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Abstract 
 

In this project, liposomes, self-assembled from lipids, have been used as a model system to study 

specific ion effects. Specific ion effects have been discussed for over a century since the pioneering 

work carried out by Franz Hofmeister and his group in Prague. A more comprehensive understanding 

of specific ion effects is vital in many branches of science and important for a wide variety of 

applications. A deeper understanding of specific ion effects would also shed light on the Hofmeister 

series, first proposed by Hofmeister himself in 1888 which ordered ions according to their ability to 

affect the solubilities of proteins in aqueous solutions.  To investigate the Hofmeister series more 

comprehensively and gain a deeper insight into the interactions occurring, dynamic light scattering 

(DLS) and cryo-transmission electron microscopy (TEM) have been employed to determine the effects 

of a number of ions on liposomes. Three main aqueous systems have been investigated: the effect of 

multivalent inorganic cations on the size, polydispersity index and zeta potential of 1, 2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) liposomes; the effect of hydrophobic, organic cations on the size, 

polydispersity index and zeta potential of DOPC liposomes; and the effect of temperature on 

liposomes comprised of DOPC and 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) respectively. 

TEM was employed in order to study the effect of ions on the morphology and lamellarity of the 

liposomes.  

The liposome suspensions were prepared via the hydration of lipid films with salt solution, followed 

by sonication and extrusion. Liposomes formed in the absence of salt were found to be spherical, 

monodisperse and unilamellar with a zeta potential value of -13.23 mV. Zeta potential measurements 

obtained for the liposomes in the presence of inorganic cations indicate there is an electrostatic 

interaction between the cations and the phosphate groups of the lipids which causes changes in the 

orientation of the lipid head groups as well as reduced repulsion between neighbouring lipids, 

resulting in changes in the size of the liposomes. Hydrophobic, organic ions were found to have a 

significant effect on the size and zeta potential of the liposomes and in some cases fusion or 

aggregation of the liposomes occurred. The effect of temperature on the liposome suspensions was 

also examined and the most important effect induced by cations on the liposomes was found to be 

the effect on the transition temperature of the lipids. The transition temperatures themselves and the 

breadth of the transition temperatures were affected by the ions in all three cases. The Hofmeister 

series has not been investigated previously with DLS and TEM using such a range of systems. The 

results have provided insights into the interactions between ions and liposomes, and will stimulate 

further research into the Hofmeister series.  
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Chapter 1: Introduction to the Hofmeister series 
 

1.1 Project motivation  

Specific ion effects are significant in numerous areas of science and technology. They have been 

studied by scientists since the pioneering work of Franz Hofmeister and his group at the University of 

Prague over 100 years ago. Throughout this time, many examples of specific ion effects in biological 

and colloidal systems have been published, a variety of explanations for the Hofmeister series have 

been proposed, and it remains an active research area. New ideas about the origins of the effects have 

been suggested and modern experimental techniques have allowed new parameters to be measured 

with increased accuracy, however, a general explanation of specific ion effects has not yet been 

achieved.  

Since specific ion effects are fundamental in so many areas of chemistry and biology, research towards 

understanding them is very important, in particular, understanding the effects of ions on biological 

molecules is of great significance. Learning more about the specific molecular interactions and forces 

between ions and biological molecules is vital for fundamental knowledge and for applications in a 

wide variety of fields such as medicine (i.e. drug delivery and vaccinations) and in the food industry 

(i.e. dietary supplements and nutritional products). 

This project aims to contribute to understanding specific ion effects, taking a comprehensive 

experimental approach by using lipids as probe systems. Amphiphilic molecules, both lipids and 

surfactants, have the tendency to aggregate in solution and form a range of self-assembled structures. 

In this work, lipids are used to form liposomes and the effects of a range of ions on these liposomes 

are studied with the hope of shedding light on the Hofmeister series, and the fundamental interactions 

involved in ion specific effects.  

In order to investigate changes in the size, polydispersity index and zeta potential of the liposomes in 

the presence of ions, dynamic light scattering (DLS) was employed, as it is a widely used and well-

established technique for the characterisation of colloidal nanoparticles in aqueous solutions.  

Additional information on the morphology of the liposomes was obtained using cryo-transmission 

electron microscopy (TEM) which allows high quality and well-defined images to be obtained.  

The early chapters of this work aim to provide the background on the subjects discussed in this project 

to enable the interpretation of the experimental results and findings. Chapter 1 will provide an 

introduction to specific ion effects, with particular focus on the Hofmeister series, the mechanism of 

the series and the previous work which has aimed to explore the series in depth. Chapter 2 will provide 
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an introduction to self-assembly, concentrating on classification, applications and preparation of 

liposomes.  

The third chapter of this thesis will describe and explain the theoretical considerations and execution 

of the experimental procedures implemented in this work. Chapters 4 to 7 of this work will present 

the results obtained. Included in these chapters are extensive analysis and discussion of the results in 

the context of current literature. The closing chapters of this work will provide conclusions and review 

the results in the framework of the Hofmeister series. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 20 - 
 

1.2 Specific ion effects in biology  

Specific ion effects are ubiquitous in biology, biochemistry, chemistry and chemical engineering and 

are vital in a range of biological systems. In the human body, especially in the fluids, numerous ions 

take part in a variety of chemical processes.  

Sodium (Na+), calcium (Ca2+), potassium (K+) and magnesium (Mg2+) ions are amongst the most 

abundant cations in the body. Calcium carries out many important functions and is extensively found 

in the bones and teeth. When combined with phosphate, calcium increases the rigidity and hardness 

of enamel in the tooth1. In addition, calcium ions and their movement in the cytoplasm are essential 

as signals in several cellular processes, making them vital in blood clotting, muscle contraction and 

nerve activity2. Sodium ions are the predominant cations in extracellular fluids and affect the transport 

of water through the cell membrane. Additionally, these ions are involved in the sodium-potassium 

pump, which describes the mechanism by which sodium ions move out of the cell and potassium ions 

move in across the cell membrane3. Furthermore, potassium is used in protein synthesis, to help 

regulate the heartbeat, reduce blood pressure, and in the contraction of muscles4.  

Chloride (Cl-) is the most important anion in the body, controlling the flow of fluid in the blood vessels 

and tissues and helping maintain the correct acidity levels in the blood5. This anion is also key in the 

formation of hydrochloric acid (HCl) in the stomach which is necessary for healthy digestion5.  

Along with animals, plants also rely on a number of ions. Plants require nutrients in order to carry out 

photosynthesis and maintain healthy growth. One way ions required by plants can be obtained is from 

soil, where they are dissolved in water. Nitrate (NO3
-), phosphate (PO4

3-) and potassium ions are 

required in the greatest quantities in plants. Nitrate is a major component of chlorophyll, phosphate 

is required for membrane formation, and potassium ions are needed for enzymatic activity and 

osmoregulation6.  

Understanding how ions interact with other molecules can shed light on their role in numerous 

biological processes. As illustrated, ions are vital in nature and by studying specific ion effects on a 

range of physical phenomena scientists can gain a deeper understanding of the interactions occurring 

and what properties of the ions cause these specific effects. A more profound understanding of 

specific ion effects would also benefit research in all areas of science.  
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1.3 Franz Hofmeister 

More than a century ago, Professor of pharmacology at the University of Prague, Franz Hofmeister, 

published a series of papers in German, entitled ‘Zur Lehre von der Wirkung der Salze’, in English, 

‘About the science of the effect of salts’7. Hofmeister systematically studied the effects of anions and 

cations on proteins and in 1888 he observed a trend that classified ions on their ability to precipitate 

proteins from aqueous solutions7. In his original study on the influence of a range of ions on the 

precipitation of proteins found in egg whites8, anions were found to have a larger effect than cations 

and therefore the series tend to be divided into two separate anionic and cationic series. An example 

of an anionic series is shown in Figure 1.  

 

 

 

 

 

Figure 1: The anionic Hofmeister series, illustrating the weakly and strongly hydrated ions and also the chaotropic and 
kosmotropic ions. 

 

Ions of the Hofmeister series can be broadly classified into two categories, the ions on the left hand 

side of the series are called ‘chaotropes’ and the ions on the right hand side are called ‘kosmotropes’. 

Chaotropes9 are referred to as ‘structure breakers’, these ions have weak interactions with water and 

increase protein solubility. Kosmotropes9 are denoted as ‘structure makers’, these ions have strong 

interactions with water and decrease the solubility of proteins in aqueous solutions.  

As previously mentioned, Hofmeister effects can be seen vastly in biology. Ions can be classified in 

accordance with their interactions with cell membranes, biopolymers10, enzymes11, and even their 

ability to cross the blood-brain barrier12. For this reason, within the last century the Hofmeister series 

and specific ion effects have been a prominent topic of research, yet the exact mechanism for the 

Hofmeister series and the position of ions within the series is still poorly understood.  
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1.4 Mechanisms of the Hofmeister series 

It is widely acknowledged that liquid water has many properties which make it unique as a solvent. 

The anomalous properties of water can be attributed to the intermolecular, three dimensional 

hydrogen bonding network13 which is formed due to the partial positive charges of the hydrogen 

atoms and the partial negative charges of the oxygen atoms. In this way, water molecules can act as 

both hydrogen bond donors and acceptors.  

When ions are added to water the hydrogen bonding network of water molecules is disrupted as the 

ions become hydrated. The degree of hydration of ions in water is ion-specific in bulk solutions and at 

interfaces and has been an extensive topic of research for many years14, 15. Ions have a large influence 

on the structure and dynamics of water molecules, especially water molecules in their hydration shells 

and therefore can be classified according to their relative abilities to induce the ordering of water 

molecules. In general, kosmotropes have higher charge densities than chaotropes8, and are hydrated 

to a greater degree, hence named ‘structure makers’. Chaotropes are generally less hydrated owing 

to their lower charge densities.  

Consequently, it has been suggested that the ordering of ions in an aqueous solution within the 

Hofmeister series may be due to the influence of ions on the bulk structure of water. This is still an 

area of intensive research and there remain many unanswered questions. 

In order to shed light on the ordering of ions in the Hofmeister series it is vital to understand how 

specific ion effects are studied and what interactions need to be considered. Specific ion effects can 

be studied in a vast array of ways and the viscosity, density, heat capacity and freeing point 

depressions of electrolytes16 are some examples that occur widely in the literature. The intermolecular 

interactions between the solvent, solute molecules and the ions on the addition of salts to non-

electrolytes, make ion effects very complex. 

 

 

 

 

 

 

Figure 2: A chart of connections showing ionic parameters that are used to determine ion specific 
effects. Reprinted from Reference 10. Copyright © 2016, with permission from Elsevier. 
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1.5 Classical theories to explain the Hofmeister series 

1.5.1 Debye–Hückel theory 

In 1923 a quantitative theory was put forward by Peter Debye and Eric Hückel which advanced 

knowledge of electrolyte solutions17. The Debye–Hückel theory provides an explanation of non-ideal 

solutions of electrolytes. It is a linearized Poisson-Boltzmann model18 which helps to predict the 

activity coefficients and behaviour of ions in dilute solutions. The model is based on the fact that in 

electrolytes, oppositely charged ions attract one another and therefore cations are more likely to be 

found near anions and vice versa.  

Hence, in an ideal solution, there is a spherical haze around each ion, where there are a higher number 

of counter ions than ions of the same charge as the central ion. The energy and consequently the 

chemical potential of any given ion is lowered as a result of the interaction with the surrounding 

spherical haze17 (Figure 3). These concepts were developed into a quantitative theory from which at 

very low concentrations the activity coefficient can be calculated.  

 

 

 

 

 

 

However, the Debye–Hückel theory contains some underlying assumptions which render it unrealistic 

when attempting to predict specific ion effects. The first is the assumption that the solute is 

completely dissociated19 (it is a strong electrolyte) which is not applicable to weak electrolytes. 

Secondly, the ions are assumed to be spherical in shape, which becomes a problem for non-spherical 

ions that solicit isotropic interactions16. In many cases, biological ions are non-spherical and therefore 

their interactions change depending on the direction of their approach. Finally, the model assumes 

that each ion is surrounded by an ionic atmosphere of counter ions20, as described above. 

This theory provides a useful insight into the interactions within electrolyte solutions; however, it is 

not extensive enough to explain the relative positions of ions in the Hofmeister series. In more recent 

literature, attempts have been made to extend the Debye–Hückel17, 21-23 theory to better encompass 

all the interactions in electrolyte solutions.  

Figure 3: Schematic illustration of the ion distribution 
surrounding a cation. 
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1.5.2 The DLVO theory 

In the 1940s, Derjaguin, Landau, Vervey, and Overbeek (DLVO)24 developed a theory which helped to 

explain the stability of colloidal systems. This theory is now a cornerstone of colloid science. The DLVO 

theory describes the forces between two charged particles, considering a balance between the 

electrostatic double layer repulsion and the van der Waals attractions25, 26, which are the attractions 

between fluctuating dipoles and induced dipoles caused by the movement of electrons (Figure 4). By 

considering these two forces it is possible to predict the stability of a colloid suspension and whether 

aggregation will occur in the system.  

 

 

 

 

 

 

 

The Hofmeister effects of salt addition on a colloidal suspension can also be studied and explained by 

the DLVO theory. On addition of an electrolyte, the electrostatic Columbic repulsion is screened and 

therefore the particles are less strongly repulsive to each other. The colloid suspension becomes more 

unstable and aggregation of the particles can occur. The effects of different salts can be studied, and 

the stability of the colloidal particles is found to be salt dependant 27.  

Although this theory can help to shed light on specific ion effects in colloids, it does not unravel the 

ordering of ions in the Hofmeister series. The problem lies with the assumptions made by the DLVO 

theory. Firstly, the DLVO theory makes a dielectric continuum solvent approximation25, 28, which means 

that hydration of ions and solvent structure are ignored. Here lies one problem in using this theory to 

help understand the Hofmeister series, as ion interactions with the solvent water molecules are not 

evaluated. As the solvent molecules are hypothesised to play a role in the ordering of ions in the series, 

it is vital that these interactions are included. Secondly, the ions are treated as point charges26 and 

therefore the shape of the ion is ignored when using the DLVO theory which is an important parameter 

when considering ion specific effects.  Finally, the electrical double layer and van der Waals forces are 

assumed to be additive26. The electrostatic forces are treated in a non-linear form (Poisson-Boltzman 

equation25, which describes the electrochemical potential of ions in the diffuse layer) and the opposing 

Figure 4: Schematic illustration of the electrostatic repulsion and Van der Waals 
attraction that exists between two charged particles in a colloidal system. 
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van der Waals forces are treated in a linear (the Lifschitz theory29) form. This is indicative of a 

fundamental inconsistency built into the DLVO theory and the reason that it falls short in explaining 

the ordering of ions in the Hofmeister series.  

Despite the fact that conventional electrostatic theories cannot explain the Hofmeister effect of ions, 

analysis of correlations between different experimental findings can help reveal properties that are 

specific for individual ions. 

 

1.5.3 Ion specific parameters and water structure 

In order to untangle the problem of the Hofmeister series, attempts were made to empirically classify 

ions as either chaotropes or kosmotropes. This would act as a starting point and help to advance the 

understanding of the hydration of ions in aqueous solutions, a seemingly crucial parameter to grasp 

for a comprehensive appreciation of specific ion effects.  

Sephadex G-10 gel sieving chromatography on a number of anions and cations was carried out by 

Collins30 in 1995. Sephadex G-10 is dextran highly crosslinked with epichlorohydrin, from which beads 

with a small pore size and a non-polar surface can be produced, which can separate solutes by gel 

sieving. Larger molecules are excluded by the small pores of the beads and therefore emerge from the 

column early. The smaller molecules are able to penetrate into the beads, and therefore their path 

through the column is longer and they emerge later.    

The results of Collins’ work are shown in Figures 5 and 630. The Sephadex G-10 column separates the 

ions and, therefore, from the graphs we can classify the examined ions into chaotropes and 

kosmotropes. The chaotropic ions are above the calibration line, these ions were found to destabilise 

proteins whereas the kosmotropic ions, appearing below the calibration line, stabilise proteins. 
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From the results of the halide ions it can be hypothesised that the charge density of the ion is the 

controlling property31 and therefore an important consideration when the Hofmeister series is 

considered. Collins also discovered from this work that the stabilizing anions (kosmotropes) had an 

apparent molecular weight greater than their anhydrous molecular weight which may be attributed 

to water molecules bound to the ion. It can therefore be confirmed from this work that the 

kosmotropic ions are more strongly hydrated than the chaotropic ions. Finally, the elution of the 

destabilizing (chaotropic) ions was found to be temperature and concentration dependent which is 

characteristic of ion adsorption to the nonpolar surface of the gel31. One hypothesis for the driving 

force of this adsorption is the release of weakly bound water molecules which are able to interact 

more strongly in the bulk solution than with the chaotropic anion32, 33.  

The Jones- Dole viscosity B coefficient systematically confirmed the results obtained by Collins from 

the Sephadex G-10 gel sieving chromatography and therefore provided a quantitative way to define 

kosmotropes and chaotropes. The viscosity of a salt solution can be simply measured and the viscosity 

B coefficient is defined by the expression in Equation 1 34, 35. 

 

�
��� = 1 + ��

�
�� + ��     ( 1) 

 

where � is the viscosity of salt solution, �0 is the viscosity of pure water, A is the electrostatic term, c 

is the concentration and B is a direct measure of the strength of ion water interactions normalized to 

the strength of water-water interactions31. The Jones-Dole B coefficient separates the ions into two 

groups according to their degree of water structuring. Positive B coefficients signify strongly hydrated 

Figure 6: Results of work carried out by Collins. Calibration curve for 
the Sephadex G-10 column eluted with 0.1 M NaCl. Image taken 

from Reference 30. 

Figure 5: Results of work carried out by Collins. Aqueous gel 
sieving chromatography on Sephadex G-10 of cations (Li+, Na+, 

K+, Rb+, Cs+ and NH4
+ as the Cl- salts as well as F-, Cl-, Br- and I- as 

the Na+ salts.) Image taken from Reference 30. 
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ions (kosmotropes), whilst negative B coefficients signify weakly hydrated ions (chaotropes). Some 

examples of B coefficient values are listed in Table 132. 

 

Table 1: Jones Dole viscosity B coefficients. Reprinted from reference 32, Copyright © 1997, with permission from Elsevier. 

 

 

It is interesting to note that the ions are ordered according to their charge density, therefore as would 

be expected, the degree of hydration of an ion increases with increasing charge density, and this is in 

good agreement with the trend in the previously discussed literature. 

 

Quantification of the Hofmeister effect of an ion has been widely obtained in the literature by means 

of a linear regression of the relative solubility of a solute (proteins36, macromolecules37, 38 etc.) against 

the concentration of the ion. The gradient of such a correlation plotted on a graph is termed the 

Setchenow constant36, 38, 39, calculated by Equation 236.  

 

���[�� ��(0)⁄ ]=  −����     ( 2) 

 

where Ci is the molar concentration of the solute, Cs is the concentration of the salt and ks is the salting 

out constant. The Setchenow constants are available for a wide range of salts and provide a measure 

of ‘salting in’ and ‘salting out’ ability of individual ions. The more positive the Setchenow constant, the 

more the ion induces ‘salting out’.  Magnesium (Mg2+) has a Setchenow constant value of +0.1740 for 

example, compared sodium (Na+) which has a constant value of +0.1140, therefore Mg2+ decreases the 

aqueous solubility of hydrophobic molecules to a greater degree than Na+. More diffuse ions such as 

(CH3CH2)4N+ have actually been found to increase solubility, with a Setchenow constant value of 

approximately -0.1040. 
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Although these constants are helpful, they do not provide information about the mechanism by which 

ion specific effects on macromolecules occur. Indirect clues can, however, be obtained by studying ion 

specific effects on macroscopic solution properties and comparing the results to the constants for 

individual ions.  In addition, the importance of hydration and charge density is conveyed in these 

constants which helps to begin to shed light on the Hofmeister series.  

 

1.5.4 Recent approaches to Hofmeister phenomena 

1.5.4. i. Collins law of matching water affinities  

In 1997 Collins32 presented a convincing, yet extremely simple concept which became known as the 

law of matching water affinities (LMWA). This concept helps shed light on the Hofmeister series by 

providing a method for predicating how electrolytes behave in aqueous systems. The LMWA is based 

on the observation that for monovalent ions, there is a much stronger attraction between ions of 

similar sizes than for ions of dissimilar sizes in water16, 32. This can clearly be seen from Table 241, where 

the solubility of very simple group one halide salts shows a remarkable pattern.  

 

 

 

 

 

 

 

 

Large ions paired with small ions give very highly soluble salts, whereas salts made up of only small 

ions or only large ions are moderately soluble in comparison. In his work, Collins focussed on the 

tendency of ions to form inner sphere pairs in solution, according to the equation below, Equation 332.  

 

� ��(ℎ������)+  ���(ℎ������)⟷ �� (ℎ������)+ � ��0   ( 3) 

 

To explain theses interactions Collins considered ions as spheres with a point charge at the centre27, 

32. Consequently, he also considered small (hard) ions to be strongly hydrated as there is a small 

distance between the point charge on the ion and the point charge of opposite sign on a water 

molecule and therefore a strong electrostatic attraction between the two. In contrast, larger (soft) 

Table 2: Solubilities of Group 1 halides. Taken from Reference 41. 
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ions are considered to be more weakly hydrated owing to the larger distance between the point 

charge of the ion and the water molecules. It is energetically unfavourable to remove water molecules 

from a small ion. However, if the water molecules removed are replaced with a small ion of opposite 

charge, the unfavourable increase in energy is more than compensated for by the resulting strong 

electrostatic interaction between the ions in the newly formed salt as the point charges are close 

together. It can be concluded therefore that the formation of small- small inner sphere ion pairs is 

energetically favourable. Similarly, it is energetically favourable for large-large inner sphere ion pairs 

to form. The interaction of the point charges in a salt made of two large ions is weak due to the large 

distance between point charges. However, on the formation of salt, the liberation of weakly bound 

water molecules from an ion is able to compensate for this weak interaction as the water-water 

interactions in the bulk are much stronger than the large ion-water interactions. 

In contrast, small ions do not tend to form ion pairs with large ions. The energy required to remove 

water molecules from a small hydrated ion is not regained by the replacement with a large ion. This is 

because the point charges are too far apart to interact strongly. Large-small ion pairs tend to remain 

in aqueous solution and hence, they are soluble. In general, strong interactions form at the expense 

of weaker ones in solution and any system will also aim to maximise the number of strong interactions.  

The figure below shows schematics of the LMWA. 

 

 

 

 

 

 

 

 

 

 

It can be stated that when two ions have similar free energies of hydration, the enthalpy of 

solubilisation, ∆Hsol, in water is an endothermic (positive) process. Conversely, when the electrolyte is 

made of ions which have large differences in their free energies of hydration, the enthalpy of 

solubilisation is exothermic (negative).  

 

Figure 7: Schematic illustration of the Law of matching water affinities. 



- 30 - 
 

The tendency of ions to form ion pairs can be summarized using the ‘volcano’ graph16, 31, 32. Figure 832 

shows that at the top of the volcano the inner sphere ion pairs are likely to form, and at the foot of 

the volcano the ion pairs are less likely to form.  

 

Collins rule of matching water affinities has been found to be successful in qualitatively understanding 

specific ion effects in various systems. A neat example, which confirmed this rule, was a study carried 

out by Xie et al. in 20148. Specifically, M(H20)n (M= Li and Cs, n= 0-6,10 and 18) clusters8 were studied 

by photoelectron spectroscopy (PES) and quantum mechanical (QM) calculations. The results are 

shown below in Figure 98. 

 

   

 

 

 

 

 

 

 

 

Figure 8: (A) The relationship between the standard heat of solution of a crystalline alkali halide and the difference 
between the absolute heats of hydration of the corresponding gaseous anion and cation. (B) Corresponding graph 
to identify ions as chaotropes (weakly hydrated) or kosmotropes (strongly hydrated). Reprinted, with permission, 

from Reference 32. Copyright ©1997, Elsevier. 

Figure 9: The change in ion pair distances (divided by the bare ion pair 
distance) in salt water clusters as a function of water molecule number. 
Reprinted by permission from Springer, reference 8, Copyright © 2013 
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At first glance, it can be seen from the obtained results that the structure of salt/water clusters alter 

in very different ways for Li+ and Cs+ as the number of bound water molecules increases. At n=5 there 

is a sharp increase in the Li-I distance in the LiI(H2O)n cluster which does not appear at any value of n 

for the CsI(H2O)n cluster. The ionic radii of Li+ and Cs+ are 0.074 nm42 and 0.170 nm42 respectively and 

the ionic radii of I- is 0.22 nm43, the Li+ ion can therefore be considered comparatively ‘small’ and the 

Cs+ and I- ions can be deemed comparatively ‘big’. Therefore, according to the LMWA, the two ‘big’ 

ions are more likely to form contact ion pairs (CIP) and remain close to one another whilst the ‘big’ I- 

ion is unlikely to form a CIP with the ‘small’ Li+ ion and hence the distance between the two is large, 

and solvent separated ion pairs (SSIP) form. These predictions are clearly confirmed by the results 

obtained from this literature and hence it is clear the LMWA is a valid rule which can be helpful in 

obtaining information about the behaviour of ions in solution and predicting specific ion effects.  

 

 

1.5.4. ii. Binding to surfactant head groups  

In order to gain a more comprehensive understanding of the Hofmeister series, Kunz and coworkers44 

proposed a Hofmeister-like ordering of charged head groups with the law of matching water affinities. 

By using the LMWA in this way, interactions of ions with head groups of phospholipids and surfactants 

can begin to be understood and the influence on a range of physical properties can start to be 

unravelled. The head groups are first classified as chaotropic (soft) or kosmotropic (hard). According 

to this classification, Kunz et al. proposed that the softness of the head groups studied, from 

kosmotropic to chaotropic, is carboxylate (RCOO-) < phosphate (R2PO4
-) < sulfate (RSO4

-) < sulfonate 

(RSO3-) 44. Figure 1044 shows the ordering of the head groups and the respective counter ions 

according to their ability to form contact ion pairs.  
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The above series together with Collins’ LMWA can help to explain numerous experimental results and 

can also help to predict effects when one ion is substituted for another. For example, when studying 

the interactions of proteins and ions, classifying the groups and residues on the protein as ‘hard’ or 

‘soft’ can help to predict as to where the ions would reside.  

 

As with all simple concepts, the LMWA should be considered with care, and it should be noted that 

the complexity of specific ion effects cannot be described by one single, simple model. Nevertheless, 

this exceptional rule presented by Collins has helped scientists understand the results of studies on 

specific ion effects in a multitude of cases in biological and colloidal science.  

 

 

 

 

 

 

 

Figure 10: Ordering of anionic surfactant head groups and their respective counter ions in order of 
their capabilities to form close ion pairs. Strong interactions are represented by the green arrows. 

Reprinted from reference 44. Copyright © 2009, with permission from Elsevier 
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1.6 The ongoing challenges of the Hofmeister series 

Despite the recent advances in Hofmeister effects, there remains a number of grey areas in the 

research conducted. The first and foremost is the influence of the ions on the bulk water structure. As 

mentioned, it is hypothesised that the ordering of ions in the Hofmeister series may be due to their 

influence on the bulk structure of water molecules. The traditional explanation for the interactions of 

ions with proteins attributed Hofmeister effects to the salt induced withdrawal of water from protein 

surfaces21, 45. A protein ‘salts out’ if the ion in solution is strongly hydrated as the ion successfully 

competes for the water molecules in the electrolyte and therefore causes a decrease in the number 

of water molecules surrounding the protein. Experiments have in some cases, however, demonstrated 

that ions do not affect the hydrogen bonding network of water molecules beyond their first solvation 

shells46, 47. Bakker and co-workers47 used femtosecond pump-probe spectroscopy to investigate the 

rotational dynamics of water molecules outside the first solvation shell of ions in electrolyte solutions. 

The results of the work, established that the presence of ions does not lead to the alteration of the 

hydrogen-bonded network of bulk liquid water. The conclusions regarding the Hofmeister series that 

were drawn from this work was that no long-range structure making or structure breaking effects for 

kosmotropes or chaotropes were taking place, therefore the observed effects were attributed to 

direct ion- protein interactions.  

 

The second unanswered observation regarding the Hofmeister series manifests itself in the findings 

that in some cases the Hofmeister series is reversed in order (the Hofmeister series listed previously 

(Figure 1) will be taken as the direct Hofmeister series). The best known example is the interaction of 

ions with the enzyme, lysozyme48-50. These interactions behave according to the direct Hofmeister 

series at high pH or high ionic strength, and then according to the reverse, indirect series under acidic 

conditions or at neutral conditions48, therefore there are two distinct Hofmeister series. These findings 

illustrate the importance of the specific surface hydration- ion hydration interactions, and it is 

seemingly impossible to provide a plausible explanation for the Hofmeister series by considering the 

ion-water interactions alone48. Additionally, the ionic volume and polarization are important 

parameters that should not be ignored. By considering the direct adsorption of ions onto surfaces and 

the alteration and screening of surface charge, the Hofmeister series can begin to be understood, and 

although reverse Hofmeister series have been observed, the idea that there is a universal Hofmeister 

series persists.  
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The third observation which has troubled physical chemists is the effect of cations. The water 

‘withdrawing power’ approach appears to provide an explanation for the behaviour of anions 

witnessed by Hofmeister, however, it cannot explain why kosmotropic cations cause proteins to salt 

in and chaotropic cations can cause proteins to salt out51. This presents an asymmetry in the results 

for cations and anions, shown in Figure 1151.  

 

 

 

 

 

 

 

 

Immediately, it is clear to see that the halide ions are ordered according to increasing size, and 

therefore decreasing charge density from left to right. Whilst for the cations, the series follows a 

pattern of increasing charge density from left to right. This asymmetry between the ion series, 

demonstrates that the ion specific behaviour is not trivially linked to size and charge density, and with 

these parameters alone the Hofmeister series cannot be explained.  

