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1 Introduction 

1.1 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 particles can be usually modified in multiple ways, thus 

drug molecules, targeting agents, etc. can be dissolved, encapsulated or attached to 

them. These nanoparticles have to be biodegradable, and the particles or the 

degradation products must not be toxic (Chan et al., 2010; Hans and Lowman, 2002; 

Segal and Satchi-Fainaro, 2009; Soppimath et al., 2001; Stolnik et al., 1995; Wang et 

al., 2012).  

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 (Peetla et al., 2009). 

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 (Gregoriadis and Perrie, 2010). The 
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biocompatibility and easy tailorability make liposomes ideal vehicles for drug 

molecules and imaging agents. Liposomes are often modified with polyethylene 

glycol (PEG) to gain prolonged circulating period and to prevent them from fusion 

(Immordino et al., 2006). 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.  

1.2 Vesicles as model for biological membranes – advantages 

and limits 

Liposomes are synthetic vesicles formed of amphiphilic molecules in water when 

amphiphiles are arranged in one or more concentric bilayers. Since their first 

description (Bangham and Horne, 1964) liposomes have made an impressive career.   

Liposomes can be classified according to their size and lamellarity. Small, large and 

giant, uni- and multilamellar vesicles can be distinguished.  The following 

abbreviations are the commonly used for different types of liposomes: SUV for small 

unilamellar vesicle (d ≈ 30-50 nm), LUV for large unilamellar vesicle (d ≈ 50-200 nm), 

GUV for giant unilamellar vesicle (d is in the µm-range) and MLV for multilamellar 

vesicle (d varies from 20 nm to 1-2 µm). The evolved form is determined by the 

constituent lipids, additives and by the method of preparation. Spontaneously 

formed liposomes are usually multilamellar with a polydisperse size distribution. 

Unilamellar liposomes can be prepared via extrusion method or sonication (Torchilin 

and Weissig, 2003). During extrusion, the suspension of liposomes is pressured 

through a filter membrane several times to achieve monodisperse unilamellar 

vesicles with a mean diameter close to the pore size of the membrane. Exposing 

phospholipids in water to ultrasound irradiation results in the formation of SUVs. 

The final size and size distribution of liposomes depend on the irradiation period, 

the applied frequency and on the constituent lipids (Schroeder et al., 2009). There 
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are some special ways for GUV formation, amongst them the most widely used are 

the electroswelling method and the controlled, gentle hydration technique (Dimova 

et al., 2006; Walde et al., 2010). 

Practically all these forms can be used as model of biological membranes; everyone 

has its advantages and disadvantages. Conceptually unilamellar vesicles mimic a cell 

assembly – in which the lipid bilayer forms an enclosed volume separated from the 

external milieu (Lucio et al., 2010). GUVs are the closest in size to lipid 

biomembranes thus they closely resemble actual cells; however their preparation 

method and reproducibility are cumbersome. The effect of additives on unilamellar 

vesicles are usually investigated by spectroscopic methods that require labelling. 

The use of MLVs as model membranes has been also essential. Although their size 

may vary across a wide range of scale, they provide sufficient sample quantities, 

lipid concentration and very good signal-to-noise ratios. Techniques like NMR or 

SWAXS usually require relatively large sample quantities, but they offer labelfree 

characterization of ordering and molecular packing of lipid bilayers. 

Planar or supported lipid bilayers are also in use as model membranes. They have 

usually a macroscopic lateral dimension and the bilayers (if there are more) are 

parallel to each other. Their application can be especially useful by reflection 

techniques or AFM. (Yeagle, 1987) 

1.3 Characteristics of DPPC MLVs 

Phospholipids are the most commonly found membrane lipids. 

Glycerophospholipids are derivatives of sn-glycero-3-phosphoric acid esterified 

usually in the sn1 and 2 positions with two fatty acids. The compound thus formed is 

1,2-diacyl-sn-glycero-3-phosphoric acid (the trivial name is 3-sn-phosphatidic acid) 

and the phosphodiester derivatives are called  diacylglycerophospholipids (Yeagle, 

2010). The alcohols esterified to diacylglycerophosphoric acid are usually designated 
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by trivial names, such as choline, ethanolamine, serine, glycerol, glycerolphosphate, 

myoinositol, etc. 

 

Figure 1. The structure of dipalmitoylphosphocholine (DPPC). 

1,2-diacyl-sn-glycero-3-phosphocholine is a major constituent of animal cell 

membranes. This study deals mostly with 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine or by shorter name 

dipalmitoylphosphocholine or simply DPPC (Fig.1). This zwitterionic lipid has two 

saturated acyl chains with 16-16 carbon atoms.  

DPPC is a bilayer-forming amphiphilic molecule and it forms spontaneously 

multilamellar vesicles in water via self-assembly. The geometrical form of the 

individual DPPC molecule is temperature-dependent, therefore the self-organization 

of the lipid and water molecules results in different phases with increasing 

temperature. Consequently phase transitions exist between the structural states 

which exhibit first order character.  

In pseudo-crystallyne or subgel phase (Lc; below 18 °C) the extended hydrocarbon 

chains are tilted slightly with respect to the bilayer normal. They are packed tightly 

in ordered lattice (so called sublattice), and the rotation about their long axes is 

restricted. (Yeagle, 2010) Also the motion of the polar headgroups is severely 

restricted.  
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In gel phase (Lβ’; between 18 °C and 35 °C) the alkyl chains are tilted more strongly 

from the bilayer normal and the rotational freedom of C-C bonds are relatively low. 

The chains are packed in a hybrid subcell with 0.418 nm and 0.408 nm periodicities. 

The headgroups exhibit a slow, hindered rotation. Lβ’ phase is much more hydrated 

than Lc’. Characteristic periodicity of the layer arrangements is 6.3 nm. 

In ripple phase (Pβ’; between 35 °C and 41 °C) the surface of the bilayers becomes 

corrugated. There is a displacement of each lipid molecule along its long axis with 

respect to its neighbor and in such a position the headgroups can rotate almost 

freely. As a result of the displacement of the lipid molecules the characteristic 

periodicity of the layers increases to 7.1 nm. The ripple structure formed can be 

stable or metastable depending on the thermal history of the sample (Kaasgaard et 

al., 2003). Upon heating it will be stable, but upon cooling it is metastable. In the 

stable phase alkyl chains appear to remain tilted with respect to the normal to the 

local bilayer plane, packing into a hexagonal lattice (with 0.414 nm periodicity). The 

metastable ripple phase has a symmetric profile and the alkyl chains are oriented 

parallel to the bilayer normal.  

In liquid crystalline phase (Lα; above 41 °C) the alkyl chains are perpendicular to the 

bilayers plane, the periodic distance (6.7 nm) and the ordering in layer arrangement 

are increased. The hydrocarbon chains exhibit fast rotation and disordered chain 

packing. The hydration at the bilayer interface is increased compared to the other 

phases.  

DPPC exhibit also lyotropic phase behavior, meaning that the types of phases 

formed depend strongly on its degree of hydration. Ripple phase, for example, 

evolves only above a certain level of hydration. When lipids are not fully hydrated, 

chain melting occurs at higher temperatures with decreasing water content 

(Kodama et al., 1982). It was shown that Lβ’ and Pβ’ phases of DPPC bind about 30 

wt% of water, whereas the Lα phase binds about 40 wt% (Jendrasiak and Mendible, 
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1976). Lyotropic phase behavior has its biological relevance when cells are in serious 

dehydrated state induced by freezing, desiccation or burning, but this dissertation 

deals only with fully hydrated membranes. 

The size can be also an important factor when taking in account the phase behavior 

of DPPC liposomes. It was shown for SUVs that the small radius of curvature of 

sonicated vesicles leads to less orientational order and to a greater freedom of 

motion of the phospholipid hydrocarbon chains than are found in larger vesicles, 

and to marked differences in molecular packing in the inner and outer lipid 

monolayers (Gruenewald et al., 1979; Kantor et al., 1977; Suurkuusk et al., 1976). All 

these characteristics of SUVs together result the absence of ripple phase and 

decreased phase transition energy between gel and liquid crystalline phases.  

1.4 Characterization of vesicular systems 

When characterizing vesicles many different parameters can be investigated: size, 

morphology, lamellarity, thermal behavior etc. A broad range of classical and 

modern methods are in the service of researchers for examination of liposomal 

systems. In this chapter an overview will be given on a few basic methodologies 

with which vesicles and different lipid-structures can be comprehensively studied. 

1.4.1 Thermal characterization – DSC 

Thermal analysis of lipid membranes is nowadays a routinely applied and necessary 

method. Differential scanning calorimetry (DSC), as the most appropriate tool, is 

extensively used to study the thermal behavior of hydrated phospholipid bilayers. 

DSC can accurately determine the phase transition temperatures and the associated 

enthalpies of pure lipids. As a consequence correlations between the structure of 

lipids and thermodynamic properties can be systematically studied. From the 

changes in the thermal behavior caused by altered medium or introduced 
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components we can deduce information of membrane fluidity, permeability, 

hydration state and aspects about interactions with molecules in contact with the 

membrane. 

1.4.1.1 Phase transitions 

Phase transition is the transformation of a thermodynamic system from one phase 

of matter to another one.When due to heat change (or other effect) a system 

looses its thermodynamic stability it tries to stabilize by forming a new phase. In this 

case, the Gibbs energy as the function of temperature will intersect around the 

transition temperature, where the coexistence of the two phases take place and the 

molar Gibbs energy of the two phases are equal. 

 Phase transitions can be divided basically into two categories: first order and 

second order phase transitions. During first order phase transitions at least one of 

the first derivatives of the molar Gibbs energy ((∂Gm/∂T)p or (∂Gm/∂P)T) is 

discontinuous. During this process, the temperature of the system will stay constant 

as heat is added: the phases coexsist during the transition, some parts of the system 

have completed the transition and others have not. In the case of second order 

phase transitions all of the first order derivatives of the Gibbs energy are continuous 

but at least one of the second derivatives is discontinuous(Mortimer, 2008).  

1.4.1.2 Technical background 

The principles of DSC measurement are fairly simple. The temperature of the sample 

and an inert reference is changed systematically. DSC measures the heat flow 

between the sample and a reference cell when a thermal event takes place. During 

phase transition the sample temperature does not change while the reference 

changes according to the set. There are two main types of DSC systems in use: (i) in 

power compensation calorimetry the temperatures of the sample and reference is 

actively varied by independently controlled units and the energy required to 
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maintain the two temperatures identical is measured; (ii) in heat conduction or heat-

flux calorimetry the temperature is passively changed through contact with a 

common heat sink, which has a thermal mass that greatly exceeds the combined 

thermal masses of the sample and reference. In both cases the output of the 

instrument is a plot of differential heat flow (dE/dt) as a function of temperature in 

which the intensity of the signal is directly proportional to the scanning rate (dT/dt).  

 

Figure 2. Schematic illustration of the informations obtainable from a thermogram. 

Fig.2 represents a schematic illustration of a DSC trace for a two-state, first-order 

endothermic process (just like the main transitions in the case of lipid bilayers). 

From such a plot numerous important parameters can be determined. The phase 

transition temperature (Tm) is the temperature of peak maximum (or minimum). For 

a symmetrical curve, Tm represents the temperature at which the transition from 

one state to another is one-half complete. However, for asymmetric traces, which 

are characteristic of certain pure phospholipids (among DPPC) and many biological 

membranes, Tm does not represent the midpoint of the phase transition. The peak 

area under the DSC trace is a measure of the calorimetrically determined enthalpy of 

the transition, ΔHcal (hereafter ΔH), usually expressed in kJ/mol or kcal/mol. In an 
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endothermic process, such as most phase transitions, heat is absorbed and, 

therefore, heat flow to the sample is higher than that to the reference. Hence 

∆dH/dt is positive. In an exothermic process, such as crystallization, some cross-

linking processes, oxidation reactions, and some decomposition reactions, the 

opposite is true and∆dH/dt is negative. It is a choice of representation in the case of 

DSC thermograms wether the positive peaks or the negatives are endo or 

exothermix, thus the direction is usually drawn in the diagram. 

1.4.1.3 Thermogram of liposomes 

In Fig.3 the thermogram of fully hydrated DPPC MLVs is shown. In the temperature 

range of our interest the lipids undergo two phase transitions, as mentioned earlier. 

The pretransition between gel and ripple phase occurs around 35 °C.  This transition 

is in a close relation with the rotation of the polar headgroups, thus components 

that will interact mainly with the headgroup region happen to affect the character 

of the pretransition. The pretransition has a relatively small change in enthalpy, 

around 5 kJ/mol. 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) (Torchilin and Weissig, 2003). The shape of the main transition peak is in 

correlation with the cooperativity of the chain melting, i.e., the more molecules are 

melting simultaneously, the sharper the peak will be. The degree of the 

cooperativity of the phase transition and the size of the cooperative unit which 

undergo the transition can be quantified by different methods. Very often the half 

width of the transition peak is used to compare the cooperativity of phase 

transitions, because it is simple and convenient. Though it is only applicable by 

measurements performed under the same conditions (eg. same heating rate). The 

cooperative unit (CU) is an independent parameter, which can be determined from 

DSC data as follows (Marsh et al., 1977; Pantusa et al., 2007): the degree of transition 
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(θ) is determined from the temperature-dependence of ΔH. θ is a linear function of 

1/T near the transition temperature. From the slope (α) of the linear plot of θ vs 1/T, 

CU can be calculated from the following equation: 

 R

H
CU

4

1 
  (DSC1) 

where σ is the cooperativity parameter. For comparison CU for multilamellar DPPC 

liposomes in water is 154 while it is 276 in phosphate buffered saline (PBS). It means 

that the transition in the presence of PBS is more cooperative, more molecules are 

melting simultaneously. 

 

Figure 3. DSC endotherm of fully hydrated multilamellar DPPC liposomes. 

There are plenty of studies dealing with the effect of small molecules on the thermal 

behavior of phosphocholine membranes; also a classification for the altered 

thermograms was established (Yeagle, 2010): 
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o In type A thermograms a shift of Tm to lower temperatures and an increase 

in ΔT1/2 can be witnessed, while the change in enthalpy remains unaffected. 

The changes are caused by molecules that primarily interact with the C2-C8 

methylene region of the hydrocarbon chains. 

o In type B thermograms a high-temperature shoulder emerges on the main 

transition peak. Additives that produce this type of profiles are generally 

located at the hydrophilic/hydrophobic interface of the bilayer. 

o In type C thermograms Tm is shifted usually (but not only) to a lower 

temperature while ΔT1/2 and ΔH do not change. In such cases additives are 

usually located in the central region of the bilayer, interacting mainly with 

the C9-C16 methylene region.  

o In type D thermograms there will be a discrete new peak, which grows in 

area at the expense of the original peak as the additive concentration 

increases. Molecules located at the bilayer surface and interacting with the 

phosphocholine headgroup usually result type D profiles. 

Although this classification can be useful, conclusions should be confirmed by other 

techniques to get a clear model of lipid-additive interactions. Similarly it was 

suggested that polypeptides and proteins can be considered as belonging to one of 

three types according to their characteristic effects on phospholipid gel to liquid 

crystalline phase transitions: 

o Type1 proteins are hydrophilic and produce no or modest change in Tm and 

ΔT1/2 but appreciable and progressive increase in ΔH.  These proteins bind 

only by electrostatic forces to the phospholipid bilayers. 

o Type2 proteins are also hydrophilic, but they also can partially penetrate to 

the hydrophilic/hydrophobic interface and interact with a portion of the alkyl 

chain region. This interaction results an increase in ΔT1/2 and a decrease in Tm 

and ΔH. 
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o Type3 proteins are hydrophobic and penetrate deeply into or through the 

hydrophobic core of lipid bilayers interacting strongly with the alkyl chains 

and removing them from the participation in the cooperative chain melting 

transition.  

This classification scheme has advantages, although some proteins do not fall neatly 

into any of these three categories. Usually the naturally occurring membrane 

proteins interact with lipid bilayers by both hydrophobic and electrostatic 

interactions and so their effect on membranes will also be more complex.  

