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Preamble 
 
 

Great part of this PhD 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, which complete and 

reinforce the work presented in this manuscript. 
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1. Introduction and 

Objectives 

 

1.1. Introduction 
 

Nanotechnology can be defined as the science, engineering and technology developed 

in the nanoscale1. The physicist and Nobel Prize winner, Richard Feynman in 1959, 

predicted the possibilities of nanoscience in There is Plenty of Room at the Bottom. An 

invitation to enter a new field of physics2,3. 

According to the European Commission, nanomaterials refer to the material (natural, 

incidental or manufactured) that comprises particles in an unbound state or as an 

aggregate wherein one or more external dimensions is in the size range of 1-100 nm 

for at least 50% of the particles, conforming to the number size distribution. Size 

distribution is important since the nanomaterial is usually composed of particles of 

different sizes. It is worth noting that the upper limit in size (100 nm) is arbitrary 

because the physicochemical and biological characteristics of the nanomaterials do not 

change abruptly at this size4.  
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Regarding Feynman comments, he spoke about the now called top-down approach, 

which means the reduction in size of already existing bulk materials into a smaller one 

or smaller pieces. In contrast, bottom-up strategy is based in the construction of 

nanostructures atom by atom using self-assembly procedures3,4. Self-assembly means 

the spontaneous and reversible association of molecular species to form larger and 

more complex supramolecular entities according to the intrinsic information contained 

in the components (chemical building blocks5). Bottom-up processes allow the design 

and control of particle size, morphology and internal structure. 

One of the sub-disciplines of nanotechnology is nanomedicine, which is the application 

of innovative nanotechnologies, aiming to offer solutions to the current limitations in 

diagnosis, treatment and management of human diseases1,6. As well as Feynman’s 

conference dictated the beginnings of nanotechnology, the concept of “magic bullet” 

of Paul Ehrlich inspired the field of nanomedicine: the aim was developing targeted 

carriers, or “magic bullets”, loaded with drug compounds in order to target diseases 

with a single treatment3,7. However, nowadays nanomedicine involves research in at 

least four different areas: development of biosensors for diagnosis, controlled drug 

delivery for therapeutic action, regenerative medicine like tissue engineering, and 

theranostics that focus in the combination of the diagnosis and therapeutic functions 

in one material4,8. 

Drug delivery refers to the systems used as transports for therapeutics in the body9,10. 

Drug delivery systems (DDS) have enhanced the effectiveness and delivery of the drugs 

because these nanocarriers can protect sensitive biomolecules from degradation and 

the in vivo attack of the immune system11,12,13. Nanoparticulate carriers can be 

composed of organic and inorganic materials. Probably the most widely used for drug 

delivery purposes are vesicle and polymer based nanocarriers14,15,16. Indeed, vesicles 

have served as convenient delivery vehicles for biologically active compounds since 

they are non-toxic, biodegradable and non immunogenic17,18. In vesicle-based DDS, the 

pharmacological properties strongly depend on the structural characteristics of the 

conjugates19,20. As a consequence, a high degree of structural homogeneity regarding 

size, morphology and composition is crucial for their optimum performance21.  



Chapter 1: Introduction and Objectives 

23 
 

1.1.1. Vesicles as self-assembled structures 
 

Vesicles are spherical objects composed of amphiphilic molecules that enclose a liquid 

compartment. The amphiphilic molecules generally have a hydrophobic tail and a 

hydrophilic or polar head. 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 bilayers. According to their size and number of bilayers (lamellarity), 

vesicles can be broadly classified in small unilamellar vesicles (SUVs, size < 200 nm and 

single bilayer), large unilamellar vesicles (LUVs, size ranging from 200-1000 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)22. 

 

Figure 1.1: Schematic representation of a vesicle composed of amphiphilic molecules. Classification of 

vesicles regarding size and lamellarity 

Vesicles are one of the most studied self-assembled structures due to their diverse and 

important applications as cell membrane models23, reaction vessels24 and DDS25,26,27, 

among others. They are one of the most promising supramolecular assemblies to be 

used as carriers for drug delivery, due to their great versatility with respect to size, 

composition, surface characteristics, and capacity for integrating active molecules. The 

vesicles’ unique structure enables them to encapsulate both hydrophobic compounds 

(within the lipid bilayers) and hydrophilic compounds (within their internal cavity).  
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Dr. Alec Bangham et al. first described liposomes, vesicles constituted mainly by 

phospholipids, during their search for a model of cell membranes. When phospholipids 

were put in contact with water, they spontaneously arranged in vesicles with a 

bilayered membrane structure28. Although their purpose was to mimic the cellular 

membrane, soon they were successfully tested as drug delivery systems29,30.  

Liposomes present several advantages like biocompatibility, improved solubility of the 

encapsulated drugs, protection against chemical and/or biological degradation, 

reduction of the nonspecific side-effects and toxicity of encapsulated drug, among 

others31.  

However, the so called “first generation” of liposomes or classic liposomes is rapidly 

cleared by the mononuclear phagocytic system32. To avoid this effect, “second 

generation” of liposomes was developed where lipid composition, size and charge are 

modulated. For instance, cholesterol is added to the formulation in order to increase 

the stability of the formulation and to reduce the permeability of the system 

membrane. Also cholesterol can be used as an anchor for the inclusion of hydrophilic 

carbohydrates or polymers that enhance the half-life of the liposomes in the blood33. 

The increased blood circulation time is the main characteristic of this second 

generation of “stealth” liposomes and is usually accomplished by the addition of 

polyethylene glycol (PEG) on the surface. PEG chains decrease hydrophobicity and 

immunogenicity whereas they increase the steric hindrance and stability, protecting 

against clearance. PEG can be modified attaching specific ligands, entering then in the 

“third generation” where the liposomes combine various functions like drug delivery, 

cellular or subcellular targeting, penetration and accumulation, stimuli-sensitive 

function and imaging/diagnostic. In the case of the stimuli-sensitive liposomes, also 

called ‘smart’, the systems undergo structural changes in response to certain stimuli 

like pH, temperature, redox potential changes or magnetic field32. 

The great potential and properties of liposomes has led to the first marketed products 

for the treatment of some major health threats. In fact, Doxil® was the first 

nanomedicine approved for clinical use in 1995. It consists in a PEGylated liposome 

formulation encapsulating doxorubicin for the treatment of ovarian cancer. There are 

also other approved systems, gathered in the literature34,35 for diverse applications.  
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1.1.1.1. Preparation of vesicles 
 

As has been remarked, the optimal performance of the supramolecular formulations is 

completely related to the structural characteristics. Thus, a tight control over these 

physicochemical properties is of 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 monomer. Therefore, the method of preparation of the systems must 

be considered. In addition, the manufacturing process should be easily compliant with 

the regulations of the Food and Drug Administration (FDA) in the United States and the 

European Medicines Agency (EMA) in Europe. These regulations involve the 

development and implementation of good manufacturing practices (GMPs), which 

ensure the quality, safety and traceability of the obtained product36. 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 limits37. 

1.1.1.1.1. Conventional methods 
 

The drawback of conventional methodologies to produce vesicles lies in the little 

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

high vesicle to vesicle structural heterogeneity31,32,33. That is the case of the thin-film 

hydration methodology (TFH), also called the Bangham method, which is the most 

widely used preparation method. In it, lipid components are dissolved in an organic 

solvent. After the evaporation of this solvent, the thin film formed is rehydrated in an 

aqueous solvent. Additional operations are needed to correct the heterogeneity of the 

sample. 

Other preparation methods include reverse-phase evaporation, freeze-drying and 

ethanol injection. However, following these methodologies is necessary to employ 

additional techniques  such as membrane extrusion, sonication, homogenization 

and/or freeze-thawing, in order to precisely control the size and size distribution35. 
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Figure 1.2: Conventional methodologies for the preparation of vesicles and the most common post-

formation steps for their homogenization. 

Consequently, it is of extreme interest 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. 

1.1.1.1.2. Compressed fluids (CFs)-based technologies 
 

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

technologies have emerged as promising alternatives to conventional methodologies 

for the preparation of nanostructured materials38,39,40, including vesicles. CFs are 

substances that at normal conditions of pressure (P) and temperature (T) exist as gases 

but when we increase these factors can be converted into liquids or supercritical fluids. 

Supercritical region is one of the states of matter that is obtained when the substance 

is submitted to conditions above its critical pressure (Pc) and temperature (Tc). The 

most important feature of this supercritical region is the absence of phase boundary 

between the gas and liquid phases. Therefore, supercritical fluids present properties 

“hybrids” of the ones associated with liquids and gases, which moreover can be 

adjustable with small pressure and temperature variations (Figure 1.3). Thus, the 

viscosities and diffusivities are similar to those of the gas phase while the density and 

solvation power is closer to the liquid phase. Exists the possibility of obtaining this 

special behavior at conditions below or near the critical point (subcritical region), 

which means milder conditions of T and P, reducing the cost related to the use of 

elevated pressures and the risk of damaging the structure and properties of the 

molecules processed.  
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Figure 1.3: Phase diagram of a compressed fluid (left) and images illustrating the different solvating 

power of CO2 as a function of its state (right). 

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 a better control over the morphology of 

the materials on the microscopic scale than most of conventional processing 

techniques. The most widely used dense gas is carbon dioxide (CO2)  since it is non-

flammable, non-toxic, noncorrosive, inexpensive, non-polluting and has easily 

accessible critical parameters of 31.1 °C and 73.8 bar41. Due to these interesting 

properties, CO2 has become a “green substitute” to organic solvents in the preparation 

of lipid-based nanocarriers such as liposomes. Several methodologies that employ CO2 

aim to reduce the amount of organic solvent required in conventional methodologies 

and at the same time improve the final vesicle structural characteristics31,42. Other 

advantages of the processing with CO2 are the sterile operating conditions along with 

the potential for one-step production processes. However, there are still some 

drawbacks such as the elevated pressures and temperatures required during the 

process.  

1.1.1.1.2.1. DELOS-SUSP 
 

In the year 2000, the Nanomol group of ICMAB-CSIC where this thesis has been done, 

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 purity43,44. In 
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this process, CO2 is a co-solvent completely miscible at a given pressure and 

temperature with an organic solution that contains the solute to be crystallized45,46. 

DELOS requires milder conditions of pressure (<10 MPa) and temperature (<308 K) 

than other CFs-based methodologies31, allowing the processing of heat labile 

compounds while reducing the cost of a high pressure plant for the scale-up. Later on, 

a new and improved procedure based on 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 nanovesicles47.  

Briefly, the DELOS-SUSP method (Figure 1.4) consists in the loading of the membrane 

lipid components solution and the desired hydrophobic bioactives in an organic 

solvent (like ethanol) into a high-pressure autoclave previously driven to the working 

temperature (Figure 1.4a). In the second stage, the reactor is pressurized using 

compressed CO2 until the working pressure is achieved (10 MPa) (Figure 1.4b). Finally, 

the vesicular conjugates are formed by the depressurization of the CO2-expanded 

solution over an aqueous phase containing surfactants and hydrophilic bioactives 

(Figure 1.4c). 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 1.4: Schematic representation of the DELOS-SUSP method for the efficient preparation of 

multifunctional nanovesicle-bioactive hybrids. The whole procedure includes the loading (a) of an organic 

solution of the lipidic membrane components and the desired hydrophobic active compounds/molecules 

into an autoclave at a 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 might contain membrane surfactants and hydrophilic 

biomolecules, to produce an aqueous dispersion of the nanovesicle-bioactive(s) hybrids with 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 a high incorporation of cholesterol since there is 

not a free-solvent state48 like in the case of conventional methodologies, i.e. TFH.  

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

conjugates with high structural homogeneity and of interest for the development of 

new nanomedicine candidates49.  
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1.2. Objectives 
 

Following this research line, this thesis is devoted to the study of liposomal systems 

functionalized with the RGD peptide, in order to correlate their physicochemical 

properties with their behavior in vitro and, if applicable, in vivo. The RGD peptide was 

incorporated using a cholesterol molecule covalently bound to a PEG linker that is also 

attached to the cyclic RGD.  

The following main objectives have been addressed: 

 Objective 1:  To generate a solid experimental proof of concept that opens the 

door to the pharmaceutical development of nanoliposomes, functionalized 

with RGD peptide and loaded with α-galactosidase A protein, as a new 

nanomedicine candidate for the treatment of Fabry disease.  

 Objective 2: To study the impact of RGD attachment bond between the 

cholesterol and the PEG linker in the physicochemical properties of RGD 

functionalized liposomes and in their cellular internalization. 



 

 

2. Nanovesicle-GLA 

conjugates as nanomedicine 

candidates for the treatment of 

the Fabry disease 

 
2.1. Introduction 
 

Lysosomal storage disorders (LSDs) include around 70 metabolic genetic diseases 

characterized by a single mutation that leads to the deficiency of a specific lysosomal 

enzyme activity and the subsequent accumulation of macromolecular substrates in 

affected cells50,51. The majority of these disorders are derived from the deficiency of 

lysosomal hydrolases52, although some of them are related to non-enzymatic 

lysosomal proteins such as lysosomal membrane proteins53. The combined prevalence 

of LSDs is 1:5000 live births, considering that this may be underestimated because of 

the difficulties in the diagnosis. However, when considered individually, they are 

cataloged as rare diseases due to its low incidence. 

Lysosomes are cellular organelles with functions that range from protein degradation 

of macromolecules to fusion with the plasma membrane during cell injury. In some cell 

types they also have secretory functions54. Lysosomes contain digestive enzymes, most 

of them hydrolases, which are active at the acidic pH of these organelles. In theory, 

every single mutation in the genes that encode any of these proteins could cause an 

LSD55. Hydrolases are produced in the rough endoplasmatic reticulum50,56 and 
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transported to the trans-Golgi network where are tagged with mannose-6-phosphate 

and secreted to the extracellular milieu57. Since endosomes have the mannose-6-

phosphate receptors, the enzymes are internalized and delivered to the lysosomes via 

endocytic pathway54. 

 

Figure 2.1. Schematic representation of eukaryotic cell organelles (animal). By Koswac [CC BY-SA 4.0 
(https://creativecommons.org/licenses/by-sa/4.0) 

 

LSDs can be generally classified based on the macromolecule deposited inside the cells 

and tissues: sphingolipidoses, mucopolysaccharidoses, mucolipidoses, 

oligosaccharidoses, lipidoses and the glycogen storage diseases51.  

Most of the LSDs lack an effective and curative treatment. Some of these disorders 

benefit from enzyme replacement therapy (ERT) which consists in the intravenous 

administration of the deficient enzyme. This enzyme is usually obtained by 

recombinant biotechnology and enriched in mannose 6-phosphate in order to ensure 

the proper delivery to the lysosome. ERT generally produce significant clinical benefits 

improving life quality of the patients. However the success is limited due to substantial 

drawbacks, such as the variability in the efficacy, the clearance from the blood stream, 

the degradation by proteases58, the low effectiveness when the organs are already 

damaged, immunological reactions and development of resistance to the exogenous 

enzyme50,59,60,61, high cost of the therapy and inability to cross the blood brain barrier 

(BBB) to treat neurological impairments62,63. Treatment with ERT usually requires 

https://creativecommons.org/licenses/by-sa/4.0
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combination with supportive care consisting in palliative measures in order to treat the 

multisystemic symptoms50,64. Given all those difficulties, there is a continuous effort 

towards developing new alternative therapeutic approaches that improve the 

limitations of the ERT. For instance, some treatment alternatives include gene therapy, 

substrate reduction, and chaperones. Gene therapy is especially interesting since the 

lysosomal storage disorders are generated by a single gene mutation65, hence is a 

research area of great interest66,67. 

The objective of substrate reduction therapy is to diminish the production of the 

accumulated material by inhibiting its biosynthesis. Compared with ERT, it is 

administered orally, does not trigger immune reactions and can potentially cross the 

blood brain barrier65. However, their main limitation is the lack of specificity that may 

interfere with other anabolic routes50. 

Chaperones are molecules responsible for the correct folding of proteins. 

Administering them can result in the recovery of the activity of the affected 

protein50,65. On the other hand, the effectiveness of this treatment is limited to the 

cases in which the lack of enzyme activity is due to its misfolding.  

In recent years, nanotechnology has emerged as a powerful tool to develop enzyme-

loaded nanosystems in order to ameliorate ERT efficacy and minimize its side effects. 

The objective of these nanomaterials is to increase the bioavailability of the enzyme, 

avoid its degradation, control the circulation time and release rate. Nanocarriers can 

be functionalized with targeting units (antibodies, peptides, sugars, aptamers) that 

provide recognition of markers expressed by sick cells63, thus assuring the correct 

distribution of the enzyme. In the case of LSDs, the delivery of the enzyme requires 

targeted delivery into lysosomes52,68.  

Fabry disease is a sphingolipidosis69, and is one of the most prevalent among LSDs even 

though its incidence is very low (1:11700070). This disease is caused by a gene mutation 

on the X-chromosome, which encodes α-galactosidase A (GLA) enzyme, a homodimeric 

glycoprotein. The GLA hydrolyzes terminal α-D-galactosyl residuals from neutral 

glycosphingolipids71. Thus, the lack of this enzyme causes the accumulation of these 

molecules, mainly globotriaosylceramide (Gb3), at the lysosomes of some cells72.  
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The tissue damage caused by the Gb3 deposits is responsible for Fabry disease 

manifestations. The first symptoms include chronic neuropathic pain, skin 

abnormalities, gastrointestinal disturbances and corneal opacity. Organ complications 

typically emerge in young adult patients: renal failure, left ventricular hypertrophy, 

strokes, among others64.  

Currently, more than 15 years of clinical experience endorse the ERT for Fabry disease. 

ERT is presently available in the forms of agalsidase alfa (Replagal®, from Shire Human 

Genetic Therapies, Dublin, Ireland) and agalsidase beta (Fabrazyme®, from Genzyme 

Corporation, Cambridge, MA). The amino-acid sequences of both enzymes is similar 

with comparable specific activities per milligram, but differing in the glycosilation 

patterns64. At present, a new recombinant α-galactosidase is in clinical trials: PRX-102 

is derived from tobacco-cells and is modified with polyethylene-glycol chains. It shows 

enhanced half-life, less immunogenicity and similar activity as Replagal® and 

Fabrazyme®50.   

Limitations emerge when studying orphan diseases such as Fabry, since there are a 

small number of patients available for trials. Anyway, the literature shows, for adult 

male patients, that ERT significantly reduces the deposits of Gb3, improves some 

cardiac outcomes and stabilizes renal function. Also, it can potentially ameliorate 

quality of life with a direct impact in the chronic pain73.  

Apart from available ERT, chaperone migalastat (Galafold®, from Amicus Therapeutics, 

Cranbury, NJ, USA) has been approved for Fabry patients with amenable 

mutations64,70,74. Currently, 268 mutations are classified as amenable to treatment75. 

Another alternative in clinical trials is Lucerastat, an iminosugar for substrate reduction 

therapy, applicable for all patients independently of their genotype75. 

As it was previously exposed, drug delivery systems can be a promising strategy to 

improve ERT efficacy in LSDs. For instance, targeted polymer nanocarriers coated with 

intercellular adhesion molecule (ICAM-1) and loaded with α-galactosidase have shown 

an improved enzymatic release in vascular endothelial cells achieving Gb3 

degradation50,71. Another example is the ionically cross-linked polyelectrolyte complex 
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composed of trimethyl chitosan and GLA which improve GLA activity when compared 

with the free enzyme57. 

In the doctoral thesis of Dr. Ingrid Cabrera, it was determined that liposomes 

functionalized with cyclic RGD are excellent candidates for the specific delivery of 

active ingredients to endothelial cells49.  RGD-peptide is a cell targeting peptide, very 

well known to increase cellular penetration via RGD/integrin recognition, more 

specifically αvβ3 integrins. Integrins are transmembrane heterodimeric glycoprotein 

cell surface receptors present in vascular endothelial cells normally overexpressed in 

cancer76.  

For the integration of RGD-targeting peptide in the liposomes, the cholesterol is 

covalently bound to RGD peptides through a PEG linker. Among the different types of 

RGD peptides available, the cRGDfK has been chosen to functionalize the 

nanoliposomes due to several advantages related to its cyclic structure which include 

more stability against degradation and improved binding properties77. The 

cholesterol_PEG200_RGD molecule was designed and produced by the group of Dr. 

Miriam Royo (Institut de Química Avançada de Catalunya, IQAC-CSIC), and more details 

about this molecule are given in Experimental Section 7.1. Importantly, the cholesterol 

is bound to the PEG linker through an ether bond, while the bond between the PEG200 

and the cRGDfK is carbamate. Therefore, we called this molecule 

cholesterol_PEG200_RGDether and the liposomes functionalized with this molecule, 

liposomes-RGD_ether. 

Targeting endothelial cells is an interesting challenge for Fabry disease since 

alterations in the vasculature are typical in the pathophysiology78. Actually, αvβ3 

integrin expression and urinary excretion are related to the progression of the renal 

injury in this disease79. Dr. Ingrid Cabrera also observed that the enzymatic activity of 

GLA enzyme  with a 6_histidine tag was enhanced when this enzyme was integrated in 

nanoliposomes functionalized with RGD peptide80. This promising result opens the 

doors to the pre-clinical non-regulatory testing. 

During NanoFabry81 project (2009-2014), funded by “Fundació La Marató TV3”, 

functionalized GLA loaded nanoliposomes were prepared with improved capability for 
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the specific delivery of the GLA enzyme to endothelial cells. As a continuation of 

NanoFabry, the Lipocell82 project (2014-2015) was granted, financed by Centro de 

Investigación Biomédica en Red-Bioingeniería, Biomateriales y Nanomedicina (CIBER-

BBN) and the pharmaceutical company BIOPRAXIS, focused in Fabry disease, as well as 

the Terarmet83 project (2014-2017), financed by Spanish ministry MINECO, centered 

not only in Fabry disease but also in mucopolysaccharidosis type III or Sanfilippo 

syndrome. The promising in vitro efficacy results observed in Lipocell and Terarmet 

projects, and the possibility to easily scale up the methodology used for the fabrication 

of this new nanomedicine candidate, also proved in these projects, open the doors to 

the pre-clinical in vivo testing currently explored under Smart-4-Fabry84 EU project. 

In the frame of the present thesis, a detailed physicochemical characterizations and in 

vitro/in vivo studies of these new GLA-nanoliposomes were performed in order to 

generate a solid experimental proof of concept of a potential nanomedicine candidate 

to treat Fabry disease, achieving the required quality attributes for the intended 

indication and administration route.  

2.2. Impact of the GLA liposomes-RGD_ether composition and 

supramolecular organization on its biological activity 
 

To become a potential drug product for the treatment of Fabry disease, the precise 

understanding of the nanomedicine candidate is necessary and the presence of all the 

nanoliposomes’ components must be justified. For instance, the RGD moiety must 

demonstrate its role for the proper cellular internalization and biological activity of the 

nanoconjugate. In order to address these issues, different liposomes were prepared 

and tested regarding both the internalization and the in vitro efficacy. 

2.2.1. Impact of GLA supramolecular organization on its in vitro 

efficacy  
 

Liposomes were prepared by DELOS-SUSP (Experimental Section 7.2.1) with a 

membrane composition of cholesterol, phospholipid dipalmitoylphosphatidylcholine 

(DPPC) and cholesterol_PEG200_RGDether molecule in a theoretical molar ratio 6:10:1 

(see Figure 2.2). 
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Figure 2.2: Schematic composition of liposomes-RGD_ether composed of cholesterol, DPPC and 

cholesterol_PEG200_RGDether. 

For the DELOS-SUSP procedure, an ethanolic suspension of the three membrane 

components was added to a reactor of 7.5 mL and pressurized with compressed CO2. 

The nanoconjugates were formed with the depressurization of this CO2-expanded 

solution of lipids over an aqueous solution of GLA enzyme in water. 

 

 

Figure 2.3: Schematic representation of the different GLA nanoliposomes prepared for the 

physicochemical characterization.  
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The sample collected from the reactor is named total liposomes (GLA@LP-RGDe (T)). 

Three different theoretical enzyme concentrations, 8.5, 20.0 and 42.5 µg mL-1 were 

tested in the production of liposomes.  

In these total liposomal formulations, part of the present GLA is adsorbed in the 

surface of the liposomes both in the inner and outer faces of the membrane. There is 

also nonconjugated GLA free in the dispersant medium, i.e. water, of the 

nanoformulation. In order to eliminate the free GLA, samples were diafiltrated 

following the procedure described in Experimental Section 7.4.1., to produce 

nanoliposomal formulations without free GLA, which were called loaded liposomes 

(GLA@LP-RGDe (L)).  

Unloaded liposomes-RGD_ether (LP-RGDe) were also prepared by DELOS-SUSP for 

comparison purposes.  

Total, loaded and unloaded liposomes are represented in Figure 2.3. The composition 

of ethanolic and aqueous phases to produce these liposomal formulations of GLA is 

gathered in Table 2.1.  
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Table 2.1: Compositions and ratios used for the preparation of GLA loaded liposome-RGD conjugates by 

DELOS-SUSP using CO2-expanded ethanolic suspensions at 10MPa, 308K and XCO2 = 0.85. 

Liposomal systems (GLA 

concentration) [number of 

batches] 

Organic phase Aqueous phase Total lipidic 

concentrationa 

(µg mL-1) 

LP-RGDe [6] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 mM) 

Water 1.4 

GLA@LP-RGDe 

(8.5 µg mL-1) [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 mM) 

GLA in water (89.2 

nM) 
1.4 

GLA@LP-RGDe 

(20.0 µg mL-1) [11] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 mM) 

GLA in water (200 

nM) 
1.4 

GLA@LP-RGDe 

 (42.5 µg mL-1) [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 mM) 

GLA in water (425 

nM) 
1.4 

aRatio between the total mass of molecules forming the membrane of the liposomes and the volume of 

the final vesicular suspension. All the systems were prepared following the methodology explained in 

Experimental Section 7.2.1. 

The particle size, polydispersity index (PdI), and Z potential of the nanoconjugates 

were measured using a dynamic light scattering (DLS) equipment and are collected in 

Table 2.2. All the systems were in the nanoscale range, but their average sizes and 

polydispersity are strongly influenced by the GLA concentration in the liposomal 

system, being higher when the enzyme cargo was increased. For the total liposomes, 

the Z potential was also dependent on the GLA quantity. The Z potential is an indicator 

of the colloidal stability: in principle high values, either positive or negative, 

correspond to more stable systems since similar charges are repelled preventing thus 

the particles aggregation. Correspondingly, the more stable liposomes were the ones 

with lower GLA concentration, although when the systems were diafiltrated (loaded 

liposomes) the Z potential values turned out to be similar and higher than the total 

samples, indicating more stability. 
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Table 2.2: Physicochemical characteristics, entrapment efficiencies (EE), and enzyme loading of 

nanoliposome conjugates. The physicochemical characteristics of the conjugates after the separation of 

the nonloaded enzyme are given between brackets. 

Liposomal systems 

(Initial GLA 

concentration) 

Size 

Z potential 

(mV) 
EE (%) 

GLA loadingc 

(µg mg-1) 

GLA conc.d 

(µg mL-1 ) Meana (nm) PdIb 

LP-RGDe 160±1 0.38±0.02 30±2 - - - 

GLA@LP-RGDe  

(8.5 µg mL-1) 

168±1 

(146±1) 

0.33±0.01 

(0.29±0.03) 

18±1 

(-33±1) 
39±10 (2.3±0.6) 

8±1 

(3±1) 

GLA@LP-RGDe  

(20.0 µg mL-1) 

216±8 

(195±1) 

0.40±0.01 

(0.40±0.01) 

14±1 

(-24±2) 
37±9 (6±1) 

20±2 

(7±2) 

GLA@LP-RGDe 

 (42.5 µg mL-1) 

226±3 

(215±56) 

0.45±0.04 

(0.33±0.02) 

9.8±0.4 

(-32±1) 
38±8 (11±2) 

40±2 

(16±3) 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. Error margins are SD.  