Although there are still questions regarding the Hofmeister series, recent advances in science 

technology have allowed far more progressive and comprehensive research into ion specific effects 

to be carried out. This project was carried out with the hope of shedding light on the Hofmeister series 

and advancing current understanding of the positions of ions within the series. 

 

 

 

 

 

 

Figure 11: Ordering of anions and cations according to the Hofmeister series based on 
precipitation studies of solutions of proteins. Reprinted with permission from reference 51. 

Copyright © 2013, American Chemical Society. 
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1.7 Previous work on the Hofmeister series in different 

media 

1.7.1 Aqueous media 

For over a century, Franz Hofmeister’s work on specific ion effects has inspired a large amount of 

research. Specific ion effects on a range of physical phenomena have allowed a deeper understanding 

of the Hofmeister series and has bought scientists closer to understanding this invaluable concept. A 

large number of studies on specific ion effects have been carried out in aqueous media. The unique 

structure of liquid water and the relevance of specific ion effects in biology have prompted scientists 

to investigate the behaviour of ions in water. Lund et al.33 studied the binding of ions to non-polar 

surface patches of proteins. Molecular dynamics simulations were used to study Lysozyme in a mixed 

aqueous solution of potassium iodide (KI) and potassium chloride (KCl). It was found that the Cl- ion 

resided in the basic residues, which are cationic, and in contrast, the I- ion resided in the non-polar 

sites. Lund et al. proposed that the binding of anions to the protein was driven by direct ion-ion 

interactions and solvent assisted interactions with non-polar patches on the protein. This hypothesis 

is derived from considering the change of intermolecular interactions that come about when the ion 

is moved closer to the non-polar patch on the protein. These consist of the loss of dipole energy, the 

reduction in the unfavourable organised network of water molecules around both the ion and the 

interface, and the attractive induced dipole interactions which occur between the protein surface and 

a polarizable ion33. The smaller chloride ion, will have a smaller reduction in the unfavourable 

organised water network than the iodide ion as it moves towards the non-polar surface. In addition, 

and more importantly, the chloride ion is less polarizable and therefore the induced attractive dipoles 

are much weaker, hence the iodide ion is more likely to be found in the non-polar patches of the 

proteins. Owing to the important role played by water, the interaction between the ions and the 

protein surface is said to be solvent assisted.  

 

1.7.2 Non-aqueous media  

Although there has been an ongoing amount of research carried out on the Hofmeister series in 

aqueous media, research studying the series in non-aqueous media has become increasingly more 

profound. Considering the series in non-aqueous media allows a greater understanding as to whether 

specific ion effects are restricted to hydration in water as a solvent medium. Additionally, research of 

this type can allow the influence of hydrogen bonding on the position of ions in the series to be better 
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understood. As the hydration of ions in water is hypothesised to play a role in the ordering of ions in 

the Hofmeister series, as previously discussed, using non aqueous media can allow this theory to be 

further tested.  Bilaničová et al.52 studied the effect of anions on enzymatic activity in aqueous and 

non-aqueous media, using the activity of P. cepacia Lipase in water and also 2-methyl-2-butanol. The 

results show that the influence of anions, in both aqueous and non-aqueous media, follow the direct 

Hofmeister series. Therefore a conclusion is that the ordering of ions in the series is attributed to the 

direct interactions of the anions with the enzyme surface, as opposed to the ion-water interactions. 

The observation that the series remains the same in aqueous and non-aqueous media confirms that 

the effect of ions on the three dimensional hydrogen bonding network of water molecules is not the 

effect that is responsible for the ordering of ions in the series. This idea is reinforced in work carried 

out by Pinna et al.11, where the influence of anions on the enzymatic activity of Aspergillus niger Lipase 

in water was studied. The results were found to follow a direct anionic Hofmeister series. Pinna et al. 

concluded that the results were due to a specific interaction (adsorption) of anions to the surface of 

the enzyme instead of salt induced water structure modification. Additionally Peruzzi et al.53 found 

that Hofmeister effects were not restricted to aqueous media by studying the solubility of electrolytes 

in ethylene carbonate. Ethylene carbonate is an aprotic, polar solvent54 which does not possess 

hydrogen bonding. Therefore by using this as a solvent, the importance of hydrogen bonding in 

specific ion effects can begin to be better understood. The results of this study produced a series of 

anions that followed the same Hofmeister series as that in water (the solubility increases according to 

the series F- < Cl- < Br- < NO3
- < ClO4

- < I-)53. The results of this work led to the conclusion that the 

behaviour of electrolytes depended on solvent-solute (solvent-ion) interactions, rather than the 

hydrogen bonding.  

By altering the medium in which ion specific effects are studied, research can allow clues to be gained 

about the mechanism of the Hofmeister series. The outcome of work carried out in non-aqueous 

media suggests that the ordering of ions in the Hofmeister series is not due to the hydration of ions 

and the alteration of the bulk water structure, but instead, direct interactions between the ion and 

the macromolecule or solvent surface.    
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Chapter 2: Introduction to self-assembly and 

liposomes 

2.1 Introduction and examples of self-assembly 

Self-assembly occurs under defined conditions and refers to the spontaneous association of building 

units in a system into defined larger structures with precise geometry. Self-assembly is, therefore, 

thermodynamically favourable and can occur on a variety of different length scales ranging from 

atomic to colloidal 55.  

Molecular self-assembly occurs widely in nature, and many biological systems and processes rely on 

this phenomenon. Protein folding from a polypeptide, for example, is a fundamental self-assembly 

process which involves a large number of complex interactions, including electrostatic interactions, 

dipole moments, hydrogen bonds and van der Waals interactions55. In addition, the formation of cell 

membranes via the molecular self-assembly of phospholipids is another crucial process, vital for all 

living cells56. Phospholipids in cell membranes will be discussed in more detail later in the introduction 

of this work. Another interesting biological example is DNA-lipid complexation via self-assembly, 

which has received significant attention in biology and biotechnology due to the potential applications 

in gene therapy 57. In this example, the organisation of DNA and lipid self-assembly is controlled by 

the lipophilic properties of each component and the DNA packing constraints 57. 

Self-assembly occurs due to the delicate balance between attractive and repulsive intermolecular 

forces 58. For some solute in a solvent, its dissolution or phase separation from the solvent is driven 

by the minimisation of the free energy. This is given by the balance between the entropy gain due to 

the mixing and the free interaction energy increase.  
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2.2 Phospholipids: molecules that self-assemble  

Phospholipids are a vital class of lipids that are of significant interest because they are a major 

component of the cell membrane. Phospholipids are made up of a hydrophilic head group attached 

to two hydrophobic fatty acid chains. The hydrophilic head group is comprised of a glycerol backbone, 

a phosphate group and a polar R group59. Phospholipids can be divided into groups based on their 

hydrophilic head groups, common examples are neutral phosphatidylcholine (PC), negatively charged 

phosphatidylethanolamine (PE) and phosphatidylserine (PS). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The polar head groups of the phospholipids have a high affinity for water and are comprised of a 

negatively charged phosphate group. The solubility of lipid molecules in water is very low (10-6 – 10-8 

M), and as a consequence, the fatty acid chains on the phospholipid are hydrophobic and aim to 

minimise their contact with water molecules. As a result of their amphiphilic nature, when dispersed 

in the aqueous phase, phospholipids spontaneously self-assemble into a variety of structures, a 

Figure 12: Examples of common phospholipids, neutral phosphatidylcholine (PC), negatively charged 
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidic acid (PA) and phosphoinositides (PI). The head 

group of the phospholipid is shown in blue. 

PC

PE

PS

PA

PI
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process known as ‘phospholipid polymorphism’60. The self-assembled structures formed are arranged 

with the hydrophilic head groups in contact with the aqueous medium, while the hydrophobic tails 

are on the inside of the structure, shielded from the unfavourable interactions with the aqueous phase 

60, 61. 

The self-assembly process occurs due to a balance between the attractive and repulsive forces. When 

the hydrophobic tails are brought into contact with water, the hydrogen bonding network of water 

molecules is disrupted as the water molecules re-orientate themselves around the hydrophobe, 

resulting in a significant loss of entropy 62. As the phospholipids self-assemble, the hydrophobic tails 

aggregate, decreasing the number of water molecules in contact with the hydrophobe and hence, 

causing an increase in the entropy. This observation is known as the ‘hydrophobic effect’ 62, 63. The 

fatty acid tails appear to ‘attract’ each other in order to minimise the hydrophobic interfacial energy 

and increase the entropy of the water molecules in the bulk. 

  

 

 

 

As well as attractive forces, there are also repulsive forces which drive self-assembly. The hydrophilic 

head groups of phospholipids are hydrated, which means that they have water molecules strongly 

bound to them. The hydration layers around the head groups experience ionic, steric and hydrophilic 

repulsion between each other, and therefore allow the formation of stable self-assembled structures, 

an observation sometimes referred to as ‘hydration repulsion’ 64, 65. 

 

When considering the thermodynamics of self-assembly, for phospholipids in water, the condition for 

thermodynamic equilibrium is that for individual lipids and aggregates, the chemical potential (total 

free energy) of each lipid molecule in different sized aggregates is the same,66 thus:  

Figure 13: The hydrophobic effect. a) Water molecules form cages around the hydrophobic tails of phospholipids 
causing a decrease in entropy. b) As the hydrophobic tails come together, there are less ordered water 

molecules forming cages. c) On the formation on a vesicle, the hydrophobic tails are shielded from the water and 
therefore ordered water is minimal.  On moving from a) to c) the entropy of the system increases. 

a) b) c) 
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where N is the number of lipid molecules present in aggregate, kbT is the thermal energy, µN
0 is mean 

interaction free energy of the molecule in the aggregate of N molecules and XN is the volume fraction 

(activity)67. The above equation therefore infers that:  

 

 

 �� = � (���
�
(µ�
�� µ�

� )

���
�
)                                                                    (5) 

 

where X1 is the activity of the monomer in solution67 68. Since the activity, XN, must be less than 1 and 

aggregation occurs due to the differences in interaction free energy between lipid molecules of 

different size, from Equation 5 it can be seen that aggregates only form in solution if the interaction 

free energy decreases with increasing number of monomers in the aggregates (i.e. µ1
0 - µN

0 > 0).   

 

Therefore, the above equations can help explain why phospholipids aggregate and form self-

assembled structures when submerged in an aqueous phase. The self-assembled structures formed 

are mesoscopic phases (vesicles, micelles, lamellae, hexagonal, inverted hexagonal etc). To describe 

the formation of these mesophases, it is necessary to consider how the interaction free energy differs 

with the size of aggregates.  

 

The interaction free energy per molecule can be described as the sum of four terms, which describes 

the contributions from different intermolecular forces.  
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The first and second terms in the above equation describe the head group hydration repulsion and 

hydrophobic attraction respectively, as described previously. The third term in the equation describes 

the chain packing and the chain repulsive pressure.  The chain repulsive pressure encompasses the 

configurational constraints of the chain (decrease in chain freedom) during the formation of the self-
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assembled structures and gives rise to the curvature dependence of µN
0. The final term in the equation 

describes the inter-aggregate forces.  

 

In order to incorporate a geometric parameter in the self-assembly phenomena, the concept of a 

‘packing parameter’ was introduced and is part of the third term in the above equation 69. 

 

                                                           � =  
�

����
                                                              (7) 

The packing parameter, P, takes into account three different geometric parameters, v is the volume 

of the hydrocarbon tail in the core, lc is the critical chain length of the tail and finally, a0 is the optimal 

head group area70.  

In a practical sense, the packing parameter of a phospholipid terms the shape occupied by a molecule 

inside a self-assembled structure and therefore determines the equilibrium structure. The value 

obtained from the packing parameter defines five different cases, each case corresponding to a 

particular shape of an assembled structure. Figure 14 summarises the structures schematically 70. 

Figure 14: Schematic illustration of the structures formed corresponding to the 
value of the packing parameter. Taken from Reference 71. 
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For a value of P < 1/3 the packing shape is a cone and the assembled structure formed is a spherical 

micelle, for 1/3 < P < 1/2 the volume is a truncated cone and the resulting aggregates will be a 

cylindrical micelles. For 1/2 < P < 1 the packing shape is again a truncated cone, however vesicles form. 

For P ~ 1, planar bilayers form and the volume is a cylinder, finally, for P >1 the volume is a wedge and 

the aggregates formed will be inverse micelles71 72, 73.  

 

The interpretation of the formation of vesicles is more complex than micelles, owing to the fact that 

vesicles have an inner and outer layer. In order to understand it, additional parameters need to be 

considered. These are the radius of the vesicle outer layer (R0), the thickness of the outer layer (t0) and 

the outer surface area (S0)73. 

 

 

 

 

 

 

 

 

 

 

 

For a vesicle containing N0 molecules, then the volume occupied by the outer layer (V0) and the outer 

surface area (S0) can be defined by the following expressions 73,  
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The actual area per head group (a) can therefore be given as the outer surface area divided by the 

number of molecules, as can be seen in Equation 1073. 
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Figure 15:  A diagram of a liposome, highlighting the radius of the vesicle outer layer 
(R0), the thickness of the outer layer (t0) and the outer surface area (S0). 
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The ratio of the actual area to the optimal area,� ��� , is therefore given by Equation 1173. 

 

�

��
= 3 �

� 

����
���

��
�

[��
��(�����)

�]
    (11) 

 

Equation 11 is a function of the packing parameter, the critical chain length, the outer radius of the 

vesicle and then thickness of the outer layer. When the packing parameter and the critical chain length 

are fixed, the ratio, � ��� , increases with decreasing radius of the vesicle (R0) and additionally, 

decreases with increasing outer layer thickness (t0). In order for the formation of a vesicle to occur, 

the actual area (a) has to approach the optimal head group area (a0) and consequently the ratio of the 

actual area to the optimal area needs to approach 1. This can be achieved by decreasing the outer 

radius (R0), and the minimum value of R0 is reached when the outer layer thickness (t0) is equal to the 

critical chain length (lc). Therefore, by setting the ratio of � ���  to 1 and setting t0= lc, solving Equation 

11 (above) for R0 an expression for the minimum radius, Rmin can be obtained.  
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Therefore from Equation 12 it can be seen that Rmin is dependent on the packing parameter and 

therefore also on the critical chain length. 

 

Through the interactions and equations discussed above one can understand, why and how self-

assembled structures form, the attractive and repulsive forces at play, and the thermodynamics 

behind the self-assembly process.  
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2.3 Liposomes  

2.3.1 History and classification 
 

Liposomes (from the Greek ‘lipos’ meaning fat and ‘soma’ meaning body) are self-assembled, 

spherically shaped vesicles which were first discovered in 1961 by British biophysicist Dr A. D. 

Bangham 74. Liposomes consist of one or more bilayers, most commonly made of phospholipids, 

encircling an aqueous core that is usually made of the same composition as the suspension medium.  

Liposomes are typically classified according to their morphology (the liposome size and the number of 

bilayers). Uni-lamellar vesicles (ULVs) are formed of a single bilayer and can be further characterised 

according to their size, small (SUVs), large (LUVs) and giant (GUVs). Multi-lamellar vesicles (MLVs) 

consist of a number of concentric bilayers inside one another, each separated by a layer of water.  

Oligolamellar vesicles (OLVs) are vesicles made of a small number of concentric bilayers and 

multivesicular (MVVs) are giant vesicles that encapsulate smaller liposomes.75 The classification of 

liposomes is outlined schematically in Figure 16 below which is adapted from Reference 76.  

 

 

 

 

 

 

 

 

Figure 16: Schematic representation of the commonly applied classification 
of liposomes. Adapted from Reference 76. Copyright © 2008, Annual review 

of analytical chemistry. 
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2.3.2 Applications of liposomes 

The method chosen to prepare liposomes can influence the composition, lamellarity, size and 

structure of the acquired liposomes which renders them very useful for a large number of applications. 

Since their discovery in the early 1960s, liposomes have been used in many fields.  

 

In 1971, liposomes were first used to deliver bioactive substances by Gregoriadis et al.76 and 

subsequently investigations into liposomes as drug delivery tools have flourished. Liposomes possess 

advantages as drug delivery systems because they can deliver both hydrophilic and lipophilic drugs77, 

and they possess controlled release properties, cell affinity and tissue compatibility as well as the 

ability to improve drug stability 60, 74, 78. Materials encapsulated by liposomes are protected from 

degradation as they move through the body and then are released to the target area via the opening 

of the bilayer. As well as drug delivery systems, liposomes have other medical applications and are 

used in anticancer and gene therapy 74, 79, 80, diagnostic imaging 81 and vaccinations 82, 83.  In all of the 

listed medical applications, liposomes are used in bulk solutions to carry biologically active molecules 

and release them in a specific environment (Figure 17).  

 

  

 

 

 

 

 

 

 

 

 

 

 

Additionally, liposomes have proved to be good vehicles for applications in the cosmetic industry.  

Liposomes made of natural lipid extract were found to be effective in the prevention and 

treatment of skin diseases following topical application 84. Dermal liposome products have been 

used since 1987 and there is an increasing market for products of this kind 85.  

 

Figure 17: Schematic illustration of a liposome as a drug delivery vehicle. 
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In the last decade, the dietary supplement industry has expanded rapidly and the use of nutritional 

supplements which have established health benefits is at an all-time high. Liposomes which contain 

vitamins, herbs and enzymes have become increasingly popular products since oral liposomes were 

formulated in the early 1970s77. Examples of liposomal nutrition products which are currently 

available on the market contain vitamin C86, vitamin A, vitamin B2, vitamin B12, vitamin E, Echinacea 

and Melatonin77. Liposomal supplements are readily available to the be purchased by the public and 

seem to be increasingly well established and prevalent in the health industry today.  

 

Liposomes are also key tools in research because they very closely resemble the cell membrane. Cell 

membranes consist of a phospholipid bilayer with embedded proteins and other components such as 

cholesterol and protein channels56.  The current model for the cell membrane is called the ‘fluid mosaic 

model’, and was originally proposed by J. Singer and G. Nicolson in 197287. The cell membrane 

performs vital functions in living cells, physically separating the intracellular constituents and the 

extracellular environment. It is partially permeable and only selectively allows molecules or ions to 

cross. Uncharged, small molecules such as oxygen (O2) and carbon dioxide (CO2) can readily cross the 

membrane via diffusion, however larger molecules such as sugars and amino acids are moved into the 

cell via protein channels88. In this way, the cell membrane can regulate what enters and leaves the cell 

and also enable transport across the bilayer.  

 

By using liposomes as models for biological membranes, scientists can gain a deeper understanding 

of the properties, function and structure of the cell membrane. As well as closely resembling the 

structure of the membrane, liposomes can be modified to alter their composition, for example 

cholesterol can easily be incorporated into the bilayer89.  

Furthermore, using liposomes as models of cell membranes can be advantageous in pharmaceuticals 

and the study of drugs. The models can be used to predict the efficacy of drugs, mechanism of drug 

transport into cells and also to understand mechanisms of toxicity90. Maheswari et al.91 measured 

changes in the electrical properties of model membranes after the addition of the anti-cancer agent, 

methotrexate, and it was found that the neurological side effects of the drug are caused by the 

interaction with the lipid bilayer. Liposomes can, therefore, be useful tools in medicinal fields and 

provide insight into how to improve new and existing drugs.  
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2.3.3 Thermodynamics of liposome formation 

As previously discussed, when phospholipids are added to water self-assembled bilayer structures are 

formed. In the bilayer structure, there are a number of hydrophobic phospholipid tails that are in 

contact with the aqueous medium at the edge of the bilayer. This interaction has an energy associated 

with it, called the edge or disk energy71, 83.  

 

����� = 2����     (13) 

 

where RD is the diameter of the bilayer disk and γ is the line tension. On the bending of the bilayer, 

this edge energy is minimised and as the bilayer closes to form a spherical vesicle the edge energy is 

eradicated completely92.  There is, however, an energy penalty associated with the bending of the 

bilayer which is minimised when the two edges of the bilayers join together. This is called the bending 

energy. 

����� = 8��      (14) 

 

where κ is the bending modulus. The disk radius (RD) is related to the vesicle radius (R0) according to 

Equation 15. 
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During the bending of the bilayer, additional phospholipid molecules of bilayer fragments may be 

incorporated which causes the size of the vesicle to increase. Liposomes form readily when the edge 

energy exceeds the bending energy. 

 

 

Figure 18: Schematic illustration of the formation of phospholipid bilayers and their self-closure to form vesicles. 
Adapted from Reference 73. 
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2.3.4 Methods of liposome formation  

An assortment of different methods have been used in recent years for the formation of liposomes. 

As previously mentioned, the selected method determines the properties of the liposomes formed, 

such as size, polydispersity and lamellarity.  

Liposomes can be formed from solutions of phospholipids in organic solvent. The phospholipids 

dissolve into the molecular form in the organic solvent and produce a film as the solvent is evaporated 

off 83. The next step is to hydrate the lipid film which causes the bilayers to swell and begin to separate. 

As the hydrated sheets swell further, they become detached and the two ends of the removed bilayer 

then begin to merge and eventually self-close to form a large multi-lamellar vesicle. These large 

multilamellar vesicles (LMVs) can then be reduced in size and lamellarity to create small unilamellar 

vesicles (SUVs).   

 

2.3.5 Sizing of liposome suspensions  

2.3.5. i. Extrusion 

Extrusion is one of the techniques used to create uni-lamellar liposomes in a monodisperse 

suspension, and it is likely to be the most common method used for liposome preparation. In this 

method, the multi-lamellar liposome suspension is forced though a polycarbonate membrane using 

high pressures93. The polycarbonate membranes have uniform, cylindrical pores which have a defined 

size and these allow vesicles to be produced which have a diameter comparable to the pore size of 

the membrane used. In most cases, the MLV suspension is passed through a membrane with larger 

pore size than the desired size, which pre-filters the suspension and initially disrupts the larger 

vesicles94. This initial process can help improve the homogeneity of the liposome system.  

During the extrusion process, the number of extrusion cycles and the pressure used determines the 

size and size distribution of the vesicles formed. A profound advantage of using extrusion is that the 

need to remove organic solvent or detergents, a problem associated with other methods, is 

eliminated95.  

 

2.3.5. ii. Sonication 

This preparation technique allows SUVs to be produced through the disruption of LMV suspensions 

using sonic energy. There are two types of sonication techniques, either the tip of a sonicator probe 

is immersed directly into a liposome suspension or the sample is placed into a bath sonicator. These 
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types of sonication are named probe tip and bath sonication respectively. The probe tip sonicator can 

cause an increase in the temperature of the liposome system, and often requires a water/ice bath to 

prevent overheating (and consequently, degradation)96. In addition, the mean liposome size and 

polydispersity of the solutions depend on the power of the sonicator, the temperature and the time 

undergoing sonication. In a bath sonicator the temperature and power can be carefully monitored and 

for these reasons the bath sonicator tends to be the more popular choice and more widely used.  

A significant disadvantage of both sonication techniques is that they are limited in their ability to 

produce homogeneous liposome suspensions, containing liposomes of the same size97. Sonication is 

however, advantageous over extrusion as it is a lot less time consuming.  

 

2.3.6 Direct preparation of SUVs 

2.3.6. i. Detergent removal methods 

In contrast to the two methods described above, small uni-lamellar vesicles can be prepared directly 

from the removal of detergent from phospholipid-detergent mixtures. Detergents are a subgroup of 

surfactants that are able to solubilize lipid membranes 98. When the detergent is added, the lipid 

bilayers organise into smaller, detergent-lipid aggregates which are called mixed micelles (MM) 99. As 

the detergent is removed the micelles become increasingly rich in phospholipids and they will combine 

to form vesicles. The detergent can be removed by controlled dialysis, and the rate of removal of the 

detergent influences the size of the vesicles formed 100. Detergent removal methods can, however, 

lead to increasing impurities in the liposomes formed and the size of the resulting vesicles is largely 

dependent on the lipid composition of the vesicles 101. 

 

2.3.6. ii. Ethanol injection 

An alternative method for the direct preparation of SUVs which avoids the use of detergents is ethanol 

injection. This method, first described in 1973 by S. Batzri and E. Korn 102, involves injecting an ethanol 

solution containing lipids into an aqueous medium through a needle. The injection is sufficient to 

achieve complete mixing and the phospholipid molecules are evenly dispersed through the medium 

and then self-assemble to form SUVs 103. This method is advantageous as it is simple, rapid and does 

not require the use of potentially harmful chemical and physical treatments 104. The major drawback 

of this method is that the suspension formed contains a relatively dilute liposome system, which 

decreases the encapsulation efficiency of the aqueous phase 97 103. 



- 50 - 
 

In this project, the chosen preparation method was sonication using a bath sonicator followed by 

membrane extrusion. These methods were chosen because they have been widely used in the 

literature and produce a monodisperse suspension of uniformly sized liposomes.  

 

2.3.7 Interactions of liposomes with salts  

The desire to understand the effects of various ions on biological systems has prompted a vast amount 

of research to be carried out into the interactions of ions and phospholipid structures. The interactions 

of salts with monolayers 105-107, bilayers 108-110 and micelles61 has been widely studied in order to better 

understand specific ion effects and in more recent literature, there has been an increasing amount of 

interest in studying specific ion effects using liposomes.  

Specific salt effects on liposomes can be studied in a number of ways, most broadly reported is by 

examining the change in the size (diameter), size distribution and zeta potential of the liposomes on 

the addition of salt. The zeta potential is the electrostatic potential that exists at the shear plane and 

can provide information on the stability of the liposome suspension. The binding and adsorption of 

ions with liposomes has also been extensively investigated, as well as the influence of ions on the 

fusion of vesicles. In this section, a variety of the previous work conducted in this area and the results 

of the work will be discussed.  

Ruso et al 111 perfromed a study on the interactions between  phosphatidylcholine–cholesterol–

phosphatidylinositol (PC–Chol–PI) liposomes and cations by examining the change in the zeta 

potential as ion concentration was altered. The zeta potential was found to become more positive on 

the addition, and increasing concentration, of the ions for all cations studied, which suggested that 

binding of the cations to the phospholipid head group occurred. As the concentration was increased 

further however, there was a decrease followed by a plateau for the value of the zeta potential, which 

may be indicative of anion association with the head group or saturation of the head group with ions. 

These results agree well with other reported literature 61, 112, 113 and it is thought that the ions 

penetrated into the bilayer and bound tightly with the carbonyl group of the lipid which subsequently 

affected the structure of the bilayer.114, 115  The mechanism by which this association of cations with 

lipid head groups occurs still remains unclear; however, the charge density and hydration of the 

cations are alleged to play an important role116, 117. 

Klasczyk et al. 118 used isothermal titration calorimetry to understand the binding of ions to the POPC 

membrane and produced a Hofmeister series of ions according to the zeta potential measurements. 

The zeta potential increased on the addition, and increasing concentration of all cations studied (Li+, 
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Na+, K+, Rb+ and Cs+). The zeta potential increased according to the Hofmeister like series, � (Li) > � 

(Na) > � (K) ≈ � (Rb)≈ �(Cs), and these results agree with the previously discussed literature. The 

following, Table 3 118, shows further results from this work.  

 

 

 

 

 

 

As can be seen from Table 3, the enthalpies of binding of the metal cation to the vesicles is 

endothermic, hence the process must be entropically driven. The binding can be understood in terms 

of a gain of entropy. On the binding of the cations to the lipid, the hydration shell of the ion and lipid 

is disrupted, leading to the liberation of water molecules.  Following calculations by the authors this 

hypothesis was confirmed, as can be seen from the entropy values in the table above. These 

calculations also allow insight into the Hofmeister series. The greatest gain in entropy is obtained by 

the smallest ions, and hence, hydration is an important parameter when studying the mechanism of 

the Hofmeister series. 

The interactions of ions with lipid head groups can also affect the size and size distribution of the 

liposome suspensions. It is recognised in the literature that, in significant concentrations, the presence 

of some salts can cause an increase in the size of liposomes which can be attributed to the screening 

of the head groups of the lipids117 or the fusion of vesicles119, 120. Sabín J et al.113 studied closely the 

effect of calcium and lanthanum ions of the coilloidal stability of phosphatidylcholine (PC) liposomes 

and found that La3+ ions promoted the formation of vesicles of up to 600 nm (Figure 19). The authors 

then hypothesised that fusion of liposomes must be occurring and later confirmed this notion using 

transmission electron microscopy (TEM) and polydispersity measurements, carried out using photon 

correlation spectroscopy (PCS) (Figure 19). 

  

Table 3: Thermodynamic parameters characterising the association of 
Alkali metal cations to POPC lipid vesicles. Standard errors are also 

shown. Taken from Reference 119 with permission from ACS 
publications. 
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An observation recorded in this work, and extensively in the literature117, 121, is that at low 

concentrations of ions there is a decrease in the size of liposomes (Figure 19). Sabin J et al.112  

suggested that osmotic forces, generated by a concetration gradient at both sides of the membrane, 

were responsible for this decrease in liposome size. Athough this theory has been reported in other 

work,122 this fundemental mechanism is still the subject of research and remains largely unknown.  

 

Liposomes have been found to be exceptional tools for studying the Hofmeister series. Work 

conducted using liposomes has allowed insight into the mechanism of the Hofmeister series and 

liposomes are increasingly used in physical chemistry to study specific ion effects. This project was 

carried out in the hope of better understanding specific ion effects, using liposomes as tools to gain 

insight into the Hofmeister series.  

Figure 19: (A) Graph to show the size (nm) of PC liposomes as a function of La+ concentration (M). (B) Transmission electron 
microscopy image taken to show the influence of La3+ on PC liposomes. Reprinted with permission from reference 114, Copyright © 

2005, American Chemical Society. 

