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Abstract 

 

The research in this thesis aimed to study and generate an engineered formulation that can 

fuse with cell membranes and carry drugs or other compounds into cells. HeLa cells were 

chosen as the target cells and prior to their use, a model membrane mimicking the lipid 

membrane of HeLa cells was developed. 

Starting from the basic components and using a bottom-up approach, different 

phospholipids were studied and compared to identify the construction blocks of liposomes 

and assess the effects of cholesterol on these phospholipids. After selecting the desired 

composition, a membrane model mimicking the HeLa cell membrane was developed to test 

its fusion with the engineered liposomes and to understand the fusion process before 

starting in vitro assays with living HeLa cells. In the in vitro assays, the engineered liposomes 

were able to fuse with the cell membrane as well as carry and liberate a model drug 

(methotrexate) into the cells, demonstrating that the engineered liposomes can work 

efficiently as nanocarriers. 

Across the entire thesis, one technique was constantly used, atomic force microscopy 

(AFM). This technique enables the study of the smallest samples, such as lipid monolayers, 

as well as larger samples, like HeLa cells. AFM can also be used to obtain the 

physicochemical properties of samples using the force spectroscopy mode, allowing the 

analysis of samples and providing insight into the nanomechanics of the samples studied. 

Several techniques were used in this thesis, including the application of a Langmuir-Blodgett 

trough to study the physicochemical properties of lipids, fluorescence resonance energy 

transfer (FRET) to determine the fusion of the engineered liposomes, visualization 

techniques like AFM and confocal microscopy, as well as viability assays to test the toxicity 

of the engineered liposomes to HeLa cells. 



 
 

Finally, we demonstrated the ability of the engineered liposomes to fuse with cells, acting 

as nanocarriers based on their physicochemical properties. The ability of the membrane 

model to mimic the HeLa cell lipid membrane was also validated. 

 

 

Resum 

 

Aquesta tesi té com a objectiu l'estudi i el disseny d'una formulació capaç de fusionar i 

transportar fàrmacs o altres molècules a les cèl·lules. Per a l'estudi, les cèl·lules objectiu 

seleccionades han estat cèl·lules HeLa i abans del seu ús, s'ha desenvolupat un model de 

membrana que imita la membrana lipídica de les cèl·lules HeLa. 

Partint dels components bàsics, des d'un punt de vista del desenvolupament “bottom-up”, 

s'han estudiat i comparat diferents fosfolípids per trobar els blocs de construcció adequats 

per als liposomes, també s'han estudiat els efectes del colesterol sobre aquests fosfolípids. 

Després de seleccionar la composició desitjada, s'ha desenvolupat una formulació que imita 

en composició la membrana cel·lular de les cèl·lules HeLa per provar la fusió dels liposomes 

dissenyats i per intentar entendre el procés de fusió abans d'iniciar els assajos in vitro amb 

cèl·lules HeLa. Pel que fa als assajos in vitro, els liposomes han demostrat ser capaços de 

fusionar-se a la membrana, així com transportar i alliberar un fàrmac model (metotrexat) a 

les cèl·lules, demostrant que els liposomes dissenyats en aquesta tesi són capaços de 

funcionar de manera eficient com a “nanocarriers”. 

Al llarg d’aquesta tesi, una tècnica ha estat constantment present, la microscòpia de força 

atòmica (AFM), ja que ofereix la possibilitat de realitzar estudis des de les mostres més 

petites, com l'estudi de monocapes lipídiques, fins a mostres més grans com les cèl·lules 

HeLa. Aquesta tècnica també permet fer observacions fisicoquímiques de qualsevol 

d'aquestes mostres mitjançant el mode d'espectroscòpia de força que permet sondejar les 

mostres i obtenir informació sobre la nanomecànica de les mostres estudiades. 



Amb aquesta finalitat s'han utilitzat diverses tècniques, tant les que han ajudat a estudiar 

les propietats fisicoquímiques dels lípids, com el de Langmuir-Blodgett, com altres per 

determinar els efectes de fusió dels liposomes com la transferència d'energia per 

ressonància fluorescent (FRET) o tècniques de visualització com l’AFM o microscòpia 

confocal i fins i tot tècniques de viabilitat per provar la viabilitat de la formulació a les 

cèl·lules HeLa. 

Finalment, hem desenvolupat i demostrat les capacitats dels liposomes per fusionar-se amb 

les cèl·lules, podent, en funció de les seves propietats fisicoquímiques, actuar com a 

“nanocarriers”. El model de membrana que imita les cèl·lules HeLa s'ha validat corroborant 

la capacitat per imitar la membrana lipídica de les cèl·lules HeLa reals. 
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Chapter 1. Introduction 

 

Cell membranes are crucial structures that maintain the integrity of living organisms, 

providing a barrier that compartmentalizes cell contents. These membranes are composed 

of different building blocks including different types of lipids and proteins, which are 

responsible for transport through cell membranes, thereby maintaining the homeostasis of 

the organism. Interestingly, in the origins of cellular life on earth, it has been hypothesized 

that the first membranes were simply a compartmentalization of primitive surfactant 

molecules forming self-assembled closed vesicles [1]. 

Protein membranes are the target of many drugs and metabolites. Furthermore, 

membranes are involved in essential biological processes such as mitosis and meiosis, as 

well as in the fusion between cells, which is the focus of this thesis. Since the concealment 

of water molecules and the maintenance of integrity are mediated by different structures 

such as the outer cell membrane and the membranes of many different organelles like 

endosomes, ribosomes, nuclei, the Golgi apparatus and mitochondria, membranes are 

extremely complex and heterogeneous structures that are far from being fully understood. 

Cell membranes can be stripped down to a single common element. All of them have a 

phospholipid bilayer. Depending on their function and the organelle or tissue to which they 

belong, the lipid composition of this bilayer can vary. A variety of proteins and some 

carbohydrates linked to certain proteins can also be found in membranes, providing great 

specialization for different tasks. Cell membranes can show even more complexity through 

interactions with cytoskeletal structures. 

One of the main factors used to differentiate between life forms is the presence or absence 

of a single sterol (particularly cholesterol) that resides within the amphipathic phospholipid 

bilayer. Notably, cholesterol affects the important physicochemical properties of 

membranes such as the phase and microviscosity. The presence or absence of cholesterol 

is used to discriminate between eukaryotic and prokaryotic cells, respectively. Prokaryotic 
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cells include bacteria, while eukaryotic cells include human cells and those of pluricellular 

organisms. 

Since cell membranes are crucial for living, it is not a surprise that their compositions and 

properties have been widely scrutinized with a large battery of techniques and approaches. 

However, some aspects are still unknown, even with new emerging techniques and the 

knowledge obtained in recent decades. 

Nowadays, to understand the general properties of membranes, we have to turn our 

attention to the 1972 seminal publication of Singer and Nicholson [2] that proposed a new 

general model for understanding the structure and function of cell membranes. The model, 

called the fluid mosaic model, stated that cell membranes are not static, but a dynamic 

structure where proteins are embedded within the lipid bilayer, with both types of 

molecules undergoing diffusion in the plane. Not long after this model was proposed, it was 

observed that cell membranes could be separated between detergent-resistant and 

detergent-labile fractions, indicating that there were different regions in the biological 

membranes [3]. These observations led to the further evolution of the model and the 

concept of rafts [4]. This concept has been controversial, since some in the scientific 

community do not believe in the existence of these rafts in vivo and consider them an 

artefact. However, it has been proposed that membranes have a two-dimensional liquid-

like nature with a defined diffusion in the two dimensions, the rafts being a stable lipid-

protein structure involved in signal transduction.  

Some observations made with biomimetic membrane models have indicated that there are 

preferential interactions between different types of lipids, engaging in a collective behavior 

that produces large-scale microdomains. These interactions not only occur between lipids, 

but also between some proteins that require a certain type of lipid to operate in the 

membrane where they are inserted [5–9]. Finally, with all the evidence gathered, the 

following definition was adopted in 2006: Membrane rafts are small (10–200 nm), 

heterogeneous, highly dynamic, sterol- and sphingolipid-enriched domains that 

compartmentalize cellular processes. Small rafts can sometimes be stabilized to form larger 
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platforms through protein-protein and protein-lipid interactions [10]. This definition was 

developed by listing all the terms used to describe lipid rafts up to that moment. One 

important aspect to consider from this description is the fact that it assumes the existence 

of microdomains in cell membranes, but not in model membranes, since it is believed that 

models are governed by different properties given their simplicity. 

After extensive work on rafts using biophysical techniques, it would be interesting to 

consider that the domains present on both sides of the lipid bilayer are coupled across the 

bilayer to form the functional platforms mentioned before [11]. Indeed, Nicholson himself 

proposed a reviewed version of his fluid model membrane based on new discoveries on 

membrane properties [12]. Based on current information, the general idea of what a plasma 

membrane looks like is shown in Figure 1. 

 

Figure 1. Lateral representation of the heterogeneity of a plasma membrane, including rafts and several other entities such 

as glycoproteins, cholesterol and transmembrane proteins [13]. 

 

The principal component of a cell membrane is the amphipathic phospholipid molecule 

composed of a hydrophilic region or a polar head and a hydrophobic region also called the 
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nonpolar tails. The polar region presents an NH3 group and is connected to the nonpolar 

region by a glycerol backbone, which is connected to the tails by ester bonds. The nonpolar 

region is composed of two hydrocarbon tails presenting different lengths (depending on the 

number of carbon atoms they have) and different shapes since they can present several 

unsaturations that can bend the tails (Figure 2). 

The degree of unsaturation and the length of the chains influence the physical properties 

of cell membranes [14,15]. In addition, the polar head shows variations, with 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) being the most abundant 

headgroups in biological membranes [16]. 

 

 

Figure 2. 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) phospholipid and the hydrophobic and hydrophilic regions. 

 

All these possible variations provide a wide range of properties to these molecules that 

directly affect the properties and specific function of the cell. Moreover, the presence of 

cholesterol in eukaryotic cells dramatically increases the range of properties since the sterol 

regulates membrane fluidity, avoiding sudden changes provoked by external factors and 

allowing the cell to adapt to changes in temperature [17]. 

Membranes have certain dynamic properties, not only caused by the proportion of 

saturated and unsaturated lipids, but also by other factors such as [18,19]: 

• The rotation of the carbon links in the hydrocarbon tails. 
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• The flexibility of the chains through the presence of double bonds, which can 

produce kinks in the shape of the chain. 

 

• Rotational diffusion, which makes the molecules rotate on a fixed axis or an already 

moving axis. 

 

• Lateral diffusion, which is a translational movement along the surface of the bilayer 

that allows molecules to move in all possible directions depending on the rigidity of 

the membrane. 

 

• Fluctuations such as wavelike movements of the membrane that are commonly 

found in the proximities of the phase transitions of the lipids. 

 

• Transmembrane diffusion, also known as a flip-flop event, which is the translocation 

movement of one of the molecules from one side of the lipid bilayer to the other 

side. 

Structurally speaking, the presence of the polar and nonpolar regions is responsible for 

creating the membrane itself. Since cells are formed in a water environment, the nonpolar 

hydrophobic tails reorient themselves, creating the lipid bilayer, which has a thickness of 

approximately 5 nm. A theory on the hydrophobic effect [20] that gives a thermodynamic 

rationale to this fact was proposed by Israelachvili [21]. 

 

To obtain a lipid bilayer, certain conditions need to be met: temperature, pressure, ionic 

strength, pH and the phospholipid structure, which is probably the most important factor 

[22,23]. Thus, phospholipids can be found in different phases, ranging from a non-organized 

one to a compact self-organized phase. 



Chapter 1. Introduction 

6 
 

In the study of model membranes [24], which will be addressed later in this Introduction, it 

is common to observe these different phases that are primarily affected by temperature 

and the water content (thermotropic and lyotropic effect, respectively) [25]. From a 

biological perspective, the most important ones are: 

• Lamellar gel-like (Lβ) phase: the phospholipids are tightly packed and ordered, 

presenting limited freedom of movement because the acyl chain tails are fully 

extended and are more rigid and straight.  

• Lamellar liquid-crystalline (Lα) phase: the phospholipids have a more thermal motion 

than in the Lβ phase. Since the acyl chain tails are not rigid, the phospholipids are 

loosely packed and have rotational freedom. 

An important concept that links Lβ to Lα is the transition temperature (Tm), which is the 

specific temperature required to induce the transition from Lβ to Lα. 

• Non-lamellar phases appear after the temperature keeps increasing, forming non-

bilayer structures that can be hexagonal or cubic. These intermediate structures are 

involved in the events occurring during fusion [26]. 

As amphiphilic lipids can form monolayers at the air-liquid interface and present different 

surface states depending on their lateral compactness, different forms of interactions occur 

between the components [27]. 
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Figure 3. A Langmuir isotherm plot of surface pressure against area per molecule for an example showing the gas (G) 

phase, liquid expanded (LE) phase, liquid condensed (LC) phase, solid (S) phase and the collapse of the monolayer. 

 

Figure 3 schematically depicts the Langmuir isotherm for a hypothetical system. For a high 

area per molecule, the monolayers are assimilated into a gaseous (G) phase. In this two-

dimensional space, the values of surface pressure (π) are zero or nearly zero, indicating that 

the molecules are far apart from one another and are not interacting much and not affecting 

the determination of the surface tension of the subphase. 

Under lateral compression of the monolayer, the molecules become closer and, 

consequently, the area per molecule decreases as π increases. The interactions and 

compression restrict the freedom in movement, causing the molecules to start shifting to 

find a new position at the interface and entering a liquid expanded (LE) phase. In this phase, 

the behavior of the lipids is similar to that of liquid in three dimensions, thus making it 

similar to lipids in the Lα phase. Direct correlation between the LE (in 2D) and Lα (3D) phases 

remains a matter of theoretical considerations.  
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If the compression keeps increasing, π values continue to rise and the molecules become 

more tightly packed. At a certain point, the isotherm profile reaches the next stage, which 

is more restrictive in the two-dimensional plane. This new state makes the monolayer 

behave like a solid-like sheet and it is called the liquid condensed (LC) phase. Reaching this 

phase theoretically implies that the molecules are perfectly compacted and oriented 

perpendicularly to the interface, occupying a very small area per molecule. Moreover, any 

further compression implies a large increase in the π values. 

At higher surface pressure values, the LC phase is transformed into the solid (S) phase 

without discontinuously changing the density. This phase is reached right before the 

collapse of the monolayer, where the area per molecule and π reach a critical value and the 

molecules break the monolayer structure, escaping downwards into the bulk liquid or 

upwards to form multilayers. 

Membrane proteins are scattered in lipid bilayers, granting many functions to cells. These 

proteins interact with the membrane in different ways, but what all of them have in 

common is that they have specific amino acids exposed on their surfaces that allow them 

to be incorporated into or bind to the membranes. Consequently, there are two major 

groups of membrane proteins: peripheral and integral proteins [28]. 

One of the current models for membrane organization and dynamics has been postulated 

by Brown [29], who introduced the flexible surface model of the membrane, giving crucial 

relevance to the intrinsic lipid curvature [30] in the adaptation to the protein surface. This 

property should be considered in the fusion processes occurring between cells and drug 

carriers such as liposomes. 

Peripheral proteins have a specific sequence of amino acids that allow them to either 

interact with the headgroup of the phospholipids or bind to integral membrane proteins. 

This occurs in the specific binding of cytochrome c to the inner mitochondrial membrane 

[31] and for some cytoskeletal membrane proteins in the inner membrane surface of 

erythrocytes that create a cytoplasmic network involving spectrin [32]. 
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Integral proteins differ from peripheral proteins as a large proportion of this type of protein 

is embedded into the structure of the lipid bilayer. These proteins, α-helices or β-barrels or 

mixtures of both structures, present large hydrophobic surfaces that can be integrated into 

the hydrophobic core of the lipid membrane. Integral proteins can be further subdivided 

into two groups: transmembrane proteins, which fully span the lipid membrane and are 

exposed on both sides (such as sodium channels and secondary transporters), and anchored 

proteins, which are only exposed on one side of the membrane (like the membrane-bound 

form of acetylcholinesterase). 

Within the context of this thesis, we aimed to obtain a lipid-based drug carrier that can fuse 

with lipid membrane models as well as with living cells. Therefore, we had to consider the 

properties or possible roles of all the building blocks: lipids and proteins. 

Membrane proteins are very relevant due to their involvement in many cellular processes 

like transport, energy production, information and stimulus processing, growth and cell 

division. Thus, membrane proteins can be subdivided into many groups including enzymes, 

membrane receptors and energy transducers. The transmembrane proteins in the subgroup 

involved with the transport of ions, metabolites and/or drugs across membranes can be 

classified into three types [33]: 

• Ion channels and pores: These provide an access way for ions, which are small, 

charged and polar molecules. These molecules can cross the membrane barrier 

using this pathway by diffusion due to the concentration gradients occurring 

between the two sides of the membrane. 

 

• Passive and secondary active transporters: Like the group mentioned above, these 

transmembrane proteins use gradients to allow molecules to pass from one side to 

the other side of the barrier. However, in this case, the molecules are usually larger. 

Transport becomes more specialized since the molecules can bind to one of many 

specific sites. Passive transporters can be: (i) uniporters if they carry one 

molecule/ion at a time; (ii) symporters if they carry two molecules/ions in the same 
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direction; and (iii) antiporters if they carry two molecules/ions but in opposite 

directions. Most of these transporters couple the transport to the electrochemical 

transmembrane potential, as explained by the chemiosmotic theory [34]. 

 

• Primary active transporters: These are like the passive transporters, including the 

uniporter, symporter and antiporter classes, but they need a source of energy (ATP) 

for transport. To operate properly, these proteins need to change their 

conformation following specific cycles. This means that their relationship with the 

surrounding phospholipids is highly important since this lipid-protein interaction can 

be essential in the correct functioning of the proteins, regulating or modulating 

them as well as disabling or shifting the transport activity [35–37]. 

 

The complexity of the lipid-protein interplay demonstrates that lipids do not simply provide 

a matrix in which the proteins are embedded, but they also participate actively in the 

regulation of protein processes, even their localization. These interactions are highly 

specific and could be considered a fingerprint for each protein in the membrane [38,39]. 

To understand the interactions between lipids and proteins, it is worth mentioning here the 

three different regions where lipids can surround a protein. 

 

1. Bulk lipids: These lipids are far away from a protein and do not directly interact with 

it. They form a stable membrane, separating the cytosol from the cytoplasm. 

Therefore, we can expect non-specific interactions with the protein since they are 

far away from the protein.  

 

2. Annular lipids: As their name implies, these lipids are set around a protein like a 

dynamic ring, establishing a boundary around it. They interact more with a protein 

than bulk lipids. Their motion is restricted [40] compared to that of bulk lipids, but 

they can exchange with them at a fast rate, indicating a weak affinity between the 
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lipids and the protein [41]. Annular lipids seem to associate with the protein through 

van der Waals forces. In general, annular lipids are able to adapt the protein surface, 

integrating it in a cooperative way [42]. 

 

3. Non-annular lipids for integral proteins: These lipids often reside within membrane 

protein complexes where there are the binding sites for hydrophobic molecules. 

Hence, they are distinct from annular lipids and are found buried inside the proteins. 

They are usually found in α-helices or at protein-protein interfaces [43]. These 

locations are not simply a space into which a lipid fits. The absence or malfunction 

of these lipids can be completely devastating for protein function. Non-annular 

lipids are not exclusively phospholipids. They can be sterols like cholesterol found in 

nicotinic acetylcholine receptors (AChR) [44–46]. 

As we have already described, the hydrophobic surface of the proteins is heterogeneous 

and surrounded by the transient annular lipids. The interactions between lipids and the 

surfaces of the proteins are greater and much more complex than can be described here. 

However, some of the most important aspects are key in understanding the general 

behavior of the lipids around a protein, such as: 

• The phospholipid phase: As expected, membrane proteins show preference for 

lipids in the liquid (fluid) crystalline phase over lipids in the gel (rigid) phase. If lipids 

need to modify their structure all around a protein to seal it into the membrane, it 

will always be easier for the lipids to be in a more fluid phase than a rigid one. In 

addition, a fluid membrane will facilitate the fitting of the lipids around the protein, 

making it easier for the van der Waals contacts to occur. In a lipid bilayer, where 

lipids can occur in different phase states, lipids close to proteins should 

preferentially be in a liquid-crystalline phase. Several experiments using freeze-

fracture electron microscopy, fluorescence studies or infrared techniques have 

shown a perfect partitioning of the lipids in a membrane into domains in the Lα 

phase [47–49]. 
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• The headgroup structure: In general, for bulk and annular lipids, there are little 

selectivity effects on the headgroup. Only some small selectivity effects are 

observed for anionic phospholipids, which decrease if the protein increases the ionic 

strength, as observed with ion channels (Na+,K+-ATPase), showing an important 

electrostatic component to the interactions, but not an exclusive one [40]. The 

binding of the headgroup in non-annular lipid sites shows more selectivity. A classic 

example is the binding of the cardiolipin lipid to specific sites in cytochrome c 

oxidase [50]. 

 

• The chain length and hydrophobic mismatch: An important factor to consider is the 

thickness of the hydrophobic region of the lipid bilayer. The thickness of the 

hydrophobic region of the protein should match the thickness of the hydrophobic 

region of the bilayer, but this is not so simple. It is obvious that the thickness of the 

hydrophobic region varies among different transmembrane proteins, resulting in 

what is called hydrophobic mismatch. In this situation, the hydrophobic mismatch 

between the hydrophobic regions of the protein and the lipid bilayer can be 

compensated by: (i) the adjustment of the thickness of the lipid bilayer around a 

protein by using lipids with shorter or longer hydrocarbon chains to match the 

thickness of the hydrophobic region of the protein (Figure 4), but this would increase 

the energy costs associated with the cell changing the thickness of the bilayer; (ii) 

the aggregation of proteins, exposing a smaller area of their surface to the lipid 

bilayer; and (iii) the distortion of a transmembrane α-helix to provide better 

matching, possibly by the rotation of the Cα-Cβ bond to link the sidechain to the 

polypeptide backbone [51], but this is not exempt from possible conformational 

restraints, which is the reason why it is not always possible. 
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Figure 4. Hydrophobic mismatch with lipid molecules shaping the membrane around a protein expanding or contracting to 

adjust to the thickness of the hydrophobic region of the transmembrane protein. 

 

If the energy costs to incorporate a protein into a membrane are too high, the protein can 

be excluded from the bilayer [52], with high amounts of hydrophobic mismatches leading 

to the formation of non-lamellar lipid phases [53]. In any case, there is an energy cost 

associated with any change in the thickness of a lipid bilayer to adjust to a membrane 

protein. This illustrates the importance of the annular region of the lipids around a protein 

[49,54–56]. 

Most of the current knowledge on membrane structure and function comes from studies 

of in vitro models. Typically, in vitro assays are performed with microorganisms, biological 

molecules or cells (single cell, tissue or organ) outside their normal biological context. Cell 

culture, which is a technique based on the extraction of cells from an organism, allows us 

to place cells in a fluid medium where they can be maintained and grown. In the 

development of any new pharmacological treatment, the regular steps after the discovery 

and characterization of a new molecule, system or technique involve performing tests in 

vitro, followed by assays in animals (in vivo) and finally in humans. 

In the present study, we worked in vitro using the HeLa cell line. HeLa cells have an 

interesting background as a model and have revolutionized science both in the ethical and 

practical sense [57]. 
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HeLa cells come from Henrietta Lacks (Figure 5), a 31-year-old African-American woman 

who died in 1951 from an aggressive case of cervical cancer [58]. Her cancerous cells were 

observed to reproduce quite fast compared to other cell cultures, doubling their number in 

only 24 hours. Furthermore, these cells are immortal. One of the mutations in these 

cancerous cells causes the telomeres at the end of each chromosome to be restored each 

time the cell divides, preventing cellular senescence. This means that HeLa cells are 

immortal. Unless there is an external factor, they can keep dividing forever. HeLa cells 

became the first immortal human cells to be ever grown in a laboratory. 

With the importance of a cell line like the HeLa one, it is not surprising that samples of these 

cells have been sent across the world to different laboratories for use in a wide range of 

studies. HeLa cells were critical for many biomedical breakthroughs from the past half 

century, becoming the standard laboratory cell culture. Nowadays, we can probably find 

frozen or active HeLa cells in any research institute on the planet. 

All of this would have been great except for the simple fact that the family of Henrietta 

Lacks was unaware of the use of her cells since there was never any consent for it in 

anything other than her cancer diagnosis. 

Figure 5. Henrietta Lacks [58]. 



Atomic Force Microscopy to elucidate lipidic membranes enhanced by engineered liposomes. 

15 
 

The issue was finally settled through the courts several years ago, with the family of 

Henrietta Lacks compensated. Nevertheless, this raised concerns in bioethics since it is 

important to inform and obtain consent for any activities involving human cells or tissues. 

Another interesting fact that reminds us how strong HeLa cells are and how fast they can 

divide is the contamination by these cells of other cell cultures around the world. This is 

probably due to poor laboratory practices or through air droplets carrying HeLa cells to 

other cultures in the laboratories. This could lead to contamination of an existing cell line, 

with the HeLa cells eventually outgrowing the other cell line it invaded [59]. 

The complexity of cell lines, based on the need to maintain and grow them as well as the 

resources and time that these require, has motivated the development of simpler model 

systems that allow faster testing and give more physicochemical and functional 

information, since they eliminate possible interferences that can be later seen and studied 

in in vitro assays. 

Over the last few years, many models and approaches have emerged, providing different 

information and allowing the scientific community to perform several different experiments 

[60]. Some of these, as will be discussed in the Results, are of great relevance for this work. 

Supported lipid bilayers (SLBs) are membrane models where lipids form a bilayer on a solid 

substrate, such as a plate of the mica muscovite in our case, which are adequate for studies 

with atomic force microscopy (AFM). 

