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Abstract 

Liposomes are used as a sophisticated delivery system for drugs and other active biomolecules.  A variety 

of molecules can be conjugated to the liposome surface to facilitate a range of functionalities, including 

targeted binding of liposomes to receptor molecules on specific cells, endocytosis, intracellular delivery, 

triggered release of cargo, reduced opsonisation and removal by reticuloendothelial system.  Currently 

there are 25 clinical liposome products approved by FDA and EMA, none of which are yet to have reached 

clinical/commercial success.  Possible explanations include difficulties with scale-up and ensuring uniform 

production, poor correlation between animal models and humans, variation between patients and 

cancers, and the expense of clinical trials and regulatory requirements.  In addition, limitations associated 

with conjugation strategies may also contribute to this lack of clinical success.   

Kode technology is a rapid surface labelling technology that has been successfully used to modify and 

functionalise a range of biological and non-biological surfaces, including cells, viruses, and artificial 

membranes.  Due to similarities between natural cell membranes and liposome membranes it was 

expected that Kode technology could be applied as a novel approach to modify liposomes without the 

need for complex chemical reactions.   

To achieve this outcome and to understand the capabilities and limitations the aim of this research was 

to evaluate the modification of unwashed liposomes prepared by thin film hydration followed by 

extrusion and modification with Kode constructs (FSL).  This included method development and 

characterisation (size, charge, morphology) of the resultant Kode modified liposomes.  Insertion and 

retention dynamics of Kode modified liposomes were evaluated to determine the effects of synthesis 

method, concentration, temperature, time and liposome lipid composition.  

Three FSL constructs, FSL-A2, FSL-biotin and FSL-FLRO4, and three methods to add them to liposomes, 

including lipid mix (LM), hydration (H) and post synthesis (PS) were investigated.  

It was observed that all FSL constructs were very effective at labelling liposomes and did not significantly 

alter liposome size, morphology or stability.   

Incorporation of FSL into liposomes (by H and PS methods) was temperature and time dependent, 

maximum insertion occurred within 2 hours 37°C and 72 hours at 4°C.  The FSL spacer and head group did 

not appear to significantly affect this.   

Transfer of FSL constructs from unwashed liposomes to other membranes (liposomes or red blood cells) 

was evaluated.  Although no transfer to red blood cells was seen from LM liposomes transfer of FSL-A2 
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and FSL-biotin from liposomes prepared by H/PS methods, was in the range of 5-10%, while FSL-FLRO4 

liposomes exhibited only 2% transfer.  After extensive investigation it was concluded that transfer was 

likely due to FSL remaining in the liposome supernatant or adsorbed to the liposome surface, rather than 

dissociation of FSL from the liposome membrane. 

The conclusions from this research are that Kode Technology can be successfully used to enable simple, 

rapid functionalisation of the surface of liposomes.  The potential now exists to synthesise new FSL 

constructs with functional head groups selected to enable binding of liposomes to specific receptors on 

target cells/tissues.   
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Chapter 1  Introduction 

Liposomes are small lipid vesicles which are frequently used in biotechnology.  This chapter introduces 

liposomes and briefly outlines their advantages and limitations as a sophisticated drug delivery system.  

Liposome composition, characterisation, synthesis and existing surface modification methodologies, 

including limitations of current techniques, are described.  As the objective of the research was to evaluate 

Kode technology modification of liposomes the principles of Kode technology are introduced along with 

a description of how this technology could be applied to the surface modification of liposomes.  

1.1 Brief History and overview 

Nanotechnology, the design, characterisation, production and application of nanosized materials or 

devices in the nanometre scale [1], is one of the most innovative technologies of the twentieth century. 

The use of nanotechnology and nanoparticles in medicine has revolutionised conventional therapeutic 

and diagnostic procedures.  Since the 1990s, the use of nanoparticles as advanced delivery systems for a 

range of therapeutic and diagnostic applications has grown steadily.  Of these nanoparticles, liposomes 

have been arguably the most successful [2] and account for approximately 40% of clinically approved 

nanoparticle therapies [3]. 

Liposomes were discovered by Bangham and Horne in 1964 [4] when they observed the spontaneous 

formation of multilamellar phospholipid vesicles in water.  The term ‘liposome’ to describe these vesicles 

was first published in 1968 [5].  Initial interest in liposomes focussed primarily on their use as an artificial 

model membrane as they provided a unique tool which enabled the study of many fundamental 

membrane properties such as permeability, adhesion, fusion, and phospholipid function for the first 

time [6, 7].  

By the 1970s it had been established that liposomes could also be used to encapsulate various 

compounds, such as lysozyme, chlorophyll-a, and beta-fructofuranosidase [8-10].  This led to Gregoriadis 

and Ryman proposing the use of liposomes as a carrier to deliver enzymes or drugs for the treatment of 

disease [11]. By 1973 they had demonstrated that this was possible and the potential application of 

liposomes as a revolutionary drug delivery system was established [12].   

During the 1970s and 1980s liposomes attracted increasing interest.  Improved methods of liposome 

synthesis and cargo encapsulation were established.  Liposome properties and behaviour both in vitro 

and in vivo were investigated and further potential therapeutic uses were explored, such as their use as a 

vaccine adjuvant to increase immune response to antigen [13].  Two significant problems were quickly 

identified; firstly liposomes are rapidly cleared from circulation by the reticuloendothelial system [14].  
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Secondly, was how to engineer liposomes so that they would accumulate and then release their cargo at 

the desired site.   

The first problem was overcome in 1990 when Klibanov et al. [15] reported that coating liposomes with 

the hydrophilic polymer polyethylene glycol (PEG) significantly increased circulation time, so called 

‘stealth’ liposomes.  This led on to the development of the first FDA approved liposomal drug Doxil® 

(PEGylated liposomes encapsulating doxorubicin) in 1995 [16].   

The second challenge has yet to be resolved.  Active targeted liposomes have been and continue to be 

extensively studied.  The ability to direct liposomes to specific tissues or cells by attaching ligands such as 

antibodies to their surface was first proposed by Gregoriadis in 1977 [17] and methods were quickly 

established to couple antibody and other targeting molecules to the surface of liposomes [18-20].  

However, despite 30 years of intensive research, and considerable in vitro success, the development of a 

clinical liposome product with these targeted and controlled delivery capabilities has not yet been 

achieved [21].  In vivo studies show the efficaciousness  of labelled liposomes remains equivalent to 

unlabelled liposomes [22].  Likely explanations include difficulties with scale up, poor correlation between 

animal models and humans, and variation between patients and cancers [21].  In addition, limitations 

associated with conjugation strategies may also be contributing to this lack of clinical success.   

Advantages  

Liposomes can be used as a sophisticated delivery system for drugs and other active biomolecules.  They 

are utilised across a wide range of clinical, diagnostic and analytical applications.  To date 25 clinical 

liposomal products have been approved by the United States food and drug administration (FDA) and the 

European medicines agency (EMA), and many more are in development [16, 23, 24].  Liposomes are used 

to encapsulate a variety of bioactive molecules, including oncology drugs, antimicrobial and anti-fungal 

agents, anaesthetics, genetic materials e.g. DNA, RNA, siRNA etc, proteins, peptides, and molecular 

imaging agents [25-28].  In addition to nanotherapeutics (diagnostic, therapeutic and analytical 

applications) liposomes are utilised across a wide variety of additional fields including cosmetics [29], food 

technology [30, 31], and agriculture [32].   

Liposomes offer many advantages over conventional drug formulations.  Most importantly liposomes are 

composed of phospholipids and so are biocompatible, biodegradable and have low immunogenicity.  In 

addition, they can improve drug pharmacokinetics by increasing accumulation at target sites while 

simultaneously decreasing toxicity and off-target side effects.  This enables the administration of higher 

drug doses with reduced side effects.   
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Liposomes protect encapsulated molecules from degradation (redox, enzyme, pH) and removal while in 

the physiological environment, leading to extended circulation and increased accumulation at target sites 

via passive and active targeting.  At the same time materials encapsulated within liposomes are not 

bioactive until released,  this decreases toxicity and unwanted off-target effects on healthy tissues.   

Liposomes are highly versatile; they can encapsulate a wide range of molecules and can be administered 

in many forms.  Because of their bilayer structure liposomes can encapsulate both hydrophilic and 

hydrophobic molecules [28].  They can enable the delivery of molecules which are difficult to administer 

by conventional methods due to difficulties in their formulations (e.g., solubility, stability, toxicity). 

Liposomes can be used to deliver non-conventional biopharmaceuticals such as DNA, RNA therapeutic 

proteins, without the need for viral vectors [26].  They can formulated and applied in a variety of different 

forms [28, 33], including as a suspension [34], aerosol [35], foam [36], or semisolid such as cream [29] or 

gel [37].  They can be administered parentally [38-40], topically [41, 42], orally [43, 44] or via inhalation 

[28, 45, 46].   

Liposomes can also be modified by attaching a range of molecules to their surface [47].  This can be used 

to engineer liposomes with a range of functionalities, including extended in vivo circulation (stealth 

liposomes) [48, 49], targeted binding of liposome to specific receptors/cells [50], promotion of cell fusion 

and intracellular delivery of encapsulated cargo to targeted cells (e.g. cell penetrating peptides) [51], 

controlled delivery (stimuli sensitive) [52], and can also help facilitate the delivery of liposomes into hard 

to reach environments such as crossing the blood brain barrier [53].   

Limitations 

Liposomes have several limitations.  One of their main limitations is their short circulation time, liposomes 

are rapidly detected and removed from circulation by cells of the reticuloendothelial system [14].  Other 

limitations include poor stability in vivo [54] (due to both complement mediated destruction and oxidation 

and hydrolysis of phospholipids) [55], inconsistency of production (variation within and between batches), 

low targeting efficacy, drug encapsulation efficiencies can be low and leakage of encapsulated materials 

can occur.  The controlled release of encapsulation materials at the desired site can also be problematic.  

Surface modification of liposomes is a promising strategy to help overcome some of these limitations and 

improve their performance characteristics.  The surface of liposomes can be modified with a wide range 

of ligands/functional molecules to engineer liposomes with multifunctional properties; for example, to 

facilitate targeted and specific binding to target tissues, to increase cellular uptake, to avoid uptake and 

removal by RES (stealth properties), to improve stability and encapsulation of cargo, and to facilitate 

controlled release of cargo at the desired site (stimuli sensitive). 
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A new approach 

It was proposed that the use of Kode  Technology could be a novel and simple method for the surface 

modification of liposomes.  Kode is already established as a surface labelling method for many biological 

and non-biological surfaces, including cell membranes, viruses, stainless steel, nanofibers [56, 57].  This 

method has shown excellent performance characteristics; it is simple, stable, and reliable [56].  Since 

liposomes are analogous to cell membranes, it was anticipated that Kode technology can also be 

successfully applied to the modification and labelling of liposomes.   

1.2 Liposomes 

Liposomes are artificial spherical vesicles composed of one or more phospholipid bilayer membranes 

surrounding an internal aqueous core, Figure 1.  They can range in size from several nanometres to 

micrometres.  Liposomes are formed by the spontaneous self-assembly of amphiphilic lipid molecules, 

such as phospholipids, in aqueous solution.  Phospholipids self-assemble with their hydrophobic lipid tails 

facing together within the bilayer, and their hydrophilic head groups oriented toward the aqueous phase.  

Figure 1 Liposome structure. Liposomes are composed of a spherical phospholipid bilayer membrane encapsula�ng 
an internal aqueous core.[58]  

Because of their structure, liposomes have the unique ability to encapsulate molecules with different 

solubilities; hydrophilic molecules can be encapsulated within their aqueous core [59], hydrophobic 

molecules can be incorporated within the lipid bilayer or adsorbed to the liposome surface [60], and 

amphipathic molecules at the water lipid interface [27].  
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Liposomes can be classified based on their size and the organisation of their phospholipid bilayers 

(lamellarity). The phospholipid bilayers may be unilamellar (composed of a single lipid bilayer), 

multilamellar (composed of several concentric bilayers like an onion), or multivesicular in which separate 

smaller non-concentric bilayer vesicles are contained within a single outer bilayer, Figure 2.  Unilamellar 

vesicles may be further divided based on their size as small unilamellar vesicles (SUV) <100nm, large 

unilamellar vesicles (LUV) 100-1000nm, giant unilamellar vesicles (GUV) >1000nm [61].  

Figure 2 Classifica�on of liposomes based on structure and size.   Small unilamellar vesicles (SUV), large unilamellar 
vesicles (LUV), giant unilamellar vesicles (GUV), mul�lamellar vesicles (MLV) and mul�vesicular vesicles (MVV).  
Figure adapted from [61-63].  

1.3 Micelles 

In addition to forming liposomes amphipathic molecules, such as phospholipids and FSL constructs, 

dispersed in aqueous solution can form a range of other structures, including micelles (and a variety of 

other structures see 1.5.1 Lipid polymorphism).  Micelles are usually composed of a single layer of 

molecules (not a bilayer like liposomes) and do not have an internal aqueous compartment.   

Phospholipid micelles are usually very small, approximately 2-20nm in size [64].  In aqueous solution, the 

phospholipid molecules in a micelle arrange with their polar head groups facing outwards and their lipid 

tails inwards.  In addition, depending on the environmental conditions reverse or inverted micelles may 

form, where the hydrophilic head groups are oriented toward centre and hydrophobic tails face outwards. 

Examples of possible micelle structures in aqueous solution are shown in Figure 5. 

At low concentrations amphipathic molecules are present as monomers dispersed in an aqueous solution. 

Above a certain concentration, termed the critical micelle concentration (see 1.10.3 Critical micelle 
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concentration), the amphipathic molecules aggregate and form micelles.  Kode constructs (see section 1.8 

Kode technology) are amphipathic molecules and can likely form micelles.  Their conformation as a 

monomer or micelle may influence their interaction with liposomes.  

 

1.4 Liposome composition 

Liposomes are usually composed of natural or synthetic glycerophospholipids (or sphingomyelin), and 

small amounts of other lipids may also be included e.g. cholesterol to improve bilayer stability and reduce 

permeability [27].  The lipid composition of a liposome influences its characteristics, including size, charge, 

bilayer structure (rigidity, fluidity, stability) permeability, encapsulation efficiency, charge, drug retention 

and release and circulation times in vivo [65].  Therefore, careful selection of phospholipids can be used 

to develop liposomes with optimal performance characteristics.   

Glycerophospholipids 

Glycerophospholipids (commonly referred to as phospholipids) are composed of a glycerol backbone 

linked to two hydrophobic fatty acid chains and a hydrophilic polar head group (via a phosphate group), 

Figure 3.  Phospholipid head groups (choline, ethanolamine, serine, glycerol, and inositol) vary in size, 

charge, and polarity.  These head groups form phospholipids called phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylserine, phosphatidylglycerol and phosphatidylinositol 

respectively [65].  

 

Figure 3 Schema�c diagram of a phospha�dylcholine (PC) phospholipid.  The (a) schema�c chemical structure, 
(b)space filling molecular structure, and (c) a schema�c representa�on of dimyristoylphospha�dylcholine 
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) is shown. Dimyristoylphospha�dylcholine is composed of a 
hydrophilic choline head group atached via a phosphate residue to the glycerol backbone, which is connected to 
two hydrocarbon faty acid acyl chains. Adapted from [66, 67].   
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Charge 

Depending on the head group of the phospholipids used to prepare liposomes, they can have positive, 

negative and neutral charge [65].  Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are 

zwitterionic, and contain both positive and negatively charged regions, while phosphatidylserine, 

phosphatidylinositol, and phosphatidylglycerol are negatively charged [68]. There are no naturally 

occurring cationic phospholipids, however positively charged lipids, such as stearylamine, DOTAP 

(dioleoyl-3-trimethylammonium propane) and DOTMA (di-O-octadecenyl-3-trimethylammonium-

propane) can be incorporated into liposomes to impart a positive charge [69, 70].  

Liposome charge (via electrostatic interaction) can be used to increase encapsulation and/or interaction 

with molecules of the opposite charge.  For example positively charged lipids can be included in liposome 

composition to increase interaction between the liposome and negatively charged cell membranes [70-

72], positive lipids are used to increase encapsulation of negatively charged molecules such as DNA, RNA 

or oligonucleotides [73, 74] in the liposomes, similarly negatively charged liposomes can increase 

encapsulation of positively charged molecules [75]. 

Phospholipid acyl chains 

The acyl chains of the phospholipids can also affect the liposome properties.  Long saturated 

phospholipids pack tightly together forming liposomes which are rigid, stable and have low permeability 

(see section 1.5.3 Lamellar bilayer phases) [65].  In contrast, liposomes composed of shorter unsaturated 

phospholipids, are more permeable and less stable [70, 76, 77].  Acyl chain length can also influence 

encapsulation efficiencies; phospholipids with longer acyl chains enable increased encapsulation of 

hydrophobic drugs due to the increased lipophilic environment [78].   

Phospholipid properties can also alter the liposomes stability and fusion characteristics. Phospholipids 

which undergo a phase transition (see 1.5.2 Critical packing parameter ) in response to a change in 

environmental conditions (e.g. pH change) can be used to cause membrane destabilisation to facilitate 

cell-liposome binding and to enable triggered release of cargo at a specific.  For example small amounts 

of PE (which undergoes phase transition at low pH) is often included in liposomes to facilitate fusion with 

cell membranes and intracellular drug release [51, 79].  
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Cholesterol 

Cholesterol (up to 30mol%) is a common constituent of liposomes.  Cholesterol is included to improve 

their membrane stability and reduce permeability [80].  Cholesterol orients itself with its hydroxyl group 

close to the phospholipid head groups and its carbocyclic rings aligned between the hydrophobic alkyl 

chains [81].  Cholesterol alters the membrane fluidity and stability, see section 1.5.3 Lamellar bilayer 

phases (thermotropic phase behaviour of membranes). It can also influence encapsulation efficiencies 

and release profiles of encapsulated molecules [78, 80, 82].   

(a) 

 

(b) 

 
Figure 4 Structure of cholesterol.   Schema�c diagram showing the (a) chemical structure and (b) space filling 
molecular structure of cholesterol [83].  

 

 

1.5 Lipid dynamics 

1.5.1 Lipid polymorphism 

Phospholipids are amphipathic, they contain both a hydrophilic (head group) and hydrophobic (fatty acid 

chains) region.  When dispersed in aqueous solution they spontaneously self-assemble with their 

hydrophilic head groups facing toward the aqueous solution and their hydrophobic tails preferring to face 

toward each other away from the aqueous solution.  As a result of this they can from a variety of 

supramolecular aggregates, with different phospholipid organisation.   

The different types of aggregate structures can be classified as micelles (sphere of lipid molecules), 

lamellar (two dimensional bilayer formations, such as planar membrane or spherical vesicles such as 

liposomes), hexagonal (two dimensional tubular or cylindrical arrangements), and cubic (more 

complicated three dimensional structures), example structures are shown in Figure 5.  The shape and 

morphology of the structures formed depends on both the lipid composition and environmental 

conditions such as pH, temperatures, presence of salts. 

The self-assembled aggregates are not held together by strong ionic or covalent bonds, but instead by van 

der Waals forces, electrostatic interactions, hydrogen bonding and hydrophobic forces.  As a result the 
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supramolecular structures formed are flexible or fluid like, and their association is reversible [84].  It is 

possible for structurally different populations (monomer, small and/or large aggregates, such as micelles 

and liposomes) to coexist in a thermodynamic equilibrium with each other [84, 85].  Micelles are highly 

dynamic, the molecules are in constant motion, the monomers exchange rapidly between micelles and 

the bulk solution, with a monomer existing within a micelle for between 10-5 and 10-3 seconds [84].  

a) Micellar
Sphere of lipid molecules

b) Lamellar
Two dimensional bilayer

c) Hexagonal

Two dimensional cylindrical

d) Cubic

Complex three dimensional

Figure 5 Lipid phase structures. Diagram showing examples of (a) micelle, (b) lamellar, (c) hexagonal and (d) cubic 
lipid phase structures. Figure adapted from [86]. 
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1.5.2 Critical packing parameter 

The shape and size of a phospholipid aggregate is partly dependent on the molecular geometry of its 

component molecules (head group, degree of unsaturation and branching of lipid acyl chains), as these 

influence how the molecules can best pack together.  According to Israelachvili et al. [87] the structure of 

lipid aggregates can be predicted based on the geometry of the individual amphiphile molecules using 

equation 1 [88] below:  

𝑃𝑃 =  
𝑣𝑣
𝑎𝑎 𝑙𝑙𝑐𝑐

 

P Critical packing parameter 
v Volume of hydrocarbon chains 
a Area of the hydrophilic head group 
lc Length of hydrophobic chains 

Equa�on 1 Packing parameter equa�on 

This equation calculates the ‘critical packing parameter’, a dimensionless parameter, which is the ratio 

between the volume of the hydrophobic part of the amphiphile with the optimal surface area of the 

hydrophilic head groups and the length of the hydrophobic chains [88]. This packing parameter can be 

used to predict the shape of aggregate structures likely to form in aqueous solutions, Figure 6 [85, 89]. 

Phospholipids which have a larger head group than their hydrocarbon area have a cone like geometry, 

P < 0.3, and tend to form spherical micelles. However, it should be noted that micelles only form above a 

defined concentration of amphiphile.  This concentration is called the critical micelle concentration (CMC), 

see 1.10.3 Critical micelle concentration.  Below the CMC amphiphiles are present as monomers (single 

molecules).   

Phospholipids which are cylindrical in shape, with equal headgroup and hydrocarbon areas, have a 

packing parameter 0.5-1 and tend to form lamellar phases such bilayer membranes and vesicles, 

e.g. liposomes.  Nearly all phosphatidylcholine and phosphatidylethanolamine phospholipids fall into this

category.  The primary phospholipid constituent of most liposomes is usually phosphatidylcholine for this

reason.

Phospholipids with a small head group, and a packing parameter greater than one, form reverse or 

inverted micelles (hexagonal I and II or cubic phase).  In this case the phospholipids aggregate with their 

hydrophilic head groups on the inside and the hydrophobic tails on the outside. 

Phosphatidylethanolamine with unsaturated hydrocarbon chains forms this phase.   
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Packing 
Parameter 

Amphiphile Shape Aggregate Structure Phase 

P < 0.3 

 
 

Micelle 

  Spherical micelles  

0.3 ≤ P < 0.5 

 
 

Hexagonal I 

  Cylindrical micelles     

0.5  ≤ P < 1 

 

 

 
Lamellar 
(bilayer) 

  Flexible bilayers, vesicles   

P = 1 

  

 

  Planar bilayers    

P > 1 

 
 

Hexagonal II 

 

Inverted/reverse cylindrical micelles    

Figure 6 Amphiphile aggregate structures predicted by phospholipid packing parameter. Adapted from [89]. 

 

Note: the above structures should not be considered mechanically, as if the molecules really are cylinders, 

cones etc.  It must be kept in mind that in reality all lipids, even cholesterol, are highly dynamic 
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conformationally flexible molecules that can intertwine with each other as part of a bilayer and other 

supra molecular formations.  For details see 1.5.6.  

While the packing parameter is useful for predicting possible micelle/aggregate structures in simple 

model systems, caution must be used when applying to natural biological systems.  In this case many 

other factors play a role in determining aggregate shape and structure including phospholipid 

concentration and interactions with other lipids and ions, thermodynamic factors such pH and 

temperature, and aqueous conditions. Altering these conditions can result in changes to the structure of 

the aggregate formed.  The phase preferences of several common phospholipids in pure water are shown 

in Table 1  [90, 91]. 

Table 1 Polymorphic phase preferences of common phospholipids in pure water.
Bilayer (lamellar) Hexagonal II 

Phosphatidylcholine Phosphatidylethanolamine (unsaturated) 
Phosphatidylserine Phosphatidylserine (pH <3) 
Phosphatidic acid Phosphatidic acid (pH <3) 
Phosphatidylglycerol Phosphatidic acid (pH <3) (+ Ca2+) 
Phosphatidylinositol Cardiolipin (+ Ca2+)  
Phosphatidylethanolamine (saturated)  

 

Environmental conditions such as temperature, pH, water content influence the phase behaviour of 

phospholipids and can cause them to transition from one phase to another.  Decreased water content, 

increased temperature all promote transition from lamellar to hexagonal phases.  pH changes or the 

presence of polyvalent ions (e.g. Ca2+), which neutralise head group charges, can also destabilise lamellar 

phases and promote the transition to hexagonal phases.   

Phospholipid hydrocarbon chain unsaturation also impacts phase behaviour. For example saturated PE 

phospholipids form lamellar phases, whereas unsaturated PE lipids, such as DOPE, favour hexagonal 

structures [90].   

The phase behaviour of phospholipids is an important consideration when designing liposomes.  These 

properties can be used to trigger membrane instability, which can promote liposome fusion with cell 

membrane (inclusion of non-lamellar lipids can facilitate liposome-cell membrane fusion, [90, 91]) and 

triggered release of content (phase transition can be triggered by changing environment e.g. pH, leading 

to membrane destabilisation and content release) [92].    
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1.5.3 Lamellar bilayer phases (thermotropic phase behaviour of membranes) 

Phospholipids can also adopt different states within the lamellar bilayer phase.  These affect the fluidity 

of the bilayer membrane and are an important consideration in liposome design as they directly impact 

liposome stability, permeability, and cargo release characteristics.  

Phospholipids within a bilayer membrane can exist in three phases; solid ordered (Lβ), liquid 

disordered (Lα), and liquid ordered (Lo). Although there is no molecular rearrangement of the bilayer 

between these states, there is significant change in the properties, lateral organisation, molecular order, 

and the mobility of the lipid molecules within the bilayer. The transition between the solid ordered and 

liquid disordered states occurs at a specific temperature specific for each phospholipid, called the 

thermotropic phase transition temperature (Tm), see section 1.5.4 Phase transition temperature.   

Solid ordered phase (Lβ) 

In the solid ordered phase, the phospholipid acyl chains are fully extended (trans conformation) and 

tightly packed together, Figure 7a.  Intermolecular forces increase, phospholipid movement within the 

bilayer is reduced and the bilayer thickness increases.  A phospholipid membrane in this phase is ordered, 

rigid, stable and relatively impermeable [93].  

 
Figure 7 Structure of solid ordered and liquid disordered phases.  A cross sec�on view of bilayer is shown on the 
le� and a top view of phospholipid head groups on the right.  (a) Solid ordered phase shows highly ordered 
packing, while (b) liquid disordered phase shows a more irregular packing arrangement. 

 

Liquid disordered (Lα) 

In the liquid disordered phase (liquid crystalline Lα) the phospholipids are in a more fluid and randomly 

oriented state.  The lipid acyl chains are shortened and kinked (gauche conformation).  This results in each 
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phospholipid taking up more space and therefore the membrane becomes less densely packed, Figure 7b. 

Intermolecular forces and the bilayer membrane thickness are reduced.  Phospholipids are not held 

together so tightly so the phospholipids are able to move freely within the membrane, fast bilateral and 

rotational phospholipid movement can occur in this phase [94].  The membrane is fluid, permeable and 

less stable. 

Liquid ordered 

The addition of cholesterol to the lamellar membrane results in the formation of an intermediate phase 

termed the liquid ordered phase, Figure 8.  Cholesterol has the unique ability to either increase or 

decrease lipid order depending on the phase of the surrounding lipids.  Cholesterol orients itself with its 

hydrophobic hydroxyl group facing the aqueous phase and its rings intercalated between the phospholipid 

fatty acid tails within the bilayer membrane [95].  When added to phospholipids in the solid ordered phase 

cholesterol disrupts the close packing and consequently reduces order.  Conversely when cholesterol is 

added to phospholipids that are in the liquid disordered phase it increases order by straightening lipid 

chains and reducing their movement, leading to closer packing and an increase in the size of the bilayer. 

This results in the formation of an intermediate liquid disordered phase which shows rapid lipid lateral 

and rotation diffusion, similar to fluid disordered phase, but has packing which resembles the solid 

ordered phase.   

Figure 8 Lipid bilayer membrane phases. In the gel (solid ordered) phase the lipids are highly ordered and �ghtly 
packed. In the fluid (liquid disordered) phase the lipids are highly disordered, less densely packed, shortened.  
Membrane is thinner, more permeable and less stable in fluid phase.  Addi�on of cholesterol increases the order of 
fluid phase but decreases order of gel phase, forming a liquid ordered phase.  Figure adapted from [96].   
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The fluidity and permeability of the liposome membrane is an important consideration, particularly if a 

molecule/drug is to be encapsulated.  If the membrane is too permeable encapsulated material will 

quickly leak out of the liposome.  In contrast, if the liposome membrane is very rigid and impermeable 

(composed of phospholipids with long saturated hydrocarbon chains) release of encapsulated molecules 

is very slow, for example Charrois and Allen [97] showed that liposomes composed of 

dioleoylphosphatidylcholine (DOPC), an unsaturated phospholipid, released encapsulated drug very 

quickly (all released within 24 hours), while those composed of distearoylphosphatidycholine (DSPC), a 

saturated phospholipid, showed much slower and sustained release over seven days.   

A unique feature of liposomes (and other lipid membranes) is that they have a fluid surface which allows 

dynamic organisation of anchored ligands, unlike other inorganic nanoparticle drug delivery systems [98]. 

Movement of ligands allows for optimal polyvalent binding, which can increase binding affinity [98, 99].  

Membrane rigidity also effects the mechanical properties of the liposomes, rigid membrane makes the 

liposome less deformable, this can influence cellular uptake and penetration into the extracellular matrix 

[100].  Abumanhal-Masarweh et al. [101] showed that cellular uptake of liposomes was increased with 

increasing phospholipid acyl chain length, and the addition of cholesterol, to increase membrane rigidity, 

also enhanced uptake.  

 

1.5.4 Phase transition temperature 

The transition between solid ordered and liquid disordered lamellar states occurs at temperature specific 

to each phospholipid,  called the phase transition temperature (Tm).  The Tm of some commonly used 

phospholipids are shown in Table 2 [102, 103].   

Table 2 Phase transi�on temperature of commonly used phospholipids for liposome prepara�on 

Phospholipid type Fatty acid Name Abbreviation Tm 
 Length:Saturation   (°C) 

Phosphatidylcholine (PC) 12:0 Dilauroyl PC DLPC -2 
 14:0 Dimyristoyl PC DMPC 24 
 16:0 Dipalmitoyl PC DPPC 41 
 18:0 Distearoyl PC DSPC 55 
 18:1 Dioleoyl PC  DOPC -17 
 mixture Egg PC EPC -15 - -5 

Phosphatidylethanolamine (PE) 12:0 Dilauroyl PE DPLE 29 
 14:0 Dimyristoyl PE DMPE 50 
 16:0 Dipalmitoyl PE DPPE 60 
 18:0 Distearoyl PE DSPE 74 
 18:1 Dioleoyl PE DOPE -16 
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Above the Tm the phospholipids in are in the liquid disordered phase.  Reducing the temperature below 

the Tm results in a transition to the solid ordered phase.   

Tm is mostly affected by hydrocarbon length and saturation, but also charge and headgroup type;   

• Tm increases with increasing chain length, as the hydrocarbon chain length increases van der 

Waals forces also increase, thus more energy is required to disrupt the ordered packing.   

• Unsaturation decreases Tm, as it causes the hydrocarbon chains to kink which prevents them from 

packing tightly together, resulting in decreased van der Waals interaction and therefore less 

energy is required to disrupt the packing. Most natural phospholipids contain at least one double 

bond and have a low Tm as a result.   

• Head group effects Tm, PC and PG with same hydrocarbon chain length have similar Tm, however 

PE has a higher Tm (e.g. DPPC and DPPG both have a Tm of 41°C, whereas DPPE is 63°C).  This is 

believed to be due to stronger interactions between the PE head groups. [103].   

EPC has a broad temperature transition range (Tm  between minus 15°C to minus 5°C) which is well below 

room temperature (RT).  This is because EPC is obtained from a natural source and so contains a mix of 

phospholipid components with a range of different fatty acid chain lengths and both saturated and 

unsaturated chains, Table 3.  EPC has better oxidative stability than soy PC because it is composed of a 

greater proportion of saturated lipids [103].  Liposomes formed with EPC will be in the liquid disordered 

phase in the temperature ranges used in this study (4°C-37°C). 

 

Table 3 Percentage faty acid composi�on of phospha�dylcholine extracted from egg and soy 

Type of Fatty Acid Fatty Acid Composition % 

Length:saturation Name  Egg PC Soy PC 

14:0 Myristic 0.2  
16:0 Palmitic  32.7 14.9 
16:1 Palmitoleic 1.1  
18:0 Stearic 12.3 3.7 
18:1 Oleic 32.0 11.4 
18:2 Linolenic  17.1 63.0 
18:3 γ-linolenic  5.7 
20:2 Eicosadienoic 0.2  
20:3 Eicosatrienoic 0.3  
20:4 Arachidonic 2.7  
22:6 Docosahexaenoic 0.4  
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1.5.5 Lateral phase separation 

Different lamellar phases can co-exist together within a membrane.  When more than one type of lipid is 

present in a bilayer membrane, the different lipids can separate into regions with distinct lipid 

composition, based on the physical and chemical properties of the head group and hydrocarbon tail 

groups [93, 104-106].  Larsen et al. [107] showed significant inhomogeneities in the composition of single 

liposomes from within a single population (composed of DOPC:DOPG). 

The lipids may have different Tm temperatures, and therefore could be in different lamellar phases 

depending on temperature.  Some may be solid (if temperature is below their Tm), while others may be in 

the liquid state (if temperature is above their Tm). Domains of tightly packed lipids (in solid phase) can 

form which move together laterally within a larger area of liquid disordered lipids [108-110].  The presence 

of cholesterol can greatly increase the formation of these domains .  Examples of naturally occurring 

domains include lipid rafts, caveolae, coated pits, receptor and channel clusters [111].  Phase separation 

can affect liposome permeability due to defects in the membrane at the boundary of the two phases 

[112]. Liposomes therefore can show highest permeability around Tm due to the presence to two 

phases [98].   

Lipid polymorphism can be exploited to engineer liposomes with specific behaviours.  Phase changes 

within a liposome membrane can be used to induce liposome fusion and drug release.   Liposomes can be 

designed to contain lipids which undergo phase transition from solid ordered to fluid disordered phases 

at a specific temperature, or in response to pH change.  When this trigger is encountered the bilayers 

undergo phase transition and become more permeable leading to drug release.  Imam et al. [51] showed 

that phase separated liposomes substantially increased liposomes to cell membrane fusion and increased 

intracellular delivery of lipids and model macromolecules (dextran). 

Phase separation can also be used to modulate ligand density on the liposome surface, ligands can be 

clustered together within distinct lipid domains thereby increasing local ligand density.  Increased ligand 

density can facilitate multivalent binding [113] and help increase binding affinity between liposomes and 

target cell [114].  Vu et al. showed that phase-separated liposomes with the binding ligand RGD showed 

15 fold enhanced binding to Jurkat cells compared to uniform liposomes [106]. In addition, phase 

separation can be used to reduce steric hindrance by altering the distribution of PEG molecules (which 

can also be localised into distinct domains) to further enhance targeted ligand binding.  Phase separation 

can be used to modulate the spatial presentation of both targeting and shielding molecules, and enhance 

the efficacy of liposome drug delivery [106].  
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1.5.6 Phospholipid movement within bilayer membranes 

Bilayer membranes are not static, phospholipid molecules can move within and between the bilayer 

leaflets.  This movement can be rotational, lateral, or transverse, Figure 9.  If the phospholipids making up 

the bilayer membrane are in the solid ordered state (below their Tm) then movement of phospholipids is 

strongly reduced.  However, if the phospholipids are in the liquid disordered state (are above their Tm) 

then the membrane is fluid, and the phospholipids are able to move freely.   

When the membrane is in the fluid state phospholipids are to move freely in three ways;   

• Rotational: phospholipids can rotate about their axis, perpendicular to the bilayer plane (this 

occurs very fast time scales, nanoseconds) [115].   

• Lateral: phospholipids can move sideways within a bilayer leaflet, the time taken to exchange 

position with a neighbouring phospholipid is approximately 100 nanoseconds, (phospholipid 

translation diffusion coefficient is approximately 10-7 - 10-10 cm2/s) [115] and a phospholipid 

molecule can travel across a typical cell in less than 30 seconds [116]. 

• Transverse: phospholipids can move between the inner and outer bilayer membrane (translation 

perpendicular to the plane of the bilayer). In a biological cell membrane transverse movement of 

phospholipids can occur via two mechanisms; either due to the action of lipid translocating 

enzymes (flippases, floppases and scramblases, in which case it happens very fast), or by 

spontaneous passive movement often referred to as ‘flip-flop’.  Passive flip-flop of phospholipid 

molecules between bilayers is very slow, taking place in the order of hours to days [115, 117, 118].  

Flip-flop is energetically unfavourable as the polar head group of the phospholipid must pass 

through the hydrophobic core of the lipid bilayer.   

 
Figure 9 Possible phospholipid movement within the liposome bilayer membrane.  Phospholipid movement can 
move be (a)  rotational (rotate about their axis), (b) lateral (move sideways within the bilayer leaflet), or 
(c) transverse (move between the inner and outer bilayer leaflets) [58].  
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In artificial membranes, such as liposomes, which do not contain flip-flop enzymes, transverse movement 

between leaflets can only occur by the passive flip-flop mechanism, and therefore occurs slowly.  For 

example in a phosphatidylcholine based liposome movement between lipid bilayers usually occurs over a 

timescale of days [119].  Flip-flop rate is affected by lipid chain length (longer chains impede flip-flop), 

membrane packing (flip-flop reduced in gel state), head group (charged non-polar head group reduce 

transverse movement), presence of cholesterol (decreases flip-flop above Tm by reducing membrane 

fluidity) and environmental factors such as temperature.  Packing defects in the bilayer membrane are 

also known to increase flip-flop, for instance at the border of two phases liquid ordered and liquid 

disordered phases.  Some lipids, such as cholesterol, have a high rate of spontaneous flip-flop (<1 second) 

[115].  Consequently, cholesterol is usually evenly distributed between the inner and outer bilayer 

leaflets [96].   

 

1.5.7 Phospholipid movement between membranes (between liposomes/cells) 

Phospholipids have been shown to spontaneously elute from liposome membrane and transfer to other 

liposomes [120-122]. The rate of transfer is dependent on temperature, fatty acid chain length and 

unsaturation (transfer decreases with increased chain length and increases with increased 

unsaturation[120 ]), phase of liposome membrane (transfer is greater when membrane in fluid phase 

[121]), size of liposomes can impact transfer (contact area shown to be decreased with increased vesicle 

size, transfer is greater from smaller liposomes [72]), and vesicle concentration (due to increased rate of  

vesicle collision[123]). Charge can be used to increase transfer.  The use of charged lipids can increase 

electrostatic attraction between oppositely charged membranes/vesicles which can help to increase lipid 

transfer  [71, 72].  The speed of phospholipid transfer between neutral liposomes is reported to be quite 

slow, taking hours to days  [72, 120], while transfer between oppositely charged vesicles can be much 

more rapid, occurring within minutes [124].  Transfer of phospholipid has also been shown to be 

independent of acceptor vesicle concentration [122]. Transfer between artificial membranes (liposomes) 

is also reported to occur faster than transfer from cell membranes. 

The rate of dissociation and transfer is also dependent on the surrounding environment.  Transfer has 

been shown to be relatively low when the liposomes are suspended in buffer.  However when suspended 

in plasma increased dissociation of phospholipids from the liposome can occur [121].  This may be because 

after dissociating the phospholipid interacts with serum lipids and plasmas and preferentially binds to 

these rather than transferring to a new vesicle/membrane. Münter et al. also showed that any attached 

group to the phospholipid (for example a fluorescent label) can alter the rate of dissociation [121].   
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1.6 Surface modification of liposomes 

Surface modification of liposomes can be used to help improve liposome performance characteristics and 

to overcome some of the barriers which inhibit their effectiveness. A wide variety of molecules may be 

incorporated into liposomes, Figure 10, either attached to their surface or embedded within their 

membrane, to achieve many purposes including; 

• Alter their physical characteristics i.e. charge [125], improve stability, reduce permeability,

facilitate fusion with other membranes [79]

• To prevent capture by the immune system (stealth liposomes), e.g. PEGylation [49]

• Active targeting, addition of binding ligands to facilitate binding of specific cells/tissues and/or

intracellular delivery.  Improved binding capacity to facilitate incorporation of drugs or bio-

macromolecules into target cells

• Stimuli sensitive, to enable controlled release of cargo

The following section briefly outlines the main categories of liposomes based on their surface 

modifications; conventional, stealth, active targeted, stimuli sensitive, multifunctional and hybrid.    

1.6.1 Conventional liposomes 

Conventional liposomes (i.e. with no surface modifications) are composed of natural or synthetic 

phospholipids often in combination with cholesterol.  Depending on the phospholipid constituents used 

the resulting liposomes may be neutral (no charge), anionic (negatively charged) or cationic (positively 

charged).   

Liposome charge can be used to facilitate liposome cargo incorporation, for example positively charged 

liposomes facilitate binding and encapsulation of negatively charged nucleic acids, such as DNA, small 

interfering RNA, oligonucleotides via electrostatic interactions [126].  Charged liposomes are removed 

from circulation faster than neutral liposomes, however negatively charged liposome enhance cellular 

interactions.   

A significant limitation of conventional liposomes is that they are rapidly removed from circulation by 

macrophages of the reticuloendothelial system (RES) particularly the spleen and liver [14, 127, 128]. They 

are also quickly opsonised by the adsorption of plasma proteins [129].  This opsonisation leads to 

increased recognition and removal by RES cells and can also directly cause liposome destruction via 

membrane instability and complement mediated lysis [130]. 
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Figure 10 Surface modified liposome. Diagram showing different types of liposome surface modifica�on; 
(a) conven�onal liposomes are composed of phospholipid (can be posi�ve, nega�ve or neutral charge) with no 
surface modifica�ons, (b) PEGylated or stealth liposomes have PEG conjugated to their surface, (c) ac�ve targeted 
liposomes may contain a range of different ligands to promote binding and endocytosis at specific �ssue, and 
(d) mul�func�onal liposomes which have more than one type of func�onising molecule.  Adapted from [58, 129, 
131]. 

 

1.6.2 Long circulating ‘stealth’ liposomes  

For liposomes to be used successfully as a drug delivery system, their rapid removal from circulation must 

be reduced.  Currently the predominant method to achieve this is the addition of a protective coating of 

hydrophilic polymer chains to the surface of the liposome, the resulting long circulating liposomes are 

called ‘stealth’ liposomes.  The most commonly used coating is polyethylene glycol (PEG), which has been 

shown to increase liposome circulation in humans from minutes to several hours [48, 127, 132].   
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Initial studies to create stealth liposomes via surface modification investigated the use of various types of 

coatings, such as monosialoganglioside, hydrated phosphatidylinositol, and other hydrophilic polymers 

such as PEG [49]. PEG was quickly found to be effective, economical, and relatively easy to chemically 

modify/conjugate, and so was quickly adopted as the primary method to allow liposomes to evade 

removal from circulation [48, 133].  Surface coating with PEG, termed PEGylation, decreases opsonisation 

of liposomes through a steric barrier hindrance mechanism, which reduces (but does not entirely prevent) 

liposome interaction with plasma proteins [134, 135].   

PEGylation is currently the gold standard for creating long circulating ‘stealth’ liposomes [136].  However 

there are concerns regarding the toxicity and immunogenicity of PEG; PEG is non-biodegradable and long 

term toxicity of PEG is unknown [137].  Repeated administration can lead to accumulation of PEGylated 

liposomes in extremities and the development of hand-foot syndrome (palmer-plantar 

erythrodysesthesia) a dose limiting adverse reaction which can be mild to severe and lead to 

discontinuation of treatment [138].  PEG is immunogenic and can stimulate formation of anti-PEG 

antibodies, leading to hypersensitivity reactions and rapid clearance of liposomes on repeat 

administration [137]. In addition, it has been found that up to 25% of a blood donor population had 

anti-PEG antibodies with no known prior exposure to PEG [139-141]. Due to the drawbacks associated 

with the use of PEG, alternative methods to create stealth liposomes are desirable.  Some proposed 

alternatives include use of ‘self’ marking peptides i.e. CD47 to prevent recognition by RES [142], or the 

use of other synthetic polymers such as chitosan[143, 144], pectin, polyglycerols, polyoxazolines, poly-

vinylpyrrolidone, poly-acrylamide, or natural polymers such as heparin or carbohydrates [145]. To date 

PEG is the only stealth coating used in vivo.  

A significant drawback/limitation of ‘stealth’ surface coating on liposomes is that it can reduce the 

effectiveness of any binding ligands attached to the surface of the liposome by preventing their 

interaction with target cells.  PEG reduces membrane interactions by steric hinderance and can inhibit cell 

binding and intracellular delivery [48]  One strategy to overcome this is attaching the binding ligand to the 

distal end of the PEG molecules [146].  However PEG polymers do not maintain a linear conformation 

in vivo, instead they fold into a globular structure and the attached ligand may be buried within the PEG 

structure [133].  The presence of PEG on surface of liposomes can also hinder hydrophilic drug 

encapsulation and impede the release of encapsulated materials [147]. 

1.6.3 Targeted liposomes  

Following the development of stealth liposomes, which were capable of extended in vivo circulation, 

strategies to alter liposome biodistribution and facilitate their delivery to specific cells and tissues have 

been widely investigated.  Liposome delivery to target tissue can be achieved by passive or active 
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targeting.  Passive targeting occurs due to the enhanced permeability and retention effect (EPR), see 

below, which is most relevant for oncology applications [148].  Active targeting involves the addition of 

specific binding ligands to the surface of liposomes to facilitate binding to target cells.  Although highly 

sought after, and despite being widely investigated and many successful preclinical trials, active targeted 

delivery has not yet been realised for a clinical liposomal product.   

