and 500 mM22. The value of CCC 

for multivalent ions, like CaCl2 or MgCl2, which causes the aggregation of liposomes, is 

between 8 and 10 mM19. For trivalent ions, the CCC value required to cause aggregation 

of conventional liposomes drops to concentrations below the millimolar range. 

In this chapter, the impact of saline buffer nature and concentration over Quatsomes 

aggregation will be studied, under the light of the DLVO theory. 

  

https://en.wikipedia.org/wiki/Proportionality_(mathematics)
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2.2. Quatsomes composed of MKC 

This chapter describes the development of a new type of Quatsomes composed by 

myristalkonium chloride (MKC) and cholesterol (MKC-Quatsomes) to be used for 

intravenous delivery. The results of the new MKC-Quatsomes will be done on the basis of 

the DLVO theory and the Hofmeister series. 

Different MKC-Quatsomes were prepared using a protocol based on DELOS-SUSP 

technology, which is described in detail in Section 7.2.1 of Chapter 7 and schematized in 

Figure 2.4. In this protocol, the cholesterol is dissolved in ethanol, the ethanolic solution 

is introduced inside a high-pressure vessel and pressurized with CO2. The CO2-expanded 

ethanolic solution of cholesterol is then depressurized over an aqueous solution of MKC 

in Milli-Q water in order to produce the MKC-Quatsomes, composed by cholesterol and 

MKC. In Table 7.1 of Chapter 7 the different MKC-Quatsomes synthesized and studied in 

the present dissertation are described. 

 

Figure 2.4.: Schematic representation of the depressurization step of the DELOS-SUSP performed to obtain 

Quatsomes composed of MKC and cholesterol (MKC-Quatsomes). 

As the MKC-Quatsomes will be administered intravenously, the ethanol must be 

removed from the nanovesicular preparation. In this Thesis, the diafiltration technique was 

used for ethanol removal. Diafiltration consists in passing the nanovesicular preparation 

through a porous column with a specific pore size (100 kDa), while the new solvent, in this 

case, Milli-Q water, is injected. Ethanol and water-soluble molecules, which were not 

integrated into the MKC-Quatsomes’ membrane, were eliminated by the diafiltration 

process since their size is smaller than 100 kDa. If the MKC is not incorporated in the 

membrane, it could be removed because it is a water-soluble molecule. On the contrary, 

Cholesterol (chol)

Myristalkonium chloride (MKC)

Quatsomes 

of chol:MKC

(MKC-Quatsomes)
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cholesterol could not be eliminated through the diafiltration because it is insoluble in water, 

forming crystals larger than the column’s pore size. So, the cholesterol would sediment in 

the column, blocking the pores, or would remain in the MKC-Quatsome’s membrane. On 

the other hand, Quatsomes are retained inside the column because they have a larger 

size than the pore size of the diafiltration column (100 kDa). The diafiltration protocol 

developed for the removal of ethanol and water-soluble molecules from MKC-Quatsomes 

formulations is described in detail in Section 7.2.3 of Chapter 7. 

The first attempt for the preparation of MKC-Quatsomes was done by using a molar 

ratio of 1:1 between the initial cholesterol, dissolved in ethanol and loaded in the high-

pressure vessel, and the initial MKC, dissolved in water (see Table 7.1 of Chapter 7 for 

experimental details). This initial equimolar ratio between the two membrane components 

is the same as the one used for the successful preparation of CTAB-Quatsomes, using 

cholesterol and CTAB as surfactant1,2,23,24. The final medium was water:EtOH 9:1 (V:V). 

This formulation, named as M-QS_w (see Table 2.1 and Table 7.1 of Chapter 7) was not 

stable over time since sediment were observed. The analysis of several cryo-TEM images 

revealed the presence of large vesicles and other structures like flat and tubular 

nanoribbons (Figure 2.5a). The presence of these structures is even larger in the 

diafiltrated samples (Figure 2.5b) suggesting that the diafiltration process and the removal 

of ethanol could impact on the stability and the molecular self-organization of cholesterol 

and MKC surfactant. These flat nanoribbon structures have hundreds of nanometers of 

width and some micrometers of length. 

 
Figure 2.5.: Cryo-TEM images of the formulation M-QS_w in water:EtOH 9:1 (V:V) a) produced after the 
DELOS-SUSP and b) after the diafiltration. 

a)

b)
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New approaches were performed in order to promote the self-assembling of 

cholesterol and MKC as nanovesicles, instead of nanoribbons. The first trial carried out 

was to change the molar ratio between the initial cholesterol and the initial MKC surfactant 

during the preparation by DELOS-SUSP of MKC-Quatsomes. Molar ratios of 1:2 and 1:3 

of chol:MKC have been studied, where more moles of MKC were used in relation to the 

moles of cholesterol. The formulations, named as M-QS(2)_w and M-QS(3)_w, 

respectively, produced by DELOS-SUSP (see Section 7.2.1 and Table 7.1 of Chapter 7 

for experimental details), contain spherical MKC-Quatsomes as can be observed in the 

cryo-TEM images shown in Figure 2.625. These two samples were stable for eight months, 

and after this time, the samples sedimented. 

 
Figure 2.6.: Cryo-TEM images of a) M-QS(2)_w and b) M-QS(3)_w in water:EtOH 9:1 (V:V) after their 
production by DELOS-SUSP. From 25. 

As the M-QS(2)_w and M-QS(3)_w formulations were stable after their preparation by 

DELOS-SUSP, we proceeded to diafiltrate them. Only three months after diafiltration, it 

the presence of some sedimentation in both samples could be observed, showing the loss 

of stability of the MKC-Quatsomes in pure water25. The different stability behaviors 

between the non-diafiltrated and the diafiltrated MKC-Quatsomes in water can be 

attributed to the diafiltration process. 

This change in the stability of the M-QS(2)_w and M-QS(3)_w samples, in relation to 

M-QS_w, may be related to different self-organization of the sample. In regard to this, two 

hypotheses about the self-assembly of M-QS(2)_w and M-QS(3)_w formulations can be 

proposed (Figure 2.7). The first hypothesis is that all the initial MKC and the cholesterol is 

integrated into the final MKC-Quatsomes’ membrane, so having a 1:2 or 1:3 

cholesterol:MKC molar ratio, respectively, in the membrane. The second hypothesis is that 

a 1:1 molar ratio is forming the membrane, while the excess of MKC is structured as 

micelles or monomers and it is stabilizing somehow the MKC-Quatsomes. The possible 

stabilizing effects can be due to an equilibrium between the MKC in micelles and in MKC-

1:2 1:3
a) b)
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Quatsomes or due to a possible supporting effect of more chloride counterions, added with 

the MKC molecules. 

 
Figure 2.7.: The different hypotheses related to the production of the MKC-Quatsomes with initial molar 
between cholesterol and MKC of 1:2 or 1:3. 

In order to understand the system and to discern between the two hypotheses, an 

experimental yield (Yieldexp) was defined and thereafter measured. Yieldexp is a percentage 

that relates the mass of membrane components in the final MKC-Quatsome preparations, 

with the initial mass of components (cholesterol and MKC) used in the DELOS-SUSP. 

Thus, Yieldexp measures and describes the degree of incorporation of initial cholesterol 

and MKC in the final MKC-Quatsome membrane. The experimental yield was measured 

by lyophilizing the diafiltrated sample (see Section 7.2.4 of Chapter 7 for experimental 

details of the lyophilization protocol), weighting the lyophilized residue and relating it to the 

initial mass of components through Equation 2.3. With this calculation, the possible loss of 

MKC with the diafiltration can be determined. 

 Yieldexp = 
mass membrane components

 mass initial components

 x 100 ≈ 
mass lyophilized diafiltrated M-QS

 mass initial components

 x 100 (2.3) 

The gravimetrical yields for the MKC-Quatsomes with 1:2 and 1:3 molar rations are 

displayed in Table 2.125. For the sample with 1:1 molar ratio between cholesterol and MKC 

was not calculated because the MKC-Quatsomes were not stable before performing the 

diafiltration. 
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Table 2.1.: Impact of initial cholesterol:surfactant molar ratio on the yield of cholesterol and surfactant 
incorporation in Quatsomes membrane in water. 

Samplea 
Memb. 
comp. 

Initial molar 
ratiob 

Solvent 
Yieldexp 

(%)* 
Yieldtheo 

(%)c 
Stable 

M-QS_w Chol:MKC 1:1 water - 100 NO 

M-QS(2)_w Chol:MKC 1:2 water 44 ± 1 67 
3 

monthsd 

M-QS(3)_w Chol:MKC 1:3 water 34 ± 5 51 
3 

monthsd 

C-QS_w Chol:CTAB 1:1 water 71 ± 5 100 YES 

a All formulations were prepared using MiliQ-water; b Initial molar ratio corresponds to the initial ratio between 
moles of cholesterol loaded in the high-pressure vessel and moles of surfactant present in the aqueous phase. 
c Corresponds to the whole process (DELOS-SUSP and diafiltration) mass yield, considering a real molar ratio 
1:1 for the theoretical calculations. d Stability after the diafiltration. * From 25. 

These results were compared with the theoretical yield (Yieldtheo). The Yieldtheo was 

calculated considering that the new MKC-Quatsomes formulations (M-QS(2)_w and M-

QS(3)_w) had a cholesterol:MKC molar ratio in the membrane of 1:1 (following the 

hypothesis 2). Thus, the M-QS(2)_w and M-QS(3)_w incorporated all the initial cholesterol 

in their membrane and only a fraction of MKC, while the excess of MKC would have been 

dispersed freely in the medium. The theoretical yields were calculated using Equation 2.4 

for the 1:2 and 1:3 molar ratio. 

 Yieldtheo = 
mass memb. comp. 1:1

 mass initial components

 x 100 (2.4) 

The Yieldexp of M-QS(2)_w and M-QS(3)_w preparations are much lower than 100%. 

This indicates that an important part of MKC is eliminated through diafiltration and thus, 

not all initial MKC becomes part of the MKC-Quatsomes structure. So, the hypothesis 1, 

previously described to explain the stability differences between M-QS_w, M-QS(2)_w, 

and M-QS(3)_w, would be discarded. 

Therefore, the excess of MKC that was not inserted in the MKC-Quatsomes (the MKC 

free) was eliminated, impacting directly on the stability of the MKC-Quatsomes in water. 

Thus, the stabilization maybe occurs between the free MKC and the MKC-Quatsomes or 

through the MKC’s counterions, the chloride anions. This leads or led to the exploration of 

hypothesis 2. 

The lower experimental yields of M-QS(3)_w and M-QS(2)_w in relation to C-QS_w, 

could be explained by the hypothesis that Quatsome membrane, either of CTAB-

Quatsomes or MKC-Quatsomes, is composed by cholesterol and surfactants at a 1:1 
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molar ratio. However, there is an intrinsic loss of cholesterol and surfactant in the 

production of Quatsomes caused by the DELOS-SUSP’s vessel, which is confirmed by 

the in the experimental yield of CTAB-Quatsomes (C-QS_w, Table 2.1). Nevertheless, it 

is interesting to remark that in the frame of current scale-up experiments performed at the 

Nanomol group; it has been demonstrated that larger experimental yields are achieved at 

larger equipment scales. 

Although stable MKC-Quatsomes were produced by using initial molar ratios 1:2 and 

1:3 (cholesterol:MKC), these preparations lost their stability once they were diafiltrated. 

The strategy of producing the MKC-Quatsomes in water did not give good results, because 

no stable MKC-Quatsomes could be achieved after diafiltration. Thus, new approaches 

were explored in order to obtain stable diafiltrated MKC-Quatsomes. 

2.2.1. Impact of ionic strength on MKC-Quatsomes stability 

and particle size distribution 

As described in the Sections 2.1.2 and 2.1.3 of this Chapter, salts have a strong impact 

on micelles’ formation and stability. Moreover, salts, mainly sodium chloride (NaCl), are 

added in intravenous preparations in order to guarantee an isotonic media when the drug 

is injected. For these reasons, and as well as the final purpose of MKC-Quatsomes is to 

be used for intravenous delivery, it was decided to prepare the MKC-Quatsomes in 

presence of NaCl. 

MKC-Quatsomes were prepared using different types of saline aqueous solutions 

employing the DELOS-SUSP methodology described in Section 7.2.1 of Chapter 7. All 

formulations were prepared using an initial cholesterol:MKC molar ratio of 1:1 and all of 

them were diafiltrated to remove the ethanol content and the MKC not incorporated in the 

Quatsomes membrane following the protocol described in Section 7.2.3 of Chapter 7. 

The first MKC-Quatsomes prepared in saline media, were the MKC-Quatsomes with 

an initial molar ratio between the cholesterol and MKC of 1:1, and using a saline solution 

of 100 mM NaCl. As detailed in Table 2.2 and Table 7.1 of Chapter 7, the formulation 

achieved with this saline solution, named M-QS_NaCl-100, is composed of nanovesicular 

MKC-Quatsomes structures, stable before and after diafiltration. The hydrodynamic 

diameter and the PdI (polydispersity index) of these MKC-Quatsomes after one month of 

the DELOS-SUSP and the diafiltration are shown in Table 2.2. These values correspond 

to colloidal suspensions with a very narrow particle size distribution. Indeed, the PdI of 

these MKC-Quatsomes preparations is lower than the PdI of CTAB-Quatsomes, 

composed of cholesterol and CTAB1. If the size of the MKC-Quatsomes is compared 
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before and after the diafiltration (Table 2.2 and Figure 2.8a), the diafiltration process 

increases slightly the hydrodynamic diameter of the MKC-Quatsomes. Meanwhile, the PdI 

is kept constant during the diafiltration. 

The hydrodynamic diameter and the PdI of the MKC-Quatsomes can be compared to 

the diafiltrated CTAB-Quatsomes in water (C-QS_w, Table 2.2). The hydrodynamic 

diameter is larger in the MKC-Quatsomes in comparison with the CTAB-Quatsomes, while 

the PdI of the CTAB-Quatsomes is much larger than the MKC-Quatsomes’ PdI. This 

means that the MKC-Quatsomes are larger but more homogenous in terms of size 

distribution. 

Table 2.2.: Hydrodynamic diameter and PdI of MKC-Quatsomes in 100 mM NaCl one month after being 
prepared by DELOS-SUSP and after one month of the diafiltration, together with the CTAB-Quatsomes in 

water. 

Sample 
Aqueous phase 
DELOS-SUSP 

Diafiltrated 
Hydrodynamic 
diameter (nm) 

PdI 

M-QS_NaCl-100 100 mM NaCl NO 84 ± 1 0.08 ± 0.01 

M-QS_NaCl-100 100 mM NaCl YES 92 ± 1 0.09 ± 0.01 

C-QS_w Water YES 73 ± 3 0.35 ± 0.01 

Each value and error correspond to the average of three sample’s replicates (see Table 7.1 of Chapter 7 for 
experimental details). 

MKC-Quatsomes in 100 mM NaCl are stable at least for 2 years, maintaining their 

hydrodynamic diameter and PdI (Figure 2.8a and b). The stability is kept in both non-

diafiltrated and diafiltrated MKC-Quatsomes. 

Cryo-TEM images of the above described MKC-Quatsome formulations, depicted in 

Figure 2.8c, d, e, and f, show that these formulations are mainly composed of unilamellar 

nanovesicles. In contrast to previous reported CTAB-Quatsomes nanovesicular 

structures1,23, MKC-Quatsomes obtained just after their production by DELOS-SUSP are 

oval shaped (Figure 2.8c), instead of being spherical. This morphology is lost when the 

vesicles are diafiltrated because the vesicles start being more spherical (Figure 2.8e), and 

all the diafiltrated vesicles are spherical after two years (Figure 2.8f), while the non-

diafiltrated samples maintain their oval shape after two years (Figure 2.8d). One 

explanation for this morphological change can be due to ethanol elimination. It is well 

known that ethanol interacts with the polar heads of the membrane components, obtaining 

more flexible vesicular membranes3,26,27. Thus, the ethanol may be interacting with the 

phenyl group of the MKC’s polar head and the salts added; something that does not occur 

in the CTAB-Quatsomes1, where the CTAB does not have this phenyl group. Moreover, 
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the ethanol permits the elastic vesicles to squeeze themselves28. Hence, the ethanol may 

interact with the MKC-Quatsomes membranes causing this non-spherical shape, and 

when removed, shape loss is observed. The impact of the ethanol is also observed in the 

MKC-Quatsomes size, observed by DLS. Indeed, a size increase is observed after sample 

diafiltration and ethanol removal (Figure 2.8a). The MKC-Quatsomes’ diameter analyzed 

through the cryo-TEM images using the ImageJ program was 76 ± 17 nm (see Section 

7.3.3 of Chapter 7 for the determination of the geometric diameter). This size measurement 

corresponds to the geometric diameter and does not take into account the solvation of the 

MKC-Quatsomes. For this reason, the geometric diameter is lower than the hydrodynamic 

diameter measured by DLS. 

 
Figure 2.8.: Physicochemical characteristics of MKC-Quatsomes in 100 mM NaCl. a) Hydrodynamic diameter 
and PdI stability on time of MKC-Quatsomes just after being produced by DELOS-SUSP (orange columns) 
and after diafiltration (blue columns). b) The particle size distribution of diafiltrated MKC-Quatsomes as 
prepared (blue line), 1 month after (green line) and two years after (red line). The size and PdI values and the 
size distributions are referred to as the mean of the three replicates. Cryo-TEM images of MKC-Quatsomes in 
c) 100 mM NaCl:EtOH 9:1 (V:V) just after the production by DELOS-SUSP, d) the same sample but two years 
later, e) in 100 mM after the diafiltration process and f) the same sample but after two years of diafiltration. 
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In order to observe if different colloidal preparations in 100 mM NaCl were achieved 

by using different initial molar ratios between the cholesterol and MKC, as it was observed 

in pure water (see Section 2.2), two different preparations in 100 mM NaCl using initial 

molar ratios between cholesterol and MKC of 1:2 and 1:3 were prepared by DELOS-SUSP 

(Section 7.2.1 of Chapter 7 of this Thesis). Experimental details are gathered in Table 7.1 

of Chapter 7. In Table 2.3 information regarding the operational conditions used for the 

preparation of these formulations can be found; these are the same used for the 

M-QS(2)_w and M-QS(3)_w, but changing the aqueous phase for 100 mM NaCl instead 

of water. Thereafter, the samples were diafiltrated in 100 mM NaCl in order to remove the 

ethanol and the non-integrated membrane components (see Section 7.2.3 of Chapter 7 

for more information about the diafiltration). 

Table 2.3.: MKC-Quatsomes samples prepared with the three different molar ratios between the cholesterol 
and the MKC. 

Sample 
Membrane 

components 
Initial molar 

ratioa 
Aqueous phase 
DELOS-SUSP 

M-QS_NaCl-100 Chol:MKC 1:1 100 mM NaCl 

M-QS(2)_NaCl-100 Chol:MKC 1:2 100 mM NaCl 

M-QS(3)_NaCl-100 Chol:MKC 1:3 100 mM NaCl 

a Initial molar ratio corresponds to the initial ratio between moles of cholesterol loaded in the high-pressure 
vessel and moles of surfactant present in the aqueous phase. 

As observed in Figure 2.9, all formulations prepared using 100 mM NaCl, became 

unilamellar nanovesicles, with identical particle characteristics, using different initial 

cholesterol:MKC molar ratios. Indeed, particle size distributions of nanovesicles prepared 

usning the three formulations are equal, having the same size and PdI (Figure 2.9a). 

Moreover, the morphology of the three MKC-Quatsomes with different molar ratio is the 

same. They present unilamellar and closed bilayers with an oval shape and more spherical 

morphology, (Figure 2.9b, c, and d), typically observed in recently diafiltrated MKC-

Quatsomes. 
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Figure 2.9.: a) Particle size distribution of the diafiltrated MKC-Quatsomes with three different molar ratios 
between cholesterol and MKC; and cryo-TEM images of the MKC-Quatsomes with the three initial molar ratios 
of cholesterol:MKC: b) 1:1, c) 1:2 and d) 1:3. All the characterization was done after diafiltration with three 

replicates. 

As previously performed, in order to find out if the MKC-Quatsomes had incorporated 

part or all the MKC in the membrane, three different yields were defined: i) the experimental 

yield (Yieldexp), ii) the yield of the DELOS-SUSP (YieldDELOS-SUSP), and iii) the yield of the 

diafiltration (Yielddiafiltration). These three yields were determined for the three samples 

gathered in Table 2.3, (M-QS_NaCl-100, M-QS(2)_NaCl-100, and M-QS(3)_NaCl-100), 

which their difference remains in the different initial amount of MKC. In these three yields 

the amount of NaCl salts must be considered. 

• The experimental yield (Yieldexp) is the percentage of mass components in the 

final MKC-Quatsome formulation, prepared by DELOS-SUSP and diafiltrated, 

in relation to the initial mass of cholesterol and MKC used for its preparation. 

The Yieldexp was determined lyophilizing the diafiltrated sample and doing a 

gravimetrical mass balance weighting the lyophilized sample and comparing it 

to the initial membrane components mass loaded in the DELOS-SUSP and the 

mass that comes from the 100 mM NaCl (Equation 2.5). 

 Yieldexp  = 
mass lyophilized diafiltrated sample

 mass initial components + mass salts added

 x 100 (2.5) 

• The DELOS-SUSP yield (YieldDELOS-SUSP) is the percentage of mass lost during 

the DELOS-SUSP process. It was determined by lyophilizing the DELOS-
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SUSP sample (without diafiltration) and comparing this weight with the initial 

mass of cholesterol and MKC together with the mass of 100 mM NaCl 

(Equation 2.6). 

 YieldDELOS-SUSP = 
mass lyophilized DELOS-SUSP sample

 mass initial components  + mass salts added

 x 100 (2.6) 

• Finally, the diafiltration yield (Yielddiafiltration) is a percentage that corresponds to 

the mass loss during only the diafiltration step. It was calculated comparing the 

lyophilized diafiltrated sample with the lyophilized DELOS-SUSP sample 

(Equation 2.7). 

 Yielddiafiltration = 
mass lyophilized diafiltrated sample

 mass lyophilized DELOS-SUSP sample

 x 100 (2.7) 

With this analysis we cannot discern between the cholesterol, the MKC and the NaCl 

in the sample because the samples were weighed. However, the only difference between 

the three samples (M-QS_NaCl-100, M-QS(2)_NaCl-100 and M-QS(3)_NaCl-100) is the 

initial amount of MKC. Thus, the differences between the yields were related with the MKC 

non-incorporated in the MKC-Quatsomes. 

The results obtained were compared with the theoretical yields of each sample, 

considering that in the membrane there is a 1:1 molar ratio between the cholesterol and 

MKC, and the excess of MKC is found free in the solution. The theoretical yields are 

calculated in a similar way to the MKC-Quatsomes in water, but in this case, the mass of 

the 100 mM NaCl must be taken into account (Equation 9). 

 Yieldtheo = 
mass memb. comp. 1:1  + mass salts added

 mass initial components + mass salts added

 x 100 (2.9) 

The results are summarized in Table 2.4. This analysis confirms that there is a loss of 

a material in MKC-Quatsomes with the ratio 1:2 and 1:3, but not in the ratio 1:1. Thus the 

added NaCl impacts directly on the obtained yields. The results indicate that the excess of 

MKC is not inserted in the MKC-Quatsomes and it is found free in the solution. In this case, 

the NaCl salts may cause more errors in the determination, because the total mass of 

NaCl is much larger than the mass of cholesterol and MKC. However, considering the error 

that is taken and the inherent loss in the DELOS-SUSP and diafiltration process, we can 

conclude that the experimental ratio between the cholesterol and the MKC is 1:1 because 

the total yields are close to the theoretical yields. 
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Table 2.4.: Impact of initial cholesterol:MKC molar ratio on the yield of cholesterol and MKC incorporation in 
MKC- Quatsomes membrane in 100 mM NaCl. 

Samplea 
Initial molar 

ratiob 
YieldDELOS-

SUSP (%)c 
Yielddiafiltration 

(%)d 
Yieldexp  

(%)e 
Yieldtheo 

(%)f 

M-QS_ 
NaCl-100 

1:1 90 ± 3 102 ± 2 93 ± 4 100 

M-QS(2)_ 
NaCl-100 

1:2 98 ± 4 80 ± 5 77 ± 6 88 

M-QS(3)_ 
NaCl-100 

1:3 95 ± 4 76 ± 6 71 ± 1 76 

a All formulations were prepared using 100 mM NaCl; b Initial molar ratio corresponds to the initial ratio between 
moles of cholesterol loaded in the high-pressure vessel and moles of surfactant present in the aqueous phase. 
c Corresponds to the DELOS-SUSP process mass yield. d Corresponds to the diafiltration process mass yield. 
e Corresponds to the whole process (DELOS-SUSP and diafiltration) mass yield. f Corresponds to the 
theoretical mass yield considering the mass of MKC-Quatsomes (in a molar ratio 1:1) and the 100 mM NaCl 
mass. 

With all of this information, we can conclude that the three ratios lead to the same 

MKC-Quatsomes, with identical physicochemical characteristics. For this reason, we used 

the initial molar ratio 1:1 for the preparation of the MKC-Quatsomes. 

The results, described before, show that the formation of MKC-Quatsomes depends 

strongly on the nature of the aqueous phase of the nanovesicular system. In water, when 

an initial 1:1 cholesterol:MKC ratio was used, the MKC-Quatsomes were not formed, while 

when 1:2 and 1:3 cholesterol:MKC ratios were used, the MKC-Quatsomes were prepared 

but once these were diafiltrated they were not stable for more than 3 months. In contrast, 

when a solution of 100 mM NaCl in water was used as aqueous phase, the MKC-

Quatsomes were produced with physicochemical properties acceptable for their use as 

drug delivery systems. Moreover, experimental yields achieved in formulations prepared 

using an initial cholesterol:MKC molar ratio of 1:1, were larger than experimental yields 

achieved with initial cholesterol:MKC molar ratio of 1:2 and 1:3. This might be due to a 

constant molar ratio of 1:1 of cholesterol:MKC in the final MKC-Quatsomes’ membranes, 

independently of the initial cholesterol:MKC molar ratio used and therefore as larger is the 

initial cholesterol:MKC molar ratio, more MKC will not be inserted in the MKC-Quatsome 

membrane and will be lost during diafiltration, and lower will be the experimental yield (see 

Table 2.4). 

Thus, we saw that the preparation of MKC-Quatsomes was strongly related to the 

presence of salts in the aqueous phase. Thus, we wanted to explore more in detail how 

the salts affect these MKC-Quatsomes. At first, they were stable in 100 mM NaCl, but we 

did not know how an increase of salt concentration would impact its stability. For this 

reason, we increased the salt concentration of the aqueous phase, using 500 mM NaCl. 
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So new MKC-Quatsomes were prepared with the DELOS-SUSP at the same conditions 

of the previous MKC-Quatsomes with a 1:1 molar ratio between their components, using 

500 mM NaCl as aqueous phase (see Section 7.2.1 and Table 7.1 of Chapter 7 for more 

experimental details). 

The obtained results were surprising because any supramolecular structure was 

observed. Just after the depressurization, the material started to cream at the top of the 

solution, having two different phases in the solution. The cryo-TEM images show material 

without any organization (Figure 2.10). 

 
Figure 2.10.: Cryo-TEM images of M-QS_NaCl-500 at 500 mM NaCl:EtOH 9:1 (V:V) just after the production 
by DELOS-SUSP. 

In this way, three different scenarios were achieved (Table 2.5 and Figure 2.11): i) the 

first one, in water without NaCl salt, MKC-Quatsomes are not stable, with the formation of 

bigger structures which finally sediment. ii) The second one, in the presence of 100 mM of 

sodium chloride in the solution. Here the MKC-Quatsomes are prepared with favorable 

characteristics in order to be used as drug delivery systems. iii) And the third one, which 

is the case of 500 mM of NaCl in the medium with a mass relation NaCl:M-QS of 15.3:1. 

In this case, neither MKC-Quatsomes nor other structures are formed, producing a 

material’s creaming. 

Table 2.5.: Different structures achieved changing the NaCl concentration in the aqueous phase. 

Sample 
[Memb. comp]initial 

(mg/mL) 
Aqueous 

phase 
Mass relation 
NaCl:M-QS* 

Structures 

M-QS_w 1.91 water 0.0 
Other 

structures 

M-QS_NaCl-50 1.91 
50 mM 
NaCl 

1.5 Stable M-QS 

M-QS_NaCl-100 1.91 
100 mM 

NaCl 
3.1 Stable M-QS 

M-QS_NaCl-500 1.91 
500 mM 

NaCl 
15.3 Non-formation 

* Mass relation between the mass of NaCl present in the aqueous phase and the mass of the MKC-Quatsomes 
(M-QS). 
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Figure 2.11.: Colloidal structures achieved under different NaCl concentrations. 

At is demonstrated, the formation of MKC-Quatsomes has an important dependence 

on the medium of the aqueous phase, in particular on the presence of sodium chloride. 

This fact can be explained under the light of the DLVO theory, which relates the ion 

concentration with the interaction between two surfaces, wherein the case of Quatsomes 

formulations the interaction will be between individual Quatsomes. At high ion 

concentration, the Debye length is reduced, inducing an increase of the van der Waals 

attraction between the MKC-Quatsomes that overcomes the electrical double layer 

repulsion. Thus, there is an ion concentration that causes the aggregation of the 

nanoparticles, where the van der Waals attraction is balanced with the EDL repulsion. In 

all of the nanoparticles and in particular, in the case of liposomes, there is a concentration 

of electrolyte that the liposome’s bilayer starts to collapse reaching other structures. As 

explained before, this electrolyte concentration is called critical coagulation concentration 

(CCC), which depends on the nature and the charges of the electrolyte added19 (see 

Section 2.1.3 for more information). This fact implies the formation of aggregates through 

collisions caused by Brownian motion and it is driven by interparticle attractive forces like 

van der Waals force15. 

In order to know the CCC of the MKC-Quatsomes using the sodium chloride as an 

electrolyte, we prepared the MKC-Quatsomes in a lower NaCl concentration, but high 

enough to ensure their formation. This sodium chloride concentration was 50 mM. Then 

more NaCl was added to this solution scanning the stability of MKC-Quatsomes as the 

concentration of NaCl was increased. It is important to highlight that the CCC value is 

slightly influenced by the nanoparticles’ concentration20. Thus, the CCC obtained is related 

to the MKC-Quatsomes concentration, which is 1.91 mg/mL. 
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First, the MKC-Quatsomes were prepared by DELOS-SUSP (see Section 7.2.1 of 

Chapter 7), following the same protocol as the previous MKC-Quatsomes, in 50 mM NaCl 

and then they were diafiltrated in order to remove the ethanol (see Section 7.2.3 of Chapter 

7 for experimental details). More details about the preparation (M-QS_NaCl-50) can be 

found in Table 2.5 and Table 7.1 of Chapter 7. These diafiltrated MKC-Quatsomes 

presented outstanding physicochemical properties. 80 ± 1 nm of hydrodynamic diameter 

with a PdI of 0.10 ± 0.02 (Figure 2.12a) and a zeta-potential of 49 ± 3 mV. The cryo-TEM 

images show a unilamellar oval and spherical shape vesicles, characteristics of these 

MKC-Quatsomes vesicles (Figure 2.12b). 

 
Figure 2.12.: Physicochemical characteristics of MKC-Quatsomes in 50 mM NaCl (M-QS_NaCl-50): a) 
Particle size distribution and b) cryo-TEM image. The measurements have been done with three replicates. 

To know how the MKC-Quatsomes behaves under different NaCl concentrations, and 

thus determine the critical coagulation concentration of NaCl to cause MKC-Quatsomes 

aggregation, a titration assay was performed. The NaCl concentration in the medium was 

changed between a range of 50 and 536 mM NaCl. In Figure 2.13 is represented the 

variation of the hydrodynamic diameter and PdI, measured by DLS, of the MKC-

Quatsomes while the concentration of sodium chloride is increased. It is observed that 

between NaCl concentrations of 50 mM and 280 mM these MKC-Quatsomes are stable 

without any changes in their size and PdI (Figure 2.13a). Moreover, the error associated 

with each measurement is extremely low. The hydrodynamic diameter and the PdI are 

maintained until 280 mM. Beyond this NaCl concentration, neither the size nor the PdI 

were kept constant, and some aggregates started to appear in the dispersion, and the 

measured error increased significantly. 

There are some values of size and PdI that decrease at high NaCl concentrations. In 

order to know if these values are real or are related to the aggregated and heterogeneous 

sample, the correlation curves of each measurement were studied. These curves provide 

information about the performed analysis and the system. A rapid decay of the curve 
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indicates the presence of small particles; if the slope is more pronounced, the sample is 

more homogeneous in terms of size; if the plateau at small times takes lower values the 

sample is too diluted and if there is some noise at the high time in the baseline, the sample 

has some aggregates. We obtained gradual curves located mainly in two positions (Figure 

2.13b). At small concentrations, some curves decay before the rest and they do not 

present noise, which corresponds to low NaCl concentrations. These curves mean that 

MKC-Quatsomes are homogeneous and they maintain their structure. At one point, there 

is one curve located in the middle, which corresponds to a sodium chloride concentration 

of 320 mM which the colloidal system started being destabilized. Then, there are more 

curves at larger concentrations that correspond to aggregated and heterogeneous 

systems, which are the ones that have more sodium chloride. 

In this sense, MKC-Quatsomes are stable until 280 mM NaCl concentration, which 

corresponds to a mass relation between NaCl and M-QS of 8.57:1. So, this is the CCC 

value, which at more concentration of NaCl, the MKC-Quatsomes are destabilized and 

aggregated. The relation in mass between the NaCl and the MKC-Quatsomes in the CCC 

corresponds to 8.6 (w:w). 

 
Figure 2.13.: a) Hydrodynamic diameter and PdI of MKC-Quatsomes in front of NaCl concentrations and 
b) correlation coefficient of each measurement. The error bars correspond to a mean of two different samples 
with three measurements each one. 

The critical coagulation concentration obtained using NaCl as an electrolyte for the 

MKC-Quatsomes (with a concentration of 1.91 mg/mL) is in the range of the CCC values 

of liposomes using monovalent salts, which is between 100 and 500 mM of salts22. 

Impact of ionic strength on MKC-Quatsomes charge 
Using the ELS (electrophoretic light scattering) technique the electrophoretic mobility of 

MKC-Quatsomes was measured in the range of NaCl concentrations as before. To 

perform these measurements the potential applied between the electrophoretic cuvette 

was reduced from 40 to 20 mV. Thus, this assay gave us information about the surface 
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charge and how it changes upon the augment of the NaCl concentration. It was determined 

that as the amount of NaCl added increases the electrical mobility of MKC-Quatsomes 

decreases (Figure 2.14a). This was due that the salts interact with the MKC-Quatsome’s 

surface leading to less mobility when an electrical field is applied. 

If we consider that the CCC is 280 mM, previously obtained value, the electrical 

mobility at the CCC point is 1.7 m2/Vs. So, the following values equal to the electrical 

mobility of the aggregates while the previous ones correspond to the MKC-Quatsomes’ 

electrical mobility. 

 
Figure 2.14.: a) Variation of electrical mobility and b) zeta-potential, of MKC-Quatsomes with NaCl 
concentration increase, in each measurement obtained by ELS. The error bars correspond to a mean of two 
different samples with three measurements each one. 

Once the electrical mobility was measured, the zeta-potential of MKC-Quatsomes was 

determined. Following the IUPAC recommendations (see Annex A1 of this Thesis), first 

we calculated the Debye length (λD) in 50 and 536 mM, which are the lowest and the 

highest NaCl concentrations, using Equation 2.10 and Equation 2.11. As stated before, 

the Debye length is the distance until the electrostatic effect persists from the colloidal 

surface, which corresponds to the length of the electrical double layer. So at low NaCl 

concentration, the Debye length will be larger. 

 λD= 
1

κ
 (2.10) 

 κ = (
∑ e2zi

2ni
N
i=1

εrsε0kT
)

1
2⁄

 (2.11) 

where the e is the elementary charge, zi, ni the charge number and number 

concentration of ion (the solution contains N ionic species), εrs is the relative permittivity of 

the electrolyte solution, ε0 the electric permittivity of vacuum, k the Boltzmann constant, 

and T the temperature. 
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The values of Debye length (λD) are about 1.4 nm for 50 mM and 0.4 nm for 536 mM 

NaCl. Depending on the product between the inverse of the Debye length (κ) with the 

MKC-Quatsomes’ radius (a), which is 38 nm, we must use one or other approximation to 

calculate the zeta-potential (see Appendix A1). In our case, we can use the Helmholtz-

Smoluchowski equation for electrophoresis (Equation 2.12) because we are in the regime 

where κa (the product between the inverse of the Debye length and the radius of the MKC-

Quatsomes) is higher than 20 and the zeta-potentials obtained are lower than 50 mV. 

 
ue= 

εrsε0ζ

η
 (2.12) 

where ue is the electrical mobility, η the viscosity of the medium, and ζ is the zeta-

potential. 

In this case, as the MKC-Quatsomes are dispersed in saline media, the surface charge 

is covered by the ions, having less zeta-potential value than if it is measured in water. 

Figure 2.14b shows the behavior of the zeta-potential when the sodium chloride 

concentration changes. When more NaCl is added in the solution, the zeta-potential 

decreases because the chloride ions are shielding the positive charge of MKC-

Quatsomes. At the CCC value, 280 mM determined before, the MKC-Quatsomes have a 

zeta-potential of 23 ± 2 mV. The values below this correspond to the zeta-potential of 

aggregated structures. It is worthy to mention, that the values of the zeta-potential did not 

reach the zero or neither have an inversion of charge, it remains always positive. 

This phenomenon in which the colloidal structures start being destabilized is well 

described in the literature14,29. In the case of MKC-Quatsomes, which has a permanent 

positive charge, the zeta-potential is positive in water. But if NaCl is added, the zeta-

potential is decreased due to the high interaction of chloride anions with the positive 

membrane surface. Thus, the sodium cations are organized over the first chloride layer, 

but with less electrostatic interaction. This organization of layers is repeated until the ions 

are not interacting with the MKC-Quatsome’s surface. This disposal of the different layers 

of ions over the first chloride layer is the EDL, described in Section 2.1.3 (Figure 2.15a). 

If more ions are added in the solution, more chloride ions are attached to the MKC-

Quatsome’s surface. Then the thickness of the layer of ions attached to the membrane 

decreases and this causes a reduction of the zeta-potential because the MKC-Quatsomes’ 

positive charges are being neutralized. This promotes aggregation of the colloidal 

structures because the attractive van der Waals interactions are larger than the repulsive 

EDL (Figure 2.15b). 



MKC-Quatsomes: colloidal stability, membrane organization, and dye labeling  

70 
 

 
Figure 2.15.: Scheme of the organization of added ions in layers surrounding MKC-Quatsomes in the 
presence of NaCl salt: a) When the NaCl concentration is below 280 mM and different of 0 mM and b) when 
the concentration is above 280 mM. The red arrows show the EDL’s width (the Debye length). 

Moreover, we can study how the ions’ charges are interacting with the Quatsomes. 

Thus, knowing the zeta-potential, the surface charge density (σ) can be calculated using 

the Graham equation for curved charged interfaces30. The Equation 2.13 is a simplification 

of the Graham equation for monovalent ions 1:1 like NaCl and in the cases that the Debye 

length is small17. 

 σ = 0.116 sinh (
ζ

53.4
) [NaCl]

1
2⁄  (2.13) 

The surface charge density was plotted in all the sodium chloride concentrations that 

were studied (Figure 2.16a). As it was expected, all the values are positive, due to a 

positive value of zeta-potential. The graph shows a decay of the surface charge density 

as the electrolyte concentration increases. But there are two different regimes in the graph 

where the decay is different. The first has a smooth decay, which is practically constant, 

while the second regime decreases faster as the NaCl concentration increases. The most 

interesting point is that the change between the two regimes is around 280 mM, the point 

that the MKC-Quatsomes start to aggregate (the CCC value for the MKC-Quatsomes using 

NaCl). This is in accordance with the previous experiment performed. The difference 

between these two regimes is in the supramolecular structures that we have in each 

moment. When the surface charge density is constant, the preformed stable MKC-

Quatsomes do not allow to have in their structure more electrolyte neither adsorbed nor 

absorbed, so the concentration of adsorbed or adsorbed does not change so much. But 
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when MKC-Quatsomes are aggregated the supramolecular order is lost, breaking the 

membranes, and then more ions interact with the structure, leading to an abrupt reduction 

of the surface charge density. 

 
Figure 2.16.: a) Surface charge density and b) charge of MKC-Quatsomes under different NaCl 
concentrations. The error bars correspond to a mean of two different samples with three measurements each 
one. 

Then the charge per MKC-Quatsomes was determined. In order to calculate it, we 

have considered an MKC-Quatsomes as a sphere with a radius of 38 nm. In Figure 2.16b 

it is shown how the number of charges per MKC-Quatsome change when the NaCl 

concentration changes. The graph shows two different regimes regarding the number of 

charges. In the first regime, the MKC-Quatsomes have approximately a constant value of 

750 positive charges. Meanwhile, at the second regime, the number of charges decrease 

as the NaCl concentration increases, due to a more interaction of the system with the 

chloride ions. In the end, the total charges per MKC-Quatsomes are 300 positive charges, 

a value higher than zero, so the final structure is not neutral, it is still positive. 

The change between the two regimes corresponds to about 280 mM NaCl, which is 

the value of the CCC obtained before. Therefore, the first constant regime corresponds to 

the stable MKC-Quatsomes, while the second regime corresponds to the aggregated 

structures. This means that the chloride ions interact in a different way if the structures are 

MKC-Quatsomes or aggregates.  

It is important to highlight that with the ELS and DLS measurements we have achieved 

the same value of NaCl concentration. With the DLS we have seen two regimes where the 

particle size distribution is different, while with the ELS the charge of the structures 

changes. 
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2.2.2. Stability in different saline solutions 

Once studied the need of using salts in the production of these Quatsomes, it was 

investigated how MKC-Quatsomes behave under different saline mediums. As the 

purpose of these MKC-Quatsomes is to deliver drugs intravenously we studied the stability 

in mediums that are used for intravenous injections. 

As infusing intravenously with very low or non-osmolarity can cause problems such as 

hemolysis of red blood cells, it is necessary to inject saline solutions, or replace them by 

dextrose (glucose) to maintain a safe osmolarity while providing less sodium chloride. In 

the previous section, we have seen that MKC-Quatsomes are stable under the presence 

of NaCl, which is a salt present in most of the buffers and intravenous solutions. Therefore 

MKC-Quatsomes are good candidates to be used as an intravenous drug delivery system. 

In this work, we have studied several intravenous solutions that are widely used for 

administering drugs in research or medical purposes. The solutions used are listed below. 

a) Normal solution, physiological solution, physiological serum, or isotonic saline. 

It is a solution composed of 0.90% NaCl (w:V) in water. It contains 9.0 g of 

NaCl per liter of water. Its pH is between 4.5 and 7.0. One liter of this solution 

has 154 mEq (154 mmols) of sodium ions and 154 mEq (154 mmol) of chloride 

ions. The osmotic coefficient of NaCl is about 0.93, therefore the osmolarity of 

this solution is 286.44 mOsm/L. This value is in the range of the blood’s 

osmolarity which is between 275 and 295 mOsm/kg for adults and 175 and 

290 mOsm/kg for children. This solution is widely used for medical purposes 

like ocular and nasal washes, as well as for flush wounds and skin abrasions 

due to that this will not burn or sting when it is applied. For IV therapy, it is used 

for hydrating people or supplying the daily water and salt needs. Moreover, it 

is used when the patient has low blood pressure. But must be warned in 

patients with cardiac and renal failures and avoided when the patient needs an 

energy uptake. 

b) Dextrose 5% (w:V) solution or glucose 5% (w:V) solution. This solution 

contains 5 g of glucose in 100 mL of water. Its pH is between 3.5 and 6.6 and 

its osmolarity is 278 mOsm/L, and it has a caloric value of 200 kcal/L. This 

medium is indicated for the treatment of carbohydrate depletion and when the 

patient can have some cardiac failures. It is important not to use this solution 

in patients that have glucose intolerance or dehydration and must be warned 

in diabetic or hyperglycemic patients. 
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c) Glucosaline solution. There are a lot of glucosaline solutions with different 

amounts of glucose and NaCl, but all of them with < 5% glucose and < 0.45% 

NaCl. Here, we used the solution that contains 3.6% glucose (w:V) and 0.3% 

NaCl (w:V). These percentages mean that there are 36 g of glucose and 3 g 

of NaCl per one liter of water, so it has 51.3 mEq/L of chloride ion and 

51.3 mEq/L of sodium ion. Its pH is between 3.5 and 6, the osmolarity is 

302 mOsm/L and it has a caloric value of 144 kcal/L. This solution is used when 

the patient needs both components, maintenance of the hydration, and low 

caloric uptake. But it cannot be used when there is some intolerance to glucose 

or when there is severe dehydration. 

d) Ringer’s lactate solution, lactated Ringers solution, sodium lactate solution, or 

Hartmann's solution. This solution has different salts, in which each one 

impacts on the osmolarity (see Table 2.6). It has a pH between 5.0 and 7.0 

and an osmolarity of 277 mOsm/L. The purpose of this solution is to avoid 

acidification of pH because the lactate is metabolized to bicarbonate ion, which 

is a base that makes the body less acidic. So, it is used when exists 

dehydration and when it is necessary to control or restore faster the pH. It 

cannot be used when the patient is getting a blood transfusion and when a 

patient has more infusions because Ringer’s lactated solution does not mix 

very well with other IV solutions. 

Table 2.6.: Composition of Ringer’s lactate solution, regarding the salt and ions concentration. 

Salt 
Salt conc. 

(g/L) 
Ion 

Ion conc. 
(mEq/L) 

NaCl 6 Na+ 131 

KCl 0.4 K+ 5.4 

CaCl2·2H2O 0.27 Ca2+ 3.6 

Sodium 
lactate 

3.12 Cl- 112 

  Lactate 28 

 

Moreover, other buffered saline solutions were studied, which are widely used in in 

vitro experiments. These are: 
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a) Phosphate-Buffered Saline (PBS). PBS is commonly used in many protocols 

that cellular cultures are used. This buffered saline solution contains a mixture 

of different salts like NaCl and phosphates salts. There are many recipes of 

PBS, but in this Thesis we used: 

i. 100 mM PBS. It is composed of 96 mM NaCl, 3 mM Na2HPO4, and 

1 mM NaH2PO4. It has a pH of 7.4. 

ii. 300 mM PBS. It has 296 mM NaCl, 3 mM Na2HPO4 and 1 mM 

NaH2PO4, with a pH of 7.4 

b) Carbonate buffer. This buffer is used for storing some proteins at high pH. This 

buffer can be irritating depending on the pH. Like the previous one, this buffer 

can have different recipes. Here, we worked with:  

i. 166 mM NaHCO3, with a pH of 8.1. 

ii. 500 mM carbonate composed of 166 mM NaHCO3 and 334 mM NaCl. 

It has a pH of 8.1. 

c) Histidine buffer. It is used for storing some proteins near the physiological pH. 

Like the others, this buffer can have different histidine concentrations. In this 

Thesis, the 5 mM histidine was used, with a pH of 7.0.  

All of these solutions have been used to prepare MKC-Quatsomes (Table 2.7 and 

Table 7.1 of Chapter 7). They were prepared with the DELOS-SUSP method (see Section 

7.2.1 of Chapter 7 for experimental details), where the MKC was dispersed in these 

solutions at the same concentration as the previous experiments. 

Table 2.7.: MKC-Quatsomes prepared in different mediums. 

Samplea Aqueous phase 
Mass relation 

salts/QSb 

M-QS_NR Normal Solution 4.7 

M-QS_Dex Dextrose 5% 0.0 

M-QS_GS 
Glucosaline  

(3.6% Glc & 0.3% NaCl) 
1.6 

M-QS_RL Ringer’s lactated 5.1 

M-QS_PBS-100 100 mM PBS 3.2 

M-QS_PBS-300 300 mM PBS 9.3 

M-QS_carb-166 166 mM carbonate 7.3 
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M-QS_carb-500 500 mM carbonate 17.5 

M-QS_His 5 mM Histidine 0.0 

a In all of the samples the membrane components were the same (cholesterol and MKC) with an initial 
membrane components’ concentration of 1.91 mg/mL. b Mass relation between the mass of total salts (NaCl, 
phosphates, carbonates, etc.) present in the aqueous phase and the mass of the MKC-Quatsomes (M-QS). 

When MKC-Quatsomes were prepared in dextrose 5% (w:V) and in 5 mM histidine, 

other structures, instead of nanovesicles, were formed. In these solutions, there is no 

presence of any salt, so these results make sense with the previous results where the 

other structures were self-assembled in water, reinforcing the idea that MKC-Quatsomes 

cannot be prepared in water or in non-saline solutions. The presence of these structures 

is also increased when the samples were diafiltrated (see Section 7.2.3 of Chapter 7 of 

the present dissertation). Cryo-TEM images were taken in order to verify the presence of 

these structures (Figure 2.17). The most quantity of secondaries structures obtained were 

flat nanoribbons. The presence of dextrose and histidine molecules neither enhances the 

production of Quatsomes nor alter the formation of other structures. Finally, the presence 

of sediment was observed at the bottom of the vials. 

 
Figure 2.17.: Cryo-TEM images of the formulations M-QS composed by cholesterol and MKC in a) dextrose 
5% (M-QS_Dex) and b) 5 mM histidine (M-QS_His). 

On the other hand, when MKC-Quatsomes were prepared in solutions with higher 

electrolyte concentrations, neither Quatsomes nor other structures were achieved. Two 

different phases were clearly observed macroscopically just after the depressurization. 

This was the case when the aqueous phase was 300 mM PBS or 500 mM carbonate. The 

cryo-TEM images showed this behavior, having material without any organization (Figure 

2.18). These results strengthen the idea that with more than 280 mM NaCl MKC-

Quatsomes are not produced, having material aggregated. Because in both solutions there 

is more than 280 mM NaCl, in particular, 296 mM in the case of 300 mM PBS and 334 mM 

in 500 mM carbonate. Moreover, the presence of other salts does not avoid the two phases 

separation. 

a) b)
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Figure 2.18.: Cryo-TEM images of formulations M-QS in a) 300 mM PBS (M-QS_PBS-300) and b) 500 mM 
carbonate (M-QS_carb-500). 

In all of the other solutions, which are the normal solution, the glucosaline solution, the 

Ringer’s lactate solution, the 100 mM PBS, and the 166 mM carbonate, MKC-Quatsomes 

were prepared with nice physicochemical characteristics to be used as intravenous drug 

delivery systems. All of these buffers have low electrolyte concentration, and all of them 

have in common the presence of NaCl salt except the 166 mM carbonate. 

The particle size distributions are similar in all these mediums (Figure 2.19a), but in 

order to be sure that the distributions are correct and to have a deeper analysis of the 

colloidal suspensions, the correlograms should be analyzed. The correlation curves of the 

MKC-Quatsomes in all of the solutions are similar (Figure 2.19b). In all cases, we have a 

monomodal suspension, because the curves have only one sharp slope. The sizes are 

similar because all the curves decay at the same time. But the base of the correlation 

curves reveals some differences between them. The MKC-Quatsome in the glucosaline 

media are a bit smaller than the others, and the MKC-Quatsomes in 166 mM carbonate 

have some big particles because the baseline has some noise. These facts are intuited in 

the particle size distribution. The difference of the glucosaline medium may be the 

presence of dextrose which interacts with the MKC-Quatsomes’ membrane, making 

smaller MKC-Quatsomes, while the NaCl present in this solution helps to stabilize the 

MKC-Quatsomes. And the difference with the 166 mM carbonate maybe is caused 

because the carbonate is a divalent anion, which makes the MKC-Quatsomes less stable 

compared with the monovalent NaCl salt20. In addition, the carbonate anion is listed as a 

more precipitation agent than the chloride anion in the Hofmeister series. 

a) b)
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Figure 2.19.: a) The particle size distribution of MKC-Quatsomes in different mediums and b) the correlations 
curves associated with each measurement with an inset focused on the bases of the curves. The blue line 
corresponds to the normal solution, the yellow one to the glucosaline medium, the green one to Ringer’s 
lactated solution, the red one to the 100 mM PBS and the purple one to the 166 mM carbonate. The 
measurements have been done with three replicates. 

These MKC-Quatsomes are stable almost in time, almost 2 years, in all of these 

mediums (Figure 2.20). The hydrodynamic diameters and the PdIs are almost maintained 

in all of the cases, but few differences are observed. In the normal solution, the size of 

MKC-Quatsomes increases until 100 nm, and the PdI became a bit more than 0.2 (Figure 

2.20a). In the case of MKC-Quatsomes in glucosaline, the smaller diameter is maintained, 

but the error of each measurement is a bit higher, meaning that there are some differences 

between different batches (Figure 2.20b). MKC-Quatsomes in Ringer’s lactated solution, 

the most complex solvent, are stable without any significant changes (Figure 2.20c). In 

the 100 mM PBS, both parameters increase having MKC-Quatsomes with more than 

100 nm of size and a PdI of 0.2 (Figure 2.20d). MKC-Quatsomes in 166 mM carbonate 

are the ones with a higher PdI, but this is maintained in time, and the hydrodynamic size 

is also kept constant (Figure 2.20e). 

If we compare the hydrodynamic diameter of MKC-Quatsomes in the different 

mediums, we can see that MKC-Quatsomes in glucosaline solution are the smaller ones 

and the other ones have similar sizes with few nanometers of differences (Figure 2.20f). 

This may be caused by the presence of dextrose in the media, which maybe is intercalated 

in the membrane causing more curved MKC-Quatsomes, and thus smaller size. This could 

be related to the fact that some carbohydrates are used as cryopreservatives and these 

molecules are placed between the polar heads of the vesicles’ membrane31–33. In the case 

of the PdI the166 mM carbonate have a PdI value higher than 0.2 all the time. But the 

differences are insignificant between them (Figure 2.20g). The most important point is 

that, regarding the size distribution, all of these MKC-Quatsomes are stable on time. 
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Figure 2.20.: Evolution of hydrodynamic diameter and PdI of MKC-Quatsomes in: a) normal solution,  
b) glucosaline solution, c) Ringer’s lactated solution, d) 100 mM PBS, and e) 166 mM carbonate. The panel 
f shows the evolution of MKC-Quatsomes in all solvents regarding the hydrodynamic size and the panel 
g respect the PdI. The error bars correspond to the standard deviation of three replicates. 

The zeta-potential of these MKC-Quatsomes are similar in all of the mediums, having 

a value of around 30 mV except the ones that are in glucosaline solution (Table 2.8). This 

may reinforce the reason that dextrose is introduced in the membrane, changing the 

membrane’s structure, making a more positive membrane. This fact could be related to 
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the replacement of chloride ions with dextrose molecules31. Because we have evidence 

that the chloride ions interact with the surface of the MKC-Quatsomes, thus leading a 

decrease of the zeta-potential. But if the dextrose is placed between the polar heads, the 

chloride ions could be replaced, observing an increase of the zeta-potential. As these 

MKC-Quatsomes are stable on time, these values of zeta-potential are good to have these 

stable structures. 

Table 2.8.: Values of zeta-potential of MKC-Quatsomes composed of cholesterol and MKC in different 
mediums. 

Medium 
Normal 
solution 

Glucosaline 
solution 

Ringer’s 
lactated 

100 mM 
PBS 

166 mM 
carbonate 

Zeta-potential (mV) 29 ± 3 43 ± 2 31 ± 2 32 ± 2 29 ± 2 

The zeta-potential corresponds to the mean of three replicates with their error. 