1.4.2 Structural characterization – SWAXS, FFTEM, 31P-NMR 

1.4.2.1 Small- and wide-angle X-ray scattering 

The first X-ray diffraction patterns that were recorded from biological membranes 

were published at about the same time (the early 1930s) as the first patterns from 

protein crystals (Franks and Levine, 1981). Membrane diffraction attracted, 

however, relatively few researchers until the late ‘60s. 

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.  

Wide-angle X-ray scattering (WAXS) provides information about subcells evolved in 

MLVs because of the strong ordering of the alkyl chains. Some equipment has the 

advantages measuring SAXS and WAXS simultaneously and providing full range 

information via SWAXS patterns. 
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1.4.2.1.1 Basics of SWAXS methods 

When a sample is exposed to monochromatic X-ray radiation, a part of the X-rays are 

scattered by the electrons in the sample, thus the scattering pattern can provide 

information on the time averaged electron density profile in the sample. (X-ray 

photons are scattered on the atomic nuclei as well, but since the scattering is 

inversely proportional to the quadrate of the mass of the particles, it can be 

neglected compared to the scattering on the electrons.) The amplitude of the 

scattered X-rays is proportional to the local electron density in the structure, while 

the phase of the X-rays depends on the localization of the scattering centers in the 

structure (Bouwstra et al., 1993).  Scattering is interpreted in reciprocal space which 

means that informations about atomic lattices can be decoded from higher angles 

(20-140 º) scattering while scattering at low angles (0-10 º) provide information 

about structures in the nm range. The principles of wide and small-angle X-ray 

scattering techniques are the same; the difference is in the technical details of the 

measurement. A typical transmission set-up of X-ray scattering measurement is 

depicted in Fig.4.  

In the case of nanoparticulate systems the SAXS pattern is usually a monotonic 

decaying curve. If there is a nm-scale ordering in the sample, diffraction peaks 

appear on the pattern. Bragg’s law (Eq. SWAXS1) works also in the case of SAXS, but 

here the periodic planes are the scattering centres instead of individual atoms.  

2dsinΘ=nλ (SWAXS1) 

where d is the spacing between planes of lattice, Θ is the scattering angle, n is an 

integer and λ is the wavelength of the incident ray. Considering geometrical and 

practical aspects, SAXS patterns are presented not as a function of 2Θ, but as a 

function of s or q, which are the scattering variables with a relation 

s=q/2π=n/d=2sinΘ/λ. In this work q (nm-1) will be used. 
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Figure 4. Typical set-up of small-angle X-ray diffraction apparatus. 

1.4.2.1.2 The features of scattering pattern of hydrated DPPC 

Fig.5 represents the small- and wide-angle X-ray scattering patterns of fully hydrated 

DPPC MLVs measured at three different temperatures corresponding to the gel 

(Lβ'), ripple (Pβ') and liquid crystalline phases (Lα). Because of the well-ordered 

multilayered structure of the vesicles, Bragg peaks appear in the small-angle region 

in the position of qn=n2π/d. d, as the periodic distance consists of the bilayer 

thickness and the interbilayer water shell thickness. As described in section 1.3., in 

gel phase the packing of the lipid molecules is ordered in the plane of the bilayer. 

The hybrid sublattice yields in a characteristic scattering in the wide-angle region: a 

double peak with the displacements of q=0.418 nm-1 and q=0.408 nm-1. In ripple 

phase the Bragg peak in the small-angle region becomes complex, for there are two 

characteristic distances in ripple phase very close to each other. In liquid crystalline 

phase the increase of the periodic distance results the shift of the Bragg peaks 

towards to lower values of scattering variable, while the increase in the ordering of 
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the bilayers results in sharpening of the peak. After chain melting, due to the fast 

rotation of the C-C bonds there will not be any ordering in the alkyl chain region thus 

no peak region will turn up in the wide-angle region. 

The shape of a reflection peak in a 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 (Bóta et al., 2007; 

Tenchov et al., 1989; Varga et al., 2007; Zhang et al., 1994). According to the 

scattering theory of stacks of lamellae, the scattered intensity is given as follows: 

22
/)()()( qqFqSqI  (SWAXS2) 

where S(q) is the structure factor for the periodic arrangement of the layers and 

F(q) is the form factor of each double-layered unit. Neglecting the interactions 

between the double-layered units (in the case of unilamellar vesicles or not well-

correlated multilayers), the intensity is reduced to the following form: 

22
/)(()( qqFqI  (SWAXS3) 

The form factor (F(q)) is the Fourier transform of the electron density profile of a 

single bilayer. Its square exhibits a broad hump in the scattering variable range 

between 0.01 and 0.03 1/Å resulting in a practically decaying scattering curves. 

Similarly to the case of the Bragg-peaks in the small-angle region, the wider the 

reflection on the WAXS curve is, the more disordered the sublattice is. 
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Figure 5. A: Small- and wide-angle scattering curves of DPPC MLVs in gel (bottom), 

ripple (middle) and liquid crystalline (top) phases. Insets are showing the packing of 

lipids in the bilayers (right) and the ordering of the lipid chains with a plane view (left). 

B: Schematic structure of a lipid subcell for better understanding. The approximately 

rod shape alkyl chains are depicted with a plane view on the right. Black discs represent 

the individual chains, while the bridges between them are for the glycerin backbones. 

dsubcell is the characteristic distance, which can be measured by WAXS.  

1.4.2.2 Freeze-fracture transmission electron microscopy (FFTEM) 

Freeze-fracture electron microscopy is a special technique in transmission electron 

microscopy (TEM) that plays an important role in ultrastructure research. 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 (Fig.6). The three-dimensional perspective 

of the membranous organization of the sample can be made visualized by making a 

very fine platinum-carbon replica of the fracture plane. The platinum is evaporated 

at an angle onto the plane, so that its thickness will vary according to the 
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topography of the surface. Investigating the replica by TEM, high resolution details 

of the membrane structure can be revealed in three-dimension-like form.  

 

Figure 6. Basic steps of freeze-fracture technique. 

The technique is not only important in cell biology, but it has been widely used in 

characterization of liposomes. Fig.7 represents freeze-fracture electron micrographs 

of uni- and multilamellar vesicles, while Fig.8 shows freeze-fracture micrographs of 

DPPC MLVs in different phases.  

 

Figure 7. Freeze-fracture surface of DPPC MLVs (on the left) and unilamellar vesicles 

after extrusion through 80 nm polycarbonate filter (on the right). 
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Figure 8. Freeze-fracture electron micrographs of DPPC MLVs in gel, ripple and liquid 

crystalline phases. 

It is important to mention that FFTEM pictures are not the propriate tools for 

determining size or size distribution of liposomes, especially in the case of MLVs, 

because too many parameters influence the visualized pictures (shading, which slice 

of the whole sphere is seen etc.) 

1.4.2.3 Phosphorus nuclear magnetic resonance spectroscopy (31P-NMR) 

The detailed description of NMR techniques is out of scope of this study, however, a 

few sentence has to be devoted for this topic. NMR spectroscopy is a very useful 

technique for the characterization of biological and model membranes, especially 

2H- and 31P-NMR spectroscopies have provided detailed information about the 

structure and dynamics of the lipid bilayer, as well as the interaction between lipids 

and proteins.  2H-NMR gives information about the alkyl chain region, while 31P-NMR 

spectroscopy gives information not only about the phosphate group, but also about 

the phase structure of the lipids. Phospholipids in different phases provide different 

31P-NMR spectra (Cullis and de Kruyff, 1976; Cullis et al., 1976; Seelig, 1978). In the 

lamellar configuration of MLVs the spectrum is asymmetrical with a high-field peak 

and low-field shoulder; in the hexagonal phases the phospholipid spectrum has a 

reversed asymmetry (low-field peak with high-field shoulder); in the case of cubic or 

other isomorph phases (micelles or unilamellar vesicles) the peak is narrow and 

symmetric (Fig.9). The theoretical background of this phenomenon is based on the 

anisotropic environment of the phosphorous atoms. The line-shape of the powder-

type spectrum (obtained from hydrated samples) is caused by (i) the chemical shift 
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anisotropy of the phosphorous nuclei and (ii) the proton-phosphorous dipolar 

interactions. It is possible to remove the 31P-H dipolar broadening by proton 

decoupling. 

 

Figure 9. Theoretical 31P-NMR spectra of phospholipids in different structures.   

In the case of unilamellar vesicles and micelles, rapid vesicle tumbling and lateral 

diffusion of lipid molecules within the plane of the membrane result in averaging 

out the proton-phosphorus dipolar interactions and the phosphorus chemical 

shielding anisotropies. The 31P-NMR spectra of such vesicles exhibit therefore 

relatively sharp lines of about a few Hz line-widths. 

1.4.3 Interactions on molecular level – FTIR 

Infrared spectroscopy is used from the early 1970s (quite after the appearance of 

fast Fourier-transform infrared spectrometers) to analyze lipid membranes. This 

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 
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characteristic vibrational band, but also from its bandwidth and from the overall 

band shape. Band frequency reflects the nature of the participating atoms in the 

chemical bond and their conformation and proximate environment. Bandwidth is 

determined by the rates of motion of the molecule; it increases with increasing 

motional intensity. Because of the versatile information that is carried by a single 

spectrum, infrared spectroscopy is commonly used to understand the interactions 

of guest molecules (or macromolecules) with lipid membranes.  

 

Figure 10. Infrared spectrum of DPPC MLVs. 

The discussion of the infrared spectra of phospholipids can be basically divided into 

three main features: (i) bands originate from molecular vibrations of the functional 

groups in the headgroup; (ii) bands originate from the characteristic carbon-

hydrogen vibrations of the acyl or alkyl chain and (iii) bands giving information 
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about the interface of the alkyl chain and the headgroup regions. Fig.10 represents 

the FTIR spectrum of multilamellar DPPC vesicles with the characteristic absorption 

bands of phospholipids.  

1.4.3.1 Carbon-hydrogen vibrations in the alkyl chain region 

The CH2 antisymmetric stretching (νasCH2, 2918cm-1) and the CH2 symmetric 

stretching modes (νsCH2, 2850 cm-1) are the strongest IR bands in the lipid spectra. 

The frequencies of these bands are conformation-sensitive and respond to the 

changes of trans/gauche ratio in the alkyl chain. Every C-C bond with gauche 

conformation in the chain introduces a little disordering to the hydrophobic region 

of the membrane. Thus every change that results in an increased perturbation in the 

alkyl chain region can be monitored by the change (upshift) in the frequency of 

these bands. Meanwhile a downshift of these frequencies indicates increased 

ordering of the chain packing.  Phase transition is commonly investigated also by IR 

spectroscopy. During the main transition (also reffered as “chain melting”) the ratio 

of the gauche conformers increases significantly which results the shifting of the CH2 

symmetric stretching band with ~2-3 cm-1 to higher wavenumbers in the case of 

DPPC as represented in Fig.11 (Mantsch and McElhaney, 1991, 1990). Due to the 

increased motional rates and the larger number of conformational states of the 

hydrocarbon chains in Lα phase also the bandwidth increases substantially.  The 

shifted frequency and the increased bandwidth is equally characteristic for the 

antisymmetric stretching band as well, but the symmetric stretching band is usually 

monitored because it is freer from overlap by other vibrational levels (CH3 

stretching, Fermi resonance). 
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Figure 11. The increased ratio of gauche conformers in the alkyl chain in Lα phase 

results in greater motional freedom and shifting of the CH2 symmetric stretching band 

in the IR spectrum to higher wavenumbers. 

1.4.3.2 Ester carbonyl stretching vibrations (νC=O) on the interface of 

hydrophobic and hydrophilic regions in the lipid bilayer 

The C=O stretching bands associated with the ester carbonyl group of the fatty acid 

chains give useful information about the environmental factors on the interface of 

hydrophilic and hydrophobic regions. The broad C=O stretching band, centered 

around 1734 cm-1 in the IR spectrum of fully hydrated DPPC, is the superposition of at 

least two underlying bands, one at 1742 cm-1 and another at 1728 cm-1. The high 

frequency component band is assigned to the “free” carbonyl groups while the low 

frequency component band to the carbonyl groups upon H-bonding (Fringeli and 

Günthard, 1976; Mantsch and McElhaney, 1991). Hydrogen-bonding to C=O groups 

increases during phase transition from gel to liquid crystalline phase in accordance 

with the increased feasibility of the carbonyl groups becoming hydrated in a more 

disordered membrane. As a consequence, the overall band maximum of C=O 

stretching shifts towards lower wavenumbers (Casal and Mantsch, 1984; Mantsch 

and McElhaney, 1990). 
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1.4.3.3 Phosphate vibrations of the headgroup region 

In the headgroup region bands assigned to the phosphate moiety are the most 

informative. Strong infrared bands raise between 1240 and 1220 cm-1 due to the 

antisymmetric PO2
- stretching mode (νasPO2

-), and around 1085 cm-1 due to the 

symmetric PO2
- stretching mode (νsPO2

-). 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) (Asher and Levin, 1977; Goñi and Arrondo, 1986; Lee and Chapman, 1986; 

Mantsch and McElhaney, 1991). Thus the hydration state of the lipids and 

interactions with other possible H-donor molecules can be characterized through 

the spectral position of phosphate stretching band.  

The R-O-P-O-R’ diester band (1068 cm-1 in the case of pure DPPC) is considered to 

reflect changes in the conformation of phospholipid headgroups (Goñi and Arrondo, 

1986). 

1.4.3.4 Technical background 

In the early period of the membrane investigations by FTIR spectroscopy, the 

absorption of liquid water raised the major difficulty for researchers. Then at the 

end of the 70s and the beginning of the 80s, the appearance of computer-controlled 

spectroscopy brought the breaktrough as substraction of the background water 

was not a problem anymore (Cameron et al., 1979; Chapman et al., 1980). Another 

important milestone was the prevalence of the attenuated total reflection (ATR) 

technique in the 90s (Francis M., 1993; Tatulian, 2003). In an ATR-FTIR experiment, a 

very small amount (3-5 μl) of sample is placed on an internal reflection element 

(e.g., diamond, germanium or ZnSe).  The light travels inside the plate and reflects at 

least once off the internal surface in contact with the sample, creating an 
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evanescent radiation outside the plate. Absorption of the energy of the evanescent 

field by the sample provides the ATR-FTIR spectra. As infrared light penetrates only 

around 0.5-2 micrometer deep into the samples investigation is possible in bulk 

aqueous phase as well as in dry film form (Fig.12). Although the dry film form has 

less physiological relevance, investigating the dehydrated lipids (or other entities) 

can be helpful in the interpretation of intra- or intermolecular interactions. 

 

Figure 12. Differencies in the spectra of DPPC in fully hydrated and dryfilm form. 

1.5  Polymers in contact with membranes 

In this chapter I will briefly introduce the polymers I have worked with and 

summarize the relating studies in order to expose the unsolved questions that 

attracted my attention. 



25 

1.5.1 Poly(malic acid) (PMLA) 

Poly(malic acid) (PMLA)-based nanoparticles (such as polycefin) are promising drug 

carrier candidates (General and Thünemann, 2001; Huang et al., 2012; Julia Y 

Ljubimova et al., 2008; Julia Y. Ljubimova et al., 2008; Martinez Barbosa et al., 2004; 

Segal and Satchi-Fainaro, 2009; Stolnik et al., 1995; Wang et al., 2012). PMLA (Fig.13) 

is a biocompatible type of polyester, which is degradable by hydrolysis, leading to 

the production of nontoxic malic acid. The main chain of PMLA contains additional 

carboxylic groups, which can be used to introduce various bioactive ligands or 

compounds to regulate the overall hydrophobicity. Since the first chemical synthesis 

of PMLA at the end of 1970s (Vert and Lenz, 1979), many routes have been reported 

on the synthesis of racemic PMLA and the optically active poly(β-malic acid) (Wojcik, 

1984).  

 

Figure 13. Malic acid and poly(malic acid). 

