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1 INTRODUCTION 

1.1 Biomembranes, Membrane Mimics and Polymer-membrane 

Interactions 

Biological membranes are built up by a bilayer of lipids and solid proteins. The proteins 

are either embedded or peripheral or bound.1 The understanding of properties of 

membranes and the role of their components have evolved over time since the 

presentation of the fluid mosaic model.2–6 A simplified fluid-mosaic model is shown in 

Fig. 1.1.  

 

Figure 1.1: Simplified fluid-mosaic model of biomembranes. 

 

The biological membranes are composed of a variety of different molecules, with 

chemical functionalities on the surface of the membrane. The fate of a molecule located 

in the extracellular fluid will therefore depend on its chemical structure and the 

functional groups on the membrane surface. The Meyer-Overton rule, which remains 

valid for over a century (despite some exceptions), defines the permeability of a 

molecule in terms of its lipid solubility, which is chiefly governed by the additive‘s 

hydrophobicity.7 On the other hand, it is now well established that the transport of most 

of the excipients through cell membranes is aided by proteins. The membrane lipids 

organize into microdomains (called lipid rafts), which differ in binding ability and control 

over permeation from the bulk phospholipids.8 Direct observations of domain formation 

can provide a better insight into membrane heterogeneities.9,10 Frequently, simplified 

systems have been evaluated for their suitability as membrane models.11–14 They range 

from a highly simplified single component system based on one particular lipid to the 

one possessing a complex mixture of several lipids and proteins15. Alterations in lipid 
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structure supplement knowledge on the behavior of biomembranes  and shed light on 

the relevance of synthetic or artificial lipids.16,17 The qualifications of synthetic lipids to 

mimic cells membranes have recently been tested and promising results achieved.18–20 

For instance, a self-reproducing oligotriazole catalyst continuously produces triazole 

phospholipids and leads to a lipid membrane capable of indefinite self-generation 

depending upon the availability of its chemical precursors.20 1,3-phospholipids 

containing amide linkers instead of ester form the lenticular vesicles, which only release 

their cargo after mechanical stimulation.21 The investigations of synthetic or modified 

lipids can also provide information on processes such as interdigitation (see section 1.3.3 

for details of interdigitated lamellar phases), interactions of drugs with membranes etc., 

and promote their effective delivery at the site of action.16,21,22 The lipid behavior alone 

can serve as a marker for certain abnormalities such as cancer.23  

 

Macromolecules depending upon their architecture assemble into diverse 

morphologies.24–29 The amphiphilic diblock copolymers based on polystyrene and 

poly(acrylic acid) blocks attain several types of self-assembly regimes in aqueous 

solutions. They include spherical micelles, rods, lamellae, vesicles and hexagonally 

packed hollow hoops.24 The macromolecules comprising PGMA as one of the terminal 

blocks in ABC polymers, assemble into double or triple helices.25 The triblock copolymers 

of ABC type with an intermediate perfluorinated block produce micelles with defined 

fluorous region.30 They are effective delivery systems for hydrophobic and fluorophilic 

therapeutic agents. It is also possible to produce the planar biomimetic membranes 

comprising of amphiphilic block copolymers.26 In addition, the block copolymers can be 

tailored to demonstrate biological activity themself or specifically deliver biocides 

because they can imitate liposomes.31,32  

 

There are several scenarios for the interactions between polymers and biomembranes. 

Block copolymer can induce ephemeral poration of biomembranes.33 On contrary, 

others can seal impaired membranes and prevent apoptosis.34 Hybrid materials for 

specialized functions can be genetrated using living cells and polymers, which display 

completely different properties from their precursors.35 The replacement of PEO units in 

triblock PEOn-PPOm-PEOn by PGMA causes greater disruption in model membranes.36 In 
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fact, it is possible to overcome the limitations associated with the use of Poloxamers 

through introduction of a different block.28,37  

 

Halogenation increases permeability of drugs through fluid biomembranes and 

comparable impacts are achieved through chlorination and trifluoromethylation.38 

Similar effects have been observed in macromolecules, where perfluoroalkylation led to 

peculiar properties.39,40 The presence of an additional perfluorinated segment imparts 

stability to fluorous emulsions.41 The amphiphiles  and polymers containing 

perfluorinated units are polyphilic and exhibit distinct aggregation tendencies.30,40,42,43 

To fully harness their potential in pharmacy and other related areas, it is vital to 

completely understand their self-assembly regimes and modes of interactions with 

biological membranes.44,45 The fluorophilic chains prefer lipid phases over aqueous 

environment and influence the retention of polymers in phospholipid monolayers and 

bilayers.39,46 Despite of what is known already, the area remains widely unexplored. The 

interactions between macromolecules and phospholipids vary with change in the 

structure of membrane lipids and provide greater understanding of polymer’s behavior 

in biological compartments.46–49 

1.2 Membrane Models  

The membranes that enclose cells or organelles are composite in nature50 and to study 

their interactions with substances such as drugs, excipients and other substances of 

biological significance, much simpler systems are employed. They mainly include lipid 

monolayers, liposomes, and supported lipid membranes.11,51,52  

1.2.1 Lipid Monolayers 

The organization of insoluble amphiphilic molecules at the air/water interface produces 

a monomolecular layer, where the hydrophilic groups are immersed in water and the 

hydrophobic hydrocarbon chains are directed in air.53–55 This monomolecular layer 

resembles half of the lipid bilayer, that is, only one of the leaflets of biomembranes. This 

basic model lacks complexity associated with the real membranes.2 Nevertheless, it can 

provide plenty of information about the origin of interactions occurring between 

biomembranes and ligands.56 The composition of monolayers can be varied and 
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conditions such as temperature, pressure, subphase type, stress etc. can be changed to 

achieve closeness to naturally occurring phenomena or a system under consideration.57 

In addition to air/water interface, the alignment of phospholipids at n-heptane/water 

interface has also served as biomimetic model membrane.58,59 An arrangement of 

phospholipid monolayer at an air/water interface is shown in Fig. 1.2. 

 

Figure 1.2: A condensed phospholipid monolayer at air/water interface. 

1.2.2 Lipid Vesicles/Liposomes 

Lipid molecules aggregate in aqueous solution to form spherical vesicles, which are 

composed of lipid bilayers. These vesicles, commonly known as liposomes vary in size, 

generally between 0.025 m to 2.5 m.60 The smaller unilamellar vesicles consist of a 

single bilayer, whereas the multilamellar vesicles contain more than one lipid bilayer, 

and represent an onion like structure. They can be produced through extrusion or 

sonication of the dilute lamellar dispersions.11 

                               

Figure 1.3: a) A phospholipid vesicle (left); and b) an interdigitated liposome (right).  

Giant unilamellar vesicles up to the size of 100 m can be generated through 

electroformation.61 The effectiveness of GUVs as cell models has recently been 

reviewed.62 The properties of vesicles are dependent on method of preparation.60 

Despite of all the advantages offered by utilization of GUVs for mimicking cell 

membranes, it is virtually impossible to reconstitute the actual membrane with 

precision. Fig. 1.3 shows the vesicles comprising of the lipid bilayers. Under special 
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conditions, the lipid monolayers in the two leaflets of a bilayer can interpenetrate, giving 

rise to liposomes comprising of an interdigitated layer.  

1.2.3 Supported Lipid Membranes63 

Lipid as a monolayer or a bilayer can be assembled on solid surface such as mica or 

silica. The transfer of lipid monolayers onto the solid supports from air/water interface is 

known as Langmuir-Blodgett transfer (Fig. 1.4a). 

                           

Figure 1.4: a) Langmuir-Blodgett Deposition (left); b) Langmuir-Schaefer Transfer (right). 

 

Adhesion of lipids to the surface gives an arrangement where the hydrophilic heads are 

attached to the surface, whereas hydrocarbon tails are directed into air. The subsequent 

transfer of the second monolayer, the Langmuir-Schaefer deposition, produces a bilayer 

onto the surface (Fig. 1.4b).  

 

 

Figure 1.5: Rupture of liposome on solid-support to produce phopspholipid bilayer. 

Another way of fabricating SLBs is through adsorption of liposomes onto the surface, 

which causes deformation, flattening and rupture of liposomes to produce membrane 

patches (Fig. 1.5).  
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The Solid supported membranes not only provide greater control over composition and 

assembly, but also allow investigations at nanometric level using techniques like Atomic 

Force Microscopy (AFM).64  

1.3 Phase Transitions in Lipid Monolayers and Bilayers 

1.3.1 Phase Transitions in Lipid Monolayers 

The mechanical compression of amphipathic lipid molecules, or amphiphilic 

macromolecules produces phase transitions in monolayers at the air/water 

interface.65,66 These phases exhibit distinct translational and orientational order, which 

becomes apparent in the -A isotherms. This phenomenon is summarized in Fig. 1.6. 

 

 

Figure 1.6: Molecular dynamic images of different phases in DPPC monolayers (green line is 

experimental -A isotherm recorded at 37C , whereas blue line represents the MD plot 

obtained at 27C). Adapted from66  
 

The lateral pressure, , varies with change in area per molecule. At larger surface areas, 

 is practically zero, and the molecules are widely apart in 2D-gas phase. The gas phase 

does not persist above 1 mN m-1. The compression brings molecules closer and the gas 

analogous phase transforms to the liquid expanded (LE) phase. The alkyl chains are 

conformationally disordered at this stage. Generally, but not always, the transition from 

LE to LC phase is represented by a kink and subsequent flattening of the isotherm. This 

transition is of first order and the expanded and condensed phases co-exist throughout 

the plateau. At the end of plateau, the surface pressure increases rapidly with small 
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changes in area. In the condensed phase, the compressibility is markedly reduced67 and 

the chains attain all trans conformations, and are tilted with respect to the surface 

normal in the case of saturated phosphatidylcholines.68,69 The tilt angle decreases with 

increase in lipid density. The compression of the monolayer beyond the stability limit 

causes a collapse70, which is a type of 2D- to 3D transition.71 The 2D crystals have finite 

correlation lengths.72 Upon so-called solidification, the arrangement of chains shift from 

oblique to hexagonal lattice. It is possible to correlate transitions in monolayers to 

thermotropic states in corresponding bilayers.73  

1.3.2 Phase Transitions in Lipid Bilayers 

In aqueous solution/dispersions the lipid molecules display a variety of lyotropic phases, 

namely micellar, lamellar and hexagonal phases.74,75 Lamellar phases consist in most 

cases of bilayers and show thermotropic polymorphism depending upon structure of 

lipid.76 The manifestation of phases is also dependent on degree of hydration, pressure 

and environment.77,78 Excessive data is available on the thermotropic phase behavior of 

lipids.79 Lipids forming non bilayer phases impart distinct features to membranes and 

enable to them to adapt to variation in membrane’s environment.75  

 

Figure 1.7: Coarse grained modeling of phospholipids: A) gel phase; B) fluid phase; and C) 
interdigitated gel phase (Heads are shown in a larger red bead and tails comprising of six 
beads in blue color).80 
 

Phosphatidylcholines possessing saturated chains exhibit four different phases.81,82 At 

low temperature, a quasi-crystalline subgel phase (Lc) is formed which converts to tilted 

lamellar gel phase (L‘). Further heating leads to an intermediate rippled gel phase (P‘) 
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which transforms at higher temperature to a lamellar liquid crystalline phase (L).  The 

transition from Lc to L‘ is called subtransition, while the transitions from L‘ to P‘ and 

P‘ to L are referred to as pre- and main transitions, respectively. The chains are packed 

in regular hexagonal lattice in the L‘ phase, which is distorted in the case of P‘. The 

chains attain all trans conformations at low temperatures and significant proportion 

transform to gauche in the disordered fluid phase. Under special circumstances, the gel 

phase in phospatidylcholines is interdigitated.83–87(see Fig. 1.7 for coarse grain models of 

gel, fluid and interdigitated phases in phospholipid bilayers and Fig. 1.8 for detailed 

description of different lipid phases). 

1.3.3 Interdigitated Lamellar Phases 

The interdigitated membranes are rigid i.e., they occur only as gel phases with ordered 

chains.88 Their surface hydrophobicity and electrostatic properties are different from 

bilayers.89 The interdigitation should occur in a way to avoid the exposure of 

hydrocarbon chains to water (Fig. 1.7C). In fact, existence of an interdigitated gel phase 

(LI) represents a delicate balance of hydrophobic, electrostatic and interfacial 

forces.89,90 Smith and Dea91 have compiled DSC investigations on interdigitation in 

phospholipids. In PCs with ester linkage of the chains, LI can be induced by a chemical 

additive, mainly an alcohol.92 Other chemical inducers include anesthetics, drugs, 

organic solvents and salts (e.g. KSCN).91 Application of pressure also fosters 

interdigitation in membranes.93 Certain lipids undergo spontaneous interdigitation in the 

gel phase without the addition of an effectuator. In fact, the reasons for this distinct 

behavior exist in the structures of lipids. In phosphatidylcholines, these structural 

variations are: a) switching of the link between glycerol and alkyl chain from ester to 

ether94; b) substitution of one of the hydrogen atoms at sn-2 alkyl chain terminal by a 

fluorine atom95; c) interchanging the positions of sn-2 acyl chain and 3-phosphocholine 

moiety87; and d) esterification of phosphate group to produce a cationic lipid.96 In 

addition, 1,3-diaminophospholipids also under go interdigitation at low temperatures.86 

It is noteworthy that the presence of 16 carbons atoms in a chain leads to interdigitation 

after all the above-mentioned modifications. The shortening or lenghtening of alkyl 

chains may or may not result in similar thermotrophic phase behavior. The 

monofluorinated derivative of 1,2-dimyristoyl-3-phosphatidylcholine (that is, F-DMPC), 
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for instance, exists in normal bilayer gel phase.97 Phospatidylcholine possessing alkyl 

chains of two different lengths show partial interdigitation in the gel phase.16  

 

 

 

Figure  1.8: Different lipid phases.98 I. Lamellar phases: (a) sub-gel; (B) gel (C) interdigitated gel; 
(D) gel, titled chains; (E) rippled gel ; (F) liquid crystalline; II. Micellar aggregates: (G) spherical 
micelles; (H) cylindrical micelles (tubules); (J) disks; (K) inverted micelles; (L) liposome; III. Non 
lamellar liquid crystalline phases of various topology: (M) hexagonal phases; (N) inverted 
hexagonal phase; (O) inverted micellar cubic phase; (P) bilayer cubic phase Lm3m; (Q) bilayer 
cubic phase Pn3m; (R) bilayer cubic phase La3d.  
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1.4 Motivation/Aim of Work 

The membranes that enclose cells and cellular compartments act as a selectively 

permeable barrier and thus control the diffusion and intracellular transport of chemical 

entities. They are composed of a complex mixture of lipids and proteins. Plasma 

membranes contain more than 50% lipid.  The distribution of lipids in the outer and 

inner leaflets of a membrane is different and responsible for regulating a variety of 

functions. Lipids have been amongst the most explored molecules for over a century.99 

Van Meer et al100 have reviewed the essential aspects of membrane lipids, regarding 

their biological significance. Phosphatidylcholines are one of the four major types of 

lipids present in the mammalian plasma membrane. DPPC (1,2-dipalmitoyl-sn-glycero-3-

phosphocholine) is found predominantly in the outer-leaflets of erythrocyte membranes 

and  bilayer vesicles of DPPC are without a doubt one of the most rigorously explored 

membrane models13. Modifications in lipids have been utilized for different 

purposes.86,97,101–110  

 

Amphiphilic and polyphilic block copolymers have significance for pharmacy and 

medicine.33,111–115 The functionalization of living cells with polymeric nanofilms generate 

so-called cyborg cells for novel applications in bioelectronics and bioengineering.35 The 

architecture of block copolymers modulate their interactions with simplified membrane 

mimics.36,39,116,117 The block copolymers containing fluorophilic moieties demonstrate 

peculiar properties.30,44 Besides polymer constitution, the outcome of the interactions of 

these polymers with model membranes is dependent also on the lipid structure.46 The 

aim of the present work is to investigate the response of amphiphilic and polyphilic 

block copolymers towards specifically tailored membrane models. For this purpose, 

three derivatives of DPPC are employed. F-DPPC bears a single fluorine atom at sn-2 

chain terminus, so it can be considered as a tail modified lipid. In DHPC, the head group 

is connected to dialkyl chains through an ether linkage instead of an ester linkage (as in 

DPPC). EDPPC is a cationic derivative of DPPC, because the oxygen of phosphate in this 

lipid is esterified with an ethyl group. These lipids show a common trait, that is, they all 

adopt interdigitated motif in the gel phase.  
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The lipid selection has a biological relevance. Phase transitions in DHPC and EDPPC 

display main phase transition temperatures in the vicinity of those reported for DPPC. 

DHPC acts similar to DPPC under high pressures, which is vital for applications related to 

development of hybrid cell membranes capable of resisting high pressures. Watschinger 

and Werner118 have reviewed the orphan enzymes involved in the metabolism of ether 

lipids. The main phase transition temperature of F-DPPC is 10 degrees above that of 

DPPC. This trait of F-DPPC is relevant to the applications involving the coexistence of the 

interdigitated and normal bilayer gel phases. The liposomes consisting of the partially 

interdigitated bilayers have a higher permeability compared to the non-interdigitated 

liposomes, because the permeation of molecules at the interfaces between 

interdigitated and non-interdigitated phases is facilitated.119,120 No data is available so 

far on the fate of F-DPPC in biological systems. EDPPC, despite its cationic nature is 

biocompatible (i.e., degradable by the phospholipases). Therefore, it can impart 

distinctive properties as a component of the artificial membranes.  

 

The thermotropic phase transitions in the binary mixtures of F-DPPC, EDPPC and DHPC 

have been examined recently,121–124 but an analysis of their behavior in the presence of 

amphiphilic and polyphilic block polymers is still lacking. Though, the present study 

includes the exploration of interdigitated phases in lipid/polymer mixtures, the 

monolayers of pure lipids and binding of polymers to lipid monolayers remain our 

emphasis, simply to evaluate the potential of these modified lipids as membrane 

models. Similar to bilayer studies, these lipids have rarely been scrutinized as 

monolayers at air/water interfaces.125–128 Evaluation will be performed utilizing block 

copolymers with diverse architecture. The interactions of these polymers with DPPC and 

other lipids have been focused lately.39,46,117  
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2 THE MODEL SYSTEM 

In this thesis model membrane systems based on modified phospholipids are used, 

which deviate from membrane lipids in organization, binding capacity (due to presence 

of specific functionality) and permeability owing to the interdigitation in the gel 

phase.119 Such selection offers a benefit of understanding the response of 

molecules/macromolecules to chemical and organizational heterogeneities in 

membranes. Simultaneously, the effect of macromolecules on the properties of 

membrane can be monitored.129,130  

 

The lipids used for the model membranes are based on derivatives of 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), but possess modified hydrocarbon 

chains, headgroup and a different linkage of the alkyl chains. Their behavior in the 

presence of block copolymers with diverse architectures were studied. 

2.1 The Lipids 

The three derivatives of DPPC tested as membrane models are shown in Fig. 2.1. The 

replacement of the palmitoyl group at sn-2 position of DPPC by a 16-fluoropalmitoyl 

moiety yields F-DPPC. The terminus containing a C-F dipole develops an affinity for polar 

environment and causes spontaneous interdigitation in the gel phase.95 The length of 

alkyl chains is important because F-DMPC (1-myristoyl-2-(14-fluoromyristoyl)-sn-glycero-

3-phosphocholine) shows a normal bilayer gel phase.97 The interdigitated gel phase 

differs in penetrability than a normal bilayer gel phase.131 Monofluorinated 

phosphatidylcholines possessing fluorine atom at different positions in the alkyl chain 

can be utilized to probe membrane topology utilizing techniques such as FTIR and 19F-

NMR.132,133 Studies on F-DPPC monolayers are rare and only two investigations have 

been published so far, one on its mixtures with DPPC125 and other on the properties of 

monolayers in the presence of human serum albumin (HSA).126  

 

The esterification of phosphate group in DPPC by ethanol eliminates the negative charge 

at the phosphate and thus leads to a cationic head. The gel state of EDPPC is also 

interdigitated, and the reason for interdigitation in this case is the conflict between the 
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areas occupied by alkyl chains and the head group.96 The interdigitation in cationic lipids 

is not as sensitive to alkyl chain length as that observed for monofluorinated 

phosphatidylcholine134. Recently, the phase transitions in the binary mixtures between 

EDPPC and F-DPPC have been investigated.124 EDPPC forms complexes with DNA and 

RNA similar to other cationic lipids used in gene transfection135. The lipid performance is 

also enhanced, when used in combination with other lipids136,137 or in the presence of 

cholesterol.138,135 The DNA release from lipoplex is essential for gene expression.139 The 

cationic monolayers of lipids other than EDPPC have been studied for DNA interactions 

using the Brewster angle microscopy.140,141 However, EDPPC monolayers have never 

been examined so far nor interactions with block copolymers reported (only a thesis is 

available on EDPPC monolayers142). 
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Figure 2.1: Phosphatidylcholines used in present study.  

Another phospholipid forming an interdigitated gel phase is DHPC. Unlike DPPC, the alkyl 

chains of DHPC (1,2-di-O-hexadecyl-sn-glycero-3-phosphocholine) are linked to 1 and 2 

positions of glycerol via an ether linkage. Ether lipids are found in cell membranes of 
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archaea and deep-sea organisms.143 Ether lipids are unique in a sense that they form an 

interdigitated gel phase which then transforms first into a rippled gel phase and then 

into the liquid crystalline phase.144 This lipid is more densely packed compared to DPPC. 

The absence of carbonyls also reduces interactions with interfacial water. The phase 

transitions in aqueous dispersions of DHPC have been widely investigated.94,144–147 Its 

monolayers at air/water interface were also inspected, but to much lower extent.127,148 

This ether analogue of DPPC undergoes spontaneous interdigitation without application 

of pressure149 or presence of a chemical additive.92,89 The linkage dependent behavior of 

antimicrobial peptide shows stronger binding with ether lipid.109 

2.2 Categorization of Block Copolymers  

The block copolymers employed in the present study can be categorized as amphiphilic 

and polyphilic or triphilic. They also differ in the type, length and sequence of blocks. 

Some of these polymers can be recognized as a part or component of another polymer. 

Such structural diversity allows several comparisons, and hence the polymers are sorted 

on the basis of the purpose they serve. The interactions of these polymers with DPPC 

have recently been studied.39,46,117  

2.2.1 Presence/Absence of Perfluoroalkyl Moieties 

The amphiphilic ABA triblock copolymers used here consist of a hydrophobic PPO block 

flanked by PGMA blocks. These block copolymers with variable block lengths have been 

synthesized in the group of Prof. Jorg Kressler and their properties were studied in bulk 

solution as well as at the  air/water interface and after adsorption to phospholipid 

monolayers28. One of these macromolecules referred to as `GP‘ is included in the 

present study. This telechelic polymer upon end capping with perfluoroalkyl chains gives 

polyphilic `FGP‘.150 In these polymers, the hydrophobic PPO block is sufficiently long to 

span whole thickness of phospholipid bilayers. Fig. 2.2 shows the chemical structure of 

GP and FGP. 

