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Abstract 

 

Understanding the process occurred in cell membranes as well as their 

interaction with external agents such as Magnetic Nanoparticles (MNPs) is a goal of 

main importance in biomedicine. In this work model cell membranes of a mixture of 1, 

2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol were transferred 

onto mica substrates by Langmuir-Blodgett technique (LB) to mimic a real cell 

membrane. The high quality and chemical structure of the monolayers formed were 

confirmed by means of Atomic Force Microscopy (AFM) imaging and Contact Angle 

measurements. Due to the amphiphilic features of the compounds used in this work, a 

study of the stability of the monolayer in liquid media was carried out observing as the 

monolayer re-assembled into bilayer. This behaviour was explained by means of Force 

Spectroscopy (FS) studies with a noticeable increase in the breakthrough force values. 

Furthermore, the deposition of MNPs onto monolayer was carried out by LB in a 

successful way obtaining a well-covered distribution of MNPs with the final purpose of 

study the membrane response when it is exposed to alternating magnetic fields. 
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Chapter 1. Objectives 

1.1 General training objectives 

The general objectives of a final project corresponding to the Master´s Degree in 

Nanostructured Materials for Nanotechnology Applications from the University of 

Zaragoza are the acquisition and development of diverse skills in the nanoscience and 

nanotechnology fields. In particular, the competences that a master candidate should 

have achieved by his/her graduation, and I believe I have achieved, include the 

following: 

 Knowledge and understanding in the area of Nanotechnology. 

 Deep understanding of the different methodologies applied in Nanotechnology. 

 Ability to critically and systematically integrate the acquired knowledge and 

analyze, evaluate and handle complex occurrences, issues and situations. 

 Awareness of the possibilities and limitations of methods, techniques and their 

applications in different research areas. 

 Skills which are required for participation in research and development work or in 

other independent work of a qualified nature. 

 Identify and formulate issues, use of adequate methods, qualified tasks and 

thereby contribute to the evolution of knowledge. 

 Being conscious about the difficulties arisen during the realization of the project 

and being able to sort out those scientific problems in a proper way. 

 Incorporation of scientific habits as an essential condition to take effective profit 

of the learning process as a mean of personal development. 

 Ability to present and discuss conclusions and the knowledge and the arguments 

on which these conclusions are based. 

 Oral and written skills in the English language, using the vocabulary and specific 

terminology in the scientific context, and showing initiative and self-confidence in 

the course of the oral presentation. 

 Consolidation of personal and social capabilities to behave in a responsible and 

autonomous way by developing a critical sense. 
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2.2 Scientific objectives of the final master project entitled “Formation and 

Characterization of Model Cell Membranes and their Interaction with Magnetic 

Nanoparticles”  

The specific objectives that my final master project supervisors defined by the 

beginning of this work were: 

 Fabrication of mono and/or bilayer mixed films incorporating phospholipids and 

cholesterol by the Langmuir-Blodgett (LB) method to mimic the cell membrane.  

 Characterization of these LB films to determine their morphology and stability. 

 Immobilization of magnetic nanoparticles onto the mixed phospholipic and 

cholesterol films.  

 Analyze and understand effects induced by the application of an alternating 

magnetic field (hyperthermia) on the mixed films decorated with the magnetic 

nanoparticles. 
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Chapter 2. Introduction 

Over the last few years there has been a significant interest focused on 

nanomaterials owing to a wide variety of applications in different fields of study 

ranging from physics, engineering or science of materials, to medicine, biology or 

chemistry. 

Biological membranes are extremely complex and make research work very 

difficult. As a consequence, a great effort is required to properly understand all the 

process that take place. For this reason, artificial model membranes have been 

developed during the recent years and play an important role in clearing up the physical 

and chemical features of membranes and how these contribute to membrane functions. 

All these process would be probably difficult or even impossible to be studied 

otherwise.
1,2,3

 In this context, the popularity of the deposition of model cell membranes 

has grown because of its wide biotechnological applications ranging from sensor 

design
4
 to the study of membrane cell interactions.

5
 This has been supported by the 

emergence of a multitude of surface characterization techniques.
6
 

How is possible to mimic a cell membrane? For the recent years, phospholipid 

layer deposited onto solid surface have been the most commonly used experimental cell 

surface model. There are several experimental techniques which allow building model 

cell membranes such as lipid vesicles, monolayers at air-water interface and different 

types of supported lipid bilayers (SBL).
7,8

 These techniques have been developed and 

improved since in 1960s Mueller et al. developed the first system for the investigation 

of the electrical properties of a planar phospholipid bilayer.
9
 In particular, the technique 

chosen in this work for mimicking a cell membrane was Langmuir-Blodgett whose 

applications in this field are reported elsewhere.
10,3,11

 The transfer of phospholipid 

monolayer onto hydrophilic substrate by LB had been attempted before by Levin et al. 

in 1968
12

 although they had not found application in biophysical research. In contrast, in 

1972 Kühn et al
13

 collected numerous studies on fatty acid as well as in 1977 Korenbrot 

and co-workers
14

 used phospholipids LB films for device fabrication.  The advantages 

of using LB technique are the possibility to control the parameters needed to reproduce 

biological conditions as well as the achievement of ordered films with well-defined 

molecular orientation and reproducible results.                                                          
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In the area of Biomedicine, one of the most interesting nanomaterials from the 

point of view of their physical features are the magnetic nanoparticles (MNPs) 
15,16

 due 

to the facility of MNPs to be heated after applying an outer alternating magnetic field, 

turning them promisingly suitable to be used in hyperthermia studies.
17,18,19

 In this 

regard, it should be noted that hyperthermia is a type of treatment applied as an 

adjunctive therapy with other established cancer treatments such as radiotherapy and 

chemotherapy. By means of increasing the local temperature when an external 

alternating magnetic field is applied, unhealthy cells can be eventually damaged. One of 

the most interesting cellular compartment to obtain more effectiveness is over the 

membrane of the cell because of the fact that many important biological processes occur 

there. 