Passive targeting - EPR effect 

Liposomes passively accumulate in neoplastic and inflamed tissue due to the enhanced permeability and 

retention (EPR) effect [149].  Tumour tissue, and inflamed tissue, develop leaky blood vessels which have 

enlarged inter endothelial gaps that allow particles up to 200 nm in size to pass through [133].  These 

leaky vessels allow nanoparticles to move through the large endothelial gaps and accumulate in the 

surrounding tissues.  In addition, lymphatic drainage from tumour tissue is impaired.  Thus, once the 

liposomes move into the tumour tissue via the leaky vasculature they remain there and accumulate, 

Figure 11.   

There are some limitations to the effectiveness of EPR effect; tumour vasculature is not distributed 

homogenously throughout the tumour, so there can be regions within the tumour with very limited blood 

flow.  In addition high interstitial pressure within the tumour tissue can make it difficult for liposomes to 

diffuse deep within tumours [150].   

 
Figure 11 Passive targe�ng of nanopar�cles by the EPR effect. Nanopar�cles pass through the enlarged inter-
endothelial gaps found in tumour blood vessels.  Once in the tumour �ssue they accumulate due to reduced 
removal caused by impaired lympha�c drainage. Image adapted from [151].  
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Active targeting - Types of ligands 

Active targeting is the surface modification of liposomes with specific ligands to promote liposome binding 

and endocytosis at target tissues to further improve the delivery of encapsulated materials to a specific 

target [152].  A variety of bioactive molecules can be attached to the surface of liposomes to achieve wide 

range of functions, include binding to specific target cells, membrane fusion and intracellular delivery, 

gene therapy, enzyme activity.  Example ligands include antibodies or antibody fragments [153, 154], 

aptamers [155], peptides and proteins [156], carbohydrates [157, 158], nucleic acids [159], and small 

molecules capable of being recognised by specific cell surface receptors e.g. vitamins such as folic acid 

[160]).  The target receptor/antigen should be either selectively expressed or over expressed on the target 

tissues (to reduce off-target side effects).  Ideally binding should also promote internalisation (receptor 

mediated endocytosis)  The binding ligands can be directly conjugated to liposome surface or may be 

attached to a linker molecule such as PEG (see 1.6.7 Current methods of liposome surface modification). 

• Antibodies or antibody fragments are a commonly used ligand.  Antibodies enable efficient and 

specific binding to their target antigen.  Examples include anti-Her2 to target breast cancer cells 

[73], anti-EGFR to target hepatocellular carcinoma cells [161]. However they are large molecules 

which can be immunogenic, resulting in hypersensitivity reactions and faster removal from 

circulation [162].  Conjugation can be problematic as antibody binding requires correct 

orientation/presentation to be effective.  Conjugation can alter the antigen binding region 

resulting in reduced binding capabilities.   

• Aptamers. Aptamers are single stranded short DNA and RNA oligonucleotides that selectively bind 

a single target [163].  Aptamer binding can trigger receptor mediated endocytosis[164]. Aptamers 

are small, stable, biocompatible and show low immunogenicity [163].  Their synthesis is relatively 

cheap and simple, and because they are chemically synthesised there is no need for the use of 

animals or cell culture.   

• Peptide, proteins, enzymes. Peptides can all be used as binding ligand on liposome surface.  

Peptide targets can be divided into three categories: G-protein-coupled receptors , growth factor 

receptors (GFRs) and integrin receptors (αvβ3) [165].  A commonly used peptide target is the 

epidermal growth factor receptor (EGFR/HER) which can be overexpressed on different 

subclasses of cancer including breast and lung cancer, for example EGFR targeted peptide ligand 

D4 conjugated to PEG and added to liposomes used to target HER2 positive breast cancer [166].  

Cell penetrating peptides can be used to enable which enhance internalisation without the use of 

receptors [167].  

Enzymes can also be incorporated into liposomes.  They can be encapsulated within the internal 

aqueous space, incorporated within the lipid bilayers or attached to the liposome outer surface 
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[168].  Encapsulation of enzymes within liposomes can help to protect the enzymes from 

degradation and also to target their activity to desired sites [169]. 

• Vitamins.  Many cancer cells over-express vitamin receptors, vitamins can be conjugated to

liposome surface to facilitate binding to these receptors.  Folate is the most used, however other

vitamins such as tocopherol, pyridoxal phosphate and pyridoxine have also been investigated [47,

170, 171].

• Carbohydrates and carbohydrate-binding proteins. Various types of glycan, e.g. mannose,

maltose, and lectin molecules e.g. tomato lectin, wheat germ agglutinin have also been added to

surface of liposomes for a range of purposes including targeted binding to tumour cells, targeted

binding to immune cells to modify immune reactions, cell membrane binding [47, 172, 173].

Challenges 

Despite considerable success in vitro active targeting has not yet led to the successful development of a 

product for clinical use.  Active targeted liposomes have shown only small improvement in human clinical 

trials.  Possible reasons for this include: 

• heterogeneity of target receptor expression between cancer types, between people, and

expression can change as disease progresses [133].

• conjugation of the binding ligand to the liposome may impair drug release from the liposome.   It

may also increase opsonisation and clearance by the immune system.

• conjugation of antibody/peptides to liposome surface can alter the structure of the conjugate

which impedes their binding [152].

• the presence of PEG on liposome surface (for stealth purposes) can inhibit ligand binding activity.

• methods to produce ligand targeted liposomes can be time consuming and difficult to control

[73], resulting in ligand orientation which may not be optimal for binding, and heterogeneity

between liposomes (both between and within batches) which reduces their reproducibility [174].

• rapid high affinity binding between liposome and target receptor can prevent diffusion of

liposomes further into tumour tissues.
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1.6.4 Stimuli sensitive liposomes 

The addition of stealth properties and active binding ligands can help to increase liposome circulation 

times and their accumulation at target sites.  However the liposomes’ therapeutic efficacy can remain low 

due to slow drug release and/or poor cell penetration [175].  Ideally liposomes should retain their cargo 

while in circulation and release it only when they reach the target site.  Strategies have been developed 

which utilise a physical or chemical stimulus to trigger liposome destabilisation enabling release of cargo 

and/or membrane fusion at the target site.  Stimuli can be internal or external, internal stimuli exploit 

changes in the microenvironment associated with pathological conditions, such as pH changes, altered 

enzyme expression and oxygen concentrations [52].  External triggers use an external stimulus such as 

heat, light, or electromagnetic field [176]; 

• pH – by incorporating pH sensitive lipids and polymers into the liposome (which change formation 

dependent on pH leading to destabilisation of the liposome membrane and cargo release) 

liposomes can be designed which are stable at physiological pH (7.4) and undergo destabilisation 

and release of cargo at low pH.  pH sensitive liposomes may be designed to release their cargo 

due to acidic changes associated with tumour tissue or following endocytosis to enable release 

from the endosome [177].   

• Redox sensitive – redox gradients between intracellular and extracellular environments can be 

exploited to enable release of cargo intracellularly [178].  

• Temperature sensitive – thermosensitive liposomes respond to heat, such as microwave, radio 

frequency, or infrared laser.  Examples of thermosensitive molecules include gold nanorods, 

lysolipids, peptides [33].   

• Enzyme sensitive – enzymes are often overexpressed by neoplastic and diseased cells. Engineered 

lipid conjugates can be included in the liposome which can be cleaved by enzyme activity.  

Cleavage results in either the release of an active component/drug from the lipid-conjugate or 

the cleavage causes destabilisation of the liposome membrane leading to cargo release from the 

liposome [179].  

• Light responsive,  photochromic moieties used to cause membrane destabilisation on exposure 

to light (photoisomerization, photocleavage) [180], or light activation can cause formation of 

reactive oxygen radicals which causes local damage e.g. Visudyne for treatment macular 

degeneration [181]. 

By using a combination of functionalising structures, liposomes may be engineered to avoid removal by 

the immune system (stealth liposomes), to release their cargo in sustained or triggered manner (stimuli 

sensitive liposomes) at the desired site (active targeting).   
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1.6.5 Multifunctional 

By employing a combination of functional structures, liposomes properties can be carefully tuned to 

improve their overall efficacy.  Liposomes can be engineered to avoid removal by the immune system 

(stealth liposomes) and to release their cargo at a specific location (active targeting) in a controlled 

manner (stimuli sensitive liposomes).   

In addition, combinations of drugs and/or different types of therapeutic molecules can be co-delivered 

within a single liposome formulation.  Co-delivery of multiple drugs can help decrease development of 

drug resistance and help improve the efficacy of the drugs.  The drugs can be combined and delivered in 

a specific optimised molar ratio.  A recent example of this is the liposome formulation Vyxeos which 

contains the optimal molar ratio of cytarabine:daunorubicin 5:1 for the treatment of AML [34].  It is 

difficult to achieve this ratio of drugs in the tissues via conventional administration methods.  This 

formulation improves efficacy and enables administration of lower cumulative doses compared to free 

drug [182].  

Additionally different types of functional molecules can be used in combination to improve the liposome 

performance.  For example addition of cell penetrating peptide to liposomes surface which contains  

encapsulated siRNA significantly increased uptake and endosomal escape and increased efficacy of gene 

silencing [183].  Or the combination of an imaging agent and an oncotherapy drug within a single 

treatment could be useful for the ability to monitor treatment in real time [184].  Curcio et al. prepared 

multifunctional liposomes which had CD44 receptors for active targeting and both pH and redox stimuli 

responsive properties for controlled drug delivery and were loaded with doxorubicin hydrochloride for 

treatment of breast cancer [177].  

By varying liposome phospholipid make up, surface modifications and type of encapsulated material the 

potential scope of liposome formulations and applications is vast.   

 

1.6.6 Hybrid liposomes 

Recently fusion of liposomes with natural cell membranes has attracted increasing interest [185].  

Liposomes can be fused with membranes derived from natural cells e.g. RBC or extracellular vesicles 

(EV) [186]. The hybrid liposomes can combine easy surface modification, stimuli sensitive, and enhanced 

drug encapsulation characteristics of liposomes with immune evasion and cell targeting abilities of natural 

cells and exosomes [187].   
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Incorporating the natural membrane in the liposome helps the hybrid-liposomes to escape immune 

recognition and removal, natural membranes express ‘self’ antigens such as CD47 which prevent their 

phagocytosis.  This enables stealth properties without the need for PEGylation.  The natural membrane 

can also facilitate binding to target cells, EV have been shown to accumulate preferentially in their parent 

cells [188, 189].   

 

1.6.7 Current methods of liposome surface modification 

The surface modification of liposomes can be carried out in three ways;  

• direct conjugation to a lipid component of the liposome  

• conjugation via a lipid-spacer molecule  

•  non-covalent mechanisms.  

Direct conjugation 

A common method is to conjugate the functional molecule to a lipid component of the liposome,  such as 

a phospholipid (DSPE,DOPE), cholesterol or even a single chain fatty acid such as stearate.  The 

conjugation reaction can take place after liposomes have been formed, so the ligand is added to the 

surface of premade liposomes.  Conjugation to premade liposomes can alter the size, shape, and charge 

of liposomes and impact their stability. Conjugation reactions to modify preformed liposomes include 

amine, carboxylic acid, thiol, maleimide, and click chemistry [190].   

Alternatively, the conjugation between lipid anchor and ligand/functional molecule can be carried out 

before liposome synthesis.  An advantage of this method is that the ligand-lipid conjugate can be fully 

characterised before addition to liposomes.  The conjugated lipid is added with other liposome ingredients 

during liposome synthesis (lipid mix method), or it can be inserted into liposomes after they have been 

formed (post synthesis method).   

A wide range of natural and synthetic phospholipids are available to prepare liposomes, however not all 

of them are suitable for chemical conjugation reactions.  Due to its amine group 

phosphatidylethanolamine is widely used and can be used to conjugate to other molecules via a 

nucleophilic substitution and addition and/or substitution to carboxyl or carbonyl related groups.  These  

methods have the advantage that water is used as solvent, so can be used to conjugate many 

biomolecules i.e., proteins. 
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Limitations of direct conjugation include that the conjugated molecule is located very close to the 

liposome surface which can impede its interaction with other cells/tissues, in addition the presence of 

large polymers also present on the liposome surface, such as PEG, can shield the molecule and prevent 

interaction with other cells/molecules.  The orientation of the ligand may not be optimal and conjugation 

can alter the binding regions, leading to impaired binding capacity [190].  Binding reactions can be 

complex and require specialised equipment and expertise and it can be difficult to achieve efficient and 

reproducible conjugation.  

Conjugation via a spacer/linker molecule 

To avoid some of the limitations associated with directly conjugating the ligand to the liposome surface 

the ligand can be attached via a linker molecule.   The ligand is conjugated to one end of a spacer/linker 

molecule which is attached to the lipid anchor.  An advantage of using a spacer/linker molecule is that it 

enables an increased number of conjugation reaction types to be utilised and hence increases the number 

of molecules which can be conjugated [191].  The spacer/linker molecule also enables the presentation 

of the ligand/functional molecule away from liposome surface.  This helps to prevent inhibition of reaction 

by any stealth coating if present and improve antigen presentation/binding with other cells/biological 

systems [191].  The linker can also increase the types of chemical reactions which can be utilised and 

increase the molecules which can be conjugated.  

A commonly used linker molecule is PEG [191].  A limitation of PEG (when used for presentation of a 

targeted ligand) is that the PEG molecule  is not rigid and can adopt folded configurations [49].  The ligand 

could become hidden within the folded PEG inhibiting its ability to interact with its target receptors.  

Conjugation to a spacer molecule is the method used with FSL constructs, other researchers have also 

used similar strategy employing a range of different linker molecules [191-194].   

Addition of premade conjugate to liposomes 

The functional molecule (bound to a lipid anchor, with or without a linker) can be pre-formed prior to 

addition to liposomes.  Advantages of preparing the ligand conjugate before addition to liposomes is that 

it allows for full characterisation of the targeted lipid prior to use. It also enables good control of the 

amount of targeting ligand included in liposomes.  The pre-made conjugate can be added to liposomes in 

two ways, it can be added with other lipid ingredients during liposome synthesis, or it can be added after 

synthesis to pre-made liposomes.  
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Lipid mix method: The premade conjugate can be added during liposome synthesis by mixing with other 

lipid ingredients.  Limitations of this method include; 

• the ligand is expressed on both internal and external membranes, this can reduce density on

exterior membrane which can reduce binding capacity, may also be waster of resource.

• the conjugated ligand can occupy a large volume within the liposome interior which can reduce

encapsulation capability of liposomes [190] and decrease liposome stability [195], (particularly if

ligand is attached to a PEG linker).

• depending on method of liposome synthesis it can expose the molecules to solvents (which may

adversely affect proteins and other labile molecules).

• presence of PEG on exterior of liposome can compromise the loading capacity of hydrophilic

molecules into the liposomes, therefore advantageous to add PEG-ligand conjugate after drug

loading [196].

Post synthesis method: Alternatively, the ligand-lipid conjugate can be added to liposomes after they 

have been synthesised. The ligand-lipid molecules incorporate into the liposomes due to hydrophobic 

forces [197, 198].  (Many types of hydrophobic molecules, such as proteins/hydrophobic dyes can also be 

incorporated into liposomes via hydrophobic effect).  This post insertion into pre formed liposomes is 

dependent on temperature, time and concentration, and membrane packing of liposome [174, 199]. 

Advantages of this method include its ease of use and that it avoids exposing labile molecules to 

solvents/harsh conditions during liposome synthesis.  

Limitations include that not all the ligand-lipid conjugate may incorporate into the liposomes, and 

incorporation may be uneven between liposomes [174].  This can cause less consistent and replicable 

therapeutic effects.  

A major limitation of ligand conjugated liposomes is the increased expense associated with their synthesis.  

In addition, it is difficult to measure and quantify ligand density on liposomes surface, it is also difficult to 

determine the quality of attachment (if ligand is correctly orientated, etc).  This can lead to variation 

between liposomes and between batches, resulting in less precise and reproducible results [174].  

Non-covalent binding 

Bioactive molecules can also be attached to liposomes via non-covalent mechanisms.  Examples include; 

• electrostatic adsorption, e.g. DNA/RNA binds to positively charged liposome membrane forming

a stable complex [26], positively charged chitosan binds to negatively charged liposomes [143].
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• Ionic interactions by chelation, e.g. NTA-nickel-His-tag chelation can be used to bind ligand to 

liposomes [22].   

• Biotin-streptavidin interactions can also be used, e.g. the targeted ligand is labelled with 

streptavidin, which then facilitates binding via a biotin-lipid anchored in the liposome 

membrane [22].    

• Lipid anchor integration, ligands linked to a lipid anchor can be inserted into liposomes, this is a 

commonly used method as it easy to perform and insertion is stable [22].  The lipid anchor 

integrates into liposome due to hydrophobic forces.  

A benefit of non-covalent binding is easier formulation, however drawbacks include potential loss of 

coating in vivo, reduced stability [200].   

Biological modification 

Recently fusion of liposomes with cell membranes has attracted increasing interest.  Liposomes can be 

fused with membranes derived from natural cells or extracellular vesicles (EV) [186].  Incorporation of a 

natural membrane can help the liposome evade removal by the immune (the natural membrane express 

CD47 which protects from phagocytosis).  Cancer derived EV have been shown to accumulate 

preferentially in their parent cancer cells, so combining them with liposome can help targeted binding of 

liposome-EV hybrid with tumour tissue [188].  

 

1.7 Liposome and cell interaction 

Liposomes may interact with cells via four mechanisms; adsorption, endocytosis, fusion and lipid 

exchange, Figure 12 [201].  Interaction between cells and liposome can be a combination of these 

interactions.  Determining exactly which mechanisms are involved can be difficult, especially as multiple 

pathways of uptake may be occurring simultaneously under given circumstances.  These interactions are 

dependent on the type of cell, the characteristics of the liposomes (including size, charge, shape, 

composition, and any surface modifications), and environmental factors such as the presence of serum 

(lipids and proteins) and temperature.   

Understanding the possible interactions between liposomes and cell helps to predict the behaviour of 

liposomes, including cellular uptake and intracellular distribution, both in vitro and in vivo.  This 

information is critical for the development of clinical liposome products as it can be used to help design 

liposomes with maximum delivery efficiency and improved biocompatibility (reduced off target effects).   
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Figure 12 Possible mechanisms of liposome – cell interac�ons. (a, b) Adsopr�on; liposomes are associated with the 
cell membrane or glycocalyx (glycocalyx not shown, see Figure 20) but are not incorporated into the cell 
membrane.  Adsorp�on can be (a) non-specific (due to elecrosta�c, van der Waals and hydrophobic forces) or 
(b) specific (meidated via binding between a ligand and receoptor). (c) Fusion; liposome merges with cell plasma 
membrane, (d) endocytosis; uptake of the liposome into an endocy�c vesicle (e), and (f) lipid exchange; transfer of 
lipids between liposome and cell plasma membrane. Created with BioRender.com. 

 

1.7.1 Adsorption 

Adsorption occurs when liposomes become stably associated with the cell surface or glycocalyx without 

becoming incorporated into the cell membrane or internalised within the cell [202, 203].  This type of 

association may be specific or non-specific.  Non-specific adsorption occurs due to electrostatic, van der 

Waals, and hydrophobic forces.  Liposomes may be loosely adsorbed to the cell membrane, in which case 

they can be removed by washing, or may be tightly adsorbed to the cell surface.  Following adsorption 

lipid exchange and/or fusion may occur, but usually the liposome remains intact and there is no transfer 

of the aqueous content.  

Specific adsorption occurs when ligands on the liposome membrane bind to specific receptors on cell 

surface, e.g., antibodies, transferrin etc.  Liposomes adhered to cell surface may release their content, 

leading to high local concentrations near the cell surface, which can then be taken up by the cell either by 

passive diffusion or active transport. 
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1.7.2 Endocytosis 

Liposomes can be taken up into cells by endocytosis.  The intact liposome is engulfed by the cell 

membrane into an endocytic vesicle [202].  The liposome is then usually delivered to lysosomes for 

degradation, but in some cases liposome content may escape into the cytoplasm.  Endocytosis can be 

divided into two major uptake pathways – phagocytosis (immune regulated uptake of large particles) and 

pinocytosis (uptake of fluid with solutes and small molecules <500nm) Figure 13.  

 
Figure 13 Endocytosis pathways. Par�cles can be taken up by phatocytosis and pinoctyosis mechanisms. 
Pinocytosis can be receptor independent (macropinoctyosis) or receptor mediated (clathrin and caveolin 
mediated). Adapted from [204].   

Phagocytosis 

Phagocytosis, Figure 13, is usually involved in the removal of large particles, in the size range 200-1500nm, 

such as pathogens (bacteria and yeast), or large debris/remnants of dead cells, etc.  It is carried out by 

specialised phagocytic cells, such as macrophages, monocytes, and neutrophils, and is an important part 

of the immune response.  This pathway is triggered by the adsorption of opsonin’s such as complement 

or antibody onto the surface of the particle (i.e. liposome) which then bind to receptors on the phagocyte.  

The phagocytic cell engulfs the particle into an internal compartment (endosome), which then fuses with 

a lysosome, resulting in degradation of the contents.  Liposomes which have not been coated with a 
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stealth coating such as PEG are rapidly removed from circulation via phagocytosis by macrophages of the 

liver and spleen [14].  

Pinocytosis 

The mechanism involves the uptake of small molecules and fluid from the surrounding environment, 

Figure 13. It occurs in most cells and is essential for nutrient uptake.  It can occur by both specific 

(mediated by specific receptor-ligand binding process) and non-specific processes.   

Receptor mediated  

Receptor mediated pinocytosis, Figure 13, is a process by which cells take up specific molecules such as 

hormones, growth factors and other essential nutrients by specific binding to receptors on the cell 

surface.  Receptor mediated pinocytosis can occur by clathrin or caveolin mediated pathways [205].  

Receptor mediated endocytosis can be exploited to enable the internalisation of liposomes into target 

cells to facilitate intracellular delivery of liposomes cargo [205].   

Macropinocytosis (receptor independent) 

This is a non-specific uptake mechanism, Figure 13.  The cell plasma membrane invaginates and engulfs 

extracellular fluid and any molecules within it.  This pocket is internalised to form an intracellular vesicle, 

which then fuses with a lysosome, resulting in degradation of the contents.  Very small particles <50nm 

can be taken up by this mechanism. 

 

1.7.3 Fusion 

Fusion occurs when the liposome phospholipid bilayer membrane merges with a cell plasma membrane, 

Figure 14. This does not happen spontaneously, the liposome and cell membranes need to come into 

close proximity followed by membrane destabilisation [206].  Liposome fusion can be induced by the 

inclusion of fusogenic lipids e.g. PE, and the introduction of divalent cations e.g. Ca2+.  The addition of 

binding ligands and membrane disrupting peptides can also help facilitate fusion. 

During fusion liposome phospholipids integrate into cell membrane and can then rapidly diffuse within 

membrane [207].  Hydrophilic content from the aqueous core of liposome may be released directly into 

the cytoplasm of the cell or may escape into the extracellular space.   

Lipids and their polymorphic behaviour are believed to play a role in membrane fusion, the formation of 

non-lamellar phases is closely associated with membrane fusion [90]. Factors which induce the hexagonal 

phase in lipid dispersions have been shown to also induce fusion of liposomes [91]. Fusion between 
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bilayers can be induced by the inclusion of hexagonal II forming lipids, e.g. PA, PS, unsaturated PE, plus 

the addition of Ca2+ or dehydration (to help force membranes into close proximity).    

1.7.4 Lipid transfer 

Lipids and/or other membrane constituents may be transferred between a cell membrane and a liposome 

membrane.  During this process the liposomes can remain intact and content may not be released [202]. 

The transfer of lipids occurs only between outer membrane leaflets [208, 209].  Two mechanisms have 

been proposed for the spontaneous transfer of lipids between membranes: transfer of lipid during a 

transient membrane collision and/or lipid monomer diffusion between membranes [210-214].  Lipid 

exchange can also be mediated by lipid exchange proteins found in the cell membrane [210].  Transfer 

between liposomes has been shown to occur much faster than exchange rate with cell membranes [197]. 

(a) Membrane collision

In the membrane collision mechanism lipids are exchanged during a transient collision between two 

membranes (cell/liposome or liposome/liposome), Figure 14a.  Lipids may transfer between the adjacent 

membranes via lipid translocation, or the collision could result in transient merging of the cell/liposome 

membranes, enabling the exchange or mixing of membrane lipids to occur [211, 215].  However this 

second mechanism is considered less likely as membrane merging/fusion is unlikely to be easily 

reversible [215]. 

(b) Monomer diffusion

In this mechanism lipid monomers dissociate from the (donor) membrane and diffuse through the 

aqueous phase to become incorporated into the second (acceptor) membrane, Figure 14b. 

The rate of monomer transfer is affected by; 

• lipid acyl chain length (shorter chains can transfer more easily, long chain phospholipids must

overcome a significant energy barrier to dissociate from the bilayer into the aqueous phase) [211,

216].

• polarity of the lipid (increasing polarity enables easier transfer through the aqueous phase,

hydrophobic molecules which have monomer solubility in water can freely diffuse between

vesicles) [215].

• Membrane curvature can also effect transfer, high membrane curvature can increase rate of

transfer [213].
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(a) Collision    

 i. Lipid translocation   ii. Membrane merging 

 

 

 

 

(b) Monomer diffusion   

 

 

  

Figure 14 Transfer of lipid between membranes. following the (a) transient collision of two membranes, resul�ng in 
(i) transloca�on of lipid between adjacent membranes, or (ii) transient merging of the colliding membranes, or 
(b) transfer of lipids between membranes by monomer diffusion. Lipids may transfer between liposome and cell 
membranes as lipid monomers which have dissociated from the membrane and diffuse through the aqueous 
phase. Created with BioRender.com.  

 

Factors which effect interaction between liposomes and cells 

The interaction between cells and liposomes is dependent on the cell type, liposome morphology and 

composition, and environmental conditions.   

• the type of cell, e.g. rapid uptake by macrophages, much slower uptake by tumour cells 

• concentration 

• Physical characteristics of the liposome.  

a) Size. Uptake of liposomes within the 100-1000nm range is size dependent  with uptake 

increasing with increasing particle size [217, 218].  Very small liposomes (<10nm) are 
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rapidly excreted via the kidney with minimal interaction with cells.  Rejman et al. [219] 

report that particles 50-100nm are internalised more rapidly than larger particles, and 

that size also plays a role in mechanism of endocytosis (particles <200nm primarily uptake 

via clathrin endocytosis, >200 via caveolae). 

b) Charge.  Charged liposomes (both positive and negative) show an increase in cell uptake, 

compared to neutral liposomes.  Positively charged liposomes show an increased affinity 

for negatively charged cell membranes (via non-specific electrostatic interaction) and 

have the highest rate of uptake [220]. 

c) Liposome composition. The phospholipid composition of liposomes can influence their 

ability to bind and interact with cell membranes.  The presence of non-bilayer forming 

lipids (PE and phosphatidylserine) can destabilise the liposome membrane and promote 

liposome-cell fusion [221, 222].  The fluidity or phase of the liposome membrane also 

influences uptake, uptake is significantly reduced when membrane is in the tightly packed 

rigid solid phase.  The presence of cholesterol or saturated phospholipids increases 

rigidity and can decrease liposome/cell interaction [223, 224]. 

d) Liposome surface modification.  The presence of binding ligands or stealth coatings can 

increase or decrease the liposome cell interactions.  The addition of molecules such as 

antibodies or ligands (transferrin, folate) to target epitopes expressed on target cells 

increase uptake via specific adsorption [225, 226].  In contrast the addition of PEG or other 

hydrophilic polymers can be used to reduce liposome-cell interaction and consequently 

reduce uptake [227].   

• Environmental factors 

a) Temperature. The interaction between liposomes and cells is temperature and time 

dependent.  Liposome uptake is much greater at 37°C than at 4°C [228]. In addition, 

temperature can affect the type of interaction that occurs, at 37°C fusion and endocytosis 

are more likely to occur, while at 4°C the primary processes are probably adsorption and 

lipid exchange [221, 228]. 

b) pH, presence of salts (can induce phase transition to destabilise membrane and increase 

uptake) [222]. 

c) The presence of serum lipids and proteins;  

 serum lipids and proteins e.g. HDL and albumin have been shown to reduce 

liposome cell interaction [229]. 

 serum proteins can also increase cell uptake, opsonisation of liposomes with IgG 

and/or complement greatly increases their uptake by macrophages [221].  
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1.7.5 Liposomes and RBC interaction 

Liposomes have been shown to interact with RBC primarily by adsorption, lipid exchange and fusion [202, 

209, 216, 230].  Uptake via endocytosis is unlikely to occur as mature RBC do not carry out endocytosis 

[231, 232], although some studies have reported the detection of endocytosis in adult RBC [233, 234].  

The interaction between liposomes and RBC is dependent on liposomes lipid composition, charge and 

concentration, incubation temperature and time.  Increasing these parameters can increase interaction 

but can also increase RBC injury [224].   

Cholesterol and phospholipids readily exchange between liposomes and the RBC membrane [209, 235].  

RBC incubated with liposomes lose cholesterol and gain phospholipid [236].  This causes changes to RBC 

morphology (formation of acanthocytes, echinocytes, stomatocytes, spherocytes, size change), increases 

RBC osmotic fragility [237], and can eventually lead to the formation of ghost RBC (RBC which have lost 

their haemoglobin) and RBC haemolysis [209].  Red cell injury is dependent on liposome concentration, 

however at the low concentrations likely to be experienced in vivo the damage to RBC is minimal [224].  

Inclusion of other lipids/proteins to the liposome surface can significantly increase haemolytic effect of 

liposome [238].  

Liposomes have been shown to adsorb both loosely (removed by washing) and tightly (removed by 

enzyme treatment) to the RBC surface, and that liposome content was delivered to RBC cytosol indicating 

membrane fusion was also occurring [236].  Interaction between RBC and liposomes is enhanced by 

negative liposome charge, increased incubation time, higher incubation temperatures and increased 

liposome concentration [224]. Damage to the RBC membrane was also shown to increase with increased 

incubation time and temperature [236].  Holovati reported a 12% greater uptake by RBC of liposomes 

after 2 hours at 37°C than RT, and no uptake in same time period at 4°C [224].  Increased temperature 

would increase collision rate between RBC and liposomes and would also increase the fluidity of 

cell/liposome membranes which may create more favourable conditions for lipid transfer and/or 

membrane fusion to take place.   

Cholesterol 

Cholesterol exchanges relatively quickly between liposome and RBC membranes, reaching an equilibrium 

within hours [216].  Normal RBC have a cholesterol: phosphatidylcholine ratio of 0.9.  When RBCs are 

incubated with liposomes which contain a small amount of cholesterol (ratio of cholesterol: 

phosphatidylcholine <0.9) cholesterol transfers from the RBC membrane to the liposome.  This depletion 

of cholesterol from the RBC membrane increases lipid disorder and membrane fluidity, and increases the 

osmotic fragility of the RBC, and results in abnormal RBC morphology, usually becoming echinocytes 

(many small membrane projections) [235].  When liposomes contain a greater percentage of cholesterol 
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compared to the RBC (cholesterol: phosphatidylcholine >0.9) then cholesterol will transfer from the 

liposome to the RBC [202, 239].  Enrichment of cholesterol causes the RBC reduces membrane fluidity and 

causes changes to cell morphology [235].  However, liposomes usually contain less than 30% cholesterol 

(C:P ratio 0.3), so this scenario is unlikely. 

Phospholipids 

Phospholipids transfer between liposome and RBC [216].  This transfer occurs more slowly than 

cholesterol.  Alterations to RBC phospholipid composition causes abnormal RBC morphology 

(poikilocytosis, echinocytes and acanthocytes) and eventually haemolysis.  Phospholipid transfer depends 

on acyl chain length and saturation, phospholipids with short acyl chains and less unsaturation show much 

faster rates of transfer [216].    

 

1.8 Kode technology 

Kode technology is a surface engineering technology able to rapidly modify biological and non-biological 

surfaces using function-spacer-lipid (FSL) constructs.  FSL constructs are amphiphilic molecules which are 

able to disperse in water and self-assemble onto biological surfaces, such as cell membranes, and non-

biological surfaces such as stainless steel, nanofibers [240].  FSL constructs can be used to attach a range 

of bioactive functional groups onto these surfaces without the need for chemical conjugation.    

Modification with these constructs is simple and is achieved by contact between an FSL dispersion and 

the surface/cell to be modified [56].  Modification is rapid, occurring in seconds for non-biological surfaces 

([241]) or between 30-120 minutes at 37°C for biological surfaces [57, 242].   

FSL have been used for a variety of applications and products, including; 

• cell labelling (e.g. RBC, epithelial, endometrial, cultured cells, spermatozoa, embryos, zebra fish, 

viruses, bacterial viruses) [56, 243-245] 

• antibody specificity mapping [246, 247] 

• diagnostic assays [248, 249] 

• immune system manipulation and in vivo neutralisation of antibodies [250] 

• immunohematology quality control cells [251] 

• modification of a diverse range of non-biological surfaces including stainless steel, polyester, 

paper [57, 240, 241]. 

• Inhibit toxins and cell/virus binding [252]  
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1.8.1 FSL constructs 

FSL constructs are composed of three parts: a functional head group (F), a linker or spacer molecule (S) 

and a hydrophobic lipid tail (L).  FSL molecules are modular, each part (lipid tail, spacer, head group) can 

be modified and optimised for a desired purpose.  

 
Figure 15 Schema�c diagram showing the structure of a Kode FSL construct. FSL constructs consist of three parts; a 
func�onal head group, a spacer and a lipid tail [253].  

 

Functional Head group 

The functional head group is usually the bioactive component of an FSL construct.  Examples include 

carbohydrates, peptides, proteins, antibodies, fluorophores, DNA/RNA etc.   A wide range of functional 

head groups have already been created and characterised, Table 4.   

The functional had group is used to impart a new structure and/or function to the surface being modified 

e.g. FSL-FLRO4 adds a fluorescent label to the modified cell/surface, FSL-biotin can be used to biotinylate 

a surface, FSL-A2 addition of blood group A carbohydrate.   

Table 4 Type of func�onal head group  

Functional Head Group Type Example  Reference 

Glycans ABO, Lewis, H, P1PK, GLOV, FORS, hyaluronic acids, [254], 

Peptides Miltenberger, Syphilis, Chagas, CMV, Sar-Cov-2 [248, 249, 255, 
256] 

Non glycans Biotin, PEG2000 [257] 

Fluorophores FITC, BODIPY, Atto488 [56, 244] 

Radiolabels 125Iodine [245], 

Antimicrobials Selenium, Spermine [258, 259] 

Reactive groups Maleimide, Succinimide, Click coupling unpublished 

Enzyme substrates Sortase unpublished 

Oligonucleotides RNA unpublished 

Antibody Anti-IgG short chain unpublished 
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Spacer 

The middle section of the FSL construct is the spacer. This acts as a chemical linker between the functional 

head group and the lipid tail.  The FSL molecules used in this project contained either an adipate or CMG(2) 

(carboxymethyl glycine dimers) spacer.  These are the most commonly used, although other alternatives 

are available e.g. CMG(4),  trimeric CMG (TCM) and β-DD [253].   

Adipate is used as a short spacer alone and also as a conjugation linker on the ends of the CMG spacer. 

The adipate linker is approximately 1nm in length, while the CMG(2) spacer (composed of 2 repeating 

units of CMG with adipate linkers) has a length of 6.5nm in its fully extended conformation, Figure 16 [240, 

253].   

Figure 16 Chemical structures of the adipate and CMG(2) spacers used in this project [253]. 

The CMG spacer helps to improve the water dispersibility of the FSL constructs and improves presentation 

of the functional head group by spacing the functional head away from the surface. Variations in the CMG 

spacer structure (elongated, branched, multivalent) can be used to alter the position and orientation of 

the functional head group to allow optimised presentation and improve both specificity and sensitivity of 

reactions between head group and binding receptors [240, 253].  Figure 17 shows examples of different 

CMG spacer configurations. 
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Figure 17 Schema�c diagram showing different FSL spacer configura�ons, (a) natural glycolipid, (b) adipate spacer 
(c) CMG(2) spacer (d) CMG(4) (e) β-DD spacer and (f) branched TCMG spacer  [253] 

 

The spacers are designed to be biologically inert, nontoxic, and non-immunogenic, and to date no adverse 

reactions have been observed either in vitro or in vivo [240].  The CMG spacer has a unique ‘flexible-rigid’ 

structure, it is a relatively rigid structure however it has a high degree of flexibility about a central hinge 

region [253].  CMG(2) is composed of two almost identical sections which are connected by a flexible 

hinge region (NH-CH2-CH2-NH bond).  The two halves are semi rigid (due to their negative charge) however 

the hinge region allows the two halves to rotate relatively freely.  This allows the top portion (including 

the functional head group) to rotate and flex through a wide range of positions as shown in Figure 18.   

Alternative spacers, such as PEG do not offer this same flexible rigidity and can collapse to a compact 

conformation.   

 
Figure 18 Examples of poten�al FSL construct conforma�ons due to the flexibility of the CMG spacer. [253]   
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Zalygin et al. show that the majority of FSL-biotin is presented in this folded configuration and only a small 

number are presented in the extended upright position at any given moment [260].   

 

Lipid Tail 

The lipid tail is believed to facilitate the insertion and anchoring of the FSL constructs into biological cell 

membranes.  A variety of lipid tails have been used, the most used being dioleoyl 

phosphatidylethanolamine (DOPE), cholesterol, and ceramide.   

DOPE, shown in Figure 19, is the lipid tail of all three constructs used in this study.  It is a phospholipid and 

has two unsaturated 18 carbon fatty acid chains, linked via glycerol to an ethanolamine head group.  

Previously it has been found that FSL constructs with ceramide and DOPE tails perform best for insertion 

and membrane retention of FSL constructs within biological cell membranes [240, 261].   

 

(a) 

 

(b) 

 

Figure 19 Structure of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) phopsholipid . Schema�c diagram 
showing the (a) chemical structure and (b) space filling molecular structure of DOPE [262].    
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1.8.2 FSL labelling of cells 

Kode technology enables rapid, simple, and non-toxic labelling of many types of surfaces, including cell 

membranes [56, 230].  The addition of FSL constructs to cells/viruses is non-toxic and does not appear to 

affect their normal function or vitality [56, 244].  The methodology to label cell membranes with FSL 

constructs is very simple – it is achieved by incubating together equal volumes of washed cells with the 

desired FSL dispersed in an appropriate buffer. It is hypothesised that the FSL constructs spontaneously 

insert into the cell membranes due to hydrophobic forces [56].   

FSL may associate with cell membranes in several ways, Figure 20; they may insert their phospholipid tail 

into the cells phospholipid bilayer membrane, they may become closely associated with the membrane 

without integrating, i.e. via electrostatic interactions, interaction with the glycocalyx [230].  In addition, 

FSL constructs can label extracellular vesicles (EV) which may be present, or alternatively after binding to 

cell membrane cell may bud off an EV which includes the FSL construct [253].    

Insertion  

FSL molecules spontaneously insert non-specifically into all cell membranes [253, 261]. This spontaneous 

insertion is most likely driven by hydrophobic forces. Insertion is temperature dependent, occurring faster 

at 37°C than RT, and even slower at 4°C.  The majority of insertion (around 80% of maximum) occurs 

within 2 hours, when incubated at 37°C [230, 242].  Insertion does not appear to be significantly affected 

by the size of functional head group however different FSL constructs have been shown to display slightly 

different insertion kinetics i.e. FSL-A2 slower insertion rate compared with FSL-FLRO4 [230]. The quantity 

of FSL inserted is controlled by its concentration, and more than one construct can be inserted 

simultaneously [254, 263]. 

The ability of FSL constructs to insert into cell membranes is believed to be due to their lipid tail.  This 

spontaneous insertion is similar to the phenomenon seen with natural glycolipids, such as those of the 

Lewis blood group system which are known to spontaneously insert into cell membranes [264, 265].  FSL 

can be constructed with several types of lipid tail including cholesterol, ceramide, and phospholipid (as 

used in this study).  The type of lipid tail can influence insertion kinetics, Slivka et al. [261] demonstrated 

that FSL-biotin with a cholesterol tail showed slightly improved insertion and retention characteristics 

compared with DOPE and ceramide tails.  
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Figure 20 Different ways FSL constructs may associate with cell membranes. (1) They may become incorporated 
into the membrane by inser�ng their lipid tail into the membrane. (2) FSL micelles may adsorb or closely associate 
with the cell membrane but remain inatact and do not integrate into the membrane.  (3) FSL monomers or micelles 
may become entrapped within the glycocalyx. (4) FSL constructs may label extracellular vesicles if present, or a�er 
the FSL construct has inserted into the cell membrane, the cell may bud off an EV which contains the FSL construct. 
It is possible that a mixture of these may occur simultaneously [58].  Not to scale. Created with BioRender.com.  

 

Retention 

Retention of FSL labelling is dependent on the type of surface/cell and the surrounding 

environment [230].  Viable cells show declining FSL levels within 4 hours (possible explanations for this 

include loss via extra-vesicle formation, membrane turnover and internalisation of the FSL constructs, loss 

of FSL that was entrapped within glycocalyx but not inserted into membrane back to supernatant) [230, 

261]. Non-viable cells, such as RBC, or dead cells are strongly labelled and retain their labelling for much 

longer (days) [241].  The presence of plasma or albumin (for example in cell culture growth media) has 

been shown to significantly reduce labelling [57], and increase FSL loss from cell membranes [253].  In vivo 

FSL constructs are completely lost from cells within a few days, similar to that seen with natural 

glycolipids [266]. 
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Location 

Rapport et al. showed that the majority of FSL constructs associated with the cell membrane are 

integrated into the membrane with a small amount remaining entrapped within the glycocalyx [230]. FSL 

constructs do not appear to distribute uniformly throughout the cell membrane but instead cluster 

together in patches [230, 261].  FSL clusters (FSL-A2 and FSL-biotin) were observed to localise mostly 

outside of lipid rafts [230, 261], this may be due to the tight packing of phospholipids within the raft 

making it unfavourable for FSL construct to insert.  

1.8.3 FSL and liposomes 

Due to their structure, it was anticipated that FSL constructs will be able to integrate into the liposome 

phospholipid bilayer membrane, most likely via insertion of their DOPE lipid tail portion into membrane 

due to hydrophobic forces.  Depending on the method that FSL constructs were added to liposomes, FSL 

constructs may be present on the internal and/or external phospholipid bilayer leaflets, and FSL 

monomers and/or micelles may be present in the external aqueous solution and could be encapsulated 

within the aqueous interior of the liposome core, Figure 21 

Figure 21 Schema�c diagram of a liposome showing possible loca�ons of FSL constructs. FSL constructs may 
poten�ally insert into the phospholipid membrane (internal and/or external leaflet), or they can be present as 
micelles encapsulated within the liposomes aqueous core or in the surrounding aqueous solu�on. Approximately 
to scale. Created with BioRender.com. 
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FSL construct movement within the liposome membrane 

As previously discussed, section 1.5.6, phospholipids can rotate about their axis and move laterally within 

a phospholipid bilayer membrane (although this is dependent on temperature and phase state of 

membrane).  Flip-flop between bilayer membranes is also possible.   

The liposomes used in this study were in a fluid liquid disordered state so the FSL constructs should be 

capable of fast lateral and rotational movement within the liposome membrane.  The ability of FSL 

constructs to freely move within the membrane is advantageous as it can allow the constructs to cluster 

together which can help to facilitate and improve multivalent binding, e.g. with IgM antibodies.  

Flip-flop movement of the FSL constructs (between inner and outer bilayer membranes) is likely to be very 

slow if it occurs at all.  FSL-A2 and FSL-biotin both have a large negatively charged hydrophilic spacer group 

(CMG2) attached to the phospholipid head group, which is likely to impede flip-flop. 

The flexible hinge region of the CMG spacer allows movement of the functional head groups in FSL-A2 

and FSL-biotin constructs from a vertical upright position through to a folded position close to the 

membrane surface, Figure 22 [253].  This flexibility of the FSL constructs (with CMG spacer) can allow for 

better presentation of the functional head group.  Figure 22 shows the potential mobility of a FSL 

construct within liposome membrane.  

 
Figure 22 FSL mobility in phospholipid bilayer membrane. Schema�c diagram showing the possible movement of 
an FSL construct with a CMG spacer within a phospholipid bilayer membrane. The FSL construct can rotate and 
move laterally within the membrane.  The CMG spacer is semi flexible, which allows the func�onal head group to 
move from fully extended ver�cal down to folded at the membrane surface [253]. Not to scale. Created with 
BioRender.com.  
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1.9 Liposome preparation 

Liposomes can be prepared by a wide variety of methods, from relatively simple laboratory techniques to 

large scale industrial manufacturing processes.  Additional techniques, such as extrusion, sonication and 

freeze/thaw cycles, are often required after synthesis to control the size and lamellarity of the synthesised 

liposomes.  The preparation method used to synthesise liposomes can influence the resulting liposome’s 

characteristics such as size, charge, drug encapsulation and release kinetics, sterility, and toxicity.  Control 

of these factors is important as liposome morphology (size and surface characteristics) directly influences 

the interaction between the liposomes and their environment and hence also governs their performance 

properties.  Synthesis of monodisperse liposomes with well-defined physical characteristics is desirable 

to ensure predictable and repeatable behaviour of liposomes.   

Preparation techniques can be divided into two broad categories, conventional and novel techniques.  