 

Schwieger et al46 have examined the role of  perfluoroalkylation towards membrane 

insertion capability of these polymers. Perfluoroalkanes are inflexible and the chains 

adopt a helical structure due to steric hindrance151.  
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Figure 2.2: Telechelic block copolymer GP and triphilic block copolymer FGP.  

2.2.2 Length and Type of Hydrophilic Block 

In FGP, the hydrophobic PPO block and perfluorinated C9F19 chains compete for insertion 

into monolayers/bilayers. To further investigate the role of perfluorinated segment 

alone, semitelechelic polymers consisting of a PGMA hydrophilic block end capped by F9 

(i.e., C9F19) were selected.152 In GF14 and GF40, the length of PGMA block is 14 and 40 

units, respectively.  GF14 is very similar to one of the two PGMA20-F9 blocks existing on 

both sides of the PPO block in FGP. GF40 has total hydrophilicity comparable to FGP, but 

contains only one perfluorinated alkyl chain.  
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Figure 2.3: Semitelechelic block copolymers GF40, GF14 and EF44 (y = 40 & 14).  

During an investigation on their recognition of DPPC chirality, it has been identified that 

the lengthening of the PGMA block also enhances surface activity of these polymers.39 

To see if the hydrophilic block contributes to the effects produced by perfluorinated 

chains or the type of hydrophilic block effects the penetration of perfluorinated chains, 

another polymer EF44 was also studied. Here hydrophilic block consists of PEO, instead 
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of PGMA, and the degree of polymerization of ~ 44 is comparable to that of PGMA in 

GF40152. These polymers are shown in Fig. 2.3. 

2.2.3 Change in Block Sequence 

Perfluorocarbon segments in FGP and semitelechelic polymers have a free end, which 

can insert into lipid mono- and bilayers with ease. A pentablock copolymer with 

constrained fluorophilic moiety and a different block sequence was synthesized to see 

whether the block sequence has any influence on the interaction with lipids.153 PFG78 

differs from FGP not only, in the sequence but also, in the block lengths of PGMA and 

PPO blocks. PFG78 contains much larger hydrophilic and hydrophobic blocks and it is 

expected to cause appreciable perturbations in model membranes. The chemical 

structure of PFG78 is given in Fig. 2.4. 
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Figure 2.4: Polyphilic block copolymer with constrained perfluoroalkyl moiety, PFG78. 

 

2.2.4 Attachment of a Cholesterol Moiety to a Diblock Copolymer 

Cholesterol is water insoluble and fits perfectly into lipid membranes owing to its 

predominantly hydrophobic character.154 Cholesterol has inhibitory effects on 

interdigitation in DHPC147 and F-DPPC.127  

 

O
O

30

O

O

O

OH

O OO

O

O

O

HO

O

O

O

O

O

HO OH

HO

HO

HO

OH

O

O

HO

O

HO OH

OH

HO

OH

OH

OH

O

O

O

N N
Cl

N
N

N

OH

*
****

**

*

 

Figure 2.5: Amphiphilic rhodamine labelled block copolymer with cholesterol anchor, CPGR. 
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The attachment of cholesterol to a hydrophilic block copolymer allows its anchoring into 

lipid membranes and monolayers.117,156 The synthesis of this water soluble polymer and 

its interactions with DPPC have recently been reported.117 The present work describes 

how the presence of a cholesterol moiety modulates the interaction of this diblock 

copolymer with F-DPPC monolayers and bilayers. Simultaneously, the impact of the 

substitution of 3-OH in the cholesterol on the lipid phase transition will be monitored. 

The chemical structure of CPGR is shown in Fig. 2.5. 

2.3 Fluorescently Labeled Lipids157,158 

In order to visualize the domain formation in lipid monolayers or their co-spread 

mixtures with polymers, three different fluorescently labeled lipids were utilized. Two 

probes were head labeled and one contained the fluorophore at one of the hydrocarbon 

tails. RH-DHPE and NBD-12HPC remain in the expanded state at air/water interface, 

whereas NBD-DPPE under goes condensation due to small size of fluorophore and is 

expected to partition between LE and LC phases in a lipid monolayer.  

2.3.1 RH-DHPE 

This head labeled lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine- N-(lissamine 

rhodamine B sulfonyl) (triethylammonium salt) contains rhodamine moiety attached 

with the nitrogen atom of DHPE. The extinction and emission maxima of this label are 

560 nm and 583 nm, respectively. The structure of this label is given below 
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Figure 2.6: Fluorescent probe RH-DHPE 
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2.3.2 NBD-DPPE 

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2,1,3-benzosadiazol-4-yl) 

(triethylammonium salt) has extinction and emission maxima at at 470 nm and 538 nm, 

respectively.  
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Figure 2.7: Fluorescent probe NBD-DPPE 

2.3.3 NBD-12HPC 

NBD-12HPC (2-(12-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)dodecanoyl-1-hexadecanoyl 

-sn-glycero-3-phosphocholine) bears fluorophore at sn-2 chain terminal. It has extinction 

and emission maxima at 470 nm and 538 nm, respectively. The structure is shown 

below. 
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Figure 2.8: Fluorescent probe NBD-12HPC 

 



THEORY, TECHNIQUES AND METHODS 
______________________________________________________________________________ 

- 19 - 
 

3 THEORY, TECHNIQUES AND METHODS 

3.1 Langmuir Monolayers 

3.1.1 Theory 

Insoluble amphiphiles spread at an air/water interface form monolayers termed as 

“Langmuir monolayers”. Upon compression , that is, with the reduction in area A,  the 

lateral pressure  increases159, where  is defined as  

                𝜋 =  𝜎𝑜 −  𝜎1                              (1)  

with 𝜎𝑜 and 𝜎1 being the surface tension in the absence and presence of a lipid 

monolayer, respectively.  

 

Figure 3.1: Langmuir trough for recording of pressure-area isotherms of lipid monolayer. 

 

Recording compression or -A isotherms allows the calculation of compressibility  of 

monolayers at fixed T by employing the relationship160,161 

 =  −
1

𝐴
(

𝜕𝐴

𝜕𝜋
)

𝑇
         (2) 

A very dilute monolayer behaves like a gas in a cylinder, and can be represented by a 

van der Waals equation of state in two dimensions.162  

( +
𝑎

𝐴2) (𝐴 − 𝑏) = 𝑘𝑇     (3) 

where  is again the surface tension (or pressure), A is the area, and a and b are 

constants163.  

The presence of different phases on the surface can be correlated to the arrangement of 

lipid molecules. At a critical pressure c (and a corresponding area Ac), a phase transition 

takes place, initiating aggregation of molecules into a condensed phase. The 

condensation of lipids is visible in the pressure-area isotherm as a change in slope (or an 

alteration in compressibility67).   
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3.1.2 Experimental  

Pressure-area isotherms were recorded on a film balance, consisting of a trough with 

maximal area 536 cm2, two moveable barriers and Wilhelmy plate as pressure sensor 

(Riegler and Kirstein GmbH, Berlin, Germany). An image of Langmuir trough is given in 

Fig. 3.1. The trough was thoroughly cleaned using Hellmanex solution and deionized 

water before each experimental run. The trough was filled with ultrapure water and 

calibration was performed for the pressure sensor using the surface tensions of water 

and air, i.e., 72 mN m-1 and 0 mN m-1, respectively. The sub-phase was 100 mM aqueous 

NaCl for the cationic lipid EDPPC and its mixtures with polymers.  

 

Pure lipids, polymers, or their mixtures in desired ratios were prepared in chloroform or 

chloroform/methanol (9:1 or 2:1). These mixtures were spread at air/water interface 

using microsyringe (Hamilton Bonaduz AG, Bonaduz, Switzerland). A time of 15 minutes 

was allowed for evaporation of solvent, before initiating the compression of the 

monolayer. The rates of compression varied between 0.5 to 4.0 Å2 molec-1 min-1. The 

temperature of sub-phase was maintained at 20  0.1 C using an external circulating 

water bath (Thermostat F3, Karlsruhe, Germany). In all the cases the pressure-area 

isotherms were reproducible with a difference of about 1-2 Å2 molecu-1. 

 

3.2 Gibbs Monolayers  

3.2.1 Theory 

The adsorption of soluble amphiphiles to an air/water interface produces Gibbs 

monolayers164.  The Gibbs equation connects the surface coverage 𝛤 to the surface 

pressure  and the bulk concentration of a monomeric surfactant X1 by:162 

𝛤 =  − 
1

𝑘𝑇
(

𝜕𝜋

𝜕𝑙𝑜𝑔𝑋1
)

𝑇
      (4) 

With enhanced adsorption of surfactant with increasing X1, the surface tension  drops. 

For surfactants showing a critical micellization concentration (cmc),   stays almost 

constant above the cmc. 
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Moroi et al165,166 pointed-out deviations from the Gibbs model and provided evidences 

that the adsorbed films were not located at air/solution interface unlike insoluble 

monolayers.  

When the air/water interface is covered by Langmuir monolayers of lipids and water 

soluble amphiphiles are injected into the sub-phase, these will be able to insert into the 

monolayers, depending on the initial surface coverage and the surface activity of the 

amphiphile and their interactions with the lipid. Fig. 3.2 shows this phenomenon. 

 

Figure 3.2: Adsorption of polymer injected into the subphase to lipid monolayer at certain 
initial spreading pressure. 
 

A possibility of comparison between pressure-area isotherms for Langmuir monolayers 

to pressure-time isotherms of Gibbs monolayers was proposed.167 The evaluation of the 

adsorption of macromolecules injected into the sub-phase underneath lipid monolayer 

in different physical states is therefore also possible to test their interactions.  

 

The surface pressure exhibited by the lipid monolayer, called the initial spreading 

pressure (ini) changes after polymer’s injection, until it reaches certain constant value 

(max). Plotting the change in surface pressure ( = max - ini) vs. ini and extrapolation 

to  = 0,  gives exclusion pressure (e).  At ini values above e, the macromolecule is 

excluded from the lipid monolayer. The exclusion pressure, e also termed as maximal 

insertion pressure (MIP) is regarded as an important parameter to describe the 

membrane permeability of macromolecules. 

3.2.2 Experimental  

To monitor the adsorption of polymers to pre-existing lipid films maintained at particular 

initial pressures, a system based on two homemade circular troughs (with an individual 

diameter of 6 cm and depth of 0.3 cm) were used. Each trough was equipped with a 
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Wilhelmy plate as pressure sensor (Riegler and Kirstein GmbH, Berlin, Germany) for 

recording of surface-pressures. The whole system was enclosed in a plastic hood to 

ensure optimal environment for error free recordings. Before an experimental run, the 

troughs were thoroughly cleaned with Hellmanex solution and deionized water, filled 

with ultrapure water or 100 mM aqueous NaCl and pressure-sensor was calibrated using 

the surface tensions of water and air as standards. The sub-phase was kept at 20  0.1 

C using an external water thermostat (Thermostat F3, Karlsruhe, Germany). A 

monomolecular layer of lipid at certain initial surface-pressure was produced at 

air/water interface from lipid solution prepared in chloroform. A microsyringe from 

Hamilton Bonaduz AG, Bonaduz, Switzerland was utilized for this purpose. After allowing 

enough time for solvent evaporation and homogeneities, certain volume of aqueous 

polymer solution was injected underneath the monolayer, to attain the desirable 

strength of polymer in the sub-phase (i.e., 100-400 nM). A small spherical magnetic 

stirrer in the subphase enabled the controlled diffusion of added macromolecule. The 

surface-pressure vs. time data was processed using Origin 8.0 (Origin Lab Corporation). 

3.3 Epifluorescence Microscopy 

3.3.1 Theory 

Fig. 3.3 shows the Jablonski energy diagram for adsorption and emission (fluorescence) 

of light in fluorescent molecules.  

 

Figure 3.3: a) Jablonski diagram for absorption and emission of photon; and b) Stokes Shift 
(adapted from Wikipedia). 
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Fluorescence occurs when molecules absorb light at a particular wavelength (1) and 

afterwards emit light of longer wavelength (2). The difference (2 - 1) is called Stokes 

Shift168. The phenomenon of fluorescence is based on three events, which take place on 

different time scales. Initially, the molecule is excited by an incident photon on a time 

scale of femtoseconds. This is followed by non-radiative vibrational relaxation, which 

happens in picoseconds. Finally, the molecule returns to the ground state after emitting 

a longer wavelength photon. This much slower process occurs in nanoseconds, 

depending upon the average time that a fluorescing molecule spends in excited state 

before returning to the ground state. The time before emitting a photon is known as 

fluorescence lifetime.169  

 

 

Figure 3.4: Epifluorescence microscopy imaging of a lipid monolayer at air/water interface  
(adapted from www.thermofisher.com). 

 

For the LE-LC transition observed in the lipid monolayers, it was for a long time unclear 

whether this transition is of first order or second order. In the case of first order 

transition, a coexistence of LC and LE domains should be present during the 

compression in the range of the plateau region. In order to track phase transition, the 

visualization tool of epifluorescence microscopy170–172 was employed using fluorescent 
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probe incorporated into the monolayers, alongside the recording of isotherms. In a 

simple setup, an epifluorescence microscope with a CCD camera is mounted over the 

Langmuir trough (Fig. 3.4).  

 

The lipid monolayer including the low percentage of dye is created at the air/water 

interface and snap shots of the film under observation are taken at desired molecular 

areas or surface pressures. Weis173 reviewed the phase transitions in phospholipid 

monolayer and linked the domain formation to competition between long-range 

electrostatic forces and short-range attractive interactions. The determination of gas-

fluid and fluid-solid transitions and fluid-fluid miscibility is also possible.  

 

Depending upon the type of fluorescently labeled lipid, the dye molecules partitions into 

either the LE or the LC phase. The more common case is that the probe is uniformly 

distributed in the fluid phase, so the whole region appears bright under the microscope. 

Upon condensation, the probe is excluded from the LC domains and dark regions are 

visible. In the case of NBD-DPPE, the probe partitions preferentially into the LC domains 

though some of the dye molecules are still present in the LE phase. The shapes of 

domains are indicative of molecular chirality and tilt.174 Changes in shape provide insight 

into insertion of block copolymers into lipid monolayers.175  

3.3.2 Experimental  

Monolayers were visualized using an Axio Scope A1 Vario epifluorescence microscope 

from Carl Zeiss Microimaging, Jena, Germany. The components of microscope included 

in the set-up were: i) a 100 W mercury arc lamp (HXP 120 C); ii) an objective (LD EC 

Epiplan-NEOFLUAR 50x); iii) a filter cum beam spliter (Filter Set 81HE) and iv) a highly 

sensitive EMCCD camera (ImageEM C9100-13, Hamamatsu, Herrsching, Germany). A 

trough with moveable barriers having maximal area 264 cm2 and pressure sensor based 

on Wilhelmy plate (Riegler and Kirstein GmbH, Berlin, Germany ) was mounted on an 

adjustable stage from Märzhäuser, Wetzlar, Germany to allow movements along x, y and 

z-dimensions using a MAC5000 system (Ludl Electronic Products, Hawthorne, NY, USA). 

The trough was enclosed in a homemade Plexiglas chamber to ensure stable, 

homogeneous and dust-free environment. The measurements were performed at 20C 
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and temperature was kept within  0.1 C by utilizing an external water circulating 

thermostat described above. The whole system was supported by a vibration-damped 

optical table from Newport, Darmstadt, Germany. A desired amount of fluorescent label 

(0.01 mol% RH-DHPE or 0.5-1.0 mol% NBD-12HPC or NBD-DPPE) was added to the 

freshly prepared lipid, polymer or lipid/polymer mixtures in chloroform or 

chloroform/methanol mixtures (9:1 or 2:1). A monolayer was formed at the air/water 

interface on the pre-cleaned trough containing ultrapure water and appropriately 

calibrated surface pressure indicator. The subphase was 100 mM aqueous NaCl for 

cationic lipid EDPPC and its mixtures with polymers. The spreading was done by using a 

microsyringe  from Hamilton Bonaduz AG, Bonaduz, Switzerland. The monomolecular 

film was compressed at different rates (0.5 to 4.0 Å2 molec-1 min-1) utilizing the 

moveable barriers, after sufficient time was allowed for solvent evaporation and 

attainment of homogeneities. The images were recorded at the desired areas and 

surface pressures. The Axiovision software (Carl Zeiss Microimaging, Jena, Germany) was 

employed for imaging and data analysis. 

3.4 Differential Scanning Calorimetry 

3.4.1 Theory 

Calorimetry is widely applicable in biological and biomedical sciences and associated 

disciplines.176 Differential scanning calorimetry (DSC) is one of the most powerful 

techniques for investigating thermally induced transitions in lipids81 and thermodynamic 

stability and molecular recognition in membranes177,178 and conformational changes in 

macromolecules.179  

 

The enthalpy H of a system at constant pressure as a function of temperature is given by 

𝐻 = ∫ 𝐶𝑃 𝑑𝑇 +  𝐻𝑜
𝑇

0
                         (5) 

 

With Ho being an arbitrary constant for the enthalpy at T = 0 and Cp being the heat 

capacity.  
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If a system undergoes a phase transition from state A to B in a certain temperature 

range, the enthalpy and entropy of the phase transition from one state to another are 

given by:180 

∆𝐻𝑡𝑟𝑎𝑛𝑠 = ∫ (𝐶𝑝(𝑑𝑖𝑓𝑓) −  𝐶𝑝(𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒))𝑑𝑇 
𝑇2

𝑇1
     (6) 

 

∆𝑆𝑡𝑟𝑎𝑛𝑠 =  
∆𝐻𝑡𝑟𝑎𝑛𝑠

𝑇𝑡𝑟𝑎𝑛𝑠
                      (7) 

with T1 and T2 being the onset and end temperatures of the transition. Cp(diff) the 

measured heat capacity, and Cp(baseline) being the interpolated heat capacity without 

transition. Tm is the midpoint of the transition.  

 

                        

Figure 3.5: a) Scheme of a differential scanning microcalorimeter (left); and b) A typical DSC 
thermogram (right) (adapted from180) 

 

A feedback mechanism in a differential scanning calorimeter (shown in Fig. 3.5) removes 

the  temperature difference between reference and sample cells and alters the 

temperature in two cells at certain desired, fixed rate181. Furthermore, the heat flow 

from one compartment to another, as well as to the environment is prevented. The 

integral of a DSC curve from base line gives the enthalpy of transition. The maximum in 

𝐶𝑃 represents the transition temperature 𝑇𝑚.182 

 

DSC has successfully been employed for investigations into the behavior of pure lipids, 

lipid mixtures and lipid/polymer mixtures.47,81,91,183,184 
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3.4.2 Experimental  

The recording of thermograms for aqueous dispersions of pure lipids or their mixtures 

(with polymers) was accomplished with Microcal VP-DSC from MicroCal Inc., 

Northhampton, USA. The aqueous samples of pure lipids were prepared in ultrapure 

water or 100 mM aqueous NaCl to give a lipid concentration of 1 mM. Before addition to 

the sample-cell of the calorimeter, they were heated above their respected phase 

transition temperatures and either vortexed or sonicated (or extruded); and degassed 

after gradual cooling to room temperature. The lipid/polymer mixtures were prepared in 

two different ways. One, they were premixed in chloroform/methanol (2:1) and dried 

under N2 stream and kept under vacuum at 25C overnight for the removal of residual 

solvent. The dried samples were later hydrated (with water or 100 mM aqueous sodium 

chloride), sonicated in an ultrasonication bath above the phase transition temperature 

and degassed at room temperature, prior to DSC analysis. Other, the polymer solution 

was prepared separately in water and then added (in a desired proportion) to 

unilamellar lipid vesicles formed through extrusion of aqueous lipid dispersions. The 

extrusion was carried out with a Lipofast-Extruder (Avastin) using a 100 nm 

polycarbonate membrane. In every case, the lipid concentration was maintained at 1 

mM. The scan rates varied between 10-60 degrees per hour. A time resolution of 

4s/data points was employed. Depending upon the nature of lipid, the reference was 

either water or 100 mM aqueous sodium chloride. 
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4 INVESTIGATIONS OF MONOFLUORINATED LIPID F-DPPC  

F-DPPC (1-hexadecanoyl-2-(16-fluorohexadecanoyl)-sn-glycero-3-phosphocholine) is a 

synthetic derivative of L-DPPC where the fatty acid at sn-2 position contains a single 

fluorine atom at the terminus. The presence of a polar C-F bond leads to change in lipid 

bilayer behavior. Therefore, F-DPPC is known to form interdigitated gel phase.95 Several 

investigations have been done on the effect of phospholipids121,123,124, calcium131 and 

lanthanum185 ions and cholesterol155 on the gel phase of this lipid. The gel phase remains 

partially interdigitated under area constraints.186 The interdigitation in F-DPPC reveals a 

delicate balance of forces between lipids molecules in a bilayer because F-DMPC, a F-

DPPC homolog having fourteen carbon atoms in each chain, does not produce an 

interdigitated gel phase.97 In contrast, there are are hardly any studies done on the 

monolayer behavior of F-DPPC, probably because the presence of single fluorine atom is 

not expected to alter the monolayer behavior, where the possibility of interdigitation 

does not exist. The only available reports are about F-DPPC monolayers studied as co-

spread mixtures with L-DPPC125 and human serum albumin.126 To the best of our 

knowledge, the interactions of monofluorinated DPPC with synthetic polymers have 

never been investigated.  
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Figure 4.1: Compression isotherms for L-DPPC and F-DPPC monolayers on aqueous subphase. 

4.1 Monolayer Studies 

F-DPPC monolayers at the air/water interface in the liquid expanded phase correspond 

to only half the fluid bilayer phase.  The interdigitation in bulk phases is driven by the 

affinity of polar C-F bond to localize close to the aqueous or polar environment, but this 



MONOFLUORINATED LIPID F-DPPC 
______________________________________________________________________________ 

- 29 - 
 

should occur in such a way that the hydrocarbon chains are not exposed to water. Based 

on the propensity of fluorine atom for the interfacial region, a distinguishable monolayer 

behavior is also possible. The -A isotherms for F-DPPC and DPPC monolayers at the 

air/water interface at shown in Fig. 4.1. The LE-LC transition begins at higher surface 

pressure for F-DPPC monolayers compared to those of DPPC. In the studies done earlier 

using BAM, F-DPPC monolayers exhibited ovoid type condensed domains.125,126 These 

domains are different from bean or cardioid type domains observed with DPPC.  