The toxicity of PMLA nanoparticles was studied from several aspects according to 

the literature, however, only a few of them try to describe the mechanism of cell 

lysis. As reported by Maassen et al., the cytotoxicity of nanospheres may be due to 

many factors, including (i) the release of degradation products, (ii) the stimulation 

of cells and the subsequent release of inflammatory mediators, and (iii) membrane 

adhesion (Maassen et al., 1993). Martinez Barbosa et al. investigated not only the 

cytotoxicity of PMLA-based nanoparticles but also the toxicity of the degradation 

products (Martinez Barbosa et al., 2004). They 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 
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easily diffuse into cells. In a study published by Ding and coworkers (Ding et al., 

2013) it was described that PMLA modified with leucine ethyl ester binds to lipid 

bilayer of liposomes and cell membranes in a cooperative manner. As they describe, 

this polymer causes enhancement in membrane permeation via “carpet” 

mechanism: polymers approach the membrane as single molecules and 

characteristically align with phospholipids headgroups at the surface throughout 

the entire process of membranolysis. They used, however, indirect methods and did 

not give an explanation for this interactions. 

1.5.2 Polyaminoamine dendrimers (PAMAM) 

Dendrimers are highly branched, globular macromolecules with numerous terminal 

groups and internal cavities. The branches are repeated in a radial concentric way 

and each concentric layer is called a generation (G) (Fig.14). The higher the number 

of generations is the more terminal groups and bigger size the dendrimer has. The 

pharmacological and biomedical applicability of dendrimers has been extensively 

studied and reviewed lately, yet it is still a progressive field of research (Boas and 

Heegaard, 2004; Esfand and Tomalia, 2001; Kesharwani et al., 2014; Kim and 

Zimmerman, 1998; Koo et al., 2005; Sadekar and Ghandehari, 2012; Svenson and 

Tomalia, 2005; Wolinsky and Grinstaff, 2008; Yang and Kao, 2006). Dendrimers are 

ideal nanocarriers for drugs, because not only the drug itself, but also targeting and 

imaging molecules can be attached to the same macromolecule. Toxicity, however, 

can limit their use, especially in the case of higher generation, positively charged 

dendrimers (Braun et al., 2005; Fischer et al., 2003; Jevprasesphant et al., 2003; 

Roberts et al., 1996).  
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Figure 14. Schematic structure of 5th generation polyamidoamine dendrimer with 

ethylenediamine core, amino and hydroxyl surface groups and 4th generation 

dendrimer modified with N-hydroxyldodecyl groups in 50 %. 

The research group of Mark Banaszak Holl has extensively studied the interactions 

between PAMAM dendrimers and lipid membranes. They used atomic force 

microscopy (AFM) (Erickson et al., 2008; Hong et al., 2004; Kelly et al., 2009; Mecke 

et al., 2005a, 2005b) isothermal titration calorimetry (ITC) and fluorescence 

correlated spectroscopy (FCS)(Kelly et al., 2009), NMR (Smith et al., 2010), in vitro 

experiments (Hong et al., 2009, 2004) and molecular dynamics simulations 

(MD)(Kelly et al., 2009, 2008a, 2008b; Mecke et al., 2005a) and showed that cationic 

dendrimers disrupt lipid bilayers by forming holes on the bilayer surface and may 

remove lipids from it. Hole formation caused by positively charged dendrimers up to 

G5 have been found to be reversible. The degree of the disruption depends on the 



28 
 

size and charge of the dendrimer. Acetylated and small generation (G3) dendrimers 

attach to the lipid surface without destabilizing it. Based on the results of 

thermodynamic calculations they proposed that G7 PAMAM dendrimers are big 

enough (d~ 8 nm) to have a closed lipid bilayer wrapping them. Although the 

diameter of G5 dendrimers (~5.5 nm) is too small for this, they still remove lipids 

from PC membranes (Mecke et al., 2005b). This is an important question regarding 

drug delivery and cytotoxicity, because dendrimers should penetrate into cells 

without causing cell injury. Most of the above mentioned studies were based on 

supported lipid bilayers. 

Karoonuthaisiri et al. investigated the effect of different generation PAMAM 

dendrimers on the permeability of unilamellar liposomes composed of different 

lipids (Karoonuthaisiri et al., 2003). The results of their experiments indicate that 

PAMAM dendrimers effectively disrupt the lipid bilayer, when membranes contain 

also non-bilayer forming lipids (eg. dioleoylphosphoethanolamine/DOPE), while they 

found minor effect on membranes composed only from phosphocholine lipids.  

Åkesson and coworkers also used unilamellar liposomes as model system and 

investigated the effect of G6 PAMAM dendrimers (d ≈ 6.7 nm) with dynamic light 

scattering, cryo-TEM and small-angle X-ray scattering (SAXS) (Åkesson et al., 2010). 

They showed that dendrimers attach to the surface of the vesicles and can bridge 

neighboring vesicles until liposomes collapse in lamellar phase in which dendrimers 

are located between the layers. Later they investigated the effect of dendrimers on 

giant unilamellar vesicles (GUVs) by fluorescent microscopy and on supported lipid 

bilayers by quartz crystal microbalance with dissipation monitoring (QCM-D) and 

neutron reflectivity (Åkesson et al., 2012a, 2012c; Ruggeri et al., 2013). Interestingly 

they have found that the dendrimers enhance the permeability of the membranes 

for small molecules without hole formation or passive translocation across the 

membrane. Leaning on the results a model was interpreted in which the dendrimers 
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are intercalated in the bilayer headgroup region and a large-scale roughness is 

generated as the bilayer changes curvature to follow the shape of the dendrimers.  

Differential scanning calorimetry (DSC), small- and wide-angle X-ray scattering 

(SWAXS), infrared spectroscopy (IR) and freeze-fracture electron microscopy 

(FFTEM) are prevalent methods to characterize liposomes and to monitor the 

changes in their structure caused by other molecules (Gregoriadis and Perrie, 2010; 

Lewis and McElhaney, 1998; Schultz and Levin, 2011; Torchilin and Weissig, 2003). 

There are only a few papers in which these methods are used in order to investigate 

the interactions between dendrimers and liposomes so far. Klajnert et al. examined 

the effect of hydrophilic and hydrophobic dendrimers on liposomes by DSC. It was 

established that hydrophilic dendrimers would be located near to lipid headgroups, 

while hydrophobic dendrimers interact with the alkyl chains of the lipids and may 

cause loss of integrity in the membrane (Klajnert and Epand, 2005). Gardikis et al. 

have studied the incorporation of G4 and G3.5 PAMAM dendrimers (dG4 ≈ 4.5 nm, 

dG3.5 ≈ 4 nm) in dipalmitoylphosphatidylcholine (DPPC) bilayers using DSC and 

Raman spectroscopy. They found that the maximum percentage of PAMAM 

dendrimers that can incorporate into multilamellar liposomes is 5 mol% for G4 and 

3.5 mol% for G3.5 (Gardikis et al., 2006). Wrobel et al. investigated the effect of 

positively charged phosphorous-containing dendrimers on unilamellar liposomes by 

measuring fluorescence anisotropy and DSC and showed that dendrimers interact 

with both hydrophobic and hydrophilic parts of the bilayer (Wrobel et al., 2011). 

Smith and coworkers used solid-state NMR techniques and found that G5 and G7 

PAMAM dendrimers have higher impact on alkyl chain region of multilamellar 

vesicles than on headgroups; besides they used partially hydrated or highly 

concentrated, fully hydrated membranes (Smith et al., 2010). 
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The mechanism of lipid-dendrimer interactions especially in the case of G5 PAMAM 

dendrimers (on the margin of harmless and fully destroying types) is still 

unrevealed. 

1.5.3 Polyethylene glycol (PEG) 

Polyethylene glycol (PEG) is of particular interest as a surface component in colloidal 

drug delivery because it is able to stabilize particle suspensions against aggregation. 

Moreover, it drastically reduce the adsorption of proteins and macromolecules in 

solution to the surface on which it is anchored (Harris, 1992). This activity is proving 

valuable in the field of liposomes, where incorporation of lipids with PEG 

headgroups, usually derivatives of phosphatidyl ethanolamine (Parr et al., 1994), has 

been shown to prolong the circulation time of the particles when injected to blood 

(Allen et al., 1991). The first human studies demonstrating long circulation of a 

Stealth formulation of doxorubicin, and the first clinical trial results using PEG-

liposomes as carriers of doxorubicin for the treatment of Kaposi's sarcoma in HIV 

patients were published in 1994 (Gabizon et al., 1994; James et al., 1994). DOXIL was 

the first approved liposomal drug (containing doxorubicin), which was followed by 

many other products. Today, hundreds of liposomal drugs are under clinical trials 

amongst them pegylated, sterically stabilized liposomes (SSLs). 

 

Figure 15. Structure of polyethylene glycol. 

The steric barrier provided by PEG chains is strongly dependent on the PEG-lipid 

concentration and PEG size. Rather high PEG-lipid concentrations are required for 

efficient steric barrier formation (A K Kenworthy et al., 1995). The presence of 

pegylated phospholipids increases the steric and hydration forces between the 
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liposomes (A K Kenworthy et al., 1995; A. K. Kenworthy et al., 1995; Tirosh et al., 

1998). It was also reported that these compounds modify the specific volume, the 

compressibility (Garbuzenko et al., 2005), and also the thermotropic behavior of the 

bilayers. (Liu et al., 2003) The Alexander-de Gennes theory (de Gennes, 1980) 

predicts two different conformations of the polymer chains attached to a non-

adsorbing interface as the function of the grafting density: at low grafting density 

the polymer chains are in “mushroom” conformation while at high grafting density 

they are in “brush” conformation (Fig.16). Besides grafting density these 

configurations are governed by the Flory-radius of the polymer. Briefly, the polymer 

coils do not interact and form the mushroom structure until their Flory-radius is 

smaller than the half of the average distance between two grafting points, while in 

the opposite case the more densely packed brush configuration is formed. 

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. Still there are only a few methods 

used so far for this purpose (Jiang et al., 2011), which covers densitometry, 

ultrasound velocity and absorption measurements, differential scanning calorimetry 

(Tirosh et al., 1998), Zeta-potential measurements at different ionic strengths 

(Sadzuka et al., 2002), and NMR spectroscopy (Garcia-Fuentes et al., 2004). During 

our previous work we have also investigated the PEG-layer of SSLs. Using small-

angle X-ray scattering we were able not only to determine the size of the polymer 

shell, but also the distribution of the PEG chains between the inner and outer 

leaflets of the liposome. (Varga et al. 2010).  



32 
 

 

Figure 16. Conformation of PEG chains at low and high grafting density on a 

nonadsorbing surface. 

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 (Begum and Hiroatsu 

Matsuura, 1997; Matsuura and Fukuhara, 1985).  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 (Rozenberg et al., 1998). 
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2 Aims and objectives 

The main aim of this thesis is to give a detailed physicochemical description on the 

structural and thermal changes that occcure 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.  

There is a wide range of polymer nanoparticles under research as possible vehicles 

for drug molecules and/or for bioimaging agents. Poly(malic acid) and PAMAM 

dendrimers are both of particular interest on the field of drug delivery. PMLA is a 

biocompatible and biodegradable material with relative easy tailorability due to the 

additional carboxyl groups. Low molecular weight PMLA as a model for degradation 

products of the nanoparticles was found to enhance membrane permeability; 

however no detailed characterization was given on this interaction so far. In the 

literature there are numerous studies (containing mismatching data in some cases) 

dealing with the effect of PAMAM dendrimers on lipid membranes. The ability of G5 

aminoterminated PAMAM dendrimers for disrupting the integrity of lipid 

membranes is well reviewed, but the mechanism of this phenomenon is still 

unexplained. During my work I have examined the interactions between the above 

mentioned polymers and membrane lipids in order to explore the mechanisms of 

their effect on biomembranes. 

In the focus of my investigations it was the neat effect between the nanoparticles 

(or degradation products) and phospholipids, thus I chose a very simple model: a 

one-component system containing only water and pure dipalmitoylphosphocholine 
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which is one of the most investigated model of biological membranes. The 

drawback of this choise is the lack of real biological conditions, yet it is important as 

a first step in the exploration of these mechanisms. On the other hand, it helps an 

unconcealed intention of this research: to provide directions to develope improved 

lipid-polymer composite nanoparticles for drug delivery. 

Sterically stabilized vesicles were the first polymer-containing liposomal vechicles 

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 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 analyzis of 

PEG molecules covalently attached to unilamellar liposomes became an additional 

scope of my work.   
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3 Materials and methods 

3.1 Materials  

3.1.1 Lipids 

The following lipids were purchased from NOF Corporation (Japan): 

 Highly purified synthetic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; 

Coatsome MC-6060)  

 Synthetic high purity hydrogenated soy lecithin (HSPC; Coatsome NC-21E)  

 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(polyethylene

glycol)-2000] (DSPE-PEG2k; Sunbright DSPE-020CN) 

Cholesterol was obtained from Sigma-Aldrich (Prod. Nr. C8667). 

3.1.2 Polymers 

PAMAM G5 (PAMAM-NH2) dendrimer (MW: 28824 g/mol, d ≈ 5.5 nm; Prod. Nr. 

536709), PAMAM-OH G5 (PAMAM-OH) dendrimer (MW: 28950 g/mol, d ≈ 5.5 nm; 

Prod. Nr. 536814) in 5 wt % methanol solution and PAMAM-50% C12 G4 (PAMAM-mix) 

dendrimer (MW: 26011 g/mol, d ≈ 5 nm; Prod. Nr. 536970) in 10 wt% methanol 

solution was purchased from Sigma-Aldrich. All dendrimer had ethylenediamine 

core. (Fig.14) 

Low molecular weight (Mw<1500 g/mol) PMLA was prepared by the Functional 

Interfaces Research Group in the Institute of Materials and Environmental Chemistry 

(Research Center of Natural Sciences, Hungarian Academy of Sciences) (Berényi et 

al., 2013). The molecular weight distribution of PMLA solubilized in water was 

surveyed by liquid chromatography-mass spectrometry. It was shown that the 

solution contains molecules from monomers up to units consist of thirteen 

monomers; however, tetramers are the most common species. 
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3.1.3 Solvents 

Ultrapure Millipore water (18.2 MΩcm), analytical grade chloroform and methanol 

were used for the experiments. 

Phosphate buffered saline (PBS) powder was obtained from Sigma-Aldrich (Nr. 

P4417).  

All materials were used without further purification.  

3.2 Preparation of vesicles 

3.2.1 Multilamellar vesicles (MLVs) 

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. Descriptions of samples are 

presented in Table 1. 
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Table 1. Sample denomination of PMLA-containing liposomes.  

Sample name DPPC/PMLA weight ratio Medium of hydration 

PCPMw01 100:1 water 

PCPMw05 100:5 water 

PCPMb01 100:1 PBS 

PCPMb05 100:5 PBS 

 

Mixtures of PAMAM dendrimers 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. 

3.2.2 Sterically stabilized liposomes (SSLs) 

Unilamellar liposome samples were prepared by the hydration, freeze-thaw and 

extrusion method. Briefly, the components in the weight ratios summarized in Table 

2 were dissolved in chloroform:methanol mixture (2:1 v/v). The solvent was then 

evaporated at 40 °C and the resulting lipid film was kept in vacuum overnight to 

remove residual traces of the solvent. 10 mM, pH=7.4 PBS buffer solution was added 

to the samples to gain a HSPC lipid concentration of 9.6 mg/ml. Freeze-thaw cycles 

were applied for homogenization. Finally, the samples were extruded (at 60°C) ten 

times through polycarbonate filters (Nucleopore, Whatman Inc.) with 100 nm pore 

size using a LIPEX extruder (Northern Lipids Inc., Canada). Since the liposome 

suspension with 1-2 wt% concentration is too diluted for the ATR-FTIR measurement, 
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the samples were concentrated with ultracentrifugation at 110,000 x g for 3 hours 

using a Sorwall WX 90 ultracentrifuge equipped with a TH-641 swing-out titanium 

rotor. 2 ml of the original liposome sample was further diluted to 10 ml by PBS 

buffer and transferred into the centrifuge tube. After centrifugation, the 

supernatant was removed and the pellet was transferred into the liquid cell of the 

ATR-FTIR apparatus.  

