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ABSTRACT 

CHARACTERIZATION, EXCHANGE DYNAMICS, AND SUPPORTED 

BILAYER FORMATION OF PHOSPHATIDYLCHOLINE VESICLES 

 

 Liposomes and supported lipid bilayers (SLBs) are used as surrogates for cell 

membranes in a number of applications, including basic studies, in biotechnology 

applications, as nanoreactors, as sensors, and in environmental applications. It is crucial 

that the behavior of liposomes and supported lipid bilayers be understood in order that they 

may be better utilized in future applications. The effect of lamellarity and size on 

calorimetric phase transition in single component phosphatidylcholine vesicles was studied 

using nano-differential scanning calorimetry, dynamic light scattering and cryo-

transmission electron microscopy. It was determined that the two phase transition peaks, 

appearing as a doublet, are attributed to mixtures of oligolamellar and unilamellar vesicles. 

The mechanism of supported bilayer formation of lipids on silica nanoparticles was 

investigated for a system of ~100 nm silica nanoparticles and zwitterionic lipids in the form 

of ~100 nm small unilamellar vesicles (SUVs) at high and low ionic strength, as a function 

of the surface area ratios of the SUVs and silica. The effect of defects, ionic strength, and 

size on lipid exchange and transfer on nanoparticle supported bilayers was also studied. 

Exchange kinetics for SUVs decreased with increasing ionic strength, a trend that was even 

more pronounced for SLBs. Defects on SLBs were found to occur at phase boundaries 

between gel and fluid phases, in bare regions of exposed silica, and during cycling due to 

changes in lipid area at Tm. Lastly, the behavior of styrl dyes in lipid bilayers was explored. 
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Styrl dyes are a useful tool in a variety of biophysical application due to their properties 

depending on their external environment, such as a dramatic increase in their fluorescence 

in a hydrophobic environment as opposed to their fluorescence in the aqueous phase. 

Despite many applications of styrl dyes, the method of incorporation of the dyes into cell 

membranes, or vesicle model systems, is not resolved. Nano-differential scanning 

calorimetry and dynamic light scattering were used to investigate the incorporation of the 

styrl dyes into multilamellar (MLVs) and small unilamellar (SUVs) vesicles composed of 

DMPC. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Vesicles and Supported Lipid Bilayers 

Lipid bilayers and closed shell bilayers, or vesicles, are the basic constituents of biological 

cell membranes and crucial to many complex biological processes. Vesicles in the 

cytoplasm are involved in adhesion, fusion, budding, and cellular transport among other 

functions, while planar lipid bilayers form biological cell membranes. [1] Vesicles created 

through methods such as sonication or extrusion, small unilamellar vesicles (SUVs), large 

unilamellar vesicles (LUVs), and giant unilamellar vesicles (GUVs), can serve as excellent 

models of biological structures. Model membranes can form either liposomes, which are 

fully membrane-enclosed structures, or planar bilayers [2]. Despite many attributes that 

make vesicles good model systems they exhibit low mechanical stability and a tendency to 

fuse over extended periods of time. 

 Lipid bilayers can be supported on a variety of solid surfaces, such as silica, glass, or 

gold, to create supported lipid bilayers (SLBs), either in planar or particle form. They offer 

a means of studying cell-substrate interactions, immobilizing protein arrays, can be used 

as sensors and nano-reactors, as drug-delivery agents, and in environmental applications. 

SLBs formed on particles have the combined advantages of vesicles and planar SLBs with 

those of colloidal cores to provide increased stability, morphology control of final 

structures, enable preparation reproducibility, and offer a high available specific surface 

area. [3]  
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1.2 Formation of Vesicles and Supported Lipid Bilayers 

 Israelachvili et al. described vesicular self-assembly as being driven by the 

hydrophobic interaction between a lipid’s hydrocarbon tails and the hydrophilic nature of 

the head groups that causes the tails to face inwardly towards each other while the heads 

orient to face the aqueous solvent surrounding the vesicles and contained inside the vesicle. 

[4] Spontaneous vesicle formation results from the spontaneous curvature of the bilayer 

and negative Gaussian curvature. [5] Multilamellar vesicles (MLVs) are formed from lipid 

thin films by hydration above the phase transition temperature, which causes the film to 

swell, and agitation, which causes parts of the film to separate and self-close, forming 

MLVs.  

 Small unilamellar vesicles (SUVs) can be formed by several methods from MLVs, 

including sonication and extrusion. Sonication, as the name suggests, uses acoustic energy 

to disrupt the MLVs and produces small unilamellar vesicles. The size of vesicles achieved 

depends on the intensity of pressure waves used and the length of time the sample was 

sonicated. Extrusion, in which lipid is passed through a polycarbonate membrane with 

uniform pore sizes, produces unilamellar vesicles due to the energy-dissipating shearing 

forces resulting from repeating passing of lipid through the polycarbonate membranes. [6] 

 Two methods exist for the formation of supported lipid bilayers. In one, developed by 

Tamm and McConnell, “a lipid monolayer is transferred from the air-water interface onto 

a previously alkylated (i.e., hydrophobic) solid substrate” using the Langmuir-Blodgett 

technique followed by the addition of a second layer by means of the Langmuir-Schaefer 
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technique. [7] This method of forming SLBs, however, is limited to those created on planar 

surfaces. 

 The second method of SLB formation relies on lipid self-assembly, where small, highly 

unstable vesicles are adsorbed and collapse on a surface to form a supported bilayer. [8] 

This method is versatile in that it can be used on both planar and spherical surfaces, and 

has the benefit of long time stability as well as allowing for the selection of sizes based on 

the size of the spherical support. Once the vesicles had collapsed onto the surface of a glass 

bead, a single spherical bilayer enveloped the bead and is separated from the surface by a 

thin water layer. This water layer was determined to be about 1.5-2 nm by neutron 

reflection and 1H-NMR experiments. [8, 9] It acts as a cushion between the bilayer and 

substrate, which allows lipids to retain lateral mobility in both leaflets of the bilayer and 

thus to an extent properties otherwise associated with non-supported vesicles. [10] 

 Vesicles and supported lipid bilayers are useful in many applications in a variety of 

fields. However, much still remains to be understood in terms of the properties and 

mechanisms involved in vesicle and SLB formation, effects on their stability, the exact 

process that vesicles undergo from first adhering to a substrate to forming SLBs, and 

interactions both within and between the structures. This dissertation focuses on the effects 

of lamellarity and size on the phase transitions of single component phosphatidylcholine 

vesicles, the mechanism of supported bilayer formation of zwitterionic lipids on silica 

nanoparticles, lipid exchange and transfer on nanoparticle supported lipid bilayers, and the 

investigation of styrl dye behavior in lipid bilayers. 
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1. 3 Organization of the Thesis 

Chapter 2 presents the materials, methods, and techniques used throughout this dissertation 

to prepare and characterize the vesicles and nanoparticle supported lipid bilayers. 

 Chapter 3 describers the effect of lamellarity and size on calorimetric phase transitions. 

Nano-differential scanning calorimetry (nano-DSC) is a powerful tool in the investigation 

of unilamellar (small unilamellar, SUV, or large unilamellar, LUV) vesicles, as well as 

lipids on supported bilayers, since it measures the main gel-to-liquid phase transition 

temperature temperature (Tm), enthalpies and entropies. In order to assign these transitions 

in single component systems, where Tm often occurred as a doublet, nano-DSC, dynamic 

light scattering and cryo- transmission electron microscopy (cryo-TEM) data were 

compared. The two Tms were not attributable to decoupled phase transitions between the 

two leaflets of the bilayer. Instead, they were attributed to mixtures of oligolamellar and 

unilamellar vesicles, as confirmed by cryo-TEM images. Tm for the oligolamellar vesicles 

was assigned to the peak closest to that of the parent multilamellar vesicle (MLV) peak. 

The other transition was higher than that of the parent MLVs for 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), and increased in temperature as the vesicle size 

decreased, while it was lower in temperature than that of the parent MLVs for 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and decreased as the vesicle size 

decreased. These subtle shifts arose due to small differences in the values of H and S, 

since Tm is determined by their ratio (H/S). Nano-DSC measurements were not able to 

distinguish between the outer and inner leaflets of the vesicle bilayers. It was not possible 

to completely eliminate oligolamellar structures for MLVs extruded with the 200 nm pore 
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size filter, even after 120 passes, while these structures were eliminated for MLVs extruded 

through the 50 nm pore size filter. 

In chapter 4, the mechanism of SLB formation between silica beads and zwitterionic 

lipids is investigated. Bare, chemically surface modified and supported lipid bilayer (SLB) 

nanoparticles are finding expanding uses in pharmaceutical, biomedical and materials 

applications, where in vivo, in vitro or in the environment they come into contact with lipids 

in the form of cells or cellular debris, and where clustering of the nanoparticles can affect 

dosages and cellular uptake. Here, the mechanism of formation, nano-structure, state of 

aggregation and colloidal stability of SLBs for a model system consisting of ~100 nm silica 

(SiO2) nanoparticles and zwitterionic lipids in the form of ~100 nm small unilamellar 

vesicles (SUVs) is investigated at low and high ionic strengths, as a function of the surface 

area (SA) ratios of the SUVs (SASUV) and SiO2 (SASiO2). Formation of single-SLBs is 

suggested to be a bi-molecular collision event, both above and below the lipid phase 

transition temperature (Tm), between negatively charged SiO2 and neutral SUVs, with 

rupture of SUVs occurring at the vesicle sides where there is a small radius of curvature, 

followed by continued wrapping of the SiO2. At low ionic strength (5 mM NaCl), colloidal 

metastability occurs at SASUV/SASiO2 ≥ 1/1 due to residual electrostatic repulsion, and the 

nanosystem exists as independent, noninteracting particles. At high ionic strength (PBS 

buffer), precipitation occurs at SASUV/SASiO2 = 1/1 due to charge shielding, but at 

SASUV/SASiO2 ≥ 2/1, excess SUVs adsorb onto the SLBs at defects sites (bare SiO2) in the 

first SLB, restoring undulatory/protrusion forces, and thus colloidal metastability, by 

portions of the SUVs not in contact with the SLBs; for SASUV/SASiO2 = 2/1 there is an 

approximate 1/1 pairing of SUVs and SLBs above Tm, while below Tm, aggregation of 
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larger but meta-stable structures occurs. When the SASUV/SASiO2 = 2/1 nanosystems in PBS 

buffer are reheated to a temperature above Tm, separate, non-interacting particles are 

formed, suggesting that SUVs trapped on SiO2 defect sites are pinched off to form a SLB 

in the defect area, expelling a smaller SUV. 

 Chapter 5 focuses on the effect of defects, ionic strength, and size on the lipid exchange 

between nanoparticle supported lipid bilayers. Lipid exchange/transfer has been compared 

for zwitterionic 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-

dimyristoyl-d54-sn-glycero-3-phosphocholine (d-DMPC) small unilamellar vesicles 

(SUVs) and for the same lipids on nanoparticle (NP) silica (SiO2) supported lipid bilayers 

(NP-SiO2-SLBs) as a function of ionic strength, temperature, temperature cycling, and NP 

size, above the main gel-to-liquid crystal phase transition temperature, Tm, using d- and h- 

DMPC and DPPC. Increasing ionic strength decreases the exchange kinetics for the SUVs, 

but more so for the NP-SiO2- SLBs, due to better packing of the lipids and increased 

attraction between the lipid and support. When the NP-SiO2-SLBs (or SUVs) are cycled 

above and below Tm, the exchange rate increases compared with exchange at the same 

temperature without cycling, for similar total times, suggesting that defects provide sites 

for more facile removal and thus exchange of lipids. Defects can occur: (i) at the phase 

boundaries between co-existing gel and fluid phases at Tm; (ii) in bare regions of exposed 

SiO2 that form during NP-SLB formation due to mismatched surface areas of lipid and 

SiO2-NPs; and (iii) during cycling as the result of changes in area of the lipids at Tm and 

mismatched thermal expansion coefficient between the lipids and SiO2 support. Exchange 

rates are faster for NP-SLBs prepared with the nominal amount of lipid required to form a 

NP-SiO2-SLB compared with NP-SiO2-SLBs that have been prepared with excess lipids to 
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minimize SiO2 patches. Nanosystems prepared with equimolar mixtures of d-DMPC-SiO2-

NP-SLBs and h-DMPC-SUVs show that the calorimetric transition of the “donor” h-

DMPC-SUVs decreases in intensity without an initial shift in Tm, indicating that the 

“acceptor” d-DMPC-SiO2-NP-SLBs can accommodate more lipids, either through further 

fusion or insertion of lipids into the distal monolayer. Exchange for d-/h-DMPC-SiO2-NP-

SLBs is in the order 100 nm SiO2 > 45 nm SiO2 > 5 nm SiO2. 

 Finally, chapter 6 focuses on the behavior of styrl dyes in the lipid bilayer. Styrl dyes 

have found applications in a variety of biophysical studies since their properties depend on 

their external environment. However, little is known about the behavior of the dyes in terms 

of their interaction with lipid bilayers, which comprise biological cell membranes, 

including nuclei, mitochondria, and other organelles. In this work, nano-DSC and dynamic 

light scattering are used to investigate dye-bilayer interactions. The lipids studied here 

included 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (DiA-1/I), trans-4-[4-

(dibutylamino)styryl]-1-methylpyridinium iodide (DiA-4/I), and 4-Di-16-ASP (4-(4-

dihexadecylaminostyryl)-N-methylpyridinium iodide (DiA-16/I). Lipid-dye samples were 

prepared where the dye was incorporated directly into the lipid thin film, and underwent 

hydration and extrusion together with the lipid. Another set of samples was prepared by 

extruding neat lipids to form small unilamellar vesicles and then adding a dye solution to 

the SUVs. To overcome the low solubility of DiA-16/I, the I- counterion was exchange for 

the more soluble Cl- counterion. Studies conducted to find the effect of temperature on the 

uptake of dye solution by the vesicles showed that temperature did not have an effect on 

the likelihood of uptake. Exchange experiments were conducted using two populations, 

one containing neat DMPC and the other either pure DiA-16/Cl or a 10/1 mixture of 
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DMPC/DiA-16/Cl. The phase transition temperature of the DiA-16/Cl SUVs immediately 

lowered upon mixing with DMPC SUVs, suggesting that it is the DMPC that migrates 

between the vesicle populations rather than the dye entering the vesicles. 
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CHAPTER 2 

EXPERIMENTAL OVERVIEW 

 

This chapter describes the materials and techniques used in experiments conducted as part 

of this dissertation research. 

 

2.1 Materials 

Various phosphocoline lipids were used in this dissertation including 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC, 14:0 PC), 1,2-dimyristoyl-d54-sn-glycero-3-

phosphocholine (d-DMPC, 14:0 PC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC, 16:0 PC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, 18:0 PC). All 

lipids were obtained from Avanti Polar Lipids (Alabaster, AL) and used without further 

purification; their structures are shown in Figure 2.1.  Lipids for this research were selected 

due to the being most often used for model membranes, and the choices were further refined 

based on chain length. 
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1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) 

 

 

1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine (d-DMPC) 

 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

 

 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) 

Figure 2.1 Lipid structures (DMPC, d-DMPC, DPPC, DSPC). 
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Nissan Chemical Industries (Houston, TX) donated the Snowtex™ MP-1040 (100 nm 

diameter, 40 wt%, pH 9.3, specific gravity 1.20-1.22) colloidal silica (SiO2) beads (lot 

#200109) used for all experiments. All solutions and suspensions were prepared using 

HPLC grade water and chloroform, with or without 0.1 M PBS buffer (100 mM NaCl 

solution and 2 mM KCl), purchased from Fisher Chemicals (Fairlawn, NJ).  The 

manufacturer describes the production of Snowtex colloidal silica as being formed by 

“growing monodispersed, negatively charged, amorphous silica particles in water” and 

stabilization is achieved due to repulsion between negatively charged particles that result 

from a coating of OH ions on the surface forming an electric double layer with alkali ions. 

[1] 

Fluorescent dyes were obtained from Invitrogen/Life Technologies and used as-

received, including 4-Di-1-ASP (4-(4-(dimethylamino)styryl)-N-methylpyridinium 

iodide; referred to as DiA-1), trans-4-[4-(dibutylamino)styryl]-1-methylpyridinium iodide 

(referred to as DiA-4), and 4-Di-16-ASP (4-(4-dihexadecylaminostyryl)-N-

methylpyridinium iodide; referred to as DiA-16). The DiA-16/Cl was obtained from DiA-

16/I using an ion-exchange resin. Dye structures are given in Figure 2.2.  
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DiA-1/I 

 

DiA-4/I 

 

DiA-16/I 

Figure 2.2 Structures of fluorescent dyes used in this dissertation. 
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Extrusion of lipids was carried out using an Avanti Mini-Extruder from Avanti Polar Lipids 

with polycarbonate filters of 50, 100, 200 and 400 nm pore size. 

 

2.1.1 Vesicles and Supported Lipid Bilayers 

Biological membranes are composed of lipids and proteins in a ratio of approximately 

50/50. [2] Phospholipid vesicles offer a good model system for biological membranes and 

are often used as surrogates, even allowing for encapsulation of biological molecules 

within the membrane. Vesicles are formed when phospholipids spontaneously self-

assemble to produce a spherical bilayer that encapsulates the solvent. The driving force 

behind the self-assembly is the hydrophobic nature of the hydrocarbon double-chain tails, 

which causes them to congregate to minimize their contact with the surrounding aqueous 

environment, and the hydrophilic nature of the head groups, which leads to their seeking 

maximum contact with water. [3] The process of vesicle formation is depicted in Figure 

2.3.  
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Figure 2.3 Formation of vesicles from lipid thin films. (Avanti Polar Lipids, “Preparation 

of Liposomes.”  http://www.avantilipids.com/index.php?option=com_content&view= 

article&id=1384&Itemid=372) 

 

The phospholipid most frequently used for experiments in this dissertation, 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC), has a head group area of 59 Å and a 

bilayer thickness of about 5 nm. [4] A drawback to using vesicles as biological surrogates 

comes from their instability, although this can be overcome by creating supported lipid 

bilayers (SLBs) (Figure 2.4). 
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Figure 2.4 Formation of supported lipid bilayers. 

 

Supported lipid bilayers can be created in a variety of ways and on various surfaces, one 

of which is formation of a lipid bilayer on spherical amorphous silica nanoparticles (SiO2-

NPs). The silica beads increase the stability of the vesicles, while themselves remaining 

chemically inert, optically transparent, and have excellent biocompatibility. [5] The SLBs 

used in this research were created by first forming vesicles of particular sizes using the 

extrusion method followed by incubation with SiO2-NPs to coat the beads. 

 

2.2 Preparation of Vesicle Solution 

A specific amount of lipid in powder form was dissolved in approximately 4 mL of 

chloroform, then dried under a stream of nitrogen until all chloroform had evaporated and 

a uniform film remained on the bottom of the vial. The film was dried overnight in a 

vacuum oven at room temperature to remove any remaining solvent. If multiple films were 

made, they were stored in a freezer at 4 °C until needed. 

 Multilamellar vesicles (MLVs) were prepared by redispersing the lipid film in water, 

0.1 M PBS buffer (100 mM NaCl solution and 2 mM KCl), or 10 mM NaCl above the 
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phase transition temperature, Tm (55-65 °C for DMPC), for 1 – 2 hours with constant 

stirring. The multilamellar vesicles underwent five freeze-thaw cycles to downsize the 

vesicle diameters before extrusion. Small unilamellar vesicles (SUVs) were produced by 

extrusion using an Avanti mini-extruder and polycarbonate membranes of various sizes 

(50, 100, 200, and 400 nm). Lipids having concentrations between 1 and 2 mg/mL were 

passed through the appropriate filter 40 times, unless otherwise stated, to achieve uniformly 

sized vesicles.  

 In experiments where size uniformity was observed as a function of the number of 

passes through a polycarbonate membrane, it was found that a higher number of passes 

corresponded to greater consistency in vesicle size. Satisfactory monodispersity was 

repeatedly found using 40 membrane passes. Another method used to produce SUVs was 

sonication, where a tip-sonicator (Fisher Scientific Model 100 Ultrasonic Dismembrator) 

was used at different pulse sequences and run with 10 – 15 Watts of power to produce 

SUVs. 

 

2.3 Preparation of supported lipid bilayers on silica nanoparticles 

Supported lipid bilayers (SLBs) were produced using amorphous silica nanoparticles 

(SiO2-NPs, further referred to as NPs) obtained from Nissan Chemical (Houston, TX). 

Complete coverage of the beads by lipids was calculated using the total surface area of the 

nanoparticles and the surface area of the lipid headgroup (0.59 Å for DMPC). The 

nanoparticle surface area was assumed to be planar. Complete coverage of the 

nanoparticles by a single bilayer, when the surface area of the lipids in the SUV (SASUV) 

solution was equal to the total surface area of the nanoparticles (SASiO2), will be referred 
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to as 1/1 (SASUV/SASiO2). For experiments in which excess lipid was used, lipid to 

nanoparticle coverage rations will be given as 2/1, 5/1, etc. 

 Adsorption of vesicles onto the NP surface was achieved by combining equal volumes 

of vesicles and NPs. SUVs were prepared as described in section 2.2 and the NPs were 

diluted, if necessary, so that the volumes equal. It was previously found that adding small 

volumes of one of the components (either lipid or bead) could lead to instability and 

precipitation, probably due to initial inhomogeneity at mixing. [6] The SUVs and NPs were 

separately brought to the same temperature then mixed. The mixture was incubated for one 

hour at 40 °C for DMPC and 55 °C for DPPC.  

 

2.4 Exchange Experiments 

Exchange experiments were conducted using 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC, 14:0 PC) and 1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine 

(d-DMPC, 14:0 PC), both as SUVs and on silica nanoparticles (SiO2-NPs) as supported 

lipid bilayers (SLBs), as seen in the schematic in Figure 2.5. The exchange between those 

two populations was studied as a function of ionic strength, temperature, temperature 

cycling, and nanoparticles size. SUVs and SLBs of DMPC and d-DMPC were prepared as 

described in sections 2.2 and 2.3. 
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Figure 2.5 Schematic of lipid exchange between DMPC and d-DMPC SUVs (top) and 

DMPC and d-DMPC SLBs (bottom). 

 

 When shorter incubation times (<64 hours) of DMPC and d-DMPC SUVs or SLBs was 

required, the samples were loaded into the nano-DSC immediately after mixing and ramped 

to the desired temperature where they were held for a preset amount of time before 

obtaining the nano-DSC traces. New samples were used for each incubation time. 

Incubation times of more than 64 hours were carried out in an oven. Cycling experiments 

saw the samples mixed at 4 °C and transferred to the nano-DSC at 4 °C, then cycled 

between 4 °C and a temperature exceeding the highest Tm of the mixture while being held 

at each temperature for a time (10-15 min) before proceeding with data acquisition. 
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2.5 Characterization 

2.5.1 Nano Differential Scanning Calorimetry (Nano-DSC) 

Nano differential scanning calorimetry (Nano-DSC) measurements were conducted on a 

TA Instruments (New Castle, DE) Nano-DSC CSC 6300. Phase transition temperatures 

were obtained by measuring the excess power needed to maintain the same temperature in 

both the sample and reference cells. The sample cell temperature fluctuates at the phase 

transition temperature depending on the type of physical transformation taking place. For 

example, an endothermic transition from solid to liquid requires more heat to be supplied 

to the sample to maintain the same temperature as the reference cell. The total amount of 

heat released or absorbed due to the phase transition is determined from the difference 

between the sample and reference cell temperatures. The phase transition studied in this 

dissertation was the transition between an ordered gel phase and a disordered liquid 

crystalline phase of the lipids.  

 The scan rate used for all runs was 1 °C/min, and the temperature range used was 

usually within 10 °C to 50 °C. Sample concentrations of SUVs and SLBs were between 

0.5 mg/mL and 1 mg/mL, and the reference material was either water, 0.1 M PBS (100 

mM NaCl solution and 2 mM KCl) or 10 mM NaCl depending on the solvent used to 

suspend the lipid. For incubation studies comparing the effects of incubation time and 

temperature on exchange rate between SUVs and SLBs, an isothermal program was used 

to hold the samples at a selected temperature for a desired amount of time before starting 

a run. A DSC trace of neat DMPC MLVs is shown in Figure 2.6. 

 



21 

 

 

Figure 2.6 Phase transition temperature of neat DMPC MLVs obtained on a TA 

Instruments Nano-DSC CSC 6300. 

 

2.5.2 Dynamic Light Scattering (DLS) 

Size and ζ-potential measurements were conducted on a Malvern (Malvern Instrument Ltd. 

Malvern, U.K.) Zetasizer Nano-ZS, equipped with a 4mW 632.8 nm red laser and 90° 

scattering detector angle for size measurements. Samples were filtered through a 22 micron 

filter prior to loading of cells to ensure that dust and other contaminating particles were 

removed. Diameters were reported as Z-Averages or number, volume, and intensity 

averages. The Z-Average, a hydrodynamic parameter also known as the cumulants mean, 

is the most stable parameter produced by dynamic light scattering. [7]  

The autocorrelation function generated by the DLS measurement is analyzed by 

cumulants analysis, based on nonlinear least-squares (NLLS) fits of the autocorrelation 

function with Malvern’s Zetasizer Nano 4.2 software utilizing a version of the CONTIN 
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algorithm. [8] It is a moments expansion that gives as the first two terms the z-average size 

and a width parameter called the polydispersity index (PDI). The intensity distribution can 

be converted into a volume distribution or distribution describing the relative proportion of 

multiple components in a system based on their mass or volume using Mie scattering 

theory. The different types of distributions for the same sample are shown in Figure 2.7. ζ-

potentials were determined from electrophoretic mobilities using the Smoluchowski 

model.  