A 

B 
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2.4 Justification for project 

Phosphatidylcholines (PC) are a category of phospholipids, which are a major component of the 

eukaryotic cell membrane. The extracellular, outer leaflet of the membrane is comprised mainly of 

PCs, while the main component of the inner leaflet is phosphatidylethanolamines (PE)114. Zwitterionic, 

neutral lipid 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Figure 20) was chosen as the use of 

synthetic lipids allows the project to be carried out using well characterized, pure materials. DOPC is 

practical to work with as it is unsaturated, and therefore, possesses an increased solubility in organic 

solvents and is able to hydrate more readily123. Additionally, size modification of liposomes after their 

initial formation is easier with unsaturated lipids.  

Figure 20: The skeletal formula of phospholipid, 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). 

 

1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was also chosen to be used in this project. DPPC 

was selected as it has been widely studied previously in the literature and DPPC liposomes have well 

defined preparation. Additionally, it is interesting to compare and contrast liposomes made of DOPC 

and DPPC as the lipids have varying fluidity and vastly different transition temperatures.  

 

 

 

 

 

Figure 21: The skeletal formula of phospholipid 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). 
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Table 4: Summary of properties of phospholipids studied 60, 124. Mw: Molecular weight, Tm phase transition temperature  

Name Abbreviation Mw Tm 

1,2-dioleoyl-sn-glycero-3-
phosphocholine 

DOPC 786.11 gmol-1 -17 °C 

1,2-dipalmitoyl-sn-glycero-
3-phosphocholine 

DPPC 734.04 gmol-1 41 °C 

 

Liposomes were chosen to be used as the tools in this project as they are excellent models of biological 

membranes. There has been a large amount of work in the academic literature which focuses on salt 

effects on bilayers61, 108, 120, monolayers61, 105, 106 and micelles61, but significantly less on liposomes 

comprised of DOPC. Liposomes and bilayers comprised of other phospholipids have been more widely 

studied in the literature, especially 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)116, 117 and 1-

palmitoyl,2-oleoyl-sn-glycero-3-phosphocholine (POPC)109, 118. Liposomes are also excellent tools as 

the hydration of the liposome surface can be regulated by altering the phospholipid molecules used. 

The experimental method for preparation of uni-lamellar liposomes is well defined and has been 

reproduced vastly in the literature, hence liposomes were an appropriate choice for this project.  

Lithium (Li+) was chosen to be used in this project as it has been found to be anomalous in some cases 

in previous work in the literature. Li+ has been found to behave more like the larger metal ions, and 

shows results which do not fit with the trend of the group 1 metal ions125, 126. It has been hypothesised 

that the higher degree of hydrogen bonding, owing to the very high charge density of the ion, is 

responsible for the ion being an exception to the rule. Lithium has not been as widely studied in 

research of this type and hence it is a thought-provoking prospect in this project. Sodium (Na+), 

potassium (K+), magnesium (Mg2+) and calcium (Ca2+) are interesting ions to study as they are 

biologically relevant, as discussed, and have been widely studied in the context of the Hofmeister 

series in previous literature. By better understanding the mechanism by which these cations bind to 

phospholipids, the role of cations in the cell membrane can begin to be better understood.  

Furthermore, by using the alkali earth metals, which decrease in charge density down the series, the 

role of hydration in the ordering of ion in the Hofmeister series can more easily be established. 

Lanthanum (La3+) is of specific interest to this work as it has been found in previous literature to induce 

the fusion of phosphatidylcholine vesicles113. In addition, highly charged trivalent cations provide a 

thought-provoking comparison to larger monovalent, singly charged cations. To draw comparisons 

with lanthanum, chromium (Cr3+), another trivalent cation, was chosen as it has been found to be 

kosmotropic in the literature37, and has a strong hydration layer. Chromium has also not been as 

widely studied in the framework of the Hofmeister series, and therefore would be of specific interest 
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to this field of research. Similarly, iron (Fe3+) was chosen as it is not widespread in the literature and is 

of great biological relevance.  

In addition to inorganic cations, this project also examines the effect of a number of hydrophobic 

organic ions on DOPC liposomes. Sodium tetraphenylborate (Figure 23) and tetraphenylphosphonium 

chloride (Figure 22) have been previously studied in detail in the framework of the Hofmeister series 

by E. Leontidis127, and it was found that the chaotropic tetraphenylborate anions altered the structure 

of soft-matter due to their very strong interfacial activity. The hydrophobic nature of these anions also 

allow them to readily permeate the lipid bilayers and this unique property makes organic, hydrophobic 

ions appealing in this project as they provide a contrast to the inorganic cations also used.  

 

 

 

 

 

 

Figure 23: The structure of sodium tetraphenylborate. 

 

Using specific salt effects and liposomes to gain insight into the mechanism of the Hofmeister series 

is vital in many branches of science. Understanding the specific ion effects of ions on macromolecules 

can help scientists unravel the mechanism to many biological processes, most profoundly, the 

interactions of ions with cell membranes. As well as understanding specific ion effects on 

macromolecule surfaces, the role of water and hydration on the position of ions in the series will begin 

to be understood. By understanding the role of hydration of ions, the ongoing problem of the 

Hofmeister series will begin to be resolved. In addition, gaining a deeper insight into the mechanism 

of hydration of ions and the structure and dynamics of water, will be beneficial to many branches of 

science.   

 

 

 

 

 

Figure 22: The structure of tetraphenylphosphonium chloride. 
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Chapter 3: Experimental 
 

3.1 Materials and methods 

1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) in chloroform (25 mg/ml) were purchased from Avanti Polar Lipids Inc. and stored at -30 ˚C 

until use. Sodium chloride (NaCl, ACS reagent, ≥ 99 %), lanthanum chloride (LaCl3•7H2O, ACS reagent, 

64.5-70%), chromium (III) chloride (CrCl3•6H20, 96%) and iron chloride (FeCl3, anhydrous, powder, ≥ 

99.99%, trace metals) were purchased from Sigma Aldrich. Calcium chloride (CaCl2, ACS reagent, ≥ 99 

%) and cesium chloride (CsCl, 99+%, pure) were purchased from Agro Organics. Lithium chloride (LiCl, 

ACS reagent, 99+ %) and potassium chloride (KCl, ACS reagent, 99+ %) were purchased from Fisher 

Scientific and magnesium chloride hexahydrate (MgCl2 6H2O, ACS grade) was purchased from VWR 

international. Sodium tetraphenylborate ((C6H5)4BNa, ACS reagent, ≥ 99.5%) and 

tetraphenylphosphonium chloride (C24H20ClP, 98%) were purchased from Sigma Aldrich. Water used 

for the preparation of salt solutions was purified by a MilliQ Advantage A10 purification system (Merck 

Millipore) with a resistivity of 18.2 MΩ cm-1 and a total organic content (ToC) ~ 3 ppb.   

The liposome dispersions were prepared using a Lipex 10/1.5 mL thermobarrel extruder from 

Northern Lipids Inc. and the filter drain disks (25 mm diameter, polyester) which were used in the 

extruder were purchased from A.M.D. Manufacturing Inc. The membranes used in the extruder were 

Whatman nuclepore track-etched membranes (25 mm diameter, polycarbonate, 0.2 and 0.1 µm pore 

size), and they were purchased from Sigma Aldrich. The sonicator used was an Ultrawave bath 

sonicator.  

The dynamic light scattering (DLS) measurements were performed using a Zetasizer Nano ZS from 

Malvern instruments running Zetasizer software 7.12. The DLS machine was operated with a detector 

positioned at the scattering angle of 173 ̊, and a temperature control jacket for the cuvette. Three DLS 

measurements consisting of fourteen runs in total were performed for each sample for the size 

measurement. For the zeta potential measurements, three measurements consisting of up to one 

hundred runs were carried out for each sample. The U.V. cuvettes, used for the size measurements, 

were purchased from Fisher Scientific. Finally, the folded capillary cells (DTS1060) with gold plated 

electrodes, used for the zeta potential measurements, were purchased from Malvern instruments. It 

is important to note that at high salt concentrations it is possible to damage and degrade the 

electrodes or the sample being studied. Blackening of the gold electrodes, caused by Joule heating128,  

gives inaccurate zeta potential readings and also causes irreversible damage to the folded capillary 

cells used. In order to avoid this problem and obtain accurate zeta potential values for liposomes in 
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high concentration salt solutions, a high concentration zeta potential cell (ZEN1010), purchased from 

Malvern Instruments, was used. It contains palladium electrodes which are more resistant to damage 

in high concentration of ions.   

The temperature trend measurements, carried out by DLS, allowed the size and scattering intensity of 

the liposomes be measured as a function of temperature. The automated trend measurements were 

set to take 3 measurements at every 2.5 ˚C increment starting at a temperature of 25 ˚C and finishing 

at a temperature of 60 ˚C. After a size measurement was recorded at a certain temperature, the 

sample was allowed to equilibrate for 120 seconds at the next temperature before the size of the 

liposomes was recorded.  

The TEM measurements were carried out on a Tecnai 20 - FEI 200kV twin lens scanning transmission 

electron microscope (STEM). The microscope is fitted with a LaB6 filament for high resolution results, 

a FEI Eagle 4k x4k CCD camera as well as a plate camera. The samples were prepared on carbon coated, 

copper grids, purchased from EM Resolutions. The machine used for glow discharging the grids was 

an Edwards 306 carbon coater. An FEI Vitrobot™ Mark IV was then used to plunge-freeze the sample 

and a Cryo holder was used in the transfer of grids. The preparation of samples for TEM will is 

described in more detail in Section 3.7.2. 

 

3.2 Glassware 

All glassware and lids used in the preparation of the samples were thoroughly cleaned with water 

followed by ethanol and then dried under a stream of nitrogen before use. 

 

3.3 Preparation of salt solutions 

Sodium chloride (NaCl), lithium chloride (LiCl), potassium chloride (KCl), cesium chloride (CsCl), 

calcium chloride (CaCl2), magnesium chloride (MgCl2), iron (III) chloride (FeCl3), chromium (III) chloride 

(CrCl3) and lanthanum chloride (LaCl3) inorganic salt solutions (1 mM –40 mM) were obtained by 

dissolving appropriate masses of salt in volumetric flasks and making up to the correct mark with 

MilliQ water.  

The solutions containing the organic ions (1 mM – 40 mM) were prepared by dissolving appropriate 

masses of tetraphenylphosphonium chloride ((C₆H₅)₄PCl) or sodium tetraphenylborate ((C6H5)4BNa) in 

volumetric flasks and making up to the correct mark with MilliQ water.  



- 58 - 
 

3.4 DOPC liposome synthesis 

1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposomes (2 mM) were prepared in either pure 

water or salt solution. 

Lipids in chloroform were weighed into to an empty 7 mL vial and then dried by removing the solvent 

using a stream of nitrogen. The vial was then left in a vacuum oven (Heraeus Vacutherm under 1 mbar) 

for 1 hour at 25 °C to ensure that all the chloroform was removed. The lipid film was then hydrated 

using either MilliQ water or a salt solution of chosen concentration.  Following hydration, the solution 

was placed in a sonicator bath at room temperature (above the DOPC phase transition temperature 

of -17 ˚C) for 30 minutes. A cloudy white suspension was obtained following sonication. This 

suspension was then passed through the extruder under pressurised nitrogen (10 bars) 6 times using 

two stacked membranes (0.2 µm pore size). Finally, the solution was then passed through the extruder 

a further 6 times using two stacked membranes (0.1 µm pore size), resulting in a transparent DOPC 

liposome dispersion.  

 

3.5 DPPC liposome synthesis 

1, 2-dipalmitoyl-sn-glycero-3-phosphocoline (DPPC) liposomes (2 mM) were prepared in either pure 

water or salt solution.  

Firstly, lipids in chloroform were weighed into to an empty 7 mL vial and then dried by removing the 

solvent using a stream of nitrogen. Secondly, the vial was left in a vacuum oven (Heraeus Vacutherm 

under 1 mbar) for 20 minutes at 55 °C to ensure that all the chloroform was removed. After this step, 

a clear translucent film was obtained containing some small DPPC crystals. The lipid film was then 

hydrated with either MilliQ water or a salt solution of chosen concentration. The solution was placed 

in a sonicator bath at 60 °C (above the DPPC gel-liquid transition temperature of 41 °C) for 30 minutes 

resulting in a cloudy liposome suspension. The cloudy white suspension was then passed through an 

extruder, heated at 60°C by a circulating water bath (Optima TC 120, Gant), by pressurised nitrogen 

(10 bars) 6 times using two stacked membranes with 0.2 μm pore size and then further 6 times using 

membranes with 0.1 μm pore size. The resulting solution was a clear DPPC liposome suspension.  
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3.6 Dynamic light scattering (DLS) 

3.6.1. Introduction to DLS 

Dynamic light scattering, also referred to as photon correlation spectroscopy or quasi-elastic light 

scattering (QELS), is a popular, non-invasive and well established technique in physical chemistry, used 

to measure the size of particles and molecules usually in the submicron region. DLS can be widely used 

to study emulsions, polymers, colloids, nanoparticles and proteins and is therefore a valuable and 

broadly applicable sizing technique. It can provide accurate and reliable particle size analysis in a short 

amount of time, sample preparation is simple, and only a low volume of sample is required, making 

DLS a very beneficial technique in research.  

Typical applications of DLS are the characterisation of particles dispersed in a liquid. The Brownian 

motion of particles in suspension refers to the random movement of the particles, caused by collisions 

with surrounding solvent molecules in the suspension129. The speed of the Brownian motion is 

influenced by the temperature of the sample, the particle size and the sample viscosity. For example, 

the smaller the particle or the higher the temperature, the more rapid the Brownian motion becomes, 

hence when conducting DLS it is necessary to know the exact temperature of the sample.  During DLS, 

the Brownian motion of the particles in suspension causes laser light to be scattered in different 

directions and at different intensities129. Analysis of the recorded intensity fluctuations yields the 

Brownian motion of the particles and relates this to their size130. The velocity of the Brownian motion 

is defined by the translational diffusion coefficient (D), and the particle radius can be calculated from 

this parameter by using the Stokes-Einstein equation130, 131 (Equation 16).  
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Where D is the diffusion coefficient, kB is the Boltzmann’s constant (1.38064852 × 10−23 JK-1), T is the 

temperature in kelvin, η is the dynamic velocity of the solvent and r is the radius of the spherical 

particle. 

 

Because the particles are moving, the scattered light undergoes a Doppler shift. The Doppler shift (or 

the Doppler effect) is the ‘shift in the observed frequency of a wave as the result of relative motion of 

source and observer’132. Larger particles move more slowly and exhibit a smaller Doppler shift, 

whereas smaller particles move more rapidly and, as a consequence, exhibit a larger Doppler shift.    A 

photon counter is able to detect the light scattered towards it and measure the fluctuations in light 
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intensity that result from the Doppler shift. Over a period of time, the fluctuations are measured and 

the obtained data is processed into a correlation function, which allows a pattern to be identified in 

the data. Secondary mathematical analysis is then performed on the correlation function which allows 

the required information to be obtained. The experimental set up of DLS is depicted diagrammatically 

in Figure 24.  

 

 

 

 

 

 

 

 

 

 

 

In this research, DLS was used to obtain the Z-average size of the liposomes, the polydispersity index 

(PdI) and the zeta potential (discussed in detail in the Section 3.6.3). The polydispersity index is a 

dimensionless number, ranging in value from 0 to 1, which is a measure of the broadness of the size 

distribution of a sample. In DLS, a PdI of less than 0.2 is indicative of a system that is relatively 

monodisperse, meaning all particles in the system are of fairly uniform size. A PdI value of higher than 

0.7 for a system points to a very broad size distribution indicating the particles dispersed in the system 

have a wide range of sizes.  

 

 

3.6.2. Sample preparation for DLS 

To prepare the samples for DLS analysis, the DOPC liposome suspensions were diluted to give 

concentrations ranging from 0.001 mgmL-1 to 0.1 mgmL-1. The concentration of the sample was 

prepared in accordance with the concentration of salt solution in question. The samples were stored 

in the fridge following preparation and were all analysed within a few hours of being prepared. 1 mL 

of the solution was injected into a UV cuvette (Fisher, UV Grade Cuvettes) in order to carry out the 

size measurement, and folded capillary cells (Malvern Instruments, DTS1070)  or a high concentration 

zeta potential cell (Malvern Instruments, ZEN1010) were used in order to obtain the zeta potential 

measurements. The samples were left to equilibrate for at least 1 minute at a particular temperature 

Figure 24: Diagram of the experimental set up of dynamic light scattering. 
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prior to the measurement. All measurements were taken at room temperature (25 °) unless otherwise 

stated.  

 

3.6.3. Introduction to zeta potential (ζ) 

In physical chemistry, the electrical double layer model is used to explain the ionic environment 

around a charged colloid particle. The model is important in understanding how electrical repulsive 

and attractive forces occur and is vital to help explain the stability of colloidal systems. In order to 

describe the double layer, the counter-ions of the charge particle in question must be considered. 

Bound to the surface of a charged particle there exists an inner layer of tightly bound counter-ions, 

this region of ions is referred to as the stern layer. Additional counter-ions are attracted by the charged 

particle but they are also repelled by the inner Stern layer and hence a diffuse layer exists, comprised 

of less firmly attached ions. Thus an electrical double layer exists around each charged particle. Within 

the diffuse layer, there is a boundary, inside which the surrounding ions are stable. When the particle 

in the system begins to move, the ions within the boundary will move with it, and conversely, the ions 

outside of the boundary remain in the bulk system. This boundary is referred to as the slipping plane 

and the potential that exists at the slipping plane is referred to as the zeta potential (ζ)133. The zeta 

potential is depicted schematically in Figure 25, which is adapted from reference 130. 

 

 

 

 

 

 

 

 

 

 

 
Figure 25: Schematic illustration of the zeta potential, showing the electrical double layer and the 

potentials that exist at the planes. Adapted from image in Zetasizer Nano Series manual in reference 
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3.6.4. Measuring the zeta potential  

Electrophoresis is the term used to describe the movement of a charged particle in suspension under 

the influence of an electric field relative to the liquid it is suspended in. When an electric field is applied 

to an electrolyte, charged particles which are in suspension in the electrolyte experience an attractive 

force towards the electrode of opposite charge. The attractive force is opposed by viscous forces 

acting on the particle; however, when the forces reach an equilibrium, the particle will begin to move 

with a constant velocity. This velocity of the particle in the electric field is referred to as the 

electrophoretic mobility134. When DLS is carried out, the electrophoretic mobility is measured by laser 

doppler velocimetry (LDV)133. The zeta potential can then be calculated from the electrophoretic 

mobility by application of the Henry equation135, 136 (Equation 17).  
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where UE is the electrophoretic mobility, ԑr is the relative permittivity (dielectric constant), ԑ0 is the 

permittivity of a vacuum, f(�a) is Henry’s function (� is the electrical double layer thickness, with the 

dimension �-1 and a is the particle radius), η is the viscosity and � is the zeta potential.  

When the thickness of the electrical double layer is much smaller than the particle radius in aqueous 

solutions, the value of f(�a) is taken as 1.5 and is referred to as the Smoluchowski approximation135. 

In contrast, when the particle radius is smaller than the electrical double layer thickness the value of 

f(�a) is taken as 1, and this is referred to as the Hückel approximation135 (non-aqueous measurements 

also generally use the Hückel approximation).  

In this project, in order to obtain accurate values of the zeta potential, the exact value of f(κα) was 

calculated for each cation and at each concentration using equations 18 and 19. 

f(κα) can be expressed as:137 
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known as the Ohshima relation, where α is the particle radius which is approximately equal to the 

hydrodynamic radius138, rh , and κ-1 is the Debye length of the medium139. 
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The calculated values of κ-1 and f(κα) at various salt concentrations for each ion used in this project 

are listed in Appendix A. These f(κα) values were then used to calculate the zeta potential. It is 

important to note that the Ohshima expression must be treated with caution, and is only valid for 

relatively low zeta potentials (ζ ≤ ±50 mV) where concentration polarization is negligible137. For higher 

values of the zeta potential (ζ > ±50 mV) then the above expression can no longer be used and a more 

elaborate model would need to be considered. In this project, the majority of the calculated zeta 

potential values were sufficiently low (ζ ≤ ≈35 mV), therefore, the model can be regarded as accurate 

and the discussion will focus on the zeta potential rather than the electrophoretic mobility. However, 

the values of the zeta potential, which were obtained for DPPC liposomes in the presence of trivalent 

ions, were ≥ ±50 mV. Therefore for these ions, the electrophoretic mobility will be discussed instead 

of the zeta potential, and it is important to treat the calculated values for the zeta potential with 

caution.   

The calculation of the magnitude of the zeta potential gives an indication of the stability of the system 

in question. If the particles in the system have a very large positive or negative zeta potential (more 

positive than 30 mV or more negative than -30 mV 129) then the particles will tend to repel each other 

with sufficient magnitude, suggesting the absence of aggregation and flocculation. This is indicative of 

a stable colloidal system. On the other hand, if the particles have smaller zeta potential values, then 

the colloidal system is deemed unstable and flocculation or aggregation of particles may be observed.   

In a colloidal suspension, the zeta position is influenced by three main factors. The first factor, and 

conceivably the most influential factor, is pH. As the pH becomes more acidic, the zeta potential will 

become more positive, while as the pH increases and becomes more basic, the zeta potential value 

will become more negative. The pH where the zeta potential becomes zero is known as the isoelectric 

point140. The pH can therefore, be considered a very important factor when conducting zeta potential 

measurements. The second factor which is vastly influential on the value of the zeta potential is the 

ionic strength. A change in ionic strength causes an alteration in the thickness of the electrical double 

layer and hence has a large impact on the zeta potential value. The electrical double layer thickness, 

�-1, is related to ionic strength, I, via Equation 19141. 
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     ( 19) 

 

where kB is the Boltzmann’s constant (1.38064852 × 10−23 JK-1), T is the temperature, I is the ionic 

strength of the salt solution, and N is Avogadro’s number (6.02x1023 mol-1).  
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The final factor that the zeta potential is sensitive to, is the particle concentration. The relationship 

between the particle concentration and the zeta potential is complex and is generally determined by 

ion adsorption of the particle surface and how the electrical double layer interactions may be 

affected by the particle concentration.  

 

3.6.5. Applications of the zeta potential 

There are a wide range of practical applications of the zeta potential, and it is a useful measurement 

in a broad array of industries. An example of how zeta potential measurements can be exploited is the 

control of the composition of paints. The pigments in paint are required to be well dispersed in order 

for the paint to possess high colour quality and to appear glossy142. In order to obtain the optimum 

dispersion, the zeta potential can be measured so as to ascertain the dosage of additive required for 

the paint to perform successfully. As well as in paints, the zeta potential is also important in the 

preparation of clays. Clays are an essential component of rubber, adhesives, and paper. Knowledge of 

the zeta potential is helpful to understand the behaviour of dispersions of clay in water and tailor the 

characteristics of the suspension to fit the use it is required for. Additionally, the zeta potential is a 

vital parameter in the pharmaceutical industry. Pharmaceuticals can be prepared by suspending 

particles of a drug uniformly throughout a liquid carrier. The more physically stable the suspension, 

the longer shelf life it has, and hence the more successful and desirable they are. The stability of the 

drug in the liquid can be studied and altered by examining the value for the zeta potential, making this 

measurement valuable to the industry143.  

Zeta potential is often the key to understanding stability, dispersion and aggregation processes in 

suspensions and emulsions, and it is a beneficial measurement in numerous different industries, a 

small number of which are described above. Dynamic light scattering allows the value for the zeta 

potential of a system to be obtained accurately and reliably, making it a vital technique used widely in 

a range of scientific research.  
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3.7 Transmission electron microscopy (TEM) 

3.7.1. Principles of TEM 

Cryogenic transmission electron microscopy (Cryo TEM) is a modern technique which allows the 

analysis of biological specimens in three dimensions with nanometre resolution. Cryo TEM can reveal 

cellular morphology, the shape of membranous structures, and the internal macromolecular 

arrangements of larger molecules144. In this project this technique was very valuable as it enabled the 

direct visualisation of the vesicles and provided essential morphological information. The DOPC 

liposomes were characterised with transmission electron microscopy (TEM) to determine their 

lamellarity and to confirm their average shape, size and size distribution. . 

In order to overcome the resolution limit imposed by the wavelength of visible light in traditional light 

microscopes and see smaller details, TEM uses a beam of electrons. Electrons possess a shorter de 

Broglie wavelength compared to the wavelength of visible light, enabling smaller materials to be 

observed. In TEM an electron beam from an electron source, such as a tungsten or lanthanum 

hexaboride (LaB6) filament145, releases electrons which are directed towards an anode and then 

further directed through an electromagnetic field. The electron beam is focused using an 

electromagnetic lenses and shone through the sample. The electrons then interact with the specimen 

and some electrons are scattered. The unscattered electrons are focused onto an imaging device at 

the bottom of the microscope, which is usually a fluorescent screen. The areas of different density in 

the sample result in a ‘shadow image’ and this image can help reveal the sample properties.  

The sample environment is kept under vacuum in TEM, as electrons could interact with air molecules 

and become deflected which would cause the electron beam to distort. As suggested by its name, the 

electrons must transmit through the sample, therefore this technique is limited to thin samples 

(normally < 1 μm). For samples which are unstable under vacuum, it is possible to freeze the specimen 

before carrying out cryo-TEM. Freezing samples allows analysis to be carried out without destroying 

the delicate morphology of the sample.  
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3.7.2. Sample preparation for TEM 

In order to obtain high resolution and high quality images from TEM a very precise method for sample 

preparation was followed in this project. The DOPC liposome suspensions were prepared 24 hours 

prior to sample preparation for TEM, in order to ensure they were fresh and stable and they were 

analysed by DLS to verify they were not contaminated. The four systems studied by TEM were DOPC 

liposomes in pure water, DOPC liposomes in NaCl, CaCl2 and LaCl3. The salt solutions were all of equal 

ionic strength (I= 5 mM) in order to allow the effect of mono-, di- and trivalent cations to be compared 

effectively.   

The TEM work in this project was carried out on small copper discs which have a fine mesh and are 

referred to as grids. The grids used here were purchased from EM Resolutions and they have lacey 

carbon films. Carbon is chosen as it is a low absorption material, but it is usually a hydrophobic 

substance, therefore to make the surface accessible to the aqueous samples used in this project, the 

carbon needs to be made hydrophilic, which is accomplished by ‘glow discharging’. In this project glow 

discharging was carried out using an Edwards 306 carbon coater. In this process, the grids are placed 

in a chamber which is connected to a power supply. A high voltage is then applied between the anode 

and cathode at opposite ends of the chamber and the electrical potential ionises gas within the 

chamber. The negatively charged ions are then deposited onto the carbon, giving the lacey carbon a 

slight negative charge and causing the carbon film to become hydrophilic.  

The next stage in the preparation process is to load the sample to the grid and freeze it. The sample 

must be frozen very rapidly (at a rate of ≈106 ˚C/s) so that the water in and surrounding the specimen 

is held in a vitreous state146. If the sample is not frozen sufficiently quickly or the sample is warmed 

after freezing, poor quality, crystalline or hexagonal ice can form, which is referred to as ‘ice 

contamination’147. Ice contamination can cause degradation in image quality as ice is capable of 

diffracting electrons147.  

In the preparation of these samples, an FEI Vitrobot™ Mark IV was used to plunge-freeze the samples. 

The grids were held at the bottom of the plunger by fine tweezers and ≈5 μL of the sample was 

pipetted onto the grid. The grid was then blotted by being pressed against filter paper, in order to 

remove excess sample and allow a thin liquid film containing sample to be formed. After a 

preprogramed time, the plunger is rapidly dropped into a cryogen and frozen; in this incidence, the 

cryogen was liquid ethane. Following the plunge freezing, the grid was transferred into a cryo grid 

storage box and was stored in liquid nitrogen.  

Cryo-TEM grids were then transported to the microscope in stainless steel flasks containing liquid 

nitrogen. The storage boxes for EM grids were held inside Greiner tubes in liquid nitrogen suspended 
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by a rope inside the flasks. A single tilt cryo-transfer holder then enabled the transfer of the frozen 

grids into the cryo holder at liquid nitrogen temperatures. The frozen samples were then ready to be 

inserted into the microscope and analysed. The microscope used in this work was a Tecnai 20 - FEI 

200kV twin lens transmission electron microscope (TEM/STEM), the images were collected on an FEI 

Eagle 4k x 4k CCD camera using FEI TIA software. 
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Chapter 4: The effect of inorganic cations on 

DOPC liposomes 

4.1 Effect of inorganic cations on the electrophoretic 

mobility and zeta potential of DOPC liposomes 

 

4.1.1 Effect of monovalent cations: Li+, Na+, K+, and Cs+ 

In order to better understand the effect of inorganic cations on DOPC liposomes, zeta potential 

measurements were carried out in the cation-liposome suspensions. The zeta potential is a useful 

measure of colloidal stability and can provide insight as to where the cations are associating with the 

phospholipids. Moreover, even though the zeta potential does not directly represent the lipid 

membrane surface charge, it is believed to provide a good approximation for the surface potential, 

for low electrolyte concentrations (up to 0.1 M)148. The impact of a number of inorganic cations, at 

concentrations ranging from 0 mM - 40 mM, on the zeta potential of the DOPC liposomes at 25 ˚C was 

studied. A temperature of 25 ˚C was chosen because it is higher than the transition temperature (Tm) 

for DOPC (DOPC, Tm = -17 ˚C). Hence, by using temperatures higher than the Tm, it is possible to carry 

out a more focussed study on the interactions between the cations and the liposomes without having 

to take into account a change in the lipid physical state.  

Despite the zwitterionic head group of the DOPC phospholipids, the zeta potential of the liposomes in 

water is negative, with a value of  = -13.23 mV. This value is consistent with that reported by 

Chibowski et al.149 who found the zeta potential of DOPC liposomes in water to be -14.5 mV. The 

negative zeta potential of the liposomes in water has been interpreted in terms of the orientation of 

the head groups of the phospholipids, caused by the negatively charged phosphatidyl group pointing 

outwards from the liposome, whilst the choline group is orientated inwards149-151. Additionally, it is 

hypothesised that the orientation of the hydration layers formed around the surface of the liposomes 

contributes to the negative zeta potential value of liposomes in water152.  