Table 2. 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 Differential scanning calorimetry 

Samples were examined with a Setaram µDSC3 evo apparatus.  Samples were 

scanned at least three times from 25 °C to 70 °C. Scanning rate was 1 °C/min during 

the first heating-cooling period, then 0.5 °C/min during heating, and 1 °C/min during 

cooling period. All measurements were repeated after 30 min incubation at 25 °C. As 

a reference an empty sample holder was used. Quantities used for the 

measurements were about 10 mg. 

Enthalpy change values were converted from normalized heat (J/g) into normalized 

molar heat (kJ/mol lipid) taking in consideration the lipid content of the sample. 
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Standard deviation of the results of repeated measurements are marked on the 

tables all cases. 

3.4 Small-angle X-ray scattering 

Small- and wide-angle X-ray scattering measurements were performed using a 

modified compact Kratky-type camera (Fig.17) with slit collimation, thus the 

intensity curves of SAXS were corrected considering the geometry of the beam 

profile. Modification on the camera was made by Attila Bóta. This set-up has an 

advantage that it has an open-air sample holder which does not require vacuum, as 

it devides the camera into two parts. The built-in separators contain windows made 

of beryllium. In this way changing samples and using different types of sample 

holder (e.g. thermostable) is more convenient. A Cu-anode sealed X-ray tube 

provided the X-ray source. The scattering of Ni-filtered Cu-Kα radiation (λ=1.542 Å) 

was recorded in the small- and wide-angle ranges simultaneously using two 

multichannel position sensitive gasdetectors (MBraun, Garching, Germany). 

 

Figure 17. Modified compact Kratky-type camera used for SWAXS measurements. 
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The scattering variable is defined as q=4πsinθ/λ, where 2θ is the scattering angle. In 

the case of periodic samples the position of the first Bragg-peak is q=2π/d, where d 

is the characteristic periodicity of the sample.   

Samples were filled into thin-walled quartz capillaries with 1 mm average diameter. 

For scattering experiments each capillary was transferred into a metal capillary 

holder, which was placed into an aluminum block. This block was built directly into 

the beamline and was used as a thermal incubator for controlled annealing at 

different temperatures. After 15 min incubation of the samples, 1000 s expositions 

were made by using an MBraun PSD-50 type linear position sensitive detectors 

(MBraun, Garching, Germany), in the small- and wide-angel ranges respectively. 

Some measurements were performed at the synchrotron beamline B1 of the 

storage-ring DORIS III in HASYLAB/DESY, Hamburg, Germany (Günter Goerigk, 2006; 

Haubold et al., 1989; Ulla Vainio et al., 2006). SAXS patterns were recorded with a 

Pilatus 300k position-sensitive detector (Dectris Ltd, Switzerland) (Bergamaschi et 

al., 2010). Later, SAXS was re-measured with a Pilatus 1M detector (Broennimann et 

al., 2006; Henrich et al., 2009). The beam used was point-collimated (1×0.7 mm) and 

monochromatized to 9.6 keV or 12 keV (repeated SAXS measurement) with a Si (311) 

double crystal monochromator. Radial scattering curves were calculated from the 

images and normalized into absolute units according to the pre-calibrated glassy 

carbon reference available at the beamline. 

3.5 Freeze-fracture TEM 

Freeze-fracture electron microscopy was used for direct visualization of evolved 

structures. The gold sample holders used in freeze-fracturing process were first 

incubated at 24 °C, i.e., the same temperatures as the samples. 1-2 µl of the sample 

were pipetted onto a gold sample holder and frozen by plunging it immediately into 

partially solidified freon for 20 seconds and stored in liquid nitrogen. Fracturing was 
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performed at -100 °C with a Balzers freeze-fracture device (Balzers BAF 400D, 

Balzers AG, Vaduz, Liechtenstein). The replicas of the fractured faces etched at -100 

°C were made by platinum-carbon shadowing, cleaned with a water solution of 

surfactant and washed with distilled water. The replicas were placed on a 200 mesh 

copper grids and examined with a MORGAGNI 268D transmission electron 

microscope. 

3.6 ATR-FTIR spectroscopy 

IR measurements were performed on a Varian FTS-2000 (Scimitar Series) FTIR 

spectrometer (Varian Inc., US) equipped with a ‘Golden Gate’ single reflection 

diamond ATR accessory (Specac, UK). The ATR cell was modified with a custom-

made liquid cell cover permitting the whole sample holder to be thermostated by 

circulating water. About 5μl liposome emilsion was spread on the surface of the 

diamond ATR element. Measurements were done usually at room temperature, 

except in the case of temperature-dependency experiments where the temperature 

was equilibrated for 5 min before spectrum collection. All spectra were recorded at 

a resolution of 2 cm-1 by co-addition of 256 individual scans. ATR correction and 

water background subtraction was applied for all spectra. Spectral manipulations, 

including also the curve fitting procedure, were performed by means of the 

GRAMS/32 software package. For curve fitting, band positions were estimated using 

the second derivative, and band shapes were approximated by Lorentzian functions 

until the minimum of χ2 was reached. 

So called ‘dry film’ spectra were also recorded at room temperature. For this, a drop 

(5 μl) of liposome suspension was spread on the top of the diamond ATR element, 

then the solvent (water or buffer) was slowly evaporated. During evaporation, the 

capillary forces flatten the vesicles which spontaneously form multilayer 

arrangements. 
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3.7 NMR measurements 

NMR experiments were carried out at 25 and 50 °C on 400 MHz (for 1H) Varian NMR 

SYSTEM spectrometer using a 5 mm direct detection dual-broadband 15N-31P/{1H-19F} 

probe equipped with a Z pulse field gradient. Phosphorous spectra were recorded 

with 2 s recycle delay and WALTZ proton decoupling. 31P shifts are given relative to 

the external reference of 85% H3PO4.  
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4 Results and discussions 

4.1 The effect of poly(malic acid) 

In this chapter a detailed physicochemical characterization is given on the 

interactions between low molecular weight poly(malic acid) and phospholipid 

bilayers. The role of low molecular weight (Mw<1500 g/mol) PMLA is to model 

degradation products of PMLA-based nanoparticles in aqueous environment. 

4.1.1 The effect of low molecular weight PMLA on the thermal behavior of 
DPPC MLVs 

The presence of PMLA perturbs significantly the characteristic phase transition 

behavior of DPPC as it is presented in Fig.18. Instead of the sharp transition signal 

characteristic in the case of DPPC MLVs broadened and complex peaks appear. 

PMLA added even in 0.01 weight ratio to the lipids (PCPMw01) induces significant 

perturbation. Presumably, the samples become heterogeneous after the addition of 

the polymer according to the two shoulders of the main transition peak (43.1 °C and 

43.9 °C). Domains with different ratios are presumably formed whereby the chain-

melting signal of thermogram turns into a complex form. No macroscopic changes 

were observed in the samples visually, thus heterogeneities must happen on micro 

scale level. Moreover a shift of the pretransition peak to lower temperature is 

observed. The ΔH decreases in the presence of PMLA in the case of the 

pretransition and of main transition as well. In addition, there is a decrease in the 

value of the cooperative unit of the main transition, which indicates a destabilization 

of the membrane (Banerjee et al., 2012). As it was pointed out in the introduction, 

the pretransition is the consequence of the special motion of the headgroup region 

of DPPC molecules, therefore the observed decrease in the temperature and the 

enthalpy change of this transition can be attributed to the localization of PMLA in 

the surface of the bilayers. With increasing PMLA concentration these effects 
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become more expressed. The temperature of pretransition does not change, 

however, ΔH decreases, indicating an increased mobility in the polar region. The 

main transition displays a complex peak, containing a shoulder at 43.0 °C and a 

hump at approximately 45 °C. In addition a new, less intensive peak evolves at 48.1 

°C. These changes observed in DSC endotherm also suggest that PMLA binds to the 

bilayer surface and that this interaction becomes stronger with increasing polymer 

concentration. 

 

Figure 18. DSC endotherms of DPPC/PMLA systems prepared in water. 

Under our experimental conditions, PMLA in water produces a pH value of 2.2 and 

the pKa of DPPC is 3.8–4.0 (Cevc, 1993), consequently DPPC and the bilayers surface 

is positively charged, which predicts the adsorption of the PMLA onto the surface of 

the bilayers. All thermotropic changes seems to strengthen this expectation, even 

the complex form of the main transition. Similar changes of thermograms, namely 

°
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the appearance of high temperature shoulders were explained by peripheral 

association of molecules to the bilayers surface (Blume and Garidel, 1999). 

Table 3. Calorimetric data obtained from DPPC MLVs containing PMLA prepared in 

water. 

Sample name Pretransition  Main transition  
cooperative 

unit (CU) 

 Tm (°C) 

±0.1 °C ΔH (kJ/mol) 

Tm (°C) 

±0.1 °C ΔH (kJ/mol) - 

DPPC/H2O 35.7 5.5±2%  41.5 36.6±1%  154 

PCPMw01 33.8 2.3±3%  41.9 34.9±1%  45 

PCPMw05 35.4 1.3±3%  42.0 36.0±5%  - 

 

It is difficult to determine in a simple way from the DSC measurements weather the 

forces between PMLA and DPPC arise from only charge-dipole interactions between 

carboxylate anions and phosphocholine dipoles, or hydrogen bonding between free 

–OH groups and the phosphodiester headgroup (Seki and Tirrell, 1984). In order to 

get closer to the answer of this question, samples were also prepared in PBS 

solution (10 mM, pH 7.4). Liposomes were less perturbed when 10 mM PBS solution 

was used for hydration instead of pure water and PMLA was added in 0.01 weight 

ratio to the lipids (PCPMb01 in Fig.19). Neither the position nor the enthalpy change 

of pretransition have altered significantly compared to the DPPC/PBS system; only 

the peak of main transition shifted slightly to higher temperature and the 

corresponding ΔH increased. This indicates a type of stabilization of the gel phase. 

There is also a significant decrease in cooperativity due to the presence of the 
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polymer (Table 4) and the rate of this change is similar as it was in the case of 

PCPMw01. It seems, however, that at this concentration the effect of PMLA is not 

predominant in PBS because of the presence of NaCl and/or because of the neutral 

pH. 

 

Figure 19. DSC endotherms of DPPC/PMLA systems prepared in PBS.  

The thermogram changed significantly when PMLA was added to the lipids at 0.05 

weight ratio (PCPMb05). The pretransition peak shifted to higher temperature and 

ΔH decreased appreciably. A complex peak has appeared related to the splitting of 

the main transition into two distinct ones (42.1 °C and 43.1 °C) with a broad shoulder 

at approximately 44.6 °C. Furthermore, a small peak is evolved at 48.0 °C, which is 

similar to the case of PCPMw05. It seems that phosphate buffered saline solution 

does not influence the strong interaction between the lipid bilayer surface and the 

PMLA when it is added at 5wt% to the lipids. Presumably, when less PMLA is present, 

the sodium ions screen the charges of PMLA as well those of the lipids, thereby 

°
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explaining why the thermotropic character of the bilayers does not change so 

drastically. 

Table 4. Calorimetric data obtained from DPPC MLVs containing PMLA prepared in 

PBS. 

Sample name Pretransition 
 

Main transition 
 

cooperative 

unit (CU) 

 Tm (°C) 

±0.1 °C ΔH (kJ/mol) 

Tm (°C) 

±0.1 °C ΔH (kJ/mol) - 

DPPC/PBS 35.2 4.4±2%  41.8 34.8±1%  276 

PCPMb01 34.2 3.6±8%  42.1 37.5±1%  78 

PCPMb05 36.2 1.9±8%  41.5 36.5±5%  - 

 

4.1.2 The effect of low molecular weight PMLA on the structure of DPPC 
MLVs 

4.1.2.1 SAXS measurements 

SAXS is a very sensitive method to obtain information on the structure of 

multilamellar liposomes. Even the presence of as little as 10 mM of PBS (pH 7.4) 

causes a little broadening of the Bragg-peaks, especially for the Pβ’ phase, but it 

does not influence the size of the periodic distances (Fig.20). 
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Figure 20. SAXS patterns of DPPC MLVs in H2O and in PBS. 

The presence of PMLA in the hydrated DPPC system cause drastic changes in the 

structure as it can be observed in Fig.21. PMLA molecules cause severe loss in the 

multilamellar correlation considering that no Bragg-reflections appear in the 

scattering curves. This observation is typical in all temperature range of the 

different phases and for both PMLA concentration. Only a broad hump is present in 

all scattering curves which corresponds to the square of the form factor of single 

bilayers (described in theoretical part, see details in chapter 1.4.2). 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 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 

subsequently vortexed intensively, followed by characterization using SAXS. 

 °

 °

 °

 °

 °

 °
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Figure 21. SAXS patterns of DPPC lipid structures when PMLA is added in water.  

Surprisingly, the sample having NaCl salt additionally, exhibits the characteristic 

Bragg reflections at all three temperature of the corresponding phases (Fig.21). It 

has to be mentioned that the Bragg reflection peaks in diffractograms are slightly 

broadened in comparison to the pure system. Additionally, the characteristic 

distances of the layer arrangement increase in the gel state but decrease in ripple 

and liquid crystalline phases compared to the DPPC/H2O system. This change in the 

characteristic distances indicates that the multilamellar structure is partially 

reconstructed and that PMLA is located between the lipid bilayers. It seems that 

chemical deconstruction of lipids did not occur at a considerable rate; otherwise, 

the layer packing would not have been reconstructed. 

 The effect of low pH on the vesicles was also investigated by adding dilute 

hydrochloric acid solution (with pH 2.2, i.e., the same pH as that of the PMLA 

solution previously used) to DPPC. As the results show (Fig.22) the acidic milieu 
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causes similar drastic loss in multilayer correlation as it was observed in the system 

containing PMLA. After adding a neutral salt (NaCl) the Bragg reflections reappear 

in all three characteristic temperature domains. The changes can be interpreted by 

electrostatic interactions. At low pH regime, lipids are positively charged and the 

electrostatic repulsion results in the unbinding between the bilayers. It can be 

concluded that chemical change (demage, more exactly hydrolisis of lipid) did not 

occur in a considerable rate; otherwise, the layer packing would not have been 

reconstructed.  

 

Figure 22. SAXS patterns of DPPC MLVs in highly acidic (pH 2.2) environment. 

Taking in account also the results of DSC measurements it can be assumed that the 

significant perturbation caused by PMLA on the structure of DPPC/water vesicles is 

due to the alteration in the electric charges on the lipid headgroups. When these 

charges are screened, multilamellar liposomes can form that heterogeneously 

contain PMLA between the bilayers.  
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Samples that were prepared in buffer solution exhibit SAXS patterns (Fig.23) more 

similar to the diffractograms of DPPC MLVs, indicating that the presence of PMLA 

causes minor changes in the characteristics of the layer arrangement. At 0.01 

polymer/lipid weight ratio the Bragg reflections, however, are broadened. The 

characteristic distance increases significantly only in the liquid crystalline phase. The 

broadening of the Bragg-peaks in the Lβ’ and Pβ’ phases becomes more significant at 

a 0.05 weight ratio. Furthermore, the distances between layers increase in all three 

phases clearly showing that the PMLA molecules are embedded between the 

bilayers in the well correlated parts of the MLVs. These observations are in good 

agreement with the results of the DSC measurements. 

 

Figure 23. SAXS patterns of DPPC lipid structures when PMLA is added in PBS. 

4.1.2.2 FFTEM observations 

TEM images obtained on replicas from freeze-fractured samples provide visual 

information on the effect of PMLA on DPPC-based vesicles. Fig.24/B shows that 
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there are no arranged layers in the PMPCw05 sample: loosely packed stacks of 

curved layers are present, while the water regions between them are extremely 

extended, so the correlation of the layers is hindered, causing the disappearance of 

the Bragg reflections in the SAXS patterns (Fig.21). In contrast, multiple well-

correlated layers are present in the PMPCb05 sample (Fig.24/C): large, laterally 

micrometer-size, tightly packed layers are visible, resulting in the Bragg peaks 

shown in Fig.23. 

 

Figure 24. Structure of freeze-fractured surfaces of DPPC MLVs (A), of DPPC/PMLA 

system prepared in water PCPMw05 (B) and of DPPC/PMLA system prepared in PBS 

PCPMb05 (C). 