 

 

Figure 2.7 Dynamic light scattering in terms of Intensity, Volume, and Number averages 

for a sample of 50 nm DMPC SUVs. 

 

2.5.3 Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

The SUVs and supported lipid bilayer suspensions were prepared for cryo-TEM at 25oC 

using a Vitrobot (FEI Company), which is a PC-controlled robot for sample vitrification. 



23 

 

Quantifoil grids were used with 2 m carbon holes on 200 square mesh copper grids 

(Electron Microscopy Sciences, Hatfield, PA). A 4 μL drop of sample was placed on the 

grid surface, allowed to stand for 15 minutes, blotted to reduce film thickness, and vitrified 

in liquid ethane. The lighter side of the grid, having a lower carbon content, was used for 

the lower density materials studied in this dissertation (SUVs and SLBs). The sample was 

then transferred to liquid nitrogen for storage. Imaging was performed using a cooled stage 

JEOL JEM-2100F TEM (Model 915, Gatan Inc., Pleasanton, CA) at 200 kV. Average sizes 

by TEM were obtained by analysis of ~ 50-100 individual SUVs. 
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CHAPTER 3 

EFFECT OF LAMELLARITY AND SIZE ON CALORIMETRIC PHASE 

TRANSITIONS IN SINGLE COMPONENT 

PHOSPHATIDYLCHOLINE VESICLES 

 

3.1 Introduction 

 

Liposomes are frequently used as surrogates for cellular membranes in basic studies, as 

nanoscale reactors, as sensors, and in biotechnology applications.  Supported lipid bilayers 

(SLBs) on both planar and nanoparticle substrates have been investigated for similar 

reasons. Among the many techniques that have been used for characterization of lipid 

morphology,  differential scanning calorimetry (DSC) [1] and nano-DSC provide sensitive 

means of detecting phase transition temperatures, such as the gel (L) to liquid-crystal (L), 

Tm, of lipid vesicles, and their associated enthalpies and entropies, which reflect their 

packing properties (interactions) and alkyl chain conformations. 

Liposomes are self-closing spherical particles consisting of lipid bilayers that 

encapsulate the solvent. They can be prepared [2] as multilamellar vesicles (MLVs) [3], 

which consist of concentric bilayer spheres, or can be formed into giant (GUVs, > 1 m 

diameter) [4], large (LUVs, > 100-200 nm to 1 m in diameter) [2], small (SUVs, 20 to 

100-200 nm diameter) unilamellar and bilamellar vesicles [5]. Smaller vesicles are 

prepared by sonication [6, 7], centrifugation/ultracentrifugation [8, 9], gel filtration [10], 

and extrusion of MLVs [11-16] or GUVs [17].  A combination of freeze/thawing (to break 
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up large MLVs [18]) followed by extrusion techniques [19] is often used. Formation of 

unilamellar vesicles occurs by a process of membrane rupture and resealing during which 

there can be entrapment of small vesicles (multivesicular (MVV) or oligovesicular 

vesicles) and some lamellarity can be maintained (oligolamellar vesicles). The freeze-thaw 

(above Tm) procedure before extrusion [19] increases the proportion of unilamellar vesicles 

by causing internal lamellae of the MLVs to separate and vesiculate, reducing the number 

of closely associated bilayers passing through the filter, thus reducing the formation of 

oligolamellar vesicles [13]. The latter are evidenced by the fraction of phospholipid 

exposed to the external medium (using 13P-NMR and chemical shift reagents) [20, 21] and 

cryo-TEM images [13, 21, 22]. Multivesicular vesicles (MVVs), in which smaller vesicles 

are contained within larger vesicles have also been prepared as nested nanoreactors [23] or 

have been observed by cryogenic-transmission electron microscopy (cryo-TEM) when 

preparing SUVs/LUVs [13, 24]. A schematic of unilamellar, oligolamellar and 

multivesicular vesicles is presented in Figure 3.1. Despite the many methods of preparing 

unilamellar vesicles, and the desirability of forming uniform, well characterized 

dispersions, a simple method to assess whether unilamellarity is achieved is not available. 

For single component lipid systems, multilamellar vesicles typically show a narrow, 

main gel-to-liquid crystal phase transition (Tm) and a lower temperature pretransition (Tpre) 

characteristic of the ripple phase. Large unilamellar vesicles (LUVs) and small unilamellar 

vesicles (SUVs) show a typically broadened main phase transition, which can appear at 

slightly higher or lower temperatures [25, 26], a broadened pretransition [27, 28], and 

enthalpies of melting lower than those of the parent MLVs [29]. Similar changes have been 

observed for lipids on nanoparticle supports, where Tm broadens and shifts to a temperature 
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lower than for the parent MLVs, and there is no pretransition [30]. Double transitions, 

assigned to the proximal (near surface) and distal leaflets of single component planar 

bilayers, have also been observed [31]. 

In order to use nano-differential scanning calorimetry of vesicles to investigate 

lamellarity, lipid exchange, flip-flop between the inner and outer leaflets, 

fusion/aggregation phenomena, supported lipid bilayer formation and organization of 

lipids on solid supports, identification of the calorimetric transitions is critical. However, 

earlier calorimetry studies were hampered by the instability of the SUV preparations, which 

fused to form larger bilayer structures, before or during the calorimetry scan [25, 32, 33].  

We have observed multiple peaks in both unilamellar vesicles and SLBs that contain 

only a single lipid species. There are two possibilities, at least in the case of the single 

component vesicles. The first is that there are differences in packing between the inner and 

outer leaflets of the bilayer. The second is that double or multiple bilayers remain, 

perturbing the interactions between the single bilayers. As shown in Figure 3.1, the lipid 

headgroups can be in contact with bulk water, or can interact with interstitial water and be 

constrained on one or both sides by another lipid bilayer. In order to determine the reason 

for the observation of more than one peak in the calorimetry traces of single component 

vesicles, SUVs/LUVs were prepared using well known procedures, namely by sonication, 

freeze-thawing and extrusion. The morphology of the SUVs viewed by cryo-transmission 

electron microscopy (cryo-TEM) was compared with nano-DSC runs to determine the 

origin of the double transitions.  
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Figure 3.1 Schematic of unilamellar, oligolamellar and nested multivesicular (MVV) 

vesicles. 

 

3.2 Experimental 

3.2.1 Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14:0 PC) and DPPC: 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 16:0 PC) were obtained from Avanti 

Polar Lipids (Alabaster, AL) and used without further purification. All 

solutions/suspensions were prepared with chloroform and HPLC grade water, with or 

without 0.1 M PBS buffer (100 mM NaCl solution and 2 mM KCl), purchased from Fisher 

Chemicals (Fairlawn, NJ). An Avanti Mini-Extruder from Avanti Polar Lipids was 

employed for extrusion of the lipids, using 50, 100, 200 and 400 nm pore size 

polycarbonate filters. 
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3.2.2 Preparation of multilamellar and small/large unilamellar vesicles  

The DMPC was dissolved in chloroform and dry lipid films were formed after evaporation 

of the solutions under a stream of nitrogen and then in a vacuum oven overnight to remove 

any residual solvent. The lipid film was then redispersed in water or 0.1 M PBS buffer and 

incubated at a temperature of 45oC (above Tm of DMPC) or 55oC (above Tm of DPPC) for 

1 h with periodic shaking to form hydrated multilamellar vesicles (MLVs). Small 

unilamellar vesicles (SUVs) were obtained from the MLVs by successive extrusions for 

(without freeze thawing the MLVs) using first the 400, 200 nm, 100 nm and finally the 50 

nm diameter polycarbonate filters. In each case, approximately 1 ml of a 10 mg/ml lipid 

solution was passed back and forth for a fixed (5x, 20x, 40x, 120x) number of times as 

described in the text. SUVs were also prepared using freeze/thaw cycles and/or sonication. 

The MLVs were tip sonicated (Fisher Scientific Model 100 Ultrasonic Dismembrator), 

with  10 - 15 Watts power in an ice bath to dissipate the heat generated until a clear 

suspension was obtained, and the titanium dust removed by centrifugation (12,000 for 20 

min). The tip sonication was achieved using different pulse sequences, as described below. 

There was no loss of lipid during the extrusion process, as confirmed by phosphorus 

analysis [34-36] and LC-MS. After extrusion, additional water or salt solution was added 

to yield vesicle suspensions of 1 mg/mL. 
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3.3 Analysis 

3.3.1 Dynamic Light Scattering (DLS)  

Dynamic light scattering (DLS) measurements were obtained on a Malvern (Malvern 

Instrument Ltd. Malvern, U.K.) Zetasizer Nano-ZS at 25 oC. For the temperature dependent 

measurements, the sample was equilibrated for 1 h before each measurement. Diameters 

are reported as z-, volume or number averages. The z-average is the intensity weighted 

effective diameter- the hydrodynamic diameter that a sphere would have in order to diffuse 

at the same rate as the particle being measured. The autocorrelation function generated by 

the DLS measurement is analyzed by cumulants analysis, based on nonlinear least-squares 

(NLLS) fits of the autocorrelation function with Malvern’s Zetasizer Nano 4.2 software 

utilizing a version of the CONTIN algorithm [37]. It is a moments expansion that gives as 

the first two terms the z-average size and a width parameter called the polydispersity index 

(PDI). The intensity distribution can be converted into a volume distribution or distribution 

describing the relative proportion of multiple components in a system based on their mass 

or volume using Mie scattering theory.  

 

3.3.2 Nano-differential scanning calorimetry (Nano-DSC) 

Nano-differential scanning calorimetry (nano-DSC) measurements were obtained on a TA 

Instruments (New Castle, DE) Nano DSC-6300. Samples were scanned at heating/cooling 

rates of 1oC/min, using 1-2 mg lipid. Samples were run 5-15 min after preparation, unless 

otherwise noted, and the first heating and cooling scans are reported. However, the first 

and second heating scans were identical for the extruded vesicles, and the calorimetry 
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traces remained the same for at least 2 weeks after preparation, when kept at room 

temperature or above the phase transition temperature of the lipid.  

 

3.3.3 Cryogenic-transmission electron microscopy (cryo-TEM)  

The SUVs and supported lipid bilayer suspensions were prepared for cryo-TEM at 25oC 

using a Vitrobot (FEI Company), which is a PC-controlled robot for sample vitrification. 

Quantifoil grids were used with 2 m carbon holes on 200 square mesh copper grids 

(Electron Microscopy Sciences, Hatfield, PA). The grid was immersed in the sample, 

blotted to reduce film thickness, and vitrified in liquid ethane. The sample was then 

transferred to liquid nitrogen for storage. Imaging was performed using a cooled stage 

JEOL JEM-2100F TEM (Model 915, Gatan Inc., Pleasanton, CA) at 200 kV. Average sizes 

by TEM were obtained by analysis of ~ 50-100 individual SUVs. 

 

 

3.4 Results 

3.4.1 Nano-DSC Data 

The nano-DSC data for DMPC MLVs, and SUVs prepared by extrusion through a 400 nm 

polycarbonate filter (40 x), or extrusion through a 200 nm (40x) filter and the same sample 

further extruded through 100 (40 x) and 50 nm (40 x) polycarbonate filters in water are 

presented in Figure 3.2. The same trends (Figure 3.3, Table 3.1) were obtained for vesicles 

prepared in 0.1 M PBS buffer. A sample (in water) in which the MLVs were freeze-thawed 

5 times, followed by extrusion with a 100 nm pore size filter 40x had the same nano-DSC 

trace as the sample extruded using the 200 nm (40x) and 100 nm (40x) pore size filters. 
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DMPC MLVs were also tip sonicated for two pulse sequences (Figure 3.4), 1 min on/30 

sec off pulse sequence for 15 cycles (~20 min), and 20 sec on/10 sec off for 55 minutes 

total.  

 

 

 

 

Figure 3.2 Nano-DSC plots (1st heating and cooling cycles) of DMPC MLVs and SUVs in 

water extruded sequentially through 200 nm (40 x); 100 nm (40 x) - same plot was obtained 

for freeze/thawed MLVs extruded 40x through 100 nm filter; and 50 nm (40 x) 

polycarbonate filters. 
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Figure 3.3 Nano-DSC plots of DMPC MLVs and SUVs in 0.1 M PBS buffer extruded 

sequentially through 200 nm (40 x); 100 nm (40 x)- same plot was obtained for 

freeze/thawed MLVs extruded 40x through 100 nm filter; and 50 nm (40 x) polycarbonate 

filters. 

 

Table 3.1 Sizes of vesicles as a function of sonication time 

Time (min) Dz PD Intensity Volume Number 

      

0 100.6 0.415 258.5 111.0 30.7 

7 103.3 0.445 275.3 111.8 30.0 

15 103.2 0.444 247.7 97.7 31.6 

22 101.1 0.431 249.6 94.8 29.0 

29 98.5 0.407 249.1 98.0 28.9 
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Figure 3.4 Nano-DSC plots of tip sonicated DMPC SUVs after 15 and 100 cycles. 

 
 

The DMPC MLVs appear as a single asymmetric peak, while the extruded DMPC 

SUVs/LUVs are observed at two or one temperature(s), and the sonicated DMPC SUVs 

also exhibit two peaks. For the extruded/sonicated DMPC SUVs/LUVs: (i) the transition 

at lower temperature remains approximately constant, at the same temperature as the MLV 

transition; (ii) the transition at higher temperature shifts to higher temperatures as the pore 

size of the filter used for extrusion decreases; (iii) the intensity of the high temperature 

transition increases with respect to that at lower temperature as the pore size of the filter 

used for extrusion decreases; (iv) the higher temperature peak is the only one observed for 

SUVs where the 50 nm filter was used; and (v) for the tip sonicated SUVs the transition at 

higher temperature increases with respect to that at lower temperature (near the MLV 

transition) as the length of sonication time increases. The width of the peaks, particularly 
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the MLV transition, is broader than is observed at slower scan rates. At 0.5oC/min, T1/2 = 

0.56oC [30] and at 0.08oC/min it is 0.12oC [38]. 

When DMPC MLVs are extruded through a 200 nm for different numbers of passes, 

similar trends are observed (Figure 3.5); the same results (Figure 3.6) were obtained with 

extrusion through the 400 nm filter. The higher temperature peak increases with respect to 

the lower temperature peak as the number of passes through the extruder increases, but 

both peaks remain at the same temperatures on both the heating and cooling cycles. 

 

 

 

 

Figure 3.5 Nano-DSC plots of DMPC MLVs and SUVs in water extruded 20 x, 40 x and 

120 x through 200 nm polycarbonate filters. 
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Figure 3.6 Nano-DSC plots of DMPC MLVs and SUVs in water extruded 20 x, 40 x and 

120 x through 400 nm polycarbonate filters. 

 

On the heating cycle of the MLVs, the gel-to-liquid phase transition temperature has 

an abrupt start and a high temperature tail, while on the cooling cycle, the reverse occurs, 

effects that have been attributed to the slow response time of the calorimeter compared 
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with the time scale of the transition [29]. The peak position on the cooling curve is therefore 

~ 0.3-0.5 oC higher than on the heating cycle. However, at slower scan rates (0.5 oC/min), 

the difference between Tm and Tc is only 0.1oC [30].  In the case of the SUVs/LUVs, the 

start of the melt transition is more gradual, but the high temperature tail coincides with that 

of the MLVs. On the cooling cycle, the SUVs/LUVs undergo the liquid crystal-to-gel 

transition at higher temperatures than the MLVs, and as occurred in that case, the peak 

transitions on the cooling cycles occur at (~ 0.3-0.5oC) higher temperatures than on the 

heating cycles for both transitions. For SUVs/LUVs extruded with the same pore size filter, 

the high temperature peak has greater intensity than the low temperature peak on the 

heating than on the cooling cycle, and as for the MLVs, this is attributed to the slow 

response time of the calorimeter compared with the time scale of the transition [29].  

The Tm, Tc values, enthalpy change upon gel to liquid crystalline phase (for heating, 

Hm and cooling Hc) for the SUVs and MLVs in water are presented in Table 3.2. H 

(total) andS (total) were obtained from the integrated areas of the two nano-DSC peaks 

for the SUVs/LUVs, obtained on the first heating and cooling cycles. The values of Hm 

and Hc are the same for 1st heating/1st cooling cycle of each SUV/LUV or MLV prepared 

under the same conditions; error bars indicate values obtained for same sample run 3 times.  

Further, both H (total) and S (total)decrease with decreased vesicle size, as previously 

reported for Hm [39]. The values measured here are in reasonable agreement with those 

for DMPC MLVs (Hm = 5.5-6.2  kcal/mol, including the pretransition [32]) and 

(sonicated) SUVs (Hm = 3.8 kcal/mol [32] [39]). As in the case of sonicated DODAB 

vesicles [40], cooling (here for 1 week) at 4oC resulted in an increase in H, but the shape 

of the nanoDSC plots remained the same. 
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Table 3.2 Tm, Tc and ΔHm, ΔHc for DMPC SUVs and MLVs in water. 

Pore Filter Size 50 nm 100 nm 200 nm MLVs 

heating cycle (1st) 

Tm (peak 1) oC (22.3) 23.4±0.1 23.4 23.4 

Tm (peak 2) oC 24.0 23.9 23.7  

Hm (total) kcal/mol 3.8 4.5±0.3 5.0 5.3 

Sm (total) kcal/(mol K) 0.013 0.015 0.017 0.018 

Sm (total)  J/(mol K) 53.5 63.4 69.9 75.5 

 

cooling cycle (1st)  

Tc (peak 1) oC (22.4) 23.8±0.1 23.8 23.9 

Tc (peak 2) oC 24.3 24.2 24.2  

Hc (total) kcal/mol 3.5 4.0±0.3 4.8 5.9 

Sc (total) kcal/(mol K) 0.011 0.013 0.016 0.02 

Sc (total) J/(mol K) 49.5 55.8 67.4 82.6 

Error bars indicate repeat of same sample 3 times 

 

 

Nano-DSC traces for DPPC (Figure 3.7) also show double (but less well defined) 

transitions for the SUVs/LUVs, but in this case, the phase transition temperature of the 

higher temperature peak corresponds to that of the parent MLVs, and the phase transition 

temperature of the lower temperature peak decreases with decreasing pore size of the filters 

used for extrusion. On the cooling cycle, the transitions cannot be distinguished at this scan 

rate. Previous nano-DSC data for DPPC obtained at slower scan rates (1 oC/h and 5 oC/h) 

exhibited better separated transitions with a peak near that of the parent MLV and a broader 

peak at lower T [28]. The values of H and ∆S (Table 3.3) both increase with increasing 

vesicle size. Data for DPPC in water are presented in Figure 3.8 and Table 3.3. 



39 

 

 

 

 

Figure 3.7 Nano-DSC plots of DPPC MLVs and SUVs in 0.1 M PBS buffer extruded 

sequentially 40 x each through 400, 200, 100 and 50 nm polycarbonate filters. 



40 

 

 
 

 
Figure 3.8 Nano-DSC plots of DPPC MLVs and SUVs in water extruded sequentially 40 

x each through 400, 200, 100 and 50 nm polycarbonate filters. 
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Table 3.3 Tm, Tc and ΔHm, ΔHc for DPPC SUVs and MLVs in 0.1 M PBS buffer. 

Pore Filter Size 50 nm 100 nm 200 nm MLVs 

heating cycle 

Tm (peak 1) oC 40.5 40.5±0.1 40.4 41.1 

Tm (peak 2) oC 41.1 40.9 40.9  

Hm (total) kcal/mol 5.8 6.5±0.3 6.9 8.9 

Sm (total) kcal/(mol K) 0.018 0.021 0.022 0.028 

Sm (total)  J/(mol K) 77.4 86.8 92.4 119.0 

 

cooling cycle 

Tc  
oC 40.9 40.9 40.9 41.5 

Hc (total) kcal/mol 5.9 6.6 7.0 8.7 

Sc (total) kcal/(mol K) 0.019 0.021 0.022 0.028 

Sc (total) J/(mol K) 79.2 88.0 92.8 116.1 

 

 

3.4.2 Cryo-TEM Images 

Insight into the origin of the multiple peaks comes from cryo-TEM images of the samples. 

Extrusion of the DMPC MLVs through the 400 nm polycarbonate filter 10x results in a 

large range of vesicle types: large and small multivesicular vesicles (MVVs), oligolamellar 

vesicles, and both large (> 200 nm) and small unilamellar vesicles (Figure 3.9). Further 

extrusion changes the vesicle population to one similar to that for vesicles extruded through 

the 200 nm polycarbonate filter  (40x), where smaller structures with the same types 

(MVVs, oligolamellar and unilamellar) of vesicles are observed (Figure 3.10A). Previous 

work has also shown the development of vesicles within vesicles and the persistence of 

lamellarity during preparation of smaller vesicles from MLVs by extrusion through 200 
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nm pore size filters under pressure [13].  In the case of DOPC LUVs, where only an 

extrusion technique was used (with 1, 0.4 and 0.2 m filters) [41], cryogenic-transmission 

electron microscopy (cryo-TEM) showed vesicles within vesicles [24]. The closure of flat 

interdigitated bilayers above Tm also entrapped smaller vesicles forming MVVs [42].  

Further extrusion through the 200 nm filter (120 x) (Figure 3.10B) or sequentially 

through a 100 nm filter (40x) (Figure 3.10C) reduces the numbers of these non-unilamellar 

structures, and they disappear almost completely after final extrusion through the 50 nm 

polycarbonate filters (40x) (Figure 3.10D). In previous investigations, successive extrusion 

(after a freeze/thaw process, 3x) through double stacked 5.0, 1.0, 0.4, 0.2, 0.1 and 0.05 m 

filters (each only 5x), showed many oligolamellar vesicles even after the last extrusion with 

the 50 nm pore size filter [22]. Thus, both the filter size and number of passes affects the 

final distribution of unilamellar and oligolamellar vesicles. 
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Figure 3.9 Cryo-TEM images of DMPC vesicles in water extruded 10 x through a 400 nm 

polycarbonate filter. Structures are large and small unilamellar, oligolamellar and 

multivesicular vesicles. Scale bars are 100 nm. 
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(continued on next page) 
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Figure 3.10 Cryo-TEM images of DMPC vesicles in water: (A) extruded through 200 nm 

pore size filter 40 x;  (B) extruded through 200 nm pore size filter 120 x; (C) extruded 

sequentially, 40 x each, through 200 nm and 100 nm pore size filters; (D) extruded 

sequentially, 40 x, each through 200 nm, 100 nm and 50 nm filters. Scale bars are 200 nm. 
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The cryo-TEM images also show that the size of the vesicles does not coincide with 

the pore size of the filters, but does progressively decrease with decreasing pore size, as 

best seen in the lower magnification images (Figure 3.11, all 500 nm scale bar). This can 

arise since it is known that the nominal pore size is an upper bound for the cylindrical pores 

in polycarbonate filters used for extrusion (formed by chemical etching along ion tracks 

[43]) and the average pore size is smaller than the nominal size. It has been shown that the 

mean vesicle size approaches this pore size as the number of passes and applied pressure 

increases [16]. 

 

Figure 3.11 Cryo-TEM images of DMPC vesicles in water extruded through the: (A) 200 

nm pore size filter 40x and (B) 120x; (C) sequentially through the 200 nm and 100 nm 

filters 40x each; (D) sequentially through the 200 nm, 100 nm filters and 50 nm pore size 

filters 40x each. Scale bars are 500 nm. 
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Histograms of vesicle sizes taken from ~100 cryo-TEM images/extrusion process for 

DMPC SUVs/LUVs (Figure 3.12) show both the decreased average vesicle size as well as 

the narrowing of the size distribution after filtrations through successively smaller pore 

size filters. The sizes decreased from <95.1 nm> to <75.0 nm> to <54.9 nm> as the vesicles 

were extruded through the 200 nm filter 40x, followed by the 100 nm filter 40x and the 50 

nm filter 40x (Table 3.4). However, increased numbers of passes through the large, 200 

nm pore size filter (Figure 3.13) has much less effect, decreasing from <95.1 nm > to <90.4 

nm> as the number of passes increased from 40 to 120x, with a decrease in the population 

of the larger size vesicles. 

    

 

Figure 3.12 Histograms of vesicle sizes measured from cryo-TEM images of MLVs 

extruded successively through 200 nm, 100 nm and 50 nm pore size filters. Average sizes 

in brackets. 

<95.1 nm> <75.0 nm> 

<54.9 nm> 
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Figure 3.13 Histograms of vesicle sizes measured from cryo-TEM images of MLVs 

extruded successively through 200 nm filter 40x and 120x. Average sizes in brackets. 

 

Table 3.4 Sizes of vesicles obtained by extrusion and sonication. 

 Extrusion 

times 

Dz  

(nm) 

PD Intensity 

(nm) 

Volume 

(nm) 

Number 

(nm) 

Cryo-

TEM 

(nm) 

200 nm 5x 156.5 0.150 185.3 133.8 36.7  

 10x 151.7 0.107 170.3 157.9 111.7  

 20x 147.7 0.088 163.6 152.1 112.3  

 40x 138.0 0.112 156.9 140.1 98.6 95.1 

 120x 131.8 0.129 153.2 126.5 79.4 90.4 

100 nm 40x* 109.1 0.089 120.1 101.4 79.0 75.0 

50 nm 40x** 65.6 0.055 70.4 58.9 50.3 54.9 

Tip 

sonicated 

 101.2 0.405 167.9 57.5 27.0  

*40 x 200 nm + 40 x 100 nm 

**40 x 200 nm + 40 x 100 nm + 40 x 50 nm 

 

 

3.4.3 DLS data 

DLS data for DMPC vesicles in water at 25oC extruded sequentially through 200, 100 and 

50 nm (each 40x) polycarbonate filters are shown in Figure 3.14, plotted by intensity, 

volume and number averages. DLS for a tip sonicated sample (15 minutes) is presented 

after 1 hour. Time dependent data are given in Figure 3.15. 