 Accordingly, the aim of this project is to mimic a cell membrane and analyze 

the interactions occurred between the membrane and the magnetic nanoparticles. To 

know how this interaction takes place and its efficacy constitutes an important step in 

future research. 

As preliminary studies have to be carried out to optimize and to have a clear 

understanding about the system, this work is focused on the effects occurred in 

phospholipid monolayers due to there are significant advantages to determine the effects 

of the interaction between the nanoparticles and the hydrophobic part of the layer as 

well as the possibility to have a high control of phospholipid packing, which can mimic 

various stages of the cell membrane structuring. In this regard, phospholipid monolayer 

has also been employed successfully to characterize specific interactions between 

proteins and lipid membranes.
20

 

In order to achieve a model cell membrane a mixture of 1, 2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) and cholesterol was deposited onto a solid substrate. 

It can be observed the structure of these compounds in Figure 1.  

 

Figure. 1 (a) Structure of DPPC; ( b) Structure of Cholesterol. 

a b
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The solid substrate chosen in this work was mica, the election of the substrate is 

very important in the results, due to the substrate has to be capable of support high 

quality membranes. Consequently, it should be hydrophilic, smooth and clean.
21, 22

  

Another advantage to work with monolayers is due to the amphiphilic nature of 

the compounds shown in Figure 1, consisting of a hydrophilic part (attached to substrate 

due to their affinity) and a hydrophobic part exposed at the interface, phospholipid 

membranes are capable of organizing themselves as well as associated with 

nanoparticles or other species within the membrane or at its surface. 

The cholesterol, the other compound shown in figure 1, is well-known that is an 

important lipid of mammalian cells and modulate the fluidity of cell membranes
23

 as 

well as the cholesterol increases the structural order of the phospholipid chains.
24

  

How is possible to study the interaction between the nanoparticles and the cell 

membrane? The magnetite nanoparticles were also deposited by LB onto the mixed 

monolayer previously formed. The capping of the nanoparticles is another issue to take 

into account due to the fact that this capping will be the specific part which will be 

attached to the lipid monolayer. In this context, Atomic Force Microscopy (AFM) is a 

powerful tool in bio-membrane research to study the effect of the NPs on the model cell 

membranes.
25,26,27

 It enables to study the morphological structure, physical properties as 

adhesion and bimolecular interaction, as well as, to study mechanical properties of the 

mimic membranes in a quantitative way by force spectroscopy. 

All of these results are collected in this final master project, starting with the 

formation of a model cell membrane and the study of different tests to confirm the 

properties and the quality of the monolayer formed. Secondly, a study of the stability of 

the monolayer in liquid media considering the amphiphilic nature of the compounds 

used is carried out. Thirdly, the deposition of the magnetic nanoparticles onto the 

monolayer is optimized to achieve a good surface distribution and coverage. Finally, 

this work finishes with some preliminary hyperthermia studies which are the beginning 

to future works based on the precursory results obtained. 
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Chapter 3. Experimental section 

3.1 Materials and substrates 

Table I gathers the reactants used in this work together with their CAS number, 

purity as well as the supplier of these products. 

Table I.  Reactants, CAS number, and supplier. 

Compound CAS number Purity Purchased from 

DPPC 63-89-8 99.9 % Sigma-Aldrich 

Cholesterol 57-88-5 99.9 % Sigma-Aldrich 

Water  

Milli-Pore Milli-Q 

(resistivity 18.2 

MΩ·cm) 

Obtained from a 

Millipore water 

purification system 

at INA 

Chloroform 67-66-3 
99 % (ethanol 1 %) 

 
Sigma-Aldrich 

Ethanol 64-17-5 99.5 % Panreac 

Acetone 200-662-2 99.5 % Panreac 

 

LB films were deposited onto mica substrates provided by Electron Microscopy 

Sciences Company (Cat. #71851-05, sheet size 1” x 3”; 25 x 75 mm and thickness 0.26 

-0.31 mm). . These mica substrates were cut by using a pair of scissors into ca. 1 x 1 

cm
2
 pieces and cleavage with a cello tape prior to their use.  

Magnetic Fe3O4 nanoparticles with a mean diameter of 8 nm were used in this 

work. These nanoparticles were covered with oleic acid and oleylamine. The synthesis 

and functionalization of these nanoparticles was done at the group of Jesús Martínez de 

la Fuente. 