The zeta potential values recoded for the monovalent alkali metal cations are shown in Figures 26- 29. 

For completeness, Appendix B shows all the graphs of the electrophoretic mobilities of liposomes in 

the presence of all the inorganic cations studied. The results show that the zeta potential of the DOPC 

liposomes is affected by the presence of cations. 
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Figure 26: The effect of Li+ cations on the zeta potential of DOPC liposomes at 25˚C. 

Figure 27: The effect of Na+ cations on the zeta potential of DOPC liposomes at 25˚C. 
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Figure 28: The effect of K+ cations on the zeta potential of DOPC liposomes at 25˚C. 

Figure 29: The effect of Cs+ cations on the zeta potential of DOPC liposomes at 25˚C. 
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For comparison, the zeta potential results from all the monovalent ions are collated in Appendix C.  

Figures 26-29 show on increasing the concentration of all four cations, the value of the zeta potential 

becomes steadily more positive. In all four cases, once a certain concentration of cation is attained 

(~20 mM) there is a decrease in the zeta potential of the liposomes, which is followed by a slight 

increase again as the concentration of the cations is further increased. It is clear from Figures 26- 29 

that the general trend for the change in zeta potential of DOPC liposomes in the presence of 

monovalent cations is similar for all the cations studied in this work. It can therefore be hypothesised 

that the interactions between phospholipids and ions are similar for all of the alkali metal cations 

examined in this work.  

One explanation for this similarity could be found in considering the charge density of the monovalent 

cations and the hydration of the ions. The bare ion radii of Li+, Na+, K+ and Cs+ are 0.068 nm, 0.095 nm, 

0.133 nm and 0.169 nm respectively153. Therefore moving down the series from Li+ to Cs+, the charge 

density becomes smaller, resulting in a decrease in hydration and hydration number. Li+ has a 

hydration number of 5, Na+ is hydrated by 4 water molecules, K+ is hydrated by 3 water molecules and 

Cs+ has a hydration number of 1153. Owing to the varying hydration of these cations, the resulting 

hydrated radii of the cations is fairly similar, and can explain why the cation interactions with the 

liposomes are comparable and the zeta potential results are similar for all four monovalent ions. The 

hydrated radii of Li+, Na+, K+ and Cs+ are 0.38 nm, 0.36 nm, 0.33 nm and 0.33 nm respectively153. As the 

hydrated radii of these ions vary by only 0.05 nm they have very similar sizes and therefore the same 

access to the head groups of the phospholipids and consequently compensate for the negatively 

charged phosphate group by the same amount, resulting in similar trends for the zeta potential values. 

At low concentrations of cations (~2 – ~15 mM), for all four monovalent cations studied, an increase 

in the zeta potential of the DOPC liposomes is observed on increasing cation concentration, as can be 

seen from Figures 26-29. For all four cations, the zeta potential increases to a maximum and then as 

the concentration of the cations is increased further, there appears to be a small plateau observed 

and then the zeta potential begins to decrease (become more negative). The maximum zeta potential 

of the liposomes recorded is 4.80 mV in the presence of 20 mM Li+ ions, 1.01 mV in the presence of 20 

mM Na+ ions and -1.81 mV and 4.37mV in the presence of 15 mM K 
+ and 40 mM Cs+ ions respectively. 

It is interesting to observe that the maximum zeta potential recorded in the presence of Na+ and K+ is 

≈ 0 mV, and this is obtained at moderate ion concentrations, however for the Li+ ions a more positive 

value for the zeta potential is recorded at these moderate concentrations. For the Cs+ ion, the 

maximum zeta potential reached at the initial peak, at moderate concentration, is -3.13 mV which is 

in line with the trend for the Na+, and K+ ions. Interestingly, the Cs+ induces the largest increase in the 

zeta potential of the liposomes at high concentrations.  
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This increase in zeta potential of the liposomes in the presence of cations has been observed widely 

in the literature previously. Sabín et al.112 studied the effect of varying concentrations of Na+ and K+ on 

the zeta potential of egg yolk phosphatidylcholine (EYPC) liposomes. A fast increase of the initial, 

negative zeta potential was observed, attributed to the absorption of Na+ and K+ ions to the liposome 

surface. It is thought that cations associate with the surface of the polar head group of the 

phospholipid molecule, penetrating into the interfacial region of the bilayer and forming complexes 

with the lipids by binding to their phosphate and carbonyl groups151, 154-156. The association of the 

cations with the phospholipid is also entropically driven. As the ions bind to the lipid, the head group 

of the lipid is dehydrated and the cations shed the water molecules that make up their hydration layer. 

This liberates water molecules into the bulk solution and leads to a favourable gain in entropy120, 157.  

Extensive molecular dynamics (MD) simulations support the idea that cations associate with the 

hydrophilic head group of phospholipids. Sachs et al.151 and López Cascales et al.158 have used MD 

simulations to study the effect of monovalent salts on the POPC bilayer, and the effect of Li+ and Na+ 

ions on a charged membrane of dipalmitoylphosphatidylserine respectively. Both MD simulations 

produced results which supported the notion that cations are able to penetrate deep into the head 

group of the phospholipid owing to their high affinity for the head group. The positively charged 

cations are drawn to the negatively charged phosphate group of the phospholipid bilayer by the 

electrostatic attraction which exists between the two. The positive charge of the cation is then able 

to compensate for the negatively charged phosphate region of the lipid and hence the zeta potential 

becomes more positive. As the concentration of the cations is then increased, more cations adsorb to 

the liposome surface and therefore the zeta potential continues to become more positive.  

As the concentration of the cations is increased further, for all four monovalent cations, there is a 

slight decrease in the value of the zeta potential of the liposomes followed by a small increase at high 

salt concentrations. In order to find an explanation for these changes in the zeta potential of the 

liposomes, it is vital to consider in more depth, the interactions between the cations and the 

phospholipid head groups. 

It is widely acknowledged in the literature that the association of the cations with the head groups of 

the phospholipids causes a change in the conformation of the head group itself. As already outlined 

previously, the negatively charged phosphatidyl groups point towards the outside of the liposome, 

giving rise to the slight negative zeta potential in water. On the addition of cations, however, the head 

group conformation is affected and the direction in which the head group points is altered.  Sachs et 

al.151 studied the effect of monovalent cations on the head group tilt of phospholipids. In this work, 

they defined the head group tilt as the angle made by the phosphorus-nitrogen (PN) dipole with the 

bilayer normal. Head groups of lipids closely associated with cations were found to experience a 
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significantly increased tilt relative to the bilayer average and the ions were found to ‘push the head 

group down’ towards the bilayer plane. This effect was though to arise owing to the electrostatic 

repulsion between the choline group and the monovalent cation. This result is shown 

diagrammatically in Figure 30151 which is adapted from the paper discussed previously. 

 

 

 

 

 

 

Figure 30: The effect of Na+ approach on the head group tilt of a POPC phospholipid, taken 250 ps apart from the 1 M NaCl 
simulation. The grey sphere represents the Na+ ion.151 Taken from Reference 152. 

 

These results are supported strongly by earlier work carried out in 1991 by Makino et al.150. In this 

work, the ionic strength-induced conformational changes in the lipid head group region of DPPC, 

DMPC and DSPC liposomes were examined using zeta potential data. The zeta potential of the 

liposomes in low ionic strength solutions was found to be negative and decreased in magnitude as the 

ionic strength was increased.  It was hypothesised that as ionic strength increases, the head groups of 

the lipids could pack more closely together, because the electrostatic repulsion between the similarly 

charged groups is screened by an increase in the counter ion concentration around the charged 

groups. The lipids pass through a conformation where the head group is parallel to the liposome 

surface and continue to pack more closely on increasing ionic strength, resulting in an overall change 

in the direction of the head group of the lipid compared to in the absence of cations. Figure 30 shows 

the change in direction of the head group of the phospholipid as ionic strength is increased150.  
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In this project, the fluctuations observed in the zeta potential measurements in the presence of 

monovalent cations at concentrations > 15 mM could be rationalised in terms of alterations in lipid 

head group conformation. At medium ionic strength a decrease in the zeta potential could arise from 

the reorientation of the head group, in the same way as shown in Figure 31, and consequently the 

adsorption of some of the Cl- ions in the solution. It could be hypothesised that the Cl- ions would begin 

to associate with the increasingly more positive head group of the phospholipid and therefore, cause 

the value of the zeta potential to become slightly more negative. When studying the effect of salts on 

the phospholipid bilayer, research tends to focus strongly on the interactions of the cations with the 

bilayer, and therefore the role of the Cl- counter ion remains to be fully understood. The idea that Cl- 

ions do not penetrate deep into the membrane, as cations do, but instead reside mostly in the water 

phase near the membrane surface, as well as the notion that cations preferentially associate with the 

phospholipid bilayer over anions (Cl- ion in particular) is widely supported in the literature109, 114, 118. It 

is, however, also acknowledged that in some cases that the Cl- ion, although not preferentially, will 

associate with the head group of the phospholipid. Redondo-Morata et al.154 produced MD 

simulations which illustrated that the adsorption of Cl- ions occurred at the choline region of the head 

of the phospholipid and similar research conducted by Pandit et al.155 proved similar results. These 

results showed that, although the anion was less strongly bound than the cation, the Cl- exhibited 

slight coordination with the choline (more specifically, the +N(CH3)3 group) of the head group of the 

lipid155.  

 

Figure 31: Change in conformation of the lipid head groups at stage 1) low ionic strength solution, 
stage 2) medium ionic strength solution and stage 3) high ionic strength solution. The (-) sign 
represents the phosphate group and the (+) sign represents the choline group. Reprinted from 

reference 151, Copyright © 1991, with permission from Elsevier 
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Following the slight decrease in the zeta potential of the liposomes, for all four monovalent cations as 

the concentration is increased further up to 40 mM, the zeta potential becomes increasingly more 

positive. This increase in zeta potential can be attributed to the total reorientation of the lipid head 

groups as the cations continue to adsorb to the phosphate group of the head of the lipid. As the cation-

lipid complexes form there is a change in the direction of the head group, as shown in Figure 31, and 

as high ion concentrations are reached, the positively charged choline group points out, towards the 

outside of the liposome, resulting in an increase in the zeta potential.  

Finally, it is possible that the orientation of the head groups of the phospholipids could also account 

for the fluctuations in the zeta potentials of the liposomes at very low cation concentrations (~1 – ~2 

mM).  On initial addition of the cations, in the case of Li+, Na+ and Cs+, there is a decrease in the zeta 

potential of the liposomes by 1.08 mV, 2.53 mV and 4.50 mV, respectively (Figures 26, 27 and 29). This 

is an interesting and perhaps unexpected observation, as, intuitively, the addition of a positive ion 

with an affinity to the head group should cause the zeta potential to become more positive. This 

decrease in zeta potential at low concentrations is, therefore, ion specific, as it was not observed in 

the case of the K+ cation.  

The decrease in the zeta potential of the liposomes is most pronounced in the case of the Cs+ ion, 

followed by the Na+ ion, and Li+ shows the smallest effect. Considering the hydrated ionic radii of these 

cations could help to explain the strength of this effect. Cs+ has a slightly smaller hydrated ionic radii 

(0.33 nm153) than Na+ (0.36 nm153), which has a slightly smaller radii than Li+ (0.38 nm153). Accordingly, 

it could be theorised that the Cs+ ion can slightly more easily access the head groups of the 

phospholipids than the larger hydrated Na+ and Li+ ions and as a consequence, it has the greatest effect 

on the head group of the lipids at these low concentrations. As the concentrations of the cations are 

increased, the differences in the hydrated ionic radii become less profound as there are overall, more 

ions competing for association with the heads of the phospholipids in all cases.  

This recorded initial decrease in the zeta potential of the liposomes at very low concentrations still 

remains a slight grey area. Previous literature falls short of providing an explanation as the focus of 

most research into specific ion effects on liposomes does not tend to be carried out at such low 

concentrations as these.  
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4.1.2 Effect of divalent cations: Ca2+ and Mg2+ 

The effect of divalent cations on the electrophoretic mobility and the zeta potential of DOPC liposomes 

was also studied in this work. The impact of CaCl2 and MgCl2, at varying concentrations up to 40 mM, 

on DOPC liposomes at 25 ˚C was examined. Figure 32 and 33 show the change in the zeta potential of 

the liposomes in the presence of CaCl2 and MgCl2 respectively. For completeness, Appendix D shows 

the electrophoretic mobility as a function of Mg2+ concentration, as well as Ca2+ concentration. For 

comparison, the zeta potential results from all the divalent ions are collated in Appendix E. 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 shows the zeta potential of the DOPC liposomes as a function of CaCl2 concentration. On the 

initial addition of 1 mM CaCl2, there is a large increase in the zeta potential of 11.31 mV, from -13.23 

mV (DOPC liposomes in water, [CaCl2] = 0 mM) to -1.92 mV. As the concentration of the CaCl2 increases 

up to 5 mM, the zeta potential of the liposomes also increases sharply, with the value of the zeta 

potential already positive (2.57 mV)  at [CaCl2] = 1.5 mM. At 5 mM, the zeta potential of the liposomes 

has increased up to 6.88 mV. Following the initial increase of the zeta potential of the liposomes up 

to 5 mM, the zeta potential appears to plateau slightly from 5 mM to 8 mM, with only a change of 

0.021 mV being recorded. At [CaCl2] =15 mM and 20 mM, there appears to be a slight decrease in the 

zeta potential of the liposomes before a slight increase as the concentration of CaCl2 is increased up 

to the maximum of 40 mM.  

Figure 32: The effect of Ca2+ cations on the zeta potential of DOPC liposomes at 25˚C. 
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For completeness and comparison, Figure 34 shows the effect of the divalent cations on the zeta 

potential as a function of ionic strength (I). The ionic strength was calculated from the equation141: 

 

� =
�

�
∑ ��� ��                                                                 (20) 

where Ci is the ion concentration and zi is the ion valency. 

 

 

 

 

 

 

 

 

 

 

Figure 33: The effect of Mg2+ cations on the zeta potential of DOPC liposomes at 25˚C. 
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Figure 34: The effect of divalent cations on the zeta potential of DOPC liposomes at 25˚C as a function of ionic strength. 
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The zeta potential of the DOPC liposomes as a function of MgCl2 concentration is shown in Figure 33. 

The trend observed for the zeta potential of the liposomes in the presence of MgCl2 closely resembles 

the trend described above for the liposomes in the presence of CaCl2. In 1 mM MgCl2, there is a very 

sharp increase in the zeta potential up to -0.32 mM, which, even at this very low salt concentration, 

has already nearly compensated for the slight negative zeta potential of DOPC liposomes in water. As 

the concentration of MgCl2 is then increased up to 10 mM, the zeta potential continues to increase 

gradually. At [MgCl2] = 15 mM, the zeta potential then decreases by 4.77 mV to 3.34 mV, before 

gradually increasing as the MgCl2 concentration is increased up to its maximum.  

The trend in the zeta potential variation of the DOPC liposomes with respect to the ion concentration 

is similar for both the divalent cations studied in this work (as demonstrated in Figure 34) and hence, 

it can be concluded that the interactions between these two ions and the liposomes are similar. At 

low divalent cation concentrations, the zeta potential of the liposomes increases sharply, reflecting 

the strong attraction of the divalent cations to the phospholipid head group. The cation is thought to 

penetrate between the lipid head groups and form coordination complexes with one or more lipid 

phosphate groups157. The Ca2+ and Mg2+ ions adsorb strongly to the negatively charged phosphate 

group in the hydrophilic head of the lipid and therefore compensate for the negatively charged group 

and even reverse the sign of the zeta potential as the concentration continues to be increased159, 160. 

Sinn et al.161 showed that the binding of the divalent ions to the lipid bilayer was an endothermic 

process and therefore, must be entropically driven. The gain in entropy is thought to arise from the 

release of water molecules from the hydration shell of the ion as well as the dehydration of the lipid 

bilayer.  

The two cations interact with the liposomes in similar ways to one another as they have similar 

hydrated radii. Ca2+ has a hydrated radius of 0.41 nm153, Mg2+ has a hydrated radius of 0.43 nm153 and 

both ions have a hydration number of 6 (±1)153. Radii differing by only 0.02 nm means that these two 

ions have the comparable access to the head groups of the lipids and can therefore associate with the 

phosphate group to a similar extent.  

In the case of both Ca2+ and Mg2+, as the concentration is increased above 10 mM, there are no 

drastically large changes in the value of the zeta potentials observed. This is especially clear when 

examining the zeta potential of the liposomes in the presence of 25- 40 mM Ca2+ or Mg2+. For Ca2+ in 

this concentration range, there is only a 21 % increase in the zeta potential and the value measured 

remains around 10 mV. Similarly, for Mg2+ ions, at high concentrations, the zeta potential only 

shows an 8 % change, plateauing at 7.5 mV. This plateau has been widely reported in the literature 

and is thought to occur due to saturation of the head groups of the phospholipids with cations162, 163. 

When the saturation of the head groups occurs, the zeta potential does not change dramatically as 
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the divalent cation concentration increases. It is interesting to also note that, unlike the rest of the 

monovalent cations studied in this work, the Na+ ion appears to also induce a plateau in the zeta 

potential of the liposomes (Figure 27), suggesting that this ion behaves in a more similar manner to 

the divalent cations than the monovalent cations.  

In order to gain more information on the effect of divalent cations on the zeta potential of DOPC 

liposomes, the data was analysed further. Melcrova et al.163 studied the effect of calcium ions on the 

zeta potential of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposomes and mixed, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/ 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 

(POPC/POPS) liposomes. The zeta potential of the liposomes was measured in the presence of CaCl2, 

at a range of concentrations, up to 200 mM. The data obtained in the work was successfully fitted 

using the Langmuir-Freundlich (LF) adsorption model as can be seen from Figure 35163. However, they 

did not report the maximum zeta potential as we report here. 

 

 

Figure 35: Graph plotted from data obtained by Melcrova et al163. Zeta potential of POPC and POPC/POPS liposomes 
measured as a function of CaCl2 concentration. Data fitted with the Langmuir-Freundlich model. Taken from Reference 164. 
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From the data collected in this project, the change in the zeta potential of the liposomes in the 

presence of CaCl2 and MgCl2 showed a very similar trend to the trend shown in Figure 35.  

Therefore, the data collected in this work was fitted using Igor Pro software package with the 

Langmuir-Freundlich equation of the following form 164, 165 : 

µ�,(��) = µ�,� +  
�(�[����])

�

(�[����])���
                                                           ( 21) 

 

where, in this case, X is Mg or Ca, M is the maximum value of electrophoretic mobility for excess CaCl2 

or MgCl2, K is the equilibrium constant associated with the cation adsorption,  µe,0 is the 

electrophoretic mobility at [XCl2] = 0, and n is an empirical constant. Graphs showing the data relating 

electrophoretic mobility of the liposomes to the CaCl2 or MgCl2 concentration fitted with Langmuir-

Freundlich equation are shown in Figure 36. Additionally, the values of M, K, µe,0 and n used to fit the 

data are shown in Table 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: Measured electrophoretic mobility of DOPC liposomes as a function of a) CaCl2 and b) MgCl2 concentration. The solid red and 
orange lines represent the fits using the Langmuir-Freundlich adsorption model for calcium ions and magnesium ion respectively. Plotted 

using IGOR Pro. 
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Table 5: Fitting parameters obtained using Langmuir-Freundlich fits for data showing electrophoretic mobility as a function 

of divalent cation concentration (mM) 

Cation Magnesium Calcium 

M (m2V-1s-1 x10-8) 1.52 1.91 

K (mM-1) 1.90 1.30 

n (n.a.) 1.13 0.64 

µe,o (m2V-1s-1 x10-8) -1.04 -1.04 

 

 

In order to obtain more information regarding how the divalent cations affect the zeta potential of 

the DOPC liposomes, the fitting parameters were used to calculate the maximum zeta potential of the 

liposomes as the concentration of the cations tends to infinity. The maximum, saturation zeta 

potential can be found by calculating the sum of µe,0 and M¸and then converting the resulting 

electrophoretic mobility into zeta potential using the Henry equation (Equation 17). It is important to 

note here that when converting M to the zeta potential f(ka) was assumed to be 1.5. This is because 

the cation concentration tends to infinity and κ-1 tends 0. The saturation zeta potential was found to 

be 11.2 mV for liposomes in the presence of CaCl2 and 6.17 mV for liposomes in the presence of MgCl2.  

An interesting observation obtained in this work, is the vast difference between the effects of 

monovalent and divalent cations on the zeta potentials of DOPC liposomes. The divalent cations cause 

the zeta potential of the liposomes to increase far more quickly than the monovalent cations, and this 

can be attributed to the stronger electrostatic attraction between the phosphate group of the lipid 

and the higher charge and charge density of the divalent ion. These results agree closely with those 

obtained by Mozuraityte et al.166, who also found that higher valency ions resulted in more positive 

values of the zeta potential of liposomes. At moderate concentrations of the ions, the decrease in the 

zeta potential of the liposomes discussed for monovalent cations if far less pronounced in the case of 

the divalent cations. It is likely that this is because the head group of the phospholipid quickly becomes 

saturated with the divalent cations, and therefore there is less scope for vast changes in the 

conformation and the direction of the lipid head, as is hypothesised to occur in the case of monovalent 

ions.  
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4.1.3 Effect of trivalent cation: La3+ 

For the final part of the investigation into the effect of inorganic cations on the zeta potential of DOPC 

liposomes, the effect of LaCl3 was examined. 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure 37 it is clear to see that even in the presence of very low concentrations (1 mM) of La3+ 

there is a remarkably large increase of 36.7 mV in the zeta potential of the liposomes up to 23.5 mV. 

As the concentration of La3+ is increased further, the zeta potential continues to increase slowly up to 

29.9 mV at [La3+ = 10 mM]. At [La3+ = 15 mM] there is a 15 % decrease in the zeta potential of the 

liposomes, and then in the same way as seen with the divalent cations, the zeta potential begins to 

increase slowly until 30.8 mV, where it appears to plateau.  

The trend in the zeta potential of the liposomes as a function of La3+ concentration bears close 

resemblance to the trend observed for the zeta potentials of the liposomes in the presence of the 

divalent cations, Ca2+ and Mg2+ (Figure 38). The main difference being that for the trivalent cation, the 

values of the zeta potential obtained are a lot more positive overall and the plateau occurs at much 

more positive zeta potential. These differences can be attributed to the 3+ valency of the La3+ ion. This 

higher valency means that the electrostatic attraction to the negatively charged phosphate group is 

stronger and therefore the La3+ ion has a higher affinity for the head of the phospholipid. It is able to 

compensate for the negatively charged phosphate group more effectively and therefore increase the 

Figure 37: The effect of La3+ cations on the zeta potential of DOPC liposomes at 25˚C 
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value of the zeta potential by a greater amount than the monovalent and divalent cations. The 

hydration number of La3+ is reported to be 9167, meaning that the cation is surrounded by an average 

of 9 water molecules in aqueous solution. There is consequently a large entopic gain when the La3+ ion 

binds to the liposome and the 9 water molecules are liberated back into the bulk solution. This 

entropic effect will be stronger for the trivalent cations than for the monovalent and divalent cations 

because the La3+ ions are more strongly hydrated and therefore liberate more water molecules when 

they form complexes with the lipid head groups. For completeness, Figure 38 shows the effect of 

divalent and trivalent cations on the zeta potential of the DOPC liposomes as a function of ionic 

strength. 

 

 

 

 

 

 

 

 

 

Figure 38: The effect of divalent and trivalent cations on the zeta potential of DOPC liposomes at 25˚C as a function of ionic 

strength. 

These results are well aligned with findings in the literature. Lehrmann et al. confirmed that the 

binding of La3+ to POPC phospholipid vesicles is endothermic (ΔH ≈ 1.8 kcal/mol 168), and therefore the 

adsorption of the metal ions to the membrane surface is driven predominately by entropy168. It is also 

worthwhile to point out that as the concentration of La3+ ions increases, the gradual accumulation of 

cations bound to the surface creates an increasingly more positive charge on the membrane surface. 

This makes further binding of the La3+ ion more and more difficult and is why there is a more profound 

increase in the zeta potential of the liposomes at lower cation concentrations.  

The effect of metal cations on the zeta potential of the DOPC liposomes provides interesting results 

which are strongly supported by the literature and previous findings on specific ion effects. The results 

allow insight into the mechanism by which the ions associate with the head group of the lipids and 

also the interactions which allow these associations.  
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4.1.4 Effect of inorganic cations on the effective charge (Qeff) 

of the DOPC liposomes  

As well as insight into the zeta potential of the liposomes, the electrophoretic mobility (µe) 

measurements, obtained using DLS, also allow the effective charge associated with each liposome 

(Qeff) to be calculated. Qeff can be calculated using Equation 22118, 169:  

 

���� = 6������µ�                                                                         (22) 

 

where η is the solvent viscosity, in this case water, and reff is the effective radius of the liposome 

including the Stern layer. In this equation, the effective radius, reff, can be substituted for the 

hydrodynamic radius, r, as measured by DLS. This substitution can be made as the Stern layer and the 

shear plane are located only a few water layers apart, which is comparatively, a very small distance 

compared with the overall diameter of the vesicle (> 100 nm)118. 

 

In addition, the surface charge density (σ) can also calculated from Equation 23169: 

 

� =  
����

����
                                                                      (23) 

which can be simplified to:  

� =  
��µ�

��
                                                                             ( 24) 

 

where dh is the diameter of the liposomes, as measured by DLS.  

The effective charge (Qeff) of the liposomes in the aqueous salt solutions are shown below. Table 6 

shows the effective charge of the liposomes in the presence of water and monovalent cations, Table 

7 in the presence of divalent cations, and finally, Table 8 in the presence of trivalent cations.  
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Table 6: Effective charge (Qeff) of liposomes in the presence of varying concentrations of monovalent cations at 25 ˚C 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7: Effective charge (Qeff) of liposomes in the presence of varying concentrations of divalent cations at 25 ˚C 

 
 

 

 

 

 

 

 

 

 

 

 

Ion 
concentration 

(mM) 

Effective charge (Qeff) of liposomes [number of 
electronic charges] 

NaCl LiCl KCl CsCl 

0.0  -71.29 (in water) 

1.0 -45.45 -64.37 -28.37 -76.29 

1.5 -77.38 -50.86 -26.97 - 

2.0 -50.02 -53.09 -26.35 -52.97 

2.5 -27.27 -36.10 -20.49 -31.64 

5.0 -31.27 -23.42 -19.47 -23.59 

8.0 -37.43 1.16 -20.63 -16.19 

10.0 -15.39 -8.40 -22.08 -29.19 

15.0 -18.70 -1.74 -9.16 -31.08 

20.0 5.22 29.39 -39.34 -19.21 

25.0 -28.02 0.07 -68.44 -80.41 

30.0 -4.87 -51.14 -62.32 -51.08 

40.0 -0.28 -19.80 -30.13 21.44 

Ion 
concentration 

(mM) 

Effective charge (Qeff) of liposomes 
[number of electronic charges]  

CaCl2 MgCl2 

1.0 -9.39 -1.82 

1.5 12.22 11.17 

2.0 20.24 16.85 

2.5 
 

17.30 

5.0 33.03 23.57 

8.0 33.59 32.54 

10.0 39.64 45.21 

15.0 32.12 18.18 

20.0 31.99 20.46 

25.0 47.67 30.87 

30.0 53.72 39.46 

40.0 59.77 40.88 
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Table 8: Effective charge (Qeff) of liposomes in the presence of varying concentrations of trivalent cations at 25 ˚C 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in Tables 6, 7 and 8, the effective charges of the DOPC liposomes show a general 

increase as the concentration of monovalent ions increases. The effective charge of the liposomes 

show the same general trend as the zeta potential of the liposomes and therefore, can be rationalised 

in the same way. It is clear when studying these tables that the cations have an increasing impact on 

the effective charge of the liposomes of the order: monovalent cations < divalent cations < trivalent 

cations. The trivalent cation, La3+, evidently causes liposomes to have the largest effective charges. 

Table 8 shows that in the presence of La3+, even at very low concentrations, all liposomes have 

effective charges of > 100. As with the zeta potential results, the divalent cations have the second 

strongest impact of the liposomes. Table 7 shows that the divalent cations cause the liposomes have 

positive effective charges at all concentrations studied, except at very low concentrations of 1 mM. 

The monovalent ions cause the most fluctuating trend in the effective charge of the liposomes.  

The surface charge densities (σ) of the liposomes in the presence of monovalent, divalent and trivalent 

cations are shown in Figure 39.  

Ion concentration 
(mM) 

(Qeff) of liposomes in 
LaCl3 [number of 

electronic charges] 

1.0 105.53 

1.5 117.69 

2.0 110.78 

2.5 119.07 

5.0 150.71 

8.0 141.97 

10.0 186.97 

15.0 124.20 

20.0 135.64 

25.0 156.60 

30.0 151.13 

40.0 150.85 
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Figure 39: The effect of inorganic cations on the effective surface charge densities of DOPC liposomes at 25˚C 

 

The surface charge densities of the liposomes increased on the addition of cations, as can be seen 

from Figure 39. The strength of the effect of the cations on the surface charge densities of the 

liposomes is of the order monovalent < divalent < trivalent. Additionally, and especially clear in the 

case of the divalent and trivalent cations, at higher ion concentrations, the surface charge density was 

less sensitive to cation concentration. The increasing surface charge densities support the notion that 

cations bind to the head groups of the lipids and, in the case of the higher valency ions, the plateau in 

the surface charge densities at high ion concentrations supports the size and zeta potential 

measurements, indicating saturation of the lipids with the cations.  
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4.2 Effect of inorganic cations on the size of DOPC 

liposomes  

Dynamic light scattering was used to characterize the size (diameter, d) of the DOPC liposomes in the 

presence of various inorganic cations. Figures 40 - 43 show the size of the liposomes as a function of 

LiCl, NaCl, KCl and CsCl concentration respectively. The average size of the DOPC liposomes in water 

was found to be 131.0 nm, as measured by DLS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is evident to see that the presence of cations causes notable changes in the size of the liposomes. 