< 95.1 nm> <90.4 nm> 
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Figure 3.14 Dynamic light scattering (DLS) data at 25oC for 1,2-dimyristoyl-sn-glycero-

3-phosphocholine (DMPC) vesicles in water extruded sequentially through 200, 100 and 

50 nm polycarbonate filters, and sonicated vesicles 1 h after sonication stopped, shown by 

intensity, volume and number averages.  
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Figure 3.15 DLS data for MLVs sonicated for different lengths of time. 
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The z- (Dz), intensity, volume and number averages (Table 3.4) all show that the vesicle 

size decreases with decreasing pore size filter used for the extrusion. The intensity average 

is weighted to larger vesicles, and the widths become narrower (as indicated by the 

polydispersity indices, PD) as the vesicles are extruded through smaller pore size filters. 

The cumulants analysis by volume percent shows a bimodal distribution for vesicles 

extruded through the 200 nm pore size filter, and there is a tail for large size vesicles when 

extruded subsequently through the 100 nm pore size filter. When analyzed by number, 

there are many fewer large vesicles in all cases, although a long tail (at large sizes) is 

observed for the vesicles extruded with the 200 nm filter. There is good agreement between 

the number average size measured by DLS and the average obtained from the TEM images. 

Since the conversion to volume and number averages is based on assumptions (e.g. all 

particle are spherical and homogeneous, and there is no error in the intensity distribution), 

the volume and number distributions derived from intensity distributions are useful for 

estimating relative proportions of species in a multimodal distribution, and are useful for 

comparative purposes, but are not considered absolute [44]. While the volume distribution 

is best for characterizing vesicles, comparison with TEM requires the number distribution. 

From Table 3.4, the agreement is best for the number distributions. However, conversion 

of intensity/volume distributions to number distributions can have large errors at the low 

end of the size distribution because small amounts of particles on a volume basis produce 

large numbers of particles in the number distribution (due to the 1/103 volume/number 

ratio). 

In the case of the extruded vesicles, as was observed from the cryo-TEM images, the 

size of the vesicles does not correspond to the nominal diameters of the polycarbonate 
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filters. In general, difference in particle sizes obtained by TEM and DLS arise since DLS 

measures the hydrodynamic diameter, which includes the solvent moving with the SUVs, 

while TEM does not.  The largest discrepancy between pore size and vesicle size, found 

for the 200 nm pore size filters, has previously been observed [16].  

DLS data for DMPC vesicles in water at 25oC extruded through the 200 nm 

polycarbonate filter between 5x and 120x are presented in Figure 3.16 and Table 3.3 for 

the intensity, volume and number averages. Unlike vesicles extruded successively through 

several filter sizes, the intensity averages as a function of number of passes through the 

same 200 nm filter are all very similar; only the vesicles extruded 5 x clearly show intensity 

for very small (~ 30 nm) vesicle sizes. The vesicles extruded 5 x exhibit three maxima in 

the volume distribution, at ~ 30, 100 and 200 nm, with the number distribution showing a 

preponderance of small SUVs. This is consistent with a mechanism in which the large 

vesicles, after extrusion through the 200 nm (or 400 nm) filter contain many residual 

smaller vesicles that have been removed from the larger vesicles during the extrusion 

process. These small SUVs can be seen in Figure 3.9 (as shown for the 400 nm filter) along 

with the larger structures.  

After further extrusion through the 200 nm pore size filter (Figure 3.16) the number of 

unstable (< 30 nm) SUVs decreases, possibly as the result of fusion to form larger (e.g. 60 

– 70 nm) stable vesicles. As the number of passes through the 200 nm filter increases, the 

~ 200 nm vesicles are successively reduced in number (as measured by the peak height 

intensity in the volume distribution), while the peak at ~ 100 nm increases in intensity and 

at the same time moves to smaller vesicle sizes. The increase in the number of smaller 

vesicles with number of passes through the filter can clearly be seen in the cumulant 



53 

 

analysis by number. The decrease in size, of both the ~ 200 nm and ~ 100 nm vesicles is 

confirmed by cryo-TEM images of vesicles extruded 40x (Figure 3.10A) and 120 x (Figure 

3.10B) through the 200 nm filter. 

 

 

Figure 3.16 Dynamic light scattering (DLS) data at 25 °C for 1,2-dimyristoyl-sn-glycero-

3-phosphocholine (DMPC) vesicles in water extruded sequentially through 200 nm 

polycarbonate filter between 5 and 120 x, presented by intensity, volume and number 

averages. 
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The DLS data for tip sonicated DMPC SUVs (Figure 3.16, Figure 3.15 and Table 3.1) 

show the decrease of large size vesicles (at >1000 nm and ~ 200 nm) and the increase in 

the vesicles at ~ 30 nm with sonication time. Although we did not obtain cryo-TEM images 

for these samples, the observed nano-DSC doublet is also assigned to unilamellar oand 

oligolamellar vesicles. In previous work on single component vesicles prepared by 

sonication to clarity, two or three vesicle populations have been observed. Sonicated DPPC 

[10] and DSPC [45] SUVS indicate that there is extensive and rapid fusion [25, 33] [46] 

[45] to products in a wide range of sizes, characteristic of the original small SUVs (~ 30 

nm), ~ 100 nm SUVs and a large population characteristic of very large structures, 

attributed to MLV contamination [32]. 

 

 

3.5 Discussion 

The purpose of this investigation was to elucidate the reason(s) for the double phase 

transition temperatures observed in small single component vesicles obtained from parent 

multilamellar vesicles. Since vesicles > 70 nm are stable below Tm [46], DLS, nano-DSC 

and TEM images can be better correlated for extruded vesicle populations. The current 

results show two transitions for extruded or freeze/thawed and extruded vesicles in which 

the higher temperature peak for DMPC increases with respect to the lower temperature 

peak (near that of the parent MLVs) as the SUVs decrease in size and as fewer 

oligolamellar structures are observed by cryo-TEM imaging. DLS and TEM data 

confirmed that the SUVs contained no residual large, micron size MLVs. Further, the high 

temperature transition increased in temperature with decreased SUV/LUV size, and after 

extrusion with the 50 nm pore size filter was a single peak. When the SUVs/LUVs were 



55 

 

extruded with the same pore size filter for different numbers of passes, the positions of the 

two peaks were constant, but differed in relative intensity. 

Thus, the main difference between vesicles prepared using different extrusion filters 

and number of extrusions is the relative number of unilameller, oligolamellar and 

multivesicle (MVVs) vesicles. The combined nano-DSC and cryo-TEM results strongly 

suggest that the origin of the double transitions arises from vesicles which have or do not 

have oligolamellar morphologies. Although extrusion should produce unilamellar vesicles, 

the results presented here, as well as many other reports in the literature show that 

oligolamellar and multivesicle vesicles [47, 48] often form. We expect that MVVs will 

have transition temperatures characteristic of the individual bilayers, since the exterior and 

enclosed vesicles are not in contact with each other. Therefore, we assign the lower 

temperature transition observed for the DMPC SUVs/LUVs to vesicles in which there are 

still some double or multiple bilayers; this peak decreases in relative intensity compared 

with the high temperature peak (e.g. for the nominal 200 nm vesicles extruded 40x versus 

120 x) as the number of these structures decreases, and as the sonication time increases.  

The higher temperature peak is then assigned to SUVs/LUVs with only a single bilayer in 

contact with a bulk aqueous phase on both sides. This peak increases in temperature as the 

vesicle size decreases. For DPPC extruded vesicles, the higher temperature peak occurs at 

a temperature of the parent MLV peak and the lower temperature peak decreases as the 

filters used for extrusion decrease in size. 

We note that for the SUVs, Tm is higher for DMPC and lower for DPPC than the parent 

MLVs. These difference have been observed in previous, earlier investigations of 

SUVs/LUVs, where mainly decreases [1, 29] [26] [49] [50] but also increases (DMPC) 
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[51], DPPC [33] in Tm have been associated with smaller SUVs compared with the parent 

MLVs. Calorimetric data for double calorimetric transitions in extruded PC vesicles [52] 

show a sharp peak slightly below and a broader peak slightly above 24 oC for extruded 

DMPC, and a broadened peak below the MLV peak for extruded DPPC vesicles [28].  

In order to understand the differences between DMPC and DPPC, it is necessary to 

consider the enthalpies and entropies of the transitions. Since Tm = H/S, the relative 

increase or decrease of Tm for unilamellar vesicles compared with oligolamellar or 

multilamellar vesicles simply reflects subtle differences in the relative contributions of H 

and S, which are chain length dependent. In fact, both H and S are greater for the 

longer chain length DPPC (Table 3.3) than the shorter chain length DMPC (Table 3.2). 

However, Tm is the ratio of H to S, which will depend on the relative contributions of 

the two terms, so that their ratio may fall above or below the parent MLVs. 

In the current investigation it was not possible to quantify the populations of vesicles 

associated with the two phase transition temperatures, since the relative number of 

single/multiple bilayers is not known, and therefore the contribution to the 

enthalpy/entropy of the individual components cannot be determined. However, for H 

(total) andS (total), both H (SUVs) < H (MLVs), and S (SUVs) < S (MLVs), and 

both decrease as a function of decreased vesicle size for both DMPC and DPPC. 

Previously, it has been shown that S is less for MLVs than for alkane chain melting, 

indicating that instead of a change from a true crystal to a disordered melt (alkanes), the 

gel and fluid phases are more similar to each other and there is more disorder in the gel 

phase of lipids in MLVs than in alkanes [50]. Here, since S = Sliqxtal – Sgel, this now 

implies that the packing of the lipids in the gel phase of the SUVs is more similar to that 
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of the fluid phase than is the case for the MLVs, i.e. the SUVs become more disordered 

and similar to the fluid phase as the vesicle size decreases. The decrease in order with 

vesicle size also results in lower values of H(total) with vesicle size, and all are less than 

the more ordered MLVs. Lower transition enthalpies and entropies have been measured 

for SUVs compared with the parent MLVs [50] [25, 53, 54], and have been attributed to 

curvature induced [29, 55] decreased lateral packing [56] and interchain interactions [57] 

observed by Raman spectroscopy and increased alkyl chain disorder (trans/gauche 

isomerism) observed by Raman [57] [58] and NMR [7, 59, 60] spectroscopy.  

The widths (full widths at half height) of the DMPC and DPPC MLV phase transitions 

are narrower than those of the SUVs/LUVs, but except for the vesicles extruded with 50 

nm pore size filters, this is partially due to the overlap of single and oligovesicular species. 

In the case of SUVs extruded finally with the 50 nm pore size filter, the FWHM is broader 

than for the MLVs. The narrower half widths for the MLVs compared with the unilamellar 

vesicles have been suggested to result from the lower curvature of the MLVs [30, 61] 

and/or from increased cooperativity of the transition due to interbilayer interactions [28]. 

It has previously been suggested that each transition envelop for the MLVs and SUVs 

was not a superposition of the transition curves of a distribution of vesicle sizes, each with 

its own Tm [29].  The width of both MLVs and SUVs was instead attributed to a mixed 

population of gel and liquid crystalline clusters/aggregates within a single bilayer during 

the transition [29], with the narrower MLV transition having a limiting finite width of ~ 

0.076 K [29]. For MLVs/SUVs, there are a smaller/larger number of larger/smaller size 

clusters, with a smaller/larger fraction of “mismatched” lipids, i.e. those in which a more 

ordered gel phase lipid is next to a less ordered fluid phase lipid with different interaction 
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energies [29, 55]. The smaller size of the “cooperative unit” in the SUVs, attributed to a 

reduction in the effective range of interactions between lipid molecules within a single 

bilayer, was suggested to be due to less ordered molecular packing, which in turn was due 

to their smaller radii of curvature. In addition to this possible explanation (which we cannot 

verify), it may be necessary to consider not only interactions within single bilayers, but 

also inter-bilayer interactions. Bilayers in MLVs are (except for the outer-and inner-most 

bilayers) bounded by two adjacent bilayers, while SUVs are bounded by bulk water on 

either side of the single bilayer. The bilayer separation in MLVs, typically ~ 2.5 nm (~ 35 

water molecules/phospholipid) is the result of a balance between repulsive electrostatic, 

hydration and steric forces and attractive van der Waal attractions. These differences in 

interbilayer interactions may contribute to the differences in phase behavior between the 

MLVs and unilamellar vesicles, and account for the difference in widths of the MLV and 

SUV transitions. 

The results for the DMPC and DPPC unilamellar vesicles are not consistent with an 

interpretation where the two transitions result from decoupled, separate transitions from 

the inner and outer leaflets of the bilayer. The inequality between the number of lipids in 

the inner and outer leaflets will increase as the vesicle size decreases, with the outer, less 

curved leaflet having a transition temperature closer to that of the MLVs. Therefore, the 

intensity of the transition near that of the MLV transition should increase with decreasing 

vesicle size, a trend not observed either for the DMPC or DPPC unilamellar vesicles. 

Further, the lipids extruded with the 50 nm pore size filter, where cryo-TEM exhibit only 

a single transition temperature. (This peak is asymmetric, and an attempt to model this 

asymmetry is underway.) Thus, the current results indicate that it is not possible to 
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distinguish between the inner and outer leaflets of SUVs/LUVs based on calorimetric 

methods, although previous NMR and fluorescence measurements have shown that the 

inner and outer leaflets of small unilamellar vesicles have different signatures. Differences 

between the two leaflets of the bilayer for single component vesicles have been observed 

by 31P NMR using shift reagents [33, 62], fluorine NMR with and without addition of 

paramagnetic ions [63] and 1H-NMR for sonicated egg lecithin with [64] [65] and without 

a shift reagent [66].  

The coupling between the two leaflets of the bilayer in MLVs, LUVs and SUVs is 

unlike the case of supported lipid bilayers (SLBs), where there is at least one report of 

separate calorimetric phase transitions for the proximal (near support) and distal (near 

aqueos phase) leaflets [31]; we have also observed separate phase transitions for DMPC 

vesicles with DiA-16 fluorescent dyes, in which the dye resides in the outer leaflet of the 

bilayer and alters its Tm (unpublished data). There is also considerable atomic force 

microscopy (AFM) evidence for different transition temperatures for the proximal and 

distal leaflets bilayers in planar SLBs [67-69]. 

Lastly, the data suggest that repeated use of a single pore size filter cannot produce 

unilamellar vesicles (except when extruded with pore filters < 50 nm) of a size 

corresponding to the pore size employed. This is particularly true for the larger filters, e.g. 

200 nm, where a very large number of transits (120x) through the extruder has only a small 

effect on the size/size distribution, although it does reduce the number of oligolamellar 

vesicles. Only the 50 nm pore size filter produced unilamellar vesicles, with nearly 

unilamellar vesicles produced for the 100 nm pore size filter. 
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3.6 Conclusions 

DMPC and DPPC vesicles were prepared from multilamellar vesicles by an extrusion 

method (with and without a freeze/thaw cycle) using polycarbonate filters with pore sizes 

ranging from 50 to 400 nm, or by sonication, and characterized nano-differential scanning 

calorimetry, dynamic light scattering and cryo-TEM. When two gel-to-liquid crystal phase 

transition temperatures are observed, they were not the result of decoupled phase 

transitions between the inner and outer leaflets of the vesicles. Instead, they have been 

attributed to mixtures of single bilayer and oligolamellar vesicles, where the transition 

temperatures may be affected both by curvature effects and whether the bilayers are 

bounded by free water (or buffer) or by adjacent bilayers. The oligolamellar vesicles were 

assigned Tms close to those of the MLVs, and the other Tm was assigned to the unilamellar 

vesicles. However, the relative positions of the transition temperatures of the unilamellar 

vesicles with respect to those of the parent MLVs depend on subtle differences in the 

enthalpies, H, and entropies, S, of melting (since Tm = H/S). Both the enthalpies and 

entropies of melting decreased with decreasing vesicle size for DMPC and DPPC. In the 

case of DPPC, Tm for the unilamellar vesicles decreased with decreased vesicle size, while 

for DMPC, Tm for the unilamellar vesicles increased with decreased vesicle size. For 

DMPC vesicles finally extruded with the 50 nm polycarbonate filter, only a single Tm was 

observed, and cryo-TEM images showed only unilamellar and no oligolamellar vesicles. 

For vesicles extruded with the 400 nm, 200 nm and 100 nm pore size filters, it was not 

possible to eliminate these oligolamellar structures even after many passes (40x to 120x), 

although the effect was not large for the vesicles extruded using the 100 nm pore size filter. 



61 

 

These effects should be considered when assigning calorimetric phase transition 

temperatures. DLS data cannot be used to indicate the presence of oligolamellar vesicles. 
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CHAPTER 4 

MECHANISM OF SUPPORTED BILAYER FORMATION OF 

ZWITTERIONIC LIPIDS ON SiO2 NANOPARTICLES AND 

STRUCTURE OF THE STABLE COLLOIDS 

 

4.1 Introduction 

Nanoparticles such as SiO2 may be taken in vivo as part of drug/gene delivery systems or 

can be found in the environment after use, where they may pose dangers and can enter the 

food chain. [1–3] In both cases, the nanoparticles are exposed to lipids in the form of cells 

or cellular debris, although there will be competition from organic matter. As a result of 

their high specific surface area, the surface properties of nanoparticles determine their 

interactions with lipid bilayers and cells, [4] which in turn can affect their in vitro 

cytotoxicity [5, 6] and in vivo distribution, excretion and toxicity. [7–9] Nanoparticle 

uptake in cells can occur by a process of endocytosis, in which the nanoparticles are 

enclosed by a surrounding membrane. This process is therefore similar to supported lipid 

bilayer (SLB) formation around nanoparticles, if mediation via proteins or cell-penetrating 

peptides is excluded. Nanoparticle uptake in cells has been observed to be size-dependent 

[10, 11] and to scale with the surface area, [12] while nanoparticle settling [13] or 

aggregation may affect the interpretation of results of in vitro or in vivo studies. [3, 4] In 

applications that depend on nanoparticle dosage, the calculated number density of 

nanoparticles may not reflect true dosages if there is aggregation. Since proteins can absorb 
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to nanoparticles and affect their biological response, [14] neutral ligands such as 

polyethylene glycol (PEG), [15] hydroxyl groups, [16] and zwitterionic ligands [17] are 

used to inhibit non-specific protein adsorption and cell binding/uptake, and this effect can 

also occur when zwitterionic lipids surround nanoparticles. [18] It has been observed that 

after formation of a zwitterionic phosphatidyl choline single-supported lipid bilayer around 

SiO2 nanoparticles, further engulfment by another vesicle did not occur. [19]  

The mechanism of formation of supported lipid bilayers from zwitterionic lipids on 

planar substrates has been extensively investigated and reviewed [20, 21] and has been 

shown to depend on the type of substrate, [22–24] surface charge density, [25] average 

phospholipid curvature, [26] the ionic strength of the medium, [27–30] the charge of the 

lipids [31] and the buffer. [25, 32] While similar considerations are expected for SLB 

formation on nanoparticles, the mechanism is likely to be different. On planar substrates, 

SLB formation can occur via adsorption and deformation of the small unilamellar vesicles 

(SUVs) followed by fusion to form a SLB, or a critical density of adsorbed SUVs, 

independent of vesicle size, [22] can be required before SLB formation. [20, 33] When the 

SUV is larger or comparable in size to the substrate dimensions, as is the case for 

nanoparticles, the latter mechanism is unlikely, and a mechanism more similar to that of 

passive endocytosis should occur. Further, nanoparticle aggregation before and/or after 

SLB formation, and the colloidal stability of the nano-systems are important considerations 

in many applications. Quantification of the amount of adsorbed lipid, often using difference 

spectroscopy methods, does not provide information on the amount of supported lipid 

bilayer formation, aggregation, or adsorption of excess vesicles. 
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We previously investigated supported lipid bilayer formation on SiO2 nanoparticles 

using zwitterionic phosphatidylcholine lipids, and found that in cases where the amount of 

lipid was just sufficient to form a single-SLB, i.e. where the surface area of the lipid 

(SASUV) matched the surface area of the SiO2 (SASiO2) so that SASUV/SASiO2 = 1/1, the 

SLBs were colloidally stable (at least on the order of hours) at low ionic strengths, but 

precipitated at high ionic strengths. [34] Further, addition of excess lipid (SASUV/SASiO2 = 

2/1) was found to stabilize the suspensions. [35] In the case of equimolar mixtures of the 

zwitterionic lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and the cationic 

lipid 1,2-dimyristoyl-3-trimethylammonium-propane (chloride salt) (DMTAP), single-

SLB formation occurred with concurrent precipitation at high ionic strength. In the 

presence of excess lipid (SASUV/SASiO2 = 2/1), the nanosystem was colloidally stable above 

the gel-to-liquid phase transition temperature, Tm, of the mixed lipids, but precipitated 

mmediately below Tm. The precipitates consisted of SLB aggregates surrounded by a 

contiguous close-fitting bilayer sheath. [36]  

Here we investigate supported lipid bilayers formed from 100 nm SiO2 nanoparticles 

with ~100 nm SUVs prepared with the zwitterionic lipid 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), when the SASUV/SASiO2 is increased from 1/1 to 4/1, both at low 

(5 mM NaCl) and high (0.08 M PBS buffer, 109 mM NaCl, 2 mM KCl) ionic strengths. 

The mechanism of formation, nano-structure, state of aggregation and colloidal stability of 

SLBs is investigated using dynamic light scattering, nanodifferential scanning calorimetry 

and transmission electron microscopy (TEM) in order to understand the morphology of the 

nano-systems, the mechanism of colloidal stabilization and to determine conditions where 

separation of SUVs and SLBs is possible. 
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4.2 Experimental 

4.2.1 Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14 : 0 PC) was obtained from 

Avanti Polar Lipids (Alabaster, AL) and used without further purification. SnowtexTM 

colloidal silica (SiO2) nanoparticle suspensions, with densities of 2.2–2.6 g cm-3 (reported 

by manufacturer) and prepared by a water glass process, were a gift from Nissan Chemical 

America (Houston, TX). The nominal diameter of the SiO2 was 100 nm (MP-1040, 40.7 

wt% SiO2, lot 200 109, pH 9.3, specific gravity 1.300). All solutions/suspensions were 

prepared with HPLC grade water, chloroform, NaCl (5 mM) or 0.08 M phosphate buffer 

saline (PBS with 109 mM NaCl and 2 mMKCl) purchased from Fisher Chemicals 

(Fairlawn, NJ). An Avanti Mini-Extruder from Avanti Polar Lipids was employed for 

extrusion of the lipids, using 100 nm polycarbonate filters. 

 

4.2.2 Preparation of Suspensions 

Dry lipid films were formed after evaporation from chloroform solutions under a stream of 

nitrogen and then in a vacuum oven overnight to remove any residual solvent. The lipid 

films were redispersed in 5 mM NaCl solution or PBS buffer at a concentration of 10 mg 

ml-1 and incubated at a temperature of 45 °C, above the Tm (23 °C) of DMPC for ~2 h with 

periodic shaking to form hydrated multilamellar vesicles (MLVs). Small unilamellar 

vesicles (SUVs) were obtained from MLVs by subjecting them to 5 freeze/thaw cycles 

followed by extrusion using polycarbonate filters with 100 nm pores. Approximately 1 ml 

of a 10 mg ml-1 lipid solution was passed back and forth for up to 20 times, until a clear 

suspension was formed. LC/MS was used to confirm that there was no loss of lipid during 
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this process (99.6% SUV lipids were collected from MLVs lipids after extrusion). 

Additional 5 mM salt solution or PBS buffer was added to the extrusion product to yield 

vesicle suspensions of ~2 mg ml-1 lipid. 

The vesicles and nanobeads were mixed (in equal volumes) and incubated at 45 °C or 

10 °C for 1 h. The amount of lipid required to achieve single bilayer coverage was 

calculated using the surface area occupied by the lipid headgroup (0.59 nm2 for DMPC) 

and the total surface area of the nanoparticles, with the assumption that the latter was a 

planar surface and using a value for the density of 2.4 g cm-3. The amount of lipid required 

for single bilayer coverage of the nanoparticles is achieved when the surface area of the 

SUVs (SASUV) was equal to the surface area of the SiO2 (SASiO2), SASUV/SASiO2 = 1; other 

coverages will be referred to as multiples of this amount. The suspensions were 

investigated as prepared, as a function of time, or the supernates/precipitates investigated 

after centrifugation at different speeds (7000 rpm or 13,200 rpm) and times (4 or 8 min). 

The supernate was removed from the pelleted material, and the pellets rinsed, so that the 

compositions of the supernate and precipitate could be separately analyzed. For the high 

ionic strength precipitates (also called pellets), after the original supernate was removed, 

additional buffer was added without disturbing the pellet and also removed, or the pellet 

was agitated/stirred with successive removal of the supernate. 
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4.3 Analysis 

4.3.1 DLS 

Dynamic light scattering (DLS) measurements were obtained on a Malvern (Malvern 

Instrument Ltd. Malvern, U.K.) Zetasizer Nano-ZS. The natural (unbuffered) pH of the 

aqueous samples was used. Diameters are reported either as z-averages or volume/number 

distributions obtained by cumulant analysis. 

 

4.3.2 Nano-differential scanning calorimetry (Nano-DSC) 

Nanodifferential scanning calorimetry (nano-DSC) measurements were obtained on a TA 

Instruments (New Castle, DE) Nano DSC-6300. Samples were scanned at heating/cooling 

rates of 1 °C min-1, using 1–2 mg lipid. 