SLBs are usually produced by two methods: by a Langmuir-Blodgett transfer or by the 

rupture and deposition of bilayer vesicles onto mica. Vesicles can also be used as membrane 

models themselves, with varying numbers of layers and diameter. Small unilamellar vesicles 

(SUVs) are the smallest ones measuring tens of nanometers, while giant unilamellar vesicles 

(GUVs) have a diameter ranging from one to ten microns [61]. Regarding the number of 

layers, multilamellar vesicles (MLVs) have a series of concentric bilayers, while unilamellar 

vesicles (LUVs) are composed of a single bilayer. GUVs tend to become MLVs given their 

large diameter, while SUVs tend to form LUVs since they are too small to form more than 

one layer. 
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In addition, it is possible to obtain membranes from natural sources like cells. This usually 

consists of breaking down a cell to obtain the membranes after a series of purifications or 

simply attaching cells to a functionalized surface to break them down, leaving the 

membrane attached to the surface [62,63]. 

Another type of membrane model can be obtained by tethering cells to solid supports with 

a different range of strategies like DNA hybridization [64–66] or biotin-streptavidin binding 

[67–69]. 

Another strategy is the formation of nanodiscs, which consist of a circular area of a lipid 

bilayer surrounded by a membrane scaffold protein. The idea is to have a jail of proteins 

around the lipids because in this case, the technique has been developed to isolate and 

display integral membrane proteins [70,71]. 

Finally, it is important to mention that computational modeling is on the rise, enabling us 

to predict many factors and modeling all the possible interactions that can be designed [72–

75]. 

 

Once we know all the possible tools that we can use to perform our studies, we can decide 

on the type of approach and techniques to apply. Based on the background of our 

laboratory, we looked at the tools associated with the microscale and nanoscale levels. 

Most people understand nanotechnology as something futuristic where tiny sophisticated 

bots crawl inside our bodies to fix something. The reality is a bit far from this idea. 

Nanotechnology in our era has not reached this level of science fiction yet. What we do 

mostly in the biomedical field is to develop biocompatible therapeutic agents or materials 

comprising different systems, each with characteristics that make them more suitable for 

certain treatments compared to others. 

There are two different approaches for developing nanotechnology devices with 

pharmaceutical purposes (presently called nanoparticles because of their size). The first 

approach is the production of nanoparticles in a top-down style in which materials are 
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made and transformed into the desired structure by decreasing their size through printing, 

carving or machining. The second is called the bottom-up approach and involves the 

construction of organic and inorganic structures atom by atom and molecule by molecule. 

The first approach is like carving a sculpture from a block of stone, while the second is like 

making the same sculpture by connecting small blocks until the desired structure is formed. 

Nanoparticles can be used for two main purposes (from the point of view of human 

therapeutics). One is for use as a drug delivery system, where nanoparticles are the vehicle 

that delivers a certain drug to a specific target. The other is when the nanoparticles are 

themselves the therapeutic agent. Although not common, nanoparticles can perform both 

roles at the same time. Furthermore, engineered nanoparticles can also be used for 

diagnostic and theranostic purposes. 

Nanoparticles must have certain characteristics such as stability, low toxicity, optimal 

properties for drug transport and release if needed, and a long half-life in the bloodstream 

or specific target organ. These properties can vary depending on the ultimate purpose of 

the formulation. 

There are different types of nanoparticles with their own characteristics. The most common 

are: 

• Carbon-based nanoparticles: Fullerenes and carbon nanotubes are formed from 

carbon making a porous structure and display high strength and electrical 

conductivity [76]. 

 

• Metal nanoparticles: These are made from metal precursors usually used for their 

optic and electrical properties. Some examples are gold nanoparticles as 

photothermic agents used in the fight against tumors [77], superparamagnetic 

nanoparticles that are attracted to a magnetic field but retain no residual magnetism 

when the magnetic field has been removed, and iron oxide nanoparticles with 

diameters ranging from 5 to 100 nm [78]. Nano-projectiles are another type of metal 

nanoparticles. These small particles are several hundred nanometers in diameter 
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and fabricated using nano-engineering techniques. They are composed of a core 

material (usually silica) and a coating (usually gold), and are shot at high speed to 

help them penetrate into their target cells [79]. 

 

• Ceramic nanoparticles: These are inorganic nonmetallic solids usually used in 

catalysis. They are made by heating and successive cooling. These nanoparticles 

have a wide range of possible applications as they can be highly porous or dense and 

amorphous or polycrystalline [80]. 

 

• Semiconductor nanoparticles: Semiconductor materials possess properties that are 

between those of metals and nonmetals. Therefore, they are used in various 

applications like water splitting for the production of renewable hydrogen [81] or 

quantum dots (nanocrystals), which, depending on their size, can emit light in the 

entire visible spectrum [82]. 

 

• Polymeric nanoparticles: These nanoparticles represent a large group ranging from 

organic to metallic compounds and are usually presented as nanospheres, 

nanoparticles or nanocapsules. Some examples are metal-organic frameworks 

(MOFs) [83], which are crystalline coordination polymers built from the ion covalent 

association of inorganic units (atoms, clusters and layers, among others) with 

organic linkers bearing several complexant groups (carboxylates, imidazolates and 

phosphonates, among others) [84,85]. Nanoshells (core-shell) contain a spherical 

core of a particular compound (e.g., a therapeutic agent) surrounded by another 

material that thickens the sphere by a few nanometers [86]. 

 

• Lipid-based nanoparticles: These are characteristically spherical and can be mainly 

subdivided into two types: solid/liquid lipid nanoparticles, with a solid/liquid core of 

lipid that provides a matrix containing lipophilic molecules [87], and liposomes, 

which are composed of a spherical lipid bilayer surrounding an aqueous core. 
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Liposomes are used extensively in the pharmaceutical and cosmetic fields for their 

ability to get inside cells once their releasing role has been completed. Liposomes 

were the first nanoparticles used as a delivery system and many commercial 

formulations currently exist on the market such as those used for the delivery of 

doxorubicin and vincristine [88]. 

 

There are several techniques to obtain different types of nanoparticles. It is important to 

differentiate between formulation and characterization. 

For formulation, as we have mentioned before, it is important to know whether we are 

using the top-down or bottom-up approach. Moreover, we need to consider the 

physicochemical properties of the nanoparticles we want to obtain because the techniques 

to produce these are many and sometimes specific. A simple reflux reaction, sonication or 

even microwave irradiation of formulations can affect the properties of the components, 

therefore showing the importance of controlling elementary laboratory parameters. 

In this study, we focused our efforts on the bottom-up procedure to formulate liposomes 

since we wanted to make them fusogenic.  

To formulate liposomes, we need to consider their lipid nature and size. In addition, it is 

important to consider the other components of the formulation, for example, the 

incorporation of proteins or the encapsulation of sensitive molecules such as RNA. Another 

important factor to consider is the electrical charge of the liposomes, as this could affect 

the encapsulation of charged molecules and their stability, impeding flocculation and 

precipitation before the desired target is reached. 

The most important parameter that should be considered first is the rigidity of the lipid 

bilayer of liposomes, namely, microviscosity. Since a phospholipid bilayer can present Lα or 

Lβ phases, its Tm has to be surpassed to obtain liposomes. 

The nature of fusogenic liposomes will depend on the precise selection of the lipids. 

Phospholipids and cholesterol can be obtained from different sources. For example, 
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phospholipids can be extracted from natural sources such as eggs or soybean or they can 

be synthesized ex-novo or modified through semi-synthesis [89]. Moreover, commercial 

phospholipids and cholesterol are available that are of a high quality. 

The most used phospholipid headgroups in the production of liposomes are 

phosphatidylcholine (PCs), phosphatidylethanolamine (PEs) and phosphatidylserine (PSs). 

Cholesterol and other lipids or enhancers [90] can be also used. 

There are several methods that can be used to prepare liposomes [91]. We can sort them 

into four main groups, with the last one containing the scale-up techniques mostly used in 

industrial formulations: 

1. Mechanical methods: 

 

a. Thin film method: This is the simplest procedure and one of the oldest [92]. 

It consists of forming liposomes by hydrating a lipid film previously deposited 

onto a glass wall and shaking it at temperatures above its Tm. This method 

produces a heterogeneously sized population of MLVs with diameters over 

1 µm. 

 

b. Ultrasonication method: Sonicating an aqueous solution of formed 

liposomes in an ultrasonic bath or with a probe usually produces SUVs of 

around 15 to 25 nm in diameter [93]. 

 

 

2. Methods based on solvent replacement: 

 

a. Reverse-phase evaporation: In this method, a lipid mixture in an organic 

solvent is supplemented with an aqueous phase to evaporate the organic 

phase in a rotatory evaporator. A group of lipid droplets are created that 



Atomic Force Microscopy to elucidate lipidic membranes enhanced by engineered liposomes. 

21 
 

slowly adjust to the aqueous space, creating large macromolecular vesicles 

known as reverse-phase evaporation vesicles (REV) [94]. 

 

b. Vaporization method (ether or ethanol): In this case, a mixture of lipids in 

an organic solvent is directly and slowly injected into a warm aqueous 

solution to produce microsomal unilamellar vesicles with a regular size 

distribution [95]. The difference between using ethanol or ether is the 

immiscibility of ether, which makes it easier to totally remove it from the 

liposomal product since the warmed aqueous phase is above the boiling 

point of ether. 

 

c. Detergent-dialysis method: Lipids solubilized with detergent form micelles 

that are placed in a dialysis membrane to remove the detergent, resulting in 

homogeneous unilamellar vesicles [96]. 

 

 

3. Methods based on the fusion of preformed vesicles or size transformation: 

 

a. Freeze-thaw extrusion method: After generating liposomes by other 

methods, such as the thin film method, they are vortexed until the entire 

film is suspended, forming MLVs. The preparation is then frozen, thawed in 

warm water and vortexed again. After several cycles, the sample is extruded 

[97]. This method was brought to our laboratory in 1986, where an extruder 

prototype has been used ever since. 

 

b. Dehydration-rehydration method: Previously formed SUVs, like those 

produced with the ultrasonication method, are mixed with the component 

to be encapsulated and dried all together. After rehydration, they form large 

heterogeneous vesicles [98]. 
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Sometimes, once liposomes are obtained using any of the methods mentioned above, it is 

necessary to resize them to a desired diameter. For the sizing of liposomes, the usual 

method is a sequential extrusion through polycarbonate membranes presenting the desired 

pore size. Usually, the liposomes obtained will be larger than the nominal membrane pore 

size due to the elasticity of the bilayer membranes when passing through the filter. For 

example, for a pore size of 100 nm, it is usual to obtain liposomes of around 120 nm. 

Another option is to use gel chromatography. However, such a technique usually leads to a 

loss of material and is reserved for removing non-encapsulated components from the 

liposome. Finally, another common process is sonication with a titanium probe that 

produces small unilamellar vesicles of around tens of nanometers (50-80 nm) in diameter. 

This specific method has some disadvantages since the preparation can warm up, degrading 

some components. Moreover, the titanium probe releases metal particles, among other 

non-controlled disadvantages. These problems can be avoided with the use of a sonication 

bath. However, the reproducibility of the method may be compromised since there are too 

many varying parameters with the use of a sonication bath. Otherwise, sonication can be 

helpful in reducing the multilamelarity of liposomes when they are kept frozen for 

convenience. 

 

4. Scaling up methods for industrial production: 

 

a. Heating method: This method uses glycerol, which is water soluble and 

physiologically acceptable. It is based on the heating of the components in 

the presence of glycerol at temperatures up to 120 °C and does not require 

the removal of the glycerol at the end of the process. Adequate stirring and 

the temperature allow the formation of stable liposomes. Furthermore, the 

employment of this temperature abolishes the need for any post-

sterilization procedure [91]. 
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b. Spray-drying method: This process is already used in the pharmaceutical 

industry to prepare fine granulate. It is considered a fast procedure to 

produce liposomes, where the mixture is sprayed into a Venturi tube that 

dries it, leading to the formation of liposomes [99]. 

 

c. Freeze-drying method: This method produces sterile and pyrogen-free 

submicron liposomes and forms a homogeneous dispersion of lipids. The 

lipids and water-soluble carrier materials are dissolved in tert-butyl 

alcohol/water cosolvent systems to form a clear isotropic monophasic 

solution. The solution is sterilized by filtration and placed in freeze-drying 

vials to lyophilize the solution. After the addition of water, liposomes are 

spontaneously formed [100]. 

 

 

d. Modified ethanol injection methods: This is based on the method described 

before with some variations. 

 

i. Crossflow injection method: As the name indicates, this method uses 

a continuous crossflow where two tubes welded together at 90° have 

an injection hole at their connection point. A lipid mixture is injected 

while a buffer flow goes through the tubes [101]. 

 

ii. Microfluidic channel method: This method uses a microfluidic 

hydrodynamic focusing platform (MHF) where liposomes are formed 

by injecting the lipid phase and the water phase into a microchannel. 

Their size is mainly controlled by changing the flow rate [102]. 
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iii. Membrane contactor method: In this production method, an organic 

phase containing lipids is pressed through a membrane with a 

specific pore size, while an aqueous phase flows tangentially to the 

membrane surface at the other side, sweeping away the liposomes 

formed within the membrane [103]. 

 

These techniques allow the leap from batch production, common in research, to potential 

large-scale continuous production. There are many methods that can be used to produce 

liposomes and we have to decide which method depending on what we want to achieve. 

The first parameter usually characterized in a nanoparticle in general or in a liposome in 

particular is size. The most common method used across many laboratories is the dynamic 

light scattering (DLS) technique, which provides the hydrodynamic size distribution profile 

of small particles in suspension or a solution of a sample. 

Another common parameter to assess is the zeta potential (ζ-potential). Usually measured 

by the same DLS instrument, ζ-potential indicates the surface potential in the slipping plane 

surface of the liposomes. This is relevant for two main reasons. One of them is that a neutral 

charge could imply aggregation of the liposomes in suspension, leading them to flocculate. 

The other reason is more relevant to our final goal. If liposomes have the same charge as 

the target membrane, they will repel one another and they will have a lower chance of 

physically entering the target. However, if liposomes have the opposite charge to that of 

the target, they will be electrostatically attracted and have a higher chance of interacting. 

The characterization information of samples is the same for any type of nanoparticles: size, 

the number of loaded molecules, and the technique used. The techniques will vary slightly 

between different types of nanoparticles, while several diverse techniques can be 

performed in the same type of nanoparticle and produce similar results. As can be seen in 

Table 1 adapted from [104], each parameter can be assessed by several techniques and 

depending on some characteristics of the nanoparticles, some of these techniques are more 

likely to be used than others. 
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Table 1. Parameters and their most common techniques to characterize them [104]. 

ENTITY CHARACTERIZED CHARACTERIZATION TECHNIQUES SUITABLE 

SIZE (STRUCTURAL PROPERTIES) TEM, XRD, DLS, NTA, SAXS, HRTEM, SEM, AFM, EXAFS, FMR, 

DCS, ICP-MS, UV-Vis, MALDI, NMR, TRPS, EPLS, magnetic 

susceptibility 

SHAPE TEM, HRTEM, AFM, EPLS, FMR, 3D-tomography 

ELEMENTAL-CHEMICAL COMPOSITION XRD, XPS, ICP-MS, ICP-OES, SEM-EDX, NMR, MFM, LEIS 

CRYSTAL STRUCTURE XRD, EXAFS, HRTEM, electron diffraction, STEM 

SIZE DISTRIBUTION DCS, DLS, SAXS, NTA, ICP-MS, FMR, superparamagnetic 

relaxometry, DTA, TRPS, SEM 

CHEMICAL STATE–OXIDATION STATE XAS, EELS, XPS, Mössbauer spectroscopy 

GROWTH KINETICS SAXS, NMR, TEM, cryo-TEM, liquid-TEM 

LIGAND 

BINDING/COMPOSITION/DENSITY/ARRANGEMENT/ 

MASS, SURFACE COMPOSITION 

XPS, FTIR, NMR, SIMS, FMR, TGA, SANS 

 

SURFACE AREA, SPECIFIC SURFACE AREA BET, liquid NMR 

SURFACE CHARGE Zeta potential, EPM 

CONCENTRATION ICP-MS, UV-Vis, RMM-MEMS, PTA, DCS, TRPS 

AGGLOMERATION STATE Zeta potential, DLS, DCS, UV-Vis, SEM, cryo-TEM, TEM 

DENSITY DCS, RMM-MEMS 

SINGLE PARTICLE PROPERTIES Sp-ICP-MS, MFM, HRTEM, liquid TEM 

3D VISUALIZATION 3D-tomography, AFM, SEM 

DISPERSION OF NP IN MATRICES/SUPPORTS SEM, AFM, TEM 

STRUCTURAL DEFECTS HRTEM, EBSD 

DETECTION OF NPS TEM, SEM, STEM, EBSD, magnetic susceptibility 

OPTICAL PROPERTIES UV-Vis-NIR, PL, EELS-STEM 

MAGNETIC PROPERTIES SQUID, VSM, Mössbauer spectroscopy, MFM, FMR, XMCD, 

magnetic susceptibility 
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With nanoparticles, particularly liposomes, we can apply them to treat different types of 

diseases by using them as nanocarriers to deliver drugs or other agents like proteins inside 

cells or to insert them into the membrane itself to treat a specific illness. The interaction 

with and internalization of liposomes may occur in many ways: endocytosis, capture by 

filopodia (if present), adsorption and or fusion. We focused on the latter two processes in 

this thesis by integrating several techniques. 

There are many diseases associated with defects in the cell membrane, with most of them 

caused by the malfunction or absence of specific proteins. Many of these diseases are 

inherited and are, therefore, difficult to treat. Some examples of protein malfunction or 

absence are due to mutations in the DNA. 

Hereditary elliptocytosis is a disorder in which erythrocytes have an abnormal shape (Figure 

6) and is common in countries where malaria is endemic. Curiously, this disease is known 

to give certain resistance against malaria. At the same time, these erythrocytes tend to 

break down easily, resulting in severe anemia. The deformation is due to mutations and a 

consequent lack of 4.1R, spectrin and actin proteins, which, even if present, are not in their 

correct conformation to function properly [105]. 

 

Figure 6. Hereditary elliptocytosis with the classical form (red arrows) and the more ovalocytic red blood cells (blue arrows) 

[106]. 

Cystic fibrosis is a common autosomal recessive disorder that affects the lungs and digestive 

system. It is characterized by the body producing thick mucus that can obstruct the 

pancreas and clog the lungs, leading to infections and respiratory failure. It is caused by a 

mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene [107]. 
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The malfunction of this transmembrane protein makes the cell unable to transport chloride 

ions to the cell surface to produce salt, where it is needed to attract water to make the 

regular mucus fluid [108]. 

Bartter syndrome, a kidney disease, is characterized by an imbalance in multiple molecules 

including sodium and potassium ions. There are different types of Bartter syndrome and 

each one is due to a defect in a specific protein. These proteins are the SLC12A1 Na-K-2CL 

symporter, the ROMK/KCNJ1 K+ channel, the CLCNKB Cl- channel, the BSND Cl- channel 

accessory subunit, the CaSR calcium-sensing receptor and the SLC12A3 Na-Cl symporter. All 

these possible defects can produce neonatal symptoms like polyhydramnios, which is an 

increase in fluid in the amniotic sac. Typically, individuals with this disorder fail to grow as 

expected, but they gain weight, as they should by age ratios. As it is a renal disorder, there 

is a depletion of ions, leading to dehydration, constipation, polyuria, hypercalciuria and, 

subsequently, nephrocalcinosis that can lead to kidney failure, osteopenia that weakens the 

bones, and hypokalemia that weakens muscles and produces fatigue and cramps [109,110]. 

Some diseases are not strictly hereditary, but are acquired. A classic example associated 

with the malfunction or depletion of macromolecule receptors is type II diabetes. In this 

case, the insulin receptor stops functioning, leading to insulin overproduction by the 

pancreas to maintain glucose cell uptake and, subsequently, insulin resistance. After some 

time, this leads to the exhaustion of the pancreas and, thus, diabetes [111–113]. 

From an overall perspective, a better understanding of why these proteins are not 

functioning well would allow the development of useful palliative drugs. 

 

A good way of finding a novel technique to set the foundation for new treatments using 

liposomes would be to use a bottom-up approach to select appropriate components and 

test them first on model membranes before jumping to in vitro assays involving living cells. 

If the in vitro assays are successful, the next step would be to perform in vivo assays in 

different animal models and assess pharmacokinetics and biodistribution before 

undertaking assays in humans. The development of new treatments usually takes a decade 
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if everything goes as predicted and the treatment is approved for use in humans by the 

relevant authorities. Due to this long journey, this work aimed to reach the in vitro stage as 

a halfway mark in the full development of an approved treatment. 
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Chapter 2. Objective of the thesis 

 

The main objective of this thesis was to develop engineered liposomes (a lipid composition 

showing fusogenic potential with cells) as nanocarriers, using a bottom-up structural 

approach by measuring the physicochemical properties of the phospholipid components of 

the liposomes. The liposomes had to be non-toxic and capable of fusing with the selected 

immortal HeLa cell line. 

To achieve this objective, some specific objectives were defined: 

 

1. The selection of an appropriate phospholipid candidate to develop the engineered 

liposomes and the assessment of its physicochemical interaction with cholesterol, 

which confers fusogenic properties. 

 

2. The development of model membranes reproducing the physicochemical properties 

of the lipid membrane of HeLa cells to study fusion events prior to in vitro assays. 

 

3. The investigation of the fusion process of the engineered liposomes with membrane 

models mimicking the HeLa cell membrane to elucidate the capabilities of the 

membranes developed. 
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Chapter 3. Results: Bottom-up 

Effect of cholesterol on monolayer structure of different acyl chained phospholipids. 

A. Botet-Carreras, M. T. Montero, Ò. Domènech, and J. H. Borrell 

Colloids and Surfaces B Biointerfaces, vol. 174, pp. 374–383, Feb. 2019 

DOI: 10.1016/j.colsurfb.2018.11.040 

 

Techniques introduced 

 

Langmuir isotherms and Langmuir-Blodgett monolayer deposition 

 

Usually, the first step in the study of a cell membrane ex vivo, especially if we intend to 

study a completely artificial one, is to exploit the half-membrane model provided by lipid 

monolayers at the air-water interface. Compression isotherms are traditionally used to 

analyze physicochemical properties, particularly interactions, between the basic lipid 

building blocks of a membrane, one of which is cholesterol. This enables us to observe lipids 

and lateral phase separation, and correlate this with the interactions between themselves 

or with other components of the monolayer. 

To perform these measurements, a Langmuir-Blodgett trough was used. This device 

consists of a reservoir, a surface pressure sensor and mobile barriers (one or two), as can 

be seen in Figure 7. 



Chapter 3. Results: Bottom-up 

32 
 

 

This configuration allows the self-assembly of amphiphilic molecules into lipid monolayers 

at the air-water interface, where the instrument detects the surface pressure (π) and the 

surface molecular area (A). With these two parameters, we can analyze the behavior of the 

components in a monolayer while compressing or expanding it. Moving the barriers and 

altering the surface pressure of the monolayers can be used to stabilize them at specific 

surface pressures like 30 mN m-1, which is accepted to be equivalent to the lateral surface 

pressure of a closed biological bilayer [114–116]. 

Once the monolayer becomes stable, it can be extracted with a stepper motor that attaches 

a solid substrate like a mica plate. Since mica muscovite plates are atomically flat, the 

deposition of molecules onto the mica surface leads to the formation of a monolayer in a 

single deposition or a bilayer if a double extraction of the monolayer (rising/dipping) is 

performed. 

Isotherms are unique for each molecule and can be considered a fingerprint for each lipid 

or lipid mixture, yielding information on the organization and packing of lipid molecules in 

a monolayer [27]. As we decrease the surface area enclosing the molecules at the air-water 

interface, the surface pressure (π) increases, as follows: 

π=ϒ0-ϒ 

Figure 7. A Langmuir-Blodgett trough with an extractor. Any part that could be in contact with the buffer or the lipid 
monolayer: the reservoir, the barriers and the tweezers made of Teflon®. 
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where ϒ and ϒ0 are the surface tensions of the liquid in the presence and absence of the 

surface active agent present at the interface, respectively. This implies that the information 

provided by π is related to the lateral compactness of the amphiphilic molecules being 

analyzed. In addition, as mentioned already in Figure 3 of the Introduction, the π vs. A 

isotherm diagram shows different regions depending on the organization of the molecules 

at the interface. 

Besides the information related to the organization of phospholipids upon compression, the 

isotherms also allow the calculation of several thermodynamic parameters such as the 

isotherm compressibility modulus (Cs) or the Gibbs excess energy (GE) in mixed isotherms, 

as discussed later in this chapter. 

 

Surface potential 

 

Another study that can be performed in monolayers is the measurement of their surface 

potential as their molecular area is reduced. 

For this purpose, an electrical sensor replaces the surface pressure sensor of the Langmuir-

Blodgett trough. This sensor has two parts, a metallic plate that stays beneath the 

monolayer connected directly to the detector, which is directly above it, millimeters above 

the surface of the liquid where the monolayer is formed. The detector has a vibrating 

capacitator, which does not have to be in contact with or disrupt the sample in any way. 

This setup measures the potential difference between the areas above and beneath the 

film, depending on the surface pressure or molecular area of the monolayer. 

 

Atomic force microscopy 

 

Atomic force microscopy (AFM) is a high-resolution near-field microscopy technique that 

emerged in the 1980s. This technique belongs to the family of scanning probe microscopes 
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(SPMs), which were developed after the invention of scanning tunneling microscopy back 

in 1983 [117]. All these microscopes are non-optical. Instead, they are based on sensing 

near-field physical interactions between two elements, a probe and the sample, placed 

extremely close together or directly touching one another. In the case of AFM, we used a 

probe that is a sharp tip attached to a cantilever, with a laser beam reflected on the surface 

of the cantilever before striking a sensitive photodetector. Changes in the laser position 

inside the photodetector indicate the smallest changes in the cantilever position scanning 

the sample topography, thereby sensing extremely low interaction forces. 

As can be seen in Figure 8, the sample is placed on a piezoelectric scanner that controls the 

lateral and vertical relative position of the AFM probe at the surface of the sample. The 

scanner moves in a raster pattern, creating a feedback loop that controls the vertical 

extension of the scanner in order to maintain a near-constant AFM cantilever deflection 

value, i.e., a constant interaction force. Finally, the AFM software combines all the single 

scanned lines into a three-dimensional image of the surface. 