Figure 40 shows the change in the size of the DOPC liposomes as a function of LiCl concentration. At 

1 mM and 1.5 mM there is a slight increase in the size of the liposomes to 137.5 nm and 141.3 nm 

respectively. Following this small increase, there is then a shrink in the size of the liposomes by 10 % 

to 126.9 nm at [LiCl] = 2 mM. Then, as the concentration of LiCl is then increased up to 15 mM, the 

liposomes increase in size up to 169.1 nm, which is 38.1 nm greater than the DOPC liposomes in the 

absence of ions. As the concentration is then increased up to 40 mM, the liposomes show a general 

decrease in size, aside from an unexpected result at [LiCl]= 30 mM where the liposomes are much 

larger than expected at 172.3 nm.  

Figure 40: The change in DOPC liposome size as a function of lithium cation concentration, at 25 ˚C, as measured by DLS. 
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The effect of NaCl on the size of the liposomes is significantly different from the effect of LiCl. Figure 

41 shows the change in the size of the liposomes at varying NaCl concentrations. At low NaCl 

concentrations, the liposomes increase in size, relative to water, and also tend to exhibit small 

fluctuations. At [NaCl] = 1 and 1.5 mM, the size of the liposomes increase to 148.9 nm and 145.2 nm 

respectively. As the concentration is increased further to 2 mM there is a  decrease in the size of the 

liposomes by 4 % to 139.4 nm and then the liposomes increase in size up to [NaCl]= 5 mM, where the 

liposomes are a maximum size of 149.9 nm. As the concentration is increased further the liposomes 

decrease in size and then remain approximately the same size (d ~ 138 nm), demonstrating a small 

decrease to 128.5 nm at high concentrations ([NaCl] = 40 mM). It is important to note the plateau in 

the size of the liposomes which occurs at moderate Na+ concentrations, as it appears to be a unique 

effect of sodium and not observed as profoundly in the cases of the other monovalent cations.   

 

 

 

 

 

 

Figure 41: The change in DOPC liposome size as a function of sodium cation concentration, at 25 ˚C, as measured by DLS. 
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The effect of KCl on the size of DOPC liposomes is slightly more straightforward to describe. As the 

concentration of KCl is increased up to 8 mM, the liposomes gradually increase in size until a maximum 

size of 152.5 nm is reached. Following this maximum, the liposomes then show a general decrease in 

size, with the decrease becoming less and less large as the concentration is increased. At [KCl] = 30 

mM, the liposomes increase in size from 138.1 nm at [KCl] =25 mM, to 148.3 nm. The liposomes then 

decrease in size at [KCl] = 40 mM by 13 % to 129.4 nm. The increase in the size of the liposomes at 

[KCl] =30 mM does not fit with the general decrease in size as the concentration is increased from 10 

mM to 40 mM. Therefore, it is important to consider the possibility that this measurement may be 

anomalous.  
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Figure 42: The change in DOPC liposome size as a function of potassium cation concentration, at 25 ˚C, as measured by DLS. 
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Finally, Figure 43 shows the change in the size of DOPC liposomes as a function of CsCl concentration. 

It is clear from Figure 43 that as the concentration of Cs+ increases up to 30 mM, the size of the 

liposomes gradually increases as well. The liposomes are at a maximum size of 152.1 nm at [CsCl] = 30 

mM. Interestingly, at [CsCl]= 40 mM the liposomes were found to be 127.1 nm, indicating a 16% 

decrease in size by increasing the Cs+ concentration from 30 mM to 40 mM. The size of the liposomes 

had also decreased by such an amount at [CsCl] = 40 mM, that they have shrunk to be slightly smaller 

than the liposomes formed in water. There also appears to be a point on Figure 43 that does not fit 

the general trend observed in the graph. At [CsCl] = 10 mM, the average liposome size is much larger 

than expected (159.8 nm). Additionally, as will be discussed later in the following section, the 

polydispersity index is higher than expected, indicating that this system may have been contaminated 

and this measurement could be an anomaly.  

As described above, at low concentrations of all monovalent cations studied in this project, the DOPC 

liposomes show a general increase in their size. As discussed in the previous section of this chapter 

and confirmed by the zeta potential measurements obtained, the cations adsorb to the head group 

regions of the phospholipid molecules in the liposomes. This is an important point to consider when 

rationalising the change in the size of the liposomes in the presence of the cations. The observed 

increase in the size of the liposomes could be attributed to two factors. The first factor is that as the 

cations bind to the phospholipids there is decreased electrostatic repulsion between the neighbouring 

lipid molecules in the liposome. As a consequence, the lipid molecules can pack more closely and the 

Figure 43: The change in DOPC liposome size as a function of cesium cation concentration, at 25 ˚C, as measured by DLS. 
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bilayer of the liposome is more rigid. The increased rigidity of the bilayer causes an increase in the 

energetic cost of bending the membrane into the spherical liposome, which causes an increased 

tendency for lower curvature in the liposome bilayer and hence, a larger liposome size. The second 

factor which could cause an increase in the size of the liposomes is cross-linking of the phospholipid 

molecules. The cations can associate with the head groups of more than one phospholipid molecule 

in the liposome, and this can also lead to rigidification of the bilayer and hence for the same reasons 

as outlined above, larger liposomes. This effect will become more pronounced as the cation 

concentration increases. For these reasons, the increasing size of the liposomes in the presence and 

increasing concentration of monovalent cations can be understood. At very low cation concentrations 

(up to 2.5 mM), the size of the liposomes tends to fluctuate, and this is especially clear in the case of 

the Li+ and Na+ cations (Figures 40 and 41). These fluctuations in liposome size could be attributed to 

the reorientation of the head groups of the phospholipids. As discussed in the previous section, cation 

adsorption to phospholipids causes change in the conformation and direction of the head groups of 

the lipids. As the phospholipid heads change direction on adsorption of cations, their ability to pack 

together is altered and therefore the rigidity and curvature of the bilayer is also affected, hence the 

size of the liposomes change.  

At low concentrations of 2 and 2.5 mM NaCl, LiCl or KCl and 5 mM CsCl, the size of the liposomes 

decreases. This decrease in the liposome size could also be attributed to the change in orientation of 

the lipid head groups. As the cation concentration increases, the lipid head group conformations are 

altered. The head groups of the phospholipid in the liposome become parallel to the liposome surface 

(depicted diagrammatically in Figure 31) which means they cannot pack as closely together and the 

bilayer becomes more fluid, causing the energetic cost of bending the bilayer to decrease and hence 

allowing the liposomes to constrict in size. As the cation concentration is increased higher than the 

aforementioned concentrations, and more cations associate with the head group of the phospholipid, 

the lipid head group conformations are altered further, resulting in the choline group pointing out and 

the phosphate group pointing towards the inside of the liposome (Figure 31). With the head groups 

in this conformation, the strong electrostatic attraction between the head groups will then cause the 

lipids to pack more closely and will therefore rigidify the bilayer, causing the liposomes to swell and 

increase their size. The extent to which the monovalent cations studied in this project affect the size 

of the liposomes at low ion concentrations seems to differ for each cation, therefore the changes in 

size are said to be a cause of ion-specific effects.   

For liposomes in the presence of all the cations studied, the increase in the size of liposomes is 

followed by a decrease, in line with the expectation that at high ionic strength the liposomes would 

shrink in size. At high ionic strength the concentration of ions in the aqueous environment is higher, 
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therefore the ions are able to ‘shield’ the charged surface of the liposome more effectively and as a 

consequence there will be a decrease in Debye length and a contraction of the double layer thickness. 

As a result, this would increase the diffusion coefficient of the liposomes resulting in a smaller 

apparent diameter of the liposomes (see Stokes Einstein equation, Equation 16). The decrease in the 

size of the liposomes at high ionic strength of monovalent cations is therefore consistent with a non-

specific bulk effect138. In addition to this effect, osmotic effects are also hypothesised to play a role in 

the decrease of liposomes at higher ionic concentrations. Sabin et al.112 hypothesised that as the 

concentration of the salt is increased, the concentration gradient at both sides of the membrane 

generates an osmotic force. At high salt concentrations, when the gradient of concentration of the 

cations through the bilayer is too large, an osmotic force is generated and as a consequence, the 

liposomes eject water from their centre to compensate for the excess cations outside the liposome. 

This ejection of water causes a decrease in the diameter and the size of the liposome until the 

maximum compaction of the bilayer is obtained. It is important to note, however, that osmotic factors 

are likely to have a relatively small effect, as these factors dominate after the liposomes have been 

formed. Factors which influence the formation of the liposomes themselves are likely to be more 

profound in governing the size of the vesicles. The results obtained in this work coincide well with the 

literature as other authors have also observed a decrease in the size of the liposomes at high ion 

concentrations121, 122.  

 

 

 

Figure 44: Schematic illustration of the osmotic effect induced by cations on DOPC liposomes. 
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The decrease in the size of the liposomes occurs at [LiCl] = 20 mM, [NaCl] = 8 mM, [KCl] = 10 mM and 

[CsCl] = 30 mM, in line with charge density, therefore the ions can be ordered Na+ > K+ > Cs+ with the 

Li+ ion appearing to behave anomalously. From Figure 40, which shows the change in the size of the 

liposomes as a function of Li+ concentration there is a very large increase in the liposome size as the 

concentration is increased up to [LiCl]= 15 mM. As previously mentioned, it appears that the Li+ cation 

has a slightly greater effect on the DOPC liposomes than the other monovalent cations. This idea is 

illustrated by the marginally higher value of the maximum zeta potential of the liposomes in the 

presence of the Li+ ion as well as the large increase in the size of the liposomes. One explanation of 

this result could be that the lithium ion has a higher affinity for the DOPC head group than the other 

monovalent ions. This hypothesis has also been supported in the literature where similar results have 

been observed. Very recently in 2016, Kotyńska et al.170 studied the association of alkali metal cations 

with the PC liposomal membrane surface. Li+ was found to have the highest affinity to the PC head 

group and it was attributed to the fact the cation is the most charge dense out of the alkali metal ions 

and therefore forms the strongest electrostatic interactions with the membrane and ion pairs with 

the lipid head groups. Kruczek et al.126 used molecular dynamics simulations to show that Li+ is found 

to associate overwhelmingly with the highly electronegative oxygen atoms in the PO4 group of the 

lipid head, and is able to penetrate deeper than the other monovalent ions owing to its much smaller 

size. In similar work, Klasczyk et al.118 studied the interactions of alkali metal chlorides with 

palmitoyloleoylphosphatidylcholine (POPC) vesicles. Electrophoretic mobility and zeta potential 

measurements, also carried out by DLS, supported the notion that Li+ had the greatest affinity for lipid 

head groups, showing the largest increase in the zeta potential of the liposomes, a result which closely 

agrees with that observed in this work. Isothermal titration calorimetry (ITC) measurements also 

showed that Li+ was the only ion to bind exothermically to the POPC vesicle, causing the largest 

decrease in area per lipid of all the cations studied. These results strongly support the results obtained 

in this work, as the largest decrease in the area per lipid would cause the closest packing of lipid 

molecules, and hence, the largest increase in the size of the liposomes, which is what is observed here.  
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The effect of divalent cations on the size of DOPC liposomes was also examined in this work. The 

impact of CaCl2 and MgCl2, at varying concentrations up to 40 mM, on the size of the DOPC liposomes 

at 25 ˚C was studied. Figure 45 and 46 show the change in the size of the liposomes in the presence 

of CaCl2 and MgCl2 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45 shows the change in DOPC liposome size as a function on CaCl2 concentration. At [CaCl2] = 1 

mM there is an 8.4 nm, 6.4%, increase in the size of the liposomes. As the CaCl2 concentration is then 

increased further, the liposomes show a gradual decrease in size down to 128.0 nm at [CaCl2] = 5 mM 

and 128.5 nm [CaCl2] = 8 mM. At 10 mM, the liposomes show a small increase up to 132.6 nm. Then, 

at CaCl2 concentrations up to 25 mM, the liposomes show a plateau in their size, remaining fairly 

constant at d ≈128 nm. At higher CaCl2 concentrations, ([CaCl2] ≥ 30 mM), the liposomes increase in 

size by a small amount up to 133.8 nm and then decrease slightly to 132.9 nm at the highest 

concentration of [CaCl2] = 40 mM. 

 

 

   

 

Figure 45: The change in DOPC liposome size as a function of calcium cation concentration, at 25 ˚C, as measured by DLS. 
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The change in the size of the liposomes as a function of MgCl2 concentration is shown in Figure 46. As 

can be seen on comparison of Figure 45 and 46, there are vast differences in the effect of the two 

divalent cations on the size of the liposomes. Figure 46 shows that on initial addition of 1 mM MgCl2 

there is a 28.3 nm increase in the size of the liposomes compared with the liposomes in salt free 

systems. This 21.6% increase in the size of the liposomes is then followed by a gradual decrease in size 

as the concentration is increased up to [MgCl2] = 8 mM. In the same way as observed with the Ca2+ 

ions, the size of the liposomes at [MgCl2] = 5 mM and [MgCl2] = 8 mM shrink to d ≈ 127 nm, which is 

smaller than the liposomes in pure water. At [MgCl2] = 10 mM, the liposomes increase in size up to 

144.5 nm, which is a 13.5% increase compared with the size of the liposomes at [MgCl2] = 8 mM. As 

the concentration is then increased further up to higher ionic concentrations ([MgCl2] = 20 mM), the 

liposomes show a gentle decrease in size, followed by a very small increase in-between [MgCl2] = 20 

mM and [MgCl2] = 30 mM and then a small decrease of 5.6 nm at the highest MgCl2 concentration of 

40 mM. It is clear to see from Figure 46 that MgCl2 has a far more profound effect on the size of the 

liposomes at low concentrations (≤ 10 mM) than CaCl2. There are very large changes in the liposome 

sizes at low concentrations. However, at moderate to high concentrations, there are far fewer drastic 

changes. This is illustrated by the fact that from [MgCl2]= 10 mM to [MgCl2]= 40 mM there is an overall 

decrease in the size of the liposomes, but through this concentration range there is only a 7.4% 

decrease which is small compared to the changes which occur at lower salt concentrations.  

Figure 46: The change in DOPC liposome size as a function of magnesium cation concentration, at 25 ˚C, as measured by 
DLS. 
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It is very interesting to compare the effect of Ca2+ and Mg2+ on the size of the liposomes, as although 

these ions have the same valency and show very similar trends for the zeta potential, their effect on 

the size of the liposomes shows profound differences. The general trend for the changes in the size of 

the liposomes under the influence of the two ions is similar, however in the case of the Mg2+ ion, the 

general trend seems to be much more exaggerated.  

For both cations, in the presence of 1 mM salt, the liposomes show an increase in size. As discussed 

previously, the cations associate with the head group of the phospholipid and therefore reduce 

repulsion between neighbouring lipids, allowing closer packing of the lipids and therefore increase the 

bending energy of the lipid bilayer, resulting in larger liposomes. At 1 mM, the Mg2+ ions cause a much 

larger increase in the size of the liposomes, and this is in line with the slightly more positive value of 

the zeta potential observed for Mg2+ than Ca2+, which was measured as -0.32 mV and -1.92 mV 

respectively. At this concentration therefore, it can be concluded that the Mg2+ ion has a very slightly 

higher affinity for the DOPC head group than the Ca2+ ion, and therefore it is able to compensate for 

the slightly negative zeta potential of liposomes in water more effectively, and therefore increase the 

size of the liposomes by a greater amount. This slightly higher affinity could be attributed to the slightly 

smaller bare ion radius of Mg2+ than Ca2+. Mg2+ has an ion radius of 0.065 nm153, whilst Ca2+ has an ion 

radius of 0.099 nm153. The smaller bare radius of Mg2+ means that once the cation has shed its 

hydration sheath and associated with the lipid head group, other cations can more easily access the 

head group and associate with the lipid. The liposomes in the presence of 1 mM divalent salt also 

cause larger increases in the size of the liposomes than in 1 mM monovalent salts. This is as expected, 

because the higher valency of the divalent salts would be more strongly attracted to the head group 

of the lipid and reduce the repulsion between lipid molecules more effectively resulting in liposomes 

with larger diameters.  

Following the initial increase in the size of the liposomes, the liposomes then show a gradual decrease 

as the concentration of CaCl2 and MgCl2 is increased. In the same way as with the monovalent cations, 

this decrease can potentially be attributed to a combination of changes in direction of the lipid head 

group and also potential osmotic effects. As can be seen from Figure 46, the decrease in the size of 

the liposomes in increasing concentrations of MgCl2 is rather large (From [MgCl2] = 2.5 mM to [MgCl2] 

= 5 mM the size of the liposomes decrease by 30.2 nm) and therefore it is very unlikely this is due to 

the changes in lipid head group direction. More likely, is that the decrease is due to osmotic effects. 

The divalent cations will cause a concentration gradient at a lower salt concentration than the 

monovalent ions and therefore, it is likely that the osmotic effects would occur at lower 

concentrations of CaCl2 and MgCl2 than LiCl, NaCl, KCl and CsCl.  
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At moderate to high concentrations of both divalent ions, the size of the liposomes do not alter by 

large amounts, as can be seen in Figures 45 and 46. The ‘plateau’ in the size of the liposomes is most 

likely a result of the saturation of the head group of the phospholipids with cations. If the head group 

of the lipid if saturated with cations, then additional cations in the system will not have access to the 

head groups and therefore not have a profound effect on the size of the liposomes. This hypothesis 

agrees strongly with the zeta potential results obtained, which clearly demonstrate that in the case of 

both Ca2+ and Mg2+, saturation of the head group occurs within this concentration range. An interesting 

point to note here is the similarity in the trend observed for the size of the liposomes in increasing 

concentrations of Na+, Ca2+ and Mg2+. As can be seen from Figures 41, 45 and 46, the shape of the size 

graph for Na+ resembles the shape of the size graphs for Ca2+ and Mg2+ much more closely that the 

graphs of the other monovalent ions. Additionally, from Figures 27, 32 and 33, it is clear to see that 

the shape of the graph of the change in the zeta potential of the liposomes in the presence of NaCl 

resembles the graphs showing the change in the zeta potential of the liposomes in the presence of 

divalent cations more closely. It appears from the zeta potential graph (Figure 27) that there is a 

plateau in the data, suggesting that the Na+ ion may cause saturation of the DOPC head group of the 

lipid, much like Ca2+ and Mg2+. In a similar thread, there also appears to be a plateau in the graph 

showing the change in the size of liposomes as a function of NaCl concentration, supporting the idea 

that saturation has occurred. Sabin et al.112 studied the effect of Na+ on the diameter of EYPC 

liposomes and found very similar results to those obtained in this work. The results showed a plateau 

at moderate concentrations and then a slight decrease in the size of liposomes as the concentration 

was increased further. It could be hypothesised therefore, that the Na+ ion tends to behave more like 

a divalent cation than a monovalent cation. 

In previous work on divalent cations and their interactions with PC liposomes, there is much more 

focus on the Ca2+ ion due to its biological relevance. Melcrova et al.163 studied exclusively calcium 

interactions with phospholipid bilayers. Using a near identical experimental method to that used in 

this work, 100 nm, unilamellar DOPC liposomes were prepared and the effect of CaCl2 on their size 

distribution was examined. The results obtained by Malcrova et al. agree closely with ours, 

demonstrating that at concentrations even up to 200 mM, CaCl2 does not induce very large changes 

in the size of the liposomes.  

Martín-Molina et al.171 helped to shed light on the differences between the interactions of Ca2+ and 

Mg2+ by carrying out work on the effects of these ions on phosphatidylserine membranes. 

Electrokinetic measurements confirmed that the two ions had similar affinity for the PS- liposomes. 

This strongly supports the results obtained in this work, as the similar zeta potential curves 

demonstrate that the ions have very similar affinities to the DOPC liposomes. Martín-Molina et al. 
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found additionally that, interestingly, Ca2+ and Mg2+ induce very different aggregation behaviour for 

PS- liposomes despite the fact they have very similar affinity for the lipids. From these results it was 

suggested that the two cations induce substantial structural differences in the lipid bilayers and 

therefore the cations have strong ion-specific effects on the structure of the PS- membrane. It was also 

found in that work that the two cations have different binding sites and configurations in the 

membrane, as well as causing varying membrane hydration. Simulations carried out showed that the 

hydration of the lipids in the PS membrane was 7.5 and 9 water molecules per lipid171, for Ca2+ and 

Mg2+ respectively. These conclusions can help to understand the differences in the effects of Ca2+ and 

Mg2+ on the size of the DOPC liposomes, and it can be concluded with confidence that the divalent 

cations demonstrate ion-specific effects. Although the reasons behind the differences in divalent 

cation interactions with DOPC liposomes are still not entirely clear, it is likely that the subtle 

differences in the way Ca2+ and Mg2+ ions interact with the bilayer at the molecular level play an 

important role. 
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Finally, the effect of LaCl3 on the size of DOPC liposomes was examined. DLS was used to measure the 

size of the liposomes at concentrations of LaCl3 up to 40 mM. Figure 47 shows the change in the size 

of the liposomes in the presence of LaCl3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 47: The change in DOPC liposome size as a function of lanthanum cation concentration, at 25 ˚C, as measured by 
DLS. 

 

At low concentrations of LaCl3 (1-5 mM) the size of the DOPC liposomes is not greatly altered by the 

presence of the La3+.  From [LaCl3] = 5mM to [LaCl3] =15 mM there is an overall decrease in the size of 

the liposomes of 5.45 nm. However, the size of the liposomes at [LaCl3] =10 mM is larger than 

expected, with an average of 136.7 nm. As the concentration of LaCl3 is increased from 15 mM to 30 

mM, there is a very gradual increase in the size of the liposomes and then at [LaCl3] = 40 mM, the size 

of the liposomes show a slight shrink.  

Overall, from the data shown in Figure 47, it is clear that the La3+ ions have a relatively small effect on 

the size of the DOPC liposomes, compared with the effects of the monovalent cations. The effect of 

La3+ ion on the size of the liposomes is most comparable to the effects shown in Figure 45, of the Ca2+ 

ions. For completeness, Appendix G shows the shows the liposome size as a function of ionic strength 

for all the ions studied in this work. 

It is likely that the small fluctuations in liposome size at low concentrations, is a result of a change in 

the lipid head group direction. As demonstrated by the zeta potential data, the La3+ ions have an 

exceptionally high affinity for the DOPC lipid head group and therefore it is probable that at low cation 
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concentrations they have a large effect on the head group position. As the concentration is increased 

from [LaCl3] = 2.5 mM to [LaCl3] = 15 mM, the overall decrease in liposome size can be attributed to 

osmotic effects. At concentrations higher than 15 mM, there are only very subtle changes in the size 

of the liposomes and this is likely to be due to lipid head group saturation with the cations. The zeta 

potential measurements discussed in Section 4.1 confirm that at concentrations <15 mM, the lipid 

head group is saturated with cations and therefore the size of the liposomes observed at these 

concentrations is fairly constant.  

Interestingly, La3+ has been widely observed in the literature to induce the fusion or aggregation of 

liposomes113. From the results shown in Figure 47, it is clear that at the concentrations studied in this 

work, La3+ does not induce aggregation of vesicles, as there are no drastic changes observed in the Z-

average size of the liposomes. 
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4.3 Effect of inorganic cations on the polydispersity 

index of the liposome systems  

The polydispersity index of the liposome suspensions in the presence of the inorganic cations was 

measured using DLS. The polydispersity index is a very useful number, providing information about 

the uniformity of the size of the liposomes in a given suspension. The PdI of the liposomes in pure 

water was found to be 0.098.  

 

 

 

 

 

 

 

 

 

 

 

 

As previously mentioned, a PdI value of < 0.2 is indicative of a uniform, monodisperse system. Figure 

48 shows the PdI values for the inorganic monovalent cations at varying concentrations. As can be 

seen from Figure 48, all of the liposomes have a PdI of ≤ ≈0.2. The average PdI values of the liposomes 

in the presence of LiCl, NaCl, KCl and CsCl are 0.0981, 0.0802, 0.0858 and 0.0724 respectively, 

indicating that the liposomes are monodisperse and uniform in size. It was also found that in general, 

the addition of the ions to the liposomes in pure water at most low to moderate concentrations (up 

to 20 mM) causes a decrease in the PdI, indicating that the ions cause a structure stabilising effect by 

reducing the repulsion between neighbouring lipids. At [LiCl] = 25 mM, there is a slight increase in the 

PdI of liposomes. At [LiCl]= 30 and 40 mM the PdI is the highest value observed for the liposomes in 

the presence of monovalent cations (0.21 for both concentrations), highlighting again, the somewhat 

anomalous behaviour of the Li+ cation. The Na+ cation, in particular, has exceptionally low values for 

Figure 48: The change in the PdI of DOPC liposome suspensions in the presence of monovalent cations at 
25˚C, as measured by DLS. 
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the PdI (nearly all < 0.1) at the concentrations observed. The K+ and Cs+ ions have more fluctuating PdI 

values, and as mentioned in the previous section, the PdI at [CsCl] = 10 mM is somewhat higher than 

expected. It is important to note here that the experimental procedure for the preparation of 

liposomes, although well defined, is not identical each time it is carried out. Slight variations in the 

sonication time, or the number of extrusions can have an effect on the PdI of the liposome systems 

and although every attempt was made to keep the preparation of each sample exactly the same, some 

variations could have occurred. It is for these reasons that slight fluctuations in the PdI are normal to 

observe in systems such as these.  

Comparable work carried out previously supports the results obtained in this project. Sabín et al.112 

showed that the PdI of egg yolk phosphatidylcholine (EYPC) liposomes in the presence of Na+ and K+ 

ions remains ≤ 0.2 even up to cation concentrations of 100 mM. From these results, it can therefore 

be concluded with confidence that there is no aggregation of the vesicles in the presence of 

monovalent cations at the concentrations studied in this project. 

 

 

 

 

 

 

 

 

 

 

 

Figure 49: The change in the PdI of DOPC liposome suspensions in the presence of divalent cations at 25˚C, as measured by 
DLS. 
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Figure 49 shows the change in the polydispersity index for the liposomes in the presence of divalent 

cations, Ca2+ and Mg2+. As with the monovalent cations, the PdI of the liposomes in all of the ion 

concentrations studied is < 0.2, showing that within this concentration range there is no aggregation 

of clustering of the vesicles. The PdI of the liposomes in the presence of Ca2+ ions is exceptionally low, 

with an average value of 0.094, indicating that the liposomes are of very uniform size. The PdI of the 

liposomes in the presence of Mg2+ ions is slightly higher at concentrations up to 5 mM, potentially 

owing to the very large liposomes formed at these low concentrations, and at higher concentrations, 

the PdI of the liposomes remains very low, indicating a uniform, monodisperse system. This result 

suggests that once saturation of the head group of the lipid has occurred, the liposomes remain the 

same size and have the same very narrow size distribution as the concentration of Ca2+/Mg2+ is 

increased up to 40 mM. Owing to this, we can conclude that following saturation of the lipid by the 

cations, the liposome systems are stable. The PdI in the presence of divalent cations is generally lower 

than the PdI of liposomes in water, in the absence of added electrolyte (0.115) and in the presence of 

monovalent cations. It can therefore be concluded that the divalent cations have a stronger structure 

stabilizing effect than the monovalent cations. 

Finally, Figure 50 shows the polydispersity index of the liposomes as a function of LaCl3 concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50: The change in the PdI of DOPC liposome suspensions in the presence of trivalent cations at 25˚C, as measured by 
DLS. 
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The PdI values of the liposomes in the presence of La3+ closely resemble the values obtained for the 

divalent cations. At low La3+ concentrations, the PdI is ≤ 0.15, demonstrating small fluctuations, then 

as the concentration is increased to > 5 mM, the PdI values are all exceptionally low (≈0.1). These 

results prove that the La3+ ions also have a strong structure stabilising effect. The stabilising effect can 

be ordered in terms of strongest to weakest: La3+ > Ca2+ > Mg2+ > Na+ > K+ ≈ Cs+ > Li+, or more generally 

trivalent cations > divalent cations > monovalent cations, in line with the Hofmeister series51, 138, 172. 

Interestingly, in previous literature, the Ca2+ and the La3+ ions have been widely found to induce the 

fusion or aggregation of vesicles. Sabín et al.113 used polydispersity measurements and transmission 

electron microscopy (TEM) to successfully prove that La3+ induces the aggregation of EYPC vesicles. 

They observed a sharp increase in the size and polydispersity of the vesicles at 0.3 M La3+ and the 

resulting aggregates were > 500 nm. Toimil et al.173 also calculated the critical aggregation 

concentration (c.a.c.) of DPPC liposomes in the presence of La3+ to be 0.12 M and at [La3+] > 0.12 M, 

the PdI of the system increased drastically to ≈ 0.8. Lastly, in the case of Ca2+, Melcrova et al.163 

observed DOPC liposome aggregation which was induced at [CaCl2] = 1 M. It can, therefore, be 

concluded with confidence that at the cation concentrations studied in this work, there is no 

aggregation of liposomes and all the systems are monodisperse, containing liposomes of uniform size.  
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Chapter 5: The effect of organic hydrophobic 

ions on the DOPC liposomes 

 

5.1 Effect of hydrophobic ions on the electrophoretic 

mobility and zeta potential of DOPC liposomes 

In this chapter, the effect of two organic hydrophobic ions on the size (d) and zeta potential ( of 

the DOPC liposomes was studied. The two ions chosen were tetraphenylphosphonium chloride 

(Figure 22) and sodium tetraphenylborate (Figure 23), reproduced below. Figure 51 shows the 

variation in the zeta potential of the DOPC liposomes as a function of tetraphenylphosphonium 

chloride (TPP+) concentration.  