The morphology of these MKC-Quatsomes is similar (Figure 2.21). In all of the cases, 

there are unilamellar vesicles. Some are bilamellar but they are not significant in the whole 

sample. The shape tends to be spherical, because the ethanol was removed, which made 

the MKC-Quatsomes with a more oval shape. All of the MKC-Quatsomes have a geometric 

diameter of less than 100 nm. 

 
Figure 2.21.: Cryo-TEM images of MKC-Quatsomes in a) normal solution, b) glucosaline solution, c) Ringer’s 
lactated solution, d) 100 mM PBS, and e) 166 mM carbonate. The white shadows in the last image are caused 
by a bad freezing of the water during the sample’s preparation. 

In summary regarding the translational solutions, the stability of MKC-Quatsomes 

depends strongly on the solution of the DELOS-SUSP’s aqueous phase. The stability of 

these vesicles depends on the concentration and nature of the electrolyte. In this sense, 

a) b) c)

d) e)
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we can have four possible scenarios (Figure 2.22): i) if we have not any electrolyte, other 

structures will be produced and later will sediment, ii) if we have low NaCl concentrations 

MKC-Quatsomes will have outstanding colloidal properties, iii) if we have a low 

concentration of more complex salt, like carbonate, MKC-Quatsomes will be produced with 

good colloidal properties, and iv) if we have an excess of NaCl, nor MKC-Quatsomes 

neither other structures will be prepared so a non-stable material will be produced. 

 
Figure 2.22.: Stability of MKC-Quatsomes depending on the aqueous solution of DELOS-SUSP. 

2.2.3 Summary 

MKC-Quatsomes have been successfully prepared with DELOS-SUSP methodology. 

Stable MKC-Quatsomes were prepared adding salts, below 280 mM NaCl, in the aqueous 

phase. If no salts were added, the structures formed were not MKC-Quatsomes, 

meanwhile, if more than 280 mM NaCl were added, any structures were achieved. 

Furthermore, we explored different solutions widely used in intravenous 

administrations. All of them that had a salt concentration below 280 mM, stable MKC-

Quatsomes were prepared, making these MKC-Quatsomes candidates to be used in 

intravenous deliveries. 
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2.3. MKC-Quatsome’s membrane at the 

atomistic level 

In order to support the results found experimentally, we carried out, in collaboration with 

Dr. Sílvia Illa and Dr. Jordi Faraudo from ICMAB-CSIC, molecular dynamics (MD) 

simulations to have an atomistic view of the system. The aim of these simulations was to 

support the experimental points reported before. 

We performed simulations of several kinds of systems. First, MKC and cholesterol34 

single-molecule were considered, obtaining their model and then the interaction between 

these two molecules was studied. After that, in order to analyze their self-assembly and 

validate the atomistic model obtained for each molecule, simulations with multiples MKCs 

and cholesterols were carried out. Finally, bilayer simulations have been performed, 

aiming to elucidate the molecular organization of MKC and cholesterol in vesicles. These 

simulations support the atomistic view of a membrane patch of MKC-Quatsomes’ 

membrane since the simulation of a whole vesicle with atomistic detail is impossible with 

current computers. 

The employed force field for the molecules (MKC and cholesterol) and all the technical 

details of the simulation are the same and are described in the Annex A2 of this Thesis. 

2.3.1. Synthon simulation 

Based on the synthon concept and taking the cholesterol:CTAB synthon as reference1,35, 

two simulations were considered in order to study the formation of the cholesterol:MKC 

synthon.  

On one hand, a single molecule of MKC with chloride counterion and a cholesterol 

molecule together are considered as a starting point of the simulation. A minimization 

simulation was run and then an NPT (number of moles, pressure, and temperature 

constants) simulation was performed for 20 ns. It was observed that the synthon was 

stable in water on time without any separation between them. Cholesterol molecule 

remained more static than MKC, meaning that MKC molecule was able to fluctuate around 

the cholesterol molecule. Chloride counterion was not part of the synthon as it moved 

randomly thought the simulation box. 

On the other hand, as a starting point of the simulation, it was considered both 

molecules of the synthon completely separated from one each in order to make sure that 

we were not conditioning the formation of the synthon. After the minimization of the system, 
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a simulation of 40 ns with an NPT ensemble was performed. It was concluded that the 

initial building-up of the system did not affect the behavior of the synthon because the MKC 

and cholesterol molecules, after 10 ns, found each other and they remained together. In 

this simulation, the chloride counterion did not interact with the synthon too. 

The interaction between both headgroups of the components of the synthon was 

analyzed by calculating the distance between the oxygen atom of the cholesterol’s 

hydroxyl group and the nitrogen atom of the MKC molecule as a function of time (Figure 

2.23a). The simulation shows that there were two possible conformations of the synthon: 

the parallel and the anti-parallel one (Figure 2.23b and c). In the parallel conformation, 

the two atoms are closer with a distance around 5 Å, while in the anti-parallel the distance 

between the two atoms is around 15 Å. Both conformations are in equilibrium, fluctuating 

between them. The existence of two possible favorable conformations of the synthon plus 

the fact that the MKC molecule fluctuates considerably leads us to think that the synthon 

was formed only by hydrophobic effect and not because of the interaction of both polar 

heads as it was observed in the cholesterol:CTAB synthon1. 

 
Figure 2.23.: Movement of the synthon composed of cholesterol (orange) and MKC (green) on time. a) Graph 
plotting the distance between the oxygen of cholesterol’s hydroxyl group (red sphere) and nitrogen of MKC’s 
nitrogen (blue sphere). b) Anti-parallel confirmation and c) parallel conformation. Two stable configurations are 

predominant being both in equilibrium. The distance is between the two highlighted spheres. 

This simulation predicts that the interaction between the cholesterol and the MKC is 

lower than the interaction between the cholesterol and the CTAB. Thus, this could impact 

on the stability of the MKC-Quatsomes’ membrane. So, maybe this is one of the reasons 

that explains the different stability behavior between the MKC-Quatsomes and CTAB-

Quatsomes in water. While the chol:CTAB synthon is more rigid, the chol:MKC synthon 

fluctuates. This could impact on a more interaction between the cholesterol and the CTAB 

that causes the formation of CTAB-Quatsomes in water; while the interaction between the 

cholesterol and MKC is lower, leading to the non-formation of MKC-Quatsomes in water. 

Anti-parallel Parallel
a) b) c)
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2.3.2. Micelle and crystal simulation 

The aim of this section was to simulate the self-assembly of the MKC micelles and the 

cholesterol crystals as expected to have in water. It was started by simulating a single 

micelle made of 27 molecules of MKC in water solvent with a representative concentration 

of 149 mM (Figure 2.24a). This value is much higher than the CMC of the MKC, 2.16 mM 

at 25 ºC, meaning that we work at a concentration in which micelles are formed. It was 

also corroborated that the atomistic MKC model proposed correctly predicts the 

micellization process. In addition, 27 molecules of cholesterol were simulated in water 

solvent, observing the formation of a crystal structure (Figure 2.24b). As known, 

cholesterol molecules are insoluble in water, so the formation of a single crystal is 

expected. 

 
Figure 2.24.: a) MKC micelles and b) cholesterol crystal auto-ensembled. The blue dots correspond to the 
nitrogen atom of MKC and the red dots to cholesterol hydroxyl oxygen. 

These results reproduce perfectly the behavior of these molecules in water. So, it 

means that the model of these molecules that were used are correct. 

2.3.3. MKC-Quatsome bilayer 

In order to study the molecular organization of the MKC-Quatsome’s bilayer, a section of 

the membrane was carried out. In this simulation, a planar bilayer of MKC-Quatsome was 

prepared in a molar ratio 1:1 at 25 ºC in 100 mM NaCl, which is the stable membrane of 

MKC-Quatsomes. Since the simulation of a whole vesicle with atomistic detail is 

impossible with current computer capabilities, we employed the same methodology usually 

used to simulate heterogeneous biological membranes containing phospholipids and 

cholesterol36. It was considered a bilayer patch of 14.7 nm2 in the XY plane in its 

tensionless state in contact with water with the presence of 100 mM NaCl maintained at a 

pressure of 1 bar in the Z direction (perpendicular to the bilayer). 

Observing the dynamic trajectories, the MKC-Quatsome’s membrane behaved as a 

fluid membrane. Moreover, with the concentration of 100 mM NaCl our simulation showed 

the formation of a stable bilayer, without any deformation (Figure 2.25) This result is in 

a) b)
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line with the experimental results because with the presence of 100 mM NaCl the MKC-

Quatsomes’ membrane is stable. 

 
Figure 2.25.: Simulation snapshot of the MKC-Quatsome 1:1 bilayer in 100 mM NaCl. MKC molecules are 
represented in green and cholesterol molecules in orange. The MKC’s nitrogen atoms are green spheres and 
cholesterol’s hydroxyl oxygen are orange spheres. Chloride and sodium ions are represented in magenta and 
dark-blue spheres respectively. Water molecules are colored in blue. Adapted 35. 

As the 100 mM NaCl simulation shows a stable bilayer at the atomistic level, we moved 

on to its physicochemical characterization at the nanoscale. First of all, it was analyzed 

the organization and how atoms were located within the bilayer by using the density profile 

tool. The density profile obtained (Figure 2.26a) shows a density profile typical of a bilayer. 

Carbon atoms from the MKC molecules define the two layers and the water interface is 

well delimited. The ammonium groups of the MKC are located in the borders of the 

bilayers, while the hydroxyl groups of cholesterol are located more inside the bilayer. The 

MKC’s and cholesterol’s carbons are located inside the bilayer, showing a perfectly two 

layers with a depletion in the middle, but the depletion of the MKC is more pronounced. 

This demonstrates that the two layers of MKC are completely separated, while the 

cholesterol’s layers are more interdigitated. The cholesterols are clearly located in the 

hydrophobic region of the bilayer. Moreover, in the profile of the MKC’s carbons, there are 

two peaks which are related to the MKC’s phenyls groups. These groups are located 

randomly without any orientation, they can be pointing to the aqueous phase or be 

depleted to the bilayer. Regarding the chloride counterions, they show a broad line more 

shifted to the hydrophobic region. So, a significant quantity of ions is adsorbed at the 

interface and below it, just above the cholesterols’ hydroxyls and at the same distance as 

the nitrogen atoms of the MKCs. 

Water WaterM-QS bilayer
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Figure 2.26.: Density profile of a section of the a) MKC-Quatsome’s membrane, composed of cholesterol and 
MKC in a molar ratio 1:1, at 25 ºC, in 100 mM NaCl at 25 ºC, and b) CTAB-Quatsome’s membrane, composed 
of cholesterol and CTAB in a molar ratio 1:1 in water at 25 ºC adapted form 35. 

The obtained density profile is similar to the two-tails phospholipid bilayer37,38 and to 

the CTAB-Quatsomes (Figure 2.26b)1,35, but with some differences. The first one is the 

importance of the chloride ions, where are located below the bilayer’s surface, showing 

that they play an important role in the stability of the bilayer. Another difference is the 

depletion of the MKCs’ carbons which practically reaches a value of zero. This indicates 

that the MKCs are not interdigitated, something that does not occur in other systems37. 

Maybe it is caused because the alkyl carbon-chain of the MKC has 14 carbons, fewer 

carbons than the CTAB and DPPC alkyl chains. 

Two values of bilayer’s thickness can be calculated considering different atom 

references: from N-N atom distance of the MKC molecules is obtained a 3.8 nm value of 

thickness and from the interface-interface (water-MKC) distance the thickness value is 

4.3 nm. This last value is equal to the one obtained in the CTAB-Quatsome bilayer from 

N-N atoms distance1. 
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In order to know the probability of finding two atoms near each other correlating with 

the distance that can be found, it was used the radial pair distribution function of some 

specific atoms interactions. With this representation, the interaction’s strength between 

two atoms can be estimated. The graph with the most relevant interactions is shown in 

Figure 2.27. As can be seen, because the curve is not so pronounced, there is a weak 

interaction between the nitrogen atom of the MKC surfactant and the hydroxyl oxygen atom 

from the cholesterol and even weaker if considering the carbon atoms of the phenyl part 

of the MKC molecule instead of the nitrogen atom. So, the hydroxyl oxygen of cholesterol 

does not interact so strongly with the MKC’s polar head. This result is in line with the two 

possible conformations of the synthon chol:MKC explained in the previous Section 2.3.1 

proving the no formation of a solid synthon.  

Besides, it is observed that chloride counterions strongly interact with the hydroxyl 

oxygen atom of the cholesterol molecules meaning that ions are penetrating the bilayer 

and are located between MKC and cholesterol head groups. Moreover, there is some 

interaction, but weaker, with the chloride anions and the MKC’s nitrogen. 

 
Figure 2.27.: Radial pair distribution function g(r) computed between atoms. This graph represents the 

probability of finding two atoms near each other correlated with the distance that can be found. 

These results suggest that chloride ions take an important role in MKC-Quatsome’s 

bilayer stability. Their localization into the membrane has been studied through the 

dynamic trajectories of the simulation. The chlorides anions penetrate inside the 

membrane being absorbed in between the MKC’s nitrogen and the hydroxyl oxygen of 

cholesterol (Figure 2.28a). Moreover, the chloride anions are well aligned with the 

cholesterols, because if we visualize the water molecules, the chloride ions are hydrated, 

and water molecules are dragged on the interface (Figure 2.28b). 
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Figure 2.28.: a) Simulation snapshot of an MKC and cholesterol molecules that are in an MKC-Quatsome’s 
bilayer with 100 mM NaCl. MKC surfactant and cholesterol are colored in green and orange, respectively. 
Headgroups of each molecule are represented in with blue spheres (MKC’s ammonium group) and red spheres 
(cholesterol’s hydroxyls) and the chloride ion is in light blue, adapted from 35. b) Chloride counter ions adsorbed 

on the cholesterol molecules, with the presence of water molecules. 

The position of chloride ions in the MKC-Quatsome’s membrane could also explain 

the formation and stability of MKC-Quatsomes. If the ions are not present, like in pure 

water, this stabilization of the synthon does not occur leading to the non-formation of the 

nanovesicles. 

In this sense, it seems that the chloride ions take part in the membrane stability of 

MKC-Quatsomes composed of cholesterol and MKC. The chloride ion stabilizes the 

synthon formed by the cholesterol and MKC molecules. Furthermore, the idea of synthon 

is changed in these MKC-Quatsomes, in which there are three components of synthon in 

these MKC-Quatsomes: MKC surfactant, cholesterol, and chloride ions (Figure 2.29). 

 
Figure 2.29.: Schematic representation of an MKC-Quatsome, with its organization of the membrane and 
synthon. 

2.3.4. Summary 

A cholesterol:MKC synthon, a cholesterol crystal, an MKC micelle, and a bilayer patch of 

an MKC-Quatsome were perfectly simulated. We saw that the interaction between the two 

molecules is weaker if it is compared with the cholesterol and the CTAB. This leads to 

having MKC-Quatsomes with a third element the chloride ions, which interacts directly with 

the cholesterol’s hydroxyl group stabilizing the MKC-Quatsome’s bilayer. 

  

a) b)
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2.4. DiR labeling 

2.4.1. DiR fluorescent dye 

Due to the increasing interest in having fluorescent nanoparticles for bioimaging 

applications, the MKC-Quatsomes were labeled with a fluorescent dye. In this Thesis, the 

fluorescent indocarbocyanine DiR (1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbo-

cyanine iodide) (Figure 2.30) was integrated into the vesicles membrane. 

 
Figure 2.30: Molecular structure of DiR fluorescent dye. 

DiR dye is an organic solvent-soluble fluorescent dye, which when it is solubilized in 

ethanol has an absorption spectrum with maximum absorption at 750 nm and its emission 

spectrum has a maximum at 782 nm (Figure 2.31b and c). On the contrary, DiR is a water-

insoluble dye that when it is dispersed in water, the dye starts being aggregated with other 

DiR molecules, changing its absorbance and becoming non-fluorescent due to the self-

quenching39–41. 

The use of DiR as a labeling molecule into the MKC-Quatsomes membrane offers 

several advantages: i) DiR emits in the far-red and near-infrared and it is widely used for 

in vivo bioimaging in animal models like mice42–44. ii) DiR contains two long aliphatic chains 

that are ideal to be inserted into the hydrophobic membrane of Quatsomes45,46. iii) DiR 

emits light with high brightness when it is integrated into a vesicle membrane, while its 

fluorescence is quenched when it is present in aqueous solution, due to aggregation. 

2.4.2. DiR-labeled Quatsomes 

Once the MKC-Quatsomes were physiochemically studied, we were able to prepare MKC-

Quatsomes labeled with DiR dye in the DELOS-SUSP process (see Section 7.2.1 of 

Chapter 7). We added the DiR inside the vessel dissolved in ethanol together with the 

cholesterol. The compressed solution was depressurized onto an MKC suspension in 

Ringer’s lactated. The theoretical MKC-Quatsomes concentration used is the same as the 

other experiments, 1.91 mg/mL. The amount of DiR added inside the reactor is about 1% 

of total moles (see Table 7.2 of Chapter 7 for more information about the M-QS-R_RL 
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formulation). Then the DiR-labeled MKC-Quatsomes were diafiltrated (see Section 7.2.3 

of Chapter 7) in order to remove the ethanol in our solution and the water-soluble 

molecules that are not inserted into the membrane. 

DiR-labeled MKC-Quatsomes (M-QS-R_RL) prepared in Ringer’s lactated solution 

showed a unilamellar morphology and sizes similar to those of plain MKC-Quatsomes 

because the cryo-TEM images are similar when DiR is added (Figure 2.31a). These DiR-

labeled MKC-Quatsomes cannot be measured with DLS since the DLS uses a laser light 

of 633 nm, which is absorbed by the DiR-labeled MKC-Quatsomes. The absorption and 

emission spectra of these MKC-Quatsomes (Figure 2.31b and c) show an absorption 

band at 749 nm and an emission band at 775 nm, similar when the DiR is solubilized in 

ethanol. This small blue-shift in the maximums of absorption and emission is due to the 

different nature of the solvent because in one case the DiR is solubilized ethanol and in 

the other case, the DiR is surrounded by the Quatsome’s membrane and the aqueous 

solvent35,45. The presence of a shoulder in the absorption at low wavelengths is caused by 

the dispersion of the MKC-Quatsomes. The second peak of the absorption band, around 

675 nm, is caused by the presence of some aggregates in the Quatsome’s membrane41. 

On the other hand, pure DiR in Ringer’s lactated neither absorbed nor emitted light due to 

its aggregation at the used concentrations (Figure 2.31b and c). 

 
Figure 2.31.: a) Images of DiR-labeled MKC-Quatsomes (M-QS-R_RL) viewed with cryo-TEM and optical 
characterization of these MKC-Quatsomes b) absorption and c) emission spectra. 
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Moreover, we studied the release of DiR from the MKC-Quatsome membrane under 

different experimental conditions. If the DiR dyes were released in the medium from the 

MKC-Quatsomes, they become aggregated, and then non-fluorescent. In undiluted 

suspensions and at room temperature, i.e. conditions relevant for the vesicles’ shelf life, 

emission spectra only showed a minor decrease in intensity over the time course of two 

weeks, from which we concluded that DiR remained stably integrated into the vesicle 

membrane, with a DiR retention of 100 ± 3%. Furthermore, we studied the DiR release 

under bioimaging-mimicking conditions. We increased the temperature of the DiR-labeled 

MKC-Quatsomes until 37 ºC in order to simulate the body temperature. And then we 

changed the pH of the solution to pHs values of 6.5 and 4.7. The first one mimicked the 

physiological pH of the cells and the second one simulated the acidic pH of the lysosomes, 

a cellular organelle that the drug-delivery systems can be found if they are internalized by 

the cells. 

In these cases, we have incubated the DiR-labeled MKC-Quatsomes at these 

conditions, and their emissions were recorded for more than six hours (Figure 2. 32a and 

b). We observed that there is a small release of the DiR until it is stabilized at 6 hours in 

both cases pH 4.7 and 6.5. This small release can be attributed to a more diffusion of the 

MKC-Quatsomes’ membranes that can cause a small release of the dye. If the maximum 

of emission is compared in all of the emission curves, the amount of DiR that have been 

retained, after the emitted light intensity stabilized, was 78 ± 3% (pH 6.5) and 81 ± 4% (pH 

4.7) of the initial value (Figure 2. 32c).  
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Figure 2. 32.: Emission of the DiR-labeled MKC-Quatsomes incubated at 37 ºC for 6 hours, a) at a pH of 4.7 
and b) at a pH of 6.5. c) Retention of DiR in the MKC-Quatsomes membrane under bioimaging-mimicking 
conditions (37 ºC, pH of 4.7 and 6.5). 

2.4.3. Summary 

We have been able to produce MKC-Quatsomes labeled with a fluorescent dye, which can 

be used for bioimaging applications. The proper integration of this hydrophobic dye in the 

MKC-Quatsome membrane is manifested in the absorption and emission bands that are 

similar to those of DiR in ethanol. Moreover, the DiR is stable inside the MKC-Quatsomes 

when it is stored in their natural storage conditions, and also is stable under physiological 

conditions relevant for bioimaging, with an emitted light intensity that does not drop below 

78 ± 3%. 
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2.5. Summary and conclusions 

We have studied the formation of MKC-Quatsomes, composed of cholesterol and MKC 

surfactant. The production has been carried out using the DELOS-SUSP methodology. 

The stability of these MKC-Quatsomes depends strongly on the electrolyte concentration 

of the dispersant medium: 

i) Without any salts added there is a formation of non-vesicular structures, which 

the predominant ones are flat nanoribbons. 

ii) With a small quantity of added salts, there is a production of MKC-Quatsomes 

with outstanding properties to be used as an intravenous drug delivery system. 

iii) With high saline concentration, any supramolecular structure is formed and the 

material is aggregated. 

We have studied this phenomenon using sodium chloride as an electrolyte model and 

we observed that there is a huge dependency on the physicochemical properties. The 

CCC of NaCl in these MKC-Quatsomes is about 280 mM, where above this concentration 

MKC-Quatsomes are destabilized. Moreover, we saw that the charge of these MKC-

Quatsomes has two different regimes, it is constant below the CCC and decreases at 

higher concentrations. 

Furthermore, these MKC-Quatsomes are colloidal stables in all of the translational 

solutions that have low saline concentrations, making these MKC-Quatsomes versatile to 

be used as intravenous drug carriers. 

As it is proven experimentally this close relation between the cholesterol and MKC 

with the chloride ions, we tried to move this relation in theoretical models of the MKC-

Quatsome’s bilayer. We saw that this fact is well reproduced in molecular dynamics, where 

we demonstrated, in at the atomistic level, the huge importance of the chloride ions in the 

formation of MKC-Quatsomes bilayer, where these anions take part of the synthons of 

these MKC-Quatsomes, stabilizing the membranes. 

Finally, the MKC-Quatsomes in Ringer’s lactated solution were labeled with a 

fluorescent DiR dye. The DiR was successfully integrated into the MKC-Quatsomes’ 

bilayer, without any leakage at storing conditions. These results make MKC-Quatsomes 

with DiR a good candidate to be used in bioimaging applications. 
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3 
Preclinical characterization of 

MKC-Quatsomes as nanocarriers 

for intravenous drug delivery 
 

 

3.1. Introduction 

When a new nanomedicine, based on liposomes or other vesicular nanocarriers,  is 

wanted to be used as an intravenous drug it must accomplish some requirements 

determined by the medicine regulatory agencies1.  

It was determined that the vesicles’ physicochemical properties were determinants for 

some critical pharmacokinetic properties, like recognition and removal by the organism 

and drug-release1. For this reason, in order to achieve a nanomedicine, which fulfills the 

requests of regulatory agencies, it is necessary a deep physicochemical characterization 

to identify the physicochemical critical quality attributes (CQAs). These properties include 

the particle size, vesicle to vesicle homogeneity, membrane fluidity, surface charge, and 

chemical composition1. These characteristics should be preserved upon storage in order 

to guarantee the same quality of the nanovesicles along time and safety of patients. 

Besides, the complete characterization of the stability, pharmacokinetics, and 

pharmacodynamics of a new vesicular product is critical to ensure a safe and effective 

use. 

Now it is well established that before the entrance to the clinical phases in humans, 

preclinical physicochemical characterization, in vitro, and in vivo testing is mandatory to 

ensure safety once administered in humans. For instance, the Nanotechnology 

Characterization Laboratory, founded by the National Cancer Institute with the Food and 

Drug Administration and the National Institute of Standards and Technology, has 

established a preclinical characterization cascade of nanomedicines2. This cascade 
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consists of the determination of the sterility and endotoxins, the physicochemical 

characterization, the in vitro characterization, and the in vivo characterization. 

Therefore, the following parameters should be studied, rationalized, and well-

characterized when a vesicular drug is being developed for intravenous administrations1: 

• Make a critical discussion of the vesicular components. 

• Determine the quality, purity, and stability of the vesicular components. 

• Study the vesicle’s morphology, mean size, particle size distribution, and the 

formation of aggregates. 

• Determine the vesicle surface charge. 

• Monitor stability on storage, and be sensitive to ensure batch to batch 

reproducibility. 

• Study the stability under proposed in-use conditions. 

• Guarantee the robustness of the process for reconstruction and/or pharmacy 

preparation. 

• Ensure the maintenance of vesicular formulation integrity in plasma. 

• Study the interaction between vesicles and cells in vitro and in vivo models. It 

is recognized that the current state of knowledge on in vitro tests is limited and 

it is highly likely that in vivo studies will be needed at present. 

• Investigate the injected product dose. 

The characterizations and studies above described are essential during the and 

preclinical development of a new nanomedicine based on vesicles. 

A drug comprises one or more therapeutic active ingredients and inactive ingredients 

(excipients). During a pharmaceutical development, the drug (therapeutic agent and 

excipient) and the excipient alone must be fully characterized and both ingredients must 

fulfill the requirements. Many nanomedicines are composed of one or more active 

ingredient conjugated to therapeutically inactive nanoparticles, which should behave as 

nanocarriers of the active ingredient, from the site of administration of the nanomedicine 

to the target site into the body for its delivery3. In the frame of this Thesis new Quatsomes 

composed of cholesterol and MKC were synthesized for the first time, which have a large 

interest in intravenous delivery. In this particular case, the MKC-Quatsomes are the 

excipient part of the drug, because they will transport and vehiculate the therapeutic agent. 

For this reason, these requirements should be studied for MKC-Quatsomes. Moreover, 

further studies should be done when a therapeutic agent (e.g. peptides, proteins, or 

oligonucleotides) will be incorporated1. 
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As described in Chapter 2, the MKC-Quatsomes are stable and homogenous colloidal 

structures, with a spherical-oval shape, with a hydrodynamic diameter around 85 nm, 

which can be dispersed in multiple saline buffers that are used for intravenous 

administrations. The MKC-Quatsomes studied were dispersed in Ringer’s lactated solution 

because  Ringer's lactated solution is a medium used for intravenous injections4,5. 

Therefore, in this chapter, some of the preclinical requirements were studied for the 

nanoformulation of MKC-Quatsomes produced in Ringer’s lactated solution (named M-

QS_RL, see Table 7.2 of Chapter 7 for more information).  

The preclinical studies performed with these MKC-Quatsomes are: 

• Determination of the chemical composition. 

• Study the stability of MKC-Quatsomes upon dilution and in the presence of 

human serum. 

• Perform cell viability studies. 

• Study the internalization of MKC-Quatsomes in cells. 

• Perform preliminary in vivo toxicity assays in cancer xenografted Swiss nu/nu 

mice. 

• Study the biodistribution in cancer xenografted Swiss nu/nu mice. 
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3.2. Determination of chemical composition 

One of the requirements for the translation to the clinics of any new drug delivery system, 

as dictated by medicine regulatory agencies such as FDA and EMA, is the definition and 

measurement of its chemical composition. The efficacy, stability, pharmacokinetics, and 

drug-release properties are directly related to the chemical composition6. In this sense, an 

increasing number of research groups6,7 are dedicating efforts to develop sensitive and 

quantitative analytical methods for the analysis of the chemical composition of 

nanovesicle’ membranes.  

In MKC-Quatsomes, the two components to be detected are orthogonal concerning 

their polarities and solubilities. Indeed, cholesterol is a hydrophobic molecule insoluble in 

water while MKC surfactant is very hydrophilic and water-soluble (Table 3.1) making the 

simultaneous quantitative analysis of both components difficult. To perform the 

quantitative analysis of the two components/analytes it is necessary to solubilize before 

the membrane components breaking the MKC-Quatsomes. However, due to the different 

chemical nature of the two analytes, it was not possible to detect simultaneously by 

chromatography both components with a single fast and cheap method. Therefore, two 

methods based on reverse phase HPLC-ELSD (high-performance liquid chromatography 

– evaporative light scattering detector) were developed optimizing the analysis time of the 

quantitative analysis. 

The detector selected for such analysis was the ELSD because it is a universal 

detector, which can detect all kinds of analytes present in a given sample, which is robust 

and cheaper than other detection methods, like detectors based in mass spectrometry8,9. 

Moreover, a detector based on UV (ultraviolet) absorbance cannot be used for the 

compositional analysis of MKC-Quatsomes because MKC has any chromophore that 

absorbs light8,9. Refractive index detector is not also a good option, because it has low 

sensitivity, is sensible to gradients, susceptible to changes in room temperature, and less 

robust than ELSD8. 

In this Thesis, a new HPLC method for the quantitative analysis of the chemical 

composition of MKC-Quatsomes in Ringer’s lactated solution:EtOH 9:1 (V:V), has been 

developed and validated. MKC-Quatsomes used for the development and validation of the 

HPLC-ELDS methods were prepared by DELOS-SUSP without further diafiltration, to 

guarantee a minimal loss of cholesterol and MKC during the sample preparation. The 

theoretical membrane components concentrations of this sample of MKC-Quatsomes are 

detailed in Table 3.1, with a theoretical concentration of total membrane components of 

1.91 mg/mL. These theoretical values were calculated taking into account the initial 
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quantities of MKC and cholesterol, used for the preparation of MKC-Quatsomes (see Table 

7.2 of Chapter 7). 

Table 3.1.: MKC-Quatsomes’ membrane components with their theoretical concentrations and their water 
solubility. 

Membrane component Concentration (mg/mL) Solubility (mg/mL)* 

Cholesterol 0.99 0.095 

MKC 0.92 > 1000 

* Solubility of each compound in water at 30 ºC. 

 

3.2.1. Optimization and validation of HPLC-ELSD procedure 

In the development of a quantitative HPLC analysis is important to verify that one 

component does not interfere in the quantification of the other and that the solvent of MKC-

Quatsomes, in this case, Ringer’s lactated solution, does not interfere in the analysis of 

the two components neither. As it is described below, both methods developed are fast 

methods and adapted for the quantification of each molecular component and to the MKC-

Quatsomes’ concentration. 

Sample preparation is crucial in any HPLC method development. For accurate 

quantification of the analytes, it is necessary to guarantee that they are completely 

solubilized before the for the analysis, and for this reason, it was decided to disrupt 

completely the vesicles before their injection in the HPLC column. Conversion of 

nanovesicles structures into a solution of the nanovesicle membrane components is 

necessary during sample preparation. Vesicles destruction by the addition of organic 

solvents over the nanovesicular dispersion was initially discarded because of the presence 

of water in the samples, which makes the precipitation of cholesterol inside the column. 

Therefore, it was decided to freeze-dry the nanovesicular sample, to remove the water of 

the sample without destroying the molecular structure of the membrane components, and 

then add a known volume of organic solvents for the preparation of the membrane 

components solution to be injected in the HPLC system. Following the procedure detailed 

in Section 7.2.4 of Chapter 7, 1 mL of the MKC-Quatsome sample (M-QS_LR), was freeze-

dried at -80 ºC and at 0.05 mbar of pressure, then the pressure is maintained for 4 days 

while the temperature was progressively increasing. The freeze-dried sample was later on 

redissolved with a known amount of the appropriate solvent for each of the membrane 

components, MKC or cholesterol. All the samples were filtered with hydrophilic 0.2 µm 
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PTFE Millex-LG membrane syringe filter (Merck KGaA, Darmstadt, Germany) before their 

injection into the HPLC-ELSD system. 

The two methods for analyzing the two components were optimized in order to have a 

fast and cheap method adapted to the concentration of the sample. The identification and 

quantification of each analyte/membrane component were done comparing their retention 

time (tr) with a standard sample. 

Before proceeding with the method development, we established some validation tests 

in order to ensure a precise and robust method. The validation of both analytical methods 

was determined by analyzing the linearity, the precision, and the accuracy. It has been 

established that the limit of quantification (LOQ) as the lowest point of the calibrate of each 

analyte. The dynamic range of the procedure is the interval of the calibration curve. The 

limit of detection (LOD) was discarded because the signal/noise relation was extremely 

low compared with the analytes’ signal (S/N >>> 10). In addition, more validation tests 

have been done, like the stock dilution test and the samples’ dilution test, all of them using 

real samples. 

Linearity 
Due to the inherent variability of the response that the ELSD can have, to guarantee an 

exact quantitative analysis of the analytes, a calibration curve was injected daily in the 

HPLC-ELSD equipment at the beginning of the injection sequence. 

The ELS detector has not a linear response between the concentration and the peak’s 

area, but it can be linearized applying logarithms of the areas and concentrations. In this 

sense, the quantification using external standard linear calibration was done plotting the 

logarithm of the areas versus the logarithm of the concentrations. The parameters of the 

calibration curve are compared with references to verify that the HPLC-ELSD has an 

accurate response.  

Precision 
The precision was evaluated analyzing three independent aliquots freeze-dried of the 

same batch. The error of ELSD, which is around 3%, is larger than other detectors like the 

UV detectors. Thus, if the error obtained is larger than 3%, the variability will come from 

the freeze-drying and the sample preparation before being injected into the HPLC-ELSD. 

For this reason, it was established to analyze for triplicate every sample to obtain a 

representative result of the original sample. 
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Accuracy 
The exactitude was verified adding a known amount of the pattern (cholesterol or MKC) to 

a real sample and check that each analyte can be recovered quantitatively.  

Three different samples are prepared in three volumetric flasks: 1) the pattern to 

analyze (Pt) which is cholesterol, or MKC that comes from the stock solution, 2) the sample 

(Sp) that contains the MKC-Quatsomes freeze-dried and dissolved in the correct solvent, 

and 3) the pattern with the sample (Pt+Sp). The addition of the pattern is in the order 

(between 50 and 100%) of the sample’s theoretical concentration. Moreover, it was verified 

that the total concentration of the pattern and the sample was in the range of the calibrate. 

This test must be done both for cholesterol and for MKC. The percentage recovery is 

calculated using Equation 3.1. 

 % Recovery = 
[Pt+Sp] - [Sp]

[Pt]
 x 100 (3.1) 

A value of percentage recovery near the 100% will indicate that the absence of a matrix 

effect and an acceptable accuracy. 

Stock dilution test 
With the stock dilution test can be verified that the analyte has not problems of dilution in 

the reconstitution media of the freeze-dried samples.  

A diluted standard prepared by weight is analyzed using the experimental reference 

calibrate. This solution is prepared at half of the concentration of the stock solution. The 

percentage recovery is calculated using Equation 3.2. 

 % Recovery = 
Experimental concentration

Diluted standard concentration
 x 100 (3.2) 

A value of percentage recovery near the 100% will indicate that the analyte does not 

present dissolution problems. 

Sample dilution test 
In the same way for the standard, it has been verified that the analytes present in the 

freeze-dried sample have not dissolution problems in the reconstitution media of the 

freeze-dried samples.  

Two aliquots are diluted in different known volumes using different volumetric flasks 

(V1 and V2). Usually, the V2 corresponds to a flask with a volume in which the analyte has 

the concentration in the middle of the calibration curve, while V1 is a larger volume. Then 
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the percentage recovery can be calculated using Equation 3.3 with the concentration of 

one component in two different volumes. 

 % Recovery = 
Concentration in V1 x V1 V2⁄

Concentration in V2

 x 100 (3.3) 

A value of percentage recovery near the 100% will indicate that the sample does not 

present dissolution problems. 

Quality criteria for results 
Several quality criteria have been established for considering the method validated. The 

defined calibration curve must be a lineal curve with a correlation coefficient (R2) higher 

than 0.990. The calculated percentage recovery must be done with the real samples 

prepared and each test has its own value mentioned above. To have a precision result, 

the relative standard deviation (RSD) of the triplicates must be lower than 10%. For the 

other tests, a result compressed between 90 and 110% of the percentage recovery will be 

accepted as an acceptable result. 

For the systematic sample analysis, a quality control (QC) test has been performed. 

The QC test is a prove to evaluate if the ELSD response is stable on time and if it has 

been modified as more samples are passing through. A pattern has been injected 

systematically at the beginning, at final, and during the injection sequence to verify that 

the response is stable. In the case of the logarithm of the area changes more than 10% 

the response will be considered non-stable, and it will be recalibrated while all the 

injections between the two different QC will be repeated. 

3.2.2. Cholesterol’s analysis method 

For the development of the HPLC method for cholesterol quantification, previous 

conditions were tested focusing on searching organic solvents that solubilize cholesterol 

and MKC molecules. Moreover, some HPLC columns were investigated in order to be able 

to retain and separate hydrophobic molecules. 

Method parameters 
Cholesterol separation was carried out using a C18 Symmetry® (5 μm; 4.6 × 150 mm) 

column (Waters Cromatografía SA, Sant Cugat del Vallès, Spain) at room temperature, 

with an ELSD nebulization temperature of 40 ºC and evaporative temperature of 80 ºC. 

2 µL was used as injection volume. The mobile phase A (MPAchol) was MeOH:H2O 95:5 

(V:V) and the mobile phase B (MPBchol) was 0.1% HCOOH in IPA using gradient conditions 

(see Table 3.2) with a total analysis time of 20 min (see Section 7.5 of Chapter 7 for further 



  Chapter 3  

105 
 

information). A representative chromatogram performed with these conditions is shown in 

Figure 3.1. Cholesterol’s peak appears around 13.5 min of retention time.  

Table 3.2.: Gradient elution method for quantitative analysis of cholesterol. 

Time (min) MPAchol (%) MPBchol (%) Flow (mL/min) 

3 97 3 1 

4 88 12 2 

16 88 12 2 

16.5 95 5 2 

19 97 3 2 

19.5 97 3 1 

 

 
Figure 3.1.: A representative chromatogram for the cholesterol analysis. Cholesterol peak is around 13.5 min 

of retention time. 

Sample preparation for cholesterol analysis 
1 mL of the M-QS_LR was freeze-dried. After, the sample was completely dissolved with 

methanol and leveled up to 10 mL. The filtered sample was injected on the same day of 

preparation. 

Preparation of cholesterol stock solution and calibration curve 
A cholesterol stock solution of 0.25 mg/mL was prepared in methanol. Then the calibration 

curve was done between a range of 5% to 100% of the stock solution concentration in 

methanol (see Section 7.5.1 of Chapter 7 for more information about the calibration curve). 

Once the solutions for the calibration curve were prepared, they were filtered and injected. 

It was verified that the stability of the calibration curve was stable for one week at room 

temperature. 
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Validation results 
The linear correlation between the logarithm of the peak’s area and the logarithm of 

cholesterol concentration is shown in Figure 3.2. The cholesterol’s calibration curve is 

validated because all the points result in a linear dependence between the logarithms and 

the R2 is higher than 0.990. 

 
Figure 3.2.: Calibration curve for cholesterol analysis. In the X-axis it is represented the logarithm of the 
concentration divided by 1000 per µg/mL and in the Y-axis the logarithm of the peak’s area. The error bands 
correspond to the standard deviation of three correlation curves. 

In Section 7.5.1 of Chapter 7, there is more information about the experimental details 

of cholesterol’s analytical method validation.  

The results of the accuracy test of the cholesterol are shown in Table 3.3. Employing 

Equation 3.1 the accuracy test’s recovery can be determined. The percentage recovery 

was 97.8%. Cholesterol was validated for the accuracy test successfully, achieving a 

method that did not present a matrix effect in cholesterol’s quantification. 

Table 3.3.: Accuracy test of cholesterol. 

Sample 
Peak 
area 

RSD 
(%) 

Log. area 
log. 

Conc. 
Conc. 

(μg/mL) 
Conc.average 

(μg/mL) 

Sample (Sp) 1062.3 

2.16 

3.03 2.08 121.3 

120.5 Sample (Sp) 1023.2 3.01 2.07 118.8 

Sample (Sp) 1062.6 3.03 2.08 121.4 

Pattern (Pt) 589.2 

1.83 

2.77 1.94 86.6 

204.3 Pattern (Pt) 568.2 2.75 1.93 84.9 

Pattern (Pt) 577.0 2.76 1.93 85.6 

Sp + Pt 2682.6 

1.28 

3.43 2.31 206.0 

85.7 Sp + Pt 2636.3 3.42 2.31 203.9 

Sp + Pt 2616.6 3.42 2.31 203.1 
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The results of cholesterol’s stock dilution test are presented in Table 3.4. Thus, once 

the average concentration of cholesterol is determined, and knowing that the theoretical 

concentration was 133.7 μg/mL, the percentage recovery for the stock dilution test of 

cholesterol can be calculated using Equation 3.2. The recovery obtained was 100.4%, 

meaning that there are no problems with cholesterol’s solubility. This result was acceptable 

for considering the stock dilution test validated. 

Table 3.4.: Stock dilution test of cholesterol. 

Peak area RSD (%) log. area log. Conc. 
Conc. 

(μg/mL) 
Conc.average 

(μg/mL) 

1277.7 

1.76 

3.11 2.13 135.8 

134.2 1241.8 3.09 2.13 133.6 

1237.5 3.09 2.12 133.3 

 

The results of the sample dilution test are shown in Table 3.5. Thus, applying Equation 

3.3, the percentage recovery for the sample’s dilution test was 96.1%. The percentage of 

cholesterol’s recovery was validated, having a robust method of analysis. 

Table 3.5.: Sample dilution test of cholesterol. 

Volume 
(mL) 

Peak 
area 

RSD (%) log. area 
log. 

Conc. 
Conc. 

(μg/mL) 
Conc.average 

(μg/mL) 

50 

209.7 

0.85 

2.32 1.68 47.6 

47.6 210.6 2.32 1.68 47.8 

207.2 2.32 1.87 47.3 

20 

1134.5 

4.30 

3.05 2.10 126.8 

123.7 1090.1 3.04 2.09 123.9 

1041.0 3.02 2.08 120.6 

 

All the validations for the cholesterol’s quantification were done analyzing three 

independent samples to determine if the developed method was precise. All the RSD 

obtained for all of the validation tests were lower than 10%, where the largest RSD value 

was 4.3%. Therefore, the method for the cholesterol’s quantification is a precise method. 

 

As it is mentioned above the LOQ was established as the lowest point of the calibration 

curve, which in the cholesterol’s analysis method was 12.6 µg/mL. While the LOD was 
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discarded because the signal/noise was very favorable in all of the points of the calibration 

curve and samples 

Finally, we developed a method for the quantification of cholesterol in the MKC-

Quatsomes, which fulfilled all the validation tests, and without having interferences of the 

other components, like MKC and the Ringer’s lactated solution. Thus, with this method, 

we can determine the cholesterol concentration in the M-QS_LR sample. 

3.2.3. MKC’s analysis method 

For the development of the HPLC method for MKC quantification, the HPLC column should 

retain and separate hydrophilic compounds. Moreover, aqueous solvents should be used 

for this purpose. This fact caused the precipitation of cholesterol inside the column. Thus, 

new strategies were developed in order to remove the cholesterol before the sample was 

injected inside the HPLC equipment, achieving the MKC’s quantification. 

Method parameters 
MKC separation was done using an InfinityLab Poroshell 120 EC-C18 (4 µm; 

4.6 x 100 mm) column (Agilent Technologies, Santa Clara, USA) at 35 ºC, with an ELSD 

nebulization temperature of 40 ºC and evaporative temperature of 90 ºC. 0.5 µL was used 

as an injection volume. The mobile phase A (MPAMKC) was a mixture of 50 mM 

CH3COONH4 pH 3.6 and the mobile phase B (MPBMKC) was 1% HAc in MeOH, with 

gradient conditions (see Table 3.1) and a total analysis time of 20 min (see Section 7.5 of 

Chapter 7 for further information). A representative chromatogram performed with these 

conditions is shown in Figure 3.3. The retention time of MKC is around 4.3 min. 

Table 3.6.: Gradient elution method for quantitative analysis of MKC. 

Time (min) MPAMKC (%) MPBMKC (%) Flow (mL/min) 

0 55 45 1 

2 10 90 1 

12 10 90 1 

14 55 45 1 

20 55 45 1 
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Figure 3.3.: A representative chromatogram for the MKC analysis. MKC peak is around 4.6 min of retention 
time. 

Sample preparation for MKC analysis 
Once the 1 mL of the sample was freeze-dried, the sample was completely dissolved with 

0.8 mL of ethanol. Then the sample is leveled up to 2 mL with MPAMKC. The sample was 

filtered and injected on the same day of preparation. With the addition of MPAMKC, we 

achieve the cholesterol sedimentation and then filtering the sample, this cholesterol is 

removed. So, the cholesterol does not interfere in the MKC analysis, as we use mobile 

phases based in water. 

Preparation of MKC stock solution and calibration curve 
An MKC stock solution of 10.75 mg/mL was prepared in a mixture of EtOH:MPAMKC 4:6 

(V:V). Then, the calibration curve was done in a range of 0.8 to 7% of the stock solution 

concentration (see Section 7.5.2 of Chapter 7 for more information about the calibration 

curve). Once the solutions for the calibration curve were prepared, they were filtered and 

injected. The calibration curve was stable for one week at room temperature. 

Validation 
The linear correlation between the logarithm of the peak’s area and the logarithm of MKC 

concentration is shown in Figure 3.4. As all the points result in a linear dependence 

between the logarithms with an R2 is higher than 0.990, the calibration curve is validated. 
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Figure 3.4.: Calibration curve for MKC analysis. In the X-axis it is represented the logarithm of the 
concentration divided by 1000 per µg/mL and in the Y-axis the logarithm of the peak’s area. The error bands 
correspond to the standard deviation of three correlation curves. 

In Section 7.5.2 of Chapter 7, there is more information about the experimental details 

of the MKC’s analytical method validation.  

The results obtained for the accuracy test for the MKC are displayed in Table 3.7. The 

recovery of the accuracy test can be calculated by employing Equation 3.1. The 

percentage of the recovery obtained was 101.0%. The accuracy test was validated 

considering the quality criteria, achieving a method that did not present a matrix effect in 

the quantification of MKC. 

Table 3.7.: Accuracy test of MKC. 

Sample 
Peak 
area 

RSD 
(%) 

Log. area 
log. 

Conc. 
Conc. 

(μg/mL) 
Conc.average 

(μg/mL) 

Sample (Sp) 653.3 

6.59 

2.82 2.82 454.9 

444.0 Sample (Sp) 582.4 2.77 2.77 421.2 

Sample (Sp) 655.3 2.82 2.66 455.8 

Pattern (Pt) 827.8 

0.67 

2.92 2.73 533.0 

979.6 Pattern (Pt) 817.4 2.91 2.72 528.5 

Pattern (Pt) 819.5 2.91 2.72 529.4 

Sp + Pt 2049.8 

0.60 

3.31 2.99 977.7 

530.3 Sp + Pt 2047.8 3.31 2.99 977.0 

Sp + Pt 2070.2 3.32 2.99 984.2 

 

The results of the stock dilution of MKC are shown in Table 3.8. Thus, knowing that 

the theoretical concentration of MKC in the stock dilution was 1000.7 μg/mL, the recovery 

could be calculated using Equation 3.2. The percentage recovery for the stock dilution test 
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of MKC was 100.4%. The result obtained was acceptable for considering a validated test, 

having no problems with the MKC’s solubility.  

Table 3.8.: Stock dilution test of MKC. 

Peak area RSD (%) log. area log. Conc. 
Conc. 

(μg/mL) 
Conc.average 

(μg/mL) 

1987.5 

3.10 

3.30 2.98 956.9 

976.3 2114.7 3.33 3.00 996.2 

2048.0 3.31 2.99 975.7 

 

The MKC’s sample dilution test results are displayed in Table 3.9. Thus, the recovery 

for this test could be determined through Equation 3.3. The percentage recovery for the 

sample’s dilution test was 96.2%. This result was acceptable for considering the sample’s 

dilution test validated, getting a robust method for MKC’s detection. 

Table 3.9.: Sample dilution test of MKC. 

Volume 
(mL) 

Peak 
area 

RSD (%) log. area 
log. 

Conc. 
Conc. 

(μg/mL) 
Conc.average 

(μg/mL) 

5 

151.0 

2.85 

2.18 2.23 170.0 

170.8 147.5 2.17 2.23 168.0 

155.9 2.19 2.24 174.4 

2 

653.3 

6.59 

2.82 2.66 454.9 

444.0 582.4 2.77 2.62 421.2 

655.3 2.82 2.66 455.8 

 

All the validations of the MKC were done analyzing three independent samples in 

order to determine if the developed method was precise. All the RSD obtained for all of 

the validation tests were lower than 10%, being 6.59% the largest RSD value. Therefore, 

the method for the MKC’s quantification is a precise method. 

As it is mentioned above the LOQ was established as the lowest point of the calibration 

curve, which for the analysis method of MKC was 158.5 µg/mL. The LOD was discarded 

because the signal/noise was very favorable in all of the points of the calibration curve and 

samples. 

Finally, we developed a method for the quantification of MKC in the MKC-Quatsomes, 

which passed all the validation tests, and without having interferences of the other 
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components, like cholesterol and the Ringer’s lactated solution. So, with this method, we 

can determine the MKC concentration in the M-QS_LR sample. 

3.2.4. Compositional analysis of MKC-Quatsomes 

Determination of the chemical composition of MKC-Quatsomes 
With the validated HPLC-ELSD methods for the cholesterol and MKC analysis, we can 

determine the chemical composition of the diafiltrated MKC-Quatsomes in Ringer’s 

lactated solution (M-QS_RL). Three aliquots were processed and analyzed by HPLC-

ELSD with the two methods. The final concentration of each component is displayed in 

Table 3.10. 

Table 3.10.: The final concentration of each analyte present in MKC-Quatsomes (formulation M-QS_LR). 

Analyte [Analyte]final (mg/mL) 

Cholesterol 0.86 ± 0.01 

MKC 0.60 ± 0.01 

 

With the final concentration obtained from each analyte, one can calculate the 

experimental molar ratio. In this case, the molar ratio between cholesterol:MKC is 1.3:1, 

having more cholesterol in the membranes than MKC. The final concentration of each 

molecule is 0.86 mg/mL for the cholesterol and 0.60 mg/mL for the MKC. This result does 

not mean that the molar ratio 1:1 is not correct, this means that due to the MKC-

Quatsomes’ preparation and purification steps, we achieve this molar ratio. Because if the 

molar ratio 1:1 was unstable, the molecular simulation in Section 2.3.3 of Chapter 2 would 

lead to an unstable membrane. 

Determination of recoveries of each production steps 
In order to determine the yield of each process: the DELOS-SUSP production, the 

purification by diafiltration and the whole process, we have prepared MKC-Quatsomes in 

Ringer’s lactated (M-QS_LR) by DELOS-SUSP and then we have diafiltrated part of the 

sample’s volume to remove the ethanol (Figure 3.5). Then three aliquots of each process 

have been lyophilized and then analyzed by HPLC-ELSD with the two methods. 
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Figure 3.5.: Scheme with the process performed to determine the yield of each process: DELOS-SUSP, 

diafiltration, and the whole process. 

The final vesicles’ concentrations obtained by HPLC-ELSD were compared with the 

theoretical vesicles’ concentrations, obtaining the recovery of each component in each 

process using Equation 3.4. The results are summarized in Table 3.11. 

 

% Recovery = 
[vesciles]

by HPLC
final

[vesicles]
initial

 x 100 (3.4) 

Table 3.11.: Recovery achieved in each process for cholesterol and MKC in M-QS_LR samples (n = 3). 

Membrane 
components 

DELOS-SUSP 
recovery (%) 

Diafiltration 
recovery (%) 

Whole process 
recovery (%) 

Cholesterol 93 ± 1 93 ± 1 86 ± 1 

MKC 96 ± 1 68 ± 2 65 ± 2 

 

One can extract some conclusions with these results concerning the production steps. 

First, if one compares the DELOS-SUSP results, cholesterol has less recovery compared 

with MKC. The reason is that cholesterol inside the vessel in the DELOS-SUSP process 

and then is depressurized onto the MKC suspension. For this reason, one can expect to 

have achieved less amount of cholesterol because it is in contact with the walls of the 

vessel, while the MKC does not. Although both recoveries are high enough to consider the 

DELOS-SUSP methodology as a good procedure to prepare MKC-Quatsomes and other 

vesicular systems because the loss is slightly small. Moreover, knowing that the DELOS-

SUSP is a robust and scalable procedure, making it a good candidate to be used in 

industry levels for pharmaceuticals production. 

Secondly, there is more loss of MKC than cholesterol during the diafiltration. This is 

caused because the cholesterol is a water-insoluble molecule and the MKC is a soluble 

one. This is important because when the vesicles pass through the diafiltration column, 

some of them are broken due to the interaction with the column. In this sense, if the 

vesicles are not reorganized, the MKC will be self-assembled in micelles and the 

DELOS-SUSP Diafiltration

Lyophilization

&

HPLC-ELSD

Lyophilization

&

HPLC-ELSD

Theoretical 

concentration 

diafiltration yield

Whole yield
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cholesterol will form big insoluble aggregates. The MKC micelles will pass through the 

porous of the column and they will be eliminated from the whole system. In the other case, 

the insoluble cholesterol aggregates will be larger than the porous size and they will remain 

in the system. Moreover, as we have seen in the simulations of the previous chapter, the 

cholesterol molecules are more rigid inside the membrane while the MKC molecules move 

more freely. So, if the vesicles are broken the cholesterol will try to remain in the 

hydrophobic domains of MKC-Quatsomes while the MKC molecules can explore more 

conformations outside the membranes. 

3.2.5. Summary 

In this section, we developed two methods based on HPLC-ELSD equipment for the 

quantitative measurement of cholesterol and MKC content in MKC-Quatsomes samples. 

The two methods were quick, precise, and robust, and both have fulfilled the validation 

test that we imposed. Another important fact is that the validation was carried out using 

real M-QS_LR samples, avoiding the use of pure MKC or cholesterol molecules. 

The compositional analysis of MKC-Quatsomes samples, just prepared by DELOS-

SUSP and after the diafiltration, revealed that the DELOS-SUSP is a good platform that 

does not present many losses of MKC either cholesterol. Furthermore, we have 

demonstrated that the possible losses that we can have in the final sample come from the 

diafiltration process. For this reason, our samples do not have a real molar ratio of 1:1 

between their membrane components, but the ratio achieved is pretty near, 1.3:1 of 

cholesterol:MKC. 
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3.3. Quatsomes stability upon dilution 

When a drug is injected intravenously, it suffers a dilution process due to its addition to the 

bloodstream. For example, if we inject a volume of 5 mL of a drug formulation to the human 

bloodstream, which has between 5 and 6 liters of blood, the drug will be diluted by a factor 

close to 1,000. 

For this reason, the stability upon dilution of a given drug nanocarrier must be studied 

in order to determine if it will be stable when intravenously delivered. This is an important 

point because there are some nanocarriers that are not stable upon dilution, like micelles 

which at concentrations below the CMC the micelles are going to be destroyed and 

disassembled into monomers. 

In this section, it is described the effect of dilution over diafiltrated MKC-Quatsomes in 

Ringer’s lactated solution, as a buffer solution. The M-QS_LR sample was progressively 

diluted in each step to half concentration (Figure 3.6a). The hydrodynamic diameter and 

the PdI were used to study the changes upon dilution. The variation of MKC-Quatsomes’ 

concentration was monitored through the MKC concentration in M-QS_LR sample. 