3.2 Experimental techniques 

3.2.1 The Langmuir- Blodgett technique 

Langmuir and Langmuir Blodgett films were prepared using a NIMA-KSV 

commercial trough housed in a constant temperature (20±1 ºC) clean room. Figure 2 

shows a photograph of the LB trough used in this work. The trough is made of the 

following parts:
28 
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 A Teflon cuvette where the liquid suphase is situated. 

 Two barriers which allow the compression and the formation of the monolayer. 

 A Wilhelmy paper plate pressure sensor used to measure the surface pressure () 

upon the compression of the film. 

 A dipper to hold the substrate onto which the LB films are transferred. 

 

Figure 2. Photograph of the NIMA- KSV trough used in this work. 

To construct the Langmuir films 750 L of a 10
-4

 M mixed solution of the DPPC 

and cholesterol in chloroform (DPPC mole fractions of 1, 0.75, 0.5, 0.25 and 0) was 

spread by a syringe held very close to the surface (Figure 3), allowing the surface 

pressure to return to a value close to zero between each addition. After waiting about 

fifteen minutes to allow the solvent to evaporate, slow compression of the film began at 

a speed of 6 nm
2
·molecule

-1
·min

-1
. Each isotherm was recorded three times to ensure 

the reproducibility of the obtained data. The monolayers at the air-water interface were 

transferred onto solid supports at a constant surface pressure of 35 mN·m
-1

 by the 

vertical dipping method (dipping speed was 1 mm·min
-1

) onto cleavage mica substrates.  

 

 

 

 

Figure 3. Photograph taken during the spreading process by means of a Hamilton syringe. 

Additional information about the technique is included in Annex section. 

 

Barrier

BarrierWilhelmy balance

Dipper

Teflon cuvette
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3.2.2 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy experiments were performed by means of a 

Multimode 8 microscope equipped with a Nanoscope V control unit from Bruker at a 

scan rate of 1.0–1.2 Hz, using Tapping and Peak-Force modes. This microscope belongs 

to the Advanced Microscopy Laboratory (LMA) at the University of Zaragoza. The data 

were collected using RFESP (75–100 kHz, and 1–5 N m
-1

, from Bruker) and 

ScanAsyst-Air-HR (130-160 kHz, and 0.4-0.6 N m
-1

, from Bruker) tips for the images 

recorded in air. In the case of liquid measurements, SNL-C (40-75 kHz, and 0.24 N m
-1

, 

from Bruker) and ScanAsyst-Liquid (100-200 kHz, and 0.7 N m
-1

, from Bruker) tips 

were used. Images were typically recorded with scan rates of 1 Hz·line
−1

, 512 lines and 

force ranging 0.2-2 nN. Differences in height between monolayer domains were 

determined by performing section analysis.  

Additional information about the technique is included in Annex section. 

3.2.3 Contact Angle measurements 

Contact angle experiments were performed with a commercial optical 

tensiometer Theta Lite TL 101 from Attension (Figure 4).  

 

Figure 4. Theta Lite Optical Tensiometer used in this work. 

 In order to measure the contact angle of a liquid onto a solid surface, the sample 

is placed on a plane platform, just below a needle from which a drop of liquid is 

deposited onto the sample. Thereafter, the computer software collects readings of the 

contact angle at different times. With this system, the data set will have statistical 

meaning. The process is repeated at least three times in distinct places of each sample to 

test the reproducibility of the data. 
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3.2.4 Hyperthermia measurements 

Hyperthermia experiments were performed with DM100 Series equipment by 

nB nanoScale Biomagnetics Company (Figure 5). 

In order to measure, the sample is placed in a test tube, previously cut in the 

right dimensions to adjust to the required area. Measurements were carried out at 836 

KHz for 90 minutes with an applied alternating magnetic field of 252 Gauss to properly 

detect the changes occurred. 

 

 

Figure 5. Hyperthermia equipment used in this work 

 

Chapter 4. Results and discussion 

4.1 Surface pressure - area per molecule isotherms: pure and mixed compounds 

Figure 6 shows the surface pressure vs. area per molecule isotherms (-A) of 

pure DPPC and cholesterol as well as their mixtures of different mole fractions. In all 

cases the initial area per molecule was 1.4 nm
2
·molecule

-1
. Pure DPPC and pure 

cholesterol π-A isotherms as well as their mixtures have been reported before and the 

ones presented in this work are in good agreement with the literature.
29,30

 .The -A 

isotherm of DPPC is clearly characterized by a first gas phase in the 1.40- 1.05 nm
2
 

region followed by the liquid expanded phase (LE) in the 1.05-0.80 nm
2
. Afterwards, 

the monolayer enters in the phase transition from the liquid expanded (LE) to the liquid 

condensed (LC) state (0.80-0.60 nm
2
). Finally, the solid (S) phase starts at 0.47 nm

2
 and 

the collapse of the monolayer is observed at ca. 57 mN·m
-1

.
 
The -A isotherm of 
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cholesterol is characterized by a lift-off in the isotherm at 0.45 nm
2
 after which there is 

a monotonous increase in the surface pressure upon compression. The collapse of the 

cholesterol monolayer takes place at ca. 44 mN·m
-1

. The mixed monolayers result in 

surface pressure vs. area per molecule isotherms with intermediate behaviors as can be 

observed in Figure 6. 

