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1. Overview 
Developing drug delivery systems which are able to minimize harmful side-effects and 

to increase drug bioavailability along with the fraction of the drug accumulated in the 
required zone is an actual challenge for scientists. Polymeric nanoparticles have opened 
new and innovative directions in the field of targeted drug delivery in the latest decades. 
These nanoparticles have to be biodegradable, and the particles or the degradation 
products must not be toxic.  

Studying the interactions between cell membranes and nanocarriers is of particular 
importance, because in most cases carriers have to get across the lipid bilayer without 
disrupting it. Besides in vitro cell penetration and cytotoxicity experiments, using model 
membranes (without the complexity of a living cell membrane) can bring us deeper in 
understanding the interactions on physicochemical and molecular level. Liposomes are 
widely used as model systems of biological membranes, since both contain lipid bilayers as 
their basic structural unit. Examining the effect of biomedically relevant polymers on 
liposomes can help to predict their behavior when coming in contact with living cells. The 
way they influence the structure or thermal character of the lipid bilayers can determine 
the bioavailability of the carried drug molecule. Liposomes, however, are not only used as 
model membranes, but they themselves are prevalent nanocarriers in clinical use. 
Liposomes are often modified with polyethylene glycol (PEG) to gain prolonged circulating 
period and to prevent them from fusion. In this regard the polymer is attached to the lipids 
by covalent bonding. It is of great importance to characterize the polymer shell around the 
liposome because it will determine its route in living organisms. 

The main aim of this thesis is to give a detailed physicochemical description on the 
structural and thermal changes that occur in phospholipid membranes due to the presence 
of polymers relevant in biomedicine. By integrating the results of different, label-free 
characterization methods like DSC, SWAXS, FTIR and FFTEM I attend to give a 
comprehensive explanation about the interactions between lipids and different types of 
polymers. This knowledge enables a better understanding of biocompatibility or - on the 
contrary - of the toxicity of the macromolecules on the physicochemical level. 

Two types of polymer were investigated: low molecular weight poly(malic acid) (PMLA) 
and polyamidoamine (PAMAM) dendrimers with different surface characters. Low 
molecular weight PMLA was used to model the degradation products of PMLA-based 
nanoparticles, which are supposed to bind to the surface of lipid bilayers. PAMAM 
dendrimers are promising carriers and several studies were published on their effect on 
lipid membranes. The ability of G5 amino terminated PAMAM dendrimers for disrupting 
the integrity of lipid membranes is well reviewed, but the mechanism of this phenomenon 
is still unexplained. 

In the focus of my investigations it was the neat effect between the nanoparticles (or 
degradation products) and phospholipids, thus I chose a simple model: I investigated the 
thermal and structural characteristics of dipalmitoylphosphocholine (DPPC)-based 
multilamellar vesicles in the presence of the polymers of choice. 

Sterically stabilized vesicles were the first polymer-containing liposomal vehicles for 
drug molecules. Nowadays SSLs are widely used in clinical practice; still there is a need to 
develop methods for precise characterization of these complex nanoparticles because of 
the upcoming of generic liposomal products. The acquired experiences in the field of 
multilamellar vesicles resulted in several benefits in the preparation and characterization 



2 

of unilamellar liposomes in our research group. Recently the characterization of PEG-layer 
on SSLs came into our focus and this way the exploration of the feasibility of ATR-FTIR 
method in the qualitative analysis of PEG molecules covalently attached to unilamellar 
liposomes became an additional scope of my work.  

2. Introduction 

2.1 Characterization of DPPC multilamellar vesicles 

Dipalmitoylphosphocholine or simply DPPC is a bilayer-forming amphiphilic molecule 
and it forms spontaneously multilamellar vesicles in water via self-assembly. The fully 
hydrated lipid bilayers exist in four different phases depending on the temperature: subgel 
phase (Lc; below 18 °C), gel phase (Lβ’; between 18 °C and 35 °C), ripple phase (Pβ’; between 
35 °C and 41 °C), liquid crystalline phase (Lα; above 41 °C).1 Differential scanning calorimetry 
(DSC) can accurately determine the phase transition temperatures and the associated 
enthalpies of pure lipids. The pretransition between gel and ripple phase occurs around 35 
°C and has a relatively small change in enthalpy.  . At 41.4 °C the alkyl chains are melting and 
lipids go to liquid crystalline phase. This phase transition is referred as main transition, 
which occurs at a definite temperature and has a bigger, well determined change in 
enthalpy (36.5 kJ/mol).2 From the alterations that occur in the presence of guest molecules 
the interactions between lipids and guest molecules can be determined. 