 

 

 

 

 

 

 

 

 

 

 
Figure 51: The change in the zeta potential of DOPC liposomes as a function of TPP+ concentration at 25˚C, as measured by 

DLS. 
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Figure 23: The structure of sodium tetraphenylborate Figure 22: The structure of tetraphenylphosphonium chloride 
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It is clear from the results in Figure 51 that the TPP+ ions have a very large effect on the zeta potential 

of the DOPC liposomes. In the presence of only 1 mM TPP+, the zeta potential of the liposomes 

increases by 24.9 mV to 11.7 mV compared to the zeta potential of the liposomes in pure water (-13.2 

mV). Already at this very low TPP+ concentration, the sign of the zeta potential is reversed and the 

slight negative value of the zeta potential of the liposomes in water has already been more than 

compensated for.  As the concentration of TPP+ is increased to 2 mM, there is another large increase 

in the zeta potential of the liposomes of 13.2 mV, up to 24.9 mV, showing that the zeta potential has 

increased by 288% compared with the value obtained in water. As the TPP+ concentration is then 

increased further up to 10 mM, the zeta potential of the liposomes continues to increase but at a 

much slower rate, reaching a maximum of 30.9 mV. As the [TPP+] is increased up to 40 mM, the 

liposomes show a gradual decrease in the zeta potential, with the decrease becoming more gradual 

as the concentration is increased. The graph appears to plateau at TPP+ concentration of 20 mM to 40 

mM, with only maximum change in the zeta potential of 2.7 mV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: The change in the zeta potential of DOPC liposomes as a function of TPB- concentration at 25˚C, as measured by 
DLS. 
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Figure 52 shows the change in the zeta potential of the liposomes as a function of sodium 

tetraphenylborate (TPB-) concentration, as measured by DLS. 

As can be seen in Figure 52, TPB- ions also have a profound effect on the zeta potential of the DOPC 

liposomes. On initial addition of 1 mM of the TPB- anions the zeta potential of the DOPC liposomes 

becomes much more negative (-62.5 mV) and then as the concentration is increased up to 10 mM the 

zeta potential remains largely the same at ≈ -63 mV. The zeta potential of the liposomes then 

becomes more positive at [TPB-] = 15 mM, increasing up to -45 mV. As the TPP- concentration is 

then increased up to 40 mM, the zeta potential appears to plateau again at ≈ -46 mV. 

There is an increasing amount of interest and research into the effect of hydrophobic ions on lipid 

bilayers and liposomes as they have been found to be unique and effective probes of the electronic 

structure of biological membranes. Interestingly, antimicrobial properties of some quaternary 

phosphonium salts have also been reported174 and arylphosphonium salts are of particular interest as 

they have been found to preferentially accumulate in cancerous tumour cells and are therefore being 

studied as tumour imaging agents175. Hydrophobic ions are known to be poorly soluble in water, in 

the case of the ions studied in this project, this is due to the large surrounding phenyl rings. As a result 

of this poor hydration, the ions are easily expelled from water and ‘stick’ to hydrophobic surfaces. 

There is a gain in entropy when the hydrophobic ions associate with the membrane and this is part of 

the driving force that causes the ion-membrane interaction. The vast changes in the zeta potential 

values of the liposomes in the presence of hydrophobic ions can be attributed to the ion association 

with both the hydrophilic head group of the lipid, and the hydrophobic tail. The large decrease in the 

zeta potential of the liposomes in the presence of TPB- can be partially attributed to the association 

with the head group of the lipid. Leontidis et al.127 found that TPB- interacted via the electrostatic 

interaction with the ammonium groups in the head group of phospholipids. In this way, the negatively 

charged ions can compensate for the positive charge of the choline group and therefore cause the 

zeta potential to become more negative. 1H Nuclear Overhauser Effect Spectroscopy carried out by 

Ellena et al.176 confirmed the complexation of TPB- with the choline group of the lipid and also showed 

that TPP+ associates with the hydrophilic lipid head. TPP+ was found to be approximately 4 Å from the 

carbonyl group of the sn-1 (palmitoyl) chain as can be seen in Figure 53176. 
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Figure 53: Schematic to show the average placement of the hydrophobic ion TPP+ with respect to phospholipid, POPC in the 
bilayer. Reprinted with permission from reference 176. Copyright © 1987, American Chemical Society. 

 

It can be concluded, therefore, that TPP+ associates with the phosphate group in the head of the lipid 

and is able to compensate for the negatively charged group, causing the zeta potential of the 

liposomes to become more positive. Given the hydrophobic nature of the TPB- and TPP+ ions, it is 

widely acknowledged that these ions also associate strongly with the hydrophobic tails of the lipids as 

well as the heads176, 177 and the ions are largely found to be located at the aqueous membrane 

interfacial regions of lipid bilayers176-178. Leontidis et al.127 proposed that the hydrophobic ions would 

‘push’ the surface molecules in the bilayer aside as the organic ions compete for interfacial sites in the 

membrane. Hydrophobic ions are thought to adsorb at the surface of the lipid-water domains and at 

the same time, the ions force the lipids apart which can, at high concentrations, cause the bilayers to 

become charged127.  

As an increasing amount of work has been carried out on the interactions of hydrophobic ions with 

lipid membranes, the attention of researchers has been drawn to the TPP+ and TPB- ions, as, despite 

their structural similarities, they have been found to interact with lipid bilayers very differently176, 177. 

It has been consistently observed in the literature that hydrophobic anions bind more strongly to and 

move more quickly across bilayers than structurally similar cations176, 177, 179. As can be seen from 

Figures 22 and 23, the structures of TPP+ and TPB- ions are very similar. Both ions are singly charged 

and have an ionic radius of 0.42 Å40 as well as the same hydration enthalpies, as suggested by the well-

known TATB hypothesis180.  Given the extensive similarities as outlined, the differing behaviour of the 

ions was a puzzling concept.  

In 1969, Liberman et al.181 observed a higher permeability of the membrane for TPB- compared with 

TPP+ and hypothesised that the interior of the membrane must possess a slight positive charge. 

Haydon and coworkers182 later recognised that the positive charge within the membrane was most 
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likely to arise from orientated molecular dipoles in the membrane surface and subsequently devised 

the term ‘di-pole potential’, presumably responsible for the observed difference between the cation 

and anion interactions.  

In more recent work carried out by Schamberger and coworkers183 however, it was suggested that in 

fact the TPB- anion was more strongly hydrated that the TPP+ cation analogue. Theoretical calculations 

carried out in that work showed that this was due to the charge distribution in the ions. It was found 

that, for TPP+, the charge is more positively localised on the central P atom, whereas in the case of 

TPB- the negative charge is delocalized over the carbon atoms of the phenyl rings. Therefore, the 

charge of TPP+ would be more sterically hindered by the surrounding phenyl rings and as a 

consequence the interaction with the surrounding solvent molecules would be much weaker. The 

delocalized charge of TPB- onto the phenyl rings would allow closer contact between the surrounding 

water molecules and the charge, as well as polarization of the surrounding solvent molecules and 

therefore the anion would be more strongly hydrated. This could be used to rationalise the stronger 

binding of TPB- to the membrane, as if these hydrophobic ions are more strongly hydrated, then there 

is a larger entropic gain when the water molecules in the ion hydration sheath are released back into 

the bulk on binding. 

Flewelling et al.177 found that the differences between anion and cation binding could be attributed 

to their enthalpies. The enthalpy for TPP+ binding is endothermic (repulsive), i.e. ΔH =+3.5 kcal/mol 

whilst the enthalpy for TPB- binding is ΔH= -1.8 kcal/mol, which is exothermic (attractive)177. This 

observation established a fundamental difference between the anion and cation electrostatic 

interactions with membranes, most likely with the membrane dipole potential or with the lipid head 

groups. It is possible that the stronger anionic associations to the membrane are due to a combination 

of these factors. 

Despite this previous work, there is a lack of research on the effect of these organic hydrophobic ions 

on DOPC liposomes. The effect of these ions of the zeta potential of liposomes has been reported, 

however, until now, the effect on the size and PdI of the liposomes has not been described. The 

novelty of the work presented in this chapter lies in the range of effects studied and the use of DOPC 

liposomes which possess higher membrane fluidity compared with those comprised of DPPC and 

DMPC. 

In the present work, in the case of the TPP+ cation, the change in the zeta potential of the liposomes 

at low concentrations is more gradual than that for TPB-, evident from Figures 51 and 52. From these 

results, it can be inferred that at low concentrations the TPB- ions show stronger interactions with the 

DOPC liposomes than the TPP+ ions, in line with the literature discussed previously. For both 
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hydrophobic ions studied, there appears to be a plateau in the zeta potential of the liposomes at ~20 

mM. As was discussed in the case of the inorganic cations, this is likely to be the consequence of 

saturation of the liposomes with ions. It is interesting to note that the saturation of liposomes in the 

presence of hydrophobic monovalent ions occurs at much lower concentrations than the inorganic 

monovalent cations and this is probably due to sterics, as the organic ions are much larger and bulkier 

and therefore will occupy a much larger proportion of the membrane on binding than the inorganic 

ions.  

The results of the effect of hydrophobic ions on the zeta potential of DOPC liposomes correlate closely 

with results obtained in previous literature. Smejitek and co-workers184 studied the electrophoretic 

mobility of DPPC vesicles in the presence of tetraphenylborate at 25 ˚C. The electrophoretic mobility 

was converted to the zeta potential using the Helmholtz equation. At low concentrations, Smejitek et 

al. found very similar values for the zeta potential of the liposomes as those observed in this project. 

The zeta potential of the liposomes decreased to ≈60 mV184 and then showed a small plateau, which 

is the same trend as observed with the DOPC liposomes. 

The vast changes in the zeta potential of the DOPC liposomes in the presence of these hydrophobic, 

organic ions shows that the ions have a large impact on the liposomes, penetrating into the bilayer 

and interacting with both the heads and tails of the phospholipid molecules. The tetraphenylborate 

anions show a slightly higher affinity for the PC bilayer than the tetraphenylphosphonium cations, and 

this is supported by previous findings in the literature and can be largely attributed to charge 

distribution and electrostatic interactions with the dipole potential.  
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5.2 Effect of hydrophobic ions on the size and 

polydispersity index potential of DOPC liposomes 

 
The effect of tetraphenylphosphonium chloride (TPP+) and sodium tetraphenylborate (TPB-) on the 

size and PdI of DOPC liposomes was studied. Figures 54 and 55 shows the changes in the size and PdI 

of liposomes as a function of TPP+ concentration respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen from Figure 54, on the initial addition of TPP+ cations, there is a small shrink in the size 

of the liposomes. As the concentration of TPP+ is increased up to 15 mM, there is an overall decrease 

in the size of the liposomes, and at [TPP+] = 15 mM the liposomes show a minimum size of d = 107.1 

nm, which is 23.9 nm decrease compared to the liposomes in the absence of salt. Following this 

minima, the liposomes begin to increase in size gradually as the TPP+ concentration is increased to 30 

mM. At [TPP+] = 30 mM, the liposomes are d = 137.7 nm and at [TPP+] = 40 mM, the liposomes shrink 

slightly by 12.3 nm to d = 125.4nm.  

 

 

Figure 54: The change in the size of DOPC liposomes in the presence of hydrophobic ions, TPP+ at 25˚C, as measured by DLS. 
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Figure 55 shows the PdI of the liposomes in the presence of TPP+ at varying concentrations. The PdI of 

the liposome systems remains between ~0.1 and ~0.15 in the presence of all concentrations of TPP+ 

except at [TPP+]= 15 mM, where the PdI is slightly higher at 0.19. Despite the fluctuations, the PdI does 

not exceed 0.2 for any of the TPP+ concentrations used in this work therefore, as was the case for a 

number of the inorganic ions, it can be concluded that the liposomes are a fairly uniform in size and 

exist in a largely monodisperse systems.  

 

 

 

 

 

 

 

 

 

 
Figures 56 and 57 show the size and the PdI of DOPC liposomes as a function of TPB- concentration 

respectively.  Interestingly, the size and PdI results obtained differ substantially compared with those 

obtained for the TPP+ cations. 

 

 

 

 

 

 

 

 

 

 Figure 56: The change in the size of DOPC liposomes in the presence of hydrophobic ions, TPB- at 25˚C, as measured by 
DLS. 

Figure 55: The PdI of DOPC liposome suspensions in the presence of hydrophobic ions, TPP+ at 25˚C, as measured by DLS 
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At low anion concentrations (1-2 mM) there is not a substantial change in the size of the DOPC 

liposomes, at [TPB-]= 1 mM, d = 134.8 nm and at [TPB-]= 2 mM, d = 132.9 nm. As the concentration is 

increased to 5 mM, the liposomes shrink in size to d= 123.9 nm and then remain at d ~ 128 nm at [TPB-

] = 10 and 15 mM. As the TPB- concentration is then increased up to 40 mM, there is a gradual increase 

in the size of the liposomes up to d = 161.0 nm. Interestingly, the change in the PdI as a function of 

TPB- concentration shows a very similar trend. Up to [TPB-] = 15 mM, the PdI of the DOPC liposome 

systems remains fairly constant at ~ 0.1 with only small fluctuations being observed. However, as the 

concentration is increased further from 20 mM to 40 mM, there is a sharp increase in the values of 

the PdI. At [TPB-] = 20 mM, the PdI shows a sharp increase to 0.25 and at [TPB-] = 40 mM the PdI has 

increased even further up to 0.32. There does not appear to be a plateau in the size or the PdI of 

liposomes in the presence of TPB- and additionally, the size and PdI trends differ considerably from 

those observed with the TPP+ cations highlighting the differences, already outlined from the zeta 

potential data, in the interactions between the two organic ions with the liposomes.   

In the case of tetraphenylphosphonium ion, at concentrations up to 15 mM, there is a decrease in the 

size of the liposomes. This decrease in size can be explained by the association of the TPP+ cation with 

the DOPC lipids. As already discussed above, as the ions adsorb to the surface of the lipid-water 

domains, they push apart the lipids and interact with both the tails and the heads of the phospholipids. 

As the concentration increases up to 15 mM the bilayers become more charged, as supported by the 

zeta potential data, and the apparent area per lipid increases127. As the area per lipids increases, the 

bilayers of the liposomes become less rigid and more flexible. The bending energy decreases and 

Figure 57: The PdI of DOPC liposome suspensions in the presence of hydrophobic ions, TPB- at 25˚C, as measured by DLS 
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therefore the liposomes shrink in size. As the concentration of TPP+ is increased further (>15mM), the 

size of the liposomes gradually increases (Figure 54) and the zeta potential also decreases (Figure 51). 

These two effects could be attributed to the adsorption of some of the chloride counter ions to the 

head groups of the phospholipids. The smaller, more charge dense Cl- ions (0.181 nm153) have an 

electrostatic attraction to the choline groups of the lipid, and owing to their small radii, they can more 

easily access the head groups of the lipids than the bulky organic ions. The chloride ions would reduce 

repulsion between the neighbouring lipids by screening the charges and therefore allowing the lipids 

to pack together more closely, resulting in the liposomes increasing in size. Additionally, and as was 

the case with the inorganic ions studied, the orientation of the head groups of the lipids may also 

contribute to the changes in liposome size.  

As already outlined, the effect of the TPB- anions on the size of the DOPC liposomes shows fairly 

different results compared with the TPP+ cations. At low concentrations, however, a similar trend is 

observed. The slight decrease in the size of the liposomes at low TPB- concentrations can be attributed 

to the increase in the area per lipid on the adsorption of the anions to the lipids. As explained above, 

this increase in area would result in a lower bending energy and also a decrease in the size of the 

liposomes. At high enough ion concentrations, the bilayers become highly charged and as the area per 

lipid continues to increase, the packing parameter decreases, resulting in the lamellae transforming 

into other structures, such as micelles127 (spherical or cylindrical). These vast changes in the 

phospholipid structure could be responsible for the increase in the PdI at moderate and high TPB- 

concentrations. Additionally, TPB- has also been observed to induce fusion in small sonicated egg 

phosphatidylcholine vesicles176 and in aqueous solutions TPB- has been found to form a precipitate 

with the choline176. In our case, it is very likely that the TPB- induces the fusion of DOPC liposomes as 

both the size and the PdI of the liposomes increase at ~ 15 mM, as shown in Figures 56 and 57. In 

order to investigate the potential fusion of the liposomes further, the intensity (percent) vs. size (d) 

graphs obtained by DLS were examined (Appendix I). The Figures show that in the presence of 1-10 

mM TPB-, there is only one peak with 100% intensity at ~ 140 nm confirming that the system is 

monodisperse. At [TPB-] = 20 mM, there is a small peak with intensity of 1.2% at d ~ 5000 nm, and at 

[TPB-] = 30 mM, the small peak is still present and larger than at the lower 20 mM. As the concentration 

of TPB- is increased to 40 mM, the peak becomes even more pronounced, and is shown as 6.1% 

intensity at d ~ 4688 nm. This evidence strongly suggests that there are larger fused liposomes forming 

as the TPB- concentration is increased higher than 15 mM and the aggregates are likely to be d ~ 5 μm. 

The combination of the change of lipid structure and the fusion of vesicles is likely to be responsible 

for the vast increase in size and polydispersities of the liposomes at high TPB- concentrations. 
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The differences between the effects of the TPP+ and TPB- ions on liposomes are clearly highlighted 

from the results obtained in this work. Previous work carried out on these ions strongly supports the 

results observed here and confirms that the effects of large, organic, hydrophobic ions on soft matter 

structures are a hugely interesting and growing area of research in colloid science.  

 

 

  

 

 

 

Figure 58: Schematic 1 shows the effect of TPP
+
 on DOPC liposomes; 1a) initial addition of TPP

+
, 1b) association of the TPP

+
 

cations and 1c) association of the Cl
-
 ions. Schematic 2 shows the effect of TPB

-
 ions on DOPC liposomes; 2a) initial addition of 

TPB
-
, 2b) association of TPB

-
 ions, 2c) increase in area per lipid at high TPB

-
 concentrations and 2d) fusion of DOPC liposomes 

and the other lipid structures formed. 
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Chapter 6: The effect of temperature and 

trivalent cations on DOPC and DPPC liposomes 

 

6.1. Effect of temperature on the size of DOPC and 

DPPC liposomes  

Temperature is one of the most important physical parameters in chemistry and it measures the 

average rate of random motions of atoms and molecules. The higher the temperature, the faster the 

motion185. As well as being a critical factor in all biological processes, temperature is also known to 

affect the ordering of ions in the Hofmeister series186 as well as the structure of water187 and the 

hydration of ions188, 189. As a consequence, understanding the effect of temperature on specific ion 

effects is vitally important when studying the Hofmeister series. Thus, the effect of temperature on 

DOPC and DPPC liposomes was studied. The liposomes were prepared in a selection of pure water, 

mono-, di- and trivalent salt solutions and two different lipids were chosen in order to take into 

account the effect of the transition temperature of the lipids on the size of the liposomes. As can be 

seen from Table 4, the transition temperature of DOPC and DPPC are -17 ˚C and 41 ˚C respectively. 

The temperature range was chosen to be 25 ˚C to 60 ˚C to allow the effect of temperature to be 

examined far above the transition temperature, in the case of DOPC, and also through the transition 

temperature, in the case of the DPPC liposomes. In order to draw comparisons between the mono-, 

di-, and trivalent cations, liposomes were prepared in NaCl, CaCl2 or LaCl3 aqueous solutions of equal 

ionic strength (I = 5 mM). At this point, it is important to acknowledge that DOPC produces more stable 

liposome suspensions than DPPC at the temperatures studied in this work, as a result of its far lower 

transition temperature.  

The results obtained from DLS for the effect of temperature on the size of DOPC liposomes showed 

that as the temperature was increased from 25 ˚C to 40 ˚C there was no effect on the size of the 

liposomes in any of the aqueous solutions studied (Appendix J). These results are expected as the 

transition temperature of the lipid has been widely acknowledged in the literature to be responsible 

for the changes in lipid structures which occur at varying temperatures150, 190 and therefore by 

examining the impact of temperature on liposomes far above the transition temperature, one would 

not expect vast changes in the sizes of the liposomes.  
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In order to study the effect of heating below and above the DPPC transition temperature, DPPC 

liposomes were heated from 25 ̊ C to 60 ̊ C, at 2.5 ̊ C intervals. Figure 59 shows the change in the DPPC 

liposome size as a function of temperature in water, as measured by DLS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59: The effect of temperature on the size of DPPC liposomes in water as measured by DLS. The temperature range 
used was 25˚C to 60˚C. 

 

As can be seen in Figure 59, at 25 ˚C the DPPC liposomes in pure water are 109.6 nm. On increasing 

the temperature, there is a steady decrease in the size of the liposomes and the smallest size is d = 

94.8 nm at 42.5 ˚C. The decrease in the size of the liposomes is most profound up to 35 ˚C and from 

35 ˚C to 47.5 ˚C the size of the liposomes does not alter vastly. Following the decrease in liposome 

size, the liposomes begin to increase gradually in size as the temperature continues to rise from 42.5 

˚C to 60 ˚C, and at the maximum temperature the liposome size is d = 106.2 nm.  

It is clear from Figure 59 that the DPPC liposomes exhibit a size constriction around ~ 41 ˚C, which 

corresponds to the chain melting temperature of the lipids in the liposome bilayer. At this 

temperature, a change in the lipid physical state from the gel phase (ordered) to the liquid crystalline 

phase (disordered) will occur191. In the gel phase, the lipids are closely packed together and the 

hydrocarbon tails are fully extended, whilst in the liquid crystalline phase, the hydrocarbon tails are 

much more fluid and randomly orientated, making it possible to interpenetrate.  

 Roy et al.192 also used DLS to examine the size of DPPC liposomes at varying temperatures and 

observed the same trend of a decrease in liposome size around the transition temperature of 41 ˚C. 
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This decrease in liposome size as the temperature approaches the transition temperature can be 

attributed to an increase in membrane fluidity. As the lipids change into the liquid crystalline phase, 

they become more fluid and more disordered, the lipids do not pack as closely and hence they occupy 

a larger area. This decreases the rigidity of the bilayer and therefore it is more energetically favourable 

for the liposomes to decrease in size. The notion that phospholipid bilayer fluidity increases as the 

temperature increases is supported by Sulkowki et al.193 who found that the S order parameter, which 

is characteristic for liposome structural changes, decreased with temperature. The S order parameter 

is equal to zero when a membrane is in total disorder and equal to one when the membrane has a 

crystal structure194, 195.  

As already mentioned, the liposome size seems to plateau in-between 35 ˚C and 47.5 ˚C. In some 

literature, a ‘pretransition’ has been observed in the case of DPPC unilamellar vesicles191, 196 and is 

thought to occur at 35 ˚C196. In this work therefore, it is likely that both the ‘pretransition’ and the 

‘main’ transition occur in the plateau shown in Figure 59.  Roy and his co-workers192 also observed the 

same increase in liposome size above the transition temperature as can be seen in Figure 59. The 

increases in size was found to be mostly irreversible and occurred because of the increase in liposome 

volume, which is common for dispersions at high temperatures197. Additionally, Zook et al.190 

hypothesised that around the transition temperature, the increase in liposome size may occur due to 

the decreased stability of mixed gel and liquid phase liposomes. This decreased stability may cause 

liposome fusion or Oswald ripening190 (the insertion of free phospholipid molecules into the bilayer 

on formation of the liposomes) which could result in larger vesicles. Finally, Datta198 attributed the 

enlargement of PC and cholesterol liposomes at high temperatures to aggregation. It was 

hypothesised that at 50 ˚C the Brownian motion of the liposomes would increase and lead to 

aggregation and coalescence resulting in larger clusters of liposomes. It is difficult to define which of 

these factors may be responsible for the increase in the size of the liposomes, but due to the system, 

it is likely that Oswald ripening factors could play an important role.  
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Figure 60: The effect of temperature on the size of DPPC liposomes in NaCl (aq) as measured by DLS. The temperature range 

used was 25˚C to 50˚C. 

 
Figure 60 shows the change in DPPC liposome size as a function of temperature in the presence of 

NaCl (I = 5 mM) at 2.5 ˚C intervals. As can be seen from the graph, up to 30 ˚C, the DPPC liposomes 

remain at a constant size of d = 118 nm. As the temperature reaches 32.5 ˚C, there is a reduction in 

the size of the vesicles to d = 113.7 nm and as the temperature is then increased further up to 50 ˚C, 

the liposomes remain at d = 112 nm.  

Figure 61 shows the impact of temperature increase on DPPC liposome size in the presence of CaCl2 (I 

= 5 mM). As with Figures 56 and 57, the temperature was increased in 2.5 ˚C increments.  

 

 

 

 

 

 

 

 
 

Figure 61: The effect of temperature on the size of DPPC liposomes in CaCl2 (aq) as measured by DLS. The temperature 
range used was 25˚C to 60˚C. 
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Figure 61 shows that as the temperature is increased from 25 ˚C to 37.5 ˚C the liposomes do not 

drastically change in size with d ~ 100 nm. At 40 ̊ C there is a small increase in the size of the liposomes 

to d ~ 105.2 nm, and at 42.5 ˚C there is another small increase to d ~ 107.7 nm. As the temperature is 

then heated to 60 ˚C the DPPC liposomes remain at d ~ 108 nm in size. 

 

 

 

 

 

 

 

 

 

Finally, the effect of temperature on the size of DPPC liposomes in the presence of LaCl3 (I = 5 mM) 

was studied and the results are displayed in Figure 62. Overall as the temperature is increased from 

25 ˚C to 60 ˚C the size of the DPPC liposomes increases and the general trend is that the higher the 

temperature, the larger the liposome size. However, there are some interesting fluctuations observed 

in the graph in Figure 61. On initial heating of the DPPC liposome suspension to 27.5 ˚C there is a 

decrease in the size of the liposomes by 2.5 nm from d ~ 98.0 nm to d ~ 95.5 nm. As the temperature 

is then increased up to 37.5 ˚C there is a smooth increase in the size of the liposomes up to d ~ 105.5 

nm and as the temperature is increased further, the liposomes show an overall increase in size up to 

d ~ 109 nm. However, at 40 ˚C and 45 ˚C, interestingly, the liposomes are smaller than expected at d 

~ 97.2 nm and 96.8 nm respectively.  

In order to understand and explain the data described above, it is important to note that there are 

two different types of results observed when studying how the size of the DPPC vesicles varies with 

temperature in the presence of inorganic ions. The first, is that on an increase in temperature the 

DPPC vesicles show an overall decrease in size and the second is that on an increase in temperature 

the DPPC liposomes are found to increase in size. From the results shown in Figures 58, 59 and 60, it 

is clear to see that the first type of result is obtained when examining DPPC-NaCl suspensions, and the 

Figure 62: The effect of temperature on the size of DPPC liposomes in LaCl3 (aq) as measured by DLS. The temperature range used 
was 25˚C to 60˚C. 
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second type of result is obtained when studying DPPC-CaCl2 and DPPC-LaCl3 systems. Furthermore, 

however, the LaCl3 system appears to have a much larger effect on liposome size than the CaCl2 

system. The NaCl and CaCl2 seem to show comparable effects as they cause an overall change in the 

liposome size of ~6%, whilst LaCl3 causes the liposome to show an overall increase in size of 18%. 

In the case of the DPPC-NaCl liposome suspension, the decrease in liposome size can be partly 

attributed to the transition of the lipid in the liposomes from a gel like state to a more fluid state at 

the transition temperature. As discussed previously, around the transition temperature of DPPC, the 

lipid will become more fluid and therefore reduce the rigidity of the bilayer, decreasing the bending 

energy of the bilayer and allowing the formation of smaller liposomes. From Figures 59 and 60, it is 

clear to see that the decrease in liposome size is more profound for the DPPC vesicles prepared in 

water compared with those prepared in NaCl. This is an expected result as salts are known to increase 

the rigidity of the bilayer110 by associating with the head groups of the phospholipids and screening 

the repulsion between neighbouring lipid molecules. Therefore, in the presence of NaCl, the effect of 

the increased fluidity of the bilayer at elevated temperatures will be reduced and therefore the 

liposomes will not decrease in size as much as in the pure water systems.  

 In the presence of Na+, the liposomes shrink at ~ 32.5 ˚C, which is slightly lower than the 

aforementioned ‘pretransition’ temperature of DPPC of 35 ˚C. This could be the consequence of a salt 

induced depression of the transition temperature. Previous literature has shown that anions and 

cations can have an effect on the transition temperature of phospholipids199 and specific work on 

monovalent cations has shown that they cause the lipid bilayers transition temperatures to 

decrease200, 201. Additionally, as previously mentioned, an increase in temperature causes an increase 

in the mobility of water molecules. It follows that, the water molecules begin to expand away from 

the ions and the lipid head groups, partially dehydrating them. Owing to the single, monovalent charge 

of the Na+ cation, the ion is not able to sufficiently stabilise the liposomes and therefore the only way 

the system can gain stability is by forming smaller liposomes117. It is for these two reasons that on 

increasing the temperature of DPPC-NaCl suspensions, there is an overall decrease in the size of the 

liposomes.  

In the case of the DPPC-CaCl2 and DPPC-LaCl3 liposome suspensions, the size of the liposomes 

increases on increasing temperature. In the same way as previously mentioned, the increased mobility 

of water molecules at increased temperatures causes the Ca2+ and La3+ ions to be stripped of some 

water molecules from their hydrations sheaths. The result is that the cations occupy a smaller volume 

and can more easily access the head groups of the phospholipids. The higher charge densities of the 

Ca2+ and La3+ ions means they are more strongly attracted to the lipid phosphate groups and therefore 

can stabilise the liposomes effectively, allowing them to increase in size.  
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For the CaCl2 system, the jump in size of the liposomes occurs between 40 ˚C and 42.5 ˚C, indicating 

that the Ca2+ cation does not have a large effect on the transition temperature of DPPC. In previous 

studies, divalent cations (Mg2+ and Ca2+) have been found to increase and broaden the transition 

temperature of phospholipids200. The ions associating with the head groups of the lipids contribute 

directly to interlipid cohesion and help to increase the stability of the ordered lipid phases thereby 

increasing the chain melting temperature202. It is possible that the concentration of Ca2+ examined 

here is not high enough in order to invoke this effect as the ionic strength of the systems was only 5 

mM.  