 

Figure 6. Surface pressure- area per molecule (π-A) isotherms for DPPC, cholesterol and mixed 

monolayers for 0.25, 0.5 and 0.75 DPPC mole fractions. 

 

To obtain information about the condensing effect of the cholesterol on the 

DPPC monolayers, a study of the excess area per molecule in the mixed monolayer was 

made. In this context, if A corresponds to the area per molecule and π correlates to the 

surface pressure, then the excess area can be calculated by using the following 

equation:
30

  

 

A
EXC

 = A12 – A12
id

 = A12 – (A1x1 + A2x2)        (1) 

 

where A1 and A2 are mean molecular areas of the pure compounds DPPC and 

cholesterol, respectively, at a specific surface pressure; x1 and x2 are the mole fractions 

of compounds in the mixture solution, and A12 is the area per molecule in the mixed 

film. For completely immiscible or ideal mixed monolayers, the excess area is zero. In 

contrast, positive or negative excess areas are indicative of molecular interactions 

between the two compounds. Thus, positive deviations of the excess area in a mixed 
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system imply some type of repulsive interactions. On the contrary, negative deviations 

mean increased attractive interactions between the compounds.
31

 

Figure 7 shows the excess area per molecule at 20, 30, 35 and 40 mN·m
-1

. The 

excess area per molecule is negative for the whole range of mole fraction which is 

indicative of strong attractive interactions between DPPC and cholesterol in the mixed 

films. The presence of two minima in the excess area vs. mole fraction plot has been 

interpreted before in terms of phase separation, with one of phases enriched with DPPC 

and the other one with cholesterol.
31

 

 

Figure 7. Excess area versus DPPC mole fraction for mixed DPPC/cholesterol monolayers 

 

4.2 Optimization of the surface pressure of transference 

The substrate chosen in this work to transfer the LB films was mica. Mica is a 

hydrophilic material and it provides a very flat surface that permits the study of the 

morphology of the covering layers with the AFM without inducing a sublayer 

roughness structure that could make difficult the interpretations of the AFM images. 

Mica substrates were initially immersed in the water subphase and withdrawn after the 

target surface pressure of transference was reached. Therefore, the hydrophilic groups in 

the monolayer are in contact with the mica surface (Figure 8). 

 

Figure 8. Cartoon showing the architecture of a monolayer of DPPC deposited onto a mica substrate. 
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In order to optimize the surface pressure of transference DPPC monolayers were 

transferred at a surface pressure of 25 and 35 mN·m
-1 

and the AFM images of these 

films are shown in Figure 9. The monolayers transferred at 25 mN·m
-1

clearly show the 

presence of holes, i.e. regions of mica not well covered by the monolayer. In contrast, 

AFM images for films transferred at 35 mN·m
-1 

evidence the formation of highly 

homogeneous and compact films free of holes or three dimensional defects. This result 

is in agreement with previous literature on these types of films.
29,30, 

32
 Therefore, all the 

LB films described henceforward have been transferred at this surface pressure of 

transference. 

        

Figure 9. 1.0 x 1.0 μm
2
 AFM topographic images for DPPC monolayers transferred at: (a) 35 mN·m

-1
 (b) 

25 mN·m
-1 

4.3 Study of the ratio of transference    

The ratio of transference provides information about the amount of material that 

can be transferred from a Langmuir film onto a solid substrate. The ratio of transference 

at a certain surface pressure can be determined using the following equation: 
10

 

                                  α= 
  

  
                                                     (2)  

where Sf  is the reduction of the monolayer area at the air-liquid interface and S0 is the 

geometrical area of the substrate. The value of α is in the 0 to 1 range. The closer to 1 is 

the value of α, the better the process of transference is. In this work this value was 

determined directly upon the transference process with the aid of the software of the 

NIMA-KSV trough. The ratio of transference for a single layer of DPPC, cholesterol 

and their mixtures onto mica substrates was 1.  

DPPC
π= 35 mN·m-1

DPPC
π= 25 mN·m-1
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4.4 Morphological study of DPPC, cholesterol and the mixed films of 

DPPC/cholesterol by AFM 

 

In order to assess the quality of the monolayers formed by LB, a systematic 

study of their topographical features by AFM was carried out. The results obtained can 

be observed in this section. Thus, figure 10 shows the AFM images for the pure DPPC 

and cholesterol monolayers on mica as well as the images of mixed monolayers of these 

compounds at the molar fractions studied in this work.                                                   

 

Figure 10. 10 x 10 μm
2
 AFM topographic images for DPPC and cholesterol monolayers transferred onto 

mica substrates as well as the mixed films at the indicated mole fractions. 

AFM images reveal that both pure DPPC and cholesterol monolayers are very 

homogeneous. In contrast, mixed monolayers exhibit a distinct behavior. The 

monolayer with a mole fraction of 0.5 is unambiguously the most homogeneous and 

remains free of three dimensional defects. Moreover, no domains are distinguished. In 

contrast, layers with xDPPC = 0.25 and xDPPC = 0.75 show the presence of three 

dimensional rounded spots with a height in the 4-6 nm range that result in less 

homogenous films.
33

 
34

 Table II shows the Root mean Square (RMS) roughness values 

for the studied monolayers. 