 

Figure 1. Phase transitions of DPPC MLVs measured by DSC (left) and its small- and wide angle 

scattering patterns measured at the temperatures of the three different phases (Lβ’, Pβ’, Lα). 

Insets show the packing of lipids in the bilayers and yellow spots represent the ordering of the 

lipid chains with a plane view. 

Small-angle X-ray scattering (SAXS) is a valuable technique in the characterization of 
materials on the nanometer scale. When investigating vesicles this method can provide 
information on: (i) the electron density profiles of the bilayers of the vesicles, (ii) on the 
location of the guest molecules in the vesicles, (iii) an estimate of the average number of 
bilayers of the vesicles in the dispersion, (iv) the size in the case of unilamellar vesicles. The 
characteristic distance of the periodic bilayers of DPPC MLVs are also in the nm range, thus 
on the scattering pattern Bragg reflections appear at qn=n2π/d, where q is the scattering 
variable, n is an integer and d is the periodic distance. The shape of a reflection peak in a 
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SAXS curve provides structural information: Sharper peaks refer to numerous well-ordered 
bilayers, while broader ones represent a loss in correlation and/or in the number of 
bilayers.3–5 

Freeze-fracture electron microscopy (FFTEM) is able to visualize the morphology of 
liposomes. In frozen state biological membranes have a plane of weakness in their 
hydrophobic interior, so that if the sample is broken or fractured, the fracture plane will 
often split the membrane into half-membrane leaflets. A very fine platinum-carbon replica 
of the fracture plane is made by evaporation. Investigating the replica by TEM, high 
resolution details of the membrane structure can be revealed in three-dimension-like form. 

FTIR technique provides a large amount of information about the conformation and 
dynamics of all portions of the phospholipid molecule simultaneously. Information can be 
obtained not only from the maximum absorption and peak frequency of a characteristic 
vibrational band, but also from its bandwidth and from the overall band shape. In the case 
of DPPC the most informative bands are the following: CH2 stretching modes (around 2918 
cm-1 és 2850 cm-1) provide information about the ordering of the alkyl chain region; C=O 
stretching band (~1734 cm-1) characterize the hydrophilic-hydrophobic interface of the 
bilayer, is the superposition of at least two underlying bands, one is assigned to the “free” 
carbonyl groups (at 1742 cm-1) and the other one  to the carbonyl groups upon H-bonding 
(at 1728 cm-1); the antisymmetric PO2

- stretching mode is the most sensitive to the hydration 
of the lipid molecules. When phosphate groups are taking part in hydrogen-bonding, the 
frequency of the νas PO2

- is located at 1220 cm-1, while in dry state the maximum shifts 
towards higher wavenumber (around 1240 cm-1).6,7 

2.2 The effect of poly(malic) acid on lipid bilayers 

Poly(malic acid) (PMLA)-based nanoparticles (such as polycefin) are promising drug 
carrier candidates.8 PMLA is a biocompatible type of polyester, which is degradable by 
hydrolysis, leading to the production of nontoxic malic acid. Martinez Barbosa et al. 
investigated the degradation products of PMLA-based nanoparticles and found a relation 
between the cytotoxicity and the rate of polymer degradation. This relation may originate 
from the low molecular weight (less than 1500 g/mol) degradation products, which can 
easily diffuse into cells.9 In a study published by Ding and coworkers it was described that 
PMLA modified with leucine ethyl ester binds to lipid bilayer of liposomes and cell 
membranes in a cooperative manner. They used, however, indirect methods and did not 
give an explanation for this interaction.10 