4.1.1 Pure Lipid 

FM-Images in the Presence of Different Fluorescent Labels 

FM-images of F-DPPC in the presence of different fluorescently labeled lipids are shown 

in Fig. 4.2. The onset of the LE-LC transition at the beginning of the plateau and 

conversion of some lipid to the condensed phase causes expulsion of the labeled lipids 

(NBD-12HPC and RH-DHPE), because both fluorescent labels remain only in the liquid 

expanded phases, RH-DHPE due to presence of the large rhodamine moiety attached to 

the lipid head and NBD-12HPC due to presence of the NBD dye at one of the 

hydrocarbon chain termini. The elimination of fluorescent probes from condensed 

domains of lipids makes these domains to appear as dark regions. The LC domains have 

fractal growth patterns, and initially observed distorted beans evolve into seaweed like 

2D-aggregates. The fractal growth patterns are exhibited by the lipid monolayers which 

have untitled alkyl chains (e.g. DMPE). Preliminary IRRAS investigations indicate that the 

alkyl chains in the LC phase of F-DPPC monolayers are tilted at an angle of 30 to the 

surface normal. This tilt angle is similar to that recorded for DPPC monolayers. The 

elongation of domain boundaries and demonstration of branched LC domains is possible 

due to enlargement of the LE-LC interface.187 If fluorine atom in F-DPPC is localized near 

the air/water interface in the LE phase, then the widening of interface between LE and 

LC phase is conceivable. This behavior will be explained further in the proceeding section 

on kinetic effects observed in F-DPPC monolayers. In the case of third label NBD-DPPE, 

the NBD moiety is attached to the head and due to the smaller size of the NBD label, this 

labeled lipid stays in the LC phase of the monolayers of F-DPPC and gives rise to white 

instead of black domains in LE/LC coexisting region. The domains become more 

organized with NBD-DPPE, probably due to existence of the negatively charged 
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phosphate group in the label, which alters interactions with the head groups of F-DPPC. 

The greyish core of these domains is either due to self-quenching of NBD or due to 

elimination of the probe from solid domains.158 NBD-DPPE in L-DPPC shows similar 

behavior and the curling directions become visible as greyish cores (Fig. 4.3). 

 

Figure 4.2: Epifluorescence microscopy images of F-DPPC in the presence of different 
fluorescent labels a) RH-DHPE; b) NBD-12HPC; c) NBD-DPPE. 
 

The grey areas are more prominent in the case of DPPC, reflecting a denser packing 

compared to F-DPPC. The shapes of F-DPPC and DPPC isotherms virtually remain 

unchanged upon probe addition. The shapes of LC domains in DPPC monolayers are 

slightly altered with NBD-DPPE and there is a tendency to exhibit propeller shapes with 

elongated blades. Still, the shapes of these domains are highly comparable to those 

observed for L-DPPC in the presence of RH-DHPE (Fig. 4.9b). Thus, it can be safely 
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assumed that the probe at the used low concentration is not affecting the lipid behavior 

even when it penetrates the condensed domains. 

 

Figure 4.3: FM-images for L-DPPC in the presence of NBD-DPPE  on aqueous subphase. 

 

On 0.15M NaCl subphase, the dye is partitioned differently between the LE and LC lipid 

phases (Fig. 4.4). Here, black LC domains with greyish border are seen initially. Upon 

compression, the roughening of domain boundaries occurs, and accumulation of probe 

at the edges is noticed. A closer analysis of these domains reveals a gamut of dye 

distribution. The interactions between anionic phosphate group in NBD-DPPE and head 

group of F-DPPC are reduced due to screening of charges and can be considered 

responsible for different dye distribution in LC domains on 0.1M NaCl subphase.   

 

 

Figure 4.4: FM-images for F-DPPC in the presence of DPPE-NBD on 100 mM NaCl subphase. 

Kinetic Effect Observed by Epifluorescence Microscopy of F-DPPC Monolayers 

It is apparent from Fig. 4.2 that F-DPPC produces distorted bean like LC domains, which 

develop through fractal growth. Vanderlick and Möhwald188 discussed the variety of 

modes relevant for shape transitions in monolayers,  especially under the impact of 

externally applied fields.  According to them, the circular shape represents the zeroth 

mode, whereas all the other shapes represent the higher modes. The fractal growth has 
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been related to diffusion limited aggregation.189 Brewster Angle Microscopy, where a 

dye probe is absent reveals that non-equilibrium domain shapes  may be caused by 

crystallinity of the condensed phase, for which chain length, chain tilt and head group 

type are responsible.190 Higher monolayer compression rates can also lead to dendritic 

or fractal domain shapes.191,192 The tips of fractal fingers lack defined orientation in the 

LC domains.   

 

In order to highlight the factors responsible for seaweed type 2D-aggregates in F-DPPC 

monolayers, the kinetics effects on the lipid monolayers were monitored and the 

evolution of LC domain shapes under different compression speeds and after pressure-

jumps were studied. Fig. 4.5 shows -A isotherms for F-DPPC monolayer recorded at 

different compression rates. In one of such measurements, the monolayer was 

compressed to the surface pressure of 9.0 mN m-1 and allowed to stand for 20 h. Later, 

the compression was continued with the same speed of 4.0 Å2 min-1 molec-1. The surface 

pressure changed less steeply with decrease in area per lipid molecule in this case, 

indicating the loss of some lipid to the subphase.  
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Figure 4.5: Compression isotherms of F-DPPC recorded at different speeds of compression, 
after relaxation and pressure jumps. 

 

The first pressure jump was applied just before the onset of the LE-LC transition, which 

resulted in a sudden increase in the surface pressure. The subsequent jerks covered the 

whole LE-LC coexistence region during which the area per lipid decreased abruptly after 

each jump and consequently the surface pressure was raised. The monolayer was 

allowed to relax and reach equilibrium before the application of next pressure (or area) 

jerks during which a drop in -value was seen. In Fig. 4.5, the onset of pressure jumps 
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are indicated by black arrows, which are followed by the relaxation represented by the 

blue arrows.  

 

The evolution of LC domains of F-DPPC under different compression speed, after 

relaxation and application of pressure jumps is presented in Figs. 4.6 & 4.7, respectively. 

When compression speed is increased, the splitting of fractal fingers occurs. A decrease 

in the compression rate reduces the distortion of bean shaped LC domains. However, 

they remain disorganized even when the monolayer is compressed with a speed of 0.5 

Å2 min-1 molec-1. This clearly indicates that F-DPPC monolayer is more prone to kinetic 

effects compared to that of DPPC. Again, this is probably due to elongation of the LE/LC 

interface resulting from the localization of fluorinated chain terminus close to the water 

surface in F-DPPC monolayers. Initially formed non-equilibrium shapes relax to more 

organized shapes, once compression is stopped.191 DPPC monolayers compressed at the 

speed of 2.0 Å2 min-1 molec-1 produces bean like condensed islands, which evolve into 

propeller shaped domains later (see Fig. 4.6). The domain shapes observed in F-DPPC 

monolayers, show that the electrostatic forces dominate during compression, and the 

monolayer does not actually reach equilibrium, even when the compression rates are 

low.  

 

The fractal domains attain bean or propeller like morphologies when compression is 

halted (Fig. 4.7a). When the monomolecular film is compressed again after they have 

relaxed to bean like shapes, the beans develop cilia or hair like outgrowth, and do not 

actually turn into seaweed like structures probably because of the limited area available 

for their growth. Similar patterns were observed previously for dioctadecylamine 

(DODA) monolayers.193 Out-of-equilibrium processes have significant biological 

implications194, especially in adaptability and selectivity.  

 

To investigate further the fractal domain growth, the lipid monolayer was allowed to be 

compressed at a speed of 1.0 Å2 min -1 molec-1 initially and then a pressure jump was 

applied. However, this small jerk caused only a small change in the area i.e., 0.3 Å2, the 

surface pressure dropped significantly and the domains disappeared. At this point, the 

compression was stopped and the monolayer was allowed to relax until equilibrium 
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cardioid-type domains were visible. Black and blue arrows in Fig. 4.7 represent a part of 

this phenomenon and the corresponding FM-images are gathered in Fig. 4.9b. 

 

Figure 4.6: Evolution of LC-domains of F-DPPC monolayers containing 0.01% RH-DHPE  under  
different compression rates (in Å2 min-1 molec-1).  
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The pressure jump at 65 Å2 molec-1 produced greatest decrease in surface pressure once 

the compression was stopped and the surface pressure dropped from 9.9 mN m-1 to 3.2 

mN m-1. The higher values of surface pressures representing the LE-LC coexistence were 

regained after subsequent pressure jumps without allowing the monolayer to relax, until 

it collapsed at the surface pressure of 23 mN m-1.  

 

Figure 4.7: Kinetics effects on LC-domains of F-DPPC monolayers containing 0.01% RH-DHPE. a) 
compression at 4.0 Å2 min-1 molec-1 after relaxation for 20 h; and b) Pressure jumps followed 
by relaxation (indicated by arrows in Fig. 4.5) 
 

Considering monolayer as a thin solid sheet on fluid, these jolts lead to wrinkle 

formation or buckling195,196, especially at collapse pressures.197 Such instability does not 

occur through enhancement of compression speed only, which can only destabilize the 

domain boundaries and lead to disorganized fractal growth of 2D-condensed phase.  
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Pressure-Area Isotherms of Pure Lipids and their Mixtures 
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Figure 4.8: Compression isotherms for L-DPPC, D-DPPC, F-DPPC and their 1:1 mixtures (The 
coexistence or presence of different phases is indicated by arrows) 
 

The -A isotherms of pure lipids L-DPPC, D-DPPC, F-DPPC and their equimolar mixtures 

are shown in Fig. 4.8. In all the cases, the limiting areas average at ~ 51 Å2 molec-1, which 

agree with the reported values.125  

 

Table 4.1: Characteristics data regarding phase transitions in L-DPPC, F-DPPC and L-DPPC/F-
DPPC (1:1) (The onset of different phases is indicated by arrows in Fig. 4.8) 

Lipid/Lipid mixtures Phase transitions in lipid monolayers  

Gas to LE            LE to LC LC phase 

Area per Lipid  
Molecule / Å2 

Area per Lipid  
Molecule / Å2 

Pressure /  
mN m-1 

Area per Lipid  
Molecule / Å2 

L-DPPC 92.6 77.01  4.2 51.8 

F-DPPC 110.6 75.3  8.1 50.8 

L-DPPC/F-DPPC(1:1) 99.3 75.9  6.4 49.9 

 

The onset of the gas-LE phase transition in the lipid monolayers takes place at higher 

area in the case of F-DPPC (110 Å2 molec-1) compared to that in DPPC. This means that 

the interaction between chains start earlier than DPPC. This is understandable198, 

considering the existence of polar C-F bond close to the water surface in the expanded 

monolayer. DPPC lacks this additional dipole and its chains are more likely to avoid 

contact with the subphase underneath. The weakening of cohesive forces resulting from 

substitution of hydrogen at sn-2 terminus by the bigger fluorine atom, could also lead to 

occupation of higher area per molecule.125 The coexistence region appears as a plateau 
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similar to the one found for DPPC, but at relatively higher surface pressures 

(~ 8.1 mN m-1 compared to 4.4 mN m-1) than DPPC. 

 

 

Figure 4.9: LC-domains of homochiral DPPC and their mixtures with F-DPPC visualized by using 
0.01% RH-DHPE.  
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The conversion of the LE to LC phase for 1:1 mixtures of fluorinated and unfluorinated 

lipids begins at ~ 6.4 mN m-1 that represents an average of the surface pressures of the 

pure systems. Both DPPC enantiomers behave in a similar fashion, besides slightly higher 

surface pressures recorded at the end of the coexisting region for D-DPPC. The effect is 

also visible in the mixtures, where an equimolar mixture between F-DPPC and D-DPPC is 

a quasi-racemate. The results are summarized in Table 4.1. 

Effect of Phospholipid Chirality on LC-Domains of Lipid Mixtures 

The condensed domains visualized by epifluorescence microscopy of DPPC, F-DPPC and 

their 1:1 mixtures are shown in Fig. 4.9. The curling direction of propellers is reflective of 

the lipid chirality and indicates the orientation of tilted chains.174,199,200 The domains 

attain the shapes of kidney beans in an equimolar mixture of DPPC enantiomers.39 In the 

mixtures with lower proportions of L-DPPC, the behavior is dominated by F-DPPC and 

irregular shaped domains were observed in 10:1 and 5:1 mixtures of the two lipids (not 

shown). Spanner shaped domains are observed in equimolar mixture of D- and L-DPPC 

studied earlier by BAM are representative of the chiral phase separation originating 

from the electrostatic interaction of normal spontaneous polarization with electric 

quadrupole density.201 The similar effect was observed for the racemic mixture of D-

DPPC and L-FDPPC, where initially twinned domains202 attained butterfly like geometries 

that finally evolved into more complex multi-lobed 2D-structures (Fig. 4.9c).  

4.1.2 Interactions of Amphiphilic and Polyphilic Polymers with F-DPPC 

Monolayers 

Effect of Perfluoroalkylation: GP vs. FGP 

Block copolymers (depending  upon the type and organization of blocks) can assemble 

into several types of aggregates and hence show a diversity in terms of 

applications.24,25,32,116,203 The block copolymers containing perfluorinated moieties are 

polyphilic owing to these additional segments, which are neither hydrophilic nor 

lipophilic.30 Hence they impart certain interesting properties to the polymers.30,31,39,44,45 

The hemifluorinated dibranch polymers form stable fluorous emulsions because they 

are capable of fully inhibiting Oswald Ripening.41 In order to harness the fluorophilicity 
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of these polymers in medicine and pharmacy, it is important to understand the 

interaction of these polymers with biological membranes or their simplified mimics.46  

 

Time-dependent Adsorption of Polymers to Preformed Lipid Monolayers 

The monolayer-bilayer equivalence pressure is about 30 mN m-1. The polymers capable 

of penetrating into the monolayers with -values above 30 mN m-1 can actually insert 

into the cell membranes – a significantly important phenomenon if polymers act as a 

sealant, or a carrier of drugs, or as an agent for gene transfection. Additionally, they 

could form channels or pores and cause cell leakage, or could induce apoptosis, leading 

to cell death.111 There is plethora of studies available on the role of block copolymers in 

biomimetic chemistry.111,112,114,115 The ABA triblock copolymers consisting of PEO-PPO-

PEO blocks, commonly known as Poloxamers or Pluronics produce toxic degradation 

products on sonication37, and provide a basis for structural modifications for 

applications in pharmacy or industry.36,44,45,116,204 End capping of the amphiphilic triblock 

copolymers with perfluorinated moieties40 changes the interactions with phospholipid 

bilayers46, or monolayers.205 Time-dependent adsorption of polymer from the subphase 

allows the determination of exclusion pressure (e) or maximal insertion pressure (MIP). 

The monolayers being simplified models, merely give partial information about the 

interactions with membranes, which are a complex mixture of lipids and proteins.  

 

The adsorption of amphiphilic polymer molecules injected into the subphase to lipid 

monolayers is most likely caused by the presence of hydrophobic blocks. At low surface 

pressure, when lipid surface concentration is low, polymers suffer less hindrance in 

reaching the surface. The interaction of PGMA units with charged lipid head groups 

enhances the capability of these polymers to penetrate the monolayers. The hydrogen 

bonding between lipid head groups and PGMA units reduces the headgroup repulsions. 

Beside this, the PPO block swims upwards to the surface and occupies the space 

between the lipid molecules. The adsorption of the polymer pushes the expanded lipid 

molecules into more densely packed condensed phase. Fig. 4.10 shows the adsorption 

kinetics after polymer injection into the subphase and a plot to determine the maximal 

insertion or exclusion pressure. All the experiments were allowed to run for sufficient 
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time, until the surface pressure stayed constant. When polymers were injected 

underneath the bare air/water interface, the maximum surface pressure exhibited by GP 

and FGP were 13 mN m-1 and 24 mN m-1, respectively. Hence, FGP has higher surface 

activity compared to GP that lacks fluorophilic end capping. At low F-DPPC concentration 

when it is in the LE phase, the surface is partly covered with lipid molecules and poses a 

hindrance to polymers reaching the surface, especially when fluorinated terminal of the 

fatty acid chain loops towards the interface. This leads to a reduction in  values. The 

polymer concentration in the subphase, that is, 200 nM, is far below the critical 

aggregation concentration.40 For ini < 8.1 mN m-1, the extent to which F-DPPC molecules 

are pushed from expanded to condensed phase is directly dependent on polymer 

content on the surface. 
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Figure 4.10: Time-dependent adsorption of polymers to F-DPPC monolayers spread at different 

initial pressures a) 200 nM GP; b) 200 nM FGP; c) Plot of  vs. ini  for  FGP and GP (The blue 
circles show the adsorption of 100 nM FGP from the subphase). 
 

At higher initial surface pressure, more and more lipid exists in the condensed phase and 

limits the polymer insertion.  For ini > 30 mM m-1, no polymer insertion occurred for GP 

and the surface pressure virtually remains unchanged after polymer injection. For FGP, 



MONOFLUORINATED LIPID F-DPPC 
______________________________________________________________________________ 

- 41 - 
 

however, the polymer is excluded from F-DPPC monolayers at a much higher surface 

pressure (~ 43 mN m-1). For a reduced polymer concentration (100 nM) in the subphase, 

the maximal insertion pressure of FGP (~ 40 mN m-1) is similar to that of DPPC.205 Thus, 

the presence of the fluorine atom in F-DPPC does not alter significantly the interactions 

with the polymers. The anchoring of perfluorinated chains and their affinity for air, 

allows them to prevail and persist in the lipid monolayers at surface pressures greater 

than 30 mM m-1. In conclusion, perfluoroalkylation supplements polymer’s ability to stay 

in the lipid phase up to the higher -values than the unfluorinated analog. 

Compression Isotherms and Epifluorescence Microscopy 

The -A isotherms of the co-spread mixtures of lipid and polymers show an increase in 

area per lipid molecule with the increase in polymer content for both GP and FGP (Fig. 

4.11 & Table 4.2). 

 

Figure 4.11: Compression isotherms for a) F-DPPC/GP;  and b)F-DPPC/FGP mixtures.   

 

The LE/LC coexisting region moves to higher areas (per lipid molecule) as well as the 

higher pressures, revealing that the lipid enters into LC phase at higher surface pressures 

under the influence of the polymer. For only 1% polymer, the area per lipid is greater in 

the presence of GP than FGP at low lateral pressures of the monolayers, when the lipid 

is in the LE phase only. The impact is reversed for higher polymer content or higher 

surface pressures. This indicates attainment of different regimes by FGP and GP on the 

surface. GP can adopt a fully stretched pancake arrangement on the water surface, but 

for FGP, the F9 chains are directed in air, away from polar subphase, disallowing FGP to 

expanse the available surface due to greater looping of PGMA chains into water. 
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There is a second transition visible for FGP at  > 25 mNm-1 due to exclusion of the PPO 

part of FGP, which is followed by full polymer exclusion at pressure of 42.5 mN m-1. This 

polymer transition does not exist for GP, which is excluded just above 30 mN m-1. This 

suggests that end capping impedes the immediate polymer exclusion, a trait not shown 

by the hydrophobic PPO block alone. This will be discussed in the proceeding section on 

semitelechelic polymers GF40 and GF14. The exclusion pressure obtained from 

compression isotherms are similar to those arrived at from the adsorption studies.  

 

Table 4.2: Shift in areas available per lipid molecule(A) in a monolayer after FGP and GP 
addition recorded at different surface pressures. 

Lipid/ 
polymer  
ratio 
(moles) 

A  / Å2 molec-1 (F-DPPC) at various surface pressures () 

4 mN m-1 9 mN m-1 15 mN m-1 25 mN m-1 

F-DPPC/ 
GP 

F-DPPC/ 
FGP 

F-DPPC/ 
GP 

F-DPPC/ 
FGP 

F-DPPC/ 
GP 

F-DPPC/ 
FGP 

F-DPPC/ 
GP 

F-DPPC/ 
FGP 

100:1 12.6 7.9 4.2 0.9 3.5 3.9 0.6 1.1 

50:1 32.0 29.5 27.3 28.5 11.4 13.5 3.9 7.4 

20:1 71.3 73.0 58.0 60.0 23.8 33.0 6.8 17.4 

10:1 133.5 152.4 104.2 122.3 47.2 80.2 13.3 47.4 

 

FM images recorded for F-DPPC/FGP and F-DPPC/GP systems look almost alike (Fig. 

4.12). The fractal domains grow into larger aggregates in 100:1 and 50:1 mixtures. For 

mixtures containing greater amounts of polymer, more organized bean shaped domains 

are formed. Small amounts of polymers inhibit the growth of lipid 2D crystals hence 

faceting or branching is augmented. With further polymer addition, domain thinning 

occurs, because a significant part of the surface area is covered by polymer, and lipid 

molecules are segregated into discrete regions. In addition, with increase in polymer 

content in the mixture, the polymer diffusion away from the boundaries of the domains 

is also reduced. Polymers at low surface pressure are lying nearly flat on the surface of 

water in a well-known pancake regime. Upon compression, the hydrophilic units loop 

into water, giving rise to mushroom and brush morphologies. During this process, the 

lipid molecules are pushed together to nucleate. The polymer molecules enclose the 

lipid area. Roughly, each lipid confinement acts as nucleation site. The stress produced 

through compression is borne by the polymers and later reaches the expanded lipid 
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islands and force them to condense. Here, the well-known lineactant behavior of 

polymers is not experienced.  

 

 

Figure 4.12: FM-images for a) F-DPPC/GP (50:1); b) F-DPPC/GP (10:1); c) F-DPPC/FGP (50:1) and 
d) F-DPPC/FGP (10:1) co-spread monolayers containing 0.01% RH-DHPE. The corona around 
the domains in d3 is indicated by red arrows.  
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A corona appears around the condensed domain with FGP at  ~ 24 mN m-1, proving the 

accumulation of dye at the edges of domains despite exclusion from the densely packed 

lipid molecules (indicated by red arrows in Fig. 4.12d3). This point towards the slow 

diffusion of FGP from the domain boundaries, which hinders the movement of 

fluorescent label towards the bulk. Apparently, for a fastly moving interface, the line 

tension does not come into play and the only operating force is the electrostatic 

repulsion between lipid molecules, which promotes fractal growth.  

 

 

Figure 4.13: FM-images for F-DPPC/FGP (10:1) mixtures in the presence of NBD labelled probes 
and on different subphase types a) NBD-DPPE on pure water subphase; b) NBD-DPPE on 0.1M 
aqueous NaCl subphase and b) NBD-12HPC on 0.1M aqueous NaCl subphase (In each case 1.0% 
of the fluorescent label was added to the mixture) 
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The epifluorescence microscopy images recorded in the presence of NBD-DPPE probe 

(Fig. 4.13a) clearly show that the dye does not diffuse away from the domain edges in 

the monolayer of F-DPPC/FGP (10:1) mixture. The domains are white and peanut shaped 

on pure water subphase. The background is increasingly darkened upon compression, 

indicating that the dye is staying in the LC lipid phase and not diffusing into the bulk 

phase. The domain edges represent a hint of grey, showing relatively lesser dye 

proportion in this region compared to the core of the LC domain. It has been observed in 

this work (Fig. 4.4) that the change of subphase from pure water to 0.1M aqueous 

sodium chloride alters the interactions between the dye label and F-DPPC in the lipid 

monolayers, and a reversal of contrast is seen, showing the greater presence of dye at 

the boundaries of LC domains than in the core. The measurements carried out for the 

monolayers of F-DPPC/FGP (10:1) mixture on 0.1M NaCl subphase (Fig. 4.13b) endorses 

the same. 