XDPPC = 0.25 XDPPC = 0.50 XDPPC = 0.75

CholesterolDPPC
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Table II. RMS roughness values for the indicated monolayers 

Monolayer RMS roughness (nm) 

DPPC 0.18 

xDPPC = 0.25 0.64 

xDPPC = 0.5 0.11 

xDPPC = 0.75 1.28 

Cholesterol 0.09 

 

From the AFM images and the roughness values it can be concluded that a mole 

fraction of 0.5 is an optimum one to obtain homogeneous mixed films free of defects. 

Consequently, we have used this mole fraction for the subsequent studies in this work. 

The thickness of the xDPPC = 0.5 monolayer was determined by scratching the 

film with the AFM tip, obtaining a value of ca. 2.2 nm, Figure 11, which is in very good 

agreement with the formation of a monomolecular layer as reported elsewhere.
35

 This 

scratching technique has been shown to provide reliable estimation of layer thickness.
36

 

The theoretical height of a molecule of DPPC was determined by ChemDraw and the 

result obtained, 2.14 nm, was in accordance with that obtained from the scratch. In this 

regard, a scheme of the DPPC molecule is depicted in the figure 3 of the Annex.  

 

Figure 11. 10 x 10 m
2
 AFM image (left) recorded after scratching a xDPPC = 0.5 monolayer with the 

AFM tip and the height vs. distance graph (right) used to determine the thickness of the film. 
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4.5 Contact Angle measurements 

In order to analyze the quality of the monolayer transferred by LB and to 

confirm if the monolayer is transferred onto the solid substrate in a properly way some 

measurements of contact angle were carried out.  

As mentioned above bare mica is highly hydrophilic with water exhibiting 

contact angle values smaller than ten degrees. In contrast, when the monolayers of 

DPPC/cholesterol are deposited onto the mica substrate, the surface properties of mica 

change dramatically,
37

 showing  contact angles around 86⁰ (Figure 12).                      

 

Figure 12. (a) Image of a drop of Milli-Q water onto hydrophilic surface; (b) image of a drop of Milli-Q 

water onto a mica substrate covered by a monolayer of xDPPC = 0.5 

In contrast, if a second layer is transferred and a bilayer is present on the surface 

of mica, then the surface is noticeably hydrophilic, with a contact angle smaller than 

10º. Table III gathers the contact angle values of water onto bare mica, a monolayer and 

a bilayer as well as a proposed orientation of the mono and bilayer films on the mica 

surface. 

Table III. Contact angle for bare mica, a xDPPC = 0.5 monolayer and bilayer. 

Material Type Contact angle(θ) Cartoon 

 

Mica substrate 

 

Hydrophilic 

 

< 10⁰ 

 

 

Monolayer 

xDPPC = 0.5 

 

Hydrophobic 

 

86⁰ 

 

 

Bilayer 

xDPPC = 0.5 

 

Hydrophilic 

 

< 10⁰ 

 
 

86 ⁰a b
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4.6 Stability of the monolayers in liquid media, Breakthrough Force studies 

By imaging lipid layers in liquid media, not only their topographical features and 

molecular structure but also their mechanical properties have been unraveled.
38,39,40

 In 

this context, the effect of immersing these monolayers in aqueous solution has been 

studied by means of AFM. Thus, when the xDPPC = 0.5 monolayer is placed in an 

aqueous environment, the molecules in the monolayer, initially located on the mica 

substrate, spontaneously self-assemble to form a bilayer, and, consequently, different 

intermediate organization levels are observed depending on the immersion time in the 

aqueous media.  

In order to analyze the influence of the media, a monolayer of xDPPC = 0.5 was 

placed in the liquid cell of the AFM for different immersion times, ti. The experiments 

were performed either in Milli-Q water or in 50 µL of 10 mM HEPES buffer (pH 7.4), 

which exhibits a low ionic strength to mimic the physiological conditions in a cell 

membrane. The recorded sequence of images for the xDPPC = 0.5 monolayer in contact 

with HEPES buffer is shown in Figure 13, where some noticeable structural changes, 

clearly detectable in the cross section profiles of the sample, can be observed. The 

different height of the domains in the AFM images are in good agreement with a 

transition from an initial monolayer (Figure 13.a), to the formation of a partial bilayer 

(Figure 13.b) and finally a complete bilayer (Figure 13.c). In fact, the cross-section 

profile shown in Figure 13.c corresponds to the thickness of a bilayer completely 

formed leaving free zones of bare mica. 
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Figure 13. AFM 5.0 x 5.0 µm
2 
images and representative cross section analysis of a xDPPC = 0.5 

monolayer immersed in 50µL of 10 mM HEPES (pH 7.4) showing the transition from monolayer to 

bilayer upon the following immersion times: (a) ti = 5 min.; (b) ti = 20 min; and (c) ti = 45 min. 

         Accordingly, the height histograms (which indicate the height versus the amount 

of times that this value of height is repeated, it is acquired by a function of NanoScope 

Analysis software) obtained for the xDPPC = 0.5 monolayer on mica at different 

immersion times are shown in Figure 14 to account for the height difference occurred 

during the spontaneous transition from monolayer to bilayer. It can be observed that in 

the very beginning of the experiment, black histogram, there are no noticeable changes 

in the morphology and thickness, when compared to that observed for in-air AFM 

images, i.e. xDPPC = 0.5 monolayer in Figure 10. Therefore, the height value distribution 

for short immersion times only reflects the surface roughness of the highly smooth xDPPC 

= 0.5 monolayer. However, as the immersion time increases, a progressive process of 

formation of an upper layer over the underlying monolayer can be observed, red 

histogram, accompanied by a progressive appearance of bare mica surface. 