 

Figure 8. The principal elements of an AFM instrument, with a laser beam reflecting on the surface of a cantilever before 

detection by a photodiode. 

Depending on the nature of the sample, the tip used as a probe can vary from the classic 

sharp V-shaped ones made of silicon nitride (that were used in this work to study Langmuir-
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Blodgett monolayers and SLBs) to rounded ones where the tip is a small polystyrene ball. 

These rounded tips are used in studies on living cells or special functionalized ones. 

Besides being nondestructive, AFM measurements can be performed in air, liquid or ultra-

tight vacuum depending on the specifications of the samples. 

In addition to some custom modified AFM instruments, there are mainly two basic 

operation modes to obtain an image: the static or contact mode and the dynamic mode 

that is subdivided into tapping® or intermittent-contact mode and non-contact mode, 

depending on the interactions between the tip and the sample. 

It is important to recall here that the interactions between the tip and the sample do not 

start when they make contact. Right before making contact, when the tip approaches the 

sample, the cantilever deflects at the appearance of short-range forces acting between the 

two surfaces. These can be either attractive or repulsive. These forces depend on the nature 

of the interaction (e.g., friction forces, capillary forces, electrostatic forces, van der Waals 

forces, and chemical forces) [118]. In addition, due to this and the feedback loop generated 

between the tip-cantilever-laser-receptor pathway and the piezo scanner, the non-contact 

mode becomes possible. 

In the contact mode, the tip is constantly in contact with the sample, whilst the cantilever 

scans the surface. The feedback system ensures a constant cantilever deflection and, 

consequently, a constant interaction force. 

In the intermittent-contact mode, the cantilever is oscillated by a piezoelectric actuator at 

its resonance frequency (or very close to it). The probe is then lowered into the sample 

surface so that the tip slightly touches the surface at the maximum amplitude of the 

oscillation and the oscillation amplitude is dampened. The feedback loop maintains a 

constant oscillation amplitude and, hence, a constant interaction force. 

In the non-contact mode, the cantilever oscillates like in the intermittent-contact mode, 

but at a smaller amplitude, keeping the tip at a distance away from the surface, but in the 

region of attractive interaction forces. Therefore, images are obtained without the sample 
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being touched at all. The disadvantage of this mode is that it is challenging to maintain the 

tip in the region of attractive forces during scanning. 

Choosing the mode usually depends on the nature of the sample and on different aspects 

like softness, possible lateral forces, sticky surfaces or the delicateness of the sample. 

 

AFM force spectroscopy (AFM-FS) 

 

Besides the topographic modes where the AFM probe is used to scan a sample surface, the 

AFM probe can be used to interact with a sample in the effective touching mode. For 

instance, the AFM tip can be used to gain insight into the nanomechanical characteristics of 

a sample at a sub-nanonewton resolution, known as the force spectroscopy (FS) mode 

[119]. In this mode, we can control and manage the tip to approach the sample surface in 

the Z axis, while the cantilever deflection is monitored as a function of the vertical 

displacement of the scanner. As can be seen in Figure 9, where a model force curve is 

displayed, the tip first approaches the sample (blue line) before the jump to contact event, 

where the same forces observed with the topographic modes occur, making the cantilever 

deflect and touch the surface of the sample. Once the tip is in contact, the decrease in the 

distance between the sample and the tip increases the cantilever deflection until it reaches 

a maximum value, at which point the sample cannot sustain the pressure exerted by the 

probe and the tip penetrates the sample. If the distance between the sample and the tip 

continues to decrease, the deflection of the cantilever increases due to the pressure 

exerted on the substrate. When the AFM probe presses the substrate, the curve reverses 

and the distance between the tip and the sample increases (red line) until the tip is liberated 

from the sample, recovering the initial values of deflection. The data from the cantilever-

deflection versus scanner-displacement curves, which can be transformed into different 

data such as force-distance curves or stiffness data using appropriate models, can be useful 

in obtaining the physicochemical parameters of samples [120,121]. 
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Figure 9. Example of a force curve depicting the first jump to contact event followed by a break (blue line) and retraction 

(red line) with the adhesion forces. 

AFM force curves can provide information on various mechanical properties of a sample, 

including adhesion, which allows us to study the stickiness of a sample. It focuses on the 

last part of the retraction process and can reveal quantitative adhesive differences between 

samples, as can be seen in the monolayer investigations presented in this dissertation.  

Rupture forces and stiffness (Young’s modulus) are directly related to the approaching part 

of the curve and give information on how hard the surface is. In some cases, if the surface 

can be ruptured, the height of that membrane can be measured by the rupture created in 

the approaching curve. The indentation depth basically indicates how much the tip has 

penetrated the sample at a given loading force. 

Whilst a single force curve can give information on the sample studied, it is necessary to 

obtain many of them to have enough accurate and meaningful statistical data. To do this, 

there is a specific mode, the force volume mode, which allows us to obtain many force 

curves easily. Thus, force images, pixel by pixel, can be created from the curves collected. 
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This mode extracts and displays the force curves in a grid shape for a specific area under 

study. For example, a force map of a 1 µm2 area using a 32 x 32 grid will give 1024 individual 

force curves, providing substantial statistical data. Furthermore, if the selected region 

contains different domains with different properties, a force map can be created to visualize 

the differences between the areas, as will be later shown in Chapter 5. 
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Summary 

 

To accomplish the objectives of this thesis, we had to decide on using the bottom-up or top-

down approach. As discussed in the Introduction, the bottom-up approach was the most 

convenient given the possibilities of controlling the physicochemical properties during 

development. We decided to start by obtaining an appropriate lipid composition for the 

engineered liposomes. 

Knowing that eukaryotic cells have cholesterol (CHOL) and focusing on the fact that we 

wanted the liposomes to be as biomimetic as possible, we selected the phospholipids based 

on their different lengths and degree of unsaturation: 

Table 2. Phospholipid candidates and cholesterol. 

Molecule Acronym Name 

 

POPC 1–palmitoyl–2–oleoyl–sn–glycero–

3-phosphatidylcholine 

 

PLPC 1–palmitoyl–2–linoleyl–sn–glycerol–

3–phosphatidylcholine 

 

DPPC 1,2–palmitoyl–sn–glycerol–3–

phosphatidylcholine 

 

DSPC 1,2–distearoyl–sn–glycerol–3–

phosphatidylcholine 

 

PSPC 1–palmitoyl–2–stearoyl–sn–

glycerol–3–phosphatidylcholine 

 

 

CHOL 

 

Cholesterol 

 

All these phospholipids have the same polar heads, phosphatidylcholine (PC). We used PCs 

since we can find them in all eukaryotic cells. Moreover, at the molar ratio, they are one of 
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the most abundant phospholipids. Even if we used the same headgroup, their tails, the 

hydrophobic part of the phospholipids, are quite different, as can be seen in Table 2. The 

differences in length and saturation are enough to confer different physicochemical 

properties. A classic example would be the melting transition temperature that is 

characteristic for each phospholipid [122]. 

Beyond the different nature of the phospholipids studied, we had to contemplate the effect 

of adding CHOL to the system under study. CHOL is not only an important molecule as it can 

be found in eukaryotic cells, but it can also alter the physicochemical properties of the lipids 

with which it is associated. The integration of CHOL into the membranes has two main 

effects: (i) it modifies the enthalpy of the melting transitions of the phospholipids [123] and 

(ii) it broadens the temperature range encompassing the main transition, being able to 

abolish the transition from Lβ to Lα if the amount of CHOL is high enough. The CHOL 

concentration necessary to abolish this transition depends on the phospholipid. Thus, it is 

of interest to obtain a better understanding of how phospholipids interact with CHOL. 

The CHOL molar concentration needed to abolish the enthalpy transition when mixing with 

the selected phospholipids was determined previously by members of our group [124]: 

PLPC:CHOL (0.93:0.07 mol/mol), POPC:CHOL (0.85:0.15, mol/mol), PSPC:CHOL, (0.70:0.30, 

mol/mol), DPPC:CHOL (0.70:0.30, mol/mol) and DSPC:CHOL (0.70:0.30, mol/mol). 

To analyze the thermodynamic properties of pure phospholipids and their mixtures with 

CHOL, we used Langmuir isotherms. We started by performing monolayer experiments with 

the Langmuir-Blodgett trough at 24 °C using pure CHOL, the 5 pure phospholipids, and their 

mixtures with CHOL at the selected molar ratios. 

As expected, each phospholipid isotherm had different features. As the compression 

progressed, we observed different phases or different surface pressure collapse values, as 

well as different π-molecular area profiles. For instance, the presence of CHOL in the mixed 

monolayers provoked a shift of the isotherms towards smaller molecular areas due to the 

condensing effect of CHOL. 
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More precisely, the changes were slightly different for each phospholipid. POPC and PLPC 

collapsed at 48.0 ± 0.1 mN m−1 and 46.2 ± 0.3 mN m−1, respectively, while their mixtures 

with CHOL, besides showing a condensation effect, showed collapse surface pressure values 

close to those of the pure phospholipids. This behavior could be reasonably attributed to 

the low proportion of CHOL in both mixtures.  While pure DSPC showed a subtle transition 

at 57.2 ± 0.4 mN m−1, it collapsed at 65.3 ± 0.5 mN m−1. Its mixture with CHOL showed a 

collapse surface pressure value of 54.0 ± 0.3 mN m−1, which was between the collapse 

surface pressure values of pure DSPC and pure CHOL. Pure PSPC collapsed at 64.0 ± 0.1 mN 

m−1 and its mixture with CHOL collapsed at 53.6 ± 0.3 mN m−1. PSPC was the only 

phospholipid that revealed a transition in its mixture with CHOL. We observed also a subtle 

transition in the mixed monolayer at a surface pressure of 44 mN m−1, close to the collapse 

surface pressure value of pure CHOL. Finally, pure DPPC showed the characteristic transition 

from the liquid expanded (LE) to the liquid condensed (LC) phase and collapsed at around 

55.0 ± 0.1 mN m−1. Its mixture with CHOL collapsed at 54.3 ± 0.6 mN m−1 and the transition 

vanished. 

The data from the isotherms were used to perform some calculations such as the 

compression modulus, more precisely the inverse of the compression modulus (Cs-1), which 

showed that CHOL increased the packing density when mixed with saturated phospholipids, 

but not when mixed with unsaturated phospholipids. We focused on the Cs-1 values at 30 

mN m-1 since this is the lateral surface pressure in a monolayer that is accepted to be 

equivalent to the lateral surface pressure in  bilayers [114]. 

The isotherm data were also used to obtain the Gibbs excess energy, from which, 

considering the mixture as a gas in two dimensions, we obtained the Gibbs energy of the 

mixing output. The negative values of ∆mixG observed for all the mixed monolayers studied 

indicated attractive interactions between the two components in all the binary systems, 

showing that the mixture of PSPC:CHOL was the most stable. 

As a complementary study to the Langmuir isotherms, we studied the surface potential of 

the samples, more precisely the variation in the overall vertical component of the dipole 
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moment (µ⊥), a complex parameter that includes contributions from the dipole moment of 

the polar headgroup, the hydrocarbon chain and the surface water molecules (Figure 10). 

 

We observed that the µ⊥ values for all the monolayers studied decreased as π increased. 

This behavior has been reported before [125–129] and has been attributed to the strength 

of the depolarized molecular interactions in the monolayers as compression progresses. We 

observed that the addition of CHOL to the pure phospholipids changed the behavior of the 

monolayer depending on whether the phospholipids were saturated or unsaturated. For 

the mixtures of CHOL with POPC and PLPC (one and two unsaturations, respectively), we 

noted that the µ⊥ values were higher than those of the corresponding pure phospholipid, 

that is, a vertical orientation of the acyl chains was induced with respect to the normal of 

the monolayer. By contrast, the mixtures of CHOL with DPPC, DSPC and PSPC (without 

unsaturations) presented lower values of µ⊥ than the corresponding pure phospholipids, 

thereby preventing their acyl chains adopting the all-trans configuration and leading to a 

tilt towards the surface of the monolayer. 

With all these data, we proceeded to deposit the monolayers onto a mica plate for further 

examination with AFM, creating Langmuir-Blodgett monolayer depositions (also known as 

Langmuir-Blodgett; LB) at 30 mN m-1. 

The AFM topographic images of all the pure phospholipid LBs showed flat and featureless 

surfaces except for some occasional defects. However, all the LBs of the phospholipid and 

CHOL mixtures showed the presence of domains. These domains were different in shape 

depending on the phospholipid involved. However, in general, their surface covering area 

(in percentage) was always lower than the nominal CHOL molar concentration. This 

Figure 10. Vertical component of the dipole moment, showing the contributions of the hydrocarbon chain, the polar head 
group and the water molecules. 
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indicated the mixing of CHOL up to a certain concentration with the corresponding 

phospholipid, with the observed domains being laterally segregated domains enriched with 

CHOL. While a direct correlation could not be made, all the data collected before were 

consistent with the size and height of the domains, which seemed to be related to the 

thermodynamic stability of the monolayer and the verticality of the molecules at the 

interface. Curiously, the height of the domains, from higher to lower, matched with the 

∆mixG values of the mixtures from less stable to more stable. 

With the techniques available, it was not possible to determine the exact composition of 

the lipid domains observed by AFM, but we were able to obtain measurements of the 

physical properties of the different monolayers using AFM in the FS mode. 

Focusing on adhesion forces (Fadh), the differences between the base area (lower regions) 

and domains (taller regions) were clearly observable. As described before with the other 

techniques, monolayers containing unsaturated phospholipids demonstrated the opposite 

behavior to that of monolayers containing saturated phospholipids. The adhesion forces 

showed higher values for the lipid domains than the base area. More interestingly, 

comparing the adhesion forces obtained from the base areas of the mixtures of CHOL and 

a pure phospholipid, we found that their Fadh values were not the same. This clearly 

indicated that CHOL was not only present in the domains, but also in the base area, probably 

at lower concentrations. For the base areas in the mixtures of pure phospholipids without 

CHOL, we obtained the same values of Fadh that we had for the pure phospholipid LBs. 

With all this information, we were able to select a suitable phospholipid to build engineered 

liposomes and to continue with the rest of the research plan of this thesis. Considering that 

phospholipids in a natural extract usually present one saturated hydrocarbon chain and one 

hydrocarbon chain with one unsaturation, the most suitable candidate was POPC. Its mixing 

behavior with CHOL showed good stability, presenting the second lowest absolute ∆mixG 

values. The selection of lipid mixtures presenting negative ∆mixG values might be considered 

slightly contradictory if we take into account that we wanted fusogenic properties, i.e., 

disrupts the layer. However, we needed a CHOL-phospholipid mixture that was stable 
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enough for liposome formation and with a low absolute ∆mixG value in order to facilitate in 

vivo fusion with the target membrane. 

 

Highlights 

 

• We evaluated several phospholipid candidates for use in the development of 

engineered liposomes with biomimetic membranes. 

• Variations in the length and/or degree of unsaturation of the phospholipid tails 

produced large physicochemical differences. 

• Saturated PCs were more condensed in the presence of cholesterol than 

unsaturated ones. 

• Saturated phospholipids showed a stronger interaction with cholesterol. 

• Using AFM-FS, we demonstrated that the two types of domains appearing in the 

mixed monolayers were not of pure CHOL or pure PCs. 

• The mixture of POPC and CHOL seemed to be the most appropriate for use in the 

development of lipid membranes. 
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Chapter 4. Results: A side quest 

Planar lipid bilayers formed from thermodynamically-optimized liposomes as new 

featured carriers for drug delivery systems through human skin 

M.L. Vázquez-González, A. Botet-Carreras, Ò. Domènech, M. Teresa Montero, J.H. Borrell 

International Journal of Pharmaceutics, vol. 563, pp. 1–8, May. 2019 

DOI: 10.1016/j.ijpharm.2019.03.052 

 

Techniques introduced 

 

Sample preparation 

 

Extrusion 

 

Liposomes, particularly those made for this research, were prepared using the thin film 

method followed by extrusion. More specifically, the different components of the 

formulations were mixed in their stock solutions of chloroform:methanol (2:1, v/v) in a glass 

balloon flask, before being dried in a rotatory evaporator at room temperature and 

protected from the light. This process yielded a thin film adhering to the glass surface, which 

was afterwards exposed to a vacuum to remove any traces of the solvents. 

At this point, after the addition of the buffer, we started subjecting the mixture to 

temperatures over its Tm and vortexed it before cooling it in an ice bath. Going over and 

under the Tm for five consecutive cycles, we created multilamellar liposomes in suspension. 

These were extruded using a syringe coupled to an extruder, like the one shown in Figure 

11, where a polycarbonate filter was used to obtain the desired liposome diameter. 



Chapter 4. Results: A side quest 

56 
 

 As the preparation went through the extruder at least eleven times, liposomes with 

diameters from 100 nm to 130 nm were obtained when passing through a 100-nm filter due 

to the intrinsic elasticity of the liposomes. This device was used to produce small batches of 

liposomes (0.5-1 ml). To produce larger amounts, we used a larger nitrogen-powered 

extruder, like the one shown in Figure 12, providing a great way to test the scalability of the 

formulation. 

Figure 12. Nitrogen powered extruder, designed to extrude larger volumes of formulations, allowing scalability assays. 

Figure 11. Syringe extruder, designed to extrude small volume formulations of between 0.5 and 1 ml. Two syringes are 
connected to the sides, allowing the user to push the volume from side to side in the extruder. 



Atomic Force Microscopy to elucidate lipidic membranes enhanced by engineered liposomes. 

57 
 

Sample characterization 

 

Nanosizer 

 

When preparing any liposome formulation, several analytical techniques can be performed. 

There are two classic techniques that are commonly used to characterize the size and 

charges of liposomes: the DLS technique to assess size and the analysis of the ζ-potential to 

measure charge. 

The DLS technique can determine the size distribution of each sample due to the scattered 

light of the laser beam. This well-established technique is typically used in the submicron 

region and is based on the Brownian motion of dispersed particles. When particles are 

dispersed in a liquid, they move randomly in all directions. The idea behind Brownian 

motion is that particles are constantly colliding with the solvent molecules, causing a certain 

amount of energy to be transferred that induces particle movement. Since the energy 

transfer is more or less constant, smaller particles are affected more, resulting in them 

moving at higher speeds than large particles [130]. 

The relationship between particle size and its movement is given by the Stokes-Einstein 

equation: 

 

𝐷𝐷 =
𝑘𝑘𝐵𝐵𝑇𝑇

6𝜋𝜋𝜋𝜋𝑅𝑅H
 

where D is the diffusion coefficient, kB the Boltzmann constant, T the temperature, η the 

viscosity and RH the hydrodynamic radius. 

This equation considers that the movement of the particles is solely based on Brownian 

motion. This means that if there is sedimentation in the sample, there will be no random 

particle movement, thereby producing inaccurate results. 
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As shown in Figure 13, the basic setup for DLS measurements consists of a single-frequency 

laser directed at a sample. If the sample contains particles, the laser gets scattered in all 

directions. This scattered light is then detected at a certain angle over time. 

As well as the size of the particles, another related important parameter is the 

polydispersity index (PDI), which indicates the broadness of the particle size distribution. A 

value below 0.1 reflects a good distribution and indicates that all the measured particles 

have a similar size. 

As mentioned above, another important technique used for sample characterization is the 

measurement of the ζ-potential to assess particle charge. ζ-potential measurements have 

become important for characterizing surface functionality and the stability of dispersed 

particles in solution. This provides information on the effective surface charge of the 

sample. The ζ-potential or electrokinetic potential is established at the surface of any 

material when it is exposed to a liquid medium and is typically given in millivolt units. In this 

work, ζ-potential was important for two reasons: (i) any liposomes produced must bear a 

positive or negative potential, enough to give stability to avoid aggregation through 

electrostatic repulsions; and (ii) the membranes should have a similar surface charge or at 

least the same voltage sign as a living cell membrane in order to mimic it. As we expected a 

primary electrostatic interaction between the cells and the engineered liposomes, we 

needed to ensure that the vesicles had the opposite charge to that of the outer lipid 

monolayer of the cell membrane. 

Figure 13. Basic DLS measurement system. The sample is placed in a cuvette and the scattered light can be detected at 
different angles. 
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Spectrofluorometry 

 

Spectrofluorometric techniques are based on fluorescence from a sample or a probe added 

to it. Any fluorescent molecule can emit radiation when excited at a certain wavelength, 

emitting radiation with a longer wavelength. 

Therefore, usually, in addition to the wavelength selectors and occasionally polarizers, the 

alignment between the source of excitation and the detector is not linear like it is in a 

conventional spectrophotometer, as we want to avoid the radiation from the source, which 

will be otherwise added to the emitted light. For this reason, there is usually a 90° source-

detector configuration, as shown in Figure 14. 

 

Figure 14. Basic spectrofluorometer setup. The light travels across the monochromator allowing the selection of the desired 
wavelength to excite the sample. The consequent emission light from the sample travels to the detector, crossing another 
monochromator, that filters out undesirable light like the excitation one. 
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Laurdan 

 

Laurdan is a fluorescent probe that can be used to distinguish differences in phospholipid 

orders due to changes in membrane fluidity. Laurdan is a polarity-sensitive probe that 

monitors dipolar relaxation and tends to be located at the glycerol backbone of the bilayer, 

with the lauric acid tail anchored in the phospholipid acyl chain region. 

This probe was incubated with the liposomes under study at a lipid:probe ratio of 300:1. 

After the incubation, the Laurdan-liposome fluorescence was measured at different 

wavelengths and different temperatures. The generalized polarization (GPex) was calculated 

as follows: 

𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 =  
𝐼𝐼440 − 𝐼𝐼490
𝐼𝐼440 +  𝐼𝐼490

 

where I440 and I490 are the fluorescence intensities at emission wavelengths 440 nm (gel 

phase, Lβ) and 490 nm (liquid-crystalline phase, Lα), respectively. In general, high GPex values 

indicate the presence of a gel phase (Lβ), while low GPex values show the presence of a 

liquid-crystalline phase (Lα). 

By examining the values of GPex at different temperatures, we can obtain information on 

the gel-to-fluid phase transition temperature (Tm) as well as the slope of the curve, which 

indicates the cooperativity of the process. GPex values, as a function of temperature, were 

fitted to a Boltzmann-like equation: 

𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒 =  𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒2 +  
𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒1 −  𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒2

1 + 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑇𝑇𝑚𝑚 − 𝑇𝑇
𝑚𝑚 �

 

where GP1ex and GP2ex are the maximum and minimum values of GPex, respectively, and m 

the slope of the curve. 

GPex values can be evaluated as a function of the excitation wavelength. On the plots of GPex 

at different excitation wavelengths, positive slopes are interpreted because of the presence 
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of domains of different compositions in different ordered phases in the lipid bilayer, while 

negative slopes imply transition towards a more fluid phase. 

 

Liposomal encapsulation efficiency 

 

The encapsulation efficiency (EE) is a simple but useful way of quantifying the amount of 

drug or molecules encapsulated in a liposome sample. We can quantify this amount by high-

performance liquid chromatography (HPLC), spectrophotometry or other quantitative 

techniques, applying the following equation: 

𝐸𝐸𝐸𝐸 =
𝑚𝑚𝑇𝑇 −𝑚𝑚′
𝑚𝑚𝑇𝑇

× 100 

where mT and m are the total and non-entrapped amount of the drug in the samples, 

respectively. 

 

High performance liquid chromatography 

 

HPLC separates the components of a sample using a chromatographic technique. The 

sample is passed through a column that is packed with different components designed to 

slow down the analytes by their molecular weight, charge or other physicochemical 

attributes. Depending on the retention time of the analytes in the column, they exit the 

system at different times. 

HPLC is a classic method that has evolved in power. It uses high-performance pumps to 

provide high pressure and a stable flow, which, compared to the classic method, accelerates 

the process. In addition, the columns are specially designed to hold high pressures and the 

overall setup is coupled to a detector, allowing very accurate and high-resolution analyses. 
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Ultraviolet and visible spectrometry 

 

 Spectrophotometers are based on the absorption of the visible and ultraviolet regions of 

the spectrum. The sample placed in a cuvette (cell) absorbs some of the incident radiation 

and the remainder is transmitted to the detector (see Figure 15). 

The qualitative applications of absorption spectrometry depend on the fact that a given 

molecule absorbs radiation only in specific regions of the spectrum. A plot of the 

absorbance versus wavelength (absorption spectrum) serves as a fingerprint to identify the 

molecule. 

Absorption of radiation by molecules at specific wavelengths is frequently used for 

quantitative analysis owing to the direct relationship between absorbance and 

concentration. 

  

Figure 15. Basic spectrophotometer setup. The light travels across the monochromator, allowing the selection of the 
desired wavelength to go through the sample, which will be partly absorbed by the sample on its way to the detector. 
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Summary 

 

The main objective of this work was to investigate how liposomes formed with the main 

components of the stratum corneum (SC) matrix, using the best thermodynamically 

optimized molar composition, behaved on the human skin surface when used as drug 

delivery systems. To achieve this, we engineered liposomes using phosphatidylcholine (PC), 

ceramides (CER) and CHOL. 

To determine the most adequate composition of the liposomes, we performed a surface 

thermodynamic analysis of the lipid monolayers spread at the water-air interface. To find 

out the most stable composition of a ternary system, we calculated the Gibbs excess energy 

of different mixtures. Firstly, we investigated the PC:CHOL binary system, for which we 

obtained the most stable composition. Using this information, we optimized the molar 

proportion of CER for the PC:CHOL mixture, analyzing the stability of the mixtures. 

From the isotherm analysis, we observed the condensing effect of CHOL on the PC 

monolayers, shifting them to lower molecular areas depending on the proportion of CHOL 

present in the system. This effect was in concordance with the findings of the previous 

chapter of this thesis. According to the Cs-1 values, the monolayers were in the LE phase, 

except for the pure CHOL monolayer. 