 

This tendency towards less stable systems when increasing the GLA concentration in 

the nanoformulation was corroborated by cryo-TEM (Figure 2.4), which provides a 

direct inspection of the sample. Images show that when there is no protein loaded, the 

vesicles are spherical and unilamellar. The formulations become more polydisperse 

and oligolamellar with increasing GLA loading.  
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Figure 2.4: Cryo-TEM pictures showing the morphology of the nanoconjugates with different GLA 

concentrations: a) LP-RGDe, b) GLA@LP-RGDe (L) 8.5 µg mL-1, c) GLA@LP-RGDe (L) 20.0 µg mL-1, d) 

GLA@LP-RGDe (L) 42.5 µg mL-1. Figure extracted from Adv. Healthcare Mat., 201685. 

 

In comparison with cryo-TEM, SAXS gives a more averaged structural characterization. 

SAXS measurements corroborated the observations performed by cryo-TEM. As 

instance, when the GLA concentration is 42.5 µg mL-1, the broadness increment of the 

SAXS curve indicates a higher polydispersion in the interbilayer distance compared 

with the rest of the systems (Figure 2.5).  
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Figure 2.5: SAXS intensity profile versus the scattering vector modulus (q) recorded from unloaded 

liposomes-RGD_ether (black) and GLA loaded liposomes (at different enzyme concentrations) at 298K. 

Figure extracted from Adv. Healthcare Mat., 201685, Supporting information. 

 

The amount of incorporated enzyme in the samples was measured using SDS-PAGE 

and Western blot as explained in Experimental Section 7.4.2. The entrapment 

efficiency (EE) (Table 2.2) was calculated dividing the mass of integrated enzyme by 

the total initial mass used in the experiment. Despite GLA loading of nanoconjugates 

enhanced with the increase of GLA concentration of the liposomal system, the EE 

values were very similar to ≈40% in all cases, indicating that the integrated enzyme vs 

free enzyme ratio was kept constant. 

After the physicochemical characterization, the specific enzymatic activity of GLA was 

assessed using the fluorescent methodology explained in Experimental Section 7.8.1. 

Briefly, the samples were incubated with a nonfluorescent substrate (4-

methylumbelliferyl-d-galactoside, 4-MUG) that renders a fluorescent product (4-

methylumbelliferone, 4-MU) when the GLA split it. Measuring the increase of the 

fluorescent signal, the specific activity of GLA was established. 

Specific activity was compared among total and loaded liposomes, and with free GLA 

solubilized in water (withdrawn from the aqueous phase used in experiments). 

Remarkably, the specific activity of the GLA always increases when it is conjugated to 

the liposomes. In the loaded systems with 8.5 and 20.0 µg mL-1 the specific activity 
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increased 3-fold but was only 1.3-fold for the loaded with 42.5 µg mL-1. As a control we 

used unloaded liposomes-RGD_ether and GLA in solution. GLA in solution was 

prepared depressurizing a CO2-expanded ethanol solution over water with GLA. The 

unloaded system presented no fluorescence, indicating that the carrier does not affect 

the enzymatic assay. The GLA in solution result matched the one of free GLA in water, 

implying that there is no influence of the CO2 and ethanol in the determination of the 

specific activity. It can be concluded that the activity enhancement is related to the 

enzyme-liposome association.  

 

Table 2.3: Specific enzymatic activities (μmol 4-MU mg−1 GLA h−1) of GLA liposomal systems. 

Liposomal systems  

(Initial GLA concentration) 

Total 

liposomesa Loaded liposomesb Free GLA in waterc 

LP-RGDe 0 0 0 

GLA (20.0 µg mL-1) in solutiond  364±18 - 385±9 

GLA@LP-RGDe 

(8.5 µg mL-1) 

913±27 924±89 304±14 

GLA@LP-RGDe 

(20.0 µg mL-1) 

846±270 1253±65 400±49 

GLA@LP-RGDe 

(42.5 µg mL-1) 

879±140 705±88 548±200 

 aTotal liposomes, corresponding to the fraction prior diafiltration in which the non-loaded and the 

loaded GLA coexist together. bLoaded liposomes, corresponding to the fraction obtained after the 

diafiltration process, cfree GLA, corresponding to the initial GLA aqueous solution before its conjugation, 

dInfluence of DELOS-SUSP process in the enzymatic activity of GLA. Error margins are SEM. 

The theoretical analysis of the interaction of the GLA protein with the bilayer 

performed using a thermodynamic model showed that the GLA dimer is incorporated 

as a peripheral protein. Indeed, only eight residues of a single GLA monomer are 

embedded in the lipid bilayer. In order to better understand the results, a large-scale 

molecular dynamic simulation was performed. In this case, only one GLA monomer 
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was considered since only one monomer of the dimer interacts with the membrane, 

according to the previous thermodynamic calculations. The results confirmed that only 

the eight residues are responsible of the interaction with the liposome membrane, 

whereas the active center is located far from the bilayer.  This suggests that the 

enzyme is adsorbed onto the nanocarriers’ surface by its second domain (see Figure 

2.6). Thereby, the GLA without any modification in its structure, has its first domain 

oriented exposing the active site towards the aqueous phase, which can explain the 

increased enzymatic activity observed experimentally85. Since increasing the GLA 

loading liposomes become more polydisperse and oligolamellar, the access of the 

enzyme is less available to the substrate which could explain the smaller specific 

activity increase observed for the conjugates with the highest GLA loading (1.3-fold 

instead of 3-fold increment). 

 

Figure 2.6: In the left is the simulation of the GLA dimer obtained using thermodynamic calculation. In 

the right is the simulation of a GLA monomer obtained with molecular dynamics. In both cases, the 

protein residues involved in the interaction with the liposomal membrane are shown as yellow bonds and 

the residues involved in the active enzymatic region are shown as red bonds. Figure extracted from Adv. 

Healthcare Mat., 201685. 

We can distinguish, then, two phenomena related with the increased activity of the 

loaded systems: the immobilization of the enzyme in the bilayer and the accessibility 

of the enzyme if the system is homogenous and unilamellar. The formulation with 20.0 

µg mL-1 GLA content was then selected for the next experiments, because of the good 

physicochemical properties and enhanced enzymatic activity.  
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The following step was to test the ability of the GLA@LP-RGDe to degrade the Gb3 

deposited inside the lysosomes. For this purpose, it was used a cellular model of Fabry 

disease consisting in mouse aortic endothelial cells (MAEC) from GLA knock out (KO) 

mice. These cells have also been described to overexpress αvβ3 integrins76, justifying 

the importance of using RGD moiety. The procedure is described in Experimental 

Section 7.8.2. The samples were co-incubated with NBD-Gb3 in the MAEC cells. The 

NBD dye covalently attached to the Gb3 molecules exhibits higher fluorescence than 

when is free in solution. The lower fluorescence values measured by fluorescence flow 

cytometry indicates that the conjugates are actively degrading the Gb3. 

 

Figure 2.7: Schematic representation of the efficacy test performed with MAEC cells. Extracted from 

Cabrera, 201380. 

From previous studies by immunomicroscopy80,85, GLA seemed anchored in the 

membrane, as was also assessed in the theoretical simulations. However, in order to 

study the impact of the GLA localization in the liposomes on the degradation of Gb3, 

other prototypes represented in Figure 2.8 were prepared. Apart from the total and 

loaded liposomes, adsorbed and artificial total liposomes were also prepared and 

tested.  
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Figure 2.8: Schematic representation of the different GLA nanoliposomes prepared for the in vitro 

efficacy testing.  

Unloaded liposomes-RGD_ether were prepared by DELOS-SUSP and then incubated 

during 24 hours with free GLA at room temperature. Afterwards, they were diafiltrated 

to eliminate the non-attached GLA to obtain the adsorbed liposomes (GLA@LP-RGDe 

(A)), where all the GLA supposedly is adsorbed in the outer membrane, since the 

protein is hydrophilic and cannot cross the lipophilic bilayer of the liposomes. GLA 

loading is less in consequence. In addition, the enzymatic activity did not show the 

increment observed in the GLA of the total and loaded liposomes. 

Artificial total liposomes were formed adding GLA over the loaded liposomes to 

simulate what happens with the total liposomes obtained directly from DELOS-SUSP. 

Theoretically, this should behavior in the same way than the total prototype. Indeed, 

this sample showed a similar content of GLA and similar specific activity of the protein 

to the usual total liposomes obtained from the reactor. The artificial total liposomes 

were not characterized in terms of size and Z-potential. 
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Table 2.4: Physicochemical characteristics, entrapment efficiencies (EE), loading of conjugates and 

specific enzymatic activities of nanoliposomes prototypes (adsorbed and artificial total) 

Liposomal 

systems 

(Initial GLA 

concentration) 

Size 

Z 

potential 

(mV) 
EE (%) 

GLA loadingc 

(µg mg-1) 

GLA conc.d  

(µg mL-1 ) 

Specific 

activity 

(μmol 

mg−1 h−1) 

Meana 

(nm) 
PdIb    

Adsorbed 

liposomes 

(GLA@LP-RGDe 

(A)) 

141±2 0.38±0.02 -18.9±0.4 8±2 2.5±0.5 3.5±0.7 498±5 

Artificial total 

liposomes 
- - - - - 17±1 1089±54 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western-blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. Error margins are SD. 

 

As it can be observed in Figure 2.9, when the protein is conjugated to the liposomes-

RGD_ether (either total, loaded or adsorbed systems) there is a better performance 

reducing the lysosomal Gb3 deposits. To explain the differences among the 

formulations we can distinguish three types of GLA based on its location: GLA in water, 

GLA immobilized on the outside surface of the liposome bilayer and GLA encapsulated 

inside the liposome and thus, less accessible. The adsorbed system reduced more the 

Gb3 deposits since it is completely form by the most active GLA according to the 

theoretical studies, which is the GLA immobilized with the active site exposed to the 

aqueous phase. However, as it has been commented before in Table 2.4, the specific 

enzymatic activity was lower in this sample in comparison with the loaded liposomes. 

At the moment, we cannot explain this discrepancy. Total systems (the one obtained 

from the reactor and the artificial one prepared to mimic it) presented the three types 

of GLA (free, immobilized and encapsulated) which explains the curves, slightly lower 
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in comparison with the adsorbed formulation. The loaded liposomes contain two types 

of GLA, immobilized and encapsulated, which illustrate why they are superior to the 

free GLA in water, but inferior to the adsorbed and total systems. 

 

Figure 2.9: Effect of different formulations of GLA in the reduction of Gb3 deposits in aortic endothelial 

cells of Fabry KO mice. For all the formulations it has been used the same GLA batch with an enzymatic 

activity of 519 μmol h−1 mg−1. Represented values correspond to mean ± SEM value. Figure adapted from 

Adv. Healthcare Mat., 201685. 

2.2.2. Impact of RGD peptide on the internalization of GLA 

nanoliposomes 
 

Although in a previous work the enhanced cellular internalization of liposomes-

RGD_ether was demonstrated49, in order to distinguish the effect of GLA from the RGD 

impact in cellular internalization, different systems were prepared: loaded liposomes-

RGD_ether at two different concentrations (8.5 and 20.0 µg mL-1), unloaded 

liposomes-RGD_ether, GLA loaded plain liposomes (without RGD) and unloaded plain 

liposomes.  
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Figure 2.10: Schematic representation of the different GLA nanoliposomes prepared for the in vitro 

internalization studies. 

All the systems were prepared by DELOS-SUSP and after the production were 

incubated with 50 nM of the carbocyanine dye 1,1'-dioctadecyl-3,3,3',3'-

tetramethylindodicarbocyanine perchlorate (DiD) following the procedure described in 

detail in Experimental Section 7.6. DiD is a hydrophobic dye from the family of 

carbocyanines, widely used for cell membrane and lipids labeling. It interacts with the 

lipidic membranes through hydrophobic interactions enabling the detection by flow 

cytometry and laser scanning confocal microscopy (LSCM). The theoretical 

characteristics of the systems are collected in Table 2.5.  
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Table 2.5: Compositions and ratios used for the preparation of GLA loaded liposome conjugates by 

DELOS-SUSP using CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. After production, 

the systems were incubated with DiD dye. 

Liposomal systems 

(GLA concentration) 

[number of batches] 

Organic phase Aqueous phase Lipidic 

concentrationa 

(µg mL-1) 

Incubation 

with DiD 

(nM) 

GLA@LP-RGDe + DiD 

(8.5 µg mL-1) [1] 

Cholesterol (17 mM) 

+ 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 

mM)  

GLA in water 

(89.2 nM) 

 

 

1.4 

 

 

50 

GLA@LP-RGDe + DiD 

(20.0 µg mL-1) [1] 

Cholesterol (17 mM) 

+ 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 

mM) 

GLA in water 

(200 nM) 
1.4 50 

LP-RGDe + DiD 

 [2] 

Cholesterol (17 mM) 

+ 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 

mM) 

Water 1.4 50 

LP + DiD [2] 
Cholesterol (19 mM) 

+ DPPC (27 mM) 
Water 1.3 50 

GLA@LP + DiD (20.0 µg 

mL-1) [2]  

Cholesterol (19 mM) 

+ DPPC (27 mM) 

GLA in water 

(200 nM) 
1.3 50 

 

Before performing the internalization studies, all the samples of Table 2.5 were 

characterized in terms of size, polydispersity index, Z potential and GLA concentration. 

All the physicochemical characteristics are collected in Table 2.6. 

  



Chapter 2: Nanovesicle-GLA conjugates as nanomedicine candidates for the treatment of the 
Fabry disease 

51 
 

Table 2.6: Physicochemical characteristics, entrapment efficiencies (EE), and loading of nanoliposome 

conjugates. The physicochemical characteristics of the conjugates after the separation of the nonloaded 

enzyme are given between brackets. The GLA concentration of the total samples was not tested since it is 

not relevant for the purpose of the study 

Liposomal 

systems 

(Initial GLA 

concentration) 

Size 

Z potential 

(mV) 
EE (%) 

GLA 

loadingc (µg 

mg-1) 

GLA conc.d 

(µg mL-1 ) Meana (nm) PdIb 

GLA@LP-RGDe 

(8.5 µg mL-1) 

148.8±0.8 

(163.5±0.8) 

0.26±0.01 

(0.25±0.02) 

3.2±0.2 

(-10.9±0.8) 
53±1 (3.2±0.2)  (4.5±0.1) 

GLA@LP-RGDe 

(20.0 µg mL-1) 

129±2 

(146±3) 

0.33±0.01 

(0.44±0.01) 

26.0±0.4 

(-1.7±0.2) 
45±10 (6±1)  (9±2) 

LP-RGDe 125±3 0.226±0.003 13.9±0.6 - - - 

LP 126±2 0.203±0.008 4.1±0.2 - - - 

GLA@LP  

(20.0 µg mL-1)  

133±1 

(182±4) 

0.185±0.007 

(0.40±0.01) 

7.0±0.1 

(-12.7±0.03) 

44±9 (3.8±0.8) (5±1) 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. Error margins are SD. 

 

HMEC-1 cells were used for flow cytometry and laser scanning confocal microscopy, 

since they are endothelial cells known to overexpress αvβ3 integrins necessary for RGD 

targeting76. For the flow cytometry assays, the cells were incubated during 30 and 180 

min at 16 ºC and 37 ºC with 0.3 mg mL-1 of DiD-labeled liposomes (Experimental 

Section 7.7.2.2.). In Figure 2.11, blue and green bars refer to cells incubated at 16 ºC 

where the liposomes are attached to the cellular membrane but not internalized, since 

internalization is inhibited at this temperature. Yellow and red bars correspond to cells 

incubated at 37 ºC. 
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Figure 2.11: Internalization of nanovesicles on endothelial cells assessed by flow cytometry after 30 and 

180 min of incubation at 16 °C and 37 °C: A) Flow cytometry quantification of the fraction of cells that 

internalized plain liposomes and liposome-RGD_ether conjugates as the percentage (%) of DiD-positive 

cells among the total number of cells. B) Mean fluorescence intensity (MFI) of DiD in the cells normalized 

to the maximum fluorescence intensity. Figure extracted from Adv. Healthcare Mat., 201685. 

After 180 min of incubation, 38±1% of the cells showed internalization of the DiD 

labeled liposomes-RGD_ether systems, whereas this percentage was 6±2% for cells 

incubated with DiD labeled plain liposomes (Figure 2.11A). Quantifying the mean 

fluorescence intensity associated to the cells that have internalized the DiD labeled 

liposomes, gave significantly higher MFI values to the liposomes-RGD_ether (Figure 

2.11B). This was expected since our group reported previously that liposomes-

RGD_ether internalized 30-fold more than plain liposomes49. 

Regarding the GLA loaded liposomes-RGD_ether, the internalization kinetics was faster 

for the conjugates less loaded (8.5 µg mL-1). However, at 180 min the uptake of both 

systems was very similar.  

8.5  µg mL
-1

 8.5  µg mL
-1

 20.0  µg mL
-

20.0  µg mL
-

8.5  µg mL
-1

 8.5  µg mL
-1
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For the laser scanning confocal microscopy, HMEC-1 cells were incubated for 180 min 

with DiD labeled liposomes at 37 ºC, to promote internalization (Experimental Section 

7.7.2.1.). Cells were also stained with Lysotracker green. The results were comparable 

to the ones by flow cytometry: the complete internalization was observed for 

liposomes-RGD_ether loaded and unloaded, after 180 min of incubation. Moreover, 

the liposomes were localized within the lysosomes, which is crucial for the adequate 

release of GLA cargo at the target organelle (Figure 2.12).   

 

Figure 2.12: Confocal images of the cellular uptake of GLA loaded liposome-RGD_ether conjugates and 

unloaded liposome-RGD_ether after 3 h incubation at 37 °C. The arrows denote the sites of colocalization 

between the labeled conjugates and the lysosomes. Figure extracted from Adv. Healthcare Mat., 201685 

With the results from flow cytometry and confocal, it can be concluded then that the 

RGD moiety is essential for a fast and specific internalization, and that the GLA does 

not alter the RGD function.  

2.2.3. Stability in different media 
 

Since the physicochemical parameters change in contact with complex systems like the 

physiological media or the intracellular environment, the stability of the loaded systems 
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was also tested in different dispersant media by measuring the change in the mean 

particle size (diameter) with time. The media selected for this purpose were the buffer 

PBS and cellular growth medium. Cellular growth medium is water-based and is 

composed of basal medium, which contains essential amino acids and salts, and 10% of 

fetal bovine serum. The growth medium selected for this purpose was DMEM 

(Dulbecco’s Modified Eagle Medium). 

 

A small volume of liposomes (400 µL) was diluted with 1600 µL of water, PBS or 

cellular growth medium. The samples were incubated mimicking the conditions of the 

cells cultured for the internalization studies: 310 K in a humidified atmosphere with 5% 

CO2 for 48 hours. The particle size was measured at different incubation times (0, 4, 19 

and 40 h) using the dynamic light scattering equipment.  

 

Figure 2.13: Stability of GLA liposome-RGD_ether conjugates with different loading in water (black), PBS 

(red) and cellular growth medium (blue).  

All the systems studied (LP-RGDe, GLA@LP-RGDe (L) at 8.5 and 20.0 µg mL-1) were 

stable in both media (Figure 2.13). The GLA conjugates in PBS increased around 15 nm 

compared with the samples incubated in water and remained stable for 40 hours 

without signs of vesicle aggregation. However, this increase was larger (70 nm) in the 

case of GLA conjugates containing 20.0 µg mL-1 after 40 hours. This may be due to 

some degree of instability in PBS related to the ionic strength.  Furthermore, in cellular 

growth medium there was an increment of size that remains quite constant during the 

time of incubation. This increment is consistent with the protein corona effect: when a 

nanoparticle is in contact with a biological medium it becomes covered with proteins86. 
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2.3. Substitution of His-GLA for commercial Replagal® 
 

Until this moment, the GLA employed was a His-tagged human α-Galactosidase A 

produced by Dr. José Luis Corchero from the Instituto de Biotecnología y Biomedicina 

(IBB-UAB). This GLA enzyme has a 6_histidine tag in its structure (100 kDa) that allows 

the enzyme purification in a single step. The production procedure is described in 

Experimental Section 7.4. However, the enzymatic activity of this His-GLA was not 

enough for the translation to in vivo studies. Furthermore, the histidine tag of the His-

GLA could be immunogenic and therefore is preferable to avoid its use in clinical 

applications. We decided, then, to change the enzyme His-GLA incorporated in our 

liposomes up to now by commercially available Replagal®. There are differences 

between the His-GLA previously employed and the Replagal®. For instance, the 

histidine tail, absent in Replagal®, and the dissolution media of each enzyme. While 

His-GLA is in acetic buffer, Replagal® is in a mixture of sodium phosphate monobasic, 

monohydrate, polysorbate 20, sodium chloride, sodium hydroxide and water. 

Systems were prepared like GLA@LP-RGDe, maintaining the same proportion between 

lipids and the enzyme. Instead of using GLA in water, the CO2 ethanolic lipid solution is 

depressurized over Replagal in water at a concentration of 20.0 µg mL-1. The non-

incorporated Replagal was separated using diafiltration process. 
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Table 2.7: Physicochemical characteristics, entrapment efficiencies (EE), loading of nanoliposome 

conjugates and enzymatic activities. The physicochemical characteristics of the conjugates after the 

separation of the nonloaded enzyme are given between brackets. 

Liposomal 

systems 

(Initial GLA 

concentratio

n) 

Size 
Z 

potent

ial 

(mV) 

EE (%) 
GLA loadingc 

(µg mg-1) 

GLA conc.d 

(µg mL-1 ) 

Enzymatic 

activity (µmol 

mg-1 h-1) 

Meana 

(nm) 
PdIb 

 

GLA@LP-

RGDe 

(20.0 µg mL-1) 

216±8 

(195±1) 

0.40±0.01 

(0.40±0.01) 

14±1 

(-24±2) 
37±9 (6±1) 

20±2 

(7±2) 

846±270 

(1253±65) 

Replagal@LP-

RGDe (20.0 µg 

mL-1)  

185±3 

(164±1) 

0.22±0.01 

(0.191±0.00

5) 

-14±1 

(-37±1) 

40±9 (5.7±0.7) 

20±4 

(8±1) 

510±54 

(362±42) 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western-blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. Error margins are SD.  

 

The physicochemical properties of the Replagal® nanoconjugates are smaller and have 

lower polydispersity indexes. Interestingly, the Z-potential of Replagal loaded 

liposomes is higher than the GLA loaded systems, maybe pointing to a more stable 

formulation. The incorporation of GLA tested by Western blot is very similar in both 

systems. Although the enzymatic activity is lower in the case of Replagal, in vitro 

efficacy is similar in both Replagal and GLA loaded liposomes-RGD_ether conjugates as 

is shown in Figure 2.15. We concluded, that the enzyme seems to interact in a similar 

way with the membrane components80. These results opened the door for the ongoing 

in vivo experiments. 
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2.4. Increase of nanoformulation enzyme concentration to 

perform in vivo testing  
 

The enzyme concentration of the formulation developed up to now was very low 

compared to the one used in current Fabry patients’ treatment, resulting in an 

insufficient drug concentration to observe in vivo a minimal therapeutic effect, i.e. 

reduction of Gb3 deposits, at the maximum feasible administration dose. Therefore, in 

order to reach the GLA concentration (≥ 200 µg mL-1) required to achieve in vivo 

therapeutic doses, and taking into account the limited GLA loading capacity of the 

liposomes as explained in section 2.2.1 (Table 2.2) in the framework of this thesis we 

made great efforts to develop a methodology to concentrate the nanovesicles in order 

to increase the Replagal concentration in the liposomes-RGD_ether formulation. For 

this purpose, we used the samples obtained from DELOS-SUSP process with an enzyme 

concentration of around 20 µg mL-1, and proceeded to diafiltrated and concentrate 

them using the protocol described in Experimental Section 7.4.1. Basically, dispersant 

medium was extracted through the diafiltration column while the liposomes remained 

in the circuit. One batch of 24 mL was enough to concentrate x2 and x3. The systems 

maintained the physicochemical features and the enzymatic activity, as is shown in 

Table 2.8. 
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Table 2.8: Physicochemical characteristics, entrapment efficiencies (EE), loading, and specific enzymatic 

activity of nanoliposome conjugates prepared for their concentration x2 and x3. 

Liposomal systems 

Size 
Z 

potential 

(mV) 

EE (%) 
GLA loadingc 

(µg mg-1) 

GLA conc.d 

(µg mL-1) 

Enzymatic 

activity 

(µmol mg-

1 h-1) 

Meana 

(nm) 
PdIb 

Replagal 

(commercial) 
- - - - - - 1087±71 

Replagal in water - - - - - 12±1 506±52 

Replagal@LP-RGDe 

(T) 
185±3 0.22±0.01 -14±1 - - 20±4 510±54 

Replagal@LP-RGDe 

(L)  
164±1 0.191±0.005 -37±1 40±9 5.7±0.7 8±1 362±42 

Replagal@LP-RGDe 

(x2) 
164±2 0.21±0.01 -35±1 - 12±1 17±2 448±57 

Replagal@LP-RGDe 

(x3) 
160±1 0.33±0.01 -32±1 - 18±2 26±3 578±26 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolidispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western-blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. Error margins are SD, 

except for enzymatic activity that are SEM. 
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Figure 2.14: Cryo-TEM pictures showing the morphology of the nanoconjugates with Replagal: a) 

Replagal@LP-RGDe (T), b) Replagal@LP-RGDe (L), c) Replagal@LP-RGDe (x2), d) Replagal@LP-RGDe (x3). 

Scale bars are 500 nm.  

 

Before the in-vivo study, the systems were also tested in vitro using MAEC cells to assess 

the capability of reducing the Gb3 (Figure 2.15). 

 

 

Figure 2.15: Efficacy of different formulations of Replagal in the reduction of Gb3 deposits in aortic 

endothelial cells (MAEC) of Fabry KO mice. In A, data is represented in protein concentration (µg mL-1) and 

in B the data is represented in activity concentration (U mL-1). U (µmol min-1) refers to the amount of 

Replagal that catalyzes one micromole of Gb3 per minute under the conditions of the assay method (see 

Experimental Section 7.8.1). 
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When the data is represented based on protein concentration (Figure 2.15A), the 

nanoconjugates present similar efficacy in cell culture, and there is no difference 

between free Replagal® and the liposome conjugates. However, when represented 

based on enzymatic activity concentration (Figure 2.15B), the liposomes have an 

increased efficacy compared with free Replagal®. Another remark is that the 

concentrated systems x2 and x3 do not present differences in efficacy, thus enabling us 

to increase the concentration up to x15. 

  

To prepare a sample concentrated x15 it was necessary to use at least three batches of 

24 mL of liposomal formulation prepared by DELOS-SUSP. According to the cryoTEM 

(Figure 2.17) and DLS results (Table 2.9), concentrating the sample x15 in water was 

possible without jeopardizing the physicochemical features. 
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Table 2.9: Physicochemical characteristics, entrapment efficiencies (EE), loading, and specific enzymatic 

activity of nanoliposome conjugates prepared for their concentration x3 and x15. 

Liposomal 

systems 

Size 
Z 

potential 

(mV) 

EE (%) 
GLA loadingc 

(µg mg-1) 

GLA conc.d 

(µg mL-1) 

Enzymatic 

activity 

(µmol mg-

1 h-1) 

Meana (nm) PdIb 

Replagal in 

water 
- - - - - 17.1±0.1 1366±4 

Replagal@LP-

RGDe (T): pool 

of 3 batches 

172.2±0.3 0.313±0.008 

-

7.59±0.0

7 

- - 16.0±0.4 1742±40 

Replagal@LP-

RGDe (L) 176±2 0.38±0.01 -5.8±0.1 41±3 4.6±0.3 6.5±0.4 1514±73 

Replagal@LP-

RGDe (x3) 
166±1 0.28±0.01 -25.5±0.6 - 5.66±0.07 23.8±0.3 1473±17 

Replagal@LP-

RGDe (x15) 
174±3 0.29±0.02 -27.1±0.4 - 4.6±0.7 96±14 1461±110 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. Error margins are SD, 

except for enzymatic activity that are SEM. 