2.3 The effect of PAMAM dendrimers on model membranes 

PAMAM dendrimers are highly branched, globular macromolecules with numerous 
terminal groups and internal cavities.11 These polymers opened new and innovative 
directions in the field of targeted drug delivery in recent decades. The pharmacological and 
biomedical applicability of dendrimers has been extensively studied and reviewed lately, 
there is a lack of understanding in the mechanism of the interactions between lipids and 
dendrimers. Studies showed that cationic dendrimers disrupt lipid bilayers by forming 
holes on the bilayer surface and may remove lipids from it.12–15 Mecke and coworkers 
proposed that G7 PAMAM dendrimers are big enough (d~ 8 nm) to have a closed lipid 
bilayer wrapping them.15 Although the diameter of G5 dendrimers (~5.5 nm) is too small for 
this, they still remove lipids from PC membranes. This is an important question regarding 
drug delivery and cytotoxicity, because dendrimers should penetrate into cells without 
causing cell injury. 
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Kelly and coworkers made molecular dynamics simulations and found that the 
conformation of PAMAM dendrimers (independent from the surface character) alters 
when interacting with phosphocholine membranes in different phases.16 Dendrimers have 
spherical shape when interacting with gel phase lipids, but they flatten when interacting 
with liquid crystalline phase. The calculations were not proved by experiments. 

2.4 PEG-layer of sterically stabilized liposomes 

Today, hundreds of liposomal drugs are under clinical trials amongst them pegylated, 
sterically stabilized liposomes (SSLs). The steric barrier provided by PEG chains is strongly 
dependent on the PEG-lipid concentration and PEG size. PEG can have two different 
conformations: at low grafting density the polymer chains are in “mushroom” 
conformation while at high grafting density they are in “brush” conformation.17 
Characterization of the PEG layer on SSLs is of great importance, not only because it is liable 
for liposome stability and “invisibility”, but also because often antibodies, imaging and 
targeting agents are bound covalently at the end of the PEG chains. Moreover, quality 
assurance requires reliable methods for classification of the products during drug 
formulation in every aspect. 

The conformation and the hydration state of the PEG chains are in a close relation, as 
several types of hydrogen bonds between the ether oxygen atoms and water molecules 
can direct the conformation of the macromolecules.18 The trans/gauche conformational 
rate of the C-O-C group relative to the C-C bond in PEG can describe the hydration state of 
the molecules, as the gauche conformer is usually involved in an H-bond, while the trans 
conformer is free of it.19 

3. Methods 

3.1 Preparation of multilamellar vesicles 

DPPC was hydrated in water to obtain an emulsion with 20 wt% lipid content. In each 
case hydration was followed by heating to 60 °C, cooling to -4°C, reheating to 60 °C, while 
intensive vortexing was applied. The latter procedure (freeze-thaw cycles) was repeated 
several (~10) times to achieve homogeneous dispersion. 

Mixtures of PMLA and DPPC were prepared at 0.01 and 0.05 polymer/lipid weight ratios. 
(Application of weight ratio was a practical choice because of the polydisperse character 
of the obtained material.) PMLA was dissolved in water, and the solution was added to 
DPPC. The final lipid content was 20 wt%. Another batch of samples was prepared in 10 mM 
PBS solution (pH 7.4) instead of pure water. Hydration was followed by freeze-thaw 
cycling. 

Mixtures of PAMAM dendrimers (with three different surface character: G5 PAMAM-
NH2, G5 PAMAM-OH and G4 PAMAM-mix – dendrimer that has in 50% surface groups 
modified by N-hydroxyldodecyl groups) and DPPC were prepared at 10-3 and 10-2 
dendrimer/lipid molar ratio.  The methanol solution of the dendrimer was added to the 
DPPC, and then pure chloroform was added until all of the lipids were dissolved. The 
mixture was dried under vacuum. Millipore water was added to the dried films, so that the 
lipid/water ratio was 20 wt% and thereafter freeze-thaw cycling was applied. 