 

On the salt subphase, the bean-shaped LC domains have white edges and greyish core, 

representing a change in dye distribution compared to that seen earlier on pure water 

subphase. This behavior is specific to NBD-DPPE, because when the dye label is changed 

to NBD-12HPC, that is, the head labeled lipid probe, the dye is expelled from the LC 

domains and black domains are seen. This proves that NBD-DPPE bearing a negatively 

charged phosphate group responds to the presence of salt in the subphase and as a 

result, the interactions between the lipid and the dye label are altered. 

Effect of PGMA Block Length in Semitelechelic Polymers: GF40 vs GF14 

It was seen from the comparison between FGP and GP that there was a second 

transition in the pressure area isotherms above 25 mN m-1 that reflected the mushroom-

brush transition of the polymer. This transition was related to the impact of the 

exclusion of PPO blocks, while the F9 segments retained in the monolayers. In order to 

further investigate this effect, the semitelechelic polymers devoid of PPO blocks were 

used. These polymers possessed perfluoroalkyl segments attached with two different 

lengths of PGMA units. GF14 (i.e. PGMA14-F9) resembles PGMA20-F9 part of FGP. The 

hydrophilicity of GF40 is similar to that of FGP. However, there is only one F9 chain 

attached with PGMA block in GF40. 
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Time dependent Adsorption of Polymer to Preformed Lipid Monolayers 

 

Figure 4.14: a) Effect of subphase concentration of GF40 on its adsorption to F-DPPC 

monolayer spread at different initial pressures; b) Plot of  vs. ini for GF40. 
 

It has been reported previously that the PGMA blocks are not very hydrophilic and their 

enlargement imparts higher surface activity39. These polymers are however less surface 

active in comparison to FGP as well GP. 
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Figure 4.15: Time-dependent adsorption of polymers to F-DPPC monolayers spread at different 

initial pressures a) 400 nM GF40; b) 400 nM GF14; c) Plot of  vs. ini for GF40 and GF14.   
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For 100 nM of GF40 injected into the pure water subphase, the surface pressure remains 

almost zero (Fig. 4.14). A higher surface activity of GF40 is promoted due to the 

presence of lipid on the surface. This trait emerges from the possible interaction of -OH 

groups in PGMA with the head groups of F-DPPC. Here higher polymer concentrations 

were utilized (400 nM) due to lower surface activity of these polymers in comparison to 

FGP and GP. The maximal insertion pressures (e) obtained for GF14 and GF40 were 28 

mN m-1 and 30mN m-1, respectively. However, there is very little insertion of polymers 

above a surface pressure of 20 mN m-1 (Fig. 4.15 a & b). Only negligible changes in  

values are observed at later stages, when the measurements are continued to run for 

about 20 hours.  

Compression Isotherms and Epifluorescence Microscopy 

The pressure-area isotherms for co-spread F-DPPC/GF40 and F-DPPC/GF14 mixtures 

shown in Fig. 4.16 (a & b) are similar to those reported for the mixtures of these 

polymers with L-DPPC.39 

 

Figure 4.16: Compression isotherms for a) F-DPPC/GF40;  and b) F-DPPC/GF14 mixtures.   

 

The magnitudes of shifts in areas are less than those observed for FGP and GP. The 

changes are more systematic for GF14. The negative A values are exhibited by the co-

spread 20:1 and 10:1 mixtures between F-DPPC and GF40.  A plausible explanation for 

this observation is the enlargement of hydrophilic blocks, which makes this polymer 

more water-soluble and enhances its capacity to self-assemble into aggregates. Upon 

polymer exclusion from the monolayer, the bound lipid is likely to submerge along with 

it, reducing the lipid content on the surface. For 10% GF40, the plateau representing the 
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co-existing LE/LC phases of lipid also starts to disappear, indicating a reduced ability to 

form condensed domains. Probably the insertion of perfluorinated chains, which are 

stiffer, promotes the formation of liquid ordered domains or less condensed domains.  

 

Table 4.3: Shift in areas available per lipid molecule (A)  in a monolayer after GF40 and GF14 
addition recorded at different surface pressures 

Lipid/ 
polymer  
ratio 
(moles) 

A  / Å2 molec-1 (F-DPPC) at various surface pressures () 

4 mN m-1 9 mN m-1 15 mN m-1 25 mN m-1 

F-DPPC/ 
GF40 

F-DPPC/ 
GF14 

F-DPPC/ 
GF40 

F-DPPC/ 
GF14 

F-DPPC/ 
GF40 

F-DPPC/ 
GF14 

F-DPPC/ 
GF40 

F-DPPC/ 
GF14 

100:1 16.1 10.8 0.8 7.4 5.1 5.4 4.2 3.9 

50:1 24.4 11.7 4.0 6.3 6.6 5.0 4.6 3.2 

20:1 3.2 23.3 -2.8 13.3 -4.4 9.8 -9.6 6.3 

10:1 22.2 35.4 6.7 23.4 -1.4 10.8 -8.8 4.5 

 

In epifluorescence microscopy, again the flower-like domains are observed with 100:1 

and 50:1 F-DPPC/polymer mixtures (Fig. 4.17a), showing a resemblance to the effects 

produced by FGP and GP in the lipid monolayers. 

 

 

Figure 4.17: FM-images for a) F-DPPC/GF40 mixtures starting from gas phase in a monolayer; 
and b) F-DPPC/GF40 mixtures starting from LE/LC coexistence phase in a monolayer. In each 
case 0.01% RH-DHPE was present. 
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The reduction in line tension above 5% GF40 in the lipid/polymer mixture, causes the 

thinning of domain boundaries, but no special patterns appear like those observed with 

DPPC earlier39.  The start of compression at  > 8.0 mN m-1 through spreading of more 

lipid produces bean shaped domains (Fig. 4.17b). Increase in number of nucleation sites 

and limited area available for growth are responsible for such behavior. 

 

An agitation in a three dimensional system favors the secondary nucleation.206 The 

surface of already existing crystal acts a breeding ground for aggregation. These weakly 

bound crystallites are detached from the surface upon agitation. It is, however, difficult 

to apply the same to a compressed two-dimensional monomolecular layer.  The polymer 

molecules in the case of Gf40 are not able to limit the access of lipid to already 

nucleated 2D crystals. Similar behavior is observed for GF14 (not shown).  

Effect of the Nature of Hydrophilic Block: GF40 vs EF44 

As indicated earlier, the PGMA units are not very hydrophilic and tend to enhance 

surface activity in the case of semitelechelic polymers. In addition, attachment of the 

perfluorinated chain makes them more capable of staying at the surface and insert into 

the lipid monolayer. In order to investigate if the hydrophilic block has a significant 

influence on the insertion of perfluorinated part, a comparative analysis is provided for 

GF40 and EF44.  In the latter, the hydrophilic block consists of ethylene oxide units. The 

homopolymers of ethylene oxide (PEO) show some surface activity but with the increase 

in surface concentration, the extension of polymers into the subphase as loops and tails 

becomes prominent207. The study also indicates that at low apparent surface 

concentration of the polymer, the polymer is stretched fully on the surface and looping 

occurs only after a critical value is exceeded.  

Time-dependent Adsorption of Polymers to Preformed Lipid Monolayers 

The exclusion pressure e obtained for EF44 is notably lower than e for GF40 (Fig. 4.18). 

The change in surface pressure () is highest at ini ~ 2.0 mN m-1, and gradually 

decreases with increasing presence of lipid, until the polymer is unable to insert into the 

lipid monolayers. At smaller initial spreading pressures of the lipid monolayer, the  

values recorded for EF44 are higher than those obtained for GF40. The smaller cross-
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sectional area of PEO segments and an ease with which they fit in water structure are 

responsible for this behavior.208  After ini = 15.0 mN m-1, EF44 is rapidly excluded from 

F-DPPC monolayers, whereas GF40 prevails. The e values obtained for GF40 and EF44 

differ by a magnitude of 8 mN m-1, which highlights the impact of the nature of the 

hydrophilic units in membrane insertion capability.  
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Figure 4.18: Time-dependent adsorption of 400 nM EF44 to F-DPPC monolayers spread at 

different initial pressures and b) Plot of  vs. ini for GF40 and EF44.   
 

Compression Isotherms and Epifluorescence Microscopy  
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Figure 4.19: Compression isotherms for F-DPPC/EF44 mixtures. 

The pressure-area isotherms collected for mixtures containing different ratios of F-DPPC 

and EF44, co-spread on the water surface are given in Fig. 4.19. With increased polymer 

content, the lipid LE-LC transition is shifted to higher areas and a significant impact is 

only observed for 20:1 and 10:1 lipid/polymer mixtures. For smaller amounts of polymer 

in the lipid/polymer mixtures, the A values for EF44 are lower than those obtained for 

GF40. The balance is shifted in favor of EF44 for higher polymer content. The overall 
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effect is due to differences is the size, aqueous solubility and hydrophobicity of GMA and 

EO units.209 The binding of PGMA units to lipid head groups allow some lipid to sub-

merge along with the polymer. The exclusion of EF44 occurs at 23 mN m-1, which is close 

to the value reached during the adsorption study.  

Table 4.4: Shift in areas available per lipid molecule (A) in a monolayer after GF40 and EF44 
addition recorded at different surface pressures. 

Lipid/ 
polymer  
ratio 
(moles) 

A  / Å2 molec-1 (F-DPPC) at various surface pressures () 

4 mN m-1 9 mN m-1 15 mN m-1 25 mN m-1 

F-DPPC/ 
GF40 

F-DPPC/ 
EF44 

F-DPPC/ 
GF40 

F-DPPC/ 
EF44 

F-DPPC/ 
GF40 

F-DPPC/ 
EF44 

F-DPPC/ 
GF40 

F-DPPC/ 
EF44 

100:1 16.1 -2.0 0.8 -11 5.1 -2.0 4.2 -2.5 

50:1 24.4 7.5 4.0 -4.7 6.6 1.1 4.6 -1.2 

20:1 3.2 37.9 -2.8 21.8 -4.4 5.9 -9.6 -1.0 

10:1 22.2 59.3 6.7 32.6 -1.4 11.8 -8.8 0.4 

 

 

Figure 4.20: LC-domains for co-spread F-DPPC/EF44 mixtures containing 0.01% RH-DHPE. 
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Effect of Block Sequence / Reversal of Blocks (PFG78) 

To understand further the role of perfluorinated moieties on the interactions of 

polyphilic or triphilic polymers, a polymer with a different block order was investigated. 

This polymer contains a perfluoroalkyl moiety to which is attached on both sides a 

diblock of PGMA and PPO. The PPO units on both sides are terminated by n-butyl units. 

Unlike in FGP, the perfluorinated chain has no free ends in this case, is rigid and 

attached to PGMA blocks. The possibility of its insertion into lipid monolayers is limited. 

However, the perfluorinated segment is hydrophobic and prefers to reside in the lipid 

phase, albeit its lipophobic nature.  

Time-dependent Adsorption of Polymers to Preformed Lipid Monolayers 

The polymer exhibits low surface activity on a bare water surface. When the surface is 

covered by a lipid monolayer, an increase in  is observed, indicating insertion into the 

monolayer (Fig. 4.21). In the coexistence region of LE and LC phases, the penetration is 

highest and decreases with an increase in lipid density. The polymer’s presence forces 

the lipid to enter into condensed phase by occupying certain surface area.  

 

After injection, the polymer continued to reach the surface with a gradual increase in 

surface pressure even after 8 hours, so that equilibrium was never reached during the 

experiment. The insertion of PFG78 is slower than observed for FGP, which is inevitably 

due to polymer size and the different organization of blocks. On the other hand, the 

insertion of PPO blocks is facilitated owing to their presence at the polymer’s termini. 

The fluorinated block is flanked by PGMA blocks and it can insert into the monolayers if 

part of this PGMA block is also pulled into the monolayers, one of the less favorable 

possibilities. The self-aggregation of PFG78 is possible due to its large size, which can 

keep all the segments in energetically favorable locations, especially perfluoroalkyl 

group, which is lipophobic as well as hydrophobic. For instance, if a perfluorinated 

segment is attached on one side with a hydrophobic block and on the other joined with 

a hydrophilic block, an intermediate fluorophilic phase may exist.30 (Fig. 4.22) 

 



MONOFLUORINATED LIPID F-DPPC 
______________________________________________________________________________ 

- 53 - 
 

0 1 2 3 4 5 6 7 8
-5

0

5

10

15

20

25

30

35

40

45

50


 /
 m

N
·m

-1

t / h

a) F-DPPC/PFG78

Polymer in the subphase = 400 nM

 

 

0 1 2 3 4 5 6 7 8
-5

0

5

10

15

20

25

30

35

40

45

50


 /
 m

N
·m

-1

t / h

b) F-DPPC/PFG78

Polymer in the subphase = 200 nM

 

 

 

                                               
-5 0 5 10 15 20 25 30 35 40 45

-5

0

5

10

15

20

25

30
 PFG78 (400 nM) 

 PFG78 (200 nM)




  
/ 

m
N

·m
-1


ini

 / mN·m
-1

 
e
 / mN·m

-1

PFG78 (400 nM) = 40.7

PFG78 (200 nM) = 39.3

c)

 

 

 

Figure 4.21: Time dependent adsorption of polymers to F-DPPC monolayers spread at different 

initial pressures a) 400 nM PFG78; b) 200 nM PFG78 ; c) Plot of  vs. ini  for PFG78 (400 nM 
and 200 nM). The blue circles are for adsorption of 200 nM of PFG78 to pre-existing DPPC 
monolayers.  
 
 
 

 

 

Figure 4.22: Micelles of an ABC type PEG derivative comprising of hydrophilic block PEG 

attached with lipid head group through a perfluorinated alkyl `F8‘ linker30.  
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Compression Isotherms and Epifluorescence Microscopy 

The compression isotherms of co-spread PFG78 mixtures with F-DPPC are relatively less 

shifted compared to those with FGP (Fig. 4.23), despite the fact that PFG78 has both 

hydrophobic, as well as hydrophilic blocks larger than FGP. 
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Figure 4.23: Compression isotherms for F-DPPC/PFG78 mixtures. 

A closer look at -A isotherms reveals that the second phase transition takes place at 

much higher surface pressure that is 35 mN m-1 for PFG78. In fact, this transition is 

hardly visible even for F-DPPC/PFG78 (10:1) mixture.  

 

A comparison between A values obtained for F-DPPC/FGP and F-DPPC/PFG78 co-

spread monolayers is given in Table 4.5. When F-DPPC is in LE phase and PFG78 

concentration is low in the mixture, the polymer is fully stretched on the surface and its 

extension into the subphase is minimal. Since the size of PFG78 is greater than FGP, the 

difference in A values exhibited by mixtures of FGP and PFG78 with F-DPPC is reflective 

of the difference in the overall lengths of the two polymers.  

 

Above LE-LC phase transition, less surface area is available to the polymers and looping 

of PGMA blocks into the subphase occurs. When the lipid is already in the LC phase, the 

differences in areas are due to presence or absence of PPO and perfluorinated segments 

of the polymers in F-DPPC monolayers. At this stage, the perfluoroalkyl entity is also 

removed from the surface along with PGMA blocks, simple because PFG78 exhibits 

much smaller A values in monolayers with  > 25 mN m-1.   
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Table 4.5: Shift in areas available per lipid molecule (A)  in a monolayer after FGP and PFG78 
addition to F-DPPC monolayers 

Lipid/ 
polymer  
ratio 
(moles) 

A  / Å2 molec-1 (F-DPPC) at various surface pressures () 

4 mN m-1 9 mN m-1 15 mN m-1 25 mN m-1 

F-DPPC/ 
PFG78 

F-DPPC/ 
FGP 

F-DPPC/ 
PFG78 

F-DPPC/ 
FGP 

F-DPPC/ 
PFG78 

F-DPPC/ 
FGP 

F-DPPC/ 
PFG78 

F-DPPC/ 
FGP 

100:1 21.9 7.9 14.2 0.9 4.1 3.9 0.9 1.1 

50:1 50.9 29.5 13.9 28.5 7.8 13.5 2.6 7.4 

20:1 99.5 73.0 60.4 60.0 28.6 33.0 12.7 17.4 

10:1 162.4 152.4 98.9 122.3 49.1 80.2 18.5 47.4 

 

The LC-domains for F-DPPC/PFG78 have fractal patterns of growth with a splitting of the 

tips as an additional feature (Fig.4.24).  

 

 

Figure 4.24: LC-domains for co-spread F-DPPC/PFG78 mixtures containing  0.01% RH-DHPE. 

 

The domains get organized with an increase in polymer content in the mixture. Initially 

existing heart shapes develop fuzzy boundaries at higher surface pressures, indicating a 

reduction in line tension. In contrast to semi-telechelic polymers, which are lineactant 

due to perfluorinated chains, the line-active propertyof PFG78 is due to the presence of 

PPO chains at the LE/LC interface of the lipid.  
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Adsorption of FGP to F-DPPC/Cholesterol (1:1) Mixed Monolayer  

Cholesterol is undeniably amongst the most important lipids existing in cell membranes. 

Cholesterol addition increases the order in the expanded phase whereas its presence 

inhibits the condensation of lipid and produces an additional thermodynamic phase that 

is between fluid and gel states of lipid, so-called liquid ordered phase.211,212  

Time-dependent Adsorption of FGP to F-DPPC/Cholesterol (1:1) Monolayers 

The time dependent adsorption of FGP to a monolayer of 1:1 mixture of FDPPC and 

cholesterol is shown in Fig. 4.25. 

0 1 2 3 4 5 6 7 8
-5

0

5

10

15

20

25

30

35

40

45

50

FGP in the sub-phase = 200 nM

t / h


/
 m

N
·m

-1

a) FGP adsorption to F-DPPC:CHO(1:1) 

 

 

0 5 10 15 20 25 30 35 40 45
-5

0

5

10

15

20

25

30

35


e
 (mN·m

-1
) = 41.5 

 F-DPPC:CHO(1:1)

 CHO

 DPPC:CHO(1:1)

 F-DPPC

FGP in the sub-phase = 200 nM



 /
 m

N
·m

-1


ini

 / mN·m
-1

b

 

 

 

Figure 4.25: (a) Time-dependent adsorption of FGP to F-DPPC/Cholesterol (1:1) mixed 
monolayers (bold lines) and pure cholesterol monolayers (bold dotted lines) spread at 

different initial pressures; and  b) Plot of  vs. ini for FGP adsorption to F-DPPC/Cholesterol 

(1:1) monolayers. (For comparison the plots of   vs. ini for F-DPPC, DPPC and 
DPPC/Cholesterol (1:1) monolayers is also given). 
 

In the presence of cholesterol, a mixed film with the surface pressure above 23 mN m-1 

could not be obtained through spreading.  This is due to fluidization of the monolayers 

and existence of liquid ordered domains.213,214 It is however possible to reach the 

pressure of 35 mN m-1 in the case of pure cholesterol monolayer. 

At low surface pressure, the polymer inserts more easily into the mixed monolayers 

compared to a monolayer composed for pure F-DPPC. Similar behavior is observed when 

FGP is injected underneath a monolayer consisting of an equimolar mixture of L-DPPC 

and cholesterol (Fig. 4.25b).   

 

The exclusion pressures obtained from the plot of  vs. ini after extrapolation to  = 0 

are comparable for pure F-DPPC and F-DPPC/Cho monolayers, but as mentioned above 

it is not possible for co-spread mixed monolayers to achieve a surface pressure of above 
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25 mN m-1. This is in accordance with the results of a previously reported study where 

the initial spreading pressures of above 25 mN m-1 are not noticed for DPPC/Cho mixed 

monolayers215, It is apparent from Fig. 4.25b that the existence of cholesterol in the 

expanded lipid phase enhances FGP incorporation into F-DPPC as well DPPC. The surface 

pressure recorded after FGP incorporation into F-DPPC with and without cholesterol 

differ by the magnitude of about 10 mN m-1 for ini = 5 mN m-1. The magnitude is 

markedly reduced for ini = 10 mN m-1. This is explainable because the monolayer is now 

more ordered.  

Behavior of F-DPPC/Cholesterol Mixed Monolayers 

Compression Isotherms and Epifluorescence microscopy 

The co-spread films of F-DPPC containing different amounts of cholesterol show a shift 

in area per lipid molecule, clearly indicating that F-DPPC/Cho monolayers behave 

differently (Fig. 4.26).  
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Figure 4.26: Compression isotherms for F-DPPC, Cho and F-DPPC/Cho mixtures. 

 

The plateau representing the co-existing region for LE and LC phases of the lipid 

smeared-out with the addition of cholesterol and vanished completely in an F-DPPC/Cho 

(2:1) mixture, reflecting a reduction in packing density. The presence of cholesterol 

rigidifies the lipid monolayers215, the isotherms continue to shift to higher areas per F-

DPPC molecule with increase in the proportion of cholesterol. The cross-sectional area 

of cholesterol allows it to fit among the hydrocarbon tails of lipid, while its smaller 

headgroup, that is a –OH, induces hydrogen bonding with the head group. 
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The interaction of cholesterol with lipid membranes has been reviewed by McMullen et 

al.211 The cholesterol has condensing effects on the LE phase,. Therefore, it enhances an 

order in the former giving rise to the Lo-phase. On the other hand, the presence of 

cholesterol fluidizes the LC phase of the lipid. Consequently, the lipid monolayer exhibits 

less order. 

 

Table 4.6: Shift in areas available per lipid molecule (A) in a monolayer after Cholesterol 
addition recorded at different surface pressures 

F-DPPC/ Cho  
ratio (moles) 

A  / Å2 molec-1 (F-DPPC) at various surface pressures () 

4 mN m-1   9 mN m-1 15 mN m-1 25 mN m-1 

50:1 2.2 -2.2 2.7 2.6 

10:1 -2.0 -9.4 6.7 6.2 

2:1 -8.1 -8.3 14.0 14.3 

 

The FM-images of the monolayers formed by FDPPC/Cho mixtures are shown in Fig. 

4.27. The domain shapes captured at different surface pressures for 50:1 mixture 

unravel the lineactant role of cholesterol. Thinning, curling and merging of condensed 

domain takes place during LE/LC coexistence. Similar effects on DPPC domains has been 

reported by Weiss and McConnell under rapid isothermal compression of the mixed 

DPPC/Cho monolayers.216 In their view, cholesterol stabilizes the crystal-liquid interface 

and the DPPC/Cho system attains the thermodynamic equilibrium. Moreover, a negative 

effective interfacial free energy is necessary order to separate fluid and condensed 

domains.  