 

4.3.3 TEM 

Transmission electron microscope (TEM) images were obtained on a JEOL JEM 1400 EM 

with an operating voltage of 80 KeV. Typically, four mL of the suspensions (0.004 mg ml-

1) were placed on carbon type-A 300 mesh copper TEM grids or Ultrathin Carbon 

Film/Holey Carbon 400 mesh copper grids (Ted Pella, Inc., Redding, CA) and air-dried for 

45 min. Images were captured using a Gatan Ultraacan 1000 CCD Camera (2 K x 2 K 

pixels). Image capture (Gatan DualVision 300 (1 k), side-entry cooled CCD camera, or a 

Gatan Outer SCAN 1000 CCD Camera), processing, and analysis were performed with 

Gatan Digital Micrograph software. 
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4.4 Results 

4.4.1 Low ionic strength conditions (5 mM NaCl) 

At low (5 mM NaCl) ionic strength, colloidal stability was maintained during the time scale 

(~ days) of the experiments both above and below Tm at SASUV/SASiO2 ≥ 1/1 as previously 

observed. [34, 35] The zeta potential (ζ) was ζ ≈ 0 for the SUVs, ζ ≈ -40 mV for the 100 

nm SiO2 and ζ ≈ -22 mV for the single-SLBs (SASUV/SASiO2 = 1). [34] The negative zeta 

potential for the single-SLBs (SASUV/SASiO2 = 1/1) was sufficient to maintain colloidal 

stability. 

Nano-DSC data for the DMPC SUVs and nano-systems formed with DMPC SUVs and 

SiO2 at SASUV/SASiO2 = 1/1 and 2/1 at low ionic strength after incubation at 45 °C for 1 

hour is shown in Figure 4.1 (left). Tm of the SUV peak at 24.2 °C is easily distinguished 

from that of lipids forming a supported lipid bilayer, which occurs at 21.9 °C, as has been 

previously reported. [37, 38] When SASUV/SASiO2 = 1/1, only the SLB transition is seen, 

while at SASUV/SASiO2 = 2/1, both transitions are observed. As will be discussed further 

below, SLB formation also occurred for SASUV/SASiO2 = 1/1 below Tm, as shown in Figure 

4.1 (right). 
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Figure 4.1 (left) Nano-DSC data for 5 mM NaCl suspensions of 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC): small unilamellar vesicles (SUVs), nano-systems 

formed at SASUV/SASiO2 = 2/1, and supported lipid bilayers (SLBs) formed at SASUV/SASiO2 

= 1/1 after incubation at 45 oC/ 1h; (right) Nano-DSC scans of DMPC SUVs and SiO2 in 5 

mM NaCl, cooled separately to 10 oC, mixed at a ratio of SASUV/SASiO2 = 1/1 at 10 oC, 

incubated in the nano-DSC at 10 oC for 1 h and scanned twice. 

 

DLS data (volume averages) of the DMPC SUVs, nominal 100 nm SiO2 and DMPC 

SUVs incubated with nominal 100 nm SiO2 at SASUV/SASiO2 = 1/1 and 2/1 at 45 °C/1 hour 

is shown at 30 °C at low ionic strength in Figure 4.2a. Nominal 100 nm SiO2 nanoparticles 

(diameter of ~119 nm) increase in size after fusion with SUVs (~93 nm) to form SLBs 

(~136 nm). The size increase is slightly larger than expected based on the addition of a 

bilayer to the nanoparticle radius (bilayer thickness is ~4–5 nm). This may arise since DLS 

measures the hydrodynamic radius, which includes the hydration sphere (surrounding 

water and salt). For SASUV/SASiO2 = 2/1, the size (~124 nm) is intermediate between that 

of the SLBs (~136 nm) and SUVs (93 nm). This strongly suggests that there is a mixed 

population of approximately equal numbers of SUVs (93 nm) and SLBs (136 nm). 
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Figure 4.2 (a). Dynamic light scattering (DLS) data at 30 uC at low ionic strength (5 

mMNaCl) for 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC): small unilamellar 

vesicles (SUVs), nominal 100 nm SiO2, supported lipid bilayers (SLBs) formed at 

SASUV/SASiO2 = 1/1, nano-systems formed at SASUV/SASiO2 = 2/1; and (b) their temperature 

dependent sizes. Dashed line indicates DLS data for nominal 100 nm SiO2 obtained at room 

temperature in 5 mMNaCl. Schematic of proposed structures shown alongside the plots; 

(c). DLS data at 30 °C at high ionic strength (PBS buffer) for DMPC: small unilamellar 

vesicles (SUVs), nominal 100 nm SiO2, SLBs formed at SASUV/SASiO2 = 1/1 (taken from 

2a, since precipitation occurs in PBS buffer), nanosystems formed at SASUV/SASiO2 = 2/1; 

and (d) their temperature dependent sizes. Dashed line indicates DLS data for nominal 100 

nm SiO2 obtained at room temperature in PBS buffer. Schematic of proposed structures 

shown alongside the plots. 
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The temperature dependence of the z-average diameters of the SUVs and nano-systems 

with SASUV/SASiO2 = 1/1 and 2/1 is shown in Figure 4.2b for low ionic strength conditions. 

The size of the SiO2 is not expected to be temperature dependent and is shown as a dashed 

line. The SUVs and SLBs formed at SASUV/SASiO2 = 1/1 increase in size with increase in 

temperature with a change in slope at Tm, which is more apparent for the SUVs. The bilayer 

itself has been shown to thin and widen with increasing temperature: the bilayer thickness 

decreases from the gel (Lgel = 43 Å2) to the liquid crystalline (Lliqxtal = 35 Å2) phase, while 

the area/molecule increases from the gel (Agel = 47 Å2) to the liquid crystalline phase (Aliqxtal 

= 47 Å2). [39] As was observed for the nano-system at 30 °C (Figure 4.2a), the temperature 

dependent increase in size for the SASUV/SASiO2 = 2/1 nano-system is intermediate between 

the constituent SUVs and SLBs at all temperatures, both above and below Tm, indicating a 

mixed population of SUVs and SLBs. At low ionic strength, the populations of SUVs and 

SLBs were separately stable and remained so when mixed. Further, at low ionic strength 

there does not appear to be hysteresis in the nanosystem on short time scales: raising the 

temperature from 10 °C to 45 °C results in the same diameters previously observed for the 

SUVs and SLBs at SASUV/SASiO2 = 1/1 and 2/1. 

 TEM images for nanosysems prepared at low ionic strength above Tm, show supported 

lipid bilayer formation at high and low resolution for SASUV/SASiO2 = 1/1 (Figure 4.3 A1). 

TEM images prepared above Tm of the lipids at SASUV/SASiO2 = 2/1 (Figure 4.3 A2) 

confirm that the SUVs and SLBs were noninteracting, and show regions on the same grid 

where there are only SLBs, and other regions where there are only fused vesicles and lipid 

fragments, supporting the independence of the SUVs and SLBs, i.e. the lack of SUV 
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adsorption to the SLBs. TEM images of lipids without SiO2 are the same as shown in Figure 

4.3 A2 right; the SiO2 support acts to prevent lipid collapse. 

 However, at low ionic strength, the SLBs are not stable below Tm when stored. In 

contrast with TEM images of SLBs formed at SASUV/SASiO2 = 1/1 above Tm (Figure 4.3 

A1 and 4.3 A2), which exhibit intact SLBs, TEM images of SASUV/SASiO2 = 1/1 samples 

kept below Tm, at 10 °C for ~1 h exhibit debonding of the lipid layer from the SiO2 (Figure 

4.3 A3). Similarly, for low ionic strength SASUV/SASiO2 = 2/1 suspensions centrifuged 

below Tm, the centrifuged pellet with the supernate removed also shows lipid debonding 

from the SiO2 (Figure 4.3 A4). This may occur due to the decrease in lipid volume (and 

area) when the SLB is first cooled below Tm. Upon reheating, as occurs when the lipids are 

drying on the TEM grids, local expansion of the lipid area on the SLB may result in 

‘‘buckling’’ and removal of the lipid from the grid. Instabilities resulting from temperature 

changes have also been observed for DMPC on planar SiO2 surfaces. [40] Desorption of 

lipid from planar substrates, particularly in unsaturated solutions and water, has also been 

observed. [41] 

Nano-DSC data for low ionic strength nanosystems at SASUV/SASiO2 = 1/1 and 

SASUV/SASiO2 = 2/1 was consistent with the TEM data, i.e. only a SLB transition for the 

former and both SLB and SUV transitions for the latter (Figure 4.1 left). However, for 

the SASUV/SASiO2 = 1/1 low ionic strength suspensions held below Tm (at 10 °C) in the 

nanoDSC, we expected, but did not observe, both a SUV and a SLB transition upon heating 

(since we observed lipid desorption in the TEM images). We speculated that lipid fusion 

was occurring below Tm during the heating scan, at odds with conventional wisdom that 

fusion occurs preferentially above Tm. In order to confirm that SUV fusion occurred below 



79 

 

Tm, SiO2 and SUVs were cooled separately to 10 °C, mixed and held at 10 °C for 1 h in the 

nano-DSC. The subsequent nano-DSC scan (Figure 4.1 right) confirmed that fusion in fact 

occurred below Tm, as shown by the large SLB and small SUV peak observed initially; the 

single SLB peak observed after the second DSC cycle results from heating the sample 

above Tm.  

 

Figure 4.3 TEM images of DMPC nano-systems prepared at: (A) low ionic strength (5 

mM NaCl): (A1) single-SLBs, SASUV/SASiO2 = 1/1, prepared above Tm at high and low 

resolution; (A2) SASUV/SASiO2 = 2/1, prepared above Tm, showing separate regions of SLBs 

and fused SUVs on same TEM grid; (A3) SASUV/SASiO2 = 1/1 below Tm (10 °C) showing 

SLBs with desorbed lipid; (A4) SASUV/SASiO2 = 2/1 centrifuged below Tm (10 °C) showing 
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SLBs with desorbed lipid; (B) high ionic strength above Tm: (B1) SASUV/SASiO2 = 1/1 

showing aggregates of SLBs; (B2) SASUV/SASiO2 = 2/1 showing adsorbed SUVs. 

 

4.4.2 High ionic strength conditions (PBS buffer) 

In PBS buffer, the nano-system with SASUV/SASiO2 = 1/1 precipitates rapidly (< seconds) 

above and below (slightly longer, but still seconds) Tm. With the addition of ‘‘extra’’ lipid 

e.g. 1.1–1.3/1 in PBS buffer, the samples still precipitate. Nano-DSC data confirms 

supported lipid bilayer formation, and TEM images (Figure 4.3 B1) show individual SLBs, 

not clusters of SiO2 nanoparticles surrounded by lipid. This suggests that the SLB 

formation occurs as a bimolecular collision between a SiO2 nanoparticle and an SUV, and 

confirms the low ionic strength results that SLB formation below Tm does occur. 

 In contrast, in PBS buffer the nano-system with SASUV/SASiO2 = 2/1 remains colloidally 

metastable both above and below Tm. Suspensions kept at 45 °C were stable for 3 days, 

those kept at 10 °C were stable for ~4 hours, and those cooled to 10 °C/1 hour and then 

kept at 45 °C were stable for ~12 hours, after which time ‘‘settling’’ occurred for each. 

However, uniform suspensions could be reformed after shaking. 

 DLS data for the SUVs, SiO2 and freshly prepared, uniform suspensions formed from 

SASUV/SASiO2 = 2/1 is shown in Figure 4.2c and temperature dependent sizes are presented 

in Figure 4.2d. The SUVs themselves exhibit the same increase in size with increase in 

temperature observed for the SUVs at low ionic strength (Figure 4.2a). The SASUV/SASiO2 

= 1/1 nano-system precipitates and thus cannot be measured by DLS, but is expected to be 

similar to the low ionic strength nano-system; the SASUV/SASiO2 = 1/1 low ionic strength 

data is included for comparison in Figure 4.2c and d. However, the SASUV/SASiO2 = 2/1 
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high ionic strength nanosystems (Figure 4.2d) exhibit quite different behavior compared 

with the low ionic strength nano-systems (Figure 4.2a). Above Tm the z-average diameter 

of the nanoparticles is ~200 nm, almost the size of a single SLB and an SUV. Unlike the 

case for the 5 mM NaCl suspensions, the size measured is greater than that of the SUVs, 

SiO2 or SLBs (where a size similar to 5 mM NaCl expected). This strongly suggests that 

the size increase above Tm is the result of SUV adsorption onto the SLBs. TEM images 

(Figure 4.3 B2) show SUVs flattened and partially surrounding the SLBs and aggregates 

with SUVs between the SLBs. While cryo-TEM data would more clearly demonstrate this 

effect we note here that these types of images were never observed for the SASUV/SASiO2 = 

2/1 low ionic strength system. The contours of the SUVs around the SLBs suggest that the 

adsorption has occurred before drying of the nano-system (but does not eliminate the 

possibility that the SUVs collapsed onto the SLB during the drying process). 

 Below Tm for the high ionic strength SASUV/SASiO2 = 2/1 nano-system (Figure 4.2d), 

the diameter increases even more steeply with decrease in temperature, strongly indicating 

that further aggregation is occurring, although the nano-system remains stable (for ~4 h). 

Reheating the high ionic strength SASUV/SASiO2 = 2/1 nano-system kept at 10 °C/1 h to 

above Tm (25 °C or 45 °C), results in ‘‘break-up’’ of the larger aggregates to a size similar 

to a system of approximately equal size SLBs and SUVs, the same as observed for low 

ionic strength SASUV/SASiO2 = 2/1 nanosystems (Figure 4.2a). 

 It is interesting to compare sizes measured above and below Tm using different size 

averages, e.g. z-, intensity-, volume- and number- averages. The z-average represents the 

size the system would have if the particles consisted of single diameter nanoparticles. 

When the system contains nanoparticles of different sizes, the greater scattering intensity 
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of larger nanoparticles is taken into account in the cumulants analysis program. Figure 4.4 

left presents intensity, volume and number averages from the DLS data for SASUV/SASiO2 

= 2/1 nanosystems at low and high ionic strengths at 50 °C, and the same data at 10 °C 

(Figure 4.4 right). For low ionic strength nanosystems, the high and low temperature data 

analyzed using any of the measures show a single, narrow peak, where size (intensity) > 

size (volume) > size (number). This is expected since in the distribution any larger 

nanoparticles will scatter more light than the smaller nanoparticles, although there can be 

a greater number of the smaller nanoparticles. For the high ionic strength SASUV/SASiO2 = 

2/1 nanosystems at 50 °C (Figure 4.4 left), a single size distribution is also observed, which 

is broader by any comparable measure (intensity, volume, number) than for the low ionic 

strength SASUV/SASiO2 = 2/1 nanosystem. By intensity and volume, the size is ~26 that for 

low ionic strength, suggesting that the aggregates at high ionic strength consist of an SLB 

with an adsorbed SUV. The number average at high ionic strength has a high molecular 

weight tail and a population of nanoparticles of the same size as the low ionic strength 

nanosystem. In this case, for example, 200 nm aggregates would contain ~4 primary (125 

nm) particles, and the 150 nm aggregates would contain ~1.7 primary (125 nm) particles, 

as observed in the TEM images (Figure 4.3 B2). This highlights why the volume averages 

most closely represents the actual distribution in the nanosystem. At 10 °C and high ionic 

strength SASUV/SASiO2 = 2/1 nanosystems, two populations are observed by intensity, 

volume and number, representing both the original SUV-SLB ‘‘dimer’’ and larger 

aggregates. 
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Figure 4.4 DLS analyzed by intensity, volume and number average for low (5 mM NaCl) 

and high (PBS buffer) ionic strength suspension with SASUV/SASiO2 = 2/1 at 50 °C and 10 

°C. 

4.4.3 Separation of SUVs from SLBs 

In order to determine whether the SUVs and SLBs could be separated, SASUV/SASiO2 = 2/1 

or 4/1 nanosystems were centrifuged at speeds between 7000–13,200 rpm for different 

times either above or below Tm at high and low ionic strengths. The supernate/pellet was 

evaluated by nanoDSC and TEM images for evidence of SLBs in the supernate and SUVs 
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in the pellet. In PBS buffer, it was always possible to find conditions for which no SLBs 

existed in the supernate, as monitored both by TEM images and nano-DSC data for the 

supernate (not shown). The pellet that formed at high ionic strength was always ‘‘sticky’’, 

consistent with the association of the SUVs and SLBs. The nano-DSC scans (cooling cycle) 

of the pellets formed from SASUV/SASiO2 = 2/1 nanosystems at high ionic strength obtained 

after centrifugation above (T = 45 °C) and below (T = 10 °C) Tm, and after rinsing the pellet 

at 45 °C are compared with that of the original mixture (Figure 4.5). The traces show that 

more SUVs are pelleted at low compared with high temperatures, and that rinsing the pellet 

at high temperature with agitation/stirring succeeded in removal of the SUVs. TEM images 

for high ionic strength SASUV/SASiO2 = 4/1 nanosystems, a more stringent test of SUV 

removal, confirm that SUVs originally adsorbed onto the SLBs are pelleted with them, but 

can be removed with successive rinsing/agitation (Figure 4.6). 

 

Figure 4.5 Nano-DSC data for nanosystems formed from DMPC SUVs and 100 nm SiO2 

at SASUV/SASiO2= 2/1: as prepared (showing both SLBs and SUVs); the pellet obtained 

after centrifugation at 10 °C with supernate removed; the pellet obtained after 
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centrifugation at 45 °C with supernate removed; and the pellet obtained after centrifugation 

at 45 °C after agitation/rinsing/centrifugation twice with buffer. 

 

At low ionic strength above Tm for SASUV/SASiO2= 2/1, while it was possible to find 

conditions where there were no SLBs in the supernate and no SUVs in the pellet, it should 

be noted that the separation was made more difficult due the higher colloidal stability of 

these mixtures: the SLBs and SUVs were each separately stable and thus it was more 

difficult to find conditions where there was pelleting of only one species. The consistency 

of the centrifuged pellet for the SASUV/SASiO2= 2/1 nanosystem obtained at 45 °C was much 

‘‘looser’’ than for the pellet obtained at high ionic strength, consistent with the lack of 

adsorption of the SUVs and SLBs at low ionic strength. At low ionic strengths, since the 

lipid desorbed from the SiO2 below Tm, the pellet was not investigated. Lastly, another 

effect that has not been explored here in detail is the possible removal or partial removal 

of the lipid bilayer from the SiO2 under the effects of centrifugation, which appears to occur 

at low but not at high ionic strengths. 

 

4.5 Discussion 

4.5.1 Formation of single-SLBs 

As has been observed in the case of planar and large spherical substrates such as SiO2 and 

zwitterionic lipids, salt promotes supported lipid bilayer formation, [42,43] while in the 

absence of salt, little/no adsorption or fusion of vesicles onto SiO2 occurs. [32, 40, 44, 45] 

For planar substrates studied by quartz crystal microbalance with dissipative monitoring 

(QCM-D), SLB formation from zwitterionic vesicles can occur as a one- or two-step 
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process, in which the time to SLB formation includes the diffusion of the vesicles to the 

substrate as well as the rupture event itself, depending on the vesicle concentration, [40, 

46, 47] and typically [48] (but not always [49, 50]) occurs above the Tm of the lipid. [20] 

At low salt concentrations, SLB occurs as a one-step process, where vesicles rupture on 

contact and no critical coverage is required, but SLB formation occurs with slower kinetics 

than at high salt. [28, 45] At high salt concentrations (>90 mM NaCl, pH 7.4), SLB 

formation occurs via a two-step process (with occasional 1 step events), requiring a critical 

vesicle coverage before vesicle rupture, and where SLB edges enhance vesicle adhesion 

and rupture. [20, 51] 

 However, in the case of the SiO2 nanoparticles investigated here, SLB formation occurs 

as a single-step event at high ionic strength with similar rapidity above and below Tm, as 

determined by visual observation of immediate precipitation, and subsequent confirmation 

of SLB formation by nano-DSC scans and TEM images. The DLS data for single-SLBs at 

low ionic strength (where the nanosystem is stable) also clearly shows that the suspended 

lipids form supported lipid bilayers below Tm. 

 A possible reason for the difference between vesicle rupture on planar [19, 40, 28, 45] 

compared with nanoparticle supports comes from recent molecular dynamic simulations, 

which show that while larger vesicles exhibit larger deformations compared with smaller 

vesicles, they have no greater tendency to spontaneously rupture, [52] as originally thought. 

[53, 54] Instead, the radius of curvature on the most strained portions of the vesicle, namely 

the sides where there is the smallest radius of curvature, determines when the vesicles 

rupture and is independent of vesicle size. [52] As shown in Figure 4.7 (bottom), this radius 

is smaller at the same contact area (other variables e.g. adsorption energies, bending and 
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stretching moduli, ionic strengths, etc., the same) for nanoparticles compared with a planar 

surface. Stated differently, the radius needed for rupture at the vesicle sides will occur at a 

smaller vesicle adsorption area for curved compared with planar substrates. 

 

Figure 4.6 TEM images of SASUV/SASiO2 = 4/1 nanosystems at high ionic strength formed 

at 45 °C: (a) as prepared (no centrifugation); (b) centrifuged without rinse; (c) 

centrifuged/rinsed/agitated two times. 
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Figure 4.7 Schematics of: (top) Supported lipid bilayer (SLB) formation of zwitterionic 

small unilamellar vesicles (SUVs) around SiO2 nanoparticles of comparable sizes, ~100 

nm, shown to occur as a single bimolecular collision; incomplete coverage results in a 

defect site; (bottom) Same size SUVs adsorbed at the same surface area coverage to planar 

compared with curved SiO2 surfaces, showing smaller radii of curvature for SUVs at edges 

near the SiO2 support; not to scale. 

 

The size dependence of SLB formation, [55, 56] which is also dependent on the relative 

size of the nanoparticle, RSiO2, and the size of the SUV, RSUV, has been explained as a 

balance between the favorable adhesive forces (between the nanoparticle and SUV, with w 

the adhesion energy per unit area [57]) and the unfavorable elastic force necessary to wrap 

(bend the membrane or vesicle around) the nanoparticle, which has both bending (k2 is the 

mean bending modulus) and lateral stress components. [58–60] Previous results indicate 
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that formation of SLBs occurs on nanoparticles above Tm with diameters greater than ~10–

25 nm. [34, 55, 56] 

 Although the SUV does not ‘‘engulf’’ the nanoparticle here, the initial stages of 

nanoparticle envelopment are similar to this wrapping process. For tensionless membranes, 

the wrapping criterion for the particle radius is RC = (2 k2/w)1/2, i.e. smaller nanoparticles 

can be wrapped by membranes with smaller bending moduli. Since k2 has been reported to 

vary by an order of magnitude (above and below Tm), [61] the formation of SLBs both 

above and below Tm in the current investigation also suggests that rupture occurs at the 

edges of the SUVs, and precedes by the mechanism shown in Figure 4.7 (top). For RSUV ≈ 

RSiO2 (the case considered here), vesicles adsorb and fuse on contact with the surface during 

a single bimolecular collisional event between a SiO2 nanoparticle and an SUV (there is no 

critical coverage regime); it would not be possible for 100 nm SUVs to deform and 

completely surround the 100 nm SiO2 nanoparticles, since at best, even completely 

flattened, <½ of the SiO2 nanoparticle could be covered before rupture. Since the SiO2 

nanoparticles are isolated from each other, once the SUV ruptures, the lipid bilayer 

continues to wrap around the SiO2 nanoparticle, consistent with the TEM and cryo-TEM 

images of the independent, single-SLBs. 

 Cryo-TEM results using tip sonicated SUVs (RSUV, RSiO2) and 110 nm SiO2 showed 

that after 1–2 min incubation (the smallest observable time), bilayer patches, corresponding 

to ruptures of 30–50 nm SUVs were (but adsorbed SUVs were rarely) observed, [19] and 

were also consistent with the one-step mechanism of SLB formation. For RSUV > RSiO2 (30–

10 nm SiO2 NPs in 100 to 300 nm SUVs) a process of invagination has been reported, 
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where a radius of curvature of ~6 nm ± 1 nm for the edges was measured before neck 

formation (not observed) and membrane fission completed the internalization process. [56] 

 

4.5.2 Mechanism of colloidal stabilization/precipitation 

Theoretical models of interaction between surfaces consider long-range attractive van der 

Waal (VW(l)) interactions (determined by the Hamaker constant), [62, 63] electrostatic 

interactions (VE(l)), [62–64] short-range hydration repulsion (VH(l)) [65] and thermally 

excited ‘‘shape fluctuations’’ (thermally excited bending modes) that give rise to an 

effective repulsion (Vs(l)), [58] where l is the separation distance between the two 

interacting surfaces. The cohesion necessary for the formation of stable adhesion is 

provided by long range attractive van der Waals forces, [62] or electrostatic interactions if 

they are attractive. At short separation distances, there are strong repulsions as a result of 

hydration forces [62] and short range steric repulsions, Vs(l) [58] due to undulation and 

protrusion forces. [66] The total interaction energy per unit area (VTOT), for two parallel 

segments (either membrane/membrane or membrane/SiO2) separated by a distance l is 

given by: 

𝑉𝑇𝑂𝑇(𝑙) = 𝑉W(𝑙) + 𝑉E(𝑙) + 𝑉H(𝑙) + 𝑉s(𝑙)   [67] (1) 

and detailed expressions for each term are given elsewhere. [40, 62] 

For SASUV/SASiO2 = 1/1, i.e. when all of the lipid is fused onto the SiO2, the Vs(l) term 

decreases dramatically for both low and high ionic strengths, since all of the lipid is 

attached to a rigid substrate, where undulations/protrusions are suppressed, [68] so that 

only the VW(l), VE(l) and VH(l) interactions remain. When excess lipid (i.e. SASUV/SASiO2 

≥ 2/1) is used, the nanosystem now consists of approximately equal numbers of SUVs and 
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SLBs (with the caveat that more lipid than calculated may actually be required to form a 

single-SLB). The SUVs are zwitterionic and the SLBs now have less negative charge than 

the native SiO2. More importantly, while the lipids on the SLBs have dramatically reduced 

undulatory/protrusion forces, [68] the SUVs still maintain these motions. 