4.1.3 Interactions between PMLA and DPPC MLVs on the molecular level 

To obtain information on the possible interactions between PMLA and lipid 

molecules, infrared spectra of hydrated DPPC/PMLA systems were measured at 

room temperature. The spectral regions selected for investigation were the 

symmetric CH2 stretching vibration (~2850 cm-1), the carbonyl stretching mode C=O 

(1800-1680 cm-1) and the phosphate headgroup vibration region (1260-1000 cm-1) 

(Fig.25). No significant spectral differences were observed due to the presence of 

PMLA in the DPPC system compared to the control DPPC/water suspension. This 

lack of difference indicates that, despite the high acidity of the PMLA solution 

(pH=2.2), prompt destructive hydrolysis of the phospholipid molecules does not 
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occur. The same phenomenon was witnessed also by investigating DPPC liposomes 

hydrated by diluted hydrochloric acid at pH=2.2.  

 

Figure 25. Infrared spectra of DPPC MLVs and PMLA/DPPC systems in water and in PBS. 

4.1.3.1 Lipid order and packing 

The peak position of the methylene stretching band (νsCH2) is a common parameter 

to detect the conformational disorder and mobility of the hydrocarbon chain (see 

chapter 1.4.3.1). No notable change was observed in the νsCH2 frequency (Fig.25) 

due to the presence of PMLA in the DPPC system, indicating that PMLA has no 

effect on the lipid order and packing under our experimental conditions. 

4.1.3.2 Sites of hydrations 

The phosphate and carbonyl frequencies are widely used as sensors for changes in 

hydration at the interface region or at the headgroup. The polar-apolar interface of 

DPPC is represented by ester carbonyl groups with a C=O stretching band between 

1800 and 1600 cm-1. In highly hydrated bilayers, this band splits into two overlapping 

components: a high wavenumber band at approximately 1742 cm-1 of the non-
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hydrogen bonded C=O groups and a low wavenumber band at approximately 1728 

cm-1, due to the hydrogen bonding of the C=O groups (chapter 1.4.3.2). The exact 

positions of these bands are also affected by the geometry of the glycerol moieties 

and the packing of the alkyl chains. Fig.26 presents the results of a curve fitting 

analysis. For the DPPC/PMLA/water system with rather high acidity, the relative 

intensity of the non-hydrogen bonded C=O band increases compared to that of the 

DPPC/water liposomes, indicating a dehydration of the lipid interface region. In the 

presence of the buffer, however, this phenomenon is suppressed. Assuming that no 

change in the alkyl region occurs, the variation in the overall band shape of the C=O 

band can be related to the change in the “secondary hydration shell” of the lipids. 

This altered secondary hydration shell can contribute to the variations of the dipole 

potential of the lipid membrane surface. 

 

Figure 26. ATR-FTIR spectra of the carbonyl stretch region (1800-1600 cm-1) of 

DPPC/H2O and PMLA-containing DPPC-systems. Under the measured spectra the fitted 

bands corresponding to intact and H-bonded C=O groups are indicated, respectively. 

The dashed lines display the fitted bands belonging to the C=O stretch of the malic 

acid/poly(malic acid) components, while the dotted lines are fitted bands, which may 

be related to fatty acids (impurities or hydrolysis results) and residual water 

(inaccurate spectral subtraction). 

The phosphate moiety of the headgroup also has characteristic vibrations in the 

DPPC spectrum. Asymmetric and symmetric stretching modes of the PO2
- group 
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exhibit bands in the region from 1230-1220 cm-1 and at 1085 cm-1, respectively, with 

the former being superimposed onto the weak band series of the CH2 wagging 

progression (chapter 1.4.3.3). The R-O-P-O-R’ stretching of phosphate-diester 

appears as a shoulder near the νsPO2
- band at approximately 1060 cm-1. The 

asymmetric PO2
- stretching (νasPO2

-) band is the most sensitive for the hydrated 

state: due to the H-bonded water molecules, it exhibits the maximum at 1222 cm-1 in 

the fully hydrated state, while it shifts towards higher wavenumbers (~1243 cm-1) in 

the dry state. In contrast to the dehydration experienced for the C=O groups, 

different concentrations of PMLA in liposomes does not change the position of 

νasPO2
-. Only the relative intensities of the νsPO2

- and νR-O-P-O-R’ bands changed 

slightly in the spectra of the DPPC/PMLA system compared to the case of the pure 

DPPC/water system, due to the presence of foreign molecules between the lipid 

bilayers (Fig.25). 

 

Figure 27. ATR-FTIR spectra of dry films of PMA/ DPPC/PBS systems. For comparison, 

dry film spectrum of pure DPPC/PBS is presented. From bottom to top: DPPC/PBS 
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system; DPPC/PMLA/PBS systems with 1 wt% PMLA/DPPC ratio (PCPMb01) and 5 wt% 

PMLA/DPPC ratio (PCPMb05). 

Investigating the νasPO2
- stretching mode in the DPPC/PMLA dry film spectra, the H-

bonded PO2
- asymmetric stretching band of the phosphate moiety is still present (at 

1222 cm-1), and its intensity increases with increasing concentration of PMLA (Fig.27). 

This observed behavior demonstrates a direct interaction between DPPC and PMLA 

molecules. One can presume that the occurring free OH groups of malic 

acid/poly(malic acid) might mimic the water of hydration. Due to steric hindrance, 

the carbonyl groups of DPPC positioned at the interface region are not directly 

accessed by PMLA. 

4.1.4  Conclusion 

The results of this study indicate that poly(malic acid) interacts with the headgroups 

of phospholipids and changes the thermal properties and packing feature of the 

DPPC bilayers.  

When PMLA is added to the lipids in pure water it binds to the headgroups and this 

interaction affects the alkyl chain region as well, there is a loss in the cooperativity 

of chain melting during phase transition. Moreover PMLA hinders DPPC to form 

multilamellar structure of phospholipids, due to the low pH caused by the polyacid 

and thus to the change in the charge of the lipids. 

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 occure between the layers. The 
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characteristic distances of the layers, however, increase indicating the incorporation 

of PMLA between the layers. 

FTIR spectroscopy demonstrates also that there is a change in the dipole potential 

of the lipid membrane surface when PMLA is present compared to the case of the 

DPPC/water system. However, this change is suppressed in the presence of PBS. In 

addition, hydrogen bonds are demonstrated to form between the free hydroxyl 

groups of PMLA and the phosphodiester groups of DPPC. Eventually, the changes in 

the dipole potential may increase the thickness of the water layer at each side of 

bilayers, where the significant loss in layer correlation exists, as observed directly 

from the SAXS patterns.  

 

Figure 28. The supposed structure of the DPPC MLVs in the presence of low molecular 

weight poly(malic-acid). 

In summary, the low molecular weight PMLA interacts with the headgroups of lipids 

in liposomes and causes the swelling of the layers in the absence of buffer. 

However, when the acidity of the polymer is not dominant, PMLA does not 

significantly disrupt the structure of liposomes. Thus, low molecular weight PMLA 

likely does not disrupt cell membranes either. 
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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.  

 These results can impact also the field of liposomal drug delivery, as attaching 

charged polymers (such as PMLA) to the surface of unilamellar liposomes may 

provide them with steric stability. 
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4.2 The effect of PAMAM dendrimers 

In chapter 1.5.2 the attractive results were summarized that were published about 

the interactions between dendrimers and lipid membranes. In the case of G7 and 

higher generation dendrimers the effects are clearly explained, but there is some 

lack of understanding about the mechanism of these interactions especially in the 

case of margin-like dendrimers in size, just as G5 and G6. Mecke and coworkers have 

made thermodynamic calculations and proposed that G7 PAMAM dendrimers (d ≈ 8 

nm) are big enough to have a closed lipid bilayer wrapping them after interaction 

with lipid bilayer (Mecke et al., 2005b). Although the diameter of G5 (d ≈ 5.5 nm) 

dendrimers is too small for this, they still remove lipids from PC membranes. We 

aimed to understand this mechanism in depth. Interactions between positively 

charged fifth generation (G5) PAMAM-NH2 dendrimers and DPPC based liposomes 

were investigated in order to reveal the effects between dendrimers and lipids 

when the size of the dendrimer is not big enough to form a bilayer-coated 

dendrimer complex. In addition other PAMAM dendrimers with the same size but 

different surface characters were also investigated in order to explore the role of 

terminal functional groups in the interactions between the lipids and the polymers. 

4.2.1 Positively charged, amino-terminated PAMAM dendrimer 

4.2.1.1 Changes in thermal behavior of DPPC in the presence of PAMAM-NH2 

dendrimers 

Thermograms of fully hydrated DPPC and DPPC/PAMAM-NH2 dendrimer systems are 

shown in Fig.29, and the corresponding calorimetrical data are collected in Table 5. 

In the presence of the dendrimers the shape of the endotherms alters depending on 

the PAMAM-NH2/DPPC ratio.  

PAMAM-NH2 dendrimers affect the pretransition significantly when added to the 

lipids in 10-3 molar ratio, the temperature as well as the change in enthalpy 

decreases, revealing an interaction between the lipid headgroups and the 
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dendrimers. The main transition peak was not shifted, only the increased halfwidth 

shows the effect of the dendrimers. The observation of dendrimers causing major 

disturbance in pretransition indicates that the dendrimers interact with the 

headgroups of the phospholipids and in this way affect the chain packing slightly 

causing a loss in cooperativity. However, in this concentration the interaction does 

not perturb the lipid system substantially. Klajnert and Epand have found similar 

results when investigating the effect of G3 PAMAM dendrimers on DPPC MLVs 

(Klajnert and Epand, 2005). They explained it as a consequence of the dendrimers 

inserting into the bilayer and eliminating steric crowding of the headgroups. 

 

Figure 29. DSC endotherms of fully hydrated DPPC MLVs and PAMAM-NH2-loaded DPPC-

systems. 
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Table 5. Thermometric data obtained from DSC measurements of fully hydrated 

DPPC MLVs and PAMAM-NH2-loaded DPPC-systems 

 Pretransition  Main transition 

 Tm (°C) 

±0.1 °C 

H (kJ/mol)  Tm (°C) 

±0.1 °C 

H 

(kJ/mol) 

CU 

DPPC 35.7 5.5±2%  41.5 36.6±1% 154 

PAMAM-NH2/DPPC 10-3 33.6 3.4±5%  41.4 36.6±1% 118 

PAMAM-NH2/DPPC 10-2 - -  - 45.9±1% - 

 

The increase of the amount of the dendrimers changes the thermal behavior of the 

lipids significantly (Fig.29). Pretransition is completely absent in the case of 10-2 

dendrimer/lipid molar ratio. Instead of a single, sharp peak there is an envelope of at 

least three peaks around the temperature range of the main transition of DPPC 

MLVs. Gardikis and coworkers got similar results when they added G4 PAMAM-NH2 

dendrimers to DPPC in 10 mol%, which is higher than the concentration applied by 

us, but also the size and the number of terminal amine-groups of the 4th generation 

dendrimer (d ≈ 4.5 nm) are smaller than that of 5th generation dendrimer (Gardikis 

et al., 2006). The broad peak at 40.4 °C shows increased membrane fluidity and 

significantly decreased cooperativity of alkyl chain melting.  Meanwhile the high 

temperature shoulder and the peak at 45.5 °C correspond presumably to lipid 

domains that are less hydrated (Yeagle, 2010). It seems plausible that the system 

became heterogeneous, because of a strong interaction between the dendrimers 

and the lipids, which affects the headgroups as well as the chain region. There are 

presumably dendrimer-rich domains which could be less hydrated and domains with 

less dendrimer attached where the original thermotropic character of the DPPC is 
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dominant. In this aspect dendrimers have similar effect on DPPC as PMLA, although 

the two polymers are oppositely charged. 

4.2.1.2 Changes in lipid membrane structure and morphology due to the addition 

of PAMAM-NH2 dendrimers 

The structural studies were carried out at 25 °C, 38 °C and 46 °C, corresponding to 

the characteristic temperature range of the gel (Lβ'), ripple (Pβ') and liquid crystalline 

phases (Lα) of the fully hydrated multilamellar DPPC vesicles. SWAXS patterns (the 

full measured SAXS and the relevant part of the WAXS curves) of the pure lipid and 

the loaded systems are shown in Fig.30. Measurements at different temperatures 

are grouped together for each PAMAM-NH2/DPPC ratio. In the case of 10-2 

dendrimer/lipid molar ratio, only two curves are plotted, because in the absence of 

pretransition, scattering curves at 25 °C and 38 °C were the same.  

The doped system with 10-3 dendrimer/lipid molar ratio exhibits the main structural 

features of pure DPPC MLVs: the positions of Bragg reflections are nearly the same 

as those of the pure lipid/water system (d25°C=6.4 nm, d38°C=7.2 nm, d46 °C=6.6 nm), 

except that they are broadened. The broadening of the characteristic Bragg 

reflections in the case of the loaded system indicates the reduction of the 

multilamellar correlation due to the presence of dendrimers. These findings explain 

the decrease of cooperativity observed during the phase transitions by means of 

DSC method. In the gel and ripple phases the broadened WAXS peaks indicate a 

slight change in the chain packing. Instead of the complex Bragg profile 

corresponding to the hybrid hexagonal subcell, a wide one, centered at 

qn=2πn/0.414 nm-1 can be observed at 25 °C. At 38 °C the shape of the profile remains 

nearly the same, meaning a decreasing difference in the chain packing between the 

gel and ripple phases. The similar structures can give an explanation to the reduced 

phase transition enthalpy measured by the DSC. 
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Figure 30. Left: small and wide-angle X-ray scattering curves of fully hydrated DPPC 

MLVs and PAMAM-NH2 -loaded DPPC-systems measured at different temperatures. 

Right: small-angle X-ray scattering curves of PAMAM-NH2-loaded DPPC-system having 

10-2 dendrimer/lipid molar ratio measured at the synchrotron station and on a 

laboratory instrument. 

The SAXS-patterns related to the samples with 10-2 dendrimer/lipid molar ratio differ 

significantly from the others. At 25 °C Bragg reflections disappear, only a single 

“hump-like” peak can be observed. This part of the scattering curve corresponds to 

the form factor (square of the Fourier transform of the electron density profile) of 

single lipid bilayers, indicating the complete lack of a well-ordered multilayered 

structure (see chapter 1.4.2.1.2.). Though it was not possible to obtain more details 

with the Kratky SAXS camera operating with a line-focused X-ray beam. Surprisingly, 

in the temperature range of the liquid crystalline phase (46 °C) the pattern provides 

definite diffraction peaks, moreover, a shoulder appears in the beginning part of the 
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46 °C
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scattering curve by a particularly small q value (2π/13 nm-1). Meanwhile, the 

character of the WAXS-pattern at 25 °C is more similar to the pattern of the pure 

DPPC MLVs in contrast to what was observed in the case of PAMAM/DPPC 10-3 

system.  

In order to obtain more information about the structural formations of the sample 

having 10-2 PAMAM/DPPC molar ratio the scattering patterns were measured more 

thoroughly by using synchrotron SAXS apparatus (Fig.30). The advantage of the 

point focus geometry of the synchrotron station is the absence of artifacts arising 

from the desmearing procedure and the more expressed characteristic Bragg 

reflections. The results obtained at the synchrotron station are in agreement with 

the laboratory SAXS measurements but they also allow finer details to be resolved. 

Especially, the “hump” that was observed with the laboratory apparatus at 25 °C, 

seems to be a complex peak consisting of the form factor of the bilayers and of 

equidistant reflections, which may correspond to a highly swollen lamellar phase 

(d=14 nm). The higher intensity of the second order diffraction is due to its closeness 

in position to the maximum of the absolute square of the bilayer form factor. 

Presumably, this increased period is the consequence of the dendrimers embedded 

into the water shells between the lipid bilayers and of the electrostatic repulsion 

caused by the net positive charge of the dendrimers, which may lead to an extended 

interbilayer water layer. The fact that the form factor is clearly expressed shows 

that successive layers are loosely correlated and/or laterally not extended. The 

scattering curve does not preclude the local presence of other structures. 