These are briefly discussed below followed by more detailed description of thin film hydration and 

extrusion, the preparation method used in this research project.  For a comprehensive review of liposome 

preparation methods, the reader is referred to additional publications [81, 267-269]. 

Conventional techniques 

There are four main conventional techniques used for the synthesis of liposomes; thin film hydration [4], 

reverse phase evaporation [270], solvent injection [271, 272], and detergent depletion [273].   In general, 

these methods consist of a similar process; dispersal of lipids in an organic solvent, followed by removal 

of the solvent and replacement with an aqueous solution.  These methods require relatively simple 

laboratory equipment and procedures, making them well suited to laboratory scale projects.  However, 

these methods usually result in the formation of liposomes of varying size and lamellarity, and 

consequently require a further processing step to control their size and lamellarity.  A major drawback of 

conventional methods is that they expose the liposomal components (and any material to be 

encapsulated) to harsh conditions such as organic solvents, high temperatures and mechanical stress, 

which may be damaging to fragile biomolecules.  

Novel techniques  

Many other ‘novel’ methods of liposome preparation have been developed, primarily to help facilitate 

the scale up of liposome production for industrial scale sterile manufacture, to improve encapsulation 

efficiencies, and to develop methods which avoid the use of harsh solvents/temperatures associated with 

conventional methods [81].  Some of these result in good control of liposome size and lamellarity, while 

others require post formation processing the same as conventional techniques.   
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Many ‘novel’ techniques require specialised and expensive equipment and infrastructure, often making 

them unsuitable for laboratory scale use.  Examples of novel techniques include the use of supercritical 

fluids methods [274], lyophilisation [275], spray drying [276], microfluidics [277], membrane contactor 

technology [81], and electro formation [278].  

To date there is no generally accepted method which is suitable for all purposes.  Each method has 

advantages and disadvantages related to the intended liposome composition, toxicity and sterility 

requirements, fragility of any encapsulated materials, intended applications and ionic strength 

requirements.   

Post formation processing 

Many liposome synthesis methods, particularly conventional, result in the formation of polydisperse 

liposomes with a wide range of sizes and lamellarity.  A post formation processing step is then required 

to control the size and lamellarity of the liposomes.  Post formation techniques generally use a mechanical 

force to disrupt the liposome membranes which then re-fuse resulting in smaller unilamellar liposomes 

[279].  The most commonly used methods are sonication [280], extrusion [281, 282], homogenisation 

(French press)[283], and freeze thaw cycles [284, 285].  These methods can expose the liposomes to high 

mechanical stress, which may be damaging to fragile molecules.   

 

1.9.1 Thin film hydration 

Liposomes in this study were prepared by the thin lipid film hydration method [286], followed by extrusion 

to form liposomes of a uniform size and lamellarity [4, 287].  Thin film hydration was selected as it is a 

well-established, simple and reproducible method, which is suitable for all kinds of lipid mixtures and 

requires relatively inexpensive and simple laboratory equipment. It is one of the most widely used 

methods (at laboratory scale) for liposome preparation [81, 279].   

The disadvantages of this technique include the use of harsh solvents and the removal of organic solvent 

can be difficult and time consuming.  This method is not sterile and produces liposomes with a range of 

sizes and lamellarity.  Consequently, a second post synthesis step, extrusion, is required to control the 

size and lamellarity of the liposomes. 

This method consists of three steps, thin lipid film formation, lipid film hydration and extrusion.  These 

steps are discussed in more detail below, and Figure 23 shows a schematic diagram of the method. 
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Thin Lipid Film formation 

The lipid components of the liposome, plus any other hydrophobic molecules to be incorporated, are 

dissolved in an organic solvent to form a homogenous dispersion.  The solvent is then removed by 

evaporation to form a ‘thin lipid film’ which consists of a stack of dried lipid bilayers against the vessel 

wall (the so-called thin lipid film).  

Hydration  

The dried lipid film is then hydrated with an aqueous solution.  The aqueous solution causes the lipid 

sheets to swell and detach from the vessel wall.  The detached lipid sheets self-close, due to hydrophobic 

forces, to form large multilamellar liposomes of varying size.  Any hydrophilic molecules present in the 

hydrating solution will be encapsulated within the liposome aqueous core. 

Extrusion  

Extrusion involves passing the multilamellar liposomes back and forth through a membrane with size 

defined pores.  As the liposomes pass through the membrane pores they break and reform.  Multiple 

passes through the membrane results in the formation of unilamellar liposomes with a narrow size 

distribution that is close to the size of the membrane pores.  This method has good reproducibility and 

control of size. 

Extrusion forms LUV with a narrow size distribution close to the size of the membrane pores.  This method 

has high reproducibility and does not expose the liposomes to harsh conditions (unlike sonication and 

high pressure methods can result in degradation of lipids and encapsulated cargo).  However, it is only 

suitable for relatively small volumes, and the technique must be carried out above the Tm of the 

constituent lipids.  
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Figure 23 Liposome prepara�on via thin film hydra�on. (1) Lipids are mixed together in an organic solvent such as 
chloroform.  (2) The solvent is removed by rotary evapora�on and a dried thin lipid film is formed.  (3) The thin lipid 
film is hydrated with an aqueous solu�on and large mul�lamellar liposomes spontaneously form.  (4) The 
liposomes are then extruded through a polycarbonate membrane to form small unilamellar liposomes. Adapted 
from [288]. 
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1.10 Methodology used to measure liposomes and micelles 

The pharmacokinetics and pharmacodynamics of liposomes are dependent on their physical properties, 

including size, lamellar organisation, charge, composition, and surface chemistry.  These factors all impact 

their interaction with their biological environment, including cells and the immune system  The primary 

techniques used to measure and observe liposomes in this project are shown in Table 5 and the following 

sections provides a brief outline of their principles and respective advantages and limitations.  

Table 5 Methodology used to measure liposomes and micelles in this research 

Measurement Technique 

Size Dynamic light scatter (DLS),  
Transmission electron microscopy (TEM) 

Morphology TEM 
Zeta Potential DLS 
CMC Surface tension (pendant drop method 

Fluorescence spectroscopy (pyrene I/III method) 
DLS (particle count rate) 

1.10.1 Size and morphology 

The size and size distribution (polydispersity index) of liposomes are important parameters, especially if 

liposomes are intended for therapeutic use.  Liposome size determines circulation times in vivo; small 

liposomes remain in circulation longer than larger liposomes, although very small liposomes are rapidly 

excreted via renal filtration (<10nm).  Larger liposomes are quickly removed by phagocytic cells [289].   

Liposome morphology (size, shape and lamellarity) are also important factors which impact on the 

liposome properties.  Lamellarity can influence encapsulation efficiencies and drug release kinetics, and 

can also effect the liposomes intracellular fate [27].  In addition, it is important to ensure liposomes are a 

consistent size and shape so that reproducible and predictable results can be obtained.  

Methods to measure liposome size include DLS (dynamic light scatter), TEM (transmission electron 

microscopy), nanoparticle tracking analysis and atomic force microscopy [290].  Morphology of liposomes 

can be observed by electron microscopy techniques.  DLS and TEM were used in this project and are 

discussed in more detail below  
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Dynamic light scattering  

Dynamic light scattering (DLS), also known as photon correlation spectroscopy, uses Brownian motion to 

calculate the size of particles in solution.  A laser light source is used to illuminate a suspension of particles 

and then intensity fluctuations of the scattered light are used to determine the size of the particles [290].  

When light is scattered off particles in suspension, their Brownian motion (smaller particles move faster 

than larger particles) causes fluctuations in the intensity of the scattered light.  By analysing the 

fluctuation of light scattered by the moving particles their diffusion coefficient (D) can be obtained.  This 

can then be used with Stokes-Einstein equation (Equation 2) to calculate the particles diameter [291, 292]. 

𝑑𝑑(𝐻𝐻) =  
𝑘𝑘𝑘𝑘

3𝜋𝜋𝜋𝜋𝜋𝜋 

d(H) Hydrodynamic diameter (m) 
k Boltzmann’s constant (m2kg/Ks2) 
T Temperature (K) 
n Viscosity (Pa.s) 
D Translation diffusion coefficient (m2/s) = speed of the particles 

Equa�on 2 The Stokes-Einstein equa�on 

 

The particle diameter measured by the DLS is referred to as the hydrodynamic diameter, because it is 

equivalent to the diameter of a sphere which would have the same translational diffusion coefficient as 

the measured particle.  It is dependent on the actual size of the particle, the presence of surface structures 

which affect its diffusion speed (anything that reduces the particles speed will correspondingly change 

the apparent size of the particle), and also the concentration and type of ions present in the 

medium [293].  Ions present in the surrounding medium create an electric double layer surrounding the 

particle (1.10.2 Zeta potential), which can change the apparent hydrodynamic diameter.  For example 

60nm monodisperse latex particles will appear 15% larger in 10mM NaCl than in deionised water [293]. 

DLS also calculates the polydispersity index (PDI) of the particle population.  This is a dimensionless value 

that measures the degree of particle size heterogeneity.  Values less than 0.2 are considered acceptable 

and indicate the population is monodisperse [294].   

A major advantage of DLS is that it allows the rapid measurement of a large number of liposomes in their 

native hydrated state [27].  However, the results obtained are a calculated average which rely on the 

assumption that all particles present are spherical, monodisperse (one population of particles the same 

size) and non-interacting.  DLS is also very sensitive. Consequently, aggregated vesicles and outliers can 

greatly skew the calculated average result.  DLS does not provide any information on the shape or 

concentration of the particles present.   
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Transmission electron microscopy (TEM)  

Electron microscopy is used to characterise the size, morphology and lamellarity of liposomes. Traditional 

TEM techniques require the sample to be stained, usually with a heavy metal stain such as uranyl acetate, 

dried and then exposed to high vacuum and an intense electron beam for imaging.  As a result, labile 

biological samples, such as liposomes, are unlikely to remain in their native hydrated spherical form.  

Furthermore, internal structures, such as the bilayer membrane organisation of liposomes, are unable to 

be seen.  To avoid these problems Cryo-TEM and freeze fracture TEM are the two most commonly used 

techniques [295].  Cryo-TEM was used in this study and is briefly discussed below. 

Cryo-TEM preparation involves applying a small aliquot of the sample onto a TEM grid, which is composed 

of a metal grid covered with a thin foil and perforated with circular holes.  The sample is blotted with filter 

paper to form a thin film across the grid, and then plunge frozen in a cryogen, usually liquid ethane.  This 

rapid freezing forms a thin layer of non-crystalline vitreous (glass like) ice.  The freezing process occurs so 

quickly, that any particles present, such as liposomes, are immobilised in the ice before any significant 

alteration to their structure can occur, allowing them to be imaged in their native hydrated state.  Ideally 

the sample remains evenly distributed throughout the ice layer and across the thin ice which spans the 

holes in the grid.   

The advantages of this technique include that liposomes can be observed in their native hydrated state 

and their morphology and internal bilayer structure can be seen.  The size of liposomes can be directly 

measured and liposome lamellarity can also be observed.  Disadvantages of this technique include that 

only a relatively small number of liposomes can be observed, it requires specialised equipment and 

sample preparation techniques, and is a relatively time consuming technique.  

In addition, cryo-TEM also has limitations which should be remembered when interpreting images 

• Low electron dose imaging results in lower clarity and image resolution than other techniques 

such as traditional TEM [296]. 

• During sample preparation the blotting step applies shear forces to the sample during film 

formation, which may affect/alter sample, e.g. could flatten out liposomes making them appear 

larger.  

• Liposomes in sections of thin ice can become flattened and appear larger [297]. 

• liposomes may show a preference for the grid and avoid distribution over the holes, this 

interaction with grid could alter observed morphology and size [298].  
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• Formation of non-uniform thickness ice can alter distribution of particles, this can influence the 

size of particles able to be imaged, larger particles may be excluded from thinner ice which usually 

forms towards the centre of holes, Figure 24 [299, 300].  

 
Figure 24 Cross sec�on view of a cryo-TEM grid and ice film. Liposomes can be seen in the ice, however large 
liposomes may be excluded from the thin central ice. Image adapted from [301].   

• Cryo-TEM results in a two dimensional image of a three dimensional object [302].  This can 

disguise the true shape of particles as shown in Figure 25. 

(a) 

 
(b) 

 

Figure 25 Schema�c diagram showing par�cles distributed in a vitreous ice layer. (a) shows a view of the par�cles 
from above, as seen in cryoTEM.  The par�cles appear to be spherical. (b) shows the same par�cles viewed from 
the side, where it can be seen that the par�cles are not spherical, illustra�ng how the true shape of par�cles may 
be obscured in 2D view from above.  Figure adapted from [303].   
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1.10.2 Zeta potential 

Zeta potential is the surface charge of the lipid vesicle and any surface molecules.  When a charged particle 

is dispersed in liquid an adsorbed double layer (electric double layer) develops around the particles 

surface.  The liquid around a particle exists in two parts, an inner region where the ions are strongly bound 

to the particle (called the Stern Layer), and an outer region (the slipping plane) where ions are less strongly 

associated.  The ions within these two layers move together with the particle as a single entity.  The 

electrokinetic potential at the slipping plane boundary is called the zeta potential, Figure 26 [290]. Beyond 

the slipping plane the ions no longer move with the particle.  

 

 
Figure 26 Schema�c diagram showing electric double layer of a nega�vely charged par�cle.   The surface of the 
par�cle is surrounded by a strongly adhered layer (stern layer) of oppositely charged ions.  Beyond this is a diffuse 
layer consis�ng of both nega�ve and posi�ve charges.  Ions within the slipping plane move with the par�cle as a 
single en�ty. During electrophoresis the par�cle moves toward the oppositely charged electrode (in this case the 
posi�ve electrode). Image created with BioRender.com, adapted from [290].  

 

The zeta potential is measured by electrophoretic light scatter.  An electric field is applied to the 

dispersion, which causes the charged particles to move toward the electrode of opposite charge.  As the 

particles move they scatter light from an incident laser. The scattered light has a different frequency to 

the incident light, and the frequency shift is proportional to the speed of the particles (Doppler shift) [290].  

The calculated velocity of the particles is then used to calculate the zeta potential.   
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Factors which influence zeta potential include; 

• pH, zeta potential becomes more positive and negative in magnitude with acidic and basic pH

respectively [290].

• Ionic strength, zeta potential decreases with stronger ionic strength and also the presence of

higher valency ions (i.e. Ca2+and Al3+), as these compress the electric double layer [290].

Measuring zeta potential in highly conductive media (such as physiological saline) can be

challenging.  The high conductivity can generate heat and degrade the sample [290].

• Concentration, at higher concentrations the zeta potential decreases and the colloidal stability of

the dispersion is reduced [290].

Zeta potential is often used to ‘predict’ the stability of a colloidal dispersion.  The greater the charge 

on the particles the more they repeal each other, which helps to prevent aggregation (hence 

improving colloidal stability )[27].  It is reported in the literature that nanoparticle dispersions with 

zeta potentials between -10 to +10mV are unstable, ±10-30mV moderately stable and greater than 

±30mV highly stable [290, 304].  However colloidal stability also depends on the attractive forces 

between particles such van der Waals (which are not measured by zeta potential) therefore it is 

possible to have stable dispersion even with a low zeta potential.  Steric interactions can also 

contribute to colloid stability (i.e. addition of PEG to nanoparticle surface decreases zeta potential but 

increases colloidal stability) [290].  

1.10.3 Critical micelle concentration 

The critical micelle concentration (CMC) is the concentration above which micelles form in a dispersion of 

amphipathic molecules [305].  Below the CMC the amphipathic molecules are present as monomers 

within the aqueous phase, while above the CMC the monomers aggregate and form micelles.  Above CMC 

monomers and micelles exist in a dynamic equilibrium [305]. 

CMC is dependent on properties of the molecule itself and also the surrounding environmental conditions.  

For phospholipids this includes their structure (length and saturation of hydrophobic lipid chains and 

size/structure of head group), charge, temperature, pH and environmental electrolytes.    

CMC may be measured by a variety of methods including surface tension (Wilhelmy Plate, Du Nouy ring, 

Pendant drop methods)[306], electrical conductivity [307], calorimetry [308], static and dynamic light 

scattering [309, 310], and fluorescence (quenching) spectroscopy [62, 311].   
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The measured CMC result is highly dependent on the method used and interpretation of data. There is no 

single gold standard method to measure CMC, nor is there always a universally accepted method for how 

to interpret experimental data to determine the CMC point [62].  Methods are selected based on 

requirements and characteristics of the molecule to be measured.   

In this study CMC was used to investigate the behaviour of FSL constructs in aqueous solution.  The CMC 

of the FSL constructs was analysed using surface tension (pendant drop tensiometry) and fluorescence 

spectroscopy (pyrene I/III method) methods.  The basic principles of these two methods are outlined 

below.  Two additional techniques were also used to help investigate CMC; analysis of the particle count 

rate generated by the zetasizer and the fluorescence of FSL-FLRO4 dispersion was used to help detect 

formation of micelles (details of these two methods are provided in method section). 

 

A) Surface tension  

Amphipathic molecules self-assemble so that their hydrophobic portions avoid contact with water, and 

their hydrophilic portion remains in contact with the aqueous solution. At concentrations below CMC 

amphipathic molecules tend to accumulate at the aqueous phase surface edge or interface, oriented with 

their hydrophilic region toward the water phase and their hydrophobic portion oriented away from the 

water.  As their concentration increases and the surface becomes saturated, the molecules will begin to 

suspend within the aqueous solution, first as monomers and above a certain concentration they begin to 

form micelles.  The concentration where micelles begin to form within the aqueous solution is called the 

critical micelle concentration (CMC).  CMC is not a distinct sharp point, but actually occurs over a narrow 

range of concentrations [312]. 

As surfactant molecules accumulate at the surface of the liquid intermolecular hydrogen bonding 

between water molecules is decreased, this causes a concentration dependent decrease in surface 

tension.  At CMC the surface of the liquid becomes saturated with surfactant and all additional surfactant 

molecules begin to form micelles within the solution, therefore surface tension remains unchanged past 

that point, as shown in Figure 27.  

An advantage of using surface tension to determine CMC is that no additional substances are added to 

the system.  The addition of new molecules can potentially interact with the test molecules and alter 

where CMC occurs.  There are several methods for measuring surface tension, Wilhelmy Plate, Du Nouy 

ring, and pendant drop methods)[306].  In this study the pendant drop method was used.   
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Figure 27 Surface tension of a surfactant solu�on. Graph shows decreasing surface tension as concentra�on of 
surfactant increases and micelles are formed.At low concentra�ons phospholipid molecules accumulate at water 
surface.  As the phospholipid concentra�on increases the water surface becomes saturated and micelles begin to 
form within the water phase.[58, 313]. 

 

Pendant drop tensiometry 

The pendant drop method measures the surface tension of a liquid by analysing the shape of a drop of 

liquid suspended from a needle [314, 315].  In the pendant drop technique, a camera is used to record 

the shape of a drop of liquid, as shown in Figure 28.  The shape of the droplet is determined by the balance 

between gravity and surface forces.  The software analyses the droplet’s shape to determine the radius 

of curvature at the droplet’s apex, which is then used to estimate the surface tension based on the 

droplet’s dimensions using Equation 3  [316].   

 

 

𝑦𝑦 =  
∆𝑝𝑝𝑝𝑝𝑅𝑅02

𝛽𝛽
 

y Surface tension (N/m) 
Δρ Density difference between fluids (kg/m3) 
g Gravitational constant (m/s2) 
R0 Drop radius of curvature of the apex (m) 
β Bond number  

Equation 3 Calculation of surface tension using droplet shape 
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The software allows iterative approximations to be carried out to find solutions that most closely match 

the obtained size profile. The advantages of this technique include that it is simple and requires only small 

volumes of sample, and is reported to have very high accuracy [317]. No additional molecules are added 

(which can themselves alter CMC values).  Limitations include that reliability decreases when the shape 

of the drop becomes close to spherical [318]. 

 

(a) 

 
(b) 

 

(c) 

 

Figure 28 Pendant drop method. Schema�c diagrams showing (a) the basic experimental set up, (b) a typical drop 
image and (c) drop diagram showing variables used by the so�ware to determine surface tension.  Adapted from 
[58, 315, 319]  

 

B) Fluorescence spectroscopy – Pyrene 1:3 Method 

Critical micelle concentration (CMC) was determined using the fluorescent dye, pyrene[62].  Pyrene emits 

a characteristic fluorescent spectrum in solution, with 5 vibronic bands/peaks (Figure 29).  The intensity 

of the vibronic peaks is dependent on the solvent environment surrounding the pyrene molecule [320].  

When the solution is below the surfactant CMC, the surfactant molecules are present as monomers and 

pyrene is exposed to the polar environment of water.  In this state the ratio of the first and third vibronic 

peaks is high.  Above the surfactant’s CMC, micelles form, and the pyrene molecules preferentially bind 

to the hydrophobic interior of the micelles.  This alters the emitted spectra of pyrene and the ratio of the 

two peaks decreases [305].  
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Figure 29 Pyrene fluorescence emission spectrum, showing change above and below CMC. Pyrene was mixed with 
two concentra�ons of sodium dodecyl sulphate (SDS), one above and one below CMC.   Solid line shows pyrene 
with 0.012M SDS, which is above CMC.  Broken line shows pyrene with 0.003M SDS, below CMC.  A large difference 
can be seen between peak III of the two spectra, as indicated by red arrows. Peak I remains unchanged. Figure 
adapted from [305]. 

The ratio of the fluorescence intensities of the first and third vibronic bands of pyrene can then be graphed 

against surfactant concentration to give a characteristic sigmoidal curve, which is used to determine CMC 

[62].  However, although the pyrene 1:3 technique is a well-established method to determine CMC (in use 

for over 50 years), there is no defined point from the obtained graph which is universally accepted to 

correspond to the CMC [321].  This is because the CMC does not occur at a definite point but occurs over 

a range of concentrations.  Most commonly in the literature the CMC point is determined as either the 

inflection or midpoint of the curve, point X on graph shown in Figure 32 (usually used when CMC is very 

low, or for non-ionic surfactants) [62, 322], or the intercept of the horizontal slope at high concentration 

with the rapidly varying slope of the pyrene ratio slope, point A shown in Figure 30, (better for ionic 

surfactants) [306, 321]. 
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In this study two values for CMC were calculated from the acquired data; point X (the mid-point), and also 

point B (as shown in Figure 30).  Point B is the concentration where the ratio first begins to change, and 

so is likely the point where micelles first begin to appear within  the solution.   

Figure 30 Example graph showing points which may be used to determine CMC.  Point X is the centre of the 
sigmoid, and A the intersec�on of the straight lines extrapolated from curve (doted) are the points most o�en 
used to calculate CMC. A third point, B, was used in this study, it represents the lowest concentra�on where 
micelles first begin to form.  Figure adapted from [62].  

Advantages of this method include that it directly measures micelle formation and it has good sensitivity 

(suitable for detecting CMC below 0.1mM [323]).  Limitations include that it is very sensitive to 

environmental conditions and possible spectral interference if coloured or fluorescent compounds are 

present [323].  The addition of ethanol (necessary for pyrene solubilisation) may also affect CMC [323].   

1.10.4 Methods for washing liposomes 

Following the conjugation or encapsulation of bioactive molecules to liposomes it may be necessary to 

remove any unconjugated/non-encapsulated materials, to ensure that a homogenous liposome 

dispersion with  reproducible characteristics is obtained.  A variety of methods can be used to purify/wash 

liposomes to remove excess and/or unconjugated components.  These include filtration, ultra-

centrifugation, dialysis, ion-exchange chromatography, and size exclusion chromatography [324].  

Purification/washing liposomes can be challenging.  The methods are often time consuming, require 

optimisation for each individual liposome formulation, and they can negatively impact the characteristics 

of the final liposome suspension [325].   
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Dialysis 

Dialysis involves the removal of small molecules with the use of a semi permeable membrane.  The 

membrane has pores which allows the small molecules to diffuse out, while larger molecules are retained.  

It requires that the contaminating molecule is hydrophilic.  The advantages of this method are that it is 

simple to perform and does not require expensive equipment.  However, it is a time consuming technique, 

often requiring several lengthy incubations.  The final liposome suspension can be dilute and recovery can 

be low [324].  

Size exclusion chromatography 

Gel filtration (size exclusion chromatography) is a commonly used method.  Commonly used examples 

include Sephadex and Sepharose columns. In this method the liposomes and contaminating molecules 

are separated by differences in molecular weight.  The larger liposomes pass through the column quickly, 

while the smaller particles are capable of entering the pores in the gel/beads of the column and therefore 

spend more time in the column and take longer to be eluted.  

This method can also be time consuming, (requiring packing of the column, pre saturation of the column 

and multiple elutions).  The column must be pre-saturated with a large excess of blank liposomes to 

minimise non-specific interaction between liposomes and column so it can require a large amount of 

product [324].  Although it can result in highly purified product, loss to column can be significant (as high 

as 50%) and final suspension is significantly diluted [326].  This method may not be suitable for removal 

of lipophilic molecules [324]. 

Centrifugation 

Ultra-high centrifugation (100 000 – 160 000g for one hour) can be used to separate liposomes from 

contaminating molecules in the supernatant [324].  The liposomes form a pellet, while lower molecular 

weight contaminants remain suspended in the supernatant.  The contaminants can then be removed with 

the supernatant.  A drawback of this method is that the liposomes are subjected to very high g forces, and 

this can cause liposomes to break and leakage of any encapsulated cargo.  It also requires specialised 

ultra-fast centrifuge. 

Density gradient fractionation can also be used to separate liposomes and other molecules based on their 

specific gravity.  In this method liposomes and contaminants are separated by centrifugation through 

media of different densities i.e. ficoll, dextran, sucrose.  The major disadvantage of this method is that the 

liposome product requires additional purification steps to remove the ficoll/dextran.      
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Ultrafiltration is a fast and simple method.  It involves passing the liposome dispersion through a 

semipermeable cellulose membrane, which can be selected to have a range of molecular weight cut offs.  

Small molecules can move through the membrane, but larger molecules can not.  Advantages include that 

it uses low speed centrifugation (standard lab centrifuge), there is no dilution of the sample, and very 

small volumes can be used [324].    

Ion exchange resin 

An ion-exchange resin is used to bind and separate molecules using charge.  For example a cation resin 

binds any molecules which are positively charged, while the negatively charged molecules are not 

attracted and can move through the resin [324].   

 

1.11 Research aims 

Currently there are 25 clinical liposome products approved by FDA and EMA [16, 23, 24].  The ability to 

create liposomes which can specifically accumulate at the desired site via active targeting (conjugation of 

specific binding ligands to their surface) is desirable.  While considerable success has been achieved 

in  vitro this has not, to-date, led to the same level of success in developing clinical products.  There are 

currently no clinical liposome products with active targeting capabilities [22].  

Kode technology is a rapid surface engineering technology that has been successfully used to modify and 

functionalise a range of biological and synthetic surfaces, including cells, stainless steel, nanofibers, 

plaster, nitrocellulose [253].  Due to similarities between natural cell membranes (which have been 

successfully modified with Kode constructs) and liposome membranes it is anticipated that FSL constructs 

could be used as a novel approach to label the surface of liposomes without some of the described 

limitations, specifically without the need for complex modification reactions. Thus, FSL constructs have 

the potential to be used as a targeting system for liposomes.  

The aim of this research was to evaluate the modification of liposomes with FSL constructs by   

1. determining if Kode constructs form micelles in aqueous solution, and if so to characterise their 

size, charge and CMC 

2. investigating and developing methodologies to modify liposomes with Kode constructs 

3. synthesising and characterising FSL modified liposomes, specifically regarding liposome size, 

charge, and morphology 

4. measuring the dynamics of FSL liposome modification, including incorporation and retention 

characteristics 
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5. determining the stability of FSL modified liposomes. 

6. establishing proof of concept that FSL constructs can be as a surface modification method to 

create targeted liposomes 
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Chapter 2  Methods and Results – FSL and Liposome Characterisation 

FSL constructs are water dispersible, amphipathic molecules which have been shown to spontaneously 

insert into the lipid bilayer of cell membranes on contact.  They have previously been used to label cell 

surfaces with a variety of different molecules by varying the functional head group of the FSL construct. 

The aim of this study was to determine if FSL constructs could also be used to provide a novel method for 

the surface modification of liposomes.  

The first section of this chapter is focused on the characterisation of FSL behaviour in solution as 

understanding how FSL molecules behave in solution would help to inform how they interact with 

liposomes.   

The second section establishes methodologies to modify/create liposomes labelled with FSL constructs. 

Liposomes containing FSL prepared by various methods were analysed for their properties such as size, 

shape, charge, to investigate the effect FSL inclusion had on the liposome’s characteristics.   

Chapter three investigates the dynamics of FSL insertion into liposomes, including effects of temperature, 

time, and method of insertion.  The stability and retention of FSL labelling was investigated, including 

transfer of FSL between liposomes and liposome to red blood cells (RBC) as a model cell membrane.  

2.1 FSL Characterisation 

Amphipathic molecules are known to form a colloidal dispersion of micelles when suspended in an 

aqueous media (as discussed in section 1.3).  Before attempting to determine how the FSL constructs 

would interact with liposomes it was necessary to understand how amphipathic FSL molecules behave in 

aqueous solutions.  Therefore, initial experiments were carried out to determine if FSL constructs exist as 

micelles, and if so to determine the micelle size, charge, and the concentration at which they form (CMC). 

2.1.1 FSL constructs used in this project 

Three FSL constructs were used in this project; FSL-A2, FSL-biotin and FSL-fluorescein (FSL-FLRO4) Figure 

31. These were selected to have different functional head groups; glycan (FSL-A2), vitamin (FSL-biotin),

and a fluorophore (FSL-FLRO4), and two different spacer molecules, one long CMG(2) (FSL-A2 and

FSL-biotin), and one short adipate (FSL-FLRO4).  By using different functional head groups and spacer

moieties it was hoped that any difference in interaction with liposomes caused by variation of these

structures could be detected.  These three constructs have been well studied previously and can be
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detected and measured using a variety of relatively simple laboratory techniques: flow cytometry, 

fluorescent microscopy, immunoassay, and haemagglutination [230, 240, 246, 253]. 

FSL-A2  

The FSL-A2 construct has a carbohydrate head group, consisting of four monosaccharides, it is the blood 

group A type 2 antigen, (GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ).  The carbohydrate head group is 

attached to a CMG(2) spacer and a DOPE tail, as shown in Figure 31a.   The A type 2 carbohydrate antigen 

is naturally expressed on RBC, and when present defines the phenotype of blood group A.  Fully extended 

FSL-A2 construct measure approximately 9nm [260]. 

FSL-A2 can be detected via its reaction with anti-A reagents by techniques such as haemagglutination and 

enzyme immunoassay techniques.  FSL-A2 has been shown to label RBC [254], and a variety of cell lines 

(Jurkat, Raji, JCT116p53+), murine embryos [56, 230], and also a wide range of non-biological surfaces 

including metals (aluminium, gold, copper, stainless steel, titanium), plastics and polymers (i.e. cellulose 

acetate, natural rubber, nylon, polyvinyl chloride, polystyrene), glass, and paper [57].   

FSL-biotin  

The FSL-biotin construct has a monomer of biotin (vitamin B7) as its functional head group.  This is 

attached via a CMG(2) spacer to a DOPE tail, as shown in Figure 31b.  

FSL-biotin can be detected via its reaction with avidin (streptavidin/neutravidin).  A secondary indicator 

label attached to the avidin/streptavidin, for example a fluorescent/enzyme label, or surfaces such as 

beads, is necessary to enable visualisation of the reaction.  FSL-biotin has been shown to successfully 

biotinylate many different types of surfaces including RBC, cell lines, viruses, stainless steel, plastic, paper, 

spermatozoa, embryos [244].  

FSL-fluorescein (FSL-FLRO4)  

The functional head group of this construct is the fluorophore fluorescein.  It is composed of an adipate 

spacer with a DOPE lipid tail, as shown in Figure 31c.  Due to its fluorescent head group this construct can 

be directly detected by fluorescent microscopy and flow cytometry.   

FSL-FLRO4 has previously been used to label a wide range of cells and surfaces including RBC [56], 

embryos [56], zebrafish [56, 243], viruses [56, 244, 245], cell lines [230], bacteria [258], and in vivo 

imaging [243]. 
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All FSL constructs (GlycoNZ, NZ) were obtained in powdered form [240].  FSL constructs were 

reconstituted to prepare 2mg/mL stock dispersions and stored at -80°C in 50µL aliquots.  Immediately 

before use stock FSL dispersions were allowed to come to RT and the required volume removed and used 

to prepare liposome dispersions or diluted with PBS to prepare FSL micelle dispersions.  Any remaining 

stock FSL dispersion was returned to -80°C storage, up to a maximum of three freeze cycles.  

During liposome preparation FSL constructs can be added at 3 different stages of the liposome synthesis, 

depending on the stage of addition FSL constructs are required to be diluted in either an aqueous diluent 

or in a solvent diluent.  Therefore, two types of FSL stock solution were prepared for each construct;  

1. Stock solution dispersed in an aqueous diluent.  PBS was used for all three constructs; it was

selected as it is the diluent used for liposome synthesis.  Additionally, it is compatible for

applications involving cells and with most biological assays.

2. Stock solution dispersed in a solvent. FSL-A2 and FSL-biotin were prepared with

chloroform:methanol 97:3, while FSL-FLRO4, which is not soluble in chloroform, was prepared

with methanol.

All solutions containing FSL-FLRO4, including liposomes and cells, were stored protected from light. 
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(a) FSL-A2 (blood group A type 2 (GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ))

(b) FSL-biotin

(c) FSL-FLRO4 (fluorescein)

Figure 31 Chemical structure of FSL-A2, FSL-bio�n and FSL-FLRO4. (a) FSL-A2 is composed of carbohydrate head group (blood group A type 2 an�gen) joined via a CMG(2) spacer 
to a DOPE phospholipid tail. (b)  FSL-bio�n is composed of a bio�n head group atached via a CMG(2) spacer to a DOPE phospholipid tail (c) FSL-FLRO4 is composed of 
fluorescein head group atached via an adipate spacer to a DOPE phospholipid tail.  See Figure 33 for space filling versions of these constructs.   
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Kode terminology 

The majority of the terminology used in this research to describe processes utilising FSL constructs has 

been published previously [241] and is outlined below;  

• Modification of surfaces or cells with FSL constructs is termed koding. 

• A cell, which has been modified with an FSL construct, is termed a kodecyte. 

• Cells koded with a given concentration of an FSL construct are named as follows: 

“µM concentration-FSL name-kodecytes”.  For examples RBCs labelled with 100µM FSL-biotin are 

termed 100 biotin kodecytes. 

For this research project additional terminology was required to describe and distinguish processes 

involving unlabelled liposomes and liposomes labelled with FSL constructs, and RBC koded with FSL 

constructs via interaction with koded liposomes as follows:  

• The concentration of FSL used to prepare the liposome is noted in the same way as for kodecytes, 

for example, a liposome dispersion ‘labelled’ with 100µM FSL-biotin is termed 

100 biotin liposomes. 

• The protocol by which liposomes were prepared and FSL was incorporated is noted by the 

addition of initials H (hydration), LM (lipid mix) or PS (post synthesis) to the liposome description.  

For example, liposomes prepared with 100µM FSL-biotin which was added to liposomes by the 

lipid mix protocol are termed 100 biotin liposomes-LM.   

• For brevity and clarity in some graphs, tables and figures liposomes are described by their method 

of preparation alone i.e. lipid mix (LM), hydration (H), or post synthesis (PS).  In this case the 

concentration of FSL added to liposome would be the same for all types of liposomes and noted 

in the accompanying legend.  
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2.1.2  Micelle size and charge 

Dispersions of FSL were analysed by dynamic light scattering (DLS) technique to determine if micelles were 

present, and if so to measure the size and charge of the particles.   

Method  

Dispersions containing varying concentrations of FSL constructs were prepared by diluting an appropriate 

aliquot of (aqueous) FSL stock solution in 1mL of PBS.  The FSL dispersions were allowed to stand for 30 

minutes at RT before analysis by DLS.   

DLS analysis was conducted using a Malvern Zetasizer Nano SP.  The Nano SP contains a 4mW He-Ne laser, 

operating at wavelength of 633nm, and an avalanche photodiode detector (APD).  The analyser uses non-

invasive back scatter technology which detects scattered light at an angle of 173°.  This maximises light 

detection while maintaining signal quality, to enable very sensitive detection and measurement of 

nanoparticles at low concentrations. The analyser was set to automatically determine the optimum 

measurement position and correct attenuation.  Size measurements were carried out in polystyrene 

cuvettes (Mediray, Cat# GR614101) at RT. Three size measurements of at least 10 seconds duration each 

were carried out and the mean result reported.  Detectable size range of Malvern Zetasizer is reported to 

be 0.3nm -15µm [293]. Zeta potential measurement were performed in folded capillary cell 

(ATA Scientific, Cat# DTS1070).  Three measurements were carried out and the mean result reported. 

 

Results 

Size and Critical Micelle Concentration 

DLS analysis detected the presence of nanoparticles in dispersions of all three FSL constructs. The mean 

particle size (three experiments repeated independently) is shown in Figure 32.  



87 
 

 
Figure 32 Size of FSL-A2, FSL-bio�n and FSL-FLRO4 par�cles measured by DLS.   FSL’s were suspended in PBS, 
pH 7.4. Note a change in scale at the break in the x axis. Mean ± SD, n=3  

 

The size (diameter) of the detected nanoparticles increased in size below 5µM,  before reaching a plateau 

around 5-10µM.  Above this point the size of the detected micelles remained unchanged despite 

increasing FSL concentration, in the range tested (≤100µM).  The addition of more FSL constructs results 

in formation of a greater number of micelles, not a continuing increase to the size of the micelles present.  

These results indicate micelles are beginning to form at approximately 5µM concentration, therefore the 

CMC of all three constructs when dispersed in PBS pH 7.4,  is approximately 5µM (when measured by 

DLS).  

FSL-A2 micelles showed a mean particle size (diameter) of 15nm, FSL-biotin micelles were slightly smaller 

with a mean size of 14nm, both constructs have CMG(2) spacers.  FSL-FLRO4 (which has a smaller adipate 

spacer) micelles were significantly smaller, with a mean size of only 8nm.   

A probable explanation for difference in micelle size is that FSL-FLRO4 is a smaller molecule than FSL-A2 

and FSL-biotin shown in Figure 33.  FSL-FLRO4 has an adipate spacer, which is ≈1.0nm long.  In contrast 

FSL-A2 and FSL-biotin have a CMG(2) spacer which is much longer at ≈6.5nm.   
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Figure 33 Schema�c diagram comparing size of FSL-A2, FSL-bio�n and FSL-FLRO4. Diagram comparing the sizes of 
(a) FSL-A2, (b) FSL-bio�n and (c) FSL-FLRO4 constructs (in fully extended conforma�on). Fully extended FSL-A2 and 
FSL-bio�n constructs measure approximately 9nm. Fully extended FSL-FLRO4 measures 5nm [253, 260].  

 

DLS size data analysis  

The default measurement generated by Malvern Zetasizer software is size as a function of scattered light 

intensity.  However, this measurement (intensity) does not give any information regarding the number of 

particles present in the detected populations.  Care must be taken when interpreting this data, particularly 

when dual populations are present.   Large particles scatter exponentially more light than small particles, 

therefore a very small number of large particles, such as dust/bubble contamination, can give the false 

appearance of a significant population of large particles.  The zetasizer software can convert the obtained 

intensity data to number of particles.  This allows the relative number of particles in each population to 

be compared [292].   

The graphs in Figure 34 show the DLS data obtained for 100µM FSL dispersions of (a) FSL-A2, (b) FSL-biotin, 

and (c) FSL-FLRO4 in PBS pH 7.4.  Both types of graph (of the same data) for each FSL are shown.  Graphs 

labelled (i) show size as a function of scattered light intensity, while the graphs labelled (ii) show size as a 
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function of the number of particles.  Figure 35 shows DLS graphs of the diluent, PBS, used to prepare the 

micelle solutions.   

In Figure 34 the graphs displaying (i) size by intensity show two populations for all three FSLs: a population 

of small particles approximately 10nm in size and a population of larger particles greater than 100nm in 

size.  This larger sized population is not seen in the graphs (ii) which show size by number of particles.  

This indicates that the larger size particles account for only a very small number of the total particles 

(<1%).  This larger population is also seen in the PBS  solution (Figure 35), therefore is most likely due to 

artefacts such as dust contamination.  

Because these larger particles only account for a very small percentage of particles present (and are likely 

dust contamination) and the vast majority of particles present were in the 10nm population, only the size 

of the smaller particles has been reported in Figure 32.  Only the graphs from 100µM dispersions are 

shown, however the same pattern of results was observed for all concentrations tested.   
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(a) FSL-A2 (i) 

 
 (ii) 

 
(b) FSL-biotin (i) 

 
 (ii) 

 
(c) FSL-FLRO4 (i) 

 
 (ii) 

 
Figure 34 Size of FSL micelles. DLS graphs showing size (diameter) of par�cles present in (a) 100µM FSL-A2, 
(b) FSL-bio�n, and (c) FSL-FLRO4 dispersions. FSL constructs were dispersed in PBS pH 7.4. Size is shown as (i) a 
func�on of light intensity and by (ii) number. Two popula�ons are seen in the (i) size by intensity graphs, however 
the larger popula�on is not seen in (ii) size by number graphs, indica�ng larger popula�on accounts for ≤1% of total 
number of par�cles. This larger popula�on was also seen in PBS diluent and is likely dust contamina�on. 
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Figure 35 shows the size of the particles present in the PBS solution used to prepare the FSL micelle 

solutions.  Like the FSL micelle solutions two populations are present when shown by particle intensity (i), 

but only one when size is shown by number of particles (ii).  When size is shown by number of particles a 

population of particles less than 1nm in size is seen.   

The number of particles present in the PBS was very low, much less than in the FSL micelle solutions (see 

Table 7 for count rate data).  Particles are measured by count rate of the particles per second (kilo count 

per second, kcps). Count rate of particles in PBS ≈20-30 kcps, while in 100µM FSL solutions >150 kcps.   

 

(a) PBS (i) 

 

 (ii) 

 
Figure 35 Size of par�cles present in PBS. DLS graphs showing size (diameter) of par�cles present in 
PBS (pH 7.4) diluent used to prepare FSL micelle dispersions. Size is shown as (i) a func�on of light 
intensity and (ii) by number. Two popula�ons are seen in the (i) size by intensity graphs, however the 
larger popula�on is not seen in (ii) size by number graphs, indica�ng larger popula�on accounts for 
≤1% of total number of par�cles.  

 

  



92 
 

Zeta Potential 

The zeta potential (net electrical charge) of the micelle particles present in the FSL dispersions were 

measured by DLS.  Figure 36 summarises the zeta potential (charge) data.  FSL constructs were dispersed 

in PBS, pH 7.4.  

 
Figure 36 Zeta poten�al of FSL micelles. DLS was used to measure the zeta poten�al of micelles present in 
increasing concentra�on FSL dispersions (5, 10, 25, 50, and 100µM) suspended in PBS.  The micelles of all three 
constructs, FSL-A2, FSL-bio�n and FSL-FLRO4, were nega�vely charged. Results show mean ± SD, n=3.  

The zeta potential (charge) of the FSL-A2 and FSL-biotin particles did not significantly change with 

increasing concentration, remaining between approximately negative 15 and negative 19mV.  In contrast, 

the FSL-FLRO4 dispersions showed a significant concentration dependent increase in negative charge 

between 0-50µM, increasing from negative 17 (5µM) to negative 29mV (50µM).  From 50-100µM charge 

plateaued remaining at approximately negative 30mV.   

Summary 

Micelles (or micelle like nanoparticles) were detected in dispersions of all three FSL constructs (in PBS), 

from 5µM concentration.  When measured by DLS and dispersed in PBS, the CMC for all three constructs 

was approximately 5µM. FSL-A2 and FSL-biotin micelles had a diameter of approximately 15nm, and FSL-

FLRO4 micelles were 7nm. The micelles of all three constructs had a negative zeta potential.   
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2.1.3 Critical micelle concentration 

Once it was established that micelles were likely to be present in the FSL dispersions within our 

experimental range, further experiments were carried out in an attempt to determine the concentration 

at which micelles begin to form, the so-called CMC. Due to known methodological variability three 

techniques were used; 

a) Surface tension (pendant drop tensiometry) 

b) Fluorescence spectroscopy (pyrene 3:1)  

c) DLS analysis (count rate and correlation data) 

 

A) Surface tension – Pendant drop tensiometry 

Surface tension was measured by the optical pendant drop method [315] using an Ossila contact angle 

goniometer (Ossila Ltd, Cat# L2004A1) and software. 

Method 

1. A series of dilutions of each FSL were prepared in PBS and allowed to stand for 30 minutes at RT. 

2. Sodium dodecyl sulphate (SDS) (BDH, cat# 30175) was also analysed (as a known control) and was 

diluted in superconductivity grade water (so that results could be compared to literature).    

3. A drop of each FSL dispersion was suspended from a blunt needle, the drop is pushed out until 

close to falling. An image of the drop was acquired using the digital camera immediately before 

the drop falls.  Acquiring the droplet image just before detachment provides the most accurate 

and precise measurement [315]. 

4. The software analyses the shape of the drop to calculate its surface tension.  

5. The needle and syringe were cleaned by rinsing six times with ethanol then six times with 

PBS/water between samples.   