Recently, a useful model has been proposed that accounts for further addition of 

vesicles onto an existing SLB in the presence of monovalent salt. [23] For a negatively 

charged surface such as SiO2 and phosphatidyl choline lipids in NaCl solution, the Na+ 

counterions exist in the diffuse layer; Na+ [41] or Cl- [69] ions are not expected to bind to 

the SiO2 or to the zwitterionic head groups. [41] In this model, attractive van der Waals 

and electrostatic interactions are considered, and a restructuring of the diffuse double layer 

is proposed, the thickness of which is determined by the Debye screening length, (1/κ) 

found from: 

𝜅2 = (𝑒2/𝜀0𝜀𝑘𝑇)Σ𝑖𝑛𝑖𝑧𝑖
2 (2) 

where e is the charge of an electron, ε0 is the permittivity of free space, ε is the dielectric 

constant of the medium, k is Boltzmann’s constant, T is the absolute temperature and zi is 

the charge of the ith species. For a 1/1 electrolyte in water at 25 °C: κ-1 (nm) = 0.304/I1/2 = 

0.304/ci
1/2 where ci is the molarity. Thus for 5mM NaCl, κ-1 = 4.3 nm and for 100 mM, κ-1 

< 1 nm. 

At low ionic strength, the initial electrical double layer (κ-1 = 4.3 nm) is greater than the 

interstitial water layer, so in these cases the counterions are displaced by the lipid and 

removed to the region beyond the lipid (which is impermeable to ions) so that both the 

lipid and counterions become part of a new diffuse double layer. [70] For SLBs composed 

of 100 nm SiO2 nanoparticles and DMPC lipids at 5 mM NaCl, a zeta potential of ~ -22 
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mV has been reported, [34] consistent with this model. If the van der Waals attraction is 

determined from the original surface (since the intervening lipid is considered part of the 

diffuse layer in this model) the van der Waals attraction for another SUV or SLB will 

decrease, while the extended electrical double layer maintains the electrostatic repulsion. 

[70] Both factors keep the single-SLBs suspended at low ionic strength. For SASUV/SASiO2 

≥ 2/1 at low ionic strength there is little charge shielding and the repulsive VE(l) and Vs(l) 

interactions (the latter from the SUVs) are greater than the attractive VVW(l) interactions, 

so that SUVs do not adsorb onto the SLBs and a system of separate SUVs and SLBs exists, 

as observed by DLS. ‘‘Floating’’ bilayers (planar bilayers next to a SLB) have also been 

observed to have weak interactions with the SLB next to the solid support, particularly in 

the fluid phase. [71] 

 At high ionic strength, the electrical double layer (κ-1 < 1 nm) is less than the amount 

of water (1–2 nm) between the substrate and the first supported lipid bilayer. In this case, 

no counterions will be displaced and the electrostatic interaction will not be extended. [70] 

This model thus accounts for the lack or reduction of the electrostatic repulsion between 

the single-SLBs in PBS buffer, which, along with the negligible steric repulsion (Vs(l)) 

results in the observed precipitation. Van der Waals attractions in high salt have been 

reported as the main factor responsible for promoting adsorption and interaction of 

zwitterionic lipids with SiO2 nanoparticles. [72] A small addition of monovalent ions 

(NaCl) has been shown to induce contact between zwitterionic lipids on micron-size SiO2 

with a SiO2 planar substrate also having a zwitterionic SLB. [73] 

 At high ionic strength, in the presence of excess vesicles, SASUV/SASiO2 = 2/1, the 

adsorption of SUVs onto the SLBs may be the result of attachment of the SUVs at ‘‘defect’’ 
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sites (Figure 4.7) on the SLBs, where the negative surface charge of the SiO2 is exposed, 

since this region will have the highest negative potential and therefore ability attract the 

neutral lipid. The defects occur for two reasons: (i) Surface areas of the SiO2 nanoparticles 

and the SUVs are not exactly matched; on average the sizes of the SUVs are smaller than 

the SiO2 nanoparticles and there is a distribution of sizes for both (Figure 4.2). In collision 

events where the SUV size is smaller than that of the SiO2, there may not be enough lipid 

for complete coverage of the SiO2, leaving a pore (i.e. a defect) with exposed SiO2 as well 

as energetically unfavorable bilayer edges. [74, 75] (ii) The defect areas may be too small 

to form SLBs even when excess lipid is present. The inability to form a complete bilayer 

without defects above Tm is confirmed by the observed precipitation of the nanosystem at 

high ionic strength even upon addition of a slight excess of SUVs (SASUV/SASiO2 = 1.1 - 

1.3/1), presumably due to the inability of the SUVs to form SLBs on small exposed SiO2 

patches. The difficulty in forming a complete SLB in the presence of defects, as might exist 

on planar substrates at the later stages in the fusion process, has previously been observed, 

[76] and SUVs have been shown to ‘‘span’’ pores on inorganic substrates. [77]  

 What is interesting however, is that after reheating the SASUV/SASiO2 = 2/1 nanosystem 

in PBS buffer from 10 °C to above Tm, the ‘‘adsorbed’’ SUVs are no longer attached to the 

SLBs. Instead, there is a nanosystem consisting of noninteracting SUVs and SLBs, as 

occurred for the SASUV/SASiO2 = 2/1 nanosystem in 5 mM NaCl. One possibility is that 

upon cooling, the lipid on the SLB ‘‘shrinks’’, as the result of the smaller area/volume 

occupied by lipids below Tm, [49, 78] allowing more of the lipid from the SUVs at defect 

sites to adsorb to the bare SiO2 surface. The opposite effect occurs upon reheating: the lipid 

on the ‘‘nanocomplex’’ SLB expands, possibly ‘‘pinching off’’ the portion of the SUV 
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attached to the SiO2, releasing the remaining (smaller) SUV, as shown schematically in 

Figure 4.8. 

 

Figure 4.8 Schematic of SUVs and SLBs at high ionic strength: (A) adsorption of SUVs 

at defect sites on the SLB above Tm; (B) Contraction of the lipid below Tm permitting 

adsorption of the SUV onto the SiO2; (C) Expansion of the lipid on the SLB above Tm, 

‘‘pinching’’ off part of the adsorbed SUV and expelling a smaller SUV. 

 

However, the reduced electrostatic repulsion keeps the high ionic strength nanosystem 

stable for ~12 h rather than the ~days observed for the nanosystem at low ionic strength. 

Similarly, the nano-‘‘complex’’ between the SUVs attached to the SLBs formed at 45 °C 

increases colloidal stability to ~3 days. In this case, the nano-particle complex now has the 

undulatory/protrusion motions absent in the pure SLBs, and the steric repulsions (Vs(l)) 

promote colloidal metastability.  

 What is also of interest is that for the SASUV/SASiO2 = 2/1 nanosystem in PBS buffer 

below Tm, further (reversible) aggregation occurs, as shown by DLS data and TEM images. 

Here, if we assume that VE(l) is the same above and below Tm, then there can be changes 
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in Vs(l), VVW(l) or VH(l). Insight for this problem comes from the analysis of the individual 

contributions and the behavior of the SUVs themselves.   

 (i) Vs(l): The form of Vs [Vs(l) ~ (kBT)2/k2 l
2; k2 is the rigidity constant of membrane] 

indicates that steric repulsion should decrease with a decrease in temperature. Thus lower 

temperature favors aggregation. Since the steric repulsive interaction decreases as the 

membrane becomes stiffer, [41, 61] there should be more aggregation in the gel compared 

with the liquid crystalline phase and more for a lipid attached to a solid substrate, since the 

decrease in repulsion permits a greater contribution to the potential for the attractive van 

der Waals interaction.  

 (ii) VVW(l): The attractive van der Waals interaction will be greater the greater the area 

of interaction. The ~200 nm nanoconstructs composed of SLBs with adsorbed SUVS 

observed above Tm may further aggregate upon decreases in temperature, and the larger 

nanostructures formed will continue this process.    

(iii) VH(l): There is no clear experimental evidence to indicate whether the hydration 

repulsion is greater in the gel or fluid phases of zwitterionic lipid bilayers. Hydration 

repulsion was believed to be a short range force, [79, 80] dominant between lipid bilayers 

at separation distances of ~1.0 to 3.0 nm, [65] but more recent evidence suggests that the 

hydration force extends to 4–5 water layers. [81] However, there is more water associated 

with the zwitterionic headgroups in the liquid crystal phase compared with the gel phase. 

The maximum water content, water molecules/lipid (in swelling experiments of MLVs) is 

greater for the liquid crystalline phases of phospholipids, [82–84] and swelling (by water) 

occurs at the main phase transition temperature for floating bilayers. [61] Further, 

molecular dynamic simulations indicated that in the liquid crystalline phase the headgroups 
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are separated by 1 (at 6.8 Å) or 2 water layers (at 9.6 A° ), while in the gel phase they were 

separated only be a single (at 6.8 Å) water layer. The lipids in the SLBs and SUVs can 

therefore come into closer contact in the low temperature phase, promoting increased van 

der Waals attraction.  

 (iv) When more excess vesicles are present, several SUVs can be adsorbed to and/or 

be trapped between the SLBs. In both cases, the nano-systems remain colloidally stable 

due to the adsorbed SUVs. 

Thus, the above (i–iii) factors all favor increased aggregation, but persistent colloidal 

stability (iv), below Tm.  

 

4.5.3 Separation of SLBs and SUVs  

In applications where adsorption of lipids with and without cargo on nanoparticles are 

investigated, the loading on the nanoparticles can be measured using a difference method, 

in which the solution concentration before and after centrifugation or precipitation of the 

nanoparticles is measured. Excess vesicles, both for planar and nanoparticle surfaces are 

typically employed. Experiments with planar surfaces use continual rinsing to remove 

residual SUVs.   

 However, the stabilization imparted to the nanoparticles by SUV adsorption in the 

buffer—the condition often used in biological applications—means that it is necessary to 

investigate conditions where SUV removal is optimized. For example, it is not sufficient 

to simply confirm that the speeds required for centrifugation of the nanoparticles or 

supported lipid bilayers, do not in separate experiments, also result in pelleting of the 
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SUVs, since it is the SUV adsorption to the SLBs that causes the SUVs to pellet along with 

the SLBs.  

 Some insight into the optimal conditions can be derived from the DLS results on the 

suspensions. In low salt, there was no SUV adsorption to the SLBs above or below Tm, but 

the lipids partially desorbed from the SiO2 below Tm. However, under these conditions, 

both the SUVs and SLBs were separately stable and thus the centrifuge speeds and times 

needed to be adjusted to ensure complete separation, with only SUVs in the supernate and 

only SLBs in the pellet. In high salt, adsorption of SUVs to the SLBs occurred above Tm, 

and became worse below Tm. However, separation of the SUVs and SLBs occurred when 

these nano-systems were reheated to above Tm of the lipids.  

 Previous investigations of SLB formation on silica beads that attempt to determine how 

much lipid has fused have yielded mixed results, with fractional or noninteger numbers of 

bilayers, [27, 85] or excess lipid [18] observed. The current investigation suggests that this 

may be a separation problem, since different results can be obtained depending on the ionic 

strength and whether separation occurred above or below Tm of the lipid.  

 

4.6 Conclusions 

The morphology, mechanism of supported lipid bilayer (SLB) formation and stabilization 

of SLBs formed from zwitterionic small unilamellar vesicles (SUVs) around SiO2 

nanoparticles of approximately equal (~100 nm diameter) size was investigated at low (5 

mM NaCl) and high (0.08 M PBS buffer, 100 mM NaCl) ionic strengths. SLBs formed 

instantaneously above and below the main gel-to-liquid crystal phase transition 

temperature, Tm as the result of bi-molecular collisions between the SiO2 and SUVs, faster 
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than similar events on planar SiO2 substrates. The SLB kinetics are more rapid since the 

critical (small) radius required for rupture at the vesicle sides occurs at a smaller vesicle 

adsorption area for curved compared with planar substrates. When the surface area ratios 

are equal, SASUV/SASiO2 = 1, the entropic undulation/protrusion forces [68] are absent for 

the first layer adsorbed to the SiO2 nanoparticle. In the case of the single-SLBs in low salt, 

the residual negative charge (zeta potential ~ -22 mV) is sufficient to keep the single-SLBs 

suspended above and below Tm, but at high salt, screening effects eliminate this 

electrostatic repulsion, and the single-SLBs precipitate.  

 When excess lipid is added, SASUV/SASiO2 ≥ 2/1, the SLBs are metastable above and 

below Tm in both high and low salt. Dynamic light scattering, nano-differential scanning 

calorimetry and transmission electron microscopy results show that the mechanism of 

stabilization is different at high and low salt. In low salt (5 mM NaCl), stabilization above 

and below Tm is achieved by electrostatic repulsion of the non-interacting SLBs 

and SUVs, the latter retaining also the repulsive undulatory/protrusion forces. In high salt 

(PBS buffer), the SUVs adsorb to the SLBs, possible at defect sites on the SLB. When 

there are about equal populations and sizes of SUVs and SLBs, as investigated here, this 

appears as an approximately equal pairing of the two above Tm, with the SUVs providing 

repulsive undulatory/protrusion forces from regions of the SUV not in contact with the 

SLB. At temperatures below Tm, more extensive, reversible aggregation occurs, with the 

SUVs still adsorbed but not fused to the SLB aggregates. When the ‘‘nano-complex’’ is 

heated from 10 °C to a temperature above Tm, there are separate populations of SUVs and 

SLBs, as observed for the low salt system. We suggest that this occurs from an expansion 
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of the lipid on the SLB as it is heated above Tm, which ‘‘pinches off’’ the portion of the 

SUV adsorbed to the defect site (SiO2) on the SLB.  

 In order to quantify the amount of supported lipid bilayer (SLB) formation on 

nanoparticles such as SiO2, it is necessary to separate the SLBs from the excess SUVs used 

to form them. However, nanoparticles themselves, or the SLBs, can exhibit extensive 

aggregation as the result of their high surface area. The aggregation sometimes results in 

flocculation/precipitation, but stable suspensions can also form. Previous data for 

positively charged DMTAP/DMPC (50/50) showed that when excess lipid was present, 

sheaths of lipid surrounded clusters of SLBs and complete/immediate precipitation of the 

nano-system occurred even without centrifugation. [36] Here, for zwitterionic lipids, 

double bilayers or sheaths surrounding many SLBs were never observed. The results 

indicate that information obtained by difference analysis of supernates to infer details about 

supported lipid bilayer formation on nanoparticles and their morphology should be viewed 

with some caution, since SUVs can absorb to the SLBs, or sheaths can surround the SLBs.  
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CHAPTER 5 

LIPID EXCHANGE AND TRANSFER ON NANOPARTICLE 

SUPPORTED LIPID BILAYERS – EFFECT OF DEFECTS, IONIC 

STRENGTH AND SIZE 

 

5.1 Introduction 

Lipid transfer or exchange between cell membranes, lipid vesicles, supported lipid bilayers 

(SLBs) and between supported bilayers and membranes is important in a variety of areas, 

including those that have biological relevance or technological applications. Exchange 

between lipids is a crucial for cell communication and energy supply, as well as for uptake 

and transfer of drugs. [1] Exchange is an equilibrium process between donor and acceptor 

structures of equivalent chemical potential, while transfer involves redistribution of lipid 

between donor and acceptor structures of non-equivalent chemical potentials. [2] 

Exchange/transfer inter-bilayer kinetics are distinct from intra-bilayer (also called flip-

flop) kinetics that equilibrate lipids in the two leaflets of the bilayer [3], and simple models 

have been developed that describe the processes using two independent kinetic parameters, 

i.e., the rates of transbilayer and interbilayer exchange. [4] Flip-flop time scales of between 

1-90 h depending on the vesicle type (size and composition) have been reported. [5] 

Although these processes in biological systems are often mediated by membrane 

proteins, spontaneous exchange and flip-flop, which occur without the aid of membrane 

proteins and without complete fusion of the two bilayers, has been extensively investigated 

in vesicles [2] but less so for supported lipid bilayers (SLBs). [7] While SLBs can be used 



109 

 

as surrogates for vesicles and cells [7] and to study membrane-membrane interactions [6], 

there are important differences between them, in particular, the presence of an underlying 

solid support for the SLBs that can affect biological processes. SLBs and nano-particle 

(NP) SLBs are under investigation for drug delivery, sensor [7a, 7b] and other 

biotechnological [7c] applications, and to make biocompatible interfaces. Lipids in the 

form of vesicles or NP-SLBs can adsorb hydrophobic organic pollutants [9] and therefore 

may be useful for environmental remediation of these toxins. Adsorption of lipids onto 

inorganic oxides such as pyrite and ferrihydrite protects them from bacterial oxidation [10] 

and dissolution [11]. For many of these applications, lipid transfer/exchange needs to be 

utilized or understood. Lipid transfer between vesicles and SLBs has been used to change 

the lipid composition of the bilayer [12], often by exchange of oppositely charged lipids 

[8, 13]. These modified surfaces enable an understanding of how lipids on the surface of 

the SLBs or NP-SLBs interact with lipids on other surfaces or in vesicles and cell 

membranes. In environmental contexts, it is important to understand the mechanism of 

exchange/transfer between lipids originally on NPs used for remediation and those 

subsequently encountered in the environment, where the effects of diurnal temperature 

cycling may become relevant. 

 The mechanism by which spontaneous exchange/lipid transfer occurs in bilayers has 

been the subject of much theoretical and experimental research. [2] In the case of vesicles 

in the bulk solvent, it has generally been believed that transfer occurs by diffusion of the 

monomers through the aqueous media, where the rate limiting step is desorption of lipid 

molecules from the donor bilayer into the aqueous phase, and is therefore concentration 

independent. [14] The kinetic energy of collisions between the vesicles is transferred 
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between them and thus does not typically give rise to fusion. [12a] Single molecule 

diffusion has also been proposed as the mechanism for lipid exchange for SLBs on large 

SiO2 beads. [6] At higher temperatures and concentrations, lipid transfer in vesicles can 

also occur as the result of collisions. [2, 15] 

 However, two other models have been proposed, both of which require that the two 

lipid surfaces are near each other, typically as the result of a transient collision, or as the 

result of more prolonged attachment (attachment-transfer-detachment [12a, 12c, 12e, 13, 

14]) of the two bilayers. In the transient collision or attachment-transfer-detachment [12a, 

12c, 12e, 13, 16] models, monomer diffusion occurs across the ~ 1.5 nm hydration barrier 

between the donor and acceptor vesicles. The mechanism of lipid transfer was suggested 

to be direct insertion of lipids into the distal monolayer without flip-flop. [17] In the 

hemifusion model, direct contact between the donor and acceptor surfaces allows mixing 

of the outer (distal) monolayer of lipids. [2, 12e, 18] 

 Despite the progress that has been achieved in understanding spontaneous lipid 

exchange/transfer there are still interesting questions that have not been answered, 

particularly for NP-SLBs. The effects of interest include ionic strength, defects, 

temperature cycling and NP size: (i) ionic strength might be expected to affect 

exchange/transfer kinetics since the presence of salt affects the strength of the interactions 

between the lipid head-groups and between the lipids and underlying support; bilayer 

adsorption/fusion on SLBs is known to depend on the ionic strength of the aqueous media 

[19]; (ii) the presence of defects might affect both the rate and mechanism of 

exchange/transfer, since defects can be sites for more facile removal, insertion and flip-lop 

of lipids [20] and/or for further vesicle adsorption and fusion; (iii) temperature cycling 
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above and below Tm may induce defects and has relevance for NP-SLBs that exist in the 

environment and experience diurnal/seasonal temperature changes; (iv) curvature of lipids 

on NPs can affect their packing parameters, defect density and thus the ability to desorb 

from the bilayers. Defect densities in curved membranes, although hypothetical, have been 

proposed to affect protein binding affinities[21], 2H- NMR evidence strongly suggests that 

order parameters in lipid bilayers on silica supports in water have a dependence on 

curvature [22], and the permeation of cells by vesicles has been found to be dependent on 

their size (i.e. curvature) [23]. 

 

5.2 Experimental 

5.2.1 Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14:0 PC), 1,2-dimyristoyl-d54-sn-

glycero-3-phosphocholine (DMPC-d54, 14:0 PC), which will be referred to as d-DMPC, 1, 

2- dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 16:0 PC), and 1, 2- dipalmitoyl-d62-

sn-glycero-3-phosphocholine (DPPC-d62, 16:0 PC), which will be referred to as d-DPPC, 

were obtained from Avanti Polar Lipids (Alabaster, AL) and used without further 

purification. All solutions/suspensions were prepared with chloroform and HPLC grade 

water, with or without 0.1 M PBS buffer (100 mM NaCl solution and 2 mM KCl) or 10 

mM NaCl, purchased from Fisher Chemicals (Fairlawn, NJ). An Avanti Mini-Extruder 

from Avanti Polar Lipids was employed for extrusion of the lipids, using 50 nm or 100 nm 

pore size polycarbonate filters. SiO2-NPs (lot #200109) were a gift from Nissan Chemicals 

(Houston, TX). 
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5.2.2 Preparation of multilamellar (MLV) and small unilamellar (SUV) 

vesicles 

The lipids (DMPC, d-DMPC, DPPC or d-DPPC) were dissolved in chloroform and dried 

under a nitrogen stream, followed by drying in a vacuum oven at room temperature 

overnight to remove any residual solvent.  The films were hydrated above the lipid Tms 

(40-50 oC) using HPLC grade water, 10 mM NaCl or 0.1 M PBS buffer for 1 - 2 hr with 

constant shaking to produce multilamellar vesicles (MLVs).  The MLVs underwent five 

freeze-thaw cycles followed by extrusion (40 x) through a 50 nm or 100 nm polycarbonate 

membrane to produce small unilamellar vesicles (SUVs). 

 

5.2.3 Preparation of supported lipid bilayers 

Supported lipid bilayers (SLBs) were prepared from h-DMPC/d-DMPC or h-DPPC/d-

DPPC-SUVs and nominal 5, 45 or 100 nm SiO2 beads. To indicate the size of the SiO2, it 

will be indicated in parenthesis, e.g. as SiO2 (100 nm)-NP. The SUVs and beads were 

brought to the same temperature before mixing, after which the SUV/bead mixtures were 

incubated for one hour at 40°C for DMPC and 55°C for DPPC, in water, 10 mM NaCl or 

0.1 M PBS. The amount of SiO2 added was that required to achieve single bilayer coverage, 

i.e. where the surface area of the lipids in the SUVs (SASUV) is equal to the nominal surface 

area of the SiO2 beads (SASiO2), SASUV/SASiO2 = 1/1, or twice that amount, SASUV/SASiO2 

= 2/1. For SASUV/SASiO2 = 1/1, the samples precipitated in 0.1 M PBS (100 mM NaCl), 

while those in water or 10 mM NaCl remained in suspension. At SASUV/SASiO2 = 2/1, all 

of the samples (in any medium) remained suspended. The supported bilayers were either 

used immediately, or stored at 4°C or RT. 
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5.3 Analysis 

5.3.1 Nano-differential scanning calorimetry (nano-DSC) 

Nano-differential scanning calorimetry (nano-DSC) measurements were obtained on a TA 

Instruments (New Castle, DE) Nano DSC-6300. Samples were scanned at cooling/heating 

rates of 1°C/min, using 0.5-1 mg lipid. 

 

5.3.2 Dynamic light scattering (DLS)  

DLS data was obtained for the vesicles and NP-SLBs (SASUV/SASiO2 = 2/1) using a 

Malvern (Malvern Instrument Ltd. Malvern, U.K.) Zetasizer Nano-ZS. Diameters are 

reported either as z-averages or volume/number distributions obtained by cumulant 

analysis. 

 

5.4 Exchange Experiments 

Two types of exchange experiments were performed. In both, equimolar amounts of h-and 

d- SUVs or NP-SiO2-SLBs were mixed. In one experiment, newly mixed samples were 

placed in the nano-DSC at 4oC or 25oC, ramped (or heated at 2oC/min) to the pre-chosen 

incubation temperature, and held at that temperature for a preset time and the cooling cycle, 

at 1oC/min monitored; a new sample was used for each incubation time. For long 

incubation times (> 64 h), the mixtures were incubated in an oven. In the other (cycling) 

experiment, the separate samples were mixed at 4oC, and transferred to the nano-DSC at 

4oC. The mixed sample was then cycled successively between 4oC and a temperature 

higher than that of the highest Tm of the mixture, and held at that temperature for a preset 
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time (10-15 min). In the case of DMPC, a Tmax of 35oC was chosen; higher temperatures 

produced transfer rates that were too fast.  In the case of DPPC, Tmax = 55oC was chosen 

for the same reason.  

In both experiments, fast scan rates (1 oC/min) were used in order to obtain as “static” 

a picture of the lipid exchange as possible. In separate experiments, 50/50 d-DMPC/h-

DMPC or d-DPPC/h-DPPC MLVs were mixed together initially. SUVs were prepared and 

adsorbed to the 100nm SiO2 as above in order to measure their calorimetric spectra for 

reference. 

Similar exchange experiments were also performed using d-NP-SLBs and h-SUVs, 

added in equimolar lipid ratios. This pairing maximized the initial peak separations. 