Analyzing the activity coefficient of the components in the monolayers, we were able to 

find a common pattern. PC molecules behaved quite ideally below CHOL molar fractions of 

0.8, while CHOL molecules behaved non-ideally at low CHOL molar fractions. Basically, we 

found a window of ideal behavior for both components at any surface pressure. This could 

be because the CHOL molecules may be laterally segregated in the monolayer at high CHOL 

molar fractions, but show good mixing in the PC matrix at low CHOL molar fractions. 

The Gibbs energy of the mixtures showed a maximum stability for the PC:CHOL (0.6:0.4 

mol/mol) system at surface pressures higher than 20 mN m-1, with these data relevant since 

a surface pressure of 30 mN m-1 is considered to be equivalent to the lateral surface 

pressure of a bilayer. 
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After obtaining the most stable mixture of PC:CHOL, we followed up by adding increasing 

proportions of CER. The CER molecules behaved ideally at the highest CER molar fraction, 

suggesting that the molecules can be segregated and form CER-enriched regions in the 

monolayers. However, the most stable monolayer was obtained with 40% CER. 

Therefore, we established that the most stable ternary monolayer of PC:CHOL:CER had a 

molar proportion of 0.36:0.24:0.4, mol/mol/mol. 

We used this composition to prepare the liposomes, either empty or encapsulating 

ibuprofen or hyaluronic acid. These were evaluated in the presence or absence of a skin 

penetration enhancer like Tween 80. The drugs induced slight changes in the morphology 

of the liposomes, but all the liposomes had a diameter size ranging from 108 to 134 nm and 

had negative ζ-potential values. 

Liposome fluidity was a core property to study since it was expected to play a role in the 

spread of liposomes. Here, we took advantage of the dipole relaxation of laurdan, which 

tends to be located at the glycerol backbone of the bilayer, with the lauric acid tail anchored 

in the phospholipid acyl chain region. 

After studying the changes in the fluorescence intensity of the probe as a function of the 

excitation wavelength at temperatures ranging from 5 °C to 55 °C, we observed a negative 

value of the slopes generated, implying that there was no phase separation in the mixture 

and a transition to a more fluid phase. High GPex values indicate the existence of the gel (Lβ) 

phase, while low GPex values show the existence of the liquid-crystalline (Lα) phase. 

The melting transition temperature (Tm) was evaluated by plotting GPex values at 340 nm as 

a function of temperature, using the modified Boltzmann equation. We observed that the 

transition of Lβ to Lα occurred at 5.46 °C. This means that if applied to the skin, liposomes 

will be in the Lα phase at room temperature, which could be beneficial for the spread and 

possible fusion of the liposomes with the SC. 
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Using AFM, we evaluated the effect of the liposomes on human skin. Human skin presents 

multiple furrows and terraces, with a roughness value of 22 nm and furrow depths ranging 

from 50 to 300 nm. 

After the application of the liposomes, we observed that the surface of the skin became 

smoother, showing a roughness value of 8.2 nm, probably because planar structures were 

formed on the surface. The spreading process and final fusion seemed to be favored by the 

low transition temperature of the lipid mixture. 

After the addition of the skin penetration enhancer (Tween 80), the liposomes transformed 

into planar structures. Importantly, the properties of the drug incorporated into the 

liposomes played an important role in the process. For instance, the different results 

obtained with the presence of ibuprofen could be mostly because it tends (in a defined 

proportion) to be coencapsulated within the bilayer instead of in the aqueous inner volume 

of the liposome. This affects the spreading properties of the liposomes on the SC. In 

addition, the incorporation of hyaluronic acid, which was encapsulated inside the liposome 

in the aqueous region, seemed to modify the mechanism of deposition. In this case, 

liposomes transformed easily into planar structures when hyaluronic acid was incorporated. 

Thus, liposomes transformed into planar structures more effectively with the incorporation 

of hyaluronic acid than with the incorporation of ibuprofen. This could be mainly due to the 

place where the molecules are incorporated into the vesicles. The encapsulated drugs were 

also able to influence the effect of the skin penetration enhancer as a facilitator of the fusion 

process. 
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Highlights 

 

• We observed the deposition and spread of liposomes in suspension on human skin, 

demonstrating the potential of the formulation to release drugs in transdermal 

applications. 

• The presence of CER and CHOL in the composition of liposomes influenced their 

spread on human skin. 

• Liposomes mimicking the SC lipid matrix and loaded with drugs formed higher and 

rougher structures on human skin than PC liposomes. 

• We analyzed the thermodynamic behavior of lipid monolayers to evaluate the 

optimal composition mimicking the human SC. 

• The ternary PC:CHOL:CER mixture showed the lowest Gibbs energy, suggesting that 

it would be the most suitable formulation for preparing drug carriers for topical 

administration. 

• Laurdan fluorescence demonstrated non-phase-separated liposomes at room 

temperature. 

• AFM showed the different behavior of the drugs incorporated into the liposomes: 

hyaluronic acid improved liposome spread and transformation into planar 

structures on human skin more than ibuprofen. 

• The incorporation of a skin penetration enhancer modified the permeation of the 

molecule through the SC, but did not dramatically enhance the spread of the 

liposomes on human skin. 

• The engineered liposomes tended to form flat layers covering the human skin 

surface. 
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Chapter 5. Results: The model 

Characterization of monolayers and liposomes that mimic lipid composition of HeLa 

cells. 

A. Botet-Carreras, M. T. Montero, J. Sot, Ò. Domènech, and J. H. Borrell 

Colloids and Surfaces B Biointerfaces, vol. 196, p. 111288, Dec. 2020 

DOI: 10.1016/j.colsurfb.2020.111288 

 

Techniques introduced 

 

Langmuir-Blodgett trough 

 

Monolayer fusion 

 

A preliminary fusion test was performed using the Langmuir-Blodgett trough, in which a 

monolayer of the HeLa-cell-membrane-mimicking (HeLa-mimicking) mixture was obtained 

and stabilized at 30 mN m-1 [114–116]. After adding the engineered fusogenic liposomes 

beneath the interface using an injection port (preventing the disruption of the monolayer), 

we observed that the surface area between the barriers increased to keep constant at the 

same nominal surface pressure of the monolayer. This technique (constant lateral surface 

pressure approach) enables us to detect the fusion of liposomes (or other surface active 

agents) with a large half-membrane. Although we only had a monolayer, this allowed us to 

follow the interaction process between the polar heads and, therefore, the firsts steps of 

the expected fusion event that occurs in a lipid bilayer. 
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BAM 

 

A Brewster angle microscope (BAM) coupled to a Langmuir-Blodgett trough was used to 

determine Brewster’s angle, which is a unique angle (~53° for water), based on a simple 

formula shown in Figure 16. 

 

When an incident laser beam strikes the buffer solution at a particular angle (Brewster’s 

angle), all the light directed at the water surface will not reflect on the air-water interface 

of the pure water surface, making it appear black. Any material added to the interface 

modifies the reflection, causing a small amount of light to be reflected to the camera and 

show up on the image. The resulting image is a conjunction of different brightness 

determined by the molecules at the interface and their packing densities. 

  

Figure 16. Langmuir-Blodgett trough configured to a Brewster angle microscope. Brewster angle (α), refractive index of air 
and buffer solution (n1 and n2, respectively). 
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Summary 

 

Once we obtained a suitable composition to develop the engineered liposomes, we needed 

a model to test it. One of the most studied cell lines is the immortal HeLa cell line, which is 

commonly used in many biological studies. We developed a novel artificial lipid mixture 

based on the results of several studies [131–134] that mimicked the outer lipid membrane 

of HeLa cells. This artificial membrane was used in tests to avoid the hassle of using living 

cells and to perform faster and cheaper tests with the engineered liposomes before 

undertaking in vitro tests with cell models. 

Based on the abovementioned studies evaluating the composition of HeLa cell membranes, 

we reduced the number of components of our membrane model to four constituents: 1–

palmitoyl–2–oleoyl–sn–glycero–3–phosphatidylcholine (POPC), 1–palmitoyl–2–oleoyl–sn–

glycero–3–phospho ethanolamine (POPE), 1–palmitoyl–2–oleoyl–sn–glycero–3–phospho–

L–serine (POPS) and cholesterol (CHOL) at a molar ratio of 0.29:0.31:0.06:0.34 

mol/mol/mol/mol, respectively. 

To characterize the membrane model, we performed several tests starting with the 

compression isotherms. The membrane model presented an isotherm showing a monotonic 

increase in surface pressure when the molecular area decreased until collapse. Compared 

to the other single pure components forming the mixture, the isotherm of the HeLa-

mimicking membrane mixture showed lower molecular areas at all surface pressures, 

except for CHOL, which was already anticipated based on the findings of previous studies. 

Furthermore, none of the specific characteristic features of the pure phospholipids, like the 

collapse pressures or the transitions of POPS and POPE from the LE to LC phases, was 

observed. 

This confirmed that the different lipids were effectively mixed in the monolayer and that 

the presence of CHOL was effective in condensing pure phospholipids at the interface, thus 

playing an important role in the properties of the whole mixture. 
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In accordance with the findings of other studies [135], evaluation of the CS-1 values extracted 

from the isotherms revealed that the mixture remained in the LE phase at the working 

temperature (24 °C) at all the surface pressures studied. This was expected since biological 

membranes are in the fluid state under biological conditions. 

Studying the vertical component of the dipole moment (µ⊥), we observed that µ⊥ decreased 

with increasing π. This was attributed to the strengthening of the depolarized molecular 

interactions in the monolayer. In addition, as compression progressed, the drop in the µ⊥ 

values indicated a decrease in van der Waals forces with rising pressure. The results 

suggested that the decrease observed was not from the geometric orientation of the lipids 

in the vertical, but from changes in the position and orientation of the headgroups in the 

water layer immediately beneath the monolayer. This could be supported by the findings 

of molecular dynamics experiments that are presently under progress in a collaborating 

laboratory. 

To obtain further information on the structural organization of the lipid monolayer, we 

explored if the HeLa-mimicking lipid mixture was able to create micro and/or 

nanostructures. To this end, we performed several tests with BAM. 

At low surface pressures, BAM revealed dark lipid regions (a fluid phase) coexisting with 

brighter lipid domains (a more condensed phase). As surface pressure increased (reaching 

30 mN m-1), these round bright domains measuring 10 to 50 µm started to disaggregate, 

forming an image of homogeneous small dots. From the compressibility modulus, we know 

that the lipid monolayer remains in the LE phase. Therefore, these lipid domains could not 

be composed of pure lipids (as indicated by the lack of collapse at pressures close to the 

collapse surface pressure of the pure phospholipids in the isotherm experiments). Thus, we 

can presume that the more condensed domains could be enriched with CHOL, which 

controls the other phospholipids and forms these regions without modifying the 

macroscopic behavior of the monolayer. 

To analyze the possible nanostructures present in the monolayer, we placed an LB of the 

HeLa-mimicking mixture at 30 mN m-1 onto a mica surface. AFM revealed two different 
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regions: 85% of the surface was covered by a relatively uniform film, and 15% was covered 

by a series of small domains approximately 400 nm wide that rose 0.6 nm above the base 

region. 

The domains were clearly smaller than the ones observed in the BAM images, showing 

nanostructures inside the microstructures. 

We also obtained a force adhesion map with AFM-FS paired with a topographic image of 

the same region. The Fadh data obtained showed clear differences between the base area 

and the small domains. Moreover, according to other studies [136], the low values of Fadh 

indicated that the lipids were in the LE phase, which is consistent with the earlier results 

demonstrating the LE phase of the lipid monolayer of the HeLa-mimicking mixture. 

After the study of the monolayer model, we switched to the vesicle model as it was more 

similar to a lipid membrane. We formulated liposomes with the HeLa-mimicking mixture 

and evaluated the possible existence of lipid domains in the bilayer system. These liposomes 

were characterized by the DLS technique, which revealed diameters of around 117.6 ± 1.1 

nm, a PDI value of 0.122 and a ζ-potential value of around -8.9 ± 1.1 mV. Thus, the liposomes 

were negatively charged like the HeLa cell membrane. However, mainly due to the size of 

the liposomes, they were not as negative as a living HeLa cell (-19.4 ± 0.8 mV) [137]. 

Laurdan fluorescence assays were performed at temperatures ranging from 0 °C to 50 °C. 

The Tm value was 33.6 ± 0.6 °C. We observed that from 0 °C to 15 °C, the GPex & λex plots 

showed positive slopes, indicating the presence of domains of different composition and 

different ordered phases in the lipid bilayer. By contrast, from 20 °C to 40 °C, the plots 

showed negative slopes, indicating a transition towards a more fluid phase. 

After gathering information on the physicochemical properties of the HeLa-mimicking 

mixture, we performed some preliminary tests with it. 

First, we developed two types of engineered liposomes with POPC, which had been 

determined to be the most suitable candidate [136] (Chapter 3). We then added the cationic 

phospholipid 1,2–dioleoyl–3–trimethylammonium–propane (DOTAP), which seems to 
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facilitate the fusion process. The difference between the two formulations was the 

presence or absence of CHOL. It is well known that CHOL plays a key modulating role in the 

fusion process [138]. 

Therefore, we prepared two different liposome compositions: POPC:DOTAP (0.80:0.20, 

mol/mol) and POPC:CHOL:DOTAP (0.65:0.15:0.20, mol/mol/mol) liposomes that showed 

similar average sizes of 120 nm, a PDI of 0.194 and 0.168, respectively, and a ζ-potential 

value of 9.0 ± 1.2 mV and 10.2 ± 0.6 mV, respectively. A positive charge seemed to be 

adequate to investigate their interaction with living cells, which have a native negative 

charge. 

To evaluate the possible fusion of the engineered liposomes with the monolayer of the 

HeLa-mimicking mixture, we performed an experiment where the monolayer was 

compressed and stabilized at a surface pressure of 30 mN m-1. Once the monolayer was 

stabilized, the liposomes were injected underneath the surface. The interaction between 

the liposome and monolayer was followed, varying the area but controlling the pressure of 

the monolayer and stabilizing it constantly at 30 mN m-1. 

The experiments were carried out with three types of liposomes: the two engineered ones 

(POPC:DOTAP and POPC:CHOL:DOTAP liposomes) and pure POPC liposomes (used as a 

blank). 

After the injection of any of the two engineered liposomes, the molecular area of the 

monolayer increased while maintaining the same surface pressure. This was clear evidence 

of a fusion process between the monolayer and the liposomes. 

The increase in the molecular area reached a maximum value after about two hours. This 

increase was greater for liposomes containing CHOL than for those without the sterol. 

Unexpectedly, the fusion process was faster for the liposomes without CHOL than for those 

with CHOL. Thus, the fusion process was slower in terms of time, but greater in quantitative 

terms in the liposomes containing CHOL. 
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The pure POPC liposomes did not produce any change in the molecular area of the 

monolayer, most probably because of the absence of DOTAP and, consequently, the missing 

electrostatic charge difference between the HeLa-mimicking monolayer and the POPC 

liposomes. This highlighted the importance of DOTAP and CHOL in the fusion process, as 

reported previously [139]. 

After evaluating the physicochemical characteristics of the HeLa-mimicking monolayer, the 

last step in this research project was to continue studying the interactions between the 

HeLa-mimicking membrane model and engineered liposomes. 

 

 

Highlights 

 

• We created artificial membrane models based on the lipid composition of the 

plasma membrane of living HeLa cells. 

• We engineered two different types of liposomes based on POPC to fuse with the 

membrane models and, in the future, with living cells. 

• BAM and AFM revealed micro- and nanostructure domains in the lipid bilayer model 

mimicking the HeLa cell membrane. 

• The first tests performed suggested that the fusion process had a primary step 

involving electrostatic and adhesion forces. 

• We corroborated that CHOL modulates and enhances the fusion process. 
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Chapter 6. Results: Testing 

Engineering and development of model lipid membranes mimicking the HeLa cell 

membrane 

A. Botet-Carreras, M.T. Montero, J. Sot, Ò. Domènech, J.H. Borrell 

Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 630 pp. 127663, Dec. 

2021 

DOI: 10.1016/j.colsurfa.2021.127663 

 

Techniques introduced 

 

Spectrofluorometry 

 

Anisotropic fluorescence emission 

 

Fluorescence anisotropy and fluorescence polarization, as discussed in the previous 

chapters, can be used to determine the fluidity of a lipid bilayer. In fluorescence anisotropy, 

the light emitted by a fluorophore has different intensities depending on the axis of 

polarization due to rotational movements. 

The use of fluorophores enables us to get a deeper insight into the physicochemical 

parameters of the lipid bilayer and help build the composition of the engineered liposomes. 

Using the fluorophores 1,6-diphenylhexatriene (DPH) and 1-(4-trimethylammonium-

phenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH), it is possible to evaluate the membrane 

fluidity of a liposome bilayer. More accurately, using the anisotropy data, we were able to 

calculate the microviscosity (η) of a liposome bilayer [140,141]. 
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The difference between DPH and TMA-DPH is in the location of the fluorophore in the 

membrane after mixing and incubation with the liposomes of interest at a lipid:probe molar 

ratio of 300:1. The DPH probe is used to assess the bilayer core,  while the TMA-DPH probe 

is used to visualize the area near the phospholipid headgroup due to its net positive charge. 

This is important since the different locations can provide information about the two main 

areas of a lipid bilayer. To proceed with this type of assay, we needed a spectrofluorometer 

equipped with proper polarizers. The assays were performed using excitation and emission 

wavelengths of 381 nm and 426 nm, respectively. 

To establish a relationship between the η of the medium (the liposome membrane in our 

case) and anisotropy (r), we used the Perrin equation: 

 
𝑟𝑟0
𝑟𝑟

= 1 + 𝐶𝐶(𝑟𝑟) 𝑇𝑇·𝜏𝜏
𝜂𝜂

        

 

where T is the absolute temperature, τ the excited-state lifetime of the fluorescent probe, 

r0 the limiting anisotropy and C(r) a parameter related to the molecular shape and the 

location of the transition dipoles of the rotating fluorophore at each r value. The term 

C(r)·T·τ was experimentally determined to be 0.24 Pa, while the r0 value for the DPH 

molecule was 0.362. Hence, we could rearrange the equation as: 

 

𝜋𝜋(𝐺𝐺𝑃𝑃 · 𝑠𝑠) = 0.24·𝑟𝑟
0.362−𝑟𝑟

    

 

Another interesting information that can be obtained from this technique is the 

dependence of the viscosity on temperature. More precisely, we were interested in the 

values of the activation energy (∆E), which considers the minimum energy value required 

for a fluid to flow. This can be either understood as an estimation of the minimum energy 

required to trigger the first events occurring in the fusion of different bilayers or the spread 

of liposomes on surfaces. Regarding the fusion studies, the higher this energy is, the lower 

the probability is of fusion between the lipid membranes. 
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Considering that commonly used solvents and linear hydrocarbon chain liquids show an 

exponential decay in their viscosity as a function of temperature, we used the following 

equation to calculate ∆E: 

 

 𝜋𝜋 = 𝜋𝜋0𝑒𝑒
Δ𝐸𝐸
𝑅𝑅𝑅𝑅  

 

where η0 is the lowest viscosity value of the liquid and R the gas constant. 

Using another probe, 1-formyl-6-(N-cyclohexyl) aminopyrene (PA), in liposomes at a 

lipid:probe molar ratio of 250:1, we were able to analyze the red/blue intensity ratio (RBIR). 

This technique calculates the integral intensity ratio of red/blue regions of an emission band 

(573-631 nm/500-530 nm, respectively) to distinguish between the L0, Lα and Lβ phases 

[142] comparing the experimental values with reference ones. 

 

Fluorescence resonance energy transfer 

 

Fluorescence resonance energy transfer (FRET) assays were performed with two 

fluorophores and based on the extent of resonance transfer (RET). The emission spectrum 

of one fluorophore, the donor, overlaps with the excitation spectrum of the second, the 

acceptor. When the donor is excited, if the acceptor is at the Förster distance from the 

donor, the acceptor will emit fluorescence through excitation by the emission of the donor. 

Two classical FRET fluorophores are 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (Rh-PE or rhodamine-PE) and 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE). 

In this case, the donor was NBD, which has a maximum excitation wavelength of around 

460 nm and an emission wavelength of 547 nm, while the acceptor was Rh, which has a 

maximum excitation wavelength of around 553 nm and an emission wavelength of 590 nm. 

If NBD and Rh are close to one another, Rh fluorescence emission should occur. 
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FRET is highly dependent on the distance between the donor and the acceptor. This distance 

in nanometers is characterized by the Förster radius (R0), which is the donor/acceptor 

distance at which energy transfer is 50% efficient. R0 values are specific for each 

donor/acceptor pair, but are usually between 1.5 and 6 nm. The R0 of the NBD/Rh 

fluorophore pair is approximately 5 nm [143], making FRET a nanometric technique unlike 

conventional optical microscopy. 

There are two different ways to perform a FRET assay to assess fusion between liposomes. 

One consists of adding 0.6% mol of each fluorophore to the different liposomes that are 

going to be tested against one another. When fusion occurs, the maximum fluorescence 

value of NBD diminishes, while Rh fluorescence increases as the molecules get closer and 

NBD emission excites the Rh molecules. This behavior occurs only if the fusion process 

happens. 

This approach has one significant drawback. If one of the two different models being studied 

is mimicking a cell membrane, adding one of the fluorophores to the cell will be hard to 

control and might cause some modifications to the cell prior to the assay. Hence, the second 

way, which involves adding the two fluorophores to the same type of liposome (in this 

study, the engineered POPC:DOTAP or POPC:CHOL:DOTAP liposomes), can help in future 

experiments with living cells or other models that cannot be modified. This means that if 

fusion occurs and the FRET decreases, we should see the NBD signal grow and the Rh signal 

drop, as can be seen in Figure 17. 
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By adding the two fluorophores to the same liposome (both at 0.6% mol) before the fusion 

process begins, low NBD and high Rh fluorescence signals should be detected, with the NBD 

fluorescence signal growing and the Rh one decreasing as the fusion process progresses. 

This will occur because the unlabeled liposomes (in this work, the HeLa-mimicking 

liposomes) will dilute the NBD and Rh concentrations present in the original liposome, 

making them spatially distant and impeding the RET process. 

The percentage of fusion was calculated using the growth signal of NBD fluorescence, as 

follows: 

 

                                                %𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹 = �𝐹𝐹𝑡𝑡−𝐹𝐹0
𝐹𝐹∞

� × 100    

 

where Ft is the NBD fluorescence intensity at each given time, F0 the initial NBD fluorescence 

intensity and F∞ the fluorescence intensity at an infinite dilution of the fluorescent probe in 

liposomes. 

F∞ requires evaluation. The classical approach for obtaining this value is by breaking the 

liposomes down with a detergent (e.g., Triton X-100). This brings the lipids down to an 

Figure 17. FRET curves, as the fusion process advances, with the NBD signal rising and the Rh signal drops as RET breaks. 
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infinite dilution state. It has been reported that NBD in detergent micelles presents less 

fluorescence than the NBD molecules that are infinitely diluted in lipid bilayers [144]. To 

correct for this error produced by the detergent, F∞ can be estimated as: 

F∞ = α · Fdet 

where Fdet is the fluorescence of NBD in micelles and α is a ratio of the real fluorescence at 

an infinite dilution to that with detergent. Experimentally, we obtained Fdet values after the 

addition of Triton X-100 at a final concentration of 1%. The α value used, 1.79, was 

determined at 37 °C [144]. 

The abovementioned method to obtain the percentage of fusion considers that both 

fluorescent probes are infinitely diluted in the liposomes at the end of the fusion process. 

This could be achieved easily if the number of unlabeled liposomes is much greater than 

that of the labeled ones.  

In the assays, the molar ratio of labeled to unlabeled liposomes was 1. It is known that due 

to the speed and possible collision events between the liposomes during a typical fusion 

experiment (1 h – 2 h), the maximum number of fusion events for a liposome will be only 

one [144]. Therefore, the model where we reach an infinite dilution could be considered 

not valid for obtaining the percentage of fusion, as infinite dilution will never be reached. 

To obtain F∞ values, we created a special batch of liposomes combining the HeLa-mimicking 

liposomes and the engineered liposomes (with or without CHOL) supplemented with the 

two fluorophores. By creating these liposomes, we artificially created a system where all 

the possible fusions between the HeLa-mimicking liposomes and the engineered liposomes 

(at a ratio of one to one) had already happened and maximum dilution had been achieved. 

We evaluated the percentage of fusion achieved by considering the two methods 

mentioned above. We added 1% Triton X-100 to break down the liposomes and obtained 

the value for infinite dilution using the classical method. We also considered maximum 

dilution as if there were only one-to-one fusion events. In this way, the fluorescence value 

of the mixed preparation could be adjusted and corrected to the value of the FRET assay. 
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Using the second method to obtain F∞, the percentage of fusion obtained was almost 

quadruple that obtained with the classical method involving infinite dilution. 

Finally, the fusion data were fitted to a modified Langmuir saturation curve to evaluate the 

physicochemical parameters of the process: 

 

%𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐴𝐴𝑚𝑚𝑚𝑚𝑒𝑒
(𝑘𝑘𝑘𝑘)𝑏𝑏

(1 + 𝑘𝑘𝑘𝑘)𝑏𝑏
 

 

where Amax is the maximum value of fusion achieved, k the rate constant of the process and 

b a parameter related to the cooperativity of the process. 

 

Fluorescence lifetime decay 

 

Fluorescence lifetime decay is an intrinsic property of a fluorophore and it is the time that 

a molecule remains in the excited state before returning to its ground state. The lifetimes 

of fluorophores can range from picoseconds to hundreds of nanoseconds. During this 

lifetime, the fluorophores can interact with other molecules, rotate and diffuse through the 

local environment as well as undergo conformational changes [145,146]. 

Intensity decay curves (F(t)) need to be corrected to avoid the instrument response factor 

(IRF), which is the consequence of scattered photons arriving at the detector (Figure 18). 