 

3.2 Preparation of unilamellar vesicles 
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Unilamellar liposome samples were prepared by the hydration, freeze-thaw and 
extrusion method. The components (HSPC, cholesterol, DSPE-PEG2k) were dissolved in 
chloroform: methanol mixture (2:1 v/v). The solvent was then evaporated and the resulting 
lipid film was hydrated by 10 mM, pH=7.4 PBS buffer to gain a HSPC lipid concentration of 
9.6 mg/ml. Freeze-thaw cycles were applied for homogenization. Finally, the samples were 
extruded through polycarbonate filters with 100 nm pore. Since the liposome suspension 
with 1-2 wt% concentration is too diluted for the ATR-FTIR measurement, the samples were 
concentrated with ultracentrifugation. After centrifugation, the supernatant was removed 
and the pellet was transferred into the liquid cell of the ATR-FTIR apparatus. 

Table 1. Composition of the investigated unilamellar liposome samples. Mass concentration of 
each component is given in mg/ml. The mole percent of the PEG-lipid for each sample is given 
in brackets. 

Component SSL-0.5 SSL-0.75 SSL-1 SSL-1.5 SSL-2 

HSPC 9.6 9.6 9.6 9.6 9.6 
Cholesterol 3.2 3.2 3.2 3.2 3.2 
DSPE-PEG2k 1.6 

(2.7 mol%) 
2.4 
(4 mol%) 

3.5 
(5.3 mol%) 

4.8 
(7.7 mol%) 

6.4 
(10.1 mol%) 

3.3 Characterization methods 

Thermal characterizations were made using a Setaram µDSC3 evo apparatus. 
Small- and wide-angle X-ray scattering measurements were performed using a 

modified compact Kratky-type camera with slit collimation, thus the intensity curves of 
SAXS were corrected considering the geometry of the beam profile. Some measurements 
were performed at the synchrotron beamline B1 of the storage-ring DORIS III in 
HASYLAB/DESY, Hamburg, Germany, which has the advantage of point focus geometry and 
large intensity. 

Freeze-fracture was performed at -100 °C with a Balzers freeze-fracture device (Balzers 
BAF 400D) and replicas were examined with a MORGAGNI 268D transmission electron 
microscope. 

4. Results 

4.1 The effect of low molecular weight PMLA on DPPC MLVs 

As shown on Fig.2. PMLA perturbs both the thermal behavior and structure of DPPC 
MLVS even in as small concentration as 1 wt%. According to the DSC results PMLA 
presumably binds to the headgroup region of the bilayers and results in heterogeneities on 
micro scale level. This is indicated by the strong perturbation of the pretransition and the 
two shoulders of the main transition peak. The increase of the cooperativity of chain 
melting and the complex main transition peak indicate that the bonding influence also the 
alkyl chain region. There is a drastic change in the structure of the liposomes as shown by 
SAXS and FFTEM.  Only a broad hump is present in all scattering patterns which 
corresponds to the square of the form factor of single, uncorrelated bilayers. These 
observations indicate that PMLA disrupts the regular multilamellar arrangement of 
liposomes. This disruption may be due to the hydrolysis of lipids caused by the low pH or 
due to the steric and/or electrostatic effect of the polymer when it is attached to the 
headgroups, causing the layers to swell. To determine the origin of this phenomenon, 0.5M 
NaCl was added to the sample PCPMw01 and it was characterized by SAXS again. The re-
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established Bragg peaks indicate the rearrangement of the layers in multilamellar form, 
however, the characteristic distances increased which shows the incorporation of PMLA 
between the layers.  

 
Figure 2. Thermograms and SAXS patterns of PMLA/DPPC/H2O systems having 0.01 and 

0.05 polymer/lipid weight ratios and FFTEM micrograph of sample PMLA/DPPC/H2O system 
with 0.05 polymer/lipid weight ratio.   

The effect of PMLA was also investigated under physiological conditions, thus samples 
were prepared in 10 mM PBS. Using PBS buffer instead of pure water makes the 
perturbation caused by PMLA less drastic, nevertheless the interaction between the 
polymer and lipid membrane is still evident.  The thermal behavior of the lipids change 
significantly only when PMLA is added in 5 wt% to the lipids, moreover according to SAXS 
measurements MLVs form after hydration. PBS shields the charges of DPPC as well as that 
of the polyacid, thus electrostatic repulsion does not occur between the layers. The 
characteristic distances of the layers, however, increase indicating the incorporation of 
PMLA between the layers.  