           Finally, after long exposure times to the solution the height of a complete bilayer 

was detected. The height histogram corresponding to ti = 45 min. (Figure 14, blue) 

shows two maximums at 3.8 and 4.5 nm associated with an incomplete lying-down 

molecule arrangement above the underlying monolayer (corresponding to the 28.1% of 
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the projected area, as deduced from the bearing analysis depicted in Figure 4 of the 

Annex), and an arising vertical assembly of the upper layer ( a 37.02% of the projected 

area, Figure 4 in the Annex section), respectively. Both arrangements would coexist as a 

progressive enriching in the second maximum upon immersion time is detected. Table 

IV summarizes these observations.  

 

Figure 14. Histograms showing the distribution of height values within the sample at 

the beginning of the experiment, 5 min., black line, at 20 min., red, and 45 min later, 

blue, corresponding to the AFM images shown in Figure 13. 

Table IV. Mean height of a xDPPC = 0.5 monolayer on mica at growing immersion times in a HEPES 

buffer solution. 

Time (min) Height average (nm) 

5 0.45 

20 2.11 

45 4.35 

 

To gain more information about the reorganization process of the monolayer in 

the presence/absence of a liquid medium, representative adhesion images and their 

corresponding histograms were obtained as illustrated in Figure 15. Each image 

represents the adhesion effect caused by the interaction between the tip and the sample. 

In monolayers the tip is expected to interact with the hydrophobic section of the DPPC 

and cholesterol (see cartoons in Table III). In contrast, in bilayers the tip is expected to 

interact with the hydrophilic section of the DPPC and cholesterol. Thus, since the tip-

sample interaction has a different nature depending on whether there is a monolayer, an 
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incomplete upper layer or a bilayer, a differential adhesion mapping associated with the 

topographic image is obtained as can be verified in Figure 15. In the histograms shown 

in Figure 15 the distribution of the corresponding adhesion values can be observed. 

Thus, the red histogram, corresponding to both the monolayer and, taking into account 

the cross section shown in Figure 13b and the height histograms, red, in Figure 14, to an 

incomplete lying-down phospholipid arrangement above the latter, reveals a Gaussian 

distribution with a maximum at 122 pN. On the other hand, the blue histogram, 

corresponding mostly to a bilayer, shows a bimodal distribution with two maximums, at 

122 and 178 pN, reflecting the contributions due to the remaining monolayer/ 

incomplete upper layer zones, green line, and the arising bilayer areas, as the incubation 

time increases, magenta.
41

 

 

Figure 15. AFM 5.0 x 5.0 µm
2 
adhesion images of a xDPPC = 0.5 monolayer in 50µL of 10 mM HEPES (pH 

7.4) solution for the indicated immersion times: (a) ti = 20 min., and (b)ti = 45 min. The adhesion 

histograms exhibit a Gaussian distribution corresponding mainly to the monolayer, red line, and a 

bimodal distribution in the case of the bilayer, blue. The latter can be deconvoluted in two different 

contributions at 122, green line, and 178 pN, magenta line. 

In order to analyze the reversibility of the process (formation of a monolayer 

after the drying process of the bilayer), an identical study of the above depicted 

experiments was performed in Milli-Q water, due to the fact that remaining salt crystals 

caused by the evaporation of the buffer HEPES would not result in clean AFM 

0 100 200 300
0

3

6

9

12

 t = 20 min.

 t = 45 min.

 

 

F
re

q
u
e
n

c
y
 (

%
)

Adhesion (pN)

a b

c



 

20 
 

topographic images. Figure 16 illustrates the reversibility of the process. Thus, after the 

re-assembly of the initial monolayer, Figure 16.a, into bilayer domains leaving free 

mica areas in between, as can be deduced from the height figures extracted from the 

cross section, Figure 16.b, the initial characteristic topographic features corresponding 

to the monolayer are restored after the drying process, Figure 16.c. 

 

Figure 16. AFM topographic images corresponding to (a) a xDPPC = 0.5 monolayer; (b) 

the bilayer formed after 60 minutes; and (c) the monolayer after water was dried. 

Additionally, the cross-section figures are included. 