The SAXS curve obtained at 46 °C exhibits equidistant Bragg reflections in four 

orders with a still unusually high periodic distance (13 nm), strengthening the results 

of the laboratory SAXS studies, too. As described in the study of Kelly et al., 

dendrimers have nearly spherical shape when interacting with gel phase lipids, but 

when interacting with fluid phase lipids they are flattened on the bilayer surface, 
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moreover they enter in the alkyl chain region(Kelly et al., 2008b). This change in the 

dendrimer morphology can explain the decreased periodic distance in the 

temperature domain of the liquid crystalline phase compared to that of gel phase.  

 

Figure 31. FFTEM micrographs of PAMAM-NH2/DPPC system having 10-2 

dendrimer/lipid molar ratio. 

To visualize the lipid structures in the presence of PAMAM-NH2 dendrimers (10-2 

dendrimer/lipid molar ratio) FFTEM investigations were performed (Fig.31). At 25 °C 

no liposome appears, but besides amorphous layers, there are domains of closely 

packed grains, which may be responsible for the complex scattering curve above. It 

is clearly shown that dendrimers hinder the formation of regular multilamellar 

vesicles, however, we were able to catch stacks of the swollen layers, in which the 

periodic distance is in the range of 14-15 nm, in good agreement with the SAXS 

results. At 50 °C rather ragged layers can be observed, and simultaneously very 

small, spherical entities are present with an average diameter of 20-50 nm. These 
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spheres are more regular forms compared to the grains of the non-lamellar domains 

observed at 25 °C. It seems that besides the weakly correlated lamellae, small 

proportion of micelles or other highly curved vesicles are present. Since G5 PAMAM 

dendrimers do not have a radius high enough to support individually a surrounding 

vesicle (Kelly et al., 2009), aggregated dendrimers should be in the core of these 

assemblies. The microscale inhomogeneities observed on the TEM pictures give an 

explanation for the complex main transition peak on the DSC curve (Fig.29). The 

domains containing more dendrimers should have more significant change in the 

molecular packing of surrounding lipids. Åkesson et al got similar results when 

investigating giant liposomes by fluorescent microscopy (Åkesson et al., 2012c). 

31P-NMR studies (Fig.32) were also performed in order to get another view of the 

evolved structures. It was found that besides the broad, asymmetric peak 

corresponding to the lamellar phase of DPPC, a narrow peak appears around 0 ppm, 

which is still present on the spectrum measured at 50 °C and correlates to the small 

proportion of highly curved vesicles seen on FFTEM pictures.  

Summerizing the observations, two main structures can be distinguished in the 

dendrimer-induced lipid formations: (i) regularly packed layers with rough surface, 

apparently layers spread with dendrimers and (ii) highly curved vesicles presumably 

containing aggregates of dendrimers. These different perturbed structures of DPPC 

give an explanation for the multiple main transition feature observed by DSC and 

point toward a very strong interaction between dendrimers and lipids. 
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Figure 32. 31P NMR spectra of fully hydrated DPPC MLVs and PAMAM-NH2 -loaded 

DPPC-system having 10-2 dendrimer/lipid molar ratio. 

4.2.1.3 Molecular interactions between PAMAM-NH2 dendrimers and DPPC 

In order to understand the structural characteristics of dendrimer-loaded DPPC 

systems on the molecular level, FTIR spectroscopic investigations were applied. 

ATR-FTIR spectra of pure DPPC and of PAMAM-NH2/DPPC systems are shown in 

Fig.33, compared to the spectrum of the neat PAMAM-NH2 dendrimer recorded 

from aqueous solution. 
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Figure 33. Infrared spectra of DPPC MLVs, PAMAM-NH2 -loaded DPPC-systems and pure 

PAMAM-NH2 dendrimers. Arrow-marked bands are characteristic for lipids. The 

symmetric CH2 stretching band wavenumber region (around 2850 cm-1) is enlarged in 

the inset. 

The spectrum of the G5 PAMAM-NH2 dendrimer (Fig.33) is dominated by two strong 

bands at 1634 and 1554 cm-1. The former can be assigned to the amide I mode of the 

polyamide units likely overlapped with the primary aliphatic amine deformation 

mode of the terminal -NH2 groups. The band at 1554 cm-1 belongs to the amide II 

mode. Considering the spectra of PAMAM-NH2/DPPC mixtures, a shift of the amide I 

and amide II bands can be observed indicating a slight conformational change of 

dendrimers as a result of the interaction with the phospholipid bilayers. The 

downshift of the amide I frequency and the increase in the amide II band position 
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suggest an increased level of hydrogen bonding of the dendrimer molecule 

(Myshakina et al., 2008). 

Following the discussion of different region of phospholipids by the means of IR 

technique in chapter 1.4.3, we focuse on vibrations associated with the apolar alkyl 

chain region, characterized by the symmetric CH2 stretching vibration (2848-

2853 cm-1); the polar-apolar interface or glycerol backbone region, featured by the 

carbonyl C=O stretching mode (1750-1720 cm-1); and the polar headgroup region, 

described by the phosphate stretching vibrations (1260-1000 cm-1).  

When investigating the peak position of the symmetric methylene stretching (νsCH2) 

(which is a sensitive parameter to lipid order and packing, responsive to changes in 

the trans/gauche ratio of the lipid chains) no significant differences can be detected 

in the peak positions of the PAMAM-NH2-loaded samples (2850.15 cm-1 and 

2850.57 cm-1 Fig.33 inset) compared to the pure DPPC MLVs (2850.28 cm-1). Thus only 

minor perturbations occur in the alkyl chain region at room temperature. At the 

molar ratio of 10-2 PAMAM-NH2/DPPC, however, a significant increase in the 

bandwidth was observed showing a slightly increased motional freedom of the acyl 

chains. 
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Figure 34. Infrared spectra of C=O stretching region of DPPC MLVs, PAMAM-NH2-loaded 

DPPC-systems along with the band components obtained by curve fitting procedure; 

dotted lines represent the residuals of the fittings.  

As mentioned earlier, the ester C=O stretching vibration at 1750-1720 cm-1 can be 

resolved for two different bands in highly hydrated bilayers: a high wavenumber 

band at ~1740 cm-1, and a low wavenumber one at ~1725 cm-1. Fig.34 shows the 

results of the curve fitting analysis for the pure DPPC and the two PAMAM-NH2-

loaded samples. By the addition of G5 PAMAM-NH2 dendrimers, the relative 

intensity of these two band components is changing. When dendrimers are added 

to DPPC, beside the non-hydrogen bonded C=O (1742 cm-1) and hydrogen bonded 

C=O (~1727 cm-1) components, a new band around 1732 cm-1 appears. This new band 

component might be due to domains of lipid hydrated in a different way as a result 

of interactions with the dendrimers. At higher dendrimer concentration (PAMAM-

NH2/DPPC 10-2) the C=O contour is slightly changed due to the increased relative 

intensity of the non-hydrogen bonded C=O band, indicating changes in the 

hydration level and in the dipole moment of the polar-apolar lipid interface, too. The 

increase in the intact/H-bonded C=O ratio was also observed in the case of 

poly(malic acid)/DPPC/H2O system, but here this ratio turns over one and there is an 

additional band (1732 cm-1) which indicates a more significant perturbation, 

presumably conformational change of lipid headgroups with a more hydrophobic 

environment of C=O groups. 
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Significant difference between the asymmetric PO2
- vibration bands (1223 cm-1) is 

observed only at higher concentration of PAMAM-NH2 dendrimer (10-2) (Fig.35): a 

new broad band, centered at 1063 cm-1 appears, indicating an alteration in the 

conformation of phospholipid headgroups. PAMAM-NH2 has also some bands in this 

region; nonetheless, subtracting the spectrum of pure dendrimer does not affect 

the above observation. These changes in the phosphate headgroup vibrations 

confirm an intermolecular interaction of the phosphate groups with the PAMAM-

NH2 dendrimer directly or through a water molecule.  

 

Figure 35. Infrared spectra of phosphate stretching region of DPPC MLVs and 

PAMAM-NH2 -loaded DPPC-systems. 

Temperature dependency of the CH2 symmetric stretching frequency in the 

PAMAM-NH2-loaded DPPC-system with 10-2 dendrimer/lipid molar ratio was also 

investigated (Fig.36). When IR spectra are represented as a function of temperature 

an anomalous behavior stands out: at the main transition temperature the intensity 
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of CH2 stretching modes decreases drastically then again with increasing 

temperature it increases. There is no drastic changes, however, in the peak positions 

comparing the loaded system and the pure DPPC one, only the main transition 

temperature interval is broadened and prolonged towards higher temperatures, 

conform to the meaning of DSC curves. A slight increase in the νsCH2 band position 

indicates an increased number of gauche conformers relative to the pure DPPC. The 

drastic decrease of the characteristic lipid band intensities might be due to that 

during the phase transition  the PAMAM-NH2/DPPC system is in a frustrated state, 

where the self-assembly of lipids  may be destroyed. 

Summarizing the results of the ATR-FTIR measurements we can conclude that there 

is a traceable, significant molecular interaction between the headgroups of the 

phospholipids and the PAMAM-NH2 dendrimers when dendrimers are added in 10-2 

molar ratio (regarding the changes of the amide I and amide II bands of PAMAM-

NH2 and the R-O-P-O-R’ diester band of DPPC). This interaction affects also the 

hydration level of the polar-apolar lipid interface indicated by the C=O stretching 

vibrations. Besides, a conformational disordering is introduced in the alkyl chain 

region according to the broadening of the νsCH2 band. Similar spectral changes were 

observed by Cieślik-Boczula et al. studying isotropic phases with high curvature in 

the DPPC structure induced by 3-pentadecylphenol (Cieślik-Boczula and Koll, 2009). 

The presence of an isotropic phase, experienced by our FTIR study is in accordance 

with the 31P NMR results and might be dominantly due to small, highly curved 

vesicles, observed on the FFTEM pictures. 



73 

 

 

Figure 36. Temperature dependence of CH2 symmetric stretching bands of DPPC MLVs 

and PAMAM-loaded DPPC system. 

4.2.2 Hydroxyl-functionalized PAMAM (PAMAM-OH) dendrimer 

PAMAM-OH dendrimers showed a lower level of toxicity compared to PAMAM-NH2 

dendrimers presumably because of the shielding of the internal cationic charges by 

surface hydroxyl groups (Boas et al., 2006; Duncan and Izzo, 2005). Consequently, 

°



74 
 

we expect less pronounced perturbation in the characteristic thermal and structural 

behaviors of DPPC MLVs when PAMAM-OH dendrimers are added. 

4.2.2.1 Thermal characteristics of PAMAM-OH-doped DPPC liposomes 

In the thermal behavior of DPPC/PAMAM-OH systems only slight changes can be 

witnessed, even when dendrimer are added in 10-2 molar ratio to the lipids (Fig.37). 

With increasing dendrimer concentration the peak of main transition broadens 

along with the reduction of temperature and enthalpy change of the pretransition. 

From these minor changes it can be concluded that PAMAM-OH attends to the 

headgroup region of the bilayers and cause a little loss in cooperativity of the chain 

melting, still it does not perturb the lipid bilayers in a considerable rate. In this 

manner they differ from PAMAM-NH2, which caused radically altered thermal 

characteristics when added in higher concentration. 

 

Figure 37. Thermograms of DPPC MLVs and dendrimer-loaded DPPC systems. 
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Table 6. Thermometric data obtained from DSC measurements of fully hydrated 

DPPC MLVs and PAMAM-OH-loaded DPPC-systems. 

 

  Pretransition Main transition 

    

Tm (°C) 

±0.1 °C ΔH (kJ/mol) 

Tm (°C) 

±0.1 °C ΔH (kJ/mol)  CU 

DPPC   35.7 5.5±2% 41.5 36.6±1% 154 

PAMAM-OH/DPPC 10-3 34.6 4.1±3% 41.4 33.0±1% 139 

PAMAM-OH/DPPC 10-2 33.4 3.0±4% 41.5 33.5±2% 95 

 

4.2.2.2 Membrane structure and morphology of PAMAM-OH-doped DPPC 

liposomes 

The SWAXS patterns (presented in Fig.38) suggest also that the presence of 

PAMAM-OH dendrimers cause minor changes in the characteristic structures both in 

layer arrangement and in chain packing.  

 

Figure 38. SWAXS patterns of DPPC MLVs and dendrimer-doped lipid structures. 
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At 10-3 dendrimer/lipid molar ratio a slight broadening of the Bragg reflections 

indicates the presence of guest molecules in the small-angle region, while no 

significant change occurs in the wide-angle region. With increasing concentration of 

the dendrimers, the peaks are even broader. The relative intensive reflections at 

nearly the same position as in the case of DPPC MLVs, however, indicates that 

dendrimers with –OH surface groups do not disturb the multilamellar structure of 

DPPC vesicles, not even when added in 10-2 molar ratio to the lipids. This observation 

is in good agreement with the results of the DSC measurements. There are two 

more, smaller effects of the dendrimers evidenced on the SAXS curves. The curves 

exhibit – especially at 10-2 dendrimer/lipid molar ratio – increased scattering intensity 

in the low q region (q=0.3-0.5). This increased scattering is presumably a result of 

domains evolved with an extension of tens of nm-s. It can mean that dendrimers are 

embedded between the bilayers in larger domains. The second effect is that at 48°C 

both at 10-3 and 10-2 molar ratios the Bragg reflections become sharper and more 

intensive, than at gel phase, which means that the layer correlation is higher in liquid 

crystalline phase. This phenomenon confirms also the theory of Kelly et al. on the 

different behavior of dendrimers in contact with lipids in different phases (Berényi 

et al., 2014; Kelly et al., 2008b). If dendrimers are rather spherical when interacting 

with gel phase lipids, but flattened out when being in contact with fluid phase lipids, 

than DPPC bilayers can be more ordered with rather flat disks between them (i.e. in 

Lα phase at 48 °C) than with incorporated spheres (i.e. in Lβ’ phase at 25 °C).  

FFTEM micrographs (Fig.39) show typical view of MLVs with variable sizes; however 

there are more small, unilamellar vesicles (25-100 nm) in the sample than usual. The 

proportion of ULVs is even more increased by higher dendrimer concentration. It 

seems plausible that dendrimers attached to the surface of these ULVs gives them 

stability in the unilamellar form. The amount of the ULVs, however, is not enough to 
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contribute significantly to the SAXS curves with the shape of the form factor of 

uncorrelated bilayers. 

 

Figure 39. Fractured surface structure of PAMAM-OH-doped liposomes in gel phase. 

4.2.2.3 Changes on the molecular level 

In Fig.40 the infrared spectra of PAMAM-OH/DPPC mixtures are presented together 

with the spectra of DPPC MLVs and PAMAM-OH dendrimers. Similarly to the 

spectrum of the G5 PAMAM-NH2 dendrimer (Fig.33), PAMAM-OH dendrimer 

features also the two dominant amide I and amide II modes (1634 and 1554 cm-1) and 

have a band around 1064 cm-1 due to the vibrations of the terminal –OH groups. 

Unfortunately this band overlaps with the R-O-P-O-R’ vibrations, thus conclusions on 

the change in the ester-stretching are difficult to make.  
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Figure 40. ATR-FTIR spectra of hydrated DPPC, PAMAM-OH/DPPC mixtures and 

PAMAM-OH dendrimers in water.  

A shift of the amide I and amide II bands can also be observed when PAMAM-OH 

dendrimers are added to the lipids. The downshift of the amide I frequency and the 

increase in the amide II band position suggest similarly a change in the conformation 

of the dendrimers where the amide groups are easier exposed to H-bonding. 

Taking a closer look at the spectra, only minor differences can be observed in the 

characteristic vibrations of the lipids. The position of the CH2 stretching vibrations 

peak does not change, however, at 10-2 dendrimer/lipid ratio the band becomes 

considerably broader. Neither in the phosphate vibrations region (1300-1000 cm-1) 

nor in the ester carbonyl vibration (1734 cm-1) can be observed more effect than a 

slight broadening of the peaks at higher dendrimer concentration.  
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The dry film spectra of the dendrimer-loaded vesicles were investigated as well. 