For the LaCl3 system, the graph obtained of liposome size against temperature is not as smooth. 

Around the transition temperature of DPPC, there are large fluctuations in the size of the liposomes. 

Additionally, the fluctuations in liposome size occur over quite a large temperature range (~ 37.5 ˚C – 

47.5 ˚C) which could indicate that the trivalent cation causes a broadening of the chain melting 

temperature of the lipid. The observation is supported by previous studies on the effect of La3+ cations 

on DPPC bilayers carried out by Chowdhry et al.203 who found that the gel to liquid crystalline 

transitions were broadened, and the Tm increased by a maximum of 5 ˚C. The fluctuations observed in 

this work could perhaps be attributed to the changes in the interactions in the non-polar part of the 

bilayer resulting from the association of the La3+ cations with the phospholipid head groups. Chowdhry 

and co-workers203 also found that changes in the interactions in the non-polar parts of the bilayer 

could result in changes in thermodynamics of the Pβ→ Lα transition (Figure 64).  

 

Figure 63: The effect of increasing temperature on the DOPC liposomes in the presence of inorganic cations. 1) Shows the 

mechanism for the decrease in liposome size in the presence of Na
+
 cations, 2) shows the mechanism for the increase in size 

of the liposomes in the presence of Ca
2+

 or La
3+

. 
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Figure 64: Phase transition in lipid bilayer. From left to right there is an increase in temperature, as the lipid passes through 

the pre-transition and the main transition. Image adapted from Avanti Polar Lipids, Inc. 
 
Owing to the broadening of the main transition of DPPC in the presence of La3+ cations, the phases in 

the phase transition of the lipid are less defined. In this way, it could be possible that the changes in 

hydrocarbon tilt angle in the liposome have a profound effect on the size of the vesicle and hence the 

fluctuations are observed. In contrast, in the case of the mono-, and divalent cations studied in this 

work, the phase transition is not as broad and hence the fluctuations do not occur as the changes are 

much more defined at specific temperatures. As confirmed in the previous section by the zeta 

potential measurements, the La3+ ions also have the highest affinity for the PC head groups, especially 

at low concentrations. It is therefore likely, that these trivalent ions have the most profound effect on 

the head group tilt of the phospholipid and as a consequence, the largest effect on hydrocarbon tilt.  

The effect of temperature on the size of the DPPC liposomes in the presence of mono-, di- and trivalent 

cations reveals interesting results. Despite the importance of temperature in colloid chemistry, 

however, there is a distinct lack of research carried out in this area. Broadly, for the ions examined in 

this section, Na+ was found to have the least stabalizing effect, causing a slight depression in the 

transition temperature of DPPC, attributed to its low charge density. Ca2+ was found to stabalize the 

vesicles as the temperature was increased, yet the divalent cation appeared to have no impact on the 

Tm of the lipid. Finally, La3+ caused an overall increase in liposome size as the temperature was 

increased attributed to its strong stabalisng effect at low concentrations. La3+ was also found to 

substantially broaden the transition temperature of DPPC, in agreement with past results. 

Consequently, at increasing temperatures the stabalising effect of the cations studied is of the order 

Na+ < Ca2+ < La3+ in line with the ions of the Hofmeister series and increasing charge density.  

Lβ’ Pβ’ Lα

Temperature
Pre-

transition

Main 
transition
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6.2. Effect of trivalent cations on the electrophoretic 

mobility of DPPC liposomes  

In order to examine in more detail the effect of trivalent cations on PC liposomes, the effects of La3+, 

chromium (Cr3+) and iron (Fe3+) cations on DPPC liposomes were studied. As illustrated in section 4.1, 

trivalent cations are known to have a strong affinity to PC membranes and therefore the interactions 

between the ions and bilayers are very interesting. Iron is the most abundant trace element in the 

world and partakes in important roles in biology including oxygen transport and DNA synthesis204. 

Incorporating iron into colloids has become increasingly widespread in recent years. For instance, in 

2015 Yuan et al.204 found that iron liposomes could be used in treating iron deficiency diseases, in 

particular anaemia of inflammation. Iron has also been used increasingly in the synthesis of magnetic 

liposomes, which can be used as drug carriers205 and for tumour targeting206. On the other hand, in 

the case of the chromium ion, there is significantly less research that has been carried out on 

interactions with phospholipid structures.  

Figure 65 shows the electrophoretic mobility of DPPC liposomes as a function of trivalent cation 

concentration at 25 ˚C.  electrophoretic mobility of the DPPC liposomes in pure water was found to 

be -1.04 μmcm/Vs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 65: The change in electrophoretic mobility of DPPC liposomes as a function of trivalent cation concentration at 25˚C. 
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As can be seen in Figure 65, in the presence of all three cations there is an initial large increase in the 

electrophoretic mobility of the DPPC liposomes. In the presence of 1mM La3+, the electrophoretic 

mobility of the liposomes increases up to μ = 2.18 μmcm/Vs, which is 3.22 μmcm/Vs greater than the 

electrophoretic mobility of liposomes in the absence of salt. The electrophoretic mobility of the 

liposomes then remains fairly constant, at μ ~ 2.4 μmcm/Vs as the concentration of LaCl3 is increased 

up to 50 mM.  

In the case of the Cr3+ ion, in the presence of 1 mM CrCl3, the electrophoretic mobility of the liposomes 

increases to μ  = 2.77 μmcm/Vs, which is 3.81 μmcm/Vs higher than the DPPC liposomes in 1 mM La3+. 

On increasing Cr3+ concentration, there are slight fluctuations in the electrophoretic mobility up to 

[CrCl3] =5 mM and at high ion concentrations the electrophoretic mobility remains fairly constant at μ 

~ 2.6 μmcm/Vs.  

The electrophoretic mobility of DPPC liposomes in the presence of Fe3+ shows a slightly different trend. 

As can be seen from Figure 65, in the presence of 1 mM Fe3+, the electrophoretic mobility of the 

liposomes increases to μ = 4.15 μmcm/Vs and as the Fe3+ concentration is increased to 2 mM, the 

electrophoretic mobility increases even further by 42 % to μ = 5.90 μmcm/Vs. As the FeCl3 

concentration is increased further to 15 mM, there is a gradual decrease in the electrophoretic 

mobility followed by a plateau in the data when the electrophoretic mobility is μ  ~ 3.5 μmcm/Vs. 

From the results described above, it is clear that the La3+ and Cr3+ exhibit similar behaviour in their 

interactions with DPPC liposomes. In the same way as discussed in section 4.1, the sizable increase in 

the electrophoretic mobility of the liposomes at low ion concentrations is due to the strong 

electrostatic attractions between the cations and the phosphate groups of the phospholipids. The 

plateau in the electrophoretic mobility as the concentration is increased further is indicative of 

saturation of the head groups of the phospholipids with cations. The initial increase and the plateau 

in the electrophoretic mobility of the liposomes is slightly higher in the presence of Cr3+ compared 

with La3+ which could signify that Cr3+ has a slightly higher affinity for the DPPC membrane. Although 

the trend observed for the electrophoretic mobility in the presence of Fe3+ is substantially different, 

the increase in the electrophoretic mobility of the liposomes at low Fe3+ concentrations is likely to be 

due to the same interactions as outlined previously. Overall, the electrophoretic mobility values 

obtained in the presence of Fe3+ are much higher than for the other two cations studied. Thus, it can 

be hypothesised that the Fe3+ cations have the strongest associations with the DPPC liposomes. In 

order to investigate this hypothesis further, it is constructive to consider the surface charge densities 

of the liposomes. 
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Table 9: The surface charge densities of DPPC liposomes in the presence of Fe3+, Cr3+ and La3+cations at varying 
concentrations. 

 

As can be seen in Table 9, the surface charge densities of DPPC liposomes in the presence of Fe3+ are 

higher than in the presence of Cr3+ and La3+ cations at all concentrations examined. These results help 

support the hypothesis that the Fe3+ ions have a greater affinity to the DPPC head groups of the lipids 

and we can conclude that the Fe3+ cations are able to fix on the liposome surface more effectively than 

the other two cations examined in this work, hence producing the highest values of the 

electrophoretic mobility. The similarities in the behaviour of the La3+ and Cr3+ is also highlighted in 

Table 9. The surface charge densities of the DPPC liposomes are similar in the presence La3+ and Cr3+ 

at moderate concentrations. At low concentrations the surface charge densities are slightly higher in 

the presence of Cr3+, supporting the notion that this ion has a very slightly higher affinity for the PC 

membrane than the La3+ ion.  

Given the vast difference in the results produced by the DPPC-FeCl3 system, it is likely that an ion-

specific effect is occurring in this suspension. In order to further investigate this idea, the effect of the 

trivalent cations on the size and PdI of the liposomes was examined.  

 

 

 

 

 

 

Ion concentration (mM) Ionic Strength 
(mM) 

σ (LaCl3) (C m-2) σ (CrCl3) (C m-2) σ (FeCl3) (C m-2) 

1.0 6.0 6.02E-04 7.83E-04 2.92E-03 

2.0 12.0 5.74E-04 6.17E-04 2.81E-03 

5.0 30.0 6.39E-04 8.09E-04 1.61E-03 

10.0 60.0 6.66E-04 6.23E-04 1.17E-03 

15.0 90.0 5.84E-04 6.18E-04 8.43E-04 

20.0 120.0 6.61E-04 7.10E-04 1.10E-03 

25.0 150.0 5.87E-04 5.50E-04 8.51E-04 

50.0 300.0 6.52E-04 4.98E-04 8.13E-04 
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6.3. Effect of trivalent cations on the size and 

polydispersity index of DPPC liposomes 

In order to better understand the effects of La3+, Cr3+ and Fe3+ cations on DPPC liposomes, the change 

in the size of the liposomes as a function of trivalent cation concentration at 25 ˚C was studied. Figure 

66 shows how the trivalent cations influence the size of the liposomes, as measured by DLS. The size 

of the DPPC liposomes in pure water was found to be d = 110.5 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66: The effect of trivalent cations on the size of DPPC liposomes, at 25˚C, as measured by DLS. 

 

As can be seen from Figure 66, it is clear that the trivalent cations have a profound effect on the size 

of the DPPC liposomes. In the case of the La3+ ions, the size of the liposomes were found to decrease 

at low LaCl3 concentrations ( up to 10 mM) and a minimum liposome size was observed at d = 94.0 

nm. As the concentration was then increased up to 25 mM, there is a gradual increase in the size of 

the liposomes up to d = 118.0 nm. At the maximum concentration of [LaCl3] = 50 mM, the liposomes 

shrink slightly to d = 111.0 nm. A very similar trend is observed for the influence on Cr3+ on the size of 

the DPPC liposomes. As the concentration is increased to 10 mM, there is a decrease in the size of the 

liposomes. Following this initial decrease in size, as the CrCl3 concentration is increased up to 50 mM, 

the liposomes gradually grow in size, and the largest liposomes are observed at [CrCl3]= 50 mM and 
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were found to be d = 133.1 nm. As with the DPPC-La3+ system, the increase in the size of the liposomes 

becomes less profound as the concentration is increased, and as with the electrophoretic mobility 

data, the influence of Fe3+ on the size of the liposomes appears to be strikingly different from the other 

cations examined. In the presence of 1 mM FeCl3, there is a drastic decrease in the size of the 

liposomes to d = 38.0 nm, which is a 66% decrease compared with the liposomes prepared in the 

absence of salt. As the concentration of FeCl3 is then increased further up to 25 mM, the size of the 

liposomes gradually increases until a size of d = 103.0 nm is reached. At [FeCl3] = 50 mM the size of the 

liposomes is 108 nm, indicating that there is a plateau in the data and that the increase in the size of 

the liposomes is greatest at lower cation concentrations.  

Figure 67 shows the change in the polydispersity index of the liposome-cations systems, as a function 

of ion concentration, as measured by DLS. The PdI of the liposomes in the absence of salt was found 

to be 0.051. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 67: The change in the PdI of DPPC liposome suspensions in the presence of trivalent cations, 
at a range of concentrations, at 25˚C. Data measured by DLS. 

0 10 20 30 40 50
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45
 Lanthanum
 Water
 Iron
 Chromium

P
d

I

Concentration (mM)



- 130 - 
 

Figure 67 shows that for all concentrations of LaCl3 studied in this work, the PdI of the systems remains 

below 0.2, indicating that liposomes are uniform in size and can be considered as monodisperse 

suspensions. The PdI of the liposomes in the presence of 2 mM LaCl3 is slightly higher than expected, 

however does not exceed 0.2. As mentioned in section 4.3, this slightly higher than expected result is 

most likely to be due to variations in the experimental preparation procedure. The PdI of the 

liposomes in the presence of CrCl3 is also always below 0.2. It can therefore be concluded with 

confidence that the liposomes are all uniform in size, and the Cr3+ ion does not cause the liposomes to 

aggregate. For the DPPC-FeCl3 systems, the PdI of the liposomes presents a very different trend. In the 

presence of 1 mM FeCl3, the PdI increased to 0.35 indicating that the structures in the system had a 

wide range of sizes. As the concentration of FeCl3 was increased further the PdI of the liposomes 

showed a gradual decrease. At [FeCl3] = 2 mM and 5 mM the PdI of the liposomes was measured to 

be 0.28 and 0.20 respectively. This indicates that, although as the Fe3+ concentration is increased the 

PdI is decreasing, both these systems are still polydisperse. As the concentration of FeCl3 is increased 

to > 10 mM, the PdI of the liposomes is found to fall below 0.2 for all the Fe3+ concentrations examined. 

It can be concluded therefore, that at low Fe3+ concentrations the liposome suspensions are 

polydisperse, at moderate Fe3+ concentrations the liposome suspensions become more monodisperse 

and then at high ion concentrations the vesicles become more uniform in size.  

From the results described in this section, it is clear that the Fe3+ cation produces a very different effect 

on the DPPC liposomes compared with the La3+ and Cr3+ cations. The La3+ and Cr3+ cations have very 

similar, comparable effects on the DPPC liposomes, therefore it is likely that they are interacting in 

very similar manners. With regard to the changes in liposome size, it is likely that the decrease in the 

size of the liposomes in the presence of low concentrations of La3+ and Cr3+ is due to osmotic effects 

and reorientation of the DPPC head groups. As described in section 4.2, the increase in cation 

concentration outside the liposomes will cause a concentration gradient to be created between the 

inside and the outside of the lipid bilayer. As a consequence, in order to compensate for the increase 

in ion concentration outside the bilayer, the liposomes eject water from their aqueous core and, as a 

result, shrink in size. In addition, as the cations form complexes with the head groups of the 

phospholipids, they cause a change in the lipid head group direction, causing an increase in area per 

lipid and bilayer fluidity and consequently a decrease in the vesicle size. At moderate La3+ and Cr3+ 

concentrations, the liposomes do not increase dramatically in size, but the small size increases can be 

attributed to closer packing of the lipids in the vesicle following the association of the cations with the 

head groups (As confirmed by the electrophoretic mobility measurements (Figure 65)). As the lipids 

pack more closely, they cause the bilayer of the liposome to become more rigid, and therefore there 
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is an increase in the bending energy required to form a vesicle, resulting in the formation of larger 

liposomes.  

On closer inspection of the effect of Cr3+ and La3+ on the DPPC liposomes it was found that the Cr3+ 

ions have a slightly greater effect than the La3+ ions, as illustrated by the changes in the size and 

electrophoretic mobility of the liposomes in the presence of the two cations. In order to interpret this 

result, it is interesting to further consider the properties of the two cations207. 

 

Table 10 Properties of Cr3+ and La3+ cations 207. From left to right the table shows the bare ion radius, the hydrated ion 
radius, the hydration number, the Gibbs free energy, enthalpy and entropy of hydration of the cations.  

Ion Bare ion 
radius (nm) 

Hydrated 
ion radius 

(nm) 

Hydration 
number 

ΔhydG 
(kJmol-1) 

ΔhydH 
(kJmol-1) 

ΔhydS             
(JK-1mol-1) 

Cr3+ 0.062 358 17.4 -4010 -4670 -533 

La3+ 0.105 307 10.3 -3145 -3310 -474 

 

 

Table 10 shows that the Cr3+ ions are smaller than La3+ ions by 0.043 nm, which means that they 

possess a higher charge density and therefore more strongly hydrated, clearly illustrated by the higher 

hydration number. The entropic gain from the liberation of bound water molecules on binding of the 

ions to the lipid head will therefore be greater in the case of the Cr3+ ions as more water molecules 

will be released back into the bulk. It is likely that the slightly higher affinity of the Cr3+ cations to the 

membrane compared with La3+ ions is due to this increased entropic gain. Additionally, since the bare 

ion radii of the Cr3+ ions are slightly smaller than La3+, after shedding their hydration sheath, more Cr3+ 

cations are able to associate with the head group of the lipids. Therefore, the Cr3+ cations are able to 

produce a somewhat larger effect on the DPPC liposomes than the La3+ ions, as demonstrated by the 

larger liposomes produced at high Cr3+ concentrations, and the higher electrophoretic mobility values 

found at low Cr3+ concentrations.  

From the results displayed in Figures 63, 64 and 65, it is clear that the Fe3+ ions have a unique effect 

on the DPPC liposomes. Since there is a distinct lack of work regarding the effect of iron compounds 

on PC liposomes, the interactions at play here are difficult to define. The vast decrease in the size of 

the vesicles and the increase in the PdI of the system on the initial addition of Fe3+ indicates that it is 

likely there are a number of different structures, with varying sizes, being formed. In order to try to 

explain these changes, it is helpful to consider the behaviour of FeCl3 in aqueous solution. Iron has a 

very strong tendency to hydrolyse and form complexes when in an aqueous environment, resulting in 

soluble mononuclear hydrolysis products, multinuclear clusters, as well as precipitates208. When FeCl3 
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is added to water, the compound dissolves and hydrated iron (III) complexes form ([Fe (H2O) 6]3+). As 

the Fe3+ cation is very charge dense, the O-H bonds are considerably weakened and hydrolysis can 

occur forming complexes such as [Fe(H2O)5(OH)]2+ and also H3O+ which causes the solution to become 

slightly acidic208. Interestingly, Fe2+ complexes have been reported in the literature, to cause oxidation 

of phospholipid molecules209-211. It could therefore be possible that, in the presence of Fe3+, structural 

changes to the DPPC membrane in the liposomes are induced, which causes the liposomes to become 

less stable and therefore shrink in size. The large shrinking in liposome size and the large increase in 

PdI in the presence of low concentrations of FeCl3 indicate that there are a range of liposomes with 

varying sizes present in the suspension. It is likely that the complexes formed interact in very different 

and multifaceted ways with the DPPC liposomes and therefore are not as easy to define as in the case 

with other inorganic cations. As previously mentioned, the alteration of the pH of the system in the 

presence of FeCl3 may also have an affect on the suspension. The pH of a solution is known to have a 

large effect on PC liposomes, and changes in pH have been reported to alter the fluidity, stability and 

structure of DPPC liposomes192, 193, 212. It is possible that the increase in the size of the liposomes as the 

concentration of FeCl3 is increased is due to greater rigidity of the DPPC bilayers as a consequence of 

increased hydrogen bonding. At lower pH, the phosphate groups of the lipids become protonated and 

as a consequence, form hydrogen bonds with neighbouring phospholipid molecules194. These 

hydrogen bonds increase the rigidity of the bilayer and therefore allow larger liposomes to form. Since 

the concentration of FeCl3 used in this work is low and the increase in concentration is gradual, the 

effect of increasing bilayer rigidity can also be assumed to be gradual and smooth, which helps to 

explain the shape of the Fe3+ graph shown in Figure 66. At moderate Fe3+ concentrations, it is also 

possible that the extent of hydration of the lipid decreases, as a result of the decreased hydrophilicity 

of the head groups of the lipids, as more groups become protonated. This decreased hydrophilicity 

could result in a slight instability of the liposomes which may induce liposome fusion or Oswald 

ripening (insertion of free phospholipid molecules into the bilayer) which could also promote the 

formation of larger liposomes.  

As illustrated by the PdI values, the stability of the FeCl3-DPPC system seems to increase and the 

suspensions become more monodisperse as the concentration of FeCl3 is increased. The increase in 

the size of the liposomes slows and the electrophoretic mobility of the liposomes plateaus at high 

concentrations (<20 mM). It can therefore be concluded that at Fe3+ concentrations greater than 20 

mM, the liposomes are stable and uniform in size and the system has reached an apparent 

‘equilibrium’ which no longer alters dramatically as the Fe3+ concentration is increased further.  

This section presents some especially thought-provoking results on the effect of trivalent cations on 

DPPC liposomes. This section is particularly interesting as it contains novel results, gained from 
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systems that have not been examined previously.  The La3+ and Cr3+ were found to have very similar 

effects to one another and also to the divalent and trivalent cations examined in Section 4. The La3+ 

and Cr3+ ions interact strongly with the head groups of the phospholipids invoking osmotic effects and 

changes in the lipid head group direction. The electrophoretic mobility measurements indicate that 

the head groups of the lipid are likely to become saturated with the trivalent cations at low 

concentrations. The Fe3+ cations produce vastly different effects on the DPPC liposomes, which is 

expected to be a consequence of their unique behaviour in water, and their tendency to form a variety 

of complexes. The partial acidification of the aqueous solution is also hypothesised to play a role. At 

low concentrations the Fe3+ ions produce a vastly different ion-specific effect to La3+ and Cr3+ (the effect 

of trivalent cations on DPPC liposomes is of the order Fe3+ > La3+ ≈ Cr3+).  However, at higher 

concentrations all three ions produce comparable ion-DPPC liposome systems (Fe3+ ≈ La3+ ≈ Cr3+).  
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Chapter 7: TEM images  

7.1. TEM images of DOPC liposomes  

In order to examine the morphology and shape of the DOPC liposomes more closely, TEM was 

used. DLS falls short in providing direct structural information about the liposomes and therefore 

TEM was a very valuable technique to be employed in this project. Four different suspensions 

were prepared for analysis by TEM, DOPC liposomes in pure water and DOPC liposomes in salt 

solutions of NaCl, CaCl2 and LaCl3 respectively. All the salt solutions were prepared at equal ionic 

strength (I = 5 mM) in order to allow comparison of the effects of mono-, di-, and trivalent cations 

on the liposome size, shape and lamellarity. In the figures in this chapter, the yellow arrows 

represent unilamellar liposomes, the blue arrows denote multilamellar vesicles and the red arrows 

signify multivesicular liposomes. Black arrows are used to identify other structures of interest.  

A 
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Figure 68: Cryo-TEM images of sonicated and extruded DOPC liposomes in water. The scale bar shown is 200 nm. Images A 
and B are taken from different areas of the TEM grid. 

 

Figure 68 shows the cryo-TEM images of DOPC liposomes prepared in water. The DLS measurements 

carried out on the sample found the Z-average size d = 130.7 nm and PdI = 0.028. Images A and B are 

taken from different areas of the same TEM grid and are an appropriate representation of the whole 

grid. In Figure 68 (A), a number of unilamellar liposomes can be clearly seen (yellow arrows) and one 

multivesicular liposome is also observed (red arrow). In addition, Figure 68 (B) shows unilamellar 

liposomes formed (yellow arrows), most of which appear to be of the expected size, predicted from 

DLS data. It is important to note that in Figure 68 (A) at the bottom left hand side of the image, a dark 

area is clearly observed (black arrow). This is an area of crystalline ice, most likely formed during the 

sample freezing process.  

From the images shown in Figure 68, it can be concluded that in water monodisperse, spherical, 

unilamellar DOPC liposomes are formed, supporting the DLS data obtained on the sample. Owing to 

the zwitterionic nature of the DOPC lipids, on liposome formation, there is sufficient repulsion 

between neighbouring lipid bilayers to promote the formation of predominately unilamellar vesicles, 

hence there is a distinct lack of multilamellar vesicles observed in this sample. 

B 
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 It can also be concluded that the liposome preparation process is successful in promoting the 

formation of a monodisperse and unilamellar liposome suspension. Sonication and extrusion 

encourage the effective sizing of liposomes, allowing unilamellar liposomes to be created in a system 

which has an exceptionally low PdI.   

The conclusions drawn from the cryo-TEM data in this work are supported by previous literature. In 

2013, Huy et al.213 used cryo-TEM to obtain images of DOPC liposomes prepared in water, in order to 

study lipid membrane mediated Hemozoin formation. In this work, majority of the DOPC liposomes 

observed were spherical and had a smooth, curved bilayer membrane. A very small number of 

multilamellar vesicles were also observed in the images obtained in this work.  
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Figure 69 Cryo-TEM images of sonicated and extruded DOPC liposomes in the presence of NaCl (I = 5 mM) The scale bar 
shown is 200 nm. Images A and B are taken from different areas of the TEM grid.  

A 

B 
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Figure 69 shows the TEM images of DOPC liposomes in NaCl, images A and B are taken from different 

areas of the TEM grid and these images were selected as they are most representative of the entire 

grid. For completeness, Appendix K shows additional TEM images of DOPC liposomes in NaCl. In order 

to ensure that the samples were suitable for TEM, DLS measurements were taken beforehand. The 

DLS measurements show that the liposomes in the presence of NaCl have a Z-average size d = 127.6 

nm and PdI = 0.06. The liposomes shown in Figure 69 (A) are mostly uni-lamellar (yellow arrows) 

although one bi-lamellar liposome can also be clearly seen. In Figure 69 (B) the liposomes appear to 

be more varied. There are unilamellar and bilamellar liposomes, but interestingly, there are also 

multilamellar (blue arrow) and multivesicular liposomes (red arrows). As can be seen, the organisation 

of the lamellae in the vesicles can be complex. However, in most cases there appears to be two or 

three lamellae present, usually one or two smaller structures contained inside a larger unilamellar 

vesicle. The TEM images support the DLS data obtained for this system, in both images, the unilamellar 

and bilamellar liposomes size are d ~ 125 nm, and the multivesicular and multilamellar liposomes 

appear to be slightly larger. Furthermore, from the images, it is clear to see that the suspension is 

largely monodisperse, in close agreement with the very low value of the PdI obtained, as measured 

by DLS. It can also be concluded from TEM that the liposomes are predominantly spherical in shape in 

the presence of NaCl, although undergo slight shape modifications on the formation of multivesicular 

liposomes.  

A vast amount of cryo-TEM has been reported in the literature on liposomes and other phospholipid 

structures; however, there is a lack of images collected which show the effect of salts on the 

morphology of liposomes comprised of a single lipid. Zidovska et al. 214 studied the effect of NaCl on 

block liposomes made of cationic lipid MVLBG2 and DOPC in aqueous systems using cryo TEM. It was 

found that in the low-salt regime, NaCl promoted the formation of primarily bilamellar vesicles. The 

outer bilayer was observed to wrap around the inner vesicle at a constant intralamellar distance. 

Although the vesicles observed in this work do not appear to possess constant intralamellar distances, 

it is encouraging that the results obtained in this work are similar to those observed by Zidovska et al. 

which support the notion that salt promotes the formation of multilamellar and multivesicular 

liposomes. 

 In order to understand this effect more fully it is important to consider the interactions between the 

cations and the phospholipids. The zeta potential measurements discussed in Section 4.1 confirm that 

the cations associate with the head groups of the phospholipids and screen the electrostatic charges 

between neighbouring lipid molecules. It is also likely therefore, that the presence of salt screens the 

electrostatic interactions between the lipid bilayers, and therefore reduces the repulsion between 

bilayers and as a consequence, allowing the formation of an increased number of multilamellar and 



- 139 - 
 

multivesicular liposomes214. Whilst this effect is observed in the presence NaCl, it is possible that as 

the cations are only singly charged they can only screen the repulsion between bilayers a sufficient 

amount in order to form bilamellar liposomes as opposed to multilamellar vesicles. This is supported 

by the zeta potential data, as at this low NaCl concentration (I= 5 mM), the liposomes still have a fairly 

negative value of the zeta potential ( ~ -9 mV) and therefore there is still substantial repulsion 

between the lipid bilayers. It is for these reasons that there are still a large number of unilamellar 

liposomes in the system.  

Figure 70 shows TEM images of DOPC liposomes prepared in the presence of CaCl2 (I=5 mM). Images 

A, B and C are taken from different areas of the TEM grid and these images were selected as they are 

most representative of the entire grid. The liposomes in the presence of CaCl2 had a Z-average size of 

134.4 nm and PdI of 0.189, as measured by DLS.  
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Figure 70: Cryo-TEM images of sonicated and extruded DOPC liposomes in the presence of CaCl2 (I = 5 
mM). The scale bar shown is 200 nm. Images A, B and C are taken from different areas of the TEM grid. 
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Figure 70 (A) shows that in the presence of CaCl2, the liposomes formed possess a fairly wide range of 

sizes and lamellarities. A number of smaller, unilamellar liposomes can be seen, which have sizes of 

between 50 nm and 150 nm (yellow arrows). In addition, two larger multivesicular liposomes can also 

be seen clearly (red arrows) as well as a multi-lamellar liposome (blue arrow) which appears to have 

lamellae wrapped around an aqueous core, enclosed by a single lamellar. Interestingly, the inner 

lamellae have not joined together with one another at their ends and therefore appear as a multi-

lamellar ‘worm like’ structure which curves into a spherical shape. Figure 70 (B) shows another area 

of the TEM grid in the DOPC-CaCl2 system. In this image, a wide range of liposomes are observed, 

supporting the DLS data which found that the Ca2+ ions cause the liposome suspension to become 

slightly polydisperse (PdI = 0.189). There are a number of smaller unilamellar vesicles (yellow arrows) 

and an abundance of multivesicular liposomes (red arrows), which have varying sizes, in addition to a 

large bilamellar liposome which can be seen clearly in the centre of the image (blue arrow). The uni- 

and bilamellar liposomes observed are spherical whilst the multivesicular liposomes tend to vary more 

in their shape, appearing fairly spherical, however also forming cylindrical shaped structures on 

occasion (black arrows). These cylindrical shaped structures are also unmistakably observed in Figure 

70 (C), which also shows unilamellar and multivesicular liposomes.  