 

Given that the concentration x15 was possible, another experiment was designed in 

order to explore if increasing the concentration x20 and x30 was also feasible. For this 

experiment, several batches of Replagal® loaded liposomes-RGD_ether were prepared 

in order to obtain x3, x15, x20 and x30 systems. The systems are schematized in Figure 

2.16. 
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Figure 2.16: Schematic representation of the different GLA nanoliposomes prepared concentrating the 

samples by the diafiltration equipment. 

As it is shown in Table 2.10 and Figure 2.17, the concentration x20 and x30 using 

diafiltration was possible. The final physicochemical features depend more on the 

initial properties than on the procedure of concentration itself. Results displayed that 

the concentration of Replagal augmented following the process, while specific 

enzymatic activity was affected upon concentration. However, when the systems were 

tested in MAEC cells for the Gb3 reduction test, this enzymatic activity difference did 

not affect the outcome of the experiment and all the different samples presented a 

similar efficacy to commercial Replagal in terms of Gb3 reduction (Figure 2.18). 
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Table 2.10: Physicochemical characteristics, entrapment efficiencies (EE), loading, and specific enzymatic 

activity of nanoliposome conjugates. 

Liposomal 

systems 

Size 
Z 

potential 

(mV) 

EE 

(%) 

GLA loadingc 

(µg mg-1) 

GLA 

conc.d (µg 

mL-1) 

Enzymatic 

activity 

(µmol mg-

1 h-1) 

Meana (nm) PdIb 

Replagal in 

water 
- - - - - 23±3 1235±88 

Replagal@LP-

RGDe (T): pool 

of 4 batches 

172±8 0.58±0.04 -7.8±0.1 - 11.6±0.6 16.2±0.8 1498±134 

Replagal@LP-

RGDe (L) 209±16 0.49±0.06 -10.2±0.3 30±2 3.4±0.2 4.8±0.3 1366±145 

Replagal@LP-

RGDe (x3) 
171±4 0.49±0.01 -23.8±0.3 - 4.3±0.2 18±1 909±70 

Replagal@LP-

RGDe (x15) 
191±8 0.53±0.04 -27.1±0.4 - 3.8±0.3 79±6 921±61 

Replagal@LP-

RGDe (T): pool 

of 4 batches 

184±4 0.50±0.07 -9.3±0.2 - 16±3 22±4 947±19 

Replagal@LP-

RGDe (L)  
174±2 0.445±0.006 -10.7±0.6 21±4 3.4±0.1 4.7±0.2 1460±56 

Replagal@LP-

RGDe (x20) 
197±9 0.55±0.05 -18.1±0.1 - 3.9±0.3 108±9 715±83 

Replagal@LP-

RGDe (T): pool 

of 6 batches 

160±6 0.45±0.05 -7.3±0.7 - 8±2 11±3 1843±86 

Replagal@LP-

RGDe (L)  
157±4 0.30±0.06 -12±1 

53±1

5 
4.1±0.4 5.8±0.6 1182±77 

Replagal@LP-

RGDe (x30) 
164±3 0.32±0.01 -17±1 - 3.9±0.8 163±37 1058±48 
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aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. Error margins are SD, 

except for enzymatic activity that are SEM.  

 

 

Figure 2.17: Cryo-TEM pictures showing the morphology of the nanoconjugates with Replagal: a) 

Replagal@LP-RGDe (T), b) Replagal@LP-RGDe (L), c) Replagal@LP-RGDe (x3), d) Replagal@LP-RGDe (x15), 

e) Replagal@LP-RGDe (x20), f) Replagal@LP-RGDe (x30). Scale bars are 200 nm.  
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Figure 2.18: In vitro efficacy assays of different Replagal loaded liposomal formulations 

 

2.5. Changing the dispersant medium to isotonic one, and 

changing the counterion of 

cholesterol_PEG200_RGDether 
 

In the cholesterol_PEG200_RGD molecular unit, the arginine has trifluoroacetic acid 

(TFA) as counterion. Considering that this TFA can interfere with the in vivo studies 

enhancing cellular growth87or even inhibiting cellular proliferation88 in certain cellular 

types, the interchange with chloride counterion was assayed. However, when 

liposomes were prepared with the new cholesterol_PEG200_RGD, they sedimented. 

Therefore, the use of chloride was discarded. In addition, we have found that the TFA 

is approved by the Food and Drug Administration (FDA) as an inactive ingredient in 

drug products for intravenous administration without toxicity issues. 

Figure 2.19: The new liposomal formulations with chloride as counterion sedimented while the usual 

ones with TFA remained stable. 
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Other challenge was to modify the dispersant medium of the liposome nanoconjugates 

to an isotonic one. In the present thesis, we have tested the substitution of water by 

PBS and NaCl 0.9%, more appropriate for intravenous administration. First, we tried to 

prepare the systems directly in commercial PBS instead of depressurizing over water. 

Since the resultant liposomes sedimented within hours, we changed the protocol: the 

systems were produced by DELOS-SUSP as usually and, when diafiltrated, the medium 

was changed from water with 5% ethanol to PBS, and then concentrated three fold 

(x3). Liposomes were also prepared directly in NaCl 0.9% by DELOS-SUSP. The 

physicochemical properties of the different nanoliposomal systems in PBS and NaCl 

0.9% are collected in Table 2.11. 

After changing the medium to PBS, the nanoconjugates became bigger and with higher 

polydispersity index, but more importantly, during diafiltration the GLA loading is lost. 

We had to reject PBS as an alternative dispersant medium for our systems.  

In the case of systems prepared in NaCl 0.9%, not only the samples were polydisperse 

but also the protein loading and enzymatic activity were substantially reduced. Hence, 

NaCl 0.9% was discarded as an alternative isotonic medium for our samples.  
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Table 2.11: Physicochemical characteristics, entrapment efficiencies (EE), loading, and specific enzymatic 

activity of Replagal nanoliposome conjugates in PBS and NaCl 0.9%. 

Liposomal 

systems 

Size 
Z potential 

(mV) 
EE (%) 

GLA 

loadingc 

(µg mg-1) 

GLA conc.d 

(µg mL-1) 

Enzymatic 

activity (µmol 

mg-1 h-1) 

Meana 

(nm) 
PdIb 

Replagal in 

water 
- - - - - 17.5±0.2 406±25 

Replagal@LP

-RGDe (T) 
248±11 0.48±0.08 6.09±0.05 - - 17±1 451±57 

Replagal@LP

-RGDe (L) in 

PBS 

214±5 0.45± 0.05 -6.1±0.5 0 0 0 32±1 

Replagal@LP

-RGDe (L) in 

water 

(control) 

205±5 0.38±0.02 -27.0±0.5 40±9 1.50±0.01 2.10±0.01 - 

Replagal@LP

-RGDe (x3) 

in PBS 

215±4 0.50±0.02 -4.7±0.8 0 0 0 21±0.7 

Replagal in 

water 
- - - - - 16.2±0.7 338±42 

Replagal@LP

-RGDe (T): 

pool of 3 

batches 

207±2 0.41±0.04 - - - 14.9±0.5 467±20 

Replagal@LP

-RGDe (x15) 

in PBS 

199±2 0.42±0.05 -5±1 0 0 0 49±2 

Replagal in 

NaCl 0.9% 
- - - - - 17.85±0.06 795±51 

Replagal@LP

-RGDe (T) in 

277±6 0.64±0.02 -2.2±0.1 - - 15.7±0.2 1535±54 
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NaCl 0.9% 

Replagal@LP

-RGDe (L) in 

NaCl 0.9% 

276±18 0.69±0.1 QR 11.1±0.3 1.25±0.03 1.75±0.04 111±7 

Replagal@LP

-RGDe (x3) 

in NaCl 0.9% 

231±18 0.53±0.06 QR 32.5±0.6 1.22±0.01 5.11±0.06 144±5 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. cMass of the integrated enzyme 

(determined by Western blot), divided by the total mass of the membrane components forming the 

vesicles. dMass of enzyme present divided by the volume of the vesicular suspension. QR: not meeting 

quality requirements of the DLS equipment. Error margins are SD, except for enzymatic activity that are 

SEM. 

 

We decided to continue using water as dispersant medium since the benefits of using an 

isotonic nanoformulation in front of the risks associated with the impairment of the 

physicochemical properties due to the presence of salts did not compensate. Besides, 

for the in vivo studies, the injection volume of the nanoformulation is too small 

(generally between 100-200 µL, depending on the weight of the mice) to expect any 

reaction due to the not adjusted tonicity. Therefore, next experiments were performed 

with water. 

 

2.6. Testing different enzymes in order to increase the 

enzymatic activity 
 

Although the systems with Replagal are very similar to those produced with the His-

tagged GLA as was previously shown in this Chapter (Section 2.3), we observed that the 

increase in specific enzymatic activity is more pronounced in the His-GLA (i.e. Table 2.7). 

We attributed this difference to the excipients present in commercial Replagal® 

formulation, the sodium phosphate monobasic, monohydrate, polysorbate 20, sodium 

chloride, sodium hydroxide and water. In order to test this hypothesis, we decided to 

dialyze the Replagal in presence of acetic buffer (Experimental Section 7.6.) and to 
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perform the enzymatic activity. As it is shown in Table 2.12, the enzymatic activity 

experiments a significant increment when the Replagal is dialyzed.  

 

Table 2.12: Enzymatic activity of dialyzed Replagal in comparison with commercial Replagal  

 

  

 

 

 

 

We decided then to prepare the loaded liposomes-RGD_ether with dialyzed Replagal 

(dReplagal) and compared them with commercial Replagal and His-GLA loaded 

systems. For this, systems were prepared maintaining the same proportion between 

lipids, the same total concentration of lipids and the same ratio lipid-enzyme. The CO2 

ethanolic lipid solution is depressurized over either His-GLA, Replagal or dialyzed 

Replagal in water at a concentration of 20.0 µg mL-1. The non-incorporated Replagal 

was separated using diafiltration process. 

Physicochemical features of the systems are displayed in Table 2.13 and Figure 2.20. 

The size and Z-potential of the dialyzed Replagal loaded liposomes-RGD_ether is very 

similar to the commercial loaded ones, with an improved polydispersity index. In this 

case, the His-GLA loaded system did not present as good properties as in other 

experiments. The cryo-TEM images (Figure 2.19) showed very similar morphologies for 

the three systems. 

  

Type of Replagal GLA conc. 
(µg mL-1) 

Enzymatic 
activity (µmol 

h-1 mg-1) 

Commercial Replagal® 1023±13 1309±121 

Dialyzed Replagal  904±13 2494±117 
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Table 2.13: Physicochemical characteristics of nanoliposome conjugates with the three different 

enzymes: His-GLA, commercial Replagal and dialyzed Replagal.  

Liposomal systems 
Size Z potential 

(mV) Meana (nm) PdIb 

Replagal@LP-RGDe (L) 136±1 0.32±0.01 -18.3±0.1 

dReplagal@LP-RGDe (L)  137±2 0.24±0.1 -17.40±0.05 

GLA@LP-RGDe (L) 173±6 0.58±0.02 -5.8±0.2 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. Error margins are SD.  

 

 

Figure 2.20: Cryo-TEM pictures showing the morphology of the nanoconjugates with the three types of 

protein: a) Replagal@LP-RGDe (L), b) dReplagal@LP-RGDe, c) GLA@LP-RGDe. Scale bars are 100 nm.  

 

We did a comparative analysis of all the total and loaded batches produced at the 

moment with the three different enzymes, in order to select which type of enzyme is 

more convenient for the next experiments. Each total and loaded batch was compared 

with the free enzyme. As it can be seen in Table 2.14, the enzymatic activity of GLA@LP-

RGDe was measured in eight total and nine loaded batches. Seven of eight total batches 

showed a mean increment of enzymatic activity, whereas the other did not increase 

with respect to free His-GLA. For Replagal@LP-RGDe were tested seven total and six 

loaded batches. Half the total batches experienced a little increase in the enzymatic 

activity compared with free commercial Replagal. In the case of dReplagal@LP-RGDe, 

only three total and three loaded batches were tested. Remarkably, the three total 

showed an important increment in the enzymatic activity. For the loaded only one batch 
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experienced an increment, compared with free dialyzed Replagal. Although there are 

few experiments with dialyzed Replagal, it seems to provide an improvement in the 

enzymatic activity when it is used. Given all the data, we decided to continue the 

experiments with dReplagal@LP-RGDe. 

 

Table 2.14: Comparison of enzymatic activity (EA) increase in loaded liposomes-RGD_ether with respect 

to the free enzyme. As explained before the only difference between the three systems is the protein (His-

GLA, Replagal or dialyzed Replagal). In general, all experiments performed rendered systems with mean 

size less than 200 nm and polydispersity indexes lower than 0.3 (see Table 2.2 for His-GLA, Tables 2.8, 

2.9 and 2.10 for Replagal, and Table 2.13 for dialyzed Replagal). 

Type of GLA 

Type of 

liposome 

system 

INCREASE DO NOT INCREASE  TOTAL 

Number 

of 

Batches 

Number 

of 

batches 

Relative 

mean EA 

increase 

Number 

of 

batches 

Relative 

mean EA 

increase 

Mean EA 

increase 

His-GLA 

Total 8 7/8 2.6 1/8 1.0 2.4±0.5 

Loaded 9 5/9 3.29 4/9 0.81 2±1 

Replagal 

Total 7 4/7 1.24 3/7 0.82 1.1±0.2 

Loaded 6 1/6 1.56 5/6 0.81 0.8±0.3 

Dialyzed Replagal 

Total 3 3/3 3.47 

  

3.5 

Loaded 3 1/3 1.78 2/3 0.83 1.1±0.5 

 

With these promising results, we performed the production of a dReplagal@LP-RGDe 

(x35), in order to have the appropriate enzyme concentration for in vivo experiments. 

DLS measurements and Cryo-TEM images, depicted in Figure 2.21, indicate that this 

liposomal formulation has a large heterogeneity and do not meet quality criteria.  
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Figure 2.21: Cryo-TEM picture showing the morphology of the nanoconjugate concentrated x35, and the 

size distribution of this sample measured by DLS 

The protein concentration and specific enzymatic activities are shown in Table 2.15. As 

it can be seen, the great activity of the dialyzed Replagal (see Table 2.12) is lost when 

the dialyzed enzyme is conjugated with liposomes-RGD_ether to reach a system with 

an enzyme concentration around 300 µg mL-1, which also has a theoretical 

concentration of liposome membrane components of 50 mg mL-1. Since this loss of 

enzymatic activity was not observed with commercial Replagal, when it is conjugated 

to the same type of liposomes, using the same enzyme concentration and the same 

molar ratios “enzyme/liposome membrane components”, we decided to move back to 

the production of nanoliposomes with Replagal not dialyzed for upcoming 

experiments. 

Table 2.15: Protein concentration and specific enzymatic activity of the dReplagal@LP-RGDe with an EE 

around 40% 

Liposomal systems 
GLA conc.a 

(µg mL-1) 

Enzymatic 

activity (µmol 

mg-1 h-1) 

 

dReplagal in water 22±3 685±38 

dReplagal@LP-RGDe 

(T): mix of 10 batches 
25±5 881±42 

dReplagal@LP-RGDe 

(x35) 
349±62 689±35 
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aMass of present enzyme divided by the volume of the vesicular suspension. Error margins are SD in the 

case of Replagal concentration and SEM for the enzymatic activity. 

 

2.7. In vivo testing: pharmacokinetics, toxicity and efficacy 
 

In vivo experiments were performed by Dr. Ibane Abasolo team with Natalia García at 

CIBBIM (Hospital Universitari Vall d’Hebron) and are included in this thesis because of 

the relevance of the obtained results. 

 

Pharmacokinetics (PK) is the study of the time course of absorption, metabolism, and 

excretion of a drug compound administered to the body89, in terms of the relationship 

between a dose and the plasma concentration over time. Instead, pharmacodynamics 

refers to the body's biological response to drugs and provides an idea of the efficacy.  

 

A preliminary pharmacokinetic study was carried out measuring the GLA activity in 

plasma at three time points: 1, 5 and 60 min (Figure 2.22). For this, a mouse model of 

Fabry disease, specifically the GLA KO mice (GlatmKul), was employed, using three 

animals per time point. The free Replagal and the Replagal@LP-RGD (x3) 

(physicochemical details presented in Table 2.8 and Figure 2.14) were administered as a 

single dose intravenously (Experimental Section 7.9.1.). Free Replagal experienced a 

higher clearance rate than the encapsulated in the functionalized nanoliposomes. 

Accordingly, the plasma half-life of the nanoconjugates suffered an important increase, 

almost 4 times higher: 14.7 min for the Replagal loaded systems while 4.7 min was 

determined for free Replagal. This is a promising result achieved on the non-regulatory 

pre-clinical phase, since nanoliposomes seems to prolong the enzyme circulation time in 

the blood, which could be translated in a higher enzyme biodistribution allowing an 

increase in the efficacy.  
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Figure 2.22: Pharmacokinetics analysis of Replagal@LP-RGDe (x3) with a Replagal concentration of 26±3 

µg mL-1, measuring the enzymatic activity.  

 

Furthermore, the Figure 2.23 shows a very preliminary study of tissue biodistribution 

in which the percentage of enzymatic activity of Replagal loaded nanoliposomes was 

compared to free Replagal 30 minutes after injection. These preliminary results 

evidence that Replagal bioavailability is improved when delivered in liposomes-

RGD_ether since its activity is higher in plasma when it is nanoformulated (in 

accordance with the pharmacokinetics of Figure 2.22), and its uptake by the liver, 

which is not a target organ in Fabry disease, is lower. Therefore, higher levels of 

circulating enzyme will be available to the target organs, when Replagal is conjugated 

to the nanoliposomes. Nevertheless, although it has been observed that the 

accumulation in kidney (a target organ) is similar for free Replagal and Replagal@LP-

RGDe, other organs must be tested such as spleen, lung, etc. to extract conclusions. 
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Figure 2.23: Preliminary study of tissue biodistribution in which Replagal nanoformulation was compared 

to free Replagal after a single administration. In white is represented the free Replagal, and in orange 

the Replagal@LP-RGDe.  

 

Preliminary toxicity assays were performed with the administration of the maximum 

feasible dose (MFD) which in this case was of 300 mg kg-1 in lipid content, equivalent to 

1.5 mg kg-1 of Replagal. This MFD was Replagal@LP-RGDe (x30) in Milli-Q water. Fabry 

mice were monitored for 21 days post-administration and then euthanized in order to 

do gross necropsy (Experimental Section 7.9.2.). No signs of toxicity were observed 

based on physical examinations (body weight and food consumption). The necropsy 

showed no gross anatomical alterations.  

 

The Replagal@LP-RGDe (x30) formulation (physicochemical characteristics in Table 

2.10 and Figure 2.17) was also used to perform a preliminary efficacy assay. The 

efficacy in pharmacology is the therapeutic response or effect that a given drug 

produces.  The cardiac remodeling genes involved in Fabry disease were used for 

evaluating the efficacy in this preliminary assay. 

A real-time polymerase chain reaction (RT-PCR) is a laboratory technique of molecular 

biology based on the polymerase chain reaction (PCR). It monitors the amplification of 

a targeted DNA molecule during the PCR. In our case, it was used to determine the 

mRNA levels of cardiac remodeling genes as indicators of cardiac alterations in Fabry 

mice. 
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The cardiac remodeling is a progressive response of the heart to acute and chronic 

injuries (damage) regardless its etiology. Cardiac remodeling involves molecular, 

cellular, and interstitial changes that manifest clinically as changes in size, shape, and 

function of the heart after injury or stress stimulation. The results of efficacy are the 

read-out of the changes in the mRNA expression of cardiac remodeling genes (by RT-

PCR). 

Six cardiac remodeling genes were studied after administration of Replagal to Fabry 

mice (Experimental Section 7.9.3.). After three weeks, it was performed a RT-PCR 

analysis of the heart and it was determined in two independent assays that the genes 

that better responded to the treatment were Serpine1 and TBSH2. The efficacy of the 

Replagal@LP-RGDe (x30) administered at 1.5 mg kg-1 was compared in a preliminary 

study to the free Replagal. Results (see Figure 2.24) showed that Replagal@LP-RGDe 

(x30) had the same efficacy than free Replagal when administered at 1.5 mg kg-1 of 

Replagal, reaching the wild type levels (healthy mice). Nevertheless, further assays 

must be performed at lower doses, in order to see if the Replagal loaded liposomes-

RGD_ether increases its efficacy in vivo. 

 

Figure 2.24: Preliminary efficacy assays where after the administration of 1.5 mg kg-1 of Replagal, the 

animals were euthanized three weeks later. Two cardiac remodeling genes were analyzed by RT-PCR. 

Results showed that Replagal@LP-RGDe (x30) had the same efficacy than free Replagal when 

administered at 1.5 mg kg-1 of Replagal. 
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2.8. Encapsulation of chelators to perform biodistribution by 

radiolabelling 
 

The objective of biodistribution studies is the tracking of a given compound inside 

animal or human subjects, determining the travel and retention in organs of patients. 

In vivo biodistribution can be accomplished with nuclear medicine imaging using 

radiolabelling, optical imaging using fluorophores, magnetic resonance imaging (MRI) 

using contrast agents, among others90. Isotopic (radio)labelling is one of the most 

powerful methods for nanoparticle tracking in experimental studies. This in vivo 

imaging using radiopharmaceuticals is very important for drug development. The 

imaging techniques that employ radionuclides (gamma and positron emitters) are 

single photon emission computed tomography (SPECT) and positron emission 

tomography (PET). There are several methods for the incorporation of a radionuclide 

in liposomes, mainly passive encapsulation, membrane labelling, surface chelation and 

remote loading91. Due to the characteristics of our facilities that do not allow the use 

of radionuclides, our possibilities to label the liposomes were the remote loading of a 

hydrophilic agent, or using bifunctional chelators (BFCs). 

As represented in Figure 2.25, we started with the first approach, trying to encapsulate 

diethylenetriaminepentaacetic acid (DTPA) in the inner cavity of our liposomes-

RGD_ether. This hydrophilic chelator will entrap the 67Ga radionuclide once it is 

transported across the lipid bilayer by means of a lipophilic chelator.   
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Figure 2.25: Schematic representation of the strategy of remote loading of DTPA loaded liposomes-

RGD_ether (DTPA@LP-RGDe): a lipophilic chelators transport the radionuclide through the lipid bilayer. 

The radionuclide is trapped forming a complex with a second hydrophilic chelator previously entrapped 

in the inner cavity of the liposome. In our case, this entrapped hydrophilic chelator is DTPA. 

DTPA@LP-RGDe were prepared following the DELOS-SUSP procedure described in 

Experimental Section 7.2.1.2. As always, a mixture of the membrane components 

(cholesterol, DPPC and cholesterol_PEG200_RGDether at a molar ratio 6:10:1) was 

suspended in ethanol, added to the reactor and then expanded with CO2. The CO2 

expanded solution was then depressurized over DTPA dissolved in the depressurization 

water in order to achieve its encapsulation. Given that the final concentration of DTPA 

necessary for radiolabelling was 6 mM, we put an excess of DTPA calculated assuming 

a 10% of final entrapment efficiency (after diafiltration and concentration x30). In 

addition, we tried to quantify the encapsulated DTPA by UV absorbance, destroying 

the liposomes-RGD_ether with Triton X-100. However, the DTPA did not show any 

distinct peak and we could not quantified this chelator.  

We produced seven batches of DTPA@LP-RGDe by DELOS-SUSP that were diafiltrated 

to eliminate the DTPA non-encapsulated and concentrated x30. The physicochemical 

characteristics are gathered in Table 2.16 and Figure 2.26. As it can be observed, all 

the samples presented high polydispersity indexes, which are in accordance with what 

is observed in cryo-TEM images: the systems not only have small unilamellar vesicles 
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but also tubular structures, more abundant in the total samples in comparison with the 

concentrated x30. 

Table 2.16: Physicochemical characteristics of DTPA loaded liposomes-RGD_ether 

Liposomal systems 
Size Z potential 

(mV) Meana (nm) PdIb 

DTPA@LP-RGDe (T): 

mix of 7 batches 
QR QR +29±1 

DTPA@LP-RGDe (L) 138±1 0.39±0.04 +8.8±0.2 

DTPA@LP-RGDe (x30)  136±1 0.43±0.01 +2.4±0.2 

aIntensity weighted mean hydrodynamic size (diameter) measured by dynamic light scattering. 

bPolydispersity index showing the width of the particle size distribution. Error margins are SD. QR: not 

meeting quality requirements of the DLS equipment. 
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Figure 2.26: Cryo-TEM pictures and DLS measurements showing the morphology and average size of the 

nanoconjugates with DTPA: a) DTPA@LP-RGDe (T) b) DTPA@LP-RGDe (L), c) DTPA@LP-RGDe (x30). Scale 

bars are 200 nm. 

It is probable that DTPA promotes the formation of tubular structures as it is shown in 

Figure 2.26a. When diafiltrated, and furthermore, when concentrated x30, the DTPA is 

eliminated from the sample giving more unilamellar liposomes. Given the 

heterogeneity of the sample and the probable loss of DTPA, we had to discard the 

encapsulation of DTPA and turned to other techniques, as instance using bifunctional 
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chelators. This approach needs to be completely developed in upcoming experiments, 

out of the scope of the present thesis.  

2.9. Conjugation with new peptides for crossing the blood 

brain barrier  
 

Blood brain barrier refers to a barrier of highly specialized endothelial cells attached 

between them via tight junctions. This barrier covers the entire brain in order to 

protect it from harmful substances. However, the endothelial cells express in their 

surfaces several receptors and transporters that allow the entrance of molecules such 

as nutrients. This way of access can be exploited by nanoparticles decorated with 

peptides that are recognize by the receptors/transporters92.  

Although Fabry disease is characterized by the lack of major central nervous system 

involvement50, there are neurological symptoms both in the peripheral and central 

nervous system mainly rela ted to cerebral vasculopathy with increased risk of 

cerebrovascular events72. Since ERT cannot cross the BBB, it would be of extreme 

interest to have a nanocarrier able to traverse it using targeting units62. As 50% of the 

LSDs, other than Fabry, presents central nervous system disorders63, it is very 

interesting to have an appropriate nanocarrier which can cross the BBB. 

It is still unknown, since biodistribution has not been performed yet, if our liposomal 

formulation (tagged with the RGD peptide) will be able to cross the BBB, although 

there is favorable input from literature93. Meanwhile, the design and development of a 

new platform of cholesterol_PEG200_peptide conjugation with high potential for BBB 

crossing was contemplated. Two peptides-cholesterol conjugates were selected in 

order to study the physicochemical features when incorporated in liposomes: 

transferrin and glutathione.  

Transferrin (pTf1) is a protein that is in charge of transporting de iron through the 

body. Transferrin receptor is highly expressed in the brain in order to supply its iron 

needs93. Glutathione (GSH) is a tripeptide with functions that range from antioxidant 

to detoxification. The mechanism of internalization by glutathione transporter remains 



Chapter 2: Nanovesicle-GLA conjugates as nanomedicine candidates for the treatment of the 
Fabry disease 

82 
 

unclear. Anyway, since glutathione is an essential molecule is greatly internalized 

through the BBB92.   