From the results (Fig.41) here again a weak interaction between the dendrimers and 

the lipids can be deduced, as the ratio of H-bonded and non-H-bonded (free) νasPO2
- 

modes (1223 and 1243 cm-1) are higher in the case of the dendrimer-loaded sample 

than in pure DPPC MLVs. It suggests that H-bonding exist between the –OH groups 

of the dendrimer and the oxygen of the phosphate moiety of the lipid headgroup.  

 

Figure 41. ATR-FTIR spectra of dry films of PAMAM-OH-loaded and pure DPPC MLVs. 

Conclusively, the minor changes in the spectra of DPPC in the presence of PAMAM-

OH dendrimers indicate that the macromolecules are attached to the bilayers 

surface by weak bonds but they are not penetrating deeper into the bilayers. 

4.2.3 Dendrimer modified with hydrophobic chains (PAMAM-mix) 

PAMAM-mix dendrimers are rather hydrophobic thus they are considered to 

interact with the hydrocarbon chain region of the liposomes. Despite of the 

insolubility in water of this type of dendrimer, it forms macroscopically 

homogeneous emulsion with DPPC in the examined concentration region. 
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4.2.3.1 Thermal behavior of DPPC in the presence of PAMAM-mix dendrimers 

All thermotropic parameters were significantly altered by the presence of PAMAM-

mix dendrimers (Table 7., Fig.42). Pretransition is hardly observable even at 10-3 

dendrimer/lipid molar ratio and the main transition exhibits a symmetric, sharp peak 

with a small downshift of the transition temperature.  

At higher concentration of the dendrimer the pretransition is abolished, but even 

the main transition is only patterned as a small, broad peak. These drastic 

perturbations indicate a very strong interaction between lipids and dendrimers, 

which has to be driven by the hydrophobic attraction between the alkyl chains of 

the lipids and that of the dendrimers. 

  

Figure 42. Thermograms of DPPC MLVs and PAMAM-mix dendrimer-loaded DPPC 

systems. 

°

exo
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Table 7. Thermometric data obtained from DSC measurements of fully hydrated 

DPPC MLVs and PAMAM-mix-loaded DPPC-systems. 

 Pretransition  Main transition 

 
Tm (°C) 

±0.1 °C 
ΔH (kJ/mol)  

Tm (°C) 

±0.1 °C 

ΔH 

(kJ/mol) 
CU 

DPPC 35.7 5.5±2%  41.5 36.6±1% 154 

PAMAM-mix/DPPC 10-3 29.3 1.3±8%  41.0 35.1±4% 83 

PAMAM-mix/DPPC 10-2    40.0 30.5±8% 20 

 

The hydroxydodecyl chains of the dendrimers could be inserted between the alkyl 

chains of the lipid bilayer and this insertion is reducing the cooperativity of the chain 

melting in a drastic way at the higher concentration of PAMAM-mix. Lipid tails in the 

very vicinity of the dendrimers may be in unordered state.  

4.2.3.2 Changes in lipid membrane structure and morphology in the presence of 

PAMAM-mix dendrimers 

SWAXS patterns of dendrimer loaded DPPC are presented in Fig.43. In the case of 

PAMAM-mix/DPPC 10-2 sample, only two SWAXS curves are plotted because no 

pretransition occurred in this system. Also at 10-2 polymer/lipid molar ratio the 

pretransition and the main transition are overlapping which explains that the 

interpretation of the scattering curve at 38 °C in the small-angle region is 

problematic. 

SAXS patterns of PAMAM-mix-loaded samples show remarkable results. The 

dendrimers added even in 10-3 molar ratio to the lipids seems to demage the regular 

multilayer structure of DPPC. The SAXS curve exhibits only a broad Bragg-reflection 
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with small intensity (the second reflection can hardly be distinguished from the 

noise). However, the peak position is somewhat decreased compared to the pure 

DPPC system (q=1/6.1 nm-1), still it may originate from dendrimer-free parts of the 

sample. It seems that dendrimers force the major part of the lipids in an unordered 

structure. The observation coincides with the results of DSC measurement. The 

WAXS-profile broadens significantly which indicates also the loss of integrity in the 

alkyl chain region.  

  

Figure 43. SWAXS patterns of DPPC MLVs and PAMAM-mix dendrimer-doped lipid 

structures. 

When PAMAM-mix dendrimers are added in 10-2 to the lipids, at 25 °C the SAXS curve 

exhibits an extremely broad hump with small interpolated peaks, while the WAXS 

profile still shows the existence of a lipid subcell. Just as explained earlier, the 

“hump” correspond to uncorrelated bilayers in the sample. This and the relative 

regular shape and position of the WAXS peak (q=1/0.418 nm-1) indicates that the 

relative amount of dendrimer-free lipid domains in the sample increased compared 

to the sample containing PAMAM-mix at only 10-3 molar ratio. Consequently 

aggregation of dendrimers should occure. Between the displacements of the small 
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interpolated peaks, no regularity was found (i.e. no cubic or hexagonal phases could 

be identified); they may correspond to lamellar phases with different characteristic 

distances. At 48°C a complex SAXS curve with expressed diffraction peaks was 

obtained and also the shape of the form factor can be recognized. The most 

intensive peak at q=1.03 nm-1 may correspond to the regular lamellar phase of DPPC, 

while the peaks around at 0.6635 and 1.316 nm-1 (marked with arrows) indicate the 

presence of a lamellar phase with a highly increased (9.5 nm) periodic distance.  

These findings of DSC and SWAXS measurements indicate the coexistence of 

different structural formations when higher amount of dendrimers are present 

besides the lipids: (i) uncorrelated layers (the broad peak as a hump at 25°C), (ii) a 

lamellar phase with a large periodicity of d=9 nm, which correlates presumably lipid 

layers with intercalated dendrimers and (iii) apparently dendrimer-rich domains 

where lipids should be in unordered state. 

TEM images made after freeze-fracturing are shown in Fig.44. Never such various 

structures in one sample had been seen before by the author. The micrographs 

reveal that even by lower dendrimer concentration the regular structure of DPPC 

MLVs is extremely perturbed. Roughed and crumpled, formless layers are present in 

the sample besides deformed liposomes. At 50 °C no liposomes were observed, but 

stacks of lamellae with an altered structure are visible. At higher dendrimer 

concentration (10-2 dendrimer/lipid ratio) the surface of the sample becomes very 

diffuse. Uncorrelated layers and ordered stacks of lamellae also appear in the 

sample and the surface of the layers is fragmented.  
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Figure 44. FFTEM images of the structure of PAMAM-mix/DPPC systems. 
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4.2.3.3 Interactions on the molecular level 

The spectra of PAMAM-mix/DPPC mixtures (presented in Fig.45) do not reflect that 

drastic change that was observed by DSC, SWAXS and FFTEM, nonetheless there are 

some significant alterations in the characteristic vibrations of DPPC.  

 

Figure 45. ATR-FTIR spectra of hydrated DPPC, PAMAM-mix/DPPC mixtures and 

PAMAM-mix dendrimers. 

The alkyl chains that are attached to the dendrimers give two strong bands at 2922 

and 2853 cm-1 showing that the trans/gauche ratio of the dodecyl chains of the 

dendrimer is smaller than that of the alkyl chains in DPPC MLVS as here the chains 

are in unordered state. In the spectra of the dendrimer-lipid composites, however, 

no shift of the νsCH2 band (Fig.45 inset) is observed although it is significantly 

broadened. This underlines the presence of relatively ordered alkyl chain regions in 

the sample that was experienced also by WAXS method. 
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 No alteration in the position of the phosphate vibrations can be detected either by 

the νasPO2
- or by the R-O-P-O-R’ vibrations. In the dry film spectra, however, similar 

phenomenon is witnessed as in the case of PAMAM-OH dendrimers: the ratio of 

phosphate groups participating in H-bonding is increased compared to “free” 

phosphate groups when dendrimers are present (Fig.46). This indicates that there is 

a proton-donor functional group in interaction with the oxygen of the phosphate 

group. This proton-donor group is probably the –OH group of the 

N-(2-hydroxydodecyl) groups. Since the hydroxyl group is at the interface region of 

dendrimers and attached hydrophobic group it would indicate that lipid headgroups 

are localized in this region.  

 

Figure 46. ATR-FTIR spectra of dry films of PAMAM-mix-loaded and pure DPPC MLVs. 

The position and the overall band shape of the carbonyl stretching band are 

definitely changed when PAMAM-mix dendrimers are added to the lipids. After 

curve fitting analysis (Fig.47) in the case of PAMAM-mix/DPPC mixture a new band 

around 1738 cm-1 is detected indicating that PAMAM-mix dendrimers are interacting 
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with the C=O groups on the polar-apolar interface.  Also in the case of PAMAM-NH2 

dendrimers similar effect was observed, but here the intensity of the new band is 

even higher and the ratio of intact and H-bonded peaks does not change. It can be a 

result of the coexistence of dendrimer-free domains with ordinary hydration level of 

C=O groups and domains where dendrimers strongly interact with the lipids 

resulting an altered conformation of C=O groups.  

There can be two explanations for these effects deduced from spectral changes. 

The most possible is that dendrimers are incorporated into the alkyl chain region of 

the lipid bilayers and are located near to the headgroups. They should have a 

conformation with the alkyl chains in the direction of the lipid tails, while the core is 

rather attended near to the headgroups. The steric crowding of the alkyl chains (64 

tails on a ~5 nm diameter dendrimer), however, reduces the possibility of this 

mechanism at room temperature. At higher temperature though, when molecules 

have more motional freedom, the accommodation of dendrimers between lipids in 

this way could give an interpretation of the high periodic distance obsereved in 

SAXS pattern. Another option is that dendrimers collect lipids in a way that lipid 

headgroups are attending to the dendrimer core, or at least to the border of the 4th 

generation shell while the lipid tails may interact with the alkyl chains of the 

dendrimer and then another shell of lipids are around the dendrimer resulting a 

complex, unregular structure observed in FFTEM micrographs and SAXS pattern at 

room temperature. 
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Figure 47. Infrared spectra of C=O stretching region of DPPC MLVs and 

PAMAM-mix/DPPC-system. Under the measured spectra the results of curve fitting 

analyzis are presented; dotted lines represent the residuals of the fittings. 

4.2.4 Conclusion 

In last decades PAMAM dendrimers have been taken as candidates for new types of 

nanocarriers. The sometimes inconsistent experimental data published indicate the 

necessity of more extended and thoroughly executed studies. Here, we have 

presented the complexity of the interactions between dendrimers and a typical cell 

membrane lipid and demonstrated the changes in characteristics of the guest 

system are tunnelled by the concentration and surface character of the dendrimers.  

PAMAM-OH dendrimer cause the least disturbance in the structure of DPPC MLVs, 

presumably because of the shielded positive charges inside the dendrimer. 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. In a future work it would be worth 

to prepare and investigate unilamellar vesicles in the presence of PAMAM-OH 

dendrimers and see wether the dendrimers attach to the ULVs surface permanently 

also when samples are more deluted. 
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The drastic perturbation caused by PAMAM-NH2 dendrimers appear at higher 

polymer concentration, however, it may happen locally also when less dendrimer is 

present. We have shown that a strong interaction evolves between the surface 

groups of dendrimers and the lipid headgroups which is able to alter the structure 

of DPPC MLVs. Considering all the thermotropic and structural changes that occurre 

in lipid organization in the presence of PAMAM-NH2 dendrimers we can make the 

following conclusions. Dendrimers attach to the surface of lipid bilayers through 

strong electrostatic forces and H-bonding. The surrounding lipids try to 

accommodate around the dendrimers to maximize headgroup-dendrimer 

interactions and so the bilayer surface becomes rough. (Similar model was 

published by Åkesson et al (Åkesson et al., 2012b).) In the liquid crystalline phase, 

however (at higher temperature), dendrimers can flatten out on the bilayer surface 

and this way the whole layer becomes smoother. Because of the net positive charge 

of the dendrimer-attached bilayers, electrostatic repulsion occurs and so the 

coherence of the layers will be weak or there will be no correlation depending on 

the local amounts of dendrimers. It seems plausible that not individual dendrimers 

but aggregates of them are able to be covered by high curvature phospholipid 

bilayers.  

Our results give a direct proof and physicochemical explanation on the former 

supposals that PAMAM-NH2 dendrimers disrupt lipid membranes through a strong 

interaction with the phospholipids. Further detailed studies might provide 

information about the directions of modifications that make these lipid-dendrimer 

associates capable for drug delivery applications. 
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Figure 48. Proposed model for the lipid bilayer-structure in the presence of 

PAMAM-NH2 dendrimers at room temperature (left) and at 50 °C (right). 

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. Taking in consideration the recent publications dealing with the 

biomedical use of dendrimers, it seems that PAMAM-mix dendrimer has neglectible 

relevance on the field, thus this result is only of physicochemical interest.  
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4.3 Characterization of PEG on stealth liposomes 

4.3.1 Spectral characteristics of sterically stabilized liposomes 

The ATR-FTIR technique proved to be very useful in the understanding of specific 

lipid-polymer interactions as described in the previous chapters. In those cases we 

took advantage of the subtle changes in the spectral features of characteristic 

vibrations of the lipid molecules. In the case of pegylated unilamellar liposomes 

(SSLs), the PEG-layer plays a crucial role in the stability and applicability of these 

type of liposomal nanoparticles. 

The stretching vibrations of the ether groups of polyethylene glycol are sensitive to 

the trans/gauche ratio of C-O-C bonds in the polymer chains. Moreover this ratio is in 

close relation with the hydration level of the macromolecules, as chain 

conformation is determined by inter- and intramolecular H-bonds (Begum and 

Hiroatsu Matsuura, 1997; Matsuura and Fukuhara, 1985; Tirosh et al., 1998). 

Therefore we wanted to see whether it is possible to characterize the PEG layers on 

SSLs with ATR-FTIR method.  With this object unilamellar liposomes with different 

PEG-lipid content were prepared (Table 2 in Chapter 3.2.2) and the deconvolution of 

the spectral band around 1100 cm-1 (characteristic to ν(C-O-C) vibrations of the PEG 

molecules) was performed to describe the structural changes in the polymer layer 

as the function of increasing amount of PEG-lipid in the liposomal system.  

Fig.49 shows the ATR-FTIR spectra of the HSPC:DSPE-PEG2000:Cholesterol 

liposomes (SSL-0.5, SSL-0.75, SSL-1, SSL-1.5 and SSL-2), in comparison to that of the 

pure hydrated HSPC. The spectrum recorded from PEG2000 (polyethylene glycol) 

with Mw~2000 g/mol) in powder form is also included in Fig.49. 
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Figure 49. ATR-FTIR spectra of the investigated sterically stabilized liposome samples 

together with the spectra of pure HSPC liposomes and PEG2000 (the latter was 

measured in powder form).  

Hydrogenated soy phosphocholine is a lipid mixture produced from natural source 

(soy) containing distearoylphosphocholine (DSPC, ~85%) and DPPC (~15%). It was 

used for the preparation of ULVs instead of pure DPPC, beacause also the 

commercial formulas are prepared from HSPC. The spectra of SSL samples resemble 

that of the pure HSPC liposome showing characteristic spectral features of 

phospholipid bilayers, just as in the case of DPPC: the stretching vibrations region of 

-CH2 and -CH3 groups (3000-2850 cm-1) together with the sharp, medium intense 

deformation band of -CH2 groups of alkyl chains at 1468 cm-1; the carbonyl stretching 

frequency around 1730 cm-1; and the phosphate headgroup vibration region (1260-

1000 cm-1). However, with increasing DSPE-PEG2k concentration the broad and 

rather undefined band around 1100-1000 cm-1 is also increased, due to the strong 

overlapping of C-O-C vibrations of PEG chains with the phosphate stretching 

vibrations of lipid bilayers. 
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In comparison with the DPPC, in the spectrum of HSPC the H-bonded and free 

antisymmetric PO2
- vibrations are shifted to lower wavenumber, at 1217 and 

1234 cm-1, respectively. 