6. Measurements were carried out in triplicate and the mean result reported. 

The mean surface tension was graphed against logarithm of the concentration, Figure 37.  Below the CMC 

it was expected that surface tension would be linearly dependent on surfactant concentration.  Above 

CMC surface tension is independent and no longer changes.  The CMC point can be calculated from the 

intersection of the linearly decreasing region and a horizontal line passing through the plateau region at 

high concentrations (as shown in Figure 37(d)) [327]. 
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Results 

(a) FSL-A2 (b) FSL-biotin 

  

(c) FSL-FLRO4 (d) SDS 

  
Figure 37 Surface tension of FSL and SDS dispersions.  Graphs showing the surface tension of increasing 
concentra�on (a) FSL-A2, (b) FSL-bio�n, (c) FSL-FLRO4, and (d) SDS dispersions  The FSL dispersions showed no 
change in surface tension, thus no observed CMC value.  The surface tension of SDS showed expected 
concentra�on dependent decrease.  The CMC of SDS was calculated to be 14mM (dispersed in water). FSL’s were  
dispersed in PBS, SDS in water. Note the different x axis scale for SDS.   

SDS showed the expected concentration dependent decrease in surface tension.  The CMC was calculated 

to be 14mM (intersection of two lines as indicted on graph), which is slightly higher than reported in 

literature.  SDS was used as a known sample to validate the experiment protocol was working, and this 

was successfully achieved.   

Dispersions of all three FSL constructs showed no change in surface tension, remaining at approximately 

70mN/m (slight variation seen between 69-72mN/M), even when very high concentration stock solutions 

were tested.  The surface tension of pure water is 72mN/m. 

Because the surface tension of FSL dispersions did not change this technique was unable to determine 

the CMC of the FSL constructs.     

During this experiment it was observed that the FSL dispersions showed a tendency for the suspended 

droplets to ‘climb’ the outer surface of the needle, rather than forming a droplet suspended evenly from 
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the needle base, example image shown below in Figure 38.  Despite thoroughly cleaning the needle with 

water and ethanol between samples this problem continued to occur. 

 

(a) SDS (b) FSL 

  
Figure 38 Example pendant drop images. Example images of SDS and FSL pendant drops showing FSL droplet 
climbing up the side of the needle, indicted by red arrow.  This created an (b) asymmetrical drop, compared to (a) a 
symmetric droplet of SDS.  Image altered to remove reflec�on from droplet.  

 

This technique does not directly measure the formation of micelles, it actually measures changes to 

surface tension caused by the amphipathic molecules before CMC is reached.  These results show that 

the FSL constructs do not alter the surface tension of the solution.  Possible explanations for this include;  

• The climbing of the droplet is most likely due to FSL constructs forming a monolayer on the surface 

of the needle, making the surface hydrophilic.  The needle is then wetted, allowing the droplet to 

‘climb’ the surface of the needle.  This does not occur with SDS because it has a single lipid tail, 

unlike the FSL constructs used in this study which have a double lipid tail (i.e. DOPE).  This ability 

of FSL constructs to wet the surface of the needle makes this method unsuitable.  

• It may be energetically unfavourable for the constructs to assemble at the surface/air interface.  

FSL constructs may prefer to dimerize (dynamically) by their lipid residues rather than to adsorb 

at the surface of the water and contact with the air.  The hydrophobicity of air is significantly 

lower than the hydrophobicity of the DOPE tail, therefore the FSL constructs may prefer to remain 

in solution and do not align at the water/air phase.  A similar phenomenon is known to happen 

for some long chain surfactants, polymers and proteins, e.g. BSA, these molecules adopt an 

orientation/conformation that requires rearranging to allow adsorption at the liquid/air interface 

and as a result they prefer to diffuse back into the bulk rather than adsorb at the interface [328, 

329].   
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Summary 

The pendant drop method was unable to determine the CMC of the FSL constructs due to no detectable 

change in surface tension.  However, it showed that FSL’s are good ‘wetting’ agents.  

 

B) Fluorescence spectroscopy – Pyrene 1:3 method 

A fluorescence spectroscopy technique was then used to measure CMC.  This technique directly measures 

the formation of micelles [311], unlike the previous method (tensiometry) which measured the 

concentration of monomers at the liquid-air interface.   

 

Method 

1. A stock solution of 0.1mM pyrene (Sigma Cat#82648-1G) in methanol was prepared.  

2. Dilutions of FSL were prepared in PBS and then a 50µL aliquot of the pyrene solution was added, to 

give a final pyrene concentration of 1 x10-6 M in each tube. 

3. The volume of each tube was made up to 3 mL with PBS (pH 7.4). 

4. The samples were then incubated for 30 minutes at RT protected from light.  

5. The fluorescence emission spectra of each sample were measured using an Agilent Cary Eclipse 

Fluorescence Spectrophotometer.  Excitation wavelength was set at 334nm, and emission spectra 

measured between 360-410nm. Emission slits were set to 2.5nm. Measurements were carried out 

at 22˚C.     

6. The ratio of intensities at 373nm and 384nm, corresponding to pyrene’s first and third vibrational 

bands, were graphed as a function of FSL concentration.   

7. SDS diluted in superconductivity grade water were also analysed as a known control.  

8. This experiment was repeated twice  
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Preliminary investigation to determine suitability for use with FSL-FLRO4 

Since the pyrene method is based on detection of fluorescence, it is not ideally suited to measuring a 

molecule which is also fluorescent, such as FSL-FLRO4.  It was unknown if the fluorescence of FSL-FLRO4 

would interfere with the pyrene fluorescence emissions.  The excitation wavelength used for Pyrene was 

334nm, and emission was measured at 373 and 383nm.  The excitation wavelength of FITC is 492nm and 

emission is 519nm [330].  Because the excitation and emission wavelengths of FITC and pyrene did not 

overlap, it was expected that there would be no issues.  A preliminary test of 100µM FSL-FLRO4 dispersion 

with 0.1M pyrene was run to determine if the expected spectra of pyrene could be seen in presence of 

FSL-FLRO4.  The results are shown in Figure 39.  

The pyrene emission spectra, as expected, was not altered by the presence of FSL-FLRO4.  The vibrionic 

peaks were clearly visible and there was no significant distortion caused in the pyrene/FSL-FLRO4 emission 

spectra, Figure 39.  Therefore, it was decided to analyse FSL-FLRO4 by this method 

 

 
Figure 39 Emission spectra of pyrene and FSL-FLRO4+Pyrene dispersions  The standard emission spectra of a 
pyrene (2 x10-6 M) (blue line) is overlaid with the emission spectra obtained from FSL-FLRO4+pyrene dispersion 
(black line). The vibronic features of the pyrene emission spectrum are present with no obvious distor�on caused 
by addi�on of FSL-FLRO4.  
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Results  

The expected sigmoid shaped graphs were obtained for FSL-A2, FSL-biotin and SDS samples, as shown in 

Figure 40. FSL-FLRO4 however did not show a typical sigmoid shape, the second plateau was not reached 

in the concentration range tested.  

  

(a) FSL-A2 (b) FSL-biotin 

  
(c) FSL-FLRO4 (d) SDS 

  
Figure 40 Fluorescence intensity ra�o (I/III) vs concentra�on of FSL and SDS dispersions.  CMC values were 
calculated from point B and point X as indicated by red arrows on graph a. FSL constructs were dispersed in PBS pH 
7.4. SDS was dispersed in water. Note different x axis scale for SDS and FSL-FLRO4.  

 

 

The CMC of SDS (dispersed in water) was calculated to be 8.5mM by mid-point (point X), which is in good 

agreement with the literature, (8.2mM [62]).  SDS was included as a known sample to validate the 

experiment protocol was working.  

The CMC of FSL-A2 and FSL-biotin (dispersed in PBS) was calculated using the midpoint inflection value 

(point X) to be 48µM and 28µM respectively.  The FSL-biotin results were similar to that obtained by 

Zalygin et al. [260] who reported a CMC of 13µM for FSL-biotin using same technique.   
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A classic sigmoid curve was not obtained for FSL-FLRO4.  The second plateau was not reached.  Due to 

availability limitations of the construct additional higher concentration points could not be tested to 

determine if a plateau could be reached.   Therefore, the mid-point could not be calculated for FSL-FLRO4.  

Point B was calculated for all three constructs, this showed micelles are beginning to appear at 10µM for 

FSL-A2, 3µM for FSL-biotin and 136µM for FSL-FLRO4.  The FSL-FLRO4 result is significantly higher than 

the other two FSL constructs.  The CMC values calculated from these results are summarised in Table 6. 

 

Table 6 CMC values calculated by Pyrene I/III spectrophotometry method 

Sample Calculated CMC Literature 

 Inflection (Point A) Intersection (Point B)  
 µM µM  

FSL-A2 48 10  
FS-Biotin 28 3 13µM[260] 
FSL-FLRO4 nd* 136  
SDS 8.5mM 6.5mM 8.2mM[62] 

nd* could not be determined 

FSL constructs dispersed in PBS, SDS dispersed in water 

 

 

Summary 

When measured by the Pyrene 1:3 method using the traditional midpoint of the sigmoid graph as the 

CMC point, the CMC (in PBS) of FSL-A2 was 48µM, FSL-biotin was 28µM and FSL-FLRO4 could not be 

determined.  When the alternative point B was used, the CMC for FSL-A2 was 10µM, FSL-biotin 3µM and 

FSL-FLRO4 136µM.   
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C) DLS count rate 

When the zetasizer measures particle size, it also measures the count rate of the particles per second 

(kcps).  This information can be used to help establish when micelles are beginning to form in the solution.  

Below the CMC the number of particles detected (count rate) is expected to be low and similar to that of 

the diluent/background noise.  Once the CMC is reached and micelles begin to form, the number of 

particles within the dispersion increases.  Therefore the concentration where the count rate begins to 

increase will correspond to the CMC [310].   

Method 

Experiments were conducted using a Malvern Zetasizer Nano SP analysing different concentration 

dispersions of FSL-A2, FSL-biotin, FSL-FLRO4 in PBS.  Each solution was measured by the zetasizer as 

detailed previously (section 2.1.2). The generated count rate data is shown in Table 7.  SDS dispersed in 

water was evaluated in parallel as a control with known CMC parameters.   

 

Results 

Table 7 Par�cle count rate of FSL-A2, FSL-bio�n and FSL-FLRO4 dispersions (in PBS) 

 FSL Concentration 
µM 

Particle Count Rate (kcps) 

  FSL-A2 FSL-biotin  FSL-FLRO4 
100.0  240  170  154  

50.0  136  106  88  
25.0  78  81  55  
10.0  70  45  41  

5.0  40  38  33  
1.0  26  27  32  
0.1  30  34  26  

 (PBS) 0   22  32  32  
 

When the count rate is graphed against concentration, the CMC can be calculated from the intersection 

of the line extrapolated from the flat plateau section and the rapidly increasing slope (example shown by 

red lines in Figure 41a) [331].  It was calculated that micelles began to appear in FSL-A2 dispersions at 

19µM, FSL-biotin at 14µM and FSL-FLRO4 at 22µM concentration.  Graphs used to obtain these values are 

shown in Figure 41.  
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(a) FSL-A2 (b) FSL-biotin 

  

(c) FSL-FLRO4 (d) SDS 

  
Figure 41 Graphs showing count rate data from DLS analysis of FSL and SDS dispersions.   CMC values were 
calculated from intersec�on of two extrapolated lines as indicated in red on graph (a). CMC  was calculated to be 
19µM for FSL-A2, 14µM for FSL-bio�n and 22µM for FSL-FLRO4 (dispersed in PBS).  CMC of SDS was calculated to 
be 30mM (dispersed in water). Note different axis scale for SDS.  

 

Summary 

Using the DLS count rate data all three constructs showed similar CMC results, the CMC (in PBS) was 

calculated to be 19µM for FSL-A2, 14µM for FSL-biotin and 22µM for FSL-FLRO4.  
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D) FSL-FLRO4 - spectrophotometry 

An additional technique, fluorescence emission, was used to evaluate the CMC of FSL-FLRO4.  While this 

is not a traditionally used method for CMC determination, it is well known that fluorophores can self-

quench when in close proximity with each other, such as when in micelle formation [332].  Therefore, it 

was hypothesised that by measuring the fluorescence of increasing concentration FSL-FLRO4 dispersions 

the CMC point might be identified.  It was expected that above the CMC the fluorescence of the dispersion 

would not increase further with increasing FSL concentration.  This is because after the CMC all additional 

FSL will from micelles and consequently be quenched.   

 

Method 

1. Dilutions of FSL-FLRO4 (between 0.005 - 400µM) were prepared in PBS and allowed to stand for 

one hour at RT.   

2. A 100µL aliquot was then removed from each dilution and the fluorescence was measured by 

spectrophotometry using a Tecan Spark® 10M (Tecan.com) (excitation 495nm, emission 520nm) 

3. This experiment was repeated on three separate occasions. 

 

Results 

The fluorescence of the FSL-FLRO4 dispersions initially increased with increasing FSL concentration, 

reaching a maximum of 50,000 relative fluorescent units (rfu) at approximately 100µM.  Above this 

concentration fluorescence of the dispersions remained unchanged, even at very high concentrations (up 

to 400µM), as shown in Figure 42.   

The plateau in fluorescence from 100µM indicates that addition of all further FSL above this concentration 

were most likely forming micelles, which are quenched and therefore contribute no fluorescence.  These 

results indicate that the CMC for FSL-FLRO4 is ≈100µM. These results are not too dissimilar to the result 

obtained by pyrene method (2.1.3B) in which FSL-FLRO4 CMC was 136µM. 

While the increase in fluorescence between 0-90µm was mostly linear, the region between approximately 

30 and 50µM was not, shown in red circle (Figure 42).  This region showed an uneven increase in 

fluorescence, there appeared to be two small plateau regions (indicated by red arrows) separated by a 

sharp increase in fluorescence (Figure 42).  These results indicate that the CMC for FSL-FLRO4 is ≈100µM 

(when measured by spectrophotometry and dispersed in PBS, pH 7.4).   
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Figure 42 Fluorescence of increasing concentra�on FSL-FLRO4 dispersions. Fluorescence of the FSL-FLRO4 
dispersions increased with increasing FSL-FLRO4 concentra�on, to reach a maximum of ≈50,000 rfu at 
approximately 90µM.  Above this concentra�on fluorescence no longer increased and remained at ≈50,000 rfu, as 
shown in inset graph (concentra�ons 0-400µM).  The increase in fluorescence between 0-90µM was mostly linear, 
except for the region between 30-60µM, shown in red circle. In this region increase in fluorescence was not linear, 
and two plateau regions can be seen, as indicated by red arrows, separated by a sharp increase in fluorescence. 
Note change in scale a�er break in x axis. Results shown are mean ± SD, n=3.  

 

 

Summary 

These results show that above 100µM all additional FSL-FLRO4 constructs form micelles, therefore by this 

technique the CMC of FSL-FLRO4 (dispersed in PBS, pH 7.4) is 100µM.   
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CMC summary 

Table 8 summarises the CMC results obtained from the four methods used. Variation was seen between 

constructs and between results obtained by the different methods. Note that in all cases the FSL 

constructs were dispersed in PBS (pH 7.4) and SDS in water.  In summary these results showed that the 

CMC of the FSL constructs, when dispersed in PBS were: 

• The CMC for FSL-A2 lies within the range 10-50µM, and is likely around 20µM  

• The CMC of FSL-biotin is within the range 5-30µM, likely around 14µM.   

• The CMC of FSL-FLRO4 was more difficult to determine.  The DLS results showed that micelles are 

forming from concentrations as low as 5µM, and DLS count rate data results gave a CMC of 22µM.  

In contrast the two fluorescent based methods (pyrene and spectrophotometer) gave much 

higher CMC values of 100-130µM. 

These results and the micelle size results (section 2.1.2 Micelle size and charge) show that micelles were 

detectable in FSL dispersions from concentrations as low as 5µM for all three constructs.  The FSL 

concentrations used in this study were usually between 10-100µM, therefore these results show that 

although the CMC may not have been reached, micelles are present in FSL dispersions from 5µM for all 

three constructs.   

According to literature it is likely that even above CMC some monomers will remain in the dispersion 

alongside the micelles [333, 334].  Therefore, FSL dispersions (greater than 5µM) will contain both micelles 

and monomer, although the exact ratio is unknown, and so will be referred to as FSL micelle/monomer 

dispersions. 
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Table 8 Summary of CMC data for FSL-A2, FSL-bio�n and FSL-FLRO4 

Sample  Calculated CMC (µM) 

  Method of Analysis 

  Pendant drop   Pyrene I/III  DLS  Fluorescence 

  Measured Literature  Measured Literature  Measured  Measured 

     Point B Point X      

FSL-A2  nd*   10 48   19  na* 

FSL-biotin  nd*   3 28 13[260]  14  na* 

FSL-FLRO4  nd*   136 nd*   22  100 

SDS  14mM 8.0mM[335]  6.5mM 8.5mM 8.2mM[62]  30mM  na* 

nd* could not be determined   

na* not applicable 

FSL constructs dispersed in PBS, SDS dispersed in water 
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2.2 Liposome characterisation 

Although previous studies have shown that FSL constructs insert rapidly into cell membranes, it was not 

known if FSL constructs could be successfully incorporated into liposomes, and if so, what effects this 

would have on the modified liposomes. 

A standard protocol for liposome synthesis with three methods for addition of FSL were established. Due 

to the synthesis technique used FSL constructs could be added to liposomes at three separate stages of 

their synthesis.  It was considered possible that the addition of FSL at different stages could result in 

variation of FSL distribution within the liposome bilayer membranes.  All three methods were employed 

and compared throughout this project. 

After establishment of a standard protocol, initial experiments were carried out to determine what effect 

the addition of FSL has on liposomes.  Liposomes were prepared with varying concentrations of FSL and 

their physical properties, such as size, shape, bilayer organisation, and charge, were characterised and 

compared with liposomes containing no FSL.  

Basic liposome characteristics were then measured by several methods;  

• dynamic light scatter technique (DLS) was used to measure liposome size and charge,  

• transmission electron microscopy (TEM) was used to observe liposome morphology and 

membrane organisation and to confirm DLS size measurement,  

• spectrophotometry and enzyme immunoassay were used to detect and confirm presence of FSL. 

The primary aims of these experiments were: 

• to determine if FSL constructs can incorporate into liposomes, and if so the efficiency of this 

incorporation. 

• to determine what effect (if any) FSL incorporation has on the following liposome characteristics; 

size, charge, morphology (shape and bilayer organisation), and stability. 

• to determine if the method of FSL insertion causes any detectable difference to liposome 

properties. 
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2.2.1 Development of method of FSL insertion  

Liposomes in this study were prepared by the thin lipid film hydration method.  Followed by extrusion 

using a mini extruder to form liposomes of a uniform size and lamellarity [4, 287].  This method was 

selected as it is a well-established, simple, and reproducible method which requires relatively inexpensive 

and simple laboratory equipment. It is one of the most widely used methods (at laboratory scale) for 

liposome preparation [81, 279].  It consists of three steps, thin lipid film formation, lipid film hydration 

and extrusion, as discussed previously in section 1.9 Liposome Preparation and shown in Figure 23. 

The FSL molecules used in this study are soluble in both aqueous and solvent solutions.  Because of this 

property three different methods for FSL modification of liposomes were investigated in this study;  

a) Lipid mix (LM):  FSL molecules suspended in solvent (FSL-A2 and FSL-biotin in 

chloroform:methanol 97:3, and FSL-FLRO4 in methanol) were added with the other lipid 

ingredients at the lipid mix stage.  A diagram of this method is shown in Figure 44. 

b) Hydration (H):  FSL molecules (dispersed in PBS) were added to the aqueous solution (PBS) used 

to hydrate the thin lipid film.  Shown in Figure 45. 

c) Post synthesis (PS):  FSL molecules dispersed in aqueous solution (PBS) were added to the 

liposome dispersion after synthesis was completed (i.e. after extrusion to fully formed liposomes).  

Shown in Figure 46. 

 

2.2.2 Liposome synthesis protocol 

Materials and Reagents 

Phosphatidylcholine (L-α-phosphatidylcholine) 

Egg phosphatidylcholine (EPC) was obtained as a powder from Sigma USA (1,2-Diacyl-sn-glycero-3-

phosphocholine (Sigma, Cat#P3556)) and used without further purification.  It was suspended in 

chloroform:methanol 97:3 to prepare a 500mg/mL stock solution which was stored in a glass vial at -80°C 

for up to 6 months.   

FSL constructs 

FSL constructs were reconstituted to prepare 2mg/mL stock solutions which were stored at -80°C.  FSL 

stock solutions were prepared in both aqueous (PBS) and solvent diluents.  FSL-A2 and FSL-biotin solvent 

stock solutions were prepared with chloroform:methanol 97:3.  FSL-FLRO4 is not soluble in chloroform so 

solvent stock solutions of this FSL were prepared in methanol. All solutions, including liposomes, 
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containing FSL-FLRO4 were stored protected from light.  Stock FSL solutions were diluted to prepare 

working concentration immediately prior to use.  

PBS 

All PBS used during liposomes synthesis, including for preparation of stock FSL dispersions, was autoclaved 

and filtered through a 0.22µm filter (Merck, Cat# SLGV033RS) prior to use to remove contaminating 

particles. 

Avanti® Polar Lipids Mini-Extruder  

In this study the liposomes were extruded using an Avanti® mini-extruder (Merck, Cat# 610020).  This 

device consists of two gas tight syringes which are connected by a filter holder.  This allows for the back 

and forth passage of the sample through an Avanti® polycarbonate membrane filter 0.1µm (Merck, 

Cat#610005-1).  The extruder was assembled with two filter support membranes (Sigma, Cat# 610014) 

placed on either side of polycarbonate membrane filter, as shown in Figure 43.  

As large multilamellar liposomes pass through the filter pores they break and reform into smaller 

unilamellar liposomes.  The size of the resulting liposomes is approximately dictated by the size of the 

pores in the membrane filter.  A minimum of 11 passes through the membrane is recommended to form 

uniformly sized unilamellar liposomes [336, 337].   

 

Figure 43 Avan�® Polar Lipids mini extruder. Image adapted from [336].  
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Basic Liposome Preparation Method 

The following method is for the preparation of a 1mL liposome dispersion at 10mg/mL lipid concentration 

with an approximate size (diameter) of 100nm.  All synthesis procedures were carried out at RT (18-22°C) 

unless otherwise noted.   

1. Thin film preparation 

1.1.  A 10mg/mL solution of egg phosphatidylcholine (EPC) was prepared by diluting appropriate 

volume of EPC stock solution with chloroform:methanol 2:1.  

1.2. A 1mL aliquot of 10mg/mL EPC solution was placed into an evaporating flask and the solvent 

removed by evaporation using a rotary evaporator at 40°C (Büchi, Switzerland).  This formed a 

thin lipid film on interior surface of flask. 

1.3. If the next step (hydration) was not carried out immediately the thin films could be stored in a 

vacuum desiccator overnight at 4°C.  

 

2. Hydration 

2.1. The dried thin film was hydrated with 1mL of PBS to form a 10mg/mL lipid solution.  The choice 

of hydrating solution is dependent on the intended application of the liposome dispersion. In this 

project phosphate buffered saline pH 7.4 was used, unless otherwise noted, as this is suitable for 

use in most biological assays.  

2.2. The flask was agitated for 10-15 minutes to help re-suspend the dried lipid film and then allowed 

to stand for a minimum of two hours at RT, or overnight at 4°C. 

 

3. Extrusion 

3.1. The liposome solution was extruded by passing the solution back and forth 19 times through a 

0.1µm polycarbonate filter, using an Avanti® mini-extruder.  The mini extruder was assembled 

and used according to manufacturer’s instructions [336].   

3.2. Liposome dispersions were stored at 4°C and used within 7 days of synthesis, unless otherwise 

noted.   

Note: Extrusion must be carried out above the Tm of all the lipid components (to ensure liposome 

membrane in liquid disordered state).  Tm of EPC is <0°C (see Table 2), therefore there was no requirement 

to heat the liposome dispersion during extrusion as the liposome membrane is in liquid disordered state 

at RT. 
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4. Addition of FSL 

FSL constructs were added to liposomes at three different stages of the liposome synthesis: lipid mix, 

hydration and post synthesis.  The basic liposome synthesis method was followed as detailed above, with 

variation to the following steps as described below.  After addition of FSL liposomes were stored at least 

24 hours at 4°C before use, unless otherwise noted.  

Lipid Mix (LM) addition of FSL  

1.1  An appropriate aliquot of FSL stock solution (suspended in solvent) was added to the EPC 

solution before drying down to form the thin lipid film, see Figure 44.  

Hydration (H) addition of FSL 

2.1 An appropriate aliquot of FSL stock solution (in PBS) was added to 1mL of PBS, which was then 

used to hydrate the thin lipid film, see Figure 45.   

Post Synthesis (PS) addition of FSL 

3.2 After extrusion an appropriate aliquot, depending on concentration required, of FSL stock 

solution (suspended in PBS) added to the fully formed liposome solution, see Figure 46. 

 

Liposome washing 

The FSL modified liposome prepared in this research were used without an additional wash/purification 

step after the addition of FSL constructs.  A primary objective of this research was to design a simple 

method for modification of liposomes using Kode constructs.  It was anticipated that FSL constructs could 

be applied as an ‘add on’ addition to fully formed liposomes without the need for additional purification 

(washing steps).  Purification (washing) can be time consuming and can negatively impact the quality of 

final produce (dilution, loss of product, leakage of encapsulated materials).   

Therefore, unwashed liposomes were used so that the mechanisms of FSL construct interaction with 

liposomes could be determined.  It was hoped this would enable the identification of potential limitations 

and advantages, in order to determine how FSL can be best used for labelling liposomes. 

 

 

  



111 
 

a) Lipid mix (LM) method of FSL insertion 

 

 

Figure 44 Lipid Mix (LM) method of FSL inser�on into liposomes. FSL constructs are added with the lipid ingredients 
before forma�on of the thin lipid film. Image not to scale. Adapted from [288] 

 

  



112 
 

b) Hydration (H) method of FSL insertion 

 

 

Figure 45 Hydra�on (H) method of FSL inser�on into liposomes. FSL constructs are added with the aqueous 
hydra�ng solu�on. Image not to scale. Adapted from [288]  
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c) Post synthesis (PS) method of FSL insertion 

 

 

Figure 46 Post synthesis (PS) method of FSL inser�on into liposomes. FSL constructs are added to fully formed 
liposomes.  Image not to scale. Adapted from [288]  
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Freeze thaw step 

A freeze thaw step (comprised of multiple freeze/thaw cycles by submerging in liquid nitrogen and 

thawing at 37°C) is often employed in liposome preparation.  The purpose of this step is to help reduce 

lamellarity [284] and to increase encapsulation of water soluble molecules and equilibrate solute 

concentration between liposome interior and exterior environment [338].  Multiple freeze thaw cycles 

disrupt the liposome membrane which helps to increase encapsulation by allowing drug molecules to 

diffuse into the liposome, in addition cryo-concentration (where water freezes and excludes molecules 

into a concentrated area, this can help to increase diffusion of drugs into the liposome which the 

dispersion is in a semi frozen state [339]. 

Initial experiments were conducted both with and without the freeze/thaw step included in the method.  

The freeze thaw step was carried out after the two hour hydration step and before extrusion; the liposome 

dispersion was submerged in liquid nitrogen for approximately one minute until completely frozen, and 

then immediately thawed by placing in 37°C water bath, this was repeated five times.   

TEM analysis showed that no morphological differences between liposomes prepared with freeze/thaw 

step and those without.  However, it is possible that the freeze/thaw process could alter FSL distribution 

within the liposomes prepared by H and LM methods.  The freeze/thaw step would not affect the 

distribution of FSL in PS liposomes, as in these liposomes the FSL is added after the freeze/thaw has been 

performed.   

During the period these experiments were conducted access to liquid nitrogen was limited.  In addition, 

the ability to prepare liposome samples with excellent reproducibility to allow comparison of results 

between different liposome batches and between experiments was of fundamental importance to this 

study.  Therefore, as no morphological differences were observed when the freeze/thaw step was 

included, (and as encapsulation studies were not performed in this project – freeze/thaw step known to 

improve encapsulation) this step was omitted.  By refining the synthesis protocol and removing 

unnecessary steps, it was hoped that reproducibility between batches would be improved.   

Example images of liposomes prepared with and without the freeze/thaw step are shown in Figure 47.  

No morphological differences were observed.   
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a) Liposomes prepared with freeze/thaw step 
 

  
b) Liposomes prepared without freeze/thaw step 
 

  
Figure 47 TEM images showing liposomes prepared with or without freeze thaw step.  (a) Images in top row show 
liposomes prepared with five �mes freeze/thaw step and extruded through 100nm membrane.  Black arrows show 
ice artefact. (b) Images in botom row show liposomes prepared without the freeze thaw step, extruded through 
100nm membrane. No significant morphological differences were observed.   
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2.2.3 FSL distribution in liposomes 

The effect on the final liposome product of adding FSL constructs, at these three different points of 

synthesis was not known.  However, several theoretical possibilities of FSL distribution which could result 

from these three different methods are discussed below.  

It was anticipated that FSL constructs could easily and rapidly integrate into the liposome phospholipid 

bilayer membrane (internal and/or external leaflets).  In addition, because liposomes were not washed 

after addition of FSL, depending on method of preparation unincorporated FSL (monomers and/or 

micelles) could also remain in the liposome dispersion; either in the external supernatant and/or 

encapsulated within the aqueous interior of the liposome core, as shown in Figure 48. It should also be 

noted that the initial FSL distribution formed during synthesis may change over time. 

 

 

 
Figure 48 Possible loca�ons of FSL within a liposome dispersion FSL may integrate into the liposomes (1) inner 
bilayer leaflet and (2) outer bilayer leaflet. FSL (monomer/micelle) may be present in the (3) supernatant 
surrounding the liposome and it can be (4) encapsulated within the internal aqueous compartment, and (5) FSL 
micelles may associate with bilayer membrane without becoming incorporated into it (diagram approximately to 
scale). Created with BioRender.com.  
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Liposomes in this study were composed of egg phosphatidylcholine (EPC).   EPC was chosen as the primary 

liposome constituent for several reasons; phosphatidylcholine phospholipids have a critical packing 

parameter of ≈0.6 and consequently form stable bilayer membranes/vesicles (see section 1.5.2)[340].  In 

addition, EPC has a Tm of minus 15°C to minus 5°C.  Throughout this study the liposomes were always 

above the Tm of EPC and therefore the liposome membranes were always in a liquid disordered phase 

(see section 1.5).  This was advantageous as it made it easier to work with the liposomes as all synthesis 

procedures could be carried out at RT (extrusion must be carried out above Tm, other phosphatidylcholines 

have much higher Tm, see Table 2, and require heating).  In addition, because the liposome membrane 

was in the liquid disordered phase this meant that FSL constructs would be able to freely move laterally 

within the membrane and rotate about their axis.   

It is known that some lipids show a tendency to cluster together and form domains [105, 109].  It was not 

known how FSL constructs would behave, they may distribute evenly throughout the membrane after 

synthesis, or may show a preference to cluster together.  It should be noted that the detection system, 

especially if a multivalent system was used such as streptavidin (which can bind up to four biotin 

molecules) and IgM (which has 10 antigen binding sites), could cause clustering as a consequence of 

labelling. In addition, the presence of >30% cholesterol associated with domain formation [341]. 

Movement of FSL between bilayer leaflets (flip-flop) is possible, however this is likely to be very slow if it 

occurs at all (due to large hydrophilic head group/spacer of FSL constructs which would impede their 

ability to move through the hydrophobic inner membrane space)  [115, 117, 118].  Therefore, if 

asymmetry exists between inner and outer membranes it is unknown exactly how long this would persist 

but is likely to be days at least. 

While it is known that FSL can move from monomers/micelles present in the dispersion to being 

associated/incorporated in the liposome membranes, it was not known whether all FSL would incorporate 

into the liposomes leaving no monomer/micelles remaining in the supernatant or if a portion of FSL would 

remain unbound in the supernatant as monomer/micelles.  Furthermore, it was not known if after 

binding/associating with the liposome if FSL could leave the liposome membrane and move back into the 

supernatant.  
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FSL inserted by Lipid Mix (LM) protocol 

In this method the FSL is incorporated into liposomes during the first step of synthesis, Figure 44.  The FSL 

constructs are suspended in solvent together with all of the other lipid ingredients e.g. EPC. The solvent 

is removed by evaporation to form thin lipid films.  Because the FSL constructs have been suspended 

together with the other lipids the FSL is expected to distribute throughout the lipid films (which go on to 

form the liposome membrane).  Therefore, the final liposomes can have FSL located on their inner and/or 

outer leaflets of the bilayer membrane.  

An important consequence of this method is that no FSL monomers or micelles are present in the final 

liposome dispersion, all of the FSL constructs are incorporated into the lipid film during the first stage of 

liposome synthesis, and therefore all FSL is incorporated into the liposome membrane.    

The FSL constructs may or may not be evenly distributed throughout the liposome membranes.  If the FSL 

constructs are evenly distributed throughout the dried lipid films, this would lead to an even distribution 

of FSL between internal and exterior bilayer leaflets of the synthesised liposomes.  However, an uneven 

distribution could also occur.  The drying down process (to from thin lipid film) can lead to ‘de-mixing’ of 

different phospholipid moieties [342].  As solvent is removed the concentration of lipid in the remaining 

dispersion increases.  The lipid moiety with the lowest solubility will precipitate first, forming thin lipid 

layers before the more soluble lipid begins to form lipid layers.  If this de-mixing occurs lipid layers will 

form which have very different compositions, resulting in formation of liposomes with uneven 

distributions of the lipid components.   Furthermore, at higher concentrations FSL constructs may show a 

preference to cluster together rather than distribute homogenously (even if de-mixing does not occur).  

Therefore, as a result the final liposome dispersion may consist of a mix of liposomes with very different 

FSL distributions; FSL could be found on interior membrane leaflet only, exterior leaflet only, both leaflets, 

clustered, not clustered, or in any combination of these, see Figure 49.    
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Figure 49 Possible distribu�on of FSL constructs in liposomes prepared by the LM method.  No free FSL (monomer 
or micelle) is present. FSL may be present on (a) external surface of liposomes only, (b) on internal surface of 
liposome, or (c) on both the external and/or internal surface of the liposomes. FSL may be evenly distributed or 
could be clustered together.  A mixture of liposomes with different expressions of FSL could also be present. 
Diagram approximately to scale. (Note: liposome shown are ≈60nm diameter, not 100nm as synthesised in this 
study). Created with BioRender.com. 

 

After liposome formation FSL molecules are likely to rapidly diffuse laterally within a membrane, so 

distribution may become more evenly dispersed within each leaflet with time (hours).  Alternatively, if 

FSL constructs prefer to cluster together they may become more clustered with time.  

Although it is possible for phospholipids to translocate between membranes (flip-flop) as discussed above 

and in section 1.5.6 this movement, if it occurs, is expected to be very slow, especially in the case of 

FSL-A2.  Therefore, if uneven distribution exists between inner and outer membrane leaflets at synthesis 

it is likely to persist for some time (>days) [115, 117, 118] .  

 

FSL inserted by Hydration (H) protocol 

In this method the FSL constructs are suspended in the aqueous solution used to hydrate the thin lipid 

films, as shown in Figure 45.   

Because the FSL constructs (monomer/micelle) are added during hydration while thin lipid films are 

detaching and closing to form vesicles, FSL monomer/micelles will be encapsulated within the liposome 

internal aqueous cavity, as well as being present in the external supernatant.  Therefore, FSL can label 

both the interior and exterior leaflets of the liposome membrane.  In addition, because liposomes were 

used unwashed, FSL monomer and/or micelles will be present both within the internal aqueous core of 

the liposome and in the external supernatant.  
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As with lipid mix liposomes FSL can move freely laterally within membranes, so they could distribute 

evenly throughout leaflet, or could cluster together.  Figure 50 shows the possible locations of FSL in 

liposome dispersion after addition by hydration method.   

 
Figure 50 Possible distribu�on of FSL constructs in (unwashed) liposomes prepared by H method. FSL is present on 
external and internal liposome membrane.  FSL may be evenly distributed or could be clustered together.  Free FSL 
(monomer or micelle) is present within the liposome aqueous centre and in the supernatant surrounding the 
liposome. FSL micelles may bind/associate with liposome membrane without FSL constructs becoming 
incorporated.  Diagram approximately to scale.  (Note: liposome shown are ≈60nm diameter, not 100nm as 
synthesised in this study). Created with BioRender.com. 

 

 

FSL inserted by Post Synthesis (PS) protocol 

In the PS method FSL is added after the liposome synthesis is complete, as shown in Figure 46.  Because 

the liposomes are fully formed before the FSL is added there is no opportunity for FSL to enter the 

liposome interior and label the internal leaflet.  FSL can insert into the exterior bilayer leaflet, and because 

the liposomes were used unwashed FSL monomers/micelles will be present in the supernatant.   

FSL can move freely within the external leaflet so distribution could be even or clustered, as discussed 

previously flip-flop is unlikely to occur. Free FSL (monomer/micelle) will be present in the external 

supernatant only, and not within the liposome’s aqueous interior, as shown in Figure 51.     
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Figure 51 Possible distribu�on of FSL constructs in liposomes prepared by PS method. FSL constructs are only 
present on exterior of membranes.  Free FSL is present in the supernatant.  FSL incorporatd into the membrane 
may be evenly distributed or could be clustered. FSL micelles may bind/associate with membrane without 
becoming incorporated. .  Diagram approximately to scale. (Note: liposome shown are ≈60nm diameter, not 100nm 
as synthesised in this study). Created with BioRender.com.  

 

2.2.4 Liposome lipid ratios 

Liposomes in this study were prepared using EPC at a concentration of 10mg/mL, which equates to 

12.3 ×10-3 M.  Table 9 shows the liposomal molar ratio of EPC and FSL, for the range of FSL concentrations 

commonly used in this study. FSL mol% is the percentage of FSL constructs in the liposome (by molecule).  

Table 9 Molar ra�o of liposome lipids (FSL and EPC) commonly used in this study 

FSL µM EPC µM FSL mol% Lipid Ratio  FSL:EPC 

250 12,300 2.00 2.5:123  
100 12,300 0.80 1:123  
50 12,300 0.40 0.5:123  
10 12,300 0.08 0.1:123  

 

Theoretical calculation of number of FSL constructs per liposome 

The approximate number of FSL molecules per liposome can be calculated.  The following mathematical 

equation can be used to determine the number of lipid molecules in a liposome [343].  This information 

can then be used to calculate the number of FSL molecules per liposomes as shown in Equation 4.    
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Ntot  Total number of lipid molecules in liposome 
d Diameter of liposome 
h Thickness of the bilayer (5nm) 
a Lipid head group area (for PC 0.71nm2) 

Equa�on 4 Total number of lipids in a unilamellar liposome 

 

In this equation the surface area of each of the two monolayers is calculated and added together.  The 

total surface area is then divided by the surface area of one lipid molecule (a) to find the approximate 

number of lipid molecules in a liposome with a particular diameter.  The head group area of EPC is 

0.71nm2, therefore the above equation can be simplified as shown in Equation 5.  

 

Ntot= 17.69 × ��𝑑𝑑
2
�
2

+  �𝑑𝑑
2
− 5�

2
�  

Equa�on 5 Number of lipid molecules in a 100nm unilamellar phospha�dylcholine liposome 

 

Using Equation 5 the number of lipid molecules in a 100nm diameter EPC liposome will be approximately 

80,000.  From this we can calculate that when 100µM FSL is added to liposomes; the molar ratio is 1:123 

FSL:EPC, or 0.8 mol%, therefore there will be approximately 640 FSL molecules per liposome (80,000 × 

0.8% = 640).  Table 10 lists the number of FSL molecules per 100 nm liposome for several FSL 

concentrations commonly used in this project.  

Table 10 Theore�cal number of FSL molecules per liposome (100nm diameter) 

FSL µM FSL mol% Approximate number of FSL molecules per liposome 

250 2.00 2000  
100 0.80 640  
50 0.40 320  
20 0.20 160  
10 0.08 64  
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These calculations rely on several assumptions; 

• that all the liposomes are unilamellar and 100nm in size, 

• that FSL distributes uniformly across all available liposomes, 

• that all FSL is incorporated into the liposomes.  In lipid mix this is likely but will not be the case for 

the other two methods of FSL insertion; FSL is known to readily coat surfaces so at least some FSL 

will be lost to the vessel surfaces and laboratory apparatus (e.g. extrusion filter membrane).  It is 

also possible that some FSL could remain in solution phase and never insert. 

Due to method of FSL addition, liposomes prepared by lipid mix (LM) and hydration (H) method can have 

FSL on both the internal and external liposome bilayer membranes (see section).  While liposomes 

prepared by post synthesis (PS) method labelling should only occur on the external surface of the 

liposome.  Therefore, (assuming all FSL inserts, and LM liposomes have a relatively homogenous 

distribution) PS liposomes should have a much higher density of FSL molecules on their surface than LM 

and H liposomes.   

For example, a 100nm liposome labelled with 100µM of FSL, then the PS liposomes will have a maximum 

of 640 FSL constructs on their external surface, while LM and H will have only a maximum of 350, assuming 

all FSL becomes homogenously inserted.  (The external leaflet contains 55% of lipid molecules, and 

internal membrane contains 45%).   

These calculations are approximate only, however they are useful to provide a rough guide to relative 

ratios of EPC and FSL and possible theoretical maximum insertion numbers as a consequence of the three 

different methods of FSL addition.  
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2.2.5 Liposome size and charge 

Experiments were conducted using a Malvern Zetasizer Nano SP.  Automatic attenuation setting and non-

invasive back scatter optics at 173° angle were used. The correlation curves and the intensity weighted 

distributions were obtained using the built in analysis software.   

Method 

1. Liposomes were prepared containing varying concentrations of FSL according to protocol 2.2.2.  

2. Control liposomes containing no FSL (blank liposomes) were prepared and tested in parallel.  

3. Each liposome sample was thoroughly mixed and diluted 1:100 in PBS for analysis (dilutions were 

allowed to stand at RT for at least 30 minutes before analysis).  

4. Size measurements were carried out in 4mL polystyrene cuvettes (Mediray, Cat# GR614101), and 

zeta potential measurements using a folded capillary cell (ATA Scientific, Cat# DTS1070)  

5. All measurements were performed at 22°C and repeated in triplicate and the mean result 

reported. For each size measurement at least 12 acquisitions of 10 seconds each were performed.  

Statistical analysis of size was carried out using PRISM GraphPad.  To determine if size of liposomes was 

significantly altered by addition of FSL, mean size measurements were compared to a control liposome 

sample containing no FSL.  Non parametric Kruskal-Wallis test and post hoc Dunn’s test were used. The 

polydispersity index (PDI) is a measure of sample homogeneity, values <0.2 are considered acceptable 

and indicate a homogenous liposome dispersion.  Each measurement was repeated three times and the 

mean and standard deviation reported below.   

This experiment was repeated on at least two separate occasions, with similar pattern of results seen 

each time, one representative experiment is shown below. 
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Results - Size 

FSL-A2 

The DLS graphs (Figure 52) show that all samples contained a monodisperse population of particles of 

similar size. No major differences between samples were detected. Table 11 summarises the size and PDI 

results.   

Table 11 Summary of the mean size and polydispersity index of A2-liposomes.Liposomes were prepared 
containing increasing concentra�ons of FSL-A2, by LM, H and PS protocols.  

Preparation Method FSL-A2 µM  Size nm PDI 

Blank (control) 0   141  ± 0.4  0.07  ± 0.01 
Lipid Mix (LM) 10   140  ± 0.9  0.08  ± 0.01 
 25   154  ± 0.5  0.15  ± 0.00 
 100   133  ± 0.7  0.09  ± 0.01 
 250   140  ± 0.2  0.07  ± 0.07 
Hydration (H) 10   145  ± 1.3  0.06  ± 0.01 
 25   147  ± 0.8  0.06  ± 0.00 
 100   140  ± 0.5  0.07  ± 0.02 
 250   148  ± 1.2 * 0.12  ± 0.00 
Post Synthesis (PS) 10   143  ± 1.1  0.21  ± 0.01 
 25   143  ± 1.2  0.08  ± 0.02 
 100   144  ± 0.5  0.06  ± 0.00 
 250   147  ± 1.9 ** 0.07  ± 0.01 

Mean ± standard deviation, n=3  *P<0.05  **P<0.01 

Liposomes ranged in size from 133 to 148nm. No significant difference in size was detected between 

control liposomes (containing no FSL) and liposomes containing ≤100µm FSL, for all three methods of 

insertion.   

A statistically significant increase in liposome size was detected after addition of 250µM FSL-A2 by both 

hydration (P= 0.0325) and post synthesis (P=0.004) methods.  Size increased from 141nm (blank) to 148 

(H) and 147nm (PS). While this was a statistically significant result, the actual change was small, less than 

10nm (≈5% increase in size) in both cases.   

The PDI values obtained for all samples were <0.2, except for the 250µM Hydration sample which was 

0.22, indicating liposomes were monodisperse.  Addition of FSL did not cause the PDI to increase.    
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a) Lipid Mix (LM) 

 
b) Hydration (H)  

 
c) Post Synthesis (PS) 

 

Figure 52 Size of FSL-A2 liposomes measured by DLS.  Liposomes were prepared containing varying concentra�ons 
of FSL-A2 (0, 10, 25, 100, and 250µM) incorporated by (a) lipid mix, (b) hydra�on, and (c) post synthesis protocols. 
Because no par�cles were detected in the regions of 0-10nm the x axis scale is started at 10nm.  Liposome 
popula�ons were monodisperse and no difference was seen between methods of FSL inser�on.   
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FSL-biotin 

The DLS graphs, Figure 53, show that all samples contained a monodisperse population of particles of 

similar size.  No major differences between samples were detected.  Table 12 summarises the size and 

PDI results.   