The current methodology to synthesize cholesterol–(PEG)n-peptide molecular units 

consists of a versatile cholesterol_(PEG)n_maleimide platform designed to incorporate 

any cysteine-derivative peptide by means of a thioether bond formation. Using the 

cholesterol-PEG200-RGD synthesis as a reference, the group of Dr. Miriam Royo at the 

Institut de Química Avançada synthesized cholesterol_PEG200_pTf1 and 

cholesterol_PEG200_GSH Catalunya (IQAC), more details of the molecules are given in 

Experimental Section 7.1. 

Cholesterol_PEG200_pTf1 resulted soluble in ethanol, whereas 

cholesterol_PEG200_GSH remained as a suspension very similar to the one of 

cholesterol_PEG200_RGDether. In either case, the solution/suspension with 

cholesterol, DPPC and cholesterol_PEG200_peptide was added to the reactor following 

the same procedure used to prepare liposomes-RGD_ether (see Experimental Section 

7.2.1.2). The differences between the obtained systems started with the macroscopic 

appearance: liposomes-pTf1 looked more translucent than liposomes-GSH (Figure 

2.27). This matched also the measurement data by DLS (see Table 2.17): liposomes-

pTf1 are smaller than the liposomes-GSH although both systems present low 

polydispersity index and high Z-potentials values (positive for liposomes-pTf1 and 

negative for liposomes-GSH). Cryo-TEM images also revealed important differences 

between both systems: whereas liposomes-pTf1 are mostly small unilamellar vesicles, 

liposomes-GSH are more heterogeneous with big and multilamellar vesicles that tend 

to aggregate. Interestingly, in the liposomes-pTf1 sample small sticks appear (that are 

indicated with the white arrows in Figure 2.27), and which presence we cannot explain 

yet. From these very preliminary results, we discarded liposomes-GSH for its bad 

physicochemical properties. Liposomes-pTf1 will be tested in the near future in 

biodistribution assays when the methodology for performing it is completely 

developed and tuned.  
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Table 2.17: Physicochemical properties of liposomes-pTf1 and liposomes-GSH 

Liposomal systems 
Batch Size Z potential 

(mV) Meana (nm) PdIb 

LP-pTf1 
#1 113.4±0.4 0.215±0.009 +51±1 

#2 123 ±2 0.218 ±0.004 +55±1 

LP-GSH 
#1 173±2 0.19±0.03 -23±1 

#2 156.4±0.5 0.203±0.009 -22.4±0.6 

 

 

Figure 2.27: Macroscopic appearance and cryoTEM images of: a) liposomes-pTf1, b) liposomes-GSH. 

  

a 

b 
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2.10. Summary and conclusions 
 

 DELOS-SUSP renders GLA loaded liposomes-RGD_ether with entrapment 

efficiencies around 40%. Their physicochemical characteristics strongly 

influence the biological activity. GLA loaded liposomes-RGD_ether present 

higher enzymatic activity than free GLA, and the GLA liposomal systems are 

capable of degrading in vitro the Gb3 cellular deposits. 

 The concentration of Replagal loaded liposomes-RGD_ether up to near 300 µg 

mL-1 of enzyme concentration, necessary for the in vivo testing, is possible 

using a diafiltration methodology. This new GLA liposomal formulations fulfill 

the quality physicochemical criteria to face in vivo evaluation  . 

 The change between chloride and trifluoroacetic, more desired from a 

pharmaceutical point of view, as counterion of the 

cholesterol_PEG200_RGDether was not possible, since unstable nanoliposomes 

were obtained.  

 The use of PBS and NaCl 0.9% was not possible as dispersant media for the 

preparation of Replagal loaded liposomes-RGD_ether at the desired enzyme 

concentration and molar ratios between enzyme and liposome membrane 

components.  

 Although dialyzed Replagal presents higher enzymatic activity than non-treated 

commercial Replagal, when formulated in the liposomes-RGD_ether, this 

activity is lost.  

 The pharmacokinetics revealed that the blood half-life of Replagal loaded 

liposomes-RGD is almost 4 times higher than free Replagal. 

 Efficacy assays showed the capacity of Replagal loaded liposomes-RGD_ether 

to revert cardiac remodeling genes to the levels of healthy individuals. 

 The preparation of DTPA loaded liposomes-RGD_ether for performing the 

biodistribution by radiolabelling was not possible, since the physicochemical 

characteristics do not meet quality criteria.  

 Liposomes-pTf1, to be used as nanocarriers for BBB crossing, were successfully 

prepared by DELOS-SUSP with appropriate physicochemical characteristics. 



 

 

3. Development of an HPLC 

methodology for the 

quantification of the 

components of the liposome-

RGD_ether membrane 

 
3.1. Introduction 
 

Liquid chromatography is one of the most used techniques in pharmaceutical analysis. 

This separation technique is based on the different distribution of species between 

two immiscible phases: the mobile and the stationary phases. The mobile phase 

consists of a liquid that passes through the stationary phase placed in a column94. 

Hence, liquid chromatography depends mainly on mechanisms of adsorption, mass 

distribution, ion exchange and size exclusion95. 

The components of high-performance liquid chromatography (HPLC) equipment 

involve usually a pumping system, an injector, a chromatographic column, a detector 

and a data acquisition system. The pump uses high pressure to push the mobile phase 

at a defined flow rate, either at constant (isocratic elution) or varying composition 

(gradient elution). The injector places a small volume of liquid sample into a tube 

packed with porous particles (stationary phase). The small particles inside the column 

cause the high backpressure at normal flow rates. The sample interacts physically or 

chemically with the column, being partially retained or eluted. The separated 
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components are collected at the end of the column and identified by an external 

measurement technique based in a physicochemical property like UV-absorbance, 

refractive index, etc., depending on the analyte nature. This response is digitally 

amplified and registered in the data acquisition system as the chromatogram, 

determining also the time of elution (retention time), sample components (qualitative 

analysis) and the amount of analyte (quantitative analysis). 

 

Figure 3.1: HPLC components, courtesy of Agilent Technologies, Inc. 

Liquid chromatography is classified in normal or reverse phases depending on the 

polarity of the mobile and stationary phases. Normal phase is the traditional 

chromatography where the analyte is adsorbed and desorbed onto a polar stationary 

phase, typically silica or alumina. However, at present, reversed chromatography is 

more used. As its name indicates, is the opposite of normal chromatography: the 

stationary phase is a hydrophobic column and the mobile phase is a polar solvent. 

Using less polar solvents reduces the hydrophobic interaction between the analyte and 

the column until desorption is accomplished. The reversed phase columns are 

composed of silica functionalized with hydrocarbons. Changing the alkyl chain 

influences the retention time, achieving lower retention times when the chain is 

shorter1.  

The most commonly used detector is the ultraviolet/visible (UV/Vis) where an 

ultraviolet beam is conducted through a flow cell and a sensor measures the light 

passing by the cell. The detector concerts thus this transmitted light into absorbance 

values. The absorbance depends on the analyte concentration and is based on Beer’s 

law.  
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Evaporation light scattering detectors (ELSD) are of extreme utility when the analytes 

do not possess chromophores detectable by UV/Vis. However, volatile mobile phases 

are required and also that the analyte is less volatile than these mobile phases96.  

ELSD were first introduced in the 1980s and nowadays there are commonly employed 

being classified as a quasi-universal detector (it is not applicable for mobile phases less 

volatile than the analyte)97. That is because in ELSD the target analytes are 

transformed into a fine spray by a nebulizer and heated until only the mobile phase is 

evaporated. Light beam is directed at the remaining solute and the scattered light is 

detected. The involved steps in the detector are the nebulization of the sample, the 

evaporation of the solvent and finally the light scattering of the particles. 

Nebulizers are based in the Venturi effect of a carrier gas (normally, air or nitrogen), 

that flows coaxially to the mobile phase which comes from the chromatographic 

column and converts the mobile phase into small droplets. These droplets are 

transported by the nebulizer gas into a heated drift tube where the solvent is 

evaporated and transformed in a cloud with non-volatile analyte present in the mobile 

phase. The analyte particles arrive to the detector cell passing through a light beam 

where they scattered light by four main processes which are Rayleigh scattering, Mie 

scattering, reflection and refraction. Thus, the detector response is a result of these 

four light scattering mechanisms that are regulated by the particle size distribution 

(radius) compared to the wavelength of the light beam, independently of the nature of 

the analyte. It should be noted that this response is non-linear. 

Quantification of the lipid content in liposomal formulations is relevant because this 

concentration influences both efficacy and stability98. For instance, this quantification 

is required to guarantee the quality of any liposomal pharmaceutical formulation and 

for the understanding of their biological behavior, for instance cellular internalization. 

According to a recent study99, the phospholipid content is not always characterized in 

liposome’s literature. However, in other studies phospholipid concentration, 

composition and hydrolysis, and cholesterol concentration and autooxidation are 

assessed as usual characterization methods for quality control100,101.  
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There are several techniques for the quantitative lipid analysis, such as Bartlett , 

ascorbic acid and other molybdate-containing reagents assays, enzymatic assays and 

finally chromatographic methodologies102. In the case of chemical and enzymatic 

reactions, the total lipid content is analyzed but not the specific composition of 

individual components. Another limitation of the preceding techniques is the required 

step of derivatization. Taking all into account, HPLC becomes the best method for the 

determination of phospholipids and cholesterol in liposomes99,101.  

In HPLC methodologies, membrane components of a liposome are separated based on 

their different chain lengths, head groups, and polarities. Separation is accomplished 

with a variety of columns, eluent systems (isocratic as well as gradient) and detectors 

like phosphorus analyzer, UV, radioactive flow, flame ionization, fluorescence, and 

evaporative light-scattering103. 

In this thesis, we have developed and validated an HPLC procedure for the precise 

quantification of the membrane components of liposomes-RGD_ether: cholesterol, the 

phospholipid dipalmitoylphosphatidylcholine (DPPC) and the 

cholesterol_PEG200_RGDether. Cholesterol acts as a membrane stabilizing molecule. 

Cholesterol_PEG200_RGDether has an important role in targeting specific cells and 

biological pathways, and in the distribution of active molecules in the body. Therefore, 

it cannot be considered as a simple inactive ingredient and its quantification is very 

important. As explained in Chapter 2, this cholesterol_PEG200_RGDether is a molecule 

composed of cholesterol covalently bound to a linker PEG200 through an ether bond. 

The PEG200 is bound to the cyclic cRGDfK peptide through a carbamate bond. 

Liposomes-RGD_ether composition is represented in the previous Chapter 2, Figure 

2.2. 

3.2. Development of the HPLC methodology 
 

3.2.1. Preliminary studies 
 

At first the idea was to develop an HPLC-UV methodology to determine the 

concentrations of cholesterol and cholesterol_PEG200_RGDether, and, if possible, the 

quantity of DPPC, using an UV-Vis detector. The final goal for these studies was to 
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provide an analytical methodology to quantify the chemical composition of the 

liposome membrane components, which could be accepted by regulators and facilitate 

entrance to clinical phases in the future. For the development of a liposomal product is 

interesting the use of mass spectrometry (MS) to identify the composition of the 

formulation and its degradation products. MS is very versatile since other detectors, 

for example UV, can be connected to it, without the necessity of developing two 

chromatographic methods104.  

This part of the work was performed in collaboration with Dr. Miriam Royo group at 

Institut de Química Avançada de Catalunya (IQAC-CSIC), with the valuable support of 

Dr. Daniel Pulido.  

Most of the studies using UV detector for phospholipid separation were old105,106,107 as 

the one reporting a method to detect simultaneously cholesterol and 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC)108. Although there are important structural 

differences between DOPC, presenting two unsaturated bonds, and DPPC, which is a 

saturated phospholipid (see Figure 3.2), the method reported by Singh et al. (2005) 

was used as a starting point for the development of the HPLC method to quantify 

membrane components of liposomes-RGD_ether. 

 

Figure 3.2: DPPC and DOPC chemical structures 

The appropriate column choice is critical for success in HPLC. In literature the 

employed columns for the separation of cholesterol and phospholipids were C18, 

octadecylsilane109, and C8, octylsilane108. In accordance to these previous HPLC data, 

we tested two different C18 and two different C8 columns, plus a C4 column, 

butylsilane, for the development of the new HPLC-UV methodology. It is worthy to 
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mention that the C4 column is the one used for the determination of the purity of the 

cholesterol_PEG200_RGDether49. 

The standards used for the HPLC method feasibility study and development, were 

solutions of cholesterol, cholesterol_PEG200_RGDether and DPPC in ethanol. The 

concentrations employed for the preparation of the standards were the theoretical 

ones weighed to produce liposomes using DELOS-SUSP divided by 10 (95 ppm DPPC, 

32 ppm cholesterol and 16 ppm of cholesterol_PEG200_RGDether). Since 

cholesterol_PEG200_RGDether is barely soluble in ethanol, it is probable we were 

injecting less quantity of this analyte. Therefore, this working procedure is not 

appropriate for the quantification of cholesterol_PEG200_RGDether but it suited us for 

the preliminary detection of this molecule. All the solvents used were HPLC grade 

quality. In Table 3.1, are gathered the majority of the HPLC methodologies tested. 

Table 3.1: HPLC-UV methodology conditions tested for the quantification of the membrane components 

of liposomes-RGD_ether. 

Number Column Gradient/

Isocratic 

T (ºC) Flow 

(mL/

min) 

Time (min) Mobile 

phase A 

Mobile phase B 

#1 C18 

4.6x150 

mm 

Isocratic 40 1 30 Acetonitrile 

85 

Isopropanol 

15 

#2 C4 

4.6x250 

mm 

Gradient 40 1  

0 

35 

Milli-Q water 

95 

0 

Isopropanol 

5 

100 

#3 C8 

2.1x50m

m 

Gradient 25 0.3  

0 

15 

Milli-Q water 

80 

0 

Acetonitrile 

20 

100 

#4 C8 

2.1x150 

mm 

 

C8 

2.1x150 

mm 

Gradient 25, 

40, 60 

0.3  Milli-Q water Acetonitrile 

 0 80 20 

 20 0 100 

#5 Gradient 25 0.3  Methanol+ 

10% PIC* 

Isopropanol 

 5 100 0 

 7 60 40 

*1-acid heptanesulfonic.  
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More experimental details can be found in Experimental Section 7.3.5.1. The injection 

volume was 20 µL in all methods. 

Using C18 columns, the conditions best suited for cholesterol were not appropriate for 

cholesterol_PEG200_RGDether and vice versa. Furthermore, both eluted at the same 

retention time (RT).  

 

Figure 3.3: Chromatograms corresponding to the analysis of 20 µL ethanolic solutions of A) 32 ppm 

cholesterol (RT: 15.5 min), and B) 16 ppm cholesterol_PEG200_RGDether (RT: 15.2 min), using 

methodology #1 

It was not possible to get appropriate separation of cholesterol and 

cholesterol_PEG200_RGDether using C4 column following methodology #2 (see Figure 

3.4).  

 

Figure 3.4: Chromatograms corresponding to the analysis of 20 µL ethanolic solutions of A) 32 ppm 

cholesterol (RT: 17.3 min), and B) 16 ppm cholesterol_PEG200_RGDether (RT: 16.9 min), using 

methodology #2 

 Instead, with C8 column in method #3 the peaks were well resolved.  
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Figure 3.5: Chromatograms corresponding to the analysis of 20 µL ethanolic solutions of A) 32 ppm 

cholesterol (RT: 11.2 min), and B) 16 ppm cholesterol_PEG200_RGDether (RT: 12.5 min) and C) co-

injection of 32 ppm cholesterol (RT: 9.9 min) and 16 ppm cholesterol_PEG200_RGDether (RT: 11.8 min), 

using methodology #3 

Since C8 2.1x50mm was a very short column, we tried another one (C8 2.1x150 mm) in 

order to improve the results. There were detected also impurities in each peak. 

 

Figure 3.6: Chromatograms corresponding to the analysis of 20 µL of a solution of 32 ppm cholesterol 

and 16 ppm cholesterol_PEG200_RGDether co-injection, using methodology #4, A) 25 ºC cholesterol (RT: 

19.4 min) and cholesterol_PEG200_RGDether (RT: 23.8 min), B) 40 ºC cholesterol (RT: 19.2 min) and 

cholesterol_PEG200_RGDether (RT: 22.9 min), and C) 60 ºC cholesterol (RT: 18.6 min) and 

cholesterol_PEG200_RGDether (RT: 21.5 min) 

Once detected and separated both cholesterol and cholesterol_PEG200_RGDether, we 

tried to detect the DPPC. After several trials, we added 1-heptanesulfonic acid (PIC) to 

the mobile phase following the conditions reported by Morales et al.,2006109. 
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Figure 3.7: Chromatogram of 20 µL of a solution of 95 ppm of DPPC, using methodology #5 

As it was previously said, the final goal for these studies is to pass through clinical-

grade regulatory conditions, coupling UV to MS, but PIC is incompatible with MS. 

Trying another column (C18 5 µm 4.6x150 mm) it was possible to resolve the three 

components and detect them by UV. However, there were some problems related to 

the low cholesterol_PEG200_RGDether and DPPC sensitivities. After considering all the 

pros and cons, we decided to change the detection method to ELSD, the commonest 

for lipids and other molecules without chromophores, although it cannot be coupled 

to a MS detector, since it involves the destruction of the sample. Therefore, further 

development of two separate methods will be needed if required. 

3.2.2. HPLC-ELSD methodologies  
 

This part of the thesis was performed in collaboration with the Chemistry Analysis 

Service at Universitat Autònoma de Barcelona (UAB) and with valuable support from 

Dr. Alba Eustaquio. 

Since cholesterol_PEG200_RGDether is barely soluble in ethanol, the first step, before 

HPLC method development, involved the trial of different solvents like acetone, 

isopropanol (IPA), 1-buthanol, chloroform (CHCl3), dimethyl sulfoxide (DMSO) and 

dimethylformamide (DMF) to achieve the complete dissolution of this substance. 

Mixtures of solvents, for example a mixture of isopropanol, DMF and chloroform, were 

also tested in order to dissolve simultaneously the three membrane components 

(cholesterol, cholesterol_PEG200_RGDether, DPPC). At first, chloroform seemed an 

appropriate solvent for cholesterol_PEG200_RGDether but the recovery achieved of 

the compound, after HPLC analysis, was not acceptable being very low.  
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Finally, the disruption of the liposomes and the complete dissolution of the three 

components was accomplished in two steps: a mixture of CHCl3:IPA (1:9 v/v) was used 

to solubilize the cholesterol and DPPC, while another mixture of DMF:IPA (1:9 v/v) was 

suitable to solubilize cholesterol_PEG200_RGDether. The challenge was to find a 

unique solvent for all the components. Another protocol was established employing IPA 

with formic acid to solubilize cholesterol and DPPC, and methanol/water (95:5 v/v) to 

solubilize cholesterol_PEG200_RGDether, which reduced the time of analysis from 40 

to 20 min. Afterwards, it was found that pure methanol was able to solubilize the three 

components simultaneously. Therefore, methanol was selected as a good solvent for 

the preparation of the standards of the membrane components and samples of 

liposomes-RGD_ether, and as a suitable mobile phase for HPLC-ELSD. 

Pre-treatment of liposomes to disrupt the lipid bilayers is frequently needed prior to 

the injection of the sample, depending on the mobile phase and the lipid solubility110. 

Although in other works liposomes were straightforward dissolved in short chain 

alcohols such as methanol or 2-propanol99.108,111, in our case, the components were too 

diluted to be detectable using this procedure. Thus, it was established a freeze-drying 

procedure of the samples with the only purpose of eliminating the water, before the 

dissolution of the liposomes-RGD_ether membrane components with the methanol. 

Several mobile phases, column temperatures and flows were tested until the final 

method was established. Once developed, the method must undergo validation. The 

objective of validating an analytical procedure is to demonstrate that it is suitable for its 

intended purpose. In our case, the method was validated by assessing the linearity, the 

stock dilution test, the samples dilution test, the accuracy test, the precision, the limit 

of quantification (LOQ) and the limit of detection (LOD). Linearity, LOQ, LOD and the 

stock dilution test was determined using standards, and the rest of the mentioned 

parameters were measured with real samples. 

These samples were prepared using DELOS-SUSP procedure, as explained in detail in 

Experimental Section 7.2.1. Briefly, 1.2 mL of an ethanolic suspension of 

cholesterol_PEG200_RGDether, cholesterol and DPPC is added to the reactor, which is 

pressurized with compressed CO2. Afterwards, the samples are depressurized over 24 

mL of Milli-Q water.  
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3.2.2.1. Method parameters 
 

The HPLC method #6 developed for the separation and quantification of the membrane 

components of liposome-RGD_ether is based on the use of a C18 column, 5 µm, 4.6x150 

mm. A gradient eluent system is used by combining mobile phase A and mobile phase 

B, following the gradient elution mode described in Table 3.3. Mobile phase A consisted 

in methanol/water (95/5%, v/v) and mobile phase B in 0.1% of formic acid in 

isopropanol. The injection volume is 20 µL. Column temperature was fixed at 25 ºC, 

while the nebulization temperature is 40 ºC and the evaporation temperature 80 ºC. 

Detection was performed with a gain of 2.  

Table 3.3: Gradient elution mode for quantitative analysis of cholesterol_PEG200_RGDether, cholesterol 

and DPPC in liposomes-RGD_ether. 

Time (minutes) 
Mobile phase A 

(%) 

Mobile phase B 

(%) 

Flow rate 

(mL/min.) 

0 97 3 1 

3.0 97 3 1 

4.0 88 12 2 

16.0 88 12 2 

16.5 95 5 2 

19.0 97 3 2 

19.5 97 3 1 
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Figure 3.8: Chromatogram of the three components of liposomes-RGD_ether, using standards of 700 

ppm DPPC, 250 ppm cholesterol and 100 ppm cholesterol_PEG200_RGDether and following the method 

#6. 

3.2.2.2. Standard solutions preparation 
 

Standard solutions of cholesterol (25 to 250 ppm), DPPC (35 to 700 ppm), and 

cholesterol_PEG200_RGDether (5 to 100 ppm) were prepared in methanol. Solutions 

were injected into the HPLC system preceding each measurement with the objective of 

establishing the calibration curves and as a reference check. 

The calibration curve of each compound is performed by plotting the logarithm values 

of peak area against the logarithm values of analyte concentrations. Correlation (r2) is 

determined for all curves by regression analysis. 

3.2.2.3. Sample preparation 
 

1 mL of sample is lyophilized in a 4 mL-glass vial. The lyophilization protocol is 

described in detail in Experimental Section 7.3.5.2. The lyophilization cake of each 

sample is dissolved in 1 mL of methanol. The sample is filtered and injected the same 

day of preparation.  
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3.2.2.4. Method validation results 
 

3.2.2.4.1. Linearity and goodness of fit 
 

Linearity is the relation between the analyte concentration and the response 

(proportional to the concentration) given by the system when the method is applied.  

The use of evaporative light-scattering detectors can result in limited direct linearity, 

and when larger concentration ranges are required, a standard log–log transformation 

can be used, with the logarithm of the peak area and the logarithm of the 

concentration98. This limited linearity is solved injecting a calibration curve each time 

we analyzed samples. Therefore, the results shown here corresponds to one routinely 

injected calibration curve. The calibration curve is prepared using a solution of the 

three components as explained in 3.2.2.2. 

The points of each calibration curve are gathered in the Experimental Section, Tables 

7.3 for cholesterol_PEG200_RGDether, 7.4 for cholesterol, and 7.5 for DPPC. 

The linear correlation between the logarithm of peak’s area and the logarithm of 

cholesterol_PEG200_RGDether concentration is represented in Figure 3.9. The linear 

equation is y= 1.7578x – 0.5032 where the y is the logarithm of the peak’s area and the 

x is the logarithm of the cholesterol_PEG200_RGDether divided by 1000 in mg mL-1. The 

correlation coefficient is 0.9972. This result is suitable for considering it acceptable, 

since the goodness of fit for this analyte was higher than 0.99, showing good 

correlation between the peak areas and the concentrations. 
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Figure 3.9. Linear equation of the cholesterol_PEG200_RGDether. In the x axis is represented the 

logarithm of the concentration divided by 1000 in mg mL-1 and in the y axis is the logarithm of the peak’s 

area. 

The calibration curve of cholesterol is represented in Figure 3.10. The linear equation is 

y = 1.7779x – 0.7268 where the y is the logarithm of the peak’s area and the x is the 

logarithm of the cholesterol divided by 1000 in mg mL-1. The correlation coefficient is 

0.9993, being suitable for considering it acceptable, since the goodness of fit for this 

analyte was higher than 0.99, showing good correlation between the peak areas and 

the concentrations. 

 

 

Figure 3.10: Linear equation of the cholesterol. In the x axis is represented the logarithm of the 

concentration divided by 1000 in mg mL-1 and in the y axis is the logarithm of the peak’s area. 

The calibration curve of DPPC is represented in Figure 3.11. The linear equation is y = 

1.7893x – 1.0028 where the y is the logarithm of the peak’s area and the x is the 

logarithm of the cholesterol divided by 1000 in mg mL-1. The correlation coefficient is 

y = 1.7578x - 0.5032
R² = 0.9972
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0.9991, being suitable for considering it acceptable, since the goodness of fit for this 

analyte was higher than 0.99, showing good correlation between the peak areas and 

the concentrations. 

 

 

Figure 3.11. Linear equation of the DPPC. In the x axis is represented the logarithm of the concentration 

divided by 1000 in mg mL-1 and in the y axis is the logarithm of the peak’s area. 

 

3.2.2.4.2. Limit of detection (LOD) and limit of quantification (LOQ) 
 

The detection limit (LOD) of an analytical procedure is the lowest amount of analyte 

detected in a sample but not necessarily quantified as an exact value. The 

quantification limit (LOQ) of an analytical procedure is the lowest amount of analyte in 

a sample which can be quantitatively determined with precision and accuracy112. 

The signal-to-noise is dependent on the response and the slope of the calibration 

curve. Following ICH guidelines, the LOD is the signal-to-noise of 3, whereas the LOQ is 

established in 1098.  

In equation 3.1., 𝜎 is the standard deviation of the response, Y refers to the theoretical 

concentration, Yi to the real concentration and n to the points evaluated. Data were 

obtained from Tables in Experimental Section 7.3.5.2: 7.3 (for 

cholesterol_PEG200_RGDether), 7.4 (for the cholesterol) and 7.5 (for the DPPC). S in 

equations 3.2 and 3.3 refers to the slope in the calibration curve (Figure 3.9 for 

cholesterol_PEG200_RGDether, 3.10 for cholesterol and 3.11 for DPPC). 
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𝜎 = √
∑(𝑌−𝑌𝑖)2

𝑛−2
  (Equation 3.1) 

𝐿𝑂𝐷 =
3𝜎

𝑆
  (Equation 3.2) 

LOQ =
10𝜎

𝑆
  (Equation 3.3) 

Table 3.4: Parameters used to calculate the LOD and LOQ of cholesterol_PEG200_RGDether 

𝐘 Yi n ∑(𝐘 − 𝐘𝐢)𝟐 𝛔  S LOD LOQ 

5.0 5.0 

6 0.22 0.23 1.7578 0.40 1.33 

10.0 10.0 

20.0 19.9 

35.0 34.9 

40.0 39.8 

100.0 99.6 

 

The LOD and LOQ for cholesterol_PEG200_RGDether is 0.40 and 1.33 ppm. 

Table 3.5: Parameters used to calculate the LOD and LOQ of cholesterol 

𝐘 Yi n ∑(𝐘 − 𝐘𝐢)𝟐 𝛔  S LOD LOQ 

12.5 12.4 

6 3.7 0.96 1.7779 1.62 5.41 

25.0 24.8 

50.0 49.7 

87.5 86.9 

125.0 124.2 

250.0 248.4 

The LOD and LOQ for cholesterol 1.62 and 5.41 ppm. 
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Table 3.6: Parameters used to calculate the LOD and LOQ of DPPC 

𝐘 Yi n ∑(𝐘 − 𝐘𝐢)𝟐 𝛔  S LOD LOQ 

35.0 35.6 

6 230.64 7.59 1.7893 12.73 42.44 

70.0 71.6 

140.0 142.5 

245.0 249.4 

350.0 356.6 

700.0 712.6 

The LOD and LOQ for DPPC are 12.73 and 42.44 ppm. 