The remarkable effect above depicted opens the possibility to study and compare 

in further detail the nanomechanical properties exhibited by the initial monolayers and 

the as-formed bilayers in physiological conditions by means of a force-curve study 

carried out by AFM. In this context, breakthrough force studies have been elsewhere 

employed to characterize the response of phospholipids membranes under 

compression.
42,43,44

  Thus, in a typical force study FS experiment, a force-curve graph is 

obtained when an AFM tip is approached to the surface and then a mechanical contact 

with the lipid layer is produced.
45

 Thereafter, this lipid layer is compressed by the AFM 

tip at growing loading forces and, consequently, its mechanical properties can be 

quantified. It should be noted that the lipid layers are elastically deformed by the AFM 

probe until its sharp conical tip ruptures dramatically the lipid layer getting into contact 

0 1 2 3 4 5
0

2

4

6

8

 

 

H
e

ig
h

t 
(n

m
)

Distance (m)
0 1 2 3 4 5

0

2

4

6

8

 

 

H
e

ig
h

t 
(n

m
)

Distance (m)
0 1 2 3 4 5

0

2

4

6

8

 

 

H
e

ig
h

t 
(n

m
)

Distance (m)

a b c



 

21 
 

with the underlying rigid mica substrate. This is translated into a significant jump in the 

repulsive force-curve slope which is accordingly named as the breakthrough force and 

resembles unambiguously the onset of the plastic regime.
42 

In this regard, in order to further demonstrate this spontaneous reversible 

transition from monolayer to bilayer in a liquid environment, a detailed study of the 

registered force curves versus the piezoelectric displacement was performed on the at 

different immersion times. These results are summarized in Figure 17.  

 

Fig 17. 2.0 x 2.0 µm
2
AFM images of xDPPC = 0.5 films in 50 µL of 10 mM HEPES (pH 7.4) at different 

immersion times: (a) ti = 10 min); (c) ti = 25 min; and (e) ti = 50 min. Representative loading force 

versus separation curves obtained for xDPPC = 0.5 films in 50 µL of 10 mM HEPES (pH 7.4) at different 

immersion times: (b) ti = 10 min ; (d) ti = 25 min; and (f)  ti = 50 min. 

For immersion times below 10 min., the jump (yellow arrow) observed in the 

force curve graph, Figure 17.b, reflects the penetration through the mixed monolayer. 

On the other hand, for immersion times above 10 min., the resulting force curves, 

Figure 17.d and f, exhibit a discontinuous jump at higher loading forces (red arrow) and 
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also a small shoulder at lower forces (yellow arrow) which can be attributed to the 

rupture of the upper layer and the subsequent underlying monolayer. The breakthrough 

force values resulted in higher figures as immersion time increases as a consequence of 

the progressive self-assembly of the phospholipids molecules in a more dense and 

compact arrangement in the upper layer. 

Table V. Mean breakthrough force for a xDPPC = 0.5 monolayer on mica at growing immersion times in a 

HEPES buffer solution. 

Sample 
Breakthrough force 

(nN) 

t = 0-10 min. 7.28 ± 1.48 

t = 10-30 min. 20.28 ± 1.95 

t > 30 min. 25.83 ± 2.77 

 

These results, shown in Table V, are in very good agreement with those previously 

reported elsewhere by Sanz and co-workers and also Fukuma and co-workers.
43,38,46

  

Therefore, it can be concluded that for long immersion times (ti > 30 min.), the xDPPC = 

0.5 bilayer domains formed in 10 mM HEPES buffer (pH 7.4) from the xDPPC = 0.5 

monolayer, figure 17.e, exhibit nanomechanical properties and stability under 

compression, figure 17.f, analogue to DPPC/ Cholesterol bilayers obtained by other 

different methods.
46,42,38, 43

  

 4.7 Deposition of Magnetic Nanoparticles 

Once the lipid monolayer was fabricated and characterized, the next step was 

immobilizing the magnetic nanoparticles onto the previously fabricated monolayers. In 

this sense, monodisperse Fe3O4 nanoparticles of 8 nm mean diameter used in this work 

were synthesized according to the methodology developed by Martinez de la Fuente and 

co-workers.
47

 These MNPs are covered with oleic acid and oleyamine. The capping of 

the MNPs is conveniently selected with the aim to provide a good interaction with the 

non-polar moiety of the lipid monolayer.                                                                                                         

Several methods for depositing nanoparticles onto monolayers have been 

reported such as SA, drop casting, spin coating and LB among others.
5
 In our case, the 

Self-Assembly (SA) procedure was discarded since incubation in organic solvents could 

attack or dissolve the monolayer whereas in aqueous media a reorganization into bilayer 
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domains with free bare mica areas in between is expected.
48

 Accordingly LB technique 

was chosen to this end. The results obtained by LB were noticeable in terms of a good 

control on the deposition and organization of the assembly of the MNPs onto the 

monolayer. 
10

 

Different solutions of these MNPs were prepared in chloroform, water and n-

hexane. The results obtained by LB showed that when MNPs were dispersed in n-

hexane, a better surface dispersion was observed. However, in water or chloroform, 

higher levels of nanoparticles aggregation were noticed, these data are not shown in this 

work. In Figure 18 a Transmission Electron Microscopy (TEM) image of the 8 nm 

Fe3O4 hydrophobic nanoparticles (MNPs) is shown. For further details see the 

reference. 
47

  

 

Figure 18 . TEM image of the 8 nm Fe3O4 hydrophobic nanoparticles (MNPs). 

Figure 19 shows representative AFM images of MNPs deposited onto a xDPPC = 

0.5 LB film. MNPs were transferred at surface pressures of 5 and 15 mN·m
-1

. As shown 

in Figure 19.a, MNPs transferred at 5 mN·m
-1

 exhibit a low surface coverage, although 

the nanoparticles are well dispersed. In contrast, in Figure 19.b, for NPs transferred at 

15 mN·m
-1

, a large surface coverage is achieved accompanied by a regular distribution 

of the MNPs. A cross-section study to show the average height of the nanoparticles
49

 is 

also shown in Figure 19. The average height of the MNPs is in the 7-8 nm range. 
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Figure 19. AFM 2.0 X 2.0 µm
2 

topographic images of xDPPC = 0.5 and MNPs 

transferred at (a) at 5 mN·m
-1

; (b) at 15 mN·m
-1 

together with their corresponding 

cross-sections. 