This correction is usually achieved by measuring a reference colloidal silica solution, but can 

be also obtained with other substances as long as they are colloidal systems. 
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Once the IRF is subtracted from the F(t) curves, these curves can be fitted to one or multiple 

exponential decay curves depending on the fluorophores studied. In this work, the 

engineered liposomes containing NBD and Rh were fitted to a multiple exponential decay 

curve expressed as: 

 

𝐹𝐹(𝑘𝑘) = ∑ 𝛼𝛼𝑖𝑖 · 𝑒𝑒−𝑡𝑡 𝜏𝜏𝑖𝑖⁄
𝑖𝑖   

 

where αi is the preexponential factor (fraction contribution to the time-resolved decay) and 

τi the corresponding lifetime value. Mean lifetime values can be calculated as [147]: 

 

< 𝜏𝜏 > =
∑ 𝛼𝛼𝑖𝑖𝜏𝜏𝑖𝑖2𝑛𝑛
𝑖𝑖
∑ 𝛼𝛼𝑖𝑖𝜏𝜏𝑖𝑖𝑛𝑛
𝑖𝑖

 

 

 

Figure 18. Lifetime fluorescence decay curves. Fluorophore decay (red); IRF (blue); curve fitting (black). 
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AFM 

 

Young’s modulus for SLBs 

 

As mentioned previously, calculating the stiffness of a membrane by AFM-FS [148] is really 

helpful in studying the changes in the mechanical properties of samples. To evaluate the 

stiffness of a sample, we used Young’s modulus to provide information on how difficult it is 

to deform a sample in the direction of the force applied, i.e., between the lipids forming the 

lipid bilayer [149]. To calculate the Young’s modulus of the different samples, a 

mathematical approximation was needed. Although there is debate on the nanomechanical 

model to be applied, the Hertz model is widely accepted to be the most reliable [150]. 

This model introduces three considerations or restrains: 

1. The surface of the sample is a homogeneous and linear elastic solid. 

2. The indenter is not deformable. 

3. The interaction between the sample and the indenter is through elastic forces only. 

Considering the shape of the tip (the indenter), we can apply different formulas. If we 

consider the indenter to be a parabolic tip, Young’s modulus can be calculated through force 

indentation curves (F vs δ ) using the following equation: 

 

     𝐹𝐹 =
4�𝑟𝑟𝑡𝑡𝑖𝑖𝑡𝑡

3
· 𝐸𝐸
1−𝜐𝜐2

· 𝛿𝛿3 2⁄    

 

where rtip is the tip radius (in our case, 2 nm), υ the Poisson’s ratio (0.5 for most biological 

samples), E the Young’s modulus and δ the indentation. 

For a better sample distribution and to obtain more force curves to study, we used the 

force-volume mode to gather the highest number of individual force curves.  
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Summary 

 

After investigating and selecting the lipids we could use for the engineered liposomes, 

together with the creation of a membrane model mimicking the HeLa cell membrane, we 

were ready to study the fusion process between the engineered liposomes and the HeLa-

mimicking models. 

We made liposomes of different compositions: POPC:CHOL:DOTAP liposomes, 

POPC:DOTAP liposomes and HeLa-mimicking liposomes. As mentioned before, the average 

diameterof all the liposomes was approximately 120 nm. The two engineered POPC 

liposomes had a positive ζ-potential due to the presence of the cationic lipid DOTAP, while 

the HeLa-mimicking liposomes had a negative ζ-potential due to the presence of POPS, an 

anionic lipid. 

Only for the experiments measuring the RBIR, HeLa-mimicking MLVs were created, showing 

an average diameter of 506 nm. 

Evaluation of the lipid phase of the HeLa-mimicking liposomes with the RBIR revealed that 

liposomes at temperatures from 0 °C to 13 °C were in the Lo phase, while those at 

temperatures between 34 °C and 55 °C showed values similar to those of mixtures in the Lα 

phase that contain CHOL [142]. Finally, liposomes at the intermediate temperature range 

of 13 °C to 34 °C showed an intermediate state between Lo and Lα and also intermediate 

properties between those of the Lo and Lα phases. 

For a better understanding of what was happening at the membrane level in terms of 

fluidity, we measured the anisotropic fluorescence emission. The assays were performed 

using DPH and TMA-DPH incorporated into the HeLa-mimicking liposomes as well as two 

types of special liposomes obtained by fusing HeLa-mimicking liposomes with the 

engineered POPC:DOTAP or POPC:CHOL:DOTAP liposomes at a ratio of 1:1. These 

formulations allowed us to calculate the microviscosity (η) of the resulting fused liposomes. 
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In general, η values decreased as the temperature increased for both fluorophores. The η 

values of the HeLa-mimicking liposomes were higher at all the temperatures studied 

compared to the other two types of liposomes. The η values of the other two types of 

liposomes decreased when the temperature increased, being lower for the POPC:DOTAP 

liposomes. 

DPH provides information on the core of the bilayers. The results showed that CHOL did not 

modify the ΔE values, probably due to its anchored position within the lipid bilayer. On the 

contrary, TMA-DPH, being placed near the phospholipid headgroup, showed decreased ΔE 

values for the HeLa-mimicking liposomes fused with the POPC:CHOL:DOTAP liposomes, but 

not for the HeLa-mimicking liposomes fused with the POPC:DOTAP liposomes. 

To investigate the abilities of the engineered liposomes to fuse with the HeLa-mimicking 

liposomes at a ratio of 1:1, we added both NBD-PE and Rh-PE to the engineered vesicles to 

carry out FRET assays and followed the kinetics of the NBD-PE fluorescence signal. We 

observed that both types of engineered liposomes effectively fused with the HeLa-

mimicking liposomes. Furthermore, the POPC:CHOL:DOTAP liposomes showed a higher 

dilution of the NBD-Rh FRET, greater NBD fluorescence, a higher rate of fusion and a large 

cooperativity of the transition compared to the POPC:DOTAP liposomes, indicating a higher 

overall fusion rate. 

Depending on what we consider as the maximum dilution of the fluorescent probes, the 

value of the overall fusion rate can have a different value. This observation will be discussed 

later in the Discussion. 

We also evaluated the changes in the NBD-PE lifetime in the two types of engineered 

liposomes when fused with the HeLa-mimicking liposomes. The average lifetime of NBD-PE 

was quite similar for both formulations, but decreased in both cases, with this being greater 

for the POPC:CHOL:DOTAP formulation. 

Finally, we used AFM-FS to study the SLBs created by fusing HeLa-mimicking liposomes onto 

mica surfaces. These SLBs were featureless and the covering of the mica surface was 

incomplete on purpose to create some holes in the SLB in order to assess the possible effect 



Chapter 6. Results: Testing 

102 
 

of the engineered liposomes on the line tension of the SLBs. Indeed, after the addition of 

the engineered liposomes, these holes became smaller over time until they had almost 

disappeared as the liposomes had fused with the HeLa-mimicking SLB and integrated into 

it. No unfused liposomes were observed close to the holes, neither in the edges nor in the 

center of the hole, suggesting that the liposomes had been adsorbed onto the SLB and 

subsequently absorbed into the mica surface, laterally displacing the SLB components to 

cover the defects. In accordance with the findings of the FRET assays, POPC:CHOL:DOTAP 

liposomes were faster in fusing, therefore closing the holes in the SLB more quickly. 

In the FS mode, we calculated the Young’s modulus of the SLBs. The adjustment of the 

distribution to a normal distribution gave a maximum value of 29.6 ± 0.8 MPa for the 

Young’s modulus of the HeLa-mimicking SLB. After the addition of the engineered 

liposomes, this value changed. We observed two maximal E values after the addition of 

POPC:DOTAP liposomes, one centered at 26 ± 5 MPa, similar to that of the HeLa-mimicking 

SLB, and the other at 70.2 ± 1.6 MPa. After the addition of POPC:CHOL:DOTAP liposomes, 

we could observe only one maximum value of E centered at 63.3 ± 0.8 MPa. These values 

were a clear indication of the changes in the composition of the HeLa-mimicking SLBs after 

the engineered liposomes had fused with them. 

The force maps for the SLBs after the addition of POPC:DOTAP or POPC:CHOL:DOTAP 

liposomes were obtained 40 minutes after the addition of the engineered liposomes. Since 

the measurements were taken approximately at the same time, we suggest that the 

bimodal distribution obtained after the addition of the POPC:DOTAP liposomes was most 

probably due to an intermediate state where not all the liposomes had completely fused. 

Thus, some areas of the SLB remained as the original, without any integrated POPC:DOTAP 

liposomes. On the contrary, since the POPC:CHOL:DOTAP liposomes fused more quickly, the 

entire SLB had been altered. In other words, the results demonstrated the speed of the 

fusion process, being faster for the POPC:CHOL:DOTAP liposomes than for the POPC:DOTAP 

liposomes. 
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After evaluating the results provided by these experiments, we pursued our final objective 

of using biophysical approaches to prove that the fusion process between engineered 

liposomes and living HeLa cells can be modulated by selecting specific components that 

enhance fusion. 

 

 

Highlights 

 

• The HeLa-mimicking lipid composition can form SLBs and stable liposomes. 

• Due to its high proportion of CHOL, the HeLa-mimicking lipid membrane presented 

an equilibrium between the Lo and Lα phases. 

• The changes in microviscosity confirmed the integration of the lipids from the 

engineered liposomes into the HeLa-mimicking liposomes. 

• DPH and TMA-DPH experiments suggested that the presence of CHOL decreased the 

activation energy. 

• Fusion of any of the two types of engineered liposomes with the HeLa-mimicking 

models was positively confirmed by the FRET assays. 

• The mean NBD lifetime was affected by changes in the composition after the fusion 

process. 

• HeLa-mimicking SLBs did not show evidence of a surface lateral segregation of lipids. 

• Engineered POPC:DOTAP and POPC:CHOL:DOTAP liposomes were capable of 

integrating into the HeLa-mimicking SLBs, confirming the fusion process. 

• Changes in Young’s modulus, which indicates membrane stiffness, demonstrated 

the integration of the POPC:DOTAP and POPC:CHOL:DOTAP liposomes into the 

HeLa-mimicking SLBs. 

• We confirmed that CHOL enhances fusion, using different techniques. 
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Chapter 7. Results: The cell 

On the uptake of cationic liposomes by HeLa cells: from changes in elasticity to 

internalization 

A. Botet-Carreras, M. Bosch Marimón, R. Millan-Solsonad, E. Aubets, C. J. Ciudad, V. Noé, 

M. T. Montero, Ò. Domènech, and J.H. Borrell 

Nanomedicine: Nanotechnology, Biology and Medicine. Submitted 

 

Techniques introduced 

 

Flow cytometry 

 

A flow cytometer is used to study single cells or particles in solution as they flow past one 

or more lasers while suspended in buffer. Each particle or cell is analyzed for visible light 

scattering and/or multiple fluorescent probes. The technique to analyze visible light 

scattering is quite similar to the DLS technique. Samples can be evaluated in the forward 

direction, which can indicate the relative size of the cell. Moreover, at 90°, side scattering 

analysis is used to obtain information on the internal complexity or granularity of the cell. 

This technique allows us to study tens of thousands of cells in a quick way. Ideally, the flow 

diameter of the capillary tube through which the sample flows is small enough for the cells 

to pass one by one in front of the laser beam so that they can be analyzed individually. 

Fluorescence analysis is relevant for analyzing cells labeled with a fluorescent dye. In this 

study, it was used to determine if the engineered liposomes labeled with Rh-PE had 

integrated into HeLa cells. This technique does not allow us to determine where this 

fluorophore is located, which is instead measured by other techniques. 
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Confocal microscopy 

 

Confocal microscopy is an optical imaging technique that uses a spatial pinhole to obtain 

better optical resolution and contrast compared to conventional widefield optical 

microscopy. The key point of confocal microscopy is the use of spatial filtering to eliminate 

out-of-focus light or glare in specimens whose thickness exceeds the immediate plane of 

focus. Capturing multiple images at different depths in a sample allows the associated 

software to build a three-dimensional image known as optical sectioning (Figure 19). 

The first confocal microscopes were slow in providing a full image since the scanning 

process took a long time. These instruments evolved into the confocal laser scanning 

microscope (CLSM), which uses a laser that is diffracted into a three-dimensional pattern so 

that it shines on different planes. In addition, these microscopes incorporate a series of 

fluorescence barrier filters so that different fluorescent probes can be visualized in the same 

sample. 

 Usually, for biological observations involving living cells, CLSM are inverted and use an 

immersion lens. 

Figure 19. Basic configuration of a confocal laser scanning microscope (CLSM). A laser is focused through an excitation 
pinhole, then reflected into the sample by a dichromatic mirror. Out-of-focus light emitted from the sample is rejected by 
the pinhole, generating an optical section. 
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Viability assays 

 

Viability assays are required to assess cell proliferation, cytotoxicity and cell mortality. 

These assays consist of adding a concentration of the substance under study to a culture of 

a specific cell line, HeLa cells in our case. After incubating the cells with the substance, we 

can visually assess the effect of the substance or quantitatively evaluate the survival rate of 

the cells by counting the number of remaining living cells in a culture compared to a blank. 

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) is used in many studies 

to assess cell death. When added to a cell culture containing living cells, mitochondrial 

dehydrogenases of the viable cells cleave the tetrazolium ring of the MTT, changing the 

yellowish MTT into purple formazan crystals that are insoluble in aqueous solution. The 

addition of MTT to a cell culture allows the evaluation of the number of living cells in a 

colorimetric way by measuring absorbance at 570 nm. The absorbance values can be 

compared with, for example, those of a negative control where no active agents have been 

added to the cell culture and therefore have the highest possible absorbance values. 

 

Phospholipid quantification with the Marshall dye 

 

Quantifying the number of phospholipids in a formulation after liposome production and 

encapsulation (probably also including a last filtering step to separate the unloaded drugs 

from the encapsulated ones) is essential to understand and quantify the lipidic loss 

occurring during the process of production. 

The technique to quantify this is based on the hydrophobic nature of the phospholipids and 

involves a dye [151]. The liposomes are first dissolved in chloroform. This disassembles the 

liposomes, causing the phospholipids to dissolve in the liquid organic phase. The Marshall 

dye, which contains ferric chloride and thiocyanate and has a dark red color, is then added. 

This mixture is water based. Therefore, when added to the chloroform in the tube, the two 
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liquids separate into two phases. The key point of this dye-based technique is that ferric 

thiocyanate binds to the phospholipids even if it is water-soluble. For proper binding, the 

two phases need to be vigorously shaken. After the agitation process, the two phases 

separate. The chloroform phase is then recovered to measure the amount of stained 

phospholipids using a conventional spectrophotometer and a calibration curve built under 

the same experimental conditions. 

This technique can be used irrespectively of the amount of drug or other substances 

encapsulated in the liposomes, providing a lipid/drug ratio that is helpful in understanding 

the yield of the encapsulation process. 
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Summary 

 

Earlier, we showed positive fusion results with the HeLa-mimicking monolayers and bilayers 

(liposomes and SLBs, respectively). Here, we extended the experiments to living HeLa cells 

to evaluate if the engineered liposomes can effectively fuse with HeLa cells. 

We previously observed that the POPC:CHOL:DOTAP liposomes showed higher fusion rates. 

Therefore, we selected these liposomes to investigate the efficacy of fusion with living HeLa 

cells. 

To evaluate if the engineered liposomes were effectively able to reach the cells, we added 

Rh-PE to the engineered liposomes and followed their fluorescence signals. After incubating 

them at different concentrations for 24 h with HeLa cells, we evaluated the fluorescence 

signal using a flow cytometer. This revealed that the liposomes were indeed associated with 

the cells. Thus, the fluorescence intensity increased when the liposome concentration 

increased too, showing a concentration-dependent behavior. As more liposomes were 

added to the cell culture, there were more possibilities for fusion events. 

To get a deeper insight into the membrane topography or mechanics after the addition of 

the POPC:CHOL:DOTAP liposomes, we examined the HeLa cells with AFM. 

There were no substantial changes in the topographic images of the HeLa cells before or 40 

minutes after the addition of the engineered liposomes, but we could observe some 

changes in the adhesion and deformation channels. 

Interestingly, in the adhesion images, we observed that the difference in the adhesion force 

values between the substrate and HeLa cells was high before the addition of the liposomes 

and clearly distinguishable in the images. After incubation with the liposomes, this 

difference between the two regions was almost equalized. This was probably due to the 

homogeneous deposition of the liposomes across the surfaces on the cells and substrate 

alike. To quantify the effect of the incorporation of liposomes into the sample, we evaluated 

the adhesion force distributions from the images before and after the incorporation of the 
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POPC:CHOL:DOTAP liposomes. While the histograms of Fadh before the incubation with 

liposomes showed a bimodal distribution (one peak for the values of the HeLa cell and the 

other for the substrate), those after the incubation showed only one peak. 

From the slope images, we could see differences related to changes in the membrane after 

incubation with the liposomes. We also observed rigidification of the cells (higher slope 

values) after the incubation, which can be understood as an increase in the stiffness of the 

sample. 

To get a deeper insight into the possible rigidification of the sample after the incorporation 

of liposomes, we obtained elasticity maps of the center of a cell to calculate Young’s 

modulus before and after the incubation with the engineered liposomes. We obtained force 

maps from the center of the cell in order to avoid the edges where the substrate could have 

interfered with the results. 

The histogram of Young’s modulus values showed a clear shift in the mean peak value to 

higher E values after incubation with the engineered liposomes. This was similar to the 

findings obtained previously [152] (Chapter 6), where incubating the same engineered 

liposomes with HeLa-mimicking SLBs resulted in a peak shift to higher E values. 

To see what was happening exactly with the liposomes when they were incorporated into 

a cell, we performed several incubation assays under a confocal microscope. 

To distinguish between the cell membrane and the liposomes, we had to label them all. Cell 

membranes were dyed with the CellMask™ Deep Red plasma membrane stain, while the 

liposomes were tagged with Rh-PE. In addition, to see if the liposomes could work 

effectively as drug carriers, we encapsulated calcein at a self-quenching concentration. This 

means that calcein fluorescence at high concentrations is shifted towards longer emission 

wavelengths (red light), but when calcein concentration is diluted, the self-quenching effect 

disappears, emitting fluorescence at shorter wavelengths (bright green). Therefore, this 

was used to unveil if the engineered liposomes were able to release an encapsulated drug 

into the cells or, oppositely, if they were unable to release their content and were acting as 

a hermetic box. 
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After adding the engineered liposomes to the media containing HeLa cells, we observed 

that the liposomes quickly reached the cells, probably due to the electrostatic interactions 

between the positively-charged liposomes and the negatively-charged HeLa cell membrane.  

Besides the primary electrostatic interaction, the filopodia of the HeLa cells were also 

involved, capturing the liposomes that were close by or still in the medium. This was 

probably also helped by the charge differences between the liposomes (positive) and the 

filopodia (negative), like for the rest of the HeLa cell membrane. The activity of the filopodia 

was really intense, producing different movements that have been reported before [153] 

and can be described as: (i) surfing, when a liposome slides down a filopodium to the plasma 

membrane; (ii) contractile actions, where a filopodium captures one liposome on its tip and 

then bends and actively pulls the liposome towards the cell surface; and (iii) laterally 

moving, when a filopodium catches one liposome from the medium, swings it from side to 

side to finally bring it to the cell body. 

After 40 min, most of the liposomes were adsorbed onto the surface of the HeLa cells and 

a few had already been internalized inside the cell and had started to release their calcein 

content, showing bright green fluorescence around them. After 24 h, most of the liposomes 

had been internalized, with some located in the cell membrane. The liposomes inside the 

HeLa cells had released their calcein load, even leaving a trace of calcein behind as they 

moved inside the cell. 

All these observations confirmed that the engineered liposomes acted as effective drug 

carriers. For extra proof of concept, we encapsulated the cytotoxic drug methotrexate 

(MTX) inside the engineered liposomes. We filtered them to eliminate the non-

encapsulated MTX from the media and incubated the liposomes with HeLa cells at different 

MTX concentrations. The results from 24 h to 72 h were clear. The cells incubated with the 

MTX-loaded liposomes were almost completely killed, while the negative control or the cells 

incubated with the unloaded liposomes thrived and duplicated with no problem. Incubation 

with the unloaded liposomes was of special interest since it demonstrated that the 

liposomes by themselves were not toxic to the cells. 
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Finally, to determine the amount of encapsulated MTX and using the Marshall dye to 

quantify the number of phospholipids in our formulation, we obtained an MTX-to-lipid ratio 

of 0.20. 

 

Highlights 

 

• Engineered POPC:CHOL:DOTAP liposomes interacted with HeLa cells immediately 

after they were added to the media. 

• Cytometry assays showed a concentration-dependent effect. 

• Changes in the HeLa cell membrane were observed with AFM after incubation with 

the engineered liposomes. 

• The interaction of liposomes with the HeLa cell membrane increased its rigidity. 

• Filopodia clearly played an important role, capturing liposomes and bringing them 

to the cell body. They increased the number of liposomes that reached the cell in 

addition to normal liposome deposition. 

• During the first 40 min, the engineered POPC:CHOL:DOTAP liposomes adsorbed 

onto the cell membranes and started to internalize. At 24 h, most of the liposomes 

had been internalized and had liberated their content. 

• The engineered POPC:CHOL:DOTAP liposomes were able to encapsulate and deliver 

drugs. Therefore, they could be used as drug carriers. 
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Abstract 

 

In this work, we evaluated the capabilities of an engineered liposomal formulation, studied 

in previous works and tested in HeLa model membranes, to fuse and work as nanocarriers 

in cells using live HeLa cells as a model. This study focuses on the physicochemical changes 

suffered on the surface of the cells as seen by Atomic Force Microscopy (AFM), and how the 

liposomes enter inside the cells and liberate their load by means of Confocal Microscopy 

(CM). As well as viability assays with real drugs (MTX) as a prove of concept of the 

capabilities of the formulation to work as delivery-systems. All results support the 

capabilities of the proposed engineered liposomal formulation to work as nanocarriers. 

 

 

Introduction 

 

Since the first observation back to 60’s of the last century, liposomes have been considered 

either as model membranes or drug delivery systems [1]. Regarding the last, several 
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engineered formulations based on liposomes have emerged in the market as successful 

anticancer agents [2]. Additionally, to the phospholipids as basic matrix, most of the 

available liposomes formulations include polyethylene glycol (PEG-glycated liposomes). 

PEG was earlier recognized as a fusogenic agent [3] that also extend blood circulation and 

enhancing target efficiency and activity as well [4,5]. This is a crucial point because 

liposomes activity on cancer and other therapeutical uses may be efficient when applied to 

cell cultures but may fail dramatically many times when administrated to animal models. 

Even immunoliposomes can be specific against cells in culture but unsuccessful for specific 

targeting when injected into the blood stream [6-8]. Although all drawbacks encountered 

through the years several liposomes formulations have reached the market [9]. Presently, 

decorated liposomes and surface engineered liposomes emerged as one promising strategy 

in drug delivery systems [10]. 

Apart of the formulation strategies, one of the still unsolved problems is how row lipid-

based liposomes interact with cell membranes and which of the basic mechanisms such, 

adsorption, fusion, endocytosis, or may be a combination of them, become involved in 

liposomes internalization by the cells. Liposome-cell membrane cell interactions can be 

extremely different depending on the cell membrane nature (lipid composition and 

structure), and liposome lipid composition. All these aspects have been elderly reviewed 

[11]. In principle, liposomes, internalization may be promoted by including specific lipids 

that enhance the recognition with the bilayer membrane of the cell targeted. In this regard 

it is known that cholesterol (CHOL) and cationic liposomes containing positively charged 

lipids enhance fusion with the cell membrane promoting subsequent internalization [12]. 

Liposome-cell interactions are dependent on each membrane cell composition, structure, 

and dynamics. Conciseness, a variety of biophysical methods have been applied along the 

years to investigate the fusion mechanism or/and effectiveness of drug delivery by using 

membrane models with specific lipid composition [13]. 

In precedent papers we have investigate the fusion mechanism of liposomes with a 

simplified model of the HeLa membrane mimicking the cell lipid membrane [14]. We have 

shown that liposomes formed with 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC), 1,2-
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dioleoyl-3-trimethylammonium-propane (DOTAP) and CHOL (0.80:0.20, mol/mol), at a 

molar ratio POPC:CHOL:DOTAP (0.65:0.15:0.20, mol/mol/mol) liposomes, both, fuse with 

lipid monolayers and liposomes mimicking the HeLa cell lipid membrane. In that paper, we 

hypothesize on a possible mechanism, which would involve adsorption and insertion of the 

phospholipids within the lipid model HeLa monolayer. Actually, we confirmed the fusion 

mechanism by using Förster resonance energy transfer (FRET) tools by incubating double 

labeled (NBD-PE and Rh-PE pair) of the liposomes [15] and following the increase of NBD 

fluorescence once incubated with HeLa liposomes model. One of the interesting findings 

arise from atomic force spectroscopy (AFM) in force mode (FS) that show that there were 

variations of the viscosity of HeLa supported lipid bilayers when incubated with liposomes. 

These studies suggested the involvement of adhesion forces in the whole fusion process 

[16]. This physicochemical magnitude emerges was involved not only in the membrane-

membrane fusion but also in the uptake mechanism of liposomes into cells. However, the 

membrane of living HeLa cells is much more complex than the model earlier investigated. 

For this reason, in this paper we take a step forward to get a better insight on the 

mechanism of interaction of the engineered liposomes that positively fuse with the lipid 

HeLa model, with HeLa living cells. To this end we have investigated by means of AFM, and 

confocal microscopy (CM) how the incubation of POPC:DOTAP:CHOL liposomes with HeLa 

cells affect the nanomechanics of the membrane and the eventual internalization of 

liposomes. Since flow cytometry does not discriminate between adsorption, fusion or 

association of liposomes on the cells, we have further investigated the incorporation of 

liposomes into HeLa cytoplasm by means of CM. To that end we engineered liposomes 

marked with Rh-PE encapsulating calcein at self-quenching concentration and, after 

incubation with HeLa cells, observe the release of calcein into the cytoplasm of the HeLa 

cell. Finally, we have investigated how nanomechanical properties may be correlated with 

the pharmacological action of engineered liposomes loaded with methotrexate (MTX).  
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Materials 

 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1,2-dioleoyl-3-

trimethylammonium-propane (chloride salt) (DOTAP) and cholesterol (CHOL) were 

purchased from Avanti Polar Lipids (Alabaster, AL, USA). 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE) and Cell Mask Deep Red 

Plasma membrane stain were purchased from ThermoFisher Scientific. Calcein was 

purchased to Sigma-Aldrich, Madrid, Spain. 