 

5.5 Analysis of mixing from nano-DSC data 

The exchange rate was determined by the method proposed by Bayerl and Sackmann [15e], 

where the mole fraction mixed was calculated from the shift in Tm values at successive 

incubations times after mixing. In the current case, the two vesicle populations at t = 0 

were: (i) d-DMPC-SUVs/h-DMPC-SUVs; (ii) d-DMPC-NP-SiO2-SLBs/h-DMPC-SUVs; 

(iii) or h-DPPC-NP-SiO2-SLBs/d-DPPC-NP-SiO2-SLBs. These had the transition 

temperatures of the pure materials (in all cases Tm (d) < Tm (h)), and we will refer to them 

only as d and h. For the d-DMPC-NP-SiO2-SLBs/h-DMPC-SUVs, as discussed below, we 

could not analyze the kinetics since there were defects on the NP-SLBs that resulted in 

more fusion before exchange occurred. 
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After an incubation time t, there were also two vesicle populations, I and II, with 

transition temperatures at time t, TI
t and TII

t,  which contain combinations of d and h, and 

where Td < Th, so that TI
t increases and TII

t decreases (TI
t < TII

t) until they merge: 

TI
t = xI (Th

m-Td
m) + Td

m 

TII
t = xII (Th

m-Td
m) + Td

m 

Here xI and xII, the mole fractions of h in the mixtures, are given by: 

xI = [h]I/([d]I + [h]I) and xII = [h]II/([d]II + [h]II) 

The off rate constants, koff
d (for d-DMPC dissociated from vesicle population I) and koff

h 

(for h-DMPC dissociated from vesicle population II), were obtained according to the 

method of Bayerl and Sackmann [15e], which was based on the kinetic model of Thilo 

[24]. The model is based on the assumptions that (i) the rate at which lipid monomers in 

the bulk solution are captured by the vesicles is proportional to the product of the monomer 

concentration, and the total bilayer surface area in a unit volume; (ii) lipid flip-flop is not 

rate limiting (true at initial stage of lipid transfer); and (iii) the on (kon) and off (koff) rate 

constants are independent of the lipid composition of the vesicles (true at initial stages of 

transfer).  

In this case, from each pair of values of TI
t and TII

t at incubation time, t, and for the 

condition that equal populations of vesicles were used at time t = 0, 

TI
t = [1- exp(-yt)]/[2- (1-koff

d/k
off

h)exp(-yt)]  ∙ (Th
m-Td

m) + Td
m 

TII
t = [0.5 koff

hexp(-yt)+0.5 koff
d]/[0.5(koff

h-k
off

d)exp(-yt) + koff
d] ∙ (T

h
m-Td

m) + Td
m 

where y = 0.5 (koff
d + koff

h). 
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Experimental values of TI
t and TII

t were used pairwise to calculate koff
d/k

off
h, and xI/xII 

for successive incubation times (at each incubation temperature). The values of koff
d and 

koff
h for times when the amount of exchanged lipid was less than 20 mol% were then 

averaged. Values of t1/2 indicate the time when 50% of the lipids were transferred from the 

vesicles and were obtained from the xI and xII data, and averaged, by fitting the curves to a 

single exponential, when possible. 

 

5.6 Results 

5.6.1 d-DMPC-SUV/h-DMPC-SUV compared with d-DMPC-NP-SiO2 

(100nm) -SLB/h-DMPC-NP-SiO2 (100nm) - SLB exchange 

 

Exchange between d-DMPC-SUVs and h-DMPC-SUVs as a function of ionic strength was 

obtained for comparison with the DMPC-NP-SiO2(100nm)-SLB data. The DMPC-SUVs 

were prepared by extrusion through a 50 nm diameter polycarbonate filter since the vesicles 

thus formed did not contain any oligolamellar structures [25]. DLS data for these DMPC-

SUVs (Figure 5.1) indicate that the z-average diameters were Dz = 77.8 nm, with a PDI = 

0.081 for h-DMPC, and Dz = 79.3 nm, with a PDI = 0.063 for d-DMPC (these were typical 

values). The DMPC-NP-SiO2(100nm) - SLBs (SASUV/SASiO2 = 1/1) in water and 10 mM 

NaCl remained suspended but precipitated in 0.1 M PBS (100 mM NaCl). Mixtures of d-

DMPC and h-DMPC vesicles exhibit complete miscibility with a linear dependence on 

composition (Figure 5.2). 
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Figure 5.1 Dynamic light scattering data for h-DMPC and d-DMPC vesicles  extruded 40 

x through a 50 nm polycarbonate filter. Dz = 77.8 nm; PDI = 0.081 for h-DMPC and Dz 

= 79.3 nm; PDI = 0.063 for d-DMPC. 

 

 

In these experiments, a separate sample was mixed for each run. The time dependent 

nano-DSC traces for d-DMPC-SUVs/h-DMPC-SUVs and d-DMPC-NP-SiO2(100 nm)-

LBs/h-DMPC-NP-SiO2(100 nm)-SLBs in water, 10 mM NaCl and 0.1 M PBS buffer at 30, 

40 and 50°C are presented in Figure 5.3 - Figure 5.8. Representative plots of d-/h-DMPC-

SUVs and d-/h-DMPC-NP-SiO2(100 nm)-SLBs in 10 mM NaCl at 40°C shown in Figure 

5.9, where the convergence of the separate peaks can be observed to be more rapid for the 

SUVs compared with the NP-SLBs. 
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Figure 5.2 Nano-DSC plots of d-DMPC/h-DMPC MLV mixtures as a function of molar 

ratio (top); and Tm as a function of molar ratio (bottom). 
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Figure 5.3 Time dependent nano-DSC traces of h-/d- DMPC SUVs extruded through 50 

nm pore-size filters in water (40x) at 30, 40 and 50 oC. Cooling cycles. 
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Figure 5.4 Time dependent nano-DSC traces of h-/d- DMPC SUVs extruded through 50 

nm pore-size filters in 10 mM NaCl (40 x times) at 30, 40 and 50 oC. Cooling cycles. 
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Figure 5.5 Time dependent nano-DSC traces of h-/d- DMPC SUVs extruded through 50 

nm (40 x) pore-size filters in PBS buffer at 30, 40 and 50 oC. Cooling cycles. 



122 

 

 

 

 
 

 

Figure 5.6 Time dependent nano-DSC traces of h-/d-DMPC NP-SLBs on 100 nm SiO2 

beads in water at 30, 40 and 50 oC. Cooling cycles. 
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Figure 5.7 Time dependent nano-DSC traces of h-/d-DMPC SLBs on 100 nm SiO2 beads 

in10 mM NaCl at 30, 40 and 50 oC. Cooling cycles.  



124 

 

 

 

 

Figure 5.8 Time dependent nano-DSC traces of h-DMPC/d-DMPC SLBs on 100 nm SiO2 

beads in PBS buffer at 30, 40 and 50 oC. Cooling cycles. 
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Figure 5.9 Time dependent nano-DSC traces of: (top left) h-/d-SUV DMPC extruded through 

50 nm pore-size filters (40 x, after 5 freeze/thaw cycles) and (bottom left) h-/d-NP100-

SLBsDMPC (SASUV/SASiO2 = 1/1) prepared using these h-/d-SUVDMPC; both in 10 mM NaCl 

at 40oC. Cooling cycles are shown. (right). Time dependent changes in the mole fractions 

of the two populations, xI and xII, for h-,d-SUVDMPC and h-,d-NP100-SLBDMPC 

(SASUV/SASiO2 = 1/1) 0.1M PBS buffer (100 mM NaCl) at 40 oC. Schematic of exchange 

process is also shown. 

 

As previously observed, both the d-DMPC-SUV and d-DMPC-NP-SiO2-SLB 

transitions are shifted ~ 4oC below those of the h-DMPC-SUV and h-DMPC-NP-SiO2-

SLB transitions. [15e] In addition DMPC-NP-SiO2-SLBs show peaks broadened and 

shifted ~ 2-3oC lower than the corresponding DMPC-SUVs. [26] The differences in peak 

intensities for each scan are due to differences in ΔHm for d- and h-DMPC, as well as the 
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uncertainties in mixing identical solutions of the same molar ratios of the lipids each time 

a scan was run. However, these slight differences do not affect the peak transition 

temperatures, since the off rates for the lipids will not be affected.  

The time dependent shifts at each temperature can be converted into the corresponding 

mole fractions (xI and xII) for the populations of mixed d-/h-DMPC-SUVs and d-/h-DMPC-

NP-SiO2(100nm)-SLBs at time t (TI and TII). This is shown in Figure 5.9 where time 

dependent changes in xI and xII are compared for h-/d- DMPC-SUVs and h-/d- DMPC-NP-

SiO2(100nm)-SLBs in 10 mM NaCl at 40oC. All the time dependent changes in xI and xII 

for h-/d-DMPC-SUVs in water, 10 mM NaCl and PBS at 30, 40 and 50oC are shown in 

Figure 5.10 - Figure 5.12. The values of koff, t1/2, and estimates of the activation energies, 

ΔEact (obtained by Arrhenius plots of linear fits of ln k vs 1/T(K) ) for the complete set of 

the data are summarized in Table 5.1.  

The results indicate that the exchange rates increased with increasing temperature (as 

expected), decreased with increasing ionic strength, and were greater for the SUVs 

compared with the NP-SiO2(100nm)-SLBs at comparable temperatures and ionic strengths. 

The koff values are larger, and the t1/2 values and activation energy (ΔEact) are smaller, for 

the DMPC-SUVs compared with DMPC-NP-SiO2 (100nm)-SLBs.  

A comparison of temperature dependent exchange/transfer for d-/h-DMPC-SUVs and 

d-/h-DMPC-NP-SiO2(100nm)-SLBs in water (where the kinetics could be measured for 

both) showed that koff decreased by half, t1/2 increased by half and the activation energy at 

least doubled for d-/h-DMPC-NP-SiO2(100nm)-SLBs compared with d-/h-DMPC-SUVs, 

indicating that it is more difficult to remove lipids from the NP-SLB surface. Similar 

decreased transfer rates and increased t1/2 values have been observed in water for DMPC 
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on 640 nm SiO2 beads compared with DMPC vesicles, by a factor of 3-4. [6] In our 

previous reports of DMPC-SUVs and SiO2 in water (no salt) fusion was not observed [27], 

and other reports indicated that it proceeded very slowly [28]. However, we have 

subsequently found that fusion of SUVs onto SiO2 depends on temperature and time - it 

does not occur for nominal 50 and 100 nm DMPC- SUVs after 1 h at 40oC, but does occur 

when incubation is carried out at times and temperatures > 1 h and > 70oC (data not shown). 

The activation energies measured here for the DMPC-SUVs in water are lower than 

previously reported values (70 kJ/mol between 27-45 oC), but the t1/2 are in good agreement 

(2.0 h at 37oC). [29] A value of 50 kJ/mol was reported for transfer between h-DMPC-

SUVs and a planar d-DMPC bilayer in buffer. [12a] Values of koff for DMPC-SUVs (koff 

= 4.5 x 10-5, [15b] t1/2 = 5h at 35oC and koff = 1.7 x 10-4, t1/2 = 1.2h at 55oC, in buffer 

composed of 50 mM HEPES, pH 7.0, 2 mM EDTA) are the same order of magnitude as 

reported here [15e].  In general however, at the same temperature, the time resolution of 

exchange measured using FTIR [12a] (10-30 s) will give much better initial rate data (and 

thus activation energies) than that obtained from nano-DSC experiments, where each scan 

takes ~ 15 minutes. 
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Table 5.1 Values of koff, t1/2 and Eact for DMPC SUVs and NP-SiO2 (100nm)- SLBs as a 

function of ionic strength and temperature. 

  koff (s
-1) t1/2 (h) 

Media T (oC) DMPC-

SUVs 

DMPC-NP-

SiO2(100nm)- 

SLBs 

DMPC-

SUVs 

DMPC-NP-

SiO2(100nm)- 

SLBs 

      

Water 30 1.6 x 10-4 4.1 x 10-5 3.9 6.5 

 40 3.3 x 10-4 1.2 x 10-4 1.1 2.8 

 50 6.6 x 10-4 6.0 x 10-4 0.4 0.6 

                     Eact  40 kJ/mol 108 kJ/mol   

      

10 mM NaCl 30 3.5 x 10-5 No change* 5.5 * 

 40 1.4 x 10-4 No change** 1.7 ** 

 50 4.8 x 10-4 2.1 x 10-4 0.5 0.6 

Eact  130kJ/mol    

      

0.1M PBS buffer  

(100 mM NaCl) 

30 2.7 x 10-5 No change† 5.5 † 

 35#  2.49 x 10-4 #   

 40 3.2 x 10-5 No change†† 2.0 †† 

 50 6 x10-4 No change††† 0.5 ††† 

Eact

  

 57kJ/mol    

      

*do not exchange for at least 60h;  **do not exchange for at least 7h; 
†do not exchange for at least 5 h; ††do not exchange for at least 6 h; †††do not exchange 

for at least 6 h 
#cycled above and below Tm 

 

For d-/h- DMPC-SUVs in salt, plots of xI and xII versus time (Figure 5.10 - Figure 5.12) 

and the t1/2 and koff values (Table 5.1) show that salt decreases the exchange kinetics 

compared with those in water. This effect has been previously observed for both 

zwitterionic and charged lipids [30,31,15b], and was originally attributed to the “salting 

out” of lipid from the aqueous phase [15b,31]. More recent molecular dynamics 

simulations/fluorescence correlation spectroscopy [32] and nano-indentation [19a] 
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experiments indicate that there is tight binding of Na+ ions to the carbonyl oxygens of PC 

lipids, leading to larger complexes with reduced mobility, an increase in bilayer thickness 

that increases the order parameter of the alkyl chains and makes the membrane more 

compact. These changes in bilayer structure may also lead to decreased koff rates, i.e. ability 

of the lipids to be removed from the bilayer and enter the solvent phase, resulting in slower 

exchange rates with added NaCl. Values of ΔEact for 100 nm DMPC vesicles in buffer were 

reported to be 104.2 kJ/mol in the temperature interval 25 to 55 oC [20], between the values 

for 10 mM NaCl and 0.1 M PBS (100 mM NaCl) reported here. We do not attribute 

significance to the differences between ΔEact for 10 mM NaCl and 0.1 M PBS (100 mM 

NaCl), since the time resolution in the nano-DSC scans was poor, and we did not collect a 

sufficient number of data points at the initial stages of lipid exchange. 

 

Figure 5.10 Time dependent changes in xI and xII for h-/d- DMPC-SUVs and h-/d- DMPC-

NP-SLBs on 100 nm SiO2 in water at 30, 50 and 50 oC. 
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Figure 5.11 Time dependent changes in xI and xII for h-/d- DMPC-SUVs and h-/d- DMPC-

NP-SLBs on 100 nm SiO2 in 10 mM NaCl at 30, 40 and 50 oC. 

 

Figure 5.12 Time dependent changes in xI and xII for h-/d- DMPC-SUVs and h-/d- DMPC-

NP-SLBs on 100 nm SiO2 in 0.1M PBS buffer (100 mM NaCl) at 30, 50 and 50 oC. 
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The effect of ionic strength is much more pronounced for the NP-SLBs. Nano-DSC 

traces for d-/h-DMPC-NP-SiO2(100nm)-SLBs (Figure 5.6 - Figure 5.8), and values of koff 

(summarized in Table 5.1 when they could be calculated), show dramatically slowed down 

exchange rates in the presence of salt, both for 10 mM NaCl where the DMPC-NP-

SiO2(100nm)-SLBs were suspended and for 0.1M PBS (100 mM NaCl) where they 

precipitated. This can be attributed to the increased interactions between the lipids and SiO2 

as the result of added salt, since it is well established that salt, which screens repulsive 

electrostatic interactions between them, increases fusion of vesicles onto SiO2. Both SiO2 

[33] and DMPC have negative surface charges at pH > ~ 3.5; for DMPC at pH 7, ζ = -12 

± 1.6 mV in water and ζ = 0 mV at 100 mM NaCl [19a].  

While it was possible to obtain exchange rates of the DMPC-NP-SiO2(100nm)-SLBs 

in water and 10 mM NaCl at 50oC, the exchange rates were too slow in 0.1M PBS buffer 

and 10 mM NaCl at 30 and 40oC to be easily measured. This was partially due to the 

necessity of keeping the separate h-/d-DMPC-NP-SiO2(100nm)-SLBs in the refrigerator, 

and removing them for the nano-DSC measurements. As discussed below, we believe that 

when the NP-SLBs are taken through a phase transition (as occurs when the NP-SLBs are 

repetitively removed and replaced in the refrigerator), lipid debonds from the SiO2 surface, 

resulting in defects in the bilayer that become sites for further removal of lipid. 

 

5.6.2 Effect of temperature cycling above and below Tm 

In order to investigate the effects of temperature cycling above and below the main gel-to 

liquid crystal phase transition, Tm, the successive scanning method was used. This method 

provides qualitatively similar data to that obtained when a new sample was used for each 
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run. Little exchange is expected below Tm in the short times (5 min) the samples were at 

those temperatures (the rate of exchange is one order of magnitude slower in the gel than 

in the liquid crystalline phase [12a, 29]), so that the only other difference is the effect of 

the cycling.  

Nano-DSC exchange data for d-DMPC and h-DMPC-NP-SiO2(100nm)-SLBs in 0.1 M 

PBS buffer (100 mM NaCl) that have been cycled to 35 oC, held for a specified time, cooled 

to 10 oC, ramped to 35 oC and incubated again are presented in Figure 5.13 top. The times 

shown in Figure 5.13 are cumulative. Compared with the data obtained for d-DMPC/h-

DMPC-NP-SiO2(100nm)-SLBs in 0.1 M PBS buffer, where samples held at either 30 or 

40 oC (Table 5.1 and Figure 5.7-Figure 5.8) exhibited no exchange for the times shown in 

Figure 5.13 (top), the cycled samples show relatively rapid lipid exchange, with koff times 

of 2.49 x 10-4s-1. These koff rates are even faster than those reported for DMPC-SUVs (koff 

= 4.5 x 10-5 s-1 at 35 oC). [15e] Data were also obtained by cycling for the h-DMPC/d-

DMPC-NP-SiO2(5nm)-SLBs on the 5 nm SiO2 (Figure 5.13 (bottom)) and for the h-

DPPC/d-DPPC-NP-SiO2(5, 100nm)-SLBs on both 5 and 100 nm SiO2 NPs (Figure 5.14). 

The off rates for the NP-SiO2(5, 100nm)-DPPC-SLBs are faster than those previously 

reported for DPPC-SUVs (koff = 0.23 x 10-5 s-1 at 55 oC). [15e] The increased koff rates for 

both DMPC and DPPC from the larger beads will be discussed later. 
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Figure 5.13 Nano-DSC traces of h-DMPC/d-DMPC-NP-SiO2(5, 100nm)-SLBs on (top) 

100 nm and (bottom) 5 nm SiO2-NPs in 0.1 M PBS buffer (100 mM NaCl) cycled between 

10 and 35 oC. Times noted are cumulative. Controls are NP-SiO2(5, 100nm)-SLBs prepared 

with SUVs composed of 1/1 h-DMPC/d-DMPC. 
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Figure 5.14 Nano-DSC traces of h-DPPC/d-DPPC SLBs on 5nm (A) and 100 nm (B) SiO2 

NPs in 0.1 M PBS buffer (100 mM NaCl) cycled between 25 and 55 oC. Times noted are 

cumulative. Controls are NP-SLBs prepared with SUVs composed of 1/1 h-DPPC/d-

DPPC.  
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These results are consistent with a mechanism where the lipids remain (or are re-

deposited) on the SiO2-NP surface in the fluid phase, but partially desorb in the gel phase, 

so that on cycling, lipid is removed from the SiO2-NPs, creating defects in the bilayer. 

Previous NMR data for d-DMPC-SLBs in water on 0.5μm and 1.5μm glass beads showed 

that the d-DMPC desorbed completely from the beads during passage from the liquid 

crystalline to the gel state. [22] This was attributed to the 5% change of molecular volume 

of d-DMPC [34] that caused a mismatch in area between bilayer and support. In the current 

case, where the NP-SLBs are in buffer, not water, and the interaction with the substrate is 

greater, not all of the lipid desorbs in the short time the NP-SLBs are in the gel state.  

As discussed in the next section on defects, we believe that NP-SLBs contain bare 

patches of SiO2, as can arise here due to cycling. These sites provide free volume for the 

more facile removal and incorporation of lipids, or the adsorption and subsequent fusion 

of other NP-SLBs or SUVs. In addition, at a phase transition, the bilayer itself contains 

“defects”, i.e. mismatches between coexistent gel and liquid crystalline phases, where lipid 

removal, insertion or flip-flop occurs more easily. [20] Thus passage through the phase 

transition itself during cycling can increase removal of lipids. Transfer experiments of h-

DMPC-SUVs to planar d-DMPC substrates, in fact show that the amount of lipid 

transferred is greatest near Tm. [12a] 
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Table 5.2 koff rates for h-/d-DMPC and h-/d-DPPC-NP-SiO2(5, 100 nm)-SLBs as a 

function of SiO2 size and SASUV/SASiO2 in PBS (100 mM NaCl) buffer. 

Lipid Lipid

  

SASUV/SASiO2 Incubation 

temperature 
oC 

SiO2 

diameter 

nm 

koff
d 

s-1 

      

Prepared with nominal amount of lipid for SASUV/SASiO2 = 1/1 coverage 

d-DMPC h-DMPC 1/1 35 5 1.09 x 10-4 

d-DMPC h-DMPC 1/1 35 100 2.49 x 10-4 

      

d-DPPC h-DPPC 1/1 55 5 0.90 x 10-4 

d-DPPC h-DPPC 1/1 55 100 3.47 x 10-4 

      

Prepared with excess lipid (SASUV/SASiO2 = 2/1) and rinsed 

d-DPPC h-DPPC 2/1 65 100 5.35 x 10-5 

d-DPPC h-DPPC 2/1 70 100 1.25 x 10-4 

      

d-DPPC h-DPPC 2/1 50 45 1.15 x 10-6 

d-DPPC h-DPPC 2/1 60 45 1.18 x 10-5 

d-DPPC h-DPPC 2/1 70 45 5.56 x 10-5 

 

The effects of cycling on desorption behavior can be observed by nano-DSC data for 

h-DMPC-NP-SiO2(100nm)-SLBs with SASUV/SASiO2 = 2/1 for 10 mM NaCl and 0.1M 

PBS (100mM NaCl) buffer. In these experiments, the samples were held at 50 oC for 1 

hour (the initial incubation). They were then cooled to 10 oC (held for 10 minutes) and 

reheated to 50 oC (held for 10 minutes), and the last two cycles repeated. The nano-DSC 

traces (Figure 5.15) show several interesting features. First, the ratio of the intensities of 

the SUV peak (at 24 oC) to the intensity of the SLB peak (at ~ 22 oC) is always greater for 

the heating cycles than the cooling cycles. This is partly the result of thermal lag in the 

calorimeter. However, the differences persist, particularly for the 10 mM NaCl 

suspensions, but to a lesser extent at slower scan speeds (Figure 5.16). The phase transitions 
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for the SUVs on the heating and cooling cycles at 1 oC/min (Figure 5.15) and 0.1 oC/min 

(Figure 5.16) are closer, respectively, than those for the NP-SLBs, suggesting that the 

support retards (greater supercooling) the transition.  

 

Figure 5.15 Successive cooling and heating cycles of for h-NP100-SLBDMPC with 

SASUV/SASiO2 = 2/1 in 10 mM NaCl and 0.1 M PBS (100 mM NaCl); samples initially held 

at 50 oC/1h, then repetitively at 10 oC/10 min and 50 oC/10 min: (right) nano-DSC data; 

(left) DLS data by volume, diameters from Table 5.3. 
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Figure 5.16 Nano-DSC data for h-DMPC-NP-SiO2(100nm)-SLBs with SASUV/SASiO2 = 

2/1, during two successive cooling and heating cycles; samples were initially held at 50 

oC/1h, then at 10 oC/10 min and 50 oC/10 min., in: (top) 10 mM NaCl and (bottom) 0.1 M 

PBS (100 mM NaCl). 
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The differences in relative peak intensities for the SUVs and NP-SLBs on the heating 

and cooling cycles, particularly for the 10 mM NaCl, where they persist at the slower scan 

rates, suggests that when held at 10 oC, some lipid is removed, forming SUVs, which are 

observed in the nano-DSC heating profile. When held at 50 oC for 10 min, these SUVs 

reattach to the SiO2, so that during cooling, there are less free SUVs. In addition, the 

SUV/NP-SLB intensity ratios are larger for the 10 mM NaCl than for the 0.1M PBS on 

both the heating and cooling cycles. This indicates that for the same amount of lipid (here, 

SASUV/SASiO2) = 2/1), there is more fusion at higher ionic strengths, and, as expected, that 

the lipids are more tightly bound to the SiO2 for the 0.1 M PBS (100 mM NaCl) buffer 

compared with the 10 mM NaCl. Lastly, for the 10 mM NaCl, there is a small decrease in 

the intensity ratio of the SUV/NP-SLB peaks during cooling with increased number of 

cycles. This suggests that more lipids from the SUVs are incorporated into the NP-SLBs 

with cycle number. 

It is not possible to determine from the nano-DSC whether the desorbed SUVs remain 

attached to the NP-SLBs. However, DLS data for h-DMPC-NP-SLBs with SASUV/SASiO2 

2/1 in 10 mM NaCl and 0.1 M PBS (100 mM NaCl) (Figure 5.17), with all the data 

summarized in Table 5.3, gives an indication of what is occurring. The DLS data for the 

SUVs and SiO2 is shown for comparison in Figure 5.17. When SASUV/SASiO2 = 1/1 or 1.3/1 

(not shown), there is only a slight decrease in size for the 50 oC and 10 oC samples, which 

reflects the shrinkage of the lipids below Tm, but the data superimpose for the first two 

cycles. This is also observed for neat SUVs, both in 10 mM NaCl and in 0.1 M PBS (100 

mM NaCl), where only one cycle is shown (Figure 5.17). 