Considering the results of the HPLC-ELSD (see Section 3.2.4), the initial MKC’s 

concentration, before diluting, was 0.60 mg/mL. 

Thus, the graphic represented in Figure 3.6b relates the stability of MKC-Quatsomes 

with the MKC concentration in the MKC-Quatsomes (M-QS_LR). The graphic shows that 

MKC-Quatsomes keep their size and PdI, at least, upon the dilution of 1/256, which 

corresponds to an MKC concentration of 2.34 µg/mL. Further dilutions of MKC-Quatsomes 

from this point, are out of range of the Zetasizer because the Zetasizer equipment cannot 

measure lower particles’ concentration. For this reason, we cannot determine the stability 

further form this dilution. 
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Figure 3.6.: a) Scheme of the serial dilutions performed where the M-QS_LR sample was progressively diluted 
in each step to half concentration, with Ringer’s lactated solution. b) Variation of mean hydrodynamic diameter 
and Pd with the variation of MKC-Quatsomes concentration monitored through the concentration of the MKC 
component of MKC-Quatsomes. The error bands correspond to a standard deviation of three replicates. 

It is demonstrated that the MKC-Quatsomes are stable upon dilution at least until a 

concentration of MKC in MKC-Quatsomes of 2.34 µg/mL. This is an important 

achievement because the MKC-Quatsomes are stable below the CMC of the MKC 

(0.79 mg/mL), highlighting the superior stability of MKC-Quatsomes in contrast to MKC 

micelles. Therefore, the behavior of MKC-Quatsomes and the MKC micelles is completely 

different 

Moreover, form this study it is impossible to know the stability of the MKC-Quatsomes 

at the dilutions of 1,000 times, which are the dilutions when 5 mL of drugs are injected in 

humans through intravenous route. However, one can verify that the MKC-Quatsomes are 

stable at dilutions using mice as animal models. Because if 200 µL are injected in mice (in 

mice usually are injected 200 µL instead of 5 mL), which have around 2 mL of blood, the 

MKC-Quatsomes will be diluted 10 times. For this reason, if the M-QS_LR formulation is 

injected in mice, these will be stable almost regarding the dilution. 

  

½ dilution

dilution

a)

b)

1 0.1 0.01

0

20

40

60

80

100

120

140
 Hydrodynamic diameter

H
y
d
ro

d
y
n
a
m

ic
 d

ia
m

e
te

r 
(n

m
)

[MKC] (mg/mL)

0.0

0.2

0.4

0.6

0.8

1.0

 PdI

P
d
I



  Chapter 3  

117 
 

3.4. Stability of Quatsomes in human serum 

It is important to highlight that stability upon dilution study, described in the previous 

section, does not consider the possible interactions with the proteins of the bloodstream 

when the MKC-Quatsomes are delivered intravenously. It considers the dilution of the 

MKC-Quatsomes in an isotonic medium. 

When a drug is delivered in the bloodstream, the drug is diluted and starts to interact 

with the proteins present in the blood, forming what is known as protein corona10–12 (more 

details on protein corona formation could be found in Section 5.1 of Chapter 5). To study 

the possible interaction of proteins present in the blood with MKC-Quatsomes, in this 

Thesis, preliminary studies were performed to determine the stability of MKC-Quatsomes 

in human serum (HS). We chose human serum instead of plasma because it is 

commercially available, its price is low, and the results are more robust. 

The human serum contains all the proteins that are in the bloodstream except the 

fibrinogen protein, which is the protein that causes the coagulation. The total concentration 

of proteins is about 4.0 and 9.0 g/dL. The principal proteins present in the human serum 

are the serum albumin (about 23% of relative abundance respect the total amount of 

proteins), immunoglobulins (≈ 19%), proteins of the complement system (≈ 12%), 

macroglobulin proteins (≈ 12%), transferrin proteins (≈ 5%) and apolipoproteins (≈ 4%)13. 

Moreover, other non-protein components are present in the human serum, like cholesterol 

(between 110 and 210 mg/dL), triglyceride (between 30 and 175 mg/dL), glucose 

(between 60 and 140 mg/dL) and some ions like sodium (between 100 and 200 mM) and 

ion (between 35 and 180 µg/dL). 

For this study, we diluted the MKC-Quatsomes (M-QS_LR, see Table 7.2 of Chapter 

7 for more information about the sample) with human serum. In order to follow changes in 

the stability of MKC-Quatsomes, cryo-TEM images were taken to see if the integrity of 

MKC-Quatsomes was preserved or not. A dilution 1:5 (V:V) was chosen in order to be able 

to visualize the MKC-Quatsomes with the cryo-TEM. It was not possible to use DLS for 

monitoring the stability of size and PdI of MKC-Quatsomes upon its dilution in human 

serum, because the proteins, present in the serum, interfere in the measurement; shielding 

the MKC-Quatsomes intensity, and giving us a polydisperse sample. 

The dilution was incubated at 37 ºC, to mimic the body temperature, and was 

visualized as prepared and after 4 and 24 hours. The cryo-TEM images depicted in Figure 

3.7a, b, and c show that MKC-Quatsomes are not destroyed in the presence of serum, 

even after 24h of incubation, and they preserve their unilamellar closed bilayer structure. 
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Moreover, MKC-Quatsomes presented a small increase in membrane thickness, likely due 

to the presence of serum proteins attached to the MKC-Quatsome surface forming the 

protein corona around the MKC-Quatsomes (Figure 3.7d and e). Consequently, MKC-

Quatsomes are stable in the presence of human serum at the tested conditions. 

 
Figure 3.7.: MKC-Quatsomes (M-QS_LR) diluted in human serum 1:5 (V:V) at 37 ºC visualized with cryo-
TEM: a) at 0 hours, b) at 4 hours and c) at 24 hours. Bottom images are zooms of MKC-Quatsomes before (d) 
and after (e) incubation with human serum for 24 h. 

  

a) b) c)

d) e)
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3.5. Cell viability studies 

These assays were performed in collaboration with Dra. Montserrat Mitjans and 

Prof. Mª Pilar Vinardell from the Departament de Bioquímica i Fisiologia of the Universitat 

de Barcelona (UB). 

In vitro cell culture based cytotoxicity assays were performed as a first approach to 

gain insight into the toxicity of this new material. In particular, we determined the 

cytotoxicity of MKC-Quatsomes in human fibroblast cells (1BR.3.g cell line). These cells 

were used in some studies to determine the cytotoxicity in non-tumoral human cells 

because they are extremely sensitive. This type of cells grows adhered to the wells plate’s 

surface, having a 2D cell culture. This is important to highlight because the MKC-

Quatsomes will be  only in contact with the cells through a portion of their total surface, or 

in other words, not all the cell surface will be equally exposed to MKC-Quatsomes 

dispersion  

Two Different cell viability assays were performed in order to have different information 

about the mechanism of interaction of MKC-Quatsomes with cells. There is a huge variety 

of tests that give different perspectives on the materials’ cytotoxicity. The viability tests 

performed in this Thesis were: neutral red uptake assay, which gives information about 

the integrity of cell membrane and lysosomes, and MTT assay, which gives information 

about the mitochondrial damage. 

3.5.1. Neutral red uptake assay 

Neutral red uptake (NRU) assay is a colorimetric analysis that provides a quantitative 

estimation of the number of viable cells14,15. It is based on the ability of viable cells to 

incorporate the supravital neutral red dye in the lysosomes. The dye used in this test is 3-

amino-7-dimethylamino-2-methylphenazine hydrochloride salt (Figure 3.8). This weakly 

cationic dye penetrates cell membranes by nonionic passive diffusion and concentrates in 

the lysosomes, where it interacts by electrostatic hydrophobic bonds to anionic and/or 

phosphate groups of the lysosomal matrix16. This dye is orange in the neutral configuration, 

but when it is protonated in the acidic pH it becomes pink. Thus, the viable cells will retain 

the pink dye in the lysosomes, while the damaged cells will be colorless because the dye 

will not be protonated and then it will not be retained in the lysosomes. 



Preclinical characterization of M-QS as nanocarriers for intravenous drug delivery  

120 
 

 
Figure 3.8.: Neutral Red salt. 

The uptake of neutral red dye depends on the cell’s capacity to maintain pH gradients, 

through the production of ATP. At physiological pH, the dye presents a net charge close 

to zero, enabling it to penetrate the membranes of the cell. Inside the lysosomes, there is 

a proton gradient to maintain a pH lower than that of the cytoplasm. Thus, the dye becomes 

charged and is retained inside the lysosomes. This procedure is cheaper and more 

sensitive than other cytotoxicity tests (tetrazolium salts, enzyme leakage, or protein 

content)14. 

The protocol used for the NRU assay is described in Section 7.6.1 of Chapter 7. To 

perform this study, 1x105 cells were seeded in each well of a 96-well tissue culture plate, 

in order to have a monolayer of human fibroblasts, cultured in DMEM (Dulbecco's modified 

eagle medium), which contains 1% of antibiotic (penicillin and streptavidin) and 1% of 

glutamine, with 10% of FBS (fetal bovine serum). The following day the cells were treated 

with 100 µL of MKC-Quatsomes (M-QS_LR) in a range of concentrations between 1.2 and 

150 µg/mL in DMEM and 5% FBS for one day. The control experiment was carried out 

with Ringers’ lactated solution with DMEM and 5% FBS. On the third day, the MKC-

Quatsomes were removed and 100 µL of NRU agent was added in each well at 

0.05 mg/mL in DMEM without phenol red for 3 hours. After that, the NRU agent was taken 

off, and the cells were washed. 100 µL of the developer agent, an acidified ethanol solution 

EtOH:HAc:H2O 50:1:49 (V:V:V), were added in order to solubilize the dye retained in the 

lysosomes, coloring the viable cells. Finally, the absorbance was recorded at 550 nm. This 

study was performed four times in order to have more robust results (Figure 3.9). The 

absorbance was normalized respected with the control cells. 
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Figure 3.9.: Human fibroblast viability results performed with the NRU test, treating human fibroblasts with 
different concentrations of MKC-Quatsomes. The concentration of MKC-Quatsomes is expressed as the final 

concentration of cholesterol and MKC. The error bands are the standard deviation of four replicates. 

These results show that the MKC-Quatsomes are taken up by the cells without 

inducing any membrane damage as the cell viability is maintained above 80% at all MKC-

Quatsomes concentrations (Figure 3.9). Some values are higher than 100%, this fact is 

due to the real number of seeded cells in the well might be different than the theoretical 

value of 1x105 cells, or these control cells might be divided lower/faster than the treated 

cells. In this sense, MKC-Quatsomes do not affect the cell membranes either the 

lysosomes' integrity. 

3.5.2. MTT assay 

The MTT assay is also a colorimetric assay that gives us information about mitochondrial 

integrity. The tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide is reduced inside the mitochondria through the mitochondrial reductase to 

formazan (Figure 3.10). The MTT dye is a yellow soluble dye that becomes purple water-

insoluble dye when it is reduced17. Thus, the viable cells will be stained with a purple color, 

while the damaged cells will not be colored because the dye will not be reduced in the 

mitochondria. 

 
Figure 3.10.: MTT dye reduction through the mitochondrial reductase to formazan. 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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The assay was carried out with the same protocol as the NRU assay (see Section 

7.6.1 of Chapter 7), but using the MTT dye, and DMSO was used as a developer agent. 

DMSO can solubilize the formazan dye and will color the entire alive cell. The absorbance 

was recorded at 550 nm too. 

The results are plotted in Figure 3.11. Compared to the NRU test, here there is a 

decrease in cell viability as the values are lower than 80%. This may suggest that the MKC-

Quatsomes affect the mitochondria of the cells. These values follow a dose-response 

behavior, having more cell deaths as the MKC-Quatsomes concentration increase. 

Moreover, the results can be represented as a logarithm function (Figure 3.11b) that 

can give us the value of IC50 (half maximal inhibitory concentration). For the MKC-

Quatsomes and using the MTT assay and human fibroblasts, the IC50 value is 12.7 µg/mL 

of MKC-Quatsomes’ concentration (cholesterol and MKC). 

 
Figure 3.11.: Human fibroblasts viability in the presence of MKC-Quatsomes at different concentrations 
measured with the MTT test a) plotted in column bars and b) adjusted the results to a logarithm regression. 
The concentration of MKC-Quatsomes is expressed as the final concentration of cholesterol and MKC. The 

error bands are the standard deviation of four replicates. 

It is known that the MTT test could give false results with some formulations based on 

liposomes because there is an affinity of MTT dye for lipid droplets18. In order to know if 

the MKC-Quatsomes can interact with the MTT dye, we incubated the MKC-Quatsomes 

with the MTT and then we analyzed if there was a change in color. There was not any 

change in color of the solution, indicating that the MTT does not interact with the MKC-

Quatsomes membranes either with their components. 

3.5.3. Summary 

Cell viability studies were performed in order to get information about the interaction of 

MKC-Quatsomes with non-tumoral and highly sensitive cells. The NRU assay reveals that 

MKC-Quatsomes does not cause any damage to the cellular membrane neither to the 



  Chapter 3  

123 
 

lysosomes. On the contrary, MTT assay shows that MKC-Quatsomes affect the 

mitochondria of the cells, and thus, decreasing the cell viability. 

These two assays performed seemed to give us contradictory results. In addition, 

these cell viability tests were performed with a monolayer of cells, which sometimes can 

lead us to wrong results19. For this reason, it was necessary to find other assays that test 

the cellular toxicology. 
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3.6. Cell uptake and internalization  

These assays were performed by Dra. Mónica Muñoz from the Departamento de Química 

Física at the Universidad Complutense de Madrid. 

3.6.1. Internalization pathways 

When a nanoparticle is placed in the outside of a cell, the nanoparticle can interact with 

the exterior of the cellular membrane, which can lead to internalize the nanoparticle by the 

cell through a process named endocytosis20–22. Endocytosis is recognized as one of the 

most important processes for nanoparticles entering cells. Besides, if the nanoparticle to 

internalize is a liposome with low stiffness, this can fuse with the cellular membrane23, 

through a non-endocytic pathway. 

There are several types of endocytosis depending on the type of nanoparticle and the 

type of cell20–22. The endocytosis process involves multiple stages. First, the nanoparticle 

is uptaken by the cell, this process will depend on the type of endocytosis. Once the 

nanoparticle is inside the cell, it will be delivered to the appropriate cellular compartment 

depending on the endocytosis via that have internalized the nanoparticle20,21. 

The most typical routes of internalization of nanoparticles are shown in Figure 3.1221. 

Phagocytosis is related to bigger nanoparticles, up to 10 µm, to internalize and usually is 

performed by the macrophages of the immune system. Macropinocytosis is related to the 

internalization of bigger nanoparticles, up to 5 µm, but performed in many types of cells. 

Clathrin-mediated endocytosis is a process that produces an endosome that will surround 

the nanoparticle through a clathrin lattice. The endosome created with this via will have a 

size between 100 and 120 nm. Caveolae-mediated endocytosis is another via to 

internalize nanoparticles but in this, the caveolin dimers are involved, resulting in an 

endosome with a size between 50 and 100 nm. Moreover, there are other pathways to 

internalize smaller nanoparticles that will involve neither clathrin nor caveolae proteins. 

 
Figure 3.12.: Principal endocytosis pathways of nanoparticles in mammalian cells. Adapter form 21. 
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Depending on the via of endocytosis, the nanoparticle will lead to one or another 

cellular compartment or organelle (Figure 3.13)20–22. If the nanoparticle is uptaken via 

clathrin-mediated endocytosis, the vesicle formed around the nanoparticle will derive to an 

endosome in which the protons will start entering, leading a lysosome. On the contrary, if 

the nanoparticle is internalized via caveolae-mediated endocytosis, the vesicle that 

surrounds the nanoparticle will lead to a caveosome that will go to the endoplasmic 

reticulum or Golgi apparatus. But in this last route, the caveolar vesicle can finally derive 

to a lysosome. So these routes can be interconnected, being difficult to understand the 

pathway that the nanoparticles are being internalized. 

 
Figure 3.13.: Principal internalization pathways inside cells for nanoparticles in mammalian cells. Adapted 
from 21. 

3.6.2. Quatsomes’ uptake and internalization 

In order to know if MKC-Quatsomes are uptaken by cells and where are derived inside the 

cell, we have performed internalization assays using DiR-labeled MKC-Quatsomes (M-

QS_RL), described in Table 7.2 of Chapter 7, using healthy human fibroblast (NHDF cell 

lines)(Figure 3.14), human colon cancer cells (Hct116) (Figure 3.15), and colon tumor cell 

line (SW1417) (Figure 3.16). 

Internalization of MKC-Quatsomes in each type of cells was studied following this 

protocol: i) grow the cells stained with a lysosomal marker (1 µM of LysoTracker Green) in 

order to see where are the lysosomes (Figure 3.14a, Figure 3.15a, and Figure 3.16a). ii) 

Incubate the cells without staining with 12 µM of DiR-labelled MKC-Quatsomes, to see 

where the MKC-Quatsomes are localized in the images (Figure 3.14c, Figure 3.15c, and 

Figure 3.16c). iii) Incubate the stained cells with 1 µM of DiR-labelled MKC-Quatsomes in 

order to see the colocalization of MKC-Quatsomes and the lysosomes (Figure 3.14b, 

Figure 3.15b, and Figure 3.16b). The incubation was carried out for 48 hours and images 
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were acquired using confocal microscopy at 0, 8, 24, and 48 hours (Figure 3.14, Figure 

3.15, and Figure 3.16) (see Section 7.7.1 of Chapter 7 for further information about the 

protocol). It is important to take into account that the signals of the DiR and LysoTracker 

Green do not overlap. In this case, the maximum absorption and emission of the 

LysoTracker Green are 504 and 511 nm respectively. Knowing that for the DiR in MKC-

Quatsomes are 749 and 775 nm, there are not overlapping either in the absorption or 

emission. 

After 8 hours of incubation, the MKC-Quatsomes were internalized in all types of cells 

because the DiR signal of MKC-Quatsomes partly localized with the lysosomal signal. After 

24 and 48 hours, a high MKC-Quatsomes uptake was observed (Figure 3.14b, Figure 

3.15b, and Figure 3.16b). At this time point, both healthy and tumor cells incubated with 

MKC-Quatsomes reached the maximum overlap of the green and the red fluorescence 

signals. These results are reproduced in the three types of cells, showing no differences 

between healthy fibroblasts and colon cancer cells. 

 
Figure 3.14.: Confocal fluorescence microscopy images performed in healthy human fibroblast cells (NHDF 
cells). a) NHDF cells in the absence of DiR-loaded MKC-Quatsomes. The lysosomal organelles were 
visualized with 1 µM LysoTracker Green (green channel). b) NHDF cells upon incubation with 1 µM 
(0.37 µg/mL) DiR-loaded MKC-Quatsomes (red channel) at different incubation times. The lysosomal 
organelles were visualized with 1 µM LysoTracker Green (green channel). Yellow colors result from the 
colocalization of MKC-Quatsomes and lysosomes. c) Non-stained NHDF cells upon incubation with 12 µM 
(4.5 µg/mL) DiR-loaded MKC-Quatsomes (red channel) at different incubation times. Scale bars represent 
10 µm. 
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Figure 3.15.: Confocal fluorescence microscopy images captured using colon cancer cells Hct116. a) Hct116 
colon tumor cells in the absence of DiR-loaded MKC-Quatsomes. The lysosomal organelles were visualized 
with 1 µM LysoTracker Green (green channel). b) Hct116 cells upon the incubation with 1 µM (0.37 µg/mL) 
DiR-labeled MKC-Quatsomes (red channel) at different incubation times. The lysosomal organelles were 
visualized with 1 µM LysoTracker Green (green channel). Yellow colors result from the colocalization of MKC-
Quatsomes and lysosomes. c) Non-stained Hct116 cells upon the incubation with 12 µM (4.5 µg/mL) DiR-
labeled MKC-Quatsomes (red channel) at different incubation times. Scale bars represent 10 µm. 

 
Figure 3.16.: Confocal fluorescence microscopy images in colon cancer cells SW1417. a) SW1417 colon 
tumor cells in the absence of DiR-loaded MKC-Quatsomes. The lysosomal organelles were visualized with 
1 µM LysoTracker Green (green channel). b) SW1417 cells upon incubation with 1 µM (0.37 µg/mL) DiR-
loaded MKC-Quatsomes (red channel) at different incubation times. The lysosomal organelles were visualized 
with 1 µM LysoTracker Green (green channel). Yellow colors result from the colocalization of MKC-Quatsomes 
and lysosomes. c) Non-stained SW1417 cells upon incubation with 12 µM (4.5 µg/mL) DiR-loaded MKC-

Quatsomes (red channel) at different incubation times. Scale bars represent 10 µm. 
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With these assays, MKC-Quatsomes are internalized inside the cells and do not 

remain in the exterior media, because finally all the signal is located inside the cells. 

Moreover, MKC-Quatsomes co-localize with the lysosomes. With these results, one can 

suppose that the endocytic pathway followed it could be the clathrin-mediated endocytosis 

because it is the via that all of the material ends to lysosomes. But further studies should 

be done in this sense because all of the endocytic pathways finally can be interconnected 

and deriving to lysosomes. 

3.6.3. Summary 

These DiR-labeled MKC-Quatsomes are able to be internalized in healthy fibroblasts and 

colon tumor cells through an endocytic pathway, and they are largely localized in 

lysosomes. The endocytic via is still unknown due to some pathways finish in the 

lysosomes. This offers the possibility to use these MKC-Quatsomes for drug delivery 

applications, by loading these MKC-Quatsomes with drugs that are stable at the lysosomal 

pH and thus remaining intact when they reach the cytosol or the nucleus to display their 

specific activity on their target. 
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3.7. Biodistribution and toxicity in animals 

These assays were performed by Dr. Patricia Alamo, Dr. Mª Virtudes Céspedes and Prof. 

Ramón Manges from the Biomedical Research Institute Sant Pau and Josep Carreras 

Research Institute (Hospital de Sant Pau). 

3.7.1. Animals models 

To evaluate the biodistribution of MKC-Quatsomes and to perform preliminary in vivo 

toxicity studies, we selected Swiss nu/nu nude mice as an animal model. The genetic basis 

of the nude mouse mutation is a disruption of the FOXN1 gene, that causes the lack of the 

thymus. This is the main characteristic of the nude mice, which are unable to produce T-

cells, being, therefore, immunodeficient. These nude mice are valuable to research 

because they can receive many different types of tissue and tumor grafts (xenografted 

mice) because there will have not rejection response.  

Moreover, these mice were characterized by a lack of fur. This is necessary for these 

studies because we used DiR-labelled MKC-Quatsomes, which emits in the near-infrared 

and their emission can be perfectly read. The problem comes because the animal’s fur 

can interfere in the fluorescence measurements. After all, the fur scatters the light when 

the light is recorded, giving us interferences and false positives. 

Two different subcutaneous colorectal cancers were implanted in the mice: SW1417 

cell line-derived, which are the same that we used for the internalization assays, and a 

sample of colorectal cancer obtained from a patient (M5). 10 mg fragments of each cancer 

were implemented in the subcutis of nude mice in order to generate subcutaneous tumors. 

For these assays, we selected female mice, because there are no differences between 

genders in these types of tumors, and females are easier to manipulate and they do not 

fight between them. The mice weighed between 18 and 20 g and they were five weeks 

old. 

3.7.2. Biodistribution assays 

Passive targeting 
When a nanoparticle without any targeting ligand is administered intravenously this will be 

eliminated or accumulated in some organs. Smaller particles, less than 8 nm, will be 

cleared by the kidneys, via the glomerular capillaries, and will be eliminated rapidly through 

the urine24. Particles with size less than 20 nm will be eliminated through biliary 

clearance25. Biliary excretion involves active secretion of particles or their metabolites from 

hepatocytes into the bile. The bile then transports the drugs to the gut, where the drugs 

https://en.wikipedia.org/wiki/FOXN1
https://www.sciencedirect.com/topics/medicine-and-dentistry/hepatocyte
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are excreted. Larger particles are retained by the reticuloendothelial system (RES), also 

known as the mononuclear phagocyte system (MPS), located in the liver and spleen25. 

The RES is part of the immune system and consists of the phagocytic cells such as 

monocytes and macrophages. Macrophages located in the liver (named Kupffer cells) and 

the spleen rapidly uptake up opsonized nanoparticles (coated with serum proteins).  

In the case that if a tumor is the target, the tumor generates more vascularized tissues 

where it would be easier to reach by a nanoparticle. Tumor vascular typically comprised 

of poorly aligned defective endothelial cells with wide fenestrations (up to 4 μm), lacking 

smooth muscle layer or innervations, with a relatively wide lumen and impaired receptor 

function for vasoactive mediators. These characteristics contribute greatly to this 

hyperpermeability in tumor tissues26–28. This phenomenon is called enhanced permeability 

and retention (EPR) effect. The EPR effect is taken into an advantage by the researchers 

to increase the passive targeting of nanoparticles between 50 and 200 nm to target tumors. 

The nanoparticles in this range will be accumulated differentially to tumors than plasma or 

other tissues or organs (Figure 3.17)26. 

 
Figure 3.17.: a) Scheme of the Enhanced permeability and retention (EPR) effect, where the nanoparticles 
are accumulated in tumors. b) Dependence of the passive targeting/accumulation of nanoparticles depending 
on their size. 

Biodistribution of Quatsomes in xenografted nude mice 
In order to know if MKC-Quatsomes are accumulated in any organ or in the tumor, 

biodistribution assays were performed using the nude mice. The MKC-Quatsomes that we 

used were labeled with DiR and were prepared in Ringer’s lactated solution. These MKC-

Quatsomes-DiR do not present any ligand on the surface that will target a cell receptor. 

So, the passive targeting of MKC-Quatsomes-DiR will be studied. 
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The protocol used for the biodistribution assay is described in Section 7.8 of Chapter 7. 

Once the tumors reached a volume of 500 mm3, the mice were treated with DiR-labelled 

MKC-Quatsomes through the caudal route. 2 mice were treated with Ringer’s lactated 

solution, in order to have a negative control, and 3 mice were treated with MKC-

Quatsomes to have robust results. 

Single in vivo boluses of MKC-Quatsomes-DIR were administered in a volume of 

200 µL. Three different quantities of MKC-Quatsomes-DiR were injected in mice in order 

to know if the total amount determines a differential accumulation in the tissues. The doses 

administered were 37, 75, or 150 µg. Forty-eight hours after MKC-Quatsomes-DiR 

administration, mice were euthanized. Then the subcutaneous tumors and the normal 

organs were taken in order to determine the fluorescence on each organ to know the 

biodistribution of MKC-Quatsomes-DiR (Figure 3.18a and Figure 3.19a). Then ex vivo 

tissue sections of tumors and non-tumoral organs, including liver, kidney, spleen, heart, 

bone marrow, and brain were done to quantify the fluorescence emission more precisely 

(Figure 3.18b and Figure 3.19b). 

 
Figure 3.18.: Biodistribution of DiR-labelled MKC-Quatsomes (QS) after intravenous injection in the SW1417 
subcutaneous colorectal cancer model. a) A representative recording of fluorescence emission of DiR-labelled 
MKC-Quatsomes detected ex vivo in tumor and normal organs (liver, spleen, and kidney). Swiss nude mice 
bearing SW1417-derived subcutaneous tumor xenografts were treated with buffer (Ringer’s lactated solution) 
or MKC-Quatsomes-DiR and sacrificed 48 h after a single dose intravenous injection of 37, 75 or 150 μg of 
MKC-Quatsomes-DiR. b) Quantification of ex vivo fluorescence emission in tumors, kidney, spleen, and liver 
expressed as radiant efficiency units, after subtracting tissue autofluorescence detected in buffer-treated 
animals. 



Preclinical characterization of M-QS as nanocarriers for intravenous drug delivery  

132 
 

 
Figure 3.19.: Biodistribution of DiR-labelled MKC-Quatsomes (QS) after intravenous injection in an M5 patient-
derived colorectal cancer xenograft model. a) A representative recording of fluorescence emission by DiR-
labelled MKC-Quatsomes detected ex vivo in tumor and normal organs (liver, spleen, and kidney). Swiss nude 
mice bearing patient-derived M5 subcutaneous tumor xenografts were treated with buffer (Ringer’s lactated 
solution) or MKC-Quatsomes-DiR and sacrificed 48 h after a single intravenous injection of 37, 75 or 150 μg 
of MKC-Quatsomes-DiR. b) Quantification of ex vivo fluorescence emission in tumors, kidney, spleen, and 
liver expressed as radiant efficiency units, after subtracting tissue autofluorescence, detected in buffer-treated 
animals. 

Both xenografted mice had similar DiR-labeled MKC-Quatsomes’ biodistributions. 

MKC-Quatsomes-DiR were accumulated mostly in the liver, although similar uptake was 

registered in tumors, kidneys, or spleen (Figure 3.18 and Figure 3.19). On the contrary, 

no MKC-Quatsomes were detected in the heart, bone marrow, or brain. Some MKC-

Quatsomes were observed in plasma, meaning that still MKC-Quatsomes remained 

without being uptaked. 

Furthermore, whereas the administration of the high dose of DiR-labelled MKC-

Quatsomes (150 µg) highly increased liver uptake, it did not increase significantly their 

biodistribution in tumor, spleen or kidneys, as compares to lower doses, 75 µg or 37 µg 

(Figure 3.18b and Figure 3.19b). This fact is attributed in both xenografted mice, where 

the fluorescence intensity is much higher in the liver than in the other organs where 

fluorescence has been observed. 

Summarizing, DiR-labelled MKC-Quatsomes are accumulated in the liver, tumors, 

kidneys, and spleen being the first one the organ with the most accumulation of MKC-

Quatsomes, increasing as the concentration of MKC-Quatsomes-DiR increases. The 

accumulation in tumors is due to the EPR effect described before. While the accumulation 

in the other three organs is caused because these are the organs that eliminate the 

nanoparticles from the blood due to the renal clearance and the RES.  

It is important to take into account that we have used MKC-Quatsomes-DiR without 

any kind of targeting, so we have exploited the passive targeting of them. But in order to 

increase the MKC-Quatsomes-DiR’s accumulation into the tumors or in another specific 
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organ, we should use the active targeting anchoring a specific ligand of a cell receptor, 

directing the MKC-Quatsomes-DiR to one specific tissue or organ. 

3.7.3. Initial toxicity studies in animals 

In order to go further with the cellular viability performed, where no significant results were 

obtained, we decided to explore the toxicity in mice. Here we have an entire organism, 

where the cells are positioned in their natural environment and with the presence of the 

mice’ immune system. So, the toxicity would be more complex than using a monolayer of 

cells, but more reliable. 

To perform these preliminary toxicological experiments, we took advantage of the 

administration of DiR-labelled MKC-Quatsomes in mice carried out in the biodistribution 

assays. The first assay performed was to analyze if the aspect and the behavior of mice 

changed during the study. The second analysis performed was to identify if there was any 

damage at the cellular level. So, once the animals were sacrificed, histological analysis of 

the tumors and normal organs were performed (see Section 7.8 of Chapter 7 for further 

information). 4 µm sections were done, and then they were stained with hematoxylin and 

eosin (H&E) (Figure 3.20). Hematoxylin and eosin stain is a widely used stain for 

histological stains, where hematoxylin stains cell nuclei blue and eosin stains the 

extracellular matrix and the cytoplasm pink. 

 
Figure 3.20.: Representative H&E staining of subcutaneous tumors, liver, spleen, and kidney 48 h after 150 µg 
MKC-Quatsomes-DiR (M-QS-R_LR) or buffer (Ringer’s lactated) intravenous administration: a) in swiss nude 
mice bearing SW1417-derived subcutaneous tumor xenografts and b) Swiss nude mice bearing patient-
derived M5 subcutaneous tumor xenografts. Note the absence of histological alterations in normal organs of 
mice treated with high doses of MKC-Quatsomes (400x magnification). Scale bar: 50 µm. 
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All the animals looked and behaved normally during the 48 hours even at the highest 

doses (150 μg). Moreover, no histological alterations were observed in any of the analyzed 

organs. Furthermore, the histological architecture and appearance of the kidneys, spleen, 

or liver were indistinguishable between the DiR-labeled MKC-Quatsomes-treated and the 

buffered-treated mice in both xenograft models. Similarly, no apoptotic induction was 

observed in the liver, kidneys, or spleen in DiR-labelled MKC-Quatsomes-treated as 

compared to buffer-treated mice. The same fact was present in the tumor cells, where no 

more cells deaths neither tumoral cellular proliferation was observed  

3.7.4. Summary 

The biodistribution was studied in two nude mice models, revealing that MKC-Quatsomes 

accumulate mostly in the detoxification organs like liver, kidney, and spleen. At the same 

time, an accumulation of MKC-Quatsomes-DiR was observed in the tumors, likely due to 

the EPR effect. 

Regarding the preliminary toxicity in vivo assays, the injected doses did not change 

the behavior or weight of the animals. Moreover, no cell tissue presented any histological 

changes between treated and non-treated mice cells, in neither of the two tested xenograft 

models. For this reason, the first study carried out with MKC-Quatsomes-DiR showed that 

these nanovesicles do not present toxicity at the administered doses (37, 75, and 150 µg 

of MKC-Quatsomes) in cancer xenografted Swiss nu/nu mice. 

  



  Chapter 3  

135 
 

3.8. Summary and conclusions 

In conclusion, MKC-Quatsomes are a new stable lipid-based nanovesicle platform that are 

candidates for intravenous administrations. In this chapter, some preclinical tests were 

carried out for the MKC-Quatsomes. 

First, two new methods of HPLC-ELSD were developed for the quantification of 

cholesterol and MKC molecules in the MKC-Quatsomes. These methods were validated 

using samples of MKC-Quatsomes. 

Second, the MKC-Qutsomes were stable at high dilutions in the same media. 

Moreover, their structure is preserved even when they were incubated with human serum. 

Thus, it suggests that the MKC-Quatsomes would not be destroyed after intravenous 

administrations. 

Third, the MKC-Quatsomes were internalized into cells via endocytosis, and they show 

a preferential localization in lysosomes. The cell viability assays showed that MKC-

Quatsomes had a dose-response behavior with some toxicity at high doses. Although the 

assays performed did not give us more deep information. 

Finally, the MKC-Quatsomes were accumulated in the tumor, liver, spleen, and kidney, 

but not in any other organ, when they were administered intravenously in cancer 

xenografted Swiss nu/nu mice. Moreover, at the tested doses, the MKC-Quatsomes 

showed no signs of histological damage in the analyzed cells. 

The results obtained support the use of the MKC-Quatsomes as a platform for 

bioimaging and/or drug-delivery applications. 
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4 
Dye-loaded Quatsomes exhibiting 

FRET for bioimaging applications 
 

 

4.1. Introduction 

Over the last few years, many scientific groups have witnessed an upsurge of interest in 

the development of nanoparticles exhibiting Förster resonance energy transfer (FRET) 

phenomenon for biosensing, bioimaging, and theragnostic applications1–4. FRET is a 

phenomenon occurring between two fluorescent molecules where one molecule is excited, 

but the emission of a second molecule is read. Thus, upon excitation under the illumination 

of one of them, the donor molecule, the energy is transferred by a non-radiative 

mechanism, to the other molecule, the acceptor, which can emit fluorescent light. The 

process between the donor and acceptor occurs without emission of a photon, as the result 

of the dipole-dipole interaction between them. To have FRET between two molecules, 

mainly two conditions must be accomplished: 

i. The emission spectrum of the donor molecule must be totally or partially 

overlapped with the absorption spectrum of the acceptor. The extend of the 

overlapping area between these two spectra is related to the efficiency of the 

phenomenon, a higher overlap will lead to a more efficient FRET3,4. 

ii. The distance between the donor and acceptor should be typically between 

1 and 10 nm in order to observe energy transfer from the donor to the acceptor 

(Figure 4.1a). Then, in most of the cases, if the distance is larger than 10 nm 

approximately, the FRET signal is lost, reading only the emission of the excited 

molecule (Figure 4.1b). Thus, the FRET efficiency is strongly related to the 

distance of the two molecules, in particular, it depends on r-6, being r the 

distance between the acceptor and the donor5,6. 
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Moreover, apart from the above-mentioned conditions, other parameters have a great 

influence on the FRET occurrence. Among them, the orientation between the transition 

dipoles of the two molecules1, the quantum yield of the donor, and the molar extinction 

coefficient of the acceptor. Ideally, it is considered that an optimal FRET pair should be 

composed by a donor with high quantum yield, an acceptor with a high excitation 

coefficient, and a large emission-absorption band overlapping7. 

 
Figure 4.1.: How the distance between the donor and acceptor molecules typically impacts on the FRET 
signal: a) when the distance is between 1 and 10 nm there is FRET emission, while b) when the distance is 

larger than 10 nm, usually, the FRET is lost. 

The evidence of a FRET process is, therefore, the totally or partially quenched 

emission of the donor and the appearance of the emission band of the acceptor dye when 

only the donor is excited (although depending on the molecule used, the acceptor can just 

work as a quencher without being luminescent). 

4.1.2. The FRET pair: DiI and DiD 

DiI (1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate) and DiD (1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate) are indocarbocyanine 

dyes which have interesting fluorescent properties, particularly as a FRET pair. As shown 

in Figure 4.2, these molecules have two main parts: the chromophore head (responsible 

for the fluorescent properties) and two aliphatic chains. The chromophore part has a 

cyanine structure, which is composed of two nitrogen atoms, one of which is positively 

charged, linked by a polymethine chain. The difference between the DiI (Figure 4.2a) and 

the DiD (Figure 4.2b) remains in the conjugated carbon chain, in which the DiI has 3 

carbons, while the DiD has 5. By increasing this chain, the absorption/emission bands can 

be shifted from visible to the near-infrared region8. Both dyes have the same two alkyl 

chains, which they have eighteen carbons. These dyes are soluble in organic solvents like 

ethanol or methanol, but they are completely insoluble in water or in any aqueous solution. 
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Figure 4.2.: a) DiI molecular structure and its graphical representation, b) DiD molecular structure and its 
graphical representation, and c) absorption and emission bands of DiI and DiD in ethanol, with the intersection 
of the emission band of DiI and the absorption band of DiD highlighted. 

As it is mentioned above, the DiD has the conjugated carbon chain longer than the 

DiI, thus, the DiI has the absorption and emission bands at lower wavelengths than DiD 

(see Table 4.1 ). For this reason in this FRET pair, the DiI acts as a donor and the DiD is 

the acceptor. In Figure 4.2c the absorption and emission spectra are represented. The 

shadowed region is the overlap between the emission band of the DiI (donor) and the 

absorption band of the DiD (acceptor), which corresponds to an overlapping of 40%9. 

Table 4.1.: DiI and DiD and their maximum absorption and emission wavelengths with their corresponding 

Stokes shift in ethanol. 

Dye λabs
max

 (nm) λemi
max

 (nm) Stokes shift (nm) 

DiI 552 570 18 

DiD 649 674 25 

DiI:DiD 552 674 122 

The error associated is ± 1 nm 

The Stokes shift is the difference between the maximum emission and absorption 

wavelengths. In FRET the Stokes shift is the difference between the maximum wavelength 

of the donor’s absorption and the acceptor’s emission. Thus, as more separated is the 

maximum donor’s absorption wavelength and the maximum acceptor’s emission 

wavelength in the FRET-pair (λmax
Abs DiI - λmax

Emi DiD), much larger is the Stokes shift. The 

Stokes shift in the DiI:DiD FRET pair is 122 nm (Table 4.1). Therefore, with the FRET-pair, 

we achieve a larger Stokes shift which allows us to reduce the scattering caused by the 

incident light6. 
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In order to achieve the FRET phenomenon, it is important to confine the two dyes in a 

limited space. The simultaneous loading of the two FRET pair dyes on a given nanoparticle 

has been shown to be a successful strategy to achieve this purpose4,10. 

4.1.3. Nanoparticles exhibiting FRET 

The use of nanoparticles as nanocarriers offers a versatile strategy to stabilize and 

transport organic dyes in aqueous media, while simultaneously enhancing their 

photostability and biocompatibility. Moreover, high brightness is generally displayed due 

to the confinement of a large number of dye molecules in a small space, thus increasing 

their absorption coefficient4. What is more interesting for our aims is, however, the 

possibility offered by the nanoparticles to confine the FRET pair in a nanosized domain. 

Moreover, loading a nanoparticle with a FRET pair rather than with a single fluorophore 

yields larger Stokes shifts, which significantly reduces self-absorption and, hence, the 

background noise while imaging6. Additionally, FRET gives the possibility to monitor the 

integrity of the nanostructure in cell media, body fluids, or organs through the FRET 

emission11. 

Among nanovesicles, liposomes have been loaded with FRET-pair in order to be used 

as markers of self-stability and reporters of interactions with other components12–15. Due 

to the physicochemical properties of those dyes, they are widely used for labeling lipidic 

membranes, such as lipid-vesicle membranes, since their two hydrophobic aliphatic 

carbon chains can be easily inserted in the hydrophobic regions of the vesicle bilayers. On 

the contrary, the hydrophilic chromophore part is usually exposed to the interface between 

the bilayer and the water. However, their aggregation tendency and their low on-shelf 

stability significantly reduce their applicative potential16,17. On the other hand, polymeric 

micelles are widely used carriers of FRET pairs of organic dyes, used not only as 

bioimaging probes4,9,18–20 but also as reporters of the micelle’s stability11,21. However, 

several shortcomings of current dye-loaded polymer nanoparticles need to be addressed, 

among which aggregation-caused quenching (ACQ)22, surface chemistry and colloidal 

stability, and micelle dissociation induced by shear stress11,21 are the most relevant. 

To overcome these challenges, we proposed to use the highly stable and 

monodisperse Quatsome nanovesicles as carriers, to integrate the FRET-pair DiI and DiD, 

and to achieve new FRET colloidal nanoparticles for optical bioimaging applications. 

Additionally, Quatsomes have been used for loading other hydrophobic dyes like fluorene 

derivatives23 or diketopyrrolopyrroles24. 
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In the frame of Dr. Antonio Ardizzone and Dra. Sílvia Illa Ph.D. Thesis it was 

demonstrated the successful loading of DiI and DiD into CTAB-Quatsomes nanovesicles, 

showing high colloidal and photostability properties and improving the properties of dyes 

in water25,26. Moreover, the molecular dynamics simulations showed that the dyes are 

placed with the aliphatic chains anchored to the membrane and the chromophore head 

pointing out26,27. Additionally, the first signs of FRET phenomenon using simultaneous 

loading of DiI and DiD in CTAB-Quatsomes were also demonstrated25, achieving 

auspicious results. Those promising preliminary results were encouraging for the further 

development of FRET nanoparticles based on Quatsomes.  

This chapter aims to explore the FRET phenomenon with DiI and DiD in Quatsomes, 

from their preparation to their full optical and physicochemical characterization. 

The results obtained in the present chapter were carried out with the collaboration with 

Dr. Judit Morlà from ICMAB-CSIC, Spain; Tinghan Zhao, Dr. Mehrun Uddin, and Dr. Kevin 

D. Belfield from New Jersey Institute of Technology (NJIT), USA; and Dr. Cristina Sissa, 

Dr. Siarhei Kurhuzenkau, and Prof. Anna Painelli from the Università di Parma, Italy. 
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4.2. Optimal loading for CTAB-Quatsomes 

exhibiting FRET 

As a starting point in this chapter, we used the Quatsomes composed by cholesterol and 

CTAB (CTAB-Quatsomes) because are the ones previously explored for the loading of 

carbocyanine dyes25 and the most widely studied experimentally28–30 and by molecular 

dynamics26,27. 

4.2.1. Single-dye-loading in Quatsomes 

The first step of this study was to load CTAB-Quatsomes with DiI or DiD in order to 

evaluate if the optical properties of the dyes are being affected (Figure 4.3).  

The dye-loaded Quatsomes were prepared using the DELOS-SUSP methodology 

(see Section 7.2.1 of Chapter 7), adding the dye dissolved in ethanol in the organic phase 

inside the vessel with cholesterol. The CTAB was dissolved in water in the aqueous phase. 

Then the dye-loaded CTAB-Quatsomes were diafiltrated, using water as a new solvent, to 

remove the ethanol and the residual membrane components (see the diafiltration process 

in Section 7.2.3 of Chapter 7). The theoretical concentration of CTAB-Quatsomes 

membrane components was 5.40 mg/mL with a dye concentration of 100 µM (see Table 

7.3 of Chapter 7). 

 
Figure 4.3.: CTAB-Quatsomes prepared in this section: a) plain CTAB-Quatsomes (C-QS), b) DiI-loaded 

CTAB-Quatsomes (C-QS-I) and c) DiD-loaded CTAB-Quatsomes (C-QS-I). 

The size of these dye loaded CTAB-Quatsomes was determined using the NTA 

(nanoparticle tracking analysis) technique. With the DLS (the Zetasizer that was used) 

would be inaccurate to determine the size distribution of DiD-loaded Quatsomes because 

it uses a laser of 633 nm, which is absorbed by the DiD dye. The DLS technique detects 

the scattered light, thus, the DiD-loaded Quatsomes shadow the scattered light, absorbing 

it and emitting fluorescent light which is useless for the determination of the size 

distribution in the employed Zetasizer equipment. 

C-QS-I C-QS-DC-QS

a) b) c)
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NTA size distribution profiles are different from those obtained by DLS. While the NTA 

measures the size using the number distribution profile, the DLS does the same but using 

the intensity profile. For this reason, some differences can be observed between them25. 

Moreover, the NTA does not allow us to measure the smaller organic particles because 

the refraction index of them is to low and cannot be detected by the NTA. For these 

reasons is important to compare the dye-loaded Quatsomes with plain Quatsomes 

measured also with the NTA. 

Figure 4.4 shows the size distribution profiles of the plain CTAB-Quatsomes and the 

single-dye-loaded CTAB-Quatsomes (CTAB-Quatsomes-DiI and CTAB-Quatsomes-DiD), 

measured by NTA, with a screenshot of their measurement. The three CTAB-Quatsomes 

have similar size distribution profiles with nanometric sizes of CTAB-Quatsomes, with 

hydrodynamic diameters of ca. 140 nm. The single-dye-loaded CTAB-Quatsomes (Figure 

4.4b and c) seem to have smaller diameters than the plain CTAB-Quatsomes (Figure 

4.4a). The size distribution of the plain CTAB-Quatsomes (Figure 4.4a) is larger than the 

single-dye-loaded CTAB-Quatsomes (Figure 4.4b and c), making the plain CTAB-

Quatsomes less homogenous than the single-dye-loaded CTAB-Quatsomes. The 

screenshots of the NTA videos show that the NTA is measuring spherical nanoparticles, 

demonstrating the goodness of the performed measurements. In Table 4.2 are listed the 

sizes and the concentration of CTAB-Quatsomes obtained by the NTA measurements. As 

it is observed in the size distribution profiles, the plain CTAB-Quatsomes have larger mean 

and mode sizes than the single-dye-loaded CTAB-Quatsomes. The particle concentration 

of the three CTAB-Quatsomes is similar in terms of orders of magnitude, having about 

billions of particles per milliliter (1012 particles/mL). 
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Figure 4.4.: Size distribution profiles measured by NTA (left) and cryo-TEM images (right) of a) plain CTAB-
Quatsomes, b) CTAB-Quatsomes loaded with DiI (C-QS-I) and c) CTAB-Quatsomes loaded with DiD 
(C-QS-D). Insets show screenshots from the NTA videos. The error bars correspond to three different 
measurements. 

Table 4.2.: Hydrodynamic sizes and concentration of plain and single-dye-loaded CTAB-Quatsomes. 

Sample 
Hydrodynamic 

diametermean (nm) 
Hydrodynamic 

diametermode (nm) 
Concentration 
(part./mL) x1011 

C-QS 186 ± 3 143 ± 4 67 ± 11 

C-QS-I 132 ± 8 129 ± 8 175 ± 15 

C-QS-D 139 ± 1 115 ± 8 78 ± 6 

The hydrodynamic diameters and the concentrations are obtained with the NTA technique, which measures 
three times the same sample, obtaining each value with its standard errors. 

The cryo-TEM images of the plain CTAB-Quatsomes (Figure 4.4a) and the DiI or DiD-

loaded Quatsomes (Figure 4.4b and c) have similar morphologies pointing out that the 

loading of dyes into the vesicles does not produce major changes on their structure. All 
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the CTAB-Quatsomes are spherical and unilamellar vesicles and the presence of big 

structures is not observed. 

The absorbance and emission spectra of the CTAB-Quatsomes loaded with DiI 

(C-QS-I) and with DiD (C-QS-D) were measured (Figure 4.5). In the case of the absorption 

spectrum of the DiI in ethanol and inside CTAB-Quatsomes (Figure 4.5a), both spectra 

show the same features. The principal peak (552 nm) of the absorption is preserved in 

terms of wavelength position (no shift is observed) and band shape (no broadening band). 

This indicates that the major part of DiI is well dispersed in the membrane as DiI 

monomers. However, the shoulder displayed at 519 nm is more pronounced when the DiI 

is in Quatsomes that in solution. Considering the high tendency of carbocyanine dyes to 

aggregate31,32, this difference may be caused by the self-aggregation of the DiI when it is 

in the Quatsome’s membranes. These aggregates are known as H-aggregates, primarily 

H-dimers because of their orientation33. This result means that the DiI molecules are 

successfully integrated into the CTAB-Quatsome’s membrane, where they are mainly 

dispersed as monomers and a meager part of DiI population is in the form of H-dimers. 

Similar results are achieved in the case of the DiD (Figure 4.5b). The main absorption 

band (649 nm) of the C-QS-D is preserved, indicating that the DiD has been successfully 

integrated into Quatsome’s membrane as monomers. However, a fraction of DiD is 

dispersed in H-dimers, because of the relative increment of the sub-band (610 nm) in 

C-QS-D compared with the DiD in ethanol. In this case, the emission maximum peak of 

the C-QS-D is red-shifted few nanometers. This behavior can be related to the different 

environments of the dye. 

 
Figure 4.5.: Absorption and emission spectra of a) DiI in ethanol and in CTAB-Quatsomes (C-QS-I) and b) DiD 
in ethanol and in CTAB-Quatsomes (C-QS-D). For the emission of the DiI the sample was excited at 490 nm, 
and for the DiD it was excited at 590 nm. 
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The maximum absorption and emission wavelength of the CTAB-Quatsomes loaded 

with DiI or DiD are shown in Table 4.3, with their corresponding Stokes shift. If we compare 

the wavelengths of each dye in ethanol, we can see that the maximum absorption and 

emission of the dyes and their Stokes shift practically is the same. For this reason, the 

Stokes shift does not change in comparison with the dyes in ethanol. 

Table 4.3.: Maximum absorption and emission wavelengths and their corresponding Stokes shift of the 
samples CTAB-Quatsomes loaded with DiI or DiD. 

Sample name λabs
max

 (nm) λemi
max

 (nm) Stokes shift (nm) 

C-QS-I 552 570 18 

C-QS-D 647 674 27 

The error associated is ± 1 nm. 

Qualitatively, it has been demonstrated the successful loading of DiI and DiD, 

however, the real amount of each dye entrapped at the CTAB-Quatsomes was still 

unknown. In order to perform such quantification and the calculation of their loading, we 

followed the protocol described in Section 7.4.2 of Chapter 7. First, the dye concentration 

([dye]) was determined by measuring the absorption of the dye-loaded Quatsomes 

dissolved in ethanol and applying the Lambert-Beer equation. And secondly, the dye mass 

loading in CTAB-Quatsomes was calculated applying the Equation 4.1, knowing the mass 

of dye loaded and the mass of dye-loaded CTAB-Quatsomes. The mass of the dyes was 

calculated through the concentration of dye previously determined by absorbance, and the 

mass of dye-loaded CTAB-Quatsomes was determined by lyophilizing the dye-loaded 

CTAB-Quatsomes and weighting the total mass. These values are related to the 

characteristics of the final dye-loaded CTAB-Quatsomes. 

 Dye mass loading= 
Mass of dye

Mass weighted - Mass of dye
 (4.1) 

The final dye concentration in each sample ([dye]), and the dye mass loading of each 

single-dye loaded CTAB-Quatsomes are shown in Table 4.4. 

Table 4.4.: Final dye concentration and dye mass loading of CTAB-Quatsomes loaded with DiI (C-QS-I) or 
DiD (C-QS-D) together with the theoretical values of each magnitude. 

Sample 
[Dye]initial 

(µM)a 
[Dye] (µM)a 

Dye mass  
loadinginitial (x10-3)b 

Dye mass 
loading (x10-3)b 

C-QS-I 100 91 17 22 

C-QS-D 100 80 18 20 

a The dye concentration refers to the concentration of dye in the whole sample. b The dye mass loading 
corresponds to the mass of dye loaded in the CTAB-Quatsomes per mass of CTAB-Quatsome. 
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Due to the production and purification process of the dye-loaded CTAB-Quatsomes, 

some dyes molecules are lost during the whole process, resulting in a reduction of the final 

dye concentration. On the contrary, the mass dye loading is higher than expected. This is 

caused because some membrane components (cholesterol and CTAB) are lost in the 

process, leading fewer membrane components per dye, and therefore the dye mass 

loading is higher. 

The dye concentration obtained in Table 4.4 refers to the concentration of dye in the 

whole sample (bulk concentration). However, as the dyes are organized in the CTAB-

Quatsomes, there is a local concentration of the dyes in the CTAB-Quatsomes. Thus, as 

the dyes are not homogeneously distributed in the bulk solution, the bulk concentration 

and the local concentration have different values. In order to determine the local 

concentration, some measurements must be considered: i) the number of CTAB-

Quatsomes per volume is measured with the NTA technique, ii) the CTAB-Quatsomes 

have an outer diameter given by the NTA results, iii) the CTAB-Quatsomes have a 

thickness of the bilayer determined by the MD simulations27,28, which determines an inner 

diameter of the CTAB-Quatsomes (see Figure 4.6) and iv) the bulk dye concentration is 

measured through the absorption. 

 

Figure 4.6.: Schematic representation of the diameters, outer and inner diameter, and the thickness of a 
CTAB-Quatsome. 

Therefore, the local concentration was determined using the above-mentioned 

parameters (Table 4.5). In this local concentration, it is considered that the dyes are 

solubilized in a volume determined by the membrane volume, related to the thickness of 

the bilayer. 

Table 4.5.: Local dye concentration of the DiI and DiD in the C-QS-I and C-QS-D respectively. 

Sample [Dye]bulk (µM)a [Dye]local (mM) 

C-QS-I 91 51 

C-QS-D 80 100 
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The local dye concentration calculated is significantly higher, indeed, about three 

magnitude orders than the bulk concentration. This is caused because the dyes are not 

homogeneously distributed in the solution, being self-organized in the Quatsome’s 

bilayers. The dyes are solubilized in “2D-liquids”. Therefore, the dye concentration per 

Quatsome is higher than the dye bulk solution. The local dyes concentration differences 

between the C-QS-I and C-QS-D are caused because the Quatsome’s concentration is 

higher in the C-QS-I sample than the C-QS-D. It is important to take into consideration that 

these results were obtained assuming that: i) dyes are randomly distributed on CTAB-

Quatsomes membranes, and ii) a 100% degree of vesicle-to-vesicle homogeneity.  

Once we had fully characterized the single-dye-loaded CTAB-Quatsomes, we are able 

to focus our research on the FRET determination. These results obtained from samples 

C-QS-I and C-QS-D were used as controls for the FRET studies. 

4.2.2. Different loadings of FRET-pairs in Quatsomes 

In order to determine the optimal dye loading of a FRET pair in CTAB-Quatsomes aiming 

to achieve the highest FRET efficiency, first, the ratio between the donor (DiI) and acceptor 

(DiD) was set at 1:1. Because it is well known that in order to have a more efficient FRET 

emission, the DiI:DiD pair should be loaded in an equimolar ratio34. 