By FTIR spectroscopy hydrogen bonds are demonstrated to form between the free 
hydroxyl groups of PMLA and the phosphodiester groups of DPPC. With the 
comprehensive investigation of the interaction between low molecular weight PMLA and 
DPPC, direct proof was given to the assumption that this polymer attach to lipid membrane 
surface. 
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Figure 3. Thermograms and SAXS patterns of PMLA/DPPC/PBS systems having 0.01 and 

0.05 polymer/lipid weight ratios and FFTEM micrograph of sample PMLA/DPPC/PBS system 
with 0.05 polymer/lipid weight ratio.   

4.2 The effect of PAMAM dendrimers on DPPC bilayers 

Three types of PAMAM dendrimers with different surface character were investigated: 
G5 PAMAM-NH2, G5 PAMAM-OH and G4 PAMAM-mix – dendrimer that has in 50% surface 
groups modified by N-hydroxyldodecyl groups. 

PAMAM-OH dendrimer causes the least disturbance in the structure of DPPC MLVs, 
presumably because of the neutral character of –OH groups. It can interact slightly with 
the phosphate groups of the lipids according to the ATR-FTIR measurements and 
consequently attends to the head-group region of the bilayers. However, these 
interactions are not strong enough to result in significant alterations in the thermal or 
structural characteristics of DPPC MLVs, contrary they seem to be able to stabilize 
unilamellar vesicles.  

PAMAM-NH2 dendrimers cause drastic perturbation which appears at higher polymer 
concentration, however, it may happen locally also when less dendrimer is present (Fig.3.). 
When dendrimers are added to the lipids in 10-3 molar ratio, only minor changes can be 
observed. The perturbed pretransition and the broadened main transition peak indicate 
that dendrimers are attached to the headgroup region of the bilayers. On the SAXS 
patterns the broadening of the peaks shows the presence of the macromolecules. At 
higher concentration (10-2 dendrimer/lipid molar ratio), however, PAMAM-NH2 alters both 
the thermal behavior and structure of DPPC significantly. The laboratory Kratky-type 
camera-measurements could not provide sufficient information about the evolved 
structures, thus scattering patterns were measured more thoroughly by using synchrotron 
SAXS apparatus. The coexistence of at least two different structural formations were 
found: a lamellar phase with extremely increased periodic distance (equidistant peak on 
the SAXS pattern), and a phase containing unilamellar formations (hump on the SAXS 
pattern). Accordingly to the extremely high periodic distances dendrimers have to be 
incorporated between lipid bilayers and due to their electrostatic charges they cause the 
increase of periodic distance of the layers. This characteristic distance, however, is smaller 
at the temperature of liquid crystalline phase than at the temperature of gel phase, which 
is only plausible if the dendrimers have a more planar, disk-like shape when interacting with 
the liquid crystalline phase lipids. Performing 31P-NMR measurements it was shown that 
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besides the lamellar phase an isomorph phase is present in the sample (10-2 dendrimer/lipid 
molar ratio). This isomorph phase containing one or few bilayers was found to be a kind of 
dendrimer-lipid complex (presumably dendrimer aggregates covered by lipid bilayers) with 
high curvature according to the FFTEM pictures.  

 

 
Figure 3. DSC results demonstrating the thermal behavior of PAMAM-NH2/DPPC systems  along 
with SAXS results characteristic on the evolved structures and FFTEM micrographs about 
morphology at different temperatures. 

PAMAM-mix dendrimers cause the major perturbation in the thermal behavior and 
structural arrangement of DPPC lipids. They interact with the lipids even in the smallest 
concentration in an extremely intense way. In higher concentration the aggregation of 
dendrimers were observed through which besides unordered domain formation, also 
regular intercalation of the dendrimers between lipids can occur at 50 °C. It was 
demonstrated by ATR-IR measurements that PAMAM-mix dendrimers not only interact 
with acyl chains of the lipids, but also with the headgroups. 