140 

 

 

Figure 5.17 DLS data by volume and number for h-DMPC- SUVs and h-DMPC-NP-

SiO2(100nm)-SLBs (SASUV/SASiO2 = 2/1) at low (10 mM NaCl and high (PBS buffer, 100 

mM NcCl) ionic strength; (top) 50 oC; (bottom) 10 oC. 

 

For SASUV/SASiO2 = 2/1 in 10 mM NaCl at 50oC, the sizes of the SUVs and SiO2 are 

smaller than the DMPC-NP-SiO2(100nm)-SLBs prepared at SASUV/SASiO2 = 2/1, for the 

initial and subsequent cycles. The size of the DMPC-NP-SiO2(100nm)-SLBs 

(SASUV/SASiO2 = 2/1) are larger for the first cycle at 50oC than for the subsequent cycles, 

where they then remain the same. 
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The first incubation cycle, where the NP-SLBs and SUVs are both brought to 50oC, 

mixed and held for 1 hour is unique - with larger sizes and widths than the subsequent 

cycles. The DLS data indicate that the nanosystem is initially composed of aggregates with 

Dvol = 180 nm at 50oC. While this is the size of a ~ 100 nm SiO2 NP and a ~ 80 nm SUV, 

with the similarity in size a coincidence (the DMPC-SUVs would be flattened upon 

attachment to the DMPC-NP-SLBs and the two would have an obloid shape), it 

nevertheless indicates the initial incubation can produce a variety of structures. These can 

include NP-SLBs with protrusions and “twinned” structures, i.e. two (or more) NPs 

surrounded by a single bilayer, two NP-SLBs that share a single bilayer at a point of 

attachment or NP-SLBs with attached SUVs (at bare SiO2 patches). 

We suggest that the reduction in the 180 nm peak at 50oC, seen in the volume 

distribution, and reduction in the tail at larger sizes in the number distribution, after the 

first cycle are due destruction of these structures. For example, this could occur by fusion 

of adsorbed/protruded SUVs at attachment sites to the NP-SLBs during passage through 

Tm, or separation of “twinned” NP-SLBs, resulting in a NP-SLB and a detached SUV, or 

two separated NP-SLBs. However, the persistence of the larger sizes at 50 oC (compared 

with SUVs, SiO2 and single NP-SLBs) indicates that some SUVs remain adsorbed to the 

NP-SLBs, or some NP-SLBs remained “twinned”. 

When the sample is first cooled to 10 oC, these “dimers” (at ~ 180 nm) still exist, but a 

new population of approximately equal intensity at ~ 100 nm is observed in the volume 

distribution, close to the size expected for single NP-SLBs (~ 100nm). Of more interest is 

the persistence of the shoulder peak at ~180 nm in the volume distribution in subsequent 

cooling cycles, although with decreased intensity and its repeated disappearance at 50 oC. 
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This suggests that the nanosystem reversibly aggregates during the heating and cooling 

cycles, i.e. the barrier to SUV adsorption decreases at lower temperatures but thermal 

motion permits desorption when the temperature is raised. This occurs since attachment of 

SUVs to NP-SLBs or NP-SLBs to NP-SLBs still exists, possibly at defects in the NP-SLB 

that are too small to permit further fusion.  

What is also interesting is that in the number distribution, the dominant species is that 

at ~ 100 nm, and for both the number and volume distributions, the size at 10oC is less than 

the size at 50oC. As shown separately for the DMPC-SUVs, the vesicles decrease in size 

with decreasing temperature (with a discontinuity at Tm). [35] Thus in the NP-SLB 

(SASUV/SASiO2 = 2/1) nanosystem the decrease in size is due to the shrinkage of the SUVs 

(attached or not attached to the DMPC-NP-SLBs) with temperature. 

DLS data for h-DMPC-NP-SiO2(100nm)-SLBs with SASUV/SASiO2 = 2/1 in 0.1 M PBS 

(100 mM NaCl) (Figure 5.17) show similar trends. However, the aggregate sizes on the 

first and subsequent cycles are larger than for the 10 mM NaCl both at 10oC and 50oC. This 

suggests that the greater driving force for SLB formation at the higher ionic strengths 

results in the formation of SLB-NPs that can be bridged by lipids into larger, permanent 

aggregates. [35] 

Previous data for SLBs also indicate the existence of lipid protrusions or adsorbed 

vesicles. Temperature dependent 2H-NMR data (in particular an isotropic signal 

superimposed on the terminal methyl resonance) for DMPC-SLBs above Tm on 640 nm 

SiO2 beads was interpreted as arising from highly curved, tube like bilayer protrusions, that 

increase with temperature. [22] Similar conclusions were drawn from the 31P-NMR 

transverse relaxation time (T2e) and its orientation dependence for DOPC (1-palmitoyl-2-
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oleoyl-sn-glycero-3-phosphocholine) lipids, which was interpreted as due to lateral 

diffusion over an adiabatically rough surface, with the roughness arising from protrusions 

from the bilayer such as tethers, excluded (but attached) small vesicles and foldovers, and 

due to an area mismatch between the SUVs and SiO2 beads (AreaSUV > AreaSiO2). [36] 

Adsorption of intact vesicles on top of a planar SLB (composed of zwitterionic lipids) in 

100 mM NaCl (but not pure water) has also been reported. [37]  

Table 5.3 Summary of DLS data for h-DMPC-NP-SiO2(100nm)-SLBs, SASUV/SASiO2 = 

2/1, at 50 and 10oC in 10 mM NaCl and 0.1M PBS (100 mM NaCl) buffer; averages taken 

over 4 cycles. 

Sample z-average 

diameter 

nm 

Intensity 

mean 

nm 

Volume 

mean 

nm 

Number 

mean 

nm 

PDI PDI width 

Nm 

       

50 oC 10 mM 

NaCl (2/1) 

      

     1st cycle 171 185 180 138 0.069 45 

Ave 2nd, 3rd, 4th 137 143 136 118 0.02 19 

       

10 oC 10 mM 

NaCl (2/1) 

      

     1st cycle 177 338 655 107 0.304 97 

Ave 2nd, 3rd, 4th 132 165 183 94 0.134 48 

       

50 oC 0.1M 

PBS (2/1) 

      

     1st cycle 160 171 165 133 0.053 37 

Ave 2nd, 3rd, 4th 152 161 155 129 0.032 27 

       

10 oC 0.1M 

PBS (2/1) 

      

     1st cycle 239 367 524 140 0.221 112 

Ave 2nd, 3rd, 4th 175 202 208 128 0.122 61 
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5.6.3 Presence of Defects 

Defects in the lipid bilayer can originate from mismatches in coexistent lipid regions (i.e. 

rafts or gel/liquid crystal phases), and in the case of supported lipid bilayers, regions where 

there are exposed surfaces, i.e. where the lipid has not formed a continuous lipid bilayer, 

as has been observed by AFM for planar SLBs. [38] 

To confirm the presence of the second type of defect (i.e. bare SiO2 patches), d-DMPC-

NP-SiO2(5nm)-SLBs or d-DMPC-NP-SiO2(100nm)-SLBs, prepared with 5 and 100 nm 

SiO2, were incubated with h-DMPC-SUVs (Figure 5.18). The d-DMPC-NP-SiO2(5, 

100nm) SLBs (SASUV/SASiO2 = 1/1) themselves were precipitated and the h-DMPCs were 

suspended, but upon mixing the two (so that SASUV/SASiO2 = 2/1), the precipitated NP-

SLBs immediately resuspended. This indicates, as discussed above, that SUVs adsorbed to 

the NP-SLBs. At the initial stages of transfer for both the 5 and 100 nm d-DMPC-NP-

SiO2(5, 100nm)-SLBs, Tm for the h-DMPC vesicles decreased in intensity but did not shift 

in temperature. This strongly suggests that the h-DMPC-SUVs “feed” the d-DMPC-NP-

SLBs, i.e. that there is simply lipid transfer from the h-DMPC SUVs to the d-DMPC-NP-

SLBs. In both cases (5 nm and 100 nm SiO2), the d-DMPC-NP-SiO2(5, 100 nm)-SLB 

transitions (TI) splits (e.g. see t = 0.33 h for the 5 nm SiO2 and100 nm SiO2). The h-DMPC 

SUV transition (TII) then shifts to lower temperature for the 100 nm SiO2 (at time, t = 0.83 

h). However, no such shift at this or any later time (for times measured) occurs for the 5 

nm SiO2.  
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Figure 5.18 Lipid transfer between d-DMPC-NP-SiO2(5, 100nm)-SLBs and h-DMPC 

SUVs in 0.1 M PBS buffer (100 mM NaCl) on: (top) 5 nm SiO2 and (bottom) 100 nm SiO2. 

Dotted line is guide to the eye for the original position of Tm for the h-DMPC-SUVs and 

d-DMPC-NP-SiO2(5, 100nm)-SLBs. Schematic for the processes of vesicle fusion, lipid 

insertion and exchange, at different times, as described in text. 

 

These results strongly suggest that NP-SLBs prepared with “nominal” SASUV/SASiO2 

=1/1 ratios have defects that can accommodate additional lipids, and that the outer layer is 

not fully “packed”. If bare patches of SiO2 exist on the SiO2-NPs, they act as sites for more 

SUV adsorption and fusion. There is evidence from vesicle studies that there is more room 
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in the outer layer to accommodate additional lipids, about 30% in the case of DMPC 

inserting into DPPC vesicles [15e], and there is also believed to be a mismatch in the lipid 

density for bilayers on solid supports, about 5% higher for the proximal leaflet [39]. In 

addition, more lipids can be incorporated into the smaller 5 nm SiO2 compared with the 

100 nm SiO2. This can be the result of two trends: (i) the ratio of lipids in the outer versus 

inner leaflets of the bilayer increases with decreasing NP (or vesicle) size (i.e. higher 

curvature), and (ii) the 5 nm NP-SLBs do not form separate NP-SLBs, but larger 

aggregates. [40] Both effects will allow greater incorporation of lipids into the 5 nm versus 

100 nm SiO2-NPs. 

 

5.6.4 Effect of Defects on Exchange Rate 

In order to determine how the exchange rates are affected by the presence of defects, d-

DPPC-NP-SiO2(45, 100nm)-SLBs were prepared with (2x) excess lipid, and the residual 

SUVs removed by rinsing. We previously have shown by thermogravimetric analysis that 

the use of excess lipids increases lipid coverage of the SiO2-NPs. [26b] The exchange data 

(Figure 5.19), summarized in Table 5.3 indicate that removal/reduction in the defects 

decrease the exchange rates by about an order of magnitude compared with NP-SLBs in 

which defects exist. For the DPPC-NP-SiO2(100nm)-SLBs on 100 nm SiO2 (Table 5.2), 

the exchange rate at the lower temperature of 55 oC for samples with defects (prepared with 

SASUV/SASiO2 = 1/1) is faster than the exchange rates at 65 and 70 oC for samples with 

no/fewer defects (prepared with SASUV/SASiO2 = 2/1) (Table 5.2). 
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Figure 5.19 Molar fraction χI and χI for h-DPPC in d-DPPC NP-SLBs and d-DPPC in h-

DPPC NP-SLBs during symmetric lipid transfer as a function of incubation time for: 

(top) 45 nm SiO2 at 50 °C, 60 °C and 70 °C ; and (bottom) 100 nm SiO2 at 65 °C and 70 

°C. 
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5.6.5 SiO2 Size Effects 

In the cycling experiments, values of koff (Table 5.3) for h-DMPC-NP-SiO2(5, 100nm)-

SLBs/d-DMPC-NP-SiO2(5,100nnm)-SLBs indicate that the exchange rate is slower for 

lipids on the 5 nm SiO2 NPs than on the 100 nm SiO2. The exchange rate (Table 5.2) for 

h-DPPC-NP-SiO2(45, 100nm)-SLBs/d-DPPC-NP-SiO2(45, 100nm)-SLBs on the 100 nm 

SiO2 (koff = 1.25 x 10-4 s-1) is faster by a factor of 2 compared with the exchange rate for 

the 45 nm SiO2 (koff = 5.56 x 10-5 s-1). Further, the approximate activation energies obtained 

from Arrhenius plot of the rate constants, ln(KDPPC) as a function of inverse temperature 

(1/T) for DPPC-NP-SiO2(45, 100nm) SLBs are EA = 179 kJ/mol for the 45 nm SiO2 and 

EA = 164 kJ/mol (based on 2 points) for the 100 nm SiO2 (Figure 5.20).  

 

Figure 5.20 Arrhenius plot of rate constants, ln(KDPPC) as a function of inverse temperature 

(1/T) for DPPC NP-SLBs on 45 nm SiO2. EA = 179 kJ/mol. For DPPC NP-SLBs on 100 

nm SiO2, EA = 164 kJ/mol (based on 2 points). 
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5.7 Discussion 

When NP-SLBs are prepared for use in biotechnical applications or for remediation, the 

lipids on them can spontaneously exchange/transfer with other lipids, for example, those 

in cell membranes or in the environment. However, these NP-SLBs may not have perfect, 

continuous bilayers, which may affect their interactions with other lipid/vesicles/NPs. The 

current experiments highlight several variables that can affect the process of lipid 

exchange/transfer between NP-SLBs or between NP-SLBs and SUVs, with SUV/SUV 

exchange also investigated for comparison. In the current work: (i) ionic strength decreased 

the symmetric exchange rates for SUV/SUVs, but more so for NP-SLB/NP-SLBs, where 

addition of salt (NaCl) increased the attraction of the zwitterionic lipids for the negatively 

charged SiO2 support; (ii) temperature cycling above and below Tm increased the 

exchange/transfer process, possibly by the creation of defects on the NP surface; (iii) 

defects in the bilayers formed on the NP-SiO2 increased the rate of transfer/exchange by ~ 

an order of magnitude; (iv) exchange was faster on 100 nm NP-SLBs than on the 45 or 5 

nm NP-SLBs, in the latter case possibly due to the aggregate morphology of the NP-SLBs. 

These results can be used to develop models for exchange between NP-SLBs with each 

other and between NP-SLBs with SUVs. 

 

5.7.1 SUV/SUV Exchange 

Before discussing the NP-SLBs or NP-SLBs/SUVs, it is worth commenting on the 

SUV/SUV exchange, since we observed differences between our recent results and a 

previous report using the same method14e. In the previous report, the symmetric exchange 

was investigated between d-/h-DMPC SUVs prepared by sonication, in which the average 
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diameter was 38 nm. The initial stages of exchange showed (as in Figure 5.9), an increase 

in TI and a decrease in TII. However, at later times (Figure 5.13 [15e]), the peaks broaden 

and shoulders to the right of TI and to the left of TII appeared as well as a central peak at 

the temperature of an equimolar mixture of d-/h- DMPC (this is probably due to vesicles 

that have fused). In experiments on asymmetric exchange (in the same paper [15e]) 

between DMPC/DPPC sonicated vesicles, the appearance of a peak at the average 

temperature between an equimolar mixture of DMPC and DPPC larger (200-900 nm 

diameter) vesicles prepared by detergent dialysis was attributed to fusion of the vesicles. 

We suggest that this is also what happened in their symmetric exchange experiments with 

sonicated SUVs, since it is known that sonicated vesicles in the size range of 30 nm (and 

there is always a distribution of vesicles sizes) fuse to form larger vesicles, and the DLS 

data for the sonicated SUVs (for the DMPC/DPPC sonicated vesicles) did show these 

larger vesicles with time.  

By contrast, our data for 80 nm diameter vesicles showed a smooth convergence to this 

average temperature. What is interesting is that differences in exchange rates between 

SUVs prepared by sonication (23 ± 2 nm diameter) [29] and large unilamellar vesicles 

(LUVs) prepared by extrusion (90-100 nm diameter) [20] were noted in early 

investigations of exchange, using radio-isotope labeled lipids and separating the 

donor/acceptor vesicle populations by charge (the donor vesicles were slightly charged) on 

ion-exchange columns. In these reports, in the liquid crystalline phase, only the outer leaflet 

of the SUVs underwent exchange [29], while both leaflets exchanged for the LUVs. 

However, the desorption rates of lipids were similar for both and there was at least a 10-

fold faster flip-flop rate for the LUVs compared with the SUVs. [20] These results were 
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rationalized by invoking strained headgroup packing in the smaller liquid-crystalline 

SUVs, particularly in the inner monolayer [41], where the area/lipid approaches the value 

found in planar gel-phase bilayers [42], making it difficult to add lipids to the already close-

packed inner leaflet. Therefore, in the calorimetric investigations of the 38nm SUVs [15e], 

the shoulder peaks can be attributed to exchange in which only the outer leaflet 

accommodates new DMPC (either h or d) lipids, shifting Tm. By contrast, for larger (80-

100nm) SUVs (sometime referred to as LUVs, although these are often > 100nm), as 

investigated here, there is no such constraint on the inner leaflet, the flip-flop between the 

outer and inner leaflets can occur rapidly, and so that no shoulder peaks are observed. 

 

5.7.2 NP-SLBs/NP-SLBs and NP-SLBs/SUVs: Effect of Defects 

The results for NP-SLBs clearly demonstrate the effect of defects on the exchange/transfer 

kinetics. The bilayer itself contains defects that exist at the coexistent regions of the gel 

and liquid crystalline phases around Tm, as has been previously reported. Dynamic or static 

structural defects in membrane or vesicle organization, such as can arise at boundaries 

between phases, by geometric packing constraints in small vesicles, and mismatches in 

alkyl chain length for two-component gel phase lipids, creating pore defects [15d], have 

been suggested to be sites for removal or insertion of lipids [20]. Defects in bilayer structure 

have also been suggested to affect exchange and flip/flop (also referred to as inter- and 

intra-bilayer exchange) in vesicles. The flip-flop process was observed to occur most 

frequently at the interface between symmetric and asymmetric DSPC domains in SLBs. 

[43] Calculations of the potential mean force (PMF), a measure of the likelihood of 

spontaneous lipid fluctuations in a bilayer, and thus the equilibrium pore density, support 
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the interpretation that pore defects in bilayers [44] affect the flip-flop mechanism and rate 

[5]. Further, dramatic increases in transbilayer movement were observed for fluorescently 

labelled lipids at Tm (compared to both above and below Tm) for DMPC and DPPC, with 

t1/2 = 2-10 min, and attributed to molecular packing defects at the phase transition. [45] The 

amount of lipid transferred between SUVs and planar SLBs was highest at Tm. [12a]  

In the case of NP-SLBs, there are also defect sites where the bare SiO2 is exposed. 

These type of defects result from the initial bilayer formation since the surface areas of the 

lipids from the SUVs and the surface area of the SiO2 cannot be matched precisely, 

particularly if the surface of the SiO2 is rough, and there is always a distribution of vesicles 

and NP-SiO2 sizes. Therefore whenever RSUV < RSiO2, there will be a bare SiO2 patch 

(Figure 5.21). Defects can also arise due to cycling above and below Tm, due to formation 

of cracks in the bilayer on the NP-SLB surface. The exposed SiO2 sites have a higher 

(negative) zeta potential than in regions where the SiO2 is shielded by the lipid, and further, 

the bilayer edges at these sites have an unfavorable surface free energy due to the exposed 

hydrophobic chains. These sites therefore attract other SUVs (in the SUV/NP-SLB 

experiments), or other NP-SLBs or free lipids from NP-SLBs (in the NP-SLB/NP-SLB 

experiments). 
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Figure 5.21 Schematic of defect formation and vesicle adsorption. If RSUV > RSiO2, then 

the excess lipid will form small SUVs; If RSUV ≈ RSiO2 then small defect sites can form 

where there can be only SUV adsorption, not fusion; If RSUV < RSiO2 then further fusion 

can occur. 

Cycling above and below Tm enhances the effects of defect formation both from domain 

boundaries in the bilayer and exposure of bare SiO2 from “crack” formation. AFM studies 

on planar substrates (typically mica or SiO2) have shown the development of domain 

structure at Tm as well as cracks in the bilayer surface. The existence of defects is well 

established on SLBs on planar supports [19a], particularly at lipid phase transitions on mica 

surfaces where the two leaflets are decoupled [46]. Defects and edges have been shown to 

be sites for further lipid fusion. [47] Vesicle adsorption was shown to occur more readily 

on already deposited lamellar bilayer discs than on bare SiO2. [48] Simulations of bilayer 

 

RSUV ≥ RSiO2 

RSUV ≈ RSiO2 

RSUV < RSiO2 
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edges, which occur at these defect sites, suggest that they form micellar structures, with 

water-bound edges stabilized by presenting a polar surface at the lipid-water interface, 

protecting the hydrophobic tails. [49] Relaxation times over fast (ps) and slow (ns) 

timescales showed faster reorientation for micellized lipids at bilayer edges than in the bulk 

of the bilayer, and these edges were predicted to be metastable and energetically strained. 

[49] Thus, the adsorption of SUVs to fully or partially ruptured vesicles on planar 

substrates promotes the rupture of more vesicles [50], with the edge believed to be the 

primary fusion site for the SUVs [51].  

However, the size of the defect has been shown to affect whether fusion occurs or 

whether the adsorbing lipid just spans the “hole.” The vesicle size in relation to the size of 

topological features on nanostructured surfaces was found to affect the kinetics and 

mechanism of vesicle adsorption and bilayer formation. [52] Vesicles of nominal 30 nm 

diameter (50 nm by DLS) “fell” into the 110 and 190 nm pits and formed SLBs, while 

larger nominal 100 nm diameter (150 by DLS) vesicles became more deformed near the 

pit edge or when covering a pit than on a planar surface, and the greater deformation in the 

vicinity of a pit made the vesicles more susceptible to rupture. [52] Continuous lipid 

coverage on silica surfaces dotted with silica nanobeads of varying size was interrupted by 

particles of less than 22 nm. [53]  

 

5.7.3 NP-SLB/SUV Exchange/Transfer 

The fact that the precipitated d-DMPC-NP-SLBs were immediately resuspended upon 

addition of the h-DMPC-SUVs strongly supports the idea that the SUVs find sites of 

attachment to the NPs, keeping them in suspension. As discussed previously, zwitterionic 
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SUVs have colloidal stability as the result of entropic repulsion due to their undulatory 

motions [54], while these motions are lost when the lipids are on a rigid support. [27, 36, 

40] This entropic repulsion is regained after attachment of the SUVs to the NP-SLBs. That 

the SUVs are adsorbed to the NP-SLBs was demonstrated by the DLS experiments (Figure 

5.17) for h-DMPC-NP-SiO2(100nm)-SLBs/h-DMPC-SUVs. Adsorption of zwitterionic 

phosphatidylcholine vesicles has also been observed on planar (zwitterionic) SLBs by 

quartz crystal microbalance with dissipation (QCM-D). [39] 

The results for the nanosystem comprising NP-SLBs and SUVs suggest that the 

mechanism of exchange/transfer is not the result of concentration dependent collisional 

transfer, as also ruled out for SUVs on planar SLBs [12a], or transient fusion during a 

collision [12a], but occurs instead when the SUVs are adsorbed to the NP-SLBs, as 

proposed in the sequential attachment-transfer-detachment (ATD) model for charged (but 

not low charge density/uncharged) lipids. [12a, 12c, 12e, 13, 16] 

Asymmetry/compositional differences between parent vesicles and the planar SLBs 

formed from fusion of these vesicles (both composed of mixed zwitterionic 

phosphatidylcholine lipids) was also attributed to lipid rearrangement at the surface and 

exchange with adsorbed vesicles. [37] 

In the experiments with d-DMPC-NP-SiO2(100nm)-SLBs/h-DMPC-SUVs, the initial 

decrease in intensity of the h-DMPC-SUVs (Figure 5.18) is not the result of collisions 

between immobile NPs (they are not precipitated) and SUVs undergoing Brownian motion 

or single molecule diffusion (since a shift in Tm of the SUVs would also be expected). Thus, 

the more likely mechanisms by which lipids are transferred from the h-DMPC-SUVs to 

the d-DMPC-NP-SiO2(100nm)-SLBs is first by fusion (when the SUVs adsorb to bare SiO2 
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defect sites) and subsequently by insertion or hemifusion (when the SUVs adsorb to the 

portion of the SiO2 already covered by lipid), in both cases for which the h-DMPC-SUVs 

are in direct contact with the d-DMPC-NP-SiO2(100nm)-SLBs, and also possibly by single 

molecule diffusion. This mechanism is substantiated by the experiments with d-DMPC-

NP-SiO2(100nm)-SLBs/h-DMPC-SUVs, as discussed below.  

At the initial stages of exchange/transfer (< ½ h), the primary reason for the decrease 

in intensity of the h-DMPC-SUV TII peak is fusion of the vesicles onto bare SiO2 patches, 

since there is no shift in temperature for the TII peak. As in the case of primary fusion, this 

occurs predominantly above Tm. At times > ½ h, the TII transition shifts to lower 

temperatures for the 100 nm SiO2 and a high temperature shoulder appears on the TI 

transition, although the original TI peak persists for ~ 7h. An explanation for the double 

transition at TI for d-DMPC-NP-SLBs is based on previous reports of vesicle exchange, 

where it was suggested that the outer monolayer of bilayers could accommodate additional 

lipid. [15e] Thus the lower temperature peak (in the TI doublet) would be attributed to the 

inner leaflet with all d-DMPC on the d-DMPC-NP-SiO2(100nm)-SLBs, while the higher 

temperature peak (in the TI doublet) would be attributed to the outer leaflet that has 

incorporated h-DMPC. Since the TII transition is decreasing in intensity and also shifting 

(to lower temperatures), this suggests that there is both insertion (transfer with no 

exchange) and exchange (between the h-DMPC-SUVs and the outer leaflet of the d-

DMPC-NP-SLBs), and that “flip-flop” is slow compared with fusion. 