3.2.2.4.3. Test of dilution of a standard stock solution  

The standard stock dilution test is the verification that the analyte presents no 

problem of solubility or precipitation in the medium used for the dissolution of the 

lyophilized samples. The standard stock solution (theoretical concentration) is diluted 

to half the initial concentration, and the real concentration (experimental 

concentration) is determined with the calibration curve. These can be accomplished 

using the diluted stock to prepare three different diluted points. If the theoretical and 

the experimental concentration are similar, it means there is not precipitation of the 

sample. The percentage of recovery is calculated using the Equation 3.4. 

% Recovery =
Experimental concentration  

Theoretical concentration prepared
 x 100   (Equation 3.4) 

A recovery near the 100% (90-110%) indicates that there are no problems with the 

dissolution of the analyte.   

For the stock dilution test of cholesterol_PEG200_RGDether, the stock of 104.0 ppm 

was diluted to 45.8 ppm, preparing then three points at 9.2, 18.3 and 32.0 ppm. The 

results are shown in Table 3.7. 
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Table 3.7: Stock dilution test results for cholesterol_PEG200_RGDether. 

 

 

 

 

 

 

Since the recovery is near the 100%, there are no problems of solubility of the stock of 

cholesterol_PEG200_RGDether. 

In the case of cholesterol, the stock of 248.3 ppm was diluted to 125.1 and then three 

diluted points (25.0, 43.8 and 62.6) were prepared. The results are collected in Table 

3.8.  

Table 3.8: Stock dilution test results for cholesterol. 

 

 

 

 

 

 

The percentage of recovery for the stock dilution test of cholesterol is acceptable for 

considering the stock dilution test validated.  

For the stock dilution test of DPPC, the stock of 699.6 ppm was diluted to 359.5, and 

then three different diluted points were prepared (179.8, 125.8 and 71.9 ppm). The 

results are gathered in Table 3.9. 

  

Peak 

area log area 

log 

concentration 

Concentration 

(ppm) 

Theoretical 

concentration 

(ppm) %recovery 

19.5 1.29 0.94 8.8 9.1 96 

81.8 1.91 1.28 19.0 18.3 104 

240.4 2.38 1.53 33.9 32.0 106 

Peak 

area log area 

log 

concentration 

Concentration 

(ppm) 

Theoretical 

concentration 

(ppm) %recovery 

18.1 1.26 1.40 25.2 25.0 100.5 

44.6 1.65 1.61 41.2 43.8 94.0 

83.8 1.92 1.76 58.1 62.6 92.8 
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Table 3.9: Stock dilution test results for DPPC. 

 

 

 

 

 

 

 

 

The percentage of recovery for the stock dilution test of DPPC is acceptable for 

considering the stock dilution test validated.  

3.2.2.4.4. Sample dilution test 
 

Sample dilution test is very similar to the previous test, except that instead of using 

standards, the solubility of the samples is evaluated. The lyophilized samples are 

solubilized in different known volumes (V1=2 mL and V2=5 mL). The percentage of 

recovery is calculated using Equation 3.5. 

% Recovery =
Concentration in V1 x V1/V2

Concentration in V2
 x 100   (Equation 3.5) 

A recovery near the 100% indicates that there are no problems with the solubility of 

the sample. The acceptance limit is between 90-110% and the relative standard 

deviation (RSD) must be less than 10%. 

  

Peak 

area log area 

log 

concentration 

Concentration 

(ppm) 

Theoretical 

concentration 

(ppm) %recovery 

323.6 2.51 2.26 181.3 179.8 100.9 

153.7 2.19 2.09 124.2 125.8 98.7 

46.3 1.67 1.83 67.5 71.9 93.9 
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Table 3.10: Dilution test results for cholesterol_PEG200_RGDether 

 

The percentage of recovery for the samples dilution test of 

cholesterol_PEG200_RGDether, according to Equation 3.5, using as V1= 2 mL and V2= 5 

mL is 108%. Thus, the percentage of recovery is validated. 

Table 3.11: Dilution test results for cholesterol 

Sample 
Volume 

(mL) 
Peak area RSD % log area 

log 

concentration 

Concentration 

(ppm) 
Average 

V1 (#1) 

2 

769.5 

0.92 

2.89 2.03 107.7 108.1 

V1 (#2) 783.3 2.89 2.04 108.8 

 V1 (#3) 773.2 2.89 2.03 108,0 

V2 (#4) 

5 

143.8 

3.83 

2.16 1.62 41.9 43.0 

V2 (#5) 153.4 2.19 1.64 43.5 

 V2 (#6) 154,.1 2.19 1.64 43.6 

 

The percentage of recovery for the samples dilution test of cholesterol, according to 

Equation 3.5, is 99%. Thus, the percentage of recovery is validated. 

  

Sample 
Volume 

(mL) 
Peak area RSD % log area 

log 

concentration 

Concentration 

(ppm) 
Average 

V1 (#1) 

2 

243.3 

2.04 

2.39 1.64 44.0 

44.0 V1 (#2) 238.2 2.38 1.64 43.5 

V1 (#3) 248.1 2.39 1.65 44.5 

V2 (#4) 

5 

54.5 

2.76 

1.74 1.27 18.8 

19.1 V2 (#5) 56.7 1.75 1.28 19.2 

V2 (#6) 57.5 1.76 1.29 19.4 
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Table 3.12: Dilution test results for DPPC 

Sample 
Volume 

(mL) 
Peak area RSD % log area 

log 

concentration 
Concentration Average 

V1 (#1) 

2 

3461 

0.34 

3.54 2.54 345.5 

345.9 V1 (#2) 3481 3.54 2.54 346.6 

V1 (#3) 3460.3 3.54 2.54 345.5 

V2 (#4) 

5 

643.3 

3.93 

2.81 2.13 134.9 

137.9 V2 (#5) 669.5 2.83 2.14 138.0 

V2 (#6) 695.9 2.84 2.15 141.0 

 

The percentage of recovery for the samples dilution test of DPPC, according to 

Equation 3.5, is 99%. Thus, the percentage of recovery is validated. 

3.2.2.4.5. Accuracy 
 

The accuracy of an analytical procedure expresses the closeness of agreement 

between the real value and the value found112. To assess the accuracy, it was 

performed the standard addition method. 

Matrix refers to the components of the sample that are not the analytes. When the 

matrix interferes in the measure, it is called matrix effect. To assess this effect, the 

samples are spiked with standards. For this, three different aliquots are prepared: the 

standard to test (P) coming from the stock solution containing the three analytes, the 

sample (S) that contains only the freeze-dried liposomes, and the same sample spiked 

with standard (S+P). The quantity of P added should be in the range of 50% and 150% 

of this component in the real sample. The percentage of recovery is calculated using 

Equation 3.6. 

% Recovery =
[P+S]−[S]

[P]
 x 100     (Equation 3.6) 

A recovery near the 100% will indicate the absence of matrix effect and an acceptable 

accuracy. The acceptance limit is between 90-110% and the RSD must be less than 

10%. 
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Table 3.13: Data results of the accuracy test of cholesterol_PEG200_RGDether 

Sample Peak area RSD% log area 
log 

concentration 
Concentration (ppm) Average 

Sample 1 

(S) 
243.3 

2.04 

2.39 1.64 44.0 

44.02 
Sample 2 

(S) 
238.2 2.38 1.64 43.5 

Sample 3 

(S) 
248.1 2.39 1.65 44.5 

Standard 

(P) 
100.6 

6.50 

2.00 1.43 26.6 

25.83 
Standard 

(P) 
88.5 1.95 1.39 24.8 

Standard 

(P) 
96.9 1.99 1.42 26.1 

S + P 484.8 

7.04 

2.69 1.81 65.,2 

68.36 S + P 545.9 2.74 1.84 69.7 

S + P 551.9 2.74 1.85 70.2 

 

In the accuracy test, the percentage of recovery, following equation 3.6, is 94%. 

Therefore, the method has been demonstrated to be accurate enough for the 

intended purpose of cholesterol_PEG200_RGDether quantification and adequate for 

routine analysis.  
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Table 3.14: Data results of the accuracy test of cholesterol 

Sample Peak area RSD % log area log concentration Concentration (ppm) Average 

Sample 1 

(S) 
769.5 

0.92 

2.89 2.03 107.7 

108.15 
Sample 2 

(S) 
783.3 2.89 2.04 108.8 

Sample 3 

(S) 
773.2 2.89 2.03 108.0 

Standard 

(P) 
280.9 

3.69 

2.45 1.79 61.1 

59.68 
Standard 

(P) 
262.7 2.42 1.77 58.8 

Standard 

(P) 
264.9 2.42 1.77 59.1 

S + P 1670.5 

1.05 

3.22 2.22 166.5 

167.03 S + P 1667.8 3.22 2.22 166.4 

S + P 1699.7 3.23 2.23 168.2 

 

In the accuracy test, the percentage of recovery, following equation 3.6, is 99%. 

Therefore, the method has been demonstrated to be accurate enough for the 

intended purpose of cholesterol quantification and adequate for routine analysis.  
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Table 3.15: Data results of the accuracy test of DPPC. 

Sample Peak area RSD % log area log concentration Concentration (ppm) Average 

Sample 1 

(S) 
3461 

0.34 

3.54 2.54 345.5 

345.87 
Sample 2 

(S) 
3481 3.54 2.54 346.6 

Sample 3 

(S) 
3460.3 3.54 2.54 345.5 

Standard 

(P) 
992.8 

4.10 

3.00 2.24 171.9 

167.61 
Standard 

(P) 
934.6 2.97 2.22 166.2 

Standard 

(P) 
918.9 2.96 2.22 164.7 

S + P 6091 

5.00 

3.78 2.68 473.9 

489.32 S + P 6556.9 3.82 2.69 493.8 

S + P 6711.3 3.83 2.70 500.3 

 

In the accuracy test, the percentage of recovery, following equation 3.6, is 86%, the 

result is near the acceptance limit of 90%, thus, the method has been demonstrated to 

be accurate enough for DPPC quantification. 

3.2.2.4.6. Precision 
 

The precision of an analytical procedure expresses the closeness of agreement (degree 

of scatter) between a series of measurements obtained from multiple sampling of the 

same homogeneous real sample under the prescribed conditions. The precision was 

assessed by the analysis of three freeze-dried aliquots coming from the same sample. 

The RSD of the triplicates must be inferior to 10%. 
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Table 3.16: Precision of cholesterol_PEG200_RGDether, cholesterol and DPPC 

Sample % Recovery RSD % 

Cholesterol_PEG200_RGDether 

31.77 

9.98 38.81 

36.07 

Cholesterol 

67.67 

7.74 76.50 

78.46 

DPPC 

66.12 

8.41 75.91 

77.48 

 

All the determinations during the validation have an RSD ≤10 %. All the precision 

values are accepted for the quality criteria. 

3.2.2.4.7. Quality criteria  
 

To consider the methods validated, the obtained data must meet the quality criteria. 

Thus, the calibration curves must be linear with a correlation coefficient (R2) higher 

than 0.99. The calculated percentage of recovery of each analyzed sample must be in 

the ranges specified above.  

For the systematic analysis of sample, a Quality Control (QC) test was developed in 

order to evaluate the change over time of ELSD response. For this, a standard is 

injected systematically prior, during, and after the injection sequence to verify the 

stability of the performance. For instance, if the logarithm of the peak area changes 

more than a 10%, the response is non-stable and recalibration is needed before re-

injecting the samples.  

Once the method has been validated, the recovery of each analyzed sample is 

calculated using the Equation 3.7. 

% Recovery =
Experimental concentration of DELOS−susp

Theoretical concentration of DELOS−susp
 x 100  (Equation 3.7) 
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The method has been validated so it can be applied to determine the real 

concentration of cholesterol_PEG200_RGDether, cholesterol and DPPC in liposomes.  

3.2.2.5. Sample analysis: quantification of lipids in liposomal 

formulations 
 

Three different batches of liposomes-RGD_ether were prepared, lyophilized and 

analyzed following the methodologies described (Experimental Section 7.2.1.2).  

The Table 3.17 shows the percentage of recovery calculated for each component of 

membrane. The results are the average between three different lyophilized vials. As it 

is shown, the incorporation of DPPC and cholesterol is around 70%, and the 

cholesterol_PEG200_RGDether around 30%. The low recovery of the 

cholesterol_PEG200_RGDether can be expected from the DELOS-SUSP procedure: 

since the cholesterol_PEG200_RGDether is barely soluble in ethanol, an ethanolic 

suspension of the three membrane components (DPPC, cholesterol and 

cholesterol_PEG200_RGDether) was put inside the reactor to be pressurized with 

compressed CO2. It is reasonable to expect loss of material during the process 

(pipettes, vials and finally the reactor) which can explain the results obtained. Further 

work developed in next Chapter 4 was done in order to ameliorate the incorporation 

of the membrane components in the final liposomal formulation. 

Table 3.17: Recoveries achieved for the membrane components of liposomes-RGD. 

Batch 

%Recovery 

Cholesterol_PEG200_

RGDether 
Cholesterol DPPC 

#1  31±4 71±4 71±4 

#2  30±2 67±2 69±3 

#3 31±1 71.2±0.3 72.1±0.5 
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3.3. Summary and conclusions 
 

 A HPLC-ELSD methodology for the quantification of DPPC, cholesterol and 

cholesterol_PEG200_RGDether has been successfully developed. 

 The validation of HPLC-ELSD method has been performed in terms of linearity, 

goodness of fit, limit of detection, limit of quantification, precision and 

accuracy. 

 The low  concentration and recovery of cholesterol_PEG200_RGDether in real 

samples of liposomes-RGD_ether, in comparison to the recovery of the other 

membrane components cholesterol and DPPC, may be due to the low solubility 

of this membrane component in ethanol during the preparation of the 

liposomes-RGD_ether by DELOS-SUSP.



 

 

4. Optimization of the 

preparation method of 

liposomes-RGD and their 

chemical composition 

 
4.1. Introduction 
 

For an optimal preparation of vesicular systems using DELOS-SUSP technology is 

necessary the dissolution of the lipophilic components in an organic solvent, like 

ethanol. While the cholesterol and the phospholipid DPPC are well dissolved in 

ethanol, the cholesterol_PEG200_RGDether is barely soluble in this solvent. In 

previous studies, for the preparation of liposomes-RGD_ether a suspension of the 

three membrane components, with non-completely solubilized 

cholesterol_PEG200_RGDether, was added to the reactor as described in Experimental 

Section 7.2.1.2. However, this implies some problems, mainly the loss of 

cholesterol_PEG200_RGDether during the manipulation with pipettes, vials and the 

reactor. Indeed, the results described in the previous Chapter 3 showed there is a low 

incorporation of cholesterol_PEG200_RGDether in the final liposomal formulation, 

indicating a higher loss of this membrane component in comparison to the other two.  

On the other hand, it was observed that the liposomes-RGD_ether formulations 

prepared with DELOS-sup experience a pH change along time which impact in their 

stability.  
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In the present chapter, are described the experiments and studies performed for: 1) 

finding a good solvent for cholesterol_PEG200_RGDether that avoids the loss of this 

liposomal membrane component during the preparation of liposomes-RGD_ether by 

DELOS-susp, and 2) finding an appropriate membrane composition that reduces the 

impact of pH change on the stability of the liposomes-RGD_ether samples. 

 

4.2. Solvents for dissolving cholesterol_PEG200_RGDether 
 

In order to achieve higher concentrations of cholesterol_PEG200_RGDether in the 

liposomal membrane and more reproducible final formulation, a screening of organic 

solvents was carried out to find the best one able to dissolve the 

cholesterol_PEG200_RGDether. Several alternative solvents to ethanol, used so far for 

the preparation of the liposomes-RGD_ether were tested to accomplish this purpose 

(see Table 4.1).  

Table 4.1: Capability of different solvents to completely dissolve the cholesterol_PEG200_RGDether  

Solvents  Capability to completely 

solubilize the 

cholesterol_PEG200_RGDether 

Acetone  

Hexane  

Acetonitrile  

Methanol  

Chloroform  

Dimethylformamide (DMF)  

Dimethyl sulfoxide (DMSO)  

 

Chloroform, DMF and DMSO were able to completely solubilize the 

cholesterol_PEG200_RGD. However, we knew from the results described in the 

previous Chapter 3 about HPLC that the recoveries of cholesterol_PEG200_RGDether 

in chloroform were not acceptable. Besides, chloroform is not miscible in water, which 
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makes it incompatible with the DELOS-SUSP process. Interestingly, although used in 

the mobile phase of the HPLC-ELSD methodology, methanol was not an adequate 

solvent to solubilize this membrane component at the concentrations used for DELOS-

SUSP. 

Since DPPC is not soluble in DMSO and DMF, we needed to use mixtures of these 

solvents and ethanol. Due to toxicity concerns regarding the final biological application 

of the nanovesicles, a low quantity of dimethyl sulfoxide, DMSO (1% of the final 

formulation) was selected to dissolve the cholesterol_PEG200_RGDether. According to 

ICH TrQ3C (R6) Impurities: Guideline for Residual Solvents, both ethanol and DMSO 

belong to Class 3, which means they are solvents with low toxic potential. In contrast, 

DMF belongs to Class 2, where the solvents must be limited.  

Therefore, in this thesis, a mixture of ethanol and DMSO was used to prepare the 

liposomes-RGD_ether: the ethanolic solution of cholesterol and DPPC was slowly 

added to the solution of cholesterol_PEG200_RGDether in DMSO. The final mixture, 

completely transparent, was put inside the reactor. The system was maintained at 308 

K and 10 MPa during approximately 1 hour, and then depressurized over 24 mL of 

Milli-Q water. 

As can be observed with the DLS measurements gathered in Table 4.2, the liposomes-

RGD_ether prepared with the ethanolic-DMSO solution have a reduced size and 

polydispersity index when compared with the liposomes-RGD_ether prepared with the 

ethanolic suspension. Cryo-TEM images of Figure 4.1 showed very similar liposomes, 

mostly small unilamellar vesicles.  
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Table 4.2: Physicochemical characteristics of liposomes-RGD_ether prepared either with an ethanolic 

suspension of the three membrane components, or an ethanolic-DMSO solution of the membrane 

components. 

Liposomal systems 

 

Size Z potential 

(mV) Meana (nm) PdIb 

LP-RGDe prepared with 

ethanolic suspension 
160±1 0.38±0.02 30±2 

LP-RGDe prepared with 

ethanolic-DMSO solution 
146±2 0.221±0.009 24±1 

 

 

Figure 4.1: cryo-TEM images of a) liposomes-RGD_ether prepared with a suspension of the three 

membrane components in ethanol, and b) liposomes-RGD_ether prepared with an ethanolic-DMSO 

solution of the membrane components. Scale bars are 200 nm. 

 

4.3. pH monitoring 
 

We have observed a possible influence of the pH in the stability of the liposomes. Due 

to the use of the CO2 during the DELOS-SUSP procedure, we knew that the 

formulations obtained from the reactor are slightly acidic. However, the management 

of the sample (opening of the vial and diafiltration process) involves a release of the 

CO2 and this might influence on the pH of the sample and on its stability. Therefore, 
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we decided to do a systematic stability and pH monitoring of different liposome-RGD 

samples. 

The liposomes-RGD_ether obtained from the reactor (from the ethanolic-DMSO 

solution of the three membrane components) presented appropriate macroscopic 

appearance, mean vesicle size, polydispersity index and Z-potential. One week after 

production, the liposomes were diafiltrated as it is explained in Experimental Section 

7.4.1. After diafiltration, the good physicochemical characteristics of the systems were 

lost resulting in the sedimentation of the sample in two distinctly phases: organic 

material and aqueous transparent phase (see Figure 4.1). The main change during the 

diafiltration is the substitution of the medium (Milli-Q water with 4% ethanol and 1% 

DMSO) for Milli-Q water alone. In order to discard the influence of the ethanol and 

DMSO in the sample destabilization, samples were diafiltrated in the same 

composition medium obtained from the reactor. They were also destabilized. Besides, 

diluting the systems in both water and medium resulted in the aggregation of the 

samples.  

The sedimentation of the samples also happened when the vials were opened 

repeatedly, since the presence of CO2 in the sample, coming from the DELOS-SUSP is 

reduced with the escaping of this gas. Therefore, although samples obtained from 

DELOS-SUSP are slightly acidic, after diafiltrating the samples both with pure Milli-Q 

water and with Milli-Q water with 4% ethanol and 1% DMSO, the pH of the sample 

becomes near neutral suggesting the loss of the CO2 from the sample. 

 

Figure 4.2: Sedimentation of liposomes-RGD_ether sample. DLS measurements not meeting quality 

criteria, and macroscopic appearance. 
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In order to confirm the relationship between the presence of CO2 and the pH of the 

sample, and to study the impact of pH variation on liposomal stability, the samples 

described in Figure 4.3 and Table 4.3 were produced using DELOS-susp technology,  

and their pH and stability were monitored along time, since their preparation.  

The pH monitoring was performed over plain liposomes without RGD, and over two 

different types of liposomes functionalized with RGD differing only in the conjugation 

bond between the cholesterol and the PEG200 linker (see Figure 4.3). We decided also 

to include in these experiments liposome-hybrid systems, which contain 

myristalkonium chloride (MKC) as stabilizer (see Figure 4.3). In these new liposomal 

systems, MKC represents the 2.2% molar ratio of the total membrane components. 

This new component is a quaternary ammonium surfactant, which provides cationic 

charge to the lipid bilayer enhancing the electrostatic interaction with e.g. the 

negatively charged GLA protein and stabilizing the system. The GLA is negatively 

charged at the pH in which the nanovesicles are self-assembled since the isoelectric 

point of the enzyme is around 5.6. 
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Figure 4.3: Schematic representation of the six types of liposomes included in the pH monitoring study 
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Table 4.3: Compositions and ratios used for the preparation of liposomes by DELOS-SUSP using CO2-

expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. 

Liposomal 

systems 

[number of 

batches] 

Theoretical composition Organic phase Aqueous phase Lipidic 

concentrationa 

(µg mL-1) 

Plain liposomes 

(without MKC) 

LP [2] 

Cholesterol (19 mM) + 

DPPC (27 mM)   
Ethanol 

 

Water 1.4 

Liposomes-

RGD_ether 

(without MKC) 

LP-RGDe [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 

mM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 

Liposomes-

RGD_carbamate 

(without MKC) 

LP-RGDc [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 

mM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 

Plain liposomes 

(with MKC) 

LPMK [2] 

Cholesterol (19 mM) + 

DPPC (27 mM) + MKC 

(0.001 mM)  

Ethanol 

 

Water 1.4 

Liposomes-

RGD_ether 

(with MKC) 

LPMK-RGDe [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD_ether 

(2.8 mM) + MKC (0.001 

mM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 

Liposomes-

RGD_carbamate 

(with MKC) 

LPMK-RGDc [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-

RGD_carbamate (2.8 mM) 

+ MKC (0.001 mM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 

 

In Table 4.3, are summarized the operational parameters for the preparation of 

nanoliposomes using DELOS-SUSP procedure (see Experimental Section 7.2.1.2). 

Physicochemical characterization of all samples of Table 4.3 was performed on the 

same day of their preparation in terms of size, polydispersity index, surface charge and 
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pH. The progress of these physicochemical characteristics along time was studied also 

by DLS and pH measurements. 

As expected because the acidic pH was related with the presence of CO2 in the sample, 

the pH monitoring revealed an increment in the value towards neutral pH values when 

the vial of the sample was opened repeatedly. In addition, when the sample was 

diafiltrated, the pH raised to the value of the used Milli-Q water (Figure 4.4). 

 

Figure 4.4: Evolution of pH vs time (A) and diafiltration process (B). D0 refers to time 0 days after 

diafiltration and D1 refers to time 1 day after diafiltration. Each value is the mean of two different 

batches.  

We systematically observed that when the pH increases, whether by diafiltration or by 

repeated opening of the vial to perform the measurements, the systems with RGD and 

without MKC tend to sediment at 7 days after production and 1 day after diafiltration 

while plain systems and RGD systems with MKC remain stable. Remarkably, in some 

cases of plain liposomes without RGD and MKC, a little sediment easily resuspended is 

formed at the bottom of the vial. 
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Figure 4.5: Evolution of size vs time (A) and diafiltration process (B). Systems ether and carbamate 

sediment at 7 days after production and 1 day after diafiltration not meeting quality criteria for the 

determination of the size. Plain systems and systems with RGD and with MKC remain stable in both 

cases. D0 refers to time 0 days after diafiltration and D1 refers to time 1 day after diafiltration. Each 

value is the mean of two different batches.  

The expected results regarding the polydispersity index are an increment in the PdI of 

the systems with RGD and without MKC, as it is shown in the case of the liposomes-

RGD_ether. However, there is not the data obtained for the liposomes-

RGD_carbamate. The plain systems and the systems with MKC (plain, RGD_ether and 

RGD_carbamate) were expected to have a similar PdI not varying with the time after 

production and diafiltration. 
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Figure 4.6: Evolution of PdI vs time (A) and diafiltration process (B). The PdI was expected to increase in 

the case of liposomes-RGD either ether or carbamate, whereas remained stable for plain and RGD 

systems with MKC. Systems without MKC, sedimented, not meeting the quality criteria for the DLS 

measurements, therefore they are nor represented in the Figure. D0 refers to time 0 days after 

diafiltration and D1 refers to time 1 day after diafiltration. Each value is the mean of two different 

batches. 

The Z potential decreases in systems with RGD (ether or carbamate) and without MKC 

upon sedimentation. In the case of plain liposomes, the Z potential is near zero. As was 

explained before, this can be the cause of the apparition of a small sediment in the 

vial, easily resuspended. The liposomes with MKC have a high Z potential, which is in 

accordance with the presence of this positively charged surfactant. This high Z 

potential is the probable cause of the stability of systems with MKC. 

  



Chapter 4: Optimization of liposomal formulations in terms of stability 

123 
 

 

Figure 4.7: Evolution of Z potential (Z-pot) vs time (A) and diafiltration process (B). The Z potential 

decreases in liposomes-RGD upon sedimentation. Z potential of plain systems is low (near 0) and for the 

systems with MKC is very high, explaining the stability of these liposomes. D0 refers to time 0 days after 

diafiltration and D1 refers to time 1 day after diafiltration. Each value is the mean of two different 

batches.  

It is true that pH has an impact in DPPC liposomes113 and films114, and in liposomes115 

or monolayers116 composed of DPPC and cholesterol, but it is notorious at high 

changes in pH, whereas in our case we moved around 4.5-6 of pH. Furthermore, in our 

case the destabilization of the systems is more remarkable when they are 

functionalized with cholesterol_PEG200_RGD. However, in literature it seems that 

cRGDfK is not very sensitive to pH changes, being used with other pH-responsive 

peptides117,118 for stimuli-responsive liposomes119. There is probably some cumulative 

effect among the three membrane components (DPPC, cholesterol and 

cholesterol_PEG200_RGD) that change their interaction between pH 4.5-6. In any case, 

MKC gives a highly positively charge that seems to stabilize the liposome systems. 
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Figure 4.8: The phospholipids conformations depending on pH applied for liposome preparation. 

Phosphate group protonation in acid environment and the formation of hydrogen bonds between DPPC 

molecules could explain the differences in the properties of liposome membranes with pH. Adapted from 

Sułkowski, 2005115 

Since the samples without MKC are not stable with the changes in pH derived from the 

evaporation of the CO2 from the formulation obtained from the reactor, we proceeded 

to prepare the same systems but adding MKC to the formulation.  