 

 

Methods 

 

Preparation of cationic liposomes 

 

Liposomes were prepared as described elsewhere [17]. Briefely Chloroform:methanol (2:1, 

v/v) solutions containing the appropriate amount of lipids of POPC:CHOL:DOTAP 

(0.65:0.15:0.20, mol/mol/mol) were placed in a glass balloon flask and dried in a rotary 

evaporator at room temperature, protected from light. The resulting thin film was kept 

under high vacuum overnight to remove any traces of organic solvent. Multilamellar 

liposomes (MLVs) were obtained by redispersion of the thin film in 10 mM Tris·HCl, 150 mM 

NaCl buffer, pH 7.4. Large unilamellar vesicles (LUVs) were obtained by extrusion through 

polycarbonate membranes with a pore size of 100 nm, using an Avanti®Mini-extruder 

(Avanti Polar Lipids Inc., Alabaster, AL, USA). The mean particle size and polydispersity 

values of the liposomes were measured by dynamic light scattering with a Zetasizer Nano S 

(Malvern Instruments, UK). To assess the effective surface electrical charge, electrophoretic 

mobility was determined with a Zetasizer Nano ZS90 (Malvern Instruments, UK). Each 

sample was measured at least three times. 

To mark the liposomes with Rh-PE, 0,6% mol of Rh-PE was added at the initial 

Chloroform:methanol solution of lipids.  
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To encapsulate calcein for CM experiments a procedure earlier described was used to get 

the molecule self-quenched into the aqueous space of the liposomes [18]. To this end MLVs, 

were formed in buffer containing 103 mM of calcein, which after the extrusion process and 

the formation of LUVa we eluted through a Sephadex G-50 column to separate the free 

calcein from the encapsulated one. The critical point of this process was to keep always the 

same osmolarity in the intra- and extra- liposomal solutions (240 mOsm/kg). 

 

Force volume microscopy AFM and force curves analysis 

 

Force Volume Miscroscopy is based in acquiring deflection curves at all points of sample. 

Later, the post-processing and quantification of the acquired curves enables obtaining 

topographic, slope, adherence images and Young’s module maps. Experiments were 

performed with a Nanowizard 4 Bio-Atomic Force Microscope, integrated with an inverted 

optical microscope (Zeiss). The Zeiss microscope was used to visually position the AFM 

cantilever with respect to the sample. The nanoindentation AFM probes used in this work 

had 4 μm diameter and nominal k = 0.2 N/m (Nanotools). Before each experiment, the 

cantilever spring constant was calibrated using the thermal noise method and the 

photodetector optical sensitivity was determined using a clean Petri dish area as an 

infinitely rigid substrate. The rate of a single approach-retract cycle was set to 13 Hz and 

with a resolution of 128 x 128 pixels. Under these conditions, the mapping of one area took 

20 min. During the experiments, the force applied to the samples was kept as low as 

possible to minimize sample damage. A force threshold was chosen to ensure sample 

penetration of 0.5–1 micron for all experiments (force threshold = 5 nN). Force curves in 

each map were fitted according to the Hertz model using the routine implemented in the 

JPK Data processing to obtain elastic modulus maps. Used parameters (kthermal=0.109 N/m, 

Etip = ∞ Pa, ν= 0.5). 
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Young’s modulus determination  

 

We have calculated the Young’s modulus as described elsewhere [19]. The values of this 

parameter informs on the cohesive force between the lipids forming the lipid bilayer 

providing means to unveil changes on a cell membrane [20,21]. In order to study cellular 

process by AFM, the Young’s modulus are usually determined as a first approximation by 

using the Hertz model [22]. This model considers that: (i) the surface of the sample is a 

homogeneous and linear elastic solid, (ii) the indenter is not deformable, and (iii) the 

interaction between sample and indenter occurs through elastic forces only. If we consider 

the indenter as a parabolic tip, the Young’s modulus can be calculated from force-

indentation curve data by using 

 

     𝐹𝐹 =
4�𝑟𝑟𝑡𝑡𝑖𝑖𝑡𝑡

3
· 𝐸𝐸
1−𝜐𝜐2

· 𝛿𝛿3 2⁄                                                    (1) 

 

where F is the force from the force curve, rtip is the radius of the spherical punch, δ the 

indentation, υ the Poisson’s ratio (0.5 for most biological samples) and E the Young’s 

modulus. 

 

Cell culture 

 

HeLa cells were maintained in high glucose DMEM (Dulbecco’s Modified Eagle Medium) 

supplemented with 10% FCS (Fetal Calf Serum) and incubated at 37 ◦C in a humidified 5% 

CO2 atmosphere. Subculture was performed using 0.05% Trypsin (Merck, Madrid, Spain). 

In the experiments involving the incubation with Methotrexate (MTX, Pfizer, Madrid, Spain), 

cells were incubated in RPMI medium lacking the final products of DHFR activity, 

hypoxanthine and thymidine (-HT), and supplemented with 7% v/v dialyzed fetal bovine 

serum (Life Technologies, Madrid, Spain). 
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Flow cytometry  

 

HeLa cells (50,000) were plated in 6-well dishes the day before adding liposomes marked 

with Rh-PE. After 24 h of incubation with liposomes (5, 10 or 20 µM), cells were trypsinized 

and collected, centrifuged at 800 x g at 4 ºC for 5 min and washed once in PBS. The pellet 

was resuspended in 500 μL of PBS and Propidium Iodide was added to a final concentration 

of 5 µg/mL (Merck, Madrid, Spain). Flow cytometry analyses were performed in a FACSAria 

Fusion System cell sorter (Becton Dickinson, Spain). 

 

Fluorescence staining 

 

For confocal microscopy observation cells were seeded on glass-bottom dishes. The 

incubation of cells with liposomes (40 µM) for the initial observation of membrane-

liposomes interaction was done directly under the microscope in low glucose DMEM 

without phenol red with Hepes (10 mM). Incubation with liposomes (20 µM) for 24h and 

48h was done inside a CO2 incubator in supplemented DMEM. 

Cell membranes were stained using Cell Mask Deep Red Plasma membrane stain. Cells were 

incubated for 5 min at 37 ºC with Cell Mask (3 μg/ml) diluted in supplemented DMEM. Then 

cells were washed with prewarmed DPBS (Dulbecco’s Phosphate Buffered Saline, pH 

7.0−7.3) and kept in low glucose DMEM without phenol red with Hepes (10 mM) for 

fluorescence imaging. 

 

Confocal microscopy and image analyses 

 

Confocal microscopy images were acquired using a Zeiss LSM 880 confocal microscope 

equipped with a Heating Insert P S (Pecon) and a 5% CO2 providing system. Cells were 

observed at 37°C using a 63X 1.4 NA oil immersion objective. Images were acquired with a 

pixel size of 0.09x0.09x0.37 µm (xyz). Calcein, Rhodamine and Cell Mask Deep Red stains 

were excited with the 488 nm, 561 nm and 633 nm laser lines, respectively. 
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CM images were analyzed using the Fiji software [23]. Intensity analysis plots were 

generated with the Multichannel Plot Profile analysis tool of the BAR plugin [24]. 

 

Cell assay viability  

 

Cells (10,000) were plated in 6-well dishes in RPMI medium. Fifteen hours later, liposomes 

loaded with MTX were added to the culture media. Five days after treatment, 0.63 mM of 

3-(4,5-dimetilthyazol-2-yl)-2,5-dipheniltetrazolium bromide and 100 μM sodium succinate 

(both from Sigma-Aldrich, Madrid, Spain) were added to the culture medium and incubated 

for 2,5h at 37 °C. After incubation, culture medium was removed and the lysis solution 

(0.57% of acetic acid and 10% of sodium dodecyl sulfate in dimethyl sulfoxide) (Sigma-

Aldrich, Madrid, Spain) was added. Absorbance was measured at 570 nm in a Modulus 

Microplate spectrophotometer (Turner BioSystems). The results were expressed as the 

percentage of cell survival relative to the controls. 

In addition, cell images for each condition were taken using a ZOE Fluorescent Cell Imager 

(Bio-Rad Laboratories, Inc, Spain) before the MTT assays. 

 

 

Results 

 

We have evaluated the primary interaction between liposomes and HeLa cells by flow 

cytometry. Figure 1 shows the results when HeLa cells are incubated for 24h with different 

concentration of liposomes containing a fluorescent label. From Figure 1A it has been 

possible to verify that liposomes are on or into the cells. Noticeable also seen Figure 1B 

shows that fluorescence intensity increases when liposomes concentration increases. 

 

AFM has evolved as a technique from visualizing samples at high resolution to modes that 

allow to obtain physicochemical properties, such as Young’s modulus, adhesion forces or 

deformation at the nanoscopic level. In the present work AFM has been used to analyse 
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adhesion forces and Young’s modulus of HeLa cells, before and after the addition of 

liposomes, to investigate if these liposomes become adsorbed, integrated or embedded 

into the cell membrane. With this purpose, a spherical punch particle (2 µm) was attached 

to the sharp tip of the cantilever (Figure S1A) to minimize the puncturing of the lipid 

membrane of the cell and maximizing the surface interaction in the sphere-plane geometry 

(Figure S1B). Topographic, adhesion and slope images of a HeLa cells are shown in Figure 2: 

before (images A, B and C) and 40 min after the addition of the engineered liposomes 

(images D, E and F). HeLa cells deposited onto the surface substrate (Figure 2A) were 

elliptical structures with main diameters values ranging from 38 to 45 µm and with average 

height values of 4-5 µm. The adhesion force values between the tip and the HeLa surface 

(Figure 2B) were smaller (darker) than the adhesion with the substrate (Figure 2E). 

Interestingly, after the incorporation of the engineered liposomes to the sample the 

adhesion force difference between the cell and the substrate was almost reduced. The 

adhesion force distribution histograms from Figures 2B and 2E (Figure S2A) showed a 

bimodal distribution of the sample before the incorporation of the engineered liposomes 

with a peak centered at 2.91 nN corresponding to the HeLa cell surface and a second peak 

centered at 4.33 nN. After the incorporation of the engineered liposomes the distribution 

became unimodal with a mean adhesion force value of 3.12 nN indicating that the second 

peak could not be detected because the liposomes have been most likely adsorbed onto 

the modified surface of the substrate. The mean value of the adhesion force after the 

incorporation of the engineered liposomes was a slightly higher than the peak attributed to 

the HeLa cell before its incorporation. This supports that the liposomes indeed reached the 

surface of HeLa cells.  

 

From the slope images C and F in Figure 2 we can get information about the rigidity of the 

regions observed. Thus, the higher (brighter) the slope value is, greater will be the stiffness 

of the sample (Figure S1C). We can appreciate image C in figure 2 that the substrate region 

was much more rigid than the HeLa cell surface, and that after the incorporation of the 
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liposomes image F in Figure 2 no significant changes were observed neither in the HeLa 

surface nor in the substrate.  

To get deeper insight in the interaction between the liposomes and the HeLa cells the 

Young’s modulus was determined before and 40 min after the addition of the engineered 

liposomes. Figures 3A and 3B show the elasticity maps of the central region of the HeLa cell 

observed in Figure 2A and 2D respectively. Higher values (brighter regions) are observed 

after the incorporation of the liposomes. In Figure 3C histograms of individual Young’s 

modulus values from Figures 3A and 3B are shown. Fitting the Gaussian distribution model 

to the experimental data the mean Young’s modulus values could be established, before 

and after incorporation of liposomes, in 1.45 ± 0.01 kPa and 2.13 ± 0.02 kPa, respectively. 

 

Although AFM is a suitable technique to visualise and determine physicochemical 

parameters of biological samples it is very limited for the identification of the nature of 

structures analysed. Therefore, we investigate the effect of the engineered liposomes on 

HeLa cells by means of CM. Thus, we incubated HeLa cells for 40 min with liposomes labelled 

Rh-PE (red in the images) encapsulating calcein in this aqueous inner volume at its self-

quenching concentration. Whether liposomes release their content, calcein concentration 

decreases, and the quenching process vanishes (green in the images). Besides, as described 

in the Material and Methods section in the Supplementary Information, HeLa membranes 

were stained with Cell Mask Deep Red showing grey contrast in the images to distinguish 

the limits of the cells. In Figure 4  representative lapse time images from the early 

distribution of the engineered liposomes just after their addition on the HeLa cells culture 

are shown. Liposomes were quickly adsorbed to the extracellular membranes and also to 

filopodia becoming the latter an active structure in liposomes capture (see video of the 

kinetic process of interaction of engineered liposomes with HeLa cells SV1 in Supplementary 

Information). In Figure 4A we can observe the initial stages of the interaction where few 

liposomes are adsorbed onto the HeLa plasmatic membrane. Remarkably, one can see 

filopodia, slender cytoplasmic projections (white arrows) which are characteristics in motile 

cells. Of interest, when liposomes were captured by filopodia they changed their 
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fluorescence emission from red (PE-Rho fluorescence) to orange light indicating the release 

of entrapped calcein from the liposome. Increasing the incubation time (Figures 4B and 4C) 

liposomes began to reach the cell membrane (white arrow heads) either because filopodia 

transport them to the membrane or by simple sedimentation from the solution.  

 

Images of HeLa cells after 40 min and 24 h incubation with the engineered liposomes are 

shown in Figure 5. At 40 min (Figure 5A) few liposomes have been internalized into the cell 

(cyan arrow heads) and they become accumulated in the membrane (white arrow heads) 

or still adhered to filopodia (white arrows). Intensity profile along yellow line in Figure 5A 

evidenced that liposomes presented both, the red and green fluorescence suggesting that 

part of the entrapped calcein was released close to the liposome (Figure 5B). After 24h of 

incubation (Figure 5C) few filopodia presented liposomes capture and most of them can be 

observed at the membrane level and inside the cell. Some liposomes could be found inside 

the cells showing high calcein intensity. Of interest, in Figure 5C two liposomes inside the 

cell (white arrows) display an orange colour (coexistence of green and red fluoresce signals) 

with a greenly wake, probably due to the release of calcein during their internalization. 

Figure 5D shows the intensity profiles along yellow line in Figure 5C where the fluorescence 

signal after 24h of incubation is inherent to the Rh-PE fluorescence. Most of the liposomes 

were observed inside the cells and only some of them were still detected at the membrane 

level. In some cells the internalized liposomes showed almost no signal of calcein. 

Unexpectedly, in other cells, liposomes present high calcein intensity and clear evidences 

of being released (compare intensity profiles in Figure 5D and 5E). The lack of calcein 

fluorescence signal in some cells could be due to different reasons: i) calcein was released 

and due to the incubation time distributed in the whole cell; or ii) liposomes were 

endocytosed and calcein remain self-quenched. Besides, in presence of calcein, 

fluorescence signal is concentrated close to the PE-Rho fluorescence signal (Figure 5E) 

indicating that calcein is close to the lipid membrane of the liposome. 
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A proof of concept was required to demonstrate that the engineered liposomes could be 

useful as drug delivery systems. To this end, methotrexate (MTX) was encapsulated into the 

liposomes, the free drug removed, and viability assays performed by incubating them with 

HeLa cells. Image A in Figure 6 shows a representative image of HeLa cells growth in RPMI 

medium with liposomes without MTX. In Figure 6B engineered liposomes containing MTX 

were added to the cells to reach a final concentration of 3x10-7 M in the culture medium 

and incubated for 5 days. That results in a 80% suppression of cell viability as compared 

with the negative control in (image C in Figure 6) which corresponded to the cells growth 

without liposomes or any agent. As an additional control, a MTX solution at the same 

concentration as the one used in the preparation of liposomes was subjected to gel-

filtration (G-50) and the eluate added to the cells. As shown in image D in Figure 6 cell 

viability was 75% of the control, which proved that free MTX was mostly retained by the 

column and thus the effects observed in Figure 6B can be positively attributed to the 

encapsulated MTX. 

 

 

Discussion 

 

In this study we have investigated the interaction between engineered liposomes with a 

specific lipid composition and HeLa cells. Flow cytometry evidenced that the liposomes 

which lipid composition was established in a former study: POPC:CHOL:DOTAP 

(0.65:0.15:0.20, mol/mol/mol) [14] interact with HeLa cells. Notice that the amount of CHOL 

present is enough to prevent the gel to liquid-crystalline phase transition of the three 

components mixture since DOTAP presents a transition temperature of <5 ºC [25], close to 

the one shown by POPC [26]. On one hand this means that liposomes bilayer will not present 

any cooperativity against external stimuli becoming resilient to external changes of 

temperature, pH or ionic strength. On the other hand, the predominant fluidity of this 

mixture [27] becomes a key parameter for membrane fusion [28]. 
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Besides, the presence of positively charged lipids as DOTAP enhances the fusion process 

with the cytoplasmatic membrane thanks to the electrostatic interaction between the 

positive charge brought by the DOTAP and the negative charges exposed by the plasma 

membrane because of the presence of several phospholipids (i.e. phosphatidylglycerol, 

phosphatidylserine or phosphatidylinositol lipids [29]). All these properties suggest that the 

lipid composition of the liposomes previously characterized should be considered as 

candidates with fusogenic and drug delivery capabilities into HeLa cells. 

Flow cytometry indicated that liposomes were somehow within the cells. However, to get 

insights on the interaction and internalization mechanisms of liposomes by HeLa cells we 

took advantage of the complementarity of AFM and CM [30,31]. The features and 

nanomechanical properties of the HeLa cells presented in this paper AFM compares well 

with works previously published [32-34]. However here we were interested on the effect 

exerted by the liposomes on Young’s modulus and adhesion forces and how these 

magnitudes may be relating with the interaction and internalization into the HeLa cells. 

We analyzed the Young’s modulus values at the central part of the HeLa cell before and 

after the interaction with the engineered liposomes. A clear rigidification (greater mean 

Young’s modulus value) was detected after the incorporation of the liposomes most likely 

due to their partial or total integration in the lipid membrane of the cell. This rigidification 

was somehow expected due to the relatively high CHOL proportions presented in the 

engineered liposomes. This is a well-known behavior [35] and as we have confirmed it in 

liposomes mimicking the HeLa lipid bilayer by using the RBIR method [14]. However, AFM 

has evolved as a conventional technique to obtain physicochemical properties at the 

nanoscopic level, but it presents a lack of information to discriminate the nature of the 

structures, i.e. lateral segregated lipid domains, studied. At this point, we exploited 

visualization by CM, with the objective of inspecting the mechanisms underlying the 

interaction between the liposomes and the HeLa cells. 

 

Confocal observations evidenced the quick interaction of liposomes with cells after their 

incorporation in the media. Whilst we were focused on conventional membrane structure 
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CM showed that liposomes quickly reached the membrane thanks to the filopodia. Related 

with such observation it has been reported that some virus infection depends on filopodia, 

where the underlying mechanism consists of virus surfing on the filopodia reaching the lipid 

membrane [36]. This surfing effect was also observed in the present study (see video in 

Supplementing Material SV1) where liposomes were captured from the media with other 

already reported capture movements of the filopodia. Remarkably, since liposomes were 

marked with two fluorescent dyes, PE-Rh at the lipid membrane and calcein at a self-

quenching concentration inside the inner aqueous space of liposome, we observed how the 

red fluorescence of liposomes before their interaction with filopodia evolved in an orange 

fluorescence signal when captured. This orange color was the superposition of the red 

fluorescence of the Rh-PE and the green fluorescence of the calcein when released from 

the liposome into a wider region. 

 

After 40 min most of liposomes were near the membrane layer of the cells and they showed 

orange fluorescence emission indicating that calcein release was quite fast when interacting 

with the cell membrane and/or with the filopodia. After 24 h, most of the liposomes were 

observed inside the cells confirming the internalization of the liposomes into the HeLa’s cell 

cytoplasm. Most of these internalized liposomes emitted a red fluorescence signal, Rh-PE, 

almost no green fluorescence (calcein signal) suggesting the molecule was released, and 

that after 24 h of incubation it was diluted or metabolized by the cellular machinery. Of 

interest, we could observe few regions where liposomes were present at the membrane 

level and emitting orange fluorescence signal (coexistence of Rh-PE and calcein). Strikingly, 

we observed HeLa cells where liposomes, internalized and at the membrane level, emit 

green fluorescence signal, although some red signal form Rh-PE was present but masked 

(see cyan line intensity in Figure 5E). This cell presenting green fluorescence signal from 

calcein at 24 h seemed to experience the same phenomena that the others but time 

elapsed. This could be due to a delayed interaction with liposomes. It is reported that some 

viral infections are almost suppressed when filopodia number are reduced (less filopodia 

activity) [37]. 
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This effect could appear in the cells showing emitting of calcein green fluorescence. 

Filopodia number in this cell were reduced, because of other cells where close to it i.e., less 

filopodia were motile and able to capture liposomes in suspension and delaying the 

internalization of liposomes at their encapsulated content into the cytoplasm. Another 

possibility for the delayed interaction of liposomes with the cell showing green calcein 

fluorescence could be due to the possibility that this cell experienced mitosis and the new 

cell had adhered to the extracellular matrix where liposomes could be deposited non-

specifically onto the substrate surface. Because on the first minutes of incubation with the 

liposomes, CM evidenced that liposomes were firstly adhered or absorbed at the 

membrane level of the cell but also, some liposomes were present at the extracellular 

matrix between cells. This suggests that although many liposomes interacted with the cell 

there was a reservoir of liposomes close to them that could enter in contact lately or whilst 

cells grow. 

 

Finally, we tested the viability of the engineered liposomes carrying MTX as a drug-delivery 

system showing the efficiency of liberation of the loaded MTX after 5 days demonstrating 

the usefulness of the liposomes as drug-delivery systems. Conversely, unloaded liposomes 

or the eluded solvent containing possible traces of the drug showed similar results as the 

control not affecting the viability of the HeLa cells. 

 

All data evidenced that the POPC:CHOL:DOTAP (0.65:0.15:0.20, mol/mol/mol) liposomes 

represent a suitable composition to be used as a drug nanocarriers against HeLa cells. On 

one hand, the fact that the interaction between the liposomes and the cell is enhanced by 

the filopodia capture, open news perspectives considering the release of the liposome 

content but through the filopodia actin enriched membranes. On the other hand, a part of 

filopodia activity, at the membrane level we have confirmed the fusion mechanism between 

the engineered liposomes and the HeLa cells previously observed in model. Hence that 

determinations of changes in the nanomechanical properties as Young’s modulus or 
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adhesion forces of HeLa cells turns into a practical tool to test lipid liposomes composition 

adequacy for drug delivery. 

 

 

Conclusion 

 

POPC:CHOL:DOTAP (0.65:0.15:0.20, mol/mol/mol) engineered liposomes interact with 

HeLa cells immediately after they are added into the media. The Cytometry assays showed 

a concentration dependent effect which was furder studied by other means like AFM, which 

showed changes on HeLa cell membranes after the incubation with the engineered 

liposomes, revealing an increase in its rigidity. 

By means of CM we could observe how filopodia clearly plays an important role capturing 

liposomes and bringing them into the cell’s membrane body. They increased the number of 

liposomes that reached the cell besides normal liposome deposition. During the first 40 

minutes, POPC:CHOL:DOTAP engineered liposomes adsorb on the cell membranes and start 

their internalization. At 24h most of the liposomes have been internalized and have liberate 

their content. 

POPC:CHOL:DOTAP engineered liposomes are able to encapsulate and later liberate drugs, 

therefore could be used as drug carriers. 
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Figure 1. Flow cytometry assay after 24h incubation of HeLa cells with engineered 
liposomes. Percentage of fluorescence (A) and total fluorescence signal as a function of 
liposome concentration (B). Data are represented as the mean ± SEM of at least three 
independent experiments. GraphPad Prism version 6.0 software (GraphPad Software, CA, 
USA) was used to analyze and represent the data. Statistical significance was calculated 
using one-way ANOVA with Dunnett’s multiple comparisons test. The levels of statistical 
significance were denoted as follows: p < 0.001 (***) or p < 0.0001 (****). 

 

 

 

Figure 2. AFM images of HeLa cells providing different information; Topography (A) and (D); 
Adhesion (B) and (E); Slope (C) and (F) and comparing them without the addition of 
liposomes (A, B, C) or after a 40 min. after the liposomes were added (D, E, F). 

A B 



Atomic Force Microscopy to elucidate lipidic membranes enhanced by engineered liposomes. 

149 
 

 

 

 

Figure 3. Force volume of the HeLa cell before incubation (A) and after incubation with 
engineered liposomes (B). Histogram plot of the force curves on each section A (1.45 kPa) 
and B (2.13 kPa) (C). 

 

 

 

Figure 4. Liposome-membrane interaction in HeLa cells. Maximum intensity projection of 9 
confocal planes (0.369 step size) from the basal side of the cell and at different time points 
showing calcein staining (green), rhodamine (red) and membranes (gray). Arrows point out 
liposomes attached to the philopodia and arrowheads point out liposomes at the cell 
membrane. Scale bar: 10 µm. Images extracted from supplementary video. 
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Figure 5. Liposome localization after 40 min (A, B) and 24 h (C,D,E) of incubation on HeLa 
cells. calcein staining is shown in green, rhodamine in red and membranes in grey. Scale 
bars: 10 µm. A, Single confocal plane. Arrows point out internalized liposomes, white 
arrowheads point out liposomes at the cell membrane and cyan arrowheads point out 
liposomes attached to the filopodia. B, Intensity plot of yellow line in A. C, Single confocal 
plane. Arrows point out calcein release from internalized liposomes and arrowheads point 
out liposomes at the cell membrane. D and E, Intensity plots of yellow (D) and cyan (E) lines 
in C, respectively. 
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Figure 6. Growth of Hela cells under different treatments. Representative pictures of HeLa 
cells after 72 hour of incubation in the following conditions: A) HeLa cells incubated with 
blank engineered liposomes; B) HeLa cells incubated with MTX loaded engineered 
liposomes; C) HeLa cells incubated without any liposomes or other agents (control); D) HeLa 
cells incubated with MTX upon filtering through a Sephadex G50 column. 
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Supporting information 

 

Figure S1: Cantilever with a spherical punch particle (2 µm) (A); sphere-plane geometry 
diagram (B). Force curves showing the approaching and retracting curves to calculate slope 
(C). 