 4.3 Characterization of PEG chains of sterically stabilized liposomes 

As former mentioned the characterization of the PEG layer of SSLs is of particular 
importance because of more reasons, but probably the most actual challenge is the 
qualitative classification of generic pharmacological formulations. We were focusing on 
the question whether ATR-FTIR technique can be used for the qualitative analysis of 
pegylated liposomes. Our experiments were based on the study of Rozenberg et al. on 
short-chain PEGs. It was pointed out that band contour, and consequently the band 
structure of the C-O-C stretching vibration band around 1100 cm-1, depends on the 
hydration of the PEG molecules. After deconvolution the component belonging to C-O-C 
groups of PEGs around 1085 cm-1 was assigned to the trans conformation, while the one 
around 1120 cm-1 was related to gauche conformation relative to C-C bond.   We have 
measured the spectra of SSLs with different PEG-lipid concentrations (Table1.) and 
determined the trans/gauche ratio of C-O-C groups after the deconvolution of the νC-O-C 
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band. The obtained results show that there is a minimum in the hydration (i.e. in the 
trans/gauche ratio of the C-O-C bond) at the concentration of ~6 mol% PEG-lipid, which 
corresponds to the maximal stability of the bilayer, and agrees well with previously 
published data on a similar system by Tirosh et al. 

In order to test the applicability of the ATR-FTIR method for the characterization of a 
real liposomal drug, we performed the same sample preparation and measurement on the 
commercially available drug Caelyx®. Calculation of the trans/gauche ratio for the C-O-C 
bonds results a value of 1.95, which is slightly larger than the value for the SSL-1 sample (an 
“empty” formulation with the same lipid composition), but it is close to the minimum. The 
differences in the composition of the empty liposome samples and of the Caelyx® can be 
the explanation for this observation, but reliable conclusions can be drawn based on a 
more systematic study. The result presented here proves that the ATR-FTIR method can 
qualitatively characterize the structure of the PEG-layer of such a liposomal drug product. 

 

Figure 4. ATR-FTIR spectra of the Caelyx® sample together with the spectra of hydrated HSPC 
and SSL-1 for comparison. The inset shows the deconvolution of the band near 1100 cm-1 after 
background subtraction. 
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Thesis 

1. I demonstrated that low molecular weight poly(malic acid) (Mw<1500 g/mol) when 
added to phosphocholine lipids is positioned between the bilayers of multilamellar 
liposomes and causes a loss in correlation between lamellae. In the absence of 
neutral salts it hinders the formation of regular, multilamellar liposome structure.  
(Berényi et al., 2013) 

2. I confirmed by direct methods that PMLA binds to lipid headgroups. It was observed 
by ATR-FTIR method that H-bond is evolved between the phosphate groups of 
DPPC and the free hydroxyl groups of the polyacid. Through this interaction PMLA 
causes significant changes in the thermal behavior of DPPC. 
(Berényi et al., 2013) 

3. It was shown that amino-terminated dendrimers attach to lipid headgroups by 
electrostatic and H-bonding and through this connection it hinders the formation of 
regular multilamellar liposomes. In the presence of the dendrimers small unilamellar 
vesicles with high-curvature are present in the fully hydrated lipid-system, in which 
aggregates of dendrimers should be present. The interaction explain the 
mechanism of the membrane disrupting effect of dendrimers. (Berényi et al., 2014) 

4. It was proved by X-ray scattering measurements performed at different 
temperatures that the conformation of PAMAM dendrimers depends on the 
involved lipid phase: it has different conformation when interacting with gel and 
liquid crystalline phase.  
(Berényi et al., 2014) 

5. It was validated by experiments that thoroughly physicochemical characterization 
can be provided on dipalmitoylphosphocholine lipids in the presence of different 
macro- or guest molecules by label-free characterization methods (DSC, SAXS, 
FFTEM, ATR-FTIR). The integration of these methods enables a better 
understanding of biocompatibility or - on the contrary - of the toxicity of the 
macromolecules on the physicochemical level.  
(Berényi et al., 2013, Berényi et al., 2014) 

6. It was demonstrated that ATR-FTIR spectroscopy is an appropriate tool for the 
qualitative characterization of PEG layers on sterically stabilized liposomes. Based 
on the results a fast and cheap method can be developed to estimate the hydration 
state of PEG in liposomal drug formulas or in other pegylated nanoparticles.  
(Varga et al., 2013) 
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