The efficiency of energy transfer is described as the fraction of photons absorbed by 

the donor (DiI) which are transferred to the acceptor (DiD). It is important to consider that 

the energy transfer typically occurs among dyes separated in the range of 1 and 10 nm. 

For this reason, it was speculated that FRET in CTAB-Quatsomes would not only occur 

between donor and acceptor located in the same vesicle leaflet but also between pairs 

disposed at two different leaflets, as represented in Figure 4.7, because the CTAB-

Quatsome’s membrane thickness is 4.3 nm27,28. 

 
Figure 4.7.: A cross-section view of the FRET-loaded CTAB-Quatsomes. 
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Distance estimation 
Considering that the distance between dyes (r) is directly related to the FRET efficiency 

(FRET efficiency ∝ r-6), thus, it is crucial to the estimation of this distance for the loading 

selection. For this reason, in this section, we focused our study on studying the FRET 

phenomenon but using different dyes loadings in the CTAB-Quatsomes (always at the 

same ratio 1:1). This is an important parameter because it will impact directly on the 

distance between the dyes. For instance, at lower loadings the theoretical distances 

between dyes will be higher, decreasing the possibilities for donor-acceptor encounters. 

Otherwise, at higher concentrations, molecules will be closer to each other, increasing the 

encounters probabilities and then, the FRET efficiency. It is important to note that, if the 

concentration of dye is too high in CTAB-Quatsome membrane, it can promote 

aggregation of dyes in the membrane, and therefore, the emission signal will be reduced 

for the self-quenching, because the dyes aggregates do not contribute in the light 

emission32. The studied dye concentrations are summarized in Figure 4.8 and in Table 

4.6, where all the CTAB-Quatsomes have the same cholesterol and CTAB concentrations 

(see Table 7.3 of Chapter 7). 

 
Figure 4.8.: FRET-loaded CTAB-Quatsomes prepared in this section: a) FRET-pair loaded CTAB-Quatsomes 
with 200 µM of total dyes (C-QS-I:D-200), b) FRET-pair loaded CTAB-Quatsomes with 100 µM of total dyes 
(C-QS-I:D-100), with 50 µM (C-QS-I:D-50) and c) with 5 µM (C-QS-I:D-5). 

Table 4.6.: Different samples produced with different theoretical DiI and DiD concentrations. 

Sample name [DiI] (µM) [DiD] (µM) [DiI+DiD] (µM) 

C-QS-I:D-200 100 100 200 

C-QS-I:D-100 50 50 100 

C-QS-I:D-50 25 25 50 

C-QS-I:D-5 2.5 2.5 5 

 

Thus, we estimated the distances between the DiI and DiD, in order to intuit which 

FRET-loadings would have FRET and which would not. For doing the calculous some 

assumptions were done: i) the thickness of the CTAB-Quatsome layer is 4.3 nm27,28 and 
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ii) the DiD and DiD are randomly and homogeneously distributed in the CTAB-Quatsome 

membranes. 

Table 4.7 presents the surface per dye and the average distance between a molecule 

of DiI and one of DiD. As more dye loading, the surface available for one dye is smaller, 

because the dyes’ density is higher. Therefore, at higher loadings there is less surface 

available per dye, thus, lower is the distance between two dyes. 

Table 4.7.: Estimated CTAB-Quatsome’s available surface per one dye and the estimated distance between 
DiI and DiD for each different FRET-loaded CTAB-Quatsomes. 

Sample name 
Available 

surface/dye (nm2) 
Average distance  

DiI–DiD (nm) 

C-QS-I:D-200 5.0 2.2 

C-QS-I:D-100 8.7 3.0 

C-QS-I:D-50 41.8 6.5 

C-QS-I:D-5 369.6 19.2 

 

These calculations are related to the FRET efficiency that we expect. Because as 

larger is the average distance between DiI and DiD, lower will be the FRET efficiency. 

Thus, we expect to observe a progressive decrement of FRET efficiency from highest to 

lowest loadings (200 > 100 > 50 > 5 µM loading). In all of these loadings, the estimated 

distance would be less than 10 nm, which is the distance until the FRET could be seen. 

On the other hand, the loading with 5 µM of FRET-pair-loading would not be expected to 

experiment FRET, because the distance between the DiI and DiD is larger than 10 nm 

(see Table 4.7). 

In Figure 4.9 are represented the distances between the two dyes and their surface 

available surface at the CTAB-Quatsomes membrane. It was estimated that the area 

occupied by one DiI and DiD is 2.0 nm2 and 3.1 nm2, respectively, if their heads were 

considered as a circle. To simplify the calculations, the estimation of areas is based on 

squares (i.e., dividing the Quatsome membrane into tiny squares). Considering the values 

of the available area previously calculated (Table 4.7) and assuming that they are located 

at the center of this area, the distances were calculated from the center to center. In the 

case of a loading of 200 µM (Figure 4.9b), the area that occupies each dye maybe it is 

too small compared with the surface of each dye. Thus, maybe the small area available 

per dye enhances the appearance of aggregated dyes and then impacting directly in the 

FRET efficiency. For this reason, the surface available for each dye compared with the 

dyes’ area should be considered for the FRET results. In the opposite case, the sample 
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with the lowest loading, 5 µM (Figure 4.9d), the area available for each dye is too larger 

for having FRET. Thus, if some FRET signal is observed, it would mean that the dyes are 

not static in the Quatsome’s membrane, suggesting that maybe there is some interaction 

between them as the molecular simulations predict27. 

 
Figure 4.9.: Representation of the distances between DiI and DiD: a) Scheme of the areas in a CTAB-
Quatsome with the surface of both dyes, b) In the particular case of the CTAB-Quatsomes loaded with 200 µM, 

b) with 100 µM, c) 50 µM and d) 5 µM. 

Preparation and characterization of the FRET-loaded CTAB-

Quatsomes 
The FRET-pair-loaded CTAB-Quatsomes were prepared with the DELOS-SUSP 

methodology (see Section 7.2.1 of Chapter 7) adding both dyes dissolved in ethanol in the 

organic phase, together with the cholesterol. Then the solution was depressurized into the 

CTAB suspended in water. Finally, the samples were diafiltrated in water (see Section 

7.2.3 of Chapter 7 for the diafiltration process). 

In order to determine the encapsulation and loading of the FRET-loaded CTAB-

Quatsomes, we followed the protocol described in Section 7.4.2 of Chapter 7 and applying 

Equation 4.1. In Table 4.8 are summarized the final concentrations achieved and their 
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loading. The concentrations of dyes obtained are in agreement with the theoretical, with a 

small variability due to the DELOS-SUSP and the diafiltration processes.  

Furthermore, the local dye concentration was determined as the single-dye-loaded 

CTAB-Quatsomes. As before, the local dye concentration is three orders of magnitude 

larger than the bulk concentration. As it was expected, the local dye concentration 

decreases as the loading decreases. 

Table 4.8.: Final dye concentration and dye mass loading of FRET-pair loaded CTAB-Quatsomes with different 
FRET-pair-loadings. 

Sample  
name 

[Dye]bulk (µM)a 
Dye mass loading  

(x10-3)b 
[Dye]local (mM)c 

DiI DiD DiI DiD DiI DiD 

C-QS-I:D-
200 

104 99 25 24 141 134 

C-QS-I:D-
100 

55 53 13 13 80 77 

C-QS-I:D-
50 

24.4 21.1 4.6 4.1 17 15 

C-QS-I:D-5 2.8 2.5 0.5 0.4 1.9 1.7 

a The bulk dye concentration refers to the concentration of dye in the whole sample. b The dye mass loading 
corresponds to the mass of dye loaded in the CTAB-Quatsomes per mass of CTAB-Quatsome. c The local 
dye concentration refers to the concentration of dye in the CTAB-Quatsomes membrane. 

All the samples were physiochemically characterized using NTA and cryo-TEM 

techniques. Figure 4.10 shows the size distribution profiles of the four different FRET-

loaded CTAB-Quatsomes. All the distributions are similar, and if are compared with the 

plain CTAB-Quatsomes (Figure 4.4a), the FRET-loaded CTAB-Quatsomes are more 

homogenous, with narrow size distributions. The screenshots of the NTA videos 

demonstrate that the analysis by NTA has been performed properly. In Table 4.9 there are 

the hydrodynamic sizes, regarding the mean and mode sizes, and the CTAB-Quatsomes’ 

concentration. In these cases, all of the preparations have similar results where the low 

variability is related to the NTA analysis. Moreover, the CTAB-Quatsome concentrations 

are similar in the four FRET-loaded CTAB-Quatsomes, which is about billions of 

Quatsomes per milliliter (1012 particles/mL). Therefore, the different dyes’ concentration in 

Quatsomes does not change neither the size of the CTAB-Quatsomes nor the 

concentration. 

The morphology of the FRET-loaded Quatsomes was visualized by cryo-TEM (Figure 

4.10). The four samples have the same morphology: they are spherical and unilamellar 

vesicles. The images do not show aggregates or different structures, so the presence of 

the two dyes does not change the morphology of the CTAB-Quatsomes. 
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Figure 4.10.: Size distribution profiles measured by NTA (left) and cryo-TEM images (right) of DiI and DiD 
loaded CTAB-Quatsomes with different FRET pair loadings: a) C-QS-I:D-200, b) C-QS-I:D-100, c) C-QS-I:D-
50 and d) C-QS-I:D-5. Insets show screenshots from the NTA videos. The error bars correspond to three 

different measurements. 
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Table 4.9.: Hydrodynamic diameters and concentration of FRET-pair-loaded Quatsomes.  

Sample 
Hydrodynamic 

diametermean (nm) 
Hydrodynamic 

diametermode (nm) 
Concentration  
(part./mL) x1011 

C-QS-I:D-200 144 ± 1 118 ± 8 72 ± 5 

C-QS-I:D-100 125 ± 2 115 ± 1 68 ± 4 

C-QS-I:D-50 138 ± 3 112 ± 3 137 ± 2 

C-QS-I:D-5 156 ± 2 140 ± 8 141 ± 9 

The hydrodynamic diameters and the concentrations are obtained with the NTA technique, which measures 
three times the same sample, obtaining each value with its standard error. 

In terms of optical properties, the samples were characterized by absorption (Figure 

4.11a), excitation (Figure 4.11b), and emission (Figure 4.11c) spectroscopy. The 

absorption spectra of the FRET-loaded samples present both bands, the DiI and DiD 

absorption bands (about 550 and 570 nm, respectively), showing that the four samples 

had incorporated both dyes. Some differences can be appreciated related to the shoulders 

of DiI and DiD absorption band (about 500 and 600 nm, respectively), which can be related 

to the meager dyes’ aggregation phenomenon. The excitation spectra allowed us to 

determine the occurrence of FRET because the excitation DiI bands are reduced when 

the FRET-loading decreases. Finally, the emission spectra show different behaviors of the 

FRET emission regarding the different FRET-loadings, whereas is the lower FRET-

loading, the DiI emission increases. These differences are explored in detail in the next 

section where the FRET efficiencies are determined. 
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Figure 4.11.: Normalized spectra of FRET-loaded CTAB-Quatsomes: a) absorption, b) excitation (λemi = 
710 nm for the samples that have DiD and λemi = 610 nm for the C-QS-I sample) and c) emission (λexc = 490 nm 

for the samples that have DiI and λexc = 590 nm for the C-QS-D sample). 

In Table 4.10 are shown the maximums of absorption of the DiI (donor) and the 

maximum of emission of the DiD (acceptor). There are some changes between the 

different samples regarding the absorption and emission maximums, but can be 

associated with different environments. The Stokes shift is much larger than the one 

single-dye Quatsomes because here the FRET phenomenon occurs. It seems that as we 

decrease the FRET-pair-loading, the Stokes shift decreases too. As these FRET-loaded 

CTAB-Quatsomes have higher Stokes shifts, the self-absorption of the dyes is reduced, 

increasing their applicability for bioimaging. 

Table 4.10.: Maximum absorption and emission wavelengths and their corresponding Stokes shift of the 
samples CTAB-Quatsomes with different loadings of DiI and DiD. 

Sample name λabs
max

 (nm) λemi
max

 (nm) Stokes shift (nm) 

C-QS-I:D-200 550 673 123 

C-QS-I:D-100 551 673 122 

C-QS-I:D-50 549 666 117 

C-QS-I:D-5 549 662 113 

The error associated is ± 1 nm. 
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FRET efficiency quantification 
The FRET efficiency can be measured using different approaches, i.e. the relative 

fluorescence intensity of the donor, in the absence and presence of acceptor, or from the 

calculated lifetime under these respective conditions. However, it is important to note that 

using those equations, it is assumed that the donor and the acceptor are separated by a 

fixed distance6. Considering that in the Quatsome system dyes diffuse through the 

membrane27, another approach must be considered. The rate of energy transfer was then 

determined through the comparison between the absorption and the excitation spectra 

(through the observation of the acceptor fluorescence)35. The excitation spectrum gives us 

the wavelengths responsible to cause the emission of one specific wavelength. So, a 

wavelength near the maximum of emission of the DiD is set (710 nm), and all the 

wavelengths that cause this emission will be recorded. For this reason, in the case of 

FRET, the DiI spectrum will be reported, because DiI is excited at DiD emission 

wavelength. As the excitation spectrum is more similar to the absorption spectrum, the 

FRET efficiency will be higher, meaning that a higher population of donor is excited. Thus, 

the loading whose excitation spectrum is more similar to the absorption spectra is the 

CTAB-Quatsomes-DiI:DiD-100 µM, which has 100 µM of total dye (50 µM of DiI and 50 µM 

of DiD) (Figure 4.12b). For the other loadings, the comparison between absorption and 

excitation bands intensity it significantly differs (Figure 4.12a, c, and d), indeed, the 

excitation intensity of the donor (DiI) is progressively decreasing at lower loadings, pointing 

out a decrement on the FRET efficiency. 
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Figure 4.12.: Absorption and excitation spectra of CTAB-Quatsomes, loaded with DiI and DiD in a molar ratio 
of 1:1, in different total dyes concentration: a) 200 µM, b) 100 µM, c) 50 µM and d) 5 µM. For the excitation 

spectra, the light recorded was at 710 nm. 

In order to quantify the FRET efficiency, we applied the equation described in Section 

7.4.7 of Chapter 7. In Figure 4.13 is shown the FRET efficiency of the four different 

loadings of FRET-pairs CTAB-Quatsomes. As could be suspected with the absorption and 

excitation spectra, the loading that has more FRET efficiency is the one that has 100 µM 

of total dyes, which has 85% of FRET efficiency. This value of FRET efficiency is 

significantly high compared with other nanoparticles exhibiting FRET with carbocyanine 

dyes9–11,21. 



Dye-loaded Quatsomes exhibiting FRET for bioimaging applications  

160 
 

 
Figure 4.13.: FRET efficiency of the different FRET-pair-loaded CTAB-Quatsomes. The determination of the 
FRET efficiency has 5% of error. 

The other loadings have less FRET efficiency. In the case of samples loaded with 50 

and 5 µM, the reduction on FRET efficiency can be attributed to the higher separation 

between dyes (less density of dyes per membrane area), so the energy transfer rate is 

reduced, being the lower dyes concentration (C-QS-I:D-5) the one that experiments less 

FRET efficiency. In accordance with the distances calculated (Table 4.7) for 5 µM, we 

would not expect FRET because the distance is larger than 10 nm, however, we observe 

a significant 21% of FRET efficiency. So, if the dyes in Quatsome were static, we would 

not see FRET in C-QS-I:D-5 sample. Thus, this data clearly points out that the dyes are 

not static in the Quatsome’s membrane, rather diffuse freely through the CTAB-Quatsome 

membrane with a diffusion coefficient that has a similar magnitude to that of phospholipid 

molecules in a lipid bilayer26,27,36,37 or CTAB and cholesterol in CTAB-Quatsomes’ 

membrane26,27,29. Moreover, it can be experimentally intuited that there are some 

interactions between the DiI and the DiD, as the molecular simulations predict27. 

On the contrary that the one could expect, the highest loading (C-QS-I:D-200) does 

not have more FRET efficiency. It is reduced if it compared with the 100 µM of dyes 

concentration. The reason is that this Quatsome is too loaded, so the distances between 

the dyes are reduced, causing a self-quenching of the dyes’ emission. This effect can be 

also noticed if the absorption spectrum is compared with the absorption of the dyes in the 

single-dye-loaded CTAB-Quatsomes. 

In Figure 4.14 it is plotted the absorption of the FRET-pair-loaded CTAB-Quatsomes 

and the absorption of the DiI or DiD-loaded CTAB-Quatsomes and the mathematical sum 

of the two single-dye-loaded CTAB-Quatsomes (C-QS-I + C-QS-D). With this comparison, 

one can determine the aggregation of the FRET-loaded CTAB-Quatsomes. If the 
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secondaries peaks of the FRET-loaded samples’ spectra are larger than the sum of the 

single-dye-loaded CTAB-Quatsomes spectrum, it would mean that the dye is 

aggregated32,33. From previous works, it was observed that changes in the vibrionic band 

of indocarbocyanine dyes (516 and 600 nm for DiI and DiD, respectively) are related to 

the presence of aggregates, mainly due to π-π interactions between the two 

fluorophores32,33. 

 
Figure 4.14.: Absorption of CTAB-Quatsomes loaded with DiI or DiD, the mathematical sum of the two spectra 
(C-QS-I + C-QS-D) and different FRET-pairs loadings in CTAB-Quatsomes: a) 200 µM, b) 100 µM, c) 50 µM 
and d) 5 µM. 

The sample with a 200 µM of total dye (Figure 4.14a) has the secondary peak of the 

DiD larger than the theoretical/mathematical sum, meaning that part of the DiD population 

is not as monomers although they are in form of aggregates. Most probably, DiD is found 

as H-dimers in the CTAB-Quatsomes’ membrane. The other samples (Figure 4.14b, c, 

and d) the aggregation peak is extremely reduced, so the dyes of these samples are not 

so aggregated, being the C-QS-I:D-5 the one without aggregated dyes. For this reason, 

the FRET efficiency of the C-QS-I:D-200 sample is lower than the C-QS-I:D-100 sample, 

because the DiD is aggregated in the membrane, and therefore the DiD emission is self-
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quenched. This evidence shows that the DiD tends to be aggregated in the membrane 

more than the DiI, so the behavior of the two dyes is a bit different when they are placed 

in the membrane. This data agrees with the previous works where the higher tendency of 

DiD to aggregate compared with DiI31–33, attributed to the longer conjugated bridge of DiD. 

Furthermore, the difference between the four FRET-pair-loaded CTAB-Quatsomes 

regarding the FRET efficiency can be noticed in the emission spectra. As more FRET 

efficiency, the DiI emission will be lower at normalized emission intensity. In Figure 4.15, 

the four emission spectra are represented exciting only the donor (DiI). In all of them there 

is an emission of the DiD, showing that the FRET phenomenon occurs, because if not the 

DiD emission would not appear. If the spectra are normalized in the DiD emission, the 

intensity of the DiI emission bands change. The sample that has more FRET efficiency is 

the one that has the lowest DiI emission because more light emitted by the DiI (donor) will 

be absorbed by the DiD (acceptor). For this reason in Figure 4.15, the spectrum that has 

the lowest DiI emission is the sample C-QS-I:D-100 together with the sample C-QS-

I:D-200. This is caused because the sample 200 µM has the same emission but part of 

this emission is self-quenched, so the amount of light emitted is lower although the relation 

between the peaks is the same. In the cases of the two lowest loadings, C-QS-I:D-50 and 

C-QS-I:D-5, the DiI emission is higher, so the FRET efficiency is lower. The sample with 

the dyes’ concentration of 5 µM has the emission of the DiI larger than the emission of the 

DiD. 

For these reasons, it is important to determine the FRET efficiency with the absorption 

and excitation spectra rather than using the emission peaks of the two dyes. Because the 

self-quenching processes are not visualized with the normalized emission spectra. 
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Figure 4.15.: Emission spectra of the four FRET-pair-loadings CTAB-Quatsomes, exciting the samples at 
490 nm of wavelength. For the emission, the samples were excited at 490 nm. 

4.2.3. Summary 

The single-dye-loaded and the FRET-loaded CTAB-Quatsomes presented optimal 

physicochemical properties to be used for bioimaging probes. They were homogenous in 

terms of size, morphology, and lamellarity. 

Overall, 4 different dye’s loadings were studied (200, 100, 50, and 5 μM of total dye 

concentrations), and it was concluded that the optimal for achieving the maximum FRET 

efficiency was the sample at 100 µM concentration of the two dyes, leading to a FRET 

efficiency of 85%. The sample with 200 μM dyes’ concentration had less FRET efficiency, 

compared with the C-QS-I:D-100 sample, due to that the dyes were more aggregated. The 

sample with 50 μM had less FRET efficiency due to that the dyes were more separated. 

Finally, the sample with 5 μM also presented the FRET phenomenon although the dyes 

should be separated more than 10 nm. It means that the dyes were in constant movement 

showing some interactions between them. 
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4.3. Optical properties of the optimal FRET-

based CTAB-Quatsomes 

In order to know more about the FRET phenomenon in CTAB-Quatsomes, we proceed to 

deeply characterize the sample which presents more FRET efficiency. This corresponds 

to the FRET-loaded CTAB-Quatsomes with 100 µM of total dyes which has 85% of FRET 

efficiency. 

Once the optimal loading for achieving the maximum FRET efficiency is determined, 

other attributes should be studied for the valuation of FRET-loaded CTAB-Quatsomes as 

bioimaging probes. In this section, we will study some photophysical like dyes’ leakage, 

dyes’ lifetimes, fluorescent quantum yields, brightness, stability, and photodegradation in 

order to see if FRET-loaded CTAB-Quatsomes are potential candidates for optical 

bioimaging probes. 

4.3.1. Dyes exchange between Quatsomes 

Here, we supposed that the FRET phenomenon occurs between DiIs and DiDs located in 

the same Quatsome vesicle. But we still do not know if there is energy transfer between 

different Quatsomes, or if there is some dye leakage that transfers the dyes between one 

Quatsome to other Quatsome. 

To rule out FRET occurring between dyes on different CTAB-Quatsomes, single dye-

loaded CTAB-Quatsomes (C-QS-I and C-QS-D) were mixed in aqueous media at 

equimolar concentration and the FRET emission was then interrogated just after the 

sample preparation and one week later (Figure 4.16). As shown in Figure 4.16b, the 

excitation of DiI is negligible for emission at 710 nm. The emission spectra (Figure 4.16c) 

shows a weak feature between 650 and 670 nm, which may indeed be related to a minor 

contribution from residual FRET. 
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Figure 4.16.: a) Graphical representation of the dye leakage/exchange between distinct QSs in aqueous 
media, b) normalized absorption and excitation spectra (λemi = 710 nm) and, c) emission spectra (λex = 
490 nm) of a mixed solution of C-QS-I and C-QS-D (1:1) after sample preparation and 1 week later. 

Therefore, we conclude that there is no significant contribution to FRET from dyes 

incorporated in different CTAB-Quatsomes. Moreover, it can safely be concluded that 

there is no exchange of dyes between different CTAB-Quatsome vesicles. This is an 

important result; even if the dyes are not covalently linked to the CTAB-Quatsome’s 

membrane, the hydrophobic interaction is strong enough to stably anchor the fluorophores 

in the CTAB-Quatsome’s membrane. 

4.3.2. Lifetime 

The lifetime is described as the time that a dye spends in the excited state before emitting 

a photon and returning to the ground state6,35. It comprises the time when the molecule 

absorbs a photon, reaches the excited state, reduces its vibrational energy, and then 

releases light while it returns to the basal energy level (Figure 4.17a). In the case when 

two dyes are coupled doing FRET (Figure 4.17b), the lifetime of the donor (DiI) is modified, 

because it transfers the energy to the other dye faster, while the lifetime of the acceptor 

(DiD) practically does not vary. 
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Figure 4.17.: Simplified Jablonski diagram of the: fluorescence emission of a single dye and b) FRET 
phenomenon. 

Two methods of measuring time-resolved fluorescence are in widespread use: the 

time-domain and frequency-domain. Here, the time domain lifetime measurements were 

carried out exciting the samples with a laser of 509 nm laser for the DiI, and a laser of 

635 nm for the DiD (see Section 7.4.4 of Chapter 7 for the description of the protocol). 

Time-resolved decay fitting (biexponential) was used to estimate the lifetime (Figure 4.18a 

and b). All the fittings had Χ2 values between 1.0 and 1.3 and randomly distributed 

residuals which means that the fittings were accurate. Moreover, in order to have more 

precise results, we previously measured the instrument response function (IRF) that allows 

more accurate measurements and estimations for short lifetimes, which is related to the 

error of the instrument. The lifetimes obtained through the fitting are displayed in Figure 

4.18c and Table 4.11. 

The curves of the dyes in ethanol have faster decays curves than when they are in the 

CTAB-Quatsomes’ membrane (Figure 4.18a and b). Thus lifetimes are shorter for dyes in 

solution than dyes located in the membranes (Figure 4.18). These changes in lifetimes 

are attributed to the differences in the environment of the dyes because dyes in ethanol 

are less restricted with more rotation movement. Thus, the dyes lose energy faster than 

when they are placed in the Quatsome’s membrane, and then the dye remains more time 

in the excited state. This effect is more pronounced in the DiI than in the DiD. If we compare 

the DiI and the DiD, the DiI has shorter lifetimes than the DiD in both, ethanol and in the 

Quatsome’s membrane (Figure 4.18c and Table 4.11), possibly related to the shorter 

conjugated bridge of DiI vs. the one of DiD. 
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Figure 4.18.: a) Lifetime decays of DiI in each sample, b) lifetimes decays of the DiD in each sample, and 

c) lifetimes values of each dye in each sample. The error bars correspond to three independent measurements. 

When the dyes are placed in the FRET-loaded CTAB-Quatsomes (C-QS-I:D-100), the 

donor (DiI) lifetime decreases considerably when the acceptor (DiD) is also present in the 

same Quatsome (Figure 4.18 and Table 4.11). DiI average lifetime in CTAB-Quatsomes’ 

membrane is in agreement with the previously reported values in nanovesicles (i.e. 0.80 ns 

for DiI in the pure fluid-state lipid DOPC bilayer)38. On the opposite side, the DiD lifetime 

slightly increase when the dye was embedded in the CTAB-Quatsomes’ membrane. The 

lifetime of the DiI when it is placed in FRET-loaded Quatsomes changes more compared 

with the DiD. The reason is that the lifetime of the donor (DiI) is clearly altered, while the 

lifetime of the acceptor (DiD) practically is not influenced in the FRET phenomenon1. 

Table 4.11.: Lifetimes of each dye in the different samples. 

Sample 
name 

DiI EtOH C-QS-I 
C-QS-I:D-
100 (DiI) 

DiD 
EtOH 

C-QS-D 
C-QS-I:D-
100 (DiD) 

Lifetime 
(ns) 

0.40 
± 0.01 

0.78 
± 0.05 

0.65 
± 0.03 

1.31 
± 0.01 

1.41 
± 0.06 

1.47 
± 0.02 

The error corresponds to the error associated with three different measurements. 

Time-resolved fluorescence measurements confirm efficient FRET because the 

lifetime of the DiI (donor) is reduced in the FRET-loaded Quatsomes compared when the 

DiI is alone in Quatsomes. 
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4.3.3. Fluorescent quantum yield and brightness 

Fluorescent Quantum yield 
The fluorescence quantum yield (ϕF) is the ratio of the number of photons emitted to the 

number of photons absorbed. Therefore, as higher is the fluorescent quantum yield, more 

efficient is the dye. 

The determination of the fluorescent quantum yield was performed with the equipment 

(Quantaurus-QY) specialized for these measurements (see Section 7.4.5 of Chapter 7 for 

further information). This equipment relates the photons used for exciting the sample with 

the photons emitted. The samples were diluted until values of absorbance about 0.1. In 

the case of quantum yield measurements of dyes in solution, we used as references 

ethanol, and for the quantum yield in CTAB-Quatsomes, the reference sample was plain 

CTAB-Quatsomes at the same dilution in water. The excitation wavelength was 520 nm 

and 600 nm for DiI and DiD respectively. The fluorescence quantum yields obtained are 

summarized in Table 4.12. 

Table 4.12.: Quantum yield calculated of the described samples. 

Samples 
name 

DiI in 
EtOH 

DiD in 
EtOH 

C-QS-I C-QS-D 
C-QS-I:D-
100 (DiI) 

C-QS-
I:D-100 
(DiD) 

ϕF (%) 11.5 32.4 9.6 6.7 1.3 10.9 

The error associated is 10%. 

The fluorescent quantum yields of the dyes changes depending on the media, indeed 

at higher viscosity the fluorescent quantum yield of a dye usually increases39. Similar 

behavior is observed for DiI and DiD in ethanol and placed in CTAB-Quatsomes. In this 

case, the fluorescent quantum increases when dyes are located at the membrane, which 

maybe it is caused by the restriction in their movement. This behavior is intensified with 

the DiD, maybe because it tends to be more aggregated than the DiI. What is important to 

highlight is that the fluorescent quantum yield of the DiI, the donor, is reduced when it is 

placed in the FRET-loaded CTAB-Quatsomes. This is caused because the energy of the 

DiI is transferred to the DiD, reinforcing the idea that the FRET phenomenon is occurring. 

Brightness 
An ideal fluorescent bioprobe for microscopy should possess among other attributes, high 

brightness. Therefore, theoretical brightness per particle (Brightness QS) was determined 

as it provides a more representative approximation of the brightness enhancement of the 

FRET-loaded CTAB-Quatsomes compared to the single fluorophore molecules in CTAB-

Quatsomes. 
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In order to calculate the brightness per Quatsome, Equation 4.2 was employed. This 

relates the brightness of a single fluorescent Quatsome with the fluorescent quantum yield. 

 BrightnessQS = εQS x ϕF (4.2) 

where εQS is the molar extinction coefficient of the Quatsome at the maximum 

wavelength, and ϕF is the fluorescent quantum yield determined previously. 

Therefore, the first point to calculate the brightness of our CTAB-Quatsomes we must 

calculate the molar extinction coefficient (εQS) of the dye-loaded CTAB-Quatsomes, 

considering the CTAB-Quatsomes as a single fluorescent entity, in the maximum 

wavelengths. To know the molar extinction coefficient of these dye-loaded CTAB-

Quatsomes, we diluted the sample several times in water and then, as we know the 

concentration of Quatsomes with the NTA technique (particles/mL), we can determine, 

through the Lambert-Beer law, the molar extinction coefficient of the Quatsomes plotting 

the absorbance of the Quatsome’s dilutions in front the Quatsome’s concentrations (in 

molar). The results are summarized in Table 4.13. 

Table 4.13.: Comparison of dye brightness and per CTAB-Quatsomes. 

Sample 
name 

[QS]  
(part./mL) x1011 a 

[QS]  
(M) x10-8 b 

εQS  
(M-1cm-1) x108 c 

BrightnessQS  
(M-1 cm-1) x106 d 

C-QS-I 175 ± 15 2.9 ± 0.2 3.0 29.2 

C-QS-D 78 ± 6 1.3 ± 0.1 9.3 62.4 

C-QS-I:D-
100 (DiI) 

68 ± 4 1.1 ± 0.1 6.0 7.8 

C-QS-I:D-
100 (DiD) 

68 ± 4 1.1 ± 0.1 6.8 73.8 

a Concentration of CTAB-Quatsomes obtained by NTA technique in particles/milliliter. b The same 
concentration of CTAB-Quatsomes in molar (moles/liter), obtained through the Avogadro’s number. c Molar 
extinction coefficient of dye-loaded CTAB-Quatsome in water at the maximum absorption wavelength. 
d Brightness per CTAB-Quatsome. 

The molar extinction coefficients obtained per particle were then multiplied by the 

fluorescent quantum yield (following Equation 4.2) obtaining the brightness per CTAB-

Quatsomes. The values of brightness obtained are displayed in Table 4.13. The resultant 

brightness of the CTAB-Quatsomes loaded with one or two dyes are similar or higher to 

those of the most common quantum dots40 and dye-loaded polymeric nanoparticles41, 

which show values on the range of 106 and 108 M-1 cm-1. The value of the brightness of 

the FRET-loaded CTAB-Quatsomes for the emission of the DiD is the highest one, which 

is caused by the FRET phenomenon. These results clearly remark the high potential of 

dye-loaded CTAB-Quatsomes as fluorescent bioprobes. 
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4.3.4. Stability on time and photodegradation 

In this section, the stability of the FRET-loaded CTAB-Quatsomes has been studied, 

regarding their stability on time and their photodecomposition when the Quatsomes are 

irradiated with high energy light sources. In order to have good imaging bioprobes, it is 

important that they are stable on time and when also they are irradiated with a light source. 

Long-term stability 
The stability on time of the FRET-loaded CTAB-Quatsomes was studied for 8 months. 

First, we analyzed changes in the absorption and emission spectra (Figure 4.19a and b). 

No significant changes were observed on the progression of time, thus it can be concluded 

that the dyes remain inside the CTAB-Quatsomes as monomers, without any leaks during 

these 8 months neither forming of aggregates. The lack of blue- or red-shifts on the main 

absorption bands clearly indicates the stability of those dyes in the CTAB-Quatsomes 

membranes. Similar to absorption spectra, emission spectra (Figure 4.19b) it remains 

unchangeable on time, pointing out the stable spectroscopic properties of the dyes 

embedded in the CTAB-Quatsomes’ membrane, for at least, 8 months. Therefore, the 

CTAB-Quatsomes remained stable regarding the absorption and emission. 

 
Figure 4.19.: Stability of FRET loaded CTAB-Quatsomes with 100 µM (C-QS-I:D-100) over time: a) absorption 
and b) emission spectra, and c) absorption and emission (λem = 710 nm) spectra for FRET calculations. 
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Furthermore, we determined if the FRET efficiency changed for this period. In this 

regard, the absorption and excitation (recorded exciting at 710 nm) spectra were 

compared. As shown in Figure 4.19 there are no significant differences between 

absorption and excitation spectra on time, pointing again the long-term stability of the 

fluorescent colloidal system. When FRET efficiencies were calculated, the data 

demonstrates no appreciable changes in the efficiency values for the 8 months (Table 

4.14), with the mean FRET efficiency around 83%. 

Table 4.14.: Stability on time of FRET efficiency. 

Time (months) FRET efficiency (%) 

0 85 ± 4 

1 82 ± 4 

3 87 ± 4 

6 82 ± 4 

8 79 ± 4 

The calculated FRET efficiency has an associated error of 5%. 

Photochemical decomposition 
Photostability is another stringent requirement for bioimaging applications due to the 

prolonged or repeated irradiation of the probe40. Photodecomposition is a process by which 

a molecule undergoes photoinduced chemical decomposition upon absorption of light and 

it is a crucial parameter that determines the applicability of dyes in imaging and other 

applications involving laser-induced fluorescence. Photostability, or lack thereof, is often 

considered the Achilles Heel of organic photonic materials, herein those studies are critical 

to determining the robustness and limitations of dye-loaded Quatsomes as bioprobes. 

To study the photodecomposition, the sample was irradiated with a laser whose 

wavelength is near the maximum absorption wavelength of each dye. As the samples with 

FRET are exited with the donor’s wavelength, the photostability was measured using the 

donor’s wavelength. Thus, the photodecomposition of the DiI in ethanol, CTAB-

Quatsomes-DiI, and CTAB-Quatsomes-DiI:DiD-100 µM were measured exciting with a 

laser of 532 nm, which are near the maximum of absorption of the DiI (Figure 4.20a - d). 

In order to see the degree of photodegradation of the acceptor (DiD) at the wavelength of 

the donor (DiI), the DiD was also irradiated with 532 nm, although their absorption was 

much lower. We expect a significant lower photodegradation quantum yield in this case 

instead when the same sample was excited with a laser near the DiD’s maximum 

absorption. Meanwhile, the DiD in ethanol and CTAB-Quatsomes-DiD were excited at 
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650 nm, which is near the maximum of the DiD absorption (Figure 4.20e and f). The 

changes of the maximum peak of absorption on time of each sample are plotted in Figure 

4.20g. 

Due to the different solvents, the photostability of DiI and DiD in ethanol, cannot be 

compared with the photostability of dye-loaded CTAB-Quatsomes dispersed in water. The 

DiI in ethanol is maintained stable, as well as the DiD in ethanol when it is irradiated with 

532 nm laser. On the contrary, when the DiD in ethanol is irradiated with 650 nm, it 

becomes less photostable. This can be caused because the DiD absorption is only 1% 

when it is excited with 532 nm laser, so it is less affected. Therefore, in ethanol, the DiI is 

more photostable than the DiD. This fact could be related to the chemical structure itself 

of each dye, where the longer conjugated bridge of the DiD could accelerate the formation 

of reactive oxygen species and thus, the degradation of the dye. This is caused because 

the DiD is more prompt to form π-π interactions due to the longer conjugated bridge, and 

then, the presence of those aggregates may be partially responsible for the faster 

degradation for DiD in comparison to DiI. 

When the dyes are placed in the CTAB-Quatsomes (which are in water), they become 

less photostable, mainly related to the presence of a higher concentration of O2 in the 

environment of the dye, which undergoes to the photodegradation by an oxidative 

mechanism42. All of the maximum absorption peaks decreases, but at different degrees. 

The DiI in CTAB-Quatsomes decreases less than DiD, so the DiI in CTAB-Quatsomes is 

more photostable than DiD, inclusive when both are in the same Quatsome. Those 

differences follow the same trend when dyes are in ethanol. Thus, the structure of the dyes 

also impacts on the dyes’ photodegradation when these are placed in the CTAB-

Quatsomes. 
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Figure 4.20.: Kinetic changes in the absorption of a) DiI in ethanol, b) DiI in ethanol, c) C-QS-I (in water), d) C-
QS-I:D-100 (in water), upon excitation with 532 nm laser (with a laser’s intensity of 8.15 mW/cm2), e) DiD in 
ethanol and f) C-QS-D (in water) upon excitation with 650 nm laser (11 mW/cm2 of intensity), and g) normalized 
maximum absorptions with irradiation times of the different samples. 

In order to quantify the photochemical stability under one-photon excitation, the 

quantum yields of the photoreactions (ϕph) were calculated (Table 4.15), analyzing the 

temporal dependences of the optical density at the maximum of the absorption band (see 

Section 7.4.6 of Chapter 7 for the description of the protocol). As larger is the 

photodegradation quantum yield, less photostable will be the dye. 
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Table 4.15.: Estimated photodegradation quantum yields of the dyes in ethanol or in CTAB-Quatsomes.  

Samples 
name 

DiI in 
EtOHa 

DiD in 
EtOHb 

C-QS-Ia C-QS-Db 
C-QS-I:D-
100 (DiI)a 

C-QS-I:D-
100 (DiD)a 

ϕph (%) x10-6 0.05  5.8 7.5 37.3 3.7 22.3 

a The sample was excited at 532 nm (with a laser’s intensity of 8.15 mW/cm2), b at 650 nm (11 mW/cm2 of 
intensity). The values obtained have an error associated of 12%. 

The DiI in ethanol and in CTAB-Quatsomes present lower photodegradation quantum 

yields if they are compared with the DiD in ethanol and in CTAB-Quatsomes, respectively. 

Moreover, the estimated photodegradation quantum yield of the CTAB-Quatsomes-DiD is 

about 12 times less than DiD encapsulated in Pluronic micelles in water (ϕph = 44×10-5)41, 

demonstrating a superior photostability of DiD entrapped in the CTAB-Quatsomes’ 

membrane in comparison to micelles. This difference is likely due to the more rapid 

photodegradation of carbocyanine aggregates43, which are more abundant in micelles 

than in CTAB-Quatsomes. Furthermore, the photodegradation quantum yield of the DiD in 

C-QS-I:D-100 is of the same order of magnitude as in C-QS-D, even though the laser used 

for C-QS-I:D-100 mainly excites DiI. These results confirm highly efficient energy transfer 

from DiI to DiD. For DiI, the same trends were observed, as DiI is more photostable in 

presence of the acceptor (C-QS-I:D-100) than without (C-QS-I) due to the altered kinetics 

of the donor’s excited state in presence of the acceptor7. 

Overall, the photodegradation quantum yield obtained for the FRET-loaded CTAB-

Quatsomes confirms their high photostability, suggesting their potential for bioimaging 

purposes. 

4.3.5. Summary 

The FRET-loaded CTAB-Quatsomes showed optimal optical properties to be used as 

imaging bioprobes. They showed high brightness and low photodegradation quantum yield 

in comparison to the commercially available fluorescent nanoparticles. Moreover, the 

FRET signal is stable for almost 8 months showing no dyes’ leakage. 
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4.4. Cellular response 

Having optically characterized FRET-loaded CTAB-Quatsomes, and assessed their 

potential for bioimaging, the CTAB-Quatsomes-DiI:DiD 100µM were evaluated in 

biological systems. Here, as a first approach, it is reported the cellular viability, the 

internalization, and the FRET emission. 

4.4.1. Cellular viability 

Cell viability test was conducted for CTAB-Quatsomes-DiI:DiD-100 µM in commonly 

employed cancer and non-tumoral cell lines, namely HeLa and CHO-K1, respectively. The 

HeLa cells are human cells that were derived from cervical adenocarcinoma cells which 

are the most wide-used tumoral cells. Contrary the CHO-K1 cell line is healthy epithelial 

cells from an ovary of a Chinese hamster. These cells were selected because both come 

from the same organ (ovary). Both types of cells were grown adhered to the substrate, 

thus, the CTAB-Quatsomes were incubated with a monolayer of cells. 

This study was carried out using the MTT assay (see Section 7.6.2 off Chapter 7 for 

further information). HeLa and CHO-K1 cells were cultured in DMEM and RPMI (Roswell 

Park Memorial Institute) 1640 cell medium respectively, both supplemented with 10% of 

FBS, 1% of penicillin and streptomycin at 37 ºC and 5% CO2 until they were 5x103 cells 

per plate. Then cells were incubated with different concentrations of FRET-loaded CTAB-

Quatsomes, from 0.01 to 10 µg/mL diluted in DMEM or RPMI, for 22 hours. After removing 

the suspension, the cells were treated with the MTS reagent (CellTiter 96 AQueous One 

Solution) for 2 h. Finally, the cell viability was calculated reading the absorbance at 

490 nm. Moreover, in order to compare the results, we also treated the cells with the same 

concentrations of plain CTAB-Quatsomes and with CTAB surfactants, which this last will 

be in dispersed as monomers because the concentrations are lower than the CTAB CMC 

(364.4 µg/mL in water at 25 ºC). 

Figure 4.21a shows the cell viability after 22 h of incubation with several 

concentrations of FRET-loaded CTAB-Quatsomes (C-QS-I:D-100), demonstrating low 

cytotoxicity for both cell lines up to a 5 µg/mL concentration. Moreover, in order to assess 

the origin of the cytotoxicity from the nanomaterial (i.e., surfactant or dye), an additional 

MTT assay was carried out with CTAB in suspension and plain CTAB-Quatsomes at the 

same concentration that CTAB in CTAB-Quatsomes, at the same cell lines. Thus, Figure 

4.21b presents the cell viability of HeLa cells incubated with CTAB, plain CTAB-

Quatsomes (C-QS), or FRET loaded CTAB-Quatsomes (C-QS-I:D-100). The cell viability 

with plain CTAB-Quatsomes (C-QS) and CTAB surfactant in water in HeLa cells provides 
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evidence that the cytotoxicity is primarily due to the free quaternary ammonium surfactant 

and not significantly affected by the presence of dye, as has been reported for fluorenyl-

loaded CTAB-Quatsomes23. Therefore, the nanostructuring of the CTAB molecules in 

CTAB-Quatsomes has an important impact on the cell viability, being the CTAB-

Quatsomes and FRET-loaded CTAB-Quatsomes less cytotoxic. 

 
Figure 4.21.: MTT cell viability assays: a) Cell viability assay of HeLa and CHO-K1 cells with C-QS-I:D-100 at 
various concentrations. The concentration of C-QS-I:D-100 was expressed as the final concentration of 
cholesterol and CTAB. b) Cell viability assay of HeLa cells incubated with CTAB surfactant dissolved in water, 
plain CTAB-Quatsomes (C-QS), and FRET-loaded CTAB-Quatsomes (C-QS-I:D-100), all solutions added in 
aqueous media at various concentrations. The concentration expressed corresponds to the sum of cholesterol 
and CTAB for the CTAB-Quatsomes, meanwhile, the CTAB concentration corresponds to the concentration 

of CTAB in the CTAB-Quatsomes. Each measurement corresponds to the mean and the error of three assays. 

4.4.2. Cellular uptake 

The next step of the study consisted of elucidating the cellular distribution of C-QS-I:D-

100, thus colocalization experiments were conducted with HeLa and CHO-K1 cells (see 

Section 7.7.2 of Chapter 7 for more information). 

Based on the previous results, it is expected that CTAB-Quatsomes accumulate at the 

lysosome, thus, LysoTracker Green was employed to determine potential organelle 

selectivity. 4×104 cells per dish of HeLa and CHO-K1 cells were placed in confocal dishes 

for 24 h at 37 ºC. After, the cells were incubated with 0.5 µg/mL of FRET-loaded CTAB-

Quatsomes diluted in DMEM or RPMI for 2 h. Then cells were washed three times with 

PBS in order to remove the non-internalized CTAB-Quatsomes, and the live cell imaging 
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solution (Molecular Probes) was added to confocal dishes. 400 nM of LysoTracker Green 

was added 1 h before cell imaging. Finally, the images were merged in order to see the 

colocalization of the CTAB-Quatsomes and the lysosomes. Moreover, cells were 

visualized with differential interference contrast (DIC) to see their morphology and their 

localization. 

 
Figure 4.22.: Colocalization images of HeLa and CHO-K1. Cells were incubated with 0.5 μg/mL of C-QS-I:D-
100 for 2 hours at 37 ºC, 400 nM of LysoTracker Green was incubated with cells for 1 h before the cell imaging. 
Images recorded using 60x oil immersion objective. 

Fluorescence images collected for cells coincubated with LysoTracker Green and 

C-QS-I:D-100 illustrate that their localization is highly coincident (Figure 4.22). The 

Pearson’s correlation coefficient was used in order to determine the colocalization of the 

two signals, where a value of Pearson’s correlation coefficient near to 1 means that the 

two emission signals are more overlapped. In these assays, the Pearson’s correlation 

coefficient obtained was 0.88 and 0.80 for HeLa and CHO-K1, respectively, indicating that 

lysosomes are the main organelle for CTAB-Quatsomes localization in cells. 

4.4.3. FRET bioimaging 

Finally, in order to visualize if the FRET signal is preserved inside the cells, it was analyzed 

by fluorescence imaging the FRET emission of FRET-loaded CTAB-Quatsomes incubated 

with HeLa and CHO-K1 cells (see Section 7.7.2 of Chapter 7 for further information). 

For this analysis, 4×104 cells per dish of HeLa and CHO-K1 cells were placed in 

confocal dishes for 24 h at 37 ºC. Then the cells were incubated with 0.5, 1, and 5 µg/mL 

diluted in DMEM or RPMI of FRET-loaded CTAB-Quatsomes for 2 h. After that, the cells 

were washed with PBS three times and the live cell imaging solution (Molecular Probes) 

was added to confocal dishes. Fluorescent images were obtained using exciting the 

samples with two filter cubes: a TRITC filter cube (λexc = 532/40 nm and λemi = 584/40 nm) 

for DiI and a customized filter cube (λexc = 482/40 nm, λemi = 624/40 nm) for FRET 

emission. Finally, the images were merged in order to see the emission colocalization. 
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Figure 4.23 shows the fluorescence emission of C-QS-I:D-100 at different emission 

wavelengths for HeLa and CHO-K1 cells. First, the optimal concentration of fluorescent 

CTAB-Quatsomes was determined on the basis of the previous cytotoxicity analysis and 

a screening of concentrations in fluorescence imaging of 0.5, 1, and 5 μg/mL. The images 

with the best signal recorded were the ones with 0.5 μg/mL because the images had not 

saturated signal and the structures could be clearly observed, together with that in this 

concentration the FRET-loaded CTAB-Quatsomes did not present toxicity. 

Importantly, FRET emission of C-QS-I:D-100 and their colocalization with DiI emission 

manifest the integrity of the CTAB-Quatsomes membrane inside the cells (healthy and 

cancer lines) and its stability at least for the period of time under study. There are no 

significant differences between the healthy and the tumoral cells, so the FRET signal and 

therefore the CTAB-Quatsomes are mostly preserved in both types of cells. 

 
Figure 4.23.: Fluorescence images of HeLa (top) and CHO-K1 (bottom) cells incubated with different 
concentrations of C-QS-I:D-100 for 2 h at 37 ºC. Differential interference contrast (DIC), fluorescence images 
of DiI (λexc = 532/40 nm; λemi = 585/40 nm), FRET fluorescence (λexc = 482/40 nm; λemi = 624/40 nm), and 

merged images. Images recorded using 60x oil immersion objective. 

These results confirm the good biocompatibility of C-QS-I:D-100 and their capability 

of introducing specific organic fluorophores (and, potentially, drugs) into the cell since the 

CTAB-Quatsome membrane integrity was ensured. 
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4.4.4. Summary 

Summarizing, we have developed a new fluorescent organic nanoparticle based in CTAB-

Quatsomes that have the ability to exhibit FRET phenomenon with outstanding properties. 

FRET-loaded CTAB-Quatsomes were stable in cell media and they maintained their 

integrity inside the cells, where they mainly localized in lysosomes. Moreover, the FRET 

signal was preserved inside the cells.  

These results encourage us to translate all of this knowledge to the new MKC-

Quatsomes, developed in this Thesis, in order to be used as a bioimaging intravenous 

nanoparticles. 
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4.5. FRET in IV Quatsomes 

CTAB-Quatsomes have already demonstrated optimal properties in terms of 

photophysical properties, however, regarding intravenous delivery, the nature of this 

nanostructure could represent a drawback. As reported in Chapters 2 and 3, MKC is an 

ionic surfactant used in parenteral administrations. For this reason, we implemented the 

FRET in MKC-Quatsomes, and we deeply characterized the cellular response with them. 

4.5.1. FRET-loaded MKC-Quatsomes 

The FRET-loaded MKC-Quatsomes were produced with the same methodology as the 

CTAB-Quatsomes were prepared (see Section 7.2.1 of Chapter 7 for DELOS-SUSP 

process). As the MKC-Quatsomes are not stable in pure water, the MKC was dispersed in 

100 mM PBS. Then the new fluorescent MKC-Quatsomes were diafiltrated in 100 mM PBS 

(see Section 7.2.3 of Chapter 7). The theoretical final concentration of MKC-Quatsomes 

was 3.86 mg/mL with a dye loading of 70 µM, which corresponds to the same theoretical 

relation between the dyes and the CTAB-Quatsomes (see Table 7.3 of Chapter 7). 

The MKC-Quatsomes prepared (Figure 4.24) were: plain MKC-Quatsomes (M-QS) in 

order to compare their physicochemical properties, MKC-Quatsomes loaded with DiI and 

MKC-Quatsomes loaded with DiD (M-QS-I and M-QS-D, respectively), to use them as 

controls, and FRET-loaded Quatsomes (M-QS-I:D) which have the same relation dyes and 

membrane components as the most efficient FRET-loaded CTAB-Quatsomes determined 

at Section 4.2.2. 

 
Figure 4.24.: MKC-Quatsomes prepared in this section: a) plain MKC-Quatsomes (M-QS), b) DiI-loaded MKC-
Quatsomes (M-QS-I), c) DiD-loaded MKC-Quatsomes (M-QS-I) and FRET-loaded MKC-Quatsomes (M-QS-
I:D). 

The final concentrations, bulk and local, and the loadings of the dyes were calculated 

for the dye-loaded MKC-Quatsomes (applying Equation 4.1 and the protocol in Section 

7.4.2 of Chapter 7). The results are displayed in Table 4.16. The bulk final dye 

concentrations slightly changed from the theoretical concentrations due to the processing 

of the samples by DELOS-SUSP and diafiltration. Contrary, the FRET-loaded MKC-

Quatsomes (M-QS-I:D) has the same total loading of the CTAB-Quatsomes-I.D-100 µM 
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(C-QS-I:D-100), which is the sample with the best FRET efficiency. As the CTAB-

Quatsomes, the local dye concentrations are three orders of magnitude larger than the 

bulk concentrations, because the dyes are organized (nanostructured) in the MKC-

Quatsomes’ membrane and not solubilized homogenously in the solution. 

Table 4.16.: Final concentration and loading of each dye in the different samples of MKC-Quatsomes. 

Sample  
name 

[Dye]bulk (µM)a 
Dye mass loading  

(x10-3)b 
[Dye]local (mM)c 

DiI DiD DiI DiD DiI DiD 

M-QS-I 30 - 8.3 - 43 - 

M-QS-D - 62 - 18.1 - 44 

M-QS-I:D 51 43 13.4 11.3 75 63 

a The bulk dye concentration refers to the concentration of dye in the whole sample. b The dye mass loading 
corresponds to the mass of dye loaded in the MKC-Quatsomes per mass of MKC-Quatsome. c The local dye 
concentration refers to the concentration of dye in the MKC-Quatsomes membrane. 

Physicochemical properties 
These fluorescent MKC-Quatsomes were physiochemically characterized using the 

NTA technique in order to know their size profile and their concentration. Figure 4.25 

shows the size distribution profiles of the four MKC-Quatsomes. The four samples have 

similar dimensions, with diameters of ca. 150 nm, being the majority smaller than 200 nm. 

In these distributions the error bars are less significant, suggesting a higher homogenous 

distribution. The screenshots of the NTA videos, also demonstrate that the analysis by 

NTA has been performed correctly, corroborating the light signal recorded by the NTA with 

the nanoparticles under study. 
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Figure 4.25.: Size distribution profiles measured by NTA (left) and cryo-TEM images (right) of a) plain MKC-
Quatsomes (M-QS), b) DiI-loaded MKC-Quatsomes (M-QS-I), c) DiD-loaded MKC-Quatsomes (M-QS-D) and 
FRET-loaded MKC-Quatsomes (M-QS-I:D). Insets show screenshots from the NTA videos. The error bars 
correspond to three different measurements. 



  Chapter 4  

183 
 

The hydrodynamic sizes, regarding the mean and mode sizes, and the MKC-

Quatsomes’ concentration appear in Table 4.17. Taking into account the variability related 

to the NTA analysis, all the MKC-Quatsomes have similar results concerning the sizes and 

the concentrations. The MKC-Quatsome concentrations are about billions of particles per 

milliliter (1012 particles/mL) which are similar to the CTAB-Quatsomes’ concentrations. 

Moreover, there is a slight tendency of MKC-Quatsomes to be larger than the CTAB-

Quatsomes. 

Table 4.17.: Hydrodynamic diameters and concentration of plain and single-dye and FRET-loaded MKC-

Quatsomes. 

Sample 
Hydrodynamic 

diameter mean (nm) 
Hydrodynamic 

diameter mode (nm) 
Concentration  
(part./mL) x1011 

M-QS 155 ± 1 127 ± 6 57 ± 1 

M-QS-I 152 ± 1 117 ± 5 64 ± 2 

M-QS-D 127 ± 2 105 ± 1 128 ± 4 

M-QS-I:D 156 ± 2 135 ± 6 62 ± 1 

The hydrodynamic diameters and the concentrations are obtained with the NTA technique, which measures 
three times the same sample, obtaining each value with its standard error. 

Figure 4.25 also reports images of the MKC-Quatsomes acquired through cryo-TEM. 