 

F-DPPC monolayers containing 10 and 33 percent cholesterol, respectively, exhibit 

circular domains in the gas-LE-coexistence regime. These domains persist up to 6 mN m-

1, during which an Ostwald Ripening occurs. Later, the domains start to dissolve above 

7.5 mN m-1 and disappear at  > 12 mN m-1. This is due to inhibition of condensed phase 

by cholesterol, as indicated also by the change in shape of the -A isotherms.   
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Figure 4.27: FM-images of the monolayers of co-spread F-DPPC/Cholesterol mixtures 

containing 0.01% RH-DHPE. 

Behavior of F-DPPC/FGP (10:1) Monolayers in the Presence of Cholesterol   

It has been established in section 4.1.2 that 10% of FGP inhibits fractal domain growth in 

F-DPPC monolayers. To investigate if FGP could inhibit the domain thinning caused by 

small percentages of cholesterol in F-DPPC monolayers, the compression isotherms 

were recorded for co-spread monolayers of the F-DPPC/FGP (10:1) mixtures in the 

presence of different percentages of cholesterol and phase transitions in the monolayers 

were observed using epifluorescence microscopy. The FM-images of ternary monolayers 

are shown in Fig. 4.28. The -A isotherms (not shown) retain their shape for all mixtures, 

showing an insignificant effect on the order in these monolayers. Only a slight shift of 

the lipid phase transition takes place for mixture with 2% cholesterol. These monolayers 
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exhibit spiral shaped domain, indicative of the line active property of cholesterol, which 

accumulates at the boundary between LE and LC phases. It is therefore, concluded that 

FGP could not inhibit the condensing and fluidizing effects produced by the cholesterol 

in the F-DPPC monolayer. 

 

The perfluorinated moieties in FGP share a common trait of rigidity with cholesterol. 

They could however, supplement the effects produced by cholesterol provided they are 

attached with much smaller hydrophilic head.217  

 

 

Figure 4.28: FM-images for co-spread monolayers of F-DPPC/FGP (10:1) mixtures containing a) 
0 %; b) 1 % and c) 2 % Cholesterol. Each solution possessed 0.01% RH-DHPE. 
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Impact of Cholesterol on the Anchoring of a Diblock Copolymer  

A resemblance between inflexible perfluorinated moieties and rigid cholesterol has been 

suggested in the previous section. Though the monolayer properties of cholesterol are 

dominated by its hydrophobic nature, the presence of 3-OH is highly responsible for its 

residence between lipid molecules in a monomolecular layer.  

Time-dependent Adsorption of Polymer to Preformed Lipid Monolayers 

 
 
Figure 4.29: a) Time-dependent adsorption of CPGR (200nM) to F-DPPC monolayers spread at 

different initial pressures; and b) Plot of  vs ini for CPGR. 
 

To investigate the change in monolayer properties of cholesterol upon derivatization, a 

block copolymer comprising of a linear polyethylene-glycol block and a hyperbranched 

polyglycerol block and bearing a cholesterol anchor (i.e., CPGR) was studied for its 

interactions with F-DPPC.  In this polymer, the block lengths of PEG and PG blocks are 30 

and 17, respectively. The PG block also carries a rhodamine label attached through a 

hydrocarbon spacer with it. It has already been reported that this polymer caused 

extraordinary thinning of triskelion LC-domains in DPPC monolayers.117  

 

The time-dependent adsorption of the polymer CPGR to F-DPPC monolayer is depicted 

in Fig. 4.29. After injection into the subphase, CPGR adsorbed to pre-formed F-DPPC 

monolayers in a similar fashion to that of the polyphilic FGP. The insertion of polymer in 

LE phase of the lipid is negligible and it is preferably inserted to the monolayers in the 

coexistence region, where both expanded and condensed lipid phases are present. 

However, an increase in the amount of condensed lipid and so-called solidification of 
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domains lead to a gradual elimination of polymer from F-DPPC monolayers. The maximal 

insertion pressure is ~ 38 mN m-1 for 200 nM polymer in the subphase.  This value is 

comparable to the MIP recorded for F-DPPC/FGP system in the present study. A slightly 

higher value of 40 mN m-1 has been reported for exclusion of CPGR from DPPC 

monolayers, where the subphase concentration of this polymer was 500 nM.117   

Compression Isotherms and Epifluorescence Microscopy  

The compression isotherms of F-DPPC mixed with CPGR are given in Fig. 4.30. There is a 

continuous shift of isotherms to higher lateral pressures and isotherm stretches over 

larger area with increase in polymer content. The shifts in areas are less pronounced 

than those observed for DPPC/CPGR in a previous study.117 The plateau representing 

LE/LC phase coexistence of lipid gradually disappears with increase in moles of polymer 

in the co-spread mixture, indicating the tendency of cholesterol to anchor the polymer 

in the monolayers.  
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Figure 4.30: Compression isotherms for F-DPPC/CPGR mixtures. 

 

Two transitions are visible in 5:1 mixture, first at  ~ 10 mN m-1 and the second above 30 

mN m-1. The entrance of polymer from mushroom to brush regime occurs during the 

second transition. At at the end of this transition, the -A isotherms of mixtures start to 

overlap with that of pure lipid indicating an exclusion of polymer from the lipid 

monolayers. It has been reported117 that the cholesterol anchor stays in the DPPC 

monolayers up to 40 mN m-1 and similar inference can be drawn for F-DPPC/CPGR 

system. It is not possible to conclude about the removal of cholesterol moiety from F-
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DPPC monolayers because the end of the second transition coincides with the collapse 

of the monolayer.  

Table 4.7: Shift in areas available per lipid molecule (A) in a monolayer after CPGR addition 
recorded at different surface pressures. 

F-DPPC/CPGR  
ratio (moles) 

A  / Å2 molec-1 (F-DPPC) at various surface pressures () 

4 mN m-1 9 mN m-1 15 mN m-1 25 mN m-1 

100:1 5.1 4.0 3.0 0.1 

50:1 5.2 10.4 7.4 2.9 

20:1 30.4 29.7 18.1 7.2 

10:1 81.8 64.0 43.5 18.4 

5:1 136.2 92.8 62.0 28.5 

 

The fractal domain shapes are visible in a monolayer comprising a 50:1 mix between F-

DPPC and CPGR (Fig. 4.31).  

 

 

Figure 4.31: FM-images for monolayers of the co-spread mixtures of: a) F-DPPC/Cho; and b) F-
DPPC/CPGR containing 0.01% RH-DHPE. 

 

Though the unsubstituted cholesterol is line active in very small percentages, the effect 

is much reduced upon derivatization of 3-OH in ring A.  In fact, the influence of CPGR on 

LC domains of F-DPPC is not distinguishable from other polymers studied in this work.  A 

splitting of fractal fingers or tips occurs in F-DPPC/CPGR (10:1) mixture, showing the 
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accumulation of lineactant at domain boundaries. The impact is enhanced for higher 

percentages of polymer. As mentioned earlier, the hydroxyl group of unsubstituted 

cholesterol allows hydrogen bonding between lipid head group and cholesterol. When 

cholesterol is linked to the PEG spacer in the polymer using this 3-OH, the possibility of 

hydrogen bonding is eliminated. 

 

The hyperbranched PG block contains large number of free hydroxyl groups, which can 

interact with lipid.  However, analysis of domain shapes reveals that the interactions 

between F-DPPC and CPGR are different from those occurring between unsubstituted 

cholesterol and the lipid in a mixed monolayer.  Another difference arises due to 

attachment of rhodamine dye with a hydrocarbon linker. This part of the polymer exists 

in the interfacial region. The hydrocarbon linker pushes itself towards the lipid chains 

and pulls the dye between lipid head groups, which are possibly spaced at a greater 

distance due to insertion of cholesterol part. Since, the dye label is attached to the 

polymer in the case of CPGR, an alteration in polymer concentration leads to change in 

dye concentration in the mixture as well. An increased dye localization at the 1D 

interfacial region between fluid and condensed lipid may also produce domain thinning. 

It is worthwhile to remark that kinetic effects are more prominent during compression in 

the case of F-DPPC, while they are insignificant for unfluorinated DPPC. The domain 

shapes acquired for 5:1 mixture of F-DPPC with CPGR in the present study are similar to 

those reported for DPPC/Cho mixed monolayers after they have been subjected to  

pressure jumps, a state where monolayer remained in a far from equilibrium state.216  

4.1.3 Conclusions 

 The onset of gas-LE transition occurs at larger area per lipid molecule for F-DPPC 

compared to DPPC. The phase transition from LE to LC takes place at higher 

surface pressure than that for DPPC. These differences are due to the affinity of 

the fluorine atom to the aqueous surface and its bigger size compared to that of 

a hydrogen atom. 

 The LC domains in the monolayers of F-DPPC adopt irregular seaweed like 

geometries. The splitting of fractal fingers occurs when monolayer compression 

rates are increased. This reflects that the presence of single fluorine atom at sn-2 
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chain terminus makes the monolayers more prone to kinetic effects and the 

electrostatic forces between lipid molecules dominate over line-tension in F-

DPPC monolayers. This behavior of F-DPPC is in contrast to that exhibited by the 

unfluorinated analogue, DPPC.  

 In the monolayers of an equimolar mixture between D-DPPC and L-FDPPC, 

complex multi-lobed condensed domain shapes are observed, which are 

different from those reported for the monolayers of racemic mixture of D-DPPC 

with L-DPPC.  

 Similar to DPPC, the presence of perfluorinated segments increases the polymer 

retention in the lipid phase for F-DPPC. The exclusion of FGP and GP from F-DPPC 

and DPPC monolayers takes place at comparable surface pressures. An increased 

amount of polymer in the subphase does not significantly alter the maximal 

insertion pressure in the case of FGP.  

 In lipid/polymer mixtures, an increase in polymer content counters the kinetic 

effects resulting from compression of cospread monolayers through confining 

the lipids molecules into islands separated by the polymer fences. Consequently, 

the condensed domains adopt bean or propeller shaped morphologies, similar to 

those seen in DPPC monolayers.  

 The semitelechelic polymers (GF40 and GF14) which accumulate at LC domain 

boundaries cause a reduction in line-tension and induce special pattern 

formation in LC domains of DPPC. These polymers did not produce similar effects 

in F-DPPC monolayers. The enlargement of LE-LC interfacial region in F-DPPC 

monolayers and the diffusion limited domain growth are responsible for this 

behavior. The polymer retention into lipid monolayers is enhanced when the 

hydrophilic block is switched from `PEO‘ to `PGMA‘.  

 The change in block sequence and size has no notable effect on polymer 

exclusion from F-DPPC monolayers. However, the polymer insertion into the lipid 

monolayers is slowed down.  

 The attachment of a cholesterol moiety to a diblock copolymer allows the 

polymer anchoring into lipid monolayers. The condensing and fluidizing effects of 

cholesterol on lipid monolayers are not present in F-DPPC/CPGR co-spread 
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monolayers due to alteration in hydrogen bonding interactions. The unusual 

thinning of LC domains caused by CPGR in DPPC monolayers, could not been 

observed in F-DPPC monolayers. The thinning of the domain edges resulting from 

the lineactant behavior of CPGR confirms the accumulation of the polymer at LE-

LC interface in F-DPPC monolayers. 

 

4.2 Bilayer Studies 

4.2.1 Thermotropic Phase Behavior of F-DPPC 

The thermotropic phase behavior of F-DPPC is different from that of DPPC (Fig. 4.32). 

DPPC exists in a liquid crystalline lamellar phase (L) above 40C, the main phase 

transition temperature. A lamellar gel phase (L‘) is formed below 35C and an 

intermediate rippled gel phase (P‘) exists between 35C  and 41C.81  

 

Figure 4.32: Thermotropic phase behavior of DPPC and F-DPPC91.  

In contrast, F-DPPC shows only two phases, a liquid crystalline phase (L) above the 

transition temperature of ~ 50 C and an a gel phase that is interdigitated (L‘I).95,91 The 

interdigitated gel phase is more stable than the bilayer gel phase in DPPC. The transition 

enthalpy is higher with 10 kcal mol-1 compared to that of the main phase transition for 

DPPC (8.7 kcal mol-1). The LE-LC transition in lipid monolayers can be correlated to the 

gel-fluid phase transition occurring in the bilayers. An increase in the surface pressure 

for onset of LE-LC transition in the monolayers generally corresponds to a decrease in Tm 

for gel-fluid transition in the bilayers.73 Based on this, F-DPPC should exhibit lower Tm 
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than DPPC. Unexpectedly, the main phase transition temperature for gel-fluid transition 

of F-DPPC is 10C higher than DPPC.95 The reason for this discrepancy is the existence of 

interdigitation in the gel phase of F-DPPC. F-DPPC is among those lipids which undergo 

spontaneous interdigitation without any additives or application of pressure.91 

 

Figure 4.33: a) DSC-thermogram for sonicated aqueous dispersions of DPPC and F-DPPC; and b) 
Consecutive endotherms for extruded F-DPPC. Bold lines are the endotherms whereas the 
dotted lines represent the corresponding exotherms.  
 

DSC thermograms shown in Fig. 4.33a gives a comparison between phase transitions in 

liposomes prepared by sonication of aqueous DPPC and F-DPPC.  The transition from an 

interdigitated gel phase to the fluid phase for F-DPPC is broader compared to the one 

from ripple gel phase to the fluid phase for DPPC. It has been suggested that this broad 

endotherm is in fact a cumulative peak of two closely spaced transitions.95 In addition, 

there is a hysteresis of about 4.5 degrees between the heating and cooling scans, much 

larger than the hysteresis seen for the DPPC main transition. For vortexed and sonicated 

lipid aqueous dispersions, only one transition is observed, however, for extruded 

samples, an additional peak is seen (Fig. 4.33b). The new peak in DSC can be related 

either to the heterogeneity in the size of liposomes or due to partially interdigitated 

phases, for which the  temperature driven fusion of vesicles is responsible.218 Each 

heating-cooling cycle enhances the intensity of main phase transition occurring at 49.9 

C indicating a transformation to a more stable interdigitated state. Concurrently the 

intensity of the peak at 49.2C is reduced and it only appears as a shoulder in all 

endotherms beyond the 3rd heating-cooling cycle. It has been observed previously that 

F-DPPC undergoes frustrated or incomplete phase transition upon cooling under area 
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constraints on solid support, leading to partially interdigitated phase186. Based on the 

present work however, it is proposed that the partially interdigitated phases may exist 

without satisfying the condition of area constraints.  

 

Figure 4.34: Cryo-TEM images for aqueous dispersions of extruded F-DPPC (1.3 mM): a) 

Quenched from 22C; and b) Quenched from 55C. 
 

The extruded samples of the lipid dispersions visualized by cryo-TEM reveal the 

presence of heterogeneous size distribution among F-DPPC vesicles (Fig. 4.34a). The 

reduced electron density at the boundary of vesicles represents an interdigitation (see 

blue arrows). The normal lipid bilayer has higher electron density and appears darker. 

This is indicated by orange colored arrows. For samples quenched from 55C, the 

partially interdigitated phases are also observed.  

4.2.2 Effect of Amphiphilic and Polyphilic Block Copolymers on Phase 

Transition of F-DPPC 

Several studies have recently been undertaken on the effect of lanthanum ions, 

cholesterol and different lipids on the interdigitated gel phase of F-DPPC.121,122,131,155,185 

A single investigation is available on the influence of a peptide antibiotic on F-DPPC and 

F-DPPG.130 The investigations on F-DPPC monolayers mentioned in the previous section 

revealed that the monolayer behavior of F-DPPC in the presence of block copolymers 

was somewhat different from that of DPPC observed in the presence of these polymers. 

The proceeding sections explore, whether the polyphilic and amphiphilic block 
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copolymers insert into F-DPPC bilayers or the presence of LI-phase completely changes 

the behavior?  

 

Small molecules such as sugars, polyols, urea and amino acids may occupy different 

positions within membranes, depending upon the polarity of the microenvironment and 

cause a shift in transition temperature reflective of their position.219,220 Short chain and 

polyhydric alcohols favor interdigitation.92,219 Oligomeric or polymeric additives exert a 

considerable osmotic stress and are less effective inducers of interdigitation in model 

membranes.221,222 Macromolecules could demonstrate different modes of interactions 

with membranes. They may merely adsorb on the surface, partially penetrate the 

bilayers and cause their deformation or insert fully into them, and produce a 

considerable change in the phase transition temperature.47,223  

Effect of Perfluoroalkylation: GP vs FGP 

The binding of hydrophilic blocks of the polymer to charged lipid head groups causes an 

increase in Tm. On the other hand, hydrophobic and fluorophilic segments can interact 

with hydrocarbon chains of the lipid and cause a reduction in the main phase transition 

temperature. The net change in Tm is the summation of both effects.46 In pre-mixed and 

sonicated lipid/polymer mixtures, there is a negligible change in phase transition 

temperatures of DPPC with GP addition. Perfluoroalkylation of polymer increases 

polymer retention within the bilayer and produces greater decrease in Tm. This 

information is summarized in Fig. 4.35(b&d). 

 

Mixtures between F-DPPC and GP exhibit continuously broadened endotherms with 

subsequent increase in polymer concentration, which is accompanied by a decline in Tm 

(Fig. 4.35(a&c). The cooling scans are also broadened. Initially, there is an increase in 

hysteresis between melting and crystallization peaks, representing a more hindered 

transition into the interdigitated phase. Obviously, the PPO block in GP can penetrate 

the fluid bilayers of F-DPPC and make it more arduous for the lipid to transform to more 

rigid LI-phase.  Very similar results are obtained for F-DPPC/FGP systems. However, for 

FGP, there is a slight decrease in Tm initially, followed by an emergence of a new peak at 

comparatively lower temperatures. The peak at 50 C is related to the phase transition 
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from an interdigitated gel phase to the fluid phase, while the lower temperature 

shoulder represents a transition from lipid phase that is partially interdigitated (Fig. 

4.36). With increase in polymer content in the mixture, more and more lipid exists as a 

normal bilayer gel phase. Similar inference can be drawn from the reduction in the 

hysteresis between endotherms and exotherms in 20:1 and 10:1 mixtures between F-

DPPC and FGP. 

 

Figure 4.35: DSC-thermograms for lipid/polymer mixtures: a) F-DPPC/GP; b) DPPC/GP; c) F-
DPPC/FGP; and d) DPPC/FGP. Lipids and polymers were pre-mixed and sonicated. Bold lines 
are endotherms whereas the dotted lines are corresponding exotherms. 
 

A complete adoption of a normal bilayer gel phase motif by the lipid does not occur, 

because that would have caused the shifting of transition temperatures of F-DPPC/FGP 

systems in the vicinity of those observed for DPPC/FGP mixtures. The net result is a 

decline in Tm, which indicates that the hydrophobic interactions between hydrocarbon 

chains of F-DPPC and hydrophobic/fluorophilic components of FGP dominate in the 

system. The presence of two peaks in the endotherms also points towards phase 

separation in the mixtures.  
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The reformation of the interdigitated phase occurs over a broad temperature range, 

showing that the conversion to interdigitated phase is hindered upon polymer 

incorporation and retention. The binding of PGMA block of GP or FGP to lipid heads 

should favor interdigitation to some extent, similar to polyhydric alchohols.204 When 

hydrophobic/fluorophilic components are inserted into the lipid bilayers, the hydrophilic 

blocks of the polymers are also pulled in the vicinity of head groups. Thus the 

interactions between lipid head groups and PGMA blocks are augmented. On the other 

hand, the perfluoroalkyl segments prevent interdigitation upon incorporation into the 

lipid bilayers and lead to phase separation or partially interdigitated phases.  

 

 

Figure 4.36: Possible existence of partially interdigitated phase in F-DPPC/FGP hybrid vesicle 

Effect of the Type of Hydrophilic Block: G40 vs EF44 

An essential feature of the thermograms obtained for F-DPPC/GF40 mixtures is the 

significant broadening of the melting transitions, which now spread over a wide 

temperature range (Fig. 4.37). In addition, the whole band shifts to lower Tm values. A 

part of some endotherms overlaps with the relevant crystallization peaks, which makes 

it difficult to identify the change in hysteresis between them. Similar effects have been 

reported on melting transitions of DPPC/GF40 mixtures.39 It is apparent that the 

presence of the large hydrophilic unit that leads to greater interaction with lipid head 

groups favors interdigitation similar to polyhydric alcohols.219 Mixture of F-DPPC with 

EF44 show somewhat different behavior, especially for lower polymer content. Phase 

segregation occurs in 20:1 mixture and non-interdigitated phases prevail afterwards, 

because the endotherms start to overlap with the exotherms and hysteresis is markedly 

reduced. The broadening of heating scans does not allow drawing an inference about 
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the complete adoption of a normal bilayer motif by F-DPPC in the presence of EF44. This 

is however, proposed that the lipid exists in bilayer gel phase only partly. The 

proposition is supported by the fact that phase transition temperatures observed of F-

DPPC/EF44 mixtures in the present study differ by the magnitude of about 5C from 

those recorded for DPPC/GF40 system.39 The crystallization in F-DPPC/EF44 system 

occurs over a narrow temperature range, and the peak position is negligibly altered.  

 

Figure 4.37: DSC-thermograms for lipid/polymer mixtures: a) F-DPPC/GF40; and b) F-
DPPC/EF44. Lipids and polymers were pre-mixed and sonicated. The endotherms are 
represented as bold lines while the exotherms are the corresponding dotted lines.  
 

 

Ethylene glycol due to its smaller size partitions to a greater extent into an interdigitated 

phase and favours a transformation to LI.92,219 The hydrophilic block in EF44 lacks free 

hydroxyl groups and hence behaves similar to PEG, which prevents interdigitation.222 

This effect is augmented by the F9 chains, causing a phase separation.  

Effect of Block Sequence (PFG78) 

PFG78 has reversed block sequence compared to FGP and contains only one 

perfluorinated chain to which is attached on both sides a diblock of PGMA and PPO.  The 

effects produced by this polymer on the phase transition of F-DPPC are shown in Fig. 

4.38. The endotherms are broadened and the lipid phase transition occurs over a wide 

temperature range. Both GF40 and PFG78 have large hydrophilic blocks and since they 

show similar effects on the thermotropic phase transitions of F-DPPC, it can be inferred 

that the insertion as well as retention of the polymer in the lipid bilayer is governed by 

the hydrophilic PGMA blocks. 
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The height of the melting transition peak at 50C is much reduced for 10:1 mixture, and 

it is only slightly regained for 50:1 and 20:1 mixtures of F-DPPC with PFG78. The other 

transition centered at lower temperatures is stretched over almost 8C for 100:1 

mixture and this width decreases with increasing polymer content in the mixture. For 

the 10:1 mixture, only one transition occurs with a maximum at about 47C. This is 

similar to observation made for F-DPPC/GF40 mixtures. The cooling exotherms are 

comparatively narrow and demonstrate the ease of crystallization. The hysteresis 

between endotherms and exotherms shrinks with increased polymer content, implying 

the presence of partially interdigitated phase. 

     

38 40 42 44 46 48 50 52 54 56 58

0

10

20

30

40

50

10:1

20:1

50:1

100:1

F-DPPC

F-DPPC/PFG78

 

 

C
p
 (

k
c

a
l/
m

o
le

/o
C

)

T / 
o
C

 

Figure 4.38: DSC-thermograms for F-DPPC/PFG78 mixtures. Lipid and polymer were pre-mixed 
and sonicated. The endotherms are represented as bold lines while the exotherms are the 
corresponding dotted lines. 