4.3.2 Analyzis of the ν(C-O-C) vibration band 

The spectral region of 1180-1000 cm-1 - which is in the focus of our investigations – 

carries information about the PEG moieties, but the vibrations of the phosphate 

headgroups are also present in this range. Due to the latter, the spectrum of pure 

hydrated HSPC was carefully subtracted from the spectra of the SSL samples, and 

shown in Fig.50 in the above mentioned spectral region. In an IR study of Rozenberg 

and co-workers (Rozenberg et al., 1998) 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 in five components due to non-interacting vibrations, 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 experienced lower wavenumbers for individual band components for PEG2k 

compared to the short chain PEGs studied by Rozenberg: 1112 cm-1 instead of 1120 

cm-1. The same shift-tendency was observed also in our group when studying solid 

PEG1000 and PEG2000 powders (from 1105 cm-1 to 1095 cm-1 of the main peak; not 

shown), and this can be explained by the increase of overall H-bonding network 

with increasing chain length. The chain length, however, only slightly or does not 

affect the C-O / C-C conformation ratios (Begum and Hiroatsu Matsuura, 1997). The 

results of the deconvolution are also shown in Fig.50, while the obtained positions 

and relative intensities are summarized in Table 8. 
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Figure 50. Deconvolution of the band near 1100 cm-1 for the five SSL samples after 

background subtraction. 
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Table 8. Parameters of the single components after deconvolution of the band at 

the spectral range of 1200 – 1000 cm-1. The estimated relative error of the 

deconvolution procedure is ±5%. 

 
SSL-0.5 SSL-0.75 SSL-1 

Assign. Centre  Width Areaa Centre  Width Areaa Centre  Width Areaa 

 
(cm-1) (cm-1) 

 
(cm-1) (cm-1) 

 
(cm-1) (cm-1) 

 
δCH2 1136.26 37.79 0.178 1137.53 37.27 0.152 1138.36 32.61 0.132 

ν(C-O-C)g 1112.92 23.11 0.117 1112.04 31.79 0.189 1112.57 34.20 0.220 

ν(C-O-C)tb 1095.09 13.13 0.027 1095.31 15.42 0.028 1094.91 18.72 0.050 

ν(C-O-C)t 1084.25 20.77 0.335 1083.37 27.29 0.397 1082.93 26.46 0.391 

ν(C-OH) 1067.36 25.77 0.282 1067.00 24.38 0.183 1067.18 22.45 0.155 

ν(C-C) 1023.97 34.98 0.059 1027.00 34.37 0.052 1029.02 38.83 0.052 
 

 SSL-1.5 SSL-2 

Assignment 
Centre  

pos. Width Areaa 
Centre  

pos. Width Areaa 

 (cm-1) (cm-1) 
 

(cm-1) (cm-1) 
 

δCH2 1138.51 29.75 0.109 1138.71 29.46 0.101 

ν(C-O-C)gauche 1111.54 36.82 0.250 1110.25 40.25 0.266 

ν(C-O-C)transb 1094.73 21.97 0.069 1092.92 18.86 0.018 

ν(C-O-C)trans 1082.76 29.09 0.364 1082.41 36.11 0.503 

ν(C-OH) 1067.45 24.72 0.155 1067.06 20.21 0.074 

ν(C-C) 1030.49 41.23 0.054 1030.71 33.87 0.038 

aRelative values normalized to unit area. 

bAdditional band is assigned as ’free’ ether stretching in trans conformation. 

The band component at 1096 cm-1 was identified as a pair of a doublet assigned to 

ν(C-O-C)trans conformation belonging to ‘free’ ether group. Doublets were observed 

also in the spectra of liquid diethylene glycol (Rozenberg et al., 1998). In the further 

analysis, we considered the sum of the two bands at 1096 cm-1 and 1085 cm-1 for 

describing the trans conformations. 
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As it was previously described, the increase of the band assigned to the trans 

conformation accompanied with the decrease of the band corresponding to the 

gauche conformation is indicative for increased hydration of the PEG molecules. The 

trans/gauche ratios (calculated from the area of corresponding band components) 

for the five SSL samples with increasing PEG-lipid contents are shown in Fig.51, 

which reveals a minimum at the composition of the SSL-1 sample. The latter 

observation is in accordance with the work of Tirosh and co-workers, who used 

densiometry and ultrasound velocity and absorption measurements to calculate the 

hydration number of the lipid bilayer of PEG-modified liposomes (Tirosh et al., 1998). 

The values from their study, obtained as the second temperature derivatives of the 

partial molar compressibility of the bilayer, are also shown in Fig.51. 

 

Figure 51. The trans/gauche ratio of the ν(C-O-C) band for the five investigated samples 

in comparison with the hydration number of a similar system from Ref. Tirosh et al. 

1998. 

These data show that there is a minimum in the hydration of the bilayer near to the 

composition which corresponds to the pegylated liposome system with maximal 
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stability (Baekmark et al., 1997). Our results add to the observations of Tirosh et al. 

that the changes in the hydration of the bilayer can be directly attributed to the 

changes in the PEG-layer structure, namely to the trans and gauche conformations 

of the C-O-C bonds of the PEG molecules. We also note, that the composition of 

HSPC:DSPE-PEG2000:Cholesterol = 3:1:1 of the SSL-1 sample corresponds to that of 

Doxil/Caelyx®, the first commercially available pegylated liposomal drug. 

4.3.3 Applicability test on a commercial drug formula  

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®. The overall ATR-FTIR 

spectrum of the Caelyx® sample is shown in Fig.52 together with the spectra of 

hydrated HSPC and SSL-1. The comparison shows that the lipid component 

dominates the spectrum of the liposomal drug. The deconvolution of the band near 

1100 cm-1 after background subtraction is also shown in Fig.52, while the resulted 

parameters are summarized in Table 9. The fitting procedure yielded an additional 

band at 1130 cm-1, which can be assigned to the stretching vibration of the C-O-C 

bonds of sucrose, which is among the components of Caelyx®. For clarity, we 

omitted the C-C stretching vibrations from the deconvolution, since it can be clearly 

separated from the complex band around 1100 cm-1. 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, 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. 
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Figure 52. 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. 

Table 9. Results of the deconvolution of the band at the spectral range of 1200–

1000 cm-1 for Caelyx. The extra band at 1130 cm-1, can be assigned to the stretching 

vibration of the C–O–C bonds in sucrose, one of the main additive for Caelyx®. 

Caelyx 

Assignment 
Centre 

position       Width Areaa 

 (cm-1) (cm-1) 
 

δCH2 1143.57 16.74 0.37 

ν(C-O-C)sucrose 1130.13 25.29 0.107 

ν(C-O-C)gauche 1113.16 27.60 0.218 

ν(C-O-C)transb 1096.40 24.77 0.069 

ν(C-O-C)trans 1083.35 27.49 0.356 

ν(C-OH) 1064.55 26.10 0.212 

ν(C-C) - - - 

aRelative values normalized to unit area. 

bAdditional band is assigned as ’free’ ether stretching in trans conformation. 
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4.3.4 Comparision of the results and preceding theories 

The observations on the hydration state of the bilayer as the function of PEG-lipid 

content are also in line with the predictions of the Alexander – de Gennes theory of 

surface grafted polymers (described in Chapter 1.5.3.). By using approximate values 

for the monomer size (which is the parameter of the Flory-radius) and for the 

grafting density, it can be calculated that the mushroom-to-brush transition occurs 

around 6 mol% PEG-lipid in the case of the HSPC:DSPE-PEG2k:Cholesterol system 

(Garbuzenko et al., 2005; Marsh et al., 2003). This value coincides with the found 

minimum in the hydration of the polymer layer. 

Another way to enumerate the mushroom-to-brush transition is based on the so 

called additive packing parameter of the lipid mixture, which is defined as 

APP=Σixivi/(liAi), where vi and li is the volume and the length of the hydrophilic tail, 

respectively, Ai is the area of the cross-section of the headgroup, and xi the mole 

fraction of the ith lipid component in the mixture (Israelachvili, 2011). Garbuzenko 

and co-workers have calculated the APP for the HSPC:DSPE-PEG2k:Cholesterol 

system, and has shown that it has a maxima at the mushroom-to-brush transition 

(Garbuzenko et al., 2005).  

Finally, the electron density (ED) profiles along the normal of the bilayer of the 

investigated systems are shown in Fig.53. The data presented here are from SAXS 

investigations on the same samples (Varga et al., 2010), so direct connection can be 

drawn between the hydration of the bilayer from the FTIR experiments and the 

thickness of the PEG-layer determined by SAXS. The difference between the 

mushroom and the brush configurations was also evident from the results of the 

scattering experiments, i.e. lateral interaction between the polymer coils 

characteristic for the brush structure leads to an asymmetric distribution of the PEG-

lipids among the inner and the outer layers. Accordingly, the analysis of the 

scattering curves revealed a symmetric distribution for the SSL-0.5 sample, while a 
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clearly asymmetric distribution for the SSL-2 sample. The SSL-1 exhibits also an 

asymmetric distribution of the lipopolymers, but not as pronounced as that of the 

SSL-2 sample.  

 

Figure 53. Bilayer electron density profiles of the SSL-0.5, SSL-1 and SSL-2 samples 

obtained from SAXS measurements (Varga et al., 2010). 

Summarizing all of these observations the following schematic mechanism of action 

might be considered for the changes in the conformation and hydration of the PEG-

layer of SSLs: addition of PEG-lipids to the phosphocholine bilayer continuously 

reduces the hydration of it due to the destruction of the ordered water layer above 

the phospholipid headgroups which is also reflected on the hydration of the PEG 

molecules. This continues until the critical concentration of the lipopolymer is 

reached, at which the mushroom-to-brush transition occurs. This transition can be 

traced on the appearance of asymmetry in the distribution of the PEG-lipids among 

the inner and outer monolayers. The further increase of the PEG-lipid molar ratio 

extends the polymer layer out of the surface of the liposome, which makes possible 

the formation of new hydrogen-bonds between the polymer and water molecules. 
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4.3.5 Conclusions 

The complexity of nano-drugs in comparison to low molecular weight drugs 

underlines the need for continuous development of detailed physicochemical 

characterization methods. Here we have used a fast and simple method for the 

characterization of PEG-layer on stealth liposomes. ATR-FTIR technique proved to 

be capable to qualitatively characterize the structure of the PEG-layer of liposomal 

drug products. 

The applied analysis is based on the deconvolution of the band near 1100 cm-1, 

characteristic to the C-O-C stretching vibration of PEG, which is related to the 

hydration of the polymer layer through the ratio of the trans and gauche 

configuration of the above mentioned bond. 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. 

Combining the FTIR results with previous SAXS investigations on the same system 

(Varga et al., 2010) enabled to relate the observed changes in the PEG layer 

hydration to changes in the partitioning of the PEG-lipids among the inner and outer 

layers of the bilayer, and the thickness of the polymer layers. 

The presented FTIR spectroscopy investigations followed by curve fitting procedure 

promise a fast method to estimate the hydration level of the PEG-layer, which can 

be exploited not only in the field of liposomal drug delivery systems, but also in 

other nanoparticle and macromolecular medical applications, where PEG is widely 

used. This approach could be further extended also towards the study of different 

models of the cell membranes, including two-dimensional (planar) lipid assemblies 

or layer-by-layer polyelectrolyte films formed of phospholipid bilayers and/or 

biological relevant polymers.  
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5 Summary 
 

Through the investigation of PMLA and PAMAM dendrimer-containing lipid systems 

I demonstrated the power of integrating different label-free characterization 

methods like DSC, SWAXS, FFTEM and ATR-FTIR. Physicochemical information 

obtained about the thermal and structural characteristics and about molecular 

interactions between the lipids and the polymers enabled a better understanding of 

the mechanism with which these macromolecules interact with biological 

membranes.  

I investigated the feasibility of ATR-FTIR method in the qualitative analyzis of PEG 

molecules covalently attached to unilamellar liposomes. The technique combined 

with curve fitting analysis proved to be a fast and unexpensive method in the 

characterization of the hydration and conformational state of PEG chains in 

sterically stabilized liposomes.  

The main results of this thesis can be summarized in the following points: 

1. I thoroughly characterized the thermal and structural features of fully 

hydrated dipalmitoyl phosphocholine (DPPC) lipid system containing low 

molecular weight poly(malic acid) (PMLA) by using label-free techniques like 

DSC, SAXS, FFTEM and ATR-FTIR. It was established that PMLA hinders the 

formation of regular multilamellar layer arrangement in the absence of 

neutral salts that could shield the surface charges of the bilayers. In the 

presence of NaCl, the polymer only alters the thermal behavior of the lipids 

significantly when it is added in a relatively larger amount (5 w/w % regarding 

to the lipids) to the lipids and causes a slight loss of layer-correlation as it is 

incorporated between the bilayers. Nevertheless it do not disrupts the 

integrity of the bilayers structure. 

These results could be useful in the design and development of a stable drug 
delivery system (sterically stabilized vesicles) in physiological environment. 
(Berényi et al., 2013) 

 
2. I demonstrated by direct methods the former suppose that PMLA binds to 

lipid headgroups (Ding et al., 2013). 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) 
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3. By studying the interactions between amino-terminated poly(amido amine) 

dendrimers and DPPC it was shown that dendrimers attach to lipid 

headgroups by H-bonding and electrostatic attraction and through this 

connection it hinders the formation of regular multilamellar liposomes. In 

the presence of the dendrimers amongst lamellar phases with increased 

periodic distance, small unilamellar vesicles with high-curvature are present 

in the fully hydrated lipid-system. In the core of the small vesicles 

presumably aggregates of dendrimers are present. These observations 

explain the mechanism of the membrane disrupting effect described in the 

literature (Erickson et al., 2008; Kelly et al., 2009; Mecke et al., 2005b). 

(Berényi et al., 2014) 

 
4. I gave experimental evidence to the theoretical assumption that dendrimers 

have different conformation when interacting with different phases of lipids 

(i.e. gel and liquid crystalline) (Kelly et al., 2008b). By performing SAXS 

measurements at different temperatures it was demonstrated that 

dendrimers are 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. (Berényi et al., 2014) 

 
5.  A method was developed for the qualitative characterization of PEG layers 

of sterically stabilized liposomes (SSLs) by ATR-FTIR method. With the 

deconvolution of the characteristic ν(C-O-C) stretching mode of PEG moiety 

around 1100 cm-1 information about the trans/gauche rate and subsequently 

the hydration state of the molecules can be obtained. 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 was found, which corresponds to the 

maximal stability of the bilayer. The applicability of the method was 

demonstrated on a commercial drug formula (Caelyx®) and the results were 

in good agreement with the SSL having the same lipid composition. The  

FTIR spectroscopy investigations combined with curve fitting analysis 

promise a fast method to estimate the hydration level of the PEG-layer, 

which can be exploited not only in the field of liposomal drug delivery 

systems, but also in other nanoparticle and macromolecular medical 

applications, where PEG is widely used. (Varga et al., 2013) 
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Abbreviations 

31P-NMR phosphorus nuclear magnetic resonance spectroscopy 

AFM atomic force microscopy 

ATR attenuated total reflection 

CU cooperative unit  

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine or dipalmitoylphosphocholine 

DSC differential scanning calorimetry 

DSPC distearoylphosphocholine 

DSPE-PEG2k  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(polyethyleneglycol)2000] 
FFTEM freeze-fracture transmission electron microscopy 

FTIR Fourier-transform infrared spectroscopy 

G generation 

GUV giant unilamellar vesicle 

HSPC  hydrogenated soy lecithin  

Lc' subgel phase 

LUV  large unilamellar vesicle  

Lα liquid crystalline phase 

Lβ' gel phase 

MLV multilamellar vesicle 

PAMAM Polyamidoamine  

PBS phosphate buffered saline 

PEG polyethylene glycol 

PMLA poly(malic acid)  

Pβ' ripple phase 

SAXS small-angle X-ray scattering  

SSL sterically stabilized liposomes 

SUV small unilamellar vesicle  

SWAXS small- and wide-angle X-ray scattering 

TEM transmission electron microscopy  

WAXS Wide-angle X-ray scattering 
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