The vesicles are homogeneous regarding their morphology and the presence of big 

structures is not observed. The four MKC-Quatsomes have the same unilamellar oval 

shapes. This characteristic is typical of diafiltrated MKC-Quatsomes, as it is described in 

Chapter 2. It is evidenced that the dyes in the MKC-Quatsomes do not affect in their 

structures. 

Optical properties 
The optical properties of the FRET-loaded MKC-Quatsomes were, then, determined 

(Figure 4.26). The absorption and emission of the single-dye loaded MKC-Quatsomes (M-

QS-I and M-QS-D) were pretty similar to the absorption and emission spectra of the dyes 

(Figure 4.26a and b). The presence of H-dimers is negligible in these samples because 

the secondary peaks (519 nm and 606 nm, for DiI and DiD respectively) of each MKC-

Quatsomes absorption spectra are less pronounced. The absorption spectrum of the 

FRET-loaded sample (Figure 4.26c) shows that the DiI and the DiD have been 

successfully incorporated in the membrane mainly as monomers. Moreover, the FRET-

loaded MKC-Quatsomes emission spectrum reveals the FRET phenomenon (Figure 

4.26d), because the emission of the DiD is much larger than the DiI emission when only 

DiI is excited, thus, the emission is transferred to the DiD. 
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Figure 4.26.: a) Absorption and emission (λexc = 490 nm) spectra of M-QS-I, b) absorption and emission 
(λexc = 590 nm) spectra of M-QS-D, c) absorption and excitation (λemi = 710 nm) spectra of FRET-loaded MKC-
Quatsomes and d) its emission spectrum (λexc = 490 nm). 

With the comparison of the absorption and excitation spectra of the FRET-loaded 

MKC-Quatsomes (Figure 4.26c), the FRET efficiency was determined following the same 

methodology previously mentioned (see Section 4.2.2). These MKC-Quatsomes have a 

FRET efficiency of 74% (± 4%). This value obtained is smaller than the CTAB-Quatsomes, 

but high enough compared to other nanoparticles exhibiting FRET with carbocyanine 

dyes9–11,21. This fact could be related to the different chemical structure between CTAB 

and MKC, which the phenyl group from this last could provide a different environment to 

the dyes, changing their movements in the bilayer. 

In Table 4.18 appears the maximum absorption and emission wavelengths of the three 

dye-loaded MKC-Quatsomes. The maximums are similar to the dyes in ethanol. Moreover, 

the presence of FRET is reflected in the Stokes shift, which increases about 100 nm 

respect the single-dye-loaded MKC-Quatsomes. 
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Table 4.18.: Maximum absorption and emission wavelengths and their corresponding Stokes shift of the 
samples dye-loaded MKC-Quatsomes. 

Sample name λabs
max

 (nm) λemi
max

 (nm) Stokes shift (nm) 

M-QS-I 551 569 18 

M-QS-D 647 671 24 

M-QS-I:D 552 672 120 

The error associated is ± 1 nm. 

For the dye-loaded MKC-Quatsomes, the lifetime and the photodegradation quantum 

yield were determined. The lifetimes obtained are shown in Table 4.19. It is worthy to 

mention that the acquisition of the lifetimes of the MKC-Quatsomes was challenging, and 

the results are not so precise, because of the presence of salts in the medium. But 

important tendencies can be observed. The dyes are more restricted in terms of movement 

in the MKC-Quatsomes than in ethanol where they are in solution, then the lifetimes are 

longer when they are located in membranes than in ethanol. In the FRET-loaded sample, 

the lifetime of the DiI is shorter when the DiI is alone in the membrane, meaning that the 

FRET phenomenon is occurring. These statements are in line with the obtained with the 

CTAB-Quatsomes. 

Table 4.19.: Estimated lifetimes of each dye of the dye-loaded MKC-Quatsomes. 

Sample 
name 

DiI  
in EtOH 

M-QS-I 
M-QS-I:D 

(DiI) 
DiD  

in EtOH 
M-QS-D 

M-QS-I:D 
(DiD) 

Lifetime 
(ns) 

0.40 1.33 0.48 0.78 2.20 1.50 

They have associated an error of 5%. 

Finally, the photochemical decomposition of dyes in MKC-Quatsomes was determined 

following the same protocol as the CTAB-Quatsomes (Section 4.3.4). The changes of the 

adsorption were acquired while the sample was irradiated with the proper laser for each 

dye. The absorption changes on time were reported in Figure 4.27. The DiD-loaded MKC-

Quatsomes and the DiD in ethanol have more changes, so they are less photostable, 

characteristic shared with the CTAB-Quatsomes. But, in this case, the DiD of the FRET-

loaded MKC-Quatsomes seems to be more photostable than in the CTAB-Quatsomes. 

Finally, the DiI single-dye and FRET-pair in MKC-Quatsomes follow the same trend as in 

CTAB-Quatsomes. 
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Figure 4.27.: Normalized maximum absorptions with irradiation times of the different dye loaded MKC-

Quatsomes. 

In order to quantify and compare the results, the photodecomposition quantum yields 

were calculated Table 4.20. All the values obtained have the same order of magnitude 

and are similar to the photodecomposition quantum yields of dyes in the CTAB-

Quatsomes. As it is expected the MKC-Quatsomes-DiD are less photostable compared 

with the other systems. But, one of the main differences with the CTAB-Quatsomes is the 

DiD in the MKC-Quatsomes-DiI:DiD, which is surprisingly more photostable, suggesting 

that this system is a suitable probe for bioimaging. However, it is important to take into 

account the different media where each colloidal system is suspended, CTAB-Quatsomes 

in water vs. MKC-Quatsomes in saline solution. For a totally fair comparison, the media 

between samples should be the same.  

Table 4.20.: Estimated photodegradation quantum yields of the dyes in ethanol or in MKC-Quatsomes. 

Samples name M-QS-Ia M-QS-Db M-QS-I:D (DiI)a M-QS-I:D (DiD)a 

ϕph (%) x10-6 1.6 47.9 2.1 7.8 

a The sample was excited with a laser of 532 nm (with an intensity of 8.15 mW/cm2), b at 650 nm (intensity of 
11 mW/cm2). The values obtained have an error associated of 12%. 

If the results are compared with other systems reported in the literature, the MKC-

Quatsomes-DiD have photodegradation quantum yield much larger than the DiD-loaded 

Pluronic micelles41, demonstrating a superior photostability of DiD entrapped in the MKC-

Quatsomes’ membrane than in micelles. Because the dyes in MKC-Quatsomes’ 

membranes are more dispersed as monomers than in aggregates, which leads with higher 

photostability43. 

All of these results confirm that the MKC-Quatsomes have good properties to load 

DiI:DiD FRET-pair dyes, and therefore to be used as imaging agents. So, it is important to 

evaluate their response as bioimaging agents. 
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4.5.2 Cellular response of FRET loaded MKC-Quatsomes 

In a similar trend as previous studies with CTAB-Quatsomes, the cellular response against 

the FRET-loaded MKC-Quatsomes were studied. Different studies were performed 

including cellular viability, cellular uptake, and FRET bioimaging. 

Cellular viability 
The first experiment carried out was the cellular viability. For this assay, the same MTT 

protocol was employed with four cell types: CHO-K1 and COS-7 healthy cells and HeLa 

and MCF-7 tumoral cells. CHO-K1 and HeLa cells were used also for the cell viability test 

of CTAB-Quatsomes. Furthermore, the COS-7 cell line came from the African green 

monkey’s kidney, which is fibroblast-like cells. On the other side, the MCF-7 cell line came 

from a human breast adenocarcinoma, which is tumoral epithelial cells. HeLa, COS-7, and 

MCF-7 cells were cultured with DMEM, while CHO-K1 cells were cultured with RPMI 

medium; both mediums were supplemented with 10% of FBS, 1% of penicillin and 

streptomycin. The protocol used was the same performed with the CTAB-Quatsomes (see 

Section 7.6.2 off Chapter 7). But, in this case, we incubated cells with FRET-loaded MKC-

Quatsomes between 0.01 and 20 µg/mL final concentration. 

In Figure 4.28a are the cell viability results using the tumoral cell lines, while in Figure 

4.28b there are represented the results with the healthy cells. The same trend is observed 

in the four types of cells. The cell viability decreases drastically between 5 and 10 µg/mL 

of MKC-Quatsomes. From this study, it can be withdrawn that no significant differences in 

cytotoxicity are appreciated comparing the healthy and tumoral cells. Specifically, it seems 

that in HeLa cells the MKC-Quatsomes become more toxic with less concentration, a 

similar trend is observed with COS-7 cells. 

Figure 4.28c compares the cell viability in HeLa cells incubating with FRET-loaded 

MKC-Quatsomes (M-QS-I:D) and plain MKC-Quatsomes (M-QS). An identical trend is 

observed, so the dyes in the Quatsomes’ membrane do not change the cell viability of 

MKC-Quatsomes. This clearly indicates that the cytotoxicity of the nanomaterial is not 

influenced by the dyes in the FRET-loaded MKC-Quatsomes. 
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Figure 4.28.: Cell viability of FRET-loaded MKC-Quatsomes with a) tumoral cells (HeLa and MCF-7 cell lines) 
and b) healthy cells (CHO-K1 and COS-7 cell lines). c) Cell viability in HeLa cells incubating with FRET-loaded 
MKC-Quatsomes (M-QS-I:D) and plain MKC-Quatsomes (M-QS). The concentration of FRET-loaded MKC-
Quatsomes or plain MKC-Quatsomes was expressed as the final concentration of cholesterol and MKC. Each 

measurement corresponds to the mean and the error of three assays. 

Cellular uptake 
As a second step, the distribution of these FRET-loaded MKC-Quatsomes was evaluated. 

The MKC-Quatsomes were incubated with HeLa and CHO-K1 cells (see Section 7.7.2 of 

Chapter 7 for the protocol performed) and similar results of Chapter 3 were expected, 

which showed the localization of plain MKC-Quatsomes in lysosomes. For this reason, the 

same experiment carried out with the CTAB-Quatsomes was performed; 0.5 µg/mL of 
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FRET-loaded MKC-Quatsomes were incubated 2 hours with both cell types, previously 

stained with LysoTracker Green, which labels the lysosomes. 

 
Figure 4.29.: Colocalization images of HeLa and CHO-K1. Cells were incubated with 0.5 μg/mL of M-QS-I:D 
for 2 hours at 37 ºC, and 400 nM of LysoTracker Green was incubated with cells for 1 h before the cell imaging. 
Images recorded using 60x oil immersion objective. 

The fluorescence images obtained are shown in Figure 4.29. In the first column, there 

are the cells viewed through the DIC, which allows seeing their morphology without 

straining. The second column shows the localization of the lysosomes. In, the third column 

the localization of the FRET-loaded MKC-Quatsomes recording the DiI emission. And 

finally, the last column is the superposition of the two emission signals. As can be 

observed, the FRET-loaded MKC-Quatsomes are inside the cells, more precisely they 

colocalize perfectly with the lysosomes for both cell types, health and tumoral cells. The 

Pearson’s correlation coefficient is 0.90 for HeLa cells and 0.89 for CHO-K1 cells, 

indicating this colocalization. 

FRET bioimaging 
Finally, the FRET signal was analyzed with the MKC-Quatsomes-DiI:DiD in order to see if 

these new intravenous Quatsomes are able to be used for bioimaging probes exhibiting 

FRET. Moreover, the FRET signal provides rich information regarding the stability of the 

nanovesicle in cell media or even once endocytosed by the cells.  

The procedure employed was the same used for the CTAB-Quatsomes (see Section 

7.7.2 of Chapter 7). Different concentrations of MKC-Quatsomes-DiI:DiD (0.5, 1, and 

5 µg/mL) were incubated for 2 hours with HeLa and CHO-K1 cells (Figure 4.30). 
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Figure 4.30.: Fluorescence images of HeLa (top) and CHO-K1 (bottom) cells incubated with different 
concentrations of M-QS-I:D for 2 h at 37 ºC. Differential interference contrast (DIC), fluorescence images of 
DiI (λexc = 532/40 nm; λemi = 585/40 nm), FRET fluorescence (λexc = 482/40 nm; λemi = 624/40 nm), and 
merged images. Images recorded using 60x oil immersion objective. 

The images of the different emissions are displayed in Figure 4.30. The second 

column shows the emission of the DiI, while the third column the emission of the DiD is 

observed while the DiI is excited, so it corresponds to the FRET emission. Both emissions 

colocalize, meaning that most of the FRET-loaded MKC-Quatsomes remain stable inside 

the cells and the FRET signal is preserved and visualized. There is no significant difference 

regarding the MKC-Quatsomes concentrations neither the cell type. 

These results confirm the good performance of MKC-Quatsomes loading FRET and 

their capability to preserve the FRET signal when are incubated with cells. For these 
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reasons, the FRET-loaded MKC-Quatsomes show a great potential to be used as 

intravenous bioimaging probes. 

4.5.3. Summary 

In summary, we developed FRET-loaded MKC-Quatsomes which allows the dispersion ad 

stability of DiI and DiD FRET-pair dyes. The FRET-loaded MKC-Quatsomes presented a 

narrow size distribution and a homogenous colloidal suspension in terms of morphology 

and lamellarity. Moreover, the FRET efficiency, the lifetimes, and the photostability were 

determined, achieving optimal results for using the FRET-loaded MKC-Quatsomes for 

bioimaging probes. Finally, these nanovesicles were incubated with different types of cells, 

showing no toxicity in concentrations lower than 5 or 10 μg/mL, and being localized mainly 

in lysosomes. In addition, the FRET-signal was preserved inside the cells. These results 

highlight the use of these Quatsomes for bioimaging intravenous applications. 
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4.6. Summary and conclusions 

In this chapter, we have exploited the FRET phenomenon in Quatsomes. DiI and DiD 

fluorescent indocarbocyanine dyes had been loaded in both CTAB and MKC-Quatsomes. 

First, in CTAB-Quatsomes, we have been able to load simultaneously two different 

dyes into the membrane without leakage and ensuring long-term stability (at least 8 

months). Moreover, we have varied the loading of the dyes without observing major 

differences in the systems, demonstrating the versatility of Quatsomes as nanoplatforms. 

Considering that FRET efficiency is extremely related to the distance between dyes, 

we have calculated not only the FRET efficiency but also the theoretical distances of dyes 

insides the membrane. We have demonstrated that the dyes in Quatsomes move freely 

through the membrane (at the same degree of lipids in a lipid bilayer) through the FRET 

efficiency calculations. It was observed that even though theoretical distances were higher 

than 10 nm (thus, FRET was not expected), FRET was observed at rates of at least 21%. 

Moreover, the optimal system of CTAB-Quatsomes (loaded with 100 µM, DiI:DiD) 

showed a FRET efficiency of 85%, larger than other similar systems that use carbocyanine 

dyes for FRET. Furthermore, the FRET-loaded CTAB-Quatsomes have optimum 

characteristics to be used for bioimaging agents, because the fluorescent quantum yields 

and the brightness are higher compared with other fluorescent nanoparticles, and the 

photodegradation quantum yields are lower than the same dyes in other systems. At last, 

we have demonstrated that the FRET signal of FRET-loaded CTAB-Quatsomes is 

preserved inside the cells, without causing cytotoxicity at concentrations below 5 µg/mL. 

As a result, it can be concluded that the FRET-loaded CTAB-Quatsomes are promising 

probes to be used for bioimaging assays. 

Finally, in order to explore some candidates of FRET-loaded systems to be used for 

intravenous delivery or bioimaging, we transferred the knowledge of the FRET 

phenomenon achieved in CTAB-Quatsomes to the MKC-Quatsomes. Considering the 

advantages of MKC regarding biocompatibility, we repeated the same strategy presented 

for CTAB-Quatsomes in these new nanovesicles. The FRET-loaded MKC-Quatsomes 

presented outstanding physicochemical properties, like homogenous sizes and 

morphology. Moreover, the FRET properties of the FRET-loaded MKC-Quatsomes were 

similar to the ones in CTAB-Quatsomes, and the photophysical properties are not 

compromised by the changes of the surfactant. Furthermore, these nanovesicles showed 

localization in lysosomes and no toxicity below 5 or 10 μg/mL (depending on the cell line) 

was observed. In addition, the FRET signal was also preserved inside the cells. For these 
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reasons, we conclude the FRET-loaded MKC-Quatsomes are potential candidates as 

platforms for intravenous bioimaging. 

As a conclusion of this chapter, we have been able to prepare and physiochemically 

and optically characterize and test in vitro, novel bioimaging nanoplatforms with 

outstanding properties in terms of stability, homogeneity, FRET emission, brightness, and 

photostability. 

These results open the possibility of producing multifunctional nanovesicles for 

theragnostic applications, with optical properties. 
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5 
Tuned Quatsomes and other 

interesting applications 
 

 

5.1. Introduction 

Quatsomes, as other vesicular systems, can be tuned changing their molecular 

compounds and thus, obtaining new properties. Moreover, Quatsomes can be 

multifunctional platforms, because they can be functionalized and can incorporate a wide 

range of (bio-)actives. 

In Figure 5.1 there are reported some of the changes that a Quatsome can 

experience. For example, we can modulate the main components of the Quatsomes: the 

ionic surfactants and/or the sterols. In this case, we can obtain Quatsomes with different 

charges and therefore different properties. For example, if one molecular compound of the 

membrane has the ability to be protonated or deprotonated depending on the media, pH-

sensitive Quatsomes can be prepared1. Besides, we can add fluorescent dyes in 

Quatsomes. Depending on their polarity, the dyes would be located inside the lumen, if 

they are hydrophilic, or would be placed in the membrane, if they are hydrophobic. With 

the presence of these dyes, the Quatsomes will gain optical properties, and therefore they 

can be followed by measuring their fluorescence2–5. This last approach is used in 

Chapter 2 and in Chapter 4 of this Thesis, loading Quatsomes with DiI, DiD, or DiR 

fluorescent carbocyanine dyes, in order to visualize the Quatsomes inside the cells and in 

a live organism and to be used as bioimaging proves. Other hydrophobic fluorescent 

molecules have been loaded, like fluorene-based molecules3 or diketopyrrolopyrroles2. 

Moreover, the surface membrane of the Quatsomes can be functionalized with protecting 

molecules. Such molecules can protect and hide the Quatsome from the bloodstream and 

the immune system6. Besides, their surface can be also functionalized with anchoring 

groups that can recognize a specific molecule located on cell surfaces, being used as a 
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targeting agent7. Also, we can functionalize the Quatsome surface with antibodies that can 

interact with other molecules or peptides of the body. Furthermore, Quatsomes can be 

loaded with (bio-)molecules like proteins or oligonucleotides, which can be used as 

therapeutic agents, or with other applications like sensors or small devices. Some 

approximations have been achieved complexing Quatsomes with some biomolecules, like 

small RNAs (ribonucleic acids)1 or rh-EGF (recombinant human - epidermal growth 

factor)8,9 and BSA (bovine serum albumin) proteins6, or larger inorganic compounds like 

silicon nanocrystals10. 

 
Figure 5.1.: A schematic draw of a Quatsome and its possible tunings. 

Due to the interesting results obtained tuning Quatsomes, in this chapter, we focused 

our research on changing the nature of the molecular compounds of the Quatsomes in 

order to improve or modify their properties, obtained so far. These tunings consist in: i) add 

a protective group on the Quatsome surface to increase their stability, ii) change the nature 

of the ionic surfactant for an anionic surfactant to achieve a new type of negative 

Quatsomes, and iii) introduce a third element, porous silicon nanoparticles, to enhance the 

oligonucleotide loading of Quatsomes. 
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5.2. PEGylated MKC-Quatsomes 

5.2.1. Modifying the protein corona 

Protein corona 
When a nanoparticle is used as an intravenous drug delivery system, we must consider 

possible interactions between the nanoparticle and the blood proteins. These proteins can 

be adsorbed on the nanoparticle’s surface, through a process called opsonization. This 

phenomenon is known as the protein corona11–14. The protein corona has two different 

layers of proteins arranged around the nanoparticle (Figure 5.2): i) the first layer, called 

the hard corona, is composed by proteins that have more affinity toward the nanoparticle, 

and ii) a second layer, the soft corona, composed by the proteins that have less interaction 

with the nanoparticle. The proteins that form the protein corona are in equilibrium with the 

proteins that are not adsorbed. In this sense, the hard corona proteins have higher affinity 

constants, while the ones that are in the soft corona have less affinity constant values15,16. 

 
Figure 5.2.: Scheme of a nanoparticle and the proteins arranged around it forming the protein corona, which 

is divided into the hard corona and the soft corona. 

Depending on the physicochemical properties of the nanoparticles, proteins will have 

different affinities to the surface. The size, the surface charge, and the surface’s chemistry 

control the protein corona14,17. Moreover, the ambient where the nanoparticles are placed 

determines also the type of proteins that are attached. For example, the proteins coronas 

will be different if the nanoparticles are localized in the pancreas or in the gastric system18. 

The protein corona can modify the nanoparticle’s properties: 

1. The presence of the proteins will reduce the charge of the nanoparticle, leading 

to a more aggregation between different nanoparticles. So, the nanoparticles 

could be less stable when they are placed in the bloodstream19. 

2. The proteins can shield some targeting ligands of the nanoparticle. So, the 

nanoparticle will not target the desired cells, because the ligand will not be 

available19. 



Tuned Quatsomes and other interesting applications  

202 
 

3. A change of the nanoparticle biodistribution. The presence of some specific 

proteins in the protein corona can alter the self-biodistribution of the 

nanoparticle20. 

4. A more rapid elimination from the blood caused by the reticuloendothelial 

system. The macrophages present in the liver, the Kupffer cells, and the spleen 

recognizes the opsonized nanoparticles and eliminate them faster than the 

nanoparticles that have not proteins attached21. So, the circulation time is 

reduced if the nanoparticles are opsonized because they are recognized as 

foreign objects, precluding accumulation in target cells and tissues. 

In this sense, it is important to control or avoid the protein corona formation in order to 

deal with the stability, biodistribution, and circulation time of the nanoparticle19,22. 

Polyethylene glycol molecule 
In order to reduce the effects caused by the protein corona adsorbed onto the 

nanoparticles, different strategies have been studied in the literature. The most used is to 

coat the nanoparticles’ surfaces with an inert polymer that reduces or avoids interactions 

with blood components such as cells, proteins, or antibodies, giving them stealth 

properties. Among the different polymers investigated, poly-(ethylene glycol) (PEG) has 

been widely used as a polymeric steric stabilizer19,23. 

PEG is a linear polyether diol with many useful characteristics (Figure 5.3), such as 

biocompatibility24, solubility in aqueous and organic medium24, lack of toxicity, and very 

low immunogenicity and antigenicity25, and good excretion kinetics26. Moreover, PEG is 

classified as Generally Regarded as Safe (GRAS) by the FDA27,28. 

 
Figure 5.3.: PEG attachment on the nanoparticle surface. 

The attachment of PEG onto nanoparticles or vesicles is relatively easy, having soft 

reactions to graft the PEG on the surface. Furthermore, the incorporation of PEG onto 

vesicles can be done integrating PEG-lipid conjugation during the vesicles’ 

preparation29,30. 

PEG

Nanoparticle
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The behavior of PEGylated nanoparticles depends on the characteristics and 

properties of the specific PEG linked on the surface. Some characteristics control the 

arrangement of the PEG around the nanoparticle31. The length, i. e. the number of PEG 

monomers (n), and thus, the molecular mass of the polymer, the molecular termination of 

the PEG chain, as well as the graft density, determine the degree of surface coverage and 

the distance between graft sites. The thickness and the disposal of the PEG layer will be 

controlled by these parameters, having two main scenarios: i) mushroom and ii) brush 

configuration (Figure 5.4)27,31,32. It is demonstrated that a more brush PEG distribution 

increases the circulation time of the nanoparticles27,33. So, to achieve this scenario is 

recommended to use longer PEG chains and a higher PEG density, but exceeding these 

values can result in non-stable nanoparticles19,29. 

 
Figure 5.4.: Different configurations of PEG on a nanoparticle’s surface. Adapted from 27. 

Indeed, controlling the PEG characteristics, the nanoparticle’s properties like stability 

and circulation time can be tuned, while the protein corona is reduced. 

5.2.2. Quatsomes’ functionalization with PEG molecules 

To study the properties of different PEGylated MKC-Quatsomes, we have used two 

different PEG molecules, both covalently attached to the cholesterol molecule: chol-

PEG1000 (Figure 5.5a) and chol-PEG200 (Figure 5.5b). The strategy to anchor both PEG 

molecules to the membrane is through a cholesterol covalently linked. This cholesterol-

PEG will replace a cholesterol of the membrane’s synthon, and thus the PEG molecule 

will be exposed to outside and inside of the Quatsome. This strategy has been already 

validated with other Quatsome or liposome systems6,7,30. 

The two different PEG molecules were chosen in order to study the impact on the PEG 

chain length on the characteristics of MKC-Quatsomes. The chol-PEG1000 (Mw = 

1,425.66 g/mol) has 20 PEG monomers, while the chol-PEG200 (Mw = 576.90 g/mol) has 4 

monomers. Two more differences between the two PEG molecules are the coupling group 

between the hydroxyl’s cholesterol and the PEG, and the termination group of the PEG 

chain. In the PEG1000 the coupling group is an ester with an amide while the PEG200 has a 

“mushroom”

“brush”
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covalent bond between the cholesterol and the PEG. The terminal group for the PEG1000 

is a hydroxy group meanwhile the PEG200 has a methoxy group. Both methoxy and 

hydroxyl group terminations are used to reduce the nonspecific bindings of proteins34. 

These two different characteristics are caused by the different synthesis of these 

compounds. The PEG1000 is commercially available while the PEG200 is chemically 

synthesized by the Dra. M. Royo Lab35. So, these differences must be taken into account 

if there are some differences in the PEGylated Quatsomes’ behaviors. 

 
Figure 5.5.: Cholesterol-poly-(ethylene glycol) molecules used: a) chol-PEG1000 and b) chol-PEG200. 

Moreover, it is important to study the dependence of the conformations that the PEG 

molecules can get around the vesicle with the packing density. To vary the latter, we 

employed different molar fractions of chol-PEG in the vesicle formulation. The two 

proposed theoretical molar ratios were 6:1:7 and 4:3:7 of chol:chol-PEG:MKC. In both 

cases, the total cholesterol-like molecules and the MKC are at an equimolar ratio, 

preserving the theoretical molar synthon of MKC-Quatsomes. The first ratio has 14% of 

chol-PEG of total cholesterols and the second a 43%. Regarding the total molecules, the 

6:1:7 ratio has a 7% and the 4:3:7 ratio a 21% of chol-PEG molecules of total molecules. 

It is described in the literature that a 7% or less of PEG molecules is enough to reduce the 

protein corona formation6,22,30, so we analyzed this molar ratio and one higher, in order to 

compare the different behaviors. 

Considering all these points, four different compositions were studied with the 

following molar ratios of the membrane components (Figure 5.6): 

1. Chol:chol-PEG1000:MKC (6:1:7), named as M-QS-PEG1000-7%. 

2. Chol:chol-PEG1000:MKC (4:3:7), named as M-QS-PEG1000-21%. 

3. Chol:chol-PEG200:MKC (6:1:7), named as M-QS-PEG200-7%. 

4. Chol:chol-PEG200:MKC (4:3:7), named as M-QS-PEG200-21%. 

a)

b)
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Figure 5.6.: Schematic representations of the different PEGylated MKC-Quatsomes: a) chol:chol-PEG1000 

:MKC (6:1:7) (M-QS-PEG1000-7%), b) chol:chol-PEG1000:MKC (4:3:7) (M-QS-PEG1000-21%), c) chol:chol-
PEG200:MKC (6:1:7) (M-QS-PEG200-7%) and d) chol:chol-PEG200:MKC (4:3:7) (M-QS-PEG200-21%). 

These PEGylated MKC-Quatsomes were prepared with the same methodology as the 

naked MKC-Quatsomes (see Section 2.2 of Chapter 2 and Section 7.2.1 of Chapter 7 for 

DELOS-SUSP preparation, and Table 7.4 of Chapter 7 for the sample’s details). The total 

number of molecules is preserved, and only a fraction of cholesterol was replaced by chol-

PEG. The organic phase of the DELOS-SUSP preparation was composed of cholesterol 

and chol-PEG in ethanol, and it was depressurized onto a suspension of MKC in 100 mM 

PBS (see Section 2.2.2 of Chapter 2 for 100 mM PBS composition). 

In all the cases, just after their production by DELOS-SUSP method, the PEGylated 

MKC-Quatsomes presented bigger sizes than the naked MKC-Quatsomes, described in 

Section 2.2 of Chapter 2. Three of the four PEGylated MKC-Quatsomes had good size 

distributions, with a narrow particle size distribution (Figure 5.7). As shown, the system 

with the highest amount of PEG1000 is the only non-stable system (M-QS-PEG1000-21%). 

This formulation has other supramolecular organization, which led to other structures with 

sizes of almost 1.5 µm, with high variability between the replicates (Figure 5.7a). 

Moreover, the correlogram shows the presence of big structures and some aggregates 

because the decay time is larger and there is some noise at the baseline (Figure 5.7b). 

As explained, this is the sample with more density of longer PEG, whose big structures 

could be caused by the interaction between the PEG chains22. 

The other PEGylated MKC-Quatsomes had good physicochemical characteristics and 

microscopic appearances when are produced by DELOS-SUSP. After two weeks, when 

the PEGylated MKC-Quatsomes got stabilized, the MKC-Quatsomes with PEG200 and the 

highest amount of PEG (M-QS-PEG200-21%), had a higher hydrodynamic diameter 

compared with the other two, approximately 150 nm (Figure 5.7a). But in this case, there 

is no aggregation between MKC-Quatsomes, because the baseline of the correlogram is 

d)

a) b)

c)
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completely planar (Figure 5.7b). As these PEGylated MKC-Quatsomes have also more 

PEG molecules, which probably are organized in a more brush conformation, implying to 

have larger membrane thickness and therefore, larger vesicles’ sizes19,29. 

The PEGylated MKC-Quatsomes with lower PEG molecules on their surface have 

similar hydrodynamic diameters. But if we compare both, the MKC-Quatsomes with longer 

PEG have a slightly bigger size (Figure 5.7). This can be explained because as a longer 

PEG chain, the size is bigger23,27. The mushroom conformation could be more accentuated 

with the PEG200, than with the PEG1000, which this last could have a balance between the 

mushroom and brush conformations. 

 
Figure 5.7.: a) Hydrodynamic diameter and PdI of PEGylated MKC-Quatsomes two weeks after their 
production by DELOS-SUSP without being diafiltrated and b) their correlation curves. The error bars 
correspond to the standard deviation of three replicates. The formulation M-QS-PEG1000-21% did not meet 
the quality criteria established by the Zetasizer equipment. 

In order to remove the ethanol and the hydrophilic non-integrated components, the 

obtained samples were diafiltrated in 100 mM PBS. As the M-QS-PEG1000-21% presented 

larger and aggregated structures, we decided to not diafiltrate them(see Section 7.2.3 of 

Chapter 7 for the diafiltration protocol). The size of the diafiltrated PEGylated MKC-

Quatsomes increases slightly, around 5 and 15% (Figure 5.8a). The increase of size on 

the diafiltrated samples is relative to the MKC-Quatsomes, which maybe could be related 

to the change of Quatsome’s shape caused by the ethanol elimination (see Section 2.2.1 

of Chapter 2). 

The three diafiltrated PEGylated MKC-Quatsomes follow the same trend regarding the 

particle size distribution of the non-diafiltrated samples. So, the diafiltration does not 

destabilize any sample. If the three PEGylated MKC-Quatsomes are compared, the MKC-

Quatsomes M-QS-PEG200-21% are the bigger ones, with a hydrodynamic size of about 

180 nm, followed by the M-QS-PEG1000-7% and the M-QS-PEG200-7% (Figure 5.8). 
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The PdI of the three samples is less than 0.20, meaning that we achieve homogenous 

suspensions (Figure 5.8a). This fact confirms that the three PEGylated MKC-Quatsomes 

do not present aggregations. Even though, the size and the PdI errors are larger in the 

MKC-Quatsomes-PEG200-21% compared with the others. This means that although there 

is a homogenous suspension, the size is not so controllable, having samples with different 

sizes. Maybe it is caused because the self-assembly of the membrane molecules and the 

PEG is not conducted with precision during the diafiltration. The diafiltration may cause a 

reorganization of the sample, which could impact on the organization of PEG200 at the 

highest density, And then, having a mixture of PEG configurations (brush and mushroom). 

 
Figure 5.8.: a) Hydrodynamic diameter and PdI of PEGylated MKC-Quatsomes after being diafiltrated and 

b) their correlation curves. The error bars correspond to the standard deviation of three replicates. 

The morphology of the PEGylated MKC-Quatsomes was studied viewing their 

structures through the cryo-TEM technique (Figure 5.9). First of all, the prepared 

PEGylated MKC-Quatsomes, without diafiltration, have a more oval shape than the 

diafiltrated MKC-Quatsomes. This fact is in accordance with the results described in 

Chapter 2, where the non-diafiltrated MKC-Quatsomes have an oval morphology, probably 

caused by the interaction of the ethanol and the MKC molecules (see Section 2.2 of 

Chapter 2). The three diafiltrated PEGylated MKC-Quatsomes have vesicle-shape, with 

good homogeneity and without aggregates. PEGylated MKC-Quatsomes with PEG200 form 

mainly SUVs (small unilamellar vesicles), while the PEGylated MKC-Quatsomes with 

PEG1000 form a coexistence of SUVs with MLVs (multilayer vesicles), with two lamellas, or 

MVVs (multivesicular vesicles). This different behavior could be caused because the 

PEG1000 has more tendency to interact with other PEG1000 chains, interdigitating their 

chains, and then causing these bilamellar structures22. 
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Figure 5.9.: Cryo-TEM images of PEGylated MKC-Quatsomes: a) M-QS-PEG1000-7% after their production by 
DELOS-SUSP and b) after their diafiltration; c) M-QS-PEG200-7% after their production by DELOS-SUSP, and 
d) after their diafiltration; e) M-QS-PEG200-21% after their production by DELOS-SUSP and f) after their 
diafiltration. The scale bars are 100 nm. 

As the PEG covalently attached to the cholesterol groups covers the vesicles forming 

a “shell” around them, a reduction of the zeta-potential of the cationic vesicles must be 

expected. The PEG effect on zeta-potential could be explained in one of the next two ways. 

First, the slipping plane is moved further away from the MKC-Quatsomes’ surface and 

hence reduces the zeta-potential. Second, the drag caused by the presence of the PEG 

chains on the MKC-Quatsomes’ surface reduces the mobility of the MKC-Quatsomes36. 

Table 5.1 shows the zeta-potential values of the different compositions after 

diafiltration. In Chapter 2, the same MKC-Quatsomes without PEG were studied, and in a 

solution of 100 mM PBS the zeta-potential was 32 mV. Comparing now the zeta-potential 

values of the naked MKC-Quatsomes with the PEGylated ones, there is a reduction within 

the vesicles’ zeta-potential. As mentioned, this change can be associated with the 

presence of PEG molecules on the surface which shields the positive charges of the 

surfactant. Functionalized MKC-Quatsomes with PEG1000 have a zeta-potential of 13 mV, 

a 60% less than naked MKC-Quatsomes, while with the PEG200 the zeta-potentials are like 

the naked ones. These results mean that the polymer length plays an important factor for 

the zeta-potential of the vesicles since larger PEG molecules give lower zeta-potential 

values than the shorter ones. Moreover, regarding the MKC-Quatsomes functionalized 

with PEG200 at different concentrations, a more PEG concentration gives a slightly lower 

zeta-potential, which seems obviously because the polymer density is higher. 
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Table 5.1.: Zeta-potential values of the naked and PEGylated MKC-Quatsomes diafiltrated in 100 mM PBS. 

MKC-Quatsomes Zeta-potential (mV) 

M-QS 32 ± 2 

M-QS-PEG1000-7% 13 ± 2 

M-QS-PEG200-7% 31 ± 2 

M-QS-PEG200-21% 29 ± 1 

Each value corresponds to a measurement of three different samples. 

This is an indirect way to see that the PEG is on the surface of the MKC-Quatsomes 

because as a longer PEG and more PEG density, the zeta-potential decreases27,36. 

Although the zeta-potential is reduced, the PEGylated MKC-Quatsomes are stable, at 

least one year. The hydrophilicity of Quatsomes is increased via ether repeats of the PEG 

chains, forming hydrogen bonds with the solvent. Thus, the van der Waals attraction 

between different PEGylated MKC-Quatsomes is reduced, increasing the steric distances 

between MKC-Quatsomes34,37. 

These goods results confirm that the PEGs chains have been successfully integrated 

into MKC-Quatsomes. For this reason, it is important to study their behavior in the 

presence of human serum, in order to do a first approximation of their stability when will 

be administered intravenously. 

5.2.3. Stability of PEGylated Quatsomes in human serum 

Once the basic physicochemical properties of all the systems are well characterized, first 

studies of stability in the presence of human proteins were carried out. In these 

experiments with human serum (HS) (see Section 3.4 of Chapter 3 for more information 

about human serum), we analyzed the effect of PEG in PEGylated MKC-Quatsomes 

comparing with the naked MKC-Quatsomes. Moreover, the impact of the protein corona 

will be studied and how the presence of PEG can change it. 

The systems that were studied are the ones that present the optimal physicochemical 

properties regarding the particle size distribution. These systems are the ones that have a 

lower density of PEG molecules: 

• M-QS-PEG1000-7% 

• M-QS-PEG200-7% 

The other two systems, which have higher PEG concentration, were discarded 

because of their lack of stability or poor reproducibility. 
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As a starting point, dilutions of the MKC-Quatsomes with human serum were done 

through time. This first experiment consisted of the evaluation of the macroscopic 

appearance of the different static dilutions at different times, 0, 3, 24, and 72 hours, with 

the aim to visualize its evolution. The dilutions studied were (VQS:VHS) 99:1, 9:1, 1:1, 1:9, 

1:99 and 1:999, which correspond to a relation between the Quatsomes mass and total 

protein mass (wQS:wHS) of 2.97:1, 1:3.7, 1:33, 1:300, 1:3,300 and 1:333,000, respectively 

(Figure 5.10). The rationale for choosing these dilutions was that 1:999 (VQS:VHS) would 

correspond to the final dilution factor if these MKC-Quatsomes were administered 

intravenously to a human body (e.g. as drug carrier) (see Section 3.3 of Chapter 3 for more 

detailed information). The 1:1 (VQS:VHS) would represent a local concentration, immediately 

after injection, i.e. the local concentration at the time “zero”, where the concentration of 

Quatsomes is higher. Another important dilution is the 1:9 (VQS:VHS) because it is the one 

that is achieved when a drug is applied intravenously to mice. And then the dilution 1:99 

(VQS:VHS) was chosen to study a dilution in between. Finally, it was decided to investigate 

the opposite dilutions, diluting the MKC-Quatsomes with a slight amount of human serum, 

99:1 and 9:1 (VQS:VHS), in order to see how the Quatsomes behave with fewer proteins. 

 
Figure 5.10.: Macroscopic appearance of the suspensions of MKC-Quatsomes and human serum at different 

dilutions (VQS:VHS) at 24 hours after the dilution, kept at room temperature. 

The 99:1, 9:1, and 1:1 (VQS:VHS) dilutions of naked MKC-Quatsomes in human serum 

present different amounts of sedimentation in the bottom which decreases as the MKC-

Quatsome concentration decrease. The suspensions with more amount of human proteins 
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are yellowish opaque suspensions, caused by the presence of a high quantity of serum. 

But there is no observed any suspension nor sediment. 

One explanation of the presence of sediment in low dilutions may be that if there is 

more amount of MKC-Quatsomes than proteins, the MKC-Quatsomes should have to 

share the same proteins, to have their protein coronas (Figure 5.11a). Then the MKC-

Quatsomes would aggregate and finally sediment. In the opposite side, when there is more 

amount of proteins, each MKC-Quatsome would have its own proteins and its own protein 

corona, that would not be shared between MKC-Quatsomes, having stable suspensions 

(Figure 5.11b). 

Both PEGylated MKC-Quatsomes have similar behaviors. There are less 

sedimentation in 99:1 and 9:1 (VQS:VHS) dilutions. Comparing with naked MKC-Quatsomes 

dilutions, the amount of sedimentation in 99:1 and 9:1 (VQS:VHS) decreases when PEG is 

added. Moreover, a change in the behavior of dilution 1:1 (VQS:VHS) is clearly observed, 

since the sedimented particles are reduced. The presence of PEG reduces the 

sedimentation in the 99:1 and 9:1 (VQS:VHS) dilutions and avoids the sedimentation in the 

1:1 (VQS:VHS) dilution. So, an effect of the PEG is clearly observed of the stability of 

PEGylated MKC-Quatsomes, reducing or avoiding the formation of the protein corona, and 

therefore achieving more stable Quatsomes (Figure 5.11c). Thus, the interaction between 

different PEGylated MKC-Quatsomes is also reduced. The 1:9, 1:99, and 1:999 (VQS:VHS) 

dilutions have the same behavior than the naked MKC-Quatsomes, without the presence 

of sediment. Finally, it is observed an appearance of some creaming at top of some 

dilutions. 

 
Figure 5.11.: Schematic representations of different situations with MKC-Quatsomes diluted in human serum: 
a) naked MKC-Quatsomes with a low amount of proteins, b) naked MKC-Quatsomes with a high amount of 
proteins and c) PEGylated MKC-Quatsomes. 

These experiments are just macroscopic observations of the systems, and a more 

quantitative analysis is necessary to assess the occurrence and magnitude of the different 
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performances. To this end, some measurements of the most relevant dilutions, 1:1 and 

1:999 (VQS:VHS), were performed using the Turbiscan, which analyzes the colloidal stability 

using the multiple light scattering (see Section 7.3.4 of Chapter 7 for more information). 

The Turbiscan equipment allows us to discern and quantify sedimentation and 

creaming, as well as particle aggregation and strong size changes. Moreover, all these 

processes can be monitored over time. To do so, the sample is irradiated with laser light 

at different heights, and the transmitted and backscattered light are recorded. 

Any destabilization phenomenon happening in a given sample will have an effect on 

the backscattering and/or transmission signal intensities during the process. The 

formulation with the highest intensity variation, is the one to change in the most significant 

way, thus the least stable. The sample’s evolution was monitored for 24 h in selected 

dilutions with human serum at 37 ºC. 

In order to start with this analysis, we considered some references to compare the 

results. The first reference was human serum itself and the seconds are human serum 

diluted in 100 mM PBS at 1:1 and 1:999 (VQS:VHS) dilutions. The human serum was tested 

to determine the inherent stability of human serum in these static conditions. And the 

dilutions of human serum in 100 mM PBS have been performed to determine any possible 

destabilizing effect of the dispersing medium itself. Finally, in order to compare the effect 

of the PEG on the Quatsomes’ stability, we measured the same dilutions with the naked 

MKC-Quatsomes. So, the references that were tested are: 

• Human serum. 

• 100 mM PBS diluted in human serum at 1:1 and 1:999 (VQS:VHS) dilutions. 

• Naked MKC-Quatsomes diluted in human serum at 1:1 and 1:999 (VQS:VHS) 

dilutions. 

The references’ measurements will be compared with the PEGylated samples at the 

same dilutions in order to determine if the PEG’s impact. The samples to test were: 

• M-QS-PEG1000-7% diluted in human serum at 1:1 and 1:999 (VQS:VHS) dilutions. 

• M-QS-PEG200-7% diluted in human serum at 1:1 and 1:999 (VQS:VHS) dilutions. 

Figure 5.12 shows an example of the data that the Turbiscan gives. In Figure 5.12a 

appears the change in the transmission and backscattering signal upon different heights 

and time. In this particular case, the suspension was creaming on the top, as the signal of 

backscattering was being increased on large heights, while the transmission was being 

reduced at the same heights. The evolution of time of the macroscopic appearance of the 

suspension is represented in Figure 5.12b, where a more intensity of backscattered is 
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detected on the top of the vial at the end of the experiment. The formation of these cream 

on the top is perfectly visualized in the sample’s macroscopic appearance after 24 hours 

(Figure 5.12c). 

 
Figure 5.12.: Example of the data obtained by the Turbiscan equipment with the sample M-QS-PEG1000-7% 
diluted in human serum at 1:999 (VQS:VHS) at 37 ºC. a) Increment of transmissions (top) and backscattering 
(bottom) (%) versus height (mm) at different times (different colors). b) Representation of transmission and 
backscattering at different heights through time. c) Photograph of the dilution after 24 h. The red arrows point 
the creaming layer obtained. 

In order to be able to compare the behavior of the different MKC-Quatsomes in human 

serum, the TSI (Turbiscan stability index) was employed. TSI is a Turbiscan specific 

parameter specially developed to rapidly compare and characterize the physical stability 

of various formulations at any time38–40. Its calculation, simple but a robust concept, sums 

up the evolution of transmission (T) or backscattering (BS) light at all measured position 

(h), based on a scan-to-scan difference, over total sample height (H)(Equation 5.1): 

 TSI = 
∑ |scani(h)-scani-1(h-1)|h

H
 (5.1) 

In order to compare the results, the TSI value of the human serum alone, at the time 

24 hours, is taken as the basal reference. So, a value of TSI of 4.5 is considered as a 

stable suspension (Table 5.2 and Table 5.3). The serum alone had a creaming on top of 

the solution, and consequently a clarification on the bottom of the vial. This change in the 
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vial may be caused by the incubation of the serum in static conditions at 37 ºC, maybe 

because the proteins are denatured or degraded. 

The results obtained regarding the dilution 1:1 (VQS:VHS) are displayed in Table 5.2. 

When the human serum is diluted in the buffer 100 mM PBS is destabilized because the 

TSI increases to 14, although the macroscopic appearance, compared with the human 

serum alone, does not change. Therefore, there is a destabilizing effect caused by the 

buffer itself, that must take into account in the dilution with Quatsomes. The dilution with 

naked MKC-Quatsomes strongly is destabilized, increasing the TSI value until 30, leading 

sedimentation of MKC-Quatsomes with proteins. This follows the hypothesis explained in 

Figure 5.11a, where there are not enough proteins per Quatsome, that forces to share 

some proteins between Quatsomes, achieving big structures that finally sediment. 

On the contrary, when the PEGylated MKC-Quatsomes are diluted with human serum, 

the TSI does not increase so much, reaching values of 20 for the M-QS-PEG1000-7% and 

23 for M-QS-PEG200-7%. It seems that the effect of PEG1000 has slightly more impact on 

the stability of Quatsomes compared with the PEG200 because the TSI is lower and the 

macroscopic appearance is more similar to the dilution with 100 mM PBS. This fact may 

be caused because the PEG1000 could avoid more interaction with proteins, maybe 

because it is organized in a more brush conformation than the PEG200 which could be 

organized in a more mushroom conformation. 

Table 5.2.: Appearance and TSI value after 24 hours of incubating each system at 1:1 (VQS:VHS) dilution at 
37 ºC. 

System Appearance TSI 

Human Serum (HS) 

 

Creaming 
Clarification 

4.5 

PBS 100 mM:HS 

 

Creaming 
Clarification 

14 

M-QS:HS 

 

Creaming 
Sedimentation 

30 

M-QS-PEG1000-7%:HS 

 

Creaming 
Clarification 

20 

M-QS-PEG200-7%:HS 

 

Creaming 
Clarification (low) 

23 

The associated error in TSI is 10%. 



  Chapter 5  

215 
 

On the other side, the results with a dilution 1:999 (VQS:VHS) are shown in Table 5.3. 

The dilution of human serum with 100 mM PBS does not change the TSI value, so in this 

dilution, the buffer does not influence the destabilization. When the naked MKC-

Quatsomes are diluted the TSI increases until 7, much lower value compared with the 1:1 

(VQS:VHS) dilution. The macroscopic appearance slightly changes. So, at this dilution, the 

naked MKC-Quatsomes are more stable. This result corroborates the hypothesis 

speculated in Figure 5.11b, which says that at higher dilutions, each Quatsome has its 

protein corona, avoiding the sedimentation. 

Then, with the dilutions with PEGylated MKC-Quatsomes, the effect of PEG is clearly 

seen with both PEGs. Practically, there is no change in the TSI values, and the 

macroscopic appearances are more similar. So, in this dilution, the PEG avoids the 

formation of protein corona and leading to a stable system, as it is hypothesized in Figure 

5.11c. 

Table 5.3.: Appearance and TSI value after 24 hours of incubating each system at 1:999 (VQS:VHS) dilution at 
37 ºC. 

System Appearance TSI 

Human Serum (HS) 

 

Creaming 
Clarification 

4.5 

100 mM PBS:HS 

 

Creaming 
Clarification 

4.5 

M-QS:HS 

 

Creaming 
Clarification 

7 

M-QS-PEG1000-7%:HS 

 

Creaming 
Clarification 

5 

M-QS-PEG200-7%:HS 

 

Creaming 
Clarification 

5 

The associated error in TSI is 10%. 

Therefore, the PEG has a strong effect on the stability of MKC-Quatsomes with human 

serum, especially at lower dilutions where the naked MKC-Quatsomes sediment. 

The stability of the dilution 1:9 (VQS:VHS), which corresponds to the dilution when MKC-

Quatsomes are injected intravenously in mice, is in between the 1:1 and 1:999 (VQS:VHS) 

dilutions. In this dilution, the PEG could have an impact on the stability, but it should be 

less important compared with the 1:1 (VQS:VHS) dilution. For this reason, the dilution 1:9 

(VQS:VHS) was not performed. 
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5.2.4. Summary 

We have been able to tune the MKC-Quatsomes with PEG molecules with the DELOS-

SUSP methodology. We used PEG1000 and PEG200 molecules, with different PEG 

densities, 7 and 21% of the total molecules (Figure 5.13). Studying the physicochemical 

characteristics of the four samples produced, we have seen that the most stable 

PEGylated MKC-Quatsomes are the ones that have less PEG densities, with 7% of PEG 

molecules related with the total membrane molecules. The PEGylated MKC-Quatsomes 

with 21% of PEG molecules were discarded because they present big sizes to be used as 

nanocarriers. 

 

Figure 5.13.: Schematic representation of the four formulations of the PEGylated MKC-Quatsomes, with their 
PEG configurations. 

It was seen that the PEG1000 could tend to interact with other PEG1000 chains, which 

could cause large structures, in the case with high PEG density, or bilamellar vesicles, with 

low PEG density. This last, the PEG could acquire a conformation which is in between the 

mushroom and brush conformation. On the opposite side, the PEG200 could not interact 

with other PEG chains, but when it is placed with more PEG density, the PEG could have 

a more brush conformation than when it has lower PEG density that could acquire a more 

mushroom conformation. 

Finally, we have tested the stability of MKC-Quatsomes in human serum, and thus, 

we have analyzed the impact of PEG on the stability and their properties on reducing the 

protein corona. If these properties are compared with naked MKC-Quatsomes, without 

PEG, the stability of the PEGylated MKC-Quatsomes is increased especially at lower 

dilutions. Therefore, the PEGylated MKC-Quatsomes are a good platform to be used for 

intravenously drug delivery systems, which can increase their stability when administering 

Quatsomes at local dilution. 
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5.3. Negatively charged Quatsomes 

5.3.1. Anionic vesicles using SDS surfactant 

As explained in the introduction of this chapter, vesicles can be charged positively or 

negatively, or can be neutral. The charge’s behavior depends on all the molecules that 

form the vesicle. In this Thesis, the use of positively charged Quatsomes is well described, 

but the development of anionic vesicles to be used as negative drug delivery systems is 

also interesting41–43. The anionic character of the nanoparticles can enhance the 

interaction with positive proteins, increasing their loading44,45. Another important fact is that 

the negative nanoparticles show less toxicity if they are compared with the same particles 

but positives46. Probably the negative particles could interact less with the negative cell 

surface34,47, thus they could destabilize less the negative membrane potential of the cells. 

SDS (sodium dodecyl sulfate) (Mw = 288.38 g/mol), also known as sodium lauryl 

sulfate, is a negative molecule that can be used in order to give negative charge to the 

vesicles. SDS is an anionic surfactant, with a sulfate group in the polar head, twelve 

carbons in the alkyl chain, and a sodium cation as a counterion (Figure 5.14a). SDS has 

a CMC of 8.2 mM in water at 25 ºC. SDS is employed in a wide range of nonparenteral 

pharmaceutical formulations and cosmetics and is GRAS listed for the FDA48. For these 

reasons, some researchers are exploiting the SDS molecule in their vesicular 

formulations41,49–51. Moreover, S. Ghosh and his coworkers have prepared vesicles 

composed of cholesterol and SDS (SDS-Quatsomes), beginning with SDS micelles and 

ultrasonicating them in presence of cholesterol5, opening a new range of SDS-based 

Quatsomes. 

 
Figure 5.14.: a) SDS molecule and its depiction and b) schematic representation of a Quatsome composed 

by cholesterol and SDS surfactant (SDS-Quatsome) with its negative charges. 

In this Thesis, we want to modulate the surface charge of the Quatsomes changing 

the nature of the surfactants. Specifically, new Quatsomes will be prepared with a negative 

charge, using the SDS molecule as an ionic surfactant (SDS-Quatsomes) (Figure 5.14b) 

and preparing them with the DELOS-SUSP methodology. The SDS molecule was used as 
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a proof of concept as a negative surfactant, which will allow dealing with negative 

Quatsomes. 

5.3.2. SDS-Quatsomes, composed of cholesterol and SDS 

In order to prepare the new formulation by DELOS-SUSP (see Section 7.2.1 of Chapter 7), 

the organic phase was constituted by the cholesterol dissolved in ethanol, while the 

aqueous phase was a suspension of SDS in water. These SDS-Quatsomes were prepared 

with an equimolar relation between the cholesterol and SDS, the strategy used for the 

preparation of the standard CTAB-Quatsomes and the studied MKC-Quatsomes 

(formulation named as S-QS_w, see Table 7.4 of Chapter 7 for more experimental 

information the sample). Thus, the final medium of the SDS-Quatsomes was H2O:EtOH 

9:1 (V:V). Initially, the prepared vesicles had a hydrodynamic diameter of about 95 nm with 

a PdI of 0.5 (Figure 5.15a), meaning that we are dealing with a polydisperse SDS-

Quatsomes sample. As time increases, the size of the SDS-Quatsomes starts to enlarge, 

reaching 220 nm of size, which corresponds to an increase of 130% (Figure 5.15). This 

change also can be visualized in the correlograms because the graphs of two and four 

weeks decay later than the zero week correlogram (Figure 5.15b). It means that the SDS-

Quatsomes produced in water are not stable, because their size changes on time. 

 
Figure 5.15.: a) Hydrodynamic diameter and PdI of SDS-Quatsomes in water:EtOH 9:1 (V:V) (formulation’s 
name S-QS_w) and b) the correlograms of each measurement. The measurements are the average of three 
replicates. 

In order to achieve a colloidal stable suspension of SDS-Quatsomes, several routes 

can be followed. Under the framework of the Ph.D. Thesis of Dr. Lidia Ferrer-Tasies52 of 

the Nanomol group, different molar ratios between cholesterol and SDS were studied. In 

this regard, vesicles using water as the aqueous phase were obtained using a 1:2 

cholesterol:SDS molar ratio, but these systems presented a bimodal size distribution 

centered in an average size of 60 nm and 120 nm. In this work, we wanted to increase the 

homogeneity of these negative SDS-Quatsomes following another pathway. 
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In this sense, we prepared the SDS-Quatsomes in presence of salts, following the 

same approach used for the MKC-Quatsomes’ preparation. Specifically, SDS-Quatsomes 

were prepared in a buffered saline solution of 100 mM PBS (formulation named as 

S-QS_PBS-100, see Table 7.4 and Section 7.2.1 of Chapter 7 for more detailed 

experimental information about the sample). Thus, the final medium of the SDS-

Quatsomes was 100 mM PBS:EtOH 9:1 (V:V). In order to compare the physicochemical 

properties with the non-stable SDS-Quatsomes in water, first, we evaluated the system 

without diafiltrate it. In the first four weeks, the hydrodynamic size of the negative SDS-

Quatsomes (S-QS_PBS-100) was kept constant without any significant change, with a 

mean size of 55 nm. Moreover, the sample stabilized with a PdI of 0.15 (Figure 5.16a), 

meaning that a homogenous population with one preferred size is achieved. All the 

correlograms were identical, meaning that the sample does not change on time with only 

one vesicle’s population (Figure 5.16b). It is worthy to mention that these SDS-Quatsomes 

are much smaller than the MKC-Quatsomes, which at the same medium have around 

80 nm (see Section 2.2 of Chapter 7). 