Table 12 Summary of the mean size and polydispersity index of FSL-bio�n liposomes. Liposomes were 
prepared containing increasing concentra�ons of FSL-bio�n by LM, H and PS protocols.  

Preparation Method FSL-biotin µM Size nm PDI 

Blank (control) 0   163 ± 2.4  0.22  ± 0.02 
Lipid Mix (LM) 10   154 ± 3.1  0.13  ± 0.01 
 25   151 ± 4.5  0.11  ± 0.01 
 100   134 ± 2.8 * 0.08  ± 0.01 
 250   133 ± 3.1 * 0.09  ± 0.00 
Hydration (H) 10   155 ± 1.6  0.09  ± 0.02 
 25   146 ± 2.6  0.09  ± 0.01 
 100   145 ± 4.3 * 0.06  ± 0.02 
 250   145 ± 1.7 * 0.11  ± 0.01 
Post Synthesis (PS) 10   154 ± 2.1  0.10  ± 0.02 
 25   152 ± 3.1  0.12  ± 0.03 
 100   151 ± 3.1  0.08  ± 0.01 
 250   144 ± 1.9 ** 0.12  ± 0.04 

Mean ± standard deviation, n=3  *P<0.05 **P<0.01 

Liposomes ranged in size from 144 to 163nm.  

A statistically significant decrease in liposome size was detected after addition of 250µM FSL-biotin 

(compared to liposomes containing no FSL) by all three methods of insertion, lipid mix (P=0.041), 

hydration (P=0.0325) and post synthesis (P=0.010). Mean size decreased from 163nm (blank liposomes) 

to 133, 145, and 144nm (lipid mix, hydration, post synthesis) respectively.   

In addition, lipid mix (P=0.024) and hydration (P=0.033) liposomes containing 100uM FSL-biotin also 

showed a statistically significant decrease in size, from 163nm down to 134 and 144nm (lipid mix, 

hydration) respectively. 

The PDI values obtained for all liposomes sample containing FSL-biotin were <0.2 indicating liposomes 

were monodisperse.  Addition of FSL did not cause PDI to increase. 
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a) Lipid Mix (LM)  

 
a) Hydration (H)  

 
b) Post Synthesis (PS)  

 

Figure 53 Size of FSL-bio�n liposomes measured by DLS.  Liposomes were prepared containing varying 
concentra�ons of FSL-bio�n (0, 10, 25, 100, and 250µM) incorporated by (a) lipid mix, (b) hydra�on, and (c) post 
synthesis protocols. Because no par�cles were detected in the regions of 0-10nm the x axis scale is started at 
10nm.  Liposome popula�ons were monodisperse and no difference was seen between methods of FSL inser�on. A 
popula�on of large par�cles was seen in PBS sample (0µM sample), most likely due to dust contamina�on.   
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DLS measures the Brownian motion of a particle (by analysing light scatter) and uses this to determine 

the size of the particle - larger particles move more slowly and scatter more light.  Because the diameter 

calculated by DLS is actually related to how a particle diffuses through a liquid, it is termed the 

hydrodynamic diameter.  Anything which effects the particles diffusion speed will also alter the apparent 

size of the particle.  Any change to the particles surface can affect diffusion speed, by altering the fluid 

layer associated with particles [344].  

 

FSL-FLRO4 

The DLS graphs, Figure 54, show that all samples contained a monodisperse population of particles of 

similar size.  No major differences between samples detected.  Table 13 summarises the size and PDI 

results.   

Table 13 Summary of the mean size and polydispersity index of FLRO4 liposomes Liposomes were 
prepared containing increasing concentra�ons of FSL-FLRO4, prepared by LM, H and PS protocols.  

Preparation Method FSL-FLRO4 µM Size nm PDI 

Blank (control) 0   147 ± 4.7 0.07  ± 0.00 
Lipid Mix 10   153 ± 2.8 0.12  ± 0.01 
 25   148 ± 2.5 0.09  ± 0.01 
 100   143 ± 1.2 0.07  ± 0.00 
 250   132 ± 1.3 0.08  ± 0.00 
Hydration 10   152 ± 2.2 0.11  ± 0.01 
 25   143 ± 2.0 0.06  ± 0.01 
 100   158 ± 2.7 0.11  ± 0.01 
 250   147 ± 1.4 0.09  ± 0.02 
Post Synthesis 10   144 ± 0.6 0.07  ± 0.01 
 25   143 ± 0.9 0.06  ± 0.01 
 100   142 ± 0.5 0.08  ± 0.02 
 250   143 ± 1.3 0.06  ± 0.01 

Mean ± standard deviation, n=3  

Liposome sizes ranged in size from 132 to 158nm.   

No significant difference in size was detected between control liposomes (containing 0µM FSL) and 

liposomes containing FSL-FLRO4 for all concentrations and by all three methods of insertion.   

Polydispersity index (PDI) values were ≤ 0.2, indicating liposomes were monodisperse.  Addition of FSL did 

not cause PDI to increase.  
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a) Lipid Mix (LM)  

 
b) Hydration (H)  

 
c) Post Synthesis (PS)  

 

Figure 54 Size of FSL-FLRO4 liposomes measured by DLS.  Liposomes were prepared containing varying 
concentra�ons of FSL-FLRO4 (0, 10, 25, 100, and 250µM) incorporated by (a) lipid mix, (b) hydra�on, and (c) post 
synthesis protocols. Because no par�cles were detected in the regions of 0-10nm the x axis scale is started at 
10nm.   Liposome popula�ons were monodisperse and no difference was seen between methods of FSL inser�on.   
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Summary 

The addition of FSL constructs at concentrations less than 100µM cased no change to liposome size.   

FSL-FLRO4 did not alter liposome size at all concentrations tested.   

Addition of larger concentrations (100-250µM) of FSL-A2 and FSL-biotin did cause some small changes to 

liposome size.  The addition of 250µM FSL-A2 caused slight increase in liposome size, while 100 and 

250µM FSL-biotin caused slight decrease in liposome size.   

The variation in liposome size appeared to be more pronounced when FSL was added by PS method, which 

was not unexpected as in these liposome FSL was added after extrusion (step in method which sizes 

liposomes). 
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Results -Zeta Potential 

Addition of FSL-A2 and FSL-FLRO4 constructs caused small increase in negative charge.  FSL-biotin caused 

a significant concentration dependent increase in negative charge as shown in Figure 55.   

a) FSL-A2 liposomes 
 

 
b) FSL-biotin liposomes 
 

 
c) FSL-FLRO4 liposomes 
 

 
Figure 55 Zeta poten�al of FSL labelled liposomes. Graphs show the zeta poten�al of liposome prepared with 
varying concentra�ons of (a) FSL-A2, (b) FSL-bio�n, and (c) FSL-FLRO4 added by lipid mix, hydra�on and post 
synthesis methods. Post synthesis liposomes showed greatest increase in charge, lipid mix the least change. 
FSL-bio�n liposomes showed the greatest increase in nega�ve charge.    
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All three FSL constructs are negatively charged (see micelle characterisation section 2.1.2) so it was 

expected that their incorporation into liposomes would increase the liposomes negative charge.   

Interestingly, addition of FSL-biotin caused the greatest increase in (liposome) charge even though the 

FSL-FLRO4 micelles were more negatively charged than FSL-biotin micelles.   

For all three constructs addition of FSL by the post synthesis protocol showed the greatest increase in 

charge, while lipid mix method showed the least change.  Addition of 250µM FSL-biotin caused a 

significant increase in liposome charge; from -3.7mV (blank) to -9.9mV, -24.7mV, and -28.4mV after FSL 

was added by LM, H, and PS methods respectively.   

Addition of FSL-A2 and FSL-FLRO4 resulted in only a slight increase in liposome negative charge, for FSL-

A2 zeta potential increased from -6.6mV (blank) to -8.5mV (LM), -11.6mV (H), and -14.1mV (PS). Addition 

of FSL-FLRO4 resulted in an increase from -4.2mV (blank) to -7.2mV (LM), -11.0mV (H), and -13.3mV (PS).   

Zeta potential values above +30mV and less than -30mV are considered strongly cationic or anionic [304].  

Only the liposomes containing FSL-biotin (H and PS) became strongly anionic.   

Summary 

The addition of FSL-A2, FSL-biotin and FSL-FLRO4 increased the zeta potential of liposomes in a 

concentration dependent manner.  However, the addition of FSL-A2 and FSL-FLRO4 resulted in only a very 

small increase in zeta potential, while addition of FSL-biotin by H and PS methods caused a significant 

increase in negative charge.  

Addition of FSL via the post synthesis method resulted in the greatest increase in zeta potential for all 

three constructs. A possible explanation for this is that when FSL is added to liposome by PS method it is 

only able to insert into the external surface of the liposome phospholipid bilayer (see section 2.2.2).   In 

contrast, for both lipid mix and hydration methods FSL can become incorporated on the interior surface 

of liposome bilayer membrane and free FSL (monomers/micelles) can be sequestered within the 

liposomes internal aqueous core (H method liposomes). Consequently, liposomes prepared by PS method 

may express a higher surface density of FSL on their exterior compared with liposomes prepared by other 

two methods, and hence have a greater negative surface charge.   
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2.2.6 Morphology (TEM analysis) 

Cryogenic transmission electron microscopy (cryo-TEM) was carried out to determine if the addition of 

FSL causes any alteration to liposome morphology (size, shape, and/or membrane organisation).  

Cryo-TEM enables the visualisation of liposomes including their membrane organisation.  It also provides 

opportunity to measure the size of liposomes by a second method to confirm size data obtained from DLS.  

As DLS size measurement is derived via mathematical calculation from light scatter it is advisable to 

confirm this data with TEM (an empirical measurement).   

Cryo-TEM preparation involves applying a small aliquot of the sample onto a TEM grid.  TEM grids are 

composed of a metal grid covered with a thin foil, which is perforated with a regular repeating array of 

circular holes.  The sample is blotted with filter paper to form a thin film across the grid, and then plunge 

frozen in cryogen, usually liquid ethane.  

Method 

1. Liposome samples were prepared containing 100µM of each FSL, inserted by all three insertion 

protocols (protocol 2.2.2).  Liposomes containing no FSL were prepared and analysed in parallel as a 

‘blank’ control.  

2. Liposome samples were diluted 1:3 in PBS.   

3. A 1.5µL aliquot of each liposome sample was plunge frozen in ethane onto plasma treated quantifoil 

grids (1.2/1.3 300 mesh on 300 copper) using a Vitrobot Mark IV (Thermo Fisher Scientific).  Blot time 

of 6 seconds and drain time of 1 second was used. 

4. The prepared grids were imaged under low dose conditions on a Tecnai 12 TEM (Thermo Fisher 

Scientific) running at 120kV.  Defocus was typically set at -3µm.   

5. The diameter of liposomes was calculated from images using Fiji Image J software.  A minimum of 200 

liposomes were counted for each sample.  Liposomes which were tubular in shape (see Figure 61) 

were excluded from size analysis (as diameter cannot be accurately determined). All liposomes in an 

image were counted.   

Results -Size 

The TEM size results and representative images of all three FSL constructs and three methods of insertion 

are shown in Figures 56-58.  Control liposomes containing no FSL and prepared in parallel with the test 

liposomes are also shown.  All liposome samples were extruded through 100nm membrane.  Preliminary 

analysis of varying concentrations was carried out, results not shown.  The results for 100µM only are 

shown, no difference was observed with other (10 and 50µM) concentrations.  
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100µM A2 liposomes 

(a) Lipid Mix  

  
(b) Hydration  

  
(c) Post Synthesis  

  
(d) Control liposomes (0µM FSL)  

  
Figure 56  Cryo-TEM images and size distribu�on of 100 FSL- A2 liposomes. Liposomes were prepared with 100µM 
FSL-A2 added by (a) lipid mix, (b) hydra�on, and (c) post synthesis protocols.  (d) Control liposomes containing no 
FSL were also analysed. Note: the circle seen is the images is the edge of one of the holes which perforate the grid, 
the lighter grey area is the space within the hole, while the darker area is the grid.      
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100µM Biotin liposomes 

(a) Lipid Mix  

  
(b) Hydration  

  
(c) Post Synthesis  

  
(d) Control liposomes (0µM FSL)  

  
Figure 57  Cryo-TEM images and size distribu�on of 100 FSL-bio�n liposomes Liposomes were prepared with 
100µM FSL-bio�n added by (a) lipid mix, (b) hydra�on, and (c) post synthesis protocols.  (d) Control liposomes 
containing no FSL were also analysed.     
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100µM FLRO4 liposomes 

(a) Lipid Mix  

  
(b) Hydration  

  
(c) Post synthesis  

  
(d) Control liposomes (0µM FSL)  

  
Figure 58 Cryo-TEM images and size distribu�on of 100 FSL-FLRO4 liposomes Liposomes were prepared with 
100µM FSL-FLRO4 added by (a) lipid mix, (b) hydra�on, and (c) post synthesis protocols. (d) Control liposomes 
containing no FSL were also analysed.  
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The control liposomes (containing no FSL) and liposomes containing FSL all showed a range in size, from 

20nm up to approximately 250nm, except biotin liposomes (prepared by hydration method) which 

showed the greatest variation in size, ranging from 12nm up to a maximum of 320nm.   Despite this 

variation, the box and whisker graph, Figure 59, shows that middle 50% of populations were similar in size 

range, and similar mean size. 

Most of the liposome samples had a mean size (diameter) of approximately 90nm, except for Biotin 

liposomes-hydration and FLRO4 liposomes-Post synthesis samples, which had smaller mean diameters of 

72 and 65nm respectively.  No effect on size related to type of FSL construct included or preparation 

method was observed by TEM.   

 

 
Figure 59 Size distribu�on of liposomes obtained from cryo-TEM.  Liposomes were prepared containing 100µM FSL-
A2, FSL-bio�n or FSL-FLRO4 by Lipid Mix (LM), Hydra�on (H) and Post Synthesis (PS) protocols. Control liposomes 
containing no FSL were also analysed. No effect on size related to type of FSL construct included or prepara�on 
method was observed.  A wide range (10-320nm) in size was seen, mean liposome size was approximately 100nm 
for all samples.    
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Size comparison – TEM vs DLS 

The size data obtained by TEM analysis was compared with size data obtained by DLS analysis (of the same 

samples).  The results are shown in Figure 60.    

The mean size of liposomes measured by cryo-TEM was smaller than that measured by DLS for all samples.  

In addition, the TEM size measurements showed a much greater variation in size than DLS.  Several factors 

contribute to observed discrepancies between the two methods;  

• DLS measures the hydrodynamic diameter of particles in solution, whereas TEM measures the 

diameter of the liposomes from their membrane surface. 

• DLS has a much higher sample size than TEM, millions of particles are counted by DLS compared 

to only hundreds (200) by TEM analysis [290].   

• TEM preparation may alter the size of liposomes, during the blotting step liposomes are exposed 

to high shear forces, which may could alter their size.   

• DLS derives particle size via a mathematical calculation, an assumption of this is that the particles 

present are spherical and monodisperse.   

While liposomes appear to slightly more diverse than expected from DLS results, overall the results 

support each other, and confirm that liposomes are present, majority of which are unilamellar and within 

expected size range (approximately 100nm).  
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(a) 100µM A2 liposomes 
 

 
(b) 100µM biotin liposomes 
 

 
(c) 100µM FLRO4 liposomes 
 

 
Figure 60 Size comparison of liposome sizes determined by cryo-TEM and DLS. The mean size of liposomes 
measured by cryo-TEM was smaller than that measured by DLS for all samples. The TEM size measurements 
showed a much greater varia�on in size than DLS   
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Results - Morphology 

The following liposome morphologies/structures, Figure 61, were observed in all samples including the 

control liposomes which contained no FSL;  

• unilamellar vesicles, both small <100nm and large >100nm, (SUV/LUV) 

• multi-vesicular vesicles (MVV)  

• multi-lamellar vesicles (MLV)  

• long narrow tube-shaped vesicles, sometimes also containing spherical or pear shaped areas 

 
Figure 61 Schema�c diagram showing types of liposomes observed by cryo-TEM.   Small unilamellar (SUV), large 
unilamellar (LUV), mul�lamellar vesicles (MLV) and mul�-vesicular vesicles (MVV) and vesicles with long narrow 
tube like projec�ons were seen. Created with BioRender.com.  

Figure 62 shows representative TEM images of each type of observed liposome/vesicle morphology.  The 

majority of liposomes observed were unilamellar liposomes (>70% in all samples). Both small (<100nm) 

and large (>100nm) unilamellar liposomes were seen.  Multi-lamellar and multi-vesicular liposomes were 

also observed, accounting for up to 20% of observed vesicles.   

Liposomes which had a thin elongated tubular/cylindrical structures were also observed, shown in Figure 

62 (b and d).  These vesicles sometimes also contained a sphere- or pear-shaped portion attached to 

tubular section within one vesicle.  These tubular vesicles accounted for up to 10% of observed vesicles. 

From the TEM images it is impossible to know if these elongated tubular structures were cylindrical, 

similar to a sausage, or if they were actually a flat discoid shape that is oriented perpendicular to the plane 

of view.  While their presence was an interesting observation, as they were also present in control samples 

(containing no FSL) they were not investigated further in this project.  Similar vesicles have been reported 

in the literature and a proposed explanation for their formation is the lateral phase separation of different 

amphiphiles within the liposomes [345-347].   

It was observed that the liposomes showed a clear preference for the grid, often resulting in poor 

distribution of liposomes over the grid holes.  This is a common difficulty experienced with cryo-TEM 

[298].  It is possible to experiment with different grid materials to prevent this, unfortunately this was 

beyond the scope of this study.  The grid is perforated with multiple round holes.  Ideally the liposomes 
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should be suspended within the ice that spans the holes of the grid.  This is desirable as it removes any 

interaction between liposome and grid surface, which can influence the observed size and shape of 

liposome.  In the following images (b, c, and d) the edge of the circular holes in the grid can be seen (lighter 

grey area), and the grid itself is the darker grey region.   Figure 63, shows the percentage frequency of the 

different vesicle morphologies observed. 

 

a) Large unilamellar vesicles (LUV) b)  Multi-lamellar vesicles (MLV) 

  

c)  Multi-vesicular vesicles (MVV) d)  Elongated tubular vesicles  

  
Figure 62 Liposome structures observed by cryo-TEM; Example TEM images showing examples of  (i) unilamellar 
liposomes (LUV) shown in images (a, b, c), (ii) mul�lamellar liposomes (MLV) shown in images (b, c), 
(iii) mul�-vesicular liposomes (MVV) shown in image (c), and (iv) elongated tubular structures shown in image (d), 
as indicated by black arrows.   
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(a) FSL-A2 

 
(b) FSL-biotin 

 
(c) FSL-FLRO4 

 
Figure 63 Comparison (%) of different types of liposomes observed by cryo-TEM. Liposome dispersions containing 
100µM (a) FSL-A2, (b) FSL-bio�n and (c) FSL-FLRO4 were prepared by LM, H and PS methods. Control liposomes, 
containing no FSL, prepared in parallel were also analysed. Four types of structure were observed (see Figure 62); 
small/large unilamellar vesicles (SUV/LUV), mul�lamellar vesicles (MLV), mul�vesicular vesicles (MLV), and long 
‘tube’ like vesicles. All dispersions were composed of primarily unilamellar vesicles with a small percentage (<20%) 
of MLV, MVV and tubes.  All structures were present in the control liposome dispersions (containing no FSL). No 
significant varia�on in the number of different structures was seen between FSL constructs or method of FSL 
addi�on, n≥200. 
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A slight increase in the number of tubular vesicles, compared to control liposomes (containing no FSL) 

was seen in FSL-A2 and FSL-biotin hydration liposomes.  The frequency of tubular vesicles increased 

from 2% to 10% (FSL-A2) and from 3% to 8% (FSL-biotin).  FSL-biotin PS liposomes also showed a slightly 

increased percentage of MLV vesicles.  However due to the relatively small sample size (≈200 liposomes 

counted for each sample only) it is possible that these increases are due to experimental variation. 

Further work to repeat these experiments, with additional batches, and increased sample size number is 

required before determining if this is a true increase in number of tubular vesicles.    

With the exception of FSL-A2 and FSL-biotin liposome dispersions (which both have a CMG spacer) and 

appeared to show a slight increase in number of tubular vesicles, there was no other observable difference 

in the type or frequency of the different morphologies seen between control liposomes containing no FSL 

and test liposomes containing FSL.   

 

Summary 

TEM analysis showed that samples contained a majority of unilamellar liposomes, with mean size slightly 

less than 100nm.  

The addition of FSL, regardless of FSL type or method of insertion, did not appear to cause any significant 

change to liposome size, morphology or membrane organisation.  
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2.2.7 FSL activity (after addition to liposomes) 

The aim of the following experiments was to determine if FSL molecules remain chemically intact and that 

the head part of the FSL molecule (F) retains its original properties – to fluoresce in the case of FSL-FLRO4 

and to be recognisable by reactive proteins in the case of FSL-A2 and FSL-biotin.  After FSL incorporation 

into liposomes the following experiments were carried out to confirm if the FSL head group remained 

active.  The fluorescence of FSL-FLRO4 was directly measured by spectrophotometry, while FSL-A2 and 

FSL-biotin were detected using an enzyme immunoassay (EIA) technique.   

 

FSL-FLRO4  

Method 

1. Liposome dispersions were prepared containing varying concentrations of FSL-FLRO4 inserted by 

lipid mix, hydration and post synthesis methods (protocol 2.2.2),  

2. The fluorescence intensity of 100µL aliquots of each liposome dispersion was measured using 

Tecan Spark® 10M (Tecan.com) in duplicate.  Excitation was at 495nm, and fluorescence emission 

measured at 520nm. 

3. Equivalent concentration solutions of FSL constructs alone diluted in PBS were also measured.  

These were referred to as FSL-micelle dispersions (although they may contain FSL monomers 

and/or FSL micelles).   

Results 

The liposome dispersions were fluorescent.  Fluorescence increased with increasing FSL-FLRO4 

concentration, as shown in Figure 64.  At lower concentrations (<50µM) this increase appeared to be 

linear, but at higher concentrations (>100µM FSL-FLRO4) fluorescence appears to plateau.  LM dispersions 

continue to increase in fluorescence as the FSL is integrated into the liposome membrane and is not free 

in dispersion. 

A difference in level of fluorescence was observed depending on method of FSL insertion into liposomes.  

Liposomes with FSL added via the lipid mix protocol showed the highest levels of fluorescence, measuring 

more than 50,000 rfu after addition of 250µM FSL-FLRO4.  Liposomes prepared by hydration and post 

synthesis methods showed similar and much lower levels of fluorescence, reaching 27,000 and 18,000 rfu 

respectively after addition of 250µM FSL-FLRO4.  
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Figure 64 Fluorescence of FSL-FLRO4 liposomes. Liposomes were prepared containing varying concentra�ons of 
FSL-FLRO4 by LM, H and PS protocols. Dispersions of FSL FLRO4 micelles (no liposomes) were also measured for 
comparison.  A difference in level of fluorescence was observed depending on method of FSL inser�on into 
liposomes.  Lipid mix liposomes showed highest levels of fluorescence and post synthesis the least. FSL-micelles 
showed very low levels of fluorescence compared to liposomes.  

 

In contrast, the FSL micelle dispersion, containing FSL molecules alone (no liposomes), showed 

comparatively low levels of fluorescence, reaching just 1,900 rfu at 250µM FSL-FLRO4.  This is also likely 

due to self-quenching of the fluorophore while in micelle formation.  

A possible explanation for this plateau is that as the concentration of FSL-FLRO4 within the liposome 

membrane increases self-quenching may occur (FSL constructs may cluster together within the membrane 

further contributing to this effect).  It is well known that emissions from a fluorophore are often ‘self-

quenched’ when the fluorophore is present at a high concentration or in an aggregate state 

(i.e. micelle) [332, 348].   

Alternatively, 100µM was calculated to be the CMC point of FSL-FLRO4 by fluorescence method and 

130µM by pyrene method (see 2.1.3).  Therefore, above 100µM all additional FSL molecules form micelles 
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(Figure 42).  This may result in reduced incorporation of FSL into liposome membrane at concentrations 

greater than 100µM, micelle FSL may not transfer to liposome as readily as monomer FSL.  Once CMC is 

reached all additional FSL forms micelles (which are quenched), rather than transferring to the liposome 

(and unquenching). Consequently, the fluorescence intensity of the dispersion does not change.  Transfer 

of amphipathic molecules to liposomes above CMC is reported to be reduced compared to transfer from 

monomers [195].   

This experiment does not provide information regarding the location of FSL constructs within the 

liposome.  However, a clear difference in fluorescence between the micelle and liposome dispersions was 

seen.  This change in fluorescence indicates that the FSL constructs are not remaining as FSL 

monomers/micelles when added to liposomes, and therefore provides indirect evidence that FSL 

constructs are incorporating into the liposome.  However, how much of the FSL incorporates is also 

unknown.  

 

FSL-A2 and FSL-biotin 

To detect FSL-A2 and FSL-biotin an enzyme immunoassay technique was used.  This technique was used 

because it had previously been well established for the detection of FSL constructs [246] and all necessary 

equipment and reagents were readily available.   Detection of FSL on liposomes by flow cytometry would 

have been an ideal technique for this experiment, however access to a suitable flow cytometer, 

configured to detect nano-sized particles was not available.   

The EIA technique enables the colorimetric detection of FSL-A2 or FSL-biotin molecules immobilised onto 

nitrocellulose paper.  A microplate was constructed as described by Barr et al. [246], Figure 65.  FSL-A2 

was detected using a murine monoclonal antibody directed against the A antigen functional head group, 

followed by a secondary alkaline phosphatase conjugated anti-mouse antibody.  FSL-biotin was detected 

using streptavidin conjugated alkaline phosphatase.  The enzyme substrate NBT/BCIP was then used to 

detect the presence of the alkaline phosphatase by forming a coloured precipitate.   

The assay protocols are described below and are based on the method of Svensson et al. [349] and 

Barr et al. [246]. All immunostaining was carried out at RT.    
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Immunostaining for the detection of FSL-A2  

1. A microplate was constructed as described Barr et al. [246], media gloss paper (Spicers, New 

Zealand) was laminated with 80µm document laminating film (which had been prepared with 

reaction well shapes cut from one side).  A 2mm acrylic template covered with double sided 

adhesive tape was laser cut to shape and adhered to the laminated paper sheet to form 96  

reaction wells with a 10mm diameter, as shown in Figure 65. 

 
Figure 65 Diagram showing microplate used for EIA.  Enlarged sec�on shows schema�c diagram of the microplate 
reac�on well and the five layers of components used in assembly.  Adapted from [246].  

2. A 1µL aliquot of each liposome dispersion was dropped onto paper surface (in duplicate) within 

reaction well and allowed to dry. The liposomes are passively immobilised onto the microplate 

surface.   

3. Blocking step: 2% Bovine Serum Albumin (BSA) (Gibco, Cat# 30063-572, NZ) in phosphate buffered 

saline (PBS) was flooded onto the surface of wells for 30 minutes, then removed by decanting.  

4. Monoclonal anti-A reagent (Immucor, Cat# 0006400), diluted 1:4 in 2% BSA PBS.  100µL was 

added to all wells and incubated for one hour.  

5. The EIA plate was washed three times with PBS, pH 7.4, and once with tris buffered saline (TBS) 

(50mM Tris, 150mM NaCl, 1mM MgCl2 pH=9.0) by filling each well with 100µL for each wash and 

decanting.  

6. The secondary antibody anti-mouse IgM/G/A conjugated to alkaline phosphatase (Chemicon Cat# 

AQ502A) was diluted 1:1000 in 2% BSA TBS and 100µL was added to each well and incubated for 

30 minutes.   

7. The wells were washed three times with PBS and once with substrate buffer (100mM Tris, 

100mM NaCl, 50mM MgCl2, pH=9.5). 
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8. The substrate NBT/BCIP (nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3’-

indolyphosphate p-toluidine salt, ThermoFisher Cat# 34042) was diluted 1:4 in substrate buffer 

and 100µL aliquots were added to each well for colour development of the assay. 

9. The assay was stopped by washing with water after 15 minutes at RT.  

10. The surface was dried and stored unprotected at RT. 

 

Streptavidin conjugated assay for the detection of FSL-biotin  

1. A 1µL aliquot of each liposome dispersion was dropped onto the surface of a microwell (in 

duplicate) and allowed to dry.  Equivalent strength FSL micelle dispersions (i.e., FSL diluted in PBS 

alone) were also tested in parallel.  

2. Blocking step: 2% BSA PBS was flooded onto the surface of microwells for 30 minutes, then 

removed by decanting.  

3. 100µL of Streptavidin conjugated with alkaline phosphatase (Sigma, Cat#S2890-1MG) diluted to 

1µg/mL in 2% BSA TBS was added to each well and incubated for 30 mins. 

4. The wells were washed three times with TBS and once with substrate buffer.  

5. The substrate NBT/BCIP was diluted 1:4 in substrate buffer and 100µL aliquots were added to 

each well for colour development of the assay. 

6. The assay was stopped by washing with water after 15 minutes at RT, and the plate was allowed 

to air dry at RT.  

Note: these methods can probably only detect FSL located on exterior surface of liposomes, as it would 

be expected that FSL located within liposome interior is unavailable to interact with antibody while the 

liposome remained intact. 

 

 

Results 

The results show successful detection of the FSL-A2 and FSL-biotin in all samples. A purple coloured 

precipitate developed with all FSL labelled liposome samples, and the FSL micelle dispersions, Figure 66.  

Blank liposomes (containing no FSL) and wells containing no liposomes were included as negative controls 

and as expected showed no colour development. 
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Results 

a) FSL-A2 

 

b) FSL-biotin 

 

Figure 66 EIA plates showing detec�on of FSL-A2 and FSL-bio�n liposomes. Liposome dispersions were detected by 
immunoassay on nitrocellulose microwell plates. The liposomes are passively immobilised onto the microplate 
surface and then detected by EIA. (a) The presence of A2 func�onal head group was detected by addi�on of 
murine monoclonal an�-A an�body, followed by a secondary an�body (an an�-mouse immunoglobulin) labelled 
with alkaline phosphatase. (b) The presence of bio�n func�onal head group was detected by addi�on of 
streptavidin labelled with alkaline phosphatase. A�er addi�on of NBT/BCIP substrate the alkaline phosphatase 
precipitated the NBT/BCIP to form a purple colour.  Colour development occurred with all FSL concentra�ons and 
all three methods of inser�on.   
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These results confirm that the functional head group of FSL-A2 and FSL-biotin remained biologically active 

(detected by antibody/streptavidin).  However, the location of the FSL construct within the liposome 

dispersion is unknown;  

• any free micelle/monomer FSL  remaining in the dispersion will be detected by this EIA technique 

and give a positive result. 

• during this EIA technique the spherical structure of liposomes is unlikely to have been maintained 

after drying onto the paper surface.  Potentially, FSL molecules that may have been sequestered 

within the liposome interior (either labelling the interior of bilayer membrane or present as 

monomer/micelle within liposomes aqueous core) may have become exposed and available for 

interaction as the liposomes deformed and dried onto paper.  Whereas in their intact native form 

these would not be available to react with external reagents such as antibody/streptavidin.   

 

Summary 

The bioactivity of the functional head group of the FSL constructs did not appear to be affected by the 

addition to liposomes.  FSL-A2 and FSL-biotin were successfully detected by EIA, and the FSL-FLRO4 

liposome dispersions were fluorescent.  

However, a difference in level of fluorescence was observed depending on method of FSL-FLRO4 insertion 

into liposomes.  LM liposomes were brightest, and post synthesis the least bright. Addition of FSL by PS 

and H methods resulted in liposomes with similar levels of fluorescence. 

The most interesting observation was that FSL-FLRO4 micelles showed much lower (96%) levels of 

fluorescence compared to FSL-FLRO4 liposomes, this is most likely because the FSL-FLRO4 is quenched 

when in micelle form (close proximity of fluorescent molecules can lead to self-quenching [332, 348]).  
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Chapter 3  Methods and Results: Dynamics of Insertion  

This chapter of results focusses on the insertion and retention dynamics of FSL constructs within liposome 

membranes. The efficiency of FSL insertion into liposomes and the effects of temperature, time, FSL 

concentration, charge and lipid composition were investigated.  The stability and retention of FSL within 

the liposome membrane was also studied. This investigation included the transfer of FSL between 

membranes (liposome to liposome and liposome to cell).   

3.1 FSL incorporation into liposomes 

The following experiment investigated the kinetics of FSL insertion into the liposome membrane.  The 

effects of temperature, time, and method of FSL addition (LM, H or PS) were investigated.  Figure 67 shows 

possible mechanisms of FSL incorporation into to liposomes. 

 

 
Figure 67 Schema�c diagram showing possible mechanisms of FSL incorpora�on into liposome.(a) FSL monomers 
incorporate into liposome, no transfer of FSL from micelle. (b) FSL monomers may dissociate from micelle and can 
then incorporate into the liposome. (c) FSL micelle may adsorb to surface of liposme and then incorporate into the 
liposome membrane. (d) FSL micelles/monomers may adsorb to surface of liposome but do not incorporate into 
the liposome membrane. (Diagram approximately to scale, except liposomes ≈60nm diameter, not 100nm as 
synthesised in this study). Created with BioRender.com.   
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3.1.1 FSL-FLRO4  

Spectrophotometry was used to measure changes in fluorescence of a liposome dispersion after the 

addition of FSL-FLRO4.  In section 2.2.7 it was observed that FSL-FLRO4 micelle dispersions produce very 

little fluorescence in comparison to FSL-FLRO4 liposome dispersions (Figure 64).  This is most likely 

because FSL-FLRO4 in micelle form self-quenches due to the fluorescein molecules being in close 

proximity to each other.  When the FSL-FLRO4 incorporates into the liposome membrane the FSL 

molecules can move further apart and become unquenched.  Consequently, fluorescence emission 

increases.  It was hypothesised that this phenomenon could be used to measure the incorporation of FSL 

into liposomes by observing change in fluorescence of the liposome dispersion after the addition of 

FSL-FLRO4.   

Initial experiment - 24 hours 

An initial experiment was performed to establish the suitability of this technique.  It was anticipated that 

after the addition of FSL-FLRO4 to a liposome dispersion that the fluorescence of the overall dispersion 

(which consists of a mixture of liposomes plus FSL micelles and/or monomers) would increase as more 

FSL incorporated into the liposome membranes.   

Liposomes were prepared containing FSL-FLRO4 added by PS protocol.  Immediately following the 

addition of FSL the liposome sample was divided into three aliquots which were stored at 4°C, RT and 

37°C.  At various time points an aliquot was removed from each and the fluorescence of the liposome 

dispersions measured.  

Method 

1. Blank liposomes (composed of EPC only) were prepared  and divided into three 1mL samples.  

2. An aliquot of FSL-FLRO4 stock solution was added to each of the 1mL of blank liposome samples, 

so that each contained 100µM FSL-FLRO4.   

Note: the liposome dispersions are subsequently referred to as ‘FLRO4 liposomes’, although they 

most likely consist of a mixture of liposomes plus FSL monomers and/or FSL micelles.   

3. One sample was then stored at 4°C, one at RT, and one at 37°C for up to 24 hours. 

4. An aliquot of 100µL was removed from each of the three FLRO4 liposome samples at various time 

points (5 mins, 15 mins, 30 mins, 1 hr, 4 hr, and 24 hr) during the 24 hour incubation and the 

fluorescence of the aliquots were measured by spectrophotometer.  (Excitation 495nm, emission 

520nm).  
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Results 

Figure 68 shows the fluorescence of the FLR04 liposome dispersions stored at 4°C, RT and 37°C for 24 

hours after the addition of 100µM FSL-FLRO4. (Note: after the addition of FSL-FLRO4 the liposome 

dispersions contain a mixture of liposomes and FSL-FLRO4 micelles and monomers but are simply referred 

to as FLRO4 liposomes).  

The fluorescence of the FLRO4 liposome dispersions stored at all three temperatures increased with time.  

The increase was temperature dependent, where fluorescence increased more quickly at 37°C than RT, 

and was much slower at 4°C.   

 
Figure 68 Fluorescence of liposome dispersion a�er the addi�on of 100µM FSL-FLRO4.  The liposome dispersions 
were stored at 4°C, 22°C and 37°C for 24 hours immediately following the addi�on of FSL-FLRO4. Graph (a) shows 
fluorescence over 24 hours and graph (b) shows fluorescence during first 5 hours.  The fluorescence of the 
liposome dispersion increased a�er the addi�on of FSL-FLRO4, fluoresence increased more quickly at 37°C than RT, 
and most slowly at 4°C.  Liposomes stored at 37°C and RT reached a maximum fluorescence a�er approximately 
1-4 hours incuba�on.      
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The maximum rfu obtained was 42,000 (24 hrs at RT).  The FLRO4 liposomes incubated at 37°C showed a 

rapid increase in fluorescence before reaching a plateau of 39,000 rfu after approximately 1 hour 

incubation.  FLRO4 liposomes stored at RT showed a slightly slower rate of increase, reaching a similar 

plateau (42,000 rfu) after approximately 4 hours incubation.   

The fluorescence of the FLRO4 liposomes stored at 4°C showed a much slower rate of increase and were 

continuing to increase and had not reached the maximum rfu by 24 hours.  The level at 24 hours was 

similar to that obtained at 30 mins at 37°C and 1.5 hours at RT.    

The change in fluorescence is believed to correspond with movement of FSL from micelle (where it is 

quenched) into the liposome membrane (where it can fluoresce).  Therefore, these results show that FSL 

insertion into liposomes is temperature dependent, occurring more quickly at 37°C and RT, and much 

slower at 4°C.  FSL-FLRO4 incorporation has reached maximum insertion after ≈1 hours at 37°C and after 

4 hours at RT. 

 

Extended experiment – 1 week 

The previous experiment was repeated for an extended time frame of one week, to determine if 

liposomes stored at 4°C would reach a similar plateau.  In addition, liposomes prepared by all three 

methods of FSL addition (lipid mix, hydration, and post synthesis) were tested in parallel. 

Liposomes were prepared by lipid mix, hydration and post synthesis methods and then immediately 

stored at three different temperatures, 4°C, RT and 37°C.  The fluorescence of the liposome dispersions 

was then measured at various time points.  The liposomes stored at 4°C and RT were monitored daily for 

seven days.  The liposome dispersions stored at 37°C were monitored for 24 hours only. As shown in the 

previous experiment liposomes stored at 37°C have probably reached a maximum level of insertion within 

2 hours incubation.  Unfortunately, storing liposomes at 37°C for one week was not practical because 

liposomes in this study are prepared in PBS with no antibacterial preservative added and incubation at 

37°C for an extended period could result in bacterial contamination and sample degradation.  Experiments 

were repeated three times (results shown are mean ± standard deviation). 
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Method 

1) Liposome dispersions containing 100µM FSL-FLRO4 were prepared by LM, H and PS methods of 

preparation (protocol 2.2.2).   

2) Immediately following synthesis, the dispersions were divided into three 1mL samples which were 

stored at 4°C, RT and 37°C.  

3) A 100µL aliquot was removed from each dispersion and the fluorescence emission measured by 

spectrophotometer (excitation 495nm, emission 520nm) at time 0, 2 hours and 24 hours. Following 

this the dispersions stored at 37°C were discarded, and the remaining dispersions (stored at 4°C and 

RT) were tested daily for a total of seven days.  

Results 

Figure 69 shows the change in fluorescence of FLRO4 liposome dispersions, after the addition of 100µM 

FSL-FLRO4, stored at 4°C, RT and 37°C. 

The results show that the movement of FSL into liposomes is both temperature and time dependent for 

the first 24 hours or less. Differences were also observed between liposomes prepared by different 

methods.  Liposomes prepared by LM method showed no change in fluorescence, at all storage 

temperatures and incubation times. These liposomes also showed the highest levels of fluorescence (max 

rfu 52,000). 

The liposomes prepared by PS and H methods showed an initial increase in fluorescence before reaching 

a plateau (approximately 30,000 rfu). The liposomes stored at 4°C showed a much slower rate of increase 

and reached maximum fluorescence after approximately 24-48 hours incubation.  The fluorescence of 

liposomes stored at RT and 37°C increased more quickly and reached the plateau within 4 hours (as seen 

in previous experiment).  
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a) Lipid Mix (LM) liposomes 

 
b) Hydration (H) liposomes 

 
c) Post synthesis (PS) liposomes 

 
Figure 69 Fluorescence of 100 FLRO4 liposome dispersions stored at 4°C, RT, and 37°C. Liposome dispersions 
containing 100µM FSL-FLRO4 were prepared by (a) LM, (b) H, and (c) PS methods.  H and PS liposomes showed an 
ini�al increase in fluorescence before reaching a plateau a�er 2 days at 4°C, and within 2-4 hours at RT and 37°C. 
LM liposomes showed no change in fluorescence at all storage temperatures. The liposome dispersions stored at 
4°C and RT were tested for one week, while the liposomes stored at 37°C were only tested for 24 hours. 
Results shown are mean ± SD, n=3. 
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Comment 

The liposomes prepared by lipid mix method showed no change in fluorescence over time regardless of 

temperature of storage.  This is most likely because when the liposomes prepared by this method (LM)  

all of the FSL-FLRO4 constructs are integrated into the liposome membrane during the first step of 

liposome synthesis (see section 2.2.2).  Because the FSL constructs are fully incorporated into the 

liposome membrane there are no micelle/monomer FSL is present and consequently there is no 

movement of FSL from quenched micelle form into the liposome membrane (where it becomes 

unquenched) and therefore no change in fluorescence is observed.   

In the PS and H methods of preparation the FSL-FLRO4 is added to liposomes either after liposomes are 

completely formed (PS) or part way through their synthesis (H).  In both methods FSL constructs are added 

to the liposome dispersion in micelle/monomer form (quenched).  Earlier evidence suggests that micelles 

are forming at concentrations as low as ≈5µM (see 2.1.2 and 2.1.3), therefore the FSL dispersions used in 

this study would likely consist of a mixture of monomers and micelles (relative ratios unknown).  The 

fluorescence of the PS and H liposome dispersions increase with time most likely as FSL moves from the 

quenched micelle form and integrates into the liposome membrane (becoming unquenched), as shown 

in Figure 70 and Figure 71.   

PS and H liposomes dispersions reach a maximum fluorescence (≈3-3.5 x104 rfu) which is less than the 

level shown by LM liposomes (5 x104 rfu).  Possible explanations include 

• Because the liposome dispersions are unwashed, it is possible that some ‘free’ FSL 

micelles/monomers remain in the supernatant of the H and PS liposome dispersions.  Since 

micelles are quenched, if they are present in HS and PS dispersions, they could account for the 

lower fluorescence observed in these dispersions compared with LM liposomes, which contain no 

micelles.   

• In PS/H liposomes FSL micelles could adsorb to the liposome surface without becoming integrated 

into the membrane, this could result in them remaining in close contact (without integrating into 

the membrane they would be unable to diffuse through the membrane and spread out) and hence 

remaining quenched. 

• quenching of FSL in liposome membrane may begin to occur as concentration in external 

membrane increases.  The FSL constructs may cluster together which could lead to quenching.  

It is possible that a combination of these is occurring. 
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Figure 70 Fluorescence of liposome dispersion a�er the addi�on of FSL-FLRO4 by PS method. Speculated schema�c 
of dynamic situa�on shown at various �me points (1-3).   (1) Ini�ally the liposome dispersion contains unlabelled 
liposomes and a high concentra�on of FSL micelles/monomers. FSL is present in liposome supernatant only.   (2) As 
the FSL constructs incorporate into the liposome the concentra�on of the monomer/micelle FSL in the dispersion 
decreases.  The fluorescence of the dispersion increases as the FSL moves from quenched micelle form to 
unquenched in liposome membrane.  (3) Fluorescence of dispersion reaches a maximum and then remains 
constant. Diagram approximately to scale. (Note: liposome shown are ≈50nm diameter, not 100nm as synthesised 
in this study). Created with BioRender.com.  
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Figure 71 Fluorescence of liposome dispersion a�er the addi�on of FSL-FLRO4 by H method. Speculated schema�c 
of dynamic situa�on shown at various �me points (1-3). (1) ini�ally the liposome dispersion contains unlabelled 
liposomes and a high concentra�on of FSL micelles/monomers. FSL is present both within liposome interior and in 
the external supernatant. (2) As the FSL constructs incorporate into the liposome the concentra�on of the 
monomer/micelle FSL in the dispersion decreases.  The fluorescence of the dispersion increases as the FSL moves 
from quenched micelle form to unquenched in liposome membrane. (3) Fluorescence of dispersion reaches a 
maximum and then remains constant. Diagram approximately to scale. (Note: liposome shown are ≈50nm 
diameter, not 100nm as synthesised in this study). Created with BioRender.com. 

 

3.1.2 FSL-A2 

To investigate if insertion of FSL into liposomes is affected by differences in head group/spacer the 

insertion kinetics of FSL-A2 were also investigated. Previous work has established that micelle FSL-A2 

present in a solution will readily coat surfaces on contact, such as microwell plates, and that EIA can then 

be used to detect this immobilised FSL-A2 [246].  It was found during this study that A2 liposomes did not 

bind to EIA wells.  Therefore, EIA was used to measure the amount of micelle/monomer FSL present in a 

liposome dispersion.  The unincorporated micelle/monomer FSL-A2 coats the surface of the wells and 

could then be detected by EIA.  By measuring the change in free FSL-A2 within the liposome dispersion 

over time, the movement of FSL from micelle into liposomes could be indirectly observed.   
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Method overview 

The presence of FSL-A2 bound to the microplate surface was detected using anti-A followed by a 

secondary anti-antibody enzyme conjugate.  The presence of FSL-A2 was detected by a colour change 

when the enzyme substrate was added.  If no free FSL-A2 was present, the primary and secondary 

antibodies are unable to bind and were washed away.  In this case there was no colour change when the 

substrate was added.   