4.4. Summary and conclusions 
 

 The preparation of liposomes-RGD has been improved achieving the complete 

dissolution of cholesterol_PEG200_RGD molecule in the organic phase by 

adding DMSO. Therefore, a higher incorporation of the 

cholesterol_PEG200_RGD is expected. 

 The decrease of CO2 content in the liposomes-RGD_ether, after their 

preparation by DELOS-SUSP, induces a pH increase which is the cause of the 

loss of their colloidal stability. 

 The presence of MKC avoids the destabilization of the liposomes-RGD due to 

pH changes provoked by the CO2 evaporation over time, in addition to  

enhancing the physicochemical properties of the liposomal formulations



 

 

5. Impact of RGD peptide 

functionalization mode of 

nanoliposomes on their cellular 

internalization 

 
5.1. Introduction 
 

One of the advantages of drug delivery systems is the ability to target specific sites120, 

through passive and/or active targeting. The objective is to obtain a high local 

concentration of the drug in the target site, while avoiding the toxicity in healthy 

tissues121. Whereas conventional drug agents distribute non-specifically in the body, 

the specific targeting of nanocarriers improves the pharmacokinetics and 

pharmacodynamics of the drugs and reduces the side effects of the systemic 

toxicity122,123.  

The physicochemical features of nanoparticles like their chemical composition, particle 

size distribution profile, morphology, rigidity/deformability, surface chemistry, etc. 

modulate these targeting properties. There is a complex association of interrelated 

physicochemical and biological factors (drug loading, encapsulation efficiency, 

interaction mode with biological media and biological membranes, drug release profile 

or the pharmacokinetics)124,125. 

However, in contact with biological fluids, the nanoparticles are covered by the protein 

corona, which usually masks their original physicochemical features. The protein 
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corona refers to the absorption of biomolecules in the nanoparticles due to their high 

surface free energy, impacting on the physicochemical characteristics of nanoparticles 

and affecting their stability, particle solubility and sometimes inducing nanoparticle 

aggregation126. Protein corona can promote the deposition in the nanoparticle surface 

of opsonins (proteins that facilitate recognition and clearance from the blood by 

phagocytes and macrophages) or dysopsonins (proteins that provide a prolonged 

blood circulation time)127,128. Even though protein corona gives a new identity to 

nanoparticles, this corona is highly dependent on the physicochemical properties of 

the pristine nanoparticle (size, surface charge, composition, surface chemistry, 

curvature, hydrophobicity) but also on the biological fluid (relative ratio of the fluid to 

the nanoparticle dispersion) and environmental factors (exposure time, temperature) 

125,126,129,130,131. 

Traditionally, most of the drug delivery systems reach its targets by passive targeting 

which means the diffusion of the nanomedicine in the body and through the different 

biological membranes from the site of administration to the target tissue52, mainly skin 

mucosae epithelium, blood vessels and tissue barriers132. For example, cancer therapy 

using liposomal drug delivery is based on the enhanced permeation and retention 

(EPR) effect129, typical of tumors but also of inflamed tissues like the ones of infarcts or 

other pathologies. Due to the anatomical and pathophysiological differences from 

normal tissues, tumor vasculature have several abnormalities, which include irregular 

architecture, poor lymphatic drainage and paracellular permeability133. This ensures 

the sufficient supply of nutrients and oxygen to tumors for their rapid growth. The 

consequence is the selective extravasation and retention of macromolecular drugs 

larger than 40 kDa134, with a cut-off from 200 nm to 1.2 μm depending on the tumor 

type135. The accumulation of these macromolecules inside the interstitial space was 

more than 10-200 times higher than in normal tissues because of the defects in the 

lymphatic drainage136. Other small low-molecular-weight pharmaceutical agents are 

not retained in tumors since they return to the circulation by diffusion133. However, 

not only size or molecular weight impacts on the EPR effect but also other factors like 

the surface charge and the in vivo surveillance system of macrophages and 
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phagocytes134. Thus, passive targeting can be controlled modifying the size, shape or 

the surface dimensions of these nanoparticles137. 

In contrast, active targeting is based on the immobilization of targeting molecules on 

the nanoparticle surface with the objective of reaching specific cell types to perform 

their targeting action127. Thus, a strong interaction of molecular recognition is 

exploited for a more specificity in the drug delivery system137 along with multivalent 

interactions. Multivalent interactions refer to the simultaneous binding of multiple 

copies of a ligand in the nanocarriers’ surfaces to various receptors in the cells. This 

increases the targeting since the binding of the first ligand to its receptor causes the 

subsequent binding of another ligand-receptor pairs138,139,140. Thus, the binding to 

target cells can be modulated not only using the affinity of the targeting ligand but also 

the density of the targeting moiety in the nanocarriers’ surfaces. Indeed, the density of 

the targeting ligand can result in higher internalization despite the low affinities of a 

given ligand141.   

Targeting agents can be generally classified in proteins (mainly antibodies and their 

fragments), nucleic acids (aptamers), or other receptor ligands such as peptides, 

vitamins and carbohydrates136. 

Antibodies were the first agents employed for active targeting due to the surface 

antigens they present142. They can be used in their native state or as engineered 

fragments. There has been a great effort in the rational design of antibodies136. 

Aptamers are short single-stranded DNA or RNA oligonucleotides selected in vitro from 

random sequences136. They are folded into secondary and tertiary structures with the 

ability of binding to specific biological targets, especially proteins. Because of their 

specifity, they are considered equivalent to antibodies. They present also some 

advantages compared with antibodies. For example, they are chemically synthesized 

without the need of biological systems, making the process easier to scale-up and with 

a lower cost142.  

Other strategies are based in growth factor or vitamin interactions, taking advantage 

of the overexpression of receptors in cancer cells for nutrition. Common target units 
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employed for this objective are epidermal growth factor (EGF), the vitamin folic acid 

(folate) and transferrin136,137,142. 

The use of peptides as targeting unit results in an increased drug delivery since they 

promote selective binding to receptors overexpressed in cells. Compared to other 

ligands like antibodies, targeting peptides have a smaller size, easy chemical synthesis 

and modification, and more stability. Some examples are Tau peptide, NGR and RGD, 

among others143,144. 

As explained in Chapter 2, RGD-peptide is very well known to increase cellular 

penetration via RGD/integrin recognition. Using DELOS-SUSP process, in our group we 

have prepared new RGD functionalized nanoliposomes145 with improved 

characteristics as nanocarriers for intracellular delivery146. In previous works, these 

liposomes-RGD_ether have demonstrated a 30-fold higher cellular internalization than 

plain liposomes (without RGD)49. This increased internalization was also observed 

when the liposomes-RGD_ether are loaded with GLA85. 

Our strategy to achieve RGD-functionalization on nanoliposomes, consist of inserting 

cholesterol covalently conjugated to RGD through a PEG linker (Figure 5.1) in the 

liposomal membrane. 

 

Figure 5.1: Schematic composition of liposomes composed of cholesterol, DPPC, MKC and 

cholesterol_PEG200_RGD.  
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The objective of the work described in this Chapter is to determine the impact of the 

conjugation mode between cholesterol and the PEG linker bounded to RGD, on the 

nanoliposome internalization. Two different types of conjugation were explored: ether 

and carbamate bond. While in the literature is commonly reported the binding of 

cholesterol and the PEG_RGD unit by a carbamate or ester bonds147, using ether bond 

is a novelty introduced by our group.  

 

Figure 5.2: Schematic representation of the systems studied in this Chapter: plain liposomes, and 

liposomes-RGD_ether and carbamate, with MKC. 

 

5.2. Preparation of liposomes by DELOS-SUSP 
 

Following the DELOS-SUSP procedure, DPPC phospholipid, cholesterol and MKC 

surfactant were dissolved in ethanol, whereas cholesterol_PEG200_RGD, both ether 

and carbamate, were dissolved in DMSO. The ethanolic-DMSO solution was then 

added to the reactor. The density of RGD peptide units in the membrane of the 

liposomes can be tuned by the molar ratio between cholesterol_PEG200_RGD and the 

rest of molecular components of the nanoliposomal membrane. In this thesis, the 

molar ratio between DPPC, cholesterol and cholesterol_PEG200_RGD is 10:6:1 and 

MKC represents a 2.2% molar of the total components. The theoretical chemical 

compositions of the systems are shown in Table 5.1. 
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From previous works by Dr. Antonio Ardizzone, it was established that the 

incorporation of DiD dye in vesicular systems is enhanced when the dye is added 

during the process of DELOS-SUSP (in the ethanolic solution) in comparison to the 

incubation post-DELOS-SUSP148 that was employed in Chapter 2. Thence, the three 

types of liposomes (plain, RGD_ether and RGD_carbamate) with DiD were prepared by 

DELOS-SUSP for the in vitro experiments. 

 

We prepared three different batches of each type of liposomes (plain, liposomes-RGD 

ether and carbamate) without DiD, and two different batches for each system with 

DiD. Samples without DiD were prepared for the analysis by cryo-TEM and SAXS, with 

the idea that the dye does not interfere with the characterization. The samples were 

diafiltrated one week after production, following the procedure explained in 

Experimental Section 7.4.1. The DiD samples were used for the internalization studies 

by confocal and flow cytometry. 
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Table 5.1: Compositions and ratios used for the preparation of liposomes by DELOS-SUSP using CO2-

expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. 

Liposomal 

systems (GLA 

concentration) 

[number of 

batches] 

Theoretical 

composition 

Organic phase Aqueous phase Lipidic 

concentrationa 

(µg mL-1) 

Plain liposomes  

(LPMK) [3] 

Cholesterol (19 mM) + 

DPPC (27 mM) + MKC 

(0.001 mM)  

Ethanol 

 

Water 

1.4 

Liposomes-

RGD_ether  

(LPMK-RGDe) [3] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD_ether 

(2.8 mM) + MKC (0.001 

mM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 

Liposomes-

RGD_carbamate 

(LPMK-RGDc) [3] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-

RGD_carbamate (2.8 

mM) + MKC (0.001 mM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 

Plain liposomes 

with DiD  

(LPMK + DiD) [2] 

Cholesterol (19 mM) + 

DPPC (27 mM) + MKC 

(0.001 mM) + DiD (50 

nM) 

Ethanol 

 

Water 

1.4 

Liposomes-

RGD_ether with 

DiD  

(LPMK-RGDe + 

DiD) [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD_ether 

(2.8 mM) + MKC (0.001 

mM) + DiD (50 nM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 

Liposomes-

RGD_carbamate 

with DiD 

(LPMK-RGDc + 

DiD) [2] 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-

RGD_carbamate (2.8 

mM) + MKC (0.001 mM) 

+ DiD (50 nM) 

Ethanol (83%) + 

DMSO (17%) 
Water 1.6 
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5.3. Physicochemical characterization 
 

5.3.1. Determination of size, polydispersity index and Z potential 
 

The size, polydispersity index and Z potential was determined at time 0 (freshly 

produced), 1 day, 1 week and after diafiltration at time 0 (D0) and 1 day (D1). In the 

case of systems without DiD these attributes were also checked at 14 (D14) and 21 

(D21) days, prior to the observation of the systems by cryo-TEM. Liposomes with DiD 

were checked at 42 (D42), 43 (D43) and 53 (D53) days by our collaborators who 

performed the cellular internalization. The results are the average between the 

replicates of each type of sample (three in the case of systems without DiD, two for the 

systems with DiD). 

As shown in Figure 5.3, the size remains stable, increasing a little bit with diafiltration. 

The plain liposomes are smaller than the RGD ones (either ether or carbamate), which 

can be explained by the presence of the RGD in the membrane. This is corroborated by 

SAXS (Figure 5.7) using two parameters: Z_head is the position of the head-group 

contributions relative to the centre of the membrane and D is the distance between 

the bilayers. According to SAXS, plain liposomes have the smaller values of these 

parameters ~32.2 Å and ~67.9 Å, respectively); whereas liposomes-RGD_ether are 

around ~34.3 Å and ~76.6 Å, and liposomes-RGD_carbamate have ~35.8 Å and ~77.5 Å. 

The measurements by DLS revealed no significant differences in size between 

RGD_ether and RGD_carbamate systems.  
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Figure 5.3: Evolution of size with time since production and diafiltration: A) Systems without DiD. The 

values are the mean of three different liposomes’ batches. B) Systems with DiD. Each value corresponds 

to the mean of two different batches. 

Regarding the polydispersity index (PdI), it seems that it is lower for the liposomes-

RGD_carbamate in comparison with liposomes-RGD_ether (Figure 5.4), but the 

difference is small.  

 

Figure 5.4: Evolution of PdI with time since production and diafiltration: A) Systems without DiD. The 

values are the mean of three different liposomes’ batches. B) Systems with DiD. Each value corresponds 

to the mean of two different batches. 

The highest Z-potentials values correspond to plain systems, followed by the 

liposomes-RGD_carbamate, that are very similar to the values of liposomes-

RGD_ether.  
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Figure 5.5: Evolution of Z potential with time since production and diafiltration: A) Systems without DiD. 

The values are the mean of three different liposomes’ batches. B) Systems with DiD. Each value 

corresponds to the mean of two different batches. 

 

5.3.2. Sample analysis: quantification of lipids in liposomal 

formulations 
 

The HPLC-ELSD method developed in Chapter 3 was successfully tested, in addition to 

liposomes-RGD_ether matrixes, for the matrixes of plain and liposomes-

RGD_carbamate with MKC for the accurate quantification of the membrane 

components: cholesterol and DPPC for the plain systems, and cholesterol, DPPC and 

cholesterol_PEG200_RGDcarbamate for the liposomes-RGD_carbamate 

The Table 5.2 shows the percentage of calculated recovery. The results are the average 

among three different lyophilized vials corresponding to the samples without DiD. As it 

is shown, the incorporation of DPPC and cholesterol is similar for the three types of 

liposomes, around 90%, which is significantly higher than the obtained in Chapter 3. 

The incorporation of cholesterol_PEG200_RGDcarbamate is slightly higher (90±12%) 

than the colesterol_PEG200_RGDether (78±3%), but they are in the same order of 

magnitude. Compared with Chapter 3, the incorporation of cholesterol_PEG200_RGD 

both ether and carbamate is considerably increased, probably related with the 

achievement of the complete dissolution of this molecule in the organic phase 

previous DELOS-SUSP, thanks to the addition of DMSO,  and because of the presence 
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of  little quantity of MKC in liposomes-RGD composition, which possesses emulsifying 

properties. 

Table 5.2: Recoveries of membrane components of plain liposomes, liposomes-RGD_ether and 

liposomes-RGD_carbamate.  

Sample Batch 

%Recovery 

Cholesterol_PEG200_RGD Cholesterol DPPC 

LPMK #1  0 92±4 89±13 

#2  0 89±2 90±3 

#3 0 76±2 79.9±0.8 

LPMK-RGDc #1 92±11 89±2 88±4 

#2 94±7 95±6 94±4 

#3 85±8 87±2 86.4±0.3 

LPMK-RGDe #1 70±2 79±3 76±7 

#2 80±6 84±2 81±12 

#3 85±5 90.75±0.07 86±13 

 

5.3.3. Morphological analysis 
 

Cryo-TEM images were performed in the group of Prof. Dganit Danino in Technion 

(Israel Institute of Technology, Israel). Three different batches of each type of sample 

without DiD were observed. Images showed mainly unilamellar vesicles, although in 

samples with RGD_carbamate, there is presence of stick-like structures, as can be seen 

in the selected images of Figure 5.6 (white arrows). This may be related to the SAXS 

calculations (Figure 5.7) that found that liposomes-RGD_carbamate were bi-lamellar in 

contrast with plain and liposomes-RGD_ether which resulted unilamellar.  
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Figure 5.6: Cryo-TEM pictures showing the morphology of the nanoconjugates: a) Plain liposomes, b) 

liposomes-RGD_carbamate, c) liposomes-RGD_ether. Scale bars are 200 nm. The white arrows point to the 

stick-like structures. 

 

5.3.4. Lamellarity determination 
 

SAXS measurements were conducted by Prof. Jan Skov Pedersen group, from Aarhus 

University in Denmark.  Samples analyzed by SAXS were the three replicates of each 

type of liposomal formulation without DiD. By applying the liposome model with and 

without an added polymer contribution, it was possible to successfully fit the data 

from all nine samples.  The plain samples were fitted with the classical liposome model 

(without a polymer contribution). The RGD_ether and RGD_carbamate were fitted 

with the liposome model including a polymer contribution to properly fit the raised 

minima in these data due to the polymer scattering from the exterior PEG_RGD chains 

coating the liposomes. 

There is good agreement between the fitting results from each subset of samples 

(plain, ether, and carbamate) and distinct differences between the sample types 

(Figure 5.7). Plain systems show an average low multilamellarity (1.2-1.3). In the 

liposomes-RGD_carbamate, a large decrease in the amount of unilamellar particles is 

observed and the average multilamellarity estimate yields liposomes that are 

approximately bi-lamellar (1.7-2.0). Liposomes-RGD_ether are very similar to plain 

systems, with a similar low average multilamellarity to a level of nearly unilamellar 

liposomes (1.2-1.3). As was explained in section 5.3.1, the size increased with the 

addition in the membrane of the cholesterol_PEG200_RGD both ether and carbamate. 
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Figure 5.7: SAXS intensity profile versus the scattering vector modulus (q) recorded from: a) LPMK, b) 

LPMK-RGDc and c) LPMK-RGDe at 298K. 

 

5.3.5. Quantification of DiD in the liposomal formulations 
 

In order to perform and understand the cellular internalization studies, we decided to 

quantify the DiD present in the samples assessing the absorbance by UV-Vis 

spectrophotometer. Both flow cytometry and laser scanning confocal microscopy 

techniques measured the intensity of fluorescence of the nanoliposomes labelled with 

the dye. It is of extreme importance to discriminate if more fluorescence corresponds 

to more internalization or if it just that a specific type of liposome incorporates more 

DiD in its membrane.  

Since the theoretical concentration of DiD is low (50 nM), we could not trust in the 

results considering the error inherent to the technique of quantification. Thence, to 

perform the measurements we concentrated the samples to a theoretical 

concentration of 250 nM (x5) using the freeze-drying procedure: we lyophilized 2.5 mL 

of each sample without any lyo-protectant in order to remove the water and then the 

lyophilized cake was dissolved in 0.5 mL of ethanol. Afterwards we analyzed the 

samples by UV-vis spectrophotometer.  

Table 5.3: Quantification of DiD dye in the liposomes, measured by UV-vis 

Sample  Batch DiD concentration 

(nM) 

LPMK #1 28.6 

LPMK-RGDc 
#1 29.9 

#2 26.0 

LPMK-RGDe 
#1 31.3 

#2 30.0 
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As it is shown in Table 5.3 the concentration of DiD is around 30 nM with no big 

differences between batches and between each type of liposomes.  

Indeed, we checked the fluorescence of the samples in water and we obtained similar 

values between the samples (Figure 5.9). We can then deduce that more intensity of 

fluorescence corresponds to more cellular internalization. 

 

Figure 5.9: Similar fluorescence of two different batches of liposomes-RGD_ether and carbamate in 

water. 

5.4. Biological Characterization of liposomes 
 

5.4.1. Flow cytometry  
 

For the flow cytometry assays, the cells were incubated during 30 and 180 min at 37 ºC 

with 0.3 mg mL-1 of liposomes labelled with DiD, at CIBBIM facilities by Dr. Ibane 

Abasolo team. These conditions were selected from the ones employed in Chapter 2, 

since the internalization is promoted at this temperature. As can be seen in Figure 

5.10, RGD significantly accelerates the uptake in comparison to plain liposomes, 

especially in the case of liposomes-RGD_ether. From these results, liposomes-

RGD_ether internalized more than liposomes-RGD_carbamate at the tested times and 

temperatures, which is also in agreement with previous studies performed in the 
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group80. Following the logic displayed in Chapter 2, we can hypothesize that RGD in the 

surface is less available in the case of liposomes-RGD_carbamate since they are bi-

lamellar. This can result in the higher internalization of liposomes-RGD_ether.  

 

 

Figure 5.10 : Internalization of nanovesicles on endothelial cells assessed by flow cytometry after 30 and 

180 min of incubation at 37 °C. Mean fluorescence intensity (MFI) of DiD in the cells normalized to the 

minimum fluorescence intensity.  

5.4.2. Laser confocal scanning microscopy 
 

Ruixue Xu, from Dr. Pilar Rivera team at UPF, performed these confocal experiments. 

For the laser scanning confocal microscopy, HMEC-1 cells were incubated for 180 min 

with DiD labeled liposomes at 37 ºC, to promote internalization (Experimental Section 

7.7.2.1.). Cells were also stained with Lysotracker green. The results were comparable 

to the ones by flow cytometry: plain liposomes internalized less in comparison with 

liposomes-RGD (Figure 5.11). Interestingly, there is few colocalization between the 

liposomes (in red) and the lysosomes (in green) in contrast with what was observed in 

the Chapter 2 dedicated to Fabry disease. Probably the presence of mannose 6-

phosphate in the GLA protein promotes the endosomal internalization assuring the 

final colocalization of the liposomes within the lysosomes. When the systems are 

unloaded, this colocalization is not observed.  
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Figure 5.11: Confocal images of the cellular uptake of b) plain liposomes, c) liposomes-RGD_carbamate, 

d) liposomes-RGD_ether after 3 h incubation at 37 °C. In a) is the cellular control with Lysotracker.  

5.5. Summary and conclusions 
 

 Liposomes-RGD, both ether and carbamate, presented a higher size in 

comparison with plain liposomes, related with the added contribution of the 

polymer PEG_RGD in the surface, which was also observed by SAXS.  

 The complete dissolution of cholesterol_PEG200_RGD, both ether and 

carbamate in the organic solution added to the reactor for the DELOS-SUSP 

procedure, enabled higher incorporation of this molecule in the membrane, 

with values around 80-90%.  

  Plain and liposomes-RGD_ether are unilamellar systems, while liposomes-

RGD_carbamate are bi-lamellar. By cryo-TEM, stick-like structures in liposomes-

RGD_carbamate were also observed, indicating a more heterogeneity in the 

sample. 

 The incorporation of DiD is very similar in all the prepared batches, around 30 

nM, indicating that DiD can be incorporated by DELOS-SUSP procedure with a 

high reproducibility among batches. This allows a better interpretation of the 

flow cytometry studies. 

 Liposomes-RGD_ether are the ones showing a larger cellular uptake, in 

comparison to liposomes-RGD_carbamate. This is probably due to its 

unilamellarity, which favours the complete exposition of the RGD to interact 

with the cell receptors, whereas the bi-lamellar vesicles compromise the 

availability of RGD in liposomes-RGD_carbamate.



 

 

6. Conclusions 
 

 
From the work accomplished in the present PhD thesis, the following conclusions can 

be withdrawn: 

1. New GLA loaded liposomes-RGD_ether have been developed using DELOS-SUSP 

and a diafiltration and concentration procedure, with the appropriate GLA 

concentration (around 300 µg mL-1), physico-chemical properties (size ≤ 160 nm 

and polydispersity index ≤0.3),  and colloidal stability, to be considered for their in 

vitro and in vivo testing and generate a solid experimental proof of concept. 

2. The enhanced in vitro enzymatic activity, the in vivo efficacy comparable to 

commercial Replagal, and the increased plasma half-life in comparison to free 

Replagal have opened the door to the pre-clinical pharmaceutical development of 

this new GLA nanoformulation for the treatment of Fabry disease, in the frame of 

the European project Smart-4-Fabry. 

3. A new HPLC methodology, using an evaporative light scattering detector, has been 

developed for the quantification of the membrane components of the liposomes-

RGD in order to ensure the quality of the nanovesicles. 

4. The decrease of CO2 content in the RGD functionalized nanoliposomal 

formulations, after their preparation by DELOS-SUSP, induces a pH increase and 

the loss of their colloidal stability. The addition of a small percentage of cationic 

surfactant, MKC, on the membrane of RGD liposomes, avoids the loss of colloidal 

stability upon elimination of the CO2 and pH increase. 

5. The covalent attachment between cholesterol and PEG linker in 

cholesterol_PEG200_RGD molecules through an ether bond induces a larger 
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uptake of nanoliposomes-RGD by endothelial cells (HMEC), than when the 

attachment between them is through a carbamate bond. 

Based on these general conclusions, we can considered that this PhD thesis 

contributes to demonstrate the potential of liposomes-RGD to formulate the GLA 

enzyme, in an attempt to develop a future nanomedicine for the treatment of Fabry 

disease.



 

 

7. Experimental Section 

 
7.1. Materials 
 

Cholesten-3β-ol (cholesterol, 95% of purity) was supplied by Panreac (Barcelona, 

Spain), 1,2-Dipalmitoyl-sn-glycerol-3-phosphocholine by Corden Pharma 

(Massachusetts, USA). Myristalkonium chloride (MKC) was obtained from US Biological 

Science (Salem, USA). 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indodicarbocyanine 

perchlorate (DiD oil) was purchased from Invitrogen (Barcelona, Spain), Lysotracker 

Green DND-26 was obtained from Molecular probes (Eugene, Oregon), and Hoechst 

33342 dye from Sigma-Aldrich. PBS and growth medium Dulbecco’s Modified Eagle 

Medium (DMEM) were purchased from Gibco (Life Technologies). 

The cholesterol_PEG200_peptide derivative molecules were specially designed and 

synthesized by Dr. Miriam Royo group from the Institut de Química Avançada de 

Catalunya (IQAC-CSIC) for the preparation of liposome nanoconjugates.  

Chemical details of cholesterol_PEG200_RGDether:  HPLC-MS: (Symmetry 300 C4, 5-

100% B, 30 min (A: ACN 0.07% HCOOH B: H2O 0.1% HCOOH), 1mL/min, λ=210nm) RT: 

17.31min, m/z= 1192,8 [M+H]+ (Calc.: 1192,53) HPLC-PDA: (C4, 5-100% B, 30min (A: 

ACN 0.1% TFA B: H2O 0.1% TFA ), 1mL/min, λ=210nm) RT: 20.1 min. AMINO ACID 

ANALYSIS: Asp: 0.93, Gly: 1.11, Arg: 1., Lys: 0.87, Phe: 0.99. 

Chemical details of cholesterol_PEG200_RGDcarbamate: HPLC-MS: (Symmetry 300 C4, 

5-100% B, 30 min (A: ACN 0.07% HCOOH B: H2O 0.1% HCOOH), 1mL/min, λ=210nm) 

RT: 17.28 min, m/z= 1235.89 [M+H]+ HPLC-PDA: (C4, 5-100% B, 30min (A: ACN 0.1% 

TFA B: H2O 0.1% TFA ), 1mL/min, λ=210nm) RT: 17.62 min. 
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Chemical details of cholesterol_PEG200_Transferrin: HPLC-MS (ESI, elution condition 

6): RT: 13.50 min, calculated mass for C89H140O18N19S+ [M+2H]2+: 897.5; found: 898.2, 

C89H141O18N19S+ [M+3H]3+: 598.6; found: 599.3, chemical purity: 99%. HRMS (ESI): 

calculated mass for C89H139O18N19S+ [M+H]+: 1794.02662; found: 1794.02218.  

Chemical details of cholesterol_PEG200_glutathione: HPLC-MS (ESI, elution condition 

6): RT: 18.43 min, calculated mass for C55H91O15N6S+ [M+H]+: 1107.62; found: 1107.6, 

chemical purity: 98%. HRMS (ESI): calculated mass for C55H91O15N6S+ [M+H]+: 

1107.62576; found: 1107.62330. 

Ethanol HPLC grade and DMSO (Teknokroma Sant Cugat del Vallès, Spain) were 

purchased with high purity and used without further purifications. Formic acid is 

supplied by Merck, whereas isopropyl alcohol and methanol are LC-MS grade and 

supplied by Fisher Scientific S.L. like the acetonitrile, glacial acetic acid and ammonium 

acetate. 