 
Figure 5.16.: a) Hydrodynamic diameter and PdI of SDS-Quatsomes in 100 mM PBS:EtOH 9:1 (V:V) (S-
QS_PBS-100) and b) the correlogram of each measurement. The measurements are the average of three 
replicates. 

As the SDS-Quatsomes present optimum physicochemical properties regarding the 

size distribution, we decided to diafiltrate them in order to remove the ethanol and the non-

incorporated molecules (see Section 7.2.3 of Chapter 7). The hydrodynamic diameter is 

practically the same after being diafiltrated, with a value of 56 nm. The size increased 

slightly after four weeks of aging, reaching 61 nm of size, an augment of only 9% (Figure 

5.17a). Again, the diafiltrated SDS-Quatsomes are smaller than the diafiltrated MKC-

Quatsomes, which have sizes larger than 90 nm (see Section 2.2 of Chapter 7). The PdI 

is lower than 0.2, meaning that the sample is still homogenous after the diafiltration (Figure 

5.17a). Moreover, the correlograms prove that we are dealing with a homogenous system, 

and the SDS-Quatsomes have slightly increased size on time(Figure 5.17b). As these 
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SDS-Quatsomes (S-QS_PBS-100) were prepared for the first time, they were visualized 

under the cryo-TEM technique in order to corroborate that vesicles were obtained and to 

observe their morphology. As shown in Figure 5.17c, diafiltrated SDS-Quatsomes in 

100 mM PBS are unilamellar vesicles. Furthermore, they are completely spherical, which 

are different from the oval-shaped MKC-Quatsomes (see Figure 2.21 of Chapter 2), but 

equal from the CTAB-Quatsomes53 (see Figure 4.4 of Chapter 4). The cryo-TEM images 

show that the SDS-Quatsomes present smaller sizes as the DLS demonstrates because 

the cryo-TEM reports the geometric size while the DLS the hydrodynamic size. 

 
Figure 5.17.: a) Hydrodynamic diameter and PdI of diafiltrated SDS-Quatsomes in 100 mM PBS and b) the 
correlogram of each measurement. c) Cryo-TEM image of this system. The measurements are the average of 
three replicates. 

5.3.3. Summary 

Here, we have prepared and improved the stability of negative SDS-Quatsomes 

composed of cholesterol and SDS. We have followed the same strategy that we used for 

preparing MKC-Quatsomes: adding salts in the aqueous phase of the DELOS-SUSP, 

where the SDS is solubilized. We can conclude that the SDS-Quatsomes need a saline 

media, like 100 mM PBS, to be prepared with a homogenous size distribution. It worthy to 

mention that maybe using other preparation methods or other routes, homogenous SDS-

Quatsomes can also be formed. 



  Chapter 5  

221 
 

One possible effect is that the salts of PBS (NaCl, Na2HPO4, and NaH2PO4) have 

sodium ions as cations, which is the same counterion of the SDS. This can induce a 

stabilization by the sodium ion to the SDS-Quatsome membrane, being a structural part of 

the membrane, like it happens with the chloride ions with the MKC-Quatsomes (see 

Section 2.3 of Chapter 2). 

This new achievement opens a wide spectrum to the Quatsomes. Using the negative 

SDS-Quatsomes, we can load them with positive proteins, or we can decrease the huge 

interaction between the positive Quatsomes and large anionic molecules, like 

oligonucleotides. Furthermore, we can explore more negative surfactants, expanding their 

use, since the SDS molecule is recommended to be used for nonparenteral formulations. 

However, more experiments must be done with SDS-Quatsomes in order to determine 

their biological response, because as it was seen for the CTAB (see Section 4.4.1 of 

Chapter 4), the nanostructuration of SDS in the SDS-Quatsomes may reduce the toxicity 

of the SDS molecule. 
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5.4. Loading porous silicon nanoparticles into 

Quatsomes 

This work was performed with the collaboration of Prof. Michael J. Sailor and his team in 

the University of California San Diego (UCSD), USA, in the Nano-OligoMed European 

Project (Grant Agreement number: 778133 - Nano-OligoMed - H2020-MSCA-RISE-2017). 

In recent works carried out by Nanomol Group, it was been able to load 

oligonucleotides inside Quatsomes to be used for gene therapy treatments1. Good results 

were achieved in terms of loading, transfection, and release of the oligonucleotides1, which 

allows us to focus on the optimization of this system. 

In order to increase the loading efficiency of the Quatsome-based systems, one 

strategy that can be used is to load the oligonucleotides into porous silicon nanoparticles 

(Figure 5.18), which allows higher loadings54. 

 
Figure 5.18.: Schematic representation of Quatsomes loaded with porous silicon nanoparticles (pSiNPs), 

which have oligonucleotides on the pSiNPs’ structure/pores. 

5.4.1. Porous silicon nanoparticles 

Porous silicon nanoparticles (pSiNPs) are silicon-based nanoparticles, which have a 

nanometric size with nanometric pores in their structure. Thus, the pSiNPs have been used 

as drug delivery system55–57 due to their outstanding properties: 

i) Their size and their pore size are controllable during the preparation process. 

Porous silicon particles (Figure 5.19c) can be easily obtained in a range from 

nano- to microparticles, while pore size can be tuned over the range 2 to 

50 nm, which allows for accommodating a wide variety of payloads inside their 

pores58. 

ii) They can be easily functionalized with the desired functional groups. With a 

large suite of chemistries, it is available to control the final physicochemical 

properties of the material. The most common approach relies on silane 

chemistry59. 

iii) pSiNPs are self-reporting as they are intrinsically fluorescent (Figure 5.19a 

and b). The porous structure, combined with the nascent Si-SiO2 interface 



  Chapter 5  

223 
 

layer, generates a quantum confinement effect that endows the particles with 

bright fluorescent properties (absorbance in the blue region and emission in 

the red and far-red). Moreover, pSiNP luminescence comes with large 

lifetimes, allowing for time-gated imaging. This improves biodistribution studies 

as background self-fluorescence of tissues can be drastically reduced60. 

iv) pSiNPs are completely biodegradable in living organisms, as they undergo 

degradation through a biocompatible pathway that produces silicic acid 

naturally processed in the body. pSiNPs left in PBS, pH 7.4, show complete 

degradation within 24 hours; when administered to mice, complete clearance 

is observed within 3 days61. 

 
Figure 5.19.: a) Photograph of a vial containing pSiNPs dispersed in water, b) the same vial illuminated with 
a UV lamp, showing the distinctive orange glow of the pSiNPs, and c) transmission electron microscope (TEM) 

image of the pSiNPs. Scale bar is 200 µM. Adapted from 62,63. 

In this regard, in Michael J. Sailor Lab in the University of California San Diego (San 

Diego, USA), they have developed a novel strategy for loading oligonucleotides in pSiNPs 

achieving high loading values of around 20% w/w (Figure 5.20 and Figure 5.24)54,63,64. 

The development is based on the use of highly concentrated calcium ions that, reacting 

with the silicic acid released in the proximity of the pSiNPs surface, lead to precipitation of 

calcium silicate, which then causes physical entrapment of the oligonucleotides into the 

particle pores. 

 
Figure 5.20.: Schematic representation of fusogenic liposomes with pSiNPs loading small interference RNAs 
and its mode of action. Adapted from 64. 
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Also, it is important to highlight that in a previous work of Nanomol Group, it was able 

to load small silicon nanocrystals, about 2.8 nm of diameter, into CTAB-Quatsomes10. 

Following this strategy, the aim of this study was to enhance the loading of oligonucleotides 

in Quatsomes using porous silicon nanoparticles. Within this framework, during this 

Thesis, a short research stay was conducted during 4 months at the University of California 

San Diego (San Diego, USA), under the supervision of Michael J. Sailor. In this research, 

we studied the possibility to create Quatsome-porous silicon nanoparticles hybrids. 

Moreover, as shown in Figure 5.2064,65, they have introduced the pSiNPs inside fusogenic 

liposomes obtaining promising results. For this reason, these results encourage us to 

improve the oligonucleotide loading of Quatsomes using the strategy of entrapping pSiNPs 

inside the Quatsomes. 

5.4.2. Synthesis of pSiNPs 

Porous silicon nanoparticles are prepared by electrochemical etching of silicon wafers in 

an electrolyte consisting of 48% aqueous HF:ethanol 3:1 (V:V) (see Section 7.9 of 

Chapter 7 for more information about the pSiNPs’ preparation). A p-type silicon wafer with 

an exposed area of 8.6 cm2 is contacted on the backside with aluminum foil and placed in 

a Teflon cell (Figure 5.21a). The silicon wafer is then anodized in a two-electrode 

configuration with a platinum counter electrode, by applying an alternating current of a 

square waveform58. 

In this work, a lower current density of 50 mA/cm2 is applied for 0.6 s and a higher 

current density of 400 mA/cm2 for 0.363 s (Figure 5.21b). This cycle is repeated 

200 times. The first current is called the primary layer, which controls the size and the 

porous of the pSi flakes. The second is the perforation layer, which causes the 

fragmentation of the silicon into nanoparticles58. This applied current causes pSi flakes 

size about 60 nm64. When the etching has finished a lift-off step is performed applying a 

current density of 3.7 mA/cm2 for 250 s in 1:20 (V:V) of aqueous HF:ethanol solution. 

 
Figure 5.21.: a) Set-up of the chemical etching and b) square waveform applied in order to obtain porous 

silicon nanoparticles about 60 nm of size. 
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When the etching has finished, flakes of pSi are produced in ethanol, so a step of 

breaking them to pSiNPs is required. Due to the presence of the perforation layers the pSi 

flakes can be broken to pSiNPs using sonication. Furthermore, in order to generate 

hydroxyl groups on the surface, to bind the oligonucleotides to the pSiNPs, we must 

replace the ethanolic medium for water. The problem arises when the pSiNPs are placed 

a long time in water, because the pSiNPs start being degraded63. For this reason, the 

sonication step had to be optimized. To have the pSiNPs as much concentrated as 

possible, we sonicated the flakes in 2 mL of water. The time of sonication was deeply 

studied to be sure that all the pSi flakes were broken without being damaged. Three 

different sonication times were explored: 16, 20, and 24 h. The pSiNPs obtained were 

characterized by DLS. The measurements show that the pSiNPs were not homogenous 

in all of the studied times, having larger structures than 60 nm (Figure 5.22a). With these 

results, we decided to perform a post-process step, in order to homogenize the obtained 

sample. For this reason, the sample was filtrated with a 0.22 µm PES (polyethersulfone) 

membrane filter (Millipore Express), which is compatible with the pSiNPs. The filtrated 

pSiNPs showed a homogeneous distribution with lower sizes (Figure 5.22b). The pSiNPs 

had a negative zeta potential, with values of -37 ± 2 mV (before being filtrated) and -

29 ± 2 mV (after the filtration), without showing any changes depending on the sonication 

time. 

 
Figure 5.22.: Hydrodynamic diameter and PdI of pSiNPs a) after sonication and b) after filtration. 

As shown in Figure 5.22b, the filtered pSiNPs with a sonication time of 20 hours show 

a smaller hydrodynamic diameter than the others, with a low PdI value. For this reason, 

20 hours of sonication to achieve nanoparticles of 60 nm of size was chosen for the 

present study (Figure 5.23). 
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Figure 5.23.: The production process of pSiNPs: first the Si wafer is electrochemically etched in a solution of 
3:1 (V:V) of 48% aqueous HF:EtOH; then the pSi flakes obtained are sonicated in 2 mL of water for 20 h, and 
finally the pSiNPs are filtrated using a 0.22 µm PES membrane filter achieving a homogeneous suspension of 

pSiNPs with a 60 nm of size. 

The concentration of the obtained pSiNPs was calculated centrifuging 1 mL of the 

sample at 21,100 rcf for 15 mins. Then the supernatant was removed, and the sample was 

heated under vacuum, accelerating the water evaporation. Finally, the vial was weighed, 

and the concentration was determined, obtaining a pSiNPs’ concentration about 

0.9 mg/mL. This concentration is strongly related to the production method and it is not 

very controllable, for this reason, it is recommended to determine the concentration after 

the pSiNPs’ production. 

5.4.3. Complexation of pSiNPs with calcein, a model-

oligonucleotides payload 

Once the synthesis and post-process of pSiNPs were optimized, the oligonucleotides 

should be loaded into the porous of the pSiNPs. In previous studies, oligonucleotides 

molecules have been complexed using calcium bonds between the hydroxyl groups of 

pSiNPs and the negative charges of the oligonucleotides, achieving precipitation of the 

siRNA inside the pores (Figure 5.24)63. Moreover, it is well known that the oligonucleotides 

will interact with several pSiNPs. So, this is another factor to consider in the next steps 

because we are going to deal with small aggregates of pSiNPs. 
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Figure 5.24.: Preparation route for the complexation of oligonucleotides into the pores of pSiNPs. Adapted from 63. 

In order to avoid the use of many amounts of oligonucleotides, which are so expensive 

and are difficult to work with, the calcein molecule was used as a proof of concept (Figure 

5.25a). This molecule was chosen as a model-oligonucleotide payload because it shares 

two key characteristics: i) it is anionic and ii) it is membrane impermeable. Another property 

of calcein is that it presents characteristics of a hydrophilic fluorescent dye 

(λexc/λemi = 494/517 nm), so it can be easily determined if it has been encapsulated into the 

pSiNPs. On the other hand, the calcein has some difference from the oligonucleotides that 

must be taken into account: i) the calcein is much smaller than the oligonucleotides, and 

ii) the negative charge number of calcein is 5 in neutral pH, while the oligonucleotides have 

more negative charges. 

The complexation was carried out mixing 1.5:1.5:7 (V:V:V) of 321 µM calcein:pSiNPs: 

3 M CaCl2 all dissolved in water, with a final volume of 1 mL64. The suspension was mixed 

using a rotating shaker for 30 mins in order to be sure that all the components were mixed, 

and the calcein had interacted correctly with the calcium and the pSiNPs. 

Three centrifugations were done at 21,100 rcf in order to remove the free calcein and 

the CaCl2 that were in exceed and, thus, were not complexed with the pSiNPs. The first 

centrifugation was done in water for 5 mins, the second one in water:ethanol (3:7) for 

5 mins, and the last one in ethanol for 10 mins. In all of them, we resuspend the pellet in 

the desired medium. Finally, the pSiNPs@calcein are resuspended in 1 mL of ethanol, to 

make sure that the ethanol did not damage the pSiNPs and the conjugates. The size of 

the complex was determined by DLS, obtaining a hydrodynamic diameter of 180 nm 

approximately. If we compare the size of a naked pSiNP with the size of pSiNPs@calcein, 
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the size is 3 times larger, suggesting that the calcein promotes the aggregation of three 

pSiNPs (Figure 5.25b). 

 
Figure 5.25.: a) Calcein molecule at neutral pH and b) size distribution of complex pSiNPs@calcein and naked 
pSiNP. The measurements are the average of three replicates. 

For the purpose to determine the loading of the calcein in the pSiNPs, three washes 

were performed using the same protocol and the same mediums for the size determination 

but, finally, the pSiNPs have been resuspended in 1 mL of PBS. Then the pSiNPs were 

incubated at 37 ºC for one day in order to accelerate the dissolution of the nanoparticles 

and, then, the release of the calcein entrapped. After the 24 hours, the destroyed pSiNPs 

were centrifuged at 21,100 rcf for 30 mins and the supernatant was kept because is where 

the calcein was. 

To determine the concentration of calcein entrapped a standard calibration curve was 

performed. Serial dilutions of calcein in PBS were done, and their absorbances were 

measured at different wavelengths, between 300 and 550 nm (Figure 5.26a). A maximum 

peak at 490 nm was read in all solutions. After, a correlation curve was done plotting the 

absorbance at 490 nm in front of their concentrations (Figure 5.26b). Measuring the 

absorbance of the sample, the concentration was extrapolated. 



  Chapter 5  

229 
 

 
Figure 5.26.: a) Calcein absorbance at different concentrations from 300 to 550 nm, and b) standard 
correlation curve of calcein absorbance at 490 nm and calcein concentration. The blue dot indicates the 

absorbance of the three replicates of the sample measured. 

Following Equation 5.2 the loading was calculated, knowing the pSiNPs concentration 

which was 0.135 mg/mL in the final complex. The result of the mass loading is 18.5·10-3. 

 Loading
mass

= 
masscalcein

masspSiNPs

 (5.2) 

5.4.4 Quatsome complexation with pSiNPs@calcein  

To perform the complexation studies with the pSiNP@calcein, first, we tried with CTAB-

Quatsomes, because they were the ones that presented good results in the integration of 

silicon nanocrystals10, and if good results were achieved, then we moved to MKC-

Quatsomes. 

The objective of this work was to load the pSiNPs inside the Quatsomes and have 

these hybrids homogeneously dispersed in water (Figure 5.27). 

 
Figure 5.27.: Schematic representation of CTAB-Quatsomes loaded with pSiNPs which contains calcein 
molecules (C-QS@pSiNPs@calcein). 

To accomplish this, different strategies were followed in order to conjugate the pSiNPs 

loaded with calcein (pSiNPs@calcein) with Quatsomes: 
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a) By sonication 
With this strategy, CTAB-Quatsomes, with an initial concentration of 5.40 mg/mL, already 

prepared by DELOS-SUSP in water (see Table 7.4 for more information about the sample) 

were used. At the first point, we used the protocol described for the complexation of small 

silicon nanocrystals (SiNCs) with CTAB-Quatsomes10, which used a mass ratio between 

C-QS:SiNCs of 14:1 and a sonication time of 5 mins. Thus, we employed a mass ratio of 

14:1 between the C-QS:pSiNPs@calcein. After the mixing by sonication, some aggregates 

started to appear and there were two phases clearly separated, the supernatant and the 

pellet. Both phases were characterized to know if some complexes have been achieved 

in one of the phases. The DLS measurements revealed that in the pellet there are big 

aggregates without any organization (Figure 5.28). The supernatant seemed to have 

some interaction between the pSiNPs and the CTAB-Quatsomes, but it was not the 

desired, achieving big heterogeneous structures (Figure 5.28). Thus, there is some 

interaction between the two components, but it is not the expected. 

 
Figure 5.28.: a) The size distribution and b) correlogram of the C-QS@pSiNPs@calcein complexes prepared 
by sonication. The measurements are the average of three replicates. 

In order to avoid the aggregates’ formation, new protocols were explored changing 

some experimental parameters. We decreased the mass ratio between 

C-QS:pSiNPs@calcein to 7:1 and 1:1. Moreover, we tried with pSiNPs without entrapped 

calcein, with pSiNPs with free calcein (without removing the free calcein by centrifuging) 

and increasing the time sonication to 10 and 30 min. All the trials had the same result: 

formations of aggregates and two phases separation. 

Therefore, we decided to look for another strategy to achieve the complexes. 

b) By thin-film hydration (TFH) 
With the thin film hydration (TFH) preparation method, the Quatsomes can be prepared 

following a simple methodology, and hydrophobic or hydrophilic molecules can be loaded 

in them. So, we will use this strategy in order to load the pSiNPs@calcein inside the 
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Quatsomes while the Quatsomes are formed (see Section 7.2.2 of Chapter 7 for more 

information about the TFH method). 

In this method, we followed the protocol described for complexing the pSiNPs with 

fusogenic liposomes64. With this strategy, it was used a mass ratio between Quatsomes 

and pSiNPs@calcein of 7:1. 

TFH is a simple methodology to prepare vesicles, but large vesicles are produced with 

a lot of heterogeneity. In order to homogenize the sample, we performed an extrusion-step 

post-process. We used a Mini-Extruder (from Avanti Polar Lipids) using a polycarbonate 

filter membrane of 200 nm (Whatman) and we extruded 21 times the sample. The sample 

and the extruder were heated at 45 ºC in order to have a more fluid Quatsomes’ 

membrane. With this method, we were able to have vesicles of less than 200 nm of size. 

We prepared CTAB-Quatsomes and MKC-Quatsomes encapsulating inside them the 

pSiNPs@calcein. To make sure that the pSiNPs were inside the Quatsomes, we prepared 

also plain Quatsomes in water. We characterized them by DLS and we obtained similar 

sizes, around 160 nm (Figure 5.29). These results are logical if we think that all the 

vesicles and complexes obtained must be lower than 200 nm because it is the membrane’s 

pore size. Thus, in the following steps, we will still use the TFH complexation method 

because it shows more promising results than the sonication method. 

 
Figure 5.29.: a) The size distribution and b) correlogram of CTAB-Quatsomes and C-QS@pSiNPs@ calcein 
complexes. And the c) size distribution and d) correlogram using the MKC-Quatsomes. The measurements 
are the average of three replicates. 
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Furthermore, we characterized by ELS the zeta-potential of each sample. For the 

CTAB-Quatsomes the zeta-potential was 68 ± 4 mV, and for the MKC-Quatsomes it was 

60 ± 1 mV. The problem arises when the zeta-potentials of the QS@pSiNPs@calcein 

were measured. In both types of complexes, the zeta-potentials did not change in 

comparison with the plain Quatsomes. This may indicate that something occurs during the 

complexation because if the pSiNPs are loaded in Quatsomes, the zeta-potential should 

change. 

In order to know more about these results, we tried to process with the extruder 

pSiNPs@calcein without Quatsomes. We saw that the nanoparticles were lost during the 

process. If we analyzed by DLS the final product we could not see anything, meaning that 

there were any pSiNPs. Moreover, we tried to reduce the number of extrusions and we 

saw by TEM that if the number of extrusions was increased the amount of pSiNPs 

decreased. This result means that the pSiNPs were lost during the extrusions. However, 

maybe it could be possible that when the pSiNPs were extruded with the presence of 

Quatsomes, the interaction between the pSiNPs and the Quatsomes led that the pSiNPs 

were not removed through the filter. 

We tried to prepare the complexes with TFH, but instead of homogenizing the sample 

using the extruder, we used the ultrasounds, which is also a route to homogenize vesicles. 

In this sense, we prepared and homogenized both types of Quatsomes (CTAB- and MKC-

Quatsomes, see Table 7.5 of Chapter 7 for more information) with and without the 

pSiNPs@calcein. The samples were sonicated 10 min and 40 min in order to see if 

increasing the sonication time, we were able to achieve more homogeneous samples. The 

results are shown in Figure 5.30. When we processed the plain Quatsomes, only one 

peak appears but with a lot of polydispersity. The problem arises when the pSiNPs are 

added because the size distributions are much worse. Moreover, at the time of 40 min, a 

presence of aggregates in the sample are visualized. Therefore, we analyzed the pellet 

and the supernatant, and in any case, we could able to see a monomodal distribution, so 

the desired complexes were not formed. 
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Figure 5.30.: The size distribution of Quatsomes and complexes at 0, 10, and 40 min. a) CTAB-Quatsomes, 
and b) complexes using this CTAB-Quatsomes. c) MKC-Quatsomes and d) the complexes using the MKC-
Quatsomes. The measurements are the average of three replicates. 

With these results, we can conclude that we cannot use the sonication as a mode to 

homogenize the complexes because we achieve non-desired structures. 

As we could not able to get the complexes using these protocols, we tried another 

strategy. We thought not to remove the free calcein during the process of the preparation 

of the pSiNPs@calcein complex. Maybe the calcein helps the interaction between the 

Quatsomes and the pSiNPs. Thus, the pSiNPs@calcein + free calcein complexes were 

assembled with the same protocol, but without doing the three centrifugations to avoid the 

removal of the free calcein. The QS@pSiNPs@calcein + free calcein complexes were 

prepared with TFH and then they were extruded. These complexes were characterized by 

the DLS technique (Figure 5.31). 

Moreover, in order to know if the free calcein affects on the Quatsomes’ size, 

Quatsomes loaded with calcein (QS@calcein + free calcein) were prepared as controls. 

The relation between the QS and the calcein was the same as when the pSiNPs are 

present, 1:0.03 (w:w) QS:calcein. The size distribution of these complexes was analyzed 

by DLS (Figure 5.31). 
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Figure 5.31.: The size distribution of Quatsomes, complexes with free calcein, and Quatsomes with free 
calcein. a) using CTAB-Quatsomes and b) with MKC-Quatsomes. The measurements are the average of three 
replicates. 

The sizes of the complexes using free calcein (QS@pSiNPs@calcein + free calcein) 

are larger than the Quatsomes (QS) alone and Quatsomes without pSiNPs (QS@calcein 

+ free calcein) (Figure 5.31). These results suggest that the addition of pSiNPs may cause 

an increase of size, intuiting that the pSiNPs were loaded in the complex. 

The zeta-potential of these complexes cannot be measured, because of the presence 

of a high concentration of CaCl2 (2.1 M) and free calcein (48.15 µM) in the medium. 

In order to know more about the presence of the pSiNPs, we did the same control as 

before: extrude pSiNPs@calcein with free calcein, without Quatsomes. We observed the 

same result as before: we were losing nanoparticles while they were extruded. Maybe, as 

it is explained before, the presence of Quatsomes in the extrusion’s moment avoided the 

removal of the pSiNPs through the filter.  

Until now, we knew that something increased the size of Quatsomes in the complexes 

QS@pSiNPs@calcein + free calcein (Figure 5.31), maybe the pSiNPs which were not 

present in the other samples. Thus, the pSiNPs could be loaded in the Quatsomes only 

when the free calcein was present in the complex. Maybe it is caused because the free 

calcein helps the interaction between the pSiNPs and Quatsomes, maybe trough 

electrostatic interactions. Even though, further characterizations must be done in order to 

understand our system. 

These results encourage us to explore more the complexation of Quatsomes and 

pSiNPs to achieve hybrid structures, capable to enhance the loading of oligonucleotides. 

5.4.5. Comparison between TFH and DELOS-SUSP 

In this section, the Quatsomes were prepared with thin-film hydration instead of preparing 

them by DELOS-SUSP, due to that these experiments were carried out in UCSD (San 
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Diego, USA). Thus, some observations regarding the formation of Quatsomes and their 

properties should be highlighted. 

First, it was astonishing that the MKC-Quatsomes can be prepared in water with TFH, 

although these MKC-Quatsomes could not be prepared by DELOS-SUSP methodology. 

This difference may be caused due to the preparation route, where the MKC-Quatsomes 

prepared by TFH are stable while the same prepared by DELOS-SUSP were non-stable 

in water. This indicates that the preparation pathway impacts directly on the stability of 

Quatsomes and therefore in their properties. What is known is that with the TFH the 

obtained Quatsomes are less homogenous regarding the membrane organization, while 

the Quatsomes produced by DELOS-SUSP the membrane is more homogenous and all 

of the components are equally distributed7. Therefore, the organization of the membrane 

impacts strongly on the MKC-Quatsomes. In the case of the MKC-Quatsomes produced 

by TFH, the inhomogeneity may cause more stable MKC-Quatsomes in water; while the 

MKC-Quatsomes produced by DELOS-SUSP, which their membrane is more 

homogenous, need the chloride ions in order to be stable. This may be caused because 

in the DELOS-SUSP the MKC should be solubilized in micelles, and in the TFH, the 

membrane components are forming a thin-film without any previous organization. 

Moreover, the zeta-potential of the CTAB-Quatsomes prepared by TFH, 68 ± 4 mV, is 

different from the zeta-potential obtained with DELOS-SUSP, 140 ± 4 mV. This is caused 

by the different preparation route. As it is mentioned before, this may be caused because 

the organization of the membrane components strongly depends on the preparation route7. 

So, the zeta-potential of the Quatsomes prepared by DELOS-SUSP and the ones 

prepared by TFH can be different. This difference cannot be seen for the MKC-Quatsomes 

because they cannot be produced in water with the DELOS-SUSP methodology. 

5.4.6. Summary 

pSiNPs can be produced with the desired physicochemical characteristics that can entrap 

molecules like calcein, which has been chosen as a model molecule of oligonucleotides. 

As shown, the production of complexes based on QS@pSiNPs@calcein is challenging. 

Several routes for producing them have been explored, but for the moment, any was fully 

satisfactory. Following the methodology using free calcein in the complexation, we have 

some suspicions that we have achieved good preliminary results, but further studies are 

needed. 
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5.5. Summary and conclusions 

In this chapter new Quatsomes have been prepared in order to improve their 

functionalities. 

First, we have seen that anchoring a protecting group in the MKC-Quatsome’s surface 

we can reduce the protein corona and then improve the stability of MKC-Quatsomes in 

serum. We have used different PEG molecules with different lengths and densities. We 

have seen that the best options are using PEG200 and PEG1000, with low densities of PEG, 

because the high PEG densities lead to more aggregated or less homogenous batch-to-

batch samples. If the two PEGs lengths are compared with the same low PEG density, the 

PEG200 could present a more mushroom conformation, while the PEG1000 could have a 

more brush conformation. Regarding the behavior upon dilution with serum, both PEGs 

act similarly, with slightly better performance by the PEG1000, in both dilutions, 1:1 and 

1:999 (VQS:VHS). The presence of PEG is clearly evidenced at low dilutions with serum if 

are compared with the naked MKC-Quatsomes. Therefore, these results with the 

PEGylated MKC-Quatsomes improve the stability of MKC-Quatsomes, becoming good 

candidates to be used as nanomedicines administered intravenously 

Secondly, we have improved the negative SDS-Quatsomes composed of cholesterol 

and SDS. Here we have understood that the addition of salts can impact on the preparation 

of more Quatsomes’ types, apart from the MKC-Quatsomes studied in this Thesis. These 

anionic SDS-Quatsomes are homogenous and stables in the presence of salts. Therefore, 

they can be used in some applications where a negative charge is required, like load 

negative proteins or decrease the strong interaction with oligonucleotides. 

And finally, we have interfaced Quatsomes with pSiNPs in order to increase the 

loading of negative molecules like oligonucleotides. Here, we have used calcein as a 

model-oligonucleotide payload. We have seen that the complexation is challenging, 

although it can be obtained because we have some assumptions that the complex has 

been achieved. 

In summary, Quatsomes are excellent candidates to be used as theragnostic 

nanomedicines, which can be easily modified and functionalized. Furthermore, their 

design can be customed depending on the needed applications. 
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6 
Conclusions 

 

 

From the work carried out in this Ph.D. Thesis on the preparation of new Quatsome 

nanovesicles for the development of advanced nanomedicines, the following conclusions 

can be withdrawn: 

1. The new Quatsomes composed by MKC and cholesterol have different stability 

properties compared with the well-studied Quatsomes composed of CTAB and 

cholesterol. Thus, the nature of the surfactant strongly impacts on the stability of 

Quatsomes. In contrast to CTAB-Quatsomes, MKC-Quatsomes prepared by 

DELOS-SUSP, are not stable in water. 

2. The presence of anions in the aqueous phase of MKC-Quatsomes dispersions 

strongly impacts on the stability and physicochemical characteristics of these 

nanovesicular systems. In particular, the presence of chloride ions makes stable 

MKC-Quatsomes. This stabilizing effect was understood thanks to molecular 

dynamics simulations, where the chloride ions strongly interact with the 

cholesterol’s hydroxyl group. MKC-Quatsomes are stable in saline buffers 

containing chloride anions, commonly used in intravenous formulations, like 

Ringers’ lactated, glucosaline, and normal solution. In all these buffers, the 

concentration of chloride anions is lower than 280 mM, the critical coagulation 

concentration of chloride ions to induce MKC-Quatsomes coagulation 

3. The MKC-Quatsomes can be labeled with DiR dye, which emits in the far-red and 

near-infrared reducing the tissue’s scattering and the autofluorescence. These new 

fluorescent nanoparticles have an interest regarding its physicochemical and 

optical stability, which opens the use of fluorescent MKC-Quatsome nanovesicle 

platform for in vivo bioimaging. 

4. A new analytical methodology based on HPLC-ELSD was developed and validated 

for the quantitative determination of the chemical composition of MKC-Quatsomes.  
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5. MKC-Quatsome nanovesicles present optimum properties to be used as 

nanocarriers for intravenous drug delivery. They are stable along time, upon high 

dilution in water, and in human serum. Besides, MKC-Quatsomes can be 

internalized to the cells, reaching the lysosomes. Moreover, preliminary in vivo 

studies show that when MKC-Quatsomes are intravenously administered in cancer 

xenografted Swiss nu/nu mice, the MKC-Quatsomes are accumulated principally 

in tumors, liver, spleen, and kidneys. Moreover, there is no histological damage in 

the cells of these organs. 

6. CTAB and MKC-Quatsomes loaded with the FRET-pair dyes DiI and DiD were 

successfully prepared. Both FRET-labeled Quatsomes present high FRET 

efficiencies. Moreover, these new fluorescent nanoparticles show a high brightness 

and a high photostability in comparison to other fluorescent nanoparticles, such as 

Quantum Dots. FRET-Quatsomes, prepared in the frame of this Thesis, show high 

stability along time of their characteristics and optical properties. These new 

fluorescent nanovesicles are biocompatible, stable in cell media, and maintain their 

integrity inside the cells, where they mainly localize in lysosomes. The outstanding 

physicochemical and optical properties of FRET-Quatsomes make them 

particularly interesting for the development of new fluorescent nanoprobes for 

bioimaging and in vitro diagnosis. 

7. The deep physicochemical and optical characterization of CTAB-Quatsomes with 

different loadings of the FRET pair dyes DiI and DiD experimentally revealed that 

these dyes move and interact when are placed in the Quatsome’s bilayer. 

8. The surface of MKC-Quatsomes was successfully functionalized with PEG 

molecules, through the covalent attachment of PEG units to a fraction of cholesterol 

molecules of Quatsome membrane. The stability of MKC-Quatsomes in human 

serum can be tuned by changing PEG density on the Quatsome surface, which 

reduces the formation of the protein corona. 

Therefore, based on these general conclusions, this Ph.D. Thesis has contributed to 

the expansion of the use of Quatsomes for the development of new nanocarriers for 

intravenous drug delivery and new fluorescent probes for bioimaging applications. 
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7 
Experimental Part 

 

 

7.1 Materials 

Myristalkonium chloride (MKC, purity 99.2%) was acquired from US Biological Life Science 

(Salem, USA). Cetyltrimethylammonium bromide (CTAB, purity 99.0%) and sodium 

dodecyl sulfate (SDS, purity 98.5%) were purchased from Sigma-Aldrich (Saint Louis, 

USA). 5-Cholesten-3β-ol (chol, purity 95%) was purchased from PanReac AppliChem 

(Castellar del Vallès, Spain). Cholesterol-PEG200 (576.66 g/mol) was synthesized by 

Dr. Miriam Royo group from the Multivalent Systems for Nanomedicine (IQAC-CSIC) and 

the cholesterol-PEG1000 (1425.66 g/mol) was acquired from Biochempeg Scientific Inc. 

(Watertown, USA). 1,1’‐dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate 

(DiI), 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate (DiD), and 1,1'-

dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR) were purchased from 

Life Technologies (Carlsbad, USA). Human serum was purchased from Sigma-Aldrich 

(Saint Louis, USA). 

Dulbecco's modified eagle's medium (DMEM), fetal bovine serum (FBS), phosphate-

buffered saline (PBS), l-glutamine solution (200 mM), trypsin–EDTA solution (170000 U/L 

trypsin and 0.2 g/L EDTA), and penicillin-streptomycin solution (10000 U/mL penicillin and 

10 mg/mL streptomycin) were obtained from Lonza (Verviers, Belgium). The 75 cm2 flasks, 

96-well plates, and 24-well plates were obtained from TPP (Trasadingen, Switzerland). 

Ringer’s Lactated solution and 5% glucose were purchased from B. Braun 

(Melsungen, Germany). D-(+)-Glucose (purity 99.5%) and L-histidine (pure, pharma 

grade) were purchased from Sigma-Aldrich (Saint Louis, USA). Sodium chloride (NaCl, 

purity 99.5%) was acquired from Thermo Fisher Scientific (Waltham, USA), sodium 

hydrogen phosphate (Na2HPO4, purity 99.0%) and sodium phosphate monobasic 

dihydrate (NaH2PO4 · 2H2O, purity 99.0%) were acquired from Merck KGaA. (Darmstadt, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/eagles-minimal-essential-medium
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Germany), and sodium hydrogen carbonate (NaHCO3, purity 99.9%) was purchased from 

PanReac AppliChem (Castellar del Vallès, Spain). 

Ethanol (EtOH, HPLC grade purity) was purchased from Teknochroma (Sant Cugat 

del Vallès, Spain). Carbon dioxide (CO2, 99.9%) was acquired from Carburos Metálicos 

(Cornellà de Llobregat, Spain). The water used was pretreated with the Milli-Q Advantage 

A10 Water Purification System (Millipore Ibérica, Madrid, Spain). All the chemicals were 

used without further purification. 

Methanol (MeOH, OptimaTM LC/MS Grade), isopropanol (IPA, OptimaTM LC/MS 

Grade), glacial acid acetic (HAc, HPLC for electrochemical detection), and ammonium 

acetate (for HPLC) were purchased from Fisher Scientific (Hampton, USA). Ethanol HPLC 

gradient was supplied from Sharlab (Sentmenat, Spain) and formic acid from Sigma-

Aldrich (Saint Louis, USA). 

Highly boron-doped p-type silicon wafers (~ 1 mΩ cm resistivity, polished on the (100) 

face) were obtained from Virginia Semiconductor (Fredericksburg, USA) or Sil’tronix 

Silicon Technologies (Archamps, France). Hydrofluoric acid (HF, 48% aqueous, ACS 

grade) was obtained from Fisher Scientific (Hamptton, USA). Anhydrous calcium chloride 

was obtained from Spectrum Chemicals (Gardena, USA). Hydrophilic dye calcein was 

purchased from Sigma-Aldrich (Saint Louis, USA). Deionized (18 mΩ) water was used for 

aqueous dilutions. 
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7.2. Preparation and processes of Quatsomes 

7.2.1. Preparation by DELOS-SUSP method 

Description of the equipment 
The equipment used for the preparation of Quatsomes by DELOS-SUSP (depressurization 

on an expanded liquid organic solution – suspension) is schematized in Figure 7.1. The 

configuration comprises a 7.3 mL high-pressure vessel (HPV), whose temperature is 

controlled by an external thermostatic bath; a syringe pump (model 260D, ISCO Inc., USA) 

(P) to introduce CO2 inside the HPV through valve V-4; a depressurization valve (V-7) from 

which the expanded liquid solution is depressurized into the aqueous phase placed in a 

collector (C) located after V-7, N2 is pumped into the vessel through V-6. A one-way valve 

is located after V-6 to prevent contamination of CO2 in the N2 line. V-2, V-3, and V-5 are 

dividing the CO2 and N2 pipelines. There is also a pressure indicator (PI) and another one-

way valve before the vessel to prevent the backflow from HPV, which could lead to 

contamination of the gas lines. 

 

Figure 7.1.: Scheme of DELOS-SUSP set-up. 

The solubility of cholesterol in CO2-expanded ethanol solution 
In the DELOS-SUSP process, the solubility of the hydrophobic compounds in CO2-

expanded ethanol is one of the main parameters that rule the formation of Quatsomes. All 

the hydrophobic compounds must be in one phase with the CO2 and ethanol at the working 

conditions (Tw, Pw, Xw). Figure 7.2 shows the solubility of cholesterol in the mixture 
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CO2:ethanol at different Xw at fixed Tw (35 ºC) and Pw (10 MPa) At the CO2 molar fraction 

used for the preparation of Quatsomes by DELOS-SUSP (Xw = 0.6 and C (moles of 

cholesterol in front of moles of ethanol and CO2) < 0.002), the CO2 acts as a co-solvent for 

the cholesterol, which means that at the working conditions a single phase is obtained 

inside the vessel and cholesterol is completely dissolved in the CO2-ethanol mixture. 

The solubility of other hydrophobic compounds, like hydrophobic dyes, in CO2-

expanded ethanol has not been studied due to the high prices and the large amount that 

would be required in order to make such experiments. However, previous studies show 

that the hydrophobic dyes and cholesterol-derivatives are soluble in the working 

conditions1 (REF Tesi Antonio), which is verified by the lack of residual precipitate inside 

the vessel after the process is performed. 

 
Figure 7.2.: Solubility curve of cholesterol in CO2:ethanol mixture at 10 MPa and 35 ºC. In X-axis is 
represented the molar fraction of CO2, calculated knowing the total volume of the vessel and the volume of 
ethanol added, and in Y-axis is represented the relationship between the moles of cholesterol in front of the 
moles of ethanol and CO2. The green highlighted region corresponds to the conditions that we are working 
with. Adapted from 2. 

Experimental procedure 
The preparation of Quatsomes by DELOS-SUSP was performed according to the following 

procedure (Figure 7.3). A desired mass (mOP) of hydrophobic components (cholesterol, 

cholesterol-derivatives, and hydrophobic dyes) was solubilized in a known volume (VOP) 

of ethanol at 38 ºC, and introduced into the vessel, which was previously heated to the 

working temperature (Tw = 35 ºC). After 20 minutes, once the solution has achieved Tw, 

the vessel is pressurized with compressed CO2 through valve V-4, producing a volumetric 

expansion of the liquid solution with the desired molar fraction of CO2 (Χw = 0.60), which 

depends on the VOP and mAP, at the working pressure (Pw = 10 MPa). The solution was left 

to equilibrate for one hour. The CO2-expanded solution was then depressurized from Pw 

to atmospheric pressure through the valve V-7 over an aqueous suspension (VAP), which 

was previously heated at 38 ºC. The aqueous solution contained the hydrophilic 
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components (surfactants) (mAP). The volumetric relation between the aqueous phase and 

the organic phase was 9:1 (VAP:VOP, aqueous phase:organic phase). A flow of N2 at Pw 

was used as a plunger to push down the expanded solution in order to maintain constant 

the pressure in the vessel during the depressurization. 

 

Figure 7.3.: Schematic illustration of the DELOS-SUSP procedure: a) addition of the hydrophobic components 
in ethanol inside the vessel, b) expansion of the solution with compressed CO2 and c) depressurization the 
organic mixture on an aqueous suspension of surfactants producing Quatsomes. 

Formulations prepared by DELOS-SUSP 
All the samples and prepared in this Thesis using the DELOS-SUSP methodology and 

their process parameters are summarized in Table 7.1, Table 7.2, Table 7.3, and Table 

7.4. 

Table 7.1.: Samples prepared for Chapter 2. 

Sample 
Memb. 
comp. 

Molar 
ratioinitial 

a 
[chol]OP:[MKC]AP 

(mg/mL)b 
Aqueous 
phasec 

[Mem. 
comp] 

(mg/mL)initial 

M-QS_w chol:MKC 1:1 9.25:1.01 water 1.91 

M-
QS(2)_w 

chol:MKC 1:2 9.25:2.03 water 2.83 

M-
QS(3)_w 

chol:MKC 1:3 9.25:3.04 water 3.75 

M-QS_ 
NaCl-100 

chol:MKC 1:1 9.25:1.01 
100 mM 

NaCl 
1.91 

Cholesterol and cholesterol-derivatives in ethanol

Hydrophobic dyes in ethanol

Surfactants in aqueous suspension

Quatsomes produced in aqueous suspension/EtOH
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M-QS(2)_ 
NaCl-100 

chol:MKC 1:2 9.25:2.03 
100 mM 

NaCl 
2.83 

M-QS(3)_ 
NaCl-100 

chol:MKC 1:3 9.25:3.04 
100 mM 

NaCl 
3.75 

M-QS_ 
NaCl-500 

chol:MKC 1:1 9.25:1.01 
500 mM 

NaCl 
1.91 

M-QS_ 
NaCl-50 

chol:MKC 1:1 9.25:1.01 
50 mM 
NaCl 

1.91 

M-QS_NS chol:MKC 1:1 9.25:1.01 
Normal 

Solution 
1.91 

M-
QS_Dex 

chol:MKC 1:1 9.25:1.01 
Dextrose 

5% 
1.91 

M-QS_GS chol:MKC 1:1 9.25:1.01 
Gluco-
saline 

1.91 

M-QS_RL chol:MKC 1:1 9.25:1.01 
Ringer’s 
lactated 

1.91 

M-QS_ 
PBS-100 

chol:MKC 1:1 9.25:1.01 
100 mM 

PBS 
1.91 

M-QS_ 
PBS-300 

chol:MKC 1:1 9.25:1.01 
300 mM 

PBS 
1.91 

M-QS_ 
carb-166 

chol:MKC 1:1 9.25:1.01 
166 mM 

carbonate 
1.91 

M-QS_ 
carb-500 

chol:MKC 1:1 9.25:1.01 
500 mM 

carbonate 
1.91 

M-QS_His chol:MKC 1:1 9.25:1.01 
5 mM 

Histidine 
1.91 

a Initial molar ratio corresponds to the initial ratio between moles of cholesterol loaded in the high-pressure 
vessel and moles of surfactant present in the aqueous phase. b Corresponds to the concentration of cholesterol 
in the organic phase (VOP = 2.86 mL) and the concentration of MKC in the aqueous phase (c) (VAP = 23.86 mL) 
of DELOS-SUSP. Each sample was prepared with three replicates. 

Table 7.2.: Samples prepared for Section 2.4 of Chapter 2 and Chapter 3. 

Sample 
Mem. 

comp.a 
[Mem. comp.] 
(mg/mL)initial 

b 
Aqueous 

phase 
Dye 

[dye] (% total 
moles)initial

c 

M-QS_RL chol:MKC 1.91 
Ringer’s 
lactated 

- - 

M-QS-R_RL chol:MKC 1.91 
Ringer’s 
lactated 

DiR 1 

a The initial molar ratio between the cholesterol and MKC was 1:1. b The relation of [chol]OP:[MKC]AP is 
9.25:1.01 mg/mL. c  dye loaded in the organic phase. 

Table 7.3.: Samples prepared for Chapter 4. 

Sample 
Memb. 
comp.a 

[chol]OP:[surf]AP 
(mg/mL)b 

Aqueous 
phasec 

[Mem. 
comp] 

(mg/mL)init. 
dyes 

[dye] 
(µM)theo

d 

C-QS chol:CTAB 25.68:2.89 water 5.40 - - 
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C-QS-I chol:CTAB 25.68:2.89 water 5.40 DiI 100 

C-QS-D chol:CTAB 25.68:2.89 water 5.40 DiD 100 

C-QS-
I:D-

200 µM 
chol:CTAB 25.68:2.89 water 5.40 DiI:DiD 200 

C-QS-
I:D-

100 µM 
chol:CTAB 25.68:2.89 water 5.40 DiI:DiD 100 

C-QS-
I:D-

50 µM 
chol:CTAB 25.68:2.89 water 5.40 DiI:DiD 50 

C-QS-
I:D-

5 µM 
chol:CTAB 25.68:2.89 water 5.40 DiI:DiD 5 

M-QS chol:MKC 25.68:2.89 
100 mM 

PBS 
3.86 - - 

M-QS-I chol:MKC 25.68:2.89 
100 mM 

PBS 
3.86 DiI 70 

M-QS-
D 

chol:MKC 25.68:2.89 
100 mM 

PBS 
3.86 DiD 70 

M-QS-
I:D 

chol:MKC 25.68:2.89 
100 mM 

PBS 
3.86 DiI:DiD 140 

a The initial molar ratio between the cholesterol and surfactant was 1:1. b Corresponds to the concentration of 
cholesterol in the organic phase (VOP = 3.11 mL) and the concentration of MKC in the aqueous phase (c) 
(VAP = 25.93 mL) of DELOS-SUSP. d dye loaded in the organic phase 

Table 7.4.: Samples prepared for Chapter 5. 

Sample 
Membrane 

components 
Molar 

ratioinit
a 

[chol]OP:[chol-
PEG]OP:[surf]AP 

(mg/mL)b 

Aq. 
Phasec 

[Mem. 
comp] 

(mg/mL)initial 

M-QS chol:MKC 1:1 9.25:1.01 
100 mM 

PBS 
1.91 

M-QS-
PEG200-7% 

chol:chol-
PEG200:MKC 

6:1:7 7.62:1.91:1.01 
100 mM 

PBS 
1.93 

M-QS-
PEG200-

21% 

chol:chol-
PEG200:MKC 

4:3:7 5.08:5.69:1.01 
100 mM 

PBS 
2.07* 

M-QS-
PEG1000-7% 

chol:chol-
PEG1000:MKC 

6:1:7 7.62:4.67:1.01 
100 mM 

PBS 
2.23 

M-QS-
PEG1000-

21% 

chol:chol-
PEG1000:MKC 

4:3:7 5.08:14.05:1.01 
100 mM 

PBS 
2.96 
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S-QS_w Chol:SDS 1:1 9.25:0:0.73 water 1.91 

S-QS_PBS-
100 

Chol:SDS 1:1 9.25:0:0.73 
100 mM 

PBS 
1.91 

C-QS Chol:CTAB 1:1 25.68:0:2.89 water 5.40 

a Initial molar ratio corresponds to the initial ratio between moles of cholesterol and chol-PEG loaded in the 
high-pressure vessel and moles of surfactant present in the aqueous phase. b Corresponds to the 
concentration of cholesterol and chol-PEG in the organic phase (VOP = 2.86 mL) and the concentration of MKC 
in the aqueous phase (c) (VAP = 23.86 mL) of DELOS-SUSP. Each sample was prepared with three replicates. 

 

7.2.2. Preparation by thin-film hydration (TFH) 

Thin-film hydration was selected in order to prepare vesicular systems with a different 

method of DELOS-SUSP. For this procedure, a quantity of each membrane component 

dissolved in chloroform was mixed in a glass vial and the solvent is slowly overnight 

evaporated to create a lipid thin film. Then, the film is hydrated with an aqueous solution 

until the film is solubilized.  

In order to homogenize the polydisperse obtained sample, the vesicles were extruded 

twenty-one times at 41 ºC using a manual mini-extruder (Avanti Polar Lipids, Alabaster, 

USA) through a polycarbonate filter with a pore size of 200 nm (Avanti Polar Lipids, 

Alabaster, USA). With this post-processing step, a more homogenous suspension will be 

achieved (Figure 7.4). 

 

Figure 7.4.: Scheme of the extrusion performed. 

 

Formulations prepared by TFH 
The samples prepared by TFH methodology and then extruded are described in Table 

7.5. 
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Table 7.5.: Samples prepared with TFH and then extruded for Chapter 5.  

Sample 
Membrane 

componentsa 
[Mem. comp] 
(mg/mL)initial

b 
Solventc Loadingd 

C-QS Chol:CTAB 1 water - 

M-QS Chol:MKC 1 water - 

C-QS@pSiNPs@ 
calcein 

Chol:CTAB 1 water pSiNPs@calcein 

M-
QSpSiNPs@calcein 

Chol:MKC 1 water pSiNPs@calcein 

C-QS@pSiNPs@ 
calcein + free calcein 

Chol:CTAB 1 water 
pSiNPs@calcein 

 + free calcein 

M-QS@pSiNPs@ 
calcein + free calcein 

Chol:MKC 1 water 
pSiNPs@calcein 

+ free calcein 

C-QS@calcein + free 
calcein 

Chol:CTAB 1 water 
calcein 

+ free calcein 

M-QS@calcein + free 
calcein 

Chol:MKC 1 water 
calcein 

+ free calcein 
a Membrane components forming the thin film. b Initial concentration of the membrane components in the film. 
c 1 mL of solvent used for hydrating the thin film which had dispersed a loading (d). Each sample was prepared 
with three replicates. 

7.2.3. Purification of Quatsomes 

In order to remove the hydrophilic non-encapsulated molecules and at the same time to 

change the media for a new one, for example, to remove the remaining ethanol, a step of 

purification is required. In this work, this step is performed using the diafiltration equipment. 

The diafiltration consists of passing the sample through a module or porous column, while 

a new solvent is added. The setup for diafiltration, KrosFlo® Research IIi TFF System 

(KR2i) (Repligen, Waltham USA), is schematized if Figure 7.5a. This equipment is based 

on the tangential flow filtration process and uses the transmembrane pressure (TMP) as a 

driving force. To separate the non-incorporated molecules from the Quatsomes, a 100 kDa 

cut-off mPES hollow fibber column was used (C04-E100-05-N, Repligen, Waltham, USA). 

A known volume of sample was added to the feed reservoir, and was submitted to 6 cycles 

of diafiltration (based on manufacturer’s operating instructions), through the column while 

components with a size below pore size were removed (i.e. the solvent and the small 

molecules) (Figure 7.5b.). The removed volume was replaced by the desired buffer (water, 

etc.) placed in the buffer reservoir, in order to keep a constant volume. A rotating pump 

recirculates the sample from the feed reservoir through the column and back to the original 

vessel with a TMP of 5 psi. 
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Figure 7.5.: a) Scheme of the diafiltration setup, adapted from Repligen webpage, and b) scheme of the 

tangential flow process for the purification of Quatsomes. 

  
The diafiltration of the samples was performed one week after their production of the 

Quatsomes. 

7.2.4. Lyophilization of colloidal systems 

Lyophilization or freeze-drying is a process in which water and other solvents are removed 

from a product after it is frozen and placed under a vacuum, allowing the ice to change 

directly from solid to gas without passing through a liquid phase (Figure 7.6). The 

lyophilization equipment consists of a heating plate and a condenser connected to a 

vacuum pump. The process consists of two different steps: 

1. Freezing: The objective is to produce a frozen matrix with enough crystals structure 

to allow the sublimating material to escape. The freezing was done at -80 ºC for 

2 hours. 

2. Sublimation: The pressure is reduced to a value lower its critical temperature and 

as a consequence, there is a phase transition from solid to gas. The sublimation 

process is performed at 0.050 mbars (5x10-5 atm) and it is maintained for 4 days. 

The freeze-drying of the samples has been done with the freeze-dryer LyoQuest -80 

(Telstar, Terrassa, Spain). Using a calibrated micropipette, 1 mL of sample was placed in 
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a transparent glass vial and was covered with an aluminum foil that has smalls holes in 

order to allow the way out of the sublimated water. 

 

Figure 7.6.: Water phase diagram with the phase transitions carried out during the lyophilization. 
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7.3. Techniques for colloidal characterization 

7.3.1. Dynamic light scattering (DLS) and electrophoretic 

light scattering (ELS) 

The dynamic light scattering technique was used to measure the particle size distribution 

(PSD) of the colloidal samples. DLS measures the time-dependent fluctuations of light 

scattered from particles under Brownian motion, which results from collisions between the 

suspended particles and solvent molecules. This movement strongly depends on the size 

of the particles. The equipment uses an incident light that impacts on the colloidal sample 

causing light dispersion. By analyzing the fluctuations of light scattered, the diffusion 

coefficient (D) of the particles is determined, and then using the Stokes-Einstein equation 

(Equation 7.1), their hydrodynamic diameter (dh) is calculated, with the Boltzmann constant 

(k), the temperature (T) and the viscosity of the solvent (η). The hydrodynamic diameter 

corresponds to the diameter of the sphere that has the same translational diffusion 

coefficient as the particle. As a consequence, the values obtained by DLS are related to 

particles with their hydration shell, depending therefore not only on the real particle size 

but as well on the medium composition such as ions, surface structures, etc. 