If FSL-A2 is present as micelle/monomers within the liposome dispersion, it binds to the microplate 

surface, resulting in a positive reaction (colour change) by EIA.  If no micelle/monomer FSL-A2 is present 

in the liposome dispersion, then a negative reaction (no colour change) is obtained.  

Therefore, as FSL moves from micelle/monomer form (present in the liposome dispersion supernatant) 

and associates/integrates into the liposome membrane, the EIA results will change from positive (colour 

change) to negative (no colour change).  Figure 72 shows a schematic diagram of this EIA technique.    

 

EIA method 

1. Wells (96 well culture plate, Greiner Bio-one, Cat# 650180, Mediray) were blocked with 2% BSA 

PBS for 1 hour at RT. 

2. The liposome samples were diluted 1:3 in PBS and 50µL aliquots were added to the plate in 

duplicate and incubated for 30 minutes at RT.   

3. The plate was washed four times with PBS. 

4. Murine monoclonal IgM anti-A (Anti-A Series 1, Immucor Cat# 0006400) reagent was diluted 1:4 

in 2% BSA PBS.  Aliquots of 50µL were added to all wells and incubated for 30 minutes at RT. 

5. The plate was washed three times with PBS and then once with TBS. 

6. The secondary antibody, anti-mouse IgG/A/M alkaline phosphatase conjugated antibody 

(Chemicon Cat# AQ502A, USA), was diluted 1:1000 in 2% BSA TBS and 50µL aliquots were 

incubated in wells for 30 minutes at RT. 

7. The plate was washed three times with TBS and then once with substrate buffer (100mM Tris, 

100mM NaCl, 50mM MgCl2, pH=9.5). 

8. The substrate p-nitrophenylphosphatase (pNPP) (Sigma Aldrich Cat# P7998-100ml) was added to 

plate and the absorbance was read at 405nm after 30 minutes incubation at RT. 
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Figure 72 EIA technique used to detect free FSL-A2 present in liposome dispersion. (1) Free FSL-A2 is present in supernatant alongside liposomes and binds to the microwell 
surface. The surface bound FSL-A2 was then detected using an�-A and a secondary an�-an�body with an alkaline phosphatase conjugate . When substrate is added the 
presence of alkaline phosphatase causes the solu�on to turn yellow. (2) When there is no free FSL in liposome dispersion (it has all incorporated into liposomes) the an�-A and 
secondary an�-an�body are unable to bind to the plate and are washed away, consequently there is no colour change when the substrate is added.  Note: an�-A is actually an 
IgM reagent, but for simplicity is represented with an IgG in this diagram. Created with BioRender.com.  
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Initial experiment to determine if FSL-A2 liposomes bind to microplate surface 

An initial experiment was conducted to determine if FSL-A2 liposomes were able to bind to the microplate 

surface and cause a positive reaction by EIA.  

1. Liposomes containing 50µM FSL-A2 were prepared by LM, H and PS methods of preparation 

(method 2.2.2).   

2. The liposomes were stored at 4°C for 5 days ( to ensure maximum FSL insertion into liposome had 

occurred).   

3. An aliquot was removed from each liposome sample and analysed by EIA (method below).   

4. Liposomes containing no FSL were tested in parallel as a negative control (labelled blank). 

5. Dispersions of FSL-A2 in PBS (1, 10 and 50µM) were prepared also tested in parallel. Note that 

although these are labelled as micelle dispersions in Figure 73, they may also contain FSL 

monomers.    

 

Results 

Figure 73 shows the EIA reactions of 50 A2 liposomes prepared by LM, H and PS protocols, and FSL-A2 

micelle/monomer dispersions.   

 
Figure 73 EIA detec�on of FSL-A2 on microwell surface a�er incuba�on with liposomes and micelles. FSL-A2 was 
not detected by EIA on microwell surface a�er incuba�on with all three 50µM A2 liposome suspensions (LM, H PS), 
same reac�vity observed as nega�ve controls (blank liposomes containing no FSL and PBS).  FSL-A2 was detected 
on microwell surface a�er incuba�on with 10µM and 50µM FSL-A2 micelle dispersions (note FSL dispersion 
labelled micelles but may also contain monomers). Mean ±SD, n=2.  
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All the A2 liposomes, regardless of method of FSL insertion, showed negative reactions, they had the same 

absorbance (0.25) as the blank liposomes (0.27) and PBS (0.20).  The 1µm FSL-A2 dispersion also showed 

a negative reaction (0.25).  

The 10µM and 50µM FSL-A2 micelle/monomer dispersions showed positive reactivity (0.32 and 0.60 

respectively).     

The results show that the A2 liposomes had no reactivity by this EIA technique, the A2 liposomes did not 

bind to the plate.  In contrast the FSL-A2 micelles/monomers (≥10µM concentration) resulted in a positive 

reaction.  Therefore, this technique appears to be suitable to detect ‘free’ monomer/micelle FSL present 

within a liposome dispersion.  Only micelle/monomer FSL results in positive reaction, once the FSL has 

incorporated into liposome it is not detected, therefore allowing indirect measurement of FSL 

insertion/association into the liposomes.    

 

Detection of movement of FSL-A2 from free form (micelle/monomer) into liposome  

Method  

1. Liposomes containing 100µM FSL-A2 were prepared by LM, H and PS methods of preparation 

(method 2.2.2).   

2. Immediately following synthesis each liposome dispersion was divided into three aliquots which 

were stored at 4°C, RT and 37°C.   

3. An aliquot was removed from each sample at various time points EIA (see method below) was 

used to measure free FSL present.  

4.  Liposomes stored at 4°C and RT after  2 hours, 1, 3 and 7 days of storage.  Due to reasons 

discussed previously samples stored at 37°C were only tested at time points 0 and 2 hours.   

5. Liposomes containing no FSL were also included as a negative control, and FSL micelles 

dispersions (10, 50 and 100µM) were also tested at each time point. 

6. Experiment was carried out in duplicate. 
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Results 

Figure 74 shows the detection of monomer/micelle FSL-A2 after liposome dispersions were stored at 

different temperatures, 4°C, RT, and 37°C, after the addition of FSL-A2.  The results are shown minus the 

blank and as a percentage of the (maximum) absorbance obtained by 100µM FSL-A2 micelle dispersions 

(run in parallel at each time point) to enable comparison between time points and correct for slight 

experimental variation/colour development between plates.  PBS and blank liposome result averaged and 

used as the blank value.   

LM  liposomes showed almost no change in absorbance at all temperatures and time points. Absorbance 

was low (<5%) and very close to the results shown by the negative controls (PBS and blank liposomes).  

This indicates that LM  liposome dispersions contain no or very little micelle/monomer FSL, as expected 

due to the method of FSL incorporation (FSL is incorporated into lipid film during first step of synthesis 

and consequently all FSL is integrated into the liposome membrane, see 2.2.2).  

As seen with FSL-FLRO4 the incorporation of FSL-A2 into H and PS liposomes was temperature dependent, 

occurring most quickly at 37°C.  PS and H liposomes stored at 37°C showed rapid decline of detected free 

micelle/monomer FSL within the liposome dispersion to <10% reactivity by 2 hours.  These results show 

that the majority of micelle/monomer FSL present in H and PS liposome dispersions has become 

incorporated into the liposomes within 2 hours storage at 37°C. 

H and PS liposomes stored at RT and 4°C also showed decrease in detected monomer/micelle FSL-A2 

reaching maximum insertion within 24 and 72 hours respectively.  Liposomes stored at 4°C took slightly 

longer than those stored at RT to reach maximum insertion.  The maximum insertion point (shown by 

plateau) was approximately the same as the absorbance shown by the negative controls (blank liposomes 

and PBS).  This suggests that the majority of monomer/micelle FSL has incorporated/associated with the 

liposomes.   
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a) Lipid Mix 
 

 
b) Hydration 
 

 
c) Post Synthesis 
 

 
Figure 74 Detec�on of free FSL-A2 in 100 A2 liposome dispersions. Liposomes were prepared with 100µM FSL-A2 
added by (a) LM, (b) H, and (c) PS methods and stored at 4°C and RT for one week, or 37°C for 2 hours.  Free FSL-A2 
decreased rapidly in both the  PS and H liposome dispersions during the first 24 hours and maximum inser�on was 
reached within 2 hours at 37°C, and between day 1-3 when stored at RT and 4°C.  No free FSL-A2 was detected in 
LM liposomes. Results, minus the PBS blank, are shown as a percentage of the (maximum) absorbance obtained 
from the posi�ve control 100µM FSL-A2 micelle dispersion carried out in parallel at each �me point.  Blank 
liposomes (with no FSL) and FSL micelle dispersions were tested in parallel (results not shown).   
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3.1.3 FSL-Biotin 

The same experiment was attempted to be carried out with FSL-Biotin.  The same method was followed 

as for FSL-A2 with the exception that FSL-Biotin was detected by the addition of streptavidin conjugated 

with alkaline phosphatase, rather than anti-A followed by anti-antibody conjugated with alkaline 

phosphatase.  

Method 

1. Wells (96 well culture plate, Greiner Bio-one, Cat# 650180, Mediray) were blocked with 2% BSA 

PBS for 1 hour at RT. 

2. The liposome samples were diluted 1:3 in PBS and 50µL aliquots were added to the plate in 

duplicate and incubated for 30 minutes at RT.   

3. The plate was washed three times with PBS and once with TBS. 

4. 100µL of Streptavidin conjugated with alkaline phosphatase (Sigma, Cat#S2890-1MG) diluted to 

1µg/mL in 2% BSA TBS was added to each well and incubated for 30 minutes at RT. 

5. The plate was washed three times with TBS and then once with substrate buffer. 

6. The substrate p-nitrophenylphosphate (pNPP) (Sigma Aldrich Cat# P7998-100ml) was added to 

plate and the absorbance was read at 405nm after 30 minutes incubation at RT. 

Results 

Unfortunately, when the initial trial was carried out, to compare FSL-biotin liposomes with FSL-biotin 

micelle/monomer dispersions (to determine if FSL-biotin liposomes were unable to bind to the plate) it 

was found that the FSL micelle/monomer dispersions did not result in good positive reactivity.  Very little 

colour development occurred, even with 100µM FSL-biotin micelle dispersion, as shown in Figure 75.  In 

addition, very little difference between liposomes, micelles, and PBS (negative control) was seen.  It was 

decided that this differentiation was not sufficient to proceed.  
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Figure 75 EIA detec�on of FSL-bio�n liposomes and micelles. Liposomes were prepared containing 
100µM FSL-bio�n by LM, H and PS protocols. Blank liposomes containing no FSL were also tested as a nega�ve 
control. 10µM and 100µM dispersions of FSL-bio�n (labelled micelles but may also contain monomers) were 
tested.  Very litle colour development occurred, results showed very litle difference between liposomes and 
micelles and PBS blank control.  

 

A possible explanation for the very low reactivity shown by FSL-biotin micelle solutions is that FSL-biotin 

constructs have been shown to adopt a folded conformation when coated onto a surface and when in 

micelle formation [260].  Zalygin et al. predict using a combination of molecular dynamics simulation and 

experimental results that 99% of the FSL-biotin molecules coating a surface adopt a folded conformation, 

with only 1% fully extended (although the relative percentage of extended FSL-biotin could be affected 

by external factors such as temperature) [260].  The FSL-biotin construct can fold via the flexible hinge 

region in the CMG spacer, so that the hydrophobic biotin head groups are ‘hidden’ as shown in Figure 76.  

Therefore, at any one point in time only approximately 1% of the biotin residues are available for 

interaction with streptavidin. It is unknown whether there is a permanent presentation of only 1% of 

biotin residues, or whether it is a dynamic ‘pop-up’ process [260].  Because most of the biotin residues 

are hidden and unable to react with streptavidin this may be causing the lack of reactivity seen in EIA.  
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Figure 76 Predicted conforma�on of FSL-bio�n constructs coa�ng a surface. A monolayer of constructs forms, 99% 
of the FSL molecules are folded and only ≈1% adopt an extended conforma�on [253, 260].  The majority of the 
bio�n head groups are unavailable to react with streptavidin. Adapted from [260]. Created with BioRender.com.   

 

Summary 

Free FSL was not detected in liposome dispersions prepared by LM protocol.  In the LM protocol FSL is 

added to liposomes with the lipid ingredients before formation of the thin lipid film.  Consequently, the 

FSL constructs are an integral part of liposome membrane (see 2.2.2) and there is no ‘free’ FSL 

micelles/monomers present in the liposome dispersion.  Therefore, no change in fluorescence or free FSL 

was detected.  

Incorporation of FSL-A2 and FSL-FLRO4 constructs into liposomes prepared by H and PS protocols was 

temperature and time dependent, occurring most quickly at 37°C and much more slowly at 4°C.  Maximum 

FSL insertion was reached within 2 hours when liposome dispersions were incubated at 37°C, within 4 

hours at RT, and after approximately 2 days when stored at 4°C.   

There was no major difference detected in the rate of insertion between FSL-A2 and FSL-FLRO4, indicating 

that the functional head group and spacer did not significantly alter insertion kinetics.  

  



170 
 

3.2 Transfer of FSL between liposomes 

Experiments were conducted to determine if FSL constructs could transfer between liposomes; A2 and 

Biotin liposomes were prepared and then ‘liposome mix’ samples composed of equal volumes of A2 

liposomes and biotin liposomes were made.  After incubation an EIA technique was used to determine if 

the FSL constructs were able to transfer from one liposome to another by detecting the formation of 

liposomes containing both FSL-A2 and FSL-biotin on their surface.  The effect of incubation time and 

temperature and the method of liposome preparation on this transfer was investigated. 

Possible transfer mechanisms are shown in Figure 77 and briefly described below; 

a) transfer of free monomer/micelle FSL present in supernatant,  

b) FSL monomer diffusion: FSL dissociates from liposome membrane and transfers to another 

liposome by diffusion through the aqueous space.   

c) FSL transfer occurs during collision of liposomes 

d) Fusion of liposomes 

The exact mechanism of FSL integration into liposomes is unknown, as discussed previously depending on 

method of synthesis FSL constructs may be integrated into the liposome membrane, and/or FSL micelles 

could be adsorbed to the liposome surface.  It is possible that FSL transfer will be affected by the method 

of FSL association (integration/adsorption) with the liposome.   
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Figure 77 Theore�cal mechanisms of FSL transfer between liposomes. (a) Free FSL present in liposome supernatant 
transfers to liposome.  (b) FSL monomer diffusion: (i) FSL that was integrated into liposome membrane or (ii) FSL 
that was adsorbed to liposome surface disassociates and transfers to another liposome by diffusion through 
aqueous space (c) liposomes collide and FSL exhanges between liposome membranes during the collision (as in (b) 
FSL may be (i) integrated or (ii) adsorbed to liposome membrane) (d) Liposomes fuse together.  Diagram not to 
scale. Created with BioRender.com.   
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Method Overview 

Liposome ‘mix’ samples, containing equal volumes of A2 liposomes mixed with biotin liposomes, were 

prepared.  These mix samples were then divided into three aliquots and incubated at either 4°C, RT or 

37°C for up to 72 hours.  An EIA technique using streptavidin coated microwell plates was used to detect 

if liposomes containing both FSL-A2 and FSL-biotin had been formed.  Liposomes labelled with FSL-biotin 

bind to the streptavidin coating on the microwell surface. After washing to remove unbound liposomes 

an anti-A reagent followed by a secondary alkaline phosphatase labelled anti-immunoglobulin reagent 

was used to detect the presence of FSL-A2 on the liposomes which were bound (via FSL-biotin) to the 

streptavidin wells, see Figure 78.  Only the liposomes which have both FSL-biotin and FSL-A2 on their 

surface result in a positive reaction.  Therefore, a positive reaction indicated that the transfer of FSL 

between liposomes had occurred.  

 

Method 

1. Liposome dispersions containing 100µM FSL-A2 and liposome dispersions containing 100µM 

FSL-biotin were prepared by LM, H and PS protocols (see 2.2.2)   

2. The liposome dispersions were then stored at 4°C for at least 3 days to ensure maximum FSL 

incorporation into the liposomes had occurred.  

3. Equal volumes of FSL-A2 and FSL-biotin liposomes were mixed to form nine liposome mix samples, 

as detailed in Table 14. 

4. Each of the nine liposome mixes were divided into three aliquots which were stored at 4°C, RT 

and 37°C for up to 24 hours.   

5. Aliquots were removed from each liposome mix at various time points and analysed by EIA 

(method detailed below, Figure 78) to determine if liposomes containing both FSL-A2 and 

FSL-biotin had been formed.  Once transfer of FSL was detected further time points were not 

tested.  

6. Aliquots of the original unmixed liposome dispersions and blank liposomes were also incubated 

at 4°C, RT and 37°C and were tested in parallel as negative controls at each time point (results not 

shown). 
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Table 14 Description of liposome mix samples 

Liposome  Liposome description 
Mix (1:1 v/v) 

 100 biotin  :   100 A2  

1 LM :   LM 
2 LM :   H 
3 LM :   PS 
4 H :   LM 
5 H :   H 
6 H :   PS 
7 PS :   LM 
8 PS :   H 
9 PS :   PS 

 

 

EIA technique for the detection of FSL-A2 

1. Blocking step: Microplate wells (Pierce™Streptavidin coated clear strip plates with Blocker™BSA, 

Cat# 151221 ThermoScientific USA) were washed four times with 100µL of 2% bovine serum 

albumin (Gibco, Cat# 30063-572, NZ) in phosphate buffered saline pH 7.4 (PBS). 

2. Liposomes were diluted 1:4 with PBS and then 50µL aliquots were incubated for one hour at RT. 

3. The microplate was washed four times with PBS. 

4. Monoclonal anti-A (Immucor, Cat# 0006400) was diluted 1:4 in 2% BSA PBS and 50µL was added 

to all wells and incubated for thirty minutes.  

5. The microplate was washed three times with PBS and then once with TBS.  

6. The secondary antibody anti-mouse IgM/G/A conjugated to alkaline phosphatase (Chemicon Cat# 

AQ502A) was diluted 1:1000 in 2% BSA TBS and 50µL was added to each well and incubated for 

30 minutes at RT.   

7. The microplate was washed three times with TBS and once with substrate buffer (100mM Tris, 

100mM NaCl, 50mM MgCl2, pH=9.5). 

8. The substrate, pNPP, was added to each well (50µL) for colour development of the assay 

9. Absorbance was read at 405nm after 60 minutes.   
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Figure 78 Diagram showing EIA method used to detect transfer of FSL between liposomes.  (a) Nega�ve reac�on: (1) FSL does not transfer between liposomes. (2) Bio�n 
liposomes bind to well via streptavidin and A2 liposomes washed away, (3) an�-A reagent unable to bind to liposomes as no FSL-A2 present. (4) Secondary an�-Ig (with enzyme 
conjugate) unable to bind and washed away.  (5) No colour change when conjugate added as no enzyme present.  (b) Posi�ve reac�on: (1) FSL transfers between liposomes 
resul�ng in liposomes labelled with both FSL-A2 and FSL-bio�n.  (2) A2/bio�n liposomes bind to streptavidin coated wells. (3) An�-A reagent binds to liposomes with A2 also on 
their surface, (4) secondary an�-an�body (with enzyme conjugate) binds to an�-A. (5) Substrate is added and due to presence of enzyme changes colour to yellow. (Note: an�-A 
shown as an IgG molecule in diagram but is actually IgM). Created with BioRender.com.  
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Results 

The EIA results for each liposome mix are shown in Figure 79.  Results are shown with the liposome mixes 

organised by increasing positive reactivity.  A positive reaction indicated that liposomes containing both 

FSL-A2 and FSL-biotin on their surface were present within the dispersion and therefore indicated that 

FSL transfer between liposomes had occurred.  Absorbances are shown minus baseline (time = 0) 

reactivity.  As controls the unmixed liposome dispersions and blank liposomes (containing no FSL) were 

tested in parallel at each time point.  These all gave expected negative reactions, results not shown.  

The transfer of FSL was temperature dependent, occurring much faster at 37°C than 4°C.  Transfer of FSL 

in liposomes stored at 37°C was detected in all samples after 4 hours incubation.  When stored at RT 

transfer was detected after 24 hours, while those stored at 4°C did not show transfer in the time frame 

tested, with the exception of sample number 9 which showed weak positive reaction.   

Variation in reactivity between mix samples was observed and no obvious pattern could be identified.  

Results are arranged by strength of positive reaction on graphs.  In the samples stored at 37°C the highest 

reactivity was seen in the liposome mix samples which contained PS liposomes (samples 3, 6, 7, 8, and 9).  

PS liposome dispersions may still contain some residual free micelle/monomer FSL which could be 

contributing to this perceived increased in transfer.  However, this same pattern was not seen with the 

liposome stored at RT.  In this case liposomes mix 6, 7, and 8 were among the least reactive.  No pattern 

could be discerned for the RT mix samples regarding method of FSL addition and transfer of FSL.  

Of note is liposome mix 1 which was composed of liposomes that were both prepared by lipid mix method, 

meaning there was no micelle FSL present within this mix.  FSL transfer in this case can not be due to 

mechanism (a) shown in Figure 77.  The positive reaction observed from this sample (at both 37°C and RT) 

provides strong evidence that FSL transfer between liposome membranes is occurring and is not solely 

due to residual free FSL remaining in supernatant (although this may also occur). 

From these results it can not be determined which of the transfer mechanisms shown in Figure 77 are 

occurring.  However, mechanism (d) is considered unlikely as the liposome dispersions have been shown 

to be stable (for at least 8 weeks) with no significant change in liposome size observed (see 3.4.1).  This 

indicates that significant liposome fusion/aggregation is not occurring.  
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a) 37°C 

 
b) RT 

 
c) 4°C 

 
Figure 79 EIA results showing transfer of FSL constructs between liposomes.  Results in each group are ranked in 
order of least to greatest absorbance. FSL transfer between liposomes was detected a�er 4 hours storage at 37°C 
and 24 hours at RT. Transfer was not detected in liposomes stored at 4°C, with the excep�on sample number 1, in 
the 24 hour �me frame.  No patern in transfer rela�ng to storage temperature and method of prepara�on was 
observed. Samples containing a mix of FSL-A2 liposomes and FSL-bio�n liposomes were prepared and stored at (a) 
37°C, (b) RT and (c) 4°C. EIA was used to detect the forma�on of liposomes with both FSL-A2 and FSL-bio�n on 
their surface. Only liposomes with both constructs result in a posi�ve reac�on. Absorbance results are shown 
minus baseline (�me =0) reac�vity. Liposome mix number and liposome composi�on (bio�n:A2) are shown on x 
axis. See Table 14 for full descrip�on.   
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Summary 

FSL transfer between liposomes was observed. The transfer of FSL was temperature dependent, transfer 

occurred within 4 hours at 37°C and 24 hours at RT.  Transfer was not observed at 4°C.   

The transfer of FSL between liposomes did not appear to be significantly influenced by the method (LM, 

H, PS) in which FSL was originally incorporated into the liposomes. 

 

3.3 Transfer of FSL from liposome to cells 

The previous experiment showed that FSL constructs can transfer between liposome membranes.  The 

next experiments were conducted to determine if FSL constructs also transfer from liposome to cell 

membranes, and if so to investigate the effects of various parameters on this transfer;  

• liposome FSL concentration 

• method of liposome synthesis 

• liposome age  

• incubation time and temperature (RBC + liposome) 

• varying liposome constituents (cholesterol and charge).  

RBC were used as a model cell membrane for these experiments. RBC were selected because they are 

easy to work with, they do not require maintenance, and simple techniques can be used to detect the 

presence of FSL on their surface.  The presence of FSL-biotin and FSL-FLRO4 on RBC was measured by flow 

cytometry, while FSL-A2 was detected by reaction with standard blood grouping reagents, (monoclonal 

anti-A) which results in agglutination.  The methods used for these experiments are detailed below in 

section 3.3.1.  

There are several possible theoretical mechanisms of FSL transfer from liposome to RBC membrane as 

discussed in section 1.7 and shown in Figure 80.  Liposomes may adsorb to the RBC surface or become 

entrapped within the glycocalyx by non-specific mechanisms such as electrostatic forces (glycocalyx not 

shown, see Figure 20 Different ways FSL constructs may associate with cell membranes.).  Lipid transfer 

may occur between liposome and RBC by monomer diffusion or collision exchange.  In addition, any free 

FSL (monomer/micelles) that remains in the liposome dispersion supernatant could also transfer to the 

RBC.  The liposome could fuse with the RBC membrane.  It is also possible for cells can take up liposomes 

by endocytosis, however this mechanism is not possible here as RBC can not carry out endocytosis [231].   
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Figure 80 Theore�cal mechansims of FSL transfer from liposomes to RBC membrane.   (a) Liposomes may adsorb 
(by non-specific mechansims such as electrosta�c forces, entrapment in glycocalyx) to the RBC membrane. (b) Lipid 
transfer may occur by monomer diffusion.  FSL constructs disassociate from liposme membrane and diffuse to RBC 
membrane.  Any free FSL constructs present in liposome supernatnat can also transfer to RBC membrane.  (c) Lipid 
transfer may occur by collision, lipid exchange between liposome and RBC membrane when they collide together. 
(d) the liposome may fuse with RBC membrane. Diagram approximately to scale. Created with BioRender.com.  
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3.3.1 Methods 

The methods used to investigate the transfer of FSL constructs to RBC and the methods subsequently 

used to detect and measure any FSL which had transferred to the RBC are detailed below.  

a) Kodecyte preparation - transfer of FSL to RBC 

FSL constructs have been shown to spontaneously and rapidly label cell membranes [56, 230, 244, 350].  

Methodology for this is well established and involves incubating equal volumes of FSL solution with cells 

for two hours at 37°C.   This two hour method has been shown to achieve approximately 80% (of the 

maximum observed) insertion, however insertion begins to occur immediately, and temperature and time 

of incubation can be varied [230, 261].  To determine if FSL could transfer from liposomes to RBC the same 

methodology was used; incubating equal volumes of packed RBC with liposome dispersion for 2 hours at 

37°C.   

1. Equal volumes of washed packed group O RBC (25µL) and liposomes (or a FSL micelle/monomer 

dispersion) were incubated together for 2 hours at 37°C.   

2. The RBC were washed four times with PBS.   

3. The presence of FSL on RBC was measured by flow cytometry for FSL-FLRO4 and FSL-biotin, and 

by haemagglutination for FSL-A2 (see below).   

Note: RBC labelled with FSL are termed kodecytes.  Kodecytes were prepared fresh as required and used 

immediately, unless otherwise noted.  However, they could be stored if required, suspended 5% v/v in 

cell preservative solution ID-cellstab (Biorad, Cat# 005650) for up to 4 weeks. 

b) Detection of FSL-FLRO4 on RBC (flow cytometry analysis) 

1. The prepared RBC were diluted 1:5,000 v/v in PBS. 

2. Flow cytometry measurements were carried using a Cytek Northern Lights spectral analyser with 

a 3 laser set up (blue, red and violet) and 24 measurement channels.  

10,000 events were recorded.  Data was analysed using Kaluza Analysis software.  

c) Detection of FSL-biotin on RBC (flow cytometry analysis) 

Detection of FSL-biotin on RBC required the addition of a secondary fluorescent label, streptavidin Alexa 

Fluor™ 488™ 488, before analysis by flow cytometry.   

1. 2µL of washed packed RBC were incubated with 10µL 20µg/mL streptavidin Alexa Fluor™ 488  

(Invitrogen, Cat# S11223, ThermoFisher) in PBS for 30 minutes at RT. 

2. The RBC were washed three times with PBS and then resuspended with 1mL PBS for analysis by 

flow cytometry.  
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3. Flow cytometry measurements were carried out using a Cytek Northern Lights spectral analyser 

with a 2 laser set up (blue and red) and 24 measurement channels.  

10,000 events were recorded.  Data was analysed using Kaluza Analysis software.  

d) Detection of FSL-A2 on RBC (column agglutination test) 

FSL-A2 was detected using serological anti-A reagents and standard haemagglutination techniques. 

Haemagglutination is the clumping together of RBC to form a macroscopic aggregate+69.  This can be 

caused by the specific binding of IgM antibody cross linking an antigen expressed on the surface of 

adjacent RBC.  Haemagglutination can be used to identify the presence of an antigen on the surface of 

RBC (when a known specificity antibody is used), or to determine the specificity of an unknown antibody 

by using cells with known antigen expression.  

The presence of FSL-A2 on the surface of RBC was detected using a monoclonal IgM anti-A reagent.  If 

FSL-A2 was present on the surface of the RBC then the IgM anti-A reagent would bind to the RBC and 

cause agglutination.  Group O RBC were always used for these transfer experiments as they do not have 

the A antigen. 

Method 

1. Neutral cards (Grifols DG Gel neutral cards, cat#210343, Spain) were used and 50µL of anti-A 

monoclonal antibody reagent (Anti-A series 1, Immucor, Cat# 0006400) was dispensed into each 

well.   

2. 50µL of each RBC sample was diluted 3% v/v in ID-cellstab and then added to the appropriate 

well. 

3. The cards were incubated for 15 minutes at 22°C and then centrifuged in the Grifols DG Spin 

Centrifuge at a pre-programmed speed for 10 minutes.   

4. The reactions were graded for agglutination using the 0-4 grading system, described below. [351]   

 

Agglutination Scoring 

Scoring was assigned based on the position and pattern of cells in the well.  A negative reaction (0), where 

no agglutination has occurred, results in a pellet of cells at bottom of the column, as shown in Figure 81.  

A strong positive reaction (4+) results in a band of cells which remain at the top of the gel.  Agglutination 

reactions between these (3+, 2+, 1+) result in agglutinates which show characteristic patterns in the gel, 

as shown in Figure 81.  
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 Score Description 
 4+ Single sharp band at the top of column 
 3+ More diffuse band at top of column 
 2+ Cells spread out from top to bottom of column 
 1+ Diffuse bank at base of column 
 0 All cells at the base of column 

Figure 81 Agglu�na�on reac�ons and scoring system in CAT. A nega�ve reac�on is when all RBC pellet at the 
botom of well.  Posi�ve reac�ons are graded on a scale from 1+ to 4+.  Figure adapted from [352] 

 

 

3.3.2 Kodecyte calibration curves 

A preliminary experiment was carried out to first create a ‘kodecyte standard curve’ for each FSL 

construct.  Kodecytes were prepared by incubating RBC with a range of different concentration FSL 

dispersions (method 3.3.1a).  The FSL that transferred to the resulting kodecytes was then measured by 

agglutination or flow cytometry (methods 3.3.1 b, c, and d).  These results could later be used to estimate 

the amount of FSL that had transferred to RBC from liposome dispersions (assuming that in this case, 

when FSL alone added to RBC, that almost all FSL added binds to the RBC (unpublished Prakash)).  For 

FSL-biotin and FSL-FLRO4 PRISM GraphPad was used to interpolate FSL concentrations from the standard 

curves.  

FSL-A2 

Figure 82 shows the agglutination reactions of kodecytes prepared by incubating RBC with increasing 

concentration FSL-A2 micelle dispersions.  The strength of agglutination (from 1+ to 4+) is semi 

quantitative.  No agglutination shows that no or only a very small amount of FSL-A2 has transferred to the 

RBC. 

Agglutination of the A2-kodecytes increased with the concentration of FSL between 1-10µM.  FSL was not 

detected on the kodecytes incubated with FSL micelle/monomer at concentrations less than 

1µM,therefore  the minimum detectable FSL concentration is ≈1µM.  
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Maximum agglutination strength, 4+, was reached after incubation with approximately 8µM FSL-A2.  

Above this any increase in the amount of FSL-A2 present on RBC membrane cannot be distinguished.  

 
Figure 82 FSL-A2 kodecyte standard curve. Agglu�na�on reac�ons of FSL-A2 kodecytes with an�-A reagent in gel 
cards is shown.  Kodecytes were prepared by incuba�ng RBC with varying concentra�on FSL-A2 dispersions. This 
calibra�on curve can be used to es�mate the amount of free micelle/monomer FSL present in a liposome 
dispersion based on the detected transfer of FSL to RBC.   

 

FSL-biotin and FSL-FLRO4 

Figure 83 shows the fluorescence of kodecytes prepared by incubating RBC with increasing concentration 

FSL-biotin and FSL-FLRO4 micelle dispersions. 

A notable difference between FSL-FLRO4 and FSL-Biotin was that FSL-biotin resulted in much greater RBC 

fluorescence than FSL-FLRO4.  For example, 100 FLRO4 kodecytes had a mfi of 148 while 100 biotin 

kodecytes had mfi of 352.  However, it is likely that this difference in fluorescence is due to the different 

performance characteristics of the fluorescent labels used (fluorescein with FSL-FLRO4 versus Alexa 

Fluor™ 488 for FSL-biotin) rather than an indication of greater transfer of FSL-biotin constructs compared 

to FSL-FLRO4.   

The fluorescence of the FSL-FLRO4 and FSL-biotin kodecytes increased in a linear 

concentration-dependent manner up to ≈50µM FSL-FLRO4 and ≈75µM for FSL-biotin.  Above these 

concentrations the increase in fluorescence flattened out to reach a plateau around ≈100µM (FSL-FLRO4) 

and ≈150µM (FSL-biotin).  This plateau may be due to several factors: 

• self-quenching of fluorophores, as the concentration of FSL within the RBC membrane increases 

self-quenching may occur (FSL constructs may cluster together within the membrane further 

contributing to this effect) 
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• the plateau region may occur after the concentration of the FSL constructs reaches CMC, above 

this point FSL constructs form micelles in the supernatant.  FSL in micelle form may not transfer 

to RBC as readily as FSL  monomers. Consequently, above CMC FSL transfer to RBC may be 

significantly reduced [195].   

 

 

 

Figure 83 FSL-FLRO4 and FSL-bio�n kodecyte standard curve.  Graph showing the fluorescence of bio�n and FLRO4 
kodecytes prepared by incuba�ng RBC with varying concentra�on of FSL-bio�n or FSL-FLRO4 dispersions. FSL-bio�n 
kodecytes required addi�on of Streptavidin Alexa Fluor™ 488 for detec�on.  This calibra�on curve was used to 
es�mate the amount of free micelle/monomer FSL present in a liposome dispersion based on the detected transfer 
of FSL to RBC.  Mean ± standard devia�on, n=2.   
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3.3.3 Effect of FSL concentration and method of liposome preparation 

The aim of this experiment was to determine if transfer of FSL constructs from liposomes to RBC could be 

detected, and if so what effect, if any, the liposome preparation method (lipid mix, hydration, post 

synthesis) and FSL concentration would have on this transfer.  Figure 84 shows possible mechanisms of 

FSL transfer to RBC from liposomes (prepared by LM, H and PS methods). 

 

 
Figure 84 Possible mechanisms of FSL transfer from liposome to RBC.  Transfer of FSL from liposomes prepared by 
(a) LM, (b) H and (c) PS methods are compared. Poten�al mechansims include that (i) liposomes may fuse with RBC 
membrane, (ii) liposomes may absorb onto RBC membrane without becoming integrated, (iii) FSL constructs may 
transfer to RBC membrane by exchange during collision between liposome and RBCs or FSL constructs may diffuse 
out of liposome membrane and then transfer to the RBC membrane or (iv) transfer from FSL micelles which have 
adsorbed to the surface of the liposome, and (v) unincorporated FSL (micelle/monomer) present in dispersion may 
transfer/adsorb to the RBC (independent of liposomes).  Mechanism (iv and v) can only occur in liposomes 
prepared by H and PS methods as LM liposome dispersions contain no free micelle/monomer to adsorb to the 
surface of the liposome or to transfer RBC.  Image approximately to scale, except size of liposome ≈60nm not 
100nm.  Created with BioRender.com.  
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Method  

1. Liposome dispersions were prepared containing varying concentrations of FSL, inserted by LM, H 

and PS protocols (method 2.2.2).  

2. Liposomes were stored for 72 hours at 4°C after addition of FSL to ensure maximum insertion of 

FSL into liposome had occurred.  

3. An aliquot from each liposome dispersion was removed and incubated with an equal volume of 

washed packed RBC for 2 hours at 37°C. 

4. Transfer of FSL to RBC was then detected by flow cytometry (FSL-FLRO4 and FSL-biotin) or 

haemagglutination (FSL-A2) (methods 3.3.1 b, c, and d).   

5. RBC were also incubated with FSL micelle dispersions (labelled micelle although would have 

contained both micelles and monomers) for comparison, and with blank liposomes (containing 

no FSL) as a negative control. 

Results 

FSL-FLRO4  

The mean fluorescence intensity of RBCs (termed kodecytes) after incubation with FLRO4 liposomes and 

dispersions of FSL-FLRO4 alone (labelled micelles) are shown in Figure 85.   

PS and H liposome dispersions showed very similar transfer of FSL to RBC e.g. PS liposomes containing 

100µM FSL-FLRO4 resulted in RBC fluorescence of 1.7 mfi, while H liposomes containing 100µM FSL-FLRO4 

resulted in RBC fluorescence of only 1.5 mfi.  Transfer of FSL from H and PS liposomes to RBC was 

concentration dependent (detected levels of FSL on RBC increased with increasing FSL concentration in 

the liposome dispersion) and remained approximately linear in the concentration ranges tested.  

Very little/no transfer of FSL was observed from LM liposomes to RBC.  RBC fluorescence was ≤0.4mfi 

even after incubation with all concentration FSL-FRO4 liposomes.   

The transfer of FSL from FSL-FLRO4 micelle dispersions resulted in much greater transfer of FSL than 

liposome dispersions containing the equivalent concentration of FSL. For example, RBC incubated with 

100µM FSL-FLRO4 micelle/monomer dispersion resulted in RBC fluorescence of 148 mfi.  While RBC 

incubated with PS/H liposomes containing 100µM FSL-FLRO4 resulted in RBC fluorescence of ≈2mfi.  This 

transfer from liposome dispersion was approximately 1% of transfer from micelle transfer. 
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Figure 85 Transfer of FSL-FLRO4 from liposomes to RBC. RBC were incubated with varying concentra�on FLRO4 
liposomes (prepared by LM, H, and PS protocols) and FSL-FLRO4 dispersions (labelled micelles) for 2 hours at 37°C. 
FSL-FLRO4 was detected on RBC a�er incuba�on with H and PS, but not LM liposomes. Much greater levels of FSL 
was detected on RBC a�er incuba�on with FSL-FLRO4 dispersions (labelled micelles).  Transfer of FSL from H and PS 
liposomes to RBC was concentra�on dependent. Note change in scale a�er break in Y axis. Results show 
mean ± SD, n=2 

 

By comparing the fluorescence of RBC after incubation with liposomes with the fluorescence of RBC 

incubated with micelle FSL (kodecyte standard curve, Figure 83), the amount of FSL that transferred from 

liposomes to RBC could be estimated (values interpolated using PRISM GraphPad).  For example, RBC 

incubated with 100µM FSL-FLRO4 liposome dispersion (PS) resulted in an mfi of 1.7. By comparing to the 

micelle curve, this level of fluorescence is equivalent to transfer seen from 0.7µM FSL-FLRO4 micelle 

(assuming that the majority of FSL inserts into RBC when added alone).  Therefore, it was estimated that 

approximately 0.7µM FSL transferred from liposome dispersion to RBC, which was 0.7% of the 100µM FSL 

present in liposome dispersion.   

Table 15 shows the fluorescence of RBC after incubation with FLRO4 liposome dispersions and the 

calculated percentage transfer of FSL from liposome to RBC.  Transfer from H/PS liposomes was estimated 

to be approximately 1% of FSL present in liposome dispersion at all concentrations.  Transfer from LM 

liposomes were very low, in all cases kodecyte fluorescence was <0.4 mfi, equating to ≤0.3µM FSL 

concentration, and <1% of FSL originally present.  
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Table 15 Es�mated percentage transfer of FSL-FLRO4 from liposomes to RBC  

Liposome  Kodecyte 
fluorescence  

Calculated FSL 
on kodecyte  

Estimated FSL 
transfer 

Method of 
preparation 

FSL- FLRO4 
µM 

 mfi µM % 

LM 25  0.2 0.2 0.8% 
 50  0.2 0.2 0.4% 
 75  0.3 0.2 0.2% 
 100  0.4 0.3 0.3% 

H 25  0.1 0.2 0.8% 
 50  0.9 0.4 0.8% 
 75  1.1 0.5 0.6% 
 100  1.5 0.6 0.6% 

PS 25  0.7 0.3 1.2% 
 50  1.1 0.5 1.0% 
 75  1.5 0.6 0.8% 
 100  1.7 0.7 0.7% 

 

 

 

FSL-biotin 

The mean fluorescence intensity of RBC after incubation with biotin liposomes and FSL-biotin 

monomer/micelle dispersion, are shown in Figure 86.  Results show the same pattern of transfer as seen 

with the FSL-FLRO4; 

• Negligible transfer from LM liposomes.  

• Transfer was detected after incubation with PS and H liposomes. 

• Transfer from P and H liposomes was concentration dependent. 

• PS liposomes showed greater transfer of FSL to RBC compared to H liposomes. 

• FSL micelles resulted in significantly greater transfer to RBC. 

As observed with FSL-FLRO4 transfer of FSL-biotin from H and PS liposomes to RBC was concentration 

dependent (detected levels of FSL on RBC increased with increased FSL concentration in the liposome 

dispersion) and remained approximately linear in the concentration ranges tested.  
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PS liposomes resulted in slightly greater transfer of FSL-biotin to RBC compared to H liposomes, for 

example PS liposomes containing 100µM FSL-biotin resulted in RBC fluorescence of 55 mfi, while H 

liposomes resulted in RBC fluorescence of 22mfi.   

FSL-biotin micelle/monomer dispersions resulted in much greater transfer of FSL to RBC compared to 

liposome dispersion. For example, RBC incubated with 100µM FSL-biotin micelle/monomer dispersion 

resulted in mean fluorescence intensity of 352, while RBC incubated with 100µM liposomes PS/H resulted 

in mean fluorescence intensity of 55/22 which was 16%/6% (of micelle transfer) respectively.   

 

 
Figure 86 Transfer of FSL-bio�n from liposomes to RBC. RBC were incubated with varying concentra�on bio�n 
liposomes (prepared by LM, H, and PS protocol) and FSL-bio�n dispersions (labelled micelles) for 2 hours at 37°C. 
The presence of FSL-bio�n on the RBC was detected using streptavidin Alexa Fluor™ 488.  FSL-bio�n was detected 
on RBC a�er incuba�on with H and PS, but not LM liposomes. Much greater levels of FSL was detected on RBC a�er 
incuba�on with FSL-bio�n dispersions.  Transfer of FSL from H and PS liposomes to RBC was concentra�on 
dependent. Results show mean ± SD, n=2  

 

Table 16 shows the kodecyte fluorescence obtained after incubation with liposomes, and the calculated 

percentage of FSL that transferred from liposome dispersion to RBC (from comparison with standard 

curve Figure 83, results interpolated using PRISM GraphPad).   
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Using these calculations, it was estimated that approximately 5-9% of FSL-biotin transferred from H 

liposomes, and approximately 12-15% from PS liposome dispersions 50-100uM liposomes.  FSL-biotin 

values could not be calculated for 10 and 25µM liposomes (PS/H) and all concentration LM liposomes as 

they were too low (in all cases kodecyte fluorescence was <12 mfi, equating to <1µM FSL-biotin 

concentration, which was <1% of FSL originally present). 

Table 16 Es�mated percentage transfer of FSL-bio�n from liposomes to RBC 

Liposome 
FSL-biotin µM 

 Liposome method of preparation 

 H  PS 

  Kodecyte 
fluorescence 

mfi 

Calculated 
micelle              

µM 

% FSL  Kodecyte 
fluorescence 

mfi 

Calculated 
micelle      

µM 

% FSL 

10  3 <1 <1%  4 <1 <1% 
25  5 <1 <1%  12 <1 <1% 
50  15 2.4 5%  22 5.9 12% 
75  24 6.6 9%  35 9.9 13% 

100  22 5.9 6%  55 14.7 15% 

 

FSL-A2   

The agglutination score of RBCs (termed kodecytes) after incubation with varying concentration A2 

liposomes and FSL-A2 micelle/monomer dispersions are shown in Table 17.  Images of gel cards and 

agglutination reactions are shown in Figure 87.  Natural RBC (group A, B and O) and blank liposomes (with 

no FSL) were tested in parallel as controls and expected reactions obtained, results not shown.  

Table 17 Agglu�na�on scores of A2 kodecytes

 Sample   Agglutination Score 

   Liposome FSL-A2 concentration µM 
   10 25 50 75 100 150 

RBC + Liposomes LM  0 0 0 0 0 0 
 H  0 0 2+ 2+ 2+ 3+ 
 PS  0 0 2+ 3+ 3+ 4+ 

RBC + FSL micelles   4+ 4+ 4+ 4+ 4+ 4+ 

 

Agglutination of the kodecytes indicates that FSL-A2 is present on the RBC membrane.  No agglutination 

shows that no or only a very small amount of FSL-A2 has transferred to the RBC.   

Strong agglutination (3+ and 4+) was observed after incubation with H and PS liposomes containing 

≥25µM FSL-A2, RBC incubated with LM liposomes showed no agglutination, indicating that FSL-A2 did not 
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transfer from these liposomes to RBC.  RBC incubated with all concentrations (10-250µM) FSL-A2 

dispersions showed strong 3+ or 4+ agglutination. Transfer of FSL-A2 from PS/H liposomes to RBC showed 

the same pattern as that seen for FSL-FLRO4 and FSL-biotin.  