 

 

Figure S2: Histograms from Figure 2; A, adhesion forces from (Figure 2B&E) before (white 
bars with a double peak at 3.12 and 4.33 nN) and after 40 min. of incubation with 
POPC:CHOL:DOTAP liposomes (dashed bars with a single peak at 2.91 nN); B, slope curves 
from (Figure 2C&F) before (white bars with a double peak at 16.2 and 71.1 nN) and after 40 
min. of incubation with POPC:CHOL:DOTAP liposomes (dashed bars with a double peak at 
19.5 and 90.1 nN). 
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Video SV1: Video showing the liposome-membrane interaction in HeLa cells. Maximum 
intensity projection of 9 confocal planes (0.369 step size) from the basal side of the cell and 
at different time points showing calcein staining (green), rhodamine (red) and membranes 
(gray). 
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Chapter 8. Discussion 

 

Detailed discussion 

 

The objective of the present thesis was to create a simple liposomal delivery system using 

a bottom-up approach that took advantage of the physicochemical properties of 

phospholipids to modulate the passage through a cell membrane. 

We started by selecting several phospholipids, taking into account that cells contain an 

incredibly wide variety of phospholipids at different concentrations as well as varying CHOL 

percentages in their membranes. We selected phosphocholine headgroups (PCs), as they 

are the most abundant lipids present in eukaryotic cells. We selected: (i) two heteroacid 

unsaturated phospholipids, POPC (with one double bond) and PLPC (with two double 

bonds); (ii) two homoacid saturated phospholipids, DPPC and DSPC, differing by two 

methylene groups in length; and (iii) one heteroacid saturated phospholipid, PSPC. All of 

them were mixed with CHOL at the minimal concentration of the sterol that was enough to 

abolish the transition from Lβ to Lα in the bilayers. These proportions were based on seminal 

studies carried out using differential scanning calorimetry [124]. 

Evaluation of the compression isotherms at 24 °C revealed that each pure phospholipid 

showed particular features and specific collapse surface pressures that matched the values 

reported before in other publications for POPC and PLPC [154], POPC and DSPC [155,156], 

PSPC [157,158] and DSPC [159–161]. 

We observed that CHOL showed its characteristic condensed-like state until it collapsed at 

44.1 mN m-1, as seen before [162]. When CHOL was mixed with the different pure 

phospholipids, it induced a shift to lower molecular areas, thus showing a condensation 

effect. Since the percentage of CHOL was different for each phospholipid, we observed a 

different degree of the condensation effect of the resulting isotherm. DPPC was useful since 

it has been widely studied and is often used as a reference phospholipid in biomembrane 
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research [161,163]. The typical features of an isothermally compressed DPPC monolayer 

are well known: it presents a characteristic plateau with a change of phase at around 10 mN 

m-1, which makes it a convenient candidate to validate the results of the study. The binary 

mixture of DPPC and CHOL, besides the shift of the isotherm to lower molecular areas that 

is also observed with other phospholipids, did not show the plateau region, indicating that 

the DPPC and CHOL had mixed to some extent. In general, binary monolayers showed a 

condensation effect in the presence of CHOL. Mixtures with a higher percentage of CHOL 

showed greater shifts than those with a lower percentage of CHOL. Furthermore, the 

characteristic features of pure phospholipids were abolished, the collapse surface pressure 

depended on the amount of CHOL and there were no double collapse surface pressures. All 

these findings suggested that all the phospholipids studied had mixed with CHOL and there 

was no phase separation. 

Using the data from the binary monolayers at a surface pressure of 30 mN m-1, which is 

accepted to be equivalent to the lateral surface pressure in a lipid bilayer, and with the 

phospholipids being in the LE phase (POPC and PLPC) and LC phase (DPPC, DSPC and PSPC), 

we evaluated their compressibility modulus (Cs). We calculated the Cs-1 values for pure and 

mixed monolayers. The highest values were obtained for the pure CHOL monolayer, as 

expected considering its solid state all along the isotherm. It was also relevant that the 

combination of CHOL and pure saturated phospholipids increased Cs-1 values, except for 

PSPC:CHOL. In the case of unsaturated phospholipids, CHOL did not significantly modify the 

Cs-1 values. This implies that CHOL was able to rearrange the lateral organization of 

phospholipids, increasing the packing density in the monolayers. 

Surface thermodynamic analysis with the isotherm data was used to obtain the Gibbs 

energy of mixing (ΔmixG) for the mixtures to estimate their stability at the air-water 

interface. 

In general, binary systems showed negative ΔmixG values, indicating that the mixed 

monolayers were stable. POPC and PLPC showed the lowest absolute ΔmixG values, being 

the least stable binary systems. Although this part of the project aimed to select the most 
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convenient mixture for engineering a liposome, it is worth mentioning here that heteroacid 

unsaturated phospholipids are the most abundant in eukaryotic cell membranes. Hence, 

the relatively lower stability of POPC and PLPC mixed with CHOL raises an interesting 

question on how to correlate surface thermodynamic data with the biological properties of 

ubiquitous phospholipids in living membranes. 

These results were enough to compare the overall stability of the possible future candidate 

mixture, considering that we were comparing the stability of the monolayers at a CHOL 

molar concentration that abolished the transition from Lβ to Lα and not by their CHOL 

proportion since they did not have the same molar ratio. 

Other results, like cohesive forces (ξ) and GE values, were negative, indicating attractive 

interactions between the two components of the systems, reinforcing the fact that the 

mixtures were stable. Another interesting factor, the activity coefficient of CHOL (γCHOL) in 

the mixtures, was higher for homoacid phospholipid systems than for the heteroacid ones, 

indicating that monolayers formed with homoacid phospholipids presented less deviation 

from the ideal mixing. 

To discuss the decrease observed in the vertical component of the dipole moment (µ⊥), we 

need to take into account four considerations: (i) the umbrella model suggests that CHOL 

preferentially interacts with the hydrophobic tails of the phospholipids, leaving the hydroxyl 

group near the phospholipid headgroup [164,165]; (ii) µ⊥ is complex  and composed of at 

least three components that include contributions from the dipole moment of the polar 

headgroup, the hydrocarbon chain, and the surface water molecules beneath the 

monolayer close to the headgroup; (iii) the systems only differ in the different hydrocarbon 

chains of the phospholipids and the presence or not of CHOL; and (iv) CHOL modifies the µ⊥ 

component associated with the verticality of the hydrocarbon chains of the phospholipids 

[166]. For the monolayers in the LE phase (POPC and PLPC) mixed with CHOL, we observed 

an increase in the µ⊥ values at all π values with respect to the pure phospholipid, which 

could be attributed to a more vertical orientation of the acyl chains of the phospholipids. 

CHOL molecules can be located close to the phospholipid chains, constraining rotational 
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movements and forcing the phospholipids to be closely packed and, thus, more vertical with 

respect to the water interface. By contrast, the interaction of saturated phospholipids in 

the LC phase (DPPC, DSPC and PSPC) with CHOL prevented the acyl chains from adopting 

the all-trans configuration, leading to a tilt in the monolayer chains.  

For all the systems studied (both pure and mixed monolayers), the µ⊥ value decreased as π 

increased. This is somehow surprising as µ⊥ is usually understood to reflect a vertical 

orientation of the hydrocarbon chains of the phospholipids in the monolayer with respect 

to the water interface. To understand this behavior, it is important to consider that when π 

increases and the molecules in the monolayer begin to reduce their molecular area, they 

begin to be more perpendicular with respect to the water interface, with the wetting of the 

polar head changing too. It seems that this different water content in close contact with the 

polar head is as important as the verticality of the hydrocarbon chains for the µ⊥ value. 

Thus, the µ⊥ results reinforced the first conclusions obtained from the Cs-1 analysis that 

CHOL was able to rearrange the lateral organization of the phospholipids, increasing the 

packing density in the monolayers. 

Using AFM to monitor the lipid monolayers deposited on mica surfaces, we observed the 

same two distinct domains in all the lipid mixtures. Other studies used water as the 

subphase and an extraction pressure of 15 mN m-1, whereas we used a Tris buffer with NaCl 

(pH 7.4 and ionic strength 150 mM) to produce a more biomimetic environment and a 

surface pressure of 30 mN m-1 as an approximation of the surface pressure in a lipid bilayer. 

From the topographic images, all the smaller brighter (higher) domains found in the 

mixtures were initially attributed to CHOL-enriched domains, as seen in other publications 

[167] reporting the appearance of these domains even at low CHOL molar percentages 

[168]. The authors of those publications stated that the CHOL domains appeared in mixtures 

where the CHOL molar percentage was higher than 5%, leading to the formation of 

segregated micrometric domains highly enriched in CHOL. The molar percentage of CHOL 

in each of the binary monolayers exceeded the 5% stated above. Therefore, these CHOL-

enriched domains were anticipated. That is, we corroborate this observation for several 
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other phospholipids with putative applications in liposome formulations and with biological 

relevance. 

Even if the domains were expected, some differences were detected between the mixtures. 

The smallest domains were observed in the PSPC:CHOL monolayer, which, at the same time, 

was the most stable binary system according to the ΔmixG data. In general, the size of the 

domains seemed to be related to the concentration of CHOL in the monolayer, the 

saturated or unsaturated nature of the phospholipids, the thermodynamic stability of the 

monolayers and the verticality of the molecules at the interface. For instance, the step 

height difference between the domains in the mixed monolayer was higher for the mixtures 

in the LE phase (POPC:CHOL and PLPC:CHOL) than for the monolayers in the LC phase. It is 

interesting to note that the AFM tip could slightly push down the unsaturated lipids since 

they were less rigid than the saturated ones, but not the brighter domains that were 

probably highly enriched with CHOL, since CHOL was in the Lo phase. As the monolayer-tip 

interaction could increase the step height difference between the domains, we considered 

this a drawback in the application of AFM for more precise measurements. A similar 

criticism has been made for other lipid systems [169]. 

However, comparison of the images of the pure phospholipids showing no evidence of 

domains with those of mixtures showing domains appearing after the addition of CHOL 

suggested, like previously reported [167,168], that the smaller bright regions observed by 

AFM in the binary mixtures could be attributed to the segregation of CHOL-enriched 

domains. 

BAM observations agreed with this conclusion as phase separation was observed in 

PSPC:CHOL [155]. Based on the structural nature of PSPC, this effect might also occur for 

DPPC and DSPC. In the case of POPC and PLPC with CHOL, the most probable interaction 

reported in the literature was based on an epifluorescence microscopy assay involving 

POPC:CHOL [170], where hydrogen bonding and van der Waals forces acted as stabilizing 

forces, resulting in the formation of larger domains. In all these examples, as well as in the 
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mixtures, we observed the existence of domains that were most probably produced by the 

addition of CHOL. 

In general, the results agreed with the general assumption that CHOL has a weaker effect 

on unsaturated phospholipids than on saturated ones. 

Another interesting factor that we could extract from the AFM images was the roughness 

of the surfaces. The higher domains showed a rougher surface than the lower domains, 

reinforcing again the different nature of the two areas. 

Unfortunately, the basic operational modes of AFM imaging are not meant to provide direct 

information about the composition of the domains. Without coupling AFM to other 

techniques (i.e., surface-enhanced Raman spectroscopy), the single measurement of the 

physical properties of the domains only provides a window into their composition. The 

nominal molar percentage of CHOL did not match with the percentage of area displayed by 

the higher domains. This hinted at the possibility that CHOL was probably mixed in the base 

area and occurring at higher proportions in the brighter domains. Another way of 

corroborating this was by comparing the adhesion forces of the monolayers formed with 

pure phospholipids to those of the base area (lower region) of their homonymous mixtures 

and see if they had similar Fadh values. We were certain that CHOL had to be present in the 

base area because the Fadh values of the base area of the binary mixtures were different to 

those of the pure phospholipid monolayers. Similar experiments discriminating between 

regions have been performed before with positive results, being used to discriminate 

between phase-separated lipid domains [171] or lipid-protein segregated domains [172]. 

The Fadh values provided another interesting piece of information. The histograms revealed 

lower adhesion values for unsaturated phospholipids than for saturated ones, being the 

lowest for the POPC monolayer and the highest for the DSPC and PSPC monolayers. In this 

case, since the tip was retracting instead of pushing, we did not consider the varying 

softness of the phospholipids like we did before when discussing the possible differences in 

the measurements of the step height of the lipid domains. 
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In this case, the determining factor was probably the packing of the phospholipids. The ones 

in the LE phase had a larger area per molecule. Therefore, their LBs were less dense 

compared to those with fewer molecules that could interact with the AFM tip. This, in terms 

of Fadh forces, would mean lower values because having fewer tails in the same area would 

mean a lower overall strength in adhering to the tip. 

Analysis of the Fadh values for the binary mixtures revealed that the base area showed the 

same behavior as their respectively pure phospholipid LBs. Even if they contained CHOL, 

they behaved as we have already discussed. Interestingly, knowing that there were no 

purely CHOL domains, the CHOL-enriched domains (high) showed different behaviors like 

those observed with the µ⊥ values. On the one hand, the mean Fadh values for the 

POPC:CHOL and PLPC:CHOL monolayers showed higher values for the high domains than 

the background domains. On the other hand, the DPPC:CHOL, DSPC:CHOL and PSPC:CHOL 

monolayers showed lower Fadh values for the high domains than the background domains. 

It should be noted again the difference between the saturated and unsaturated 

phospholipids. Therefore, their shape, tail length, and lateral packing in a monolayer all play 

important roles. 

Considering that the monolayers were extracted at 30 mN m-1 and assuming that the 

different high domains in the extracted mixed monolayers were also at this surface 

pressure, the different Fadh values obtained suggested that they were not domains 

containing only CHOL, but a mixture of CHOL and the corresponding phospholipid. This may 

be similar to what happens when mixing two components in solution, which displays 

regions of partial mixing at certain proportions and complete phase separation at other 

proportions. 

After the analysis of the different compositions studied, the POPC:CHOL composition was 

chosen as the best option to formulate liposomes for use as nanocarriers and for 

interactions with lipid membranes. Although being a stable composition, POPC:CHOL 

presented one of the lowest absolute ΔmixG values, suggesting that interactions with other 

membranes could easily destabilize it. Furthermore, since we were looking for a biomimetic 
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composition, phospholipids in natural extracts usually present one saturated hydrocarbon 

chain and one hydrocarbon chain with one unsaturation. Therefore, POPC was the best 

option. 

After selecting the composition of the engineered liposomes, we needed to test them by 

performing in vitro tests in cells. 

Since working in vitro with living cells to test several formulations is time-consuming and 

expensive, a simplified model replacing the cells was first used to identify the 

physicochemical properties involved in the interaction between the lipid layers. Thus, we 

decided to form liposomes containing lipid mixtures that mimicked the lipid composition of 

a HeLa plasma membrane. We developed a composition using published sources [131–134] 

that detailed the components and percentages of HeLa cell membranes, focusing on the 

four main lipids: PC, PE, PS and CHOL. Like many bacterial and cell membranes, the HeLa 

cell membrane bilayer contains heteroacid phospholipids. With the information gathered, 

we used POPC, POPE, POPS and CHOL at a molar composition of 0.29:0.31:0.06:0.34, 

respectively. Before using it in experiments with the engineered liposomes, we needed to 

obtain more physicochemical data to characterize the model membrane and verify that it 

mimicked the lipid composition of a HeLa cell membrane. To this end, we took advantage 

of the experience gained with the experiments on the monolayers and complemented it 

with other techniques. 

The comparison of the HeLa-mimicking monolayer with those of the pure phospholipids 

demonstrated, as expected, that CHOL caused a condensation in the molecular area of the 

pure phospholipid monolayers and no phase transition was observed along the isotherm of 

the mixture. The same behavior had been seen before with the engineered liposome 

compositions. In addition, since the main melting transition temperature of the pure 

phospholipids is below the working temperature, the HeLa-mimicking monolayer was in the 

LE state at room temperature at all the surface pressures studied. No phase transitions were 

observed in the isotherm and, more importantly, at 30 mN m-1, which is considered to be 

equivalent to the surface pressure found in a natural bilayer. 
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Usually, the LE phase in monolayers is considered to correspond to the Lα phase in bilayers. 

Calculating generalized polarization magnitudes with fluorescence experiments, we wanted 

to corroborate the LE-Lα correlation by measuring the fluidity of the HeLa-mimicking 

liposomes. These liposomes presented a melting transition temperature below 37 °C that 

was higher than the individual transition temperatures of the pure phospholipids, as 

expected, due to the stiffness caused by the presence of CHOL. 

Another assay that provided results along the same direction was the RBIR experiments 

performed on the liposomes. Taking advantage of the PA fluorescent probe [173] across 

the full range of temperatures studied, HeLa-mimicking liposomes presented an 

intermediate state between the Lo and Lα phases [174]. The fluid states are believed to be 

preponderant in natural membranes [175], but lateral phase separation, or domains with 

distinct compositions may occur [176]. 

Laurdan fluorescence experiments, BAM and AFM demonstrated the existence of domains 

in the monolayers. Furthermore, µ⊥ values reached a relatively low value at 30 mN m-1, 

showing that the HeLa-mimicking mixture was less polarized at higher than at lower surface 

pressures [27]. All these results indicated favorable conditions for the fusion process, given 

the fluid nature of the HeLa cell membrane. 

Going back to the BAM and AFM observations, the microstructures found on the 

monolayers demonstrated that the HeLa-mimicking mixture was not homogenous, but 

laterally segregated into domains. In addition, we observed two different levels of 

organization. In the monolayers at 30 mN m-1, 10 µm domains could be observed in the 

BAM images, while bright domains measuring about 500 nm could be discerned in the AFM 

images. This demonstrated two levels of organization, one at the micrometric level and the 

other at the nanometric scale. The relationship between microdomains and nanodomains 

has been already reported [177]. Briefly, biological membrane models follow a hierarchical 

arrangement from top to bottom that include macrodomains observed by conventional 

microscopies, microdomains observed by BAM, and nanodomains observed by AFM. 
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Investigations of the bright domains by AFM-FS and pixel analysis with the force volume 

images revealed differences in the adhesion forces between the domains and the base area, 

with values in the range expected for a fluid membrane. In this case, the higher domains 

had a lower Fadh value than the base area. Interestingly, although the HeLa-mimicking 

mixture was formed with heteroacid phospholipids, the higher lipid domains showed lower 

values compared to the base area, as observed previously for saturated phospholipids and 

in contrast to what would be expected. In this case, the different headgroup nature and 

especially the charge of the PS molecule might have played important roles. 

After studying the newly developed HeLa-mimicking mixture, it was used in experiments 

with engineered liposomes. Several studies have clearly established that for liposomes to 

fuse with a cell lipid membrane, which is negatively charged at physiological pH, the 

liposomes should present a positively-charged membrane for an electrostatic attraction 

between the membranes. In these assays, engineered liposomes containing POPC as the PC 

matrix were supplemented with the cationic lipid DOTAP [178,179]. Both liposome 

formulations, with and without CHOL, contained 20% mol of DOTAP. The incorporation of 

DOTAP into the engineered liposomes conferred a positive ζ-potential value, which would 

promote an electrostatic attraction and help the adsorption of the engineered liposomes 

onto the HeLa cell membrane as well as HeLa-mimicking membrane models, which have a 

negative ζ-potential value due to the presence of PS. It is worth remembering here that 

natural cell membranes, like the HeLa cell membrane, present negative charges due to the 

presence of phosphatidylglycerol, phosphatidic acid, phosphatidylserine or 

phosphatidylinositol groups. 

Firstly, we incubated a HeLa-mimicking monolayer with the engineered liposomes, 

maintaining the surface pressure of the monolayer at 30 mN m-1 and following the increase 

in the molecular area of the multicomponent monolayer. The injection of the engineered 

liposomes beneath the lipid monolayer demonstrated that both formulations of the 

engineered liposomes could fuse with the monolayer, since the molecular area of the HeLa-

mimicking monolayer increased with time, which can only occur if the liposomes have fused 

with the monolayer. 
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Considering the difference in the ζ-potential values and the results of the perpendicular 

component of the molecular dipole moment of the HeLa-mimicking bilayer model, the first 

step in the interaction with liposomes containing DOTAP should be electrostatic, promoting 

the insertion of the lipids from the liposomes into the HeLa-mimicking outer lipid 

monolayer. As the fusion process continues, the lipid bilayer structure of the liposome is 

disrupted. This primary step may lead to the occurrence of adhesion forces between the 

molecules of the liposome and the molecules of the monolayer and among probable 

hexagonal structural intermediates [180], promoting the fusion process. We observed that 

the fusion process was relatively fast, probably due to this first electrostatic step and how 

it proceeded until saturation. 

Another interesting observation was the effect of CHOL on the engineered liposomes. The 

liposomes containing CHOL provoked a significant increase in the molecular area of the 

monolayer, i.e., the fusion process. This effect could be due to the phosphatidylserine 

molecule being intimately involved with CHOL in the endocytosis process [181]. 

We expected electrostatic forces to govern the primary event occurring in the interaction 

between the outer monolayer of the liposomes and the HeLa-mimicking membrane model. 

This mechanism has been already suggested in in vitro experiments involving liposomes 

applied to solid tumors [182]. Moreover, the first electrostatic event might be the primary 

step in the transfection mechanism [183] and in viral infections [184]. The initial 

electrostatic interaction is most likely to be due to the structural destabilization of the 

bilayer caused by DOTAP, which would precede the fusion process. 

Membrane fusion has been extensively studied, and usually, two intermediate structures 

have been identified [185,186]: hemifusion, where there is a mixing of the lipids in the outer 

leaflets, but not of those present in the inner layer of the bilayer, and fusion pores, where 

both leaflets merge, resulting in the formation of a pore. 

To simulate the actual HeLa cell membrane bilayer, we analyzed its physicochemical 

properties by using a planar bilayer model. When two vesicles of different sizes make 
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contact, such as a cell and a liposome, the first event would be the adsorption of the smaller 

system with a higher lipid curvature onto the larger one with a low lipid curvature. 

Therefore, the use of a flat model like SLBs can represent the difference in sizes between a 

cell (micron scale) and a liposome (nanometric scale). This is of particular interest when 

liposomes adsorb onto a cell membrane or undergo endocytosis by a cell. 

When the SLBs were formed by depositing liposomes onto a mica surface, no laterally 

segregated domains were observed, suggesting a rearrangement of the lipid components 

[187]. This was interesting when considering that we observed two different types of 

domains in the monolayers at the nanoscale (through AFM) and a larger organization of 

domains at the micrometric scale (as observed by BAM). Moreover, RBIR assays with 

liposomes indicated that Lo and Lα domains might coexist. Clearly, the domains previously 

observed in the monolayers vanished when the bilayers were formed [188]. Other SLBs 

models rich in CHOL show a similar behavior [189,190], which would explain the featureless 

nature of the HeLa-mimicking SLBs due to the high amount of CHOL (33%) in the 

composition. 

After the addition of POPC:DOTAP or POPC:CHOL:DOTAP liposomes to the HeLa-mimicking 

SLBs, the liposomes integrated into the SLBs, as could be seen in the topographic images. 

The small holes in the SLBs that were purposely created began to close as the engineered 

liposomes fused into the SLBs. From the images, we can infer that the liposomes fused with 

the SLBs because we could not observe any adsorbed liposomes on the surface or inside 

the holes. In addition, the defects on the surface closed from the edges to the center as if 

the SLBs were growing in the XY plane, closing the gaps. 

Another interesting observation from the fusion of the engineered liposomes with the SLBs 

was that the CHOL-containing liposomes were faster in closing the gaps than the liposomes 

without CHOL. These results confirmed that the presence of CHOL enhanced the fusion rate, 

as observed with other SLBs of different compositions [191]. These findings were consistent 

with the results we obtained from the fusion process of the engineered liposomes injected 

beneath the HeLa-mimicking monolayer at a surface pressure of 30 mN m-1. 
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The AFM studies were also used to obtain Young’s modulus (E) of the SLBs. The HeLa-

mimicking SLBs had E values of around 30 MPa. Usually, high values of E correspond to a gel 

or ordered states, while low values are typical for fluid or disordered states. In the binary 

phase-separated system composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

and DPPC, E values were 19.3 MPa and 28.1 MPa, respectively, corresponding to the fluid 

and gel phases, respectively. Even higher values for the same system have been reported 

by other research groups using different AFM probes and experimental conditions [192]. 

This suggests, as indicated by the RBIR results, a coexistence of the Lo and Lα domains, with 

a more Lo behavior expected. It is worth noting that the mixture was not binary, but 

quaternary. For multicomponent SLBs, higher E values of up to 80 MPa have been reported 

for fluid disordered phases [193]. 

After the addition of the engineered liposomes to the HeLa-mimicking SLBs, the increase in 

the E values demonstrated the fusion of the engineered liposomes with the SLBs. Only the 

fusion and integration of a different membrane into an SLB can change its E values. 

Therefore, this demonstrates that flat/planar HeLa-mimicking models are useful in 

monitoring the fusion of liposomes (with high lipid curvature) with a cell membrane (with 

low lipid curvature). 

The fusion of the engineered liposomes with the SLBs resulted in substantial changes in the 

mean value and distribution of the Young’s modulus values. HeLa-mimicking SLBs showed 

a unimodal distribution that shifted to higher values when POPC:CHOL:DOTAP liposomes 

were added. Interestingly, when POPC:DOTAP liposomes were added, the distribution of 

the E values was bimodal. One of the peaks was centered at values similar to those of the 

HeLa-mimicking SLBs, while the other was at higher E values. This suggested that the fusion 

process was incomplete during the incubation time and that some areas of the HeLa-

mimicking SLBs remained unchanged since the liposomes had not fused yet. These results 

are consistent with the reported increase in the bending modulus of liposomes upon the 

addition of CHOL to different lipid compositions [194], which has been confirmed by force 

spectroscopy studies on the nanomechanical properties of SLBs and by the fact that the 
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presence of CHOL causes a higher degree of compactness or less elastic deformation of the 

bilayer [193]. 