Carbon dioxide (purity 99.9%) was supplied by Carburos Metálicos S.A. (Barcelona, 

Spain). All chemicals were used without further purification. The water employed was 

pre-treated with the Milli-Q Advantage A10 water purification system (Millipore 

Ibérica, Madrid, Spain).  

7.2. Preparation of nanovesicle-bioactive conjugates. 

Equipments and procedures. 
 

7.2.1. Preparation of nanovesicle-bioactive conjugation by DELOS-

SUSP 
 

7.2.1.1. Equipment 
 

The equipment used for the preparation of nanoconjugates is schematized in Figure 

7.5. The configuration includes a 7.5 mL reactor (R), whose temperature is controlled 

by an external heating jacket; a thermostated syringe pump (model 260D, ISCO Inc., 

Lincoln, US) (P) to introduce CO2 inside R through valve V1; a depressurization valve 

(V3), from which the expanded liquid solution is depressurized into the aqueous phase 

placed in a collector (C) located after V3. N2 can be introduced through V2 directly 
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from a pressurized reservoir. Two one-way valves are located before V1 and V2 to 

prevent contamination in the CO2 and N2 lines. There is also a pressure indicator (PI) 

and another one-way valve before the reactor. 

 

Figure 7.5: Equipment configuration of the 7.5 mL reactor. 

7.2.1.2. Procedure 
 

The DELOS-SUSP procedure (see Figure 1.4) involves as a first step the loading into a 

high-pressure autoclave of the membrane lipid components in solution.  

 

For the preparation of the nanoliposomes described in Tables 7.1, 7.2 and 7.5, 

belonging to Chapters 2, 3 and the Annex, the preparation starts with a 1.2 mL 

ethanolic suspension of 4 mg of cholesterol_PEG200_RGDether, 8 mg of cholesterol 

and 24 mg of DPPC. This suspension was then loaded in the reactor (R).  

 

The nanoliposomes described in Tables 7.3 and 7.4, belonging to Chapters 4 and 5, 

were prepared dissolving 4 mg of cholesterol_PEG200_RGD in DMSO (0.2 mL), 

whereas 8 mg of cholesterol and 24 mg of DPPC were dissolved in ethanol (1 mL). This 

1.2 mL ethanolic-DMSO solution was then introduced into the high-pressure reactor 

(R) at atmospheric pressure and working temperature (Tw = 308 K).  

 

Systems with MKC, described in Tables 7.3 and 7.4,  from Chapters 4 and 5 were 

prepared using 0.5 mL of a 1 mg mL-1 ethanolic solution of MKC (therefore, the mass 
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added corresponds to 0.5 mg), plus the 24 mg of DPPC and the 8 mg of cholesterol. 

This ethanolic solution was then slowly added to 0.2 mL of a DMSO solution containing 

the 4 mg of cholesterol_PEG200_RGD either ether or carbamate, to achieve a final 1.2 

mL of an ethanolic-DMSO solution, which was introduced in the reactor (R). 

 

Systems with DiD prepared by DELOS-SUSP (Chapter 5) involved the addition of the 

desired quantity of DiD (in order to have a final theoretical concentration of 50 nM)  in 

the ethanol with the 8 mg of cholesterol, 24 mg of DPPC and 0.5 mg of MKC. 

 

Once accomplished this first step of the DELOS-SUSP, the rest of the process (see 

Figure 1.4) was the same for all the samples described in Chapters 2, 3, 4, 5 and the 

Annex: the solution in the reactor was volumetrically expanded with compressed CO2 

until filling the entire reactor at a T of 308 K. The CO2 molar fraction (XCO2) in all 

experiments performed in this thesis was of 0.85, and is determined by the volume of 

the initial solution loaded in the Reactor (1.2 mL). All experiments were performed at a 

working pressure (Pw) of 10 MPa. The system was maintained at 308 K and 10 MPa 

during approximately 1 hour, to achieve a complete homogenization and the thermal 

equilibration. Afterwards the depressurization of the volumetric expanded organic 

phase was performed over 24 mL of Milli-Q water. In this step, a flow of N2 at the 

working pressure was used as a plunger to push down the CO2-expanded solution from 

the reactor and to keep a constant Pw inside the vessel during this step. Average time 

per experiment was around 2 hours and the nanoconjugates prepared were stored at 

277 K until characterization. 

 

However, in the case of samples prepared in the Annex, the depressurization Milli-Q 

water volume was reduced from 24 to 6 mL, in order to increase the gold 

nanoparticles concentration. 

7.2.1.3. Types of liposomes prepared 
 

In the following Tables are collected the main theoretical parameters of the liposomes 

prepared for each Chapter. 
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Table 7.1: Compositions and ratios used for the preparation of the liposomes of Chapter 2, by DELOS-

SUSP using CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. The theoretical molar 

ratio was always 10:6:1 of DPPC, cholesterol and cholesterol_PEG200_RGDether in liposomes-

RGD_ether, and 10:7 of DPPC and cholesterol in plain liposomes (without RGD). The solvent of the 

organic phase was ethanol in all cases. 

Liposomal systems  Theoretical composition 

of the initial solution of 

membrane components 

Aqueous 

phase 

Expected 

protein 

conc. (µg 

mL-1)   

Membrane 

components conc. 

(mg mL-1) in the 

final liposomal 

system 

Liposomes-RGD_ether 

[LP-RGDe] 

Chol (17 mM) +  

DPPC (27 mM) + 

Chol _RGDe (2.8 

mM) 

Water 0 1.4 

GLA liposomes-

RGD_ether total 

[GLA@LP-RGDe (T)] 

(20 µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

GLA (20 

µg mL-1) 

in water 

20 1.4 

GLA loaded liposomes-

RGD_ether [GLA@LP-

RGDe (L)] 

(20 µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

GLA (20 

µg mL-1) 

in water 

7 1.4 

GLA loaded liposomes-

RGD_ether adsorbed 

[GLA@LP-RGDe (A)] (20 

µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

Water 7 1.4 

GLA loaded liposomes-

RGD_ether [GLA@LP-

RGDe (L)] (8.5 µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

GLA (8.5 

µg mL-1) 

in water 

2 1.4 

GLA loaded liposomes-

RGD_ether [GLA@LP-

RGDe (L)] (42.5 µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol _RGDe (2.8 

mM) 

GLA 

(42.5 µg 

mL-1) in 

water 

11 1.4 

Plain liposomes [LP] Chol (19 mM) + 

DPPC (27 mM) 

Water 0 1.3 

GLA loaded plain 

liposomes [GLA@LP (L)] 

Chol (19 mM) + 

DPPC (27 mM) 

GLA (20 

µg mL-1) 

7 1.3 
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(20 µg mL-1) in water 

GLA loaded liposomes-

RGD_ether with DiD 

[GLA@LP-RGDe (L) + DiD] 

(20 µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_ RGDe (2.8 

mM) 

GLA (20 

µg mL-1) 

in water 

7 1.4 

GLA loaded plain 

liposomes [GLA@LP (L) + 

DiD] (20 µg mL-1) 

Chol (19 mM) + 

DPPC (27 mM) 

GLA (20 

µg mL-1) 

in water 

7 1.3 

Replagal loaded 

liposomes-RGD_ether 

[Replagal@LP-RGDe (L)] 

(20 µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

Replagal 

(20 µg 

mL-1) in 

water 

7 1.4 

Replagal loaded 

liposomes-RGD_ether 

concentrated x2 

[Replagal@LP-RGDe (x2)] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

Replagal 

(20 µg 

mL-1) in 

water 

14 2.8 

Replagal loaded 

liposomes-RGD_ether 

concentrated x3 

[Replagal@LP-RGDe (x3)] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

Replagal 

(20 µg 

mL-1) in 

water 

21 7.2 

Replagal loaded 

liposomes-RGD_ether 

concentrated x15 

[Replagal@LP-RGDe 

(x15)] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

Replagal 

(20 µg 

mL-1) in 

water 

105 17 

Replagal loaded 

liposomes-RGD_ether 

concentrated x20 

[Replagal@LP-RGDe 

(x20)] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol _RGDe (2.8 

mM) 

Replagal 

(20 µg 

mL-1) in 

water 

140 24 

Replagal loaded 

liposomes-RGD_ether 

concentrated x30 

[Replagal@LP-RGDe 

(x30)] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

Replagal 

(20 µg 

mL-1) in 

water 

210 36 

Replagal loaded 

liposomes-RGD_ether in 

PBS [Replagal@LP-RGDe 

Chol (17 mM) + 

DPPC (27 mM) +  

Chol_RGDe (2.8 

Replagal 

(20 µg 

mL-1) in 

7 1.4 
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(L) in PBS] (20 µg mL-1) mM) water 

Replagal loaded 

liposomes-RGD_ether in 

NaCl [Replagal@LP-RGDe 

(L) in NaCl] (20 µg mL-1) 

Chol (17 mM) 

DPPC (27 mM) 

Chol_RGDe (2.8 

mM) 

Replagal 

(20 µg 

mL-1) in 

NaCl 

0.9% 

7 1.4 

Dialyzed Replagal loaded 

liposomes-RGD_ether 

[dReplagal@LP-RGDe (L)] 

(20 µg mL-1) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

Dialysed 

Replagal 

(20 µg 

mL-1) in 

water 

7 1.4 

DTPA loaded liposomes-

RGD_ether (x30) 

[DTPA@LP-RGDe (x30)] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) 

DTPA (54 

mM) in 

water 

0 36 

Liposomes-pTf1_ether 

[LP-pTf1] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_pTf1 (2.7 mM) 

Water 0 1.6 

Liposomes-GSH_ether 

[LP-GSH] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_GSH (2.7 mM) 

Water 0 1.4 

Abbreviations: Chol is cholesterol; Chol_RGDe is Cholesterol_PEG200_RGDether; GLA is His-GLA, dReplagal 

is dialyzed Replagal; Chol_pTf1 is Cholesterol_PEG200_pTf1ether; Chol_GSH is 

Cholesterol_PEG200_GSHether. 

 

Table 7.2: Compositions and ratios used for the preparation of the liposomes of Chapter 3, by DELOS-

SUSP using CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. The theoretical molar 

ratio was always 10:6:1 of DPPC, cholesterol and cholesterol_PEG200_RGDether in liposomes-

RGD_ether.  

Liposomal systems  Theoretical composition of 

the initial solution of 

membrane components 

Membrane components conc. 

(mg mL-1) in the final liposomal 

system 

Liposomes-RGD_ether [LP-

RGDe] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) 

1.4 

Abbreviations: Chol is cholesterol; Chol_RGDe is Cholesterol_PEG200_RGDether. 
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Table 7.3: Compositions and ratios used for the preparation of the liposomes of Chapter 4, by DELOS-

SUSP using CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. The theoretical molar 

ratio was always 10:6:1 of DPPC, cholesterol and cholesterol_PEG200_RGD in liposomes-RGD_ether and 

liposomes-RGD_carbamate, and 10:7 of DPPC and cholesterol in plain liposomes (without RGD). The MKC 

molar ratio in samples with this surfactant was always 2.2% of the total formulation. The 

depressurization was performed over 24 mL of Milli-Q water in all cases. 

Liposomal systems  Theoretical composition 

of the initial solution of 

membrane components 

Organic phase Membrane 

components conc. 

(mg mL-1) in the final 

liposomal system 

Plain liposomes [LP] Chol (19 mM) + 

DPPC (27 mM) 

EtOH 1.3 

Liposomes-RGD_ether [LP-

RGDe] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) 

EtOH (83%) + 

DMSO (17%) 

1.4 

Liposomes-RGD_carbamate 
[LP-RGDc] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDc (2.8 mM) 

EtOH (83%) + 

DMSO (17%) 

1.4 

Plain liposomes with MKC 

[LPMK] 

Chol (19 mM) + 

DPPC (27 mM) + 

MKC (0.001 mM) 

EtOH 1.3 

Liposomes-RGD_ether with 

MKC [LPMK-RGDe] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) 

+ 

MKC (0.001 mM) 

EtOH (83%) + 

DMSO (17%) 

1.4 

Liposomes-RGD_carbamate 

with MKC [LPMK-RGDc] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDc (2.8 mM) 

+ 

MKC (0.001 mM) 

EtOH (83%) + 

DMSO (17%) 

1.4 

Abbreviations: EtOH is ethanol; Chol is cholesterol; Chol_RGDe is Cholesterol_PEG200_RGDether; 

Chol_RGDc is Cholesterol_PEG200_RGDcarbamate. 
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Table 7.4: Compositions and ratios used for the preparation of the liposomes of Chapter 5, by DELOS-

SUSP using CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. . The theoretical molar 

ratio was always 10:6:1 of DPPC, cholesterol and cholesterol_PEG200_RGD in liposomes-RGD_ether and 

in liposomes-RGD_carbamate, and 10:7 of DPPC and cholesterol in plain liposomes (without RGD). The 

MKC molar ratio was always 2.2% of the total formulation. The depressurization was performed over 24 

mL of Milli-Q water in all cases. 

Liposomal systems  Theoretical composition 

of the initial solution of 

membrane components 

Organic 

phase 

Membrane 

components conc. 

(mg mL-1) in the final 

liposomal system 

Plain liposomes with 

MKC [LPMK] 

Chol (19 mM) + 

DPPC (27 mM) + 

MKC (0.001 mM) 

EtOH 1.3 

Liposomes-RGD_ether 

with MKC [LPMK-RGDe] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) + 

MKC (0.001 mM) 

EtOH (83%) 

+ DMSO 

(17%) 

1.4 

Liposomes-
RGD_carbamate with 

MKC [LPMK-RGDc] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDc (2.8 

mM) + 

MKC (0.001 mM) 

EtOH (83%) 

+ DMSO 

(17%) 

1.4 

Plain liposomes with 

MKC and DiD [LPMK + 

DiD] 

Chol (19 mM) + 

DPPC (27 mM) + 

MKC (0.001 mM) + 

DiD (50 nM) 

EtOH 1.3 

Liposomes-RGD_ether 

with MKC and DiD 

[LPMK-RGDe + DiD] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 

mM) + 

MKC (0.001 mM) + 

DiD (50 nM) 

EtOH (83%) 

+ DMSO 

(17%) 

1.4 

Liposomes-

RGD_carbamate with 

MKC and DiD [LPMK-

RGDc + DiD] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDc (2.8 

mM) +  

MKC (0.001 mM) + 

DiD (50 nM) 

EtOH (83%) 

+ DMSO 

(17%) 

1.4 

Abbreviations: EtOH is ethanol; Chol is cholesterol; Chol_RGDe is Cholesterol_PEG200_RGDether; 

Chol_RGDc is Cholesterol_PEG200_RGDcarbamate. 
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Table 7.5: Compositions and ratios used for the preparation of the liposomes of the Annex, by DELOS-

SUSP using CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85. The theoretical molar 

ratio was always 10:6:1 of DPPC, cholesterol and cholesterol_PEG200_RGDether in liposomes-

RGD_ether, and 10:7 of DPPC and cholesterol in plain liposomes (without RGD). 

Liposomal systems  Theoretical composition 

of the initial solution of 

membrane components 

in ethanol 

Aqueous phase Membrane 

components conc. 

(mg mL-1) in the 

final liposomal 

system 

Gold functionalized 

liposomes-

RGD_ether 

[Au@LP-RGDe] 

(15 nm) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) 

Au-15 nm- 

citrate (0.33 

mM) in 24 mL 

of water 

1.4 

Gold functionalized 

liposomes-

RGD_ether 

[Au@LP-RGDe] (15 

nm) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) 

Au-15 nm-

citrate (1.17 

mM) in 6 mL of 

water 

5 

Gold functionalized 

liposomes-

RGD_ether 

[Au@LP-RGDe] (25 

nm) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) 

 

Au-25 nm-

citrate (1.17 

mM) in 6 mL of 

water 

5 

Gold functionalized 

liposomes-

RGD_ether 

[Au@LP-RGDe] (5 

nm) 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) 

Au-5 nm-citrate 

(1.17 mM) in 6 

mL of water 

5 

Gold functionalized 

plain liposomes 

[Au@LP] (5 nm) 

Chol (19 mM) + 

DPPC (27 mM)  

 

Au-5 nm-citrate 

(1.17 mM) in 6 

mL of water 

5 

Abbreviations: EtOH is ethanol; Chol is cholesterol; Chol_RGDe is Cholesterol_PEG200_RGDether. 
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7.2.2. Preparation of liposomes functionalized with gold nanoparticles 

by thin film hydration (TFH) 
 

7.2.2.1. Procedure 
 

For the preparation of liposomes functionalized with gold nanoparticles by TFH, we 

followed the procedure described in Rasch et al149. Gold dodecanethiol capped 

nanoparticles were supplied by Dr. Andreu Cabot group. 

Briefly, DOPC was dissolved in 1 mL of a suspension of the gold dodecanethiol capped 

nanoparticles in chloroform. Then, we evaporated the chloroform using a rotary 

evaporator to form the thin film. After that, the annealing step was performed 

according to Figure 7.6. One hour later, the thin film was hydrated with 1 mL of  water 

and sonicated to form the vesicles. Once finished, it was necessary to centrifuge for 

purification, at 2000 rpm for 10 min, and the supernatant was collected. The 

centrifugation process was repeated two times. After centrifugation, an extrusion step 

was performed 11 times (Figure 7.7) through a polycarbonate filter with a pore size of 

100 nm. A commercially available manual extruder (Avanti® Mini-Extruder, Avanti 

Polar Lipids, Alabaster, AL, USA), was used for that purpose. The obtained vesicles 

were stored at 277 K until characterization. 

 

Figure 7.6: Annealing step, extracted from Rasch et al149. 
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Figure 7.7: Extrusion setup 

7.2.2.2. Types of liposomes prepared 
 

In the following Table 7.6 are gathered the main theoretical parameters for the 

preparation of gold functionalized liposomes using thin film hydration (THF). 

Table 7.6: Compositions and ratios used for the preparation of the liposomes of the Annex, by THF and 

extrusion. The theoretical molar ratio was always 10:6:1 of DPPC, cholesterol and 

cholesterol_PEG200_RGDether in liposomes-RGD_ether. The gold nanoparticles were in chloroform in all 

cases, where the membrane components were also dissolved. After the evaporation, the thin film was 

hydrated with 1 mL of water 

Liposomal systems  Theoretical composition 

of the initial solution of 

membrane components in 

CHCl3 

Membrane components 

conc. (mg mL-1) in the final 

liposomal system 

DOPC liposomes 

[DOPC] 

DOPC (30 mM) 23 

Gold functionalized 

DOPC liposomes 

[Au@DOPC] 

DOPC (30 mM) + 

Au-2 nm-dodecanethiol 

(3 mg mL-1) 

23 

Gold functionalized 

liposomes-RGD_ether 

[Au@LP-RGDe] 

Chol (17 mM) + 

DPPC (27 mM) + 

Chol_RGDe (2.8 mM) + 

Au-2 nm-dodecanethiol  

(3 mg mL-1) 

36 

Abbreviations: EtOH is ethanol; CHCl3 is chloroform, Chol is cholesterol; Chol_RGDe is 

Cholesterol_PEG200_RGDether; LP is plain liposomes; LP-RGDe is liposomes-RGD_ether. 
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7.3. Physicochemical characterization of the nanovesicle-

bioactive conjugates. Instruments, techniques and 

procedures 
 

7.3.1. Determination of size, polydispersity index and Z potential 
 

The size, the polydispersity index (PdI) and the Z-potentials of all the vesicular systems 

produced were measured using a dynamic light scattering analyzer combined with 

non-invasive backscatter technology (NIBS) (Malvern Zetasizer Nanoseries, Malvern 

Instruments, U.K). Samples were analyzed without any previous modification or 

dilution (except when is indicated otherwise). All reported values were the average 

result of 3 consecutive measurements on the same sample. Size and polydispersity 

index were measured putting 1 mL of sample in the DLS equipment cell. Z-potentials 

were measured putting 1 mL of sample in the specific cell for measuring Z-potential.   

 

7.3.2. Determination of pH 
 

The determination of pH was measured with the equipment HANNA Instruments 

HI5221-02, which is calibrated once a week using the buffers 4.0, 7.0 and 10.0, and is 

verified with the 4.0 buffer before performing the measurements. The samples from 

the fridge are left 30 minutes before are measured to reach room temperature. Each 

sample is measured three times, cleaning the electrode between measurements. No 

stirring is used in order to not disturb the samples. 

 

7.3.3. Quantification of membrane components (cholesterol, DPPC 

and cholesterol_PEG200_RGD) 
 

7.3.3.1. Preliminary studies 
 

Preliminary studies were done on an Alliance HPLC (Waters, Spain). Detection was 

performed with UV detector. For separation several columns were tested, gathered in 
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Table 7.1. All the solvents employed were HPLC grade, or Milli-Q water. The standard 

solutions tested were in ethanol and the concentrations were 32 ppm of cholesterol, 

95 ppm of DPPC and 16 ppm of cholesterol_PEG200_RGDether, which are the 

theoretical concentrations present in the liposomal formulations divided by a factor of 

10. 

 

Table 7.1: Columns used for the development of a HPLC-UV methodology for the analysis of membrane 

components of liposomes-RGD_ether 

Column Supplier Phase Inner diameter x 

length 

Particle size 

ALLTIMA Hichrom limited C18 4.6x150 mm 3 µm 

SunFire   Waters C18 4.6x75 mm 3.5 µm 

Simmetry300 Waters C4 4.6x250 mm 5 µm 

XTerra Waters C8 2.1x50mm 3.5µm 

SimmetryShield Waters C8 2.1x150 mm 3.5 µm 

 

7.3.3.2. Optimization and validation of HPLC-ELSD methodology 
 

All analyses were done on a HPLC 1100 series (Agilent Technologies, Spain SL.). 

Detection was performed with a low evaporative light scattering detector, 1260 infinity 

ELSD (Agilent Technologies, Spain SL.). For separation of cholesterol_PEG200_RGD, 

cholesterol and DPPC a Teknokroma Symmetry C18 column, 5 µm, 4.6x150 mm (Waters 

S.A.S.) was used following the elution gradient analysis displayed in Table 7.2. Mobile 

phase A consisted in methanol/water (95:5) and mobile phase B in 0.1% of formic acid 

in isopropanol. The injection volume is 20 µL. Column temperature was fixed at 25 ºC, 

while the nebulization temperature is 40 ºC and the evaporation temperature 80 ºC. 

Detection was performed with a gain of 2.  
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Table 7.2: Gradient elution mode for quantitative analysis of cholesterol_PEG200_RGD, cholesterol and 

DPPC. 

Time (minutes) 
Mobile phase A 

(%) 

Mobile phase B 

(%) 

Flow rate 

(mL/min.) 

0 97 3 1 

3.0 97 3 1 

4.0 88 12 2 

16.0 88 12 2 

16.5 95 5 2 

19.0 97 3 2 

19.5 97 3 1 

 

Standard solutions of cholesterol (25 to 125 ppm), DPPC (35 to 350 ppm), and 

cholesterol_PEG200_RGD (5 to 50 ppm) were prepared in methanol. Solutions were 

injected into the HPLC system preceding each measurement with the objective of 

establishing the calibration curves and as a reference check. It is important to verify 

that each component does not interfere in the quantification of the others. 

The calibration curve of each compound is established by plotting the logarithm values 

of peak area against the logarithm values of analyte concentrations. Correlation (r2) is 

determined for all curves by regression analysis. 

The quantification and the validation were performed with real samples. The samples 

are lyophilized without any cryo/lyo-protectant. The freeze-drying of the samples has 

been done with the freeze-dryer LyoQuest, Telstar. 1 mL of the sample is freeze-dried 

during 4 days at -80 °C and 0.03 mbars of pressure. Once performed the freeze-drying, 

the samples are subsequently diluted in the solvent (methanol). All the samples were 

filtered with Millex-LG syringe filter (hydrophilic PTFE 0.2 µm) (Merk Millipore) before 

their injection in HPLC-ELSD. 
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The validation of the analytical method was determined analyzing the linearity, the 

precision, the stock dilution test, the samples dilution test, the accuracy test, the LOQ 

and LOD. 

Here are presented the Tables of the calibration curves displayed in Chapter 3 (Figures 

3.9, 3.10 and 3.11). 

Table 7.3.: Calibration curve for cholesterol_PEG200_RGD in standard solutions of the three components 

(Figure 3.9) 

Theoretical 

concentration (ppm) 

Experimental 

concentration 

(ppm) 

log concentration Peak area log area 

5 5.0 0.70 5 0.70 

10 10.0 1.00 17 1.23 

20 19.9 1.30 64.7 1.81 

35 34.9 1.54 175.9 2.25 

40 49.8 1.70 334.3 2.52 

100 99.6 2.00 874.9 2.94 

 

Table 7.4.: Calibration curve for cholesterol in standard solutions of the three components (Figure 3.10) 

Theoretical 

concentration 

(ppm) 

Experimental 

concentration (ppm) 
log concentration Peak area log area 

12.5 12.4 1.09 17.5 1.24 

25 24.8 1.40 53.8 1.73 

50 49.7 1.70 182.3 2.26 

87.5 86.9 1.94 542.9 2.73 

125 124.2 2.09 1023.9 3.01 

250 248.4 2.40 3389.8 3.53 
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Table 7.5.: Calibration curve of DPPC in standard solutions of the three components (Figure 3.11) 

Theoretical 

concentration (ppm) 

Experimental 

concentration 

(ppm) 

log  

concentration 

Peak area log area 

35 35.6 1.55 59.9 1.78 

70 71.3 1.85 194.1 2.29 

140 142.5 2.15 708.4 2.85 

245 249.4 2.40 2052.8 3.31 

350 356.3 2.,55 3893.6 3.59 

700 712.6 2.85 11738 4.07 

 

 

7.3.4. Morphological analysis 
 

The morphology of the vesicles was studied using cryogenic transmission electron 

microscopy (Cryo-TEM), in the Servei de Microscòpia Universitat Autònoma (UAB). The 

images were obtained with a JEOL JEM-2011 microscopy (JEOL LTD, Tokio, Japan) 

operating at 120 kV. The preparation of the frozen samples was performed in a 

vitrification system with controlled environment (CEVS) Leica, model EM-CPC (Leica 

Microsystems, Germany). A 4 μl drop of sample was placed in a cupper grid coated 

with a perforated polymer film. The sample excess was removed by blotting with filter 

paper to obtain a thin film. Right after this, the grid was plunged into liquid ethane 

held at a temperature just above its freezing point (94 K). The vitrified sample was 

transferred to the microscope for analysis. To prevent sample perturbation and the 

formation of crystals, the specimens were kept cool (77 K) during the transfer and the 

viewing procedure.  

 

Samples of Chapter 5 were examined at Prof. Dganit Danino group in Technion (Israel 

Institute of Technology, Israel). The samples were stored at 277 K until their 
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vitrification in perforated Ted Pella grids, using a controlled specimen preparation 

chamber for this process. The examination of the samples was performed in a T12 G2 

Tecnai (FEI) at cryogenic temperatures, always below 103 K. Images were recorded 

with a Gatan UltraScan 2kx2k CCD camera at low dose operation150.  

 

7.3.5. Lamellarity determination 
 

Vesicle structure was probed by synchrotron Small Angle X-ray scattering (SWAXS) 

patterns measured in the Austrian SAXS beamline at Elettra synchrotron in Trieste 

(Italy), for the samples in Chapter 2. These samples were exposed to polarized 

monochromatic X-rays of wavelength =1.54 18 Å (8.05 keV) for 30 s. SAXS patterns 

were recorded using a Pilatus detector at a sample to detector distance of 1.0 m 

allowing for an observable q-range (nm-1) from 0.1 to 6.6, where q is the scattering 

vector magnitude, q=(4π sin) (2 is the scattering angle). Experimental parameters, 

e.g. beam center, sample-to-detector distance, detector tilt plane and rotation, were 

calibrated with a Fit2D1 analysis of silver behenate. The given scattering plots 

corresponds to an averaged over 4 identical sequences after verifying precise 

reproducibility. A background correction was accomplished by subtracting the 

integrated images of buffer in the solution cell, measured under the same conditions 

before and after the sample, from that of the sample151. 