• Negligible transfer from LM liposomes  

• Transfer from 25-250µM PS/H liposome dispersions was observed and was concentration 

dependent.  

• PS liposomes showed slightly greater transfer of FSL to RBC compared to H liposomes.  Transfer 

was detected from 50-250µM PS liposomes, strength of agglutination reactions increased from 

2+ to  4+.  Transfer of FSL was detected from 100 and 250µM H liposomes, strength of 

agglutination reaction was 2+ to 3+.  

• Micelle/monomer FSL dispersions resulted in the greatest transfer of FSL to RBC (FSL-A2 transfer 

from all concentrations 10-250µM was observed and strength of agglutination 3+ and 4+). 

 

 

(a) Lipid Mix 

 

 

(b) Hydration 

 

 

(c) Post 
Synthesis 

Figure 87 Agglu�na�on reac�ons of A2 kodecytes.  Kodecytes were prepared by incuba�ng RBC with A2 liposomes 
prepared by (a) LM, (b) H, and (c) PS methods containing varying concentra�ons of FSL-A2 (10, 25, 50, 75, 100 and 
250µM). No transfer of FSL-A2 was seen from LM liposomes to RBC (no agglu�na�on observed).  FSL-A2 transfer 
from PS and H liposomes showed a clear correla�on to concentra�on of FSL in the liposome dispersions.  
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By comparing the kodecyte (RBC incubated with liposomes) agglutination strength obtained in this 

experiment against the kodecyte (RBC incubated with FSL micelles) standard curve curves (Figure 82) the 

amount of FSL-micelle/monomers remaining in the liposome dispersions could be estimated.  For 

example, the RBC incubated with 100µM FSL-A2 liposome dispersion (PS) showed 3+ agglutination.  The 

kodecyte standard curve shows that 3+ agglutination results from incubation of RBC with 2-6µM FSL-A2 

micelles.  Therefore approximately 2-6µM FSL-A2 transferred from liposome dispersion to RBC.  This 

equates to approximately 2-6% of the FSL (100µM) added to the original liposome dispersion.  Table 18 

shows calculations from 50-100µM liposome dispersions.   

 

Table 18 Es�mated percentage transfer of FSL-A2 from liposomes to RBC 

Liposome 
FSL A2 µM 

 Method of FSL addition to liposomes 

 H  PS 

  Agglutination Calculated 
micelle µM 

% FSL  Agglutination Calculated 
micelle µM 

% 
FSL 

50  2+ 1 2%  2+ 1 2% 
75  2+ 1 1.5%  3+ 2-6 3-8% 

100  2+ 1 1%  3+ 2-6 2-6% 
150  3+ 2-6 1-4%  4+ ≥8 ≥5% 

 

Approximately 2-8% of the FSL transfers from PS liposome dispersion to RBC, and 2% from H liposomes 

dispersions. 

 

Summary 

All three FSL constructs showed the same pattern of reactivity:  

Transfer to RBC was dependent on method of liposome preparation; 

• No/negligible transfer of FSL from LM liposomes was observed. 

• Transfer of FSL from PS and H liposome dispersions to RBC was observed. 

• Greater transfer was seen from PS liposomes than H liposomes, particularly evident for FSL-biotin 

e.g. RBC incubated with 100µM FSL biotin liposomes resulted in 67mfi (PS) and only 20mfi (H), 

RBC incubated with 150µM FSL-A2 liposomes resulted in 4+ (PS) and 3+ (H) agglutination scores. 
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Transfer of FSL from H and PS liposome dispersions to RBC was concentration dependent, greater transfer 

was observed from liposome dispersions containing higher concentrations of FSL  

Incubation with dispersions of FSL alone (labelled micelle on graphs) resulted in much higher transfer of 

FSL to RBC than seen from liposome to RBC (transfer of FSL-FLRO4 from liposome dispersions was less 

than 1% of micelle transfer, and ≤16% for FSL-biotin). 

 

Comment 

A significant difference in the transfer of FSL to RBC was observed between the three methods of liposome 

preparation.  Negligible FSL transfer was observed from LM liposomes, but a small amount of transfer was 

observed from H and PS liposomes.  

Because there was no observed transfer from LM dispersions, several mechanisms of FSL transfer to RBC 

can be excluded; significant transfer is probably not occurring by liposome adsorption/fusion to the RBC 

or transfer of FSL monomers which have integrated into the liposome membrane, Figure 88.   

An important difference between LM and PS/H liposome dispersions is that the H and PS liposome 

dispersions (in which FSL constructs are added as a micelle dispersion during liposome synthesis and the 

liposome dispersion are not subsequently washed) may contain some micelle/monomer FSL remaining in 

the liposome dispersion (which has not bound to the liposomes).  In addition, it is possible that some FSL 

may have adsorbed to the surface of PS/H liposomes (rather than integrating into the membrane).  In 

contrast LM liposome dispersions, due to their method of synthesis (see 2.2.3) contain no free FSL and all 

FSL is integrated into the liposome membrane.  

Therefore, it is hypothesised that the observed transfer of FSL to RBC from H/PS liposomes is due to either 

• unincorporated micelle/monomer FSL present in the PS/H liposome dispersions (which has been 

shown to transfer to RBC very well, see 3.1).  A dynamic equilibrium may form between FSL 

monomers, FSL micelles and FSL on liposome. 

• FSL which has adsorbed to the surface of the H/PS liposomes (but not integrated into the liposome 

membrane).  This adsorbed FSL may be able to transfer to RBC.   

Transfer may be due to one or both of these mechanisms.  
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Figure 88 Speculated mechanism of transfer of FSL from liposomes to RBC based on results. Because FSL transfer 
was not observed from (a) LM liposomes to RBC, these results suggest that transfer via mechanisms (i) (ii) and (iii) 
did not occur (or were very minimal).  It is therefore hypothesised that the observed labelling of RBC with FSL from 
(b) H and (c) PS liposome dipsersions is due to either mechanism (iv) transfer of FSL adsorbed to the surface of 
liposomes, or (v) the presence of free micelle/monomer FSL remaining in these dispersions, rather than transfer of 
FSL from liposome membrane to RBC membrane.  Image approximately to scale, except liposmes shown ≈60nm in 
diameter, not 100nm as used in this study.  Created with BioRender.com.    
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3.3.4 Preparation of washed liposomes 

The previous experiments show that a small amount of FSL transfer occurs from liposomes labelled with 

FSL by PS and H methods.  It is not possible from these results to determine whether the transfer of FSL 

from PS and H liposome dispersions is due to free FSL remaining in the supernatant, or FSL which has 

adsorbed to the surface of these liposomes.  No evidence of this second mechanism was observed in the 

TEM images.   

In order to distinguish which of these two mechanisms is occurring it is necessary for the PS/H liposome 

dispersions to be washed.   The removed supernatant could then be analysed to determine if free FSL was 

present, and the washed liposomes could be used to determine if FSL transfer to RBC was affected by 

washing/removal of supernatant).  

In the absence of access to an ultra-high centrifuge an attempt was made to wash liposomes using 

centrifugal filtration methods.  An Amicon centrifugal filter (Amicon ultra-0.5 centrifugal 30K filter device 

(Merck, Cat # UFC503024, Ireland) was trialled.  Unfortunately, this experiment was unsuccessful.  It was 

found that the liposome dispersions blocked the membranes.  Trials of additional filters with larger 

molecular weight cut offs could be explored to overcome this issue.  However, this was not able to be 

actively pursued, nor was it a focus for this research.  
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3.3.5 Effect of liposome age – 1 week 

In the previous experiment (3.3.3) transfer of FSL from liposome dispersions to RBC differed depending 

on the method of liposome preparation.  Transfer of FSL from H and PS liposome dispersions to RBC was 

observed, in contrast very little/no transfer of FSL to RBC from LM liposomes occurred.  It is hypothesised 

that the observed FSL transfer from H and PS liposome dispersions is due to the presence of free 

monomer/micelle FSL in the H and PS dispersions (rather than transfer of FSL from liposome membrane 

to RBC membrane) (mechanism (iv) shown in Figure 84).    

Results from earlier experiments (section 3.1 FSL incorporation into liposomes) showed that free 

FSL-FLRO4 and FSL-A2 is detectable in the supernatant of PS and H liposome dispersions for several days 

after synthesis (see 3.1.1 and 3.1.2 FSL incorporation into liposomes).  

Therefore, to test this hypothesis transfer of FSL from liposome dispersion to RBC was measured at various 

time points after liposome synthesis.  If this hypothesis is correct then transfer of FSL to the RBC from H 

and PS liposome dispersions should decrease during days 1-3 after synthesis (corresponding to observed 

increased FSL incorporation/association with liposomes).  Transfer should then reach a plateau around 

day 3, as shown in Figure 89.  While transfer from LM liposomes should remain low/negligible as all FSL is 

incorporated into the liposome membrane during synthesis, therefore there is no movement of FSL after 

synthesis, Figure 90.  The following experiment was carried out to establish if this decrease in FSL transfer 

to RBC could be detected.   

 

Method 

1. Liposomes containing 100µM FSL were prepared by all three methods of FSL insertion.  The 

liposomes were then immediately divided into two aliquots and stored at RT and 4°C for seven 

days.   

2. Aliquots (30µL) were removed from the liposome dispersions on days 1, 3 and 7 and incubated 

together with RBC for 2 hours at 37°C (kodecyte preparation method 3.3.1 a).   

3. The presence of FSL on the RBC was then measured by flow cytometry (FSL-FLRO4, FSL-biotin) or 

haemagglutination (FSL-A2) (see 3.3.1 b, c, and d).  
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Figure 89 Proposed mechanism for transfer of FSL to RBC from a (PS) liposome dispersion, showing change in 
transfer over �me.  (1) Immediately following addi�on of FSL to blank lipsoomes there is a high concentra�on of 
FSL micelles/monomers in supernatant available to bind to RBC.  (2) A�er liposome dispersion has been incubated 
with FSL constructs for some �me (i.e. 1 hour) more FSL constructs have incorporated into the liposomes.  The 
concentra�on of FSL micelle/monomer in supernatant has decreased, and when added to RBC there is less FSL 
available to transfer to the RBC. (3) A�er further incuba�on of liposme dipserion maximum FSL inser�on into 
liposomes has occurred, and very litle FSL remians in the liposme supernatnat.  When added to RBC very litle 
transfer of FSL to RBC is seen. Diagram approximately to scale, except liposmes shown only ≈60nm in diameter not 
100nm as synthesised in this study.  Created with BioRender.com.    
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Figure 90 Theore�cal transfer of FSL from LM liposome dispersion to RBC.   LM liposome dispersion contains no 
micelle/monomer FSL. All of the FSL is incorporated into the liposome membrane during synthesis.  There is no 
movement of FSL from monomer/micelle in supernatant into liposomes, so fluorescence of liposome dispersion 
does not change with �me.  Because there is no micelle/monomer FSL present in liposome dispersion there is no 
observed transfer of FSL-FLRO4 to the RBC at all �me points. Diagram approximately to scale, except liposmes 
shown only ≈60nm in diameter not 100nm as synthesised in this study.  Created with BioRender.com.  

 

Results – 7 days storage 

Graphs comparing the mean fluorescence intensity of RBC after incubation with 100 FLRO4 liposomes and 

100 biotin liposomes are shown Figure 91 and Figure 92. 

The transfer of FSL-biotin and FSL-FLRO4 from liposome dispersions to RBC showed similar patterns of 

reactivity;   

• Transfer of FSL from LM liposomes to RBC was not observed.   

• Transfer of FSL from PS liposomes (both FLRO4 and biotin) that were stored at 4°C, to RBC 

declined between day 1 and day 3 and then remained constant.  This reduction in transfer is likely 

due to the increasing incorporation of FSL into liposome during days 1-3, leaving less 

micelle/monomer FSL available in liposome supernatant to label the RBC. After day three 

maximum FSL insertion/adsorption with liposome has been reached (see 3.1).  

• Transfer of FSL from the PS and H liposomes that were stored at RT, was very low.  This is most 

likely because incorporation of FSL into liposome occurs much faster at RT (than 4°C), maximum 

insertion/adsorption has been reached within 24 hours (section 3.1 FSL incorporation into 

liposomes).  Very little free FSL micelle/monomer remains in these liposome dispersions to label 

the RBC.  The correlation between increasing FSL association with liposomes (results from 3.1) 

and declining transfer of FSL to RBC (this experiment) is shown in Figure 93. 

.   



198 
 

FSL-FLRO4 

a) Lipid Mix 

 
b) Hydration 

 
c) Post Synthesis 

 
Figure 91 Effect of liposome age on FSL-FLRO4 transfer.  Graphs showing the effect of liposome storage �me and 
temperature on transfer of FSL-FLRO4 from liposome to RBC. Liposomes were prepared with 100µM FSL-FLRO4 
added by (a) LM, (b) H and (c) PS method.  Transfer of FSL-FLRO4 to RBC from H and PS liposomes which had been 
stored at 4°C decreased between day 1 and day 3.  No or very litle transfer was seen from LM liposomes (both 
storage temperatures), or H and PS liposomes that were stored at RT.   
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FSL-biotin 

a) Lipid Mix 
 

 
b) Hydration 
 

 
c) Post Synthesis 
 

 
Figure 92 Effect of liposome age on FSL-bio�n transfer.  Graphs showing the effect of liposome storage �me and 
temperature on transfer of FSL-bio�n from liposome to RBC. Liposomes were prepared with 100µM FSL-bio�n 
added by (a) LM, (b) H and (c) PS method.  Transfer of FSL to RBC from H and PS liposomes that had been stored at 
4°C decreased between day 1 and day 3.  No or very litle transfer was seen from LM liposomes stored at both 
temperatures, and H and PS liposomes that had been stored at RT. (Bio�n was detected using streptavidin Alexa 
Fluor™ 488).   
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Overlay graphs, Figure 93, show the correlation between the observed decrease in FSL transfer to RBC 

(this experiment) and the observed decrease in free FSL micelle/monomer present in liposome 

dispersions (results from 3.1.1).   

Post Synthesis  
a) 

 

b) 

 
Hydration  
c) 

 

d) 

 
Lipid Mix   
e) 

 

f) 

 
 

 
Figure 93 FSL-FLRO4 overlay graphs.  Graphs showing the change in fluorescence of 100 FLRO4 liposome 
dispersions ( ) and fluorescence of RBC ( ) a�er incuba�on with liposomes.  As fluorescence of H and PS 
liposome dispersions increases (indica�ng increased FSL incorpora�on into the liposome), transfer of FSL from the 
liposome dispersion to RBC decreases.  LM liposomes showed no change in fluorescence and no FSL transfer to 
RBC. This correla�on shows that as free FSL incorporates into liposome transfer to RBC decreases.  
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FSL-A2 

Table 19 shows the agglutination scores of RBCs after incubation with 100 A2 liposomes (LM, H and PS). 

Agglutination of the kodecytes indicates that FSL-A2 is present on the RBC membrane.   

Table 19 Agglu�na�on reac�ons of A2 kodecytes. 

Sample   Agglutination Reaction 

  Liposome  
storage  

 Liposome storage time (days)* 

  temp*  2 hours 1 3 7 

RBC + liposome LM 4°C  0 0 0 0 
 H   4+ 2+ 2+ 2+ 
 PS   4+ 4+ 3+ 3+ 

        
 LM RT  0 0 0 0 
 H   4+ 2+ 2+ 2+ 
 PS   4+ 3+ 3+ 3+ 

* Temperature and length of �me that liposomes were stored (a�er their synthesis) before being used to prepare 
the kodecytes. 

 

A similar pattern of reactivity to FSL-biotin/FSL-FLRO4 was observed; 

• Transfer of FSL from LM liposomes to RBC was not observed (both temperatures and all time 

points).   

• Transfer of FSL from PS liposomes to RBC declined between day 1 and day 3 and then remained 

constant.   

• Transfer of FSL from H liposomes to RBC declined between 2 hours and day 1 then remained 

constant.   

As with FSL-FLRO4 liposomes, the decrease in agglutination strength correlated well with the results 

observed in experiment 3.1.2 FSL incorporation into liposomes.  As detected levels of free FSL-A2 in PS 

and H liposome dispersions decrease (experiment 3.1.2) the transfer of FSL to RBC also decreased (this 

experiment).  Overlay graphs are shown in Figure 94. This correlation shows that as FSL 

incorporates/associates with liposome membrane transfer to RBC decreases.  
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Post Synthesis   
a) 

 

b) 

 
Hydration   
c) 

 

d) 

 

Lipid Mix    
e) 

 

f) 

 

 
 

Figure 94 FSL-A2 overlay graphs.  Graphs showing the level of micelle/monomer present in 100 A2 liposome 
dispersion ( ) and agglu�na�on of kodecytes ( ) formed a�er incuba�on with liposomes.  A corresponding 
decrease in free FSL detected in H and PS liposome dispersions and decrease in agglu�na�on of kodecytes 
(showing decreased transfer of FSL-A2 to RBC) can be seen.  Very litle free FSL was detected in LM liposomes, and 
no FSL transfer to RBC from LM liposomes was observed. This correla�on shows that as free FSL incorporates into 
liposome transfer to RBC decreases.   
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Summary 

Results show that as FSL incorporates into the liposomes transfer of FSL to RBC declines. 

FSL was only detected on RBC after incubation with H and PS liposome dispersions.  The amount of FSL 

that transferred to the RBC from H and PS liposome dispersions decreased with increasing age of the 

liposomes.  This reduction in transfer occurred more slowly when liposomes were stored at 4°C than when 

they were stored at RT.  The reduction in labelling of RBC correlated well (as shown in overlay graphs 

Figure 93 and Figure 94) with previous experiments (section 3.1.1 and 3.1.2) that showed increasing 

FSL-A2 and FSL-FLRO4 incorporation into liposomes.  As FSL in the supernatant (micelle/monomer) 

incorporates into the liposome there is less available to bind to the RBC (Figure 91).  After incubation for 

24 hours at RT and ≈3 days at 4°C a plateau was reached after which no further change was observed (i.e. 

maximum FSL insertion has been reached).  

FSL constructs were not observed to transfer from LM liposomes to RBC.  Earlier results suggest LM 

liposome dispersions contain no ‘free’ micelle/monomer FSL (see 2.2.1), therefore movement of FSL from 

free micelle form to liposome is not observed (e.g. fluorescence of liposome dispersion does not change 

with time), and no transfer of FSL to RBC occurs (Figure 90).  It is therefore hypothesised that FSL which 

has integrated into the liposome membrane does not readily transfer to RBC (under conditions tested, 2 

hours at 37°C).  

Although the labelling of RBC with FSL from H and PS liposomes decreased with time, it did not reduce to 

the very low levels seem with LM liposomes.  This suggests that a small amount of FSL remains available 

to transfer to RBC in these dispersions. The FSL which is able to transfer to RBC may have remained in 

supernatant as ‘free’ micelle/monomers, or alternatively it may be that some FSL adsorbs to the surface 

of liposomes (rather than fully integrating into the membrane) and it is this adsorbed FSL which can 

transfer to RBC.  

 

3.3.6 Effect of liposome age – 12 weeks 

The previous experiment was then repeated and extended for 12 weeks.  This was to determine if the 

amount of FSL that transferred to the RBC would change over time.  By monitoring the transfer of FSL to 

RBC (kodecyte preparation) and comparing these results over time this method was used to indirectly 

determine if the FSL constructs were retained in the liposome membrane.  If they were not, then it was 

expected that micelle/monomer FSL in the liposome dispersion would increase, and consequently the 

transfer of FSL to RBC would also increase.  
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Method 

The method used was the same as detailed in the previous experiment (3.3.4), except liposomes were 

stored at 4°C only for 12 weeks.  Aliquots were removed to prepare kodecytes at various time points and 

the transfer of FSL to RBC measured by agglutination or flow cytometry (see 3.3.1 for methods). 

Note: the size, PDI, and zeta potential of the liposome dispersions were also measured at each time point 

and found to be stable (results shown in 3.4).   

 

Results 

FSL-A2 

Table 20 shows the agglutination scores of RBCs after incubation with 100µM FSL-A2 liposome 

dispersions.  Natural RBC and blank liposomes were tested in parallel as controls, expected reactions 

obtained, results not shown.   

Table 20 FSL-A2 transfer from liposome to RBC a�er 12 weeks storage at 4°C.  

Sample  Agglutination score 

   Liposome storage time (weeks) 
   1 2 4 8 12 

RBC + 100µM A2 liposomes LM  0 0 0 0 0 
  H  2+ 2+ 2+ 2+ 2+ 
  PS  3+ 3+ 3+ 3+ 3+ 

 

RBC incubated with LM liposomes showed no agglutination with anti-A at all time points indicating that 

no detectable transfer of FSL-A2 from LM liposomes to RBC occurred.  

In contrast, transfer of FSL-A2 was detected when RBC were incubated with PS and H liposomes.  RBC 

incubated with H liposomes showed 2+ agglutination, and those with PS liposomes showed 3+ 

agglutination.  The strength of agglutination remained unchanged over the 12 weeks.  This indicates that 

the amount of free (micelle/monomer) FSL present in the liposome dispersions did not change.   

By comparing with the standard kodecyte results (Figure 82) it can be seen that 3+ agglutination occurs 

when RBC are incubated with 4-10µM micelle FSL-A2. Incubation with  ≥10µM FSL-A2 results in RBC 

showing strong 4+ agglutination.  Therefore, it was determined that the equivalent of ≈4-10µM FSL-A2 

had transferred from the 100 A2 PS and H liposome dispersion to the RBC.  This is approximately 5-10% 

of the amount of FSL (100µM) originally added to the liposome dispersion.  Therefore, it appears that 
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approximately 5-10% of FSL-A2 added to the liposomes was able to transfer to RBC.  This FSL may have 

remained in the liposome dispersion as free FSL in the supernatant, even after 12 weeks.  Or alternatively 

it may be due to FSL which has adsorbed to the surface of liposome (rather than integrating into the 

membrane).   

These results show that majority of FSL-A2 is incorporated/associated with the liposomes and was then  

retained for the 12 weeks (when stored at 4°C in PBS). 

 

 

FSL-biotin 

Figure 95 shows RBC fluorescence after incubation with  FSL-biotin liposome dispersions which had been 

stored for up to 12 weeks at 4°C (detected via addition of streptavidin Alexa Fluor™ 488).  

 

 
Figure 95 Transfer of FSL-bio�n to RBC. Graph showing the transfer of FSL to RBC a�er incuba�on (2hours, 37°C) 
with 100 bio�n liposomes. Liposomes containing 100µM FSL-bio�n were prepared by LM, H and PS methods and 
stored for 12 weeks at 4°C. Aliquots were removed at various �me ponts and incubated for 2 hours at 37°C with 
RBC, and FSL transfer to RBC measured.  Transfer from PS and H liposomes showed an ini�al decrease during first 
week, then remained unchanged for following 11 weeks. No transfer was seen from LM liposomes. FSL-bio�n was 
detected using streptavidin Alexa Fluor™ 488. A�er inser�on FSL constructs appear to retained by liposomes. 

 

Transfer of FSL-biotin from LM liposomes was very low at all time points and did not change over the 12 

week period.  
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Transfer from H and PS liposomes decreased from week 0 to week 1 and then remained constant for the 

following 11 weeks.  The fluorescence of these RBC (weeks 1-12) was quite high, 40 mfi after incubation 

with PS liposomes and 20 mfi after incubation with H liposomes.  By comparing with the biotin kodecyte 

standard curve, Figure 83, an estimate of the amount of FSL-biotin that transferred to RBC was calculated, 

40 mfi is equivalent to ≈10µM FSL-biotin, and 20mfi correlates to ≈4µM FSL-biotin.  That is approximately 

10% and 4% of the FSL originally added to these liposome dispersions(100µM) transferred to RBC.  

These results show that majority of FSL-biotin was incorporated/associated with the liposomes and was 

then retained for the 12 weeks (when stored at 4°C in PBS). 

FSL-FLRO4 

Figure 96 shows RBC fluorescence after incubation with FSL-FLRO4 liposome dispersions which had been 

stored for up to 12 weeks at 4°C. 

 
Figure 96 Transfer of FSL-FLRO4 to RBC. Graph showing the transfer of FSL to RBC a�er incuba�on (2hours, 37°C) 
with 100 FLRO4 liposomes. Liposomes con�ning 100µM FSL-FLO4 were prepared by LM, H and PS methods and 
stored for 12 weeks at 4°C. Aliquots were removed at various �me ponts and incubated for 2 hours at 37°C with 
RBC, and FSL transfer to RBC measured. A�er an ini�al decrease in FSL transfer from PS and H liposomes during 
first week 1, transfer remained unchanged for following 11 weeks. Negligble transfer was seen from LM liposomes. 
A�er inser�on FSL constructs appear to be retained by liposome. 

 

Very little/no transfer of FSL-FLRO4 from LM liposomes to RBC was observed, even after extended 12 

week storge.  

Transfer of FSL from PS and H liposomes to RBC declined during the first week of storage.  After 1 week, 

the amount of FSL detected on RBC was very low (<1.5mfi) and did not change during the remaining 11 

weeks.  
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The fluorescence of RBC after incubation with liposomes from week 1-12 was <1.5 mfi. The amount of FSL 

micelle/monomer present in liposome dispersion was estimated to be <1µM by comparing with the 

FSL-FLRO4 kodecyte standard curve, section Figure 83.   

These results show that almost all of FSL-FLRO4 was incorporated/associated with the liposomes and was 

retained for the 12 weeks (when stored at 4°C in PBS). 

Summary 

No transfer of FSL from LM liposome dispersions to RBC was observed at all time points. 

A small amount of FSL transfer from FSL-biotin and FSL-A2 liposomes, prepared by H and PS methods, to 

RBC was observed.  After an initial decrease during week 1, the amount of FSL transferred to RBC remained 

the same between weeks 1-12.  This shows the amount of FSL micelle/monomers present within these 

liposome dispersions did not change during this time.  After incorporation into liposome during week 1 

the FSL constructs appeared to be retained by the liposomes during the remaining 12 week period.    

By comparing transfer of FSL with kodecyte standard curves, it was estimated that approximately 5-10% 

of FSL-A and FSL-biotin added to liposome dispersions transferred to RBC (during week 1-12).  This FSL 

may have remained as free micelle/monomer FSL within liposome supernatant, or it may have adsorbed 

to the surface of liposomes, without integrating into the membrane.  

In contrast to FSL-A2 and FSL-biotin, very little transfer of FSL-FLRO4 (all three methods of preparation H, 

PS and LM) to RBC was observed.  This appears to show that most of the FSL-FLRO4 constructs integrate 

into the liposome membrane and are therefore unable to transfer to the RBC.  

A possible explanation for this difference between FSL-A2/FSL-biotin (in which 10% FSL remained available 

to transfer to the RBC) and FSL-FLRO4 (<1% FSL transfer) is that FSL-FLRO4 constructs show increased 

insertion into the liposome membrane, leaving almost no FSL-FLRO4 micelles/monomers remaining in the 

dispersion available to label the RBC, or adsorbed to the liposome surface.   

FSL-FLRO4 has a short adipate spacer while FSL-A2 and FSL-biotin both have the much larger and more 

hydrophilic CMG(2) spacer.  This difference may result in different behaviour of the FSL-FLRO4 molecules 

and effect their insertion characteristics.  The CMG(2) spacer improves the hydrophilicity of FSL-A2 and 

FSL-biotin which may favour slightly increased concentration of FSL-A2 and FSL-biotin remaining as 

micelle/monomer form within the liposome dispersion.  

Another contributing factor could be the CMC of the FSL constructs.  The earlier CMC results suggested 

that FSL-FLRO4 has a much higher CMC (100-130µM) than the other two constructs (≈50µM) (see 2.1.3 
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Critical micelle concentration).  This may also affect insertion behaviour.  In this experiment FSL constructs 

were used at 100µM concentration, this is above the CMC of FSL-A2 and FSL-biotin, and at or slightly 

below the CMC of FSL-FLRO4.   

Alternatively, the detection of small quantities of FSL-FLRO4 may be less sensitive than detection of 

FSL-biotin (detected via fluorescence of streptavidin-Alexa Fluor™ 488) and FSL-A2 (haemagglutination by 

anti-A).  Fluorescein, the fluorescence head group of FSL-FLRO4, is well known to quench and photo 

bleach.   

 

3.3.7 Effect of incubation time and temperature  

In the previous experiments investigating transfer of FSL between liposomes and cells, contact time 

between liposomes and RBC was 2 hours at 37°C, see method 3.3.1a.  This method was chosen based on 

the established method to prepare kodecytes [56].  The following experiment was carried out to 

determine if longer contact times between liposomes and RBC would affect FSL transfer. Liposomes and 

RBC were incubated together for up to 6 hours at 4°C or 37°C. Aliquots were removed at various time 

points and the amount of FSL on RBC was measured.  

Method 

1. Liposome dispersions were prepared containing 100µM FSL incorporated by LM, H and PS 

protocols (method 2.2.2). The liposome dispersions were stored at 4°C for 4 days to ensure 

maximum FSL insertion into the liposomes had occurred and that minimal micelle FSL remained 

in H and PS dispersions.  

2. Equal volumes of packed RBC and liposomes were mixed together.  This mixture was then divided 

into two, one aliquot was stored at 37°C and the other at 4°C. 

3. Aliquots were removed after 1, 2, 4, and 6 hours incubation.  The resulting RBC (kodecytes) were 

analysed by flow cytometry (FSL-FLRO4 and FSL-biotin) or by haemagglutination (FSL-A2) to 

detect the presence of FSL on the kodecytes (see 3.3.1 for methods).  

4. FSL micelles and blank liposomes (containing no FSL) were tested in parallel.  

 

Results 

Graphs showing the fluorescence of RBC after incubation with FSL-FLRO4 and FSL-biotin liposomes are 

shown in Figure 97 and Figure 98. 
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FSL-FLRO4 

RBC incubated with FLRO4 liposomes continued to increase in fluorescence over the 6 hour incubation 

period at both 4°C and 37°C.  This occurred with all three types of liposomes, PS, H and LM.  However, in 

all cases the level of FSL detected on RBC remained low (<6 mfi) even after 6 hours incubation at 37°C and 

was less than 2% of the fluorescence shown by RBC incubated with micelle/monomer FSL. 

 

a) Lipid Mix b) Hydration 

  

c) Post Synthesis d) Micelle 

  

 
Figure 97 Effect of incuba�on �me and temperature on transfer of FSL-FLRO4 from liposome to RBC. Note: different 
Y axis scale of graph (d). RBC were incubated with (a, b, c) 100 FLRO4 liposomes or (d) 100µM FSL-FLRO4 
monomer/micelle dispersion at 4°C and 37°C for up to 6 hours.  Transfer of FSL-FLRO4 from liposomes to RBC 
increased with increased incuba�on �me, and was greater at 37°C than 4°C.  However, despite this increase the 
actual transfer of FSL from liposomes to RBC remained very low (<10mfi in all cases) and was less than 2% of the 
transfer observed from FSL micelle dispersion (200mfi).   
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FSL-biotin 

Graphs showing the fluorescence of RBC after varying length incubations with liposomes (a, b, c) or FSL 

micelle/monomer dispersions (d), at 4°C or 37°C are shown in Figure 98. FSL-biotin was detected by 

addition of streptavidin Alexa Fluor™ 488.  Transfer of FSL-biotin to RBC increased with increased 

incubation time, and was greater at 37°C than 4°C.   

 

a) Lipid Mix b) Hydration 

  

c) Post Synthesis d) Micelle 

  

 
Figure 98 Effect of incuba�on �me and temperature on transfer of FSL-bio�n from liposomes to RBC. Note: 
different Y axis scale on graph (d), 100x greater). RBC were incubated with (a, b, c) 100 FLRO4 liposomes or (d) 
100µM FSL-FLRO4 monomer/micelle dispersion at 4°C and 37°C for up to 6 hours.  Transfer of FSL-FLRO4 from 
liposomes to RBC increased with increased incuba�on �me, and was greater at 37°C than 4°C.  Maximum 
fluoresence was seen around 6 hours incuba�on, a�er which fluorescence remained constant or decreased.  FSL 
transfer from liposome dispersion to RBC was less than 10% of transfer seen from FSL micelle/monomer dispersion 
(600mfi). 

 

Almost no transfer of FSL from LM liposomes to RBC, at both 4°C and 37°C, was observed.  RBC 

fluorescence reached a maximum of 0.53 mfi after 6 hours at 4°C, and 7mfi after 6 hours incubation at 

37°C  This was 0.1% and 1% of the RBC fluorescence seen after incubation with FSL micelle/monomer 

dispersions at 4°C and 37°C respectively.  
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RBC incubated with H and PS liposomes at 4°C showed a small increase in FSL transfer with time, 

increasing from 2mfi to 6mfi (H) and from 4mfi to 10mfi (PS).  This was ≈2-3% of the transfer shown by 

FSL micelle/monomer dispersion.   

RBC incubated with H and PS liposomes at 37°C showed an increase in fluorescence during the first four 

hours, after which the fluorescence appeared to plateau.  This suggests maximum FSL-biotin insertion has 

been achieved after 4-6 hours incubation at 37°C.  The fluorescence of kodecytes prepared with H 

liposomes increased from 16 to 64mfi, and those prepared with PS liposomes increased  from 24 to 65 mfi.  

This was approximately 5-10% of micelle/monomer transfer. 

 

FSL-A2 

The agglutination scores of RBC after varying length incubations with A2 liposomes or FSL-A2 micelle 

dispersions at 4°C and 37°C are shown in Table 21. 

Table 21 A2 kodecyte agglu�na�on scores. Comparison of different incuba�on �mes and temperatures 
used to prepare kodecytes.  

 Sample   Agglutination Score 

  Incubation temp (°C)  Incubation time (hours) 

   1 2 4 6 

Kodecyte  LM 4 0 0 0 0 
 H  0 0 0 0 
 PS  0 0 0 0 
 Micelle  4+ 4+ 4+ 4+ 

 LM 37 0 0 0 0 
 H  0 3+ 3+ 3+ 
 PS  0 3+ 3+ 3+ 
 Micelle  4+ 4+ 4+ 4+ 

 

No transfer of FSL was observed from LM liposomes at both 4°C and 37°C and all incubation times.   

Very little transfer was observed when RBC and liposomes were incubated together at 4°C.  RBC incubated 

with the FSL micelle dispersion at 4°C showed strong agglutination (4+) after just 1 hour incubation.  

FSL transfer was observed from H and PS liposomes incubated with RBC at 37°C for 2 hours or more.  The 

strength of agglutination (3+) did not change, indicating maximum transfer had occurred within first two 

hours of incubation.   Transfer from PS and H liposome dispersions was much less than from 

micelle/monomer dispersions (≈2-10% of micelle/monomer transfer). 
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Summary 

FSL transfer from liposome dispersions was considerably less (<10%) than seen from FSL micelle 

dispersions. As observed in previous experiments FSL transfer depended on method of liposome 

preparation.  

Transfer of FSL from PS and H liposomes was observed to be time and temperature dependent; very 

little/no FSL transfer was seen when liposomes and RBC were incubated together at 4°C.  Transfer of 

FSL-FLRO4 and FSL-biotin to RBC was observed after 1 hour incubation at 37°C, and FSL-A2 after 2 hours 

at 37°C.  

Maximum transfer of both FSL-FLRO4 and FSL-biotin from liposomes to RBC was reached after 4 hours 

incubation at 37°C, after this transfer did not increase any further.  While FSL-A2 had reached maximum 

insertion within 2 hours at 37°C.   

Transfer of FSL-A2 and FSL-biotin from liposome dispersion to RBC was approximately 5-10% of transfer 

seen from FSL micelle/monomer dispersions to RBC, while transfer of FSL-FLRO4 was just 2% of 

micelle/monomer transfer.  

 

3.3.8 Effect of liposome composition – cholesterol and charge 

A final experiment was conducted to investigate if altering the lipid composition of the liposome would 

affect the transfer of FSL from liposomes to RBC.  Two additional lipid components were added – 

cholesterol and an FSL construct with a positive charge  

Cholesterol is a dominant lipid in cell membranes and is very commonly included in liposomes.  It reduces 

the fluidity of the liposome membrane and improves liposome stability and permeability characteristics.  

Because cholesterol is so commonly included in liposome compositions, an experiment was conducted to 

investigate if the presence of cholesterol would alter size, charge or transfer of FSL-FLRO4.  Cholesterol 

was added to liposomes along with FSL-FLRO4 and then compared with liposomes without cholesterol to 

determine if the characteristics of FSL transfer would be altered by its addition.  Presence of 30-40% 

cholesterol has been shown to cause domain formation in vesicles composed of PC/Chol [341] and 

cholesterol content has been shown to significantly alter post insertion of a PEG-lipid conjugate into 

liposomes [196]. 

Liposome interaction with RBC is influenced by charge.  RBC are negatively charged, and all previously 

used liposomes in this project have also been negatively charged (see 2.2.4).  An FSL construct, 
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FSL-(Me3N+)2 referred to as FSL-(+), was used to synthesise liposomes with a net positive charge.  FSL-(+) 

(GlycoNZ, New Zealand) has a positively charged functional head group, due to presence of a quaternary 

ammonium ion (more precisely, two such groups in one molecule - one compensates for the negative 

charge of phosphate, and the second actually introduces an additional positive charge), shown in Figure 

99 [253].  FSL-(+) is composed of a DOPE tail with an adipate spacer.   

 

 
Figure 99 Chemical formula of FSL-(Me3N+)2  (referred to as FSL-(+)) 

  

Positively charged liposomes were synthesised by including FSL-(+) in their composition-to determine 

what effect charge would have on the FSL transfer characteristics.  Because RBC are negatively charged, 

it was hypothesised that positive charged liposomes might enable closer contact/adsorption between 

liposome and RBC membrane (via electrostatic interaction) and facilitate increased FSL transfer. 

 

Method 

1. Liposomes were prepared composed of combinations of egg phosphatidylcholine (EPC), 

FSL-FLRO4, cholesterol and FSL-(+) as shown in Table 22. The proportions of lipid are also shown 

in Table 22 and were chosen to maintain the ratio of FSL-FLRO4 to total lipid at 120:1.   

2. Cholesterol (20 mol% of total lipid) and 1000µM FSL-(+) were added to the liposomes during the 

lipid mix stage of liposome preparation.   

3. The FSL-FLRO4 constructs (100µM) were added to the liposomes by LM, H, or PS methods 

(method 2.2.2).   

4. The size and zeta potential of the liposomes were measured by DLS analysis  

5. The prepared liposomes were then incubated with RBC for 2 hours at 37°C and the RBC were 

subsequently analysed for presence of FSL-FLRO4 by flow cytometry (using methods described in 

3.3.1).   

6. Experiment was carried out on two separate occasions, mean results shown.  
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Table 22 Liposome lipid ra�os 

Abbreviation Lipid Ratio Lipid components 

  Egg Phosphatidylcholine 
(E) 

FSL-FLRO4 
(F) 

Cholesterol 
(C) 

FSL-(+) 
(+) 

E:F 120 :1 120 1   
E:F:C 100:20:1 100 1 20  
E:F:(+) 110:10:1 110 1  10 
E: F:C: (+) 90:20:10:1 90 1 20 10 

 

 

Results 

Size 

The mean size and zeta potential of liposomes containing different lipid components are shown in Figure 

100 and Figure 101 respectively.  The mean polydispersity of the liposomes is shown in Table 23.   

 

 
Figure 100 Size of 100 FLRO4 liposomes with different lipid composi�ons. Liposomes were composed of egg 
phospha�dylcholine (E), FSL-FLRO4 (F), and FSL-(+) (+), lipid ra�os are detailed in Table 19.  100µM FSL-FLRO4 was 
added to liposomes by LM, H, and PS methods. Mean ± SD, n=2  

 

No significant variation in size of the liposomes was observed in liposomes composed of EPC and 

FSL-FLRO4 (E:F) and EPC, FSL-FLRO4 and cholesterol (E:F:C).  Much greater variation was seen in size of 

liposomes containing FSL-(+).   

The PDI of the positively charged liposomes were also slightly increased (and greater than 0.1).  This may 

reflect an increased tendency of the positively charged liposomes to aggregate.   Alternatively, the 
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presence of FSL_(+) may alter the way FSL-FLRO4 associates/incorporates into the liposomes, and/or the 

binding of ions to the surface of the liposome which could alter the observed hydrodynamic size of the 

liposome.  

 

Table 23 PDI comparison of FLRO4 liposomes with different lipid composi�ons.  

Liposome composition Mean Poly-dispersity Index (PDI) 

 Liposome Preparation Method 
 Lipid Mix Hydration Post Synthesis 

E:F 0.08 0.08 0.09 
E:F:C 0.07 0.07 0.07 
E:F:(+) 0.14 0.13 0.29 
E: F:C: (+) 0.20 0.15 0.26 

n=2 

Charge 

The liposomes containing FSL-(+) (E:C:+ and E:F:C:+) were positively charged.  The liposomes without 

FSL-(+)  (E:F and E:F:C) were negatively charged.   

 

 
Figure 101 Zeta poten�al of FLRO4 liposomes with different lipid composi�ons . Liposomes containing FSL-(+) were 
posi�vely charged, liposomes without were nega�vely charged. Liposomes were composed of egg 
phospha�dylcholine (E), FSL-FLRO4 (F), and FSL-(+) (+), lipid ra�os are detailed in Table 19.  100µM FSL-FLRO4 was 
added to liposomes by LM, H, and PS methods. Results shown are mean ± SD, n=2  
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FSL-FLRO4 transfer to RBC - effect of cholesterol 

The transfer of FSL-FLRO4 from liposomes containing 20 mol% cholesterol was compared to transfer from 

liposomes without cholesterol, results are shown in Figure 102. 

The transfer of FSL-FLRO4 from liposomes containing cholesterol (E:F:C) was compared with transfer from 

liposomes without cholesterol (E:F).  No significant difference was observed.  Slightly reduced levels of 

FSL-FLRO4 labelling of RBC was seen from PS liposomes containing cholesterol compared with PS without 

cholesterol. However, this variation was within experimental variation.  Alternatively cholesterol could be 

altering the fluidity of the liposome membrane and could also cause formation of domains/phase 

separation within the liposome membrane (see 1.5.3 Lamellar bilayer phases (thermotropic phase 

behaviour of membranes) and 1.5.5 Lateral phase separation) and this could effect FSL 

insertion/retention/transfer characteristics.   

 

 
Figure 102 Effect of cholesterol on the transfer of FSL-FLRO4 from liposome to RBC. Cholesterol did not appear to 
significantly change transfer characteris�cs of FSL-FLRO4 from liposome to RBC. Liposomes containing 100µM FSL-
FLRO4 were prepared with and without the addi�on of cholesterol, lipid ra�os are detailed in Table 19. FSL-FLRO4 
was added by LM, H and PS protocols.  Liposomes were incubated with RBC and transfer of FSL to RBC measured by 
flow cytometry. Results shown are mean ± SD, n=2  
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FSL-FLRO4 transfer to RBC - effect of positive charge 

Figure 103 compares the effect of charge on transfer of FSL-FLRO4 from liposome to RBC.  Liposomes, 

composed of egg phosphatidylcholine and FSL-FLRO4 only, were negatively charged.  The liposomes 

containing FSL-(+)  were positively charged (Figure 101).  Unlike previous experiments, liposomes which 

were positively charged resulted in almost no transfer of FSL-FLRO4 to the RBC.   

As discussed previously the observed ‘transfer’ of FSL from H and PS liposome dispersions may be due to 

the presence of micelle FSL remaining in supernatant, or FSL adsorbed to the surface of the liposome.  It 

is probably this FSL which labels/transfers to the RBC, rather than transfer of FSL that has integrated into 

the liposome membrane to RBC membrane.  Therefore, a possible explanation for these results is that the 

positively charged liposome dispersions has increased the incorporation of the negatively charged 

FSL-FLRO4 into the liposome.  Either by increasing the insertion of FSL into liposome and consequently 

decreasing free micelle/monomer FSL remaining in the supernatant, or by increasing the adsorption of 

FSL to surface of liposome.   

 

 
Figure 103 Effect of liposome charge on the transfer of FSL-FLRO4 from liposome to RBC. Liposomes containing FSL-
(+) were posi�vely charged and showed reduced transfer of FSL-FLRO4 to RBC (compared with nega�vely charged 
liposomes containing EPC and FSL-FLRO4). Liposomes were composed of egg phospha�dylcholine (E), FSL-FLRO4 
(F), and FSL-(+) (+), lipid ra�os are detailed in Table 19.  100µM FSL-FLRO4 was added to liposomes by LM, H, and 
PS methods. Results shown are mean ± SD, n=2.  
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Summary 

No significant difference was observed in the transfer of FSL-FLRO4 to RBC between liposomes containing 

cholesterol and those without cholesterol.   

Interestingly, liposomes (PS and H) with a positive charge showed reduced transfer of FSL-FLRO4 to RBC 

compared with negatively charged liposomes.  No difference was observed for LM liposomes (no transfer 

observed from both negatively and positively charged liposomes).   

Earlier results suggest that the transfer of FSL to RBC from PS and H liposome dispersions may be due to 

either residual micelle/monomer FSL which remains in the liposome dispersion or FSL adsorbed to the 

liposome surface, rather than transfer of FSL that has integrated into the liposome membrane to RBC 

membrane (see 3.3.4). Reduced transfer to RBC therefore could be caused by reduced levels of FSL 

micelle/monomer in the liposome supernatant or increased adsorption to liposome surface.  Therefore, 

a possible explanation for these results is that the positive charge has increased FSL-FLRO4 

incorporation/association with liposome which decreases the transfer to RBC.  