 D = 
kT

3πηdh

 (7.1) 

Moreover, with this technique, the polydispersity index (PdI) can be known. If one were 

to assume a single size population following a Gaussian distribution, then the PdI would 

be related to the standard deviation of the hypothetical Gaussian distribution using the 

Equation 7.2, that involves the standard deviation (σ) and the hydrodynamic diameter (dh). 

This value equals a number between 0 and 1, meaning 0 as the most homogeneous 

suspension and 1 as the most heterogeneous sample in terms of particle size distribution. 

 PdI = (
σ

dh

)
2

 (7.2) 

The electrophoretic light scattering was used in order to determine the zeta-potential 

of the colloidal suspensions. The zeta-potential is an electrokinetic property of colloids. It 

is defined as the electric potential at the slipping plane (located in the double layer 

distribution of charges) relative to a point away from the interface of the particle. For this 

reason, the value of zeta-potential is also related to the medium and the presence of ions 

in the suspension. Colloids without any functionalization, with a high value of zeta-

potential, both positive and negative, are considered stable, while colloids showing low 

zeta-potential tend to aggregate with time and eventually flocculate.  
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Zeta-potential is measured by applying a voltage across a pair of electrodes at either 

end of a cell containing the particle dispersion. Particles will migrate toward the opposite 

charge electrode with a velocity proportional to the magnitude of their zeta-potential. This 

velocity is measured and expressed as particle velocity in a unit electric filed 

(electrophoretic mobility). This mobility (ue) is used to know the zeta-potential (ζ) using the 

Helmholtz-Smoluchowski equation (Equation 7.3) by inputting the relative permittivity of 

the electrolyte solution (εrs), the electric permittivity of vacuum (ε0) and the viscosity (η) of 

the dispersant. 

 ue = 
εrsε0ζ

η
 (7.3) 

In this Thesis, for the measurements of the particle size distribution and zeta-potential, 

a Zetasizer Nano ZS which has a non-invasive backscatter technology (NIBS) (Malvern 

Panalytical, Malvern, UK) was used. This equipment uses a 4 mW He-Ne laser beam 

(633 nm). For the measurements of PSD the detector is set at 173º and for the zeta-

potential measurements is set at 13º. In order to have more reliable results, the PSD is 

recorded by intensity (homodyne detection) and expressed as z-average values. In both 

analyses, three replicates of each sample have been performed at 25 ºC. It is worthy to 

mention that all of the fluorescent samples that absorb at 633 nm cannot be measured 

using this equipment. 

7.3.2. Nanoparticle tracking analysis (NTA) 

The nanoparticle tracking analysis technique was used in order to determine the 

hydrodynamic diameter and concentration of colloidal systems that absorb at 633 nm.  

In this Thesis, the equipment used for NTA analysis was Nanosight NS300 (Malvern 

Panalytical, Malvern, UK). This uses a 488 nm laser that impacts on the colloidal 

suspension and the scattered light is collected by an optical microscope, equipped with a 

20x objective lens, onto which the sCMOS camera is mounted. A video of particles moving 

under Brownian motion in a field of view of 100 µm x 80 µm x 10 µm is then recorded and 

analyzed by the NTA software. 

With this technique, the hydrodynamic diameter is known using the recorded video of 

the tracking particles, visualized with the scattered light. This video allows the calculation 

of the coefficient diffusion with Equation 7.4, which relates the Brownian motion in two 

dimensions with the diffusion coefficient. Finally using the Stokes-Einstein equation 

(Equation 7.1), the hydrodynamic diameter can be determined. 
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 D = 
(x,y)̅̅ ̅̅ ̅̅ 2

4
 (7.4) 

As the equipment records a video of the visualized particles, the recorded particles 

are counted and measured, furthermore, the equipment does an estimation in front of the 

analyzed volume, determining the concentration of particles in the sample. For this reason, 

the technique analyses the particles measuring particle-by-particle, having a result 

expressed in number of particles, instead of having the result in intensity of light. 

The theory of Rayleigh light scattering is well established, and the intensity of the 

scattered light strictly depends on the refractive index (n) of the particles3,4. The higher is 

n, the higher is the intensity of the scattered light. Therefore, for materials with high 

refractive index (e.g. metals or semiconductors), it is possible to accurately determine size 

down to 10 and 15 nm by using NTA, while for very weakly scattering materials, such 

organic nanoparticles and nanovesicles, the minimum size of nanoparticles detectable is 

around 40 and 45 nm5. In this context, it is important to highlight that the size of the organic 

nanovesicles measured in this Thesis would be smaller than the size obtained by NTA, 

and the concentration would be larger because the NTA cannot detect the smaller organic 

particles. 

7.3.3. Cryogenic - transmission electron microscopy (cryo-

TEM) 

In order to know the morphology and the structure of the colloidal systems, the cryo-TEM 

is used. With this technique, the structure of the vesicles is preserved avoiding the fixation 

and the collapse of the sample, due to that the water is not removed from the system. 

These results are achieved working at cryogenic temperatures, reached using liquid 

nitrogen. Working at these temperatures the formation of water crystals is avoided, the 

water film is vitrified, so the vesicular structures remain intact, and the electron beam can 

pass through the vitrified water without crystals’ interferences. 

Images acquisition and sample preparation were performed with the help of the Servei 

de Microscòpia at the Universitat Autònoma de Barcelona. Images were obtained using a 

JEOL JEM-2011 (JEOL LTD, Tokyo, Japan) operating at 200 kV under low-dose 

conditions. 3.2 µL of the sample were deposited onto the 400-mesh holey carbon grid, the 

excess of water was blotted with a filter paper. Then, using a Leica EM GP cryoplunge 

(Leica, Wetzlar, Germany), was immediately vitrified by its rapid immersion in liquid ethane 

just above its freezing point (-179 ºC). The grid with the vitrified sample was mounted on 

a cryo-transfer system Gatan 626 (Gatan, Pleasanton, USA) and inserted into the 

microscope, controlling all the time the temperature below -196 ºC. Images were recorded 
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on a CCD Gatan 895 USC 4000 camera (Gatan, Pleasanton, USA) analyzed with the 

Digital Micrograph 1.8 software. 

Using the ImageJ 1.52a software (Bethesda, USA) the geometric diameter of the 

Quatsomes was measured. 700 vesicles were measured in order to have a more precise 

analysis. 

7.3.4. Multiple light scattering (MLS) 

The technology of MLS consists in the analysis of the light intensity that has been scattered 

by the particles in the sample. When the incident light impacts on the particles it is 

dispersed to all directions, impacting on other particles. This light is analyzed with two 

different detectors. The first detector analyses the transmitted light while the second 

analyses the backscattered light. Comparing the two signals, the concentration of the 

particles is known. Moreover, this technology is useful in order to quantify kinetic 

processes, like sedimentation or flocculation. 

In order to determine the stability of the sample, the equipment gives as a value called 

Turbiscan stability index (TSI). TSI is a specific parameter developed especially for 

formulators to rapidly compare and characterize the physical stability of various 

formulations. Its calculation, simple but robust concept, sums up the evolution of 

transmission (T) or backscattering (BS) light at all measured position (h), based on a scan-

to-scan difference, over total sample height (H) (Equation 7.5). 

 TSI = 
∑ |scani(h)-scani-1(h-1)|h

H
 (7.5) 

If the transmission signal is lower than 0.2 (T < 0.2), the equipment will use the 

backscattered signal. Nevertheless, if the transmission signal exceeds this value, the 

transmission signal will be used for the TSI calculus. 

The equipment used for MLS analysis is the Turbiscan LAB (Formulaction, Toulouse, 

France). 5 mL of sample are homogenized and deposited into a cylindrical glass cell. The 

light source is an electroluminescent diode in the near-infrared (880 nm). Two 

synchronous optical sensors receive respectively light transmitted through the sample 

(180º form the incident light, transmission sensor), and light backscattered by the sample 

(45º from the incident radiation, backscattering detector). The temperature of the 

equipment is maintained at 37 ºC using a Turbiscan LAB cooler (Formulaction, Toulouse, 

France). 
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7.4. Techniques for optical characterization 

7.4.1. UV-Vis spectroscopy 

Absorption spectra were acquired using a Varian Cary 5000 UV-Vis-NIR 

spectrophotometer (Agilent Technologies, Santa Clara, USA) or Infinite M200 PRO 

(Tecan, Männedorf, Switzerland) plate reader spectrophotometer. Spectra were acquired 

by placing samples in a quartz SUPRASIL high precision cell (Hellma Analytics, Müllheim, 

Germany) with 1 cm pathlength. 

7.4.2. Determination of dye concentration and dye loading 

in dye loaded Quatsomes 

With the aim of determining the concentration and mass of dye entrapped in the 

Quatsomes membrane, the UV-Vis absorbance of each dye was measured. This 

measurement was performed using the UV-Vis spectrophotometer. The Quatsomes’ 

membrane was disassociated dissolving the samples in a known volume of ethanol. 3 mL 

of Quatsome’s membrane components solution in ethanol was placed in the cuvette and 

the absorption was measured using the spectrophotometer. The value of the absorption 

unit must be between 0.1 and 0.3. If larger is the value, a more known volume of ethanol 

must be added to the solution. Then, the concentration of each dye was determined using 

the Lambert-Beer Law equation (Equation 7.6), where c is the concentration (M), ε is the 

molar extinction coefficient (M-1 cm-1) (Table 7.6) and l is the pathlength (cm). To known 

the mass of dye loaded in Quatsomes, the concentration was converted to mass using the 

dilution factor of ethanol and the total volume of the sample (see Table 7.3). 

For the determination of the dye mass loading, Quatsomes were freeze-dried (see Section 

7.2.4). Then the freeze-dried Quatsomes were weighted, determining the total mass of the 

whole system. Finally, through Equation 7.7, which relates the mass of the dye and the 

total mass-weighted, the dye mass loading was resolved. 

 Abs = ε l c (7.6) 

 Dye mass loading = 
Mass of dye

Mass weighted - Mass of dye
 (7.7) 

 

 
  

https://www.google.com/search?rlz=1C1DIMC_enES847ES847&q=M%C3%A4nnedorf&stick=H4sIAAAAAAAAAOPgE-LSz9U3sEwvSC_PU-IEsQ1LsstLtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5fA8vyctLTckvSgMAEVLcrVIAAAA&sa=X&ved=2ahUKEwiTg77Vzo_lAhVixoUKHaitCCwQmxMoATAnegQICxAN
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Table 7.6.: Fluorophores used, and their molar extinction coefficient at maximum absorption wavelength in 
ethanol. 

Fluorophore λ maximum absorption (nm) ε (M- 1 cm- 1) 

DiI 551 140000 

DiD 647 246000 

DiR 749 271000 

 

7.4.3. Fluorescence spectroscopy 

Fluorescence emission and excitation spectra were collected with a Varian Cary Eclipse 

(Agilent Technologies, Santa Clara, USA) or using an FLS989 (Edinburg Instruments, 

Livingston, UK) fluorescence spectrophotometers. Using the second equipment, the 

fluorescence spectra were corrected for the spectral responsivity of the photomultiplier 

tube detector. Solutions studied were in aqueous media with optical densities between 0.1 

and 0.2. The cuvette was quartz SUPRASIL high precision cell (Hellma Analytics, 

Müllheim, Germany) with 1 cm pathlength. 

7.4.4.-Time-resolved spectroscopy 

Time-resolved fluorescence intensity measurements were performed by time-correlated 

single-photon counting (TCSPC) by using an FLS980 fluorescence spectrometer 

(Edinburg Instruments, Livingston, UK). Fluorescence decay curves were recorded on a 

time scale of 20 ns, resolved into 4096 channels, to a total of 10000 counts in the peak 

channel. Decay curves were analyzed by using a standard iterative deconvolution method 

in the FLS980 software package, based on multiexponential decay function. The quality of 

the fit was judged on the basis of the reduced χ2 statistic, and the randomness of residuals. 

7.4.5. Fluorescence quantum yield calculation 

The fluorescence quantum yield (ϕF) of DiI and DiD in ethanol or in Quatsomes was 

measured using a Quantaurus-QY Plus (UV-NIR absolute PL quantum yield spectrometer 

C13534-11) (Hamamatsu Photonics KK, Hamamatsu, Japan). The samples were diluted 

until absorbance values of 0.1 approximately 0.1. Before the sample’s measurement, a 

reference was measured which consisted of the media alone. In the case of quantum yield 

measurements of dyes in solution reference was ethanol. While the measurement of 

quantum yield in Quatsomes the reference sample was non-loaded Quatsomes in 

suspension at the same dilution as dye-loaded Quatsomes in the aqueous media. The 

1 mL cuvette employed is made of synthetic quartz which suppresses photoluminescence 
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under UV light irradiation. The excitation wavelength was 520 nm and 600 nm for DiI and 

DiD respectively, illumination time was 0.9 s and the final quantum yield value come from 

an average of 20 repetitions. These measurements were recorded at Hamamatsu 

headquarters in Munich. 

7.4.6. Photodegradation quantum yield 

The quantum yields of the photoreactions (ϕph) were measured using the absorption 

method proposed by Belfield and Bondar9, determined from the temporal dependencies of 

the optical density at the maximum of the absorption band, D(λmax, t). The values D(λmax, 

t) were measured during irradiation with a laser (for DiI - Irradiation intensity: 8.15 mW/cm2, 

excitation wavelength λexc ≈ 532 nm, and for DiD - Irradiation intensity: 11 mW/cm2, 

excitation wavelength λexc ≈ 650 nm). The intensity of the laser was measured with an IL-

1400A PowerMeter (International Light, Peabody, USA.). The quantum yield of the 

photochemical reactions under one-photon excitation was calculated by Equation 7.8. 

 Φ1PA = 
[D(λ, 0) - D(λ, tir)]NA

10
3
ε(λ) ∫ ∫ I0(λ)[1-10

-D(λ, t)
] dλ dt

tir

0λ

 (7.8) 

where D(λ, 0), D(λ, tir), ε(λ), t and λ are the initial and final optical density of the solution, 

extinction coefficient (M−1 cm−1), irradiation time (s) and excitation wavelength (cm), 

respectively; NA the Avogadro’s number; tir the total irradiation time and I0(λ) is the spectral 

distribution of the excitation irradiance. 

7.4.7. FRET Efficiency 

The efficiency of energy transfer (EFRET) is the fraction of photons absorbed by the donor 

which are transferred to the acceptor. It can be measured using different approaches, i.e. 

the relative fluorescence intensity of the donor, in the absence and presence of acceptor, 

or from the calculated lifetime under these respective conditions. However, it is important 

to note that using those equations, it is assumed that the donor and the acceptor are 

separated by a fixed distance6. Considering that in the Quatsomes system dyes diffuse 

through the membrane and they are not immobile, another approach was considered. The 

rate of energy transfer was determined following a steady-state method (Equation 7.9) 

based on the comparison between the absorption spectrum and the excitation spectrum 

(through the observation of the acceptor fluorescence)10. 

 E = 
AA(λA)

AD(λD)
 [

IA(λD, λA
em

)

IA(λA, λA
em

)
 - 

AA(λD)

AA(λA)
] (7.9) 
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7.5. Determination of chemical composition 

In this Thesis, the determination of the membrane components was performed by analysis 

by HPLC (high-performance liquid chromatography) coupled with an ELSD detector 

(evaporative light scattering detector). With this method, the ratio between membrane 

components and their experimental concentration is determined. 

The analyses of cholesterol and MKC were performed using 1100 series HPLC 

(Agilent Technologies, Santa Clara, USA) equipped with a 1260 infinity ELSD, (Agilent 

Technologies, Santa Clara, CA) controlled by OpenLab CDS software. All the dissolved 

samples were filtered with hydrophilic 0.2 µm PTFE Millex-LG membrane syringe filter 

(Merck KGaA, Darmstadt, Germany) before their injection into the HPLC-ELSD system. 

7.5.1. Cholesterol’s analysis method 

Method parameters 
Cholesterol separation was carried out using a C18 Symmetry® (5 μm; 4.6 × 150 mm) 

column (Waters Cromatografía S.A., Sant Cugat del Vallès, Spain) at room temperature, 

with an ELSD nebulization temperature of 40 ºC and evaporative temperature of 80 ºC. 

2 µL was used as injection volume. The mobile phase A (MPAchol) was MeOH:H2O 95:5 

(V:V) and the mobile phase B (MPBchol) was 0.1% HCOOH in IPA using gradient conditions 

(see Table 7.7) with a total analysis time of 20 min. 

Table 7.7.: Gradient elution method for quantitative analysis of cholesterol. 

Time (min) MPAchol (%) MPBchol (%) Flow (mL/min) 

3 97 3 1 

4 88 12 2 

16 88 12 2 

16.5 95 5 2 

19 97 3 2 

19.5 97 3 1 

 

Sample preparation for cholesterol analysis 
Once the sample was freeze-dried, it was completely dissolved with methanol and leveled 

up to 10 mL. The filtered sample was injected on the same day of preparation. 
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Preparation of cholesterol stock solution and calibration curve 
A cholesterol stock solution of 0.25 mg/mL was prepared in methanol, dissolving 12.5 mg 

of cholesterol in 50 mL of volume. The mass was weighed by weight difference and using 

a microbalance MX5 (Mettler Toledo, USA), and the volume was measured when the mass 

was inside the 10 mL volumetric flask and leveling up. Then the calibration curve (Table 

7.8) was prepared pipetting the desired volume from the cholesterol’s stock solution and 

leveling up using a specific volumetric flask. Once the solutions for the calibration curve 

were prepared, they were filtered and injected. It was verified that the stability of the 

calibration curve was stable for one week at room temperature. 

Table 7.8.: Points of the cholesterol calibration curve with the samples’ volumes of added to a volumetric flask. 

Point 
Volume sample 

(mL) 
Volume flask 

(mL) 
[Chol] (µg/mL) 

Log([Chol]) 
(µg/mL) 

A 0.4 2 50 1.70 

B 0.7 2 87.5 1.94 

C 1.0 2 125 2.10 

D 0.1 2 12.5 1.10 

E 0.2 2 25 1.40 

F - - 250 3.40 

The point F corresponds to the cholesterol’s stock solution without dilution. 

Accuracy 
In order to determine the exactitude of the cholesterol’s analysis method, it was needed a 

solution of cholesterol (pattern), a sample of MKC-Quatsomes (sample), and a sample of 

MKC-Quatsomes which was added a small amount of cholesterol. The amount of 

cholesterol (pattern) and the amount of cholesterol added to the sample was 90 µg/mL. 

Stock dilution test 
The stock dilution of the cholesterol was performed using a solution of 0.125 mg/mL of 

cholesterol, prepared by weight difference of 6.25 mg diluted with methanol using a 50 mL 

volumetric flask. 

Sample dilution test 
The sample dilution test of cholesterol was carried out diluting 10 mL of the cholesterol’s 

stock solution with two different volumetric flasks (V1 and V2). The V1 corresponds to a 

volumetric flask of 50 mL and the V2 to a 20 mL. 
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7.5.2. MKC’s analysis method 

Method parameters 
MKC separation was done using an InfinityLab Poroshell 120 EC-C18 (4 µm; 

4.6 x 100 mm) column (Agilent Technologies, Santa Clara, USA) at 35 ºC, with an ELSD 

nebulization temperature of 40 ºC and evaporative temperature of 90 ºC. 0.5 µL was used 

as an injection volume. The mobile phase A (MPAMKC) was a mixture of 50 mM 

CH3COONH4 pH 3.6 and the mobile phase B (MPBMKC) was 1% HAcO in MeOH, with 

gradient conditions (see Table 7.9) and a total analysis time of 20 min. 

Table 7.9.: Gradient elution method for quantitative analysis of MKC. 

Time (min) MPAMKC (%) MPBMKC (%) Flow (mL/min) 

0 55 45 1 

2 10 90 1 

12 10 90 1 

14 55 45 1 

20 55 45 1 

 

Sample preparation for MKC analysis 
Once the sample was freeze-dried, the sample was completely dissolved with 0.8 mL of 

ethanol. Then the sample was leveled up to 2 mL with MPAMKC. The sample was filtered 

and injected on the same day of preparation. With the addition of MPAMKC we achieved the 

cholesterol sedimentation and then filtering the sample, this cholesterol was removed. So, 

the cholesterol did not interfere in the MKC analysis, as we used mobile phases based in 

water. 

Preparation of MKC stock solution and calibration curve 
An MKC stock solution of 10.75 mg/mL was prepared in a mixture of EtOH:MPAMKC 4:6 

(V:V). It was dissolved 215 mg of MKC, weighted by weight difference and using a 

microbalance MX5 (Mettler Toledo, USA), and the volume was measured when the mass 

was inside the 20 mL volumetric flask and leveling up. Then, the calibration curve (Table 

7.10) was prepared pipetting a desired volume from the sample and leveling up with a 

specific volumetric flask. Once the solutions for the calibration curve were prepared, they 

were filtered and injected. The calibration curve was stable for one week at room 

temperature. 
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Table 7.10.: Points of the MKC calibration curve with the samples’ volumes of added to a volumetric flask. 

Point 
Volume sample 

(mL) 
Volume flask 

(mL) 
[MKC] (µg/mL) 

Log ([MKC]) 
(µg/mL) 

A 0.6 5 1290 3.11 

B 0.7 10 752.5 2.88 

C 0.3 10 322.5 2.51 

D 0.3 20 161.25 2.21 

 

Accuracy 
In order to determine the exactitude of the MKC’s analysis method, it was needed a 

solution of MKC (pattern), a sample of MKC-Quatsomes (sample), and a sample of MKC-

Quatsomes which was added a small amount of MKC. The amount of MKC (pattern) and 

the amount of MKC added to the sample was 500 µg/mL. 

Stock dilution test 
The stock dilution of the MKC was performed using a solution of 1.0 mg/mL of MKC, 

prepared by weight difference with 50 mg diluted with EtOH:MPAMKC 4:6 (V:V) using a 

50 mL volumetric flask. 

Sample dilution test 
The sample dilution test of MKC was carried out diluting 0.8 mL of the MKC’s stock solution 

with two different volumetric flasks (V1 and V2). The V1 corresponds to a volumetric flask 

of 5 mL and the V2 to a 2 mL. 
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7.6. In vitro cytotoxicity assays 

7.6.1. Cytotoxicity with MKC-Quatsomes 

Cell lines 
Human fibroblasts, line 1BR.3.G, were obtained from ECACC 90020507 Collection. Cells 

were maintained in DMEM (Dulbecco modified eagle medium) supplemented with 10% 

of FBS (fetal bovine serum), 1% of antibiotic, which is composed by penicillin and 

streptomycin, and 1% of L-glutamine and incubated under 5% (V:V) CO2 at 37 ºC. Cells 

were seeded near the confluence one day before incubation with Quatsomes. PBS was 

used for washing cells. Trypsin/EDTA 0.05% was employed to detach cell cultures from 

flasks. 

Assays 
The cytotoxic effect of Quatsomes was measured by tetrazolium salt MTT assay11 and the 

neutral red uptake (NRU) assay12. 1BR.3.G cells were seeded into the central 60 wells of 

a 96-well plate at a density of 105 cells/mL. After incubation for 24 h under 5% (V:V) CO2 

at 37 ºC, the spent medium was replaced with 100 μL of fresh medium supplemented with 

5% FBS containing Quatsomes at the required concentration (1 to 150 μg/mL). After 24 h, 

the surfactant-containing medium was removed, and 100 μL of MTT in PBS (5 mg/mL) 

diluted 1:10 (V:V) in medium without FBS and phenol red was then added to the cells. 

Similarly, 100 μL of 50 μg/mL neutral red solution in DMEM without FBS and phenol red 

was added to each well for the NRU assay. The plates were further incubated for 3 h, after 

which the medium was removed, and the cells were washed once in PBS. Thereafter, 

100 μL of DMSO was added to each well to dissolve the purple formazan product (MTT 

assay) and for the NRU assay, 100 μL of a solution containing 50% absolute ethanol and 

1% acetic acid in distilled water was added to extract the dye. After 10 min on a microtiter 

plate shaker at room temperature, the absorbance of the resulting solutions was measured 

at 550 nm using a Bio-Rad 550 model microplate reader (Bio-Rad Laboratories, Hercules, 

USA). The effect of each treatment was calculated as the percentage of inhibition of cell 

viability compared to the respective controls and IC50 was calculated from these values. 

7.6.2. Cytotoxicity with FRET-loaded Quatsomes 

Cell lines 
HeLa line was selected as a cancer cell line (cervical adenocarcinoma, human) and CHO-

K1 as a normal line (ovary, Chinese hamster). Those cell lines were selected because 

both come from the same organ (ovary). In addition, COS-7 (kidney fibroblast, African 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mtt-assay
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green monkey) and MCF-7 (breast adenocarcinoma, human) cells were employed in order 

to have a wide range of cells. HeLa, COS-7 and MCF-7 cell lines were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 

1% penicillin/streptomycin at 37 ºC in a humidified 5% CO2 incubator and CHO-K1 cell line 

was cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium supplemented with 

10% fetal bovine serum, 1% penicillin/streptomycin under the same conditions. 

Assay 
To assess the cytotoxicity of FRET-loaded Quatsomes, HeLa, COS-7 and MCF-7 cells 

were cultured in the DMEM cell medium and CHO-K1 in RPMI 1640 cell medium, both 

supplemented with 10% fetal bovine serum, 1% penicillin, and streptomycin at 37 ºC and 

5% CO2. Cells were placed in 96 well plates and incubated until there were no fewer than 

5×103 cells per well for the experiments. Next, cells were incubated with different 

concentrations of Quatsomes (0.01, 0.1, 0.5, 1, 2.5, 5, 10 and 20 μg/mL) diluted in DMDM 

or RPMI 16400 for an additional 22 h, where the values within parentheses refer to the 

nominal concentrations of the membrane components. After that, 20 μL of the CellTiter 96 

AQueous One Solution reagent (for MTS assay) was added into each well, followed by 

further incubation for 2 h at 37 ºC. 

The respective absorbance values were read on an Infinite M200 PRO plate reader 

spectrometer (Tecan, Männedorf, Switzerland) at 490 nm. Cell viabilities were calculated 

on the basis of the following Equation 7.10, where AbsS is the absorbance of the cells 

incubated with different concentrations of Quatsomes, AbsD is the absorbance of the cell-

free well containing only Quatsomes at the concentration that was studied, AbsC is the 

absorbance of cells alone incubated in the medium, AbsD2 is the absorbance of the cell-

free well. 

 Cell viability (%) = 
 Abs

S
- Abs

D

Abs
C

- Abs
D2

x 100 (7.10) 
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7.7. Cellular internalization 

7.7.1 Cellular internalization of MKC-Quatsomes 

Cell lines 
Primary Normal Human Dermal Fibroblasts Neonatal (NHDF, ATCC PCS 201-010) were 

purchased from America Type Culture Collection (ATCC). Hct116 VIM RFP (ATCC CCL-

247EMT) and SW1417 (ATCC CCL-238) colon cancer cells were also purchased from 

American Type Culture Collection (ATCC). Cells were cultured in DMEM (high glucose 

Dulbecco Modified Eagle Medium, 25 mM Glucose) supplemented with 10% premium FBS 

(Biowest, Nuallé, France), 1% non-essential amino acids (MEM-NEA), 1% 

penicillin/Streptomycin (final concentration of 100 U/mL of penicillin and 100 μg/mL of 

streptomycin), and 1% of L-glutamine. Hct116 and SW1417 were also supplemented by 

1% Fungizone. The cells were grown in a humidified incubator (Forma Steri-Cycle 

ThermoFisher Scientific, Waltham, USA) with HEPA filter, 5% CO2 at 37 ºC and 

maintained with a split ratio of 1:15 at 80% of confluence in T75 flasks (Nunc, Roskilde, 

Denmark). Cells were seeded near the confluence one day before incubation with 

Quatsomes. Dulbecco Phosphate Buffered Saline without calcium and magnesium 

(DPBS) and PBS were employed for washing cells. Trypsin/EDTA 0.05% was used to 

detach cell cultures from flasks. 

Assay 
Quatsomes uptake inside NHDF, Hct116, and SW1417 tumor cells were monitored by 

confocal microscopy. The lysosomal organelles were labeled with 1 µM LysoTracker 

Green (ThermoFisher Scientific, Waltham, USA), a fluorescent dye, that specifically labels 

the lysosomes of living cells in the green channel. Cells were then kept at 37 ºC, 5% CO2, 

and 99.9% humidity for 30 minutes. Quatsomes labeled with DiR (red channel) were 

incubated with 105 cells/cm2 in a well of a four-chamber Lab-tek slide (ThermoFisher 

Scientific, Waltham, USA), containing 500 µL of complete DMEM and complete DMEM 

with 1% fungizone for tumor cells and then imaged up to 48 h after Quatsomes incubation. 

The final concentration of Quatsomes was 1 µM per well for the middle row and 12 µM for 

the down row (without LysoTracker Green). For confocal microscopy, the Lab-Tek slide 

was mounted on the temperature (37 ºC) controlled stage of an inverted Nikon Ti-E 

microscope (Nikon Instruments, Melville, USA) equipped with a Nikon scanning confocal 

microscope module C2, Nikon Plan Apo 100x NA 1.45 oil immersion objective and two 

lasers (488 nm and 561 nm; Sapphire laser) (Nikon Instruments, Melville, USA). 

https://www.google.com/search?rlz=1C1DIMC_enES847ES847&q=Roskilde&stick=H4sIAAAAAAAAAOPgE-LSz9U3sEy3sCiqUOIAsbOLC8q1NDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq_TEoqLMYqBwRuEiVo6g_OLszJyUVACQc3xZTQAAAA&sa=X&ved=2ahUKEwjS7N_qg6PlAhXWAGMBHXYQDWQQmxMoATAYegQIDBAO
https://www.google.com/search?rlz=1C1DIMC_enES847ES847&q=Roskilde&stick=H4sIAAAAAAAAAOPgE-LSz9U3sEy3sCiqUOIAsbOLC8q1NDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq_TEoqLMYqBwRuEiVo6g_OLszJyUVACQc3xZTQAAAA&sa=X&ved=2ahUKEwjS7N_qg6PlAhXWAGMBHXYQDWQQmxMoATAYegQIDBAO
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7.7.2 Cellular internalization of FRET-loaded Quatsomes 

Cell lines 
HeLa line was selected as a cancer cell line (cervical adenocarcinoma, human) and CHO-

K1 as a normal line (ovary, Chinese hamster). Those cell lines were selected because 

both come from the same organ (ovary). In addition, COS-7 (kidney fibroblast, African 

green monkey) and MCF-7 (breast adenocarcinoma, human) cells were employed in order 

to have a wide range of cells. HeLa, COS-7 and MKCF-7 cell lines were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 

1% penicillin/streptomycin at 37 ºC in a humidified 5% CO2 incubator and CHO-K1 cell line 

was cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium supplemented with 

10% fetal bovine serum, 1% penicillin/streptomycin under the same conditions. 

Assays 
For the cellular colocalization study, the following procedure was followed. To 

investigate the efficiency and specificity of Quatsomes, HeLa and CHO-K1 cells were 

employed. All cells were seeded on the confocal dish (MatTek Corporation, Ashland, USA) 

at the density of 4×104 cells per dish and incubated for 24 h at 37 ºC. Quatsomes were 

diluted at 0.5 μg/mL with the DMEM or RPMI and freshly placed over cells for a 2 h 

incubation period. Cells were washed three times with PBS and the live cell imaging 

solution (Molecular Probes) was added to confocal dishes. 400 nM of LysoTracker Green 

(ThermoFisher Scientific, Waltham, USA) was added 1 h before cell imaging. 

Fluorescence images were obtained using an inverted Olympus IX70 microscope 

(Olympus Corporation, Shinjuku, Japan), coupled with a FITC filter cube (λexc = 482/40 nm; 

λemi = 534/40 nm) for LysoTracker Green and a TRITC filter cube (λexc = 532/40 nm; 

λemi = 585/40 nm) for DiI. Pearson’s correlation coefficients for LysoTracker Green and DiI 

were calculated using Fiji. 

For the FRET imaging study, the following procedure was followed, using HeLa and 

CHO-K1. All cells were seeded on the confocal dish (MatTek) at the density of 4×104 cells 

per dish and incubated for 24 h at 37 ºC. FRET-loaded Quatsomes were diluted to 0.5, 1, 

and 5 μg/mL and with the DMEM cell medium respectively and freshly placed over cells 

for 2 h incubation period separately. Cells were washed three times with PBS and the live 

cell imaging solution (Molecular Probes) was added to confocal dishes. Fluorescent 

images were obtained using an inverted Olympus IX70 microscope coupled with a TRITC 

filter cube (λexc = 532/40 nm; λemi = 585/40) for DiI and a customized filter cube 

(λexc = 482/40; λemi = 624/40 nm) for FRET signal. Bright field, DiI field, and FRET field 

were obtained and issued by Fiji, freely available image processing software. 



  Chapter 7  

271 
 

7.8. In vivo biodistribution and toxicity 

assessment of Quatsomes in two colorectal 

cancer models 

All experiments using mouse cancer models, derived from cancer cell lines or human 

tumor samples, were approved by the Animal Ethics Committee and the Clinical Ethics 

Committee of the Hospital de la Santa Creu i Sant Pau (CEA-OH/9721/2). Following their 

Institution guidelines, humane care of the animals involved in experimental studies was 

applied. Moreover, a statement of patients informed consent was obtained before using 

human tumor samples to generate animal models.  

Five-week-old female Swiss nu/nu mice weighing between 18 and 20 g (Charles River, 

l’Abresle, France) were maintained in SPF (specific-pathogen-free) conditions and used 

for in vivo studies. To generate the cancer xenograft mouse models, we used tumors 

derived from colorectal cancer (CRC) sample obtained from a patient (M5) or derived from 

the CRC cell line SW1417. 10 mg of fragments obtained from donor animals were 

implanted in the subcutis of Swiss nu/nu mice to generate subcutaneous (SC) tumors. 

Once tumors reached approximately 500 mm3, tumor-bearing mice received 37, 75, 

or 150 μg single intravenous boluses of administered Quatsomes (n = 3 for each assay) 

suspended in lactated Ringer’s solution in the experimental group, whereas control 

animals received Buffer solution (n = 2). 48 hours after nanovesicle administration, mice 

were euthanized and subcutaneous tumors and normal organs were taken to evaluate 

Quatsomes biodistribution and organ toxicity. Biodistribution was determined by 

measuring the fluorescence emitted by the DiR fluorophore incorporated into the vesicles, 

in ex-vivo tissue sections of tumors and non-tumor organs, including liver, kidney, spleen, 

heart, bone marrow and brain. Tissue samples were cut into 3 mm thick slices, placed in 

separate wells and their fluorescence was measured using IVIS Spectrum (PerkinElmer, 

Waltham, USA). The emitted fluorescent signal or the fluorescence lifetime imaging (FLI), 

which correlates with the amount of Quatsomes accumulated in each tissue, was first 

digitalized, displayed as a pseudocolor overlay, and expressed as radiant efficiency. The 

FLI ratio was calculated dividing FLI signal from experimental mice by FLI auto-

fluorescence of control mice. 

Aliquots of tumor samples were also fixed with 4% formaldehyde in PBS for 24 h, 

before being embedded in paraffin for histological analyses. 4 μm sections of tumors and 

normal organs were stained with hematoxylin and eosin (H&E) and analyzed by two 
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independent observers to detect possible histological alterations, particularly apoptotic 

induction as measured by the presence of cell death bodies in H&E slides and by Hoechst 

33258 (Sigma-Aldrich, Saint Louis, USA) staining in tumor slices. First, slices were 

permeabilized with Triton X-100 (0.5%) and were, then, stained with Hoechst (1:5000 in 

PBS) for 1 h, rinsed with water, mounted and analyzed under a fluorescence microscope 

(λex = 334 nm, λem = 465 nm). The number of apoptotic bodies was quantified by two 

blinded recordings and two independent observers that counted the number of condensed 

and/or defragmented nuclei per 10 high-power fields (magnification 400x) in tumor and 

normal tissues. The area of necrosis in tumors was quantified using CellB software at 15x 

magnification and representative pictures were taken using the same CellB software at 

400x magnification. 
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7.9. Preparation of pSiNPs (porous silicon 

nanoparticles) 

Porous silicon samples were prepared by electrochemical etching of silicon wafers in an 

electrolyte consisting of 3:1 (V:V) of 48% aqueous HF:EtOH (caution: HF is highly toxic 

and proper care should be exerted to avoid contact with skin or lungs). A silicon working 

electrode with an exposed area of 8.6 cm2 was contacted on the backside with aluminum 

foil and mounted in a Teflon cell (Figure 7.7a). The silicon wafer was then anodized an 

alternative current of a square waveform, with a lower current density of 50 mA/cm2 for 

0.6 s and a high current density of 400 mA/cm2 for 0.36 s repeated for 200 cycles (Figure 

7.7b). The first current controls the size and the porous of the pSiNPs (primary layer). The 

second current causes the fragmentation of the silicon into nanoparticles (fragmentation 

layer) (Figure 7.7c)13. Then the porous layer was lifted off by etching at a constant current 

density of 3.7 mA/cm2 for 250 s in a 1:20 (V:V) of 48% aqueous solution HF:EtOH solution. 

Then the porous silicon flakes must be sonicated in deionized water for 20 h in order to 

break the flakes through the fragmentation layers (Figure 7.7c), obtaining porous silicon 

nanoparticles of 60 nm14. Finally, the nanoparticle suspension is filtered using a 0.22 µm 

PES (Polyethersulfone) Millex membrane syringe filter (Merck KGaA, Darmstadt, 

Germany). 

 
Figure 7.7.: Set-up of the etching process, b) square waveform applied and c) layers generated after etching 
and nanoparticles generated after sonication, adapted from 13. 
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A 
Appendix 1. Zeta-potential 

measurements 
 

 

1.1. Debye length 

As described in chapter 2, when a charged nanoparticle is dispersed in water or in a 

supporting electrolyte solution, there is an organization of water molecules and, if 

applicable, ions around the nanoparticle1. Two different layers are constituted around the 

nanoparticle: i) the first layer is composed of ions of the opposite sign of the particle’s 

surface charges. This layer is called the Stern layer and is very compact. ii) The second 

layer is formed by several layers of alternating polarity, starting with a layer of the same 

sign as the nanoparticle surface charges. This second layer is named electrical double 

layer and is more diffuse. The number of ions that are interacting with the charged 

nanoparticle is decreasing with a gradual transition. This layer will end until the electrolyte 

takes a homogeneous concentration in the solution (Figure A1.1)1. 

 
Figure A1.1 Organization of the supporting electrolyte around a positively charged nanoparticle. This 
organization causes a highly compact Stern layer and a more diffuse electrical double layer with a thickness 

given by the Debye length. 
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The size of the electrical double layer is known as the Debye length (λD). This length 

can be calculated using Equation A1.1 and A1.2. If the added electrolyte is NaCl, the 

equation for the Debye length at 37 ºC can be simplified using Equation A1.3. 

 λD= 
1

κ
 (A1.1) 

 κ = (
∑ e2zi

2ni
N
i=1

εrsε0kBT
)

1
2⁄

 (A1.2) 

 λD(nm) =
0.30

[NaCl]
1

2⁄
 (A1.3) 

where e is the elementary charge (1.602×10-19 C), zi, ni the charge number and 

number concentration of ion i (the solution contains N ionic species), εrs is the relative 

permittivity of the electrolyte solution, ε0 the electric permittivity of vacuum 

(8.854x10−12 F m−1), kB the Boltzmann constant (1.381×10-23 m2 kg s-2 K-1) and T the 

temperature. 

It is important to note that the electrical double layer thickness increases at lower 

electrolyte concentrations (Figure A1.2a and b), given by a larger Debye length1. When 

nanoparticles are dispersed in pure water, the autoionization of water can be considered. 

Water molecules are in equilibrium with hydroxyl (OH-) and hydronium (H3O+) ions, and 

their concentration is [OH-] = [H3O+] = 10-7 M. In this scenario the Debye length is 950 nm1. 

(Figure A1.2c). 

 
Figure A1.2.: Debye length of positive nanoparticles and their counterions in different dispersing mediums: 

a) high and b) low electrolyte concentration and c) in water. 
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1.2. Zeta-potential 

The zeta-potential is a magnitude that measures the potential between the bulk solution 

and the sphere of supporting electrolyte that moves together with the particle. This sphere 

comprises the nanoparticle, the Stern layer and the surroundings of the Stern layer, which 

includes some molecules of the electrical double layer. Consequently, the zeta-potential 

will have a lower value than the surface potential. In particular, the potential decreases 

exponentially with the distance from the particle surface, with the inverse of the Debye 

length (κ) being the exponential decay constant (Figure A1.3)1. 

 
Figure A1.3.: Scheme of localization of the zeta-potential measurement in the nanoparticle environment. 

Experimentally, the zeta-potential is commonly determined through electrophoretic 

light scattering (ELS) technique, which actually measures electrophoretic mobility and 

relates it, using the appropriate models, to the zeta-potential. The same strategy is used 

by the Zetasizer Nano ZS, the equipment that has been used in this thesis (here refer to 

the section where you describe this equipment), and in the following the different models 

that can be used to derive the zeta-potential from the electrophoretic mobility are 

discussed. 

The most general way to relate the zeta-potential and the electrophoretic mobility is 

given by the equations of O’Brien and White2. These equations are partial derivatives of 

electrokinetics and fluids mechanics that are valid under all experimental conditions, but 

their resolution is not trivial are difficult to resolve. Under certain experimental conditions, 

approximations can be applied, of which the most relevant ones are the derived Helmholtz-
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Smoluchowski and Henry or Hückel-Onsager equations. In order to determine if an 

approximation can be applied, the International Union of Pure and Applied Chemistry 

(IUPAC) has elaborated guidelines that are summarized in Figure A1.43. 

As a starting point, the product between the inverse of the wavelength (κ) and the 

radius of the nanoparticle (a) should be determined4. Depending on this value, the 

following scenarios are possible: 

• If the κ·a is lower than one (κ·a < 1), the Hückel-Onsager approximation 

(Equation A1.4) applies: 

 ue= 
2

3

εrsε0

η
 ζ (A1.4) 

• If the product κ·a is between one and twenty (1 < κ·a < 20), the zeta-potential 

should be determined using the Henry approximation (Equation A1.5 and 

A1.6), but: 

o If the zeta-potential obtained is higher than 50 mV, the O’Brien and 

White equations must be used to obtain the correct zeta-potential. 

o If the zeta-potential obtained is lower than 50 mV, one can trust this 

value obtained by Henry approximation. 

 ue= 
εrsε0

η
 ζ f1(κ·a) (A1.5) 

 f1= 1 + 
1

2
 [1 + (

2.5

κ·a[1 + 2 exp (-κ·a)]
)]

-3

 (A1.6) 

• If the product κ·a is higher than twenty (κ·a > 20), the Helmholtz-Smoluchowski 

approximation (Equation A1.7) applies, but: 

o If the zeta-potential obtained is higher than 50 mV, one must use the 

O’Brien and White equations. 

o If the zeta-potential obtained is lower than 50 mV, one can trust this 

value obtained by Helmholtz-Smoluchowski. 

 ue= 
εrsε0

η
 ζ (A1.7) 
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Figure A1.4.: Scheme of the path proposed by the IUPAC to know the zeta-potential. 

The Henry and Helmholtz-Smoluchowski’s equations are good approximations when 

the zeta-potential of the nanoparticles is lower than 50 mV, where the zeta-potential is 

linear with the electrophoretic mobility. At higher zeta-potentials, however, one has to use 

the O’Brien and White’s equations3. 

As the Zetasizer Nano ZS does not incorporate the O’Brien and White equations, as 

the latter has been patented, one can calculate the zeta-potential using other models like 

Helmholtz-Smoluchowski’s model, and then convert the value using programs that plot the 

relation between the two values. 

The two most used nanoparticles in this work are Quatsomes composed of cholesterol 

and CTAB and of cholesterol and MKC, which have a mean radius of 21 nm and 38 nm, 

respectively. For these two cases we have plotted the relationship between the apparent 

zeta-potential, obtained by Helmholtz-Smoluchowski’s equation, and the real zeta-

potential, obtained by O’Brien and White equations, in different sodium chloride 

concentrations (Figure A1.5). 
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Figure A1.5.: Plots correlating the apparent zeta-potential calculated with Helmholtz-Smoluchowski’s model 
and the real zeta-potential obtained by O’Brien and White equations in different NaCl concentrations for 
a) nanoparticles with a mean radius of 21 nm, such as Quatsomes composed of cholesterol and CTAB and 
for b) nanoparticles with a mean radius of 38 nm, such as Quatsomes composed of cholesterol and MKC. In 
order to obtain these results, it is only needed the nanoparticles’ radius and the electrolyte concentration. 

In both graphs when the zeta-potential is lower than 50 mV, the value obtained through 

the Helmholtz-Smoluchowski’s equation is similar to the real one, meaning that this 

approximation can be done in this regime In contrary, when the zeta-potential is larger 

than 50 mV, the zeta-potential corrected is larger than the apparent seta-potential obtained 

using the Helmholtz-Smoluchowski’s equation. So is important to identify in which regime 

we are dealing with, because the zeta-potential can be larger than we expect. 
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A 
Appendix 2. Molecular dynamics 

simulations 
 

 

2.1. Methodology 

In order to obtain an atomistic view of the self-assembly of cholesterol and MKC 

molecules, all-atomic molecular dynamics (MD) simulations were carried out. The MD 

method is based on the numerical solution of the Newton equations of motion for all atoms 

of a molecular system constrained to the thermodynamic conditions (T, p, and so forth). 

All the MD simulations were performed using the NAMD2 software1 version 2.9 running in 

parallel using 32-64 Itanium Monvale processors at the Finisterrae Supercomputer 

(CESGA Supercomputing Center, Santiago de Compostela, Spain). The equations of 

motion were solved with a time step of 2 fs. Electrostatic interactions were computed using 

the particle mesh Ewald summation method (PME) with the standard settings in NAMD 

(1 Å spatial resolution and were updated each 2 time steps). Lennard- Jones interactions 

were truncated at 1.2 nm employing a switching function starting at 1.0 nm. In all our 

simulations, the temperature was maintained constant (25 ºC) using the Langevin 

thermostat with a relaxation constant of 1 ps-1. The pressure was adjusted to 1 atm 

employing the Nosé-Hoover-Langevin piston, as implemented in NAMD2, with an 

oscillation period of 100 fs and a decay time of 50 fs. 

In all the simulated systems, the same sequence was followed for the build-up as well 

as for the equilibrations. First, an initial configuration of the dye was built employing the 

VMD program2. The energy of the initial configuration was minimized for 100 steps 

following the combined conjugate gradient and the line search procedure implemented in 

NAMD 2.9. Then, each simulation box was built with n molecules and dimensions x, y, z Å. 

In every simulation case, the parameters and protocols were fixed as required. To perform 

the simulations, the total charge of the system should be fixed to zero. Thus, the total 
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system charge must be balanced by adding ions (according to each system). As a 

continuation of it, the energy of the resulting system was minimized again. After energy 

minimization, a short NPT run (number of moles, pressure and temperature constants) 

was performed (i.e. the volume constraint was not imposed) in order to make sure that the 

simulation box that includes all the molecules are able to interact within the volume of the 

simulation box. Finally, a long simulation run was performed for each system under the 

conditions (normal pressure) described before, in order to ensure that the statistics are 

reliable. 

The results presented in this thesis correspond to averages over the production part 

of the MD trajectories, obtained after discarding the initial equilibration/relaxation period. 

All the snapshots and the monitoring of the simulation (evolution of energy, simulation box, 

temperature, pressure, etc.) were performed using the VMD program. 

The atomic density profile in the bilayer simulation was obtained by using a VMD-plug-

in called Density Profile Tool3, a software package that computes the one-dimensional 

density profiles of molecular systems. The profiles were averaged over the XY coordinates 

and over the production (equilibrium) part of the trajectory. Moreover, to see the interaction 

between some atoms of interest, we computed the radial distribution functions, g(r), by 

using a g(r) GUI plug-in. 
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2.2. Protocol of modeling and build-up the 

simulations 

The model for the molecules was based on the CHARMM22 force field4,5 designed for 

biomolecular simulations. We used the standard CHARMM force-field parameters for 

water (TIP3P) and cholesterol since they are known to correctly predict the solvation free 

energy of this molecule6, a quantity of major importance in the hydrophobic self-assembly 

processes studied here. The MKC molecule was built up from zero because its structure 

was not previously designed. The myristalkonium cation was modeled using CGenFF 

parameters and validating them with quantum and molecular mechanics calculations, 

while the chloride (Cl−) counterion, was modeled employing the parameters given in 

reference7. 

Thus, four simulations were carried out in different situations (Table A2.1). The first 

simulation performed was the MKC and the cholesterol molecules in the same simulation 

box, with the presence of the chloride counterion. The MKC and cholesterol were close 

together. Water molecules were added using VMD plug-in in order to solvate the two 

molecules and to obtain the experimental density of the solvent. As a consequence, a 

cubic box was arranged. The second simulation was the same but putting the MKC and 

cholesterol molecules separated between each other, in order to know if the two molecules 

can interact. 

The third simulation was performed considering an important number of each molecule 

(27 cholesterol and 27 MKC molecules) in the same simulation box. The cholesterol 

molecules were arranged together, separated from the MKC molecules, which were 

arranged together too. The chloride ions were added in order to neutralize the positives 

charges of the MKC. And the water molecules were also added with the VMD plug-in. 

Finally, a fourth simulation was carried out. It consisted of a patch of the MKC-

Quatsome’s bilayer in order to elucidate the self-arrangement of cholesterol and MKC 

molecules in the membrane. Since the simulation of a whole vesicle with atomistic detail 

is currently impossible with current resources, the same methodology usually employed to 

simulate heterogeneous biological membranes containing phospholipids and cholesterol 

was employed8. It was considered a bilayer patch in the XY plane in its tensionless state 

in contact with water maintained at a pressure of 1 atm in the Z direction (perpendicular to 

the bilayer). This is consistent to mimic the experimental conditions of interest. Water 

molecules and the ions were added using two different VMD plug-ins. 
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Table A2.1.: Computational details of the four simulations carried out. 

Simulation 
Number of molecules/ions Total 

atoms 

Box dimensions (Å) 

chol MKC Cl- Na+ water x y z 

Synthontogether 1 1 1 0 5,280 15,981 60.8 51.5 56.1 

Synthonseparated 1 1 1 0 5,280 15,981 60.8 51.5 56.1 

MKCmicelles & 
cholesterolcrystals 

27 27 27 0 12,714 41,949 98.6 72.4 73.7 

M-QS bilayer 50 50 66 16 8,603 32,891 46.8 50.3 211.1 
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Nomenclature 

 

 

ACQ Aggregation-caused quenching 

BAK Benzalkonium chloride 

BSA Bovine serum albumin 

carb Carbonate 

CCC Critical coagulation concentration 

CFs Compressed fluids 

chol Cholesterol 

CMC Critical micelle concentration 

CQA Critical quality attributes 

CPC Cetylpyridinium chloride 

CRC Colorectal cancer 

cryo-TEM Cryogenic - transmission electron microscopy 

CT Computed tomography 

CTAB or C Cetyltrimethylammonium bromide 

DDS Drug delivery system 

DELOS Depressurization on an expanded liquid organic solution 

DELOS-SUSP 
Depressurization on an expanded liquid organic solution – 

suspension 

Dex Dextrose 5% 

DIC Differential interference contrast 

DiD or D 
1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine 

perchlorate 

DiI or I 1,1’‐Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate 

DiR or R 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide 

DLS Dynamic light scattering 
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DMEM Dulbecco's modified eagle's medium 

EDL Electrical double layer 

ELS Electrophoretic light scattering 

ELSD Evaporative light scattering detector 

EMA European Medicines Agency 

EPR Enhanced permeability and retention 

EtOH Ethanol 

FBS Fetal bovine serum 

FDA Food and Drug Administration 

FONs Fluorescent organic nanoparticles 

FRET Förster resonance energy transfer 

Glc Glucose 

GMPs Good manufacturing practices 

GRAS Generally regarded as safe 

GS Glucosaline 

GUVs Giant unilamellar vesicles 

H&E Hematoxylin and eosin 

HAc Glacial acid acetic 

His 5 mM Histidine 

HPLC High-performance liquid chromatography 

HPV High-pressure vessel 

HS Human serum 

IC50 Half maximal inhibitory concentration 

IPA Isopropanol 

IRF Instrument response function 

IV Intravenous 

LOD Limit of detection 

LOQ Limit of quantification 

LUVs Large unilamellar vesicles 

MD Molecular dynamics 

MeOH Methanol 

MKC or M Myristalkonium chloride 

MLS Multiple light scattering 

MLVs Multilamellar vesicles 

MPA Mobile phase A 

MPB Mobile phase B 

https://www.sciencedirect.com/topics/medicine-and-dentistry/eagles-minimal-essential-medium


 

293 
 

MPS Mononuclear phagocyte system 

MRI Magnetic resonance imaging 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 

MVVs Multivesicular vesicles 

NIR Near-infrared 

NPT Number of moles, pressure and temperature constants 

NRU Neutral red assay 

NS Normal solution 

NTA Nanoparticle tracking analysis 

P Syringe pump 

PBS Phosphate buffered saline 

PdI Polydispersity index 

PEG Poly-(ethylene glycol) 

PEI Poly-(ethylenimine) 

PES Polyethersulfone 

PET Positron emission tomography 

PI Pressure indicator 

PSD Particle size distribution 

pSi Porous silicon 

pSiNP Porous silicon nanoparticle 

Pt Pattern 

PTFE Polytetrafluoroethylene 

QC Quality control 

QS Quatsomes 

RES Reticuloendothelial system 

rh-EGF Recombinant human - epidermal growth factor 

RL Ringer’s lactated solution 

RNA Ribonucleic acid 

RPMI Roswell park memorial institute 

RSD Standard deviation 

SDS or S Sodium dodecyl sulfate 

SiNCs Silicon nanocrystals 

Sp Sample 

SPECT Single photon emission computed tomography 

SPIONs Superparamagnetic iron oxide nanoparticles 

SUVs Small unilamellar vesicles 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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TEM Transmission electron microscopy 

TFH Thin-film hydration 

TSI Turbiscan stability index 

US Ultrasounds 

UV Ultraviolet 

UV-Vis Ultraviolet-visible 

V Valve 

VDW Wan der Waals 

w water 
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Abstract

Quatsomes are outstanding new lipid-based nanovesicles that are highly homogeneous and stable in different media for years, but the
composition must be carefully chosen to avoid any potentially toxic side effects in in vivo applications. To this end, we have developed and
studied a novel type of Quatsomes composed of cholesterol and myristalkonium chloride (MKC), the latter being extensively used as
antimicrobial preservative in many ophthalmic and parenteral formulations on the EU and USA market. We have synthesized these novel
MKC-Quatsomes in different media that are suitable for parenteral administration, and confirmed their stability in these media for 18 months,
as well as the stability in human serum for 24 hours. Biodistribution assays were performed after intravenous injection of fluorescently
labeled MKC-Quatsomes in live mice bearing xenografted colorectal tumors, showing nanovesicle accumulation in tumors, liver, spleen, and
kidneys. No histological alteration or toxicity was observed in any of these organs.
© 2020 Elsevier Inc. All rights reserved.