There is abundant evidence from AFM studies on planar SLBs that the proximal (near 

substrate) and distal (near bulk water) leaflets have different phase transitions, with the 

higher temperature transition attributed to the proximal leaflet and the lower temperature 
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transition, close to that of the vesicles, to the distal leaflet. Here, the lower temperature 

transition would be attributed to proximal leaflet and the higher temperature transition to 

the distal leaflet with incorporated h-DMPC, which has a higher Tm and thus increases Tm 

of the combined d-/h-DMPC distal leaflet. The proposed mechanism implies that there is 

considerable free volume in the outer leaflet that can accommodate additional lipids (by 

insertion), to account for the decrease in intensity of TII. The h-DMPC lipids would be 

inserted into the d-DMPC-NP-SiO2(100nm)-SLBs when the h-DMPC SUVs are adsorbed 

to the d-DMPC-NP-SiO2(100nm)-SLBs. Simulations have shown that the proximal leaflet 

(next to SiO2) is more densely packed than the distal leaflet of SLBs [39], so that the distal 

leaflet can accommodate additional lipids. Since there is no further change in intensity for 

TII after ~ 1 h, the outer leaflet of the d-DMPC-NP-SLBs may be “full”, i.e. as densely 

packed as possible, after this time. In the case of asymmetric exchange between DMPC 

and DPPC vesicles, it was observed that an additional 30% of DMPC could be inserted 

into the outer monolayer of the DPPC bilayer. [15e] Exchange can then proceed by single 

molecule diffusion or mutual insertion/hemifusion of lipids from the contacting d-DMPC-

NP-SLBs and h-DMPC-SUVs, i.e. from the SUVs to the outer leaflet of the NP-SLBs and 

from outer leaflet of the NP-SLBs to the SUVs. This is evidenced by the change of 

temperature for both TI (the higher temperature transition in the doublet) and TII. The 

mechanism of lipid transfer in the ATD model was suggested to be monomer insertion or 

hemifusion, with a characteristic time of 3 to 40 min. [12e]  

There appears to be little change in the nano-DSC traces (Figure 5.18) between 4 and 

7 h for the 100nm SiO2 NP-SLBs In particular, after 7 h, the lower temperature transition 

(TI) of d-DMPC-NP-SiO2(100nm)-SLBs is still observed, indicating that flip-flop has not 
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occurred. This is consistent with the view that the initial fusion and then insertion processes 

have added as many lipids as possible to the NP-SLB, so that it is difficult for “flip-flop” 

to occur in the well packed bilayer. Flip-flop rates were found to be accelerated in 

incomplete planar SLBs formed by fusion [37], and faster in less perfectly formed bilayers 

prepared by Langmuir-Blodgett methods [55]. Defects in the first bilayer formed using the 

Langmuir-Blodgett/Schäfer method (possibly due to cracking/removal of first layer from 

SiO2) resulted in rapid flip-flop of fluorescent lipids when the second layer was applied, 

while stable (for several hours) asymmetric bilayers could be formed using the gentler 

Langmuir-Blodgett/vesicle fusion method when applying the second layer. [55]  

Lastly, the h-DMPC-SUV transition (TII) has shifted ~ 1 oC to lower temperature in the 

experiments with 100 nm SiO2 NP-SLBs. Since there is ~ 2-3 oC difference between d-

DMPC-SUVs and h-DMPC SUVs (which are miscible in all proportions), if only ½ the d-

DMPC lipids (in the outer leaflet) of the d-DMPC-NP-SiO2(100nm)-SLBs are available 

for exchange, a downward shift of ~ 1 oC is all that is expected. This supports the idea that 

“flip-flop” has not occurred. 

For the 5 nm d-DMPC-NP-SiO2(5nm)-SLBs, the TI peaks first split, and then merge 

and shift to higher temperatures, but the TII (= Tm h-DMPC-SUVs) peak does not shift and 

only decreases in intensity. However, the 5 nm NP-SLBs always occur as large aggregates 

and not as separate, single SLBs. [40] This suggests that there is much more available space 

in the d-DMPC-NP-SiO2(5nm)-SLB aggregates that can incorporate additional h-DMPC 

lipids from the h-DMPC-SUVs. The h-DMPC lipids can be inserted into the outer leaflets 

of the d-DMPC-NP-SiO2(5nm)-SLBs, which can accommodate contain a greater 

proportion of lipids in their outer than inner leaflets compared with the 100 nm SiO2. In 
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addition, these aggregate structures may contain lipids between the NP-SLBs that are not 

lamellar bilayers. The d-DMPC-NP-SiO2(5nm)-SLBs on the 5 nm SiO2 can therefore “soak 

up” more the lipids from the donor h-DMPC SUVs. Thus, for the 5 nm NP-SLBs, it is 

possible that “flip-flop” occurs before the nanosystem contains defect-free NPs and/or 

there are always structures in the aggregates that contain defects, facilitating “flip-flop”.  

These results suggest that defects not only affect exchange/transfer kinetics, but also 

“flip-flop” rates. The time scale for flip-flop is > 7 h for lipids on the 100 nm SiO2 and ~ 

½ h for lipids on the 5 nm SiO2. Here we have ensured in the former case that there are few 

defects on the d-DMPC-NP-SLBs (since any defects or available free volume in the outer 

leaflet have been “filled” with h-DMPC lipids), and in the latter case the aggregate 

morphology and larger available volume in the 5 nm NPs, results in defects that facilitate 

“flip-flop”. The time scale for flip-flop for lipids on the 100 nm NP-SiO2(100nm)-SLBs is 

at odds with, and that for lipids on the 5 nm NP-SiO2(5 nm)-SLBs more in accord with the 

results obtained using sum-frequency vibrational spectroscopy (SFVS), where τ1/2 values 

are < 1 min for DSPC lipids on solid supports above Tm. [56] However, flip-flop times also 

depend on effects such as lateral pressure, where the rate constant for lipid translocation 

was shown to decrease by an order of magnitude as the deposition pressure increased from 

28 to 42 mN/m (a 7.4% increase in packing density in gel phase). [57] Course grained 

molecular dynamic simulations indicate that the lateral pressure is greater for the proximal 

leaflet of SLBs, while the distal leaflet is similar to free bilayers. [58] For free phospholipid 

bilayers, “flip-flop” times of τ1/2 ~ hours to days are more typical. [59]  
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5.7.4 NP-SLBs/NP-SLBs  

In the case of NP-SLB/NP-SLBs, both colloidal stability (at low salt) and precipitation (at 

high salt) were observed. At low salt, for 100 nm SiO2, exchange can occur by lipid 

diffusion between the NP-SLBs or in principle by collisional transfer (but the concentration 

dependence was not explored here). At high salt the system is precipitated, so that exchange 

via collisions cannot occur. In this case, exchange can proceed by single molecule diffusion 

or by insertion if the NP-SLBs are proximal to each other. 

What is of interest is that the exchange is speeded up by an order of magnitude when 

defects exist in the bilayers on solid supports, either from defects that exist at the phase 

boundaries or on bare SiO2 patches. .During cycling, we propose that lipids more easily 

desorb from these defect sites since the same unfavorable hydrophobic edge remains before 

and after a lipid is removed, and the lipid has fewer hydrophobic contacts than if it were in 

the contiguous bilayer region. Removal of a lipid from the latter region would require a 

greater energy penalty. Once in solution the lipids migrate to another NP-SLB with a defect 

(rather than form vesicles), where lateral diffusion within the bilayer becomes possible. 

 

5.7.5 Size Effects 

Where comparisons can be made, the rate of exchange/transfer is greater for the larger size 

SiO2 SLBs, for SiO2 of nominal 5, 45 and 100 nm diameter. We have previously shown 

that Tm is larger in the order 5nm > 45 nm > 100 nm for NP-SLBs. We interpreted this as 

possibly due to lipid interdigitation. In any case, a higher Tm suggests better packing of the 

alkyl chains. Therefore, it might be expected that the off rate for the lipids would be 

inversely related to SiO2 size, in this range of sizes. 
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5.8 Conclusions 

Exchange or transfer of lipids between bilayer surfaces, where at least one surface is that 

of a nanoparticle, is important in applications where NPs enter cells for drug delivery 

applications, since the NPs can be pre-formed as NP-SLBs, or become enveloped by lipids 

from the cell membrane upon endocytosis. Lipids can coat man-made or naturally 

occurring NPs, where they will affect their environmental migration and distribution. Here 

we have investigated factors that affect exchange/transfer of zwitterionic, saturated 

phosphatidylcholine (PC) lipids between NP-SLBs and SUVs, between NP-SLBs and NP-

SLBs, and for comparison between SUVs and SUVs. Exchange/transfer was measured 

using nano-differential scanning calorimetry, taking advantage of the difference in 

transition temperatures for d-/h- PC lipids. The aggregation state of the nano-systems was 

determined by dynamic light scattering. The presence of defects on NP-SLBs was found 

to increase both exchange/transfer and flip-flop kinetics. Defects in the NP-SLB were the 

result of mismatches in gel/liquid crystalline domains (as also occur in vesicles) and 

exposed patches of SiO2 due to differences in surface areas of the SiO2 and lipids, as 

expressed by SASUV/SASiO2. These could occur during the original preparation procedure 

and from temperature cycling of the nanosystems above and below Tm of the lipids, which 

could result in cracks in the bilayer on the NP surface due to mismatch in the thermal 

expansion coefficients of the support and lipid bilayer.  

DLS and nano-DSC data for nano-systems with SASUV/SASiO2 = 2/1 either in 10 mM 

NaCl or PBS buffer (100 mM Na Cl), consisting of nominally equal populations of SUVs 

and NP-SLBs was consistent with a mechanism where some lipid desorbed from the SiO2-

NPs in the form of vesicles that remained attached to the SiO2 during passage from the gel 
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to fluid phase, but reformed the NP-SLB bilayer in the fluid phase. If there were defects in 

the original NP-SLB, formed at a nominal SASUV/SASiO2 = 1/1 ratio, lipid from the 

adsorbed vesicles fused to these sites to form a more complete NP-SLB. For NP-SLBs 

prepared with excess lipid to heal these defects, the exchange rate was considerably slower 

in NP-SLB/NP-SLB exchange experiments (by ~ an order of magnitude) than for NP-SLBs 

with defect sites. Increased ionic strength, which formed more stable NP-SLBs and 

increased shielding between the SUVs and NP-SLBs or between NP-SLBs and NP-SLBs, 

resulted in slower exchange/transfer rates. The data on size effects suggested that 

exchange/transfer rates were faster on larger (100 nm SiO2 > 45 nm SiO2 > 5 nm SiO2) 

NP-SLBs. For NP-SLBs in the presence of SUVs (in an approximate 1/1 ratio), at least 

some of the SUVs were adsorbed to the NP-SLBs at both low (10 mM NaCl) and high (0.1 

M PBS, 100 mM NaCl).  
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CHAPTER 6 

BEHAVIOR OF STYRL DYES IN LIPID BILAYERS – A 

CALORIMETRIC ANALYSIS 

 

6.1 Introduction 

Styrl dyes are used in a variety of biophysical applications since their properties depend on 

their external environment. In particular, the fluorescence of styrl dyes dramatically 

increases upon incorporation into the hydrophobic environment of a lipid membrane 

compared with the fluorescence in the aqueous phase. These dyes have been used to study 

endocytosis, pathways of vesicle trafficking networks, synaptic vesicle recycling in 

neurons and many other phenomena [1, 2]. They also exhibit non-linear optical properties 

such as second harmonic generation (SHG), making them useful probes of interfacial 

properties at bilayer surfaces [3]. 

 Liposomes have been used in a number of applications including drug delivery, as 

sensors and nanoreactors, and in biotechnology applications. Vesicles composed of 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC) are excellent model systems of 

biological membranes and will be used here to mimic their behavior when in contact with 

styrl dyes. While styrl dyes have been widely used as fluorescent markers [4,5], the precise 

method of incorporation of the dyes into cell membranes or vesicles, whether they are 

incorporated into only the outer leaflet of the bilayer or in both leaflets, and whether they 
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move between leaflets, through a flip-flop mechanism, or between vesicles by means of 

exchange is not yet resolved.  

Here, we have used nano-differential scanning calorimetry (nano-DSC) and dynamic 

light scattering (DLS) to investigate the incorporation of the styrl dyes into zwitterionic 

lipid vesicles, both multilamellar (MLVs) and small unilamellar (SUVs) vesicles 

composed of DMPC. To increase the very low water solubility of the selected dyes, we 

have exchanged the I- counterion with the Cl- counterion in DiA-16 to increase the aqueous 

solubility and allow us to use dye solutions without the addition of ethanol. 

Adsorption/exchange experiments were undertaken to investigate the time/temperature 

dependence of DiA-16 uptake by DMPC vesicles, by comparison with shifts in the gel-to-

liquid crystalline phase transition temperature established using calibration curves obtained 

using vesicles prepared with the dyes already incorporated into the DMPC vesicles. 

 

6.2 Experimental 

6.2.1 Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14:0 PC) was obtained from Avanti 

Polar Lipids (Alabaster, AL) and used without further purification. All 

solutions/suspensions were prepared with chloroform, ethanol, and HPLC grade water, 

(Fisher Chemicals, Fairlawn, NJ). The following fluorescent dyes were obtained from 

Invitrogen/Life Technologies and used as-received: 4-Di-1-ASP (4-(4-

(dimethylamino)styryl)-N-methylpyridinium iodide; referred to as DiA-1/I), trans-4-[4-

(dibutylamino)styryl]-1-methylpyridinium iodide (referred to as DiA-4/I), and 4-Di-16-
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ASP (4-(4-dihexadecylaminostyryl)-N-methylpyridinium iodide; referred to as DiA-16/I). 

The DiA-16/Cl was obtained from DiA-16/I using an ion-exchange resin. Dye structures 

are given in Figure 6.1. An Avanti Mini-Extruder was employed for extrusion of the lipids, 

using 100 nm pore size polycarbonate filters. 

DiA-1/I 

 

DiA-4/I 

 

DiA-16/I 

 

Figure 6.1 Structures of fluorescent dyes used in this dissertation. 
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+

N
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6.2.2 Preparation of Vesicle/Dye Solution 

To overcome the difficulty of mixing SUVs with a dye solution, the dye was directly 

incorporated into the lipid film. DMPC was dissolved in a 50/50 solution of ethanol and 

chloroform, then mixed with a fluorescent dye (DiA-1, DiA-4, or DiA-16) to create molar 

ratios (lipid to dye) of 5/1, 10/1, 20/1, 35/1, 50/1, 75/1, or 100/1.  The lipid/dye solution 

was dried under a stream of nitrogen gas for approximately 30 minutes, then stored 

overnight in a vacuum oven at room temperature to remove any residual solvent. The films 

were hydrated above the phase transition temperature (DMPC Tm = 24°C) in a water bath 

at 50°C for 1 - 2 hours with constant shaking.  The MLVs were put through five freeze-

thaw cycles to break up the MLVs, and were then extruded through 100 nm polycarbonate 

membranes using an Avanti Mini-Extruder for 40 passes through the membrane.   

Binding experiments were performed by adding dilute solutions of the DiA to 1 mg/mL 

DMPC SUVs and incubating at preset times. In this case, neat DMPC was dissolved in 

chloroform and dried under a stream of nitrogen for approximately 30 minutes. Residual 

solvent was removed in a vacuum oven overnight at room temperature. The films were 

again hydrated above the DMPC phase transition temperature as described above, freeze-

thawed for five cycles, and extruded though 100 nm polycarbonate membranes to produce 

SUVs with a diameter of 100 nm. The DMPC SUVs were then combined with a solution 

of the desired dye to produce molar ratios of (dye-to-lipid) 5/1, 10/1, 20/1, 35/1, 50/1, 75/1, 

or 100/1. 

Nano-DSC traces were then obtained to determine how much DiA was incorporated 

into the SUVs by comparison with the calibration curves (Figure 6.2 and Figure 6.3). The 

effect on the phase transition of DMPC upon incorporation of DiA increased with 
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increasing alkyl chain length (Figure 6.4). Exchange experiments were performed by 

mixing equal volumes of equimolar SUVs (approximately 1 mg/mL), with different 

compositions for each population of SUVs. The mixtures were incubated in the nano-DSC 

at a preset temperature, followed by a cooling/heating scan; this was repeated until no 

further changes were observed in the nano-DSC traces.  

 

6.3 Analysis 

The phase transition temperature and vesicle diameter sizes of the resulting SUVs were 

determined by nano-differential scanning calorimetry (nano-DSC) and dynamic light 

scattering (DLS), respectively. 

 

6.3.1 Nano-differential Scanning Calorimetry (nano-DSC) 

Nano-DSC measurements were carried out on a TA Instruments (New Castle. DE) Nano 

DSC-6300.  Samples were scanned at heating/cooling rates of 1°C/min, using 1-2 mg lipid. 

For the exchange experiments, samples were incubated in the nano-DSC at various time 

intervals at pre-chosen incubation temperatures. 

 

6.3.2 Dynamic Light Scattering (DLS) 

Vesicle sizes were measured using a Malvern (Malvern Instruments Ltd. Malvern, U.K.) 

Zetasizer Nano-ZS. Samples were run at 25 °C except when studying temperature 

dependence. Diameters are reported as intensity, volume, number, or z-averages. The z-

average, the intensity weighted effective diameter, is found by fitting the autocorrelation 



175 

 

function using nonlinear least-squares using a version of the CONTIN algorithm by 

Malvern’s Zetasizer Nano 4.2 software. [6] The intensity distribution can be converted into 

a volume distribution or distribution describing the relative proportion of multiple 

components in a system based on their mass or volume using Mie scattering theory. 

 

6.4 Results and Discussion 

Calibration curves (Figure 6.2 and Figure 6.3) were constructed to observe the effect of 

dye concentration (DiA-1/I, DiA-4/I, and DiA-16/I) on the phase transition temperature of 

DMPC. Dyes were incorporated into the lipid film as described in Section 6.2.2 

(Preparation of Vesicle/Dye Solutions) and the phase transition temperatures were obtained 

by nano-DSC. Neat DMPC MLVs and SUVs with a 100 nm diameter had a Tm of 24 °C, 

and increasing the concentration of dye in the lipid solution resulted in a decrease of Tm for 

both MLVs and SUVs, as can be seen in Figure 6.4. As expected, the greater availability 

of dye molecules in the solution resulted in more dye entering the vesicles and thus causing 

a greater shift in Tm.  
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Figure 6.2 Nano-DSC traces of DiA-16/I, DiA-4/I, DiA-1/I MLVs. 
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Figure 6.3 Nano-DSC traces of DiA-16-I, DiA-4-I, DiA-1-I SUVs. 
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The masses and concentrations of each dye present in each of the lipid/dye solutions are 

given in Table 6.1, all calculations being based on a total of 4 mL of a 1 mg/mL lipid 

solution. 

Table 6.1 Masses and concentrations of dyes present in each. 

DiA-1/I (MW 366.24 g/mol) 
  

Ratio x-1 mass dye in film (ug) [dye] in MLV or SUV soln (mg/mL) mM 

5 432.184 0.1080 2.950E-01 

10 216.092 0.0540 1.475E-01 

20 108.046 0.0270 7.375E-02 

    

DiA-4/I (MW 450.4 g/mol) 
 

Ratio x-1 mass dye in film (ug) [dye] in MLV or SUV soln (mg/mL) mM 

5 531.498 0.1329 2.950E-01 

10 265.749 0.0664 1.475E-01 

20 132.874 0.0332 7.375E-02 

35 75.928 0.0190 4.214E-02 

50 53.150 0.0133 2.950E-02 

100 26.575 0.0066 1.475E-02 

    

DiA-16/I (MW 787.06 g/mol) 
  

ratio x-1 mass dye in film (ug) [dye] in MLV or SUV soln (mg/mL) mM 

5 928.776 0.2322 2.950E-01 

10 464.388 0.1161 1.475E-01 

20 232.194 0.0580 7.375E-02 

35 132.682 0.0332 4.214E-02 

50 92.878 0.0232 2.950E-02 

75 61.918 0.0155 1.967E-02 

100 46.439 0.0116 1.475E-02 
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Figure 6.4 Tm as a function of composition for DiA-16/I, DiA-4/I, DiA-1/I MLVs. 

 

Dynamic light scattering was used to determine the sizes of vesicles containing dyes 

incorporated into the film (Figure 6.5). Despite an obvious shift in the Tm indicating the 

dyes were present in the vesicles, there did not seem to be a significant change in the vesicle 

diameters, with sizes falling into nearly the same range as neat 100 nm DMPC SUVs (100 

nm ± 10 nm). This suggests that the dye molecules were encapsulated within the vesicles, 

during the hydration of the lipid film, rather than binding to or embedding in the outer 

leaflet and causing the diameter to increase. However, the possibility that exchange 

between lipid monomers and dye molecules occurred cannot be discarded and will be 

addressed in a later section. 
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Figure 6.5 DLS data by intensity, volume, and number diameters for DiA-4/I and DiA-

16/I; both dyes measured in ratios of 5/1, 10/1, 20/1, 35/1, 50-1, 75-1, and 100/1. 

 

A drawback to adding dye in solution to already prepared SUVs is the poor solubility of 

DiA-16/I in water without the addition of ethanol. Dye solubility increases with decreasing 

alkyl chain length, hence DiA-1/I is more soluble in water than DiA-16/I. While ethanol 

slightly increases the solubility of DiA-16/I, it has the drawback of also causing a shift in 

the Tm of DMPC greater than the shift seen from the addition of the dye. The slightly more 

water soluble DiA-4/I was added to 100 nm DMPC SUVs at low and high temperatures. 

Two pairs of vials were prepared, one containing 20 μM DiA-4/I and the other 100 nm 
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DMPC SUVs. One pair was cooled to 10 °C and mixed when equal temperature had been 

achieved for both dye and vesicles. The samples were then incubated at 10 °C for 1 hour 

and nano-DSC traces were collected. The same procedure was repeated at 40 °C. 

Incubation temperature did not have an effect on the ability of the steryl dye to bind to or 

enter the vesicles (Figure 6.6). The phase transition temperature in both cases was the same 

as that of pure DMPC, suggesting that they dye did not interact with the vesicles or 

otherwise the two species were in equilibrium. 

 

Figure 6.6 Nano-DSC trace of a mixture of 20/1 DiA-4/I and 100 nm DMPC SUVs, mixed 

at low and high temperatures. 
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In an attempt to increase the solubility of DiA-16, the I- counterion was substituted with 

the Cl- counterion. The dye solubility was greater for DiA-16/Cl (150 mM) than DiA-16/I 

(20 mM); Figure 6.7 shows linearity of UV-Vis absorbance of DiA-16/Cl. Nevertheless, 

optically clear solutions of DiA-16/Cl show structures of ~ 100 nm in DLS experiments. 

 

Figure 6.7 UV-Vis Absorbance for DiA-16/Cl as a function of concentration. 

 

One of the goals of the current project was to determine whether it is possible to introduce 

DiA-16 dyes into lipid bilayers first in the outer leaflet, and then in both leaflets by a “flip-

flop” mechanism. Preferably this would be accomplished without the addition of ethanol, 

which both solubilizes the DiA-16 but also changes the phase transition temperature of the 

lipid, and may compete with the DiA-16 for sites in the bilayer. However, as stated above, 

the solubility of DiA-16/I is very low. When DMPC SUVs are added to a solution of DiA-

16/I (Figure 6.8), there is no shift in Tm. However, a Tm shift can be observed for the same 

concentration of dye when the dye was incorporated into the lipid film before extrusion 
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(Figure 6.9), where the dye molecules possibly become encapsulated inside the vesicles 

during the hydration process. 

 

Figure 6.8 Nano-DSC trace of DMPC SUVs incubated at 40 oC with DiA-16/I at t = 0 and 

after 24 h, and a calibration sample prepared with DMPC/DiA-16/I = 20/1. 

 

Figure 6.9 Difference in dye uptake when dye incorporated in lipid film vs. adding a dye 

solution to neat vesicles. 
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The same experiment was conducted with DiA-16/Cl with the results shown below (Figure 

6.10). In this case, after 24 hours two peaks appear, one at the position of the original SUV 

peak and one at lower temperature. This could indicate either that the dye was in only one 

leaflet of the bilayer, or that there were two populations of vesicles, one composed of only 

DMPC, and one composed of a mixture of SUVs with DiA-16/Cl. 

 

Figure 6.10 Nano-DSC trace of DMPC SUVs, and DMPC SUVs incubated at 40 oC with 

DiA-16/Cl at t = 24 h and after 4 days. 
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6.5 Conclusions 

Nano-DSC is a useful tool to investigate the interaction of styrl dyes with lipid bilayers. 

Calibration curves have been prepared showing the effect of dye on the phase transition 

temperature of DMPC. To ensure that dye would be present within the vesicles, it was 

added to the lipid film then dried and rehydrated, ensuring encapsulation of the dye. Studies 

conducted to find the effect of temperature on the uptake of dye solution by the vesicles 

showed that temperature did not have an effect on the likelihood of uptake. Dye and vesicle 

samples incubated separately at 10 °C, mixed, and incubated at that same temperature for 

1 hour produced identical nano-DSC traces to those samples incubated and mixed at 40 °C. 

 In an attempt to increase the solubility of the least-soluble of the three dyes used in this 

dissertation, DiA-16/I, the I- counterion was replaced with the Cl- counterion. Water 

solubility was seen to increase by a factor of 10-20 as well as increasing the ability of the 

DiA-16/Cl to enter zwitterionic vesicles. The phase transition temperature of the DiA-

16/Cl SUVs immediately lowered upon mixing with DMPC SUVs, suggesting that it is the 

DMPC that migrates between the vesicle populations rather than the dye entering the 

vesicles.  
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