  



219 
 

3.4 Stability of FSL modified liposomes   

To determine if the inclusion of FSL constructs had any effect (positive or negative) on the stability of 

liposomes a 12 week experiment was designed.   

Liposomes dispersions containing 10 and 100µM of each FSL construct (FSL-A2, FSL-biotin and FSL-FLRO4) 

were prepared and stored at 4°C for 12 weeks.  At various time points aliquots were removed and the size 

and zeta potential of the liposomes was measured to determine if addition of FSL effected liposomes 

stability.   

The removed liposome aliquots were also incubated with RBC to measure the transfer of FSL from 

liposome to RBC.  This aim of this was to measure the retention of the FSL within the liposomes.  As 

labelling of RBC is postulated to be due to free FSL within the liposome dispersion (rather than transfer of 

FSL out of liposome membrane), by measuring transfer of FSL to RBC from the liposome dispersion over 

time can observe if the levels of free micelle/monomer FSL within the dispersion change with time and 

detect if FSL is remaining incorporated into liposome membrane.   

 

Method 

1. Liposomes were prepared containing 10 and 100µM FSL, added by all three insertion protocols (LM, 

H, PS) method 2.2.2.   

2. Blank liposomes, composed of egg phosphatidylcholine alone, were tested in parallel.  

3. The liposome dispersions were stored at 4°C for 12 weeks.  

4. At various timepoints a 200µL aliquot was removed from each liposome dispersion and the size, 

charge and transfer of FSL to RBC was measured;   

a) 150µL was diluted to 1.5mL with PBS for size and charge analysis by DLS.  

b) 25µL was incubated with an equal volume of washed packed RBC for 2 hours at 37°C, and transfer 

of FSL to RBC was then measured by flow cytometry or haemagglutination (method 3.3.1).  

Statistical analysis of size was carried out using PRISM GraphPad.  To determine if size of liposomes altered 

significantly over time, mean size measurements were compared to the size result from time = 0.  Two 

way ANOVA and post hoc Tukey’s test were used. The polydispersity index (PDI) is a measure of sample 

homogeneity, values <0.2 are considered acceptable and indicate a homogenous liposome dispersion.  

Each measurement was repeated three times and the mean and standard deviation reported below.   

This experiment was repeated on two separate occasions, with similar patterns of results seen.   
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3.4.1 Size 

The results obtained from all three constructs (both 10 and 100µM) showed no significant differences, 

between construct and concentration.  Therefore, representative size (Figure 103) and PDI (Table 24) 

results from 100µM FSL-biotin only are shown.  

 
 

 
Figure 104 Size of FSL-bio�n liposomes over 12 weeks. Liposomes were prepared containing 100µM FSL-bio�n 
added by LM, H and PS methods.  A very small increase in liposome size, less than 8%, was seen at week 12 in 
10µM LM and H and all three 100µM liposomes. Results shown are mean ± standard devia�on, n=3. * P>0.05 
**P>0.01  

Table 24 PDI values of FSL-bio�n (100µM) and blank lipoosmes stored for 12 weeks at 4°C 

Time (weeks) Polydispersity Index (PDI) 

 Liposome 
 Blank  LM  H  PS 

0 0.08  0.06  0.10  0.08 
2 0.09  0.09  0.10  0.08 
3 0.10  0.08  0.11  0.09 
6 0.10  0.09  0.07  0.10 
8 0.09  0.10  0.08  0.08 

12 0.10  0.10  0.05  0.08 
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The size of the liposomes did not change during first 8 weeks of storage.  There was also no change in PDI 

observed within this time.  At week 12 a slight increase in liposome size was observed in several of the 

liposomes containing FSL and one blank liposome sample.  This increase in size did not appear to be 

related to FSL concentration or method of FSL insertion.  Across the two repeats and between different 

constructs it was observed in blank liposome samples (containing no FSL), liposomes containing FSL 

inserted by all three methods (LM, H, PS) and both 10 and 100µM concentrations of FSL.   

Although statistically significant the observed increase in size was very small (between 1-8% in all cases).  

The same trend was seen when the experiment was repeated; no change in size for first 8 weeks and then 

a slight increase in size in some samples (although which liposomes increased in size varied between 

repeats).  Because the increase in size was also observed in blank liposome samples (which contained no 

FSL) this slight increase is considered unlikely to be due to FSL.  

The PDI values also showed no significant change over the 12 weeks.  This indicates that the liposome 

dispersions remained monodisperse and did not aggregate and supports the size data that the liposome 

dispersions were stable for at least the first 8 weeks of storage. 

Summary 

The addition of FSL-A2, FSL-biotin and FSL-FLRO4 did not cause any change to liposome size during first 8 

weeks of storage.  After this time point, a slight variation in liposome size was observed, but did not appear 

to be related to FSL construct inclusion.  
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3.4.2 Zeta Potential 

The following figures, Figure 105-107, show the zeta potential of FLRO4 liposomes, biotin liposomes and 

A2 liposome dispersions stored for 12 weeks at 4°C. 

FSL-FLRO4 

(a) 10µM FSL-FLRO4 liposomes 

 

(b) 100µM FSL-FLRO4 liposomes 

 
Figure 105 Zeta poten�al of FSL-FLRO4 liposomes stored for 12 weeks at 4°C. Liposomes were prepared containing 
(a) 10µM FSL-FLRO4 or (b) 100µM FSL-FLRO4.  FSL was added by LM, H and PS methods. Liposomes containing 
10µM FSL showed slight increase in nega�ve charge a�er week 3 (except H sample, which showed significant 
increase in nega�ve charge). Liposomes containing 100µM LM and PS showed no significant change in zeta 
poten�al.  

 

The FSL-FLRO4 liposomes were all negatively charged.  The zeta potential of the liposomes containing 

10µM FSL-FLRO4 remained unchanged, except for the hydration liposomes (Figure 105b), which showed 
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a small increase in negative charge after week 3, increasing from negative 2.5mV to negative 11.6mV at 

week 12.  The cause of this increase in negative charge is unknown and could be due to experimental 

error, bacterial contamination, lipid hydrolysis and/or oxidation [353].  The zeta potential of the liposomes 

containing 100µM FSL-FLRO4 did not change significantly over the 12 week period.   

 

FSL-biotin 

(a) 10µM FSL-biotin liposomes 

 
(b) 100µM FSL-biotin liposomes 

 
Figure 106 Zeta poten�al of FSL-bio�n liposomes stored for 12 weeks at 4°C. Liposomes were prepared containing 
(a) 10µM FSL-bio�n or (b) 100µM FSL-bio�n.  FSL was added by LM, H and PS methods.  No change is zeta poten�al 
was seen.  

 

The FSL-biotin liposomes were negatively charged, and their zeta potential did not change significantly 

over the 12 weeks.  
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FSL-A2 

(a) 10µM FSL-A2 liposomes 

 
(b) 100µM FSL-A2 liposomes 

 
Figure 107 Zeta Poten�al of FSL-A2 liposomes stored for 12 weeks at 4°C. Liposomes were prepared containing 
(a) 10µM FSL-A2 or (b) 100µM FSL-A2.  FSL was added by LM, H and PS methods.  Liposomes containing 10µM FSL 
showed slight increase in nega�ve charge a�er week 8.  Liposomes containing 100µM FSL showed no significant 
change in zeta poten�al.  

 

The FSL-A2 liposomes were negatively charged.  The zeta potential of these liposomes remained relatively 

constant over the 12 week period.  The liposomes containing 10µM FSL-A2, including the blank liposomes 

containing no FSL, a small increase in negative charge was seen after week 8 (Figure 107a).  However, this 

increase was very small, each sample increasing in charge by only approximately -2mV  

The liposomes containing 100µm FSL-A2 (Figure 107b) showed no significant change in zeta potential. 
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Summary 

The zeta potential of liposomes was very stable over the 12 weeks, with the exception of one sample, 

FSL-FLRO4 hydration liposomes, which showed an increase in negative charge from -2.3mV to -11.6mV.  

The cause of this increased negative charge is unknown.  Similar increases in negative charge, after more 

than four weeks storage was seen with other samples during the repeat experiment.  Possible 

explanations include lipid oxidation/hydrolysis or possible bacterial contamination of the samples.  
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Chapter 4  Discussion 

A wide variety of molecules can be conjugated to the surface of liposomes for a range of reasons, including 

to enable specific and targeted binding of liposomes to receptor molecules on specific cells [152], to 

facilitate endocytosis and intracellular delivery of bioactive molecules, to enable triggered release of cargo 

at a desired site, to reduce opsonisation and rapid removal by reticuloendothelial system and complement 

mediated destruction [73, 129].  Examples of binding ligands include antibodies, aptamers, carbohydrates, 

proteins/peptides, and small molecules such as vitamins [129].   

Currently there are 25 clinical liposome products approved by FDA and EMA [16, 23, 24].  None of these 

so far are capable of active targeting and binding to specific target cells, instead rely on passive 

mechanisms of accumulation, such as the EPR effect [148].  While considerable success has been achieved 

in vitro with active targeting of liposomes, this has not, to date, led to the same level of success in 

developing clinical products.  In vivo studies have shown that labelled liposomes result in very little 

increase to liposome efficacy compared to unlabelled liposomes [22].  Likely explanations include 

difficulties with scale up, poor correlation between animal models and humans, variation between 

patients and cancers, difficulties ensuring uniform production, and increased production costs [21, 133].  

In addition, limitations associated with conjugation strategies [73] may also contribute to this lack of 

clinical success.   

Kode technology is a rapid surface labelling technology that has been successfully used to modify and 

functionalise a range of biological and synthetic surfaces, e.g. cells, stainless steel, nanofibers, 

nitrocellulose [253].  Kode technology uses function-spacer-lipid (FSL) constructs to attach a range of 

bioactive functional groups, such as biotin, fluorophores, proteins, onto surfaces without the need for 

complex modification reactions.  Due to similarities between natural cell membranes and liposome 

membranes it was anticipated that Kode technology could be used as a novel approach to label the surface 

of liposomes. 

Prior to this research while FSL constructs had been successfully used to modify a range of cells and 

viruses, their use to modify liposomes had not been investigated.  Therefore, an opportunity existed to 

explore the possible use of Kode constructs to modify the surface of liposomes.  During this study several 

groups published studies utilising liposomes modified with Kode constructs [39, 354-360], however this 

research  project explores in detail the interaction dynamics of FSL constructs with liposomes and 

consequences of different labelling methods.  
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The aim of this research was to investigate modification of unwashed liposomes with FSL constructs.  This 

included developing methods to label liposomes with FSL constructs, synthesis and characterisation of 

FSL modified liposomes (size, charge, morphology) and evaluation of FSL insertion dynamics comparing 

effect of synthesis method, FSL type, retention and stability.   

The conclusions of this research were positive, the results demonstrated successful modification of 

liposomes with Kode technology.  Three methods of FSL addition to liposomes were evaluated, all three 

were successful.  FSL modification of liposomes did not have any significant detrimental effects to 

liposome stability or morphology.  Proof of concept that FSL constructs could be used as a method to 

modify the surface of liposomes was established.  However, there were differences in dynamics of 

insertion detected between FSL constructs and dependent on method of FSL incorporation.   

 

1. FSL construct characterisation 

Kode technology utilises function-spacer-lipid (FSL) constructs to modify biological and non-biological 

surfaces.  FSL constructs are amphiphilic molecules which are able to disperse in water and self-assemble 

onto biological surfaces, such as cell membranes, and non-biological surfaces such as stainless steel, 

nanofibers [240]. FSL constructs are composed of a functional head group (F) which is attached via a 

spacer (S) to a lipid tail group (L) [253]. Modification with these constructs is simple and is achieved by 

contact between an FSL dispersion and the surface/cell to be modified [56].  Modification is rapid, 

occurring in seconds for non-biological surfaces [241] or between 30-120 minutes at 37°C for biological 

surfaces. [57, 242].  Insertion of FSL constructs into cell membranes is believed to be due to hydrophobic 

forces (the hydrophobic lipid tail inserts into the cells phospholipid bilayer membrane) [253]. 

Three FSL constructs were used in this project; FSL-A2, FSL-biotin and FSL-fluorescein (FSL-FLRO4).  These 

were selected to have different functional head groups; glycan (FSL-A2), vitamin (FSL-biotin), and a 

fluorophore (FSL-FLRO4), and two different spacer molecules, long CMG(2) (FSL-A2 and FSL-biotin) and 

short adipate (FSL-FLRO4).  By using different functional head groups and spacer moieties it was hoped 

that any difference in interaction with liposomes caused by variation of these structures could be 

detected.   

These three FSL constructs have been well studied previously and can be detected and measured using a 

variety of relatively simple laboratory techniques such as flow cytometry, fluorescent microscopy, 

immunoassay, and haemagglutination [230, 240, 246, 253].  These constructs were used to gain an 

understanding of the interaction between liposomes and FSL constructs (proof of concept) in order to 

determine how FSL constructs can be most suitability applied to liposome modification.  Once this proof 
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of concept was established it was hoped that in the future FSL constructs could be developed with new 

functional head groups specifically designed to facilitate targeted binding of liposomes to target 

receptors/cells.   

The primary methods used to detect and measure liposomes (and FSL constructs) in this project were 

dynamic light scatter (zetasizing) and transmission electron microscopy.  For the detection and 

measurement FSL movement between liposomes and cells additional techniques such as flow cytometry, 

enzyme immunoassay, and serological haemagglutination techniques were used.  

The liposomes were used unwashed because the objective outcome was to design a simple labelling 

method using FSL constructs as a post synthesis addition to liposomes.  Therefore, unwashed liposomes 

were used so that insertion dynamics of FSL constructs could be fully understood, and the 

advantages/limitations of this methodology determined.  

The FSL modified liposome prepared in this research were used without an additional wash/purification 

step after the addition of FSL constructs.  It was hoped that FSL constructs could be applied as an ‘add on’ 

addition to fully formed liposomes without the need for additional purification (washing steps).  

Purification (washing) can be time consuming and can negatively impact the quality of final produce 

(dilution, loss of product, leakage of encapsulated materials).  Therefore, the characteristics of unwashed 

liposomes were investigated and determined.   

 

FSL characterisation 

In order to understand liposomal labelling, it was first necessary to understand solution phase FSLs 

i.e. micelles. The initial research aim was to characterise FSL constructs in aqueous solutions, particularly 

to determine if they form micelles, and if so their size, charge and critical micelle concentration.  

Previously, except for the work of Zalygin et al. [260] and Ilyushina et al. [244], these properties of FSL 

constructs had not been thoroughly investigated. By determining the behaviour of FSL constructs in 

aqueous solution it was hoped this would provide insight into their interaction with liposomes, particularly 

in the two methods where FSL constructs were added to liposomes dispersed in aqueous solution.   

When measured by dynamic light scatter nanoparticles (referred to as micelles) were detected in 

dispersions of all three FSL constructs (dispersed in PBS pH 7.4), from concentrations as low as 5µM.  

Increased concentration of FSL did not lead to increased micelle size, but rather an increase in the number 

of micelles present (in the concentration ranges tested 0-100µM). The micelles of all three constructs 

were found to have a negative zeta potential.   
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The size of the observed micelles varied between construct, FSL-A2 and FSL-biotin micelles had a diameter 

of approximately 15nm, and FSL-FLRO4 micelles 7nm. Fully extended FSL-A2 and FSL-biotin constructs 

measure approximately 9nm [260].  Because the size of micelles measured by DLS were 14/15nm in 

diameter, this suggests that FSL constructs are not in a fully extended linear end-to-end conformation (as 

the micelles would then have a greater diameter), but must instead adopt a folded conformation, as 

shown in Figure 108 [260].  The FSL-biotin results obtained in this study were in good agreement with the 

literature, Zalygin et al. [260] report the detection of FSL-biotin micelles (dispersed in PBS at a 

concentration of 100µM) of approximately 10-12nm when measured by DLS, atomic force microscopy 

and small angle X-ray scattering.  The analysis of FSL-A2 and FSL-biotin micelles had not been previously 

reported.  

 
Figure 108 Schema�c diagram of FSL-bio�n micelles. Poten�al conforma�on of FSL constructs are shown; (a) fully 
extended or (b) possible folded/bent conforma�on.  Doted line shows measured diameter (≈15nm) of the micelles 
[253].  

 

CMC 

Following detection of FSL micelles, the critical micelle concentration (the concentration where micelles 

begin to form [305]) of the three FSL constructs was investigated.  CMC was of particular interest as it has 

been reported in literature that transfer of lipid linked labelling molecules (likely to have similar 

mechanism of insertion as FSL constructs) to liposomes is reduced when molecules are in micelle 

conformation compared to monomers [195].  

Determining the CMC proved to be challenging. Variation was seen between constructs and between 

results obtained by the different methods. While the DLS size data showed that micelles were detectable 

in dispersions of all three constructs from concentrations as low as 5µM, the calculated CMC results 

ranged between 3µM to 130µM. Several factors likely contribute to this wide variation; in reality CMC is 
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not a sharply defined point, but actually occurs over a range of concentrations.  The measured CMC is 

dependent on the chosen method (different methods measure very different physical properties) and 

interpretation of the obtained data.  No single approach is universally applicable and there is no 

universally accepted method for how to interpret experimental data to determine the CMC point [62].  In 

addition, this research was limited to performing techniques using equipment that was available.   

CMC may be measured by a variety of methods including surface tension (Wilhelmy Plate, Du Nouy ring, 

Pendant drop methods)[306], electrical conductivity [307], calorimetry [308], static and dynamic light 

scattering [309, 310], and fluorescence (quenching) spectroscopy [62, 311].    

In this study multiple techniques were used, these included surface tension (pendant drop technique) 

[314, 315], fluorescent spectroscopy technique (pyrene I/II method) [320]), and dynamic light scatter 

[310].  For FSL-FLRO4 an additional method, measuring the emitted fluorescence was also carried out 

(based on concept that fluorescein self-quenches when in the molecules are close contact, such as when 

they are in a micelle configuration). 

The first techniques used was the pendant drop technique, this measures the surface tension of a liquid 

by analysing the shape of a drop of liquid suspended from a needle [314, 315].  This method was found to 

be unsuitable as there was no detectable change in surface tension of the FSL dispersions.  

The next method employed was a fluorescence spectroscopy technique (pyrene I/II method)[62].  Pyrene 

emits a characteristic fluorescent spectra in solution, (Figure 29) which is dependent on the solvent 

environment surrounding the pyrene molecule [320].  When the solution is below the surfactant CMC, 

the surfactant molecules are present as monomers and pyrene is exposed to the polar environment of 

water.  Above CMC, micelles form, and the pyrene molecules preferentially bind to the hydrophobic 

interior of the micelles which alters the emitted spectra [305].   

The CMC results obtained from this method were 48µM and 28µM for FSL-A2 and FSL-biotin respectively. 

The result for FSL-FLRO4 was considerably higher at 130µM.  However, this higher result was supported 

by the analysis of FSL-FLRO4 fluorescence; increasing concentration FSL-FLRO4 dispersions showed 

increased fluorescence until ≈100µM, above this concentration fluorescence did not change.  This result 

suggests that above this concentration (≈100µM) all additional FSL constructs form micelles (which are 

quenched and hence contribute no fluorescence). 

CMC can also be determined by analysis of the count rate data (measured number of micelles present in 

FSL dispersions of increasing concentration) obtained from DLS measurements.  This method resulted in 

a very similar CMC result for all three constructs, with calculated values falling between 14-20µM.  
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However, this result for FSL-FLRO4 was significantly less than that calculated by the fluorescent 

spectroscopy pyrene I/III technique (130µM).  

The calculated CMC of FSL-biotin (28µM by pendant drop, 14 µM by DLS) were in good agreement with 

Zalygin et al. [260] who reported CMC for FSL-biotin of 13µM in PBS measured by pyrene method.  In 

contrast, Ilyushin et al. [244] reported considerably lower CMC results for FSL-biotin and FSL-FLRO4 of 

5µM in aqueous solution, however the methodology and diluent details were not provided so comparison 

to these results is not possible.   

In summary, although a wide range of results were obtained by the various methods (particularly for 

FSL-FLRO4) the CMC of FSL-A2 probably lies within the range 20-50µM, FSL-biotin within the range of 

14-30µM, and FSL-FLRO4 in the range of  100-130µM.   

However, the results also showed that micelles were detected in dispersions of all three constructs from 

concentrations as low as 5µM, meaning in the concentrations used in this study at least some micelles 

(alongside monomers) were present in the FSL dispersions.  

 

2. Liposome synthesis and characterisation 

Liposome Synthesis 

The primary aim of this research was to establish methods to label liposomes with Kode constructs.  Three 

methods for incorporating FSL constructs into liposomes were evaluated. Liposomes in this study were 

prepared by the thin lipid film hydration method [286], followed by extrusion to form liposomes of a 

uniform size and lamellarity [4, 287].  This approach was selected because it is a well-established, simple, 

and reproducible method which requires relatively inexpensive and simple laboratory equipment. It is one 

of the most widely used methods (at laboratory scale) for liposome preparation [81, 279].  It consists of 

three steps, thin lipid film formation, lipid film hydration and extrusion, as shown in Figure 23 Liposome 

preparation via thin film hydration.  Liposomes were not washed after the addition of FSL constructs.   

Liposomes were primarily composed of EPC.  FSL constructs were added so they accounted for 

approximately one percent of the total lipid (in moles).  EPC was selected because it has a very low Tm, 

meaning that the liposome membranes were in a liquid disordered state at all temperatures utilised in 

this study.  This was considered advantageous as it allows for free movement of FSL within the liposome 

membrane. It was also hoped it would enable optimal insertion of FSL constructs, Eliasen et al. [174] 

showed that insertion of a lipid based label was increased in liposomes with more fluid membrane 

(i.e. composed of unsaturated lipids) compared to more densely packed membrane (composed of 
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saturated lipids).   It was also advantageous from a technical perspective in that all procedures including 

extrusion could be carried out at RT without the need for heating.    

The FSL constructs were incorporated into liposome by three methods, referred to as LM, H and PS.   In 

the LM method FSL constructs were added together with other lipid constituents before formation of lipid 

membrane.  In the H method FSL constructs were dispersed in the aqueous solution used to hydrate the 

dried lipid films, and finally for the PS method FSL dispersed in aqueous solution was added to preformed 

liposomes. LM and PS methods are commonly used methods to incorporate lipid linked molecules into 

liposomes  [174, 195, 196, 361].   

It was hypothesised that the addition FSL by the three methods could result in different FSL distributions 

within the liposomes. The liposomes prepared by LM method are synthesised with FSL as an integral part 

of the liposome membrane. Therefore, FSL constructs may be expressed on both interior and exterior of 

liposome and may or may not be evenly disturbed in the lipid membrane.  The drying down process can 

lead to de-mixing resulting in uneven distribution of FSL.  Liposomes prepared by H method may have FSL 

on both internal and external membrane, FSL is added during formation of liposome vesicles and 

therefore will be encapsulated within the liposome interior.  Liposomes prepared by PS method can only 

have FSL on their exterior surface.  FSL is added to fully formed liposomes in this method so can not be 

present in the liposome interior.  The liposomes prepared in this research were used unwashed, therefore 

the  H and PS liposome preparations could also contain free FSL remaining in the supernatant which has 

not incorporated with the liposomes.   

It was unknown how FSL constructs would interact with liposomes, particularly when added by PS and H 

methods.  Possibilities included that FSL constructs would not interact (no evidence was seen of this), or 

they could associate with liposomes by integrating into the liposome membrane or by adsorbing to the 

liposome surface.  It was also unknown if all of the FSL would associate with liposomes or if some would 

remain unincorporated in the liposome dispersion.  Literature shows that post insertion efficiency may 

less than 100% [147, 174, 196].  In addition, Eliasen et al. [174] reported considerable intra-batch 

heterogeneity of labelling of liposomes, including presence of approx. 10% liposomes with almost no 

label. 

Table 25 summarises the theoretical locations of FSL after addition to liposomes by the three different 

protocols: lipid mix, hydration and post synthesis.  
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Table 25 Theore�cal distribu�on of FSL constructs in liposomes prepared by LM, H and PS methods.  

Liposome FSL label characteristic  Method of Liposome Preparation 

  Lipid Mix  Post Synthesis   Hydration 

  

     

Integrated internal leaflet   -  -  
 external leaflet  -     
Adsorbed internal leaflet  - - - -  
 external leaflet  - - -   
Free  external  - - -   
 internal  - - - -  
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Characterisation of FSL modified liposomes 

An additional aim of this research was to characterise FSL modified liposomes, specifically regarding 

liposome size, charge, and morphology.   

Liposomes were synthesised with FSL added by the three methods (LM, H and PS) and their physical 

characteristics (size, charge and morphology) were measured.  The synthesised liposomes were found to 

be mostly small unilamellar liposomes approximately 100nm in size.  The addition of FSL was not found 

to cause any significant alteration to liposome size, lamellarity or stability, but did cause an increase in 

negative charge.  

The addition of FSL constructs at concentrations less than 100µM had no effect on liposome size.  Addition 

of greater concentrations (250µM) of FSL-A2 and FSL-biotin caused slight variation in liposome size.  

Notably, variations in liposome size were more pronounced when FSL was added using the post-synthesis 

method.  However, this was not unexpected behaviour as in both the H and LM methods the sizing of the 

liposomes occurs after FSL has been incorporated into the liposome.  Therefore, the sizing process adjusts 

the liposome size, including the FSL constructs, to 100nm.  In contrast, when prepared by PS method FSL 

is added to fully synthesised liposomes after they have already been sized/extruded (to 100nm).  This 

effect has been observed by other groups [361].   

The addition of FSL-FLRO4 did not alter liposome size at all concentrations tested. FSL-FLRO4 is a smaller 

construct than the other two FSL constructs (≈5nm compared to ≈9nm) for FSL-A2 and FSL-biotin, see 

Figure 33 Schematic diagram comparing size of FSL-A2, FSL-biotin and FSL-FLRO4. [253]).  

The addition of all three constructs resulted in an increased negative zeta potential of the liposomes in a 

concentration dependent manner.  Addition of FSL by the PS method resulted in the greatest increase in 

zeta potential for all three constructs, possibly due to the higher surface density of FSL on the exterior of 

liposomes prepared by this method.  

TEM analysis confirmed that the majority of liposomes were small unilamellar liposomes, with a mean 

size of approximately 100nm, although quite a wide variation in size was observed (12-320nm).  Addition 

of FSL, regardless of the FSL construct or method of insertion, did not cause any detectable alteration to 

the morphology or membrane organisation of the liposomes.   

To confirm that the functional head group of the FSL constructs remained biologically active and had not 

been negatively impacted as a result of incorporation into the liposome an EIA technique was used to 

detect FSL-A and FSL-biotin, and the fluorescence of FSL-FLRO4 was measured by spectrophotometry.   
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The results confirmed that the constructs remained biologically active, in addition several important 

observations were made.  

Firstly, of particular importance, it was observed that dispersions of FSL-FLRO4 alone (micelles/monomer) 

exhibited significantly lower levels of fluorescence (<4%) than FSL-FLRO4 liposome dispersions (see 

section 2.2.7 and  Figure 64 Fluorescence of FSL-FLRO4 liposomes.).  This is most likely because dispersions 

of FSL alone (concentrations greater than 5µM) contain both FSL monomers and micelles.  The FSL-FLRO4 

constructs in micelle formation probably self-quench due to their close proximity to each other.  It is well 

known that fluorophores can ‘self-quench’ when the fluorophore molecules are present in high 

concentration or in an aggregate state (i.e. micelle) due to their close proximity [332, 348].  This key 

observation was utilised in several later experiments to monitor the integration of FSL-FLRO4 into 

liposomes by measuring changes in fluorescence.  

Secondly, it was observed that the fluorescence of the FSL-FLRO4 liposome dispersions was dependent 

on the method by which FSL had been added, i.e. LM, H or PS (see 3.1.1 FSL incorporation into liposomes 

FSL-FLRO4).  LM liposome dispersions showed significantly greater fluorescence (5 x104 rfu) than the PS 

and H liposome dispersions (≈3-3.5 x104 rfu).  A proposed explanation for this difference in fluorescence 

was that LM liposome dispersions contain no micelles.  Because there are no micelles the dispersion has 

a higher fluorescence than H and PS liposome dispersions, which may contain some residual FSL micelles 

remaining in the liposome supernatant or adsorbed to the surface of liposomes.  The FSL micelles  are 

quenched, and hence the H/PS dispersions show slightly less fluorescence.   

The increase in fluorescence of H and PS FSL-FLRO4 liposome dispersions was observed to be 

concentration dependent until approximately 100µM.  Above this concentration fluorescence plateaued 

and no longer increased.  Interestingly, this corresponds with the calculated CMC of FSL-FLRO4 

(2.1.3 Critical micelle concentration).  It is possible that above this concentration all additional FSL 

constructs adopt a micelle conformation.  Possible explanations include that FSL transfer to the liposomes 

is reduced from micelles compared to monomer in solution, or alternatively some of the micelles 

themselves may be adsorbing to liposome.   This phenomenon has been reported in literature, where post 

synthesis labelling of liposomes is influenced by the CMC of the labelling molecules,  transfer is reduced 

above CMC of the labelling molecule [195].  
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3. Dynamics of liposome modification 

The next aim of this project was to measure the dynamics of FSL liposome modification. This included 

measuring the incorporation of FSL constructs into liposomes (primarily when added by H and PS 

methods) and also the retention of FSL constructs in liposome membrane after incorporation.   

All three methods were shown to successfully label liposomes with FSL constructs.  Maximum insertion of 

FSL constructs (into H/PS liposomes) occurred within 2 hours incubation at 37°C, 24 hours at RT and up to 

3 days at 4°C.  Experiments indicate that majority of FSL is incorporated into the liposome.  

Incorporation of FSL 

FSL added by LM method results in 100% incorporation (due to method of synthesis, all FSL is integrated 

into liposome during formation of membrane).  While incorporation of FSL into liposomes (after addition 

by PS and H methods) was found to be temperature and time dependent.  Results indicate that the 

majority of FSL becomes associated/incorporated into the liposomes.  

Incorporation of  FSL-A2 was measured using an EIA technique, which detected free FSL in the liposome 

dispersion.  Free FSL-A2 was shown to bind to the surface to microplate surface while FSL-A2 liposomes 

did not.  The presence of FSL-A2 was then detected using anti-A followed by a secondary anti-antibody 

enzyme conjugate.  A similar EIA technique (utilising streptavidin-alkaline phosphatase) was attempted 

for FSL-biotin but was unsuccessful.  Free FSL-A2 decreased rapidly in both the PS and H liposome 

dispersions during the first 24 hours and maximum insertion was reached within 2 hours at 37°C, and 

between day 1-3 when stored at RT and 4°C.  Free FSL levels declined to almost nothing, which indicates 

that almost all of the FSL incorporates into the liposomes.  No free FSL-A2 was detected in LM liposome 

dispersions.   

Incorporation of FSL-FLRO4 was measured by observing the change in fluorescence of the liposome 

dispersion after the addition of FSL-FLRO4.  As FSL-FLRO4 moved from (quenched) micelle conformation 

in supernatant into the liposome membrane, where it could move further apart and become unquenched, 

the fluorescence of dispersion increased.  Similar results to FSL-A2 were observed, maximum insertion 

occurred within 2 hours at 37°C, 4 hours at RT and 24-48 hours at 4°C.  LM liposomes showed no change 

in fluorescence and a much higher fluorescence (≈50,000 rfu) than maximum fluorescence of PS/H 

liposomes (≈30,000 rfu).   A possible explanation for this difference in fluorescence is that a small amount 

of FSL remains as micelles in PS/H liposome dispersions.  Because micelles are quenched the total 

fluorescence of the dispersion is less than LM liposome dispersions where all FSL is integrated into the 

liposome membrane. The micelles may remain in the supernatant of liposome dispersion and/or they 
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could adsorb to the external surface of the liposomes (without integrating into the membrane, and hence 

remain quenched).  

Similar insertion dynamics were observed for both FSL-A2 and FSL-FLRO4 constructs, suggesting that 

spacer and head group did not significantly affect FSL insertion into liposomes.  Maximum FSL insertion 

occurred within 2 hours at 37°C, 24 hours at RT and took up to three days at 4°C.  These results were in 

good agreement with literature where similar incorporation rates are reported for other types of 

phospholipid anchored labels added to liposomes by similar post synthesis methodology [174, 361, 362]. 

These results are similar to those previously observed for FSL insertion into cells [230, 240, 253].  Rapoport 

et al. [230] observed slightly slower incorporation of FSL-A2 into cells compared with FSL-FLRO4. This was 

not observed in this study; however, this may be due to differences in sensitivity of the EIA technique 

used in this study compared with flow cytometry method used by Rapoport.  It could also reflect 

differences in insertion kinetics between natural cell membranes and artificial liposome membranes. 

Phospholipid transfer between liposomes has been shown to occur much faster than exchange rate with 

cell membranes [197]. 

Retention of FSL labelling 

Phospholipids have been shown to spontaneously elute from liposome membranes and transfer to other 

liposomes [120-122].  The rate of transfer is dependent on a number of factors including temperature, 

phospholipid structure (fatty acid chain length and unsaturation), phase of liposome membrane and 

vesicle concentration [121, 123].  To investigate the retention of FSL constructs their transfer between 

liposomes and from liposome to cell membranes was investigated.   

Lipid such as phospholipids and cholesterol (and likely FSL constructs) can transfer between membranes 

by several mechanisms; membrane fusion, lipid exchange during collision, lipid exchange by diffusion – 

lipid dissociates from donor membrane and diffuses through aqueous supernatant to new membrane.  In 

addition, it is important to note than in this research because unwashed liposomes were used any FSL 

which remained in liposome supernatant (unincorporated with the liposomes) could also ‘transfer’ to new 

liposome/cell membrane.  

Transfer between liposomes 

An  EIA method was used to detect transfer of FSL between liposomes.  FSL-A liposomes and FSL-biotin 

liposomes were incubated together and then an EIA technique used then used to detect liposomes that 

expressed both FSL-A2 and FSL-biotin on their surface.  Liposomes containing FSL-biotin were then 

captured by binding to streptavidin coated microplate (via FSL-biotin),  then the presence of FSL-A2 was 
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detected using anti-A. Only the presence of liposomes with both constructs on their surface would cause 

a positive EIA reaction.   

Transfer between liposomes was observed and was found to be temperature and time dependent [120 ].  

Transfer was observed after 4 hours incubation at 37°C and 24 hours at RT.  Significant transfer was not 

observed at 4°C in the time frame tested (24 hours).  Contrary to expectation, transfer of FSL between 

liposomes did not appear to be influenced by the method (LM, H, PS) in which FSL was originally 

incorporated into the liposomes.   

Transfer between liposomes and RBC 

FSL transfer from liposomes to RBC was found to be dependent on method of liposome preparation.  

Negligible transfer (<1%)  was observed from LM liposomes to RBC, while up to 10% transfer was observed 

from H and PS liposomes.  

RBC were used as a model cell membrane for these experiments. RBC were selected because they are 

easy to work with, they do not require maintenance, and simple techniques can be used to detect the 

presence of FSL on their surface.  The presence of FSL-biotin and FSL-FLRO4 on RBC was measured by flow 

cytometry, while FSL-A2 was detected by reaction with standard blood grouping reagents, (monoclonal 

anti-A) which results in agglutination.   

Differences in amount of transfer was observed between FSL constructs.  It was observed that 

approximately 5-10% of FSL-A2 and FSL-biotin transferred from PS/H liposomes to RBC, while just 2% of 

FSL-FLRO4 transferred.  Transfer was temperature dependent, occurring much faster at 37°C than 4°C.  

Transfer of FSL-FLRO4 and FSL-biotin reached a maximum after 4 hours at 37°C, while FSL-A2 reached 

maximum transfer within 2 hours.  Holovati et al. [224] reported a 12% greater uptake by RBC of liposomes 

after 2 hours at 37°C than RT, and no uptake in same time period at 4°C.  Increased temperature likely 

increases the increase collision rate between RBC and liposomes and would also increase the fluidity of 

cell/liposome membranes which may create more favourable conditions for lipid transfer and/or 

membrane fusion to take place.   

Increased contact time between liposomes and RBC did not result in significant increases to this transfer, 

once maximum was reached this remained unchanged even after extended storage up to 12 weeks at 4°C 

and 6 hours at 37°C.  An important note here is that the PS and H liposome dispersions were used 

unwashed, and therefore any FSL remaining in supernatant could account for the apparent transfer of FSL 

to the RBC. 
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Because FSL transfer did not occur from LM liposomes, even after extended incubation times, this shows 

that FSL transfer to RBC is not caused by liposome/RBC fusion, or transfer of FSL which is integrated into 

the liposome membrane.  This observation is supported by literature, studies show liposomes composed 

of EPC alone do not readily induce cell/liposome fusion [51, 221, 363].   

Therefore, it was hypothesised that the observed transfer of FSL from H/PS liposomes was most likely due 

to either 

• free unincorporated FSL that has remained within the liposome dispersion.  This was in agreement 

with literature where Mare et al. [196], Eliason et al. [174] and Nag et al. [147] observed 

approximately 80% efficiency of post insertion.   

Monomers, micelles, small and/or large aggregates are known to coexist in thermodynamic 

equilibrium with each other [84, 85].  It is possible that FSL monomers, micelles and FSL labelled 

liposomes form a dynamic equilibrium and once this equilibrium has been reached the 

distribution of FSL remains unchanged (unless additional factors added to the system such as new 

membrane).  

• Alternatively, FSL added by PS/H methods may adsorb to the surface of the liposomes but does 

not become fully integrated.  It is this adsorbed FSL on the external surface of the liposome which 

is able to transfer to RBC.   

It is also possible that a combination of these mechanisms is occurring.  Without access to an ultra-high 

centrifuge the experimental results were unable to determine which of these two mechanisms were 

occurring.  Further research to establish the exact mechanism is required.  

FSL transfer was not altered by the presence of cholesterol in the liposomes but was affected by varying 

liposome charge.  The use of charged lipids can increase electrostatic attraction between oppositely 

charged membranes/vesicles which can help to increase lipid transfer  [71, 72].  However, it was found 

that the addition of positively charged FSL into liposome reduced FSL-FLRO4 transfer to RBC.  It is possible 

that the positive charge helped to increase incorporation/adsorption of the (negatively charged) FSL 

construct with the liposome, which resulted in reduced transfer to RBC. 

 

4. Stability 

The final aim of this research was to determine the stability of FSL modified liposomes.  The effect of FSL 

constructs on stability was assessed by preparing FSL labelled liposomes and storing them at 4°C for 12 

weeks.  Aliquots were removed at various intervals and the size and zeta potential of the liposomes was 
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measured.  This showed that the FSL modified liposomes were very stable, their size and charge did not 

significantly change during the first 8 weeks of storage.  At the 12 week time point some small variations 

in liposome size were observed, however this also occurred in the blank liposomes (containing no FSL) so 

was not a result of FSL modification.  

Transfer of FSL from liposome to RBC was also measured over the 12 weeks.  Earlier experiments 

established that FSL which is integrated into membrane (i.e. LM liposomes) does not readily transfer to 

RBC.  FSL transfer to RBC therefore provided an indirect method to measure the dissociation of FSL from 

liposome.  If FSL was retained by the liposome over time the transfer of FSL to RBC would remain constant. 

Any increase in transfer would indicate dissociation of FSL from liposome membrane.  This was not 

observed, after an initial decline during first 3 days, the transfer to FSL remained constant for the 12 weeks 

tested.  This indicates that the FSL was retained by liposome throughout the 12 week incubation.   

A caveat of these results is that in this research the liposomes were stored in PBS.  Therefore, these results 

may not reflect retention characteristics in the presence of serum lipids and proteins.  Münter et al. [121] 

show that dissociation of a range of fluorescent lipid labels was significantly increased in the presence of 

plasma (up to 75% increase in dissociation from liposome) compared to PBS. 

During this study several groups published studies using a variety of FSL constructs to label liposomes. In 

all cases, the FSL was added to liposomes by LM methodology [39, 354-360].  FSL constructs were used to 

study lectin binding or to tether liposomes to streptavidin surfaces to enable further studies. 

Interestingly, FSL constructs were demonstrated to facilitate liposome fusion (with liposomes and cells) 

and uptake (into H1299 cells) via lectin mediated binding [354].  

5. Limitations of Kode constructs and future research

FSL constructs were successfully used to modify the surface of liposomes in this study.  It was found that

they are well suited to this purpose (under the condition used in this study) and no significant detrimental

effects were identified.  Several limitations of this research have been identified and are discussed below.

Further work is required to fully characterise the behaviour of FSL constructs within the liposome

membrane and particularly their behaviour in systems containing plasma.  This will help to further

determine the suitability of Kode technology for use labelling liposomes intended for use as a therapeutic

product.

The primary limitation of using Kode constructs to modify the surface of liposomes is that the conjugation 

is a non-covalent method, therefore under certain circumstances, e.g. temperature, presence of serum 
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lipids/proteins, FSL constructs may dissociate from the liposome surface.   This is of particular concern for 

in vivo applications where presence of serum lipids/proteins could impact retention of FSL constructs in 

liposome membrane.  All investigations in this project were performed in PBS and therefore more 

investigation is required to determine how the presence of serum (lipids and proteins) affects the 

behaviour and characteristics of FSL modified liposomes, with particular regard to retention. 

Despite this potential limitation, Kode labelling showed good modification characteristics in this research. 

Kode modification of liposomes appeared to be very stable, remaining unchanged for up to 12 weeks 

storage at 4°C.  Transfer of the FSL constructs from liposomes to RBC was low, only approximately 2-5% 

transfer to cells after two hours incubation was observed.  This is similar to the previously observed in 

vivo elution of Kode constructs from Kode red blood cells, Oliver et al observed in vivo elution rates of 1% 

per hour [364] or 20% loss per day [266].  It should be noted that liposome survival in vivo is usually limited 

to just minutes or hours (depending on their composition) rather than days [48, 365].  Therefore, these 

observed elution rates, are unlikely to present a significant problem in the short time frame of liposome 

survival in vivo.   

A further potential limitation is the effect of FSL constructs on membrane stability and importantly 

retention of encapsulated materials within the liposome.  For FSL constructs to be an effective tool for 

labelling liposomes it is necessary that retention is not significantly reduced.  These factors were not 

investigated in this project.  Further work to determine if the addition of FSL to liposomes alters retention 

characteristics is needed.   

The effect of using different liposome lipid compositions should also be studied. In this study egg 

phosphatidylcholine was the primary phospholipid used to form liposomes.  Preparing liposomes using 

other phosphatidylcholine phospholipids should be investigated, particularly the use of phospholipids 

which have a phase transition temperature above 37°C, such as DPPC or DSPC.   This is of interest as the 

resultant liposome membrane would be in a solid ordered state at 37°C (as opposed to fluid disordered 

state) which could significantly alter FSL retention and transfer properties.  

In this study retention of FSL was investigated by observing transfer of FSL from liposome to RBC and 

between liposomes.  Future research should extend these experiments to include additional types of cells, 

this would include evaluation of their interaction with such cells and would also be impacted by liposome 

stability in presence of other lipids and proteins (present in cell culture medium).   
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The exact binding mechanisms and distribution of FSL constructs within the liposomes are unknown.  

Possibilities include incorporation of lipid tail into membrane or adsorption to the RBC without 

integration. Further studies are required to resolve this question.  This could be achieved by washing FSL 

modified liposomes to determine if this alters FSL transfer to RBC.  Further electron microscopy studies  

and confocal microscopy could also be employed to help determine the distribution of FSL in liposomes.   

The results of this initial proof of concept study are promising.  Kode technology is a rapid and simple 

method that has shown good labelling characteristics of liposomes in vitro.  Further research is necessary 

to determine the properties and characteristics of Kode modified liposomes in vivo.  Several limitations 

discussed above also require further investigation.  However, the current results and knowledge support 

the potential suitability of Kode technology  to be used to develop  therapeutic liposomes.   

 

6. Conclusions 

This research clearly demonstrated the ability of Kode constructs to modify the surface of liposomes 

without significantly altering their size, morphology or stability.   

FSL constructs were added to liposomes by three methods; lipid mix (added along with together with the 

other lipid components before formation of thin lipid film), hydration (added with aqueous solution used 

to hydrate thin lipid films), and post synthesis (added to fully formed liposomes, after extrusion).  The 

method of addition was not observed to have any effect on liposome size and morphology.  However, 

likely resulted in differences to FSL distribution within the liposome.  

LM and PS methods are recommended as most suitable.  LM has advantage that all FSL is integrated into 

the liposome membrane (so no washing is needed to remove unincorporated FSL).  However, FSL is 

distributed on both the interior and exterior of liposome membrane leading to reduced density on the 

exterior surface of liposome and can reduce encapsulation capacity.  This method also exposes functional 

head group to solvent during synthesis which may not be suitable for all molecules.  

PS method has advantage that only the liposome exterior is labelled so can result in highest density of 

labelling, in addition this method does not expose the functional head group to solvent.  When added by 

this method a small amount of FSL either remains as free FSL in liposome supernatant or adsorbed to 

liposome surface.  This unincorporated FSL can transfer to other cell membranes.  The amount varied 

depending on FSL construct (1% for FSL-FLRO4, ≈10% FSL-biotin and FSL-A2).  Insertion of FSL into 

liposomes was time and temperature dependent, maximum insertion of FSL constructs occurred within 2 

hours incubation at 37°C, 24 hours at RT and up to 3 days at 4°C.   
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This research demonstrated successful proof of concept that FSL constructs can be used to label 

liposomes.  This research could be extended to synthesise new FSL constructs with functional head groups 

selected to enable binding to specific receptors to facilitate binding of liposomes to target cells/tissues 

(active targeting).  
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