 
The binding of free hydroxyl groups in PGMA blocks to the lipid head groups can make it 

difficult for interdigitated phase (PI) to transform to fluid phase (L)92, but the overall 

decrease in Tm points towards more dominating hydrophobic interactions between lipid 

alkyl chains and PPO blocks or perfluoroalkyl moieties of the polymer.  

Addition of Polymers to Preformed Vesicles of F-DPPC 

When polymer and lipid are premixed and later sonicated above the phase transition 

temperature of F-DPPC, there is greater possibility of polymer penetration and retention 

within vesicles. The disruptions are obvious if PGMA units are inserted. The polymer 

incorporates into the bilayer in the fluid phase lipid,  and is squeezed out upon cooling 

to the gel phase bilayer46, but if the gel phase is an interdigitated, alternating 
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monolayer,  the scenario is different and partially interdigitated phases are 

formed.121,155,130 On the other hand, if the interdigitated monolayers are stabilized by 

the polymer, the recovery to the normal fluid bilayer becomes difficult and hence the 

melting peaks are significantly broadened. In order to explore whether the polymers can 

into preformed vesicles, an aqueous polymer solution was added to the extruded 

aqueous lipid dispersions 

 

Figure.4.39: a) DSC-thermograms for F-DPPC/polymer (10:1) mixtures. In each case the 
polymer was added to preformed extruded lipid vesicles.(The endotherms are represented as 
bold lines, while the exotherms are the corresponding dotted lines; b)Effect on transition 
temperature of polymer addition to preformed vesicles VS the premixed samples.  
 

Illustrations 4.39 highlight the change in the lipid phase transition temperature upon 

polymer addition. The depression in Tm is greater for all samples with polymers 

premixed solutions than for samples where the polymer was added to the preformed 

vesicles. Here the impact of perfluorinated moieties is highly visible, because GP shows 

only little dependence of Tm on method of preparation. This indicates that the 

perfluoroalkyl segments are not excluded from the lipid phase. The PPO block in FGP, GP 

and PGF78 has a length sufficient to span a normal lipid bilayer. Hence, the insertion of 

this block does not produce hindrance to the lipid transition involving the 

transformation from an interdigitated gel phase to a bilayer fluid phase.  The additional 

incorporation of F9 blocks forces the PGMA units to reside near the lipid head groups in 

the interdigitated phase.  
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Impact of Cholesterol on the Anchoring of a Diblock Copolymer (CPGR) 

The interaction between hydroxyl groups in PGMA units and lipid heads can increase Tm 

whereas the penetration of perfluoroalkyl chains can reduce the lipid phase transition 

temperature. In the premixed samples, the insertion of hydrophobic and fluorophilic 

blocks is facilitated and that is why a significant drop in Tm is seen.  On the other hand, 

such decrease is the phase transition temperature is not observed when polyphilic 

polymers are added to the performed vesicles, showing that the insertion of F9 and PPO 

chains is marginalized. In addition, the interaction between lipid head groups and 

hydrophilic PGMA blocks is enhanced. It is worthwhile to mention that the polymer‘s 

tendency to self-assemble in the aqueous solution is also responsible for lowering in the 

penetration capability into vesicles. The concentration of polymers in lipid/polymer 

(10:1) mixtures is 0.1M, which is sufficiently high to cause an aggregation of these 

macromolecules 

 

Figure 4.40.: DSC-thermograms for F-DPPC/CPGR mixtures. Lipid and polymer were pre-mixed 
and sonicated. The endotherms are represented as bold lines while the exotherms are the 
corresponding dotted lines. 
 

Small molecules such as glycerol favors interdigitation in DPPC92,219, while its oligomers 

and polyethylene glycol act in opposition to this.221,222  Cholesterol eliminates 

interdigitation in F-DPPC.155 In CPGR, cholesterol is linked to a copolymer comprising a 

linear poly(ethylene glycol) block and a hyperbranched polyglycerol. At least one oxygen 

atom in polyglycerol is attached to the rhodamine dye through a hydrocarbon linker.  

 

The overall effect of CPGR on F-DPPC phase transition is the broadening of melting 

peaks and lowering of Tm (Fig. 4.40). The crystallization occurs over a wide temperature 
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range. This is not unexpected due to presence of the cholesterol moiety in the polymer 

that changes the chain order in membranes. A complete transformation to non-

interdigitated phase is not possible, because this requires higher percentage of 

cholesterol than present in F-DPPC/CPGR (10:1) mix.155  

4.2.3 Conclusions  

 The onset of the LE-LC transition takes places at higher surface pressure in F-

DPPC monolayers compared to that in DPPC, but in bilayers, the expected 

decline in Tm is not observed because of interdigitation in the gel phase.  

 The interdigitated unilamellar vesicles are unstable and undergo temperature 

driven hemifusion, leading to partially interdigitated gel phases. An additional 

peak in DSC thermograms that exists just below the main transition peak, could 

be related to the vesicles where lipid molecules partly adopt the normal bilayer 

motif. This has been confirmed by cryo-TEM imaging of the extruded lipid 

dispersions.  

 Amphiphilic and polyphilic polymers have a pronounced effect on the phase 

transition of F-DPPC, especially when they are premixed. They generate only 

partially interdigitated phases and the phase transition is considerably 

broadened.  

 A phase separation occurs in lipid dispersions containing FGP, confirming the 

existence of defects in the gel phase of F-DPPC, induced by the intercalation of 

perfluorinated moieties among lipid alkyl chains. GP does not produce these 

effects in mixed dispersions with F-DPPC.  

 The semitelechelic polymer GF40 and PFG78 that contain a different block 

sequence produce comparable effects in aqueous F-DPPC, indicative of multiple 

closely spaced melting transitions that spread over a wide temperature range. 

For certain GF40 content a phase separation also occurs, most probably due to 

the retention of perfluoroalkyl groups in the lipid gel phase. EF44, which 

contains a PEO block instead-of PGMA produces similar defects in the lipid, and 

supports the existence of non-interdigitated phases. 
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 With the exception of GF40, the Tm of the lipid is not altered significantly when 

polymer is added to the performed F-DPPC vesicles. GP produced similar changes 

in Tm, whether it was premixed with the lipid or added to the preformed lipid 

vesicles. On the other hand, all the polyphilic polymers caused greater lowering 

in Tm in the premixed samples compared to the samples when they were added 

to the preformed lipid vesicles. In short, the monofluorination of DPPC imparts a 

capability to recognize the presence of perfluorinated segments in the polymers.  

 The penetration of the cholesterol anchor of CPGR inhibits interdigitation in F-

DPPC gel phase. In fact, CPGR acts similar to GF40 upon incorporation into the 

lipid phase. A depression in Tm of F-DPPC occurs and the melting peak is 

broadened and the occurrence of minor closely spaced phase transitions is 

visible.  
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5 INVESTIGATIONS OF THE ETHER LIPID DHPC 

The properties of cell membranes are dependent on their composition. Ether lipids are 

present in the cell membranes of archaea.143 In ether lipids, the glycerol backbone is 

linked to alkyl chains through ether bonds in contrast to ester as in DPPC. The absence 

of carbonyl group in these lipids produces a significant alteration in membrane dipole 

potential224. The decrease in lipid hydrophilicity upon switching the linkage from ester to 

ether in phosphatidylcholines results in a tighter chain packing near the membrane 

surface.225 The conformation of glycerol backbone and the tilt of alkyl chains in 

monolayers of ether PCs is also different from those of the corresponding ester 

analogs.225 Similar to F-DPPC, DHPC also exhibits an interdigitated gel phase, LI. This 

chapter explains how the ether linkage and interdigitated gel in this DPPC derivative 

modulates the polymer-lipid interactions?  

5.1 Monolayer Studies 

5.1.1 Pure Lipid 

The compression isotherm of DHPC, along with those of F-DPPC and DPPC are gathered 

in Fig. 5.1.  
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Figure 5.1: Compression isotherms for L-DPPC and F-DPPC monolayers on aqueous subphase at 

20C. The compression speed was 2.0 Å2 min-1 molec-1. 

 

The transition from LE to LC is less clearly defined for DHPC.148 Despite of the absence of 

carbonyl groups, the chains are packed in an oblique lattice similar to DPPC with less 

tilted alkyl chains in the condensed phase.225 In DHPC monolayers on aqueous subphase, 



ETHER LIPID DHPC 
______________________________________________________________________________ 

- 79 - 
 

the condensed domains are observed before the onset of LE/LC coexistence region 

represented by the a pseudo-plateau in the pressure-area isotherms.127 The LE-LC 

transition occurs at slightly higher surface pressure compared to DPPC, but at lower 

surface pressure compared to F-DPPC.  

 

Epifluorescence micrographs of DHPC monolayers reveal that for this ether lipid, the LC-

domains do not possess a defined shape, are smaller in size compared to those observed 

for DPPC, and grow fuzzy upon further compression (Fig. 5.2). At higher surface 

pressures they get blurred, produce grey merging boundaries and vanish. Nearly, similar 

behavior has been reported for DHPC in the presence of NBD-cholesterol fluorescent 

probe.127 The greyish corona visible in LC domains of DHPC monolayer is due to the 

enormous thinning of these domains that does not allow their detection below the 

resolution limit of the microscope. This thinning of domain boundaries and domain 

destabilization is due to alterations in attractive van der Waals forces between lipid 

molecules in the LC phase.127 The domain deformation in the LC phase of DHPC also 

shows that the electrostatic repulsive forces between the charged lipid heads dominate 

the line-tension. 

 

Figure 5.2: LC-domains of DHPC monolayers in the presence of different dyes a) 0.01% RH-

DHPE; and b) 1.0% NBD-DPPE. 
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When the DHPC monolayers are visualized by using NBD-DPPE as fluorescent probe, an 

anomalous behavior is observed. At the beginning of the LE-LC coexistence region, white 

and thin condensed domains are seen. Later, when the lateral pressure is raised to 5.6 

mN m-1, very small light grey domains appear, indicating the exclusion of probe from the 

LC phase of the lipid. For  ~ 6.5 mN m-1 only grey and white dim patches exist. It is 

therefore, deduced that NBD-DPPE is not appropriate for probing the LE-LC transition in 

monolayers of DHPC. Based on the above mentioned observations, it can be concluded 

that NBD-DPPE fits well into the LC phase of the ester lipids such as F-DPPC. Again, the 

monolayer of DHPC is only representative of fluid phase of the bilayer, because the gel 

phase of DHPC is interdigitated.144  

5.1.2 Interactions of Amphiphilic and Polyphilic Polymers with DHPC 

Monolayers 

Effect of Perfluoroalkylation: GP vs. FGP 

The lateral density of DHPC monolayers is different from DPPC due to absence of 

carbonyl group128. The presence of ether or ester linkage in the lipid affects the 

interactions with cholesterol in the lipid monolayers127 and consequently alters 

interactions with polymeric additives. Therefore, the incorporation into the lipid 

monolayers of FGP containing rigid perfluorinated chains should also be different from 

that of GP possessing only PPO and PGMA blocks. 

Time-dependent Adsorption of Polymers to Preformed Lipid Monolayers 

It is clear from  vs. t plots (Figs. 5.3a & 4.10a) that the no GPinsertion takes place above 

30 mN m-1, neither for F-DPPC nor for DHPC. Since DHPC is an ether lipid whereas in F-

DPPC the alkyl chains are linked to glycerol by an ester linkage, it can be inferred that 

the GP insertion into phospholipid monolayers is not linkage (or packing density) 

dependent. Based on these results the involvement of carbonyl group in the interactions 

with GP can also be ruled-out. The pressure increase observed for GP below the LE-LC 

phase transition is less than that obtained immediately above it.  

 

In DHPC monolayers, the penetration capacity of FGP is higher than that of GP. After the 

polymer injection under bare water surface, the surface pressures exceed 15 and 20 mN 
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m-1 for GP and FGP, respectively. A lowering in  occurs for ini ~ 5 mN m-1. This is 

simply due to decline in surface area available for adsorption of polymer from the 

subphase when part of the surface is occupied by a lipid monolayer. An increase in  is 

seen initial spreading pressure of 10 mN m-1, which reflects an interaction between lipid 

head groups and hydrophilic blocks of the injected polymers. Beyond this point, the -

values decrease with an increase in ini. The exclusion pressures computed for GP and 

FGP are 30 mN m-1 and 40 mN m-1, respectively. This difference of ~10 mN m-1 

magnitude was also observed in the case of F-DPPC and DPPC and is chiefly due to 

preference of perfluorinated chains for the lipid chains or air. 
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Figure 5.3: Time-dependent adsorption of polymers to DHPC monolayers spread at different 

initial pressures a) 200 nM GP; b) 200 nM FGP; c) Plot of  vs. ini for FGP and GP.  

 

Compression Isotherms and Epifluorescence Microscopy 

The compression isotherms recorded for DHPC/polymer mixtures are shifted to higher 

areas per lipid with increase in polymer content (Fig. 5.4). This shift is nearly comparable 
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to that in the F-DPPC/GP mixtures. The A values recorded for DHPC/FGP mixtures are 

either comparable or higher than the corresponding lipid/polymer mixtures containing 

GP. DHPC occupies lesser area per molecule than F-DPPC. In addition, it enters into 

condensed phase much earlier than F-DPPC and possesses tighter packing as well. 

Therefore, it recognizes the presence or absence of F9 chains easily. 

        Figure 5.4: Compression isotherms for  a) DHPC/GP; and b) DHPC/FGP mixtures.  

With increase in FGP content, the mixed monolayer is destabilized and exhibits lower 

collapse pressures. The condensation of lipid is not inhibited though, and LC-domains for 

DHPC/FGP mixtures are quite similar to those recorded for DHPC/GP monolayers (Fig. 

5.5).  

Table 5.1: Shift in areas available per lipid molecule (A) in a monolayer after FGP and GP 
addition recorded at different surface pressures. 

Lipid/ 
polymer  
ratio 
(moles) 

A  / Å2 molec-1 (DHPC) at various surface pressures () 

4 mN m-1 7 mN m-1 15 mN m-1 25 mN m-1 

DHPC/ 
GP 

DHPC / 
FGP 

DHPC / 
GP 

DHPC / 
FGP 

DHPC / 
GP 

DHPC / 
FGP 

DHPC / 
GP 

DHPC / 
FGP 

100:1 16.5 16.4 13.2 15.1 5.4 9.1 2.3 5.8 

50:1 34.5 28.9 30.6 24.8 11.0 15.3 3.6 9.0 

20:1 72.4 64.1 60.7 54.0 24.8 26.5 8.6 7.6 

10:1 118.7 120.6 99.2 93.9 41.3 57.3 13.5 -- 

 

For lower polymer content, the fractal domain growth is visible in the mixed 

monolayers. The LC domains attain star like geometries with increased amount of the 

polymer in the mixture, with five or six thin branches emerging from the compact core. 

Later, the domains grow fuzzy and disappear. Wang et al226 have related fractal domain 

growth to both diffusion limited aggregation and positional relaxation of molecules.  
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Figure 5.5: LC-domains in a) DHPC/GP (100:1); b) DHPC/GP (20:1) c) DHPC/FGP(100:1) and d) 
DHPC/FGP (20:1) co-spread monolayers containing 0.01% RH-DHPE. 
 

Effect of PGMA Block Length in Semitelechelic Polymers: GF40 vs GF14 

The next investigation involves the impact of PGMA block length of semitelechelic 

polymers on their insertion into DHPC monolayers. These polymers represent the 



ETHER LIPID DHPC 
______________________________________________________________________________ 

- 84 - 
 

PGMA-F9 segment of FGP. These polymers lack PPO block, which is why they are less 

surface-active than GP and FGP. Though the PGMA block is hydrophilic, the lengthening 

of this block imparts higher surface activity.39 

Time-dependent Adsorption of Polymers to Preformed Lipid Monolayers 

 

Figure 5.6: Time dependent adsorption of polymers to DHPC monolayers spread at different 

initial pressures a) 400 nM GF40; b) 400 nM GF14; c) Plot of  vs ini for GF40 and GF14. 
 

The semitelechelic polymers when adsorb onto bare air-water interface, produce a 

comparable increase in surface pressure averaging at 4.1 mN m-1. When the polymer is 

injected underneath a monolayer of DHPC, so that its sub-phase concentration is 400 

nM, the surface pressure reaches ~ 9 mN m-1 for DHPC monolayer spread initially at 2 

mN m-1. This means that DHPC has been pushed into condensed phase by the polymer 

insertion-a similar effect described before for F-DPPC in this study and DPPC39 after 

polymer injection underneath lipid monolayers. Pure DHPC undergoes condensation at 

much lower surface pressure and LE-LC transition the pressure-area isotherms is 

smeared out127. At lower lipid density on the surface, there is always some area of 
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interface available for polymer adsorption. The occupation of certain surface by the 

polymer brings the lipid molecules closer to each other. This produces phase transition 

in significant part of the lipid monolayer and change in surface pressure is greatest for 

the system. When the initially spread monolayer has a higher density, the polymer has 

less space available for adsorption and hence the elevation in the surface pressures 

becomes smaller. A limit reaches, where the pressure virtually remains unaltered after 

polymer injection, showing that polymer could not make it to the surface (Fig. 5.6 (a&b).  

 

The  values are about 1 mN m-1 for ini of 25 mN m-1, showing a significant retardation 

of polymer’s capability to insert into DHPC monolayers. Both semitelechelic polymers 

are excluded from DHPC monolayers at similar pressures that are just about 32 mN m-1 

(Fig. 5.6c). These exclusion pressures are slightly higher than observed for F-DPPC/GF40 

and F-DPPC/GF14 monolayers. These values are also comparable to those measured for 

GP when its subphase concentration was 200 nM (after injection) underneath the DHPC 

monolayers. This indicates that GP’s insertion capability is roughly two fold that of 

semitelechelic polymers. The slight difference between the accessibility of DHPC and F-

DPPC to polymers could be due to the difference in the ratio of cross-sectional areas of 

the lipid head groups to the corresponding tail groups. 

Compression Isotherms and Epifluorescence Microscopy 

 

Figure 5.7: Compression isotherms for a) DHPC/GF40 and b) DHPC/GF14 mixtures.   

The pressure-area isotherms of the monolayers of DHPC mixtures with GF40 and GF14 

are shown in Fig. 5.7. The change in area per lipid is greater for GF40, which is expected 

due to difference in size of the PGMA block, which in the case of GF40 is nearly twice as 
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large as that of GF14. The extension of PGMA unit enhances the surface activity of the 

polymer39 and allows the polymer to contribute significantly to the change in area 

occupied by a single lipid molecule.  

 

Table 5.2: Shift in areas available per lipid molecule (A) in a monolayer after GF40 and GF14 
addition recorded at different surface pressures. 

Lipid/ 
polymer  
ratio 
(moles) 

A  / Å2 molec-1 (DHPC) at various surface pressures () 

4 mN m-1 7 mN m-1 15 mN m-1 25 mN m-1 

DHPC/ 
GF40 

DHPC / 
GF14 

DHPC / 
GF40 

DHPC / 
GF14 

DHPC / 
GF40 

DHPC / 
GF14 

DHPC / 
GF40 

DHPC / 
GF14 

100:1 4.9 6.1 2.9 10.1 1.1 0.8 1.3 -- 

50:1 12.1 10.7 7.4 10.8 1.7 4.6 1.5 2.3 

20:1 18.2 13.4 17.8 6.7 7.8 2.9 2.1 1.7 

10:1 61.1 22.9 43.5 20.4 11.4 4.9 3.1 1.0 

 

The A values for DHPC/GF14 and DHPC/GF40 co-spread monolayers are collected in 

Table 5.2.  When GF14 concentration is low in the mixture, it fully stays on the surface 

due to its smaller size. The hydrophilic PGMA block in GF40 remains at the bare 

air/water interface, but in the presence of lipid it dangles into water, due to its greater 

affinity for the aqueous medium. At higher polymer content, the difference between the 

A values exhibited by the two systems start to vanish and for lipid/polymer (10:1) 

mixtures, a greater change in area per lipid molecule is affected by GF40 than GF14. The 

adsorption of polymer to an existing monolayer on the surface reveals that the exclusion 

of GF14 occurs at slightly higher surface pressure than GF40. This could be related to 

size of the hydrophilic block bearing hydroxyl groups that act as hydrogen bond donors 

as well acceptors. The absence of carbonyl groups in the lipid also reduces the possibility 

of bonding with the hydroxyl bearing PGMA units in the polymers. 

 

Clejan et al220 have indicated in the study of the permeability properties of sterol-

containing liposomes prepared from DPPC and DHPC that the presence of ester linkage 

in the lipid has a negligible effect on interactions with cholesterol. Since rigidity is a 

common feature between cholesterol and perfluorinated moieties, they are expected to 

insert into monolayers in a similar fashion. Therefore, the effect seen in the case of 

semitelechelic polymers is mostly due to PGMA.  
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Figure 5.8: LC-domains in a) DHPC/GF40 (50:1); b) DHPC/GF40 (10:1) c) DHPC/GF14 (50:1) and 
d) DHPC/GF14 (10:1) co-spread monolayers containing 0.01% RH-DHPE. 
 

Fig. 5.8 shows the LC domains observed in the co-spread monolayers of DHPC mixtures 

with GF40 and GF14.  The domain size depends not only on the polymer content in the 

lipid/polymer mixture, but also on the length of the PGMA unit. GF40, which contains 

larger PGMA units compared to GF14 causes, marked reduction in the size of LC domains 
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in mixed lipid/polymer monolayers. The condensed domains get fuzzy with increasing 

surface pressure. They show fractal growth patterns and branching occurs in all 

directions, unlike in DHPC monolayers with FGP and GP, where domains are more 

symmetrical with five or six thin branches emerging from a compact core. The 

perfluorinated chains of the semitelechelic polymers GF40 and GF14 are probably 

arranged at interfacial region between LE and LC phase and cause a reduction in the line 

tension. As a consequence, the branching and thinning of domain edges occurs. This 

work endorses the lineactant behavior of semitelechelic polymers previously observed 

through imaging of their co-spread monolayers with DPPC.39  

5.1.3 Conclusions 

 In DHPC monolayers, the onset of LE-LC transition occurs at slightly higher 

surface pressure than that for the DPPC monolayers. The transition is less clearly 

defined and is of low cooperativity for DHPC.127  

 LC domains in DHPC monolayers are irregularly shaped and fuzzy. The lateral 

density in DHPC monolayers is larger than that in DPPC monolayers and probably 

responsible for the fractal domain morphologies. The anomalous behavior of 

NBD-DPPE in DHPC monolayers endorses the limited utility of this probe for the 

monolayers of the ether-linked lipids.  