It is clear from the TEM images observed that the presence of CaCl2 causes the liposomes to form 

more polydisperse suspensions than in the presence of NaCl or in pure water, which is consistent with 

the DLS data recorded for these systems. Additionally, it is apparent that a larger number of 

multivesicular liposomes are formed, as well as cylindrical shaped liposomes. It can be hypothesised 

that the formation of a higher number of these types of structures is due to the reduced repulsion 

between the lamellae, as a consequence of cation association with the head group of the 

phospholipids in the liposomes. As a result of its divalent charge, Ca2+ can more effectively reduce the 

repulsion between lamellae than Na+ and therefore the lamellae are more likely to pack more closely 

together and form multivesicular structures. This effect also explains the formation of larger liposomes 

and the higher polydispersity of this system, compared with the DOPC-water and DOPC-NaCl systems, 

as the closer packing of lipids will cause an increase in bending energy during the formation of the 

liposomes which will result in more larger liposomes being formed. The zeta potential data discussed 

in Section 4.1, also supports this hypothesis as the zeta potential of the liposomes in the presence of 

CaCl2 (I =5 mM) was found to be   ~ 2.5 mV. This zeta potential value is less positive than the zeta 

potential for DOPC liposomes in NaCl is negative, and therefore it is for this reason that the number 

of unilamellar liposomes formed is greater in the presence of NaCl than CaCl2.  
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 Figure 71: Cryo-TEM images of sonicated and extruded DOPC liposomes in the presence of LaCl3 (I = 5 
mM). The scale bar shown is 200 nm. Images A and B are taken from different areas of the same TEM 

grid. 

B 
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Figure 71 shows Cryo-TEM images of DOPC liposomes in the presence of LaCl3 (I = 5 mM). From the 

images in Figure 71 it can be concluded that the DOPC liposomes formed in the presence of La3+ are 

mostly unilamellar and spherical in shape (yellow arrows). The liposomes appear to possess a wide 

range of sizes, which is in agreement with the DLS measurement of PdI = 0.229 obtained for this 

suspension. In order to explain the effect of La3+ on the formation of DOPC liposomes, as with the 

previous two images, it is important to consider the zeta potential of the liposomes in this system. The 

zeta potential of the DOPC liposomes at La3+ (I=5 mM) is   ~ 23 mV which is a far higher value than 

the values for the zeta potential of the liposomes observed in the presence of NaCl and CaCl2 

respectively. The large, positive zeta potential value is a consequence of association of the trivalent 

cations with the head groups of the phospholipids on formation of the liposome. As a result of this 

strong affinity of the ion to the lipid head, the lipid bilayers formed become highly charged and 

therefore repel each other to a greater degree than in the presence of Na+ and Ca2+, hence, more 

unilamellar liposomes are formed than multilamellar or multivesicular. Comparing all of the TEM 

images obtained it is also evident that the liposomes in the presence of CaCl2 and LaCl3 seem to be 

found close to the lacey carbon instead of in ice in the centre of the grid. Since the lacey carbon has a 

slight negative charge, the liposomes in the presence of higher valency cations are attracted to it and 

therefore are found in higher densities surrounding it.  

From the TEM images obtained in this project, it can be concluded that the presence of cations has a 

profound effect on the lamellarity and polydispersity of the DOPC liposomes. DOPC liposomes formed 

in pure water are unilamellar and spherical and the presence of Na+ causes a small number of 

multilamellar and multivesicular liposomes to be formed. Liposomes formed in the presence of La3+ 

are also spherical and mainly unilamellar, owing to the increased electrostatic repulsion between 

lamellae and vesicles. Ca2+ promoted the formation of a large number of multilamellar and 

multivesicular liposomes and also a small number of cylindrical structures. It is likely that the close 

zero value of the zeta potential causes the least repulsion between lamellae and therefore allows the 

formation of more complex phospholipid vesicular structures. The images obtained for the DOPC 

liposomes in water are consistent with the literature and the liposome-salt suspensions allow us to 

collect novel cryo-TEM images and obtain additional morphological information about the liposomes 

which has not been reported previously. Overall we can conclude with confidence that DOPC 

liposomes formed in the presence of all three salts were largely spherical and therefore strongly 

support the DLS data obtained in this project. Without TEM, significantly less information on the 

morphology of the liposomes would have been obtained and therefore it was an exceptionally 

beneficial technique and extremely valuable to this project.  
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Chapter 8: Conclusions and future works 

8.1. Conclusion 

Specific ion effects are universal in many branches of science and understanding how ions interact 

with other molecules is vital to helping comprehend numerous biological and chemical processes. 

Since Franz Hofmeister began studying the effects of anions and cations on proteins in aqueous 

solutions in 1888, specific ion effects have been a prominent, and growing, area of research in physical 

and colloid chemistry. The Hofmeister (or lyotropic) series of simple inorganic cations or anions is the 

most common established, qualitative scale of specific ion effects, which holds true (in its forward or 

reversed form) for an exceptionally broad range of phenomena at interfaces, in the bulk, and in 

biological systems.  

Since this fascinating series was first proposed, attempts have been made to help explain the 

positioning of ions within the sequence and the interactions at play. Presented initially by Hofmeister 

himself, the rationalization of specific ion effects on ‘general’ solutes, in terms of the interactions of 

the salts with water and the classification of ions as either ‘kosmotropes’ or ‘chaotropes’, falls short 

in providing an explanation for the ordering of the ions in the series. Although the simplicity of this 

explanation is appealing, the importance of considering more complex interactions is vital in order to 

rationalise the Hofmeister series. In particular, there are many questions raised in the literature 

regarding the role of water molecules when studying specific ion effects in aqueous systems, the 

hydration of ions, dispersion forces, ion pairing and hydrophobicity.  

That being said, ideas have emerged which have influenced and progressed the way scientists think 

about specific ion effects. One of the most profound examples was the ion-pairing hypothesis 

presented by Collins in 1997, known as the ‘Law of matching water affinities’. The hypothesis evolved 

from electrolyte hydration enthalpies, and considers the hydration sheaths around ions and the ease 

at which ions shed the water molecules from their hydration shells in order to form contact ion pairs 

in bulk electrolytes. This hypothesis was then later elaborated for interfacial systems containing 

molecules with charged head groups and is now a very valuable tool to explain experimental results 

in systems influenced largely by ion hydration and ion pair formation where ionic interactions 

dominate. Nevertheless, despite growing interest in specific ion effects, the mechanism for the 

Hofmeister series remains to be fully understood. Scientists are yet to be able to unravel the complex 

interactions which exist when studying specific ion effects and hence, the Hofmeister series remains 

a largely unknown entity.  
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This project was carried out in order to begin to understand the ordering of ions in the Hofmeister 

series more comprehensively, and highlight which interactions are important in understanding specific 

ion effects. In this project we hoped that progress would be made through the design and execution 

of simple experiments on model systems which would provide useful information allowing us to 

investigate a small number of interactions occurring in soft matter systems at one time. In particular, 

the aim of this work was to shed light on if, and how, hydration influences specific ion effects and the 

ordering of ions in the Hofmeister series. In this project, lipids were used as probe systems. Liposomes 

made of zwitterionic lipids, DOPC or DPPC, were prepared and the effects of inorganic and organic 

salts on the zeta potential, size and polydispersity of the liposomes were studied using two main 

techniques, dynamic light scattering  and cryo-transmission electron microscopy. In addition, the 

effect of temperature was considered. The aim of this work was to observe, understand and explain 

the molecular interactions which occur between ions and liposomes and shed light on specific ion 

effects and the ordering of ions in the Hofmeister series. 

From the study of the effect of inorganic cations on DOPC liposomes, TEM images confirm that 

liposomes are formed in the presence of the salts and the DLS results indicate that all of the cations 

associate with the head groups of the phospholipids via electrostatic interactions. The positively 

charged cations are attracted to the negatively charged phosphate groups of the DOPC lipids, as 

demonstrated by the increase in the zeta potential in the presence of cations. The electrostatic 

attraction between the cations and the lipid head groups increases according to the series Li+ < Cs+ ≈ 

K+ < Na+ < Mg2+ < Ca2+ < La3+ (i.e. monovalent < divalent < trivalent), in line with increasing charge and 

charge density of the cations. From the size and zeta potential results it can be concluded that 

saturation of the lipid head group occurs in the presence of di- and trivalent cations but not in the 

presence of any of the monovalent cations studied in this work. It is likely that entropic factors 

contribute to the association of the ions with the head groups of the phospholipids, as water 

molecules in the hydration sheath of the lipid and ion are liberated into the bulk on association.  

Additionally, as a result of the adsorption of the cations to the head group of the lipids, it is likely there 

is a change in the orientation of the lipid head groups as well as reduced repulsion between 

neighbouring lipid molecules which affects the bending energy of the lipid bilayer during the formation 

of the liposomes, as a consequence, the size of the liposomes themselves. The size of the liposomes 

is also affected by non-specific bulk effects and possible osmotic effects at high ion concentrations, 

evident from the TEM images obtained. 

From the results obtained in this work on the effect of inorganic cations on DOPC liposomes, 

information can be attained regarding specific ion effects and the Hofmeister series. The cations with 

higher valencies which are strongly hydrated were found to exhibit stronger interactions with the 
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DOPC liposomes and saturate the head groups of the phospholipids within the liposomes more quickly  

(such as La3+, Ca2+ and Mg2+, which have decreasing charge density:  La3+ > Ca2+ > Mg2+). Although care 

must be taken when classifying ions according to such simple theories, it is interesting to consider the 

classifications proposed by Hofmeister himself. From the results obtained in this work, La3+, Ca2+ and 

Mg2+ can be known as ‘kosmotropes’ or ‘hard’ cations.  

This conclusion agrees closely with the aforementioned Collins’ law of matching water affinities, which 

classifies the phosphate group of the DOPC lipid as a ‘hard’ group and therefore would predict 

interactions of this kind to be likely. On the other hand, cations with a lower valency and charge 

density which are more weakly hydrated (Such as Li+, Cs+, K+ and Na+) were found to demonstrate 

weaker interactions with the DOPC liposomes. These cations can be referred to as ‘soft’ or ‘chaotropic’ 

in the context of this project.  

From the results obtained in Chapter 4, on the effects of inorganic cations on DOPC liposomes, it can 

be hypothesised that entropic effects play a significant role in the ordering of ions in the Hofmeister 

series. As the cations associate with the lipids, the favourable interactions formed between liberated 

water molecules in the bulk is likely to be a significant contributing factor to the aforementioned 

association. The results obtained in Chapter 5 on the effects of organic, hydrophobic ions (TPB- and 

TPP+) on DOPC liposomes appear to support this hypothesis, highlighting the importance of the 

hydrophobic effect in specific ion effects. The vast change in the zeta potential of the DOPC liposomes, 

even at very low hydrophobic ion concentration, is likely to be driven by electrostatic interaction 

between the central atom and the lipid head group, the entropic effect of liberating water molecules 

into the bulk, and the binding of the lipid tails to the hydrophobic phenyl groups of the ions. From 

these results it can be concluded that the organic, hydrophobic ions have a greater effect on the DOPC 

liposomes than the inorganic cations (organic ions > inorganic cations) and additionally, that the role 

of water is vital in specific ion effects and the ordering of ions in the Hofmeister series.  

In Chapter 6 further investigation was carried out into the effect of trivalent cations on liposomes, in 

order to more closely examine the effects of cations, with high valencies, which are more strongly 

hydrated. This work presents some interesting and unique results indicating potential hydrolysis of 

hydrated iron complexes to form slightly acidic solutions which induce exceptionally high zeta 

potential and PdI values of the liposomes. Additionally, it was hypothesised that potential oxidation 

of phospholipid molecules could have caused structural changes in the liposomes in the presence of 

Fe3+. These results were very interesting as little work has been carried out which focuses specifically 

on the effects of trivalent cations. From this chapter, the results indicate that it is vital to consider the 

behaviour of the ions themselves in water, as unique ion behaviour can result in more complex and 

varied interactions. Overall, the trivalent cations were found to affect the DPPC liposomes in an 
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increasing fashion according to the series La3+ < Cr3+< Fe3+. Again, these results highlight the 

importance of considering the role of water as a solvent when examining the effects of cations on 

liposomes and can also validate that the role of water is important when describing and explaining 

specific ion effects.  

The final part of this work involved investigation into how changes in temperature affect the size and 

PdI of DOPC and DPPC liposomes in pure water, and in the presence of mono-, di- and trivalent cations. 

The results of this chapter indicate that the most important effect induced by cations on the DPPC 

liposomes is the effect on the transition temperature of the lipids. As the valency of the ion increases, 

the ions were found to more effectively stabilize the liposomes when the system was exposed to vast 

changes in temperature. The transition temperatures themselves and the breadth of the transition 

temperatures were affected by the ions in all three cases. It can be concluded, therefore, that the 

stabilising effect of the cations against changes in temperature, is of the order Na+ <Ca2+ < La3+. This 

series is in line with the Hofmeister series and agrees closely with the results from other similar work 

conducted on these effects.  

To summarize, our results have provided molecular insight into the interactions between ions and 

liposomes, and an investigation into the mechanism of the Hofmeister series has been carried out. 

This work has allowed us to observe, understand and explain the molecular interactions which occur 

between ions and liposomes. The information provided by these studies will help improve our 

understanding of specific ion effects, in particular the effects of ions on biological molecules, and pave 

the way for future research of this kind. This work also helps to shed light on the mechanism of the 

Hofmeister series, a complex and thus far unexplained phenomena at the heart of colloid chemistry.  
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8.2. Future work 

The experimental methods in this work have employed dynamic light scattering and cryo-transmission 

electron microscopy, and the studies have focused the molecular interactions between ions and 

liposomes. It would be interesting and useful to use other complementary techniques to confirm the 

results we have obtained so far and add further insights to our interpretations. Additionally, it would 

also be valuable to use other experimental systems, in order to gain more information and insight into 

the Hofmeister series. 

Firstly, it would be beneficial to confirm the hypothesis that entropic factors are significant in driving 

the association of the ions with the lipid head groups of the liposomes. The binding affinity and 

thermodynamics of the biomolecular interactions can be quantitatively examined using isothermal 

titration calorimetry (ITC). ITC works by directly determining the heat that is absorbed or released 

during the binding of the ion to the liposome. ITC would be suitable for our experimental setup as it 

can determine the binding parameters through a single experiment with little modification to the 

sample. Measuring the transfer of heat during the binding of ions to liposomes would allow the 

binding constant (KD), the reaction enthalpy (ΔH) and entropy (ΔS) to be accurately determined, 

providing a thermodynamic outline of the molecular interaction occurring. It is a technique widely 

used to investigate the thermodynamics of binding kinetics169, 215 and therefore would be very 

appropriate to use ITC in future work related to this study in order to clarify more about the 

mechanisms underlying the specific ion effects. 

It would also be beneficial to take further advantage of cryo-transmission electron microscopy, as only 

a limited number of images were obtained in this project. In particular, it would be exceptionally 

interesting to obtain cryo-TEM images of DOPC liposomes in the presence of the organic ions in order 

to confirm the structural changes that occur in the bilayer induced by hydrophobic ions as well as gain 

further insight into the exact binding location of the ions.  

Secondly, modifications could be made to the systems studied in this work, which would allow a more 

extensive understanding of the effects of ions on liposomes. In this project, exceptionally low ion 

concentrations were used; it would be interesting to examine how higher concentrations of ions affect 

the liposomes. By studying higher concentrations of salts and the effect that they have on liposomes, 

it would also be possible to draw more comparisons with studies carried out in the literature, as many 

of these focus on salt concentrations up to and including 1 M. Additionally, in order to obtain more 

biologically relevant results, intracellular or extracellular ion concentrations could be examined. Not 

only would this be exceptionally interesting, using modified liposomes (for example, incorporating 
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cholesterol into the bilayer) would allow the work to reveal information about specific ion effects in 

the cell membrane. 

Zwitterionic lipids were chosen in this work as they offer the important benefit that the ion-lipid 

coulombic interaction is strongly reduced and therefore the secondary interactions are made more 

visible. It would be interesting to study the effects of ions on liposomes comprised of phospholipids 

which possess similar types of lipid chain structure but have different head groups, for example, 

liposomes comprised of phosphatidylethanolamines or negatively charged phosphatidylserines. This 

type of work would allow closer investigation into the subtle ion lipid head group interactions, which 

have been found to be vital in the association of the ions with the liposomes in this work.   

This further work would facilitate greater insight into the effect of ions on liposomes, allow a deeper 

understanding the Hofmeister series, and be useful for fundamental research into specific ion effects 

and biophysical interactions. 
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Appendix A 

Debye length and Henry’s function 

 Table A1: Calculated Debye length (κ−1) and f(κa) values, as given by the Ohshima equation, for 

DOPC liposomes in various salt concentrations for all monovalent ions studied.  

[LiCl] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 9.608 1.204 

1.5 7.845 1.240 

2 6.794 1.246 

2.5 6.077 1.266 

5 4.297 1.329 

8 3.397 1.361 

10 3.038 1.379 

15 2.481 1.404 

20 2.148 1.411 

25 1.922 1.415 

30 1.754 1.431 

40 1.519 1.435 

[NaCl] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 9.608 1.216 

1.5 7.845 1.244 

2 6.794 1.260 

2.5 6.077 1.279 

5 4.297 1.335 

8 3.397 1.353 

10 3.038 1.364 

15 2.481 1.387 

20 2.148 1.398 

25 1.922 1.411 

30 1.754 1.416 

40 1.519 1.421 

[KCl] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 9.608 1.198 

1.5 7.845 1.226 

2 6.794 1.262 

2.5 6.077 1.273 

5 4.297 1.326 

8 3.397 1.364 

10 3.038 1.374 

15 2.481 1.384 

20 2.148 1.400 

25 1.922 1.409 

30 1.754 1.421 

40 1.519 1.421 
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Divalent ions Table A2: Calculated Debye length (κ−1) and f(κa) values, as given by the Ohshima 

equation, for DOPC liposomes in various salt concentrations for all divalent ions studied. 

 
 

 
 
 
 
 

[CsCl] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 9.608 1.198 

1.5 7.845 - 
2 6.794 1.256 

2.5 6.077 1.273 

5 4.297 1.321 

8 3.397 1.355 

10 3.038 1.381 

15 2.481 1.387 

20 2.148 1.404 

25 1.922 1.416 

30 1.754 1.423 

40 1.519 1.420 

[MgCl2] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 5.547 1.309 

1.5 4.529 1.323 

2 3.922 1.341 

2.5 3.508 1.364 

5 2.481 1.378 

8 1.961 1.400 

10 1.754 1.419 

15 1.432 1.430 

20 1.240 1.434 

25 1.109 1.444 

30 1.013 1.449 

40 0.877 1.454 

[CaCl2] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 5.547 1.290 

1.5 4.529 1.312 

2 3.922 1.330 

2.5 3.508 - 
5 2.481 1.379 

8 1.961 1.401 

10 1.754 1.413 

15 1.432 1.425 

20 1.240 1.433 

25 1.109 1.441 

30 1.013 1.447 

40 0.877 1.454 
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Trivalent ions 

Table A3: Calculated Debye length (κ−1) and f(κa) values, as given by the Ohshima equation, for 
liposomes in various salt concentrations for all trivalent ions studied. 
 

 

 
 

 

 

 

[CrCl3] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 3.922 1.284 

2 3.203 1.337 

5 2.774 1.350 

10 2.481 1.349 

15 1.754 1.404 

20 1.387 1.414 

25 1.240 1.429 

50 1.013 1.447 

[LaCl3] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 3.922 1.323 

1.5 3.203 1.351 

2 2.774 1.370 

2.5 2.481 1.382 

5 1.754 1.421 

8 1.387 1.426 

10 1.240 1.446 

15 1.013 1.444 

20 0.877 1.451 

25 0.784 1.457 

30 0.716 1.462 

40 0.620 1.465 

[FeCl3] Concentration (mM) Debye length (κ-1) (nm) f(κα) (a.u.) 

1 3.922 1.146 

2 3.203 1.235 

5 2.774 1.282 

10 2.481 1.332 

15 1.754 1.377 

20 1.387 1.405 

25 1.240 1.420 

50 1.013 1.436 
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Appendix B 

The electrophoretic mobilities of DOPC liposomes as a 

function of monovalent cation concentration 

Figures B1- B4: Electrophoretic mobilities of the DOPC liposomes as a function of monovalent cation 

concentration, as recorded by DLS. The electrophoretic mobility values were used to calculate the zeta 

potential values discussed in this work.  
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Figure B 1: The electrophoretic mobility of DOPC liposomes as a function of 
Li+ concentration at 25˚C, as measured by DLS. 

Figure B 2: The electrophoretic mobility of DOPC liposomes as a function of 
Na+ concentration at 25˚C, as measured by DLS 
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Figure B 3: The electrophoretic mobility of DOPC liposomes as a function of K+ concentration at 
25˚C, as measured by DLS 

Figure B 4: The electrophoretic mobility of DOPC liposomes as a function of Cs+ 
concentration at 25˚C, as measured by DLS 

0 10 20 30 40
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

 Water
 Potassium

E
le

ct
ro

p
h

o
re

tic
 M

o
b

ili
ty

 (
M

) 
(µ

m
cm

/V
s)

Concentration (mM)

0 10 20 30 40
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

 Water
 Cesium

E
le

ct
ro

p
h

o
re

tic
 M

o
b

ili
ty

 (
M

) 
(µ

m
cm

/V
s)

Concentration (mM)



- 166 - 
 

Appendix C 

The zeta potential of DOPC liposomes as a function of 

monovalent cation concentration 

Figure C1: The zeta potential of the DOPC liposomes as a function of monovalent cation concentration. 

The graph shows the zeta potential results for all monovalent cations studied in this work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C 1: The zeta potential of DOPC liposomes as a function of monovalent cation 
concentration at 25˚C. 
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Appendix D 

The electrophoretic mobilities of DOPC liposomes as a 

function of divalent cation concentration 
 
Figures D1 & D2: Electrophoretic mobilities of the DOPC liposomes as a function of divalent cation 

concentration, as recorded by DLS. The electrophoretic mobility values were used to calculate the zeta 

potential values discussed in this work. Figure D1 shows the change in the electrophoretic mobility of 

the liposomes as a function of CaCl2 concentration and Figure D2 shows the change in the 

electrophoretic mobility of the liposomes as a function of MgCl2 concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D 1: The electrophoretic mobility of DOPC liposomes as a function of 
Ca2+ concentration at 25˚C, as measured by DLS 

Figure D 2: The electrophoretic mobility of DOPC liposomes as a function of 
Mg2+ concentration at 25˚C, as measured by DLS 
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Appendix E 

The zeta potential of DOPC liposomes as a function of 

divalent cation concentration 

Figure E1: The zeta potential of the DOPC liposomes as a function of monovalent cation concentration. 

The graph shows the zeta potential results for all divalent cations studied in this work.  

 

 

 

 

 

 

 

 

 

 

 
Figure E 1: The zeta potential of DOPC liposomes as a function of divalent cation concentration at 25˚C. 
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Appendix F 

The electrophoretic mobilities of DOPC liposomes as a 

function of trivalent cation concentration 
 
Figure F1: Electrophoretic mobilities of the DOPC liposomes as a function of trivalent cation 

concentration, as recorded by DLS. The electrophoretic mobility values were used to calculate the zeta 

potential values discussed in this work. Figure F1 shows the change in the electrophoretic mobility of 

the liposomes as a function of LaCl3 concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure F 1: The electrophoretic mobility of DOPC liposomes as a function of La3+ 
concentration at 25˚C, as measured by DLS 
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Appendix G 

The size of DOPC liposomes as a function of ionic strength 
 
Figure G1: The size of DOPC liposomes as a function of ionic strength. The maximum ionic strength 

shown is 60 mM (A) and 240 mM (B). 
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Figure G 2: The size of DOPC liposomes as a function of ionic strength. 

0 20 40 60 80 100 120 140 160 180 200 220 240

120

130

140

150

160

170

180

 Water
 Calcium
 Magnesium
 Lanthanum
 Lithium
 Potassium
 Sodium
 Cesium

L
ip

o
so

m
e

 s
iz

e
 (

n
m

)

Ionic Strength (mM)

A) 

B) 



- 171 - 
 

Figure H 1: The electrophoretic mobility of DOPC liposomes as a function of hydrophobic TPP+ concentration at 
25˚C, as measured by DLS. 

Figure H 2: The electrophoretic mobility of DOPC liposomes as a function of hydrophobic TPP+ concentration at 
25˚C, as measured by DLS. 

Appendix H 

The electrophoretic mobilities of DOPC liposomes as a 

function of organic, hydrophobic ion concentration 
 
Figures H1 & H2: Electrophoretic mobilities of the DOPC liposomes as a function of hydrophobic cation 

concentration. Figure H1 shows the change in the electrophoretic mobility of the liposomes as a 

function of tetraphenylphosphonium chloride concentration and Figure H2 shows the change in the 

electrophoretic mobility of the liposomes as a function of sodium tetraphenylborate concentration.  
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Appendix I 

Size distribution by intensity graphs in the presence of 

varying concentrations of tetraphenylborate 
 
Figures I1, I2, I3 and I4: The size distribution of the DOPC liposomes in 1-10 mM, 20 mM, 30 mM and 

40 mM sodium tetraphenylborate respectively. As is described in Section 5.2, as the concentration of 

TPB- increases the graphs confirm that fusion and aggregation of the liposomes is occurring due to the 

presence of a peak at 5000 nm which increases in size, in line with concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure I 1: The size distribution of DOPC liposome suspensions in the presence of 1-10 mM TPB-. 
Measured by DLS at 25˚C. 

Figure I 2: The size distribution of DOPC liposome suspensions in the presence of 20 mM TPB-. 
Measured by DLS at 25˚C. 
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Figure I 3: The size distribution of DOPC liposome suspensions in the presence of 30 mM TPB-. Measured by 
DLS at 25˚C. 

Figure I 4: The size distribution of DOPC liposome suspensions in the presence of 40 mM TPB-. Measured by DLS 
at 25˚C. 
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Appendix J 

The effect of temperature on the size and PdI of DOPC 

liposomes  
 
Figures J1, J2 and J3: The change in the size of DOPC liposomes in the presence of water, NaCl (I =5 

mM), and CaCl2 (I =5 mM) respectively. It is clear from the Figures that the change in temperature 

from 25 ˚C to 50 ˚C does not affect the size of the liposomes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure J 1: The effect of temperature on the size of DOPC liposomes in water. The data was collected using DLS and 
the temperature range used was 25-40 ˚C. 

Figure J 2: The effect of temperature on the size of DOPC liposomes in NaCl (aq). The data was collected using DLS 
and the temperature range used was 25-40 ˚C. 
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Figures J4, J5 and J6 show the change in the polydispersities of the DOPC liposomes in the presence 

of water, NaCl (I =5 mM), and CaCl2 (I =5 mM) respectively. It is clear from the Figures that the change 

in temperature from 25 ˚C to 50 ˚C does not affect the PdI of the liposome suspensions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure J 4: The effect of temperature on the PdI of DOPC liposome suspensions in water. The data was collected using DLS 
and the temperature range used was 25-40 ˚C. 
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Figure J 3: The effect of temperature on the size of DOPC liposomes in CaCl2 (aq). The data was collected using DLS 
and the temperature range used was 25-40 ˚C. 
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Figure J 5: The effect of temperature on the PdI of DOPC liposome suspensions in NaCl (aq). The data was collected using 
DLS and the temperature range used was 25-40 ˚C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure J 6: The effect of temperature on the PdI of DOPC liposome suspensions in CaCl2 (aq). The data was collected using 
DLS and the temperature range used was 25-50 ˚C. 
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Appendix K 

Additional TEM images of DOPC liposomes  

Figures K1, (A, B and C) show cryo-TEM images of DOPC liposomes in the presence of NaCl (I=5 mM). 

The images are from different regions of the TEM grid. Yellow arrows highlight unilamellar liposomes, 

blue arrows show the multilamellar vesicles and red arrows denote the multivesicular liposomes. In 

Figure K1 a number of multilamellar and multivesicular liposomes can be seen. 
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Figure K 1: Additional cryo-TEM images of DOPC liposomes in the presence of NaCl (I=5 mM). 

 

Figures K2 (A, B and C) show cryo-TEM images of DOPC liposomes in the presence of CaCl2 (I=5 mM). 

The images are from different regions of the TEM grid. In Figures K2 (A, B and C) a range of 

structures are observed. Cylindrical phospholipid structures (black arrows), unilamellar (yellow 

arrows), bilamellar (blue arrows) and multivesicular liposomes (red arrows) can be seen. 
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Figure K 2: Additional cryo-TEM images of DOPC liposomes in the presence of CaCl2 (I=5 mM). 
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Figures K3 (A and B) show cryo-TEM images of DOPC liposomes in the presence of LaCl3 (I=5 mM). 

The images are from different regions of the TEM grid. In Figures K3 (A and B) a large number of 

unilamellar liposomes (yellow arrows) can be seen, as well as a small number of multivesicular 

liposomes (red arrows).  

 

 

 

Figure K 3: Additional cryo-TEM images of DOPC liposomes in the presence of LaCl3 (I=5 mM). 
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