It was clear that the two types of engineered liposomes interacted differently with the 

HeLa-mimicking SLBs. When analyzing the lifetime of the NBD-PE fluorescent probe added 

to the engineered liposomes, a shift towards shorter lifetime values was detected after the 

fusion of the HeLa-mimicking liposomes with either of the two types of engineered 

liposomes. This shift demonstrated a change in the lipid properties of the bilayer in which 

the fluorophores were inserted. This could only be due to the mixing, putative mixing, of 

the different bilayers from the engineered liposomes and the HeLa-mimicking liposomes. 

AFM topographic and force spectroscopy measurements were valuable in demonstrating 

that the fusion process was indeed happening, but, unfortunately, they were not enough to 

quantify the process. 

Importantly, FRET results confirmed that the fusion process was faster in the presence of 

CHOL, as can be seen by the kinetic constants being 40% higher for the engineered 

liposomes containing CHOL. 

Since both fluorophores (NBD and Rh) were together in the engineered liposomes, a 

reduction in the FRET signal due to the fusion of the engineered liposomes with the HeLa-

mimicking liposomes would increase the NBD fluorescence signal, enabling us to quantify 

the fusion rate. However, the fusion percentages did not achieve large values, being 11.4% 

and 7.2% for the POPC:CHOL:DOTAP and POPC:DOTAP liposomes, respectively. The 

maximum fusion values were calculated as if the fluorescent probes were infinitely diluted 

in the liposomes, like when liposomes are disrupted with a detergent that dissolves Rh and 

transforms liposomes into micelles, leading to the spatial separation of the NBD and Rh 

probes. This raises the problem of knowing whether the fusion events between liposomes 

of different compositions are not going to be infinite [144]. Therefore, under our 

experimental conditions (e.g., time, liposome concentration and temperature), we 

expected a one-to-one fusion event where one engineered liposome fused with one HeLa-

mimicking liposome. Therefore, when using the FRET data, if we consider that the value of 
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100% fusion indicates that all the engineered liposomes bearing fluorescent probes are 

fused with all the HeLa-mimicking liposomes at a one-to-one ratio instead of indicating that 

the liposomes are infinitely diluted, we can obtain a better approximation of the in vitro 

and in vivo behavior. Different values of fusion percentages were obtained using this 

consideration: 42.1% and 18.1% for the POPC:CHOL:DOTAP and POPC:DOTAP liposomes, 

respectively. The fusion percentage for the POPC:CHOL:DOTAP liposomes might be the 

closest to reality as we will discuss later with the confocal microscopy assays. 

The differences in the fusion percentages were clearly due to the presence of CHOL, which 

increased the likelihood of fusion and its speed. This could be seen in the differences 

between the two types of engineered liposomes when closing the holes in the SLBs and the 

differences in the values of Young’s modulus. 

DPH and TMA-DPH fluorescence studies were also undertaken to analyze the 

physicochemical changes in the HeLa-mimicking liposomes after fusion with the engineered 

liposomes. The microviscosity values of the different liposomes were calculated using 

conventional equations. Interestingly, the microviscosity value decreased after the fusion 

of the HeLa-mimicking liposomes with the engineered liposomes, with this decrease being 

greater for the engineered POPC:DOTAP liposomes than the POPC:CHOL:DOTAP liposomes. 

Both types of engineered liposomes had the same molar proportion of DOTAP (20%), which 

has been suggested to cause structural destabilization that results in lower values of 

microviscosity. The presence of CHOL in the liposomes had the effect of increasing 

microviscosity by exerting an ordering effect in the membrane [195,196]. The changes in 

microviscosity of the HeLa-mimicking liposomes, when fused with the engineered 

liposomes, were direct evidence that the composition of the HeLa-mimicking liposome 

bilayer had changed due to the fusion and consequent mixing of the molecules from the 

engineered liposomes. This is consistent with the Young’s modulus values and distributions 

obtained in this thesis. 

The ∆E values extracted from the microviscosity measurements were used to calculate the 

energy needed for the engineered liposomes to fuse with the HeLa-mimicking liposomes in 
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a comparative manner as an indicator of how easily the liposomes could spread onto a 

surface. However, the values showed no significant differences when using either the DPH 

or TMA-DPH data, indicating that both types of engineered liposomes required a similar 

amount of energy for fusion. 

Young’s modulus values obtained from the AFM studies and microviscosity measurements 

acquired with the DPH and TMA-DPH fluorescence data were analyzed. We could see that 

after the fusion process, the engineered liposomes showed greater values of E and smaller 

microviscosity values than the HeLa-mimicking liposomes. It is important to note that both 

techniques are not contradictory, but complementary. Young’s modulus data give 

information on the compactness between the phospholipids in the Z axis, while the viscosity 

values obtained from the anisotropy of the DPH and TMA-DPH probes provide information 

on the mobility of the lipids in the X-Y axis. 

The comparison of the results from both techniques (Young’s modulus values obtained from 

the AFM-FS data and the TMA-DPH studies) suggested that the presence of CHOL in the 

engineered liposomes enhanced spreading on the mica surface (lower Young’s modulus and 

∆E values) compared to the engineered liposomes without CHOL. The ∆E values from the 

DPH studies did not seem to be affected, probably because DPH locates itself close to the 

lipid hydrocarbon groups in the core of the bilayer, which has small or no effect on the 

spreading process. 

We then assessed whether the engineered liposomes could fuse with living HeLa cells 

and/or be used as drug carriers.  These experiments were also used to validate the different 

models of the HeLa-mimicking lipid mixture. 

Between the two engineered liposome formulations, we decided to exploit 

POPC:CHOL:DOTAP liposomes because they showed greater rates of fusion. 

Different concentrations of the engineered liposomes tagged with Rh-PE were incubated 

with HeLa cells and examined by flow cytometry. The results showed that all the cells 

exposed to the engineered liposomes were tagged; therefore, the liposomes were indeed 

interacting with the cells. As seen in other publications [197], the cells would only be able 
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to give a fluorescence signal if the tagged liposomes were interacting with the cells, had 

adsorbed onto the membrane or had been internalized. The fact that the signal was 

concentration-dependent demonstrated that the number of interactions between the 

liposomes and cells increased with the liposome concentration, which would be helpful for 

treatments involving engineered liposomes. 

AFM observations of the HeLa cells showed changes after incubation with the engineered 

liposomes. In 40 minutes, the liposomes had covered all the surfaces, including the glass 

surface, as also seen in the adhesion images. Furthermore, the physical properties of the 

cell surface had changed, increasing their stiffness due to the interaction with the 

liposomes. 

A force map of the central areas of the cell revealed a change in the Young’s modulus value 

of the membranes, showing higher values after incubation with the liposomes. This is 

consistent with the findings obtained previously in this thesis [152] (Chapter 6), where 

HeLa-mimicking SLBs showed a similar behavior after incubation with the engineered 

liposomes, with the Young’s modulus value of the SLBs increasing. Therefore, this confirmed 

changes in the cell membrane. 

The values obtained for the HeLa cells without liposome treatment were similar to those 

reported in other studies, with some deviation due to the use of different cantilevers with 

different tips and stiffness [198,199]. 

These results also validated the HeLa-mimicking models as they behaved like HeLa cells. 

After tagging liposomes with Rh-PE and encapsulating calcein at a self-quenching 

concentration [200], we observed the cell culture under a confocal microscope. This gave 

us interesting images showing the cells automatically starting to capture the liposomes from 

the first seconds they were added to the media by using their filopodia in addition to the 

fusion of the liposomes that had directly fallen onto the cells. The activity of the filopodia 

has been reported before and was intense from the first minutes until most of the 

liposomes had been captured [153]. Among the different movements of filopodia, that 

described as surfing has been reported to help viruses reach the lipid membrane easily 
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[201]. Therefore, we suggest that the capturing movements of filopodia increased the 

number of interactions between the engineered liposomes and the cells. 

The first step in the interaction between the liposomes and the HeLa cells was adsorption 

onto the membrane, where they stayed attached. After 40 minutes, some liposomes had 

already entered the cell and started to liberate their calcein content, while some liposomes 

had been internalized into the membrane. Around this time frame, we were able to 

compare the observed results with the ones obtained from the FRET analysis in Chapter 6. 

Since almost all the liposomes were interacting with the cells, we concluded that the fusion 

percentage of 42.1% obtained with the FRET data, considering a one-to-one fusion event 

for the liposomes, was closer to what we could see occurring in the living cells when 

compared to the percentage calculated with the infinite dilution method. 

After 24 h, most of the liposomes already internalized into the cell had liberated their 

calcein load. Again, at this time point, we could observe some liposomes inserted into the 

outer cell membrane. Cell uptake of liposomes is well documented since DOTAP has been 

used for cell transfection for a long time and some cells avidly take up cationic liposomes 

[202]. 

The engineered liposomes liberated their calcein load inside the cells. We assessed if the 

liposomes could work as nanocarriers and checked whether they were toxic to cells. 

Therefore, we performed viability assays where we tested blank liposomes to evaluate their 

toxicity. We also used a batch of engineered liposomes encapsulating MTX, which is toxic 

to cells. Since the encapsulated MTX is located in the aqueous core of the liposome, we 

needed to filter the liposomes to eliminate any non-encapsulated MTX. Therefore, a batch 

of only MTX in buffer was also filtered to corroborate that the filtration process was 

successful and no free MTX remained in the media. 

The results showed that the engineered liposomes encapsulating MTX killed the cells, 

demonstrating their use as drug nanocarriers. The unloaded or blank liposomes showed no 

toxicity at all compared to the negative control, demonstrating that the liposomes were not 
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toxic. This is important since this could allow the engineered liposome formulation to be 

used for developing treatments in humans. 

Finally, the filtered MTX sample produced no cell death, even with doses far higher than the 

ones used with the encapsulated MTX into the engineered liposomes. To corroborate these 

results, the buffer solution after liposome precipitation by centrifugation was quantified by 

spectrophotometry and no traces of MTX were found. 

Using a spectrophotometer to quantify the amount of encapsulated MTX and staining with 

the Marshall dye to quantify the number of phospholipids in the liposomes, we obtained an 

MTX-to-lipid ratio of 0.20, which consolidated the fact that the engineered liposomes were 

able to encapsulate MTX. 

Therefore, we corroborated the use of the engineered liposomes as drug carriers. Summing 

up all the previous results, using a bottom-up approach, we developed functional and 

biomimetic liposomes that were able to fuse with and be internalized into cells and work as 

nanocarriers. 
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General discussion 

 

This thesis had two complementary research lines: (i) to establish a rational design based 

on the physicochemical properties of lipids to create engineered POPC:CHOL:DOTAP 

(0.65:0.15:0.20, mol/mol/mol) liposomes that can work as effective nanocarriers; and (ii) to 

develop a membrane model that reproduces the lipid membrane of HeLa cells with the 

composition POPC:POPE:POPS:CHOL (0.29:0.31:0.06:0.34, mol/mol/mol/mol). The HeLa-

mimicking mixture provides a simple scenario to test the fusion of engineered liposomes 

and the release of their encapsulated content prior to investigations with living cells. 

We exploited a bottom-up approach by evaluating the thermodynamic properties of the 

lipid components of the systems, before optimizing their composition and finally creating 

liposomes and SLBs. 

For the POPC:CHOL:DOTAP liposomes, we first started by evaluating several PC candidates 

with different hydrocarbon chain lengths and degree of unsaturation to study their 

interaction with CHOL at different concentrations that abolished their Lβ to Lα phase 

transition in binary bilayers. We observed negative ∆mixG values for mixtures of POPC and 

CHOL, in which CHOL had a condensation effect on POPC. These results, together with the 

observation that there were no double collapses in the mixed monolayer, suggested that 

CHOL was dissolved to some extent in the mixed monolayer. Interestingly, AFM revealed 

the formation of small high domains in the monolayers of POPC with CHOL, while pure POPC 

did not show domains, but homogeneous LBs. Although no phase separation was detected 

in the monolayers, the visualization of the domains by AFM suggested segregation. The 

presence of these domains in the monolayer could be due to the formation of CHOL-

enriched domains, which would make sense according to the BAM observations. To 

promote the electrostatic interaction between membranes, we added the cationic lipid 

DOTAP, which could help mediate the fusion events between liposomes and negatively-

charged cell membranes such as the HeLa cell lipid membrane. 
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Before testing the liposomes with living cells, i.e., complex systems with many different 

lipids and proteins, we created and evaluated a simple membrane model to perform 

physicochemical studies with the engineered liposomes. Moreover, we needed to verify if 

this membrane model was able to mimic the natural behavior of the HeLa cell membrane. 

We created a mixture based on the composition of the HeLa cell membrane, which was 

composed of POPC, POPE, POPS and CHOL.  

CHOL also had a condensation effect in the HeLa-mimicking monolayer. The LBs observed 

with AFM showed domains probably due to the presence of CHOL, like in the POPC:CHOL 

mixture. The deposition of HeLa-mimicking liposomes onto a mica substrate created SLBs 

that, when visualized with AFM, showed a homogeneous bilayer like the other mixtures rich 

in CHOL. Interestingly, the domains observed in the monolayer system disappeared in the 

bilayer system, probably due to an internal reorganization between CHOL and POPC as well 

as the fact that we observed polar heads instead of hydrophobic tails in the SLBs. 

BAM images of the HeLa-mimicking monolayer showed the existence of domains, which 

were at the micrometric scale compared to the nanometric scale of the AFM images. These 

results showed that the HeLa-mimicking monolayer was indeed not homogeneous and 

showed two different levels of organization at the temperature studied. 

AFM characterization of the SLBs formed with the HeLa-mimicking lipid mixture showed flat 

featureless surfaces where some defects were intentionally left through an incomplete SLB 

formation. After the addition of the engineered liposomes, the holes started to close as the 

engineered liposomes fused with the SLB surface. The holes closed in the direction from the 

outer edges to the center and no liposome deposition was observed inside the holes. This 

indicated that the engineered liposomes were fusing with the HeLa-mimicking bilayer and 

laterally pushing the membrane, making it close the holes as it grew. 

In addition, the E values obtained with AFM-FS for the HeLa-mimicking SLBs before and 

after incubation with the engineered liposomes demonstrated the occurrence of fusion, as 

reflected by the increase in the E value of the HeLa-mimicking bilayer after the 

incorporation of the liposomes. 
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FRET assays corroborated the fusion process between HeLa-mimicking liposomes and the 

engineered liposomes. The fusion rate was quantified at around 42% during an hour. 

The final step was to study the interaction of the engineered liposomes with HeLa cells. 

AFM observations in the force mode allowed us to calculate the E mean value of a HeLa cell 

before and after incubation with the engineered liposomes. The results showed an increase 

in the E values, illustrating a similar trend to that observed with the HeLa-mimicking SLBs 

[152] (Chapter 6). This confirmed that the modification of the cell membrane by liposomes 

was similar to that observed with the HeLa-mimicking SLBs, proving that the membrane 

model could mimic a HeLa cell membrane. 

Observing the interactions of cells with the engineered liposomes through confocal 

microscopy, we observed that at the beginning, some liposomes were captured by the 

filopodia of the cells, while others were simply deposited directly onto the cell surface. As 

time passed, the liposomes were adsorbed onto the membrane. Finally, some liposomes 

remained integrated within the membrane, while the majority had already entered the cell, 

releasing their calcein load. 

As a proof of concept, we encapsulated MTX to test the liposomes as drug carriers. The 

evaluation of the encapsulation showed an MTX-to-lipid ratio of 0.20 (weight/weight). After 

incubating HeLa cells with the engineered liposomes carrying MTX, the cells did not survive, 

demonstrating the effectiveness of the engineered liposomes as drug carriers. 

In addition, the toxicity of the engineered liposomes was evaluated with unloaded 

liposomes, which were incubated in the same experimental conditions. Incubation of cells 

with these liposomes produced viability results similar to those of the negative control, 

demonstrating that the engineered liposomes were not toxic. 

These assays demonstrated that the engineered liposomes were indeed able to work as 

nanocarriers. Furthermore, the changes in the HeLa cells observed with AFM-FS were 

similar to those of the HeLa-mimicking model membrane, validating the usefulness of this 

new testing tool.  
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Chapter 9. Conclusions and perspectives 

 

Conclusions 

 

• The mixture of POPC and cholesterol was demonstrated to be the most appropriate 

for the development of engineered liposomes, showing low absolute values of 

∆mixG. Furthermore, there is one saturated hydrocarbon chain and one hydrocarbon 

chain with one unsaturation in POPC, which are the most common structures of 

phospholipids in natural extracts. DOTAP was also included in the formulation 

because of its well-known fusogenic properties. POPC:CHOL:DOTAP (0.65:0.15:0.20, 

mol/mol/mol) liposomes were not toxic to cells and they showed great capacity in 

encapsulating calcein at a self-quenching concentration and methotrexate at a drug-

to-lipid ratio of 0.20. 

 

• We developed an artificial membrane model with the composition 

POPC:POPE:POPS:CHOL (0.29:0.31:0.06:0.34, mol/mol/mol/mol) that mimicked the 

properties of HeLa cell lipid membranes. 

 

• POPC:CHOL:DOTAP liposomes positively interacted with monolayers, supported 

lipid bilayers and liposomes formed with the HeLa-mimicking composition, as 

demonstrated by Langmuir isotherms,  Brewster angle microscopy, atomic force 

microscopy and fluorescence techniques.  

 

• All the results supported a fusion process occurring between the engineered 

liposomes and the target HeLa-mimicking model.  
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• Lipids from the POPC:CHOL:DOTAP liposomes were integrated into the HeLa-

mimicking model. In addition, fluorescence resonance energy transfer assays 

allowed us to quantify this fusion process, which demonstrated that 42% of the 

liposomes had fused with cell membranes in 60 minutes. 

 

• The plasma membrane of HeLa cells showed different Young’s modulus values 

before and after incubation with the POPC:CHOL:DOTAP liposomes, as determined 

with the AFM-FS studies.  

 

• Confocal microscopy was used to image the interaction between the liposomes and 

HeLa cells. The liposomes reached the cell cytoplasm by either deposition or capture 

by the filopodia of the cells. After 40 minutes, most of the liposomes were in the cell 

membrane. After 24 h, almost all of these liposomes had been internalized and had 

liberated their calcein load inside the cell. 

 

• Viability experiments showed that MTX was encapsulated by the engineered 

liposomes, later killing all the HeLa cells after being liberated from the liposomes. 

 

 

  



Atomic Force Microscopy to elucidate lipidic membranes enhanced by engineered liposomes. 

179 
 

Perspectives 

 

The findings from this work can be built on in future projects.  This work opens up a wide 

variety of possibilities for both the engineered POPC:CHOL:DOTAP liposomes and the HeLa-

mimicking membrane models. 

To reach the final goal of the presented work, in vivo assays should be undertaken to 

determine the biodistribution and bioavailability of the liposomes. Further efforts should 

be made to develop physicochemically stable liposomes, which include additional 

components that can overcome the reticuloendothelial system. 

Furthermore, it will be interesting to work on the addition of antibodies or other 

components like the spike (S) protein of SARS-CoV-2 to modify the fusogenic capabilities of 

liposomes. With this modification, we will be able to direct liposomes to specific target 

membrane receptors. 

Another option will be to implement liposomes with different compositions, using their lipid 

nature to create delivery systems that can cross the blood-brain barrier. 

As the HeLa-mimicking mixture was able to mimic some aspects of the HeLa cell membrane, 

it could be used as a model to test other formulations. In addition, the creation of similar 

systems mimicking other cell membranes could increase the knowledge on how membrane 

fusion processes work in different cells and tissues. 
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Contributions to scientific events 

 

Study of cholesterol enriched monolayers for the development of biomimetic membranes. 

 

In this poster presented at the IN2UB annual 

meeting in 2017 in Barcelona, we discussed three 

of the lipids presented in the first article published 

from this work (POPC, PSPC and PLPC). We 

evaluated their relationship with CHOL and 

compared their stability. 

 

 

 

 

Visual differences between monolayers and bilayers as seen from the AFM. 

 

In this poster presented at the XII Research Day at 

the Faculty of Pharmacy and Food Sciences, 2019, 

in Barcelona, we discussed the characteristics of 

the HeLa-mimicking mixture compared to the 

POPC:CHOL mixture. We compared monolayers, 

bilayers and the presence of domains. 
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HeLa model lipid membrane used as evidence of liposome fusion. 

 

In this poster presented at the EJTEMM 

2021 in Graz, we discussed the fusion 

process between the engineered 

liposomes and the HeLa-mimicking 

mixture, which is the core information 

provided in the fourth article published 

from this work. 
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Symbols and acronyms 

 

∆E: Activation energy 

ΔmixG: Gibbs energy of mixing 

γCHOL: Ideal molar fraction of cholesterol 

η: Microviscosity 

µ⊥: Vertical component of the dipole moment 

ξ: Cohesive forces 

π: Surface pressure 

ζ-potential: Zeta potential 

 

AChR: Nicotinic acetylcholine receptors 

AFM: Atomic force microscope 

AFM-FS: Atomic force microscope-force spectroscopy 

BAM: Brewster angle microscope 

BET: Brunauer–Emmett–Teller (Surface Area Analysis) 

CER: Ceramides 

CFTR: Cystic fibrosis transmembrane conductance regulator 

CHOL: Cholesterol 

CLSM: Confocal laser scanning microscope 

Cryo-TEM: Cryogenic transmission electron microscopy 

Cs: Compressibility modulus 
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DCS: Differential scanning calorimetry 

DLS: Dynamic light scattering 

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOTAP: 1,2–dioleoyl–3–trimethylammonium–propane 

DPH: 1,6-diphenylhexatriene 

DPPC: 1,2–palmitoyl–sn–glycerol–3–phosphocholine 

DSPC: 1,2–distearoyl–sn–glycerol–3–phosphocholine 

DTA: Differential thermal analysis 

E: Young’s modulus 

EBSD: Electron backscatter diffraction 

EELS: Electron energy loss spectroscopy 

EELS-STEM: Electron energy loss spectroscopy combined with scanning transmission 

electron microscopy 

EPLS: Elliptically polarized light scattering 

EPM: Electrophoretic mobility 

EXAFS: X-ray absorption fine structure 

F(t): Fluorescence intensity decay curves 

F¥: Infinite dilution factor 

Fadh: Adhesion forces 

FMR: Ferromagnetic resonance 

FRET: Fluorescence resonance energy transfer 

FTIR: Fourier transform infrared spectroscopy 
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GE: Gibbs excess energy 

GPex: Generalized polarization 

GUVs: Giant unilamellar vesicles 

HPLC: High-performance liquid chromatography 

HRTEM: High-resolution TEM 

ICP-MS: Inductively coupled plasma-Mass spectrometry 

ICP-OES: Inductively coupled plasma optical emission spectrometry 

IRF: Instrument response factor 

L0: Liquid ordered 

LB: Langmuir-Blodgett 

LC: Liquid condensed 

LE: Liquid expanded 

LEIS: Low-energy ion scattering 

Liquid-NMR: Liquid nuclear magnetic resonance 

Liquid-TEM: Liquid transmission electron microscopy 

LUVs: Unilamellar vesicles 

Lα: Liquid-crystalline 

Lβ: Gel 

MALDI: Matrix-assisted laser desorption/ionisation 

MFM: Magnetic force microscopy 

MHF: Microfluidic hydrodynamic focusing platform 

MLVs: Multilamellar vesicles 



Symbols and acronyms 

214 
 

MOFs: Metal-organic frameworks 

MTT: 3-[4,5- dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide 

MTX: Methotrexate 

NBD-PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-

4-yl) 

NMR: Nuclear magnetic resonance 

NTA: Nanoparticle tracking analysis 

PA: 1-formyl-6-(N-cyclohexyl) aminopyrene 

PC: Phosphatidylcholine 

PCs: Phosphocholine head groups 

PDI: Polydispersity index 

PE: Phosphatidylethanolamine 

PL: Photoluminescence 

PLPC: 1–palmitoyl–2–linoleoyl–sn–glycero–3–phosphatidylcholine 

POPC: 1–palmitoyl–2–oleoyl–sn–glycero–3-phosphatidylcholine 

POPE: 1–palmitoyl–2–oleoyl–sn–glycero–3–phospho ethanolamine 

POPS: 1–palmitoyl–2–oleoyl–sn–glycero–3–phospho–L–serine 

PS: Phosphatidylserine 

PSPC: 1–palmitoyl–2–stearoyl–sn–glycerol–3–phosphatidylcholine 

PTA: Particle tracking analysis 

RBIR: Red/blue Intensity ratio 

RET: Extent of resonance transfer 
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REV: Reverse-phase evaporation vesicles 

Rh-PE or Rhodamine-PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) 

RMM-MEMS: Resonant mass measurement microelectro-mechanical system 

SANS: Small angle neutron scattering 

SAXS: Small-angle X-ray scattering 

SC: Stratum corneum 

SEM: Scanning electron microscopy 

SEM-EDX: Scanning electron microscopy-dispersive X-ray 

SIMS: Secondary ion mass spectrometry 

SLB: Supported lipid bilayers 

Sp-ICP-MS: Single particle operation mode-inductively coupled plasma-mass spectrometry 

SPMs: Scanning probes microscopes 

SQUID: Superconducting quantum interference device magnetometry 

STEM: Scanning transmission electron microscopy 

SUVs: Small unilamellar vesicles 

TEM: Transmission electron microscopy 

TGA: Thermal gravimetric analysis 

Tm: Melting transition temperature 

TMA-DPH: 1-(4-trimethylammonium-phenyl)-6-phenyl-1,3,5-hexatriene 

TRPS: Tunable resistive pulse sensing 

UV-Vis: Ultraviolet-visible spectroscopy 
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UV-Vis-NIR: Near-infrared ultraviolet-visible spectroscopy 

VSM: Vibrating sample magnetometry 

XAS: X-ray absorption spectroscopy 

XMCD: X-ray magnetic circular dichroism 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction 
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