 The exclusion of GP and FGP from DHPC monolayers occurs at slightly lower 

lateral pressures in comparison to those obtained for the elimination of these 

polymers from F-DPPC monolayers. Thus, it is concluded that the lipid-polymer 

interactions are not largely affected by the type of link present between the 

glycerol backbone and the lipid alkyl chains.  

 The intercalation of perfluoroalkyl segments of FGP among the DHPC alkyl causes 

the destabilization of the mixed monolayers, which then exhibit lower collapse 

pressures.  

 LC domains attain more compact geometries with increased polymer (GP and 

FGP) content in the mixed monolayer. However, the thinning of the domain 

edges continues to happen due to accumulation of hydrophobic/fluorophilic 

segments of the polymers, indicating an alteration in the van der Waals forces. 

This lineactant behavior was not observed in F-DPPC/polymer monolayers.  
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 The semitelechelic polymers, GF40 and GF14 demonstrate higher retention in 

DHPC monolayers compared to the F-DPPC monolayers. More organized LC 

domains in the cospread DHPC/GF40 monolayers indicate a reduction in the lipid 

headgroup repulsions due to the enlargement of the hydrophilic block of the 

polymer. The fuzziness of condensed domains in the mixed monolayers reflects 

the presence of perfluorinated moieties at the domain boundaries.  

 

5.2 Bilayer Studies  

5.2.1 Thermotropic Phase Behavior of DHPC 
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Figure 5.9: DSC-thermograms for aqueous sonicated DPPC, F-DPPC and DHPC. The bold lines 
are the melting transitions whereas the dotted lines are the corresponding crystallization 
peaks. 
 

The phase transitions in DHPC appear similar to those observed for the corresponding 

ester lipid DPPC. The main transition occurs at relatively higher temperature of 44C, 

which is from the rippled gel phase to fluid bilayer phase. However, the pre-transition 

occurs from an interdigitated gel phase to rippled gel phase and takes place at 33.3C. 

The observed DSC transitions are in agreement with those available in literature.144–

146,227 Hence, DHPC is different from both DPPC and F-DPPC in a way, that it produces an 

interdigitated gel phase, but it is transformed to ripple gel phase instead of going 

directly to fluid phase like F-DPPC (Figs. 5.9 & 5.10 ). The enthalpies for pre-transition 

and main phase transition are 1.3 kcal mol-1 and 8.1 kcal mol-1, respectively.144 The 

molecular arrangements are dependent on degree of hydration and only the fully 
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hydrated dispersions show interdigitation.94 The LE-LC transition begins at higher lateral 

pressure for DHPC monolayers compared to that of DPPC. From this, one would expect 

the exhibition of lower Tm for gel-fluid phase transition by DHPC than for the similar 

transition in DPPC.73 This relationship between the LE-LC onset pressure in monolayers 

and Tm in the corresponding bilayers state does not hold for DHPC because of 

interdigitation in the gel phase of this ether lipid. 

 

Figure 5.10: Phase transitions in fully hydrated DPPC, F-DPPC and DHPC.91 

 

The studies done with mixtures of DPPC and DHPC reveal that the interdigitation persists 

in the presence of DPPC, and the main transition is affected most upon DPPC 

incorporation146.  The interdigitated phase in DHPC has low tolerance for cholesterol and 

vanishes completely in mixtures containing only 5% cholesterol.147 A sub-transition in 

DHPC also occurs, showing a change in packing from orthorhombic to hexagonal.89   

5.2.2 Effect of Amphiphilic and Polyphilic Block Copolymers on Phase 

Transition of DHPC 

The perfluorinated hydrocarbons are rigid structures and lack flexibility shown by the 

hydrocarbons. To our perception, they resemble cholesterol‘s backbone. Since 
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cholesterol eliminates interdigitation in DHPC, the insertion of inflexible perfluorinated 

moieties might produce similar effects, especially when osmotic stress produced by 

hydrophilic block could also prevent interdigitation.222  

Effect of Perfluoroalkylation: GP vs FGP 

The addition of GP or FGP to DHPC bilayers eliminates the pre-transition and reduces the 

main phase transition temperature (Fig. 5.11). The trade-off between interactions at the 

lipid heads and hydrophobic van der Waals forces determines the overall change in Tm.
46  
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Figure 5.11: DSC-thermograms for lipid/polymer mixtures: a) DHPC/GP; and b) DHPC/FGP. d) 
Transition temperature for DHPC/GP and DHPC/FGP sonicated mixtures. 
 

For DHPC, the pre-transition disappears in the mixtures showing that interdigitation is 

abolished upon polymer addition. Tm increases slightly for 1% polymer, but further 

addition causes a decrease in the transition temperature. The peaks are broadened and 

a higher temperature shoulder becomes visible with scans rates of 0.5C min-1. These 

thermograms resemble DHPC scans observed in the mixtures comprising 10 to 20 

percent cholesterol147. For 100:1 mixture, the change in Tm is affected by the 

interactions between the PGMA blocks and lipid head groups. With an increase in the 
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polymer content in the lipid dispersions, the intercalation of hydrophobic/fluorophilic 

segments of polymers into the lipid alkyl chains takes place and causes a lowering in the 

main phase transition temperature.  

Effect of PGMA Block Length in Semitelechelic Polymers: GF40 vs GF14 

A comparison of DSC thermograms of mixtures of DHPC with GF14 and GF40 are shown 

in Fig. 5.12. The DSC thermograms are quite similar, which indicates that PGMA block 

length has a negligible effect on the main transition temperature. 
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Figure 5.12: DSC-thermograms for lipid/polymer mixtures: a) DHPC/GF40; and b) DHPC/GF14. 
c) Transition temperature for DHPC/GF14 and DHPC/GF40 sonicated mixtures (Open symbols 
are for pre-transition). 
 

Tm decreases with increase in polymer content in the lipid/polymer mixtures. However, 

the effect is only slightly greater for GF40. The value of Tm is 1C. The transition from 

rippled gel phase (P‘) to fluid phase (L) in DHPC is similar to that of DPPC, which is not 

altered much after GF14 addition.39 A less clear trend in Tm has been reported previously 

for DPPC mixtures with GF40.39 The endotherms are slightly broadened, reflecting a 
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reduction in cooperativity of the transition from P‘ to L phase of the lipid, owing to 

polymer presence.  

 

The behavior of lipid/polymer mixtures is rather complex and minor transitions appear 

as shoulder in the heating scans. A micro phase separation may result from 

incorporation of F9 segments in the lipid bilayers, giving rise to additional transitions 

overlapping with the main phase transition. Obviously, the parts of membrane still lack 

order in the ripple gel phase and polymer retention is possible. The packing density in 

DPPC monolayers is lower than that in DHPC monolayers. This is due to an ether link 

between alkyl chains and glycerol unit in DHPC compared to an ester as in DPPC. The 

pre-transition temperatures of DHPC dispersions initially increase and then decrease 

with subsequent increase in proportion of semitelechelic polymers. 

 

The pre-transition that represents transformation of an interdigitated gel phase (LI) to 

rippled gel phase (P‘) in DHPC is affected to a greater extent compared to the main 

phase transition, and the impact of block length is visible. The ethanol partitioning is 

facilitated in the LI-phase, where more sites are available for binding of small solutes 

(such as ethanol) compared to those available in the L-phase.92 Interaction of lipid head 

groups with hydroxyls in PGMA may favor interdigitation and produce an increase in 

transition temperatures. On the other hand, interaction of lipid alkyl chains with 

intercalated fluorophilic F9 segments can produce the opposite effects and cause a 

decrease in Tm. The overall change in Tm is reflective of both the above mentioned 

impacts. Another scenario is that the insertion of perfluoroalkyl chains into the lipid 

bilayers may also pull PGMA blocks in the vicinity of lipid headgroups, thus enhancing 

the probability of polymer-lipid interaction.  

5.2.3 Conclusions 

 In DHPC dispersions, first a transition from an interdigitated to rippled gel phase 

occurs before the main transition into the liquid-crystalline phase is seen. This is 

different for F-DPPC, where the main phase transition occurs directly from an 

interdigitated gel phase to the corresponding fluid phase.  
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 The pre-transition of DHPC vanishes upon polymer (FGP or GP) addition to the 

lipid dispersions reflecting an adoption of normal bilayer motif by the DHPC 

molecules. The trends in Tm indicate the binding of PGMA units to the lipid 

headgroups for low polymer content in mixed dispersions. With an increase in 

polymer content, the insertion of PPO blocks and perfluoroalkyl segments into 

the lipid alkyl chains occurs, causing the hydrophobic forces to dominate.  

 In the case of semitelechelic polymers, comparable impacts on Tm are produced 

by GF40 and GF14, with a negligible effect of the PGMA block length. Tm values 

are lowered with increase in polymer content in the DHPC/polymer mixtures, 

reflecting the prevalent hydrophobic interactions. On the other hand, the trend 

in Tp is representative of some stabilization of the interdigitated states and the 

impact of GF40 is greater than GF14. 
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6 INVESTIGATIONS OF THE CATIONIC LIPID EDPPC 

The additional esterification of the phosphate group of DPPC with an ethyl group 

produces the cationic derivative 1,2-dipalmitoyl-sn-glycero-3-ethylphosphocholine 

(EDPPC) which is highly biocompatible and degradable by the phospholipases.138 In fact, 

this lipid represents a class of synthetic lipids that is used for DNA and RNA 

transfection.138,137 The phase transition behavior of EDPPC is similar to that of F-DPPC, 

because it forms an interdigitated gel phase (LI) that transforms directly to liquid 

crystalline phase (L), without passing through an intermediate rippled gel phase (P‘).  

6.1 Monolayer Studies 

6.1.1 Pure Lipid 
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Figure 6.1: Compression isotherms for different lipids ( DPPC and F-DPPC on aqueous subphase 
and EDPPC on 0.1M sodium chloride subphase and aqueous subphase). 
 

The pressure-area isotherms for various lipids including EDPPC are given in Fig. 6.1. The 

area per lipid molecule occupied by EDPPC is greater than that of DPPC, DHPC and F-

DPPC.  This is due to electrostatic repulsive forces and larger cross-sectional area of the 

cationic head form other lipids investigated in the present work. When EDPPC is spread 

on pure water, it does not undergo condensation upon compression and remains in the 

expanded phase until the monolayer collapses at a low surface pressure of 28 mN m-1. 

On 0.1M aqueous sodium chloride as subphase, the head group repulsions are reduced 

and LE-LC transition is observed at  = 23.5 mN m-1.  
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Fig. 6.2 contains a collection of FM-images of EDPPC monolayers on 0.1M NaCl 

subphase.  The LC-domains are small and disappear with further condensation when 

visualized using RH-DHPE.  

 

Figure 6.2: LC-domains of EDPPC monolayers in the presence of different dyes a) 0.01% RH-
DHPE; and b) 1.0% NBD-DPPE. The recordings were made on 0.1M sodium chloride subphase. 
 

The probing of phase transition utilizing NBD-DPPE produces white condensed domains, 

which are irregular shaped and slightly bigger in size. This fluorescent probe undergoes 

condensation it-self198 and can initiate nucleation of EDPPC. The -A isotherms of EDPPC 

recorded in the presence of RH-DHPE and NBD-DPPE overlap showing that the small 

percentages of probes have no effect on LE-LC phase transition of EDPPC. The difference 

in the lipid LC domains in the presence of two probes is explainable, keeping in view the 

presence of the negatively charged phosphate group in NBD-DPPE, which allows a 

stronger binding with cationic lipid head. The smaller size of NBD moiety allows this 

probe to fit among the lipid head groups in the LC phase and prevents it exclusion. RH-

DHPE, on the other hand is larger in size and is essentially excluded from the LC lipid.  
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6.1.2 Effect of Amphiphilic and Polyphilic Block Copolymers on Phase 

Transition of EDPPC 

Effect of Perfluoroalkylation: GP vs. FGP 

Time-dependent Adsorption of Polymers to Preformed Lipid Monolayers 

 

Figure 6.3 : Time dependent adsorption of polymers to EDPPC monolayers spread at different 

initial pressures a) 200 nM GP; b) 200 nM FGP; c) Plot of  vs. ini  for FGP and GP.   
 

Polymer injection under EDPPC monolayers causes an increase in surface pressure (Fig. 

6.3). At smaller initial pressures of an EDPPC monolayer, the insertion takes place 

immediately after injection, because the lipid remains in the liquid expanded phase 

mostly. A reduction in polymer insertion  occurs for ini > 25 mN m-1, indicated by a 

decrease in -values.  Nevertheless, some polymer reaches the surface even at high 

ini. Again, FGP inserts to a larger extent into EDPPC monolayers than GP. The maximal 

insertion pressures obtained by extrapolating ini vs  plot to  = 0 reveal much 

higher value for FGP, that is, 47 mN m-1., whereas GP is excluded from EDPPC at 

pressures comparable to those obtained with F-DPPC and DHPC. In the case of EDPPC, e 
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~ 31 mN m-1 for GP (Fig. 6.3c). For same amount of the polymer injected into the 

subphase, the surface activity of FGP is higher on 0.1M sodium chloride subphase than 

on a pure water subphase. On the other hand, the surface activity of GP is hardly 

dependent on the subphase type. Since FGP and GP differ only in the presence or 

absence of perfluoroalkyl segments, it can easily be concluded that the presence of 

perfluorinated moieties are directly responsible for enhanced surface activity in FGP. 

Also, the e exhibited by FGP is significantly large for its adsorption to EDPPC 

monolayers, which is also reflective of a preference of perfluoroalkyl segments for lipid 

alkyl chain over salt containing subphase.  

Compression Isotherms and Epifluorescence Microscopy 

 

Figure 6.4: Compression isotherms for  a) EDPPC/GP; and b) EDPPC/FGP mixtures. 

The difference in the behavior of FGP and GP observed in the adsorption study is also 

visible in the compression isotherms given in Fig. 6.4. The -A plots show that GP is 

excluded at  = 35 mN m-1. For FGP, the exclusion occurs near 50 mN m-1 depending 

upon the amount of polymer in EDPPC/FGP mixtures. There is a shift in area per lipid 

molecule with increased polymer content in the mixtures. With 1% polymer, the A 

(FGP) < A (GP), pointing towards the phenomenon of looping of hydrophilic blocks in 

sub-phase because of hydrophobic nature of F9 chains, which abstain from lying flat on 

the water surface. For 10% FGP, a destabilization of EDPPC monolayer occurs during 

condensation, and surface pressure rises less steeply than for the other mixtures. Here 

the second phase transition of polymer is not observed because the LE-LC phase 

transition of EDPPC coincides with the mushroom-brush transition of the polymer that 
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involves the expulsion of PPO-blocks. The plateau is smeared out with an increase in 

polymer content due to greater overlapping of the two phase transitions mentioned 

above. 

Table 6.1: Shift in areas available per lipid molecule (A) in a monolayer after FGP and GP 
addition recorded at different surface pressures. 

Lipid/ 
polymer  
ratio 
(moles) 

A  / Å2 molec-1 (EDPPC) at various surface pressures () 

4 mN m-1 15 mN m-1 27 mN m-1 35 mN m-1 

EDPPC/ 
GP 

EDPPC/ 
FGP 

EDPPC/ 
GP 

EDPPC/ 
FGP 

EDPPC/ 
GP 

EDPPC/ 
FGP 

EDPPC/ 
GP 

EDPPC/ 
FGP 

100:1 28.9 20.0 15.5 8.8 5.0 3.6 1.3 2.2 

50:1 39.9 46.4 18.4 21.7 6.5 9.3 2.3 5.6 

20:1 73.8 97.9 29.9 43.0 9.5 19.6 3.0 10.3 

10:1 156.9 158.9 58.5 65.4 17.0 14.4 5.2 -- 

 

The head group of EDPPC is more hydrophobic than DPPC and insertion of 

hydrophobic/fluorophilic components is facilitated. The -A isotherms recorded for 

EDPPC/FGP monolayers do not overlap with that of pure EDPPC monolayer, indicating 

the retention of FGP in the lipid, even at surface pressures in the vicinity of the collapse 

pressures. This polymer retention is a most probable cause of the destabilization of the 

monolayer in EDPPC/FGP (10:1) mixture.  

 

The thin white LC-domains for EDPPC containing 1% FGP vanish over a short range of 

pressures (Fig. 6.5). The size of domain decreases after FGP/GP addition to F-DPPC and 

DHPC. EDPPC acts likewise. For mixtures containing GP, the domains are organized and 

more compact. Thinning occurs for 2% polymer.  For 20:1 and 10:1 mixtures, the 

condensed domains could not be visualized due to the resolution limit of the 

microscope. The LE-LC coexistence region is reduced in width and smeared out.  

 

An increased presence of the perfluorinated chains among the lipid alkyl chains on the 

dilute aqueous NaCl subphase causes the destabilization of the cationic monolayer. On 

contrary, the binding of PGMA block to the cationic heads reduces the headgroup 

repulsions. Consequently, the LC domains attain more organized patterns and grow 

bigger in size in EDPPC/GP mixed monolayers, compared to those in pure EDPPC 

monolayers. With an increase in polymer content in the mixture, the hydrophobic 
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interactions between PPO chains and the lipid alkyl segments start to dominate, causing 

a reduction in the domain size.  

 

 

Figure 6.5: LC-domains for a) EDPPC/GP (100:1); b)  EDPPC/GP (50:1) and c) EDPPC/FGP (100:1) 
co-spread monolayers containing 1.0% NBD-DPPE and on 0.1M NaCl subphase. 
 

Effect of PGMA Block Length in Semitelechelic Polymers: GF40 vs GF14 

Finally, the semitelechelic polymers GF40 and GF14 were studied again to learn about 

the impact of PGMA block length on interactions with EDPPC. This provides also an 

insight into effects produced by the absence of hydrophobic PPO block. Because these 

polymers demonstrate lower surface activity, their concentration used in the subphase 

was twice as high as that of GP/FGP. Again, 0.1M aqueous sodium chloride instead of 

pure water was used as subphase.  
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Time-dependent Adsorption of Polymers to Preformed Lipid Monolayers 

The polymer injection under bare air/water interface produced a change in surface 

pressure of ~ 4.5 mN m-1 for GF14 and about 6.5 mN m-1 for GF40 possessing a PGMA 

block twice as large as GF14 (Figs. 6.6 a & b). 

 

Figure 6.6: Time-dependent adsorption of polymers to EDPPC monolayers spread at different 

initial pressures a) 400 nM GF40; b) 400 nM GF14; c) Plot of  vs. ini for GF40 and GF14.   
 

The surface activity of GF14 does not change in the presence of sodium chloride, 

however the surface activity of GF40 appears to be higher than that on pure water. It 

has already been established in the preceding section that the attachment of PGMA 

block with perfluorinated cap is necessary for enhancement of surface activity in salt 

solution, but negligible change in surface activity of GF14 revealed that the PGMA block 

was not sufficiently long for such effects. The presence of saturated aqueous salt 

solution in the subphase significantly alter the surface activity of hydrophilic PEO 

polymers.228 However, the low salt concentration used in this work is hardly enough  to 

produce similar effects on PGMA units in the semitelechelic polymers. The plot of  vs. 

ini shows a decrease in  values for higher ini (Fig. 6.6c).  
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For surface pressures representing the LE-LC co-existing region of the lipid, the  

values fall to a minimum, showing that the lipid molecules allow very little access to 

polymer. The exclusion pressures derived for GF14 and GF40 are comparable, in spite of 

different slopes. They are indistinguishable from those obtained for the injection of 

these polymers into the subphase underneath F-DPPC and DHPC monolayers.   

Compression Isotherms and Epifluorescence Microscopy 

 

Figure. 6.7: Compression isotherms for a) EDPPC/GF14; and b) EDPPC/GF40 mixtures. 

 

The compression isotherms for EDPPC/GF14 mixtures show very little dependence on 

the percentage of polymer in the mixtures. Not only, the -A plots overlap for all 

mixtures, but also give comparable A values. DPPC monolayers when co-spread with 

10% GF14 experience similar shifts.39 This is expected because of small PGMA block that 

on average contains only 14 GMA units.  

 
Table 6.2: Shift in areas available per lipid molecule (A) in a monolayer after GF40 and GF14 
addition recorded at different surface pressures. 

Lipid/ 
polymer  
ratio 
(moles 

A  / Å2 molec-1 (EDPPC) at various surface pressures () 

4 mN m-1 15 mN m-1 27 mN m-1 35 mN m-1 

EDPPC/ 
GF40 

EDPPC / 
GF14 

EDPPC / 
GF40 

EDPPC / 
GF14 

EDPPC / 
GF40 

EDPPC / 
GF14 

EDPPC / 
GF40 

EDPPC / 
GF14 

100:1 18.7 26.6 9.6 13.9 2.6 4.9 1.1 1.4 

50:1 22.3 25.9 11.0 13.6 4.2 6.0 1.3 1.6 

20:1 40.9 21.8 14.2 12.5 7.2 6.0 2.6 1.7 

10:1 94.0 25.9 24.3 14.3 10.3 7.0 2.8 1.1 
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Figure 6.8: LC-domains for a) EDPPC/GF40 (100:1); b) EDPPC/GF40 (10:1); c) EDPPC/GF14 
(100:1); and d) EDPPC/GF14 (10:1) co-spread monolayers containing 1.0% NBD-DPPE and on 
0.1M NaCl subphase.  
 

Another factor is the larger head group of EDPPC, which contains an ethyl group 

attached to oxygen of phosphate group and can be considered as a DPPC monolayer 
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with ethanol molecules existing in the head group region. For GF40, variation in A is 

clearly dependent on moles of polymer. These results are summarized in Fig. 6.7.   

 

The LC-domains occurring upon compression were imaged with NBD-DPPE. The domain 

shapes are quite exceptional. The small white domains first grow spikes, which upon 

compression, evolve into strands and finally lead to a thin thread like network extending 

over the whole area of monolayer (Fig. 6.8).  

 

The semitelechelic polymers act as lineactant and cause thinning of DPPC domains39, but 

the effect noted in this study has a greater resemblance to DPPC mixtures with CGPR, 

where an unusual triskelion pattern was observed.117 It is possible to correlate the 

thinning effect to the length of PGMA block by comparing EDPPC mixtures containing 

equal percentages of GF14 and GF40, where larger PGMA block has a greater impact. 

This effect in our view is due to retention of the polymer in the condensed monolayers 

of lipids, which is in accordance with the observation made during the adsorption 

studies, where the polymer injection underneath EDPPC monolayers at ini above 30 mN 

m-1 still produced an increase in surface pressure. Apparently, the polymers can insert 

into regions adjacent to LC domains leading to a reduction of line tension with 

concomitant thinning of the domains.  

6.1.3 Conclusions 

 The cationic lipid EDPPC remains in the LE phase on pure water subphase but 

exhibits an LE-LC phase transition on aqueous NaCl subphase due to the 

reduction in the headgroup repulsions. The onset of LE-LC phase transition in 

cationic monolayers occurs at a surface pressure of about 23 mN m-1, which is 

markedly different from those recorded for phase transition in F-DPPC (8.1 mN 

m-1) and DHPC (~ 3 mN m-1) monolayers.  