Key words: Drug-delivery system; Bio-imaging; Nanocarrier; Lipid-based vesicles; Quatsomes; Nanomedicine

Liposomes are organic vesicles composed mainly of phospho-
lipids with a polar head and two hydrophobic tails. In the presence
of an aqueous media, these phospholipids self-assemble in
spheroidal closed bilayers, entrapping water inside.1 These lipid-
based vesicles are one of the most versatile supramolecular
assemblies used as nanocarriers for therapeutic actives, due to their
great flexibility with respect to size, composition, surface
characteristics, and capacity for entrapping and delivering active
molecules with different physico-chemical properties. For exam-
ple, they can entrap hydrophilic and hydrophobic molecules, such
as therapeutic agents, proteins or oligonucleotides, into their
aqueous core or in their lipid bilayers, respectively.2,3 Their
membranes can be efficiently functionalized with different
targeting units which promote specific and increased accumulation

of the active (or bioactive) molecule in the target cells or diseased
organs. Besides, due to their biocompatibility, biodegradability,
and low toxicity, liposomes are well-recognized and applied as
pharmaceutical carriers.4–9 Relevant pharmacological specifica-
tions like stability, loading capability, or leakage and release
kinetics of integrated drug substances are defined by the structural
properties (e.g., vesicle size distribution, morphology, supramo-
lecular organization) of these nanocarriers.3,10 In particular,
liposomes with sizes around 80–100 nm have attracted great
attention in the drug delivery field. These molecular nano-
assemblies are large enough to avoid the first-pass elimination
through the kidneys but are sufficiently small to exhibit uptake by
the mononuclear phagocytic system, increasing the circulation
lifetime in the body and, hence, enhancing the possibility to reach
the target cells or organs. Moreover, they can be accumulated in
tumors thanks to the enhanced permeability and retention effect
(EPR).11,12 Moreover, liposomes can be engineered to develop
stimuli-responsive vesicle platforms that are sensitive to specific
signals, either exogenous (light, heat magnetic field, etc.) or
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endogenous (pH changes or specific enzymes), enabling to deliver
payloads at specific sites.13 Nevertheless, these systems show in
many cases serious drawbacks such as poor colloidal and chemical
stabilities during the circulation in the bloodstream. Indeed, this is
because pure liposomes are not thermodynamically stable entities
as they lack a spontaneous curvature and, therefore, they collapse
over time in the lamellar equilibrium state of aggregation.1

Quatsomes are new lipid-based nanovesicles which are
thermodynamically stable entities and, compared to liposomes,
show higher colloidal stability in terms of size, morphology and
lamellarity, in aqueous media.1 Quatsomes are constituted by the
association of quaternary ammonium surfactants such as cetrimo-
nium bromide (CTAB) or cetylpyridinium chloride (CPC),14 and
sterols, like cholesterol (Chol) or β-sitosterol, in a 1:1molar ratio.15

These colloidal structures are unilamellar and highly homogeneous
in size,16,17 being promising nanovesicles to be functionalizedwith
targeting, stealth, or stimuli-responsive agents.1 Moreover, they
are capable to encapsulate a large variety of small drug molecules
and large biomolecules (peptides, proteins, enzymes, and growth
factors),1,16,23 yielding stable conjugates upon increasing the
temperature or dilution.15,16 Additionally, these vesicular systems
can be labeledwith fluorescent dyes, such asDiI,DiD, orDiR from
the carbocyanines family, making them especially effective for
bio-imaging or in biodistribution assays.18 It should be noted that
Quatsome-like structures are promising alternatives to positively
charged vesicles prepared using pure cationic lipids, which have
shown cytotoxicity issues and lower stabilities.19,20 Nevertheless,
the own nature of the CTAB surfactant, which confer the positive
charge to the Quatsomes' surface, bring up safety concerns,
particularly for their in vivo use beyond topical administration.
With the aim to avoid such limitations and expand the use of
Quatsomes in formulations for parenteral administration, we
modified their membrane composition replacing the CTAB by
myristalkonium chloride (MKC, also named as tetradecyldi-
methylbenzylammonium chloride, see Fig. 1), the C14 homolog
of benzalkonium chloride (BAK). BAK is a mixture of different
homologs with alkyl chain lengths ranging from 8 to 18 carbon
atoms,21 which has already been extensively used as antimicrobial
preservative in 74% of ophthalmic preparations22 and parenteral
formulations on the EU and USA market, thus backing up the
safety of its use.23 The resulting nanovesicles, named MKC-
Quatsomes, exhibit a long-term colloidal stability andmorphology

similar to conventional Quatsomes, being able to nanostructure
non-water-soluble fluorene-based fluorescent probes, yielding
particles with a “patchy” vesicular morphology that can be used
for cellular imaging by confocal microscopy.27 Indeed, MKC-
Quatsomes show good cell viability in experiments with epithelial
colorectal carcinoma cell line, among others, with a high selectivity
toward cell lysosomes with respect to other organelles like,
mitrochondria.27

Recently, we have demonstrated in in vitro studies that MKC-
Quatsomes are also able to act as nanocarriers for drug delivery.
Indeed, MKC-Quatsomes efficiently entrap negatively-charged
small RNA molecules, like miRNA or siRNA, through electro-
static interactions with the positively-charged vesicle surface. The
resulting complexes of MKC-Quatsomes and small RNA are able
to halt the growth of cancer cells, particularly in cellular models of
high-risk neuroblastoma, an extremely aggressive pediatric tumor
that requires novel therapeutic approaches.24,25 Such complexes
can be engineered by the progressive substitution of the sterol
cholesterol by cholesteryl N-(2-dimethylaminoethyl) carbamate
(DC-Chol), which confers a pH dependent surface charge
modulation of the vesicles, useful for attaining i) an efficient
transfection in neuroblastoma cells and ii) theRNAcargo release in
the cytosol, leading to increased miRNA expression levels inside
the cells, comparable to levels obtained with the reference
transfection reagent Lipofectamine 2000, but exhibiting less
toxicity for the transfected cells than the latter reagent.

The above-described examples of MKC-Quatsome applica-
tions for bioimaging and the delivery of small RNAs bring about a
high expectation for this new kind of lipid-based nanovesicles.
However, so far this new vesicle system has only been tested in in
vitro experiments, and their toxicity and biodistribution in animal
models has not been studied. Here we show first results of the
intravenous administration of MKC-Quatsomes, along with the
demonstration of the stability of vesicle size and morphology in
different buffers for in vivo injections as well as in the presence of
human serum proteins. Advantageously, MKC-Quatsomes can be
labeled with the fluorescent carbocyanine dye DiR, which emits in
the near IR, to perform biodistribution assays. After intravenous
injection of DiR-labeled MKC-Quatsomes into mice with
xenografted colorectal tumors, biodistribution assays show that
next to their accumulation in the tumor, these Quatsomes are
mainly found in the liver, spleen, and kidneys. Toxicity assays

Fig. 1. MKC-Quatsomes composed by the association of myristalkonium chloride (MKC) and cholesterol.
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show that neither histological alterations nor toxicity are produced
in any of these organs. Altogether, these results demonstrate that
MKC-Quatsomes are promising fluorescent probes and drug-
delivery nanocarriers for in vivo applications.

Methods

All materials and methods are described in the Supplementary
Materials.

Results

Characterization of MKC-Quatsomes in different buffers for in
vivo injections

MKC-Quatsomes were synthesized using the DELOS-susp
method, and the as-prepared MKC-Quatsomes were diafiltrated
either in Ringer's Lactate solution, in a glucosaline buffer, which
contains 0.3% NaCl and 3.6% glucose, or in physiological serum,
which contains a 0.9%NaCl. It should be noted that in this process
of purification the MKC-Quatsomes were not filtrated/extruded.

Following this procedure, we obtained suspensions of MKC-
Quatsomes suspended in these three different media.

The quantification of the nanovesicles' membrane compo-
nents, carried out by HPLC-ELSD, showed a preparation process
yield of 68 ± 2% for the MKC and 93 ± 1 for the cholesterol.
Therefore, the final concentration was 0.89 mg/mL for the
cholesterol and 0.61 mg/mL for the MKC, and the final molar
ratio of cholesterol:MKC was 1.3:1.

MKC-Quatsomes exhibit similar size distributions in the
three different dispersing media (Fig. 2a and Table 1), with a
mean hydrodynamic diameter of ≈ 90 nm, and a somewhat
smaller diameter of ≈ 80 nm in the case of glucosaline buffer.
Samples were very homogeneous with a polydispersity index
(PDI) no larger than 0.15.

The ζ-Potential (Table 1) of the positively charged MKC-
Quatsomes is 30–45 mV, which in all three dispersant media is
high enough to stabilize the colloidal dispersion.26 It should be
noted, however, that these values are somewhat lower than those
of other Quatsomes systems27 dispersed in pure water.28

Cryo-TEM images of the MKC-Quatsomes (Fig. 2b) show a
homogeneous size and morphology of the nanovesicles in the three

Fig. 2. a) Hydrodynamic diameter distribution obtained by DLS for MKC-Quatsomes in Ringer's Lactate (red line), physiologic serum (orange line) and
glucosaline buffer (green line). b) Cryo-TEM images of MKC-Quatsomes in Ringer's Lactate (left), physiological serum (center) and glucosaline (right). c)
Cumulant hydrodynamic diameter and polydispersity of MKC-Quatsomes in Ringer's Lactate (red), physiological serum (orange) and glucosaline buffer (green)
over a time span of 18 months. The error bars represent the overall average polydispersity by means of the PDI width.
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different dispersants, namely closed vesicles with a mostly spherical
unilamellar shape, but also somemore elongated vesicles, especially
in the case of physiological serum. The geometric diameters of
MKC-Quatsomes determined from the cryo-TEM images are
similar in the three mediums, with a somewhat smaller diameter in
the case of glucosaline buffer (Table 1).

Importantly, the size and polydispersity of MKC-Quatsomes
remain stable over time in all three media (Fig. 2c).

Stability of MKC-Quatsomes in human serum

7With the objective to inject MKC-Quatsomes in Ringer's
Lactate into mice, we have performed preliminary studies to
determine the stability of MKC-Quatsomes in human serum.
MKC-Quatsome suspensions diluted 1:5 with human serum at 37

°C were imaged with cryo-TEM after 0, 4 and 24 hours (Fig. 3),
showing thatMKC-Quatsomes are not destroyed in the presence of
serum, and still present a unilamellar closed bilayer structurewith a
small increase in membrane thickness, likely resulting from serum
proteins attached to the MKC-Quatsome surface (Fig. 3).
Consequently, MKC-Quatsomes are stable in the presence of
human serum in the tested conditions.

Cell viability studies

In vitro cell-culture based cytotoxicity assays were performed
as a first approach to gain insight into the toxicity of this new
material. In particular, we determined the cytotoxicity of the
MKC-Quatsomes in human fibroblasts using two different
assays to probe the integrity of the mitochondrial compartment

Table 1
Cumulant hydrodynamic diameters, polydispersity index (PDI) determined by DLS, geometric diameters, calculated from cryo-TEM images, and ζ-Potentials
and their standard error of the measurement mean (S.E.M.) of MKC-Quatsomes prepared in three different dispersant media.

Medium Hydrodynamic diameter (nm) PDI Geometric diameter (nm) ζ-Potential (mV)

Ringer's Lactate 94 ± 1 0.16 ± 0.01 91 ± 1 31 ± 1
Physiologic serum 97 ± 1 0.07 ± 0.01 89 ± 1 30 ± 1
Glucosaline buffer 78 ± 1 0.13 ± 0.01 74 ± 1 45 ± 1

Fig. 3. Top: Time series of cryo-TEM images to monitor the MKC-Quatsome morphology after entering into contact with human serum (dilution of 1:5) at 37
°C. Snapshots were taken after 0 h, 4 h and 24 h. Bottom: Zoomed images of MKC-Quatsomes before (left) and after (right) incubation 24 h with human serum.
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(MTT) and the lysosomal and cell membrane damage (NRU).
Our results show that MKC-Quatsomes do not affect the
integrity of the membrane, as cell viability in the NRU assay is
not majorly affected (Fig. 4a). By contrast, the MTT assay shows
a decrease of cell viability (Fig. 4b), following a dose–response
behavior with an IC50 of 12.7 μg/mL.

DiR-labeled MKC-Quatsomes for bioimaging

To monitor the biodistribution of MKC-Quatsomes after
intravenous injection into mice, we have integrated the fluorescent
carbocyanine DiR into the vesicle membrane, as it offers several
advantages: 1) DiR emits in the far-red and near infrared and is
widely used for in vivo bioimaging in animal models like mice.29–31

2) DiR contains two long aliphatic chains that are ideal to be inserted
into the hydrophobic membrane of conventional Quatsomes.18,27 3)
DiR emits light with high brightness when integrated in a vesicle
membrane, while its fluorescence is quenchedwhen present alone in
aqueous solution due to aggregation.

DiR-labeled MKC-Quatsomes prepared in Ringer's Lactate
solution showed a unilamellar morphology and sizes similar to
those of plain MKC-Quatsomes, and absorption and emission
spectra (Fig. 5) exhibiting an absorption band at λabs = 750 nm
and an emission band at λem = 780 nm (λexc at 690 nm). On the
other hand, pure DiR in Ringer's Lactate neither absorbed nor
emitted light due to its aggregation at the used concentrations.

Wehave studied the release ofDiR from the quatsomemembrane
under different experimental conditions. In undiluted suspensions

and at room temperature, i.e. conditions relevant for the vesicles'
shelf life, emission spectra only showed aminor decrease in intensity
over the time course of 2 weeks, from which we conclude that DiR
remained stably integrated in the vesicle membrane, with a DiR
retention of 100 ± 3%. Under bioimaging-mimicking conditions,
i.e. at an increased temperature of 37 °C and a pH in the range of
4.7 and 6.5, we have observed a moderate DiR release in the first
hours, after which the emitted light intensity stabilized at 78 ± 3%
(pH 6.5) and 81 ± 4% (pH 4.7) of the initial value (Fig. 5c).

Cell uptake and internalization of DiR-labeled MKC-Quatsomes

To visualize the MKC-Quatsomes uptake inside healthy
NHDF cells as well as Hct116 and SW1417 colon tumor cell
lines, DiR-loaded MKC-Quatsomes suspended in Ringer's
Lactate were incubated with cells labeled with a lysosomal
marker (see Methods), and confocal fluorescence microscopy
images were acquired during 48 h. After 8 h of incubation, the
MKC-Quatsomes uptake is observed as the fluorescence
intensity of both lysosomal and DiR channels partially
colocalize. After 24 h and 48 h, a high MKC-Quatsomes uptake
is observed (Fig. 6, S1 and S2, middle row). At this time point,
both healthy and tumor cells incubated with MKC-Quatsomes
reached the maximum overlap of the green and the red
fluorescence signals. We conclude that the MKC-Quatsomes
uptake in healthy NHDF cells, as well as in Hct116 and SW1417
colon tumor cells is produced via the endosomal pathway.

Fig. 4. Viability of human fibroblasts, cell line 1BR.3.G, when exposed to increasing concentrations of MKC-Quatsomes in Ringer's Lactate tested by: a) NRU
and b) MTT assays.

Fig. 5. a) Absorption and b) emission spectra of suspensions of MKC-Quatsomes labeled with DiR in Ringer's Lactate solutions at 37 °C. c) Retention of DiR in
the quatsome membrane under bioimaging-mimicking conditions (37 °C, pH = 4.7 and 6.5), determined from the decrease in emitted light intensity (inset).
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In vivo biodistribution and toxicity assessment of DiR-labeled
MKC-Quatsomes

We have assessed the biodistribution of DiR-labeled MKC-
Quatsomes after their intravenous injection in two different
subcutaneous colorectal cancer xenograft models (SW1417 cell
line-derived and M5 patient-derived), assessing vesicle accumu-
lation in tumor and normal organs (liver, spleen and kidney) by
measuring their fluorescence emission ex vivo. Forty-eight hours
after a single dose intravenous injection, we observed that in the
two models MKC-Quatsomes accumulated mostly in liver,
whereas similar uptake was registered in tumors, kidney or
spleen (Fig. 7 (SW1417 model) and Fig. 8 (M5 model)). No
MKC-Quatsome accumulation was detected in heart, bone
marrow or brain. Whereas the administration of a high dose of
DiR-labeled vesicles (150 μg) highly increased liver uptake, it
did not increase significantly their biodistribution to tumor,
spleen or kidney, as compared to lower doses, 75 μg or 37 μg.

Importantly, even at the highest doses (150 μg) administered
to animals, the animals looked and behaved normally, and no

histological alterations were observed in any of the analyzed
normal organs. Furthermore, the histological architecture and
appearance of the kidney, spleen, or liver was indistinguishable
between the MKC-Quatsomes-treated and the buffer-treated
mice in both xenograft models. Similarly, no apoptotic induction
was observed in liver, kidney or spleen in MKC-Quatsomes-
treated as compared to buffer-treated animals.

Discussion

MKC-Quatsomes, produced in three different parenteral
solutions, show adequate physico-chemical characteristics for
their use as drug delivery system, forming largely unilamellar
and spherical vesicles of less than 100 nm in diameter and high
monodispersity (with a PDI of less than 0.2). The ζ-potential is
moderately positive, ensuring thus colloidal stability, while at the
same time avoiding major cell toxicity. Importantly, the diameter
of these new lipid-based vesicles does not change over time, so
they can be considered a stable nanovesicular system. In human

Fig. 6. Confocal fluorescence microscopy images of A) Hct116 colon tumor cells in the absence of DiR-loaded MKC-Quatsomes. The Lysosomal organelles
were visualized with 1 μM Lysotracker green (green channel). B) Hct116 cells upon the incubation with 1 μM (0.37 μg/ml) DiR-labeled MKC-Quatsomes (red
channel) at different incubation times. The Lysosomal organelles were visualized with 1 μM Lysotracker green (green channel). Yellow colors result from the
colocalization of MKC-Quatsomes and lysosomes. C) Hct116 cells upon the incubation with 12 μM (4.5 μg/ml) DiR-labeled MKC-Quatsomes (red channel) at
different incubation times. Scale bars represent 10 μm.
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serum, MKC-Quatsomes remain stable, with an intact vesicle
structure for 24 hours, and showing only a small increase in
membrane thickness that is likely related to the protein corona
forming on the MKC-Quatsome surface.

In vitro toxicological studies performed on non-tumoral
human fibroblasts showed that MKC-Quatsomes are taken up
by the cells without inducing any membrane damage but
affecting the cell metabolism. However, as these in vitro
conditions do not optimally reproduce the cell environment in
living organisms,32 we considered it necessary to actually
determine the biodistribution and toxicity in vivo. For the
biodistribution and toxicity study in nude mice, MKC-
Quatsomes were labeled with the hydrophobic fluorophore
DiR. The proper integration of this hydrophobic dye in the
Quatsome membrane is manifested in the pure absorption and
emission bands that are similar to those of DiR in ethanol. The
integration of DiR in the quatsome membrane is stable not only
under storage conditions, but also under physiological condi-

tions relevant for bioimaging, with an emitted light intensity that
does not drop below 78 ± 3%. Importantly, these DiR-labeled
MKC-Quatsomes are able to internalize in healthy and colon
tumor cells, and are largely localized in lysosomes, indicating
that internalization occurs via the endocytic pathway. This
offers the possibility to use these Quatsomes for drug delivery
applications, by loading these Quatsomes with drugs that are
stable at the lysosomal pH of 5.5 and thus remain intact when
reaching the cytosol or the nucleus to display their specific
activity on their target (e.g.DNA, protein). The release of a drug
into the cytosol could be enhanced by the proper engineering of
MKC-Quatsomes, as recently demonstrated for MKC-
Quatsomes complexed with small RNA.

The biodistribution was studied in two nude mice models,
revealing that MKC-Quatsomes accumulate mostly in the
detoxification organs like liver, kidney and spleen. At the same
time, a major accumulation of MKC-Quatsomes was observed in
the tumors, likely due to the EPR effect.11,12 Importantly, the

Fig. 7. Biodistribution and lack of toxicity of MKC-Quatsomes (QT) after intravenous injection in the SW1417 subcutaneous colorectal cancer model.
A. Representative recording of fluorescence emission of DiR-labeled MKC-Quatsomes detected ex vivo in tumor and normal organs (liver, spleen and kidney).
Swiss nude mice bearing SW1417-derived subcutaneous tumor xenografts were treated with buffer or MKC-Quatsomes and sacrificed 48 h after a single dose
intravenous injection of 37, 75 or 150 μg of MKC-Quatsomes. B. Quantitation of ex vivo fluorescence emission in tumors, kidney, spleen and liver expressed as
Radiant efficiency units, after subtracting tissue autofluorescence detected in Buffer-treated animals. C. Representative H&E staining of subcutaneous tumors,
liver, spleen and kidney 48 h after 150 μg MKC-Quatsomes i.v. administration. Note the absence of histological alterations in normal organs of mice treated with
high doses of MKC-Quatsomes (400× magnification). Scale bar: 50 μm.
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injected doses did not change the behavior or weight of the
animals. Moreover, no cell tissue presented any histological
changes between treated and non-treated mice cells, in neither of
the two tested xenograft models. For this reason, MKC-
Quatsomes do not present any toxicity at the administered
doses in mice, which were 37, 75 and 150 μg of MKC-
Quatsomes.

In conclusion, MKC-Quatsomes are a new stable lipid-based
nanovesicle platform for in vivo injections. These non-toxic
MKC-Quatsomes can be synthesized with a simple and soft
methodology in different translation buffers, suitable for in vivo
dosing. MKC-Quatsomes are not destroyed in the presence of
human serum, and their structure seems to be preserved even
after intravenous injection into mice. MKC-Quatsomes can be
labeled with carbocyanines like DiR, and this dye is not degraded
or released upon in vivo administration. Finally, these nanove-
sicles have not shown any toxicity in mice and have only been
accumulated in the tumor, liver, spleen and kidney, but not in any
other organ, supporting their use as a platform for imaging or
drug-delivery applications.
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Siarhei Kurhuzenkau, Mariana Köber, Mehrun Uddin, Anna Painelli, Jaume Veciana, Kevin D. Belfield,*
and Nora Ventosa*

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 20253−20262 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Fluorescent organic nanoparticles (FONs) are
emerging as an attractive alternative to the well-established
fluorescent inorganic nanoparticles or small organic dyes. Their
proper design allows one to obtain biocompatible probes with
superior brightness and high photostability, although usually
affected by low colloidal stability. Herein, we present a type of
FONs with outstanding photophysical and physicochemical
properties in-line with the stringent requirements for biomedical
applications. These FONs are based on quatsome (QS) nano-
vesicles containing a pair of fluorescent carbocyanine molecules
that give rise to Förster resonance energy transfer (FRET).
Structural homogeneity, high brightness, photostability, and high
FRET efficiency make these FONs a promising class of optical
bioprobes. Loaded QSs have been used for in vitro bioimaging, demonstrating the nanovesicle membrane integrity after cell
internalization, and the possibility to monitor the intracellular vesicle fate. Taken together, the proposed QSs loaded with a FRET
pair constitute a promising platform for bioimaging and theranostics.

KEYWORDS: bioimaging, fluorescent organic nanoparticles, FRET, quatsomes, bioprobes

■ INTRODUCTION

Over the last few years, we have witnessed an upsurge of
interest in the development of nanoparticles/nanovesicles
exhibiting Förster or fluorescence resonance energy transfer
(FRET) phenomenon for biosensing, bioimaging, and
theranostic applications.1−5 FRET occurs when a donor
fluorophore in the excited state nonradiatively transfers energy
to a nearby acceptor fluorophore (typically within a distance of
1−10 nm).6,7 Loading a nanovesicle with a FRET pair rather
than with a single fluorophore gives the possibility to monitor
the integrity of the nanostructure in cell media, body fluids, or
organs through FRET emission.8 Additionally, FRET offers a
wider spectral gap between the excitation and emission maxima
than single fluorophores, thus significantly reducing self-
absorption and, hence, the background noise while imaging.
Moreover, FRET enables multiplex-imaging, where, upon
exciting with a single light source, emission occurs in multiple
spectral windows.7 FRET assays based on organic dyes have
the advantage of modest cost, simple preparation, and the
possibility to use a variety of organic dyes that are convenient
for diverse applications.9 However, weak signal, low chemical
stability, rapid fluorescence lifetime, and poor photobleaching
resistance are continuous challenges for organic dye-based
FRET assays.4

Nanoparticles (NPs) based on soft organic materials have
recently gained considerable attention due to their ease of
preparation/fabrication and promising flexibility in material
synthesis with respect to the selection and combination of their
constituents.10,11 Several approaches to synthesize bright
fluorescent organic nanoparticles (FONs) based on the direct
assembly of dyes,12 or exploiting nanovesicles and micelles
have been reported.13 Among nanovesicles, liposomes have
been widely investigated as nanocarriers in the biomedical area.
Constituted by at least one lipid bilayer with spherical shape,
liposomes are biocompatible molecular self-assembled struc-
tures that can carry hydrophobic and hydrophilic molecules in
biological media, representing one of the best platforms for
drug-delivery and bioimaging.14 However, their applicative
potential is significantly reduced due to their aggregation
tendency and their low on-shelf stability.15,16 On the other
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hand, polymeric micelles are widely used carriers of FRET
pairs of organic dyes, used not only as bioimaging
probes5,17−20 but also as reporters of the micelle’s stability.8,21

However, several shortcomings of current dye-loaded polymer
nanoparticles (NPs) need to be addressed, including
aggregation-caused quenching (ACQ),12 surface chemistry,
colloidal stability, and micelle dissociation induced by shear
stress.8

To overcome these challenges, we use highly stable and
monodisperse quatsome (QS) nanovesicles as carriers and
integrate a FRET pair of amphiphilic carbocyanine dyes in the
vesicle membrane. QSs are thermodynamically stable nano-
scopic unilamellar vesicles, made by quaternary ammonium
surfactants and sterols, such as CTAB and cholesterol in an
equimolar ratio.22,23 Molecular dynamic simulations have
revealed that in the presence of water, CTAB and cholesterol
molecules self-assemble first into bimolecular amphiphiles,
followed by the formation of bilayers.22 The structure of these
bilayers is identical to those formed by double-tailed
unimolecular amphiphiles. These kinds of nanostructures are
highly homogeneous colloidal systems and can be function-
alized with targeting ligands, such as peptides, for site-specific
recognition. For instance, QS functionalized with cell-
penetrating peptides has been achieved through their covalent
conjugation to a fraction of cholesterol QS membrane
components.24 Due to their versatility, these nanovesicles
have aroused considerable interest in biomedical applica-
tions.25−27 QSs are used as nanocarriers to stabilize and
transport organic dyes in aqueous media, while simultaneously
enhancing their photostability and biocompatibility.28 More-
over, high brightness is generally displayed due to the
confinement of a large number of dye molecules in a small
space, hence increasing their absorption coefficient.5 What is
more interesting for our aims is, however, the possibility
offered by the nanoparticles to confine the FRET pair in a
nanosized domain, opening a wide range of possibilities for
molecular imaging and biosensing.

■ RESULTS AND DISCUSSION
Preparation of Dye-Loaded Quatsomes Exhibiting

FRET. Here, we report QSs loaded with a FRET pair
composed of the indocarbocyanine donor 1,1′-dioctadecyl-
3,3,3′3′-tetramethylindocarbocyanine perchlorate (DiI) and
the acceptor 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbo-
cyanine perchlorate (DiD) (see Figure S1). QSs loaded with
DiI or DiD as well as simultaneously loaded with both dyes at
an equimolar ratio29 (QS-I, QS-D, and QS-I,D, respectively)
(see Scheme 1) were prepared by a one-step method using the
green technology referred to as depressurization of expanded
liquid organic solution−suspension (DELOS-suspension)
methodology.24,30 The simultaneous loading of two different
dyes did not affect the mean size of QSs (∼150 nm) or their
morphology, as is evidenced by the cryo-transmission electron
microscopy (TEM) images and by the nanoparticle tracking
analysis (NTA) (Figure 1 and Table S1). As previously
reported, QSs show a high vesicle-to-vesicle homogeneity in
terms of morphology, size, and membrane lamellarity22,28 in
comparison to the majority of vesicular systems.31 Despite the
different lengths of the conjugated bridges of DiI and DiD, the
inclusion in the QS membrane is very similar, leading to an
∼100 μM dye concentration in all samples. Thereby,
thousands of molecules are successfully entrapped in a single
QS, ensuring efficient FRET.

Scheme 1. Depiction of (a) Chemical Structure of the
Carbocyanine Dyes and the Membrane Components, (b)
Schematic Representations of Chol/CTAB QSs Loaded
with Carbocyanine Dyes, DiI (yellow), and DiD (red), and
(c) Cross-Sectional View of the QS-I,D Membrane

Figure 1. Cryo-TEM images (left) and size distribution profiles
(right) measured by nanoparticle tracking analysis (NTA) of (a) plain
QSs, (b) QSs loaded with DiI (QS-I), (c) QSs loaded with DiD (QS-
D), and (d) QSs loaded with DiI and DiD (QS-I,D). Insets show
screenshots from the NTA videos.
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Photophysical Properties. The photophysical properties
of DiI and DiD in ethanol and in dye-loaded QSs in water are
summarized in Table 1. Steady-state absorption and excitation
are presented in Figure 2. Absorption spectra of dye-loaded
QSs in water compare well with the spectra of dyes in ethanol
(dotted lines, Figure 2b), suggesting marginal aggregation
phenomena, in contrast to the well-known tendency of cyanine
dyes to aggregate.32,33 The absorption maxima at ∼552 and
∼649 nm for QSs loaded with both dyes (Figure 2b) indicate
the successful simultaneous loading of DiI and DiD in the
DELOS-susp preparation. The minor intensity differences of
the ∼600 nm shoulder in QSs may be ascribed to the presence
of a minimal quantity of DiD H-aggregates, primarily H-
dimers34 (see Figure S2 for further analysis). In view of the
marginal spectral differences observed, we safely assume that at
L = 0.026 (loading = mg dye/mg membrane components), the
stability of the dyes is not compromised in the QS membrane.
The comparison between absorption and excitation spectra
(Figure 2b) unambiguously demonstrates the occurrence of
efficient FRET in QS-I,D, with a sizeable donor (DiI)
contribution to the excitation spectrum when probing the
acceptor (DiD) emission at λem = 710 nm. Indeed, QS-I,D
were found to have high FRET efficiency (EFRET). Upon
excitation at 490 nm, two emission bands appeared at ∼569
and ∼673 nm corresponding to the DiI and DiD emission,
respectively (Figure 2c). The fluorescence intensity of the
donor dramatically decreased in the presence of the acceptor,
resulting in an EFRET of 85%. This value is significantly high in
comparison to previous nanoparticles loaded with carbocya-
nine dyes exhibiting FRET.8,17,20,21

Time-resolved fluorescence measurements, exploiting the
time-correlated single-photon counting (TCSPC) technique,
further confirm efficient FRET (see Figure S3). The very short
excited-state lifetime of the DiI in solution increases
considerably when the dye is in the QS nanostructure. The
donor lifetime decreases considerably when the acceptor
(DiD) is also present in the same QS (see Figure 2d and Table
1). The short lifetime of DiI in ethanol may be assigned to the
rapid relaxation of the excited state by cis−trans photo-
isomerization occurring at the polymethine linkage.29 When
the rotation about the polymethine linkage is prevented (by
steric constraints, i.e, when the dye is located in the QS
membrane), the fluorescence lifetimes become longer, as
previously described elsewhere.35 DiI average lifetime in the
QS membrane is in agreement with the previously reported

values in nanovesicles (i.e., 0.80 ns for DiI in the pure fluid-
state lipid DOPC bilayer).36 Similarly, the DiD lifetime
increased when the dye was embedded in the QS membrane.
It is important to note that DiI and DiD are not immobilized
in the QS membrane but rather diffuse freely through the QS
membrane with a diffusion coefficient that has a magnitude
similar to that of phospholipid molecules in a lipid bilayer.37

Fluorescence quantum yields (ϕF) for dyes in ethanol and in
the quatsome assemblies in water were also investigated. ϕF of
DiI and DiD in ethanol changes from 10 and 37% in solution
to 18 and 34% once located inside the QS membrane,
respectively, confirming the more constrained environment of
the QS membrane, as demonstrated previously by lifetime
results. Since it is well known that the quantum yield is
markedly dependent on viscosity,7,35 complementary analysis
varying the viscosity of the media were performed (Figure S4),
demonstrating how the increase in viscosity results in increased
ϕF and τ. Accordingly, quantum yields of 9 and >16% for free
Cy338 and Cy3-DNA conjugates,35 respectively, are reported
in the literature. Our results (see Table 1) are in agreement
with those reported for DiD in solution and entrapped in
PLGA-PEG-maleimide polymer nanoparticles (ca. 60 nm) at
∼3039,40 and 34%,17 respectively.

Evaluation of Dye Leakage of the QS Membrane.
Energy transfer typically occurs between dyes separated by 1−
10 nm. Accordingly, since the QS membrane thickness is ca. 4
nm,37 FRET is expected to occur not only between dyes
located in the same vesicle leaflet but also between dyes
located in different leaflets, as represented in Scheme 1c. To
rule out FRET occurring between dyes on different QS, single
dye-loaded QS (QS-I and QS-D) were mixed in aqueous
media at equimolar concentration and FRET emission was
then interrogated just after the sample preparation and 1 week
later (Figure 3). As shown in Figure 3b, the excitation of DiI is
negligible for emission at 710 nm. The emission spectra
(Figure 3c) show a weak feature at 650−670 nm, which may
indeed be related to a minor contribution from residual FRET
(see Figure S5 for more detailed information). Therefore, we
conclude that there is no significant contribution to FRET
from dyes incorporated in different QSs. Moreover, we can
safely conclude that there is no exchange of dyes between
different QS vesicles. This is an important result; even if the
dyes are not covalently linked to the QS membrane, the
hydrophobic interaction is strong enough to stably constrain
the fluorophores in the QS membrane.

Table 1. Photophysical Properties of Dye-Loaded QSs

λmax abs
a

(nm)
λmax emia

(nm) Δvb (cm−1) τc (ns) ϕF
d (%)

brightnessp
e

(×106)
M−1 cm−1 ϕPh

f (×10−6)

DiI DiD DiI DiD DiI DiD DiI DiD DiI DiD DiI DiD DiI DiD
FRET efficiencyg

(%)

dyes in EtOH DiI 552 570 572 0.40 10 0.05
DiD 649 674 572 1.31 37 5.8

quatsomes in
water

QS-I 552 570 572 0.78 18 77 7.5
QS-D 649 673 549 1.41 33 185 37.3
QS-I,D 552 649 569 673 3257 0.65 1.47 14 35 123

(for DiD)
3.73 22.3 85

aAbsorption and emission maxima ±1 nm. bStokes shift. cFluorescence lifetimes ±5%. dFluorescence quantum yield ±10%. eBrightness of a single
fluorescent QS calculated as εp × ϕF, where ϕF is the fluorescence quantum yield and εp is the molar extinction coefficient at the maximum
absorption wavelength of a single QS, calculated as ε × n (n is the estimated number of fluorophores per vesicle, see Table S2). fPhotochemical
decomposition quantum yields ±12%, λex = 532 nm for DiI in ethanol, QS-I and QS-I,D in aqueous media, λex = 650 nm for DiD in ethanol and
QS-D in aqueous media. gFRET efficiency ±5%.
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Colloidal Stability, Brightness, and Photostability.
Having optically characterized QS-I,D, we assessed their
potential for bioimaging. An ideal fluorescent bioprobe for
microscopy should be bright, stable over time, biocompatible,
and photostable. In this regard, the stability, brightness, and
photodegradation quantum yield (ϕph) of the QSs exhibiting
FRET were interrogated. Heretofore, the stability of dye-
loaded QSs has been investigated via absorption measure-
ments.28 Since FRET emission only occurs when the D−A pair
is within 1−10 nm, FRET emission and efficiency were
monitored over time (Figure 4) showing no appreciable
changes for at least 8 months, revealing the high degree of
stability possessed by these dye-loaded nanocarriers. The
absorption coefficients of individual carbocyanine-loaded QS
(εp) (Table S2) and the theoretical brightness per particle
(brightnessp) were also determined as they provide a more
representative approximation of the brightness enhancement of
the dye-loaded QSs compared to the single fluorophore
molecules in solution. The QS-I,D possesses a high brightness
of 1.2 × 108 M−1 cm−1 (see Table 1), which compares with the
best results reported for the most common quantum dots41

and dye-loaded polymeric nanoparticles,5 typically in the range
of 106−108 M−1 cm−1.
Photostability is a stringent requirement for bioimaging

applications due to the prolonged or reiterated irradiation of
the probe.42 Photodegradation studies (Figure S6) leads to
important conclusions. First, the estimated photodegradation
quantum yield, ϕph, of the QS-D is ∼12 times less than DiD
encapsulated in Pluronic micelles in water (ϕph = 44 × 10−5),43

demonstrating a superior photostability of DiD entrapped in
the QS membrane in comparison with micelles. This difference
is likely due to the more rapid photodegradation of
carbocyanine aggregates,44 which are more abundant in
micelles than in QSs. Second, the ϕph of DiD in QS-I,D is of
the same order of magnitude as in QS-D (see values in Table
1), even though the laser used for QS-I,D mainly excites DiI.
These results confirm highly efficient energy transfer from DiI
to DiD. For DiI, the same trends were observed, with DiI
photostability increasing in the presence of the acceptor (QS-
I,D), due to the altered kinetics of the donor’s excited state in
the presence of the acceptor.45 Overall, the ϕph obtained for
the QS-I,D confirms their high photostability, suggesting their
potential for bioimaging purposes.

Biocompatibility Tests and Cell Imaging. Cell viability
tests and cell imaging studies were conducted for QS-I,D in
commonly employed cancer and normal cell lines, specifically
HeLa and CHO-K1, respectively. Figure 5 shows the cell
viability after 24 h of incubation with several concentrations of
QS-I,D, demonstrating low cytotoxicity for both cell lines up to
a 5 μg/mL concentration. The cell viability with plain QS (no
dye) and a CTAB surfactant in solution in HeLa cells (Figure
5b) provides evidence that the cytotoxicity is primarily due to
the quaternary ammonium surfactant and is not significantly
affected by the presence of dye, as has been reported for
fluorenyl-loaded QS.46 The effect of the cell membrane
crossing on the integrity of the QS-I,D was analyzed by
fluorescence imaging following the FRET emission. Based on
the cell viability results, the cells were incubated with 0.5 μg/
mL of QS-I,D for 2 h, providing bright images (see Figure S7
for comparison at higher concentrations). Figure 6a,b shows
the fluorescence emission of QS-I,D at different wavelengths
for HeLa and CHO-K1 cells, respectively. Importantly, FRET
emission of QS-I,D and their colocalization with DiI emission

Figure 2. (a) Schematic representation of FRET in the QS
membrane. (b) Normalized absorption spectra of dyes in ethanol
and of the dye-loaded QSs in water, compared with the excitation
spectra of QSs loaded with the FRET pair (QS-I,D, λem = 710 nm).
(c) Normalized emission spectra of DiI and DiD in ethanol, QS-I,
QS-D, and QS-I,D in water (λex = 490 nm for DiI, QS-I, and QS-I,D;
and λex = 590 nm for DiD and QS-D) and, (d) representation of the
lifetime values of dyes in ethanol and of the dye-loaded QSs in water.
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manifest the integrity of the QS membrane inside the cells
(both normal and cancer lines) and its stability at least for the
considered time interval. These results confirm the good
biocompatibility of QS-I,D and their capability of introducing
specific organic fluorophores (and potentially, drugs) into the
cell since the QS membrane integrity is ensured.
Cellular Colocalization Study. Finally, to elucidate the

cellular distribution of QS-I,D, colocalization experiments were
conducted using a commercial organelle marker. Based on
previous results,46 it is expected that QSs accumulate at the

lysosome; hence, LysoTracker Green was employed to

determine potential organelle selectivity. Fluorescence images

collected for cells coincubated with LysoTracker Green and

QS-I,D illustrate that their localization is highly coincident

(Figure 6c,d). The Pearson’s correlation coefficient was

determined as 0.88 and 0.80 for HeLa and CHO-K1,

respectively, indicating that lysosomes are the main organelle

for QS localization in cells.

Figure 3. Analysis of the encapsulation stability and dye exchange between QSs. (a) Graphical representation of the dye leakage/exchange between
distinct QSs in aqueous media, (b) normalized absorption and excitation spectra (λem = 710 nm), and (c) emission spectra (λex = 490 nm) of a
mixed solution of QS-I and QS-D (1:1) after sample preparation and 1 week later.

Figure 4. Stability of QS-I,D over time. (a) Absorbance spectra, (b) emission spectra, and (c) FRET efficiency representation of the QS-I,D after 1,
3, 6, and 8 months from the synthesis.

Figure 5. Cell viability assay of HeLa and CHO-K1 cells with (a) QS-I,D at various concentrations in HeLa and CHO-K1 cells and (b) CTAB
surfactant dissolved in water, plain QSs (Chol/CTAB nanovesicles), and QSs loaded with DiI and DiD (QS-I,D) in HeLa cells, all solutions added
in aqueous media at various concentrations.
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■ CONCLUSIONS

In summary, we have developed fluorescent organic nano-
particles showing efficient FRET based on the nanovesicles
known as Quatsomes. Loading organic dyes into a non-
fluorescent nanocarrier such as quatsomes offers an interesting
strategy to improve their physicochemical and optical proper-
ties, overcoming most of the current challenges on the design
of organic dye-based FRET assays. The obtained FONs allow
the dispersion and stability of a FRET pair of organic dyes in
aqueous media, ensuring long-term nanovesicle stability, high
FRET efficiency, attractive spectroscopic properties, and
biocompatibility. In particular, the fluorescent colloidal system
is homogeneous in terms of size, morphology, and lamellarity
and stable for at least 8 months, efficiently entrapping
carbocyanine dyes without appreciable dye leakage. Moreover,
the high brightness (123 × 106 vs 0.58 × 106 M−1 cm−1 for
Qdot 60547) and low photodegradation quantum yield
comparable to the commercially available fluorescent nano-
particles (ϕph of QS-D is ∼12 times lower than DiD in
pluronic micelles), demonstrate the robustness of these
nanovesicles. QSs exhibiting FRET are stable in cell media
and maintain their integrity inside the cells, where they mainly
localize in lysosomes. Considering the capability of these
nanostructures to be easily functionalized and engineered with
targeting units,24 we anticipate that the described QSs loaded
with FRET pairs are particularly interesting candidates for the
development of fluorescent probes for the detection of specific
biomarkers by bioimaging (in vitro and in vivo) and by
medical diagnostic kits.

■ EXPERIMENTAL SECTION
Synthesis of FRET Pair-Loaded QS. Preparation of Dye-

Loaded Chol/CTAB QSs by DELOS-susp. Plain and labeled QSs with
DiI and/or DiD were prepared using the DELOS-susp (depressuriza-
tion of an expanded liquid organic solution−suspension) method.
This method has been previously described24 and includes the
depressurization of a CO2-expanded organic liquid solution into an
aqueous phase containing a solution or dispersion of a polar
compound using mild conditions of temperature (308 K) and
pressure (10 MPa). In a typical plain-quatsome preparation, 79.91 mg
of cholesterol was added to 3.11 mL of ethanol, and then supercritical
CO2 was added, reaching one-phase in the reactor (7.3 mL of
volume) containing the three components. After 1 h, the solution was
depressurized over a solution of 72.56 mg of CTAB suspended in
25.11 mL of water. For the preparation of the labeled QSs with DiI
and/or DiD, a solution of each dye in ethanol was added in the
organic phase of the reactor, yielding a 100 μM of total dye in each
preparation. Finally, the resulting suspension had a total concen-
tration of plain and labeled QSs of 5.3 mg/mL. To remove the
ethanol and the residual membrane components in the QS
membrane, one step of purification was applied. In this study, we
purified the as-prepared nanovesicles by diafiltration, using the
KrosFlo Diafiltration equipment, from Spectrum Labs. In our case, we
used a size-exclusion column of 100 kDa and a surface area of 20 cm2

(MicroKros, Spectrum Labs). All of the quatsomes were diafiltered in
Milli-Q water.

Determination of Dye Concentration and Loading in Dye-
Loaded QSs. To determine the concentration and mass of dye
entrapped in the QSs, the UV−vis absorbance of each dye was
measured using a UV−vis spectrophotometer (Varian Cary 5,
Agilent). The QS membrane was dissociated by diluting the samples
in ethanol until a value of absorption unit of 0.1−0.3 is obtained. The
concentration of each dye was determined using the Lambert−Beer

Figure 6. Fluorescence imaging. (a, b) FRET emission study in HeLa and CHO-K1 cells, respectively. Cells were incubated with 0.5 μg/mL of QS-
I,D at 37 °C for 2 h. (c, d) Colocalization images of HeLa and CHO-K1, respectively. Cells were incubated with 0.5 μg/mL of QS-I,D for 2 h at 37
°C and 400 nM of LysoTracker Green was incubated with cells for 1 h before cell imaging. Cell imaging was performed by fluorescence
microscopy, 60× oil immersion objective, Ex: 532/40; Em: 585/40green channel and Ex: 482/40; Em: 624/40red channel.
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law (Abs = c × ε × l), where c is the concentration (M), ε is the molar
extinction coefficient (M−1 cm−1), and l is the path length (cm), using
ε550nm
DiI , EtOH = 140 000 M−1 cm−1, ε646nm

DiD , EtOH = 246 000 M−1

cm−1, and a high precision cell (Hellma Analytics) of a 1 cm as a
cuvette. For the determination of the loading, QSs were freeze-dried
(LyoQuest-80, Telstar) at 193 K and 5 Pa for 1 week. Then, the
freeze-dried dye-loaded QSs were weighted, and through eq 1, the
loading in mass was determined.

dye loading
mass of dye

mass weighted mass of dye
=

− (1)

Physicochemical Characterization of Dye-Loaded QSs.
Nanoparticle Tracking Analysis (NTA). Mean size and size
distribution of QS, QS-I, QS-D, and QS-I,D were analyzed by NTA
using a Nanosight NS300 (Malvern Instruments) equipped with a
laser at 488 nm. The laser beam passes through the sample chamber,
where particles in suspension scatter the light beam and can be easily
visualized using a 20× magnification microscope equipped with a
sCMOS camera (30 fps). The video captures the particle movements
under Brownian motion, and using the Stokes−Einstein equation, the
software determines the hydrodynamic diameter of the nanoparticles.
The analysis was carried out at room temperature. Samples were
diluted 10 000 times to fit the concentration range suggested by the
manufacturer. The reported values are obtained as averages of results
from five videos for each sample.
Cryo-TEM. Cryogenic transmission electronic microscopy (cryo-

TEM) images were acquired with a JEOL JEM microscope (JEOL
JEM 2011, Tokyo, Japan) operating at 200 kV under low-dose
conditions. The sample was deposited onto the holey carbon grid and
then was immediately vitrified by rapid immersion in liquid ethane.
The vitrified sample was mounted on a cryo-transfer system (Gatan
626) and introduced into the microscope. Images were recorded on a
CCD camera (Gatan Ultrascan US1000) and analyzed with the
Digital Micrograph 1.8 software.
Electrophoretic Light Scattering (ELS). ζ-Potential measurements

were performed with a Zetasizer Nano ZS (Malvern Instruments)
using an incident light of 633 nm and measuring the scattered light at
13°. A DTS1070 folded capillary cell (Malvern Instruments) was
used, applying a voltage of 40 mV between the electrodes. The
measurements were performed without dilution at 298 K and
Smoluchowski equation was employed. To ensure the reliability of the
results, three different experiments were performed for each sample.
This measurement could only be performed in the plain QS and QS-I
samples. The determination of the ζ-potential cannot be done in the
samples that contain DiD since this dye absorbs the 633 nm incident
light. For this reason, the size measurements were performed with an
NTA technique instead of DLS.
Photophysical Properties. Steady-State Spectroscopy. Steady-

state absorption spectra were measured with a Tecan Infinite M200
PRO plate reader spectrometer in a 1 cm path length quartz cuvette.
An FLS980 fluorescence spectrometer (Edinburgh Instruments) was
employed for the recording of fluorescence emission and excitation
spectra. The fluorescence spectra were corrected for the spectral
responsivity of the detector. Diluted solutions were used for
fluorescence measurements, with optical densities of ∼0.1.
Time-Resolved Spectroscopy. Time-resolved fluorescence inten-

sity measurements were performed by time-correlated single-photon
counting (TCSPC), using an Edinburgh Instrument FLS980
spectrofluorometer. Fluorescence decay curves were recorded on a
time scale of 20 ns, resolved into 4096 channels, to a total of 10000
counts in the peak channel. DiI, QS-I, and QS-I,D were excited with a
509 nm laser (recording emission at 570 nm) and DiD and QS-D
with a 635 nm laser (recording emission at 670 nm). Decay curves
were analyzed using a standard iterative reconvolution method in the
FLS980 software package, on the basis of the biexponential decay
function. The quality of the fit was judged on the basis of the reduced
χ2 statistic, and the randomness of residuals.
Quantum Yield. The fluorescence quantum yield (ϕF) of QS-I and

QS-D was determined following two methodologies. Based on the

comparative method,7,48 the values were calculated according to eq 2,
using rhodamine B in water (ϕref = 0.31) and cresyl violet in methanol
(ϕref = 0.54) as standards for DiI and DiD (in ethanol), respectively.
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r

r
2

r
2ϕ ϕ=

(2)

where ϕF is the quantum yield, I is the integrated fluorescence
emission, OD is the optical density at the excitation wavelength, and n
is the solvent refractive index of the sample, while Ir, ODr, and nr are
the same parameters of the reference used.

The quantum yield of QS-I,D was estimated using another
approach based on the ratio of the measured (τ) and natural lifetime
(τn) (eq 3) because of the partial overlapping between the reference
of the donor with the DiD. The natural lifetime was estimated
accordingly to eq 4, where τn is natural or intrinsic lifetime, ϕF is the
quantum yield, and Γ is the radiative decay rate, which can be
calculated using the Strickler−Berg equation49 (eq 5),
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where F(v̅) is the emission spectrum plotted on the wavenumber
(cm−1) scale, ε(v̅)) is the absorption spectrum, and n is the refractive
index of the medium. The integrals were calculated over the S0−S1
absorption and emission spectra. It is convenient to write this
equation in terms of the more common units where the frequency is
measured in cm−1 rather than s−1. The ϕF of QS-I and QS-D
measured following the two methodologies lead to consistent values
within ±2%.

Photodegradation Quantum Yield. The quantum yields of the
photoreactions, Φph, were measured using the absorption method
proposed by Belfield and Bondar,50,51 determined from the temporal
dependencies of the optical density at the maximum of the absorption
band, D(λmax, t). The values D(λmax, t) were measured during
irradiation with a laser for DiI, irradiation intensity: 8.15 mW/cm2,
excitation wavelength λexc ≈ 532 nm, and for DiD, irradiation
intensity: 11 mW/cm2, excitation wavelength λexc ≈ 650 nm. The
intensity of the laser was measured with an IL-1400A power meter
(International Light Inc.). The quantum yield of the photochemical
reactions under one-photon excitation was calculated using eq 6.
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where D(λ, 0), D(λ, tir), ε(λ), t, and λ are the initial and final optical
density of the solution, extinction coefficient (M−1 cm−1), irradiation
time (s), and excitation wavelength (cm), respectively; NA is the
Avogadro’s number; tir is the total irradiation time; and I0(λ) is the
spectral distribution of the excitation irradiance.

FRET Efficiency. The efficiency of energy transfer (EFRET) is the
fraction of photons absorbed by the donor, which are transferred to
the acceptor. It can be measured using different approaches, i.e., the
relative fluorescence intensity of the donor, in the absence and
presence of the acceptor, or from the calculated lifetime under these
respective conditions. However, it is important to note that using
these equations, it is assumed that the donor and the acceptor are
separated by a fixed distance.7 Considering that in the QS system dyes
diffuse through the membrane, another approach was considered. The
rate of energy transfer was then determined compared to the
absorption spectrum and the excitation spectrum (eq 7) (through the
observation of the acceptor fluorescence).52
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Biological Assays. Cell Culture. The HeLa line was selected as a
cancer cell line (Cervical Adenocarcinoma, Human) and CHO-K1 as
a normal line (Ovary, Chinese Hamster). These cell lines were
selected because both come from the same organ (ovary). The HeLa
cell line was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin at 37 °C in a humidified 5% CO2 incubator.
The CHO-K1 cell line was cultured in the Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin under the same conditions.
Cell Viability. To assess the cytotoxicity of QS-I,D, HeLa cells and

CHO-K1 cells were cultured in the DMEM cell medium and RPMI
1640 cell medium, respectively, supplemented with 10% fetal bovine
serum, 1% penicillin, and streptomycin at 37 °C and 5% CO2. The
cells were cultured in 96-well plates and incubated until 5 × 103 cells
per well were quantified. Next, nanovesicles were added to the cells
and incubated for an additional 22 h. QS-I,D were added at different
concentrations (0.01, 0.1, 0.5, 1, 2.5, 5, and 10 μg/mL) where the
values within parentheses refer to the nominal concentrations of the
membrane components. Thereafter, 20 μL of the Cell Titer 96
Aqueous One solution reagent (for MTS assay) was added into each
well, followed by further incubation for 2 h at 37 °C. The respective
absorbance intensity at 490 nm were read on a Tecan Infinite M200
PRO plate reader spectrometer. Cell viabilities were calculated on the
basis of eq 8, where Abs490nm

s is the absorbance of the cells incubated
with different concentrations of QS-I,D solutions, Abs490nm

D is the
absorbance of a cell-free well containing only QS-I,D at the
concentration that was studied, Abs490nm

c is the absorbance of cells
incubated in the medium (without QS-I,D), and Abs490nm

D2 is the
absorbance of the cell-free well.

cell viability (%)
Abs Abs

Abs Abs
100%

s
490nm

D
490nm

c
490nm

D2
490nm

=
−
−

×
(8)

Cellular Uptake and FRET Imaging Study. To investigate the
cellular uptake of QS-I,D, HeLa cells and CHO-K1 cells were
employed. All cells were seeded on a confocal dish (MatTek) at the
density of 4 × 104 cells per dish and incubated for 24 h at 37 °C. QS-
I,D was diluted to 0.5 and 1 μg/mL and with the DMEM cell
medium, respectively, and freshly placed over cells for 2 h incubation
period separately. The cells were washed three times with phosphate-
buffered saline (PBS), and the live cell imaging solution (Molecular
Probes) was added to confocal dishes. Fluorescence images were
obtained using an inverted Olympus IX70 microscope coupled with a
TRITC filter cube (Ex: 532/40; Em: 585/40) for DiI and a
customized filter cube (Ex: 482/40; Em: 624/40) for FRET. Bright
field, DiI field, and FRET field were obtained and issued by Fiji, freely
available image processing software.
Cellular Colocalization Study. To investigate the efficiency and

specificity of QS-I,D, HeLa and CHO-K1 cells were employed. All
cells were seeded on a confocal dish (MatTek) at the density of 4 ×
104 cells per dish and incubated for 24 h at 37 °C. QS-I,D was diluted
in 0.5 μg/mL with the DMEM, respectively, and freshly placed over
cells for a 2 h incubation period. The cells were washed three times
with PBS, and the live cell imaging solution (Molecular Probes) was
added to confocal dishes. LysoTracker Green (LT Green) (400 nM)
was added 1 h before cell imaging. Fluorescence images were obtained
using an inverted Olympus IX70 microscope coupled with a FITC
filter cube (Ex: 482/40; Em: 534/40) for LT Green and a TRITC
filter cube (Ex: 532/40; Em: 585/40) for DiI. Pearson’s correlation
coefficients for LT Green and DiI were calculated using Fiji software.
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Ceśpedes, V.; Köber, M.; Gonzalez, E.; Ferrer-Tasies, L.; Vinardell, M.
P.; Mangues, R.; Veciana, J.; Ventosa, N. MKC-Quatsomes: A Stable
Nanovesicle Platform for Bio-Imaging and Drug-Delivery Applica-
tions. Nanomedicine 2019, No. 102136.
(26) Segura Ginard, F. M.; Gallego Melcon, S.; Sańchez de Toledo
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