 

Chapter 5 samples were measured on an optimized NanoStar SAXS instrument from 

Bruker AXS set up at Aarhus University152 and equipped with a liquid Ga metal jet-X-ray 

source (Excillum) and scatterless slits153. 1.5 mg mL-1 of each sample of liposomes in 

water were measured, the matching backgrounds subtracted and water was used for 

absolute scale calibration. Plain liposomes were fitted with the classical liposome 

model with no GLA enzyme component and without a polymer contribution. 

Liposomes-RGD both ether and carbamate were fitted with the liposome model 

including a polymer contribution to properly fit the raised minima in these data due to 

the polymer scattering from the exterior PEG-RGD chains coating the liposomes154,155. 
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7.4. Determination of the degree of loading/functionalization 

of vesicles 
 

7.4.1. Separation and concentration using a diafiltration equipment 
 

We have separated the non-incorporated active using the KrossFlo® Research IIi TFF 

System (KR2i) (Figure 7.8). The diafiltration process can separate the non-encapsulated 

biomolecule, concentrate the sample and change the dispersant medium if desired. 

The columns were selected according to the size of the active, in the case of this thesis 

the separation of free GLA (100 kDa) was accomplished with a 300 kDa cutoff. The 

column retains the loaded vesicles diafiltrating the free enzyme through the 

membrane pores.  

 

Figure 7.8: Configuration of the KrossFlo® Research IIi TFF System (KR2i) 

In order to perform the diafiltration, a volume is added to the sample container, which 

is connected to the column and the buffer reservoir. Once the parameters have been 

set, the system can function automatically. Based on the experience, 6 cycles should 

be performed in order to eliminate the free biomolecules and the ethanol that is 

present in the sample. For instance, if the initial sample volume is 4 mL the process is 

considered finished when the diafiltrated water volume is 24 mL. The same initial 
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sample volume with the loaded vesicles and free of ethanol is collected from the 

sample reservoir. The process takes about 30 min. 

To concentrate the sample, the connection with the buffer reservoir is closed in order 

to extract the dispersant medium through the diafiltration column while the liposomes 

remain in the circuit. One batch of 24 mL is enough to concentrate x2 and x3. The mix 

of different batches is needed to perform the concentration x15 (3-4 batches), x20 (4 

batches) and x30 (6 batches).  

7.4.2. Quantification of GLA in liposomes 
 

The quantification of GLA was performed in Instituto de Biotecnología y Biomedicina 

(IBB-UAB) by Dr. Pepe Corchero. After the separation of non-encapsulated GLA from 

the loaded system, the amount of GLA in the different fractions was quantified. To 

estimate the incorporation of GLA into SUVs, samples from initial GLA in water, total 

sample (directly from the reactor) and loaded liposomes (after diafiltration process), 

were mixed with denaturing, loading buffer and analyzed by SDS-PAGE and further 

Western-blot developed with a rabbit polyclonal anti-GLA serum (Santa Cruz 

Biotechnology, a-gal A H-104: sc-25823) and a goat anti-rabbit IgG HRP-conjugate (Bio-

Rad Laboratories, Inc., cat.# 170-6515) as secondary antibody. Amounts of GLA within 

each of the above-mentioned samples were estimated by comparison with known 

amounts (usually ranging from 25 to 125 ng) of GLA previously produced, purified, and 

quantified in IBB laboratories. Samples to be quantitatively compared were run in the 

same gel and processed as a set. Densitometric analyses of the bands were performed 

with the Quantity One software (Bio-Rad Laboratories, Inc). The errors are the 

standard deviation (SD) of three replicates. Percentage of encapsulated α-

galactosidase was obtained by dividing the amounts of enzyme found in the loaded 

vesicles by the amount found in the total sample. 
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7.5. Synthesis and characterization of bioactive compounds 
 

7.5.1. Production of GLA-HIS enzyme 
 

The production of the protein was performed by the group of Dr. Antonio Villaverde in 

the IBB-UAB with the valuable collaboration of Dr. José Luis Corchero. The suspension-

adapted cell line HEK (human embryonic kidney) FreeStyleTM 293-F (Gibco, Invitrogen 

Corporation) was used to produce a recombinant human GLA by means of 

polyethylenimine (PEI)-mediated transient gene expression. Details of GLA production 

and purification have been described elsewhere156. Briefly, human GLA monomer was 

produced with a hexahistidine tag (GLA-HIS) fused to its C-terminus, allowing enzyme 

purification directly from the clarified supernatant, in a single affinity chromatography 

step, to a high degree of purity (>95% according to SDS-PAGE and Coomasie staining). 

7.5.2. Dialysis of Replagal 
 

The dialysis of Replagal was performed in the CIBBIM (Hospital Universitari Vall 

d’Hebron), group of Dr. Ibane Abasolo. Replagal was dialyzed against an acetic buffer 

in order to eliminate the excipients (namely sodium phosphate monobasic, 

monohydrate, polysorbate 20, sodium chloride and water). The process takes between 

16-24 h at 4 ºC with two changes of buffer. The buffer is in a proportion of 1:500 with 

respect to the volume of Replagal. Enzymatic activity was tested after the dialysation 

step according to procedure described in Experimental Section 7.8.1. 

7.6. Labelling of nanovesicles with DiD dye 
 

For the labelling of nanovesicles with DiD dye performed in Chapter 2, the first step is 

the preparation of a stock dilution of DiD dye in ethanol (1 mM). Then, a volume of 

stock solution was incubated with 500 µL of liposomes during 2 hours at 298 K, in 

order to have the desired final concentration. After the labelling, non-integrated DiD is 

separated from the loaded vesicles by size-exclusion chromatography using PD Spin 

Trap G-25. Prior to use, columns must be equilibrated to remove storage buffer, by 
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adding 400 μL of PBS and centrifuging 1 min to 1000 rpm. The resultant fraction was 

discarded, and the collection tube replaced. This procedure is done twice and after 

that, sample is added (100-180 μL) slowly in the middle of the packed bed and 

centrifuged 5 min at 1000 rpm. DiD-loaded samples are recovered in the collector 

tube. This was the procedure employed in Chapter 2.  

 

As explained in section 7.2.1.2, for the preparation of DiD labelled samples of Chapter 

5, DiD was incorporated in the ethanolic solution along with the membrane 

components (cholesterol, DPPC, cholesterol_PEG200_RGD and MKC) to the DELOS-

SUSP reactor, then pressurized with compressed CO2 and depressurized over water. 

 

7.7. Cellular uptake assays 
 

7.7.1. Protocol under clean conditions for the preparation of 

liposomal samples tested in cell and in vivo assays. 
 

Despite the properties of DELOS-SUSP method to allow sterile operation conditions, a 

protocol to prepare liposomal samples to be tested in cell and in vivo assays was 

established. This protocol is explained in detail below and it was strictly followed in 

order to avoid contamination: 

 The working lab should be clean and organized before starting the experiment 

 All the lab material (micropipettes tips, eppendorf tubes, depressurization 

container, glass container to keep the sample, test tube, etc.) should be 

autoclaved 

 Once the sterilization process has finished the clean material should be covered 

in aluminum paper until used. It is highly recommended to perform the 

autoclave process the day before the experiment 

 The reactor should be cleaned three times with the proper organic solvent and 

CO2 at 10 MPa and 308 K before starting the experiment 

 The fume hood should be clean and the air extractor in on position (ideally the 

fume hood should have a laminar flux) 
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 The compounds to be processed should be weighted in a clean analytical 

balance where no other compounds considered possible contaminants are 

weighted. 

 

7.7.2. Cell culture experiments 
 

7.7.2.1. Cellular uptake of liposomes assessed by laser scanning 

confocal microscopy 
 

Laser scanning confocal microscopy was performed by Dr. Pilar Rivera and Ruixue Xu, 

Universitat Pompeu Fabra (UPF, Barcelona). HMEC-1 cells were seeded onto 

Fluorodish culture plates (World Precision Instruments, Sarasota, FL) at a density of 2 × 

105 cells per plate and allowed to grow for 36–48 h. 50 μL of DiD-labeled liposomes or 

DiD-labeled liposome-RGD conjugates (1.5 mg mL-1) were mixed with 200 μL MCDB 

131 medium, added into the cells and incubated for 180 min at 37 °C in a humidified 

atmosphere with 5% CO2. Subsequently, cells were washed with serum-free MCDB 131 

and incubated at 37 °C for 5 min with Lysotracker Green DND-26 (50 nM, Molecular 

probes, Eugene, Oregon) to label the endosomal/lysosomal compartments. The nuclei 

in live cells were stained with Hoechst 33342 dye (Sigma). Cells were examined under 

an inverted Leica SP5 laser scanning confocal spectral microscope (Leica Microsystems 

Heidelberg GmbH, Mannheim, Germany) using a 60 × 1.42 NA oil immersion objective. 

To visualize two colors of fluorescence simultaneously, we used the 514 nm line from 

Argon laser for Lysotracker Green and the 630 nm line from a He–Ne laser for DiD. 

7.7.2.2. Flow cytometry experiment 
 

Flow cytometry experiments were performed at CIBBIM (Hospital Universitari Vall 

d’Hebron), under the supervision of Dr. Ibane Abasolo. For this, HMEC-1 cells were 

detached using trypsin and incubated with DiD-labeled liposomes (0.3 mg mL-1) 

resuspended into MCDB 131 media supplemented with 10 mM L-glutamine for 30 and 

180 min at 16 °C or 37 °C. Since no significant toxicity was observed after this short-

term incubation, cells were washed twice with Dulbecco’s phosphate buffered saline 
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(DPBS) solution and resuspended in cell culturing medium before subjecting to 

fluorescence-activated cell sorting analysis. Data acquisition and analysis was 

performed using FACScan (Beckton-Dickinson) and BD FACSDiva software. At least 104 

viable cells were evaluated in each experiment. 

7.8. Biological activity of GLA 
 

The determination of biological activity in GLA conjugates was performed in CIBBIM 

(Hospital Universitari Vall d’Hebron) under the supervision of Dr. Ibane Abasolo. 

7.8.1. Specific enzymatic activity 
 

GLA enzymatic activity was assayed fluorometrically, as described by Desnick et al.157, 

with the modifications of Mayes et al.158 Basically, it was performed by using 4-

methylumbelliferyl-d-galactoside (4- MUG, Sigma Chemical) as substrate, at a 

concentration of 2.46 mM in a buffer (0.01 M acetic acid, pH 4.5). A typical assay 

reaction mixture contains 100 μL of substrate and 25 μL of the sample. Enzymatic 

reactions took place in agitation (tubes placed in a rotator, set at a rotation speed of 

25 rpm), at 37 ºC for 1 h, and were stopped with 1.25 mL of 0.2 M glycine-NaOH buffer 

(pH 10.4). The released product (4- methylumbelliferone or 4-MU) was determined by 

fluorescence measurement at 365 and 450 nm as excitation and emission 

wavelengths, respectively. Samples of commercial product 4-MU (from Sigma 

Chemical) ranging from 5 to 500 ng/mL in 0.2 M glycine-NaOH buffer, pH 10.4, were 

used to obtain a calibration curve in order to transform fluorescence readings into 

product 4-MU concentration. Enzymatic activity and specific activities are expressed as 

“ng 4-MU/mL/h” and “_mol 4-MU/mg GLA/h”, respectively. The error is the standard 

error of the mean (SEM) of the three replicates. 

7.8.2. In vitro enzymatic efficacy 
 

Primary cultures of mouse aortic endothelial cells (MAEC) of GLA deficient KO mice 

(GlatmKul1) were isolated following procedures previously described159. Endothelial 

origin of isolated cells was confirmed by CD105 staining. For activity assays, cells in 

passages 2 to 5 were seeded in 24 well plates and maintained at 37 ºC and 5% of CO2. 
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Twenty-four hours after seeding 8 μM of NBD-Gb3 (Matreya) was added to the 

cultures along with the specified concentrations of tested compounds (free enzyme, 

enzyme-vesicle conjugates or empty vesicles). After 48 h incubation, cells were 

trypsinized and Gb3-NBD fluorescent signal was analyzed by flow cytometry 

(FacsCalibur, Beckton Dickinson). To calculate the percentage of Gb3-NBD signal, 

fluorescent signal in control cells (without treatment) was established as 100% and the 

rest of the values were normalized accordingly. Since alpha-galactosidase activity 

reduces those Gb3 deposits, the percentage of Gb3 loss (% Gb3 loss = 100 - % Gb3-

NBD signal) was used to plot the results. 

7.9. In vivo experiments 
 

Dr. Ibane Abasolo’s team of CIBBIM (Hospital Universitari Vall d’Hebron) with the 

valuable support of Natalia García performed in vivo experiments. 

7.9.1. Pharmacokinetics 
 

A preliminary pharmacokinetic study was developed by means of evaluating the 

presence of enzymatic activity in plasma of Replagal® and Replagal loaded systems at 

three time points: 1, 5, and 60 min. For this, a mouse model of Fabry disease, which is 

GLA KO mice (GlatmKul), was employed, using three animals per time point. The Replagal 

and Replagal loaded systems were administered as a single dose intravenously. The 

animals were euthanized in each time point (1, 5 and 60 min) and the enzymatic 

activity in plasma was measured, as explained in 7.8.1.  

7.9.2. Toxicity 
 

Preliminary toxicity assays were performed with the administration of the maximum 

feasible dose (MFD) which in this case was of 300 mg kg-1 in lipid content, equivalent 

to 1.5 mg kg-1 of Replagal. This MFD was the Replagal@LP-RGDe (x30) in Milli-Q water, 

without any dilution. Fabry mice were monitored for 21 days post-administration and 

then euthanized in order to do gross necropsy. 

7.9.3. Efficacy 
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In the experiment, 40 Fabry mice were injected with five different samples: the vehicle 

which is PBS, free Replagal at 3 mg kg-1 and 1.5 mg kg-1, Replagal@LP-RGDe (x30) at 1.5 

mg kg-1 and 0.5 mg kg-1 (8 animals for each sample). In the study were also included 10 

wild type mice, which are healthy mice without Fabry disease. Three weeks after 

administration, they were euthanized, and the RT-PCR was performed.



 

 

Annex: 

Functionalization of liposomes with 

different gold nanoparticles 

 
A.1. Introduction 
 

Vesicles are attractive carriers for dispersing metallic nanoparticles, since they have 

lipid membranes that can host hydrophobic species, and aqueous cavities for 

incorporating hydrophilic material149. In addition, nanoparticles can be physically or 

chemically adsorbed onto the liposome surface160. These hybrid therapeutic systems 

combining both organic and inorganic materials not only possess properties of each 

type of carrier individually but also offer complementary advantages161. For example, 

liposomes are biocompatible and allow drug loading while inorganic materials have 

optical, electrical, magnetic and catalytic properties. Thus, liposomes avoid the 

metallic nanoparticles toxicity and side effects, making their hybrids excellent 

candidates for drug delivery, imaging, and biosensor development162,163. The 

incorporation of inorganic nanoparticles in liposomes can enable the remote release of 

the cargo using external stimuli like magnetic fields, laser irradiation or 

electromagnetic radiation160,164. 

The interactions between the liposomes and the metallic nanoparticles depend on the 

composition, size, and surface chemistry of both liposomes and inorganic surfaces163. 

For instance, electrostatic, Van der Waals and/or a combination of both of them165.  
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Among all the types of metallic nanoparticles, gold nanoparticles are very important in 

nanotechnology given their color, high stability, tunable surface chemistry and low 

toxicity163.The study of vesicle-nanoparticle hybrids could help in the determination of 

the fate of nanomaterials inside the cells and organisms166. 

During Dr. Lidia Ferrer-Tasies thesis, she achieved the incorporation of silicon 

nanocrystals in vesicular systems called quatsomes167 using sonication, but this 

incorporation was not possible in liposomal formulations since they sedimented after 

three days168. As part of this thesis, the functionalization with gold nanoparticles was 

tried in order to use these systems for cryotomography in the water window using an 

X-ray microscope at beamline Mistral (ALBA synchrotron).  

The aim of this emerging technique, with a resolution between confocal and electron 

microscopies, is to locate subcellular structures at the time of key cellular events. An 

interesting property of these soft X-rays is the water window spectral range, between 

the inner-shell absorption edges of carbon (284 eV) and oxygen (543 eV). In this water 

window, water (oxygen) is relatively transparent in the X-ray range while protein 

(carbon) absorb much more. Therefore, organic cell structures can be visualized with 

good absorption contrast. Soft X-ray cryo tomography (cryo-SXT) is the only imaging 

technique that allows the 3D study of vitrified whole cell-samples avoiding 

modifications like chemical treatment or sectioning, since only requires the vitrification 

of the water via a cryo-fixation process169,170,171. 

Cryo-SXT has been successfully employed for the visualization of vaccinia virus and 

their inner compartments172, and also of cells infected with these vaccinia virus173. Of 

particular interest is the study of the cellular ultrastructural alterations induced by 

Hepatitis C virus infection. Cryo-SXT enabled the observation of modifications in the 

cell organelles, mainly the endoplasmatic reticulum and the mitochondria. 

Interestingly, the administration of antivirals achieved the complete reversion of these 

ultrastructural changes171. 

We were granted with beam time in ALBA synchrotron with the first objective being to 

locate the liposomes-RGD inside HeLa/HMEC cells. In order to distinguish our 

liposomes from other vesicles naturally produced by the cell, we needed to mark them 
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with metallic nanoparticles that give a strong contrast, for example, gold. Synchrotron 

data is not presented in this thesis, since its treatment is still on going, but the great 

effort to obtain gold functionalized liposomes is described in this Annex.  

A.2. Preparation of Au-nanoliposomes  
 

The goal was to functionalize with gold nanoparticles plain liposomes and liposomes-

RGD_ether for cryo-SXT studies. 

All the different types of gold nanoparticles (AuNPs) were provided by Dr. Andreu 

Cabot group in Catalonia Institute for Energy Research (IREC). 

We were aware of the works of Rasch et al. with dodecanethiol capped gold 

nanoparticles and dioleoylphosphatidylcholine (DOPC) liposomes using chloroform-

enhanced thin film hydration149. As a starting point, we began trying to apply their 

methodology to the liposomes-RGD_ether. Since it was not possible to adapt the 

procedure to DELOS-SUSP (chloroform is not miscible in the depressurization water), 

we decided to try thin film hydration (TFH). Therefore, we dissolved DPPC, cholesterol 

and cholesterol_PEG200_RGDether in the chloroform containing the AuNPs and 

proceeded following the procedure described in detail in Experimental Section 7.2.2. 

When observed by cryo-TEM it resulted a heterogeneous sample with vesicles but also 

stick-like structures (Figure A.1a). It seemed that the AuNPs incorporated preferably in 

the stick structures. As a control we prepared the vesicles with the same composition 

that is reported in Rasch et al., 2012149, DOPC at 30 mM. DOPC liposomes were also 

formed without AuNPs. The composition of the three systems are gathered in Table 

A.1.  
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Table A.1: Compositions and ratios used for the preparation of AuNPs functionalized liposomes by TFH 

using annealing with chloroform. 

Liposomal systems 

[number of batches] 

Theoretical composition 

of the initial solution of 

membrane components in 

CHCl3 

Membrane 

components conc. 

(mg mL-1) in the 

final liposomal 

system 

Au liposomes-

RGD_ether [1] 

(Au@LP-RGDe) 

Cholesterol (17 mM) + 

DPPC (27 mM) +  

Chol-PEG
200

-RGD (2.8 mM) + 

AuNPs (3 mg mL-1) 

36 

Au liposomes DOPC [7] 

(Au@DOPC) 

DOPC (30 mM) + AuNPs (3 

mg mL-1) 
24 

Liposomes DOPC [1] DOPC (30 mM) 22 

 

The size, polydispersity index and Z-potential are given in Table A.2. In comparison 

with Au liposomes-RGD_ether which were more polydisperse, the liposomes with 

DOPC showed a size around 110 nm and a PdI lower than 0.1. By cryo-TEM we 

observed very homogenous samples with multivesicular systems probably formed by 

the extrusion step in the procedure (Figure A.1b and c). Au plain liposomes of DOPC 

showed incorporation of AuNPs (Figure A.1b). 

Table A.2: Physicochemical characteristics of the systems prepared by TFH. 

Liposomal systems 
Size 

Z potential (mV) 
Meana (nm) PdIb 

Au@LP-RGDe 144±2 0.259±0.004 10.7±0.9 

Au@DOPC 109.40±0.05 0.09±0.01 30±2 

Liposomes DOPC 104.4±0.2 0.08±0.01 -6.6±0.5 
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Figure A.1: Cryo-TEM pictures showing the morphology of the nanoconjugates: a) Au@LP-RGDe b) 

Au@DOPC, c) liposomes DOPC. Scale bars are 200 nm, except in b that is 100 nm. White arrows mark the 

presence of AuNPs. 

 

We performed other trials with TFH e.g. substituting the DOPC for DPPC and adding 

cholesterol to prepare plain liposomes without RGD. However, in these cases extrusion 

was not possible since the liposomal formulation was too viscous.  

In order to take advantage of the DELOS-SUSP technology and maintain the liposome’s 

composition used in other Chapters of this thesis, another approach was tried. Instead 

of using hydrophobic gold nanoparticles like the ones capped with dodecanethiol, we 

changed to hydrophilic nanoparticles with citrate as ligand. The organic phase was 

composed of cholesterol (17 mM), cholesterol_PEG200_RGDether (2.8 mM) and DPPC 

(27 mM), while the AuNPs were dispersed in the water of depressurization. In order to 

increase the 15 nm-AuNPs concentration (from 0.33 nM up to 1.17 nM) the volume of 

Milli-Q water was reduced from 24 mL to 6 mL, obtaining a final lipid concentration of 

5 mg mL-1. After the DELOS-SUSP process, diafiltration and centrifugation (following 

the conditions reported in Rasch et al., 2012149) were tried to separate the non-

incorporated AuNPs. Comparison between the two methodologies is shown in Table 

A.3 and Figure A.2.  
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Table A.3: Physicochemical characteristics of the liposomes-RGD_ether fractions: total samples 

(obtained from the reactor), loaded samples after diafiltration process to separate free AuNPs and 

loaded samples after centrifugation. 

Liposomes-RGD_ether 

systems 

Size 
Z potential (mV) 

Meana (nm) PdIb 

Total 246±2 0.548±0.005 4.7±0.5 

Loaded (diafiltration) 199.3±0.3 0.39±0.01 14±1 

Loaded (centrifugation) 158±1 0.21±0.01 -6.2±0.8 

 

Systems obtained from the reactor (total) have a high polydispersity index, more than 

0.5, which makes the size measure not reliable. Moreover, upon time a little sediment 

of AuNPs was observed in the vial. On the other hand, diafiltration improves the 

samples slightly reducing the polydispersity index to around 0.4, and the 

hydrodynamic size decreases. In addition, Z-potential increases pointing to a more 

stable system. Nevertheless, they seem more homogenous when systems are 

centrifuged since the size is around 160 nm and the polydispersity index is 0.2. Besides, 

Z-potential changes from positive to negative values. Considering the absolute value of 

the Z-potential, the centrifuged samples seemed less stable than the diafiltrated. 

However, both centrifuged and diafiltrated Au liposomes-RGD_ether presented no 

sediment of AuNPs upon time. 

The observation by cryo-TEM corroborates the DLS measurements. Total samples are 

heterogeneous in sizes and morphologies having tubular structures. Diafiltrated 

systems have also diversity of size and morphology with big and not spherical vesicles.  
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Figure A.2: Cryo-TEM pictures showing the morphology of the nanoconjugates: a) Total liposomes-

RGD_ether, b) loaded liposomes-RGD_ether by diafiltration, c) loaded liposomes-RGD_ether by 

centrifugation. Scale bars are 200 nm, except in a) that is 1 µm. White arrows mark the presence of AuNPs. 

 

Given the results, centrifugation was selected as the best method to eliminate the free 

AuNPs. Then, different sizes of nanoparticles were evaluated (25, 15 and 5 nm) for the 

preparation of liposomes-RGD_ether. Although the vesicle size is very similar for all the 

liposomes-RGD_ether, around 140 nm, the PdI decreases with the size of the AuNPs 

and the Z-potential also changes from positive values (for the 25 nm-AuNPs) to 

negative values in the other cases. 

 

Table A.4: Physicochemical characteristics of the liposomes-RGD_ether with different AuNPs size 

prepared by DELOS-SUSP using CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85.  

AuNPs size 

Size Au@LP-RGDe Au@LP-RGDe  

Z potential (mV) Meana (nm) PdIb 

25 nm 135.6±0.8 0.12±0.03 9±1 

15 nm 143±1 0.095±0.007 -5.3±0.1 

5 nm 138±1 0.08±0.01 -8±2 

 

By cryo-TEM, we observed that the AuNPs are incorporated in the outer or inner 

surface of the membrane probably adsorbed. It seems that reducing the size of the 

AuNPs, the particles tend to increase their incorporation in the liposomes-RGD_ether. 

Therefore, we selected the 5 nm-AuNPs for the next experiments. 
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Figure A.3: Cryo-TEM pictures showing the morphology of the nanoconjugates: a) Au@LP-RGDe with 25 

nm-AuNPs, b) Au@LP-RGDe with 15 nm-AuNPs, c) Au@LP-RGDe with 5 nm-AuNPs. Scale bars are 100 nm, 

except in a) that is 200 nm. White arrows mark the presence of AuNPs. 

 

According to these obtained results, we produced plain liposomes and liposomes-

RGD_ether with 5 nm-AuNPs. 

 

Table A.5: Physicochemical characteristics of the two types of liposomes prepared by DELOS-SUSP using 

CO2-expanded ethanolic solutions at 10MPa, 308K and XCO2 = 0.85, with 5 nm-AuNPs. 

Liposomal systems 
Size 

Z potential (mV) 
Meana (nm) PdIb 

Au@LP 127.2±0.7 0.08±0.02 -23±2 

Au@LP-RGDe 159±1 0.08±0.02 -29.2±0.8 

 

The sizes of the liposomes range from 130-160 nm, while the polydispersity indexes 

remain very low (0.08-0.09) and the Z-potential is quite high with a negative charge, 

indicating good stability. In cryo-TEM images, plain liposomes seem less loaded with 

AuNPs than liposomes-RGD either ether or carbamate. 
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Figure A.4: Cryo-TEM pictures showing the morphology of the nanoconjugates: a) Au@LP, b) Au@LP-

RGDe. Scale bars are 200 nm. 

 

We can conclude that the incorporation of AuNPs using DELOS-SUSP is possible which 

opens the door to the cryo-SXT studies, in order to locate plain liposomes and 

liposomes-RGD_ether inside MAEC cells. 

A.3. Summary and conclusions 
 

 The incorporation of 2-nm AuNPs capped with dodecanethiol in plain 

liposomes and liposomes-RGD_ether was not possible using TFH methodology 

since no small unilamellar vesicles marked with AuNPs was obtained. 

 The incorporation of AuNPs of different sizes (5, 15, 25 nm) capped with citrate 

in liposomes-RGD_ether with a lipid composition of 5 mg mL-1 and a 

concentration of 1.17 nM of AuNPs, was achieved using DELOS-SUSP 

procedure. 

 5 nm-AuNPs capped with citrate seemed to accomplish a higher incorporation, 

at the same time that maintain good physicochemical characteristics. 

Therefore, they were selected to prepare plain and liposomes-RGD_ether for 

the cryo-SXT experiments.
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