4.8 Hyperthermia studies 

All the studies carried out in this project were developed with the aim of 

studying the effect generated when an alternating magnetic field is applied to the 

monolayer with the magnetic nanoparticles deposited onto it and to study by AFM how 

this will affect to the MNPs and to a cell membrane as well. 

In order to carry out these experiments one of the main obstacles to solve has to 

do with being able to come back with the AFM setup to measure exactly the same area 

within the sample, before and after applying hyperthermia treatment. This is aimed to 

characterize the local effect of the applied alternating magnetic field on the assembled 

MNPs and their local environment.  

Several attempts were carried out and, finally, a solution for this major 

impediment was found out. This procedure can be summarized in three different steps: 

1. Four 30 x 30 µm
2
 squared marks separated from each other by 100 µm 

were made by Focused Ion Beam (FIB) etching in Si3N4 membranes in 

the clean room at INA. Identical and concentrical marks but, in this case, 

of 3.0 x 3.0 µm
2
 and separated from each other 30 µm were also 
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addressed. Figure 5.a of annex section shows a photograph of the marked 

mica with the incorporated squared features described. Both the large 

outer squares and the small inner ones are clearly visible. 

2. A successive evaporation of 5 nm Cr + 75 nm Cu onto the mica surface and 

through the patterned membrane was carried out. Figure 5.b of annex section 

exhibits a 3D AFM image of a successfully modified bare mica substrate with 

the inner marks. Dimensions of the latter (3.0 µm wide and 80 nm high) are 

depicted in Figure 5.c of the annex section. 

3. AFM imaging of the bare mica within the inner marks to confirm that the 

evaporation process has not affected the topography of the substrate. 

Once this patterned mica surfaces are obtained, the whole AFM operational 

process can be described as follows: firstly, each mark evaporated in the bare mica was 

verified by AFM measurements to ensure that the internal area was clean. Secondly, 

xDPPC = 0.5 monolayer was transferred at 35 mN· m
-1

 onto the marked mica and several 

AFM images at different sizes, always within the inner marks, were carried out to verify 

the monolayer deposition. In the third step, MNPs were deposited onto the monolayer at 

15 mN·m
-1 

and AFM imaging on exactly the same area previously measured was 

carried out. After that, hyperthermia treatment was applied for 90 minutes. Finally, 

comparative analyses of the AFM images registered before and after hyperthermia have 

been made. As can be observed in the Figure 20, noticeable changes took place. A 

surface diffusion of certain MNPs is detected by AFM imaging when an external 

alternating magnetic field is applied. For instance, when comparing topographic features 

present in Figure 20.a and 20.b the disappearance of certain MNPs, red circle, can be 

detected due to the effect of the applied magnetic field. In contrast, in figure 20.c and d 

the appearance of a significant amount of MNPs after the hyperthermia experiment. 
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Figure 20. 20.0 x 20.0 µm
2
 AFM images (upper panel) and 5.0 x 5.0 µm

2
 AFM images 

(lower panel) of MNPs deposited at 15 mN·m
-1 

on xDPPC = 0.5 monolayer: (a) and (c) 

before hyperthermia treatment; (b) and (d) after 90 minutes of hyperthermia treatment. 

The above described results, although rather promising, are only preliminary 

experiences aimed at exploring the viability of the whole strategy developed in this 

work to properly characterize the response exhibited by both the MNPs and the 

underlying lipid monolayers supported on mica when an external alternating magnetic 

field is applied. 
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Chapter 5. Conclusions 

 

The main conclusions obtained from this final master project are summarized in 

the next lines: 

- Mixed monolayers of DPPC lipid and Cholesterol, which are perfectly oriented 

films and free of holes or three dimensional structures, have been achieved to 

mimic a cell membrane by means of LB. 

- When a lipid monolayer is immersed into an aqueous media, it acquires 

spontaneously a bilayer-domain structure leaving free mica surface in between. 

This process has also been demonstrated to be reversible: once the sample is 

completely dried, the morphological features exhibited by the initial monolayer 

were restored. Force Spectroscopy studies also corroborated the re-arrangement 

into a bilayer in terms of a noticeable increase in the breakthrough force of the 

phospholipid layers. 

- A squared Cr-Cu pattern onto the mica substrates was successfully designed and 

fabricated with the aim to carry out AFM imaging of exactly the same 

assembled MNPs, before and after the hyperthermia experiences. 

- A homogeneous immobilization of the MNPs onto the monolayer surface has 

been achieved by means of LB, obtaining a well-covered MNP distribution as 

depicted in AFM images. 

- Preliminary hyperthermia studies carried out in this work showed promising 

results in terms of a significant surface diffusion detected for a noticeable 

amount of the assembled MNPs as a consequence of applying an alternating 

magnetic field.  These experiences will be the subject of further works on the 

basis of these hopeful precursory results. 
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