 The condensed domains in EDPPC monolayers are small and disorganized. They 

appear either white or black depending upon the type of fluorescent lipid probe 

and NBD-DPPE appears to be more suitable to monitor the domain formation 

than RH-DHPE.  
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 FGP with its fluorinated alkyl chains has a higher surface activity on NaCl 

subphase than pure water is used. It has a greater affinity than the other 

polymers to the EDPPC monolayers, and is retained in the lipid monolayers up to 

surface pressures of above 45 mN m-1. The exclusion of GP from EDPPC 

monolayers occurs at a surface pressure of about 31 mN m-1, which is similar to 

that obtained after the injection of this polymer underneath F-DPPC and DHPC 

monolayers.  

 Both, FGP and GP, cause enormous thinning of LC domains in EDPPC/polymer 

monolayers having low polymer content. The increase in FGP content has a 

destabilizing effect on mixed monolayers, which exhibit an early collapse.  

 The semitelechelic polymers, GF14 and GF40 are easily retained also in the rims 

of the condensed domains and produced thread like structures, a clear indication 

for their accumulation at the domain boundaries and their line active properties.  

 

6.2 Bilayer Studies 

The cationic P-O-ethyl phosphatidylcholines are degradable by the enzymes such as 

phospholipase A, and therefore are considered biocompatible lipids despite their 

cationic nature.138 Their most promising application is the delivery of genetic materials 

to cells, commonly known as gene transfection.136 In the past, studies have been 

contributed to unveil the mechanism of this phenomenon229 and to highlight the 

properties of EDPPC and EDOPC bilayers.134,96 In the proceeding sections, the effect of 

polymers on the thermotropic phase behavior of EDPPC will be described. 

6.2.1 Thermotropic Phase Behavior of EDPPC 

The thermotropic phase behavior of DPPC along with its derivatives used in present 

study, as observed by microcalorimetry (DSC) is given in Fig. 6.9. The main phase 

transition temperature is 41.8C, which represents a transition from an interdigitated gel 

phase (LI) to a liquid crystalline phase (L) without passing through a rippled gel phase 

(P‘). This value of Tm is is comparable to those available in the literature.96,134 The LE-LC 

transition begins at significantly higher surface pressure for EDPPC monolayers 

compared to those of DPPC. Therefore, the transition temperature for corresponding 



CATIONIC LIPID EDPPC 
______________________________________________________________________________ 

- 106 - 
 

gel-fluid phase transition in EDPPC bilayers is expected to be much lower than that of 

DPPC. In actual, the Tm of EDPPC is greater than gel to fluid transition temperature 

exhibited by DPPC membranes.73 This discrepancy originates from the interdigitation in 

the gel phase of the cationic lipid EDPPC. 

 
Figure 6.9: a) DSC-thermograms for aqueous sonicated DPPC, F-DPPC and DHPC; b) 
Thermotropicphase behavior of EDPPC samples prepared in different ways. The bold lines are 
the melting transitions whereas the dotted lines are the corresponding crystallization peaks.  
 

Another lower temperature transition centered at 38.2C was observed in our sample in 

pure water and also in preparations in 0.1M aqueous NaCl and vortexed or sonicated 

above phase transition temperature. This transition designated as an additional 

transition (with transition temperature Ta) has never been reported before for the pure 

lipid, however a presence of the stacks of interdigitated bilayers manifest itself as an 

additional peak in the exotherm135. Koynova and McDonald reported an additional 

transition in the similar region for DPPC containing 30% EDPPC.230 This was only possible 

after significant sample degradation. Before further investigation, the acquired sample 

of EDPPC was checked for its purity by TLC where it gave only a single spot. It was 

therefore assumed that the additional transition was due to the existence of the stacks 

of interdigitated or normal bilayers. This is not far-fetched considering the fact that 

ethanol addition causes a lowering in transition temperature and leads to the formation 

of interdigitated sheets231 and also because sonication (i.e., agitation) partially 

extinguishes the transition occurring at ~ 38C (Fig. 6.9b). The vesicle formation is 

prevented in lipid dispersions in pure water232, which also supports this proposition. A 

reduction in electrostatic repulsive forces among cationic lipid head groups is possible in 
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the presence of sodium chloride. However, it appears that the salt concentration, i.e., 

0.1M is not sufficient to completely eliminate these repulsions and therefore, the vesicle 

formation is partly inhibited. The hysteresis between endotherms and exotherms is 

comparable to that of F-DPPC, which is reflective of the phase transition from an 

interdigitated gel phase to the corresponding fluid phase.  

 

The presence of an additional phase transition in DSC has been reported for anionic lipid 

DPPG in the presence of different amounts of sodium chloride.233,234 When NaCl 

concentration is low, the Tm of DPPG dispersions are shifted to lower values compared 

to that in pure water. Small cations such as Na+ and K+ inhibit interdigitation in the gel 

phase of DPPG.235 Since Ta < Tm for EDPPC and the additional transition peak is very 

broad, it is probable that the lamellar stacks comprise partly of the non-interdigitated 

bilayer gel phase.  

 

DMPG membranes show an unusual melting behavior and vesicles convert to a three 

dimensional membrane network in aqueous dispersions, depending upon the ionic 

strength.232  Consequently, the melting peak splits into three overlapping transitions. 

Also, there exists a temperature dependent equilibrium between the flat and curved 

membrane segments. In conclusion, a coexistence of stacks or sheets (or neworks) and 

vesicles is highly probable in charged phospholipid membranes.  

6.2.2 Effect of Amphiphilic and Polyphilic Block Copolymers on Phase 

Transition of EDPPC 

Effect of Perfluoroalkylation: GP vs. FGP 

The DSC thermograms of EDPPC/GP and EDPPC/FGP mixtures are collected in Fig. 6.10. 

These mixtures were treated in the similar fashion to that of pure EDPPC, that is, they 

were premixed, hydrated with 0.1M aqueous NaCl and the resulting dispersions were 

sonicated above the main phase transition temperature of the lipid. 

 

The transition at 38.2C disappears in all lipid/polymer mixtures, which indicates that 

the vesicle formation is facilitated by the polymers. Since the intercalation of PPO and F9 

segments of the polymers into lipid alkyl chains promotes non-interdigitation, the 
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disappearance of this additional transition suggests that this peak in DSC is not due to 

presence of partially interdigitated phases. The DNA molecules due to their anionic 

nature form lipoplexes with cationic lipids, where the DNA is sandwiched between the 

adjacent layers in the lamellar stacks comprising of interdigitated bilayers135. The 

polymers utilized in the present study carry no charged moieites, therefore their 

complexation with EDPPC and resulting stabalization of lipid stacks is not possible.  
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Figure 6.10: DSC-thermograms for lipid/polymer mixtures: a) EDPPC/GP; and b) EDPPC/FGP. 
(The dotted lines are the corresponding cooling scans); c) Transition temperature for 
EDPPC/GP and EDPPC/FGP sonicated mixtures. 
 

A lowering in the main transition temperature, Tm occurs with increased polymer 

content. In fact, hardly any differences of the effect of FGP and GP on Tm could be 

observed. Smith and Dea91 have recently reviewed most of the aspects of the 

interdigitated gel phase. Due to an additional esterification of the phosphate in lipid 

with an ethyl  group makes the lipid head more hydrophobic and causes a decrease in 

polarity of the interface.110,134 This enhances the probability of the localization of the 
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hydrophobic blocks of GP and FGP in the lipid head group region. For EDPPC/FGP (10:1) 

mixture, a shoulder appears in the endotherm showing the occurrence of a minor 

transition that overlaps with the main phase transition. Such behavior is likely because 

of the inhibitory effects of FGP on interdigitation, as observed also in the case of F-DPPC 

and DHPC.  

Effect of PGMA Block Length in Semitelechelic Polymers: GF40 vs GF14 
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Figure 6.11: DSC-thermograms for lipid/polymer mixtures: a) EDPPC/GF40; and b) 
EDPPC/GF14. The dotted lines are the corresponding cooling scans. d) Transition temperature 
for EDPPC/GF40 and EDPPC/GF14 sonicated mixtures. (Open symbols are for pre-transition). 
 

The DSC thermograms for EDPPC/GF40 and EDPPC/GF14 mixtures are gathered in Fig. 

6.11. In both the cases, the main phase transition temperature, Tm is hardly altered with 

increase in polymer content. For EDPPC mixtures with GF40, the transition temperature 

Ta decreases with increase in moles of polymer in the mixture. The endotherms are 

significantly broadened in 10:1 mixture and two transitions start to overlap. On contrary, 

the second transition occurring at 38.2C for the pure lipid vanishes with increase in 

polymer content for EDPPC/GF14 mixtures. Based on these observations, it can be 

14 14 
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inferred that the lengthening of PGMA block in the semitelechelic polymers favors the 

existence of interdigitated lipid bilayers into stacks or sheets. Most probably the 

elongation of the hydrophilic PGMA block allows the polymer to occupy the inter-bilayer 

space and stabilize these stacks. Similar diversity in populations based on lipid vesicles 

and lamellar stacks have also been observed in EDPPC complexes with DNA.135 The 

hysteresis between heating and cooling scans for lipid/polymer systems, which reflects 

interdigitation, is prevalent and it is because the interdigitation for EDPPC is not 

dependent on hydration degree, and EDPPC undergoes interdigitation even in the dry 

form.  

6.2.3 Conclusions 

 Two endothermic transitions are observed in EDPPC dispersions prepared in pure 

water or 100 mM aqueous sodium chloride, indicative of the coexistence of 

lamellar sheets (comprising of non-interdigitated bilayers) and interdigitated 

vesicles.  

 The hydrophobic interactions dominate in EDPPC/polymer dispersions. For FGP 

and GP Tm is reduced with increase in polymer content, simply because the head 

group in EDPPC is more hydrophobic than that of DPPC. The additional transition 

vanishes after polymer addition to EDPPC dispersions, which suggests that this 

additional transition does not originate from the presence of the partially 

interdigitated phases.  

 The main phase transition splits into overlapping transitions and the endotherm 

is broadened in EDPPC dispersions containing G40/GF14, showing a phase 

separated system.  

 The additional transition prevails in all mixtures of EDPPC with GF40, clearly 

showing a support for existence of lamellar stacks upon elongation of the 

hydrophilic PGMA block.   

 Interdigitation is sustained in all EDPPC/polymer mixtures because the hysteresis 

between endotherms and exotherms is not changed, at least for the main phase 

transition.  
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7 SUMMARY 

The water-soluble amphiphilic and polyphilic polymers based on hydrophilic PGMA 

block/s, hydrophobic PPO block/s and fluorophilic perfluorinated segments have 

significance for pharmacy and related areas of application. The interactions of some of 

these polymers have been studied with model membranes composed of phospholipids. 

It has been reported previously by our group that the binding of the polymers to these 

model membranes is dependent on the length and type of alkyl chains and the nature of 

the head group in the lipid. In order to extend these investigations, the present study 

was designed with three aims:  

 To highlight the response of the above mentioned polymers to change in 

phospholipid structure other than alteration of the alkyl chain length or 

switching of choline moiety by ethanolamine in the lipid head. For this purpose, a 

tail modified monofluorinated F-DPPC, a head group modified cationic EDPPC, 

and an ether linked DHPC were investigated in monolayers as well as bilayers for 

their interactions with different types of block copolymers.  

 To unravel the potential of these synthetic phospholipids to mimic 

biomembranes through comparison with DPPC, especially in monolayers.  

 To observe the impact of these block copolymers on the interdigitated gel phase 

of the above mentioned lipids.  

Interactions in Langmuir and Gibbs monolayers and monitoring of the phase transitions 

in pure and mixed monolayers utilizing epifluorescence microscopy allowed the 

portrayal of the candidature of the lipids as membrane models and brought into light 

some additional aspects of lipid-polymer interactions. The differential scanning 

calorimetry was employed to observe the impact of the block copolymers on 

interdigitated gel phases. The vesicle fusion in extruded F-DPPC dispersions was studied 

by the cryo electron microscopy.  

Monolayers of Pure Lipids and Lipid Mixtures 

Monolayer compression experiments reveal the following trends in lateral pressure at 

the onset of LE-LC phase transition in the monolayers of the investigated lipids.  

EDPPC > F-DPPC > DHPC > DPPC 
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EDPPC due to large head group repulsions and increased head group hydrophobicity, F-

DPPC due to the affinity of fluorine atom for aqueous surface and its larger size 

compared to hydrogen atom and DHPC because of the absence of carbonyl groups differ 

in their packing density in the monolayers than that of DPPC monolayers. The 

preliminary IRRAS studies indicate that the alkyl chains tilt in the LC phase of F-DPPC is 

similar to that of DPPC.  

 

The LC domains in lipid monolayers have fractal patterns and the domain size is 

dependent on the type of lipid. The size decreases in the following order: 

F-DPPC > DPPC ≥ DHPC > EDPPC 

The LC-domain size and form of F-DPPC monolayers are highly sensitive to the 

compression rate. Kinetic effects are responsible for irregular LC domain shapes. The 

widening of the LE-LC transition region is possible due to localization of the fluorine 

atom at sn-2 chain terminus close to water surface, which can lead to branching in the 

condensed aggregates.  

 

The high LE-LC onset pressure, small LE-LC coexistence region, and low screening of 

charges on a dilute aqueous sodium chloride subphase are responsible for small sized 

LC-domains in EDPPC monolayers.  

 

Unlike DPPC, the headgroup region of DHPC is less hydrated the subphase due to the 

absence of carbonyl groups. The cross-sectional area is smaller leading to a reduced 

chain tilt compared to DPPC. The the LE-LC transition in DHPC is less clearly defined and 

has a low cooperativity.  

 

The appearance of LC-domains of lipids showed a dependence on the type of 

fluorescent probe used. Black domains were observed with RH-DHPE and NBD-12HPC 

because both of these labels were expelled from the LC phase. The retention of NBD-

DPPE in the LC phase of the lipids resulted in white LC domains. RH-DHPE was found to 

be the appropriate probe to monitor the phase coexistence in monolayers of F-DPPC , 
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DHPC and DPPC whereas NBD-DPPE appeared better suited for visualizing EDPPC 

monolayers.  

 

The quasi-racemate between D-DPPC and L-FDPPC exhibited multi-lobed complex 

patterns of condensed lipid different from those reported for monolayers comprise of 

the equimolar mixture between L- and D-DPPC. Such complex patterns reflected a chiral 

phase separation.  

Adsorption of Polymers to Preformed Lipid Monolayers 

All polymers utilized in the present study (except EF44) showed a tendency to insert 

near or above the monolayer-bilayer equivalence pressure in PC membranes. FGP 

demonstrated significantly high penetrability into EDPPC monolayers and was retained 

in cationic monolayers up to a surface pressure of 47 mN m-1. The insertion capacity of 

FGP and other polyphilic and amphiphilic polymers into the monolayers of other 

modified lipids was similar to that demonstrated for their adsorption to DPPC 

monolayers. The reversal of block sequence and enlargement of hydrophilic and 

hydrophobic blocks (as in PFG78) slowed down polymer insertion into DPPC and F-DPPC 

monolayers, but did not alter the maximal insertion pressure appreciably. This indicates 

that the modified lipids did not differ much from DPPC in the order of their alkyl chains 

and compressibility and hence it is possible to harness their potential as model 

membranes.  

 

Approximately, three lipid molecules exist on the surface for each polymer molecule, 

when 400 nM of polymer is present in the subphase, underneath the lipid monolayer in 

the condensed phase. The lipid/polymer ratio exceeds 6:1, when the subphase 

concentration is reduced to 200 nM. This also depends on polymer size and its surface 

activity. Based on the adsorption experiments, it was possible to develop a general trend 

of the penetration capacity of polymers into the monolayers of the modified lipids:  

FGP (200 nM) > PFG78 (200 nM) > CPGR (200 nM) > GP (200 nM) ≥ GF40 (400 nM) ≥ 

GF14 (400 nM) > EF44 (400 nM) 

The perfluoroalkyl segments have greater impact on membrane insertion capability of 

the polymer when they are not constrained (as in PFG78). A comparison between FGP 
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and CPGR indicates that perfluorinated segments can anchor the polymer in a lipid 

monolayer similarly as a cholesterol anchor. It can be concluded that the presence of 

PPO block as well the perfluoroalkyl segments in the same polymer were requisite for 

demonstration of better penetrability in the lipid monolayers and bilayers.  

Monolayer Behavior of Lipid/Cholesterol and Lipid/Polymer/Cholesterol 

Mixtures  

Cholesterol produces condensation and fluidization of LE and LC phase of lipid, 

respectively. The LE-LC coexistence region is smeared out in a 2:1 mixture between F-

DPPC and cholesterol. The surface pressure of above 23 mN m-1 could not be reached by 

spreading of an equimolar lipid/cholesterol mixture. Polyphilic FGP could not reduce the 

effects produced by small amounts of cholesterol (1-2%) in the monolayer comprising of 

F-DPPC/FGP (10:1) mixture.  

LC-domains in Mixed Lipid/Polymer Monolayers  

In the presence of about 10% polymer in the mixture, the fractal LC domains in lipid 

monolayers became more compact but their size was also reduced. The line active 

properties of the polymers, exhibited in mixed monolayers with DPPC was not observed 

in the monolayers consisting of their mixtures with F-DPPC. The widening of the LE-LC 

transition region, due to kinetic effects, probably did allow the line-tension to come into 

play. An exception was CPGR, which caused the thinning of domain boundaries owing to 

the presence of the cholesterol anchor in the lipid monolayers. However, this effect was 

different from the unusual thinning of triskelion patterns induced by this polymer of the 

LC domains in DPPC monolayers. The reduction in line tension was observed in 

monolayers of the lipid/polymer mixtures of other modified lipids, where for DHPC the 

LC domains grew fuzzy upon compression. A thread like network was formed in EDPPC 

monolayers in the presence of GF40 and GF14 .  FGP caused the destabilization of mixed 

monolayers in the case of DHPC and EDPPC. The domain size was also markedly reduced 

and no LC domains were seen for all mixtures containing more than 1% polymer in the 

co-spread monolayers.  
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Interdigitated Phases in Pure Lipids and Lipid/Polymer Mixtures 

In extruded aqueous dispersions of F-DPPC, fusion of interdigitated unilamellar vesicles 

occurred and caused the endotherm to split into two closely spaced transitions. This 

temperature driven hemifusion that generated partially interdigitated phase was 

confirmed by cryo-TEM images of the lipid dispersions. The main phase transition 

temperature was reduced in the presence of all the polymers, indicating the dominance 

of hydrophobic interactions resulting from the intercalation of PPO blocks and 

perfluoroalkyl segments into the lipid alkyl chain region. The lipid molecules increasingly 

adopted the normal bilayer motif with increase in polymer content in the mixture, giving 

rise to a phase segregated system, as indicated by the broadening of endotherms and 

the appearance of new peaks at temperatures lower than Tm. However, a complete 

change to the normal bilayer gel phase was not achieved. The polyphilic polymers 

produced greater impacts when premixed with F-DPPC, compared to when they were 

added to preformed lipid vesicles. The amphiphilic polymer GP showed insensitivity to 

method of preparation of the mixed dispersion. 

 

The interdigitation was completely eliminated in sonicated premixed dispersions of FGP 

and GP with DHPC, because the pre-transition that represented the change from 

interdigitated gel phase to the rippled gel phase was abolished. Only the transition from 

the rippled gel to the liquid-crystalline phase prevailed. The penetration of hydrophobic 

PPO and fluorophilic F9 segments of these polymers produced voids or defects in the 

interdigitated phase of DHPC. The initially produced partially interdigitated phase 

transformed to normal bilayer in order to prevent exposure of lipid alkyl chains to water. 

On the other hand, the semitelechelic polymers stabilized the interdigitated states in 

DHPC, showing the favorable binding of PGMA blocks with lipid head groups. Therefore, 

both pre- as well as the main transition were observed with GF40 and GF14. 

 

Two transitions were observed in EDPPC dispersions due to presence of lamellar sheets 

comprised of lipid bilayers and vesicles with interdigitated lipids. The thermotropic 

phase behavior of EDPPC was somewhat similar to that reported for DMPG 

dispersions232. This esterified DPPC derivative has a larger cross-sectional area of 
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headgroup, which is also more hydrophobic than that of DPPC. Hence, the incorporation 

of hydrophobic and fluorophilic polymer chains into the bilayers was facilitated, causing 

a lowering in Tm. The splitting and broadening of endotherms reflected the phase 

separated system, most probably comprised of a partially interdigitated phase coexisting 

with a normal bilayer phase. The additional transition was abolished in EDPPC mixtures 

with FGP and GP, but it prevailed in more hydrophilic GF40, indicating the stabalization 

of lamellar sheets by PGMA blocks.  
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8 APPENDIX 

8.1 Materials 

8.1.1 Lipids and Lipid Probes  

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (L-DPPC) and 2,3-Dihexadecanoyl-sn-

glycero-1-phosphocholine (D-DPPC) were purchased from Sigma-Aldrich (Schnelldorf, 

Germany), whereas 1-palmitoyl-2-(16-fluoropalmitoyl)-sn-glycero-3-phosphocholine (F-

DPPC); 1,2-di-O-hexadecyl-sn-glycero-3-phosphocholine (DHPC) and 1,2-dipalmitoyl-sn-

glycero-3-ethylphosphocholine (EDPPC) as chloride salt were acquired from Avanti Polar 

Lipids (Alabaster, Alabama, USA). Cholesterol was also the product of Avanti Polar Lipids. 

Fluorescently labelled lipids 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine- N-

(lissamine rhodamine B sulfonyl)(triethylammonium salt) (RH-DHPE); 2-(12-(7-nitrobenz-

2-oxa-1,3-diazol-4-yl)amino)dodecanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine 

(NBD-12HPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2,1,3-

benzosadiazol-4-yl) )(triethylammonium salt) (NBD-DPPE) were from Invitrogen 

(Karlsruhe, Germany). The purity of all these products was above 99% and they were 

used as received.  

8.1.2 Block Copolymers  

PGMA based amphiphilic and polyphilic block copolymers were supplied by working 

group of Prof. Jorg Kressler, Physical Chemistry of Polymers, Institute of Chemistry, 

Martin-Luther University, Halle-Wittenberg. Their synthesis has been reported 

elsewhere.28,39,150,152,153 Rhodamine labelled block copolymer possessing the cholesterol 

anchor was synthesized at Institute of Organic Chemistry, Johannes-Gutenberg 

University, Mainz in the group of Prof. Dr. Holger Frey, which recently appeared in the 

literature.117  

8.1.3 Other Chemicals 

Chloroform and methanol of HPLC-grade were obtained from Carl Roth GmbH & Co KG 

(Karlsruhe, Germany). Sodium chloride was supplied by the same company. Ultrapure 

water from a Milli-Q Advantage A10 System of Millipore S.A.S., Molsheim Cédex, France 
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was utilized. The conductivity of water was below 0.055 S cm-1 and TOC less than 5 ppb 

at 25C. Hellmanex was from Hellma GmbH, Müllheim, Germany. 
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