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Abstract 

 

 

Model lipid membranes have attracted considerable attention over the past several decades. 

They are ideal biomimetic models for studying cells and cellular processes. Due to their unique 

properties and functional versatility, they are widely used for drug delivery, biosensors and 

photosynthetic mimics. In this dissertation, we first demonstrated artificial photosynthetic mimics 

to mimic photosynthesis of green sulfur bacteria by using model lipid membranes including 

liposomes and solid supported lipid bilayers as scaffolds to host essential components for 

photoconversion. We specifically investigated the effect of different lipid phases such as lipid 

disorder phase, lipid ordered phase, gel phase on the photoconversion efficiency. We observed by 

incorporation of cholesterol, the photoconversion efficiency is greatly enhanced. The underlying 

photo-kinetics and morphology of such photosynthetic mimics are characterized by absorption 

spectroscopy, fluorescence spectroscopy, transient absorption spectroscopy, atomic force 

microscopy, scanning electron microscopy, and confocal microscopy. We next synthesized 

various kinds of Janus-like giant liposomes, exploiting cholesterol-induced phase separation. We 

specially investigated the self-assembly of biotinylated Janus-like liposomes and charged Janus-

like liposomes, which is driven by biotin-avidin interaction and electrostatic interaction, 

respectively. By taking advantage of cholesterol-induced phase separation, we can regioselectively 

dope the biotinylated lipids and charged lipids into the desired domains. Using such Janus-like 

liposomes, we can obtain well controlled self-assembled lipid supercomplexes.
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Chapter 1 

 

 

Introduction 

 

 

Recent years have witnessed notable advances in the development and application of model 

lipid membranes, due to their structural and functional resemblance to biomembranes, versatile 

functionalization, and simplicity. This chapter starts with outlining commonly used model lipid 

membranes, and proceeds with focusing on addressing the advancements in artificial 

photosynthesis based on model lipid membranes, despite their wide applications. Following that, 

a rather interesting and significant phenomenon in lipid membranes, phase separation, is briefly 

discussed. A special emphasis is placed on cholesterol induced phase separation. Janus particles 

and their application in self-assembly is then touched on in brief. This chapter is concluded with 

the scope of this dissertation.   

 

1.1 Model Lipid Membranes 

As the major structural component of biological membranes, lipids, once dispersed into 

water or deposited onto solid supports (e.g. glass1-2 and metal surfaces3-5), spontaneously self-

assemble into hierarchical lipid assemblies such as liposomes (vesicles)6 and lipid bilayers7. Lipids 

possess amphiphilic characteristics, containing a hydrophilic headgroup and hydrophobic tails
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(See Fig. 1.1 for example). The primary driving force for lipid self-assembly is the hydrophobic 

effect, contributed by hydrophobic tails. When exposed in aqueous environment, bilayer structure 

will form to minimize the exposure of hydrophobic moieties to water (Fig. 1.1). Within the 

bilayers, hydrophobic tails are placed together, forming the core of the bilayer, while the 

hydrophilic headgroups face toward water. On the other hand, entropic interactions between 

hydrophobic tails, and electrostatic and steric interactions between headgroups, counteract the 

formation of bilayers.8 To date, various model lipid membranes have been developed as versatile 

systems not only for fundamental studies of membrane functions such as membrane fusion,9,10 

endocytosis/exocytosis,10 lipid-protein interactions,11 but also for practical applications such as 

drug delivery7,12,13 and biosensors7,12.  

 

1.1.1 Liposomes 

Liposomes comprising mostly phospholipids are artificial vesicles in which an aqueous 

solution core is surrounded by a lipid bilayer membrane (Fig. 1.1),6 unlike micelles, which are 

enclosed monolayers with a hydrophobic core (tails) and hydrophilic surface (headgroups), or a 

hydrophobic core and hydrophilic surface (so-called inverted micelles). Dispersed in aqueous 

media, lipids spontaneously self-assemble into unilamellar/multilamellar liposomes with size 

ranging from nanometers to micrometers in diameters.6 Liposomes are ideal biomimetic models 

for studying key cellular processes, including cell fusion and docking,9,10 endocytosis/exocytosis,10 

membrane trafficking,14 etc. Moreover, due to their structural versatility and facile surface 

functionalization, liposomes are promising carriers for drug delivery12,13 and gene delivery13-15. 

Additionally, liposomes have been employed as scaffolds for solar energy conversion,16-18 inspired 

by nature. Depending on their size and numbers of lamellae, liposomes can be categorized into 
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several types including small unilamellar vesicles (SUVs), giant unilamellar vesicles (GUVs), 

multilamellar vesicles (MLVs), etc.6 (Fig. 1.1). 

 

 

 

Figure 1.1 Schematic of liposomes including SUVs, GUVs and MLVs, and chemical structures 

of representative lipids: DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine. 

 

SUVs contain a single lamella and have a typical size of 20-100 nm. They have been 

extensively used for targeted drug delivery10,12,13 and gene delivery (typically cationic SUVs),13,14 
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and biosensors19. The general procedure to prepare SUVs involves hydration followed by sizing 

such as sonication and extrusion. GUVs represent an excellent model for cell mimicking due to 

their comparable size and readily being characterized by optical microscopes.20-22 Several methods 

for GUV preparation have been developed including gentle hydration,23-26 electroformation,26-29 

phase transfer,30,31 and gel-assisted formation,32,33 etc. MLVs have onion-like structures, generally 

consisting of five or more concentric lamellae composed of lipid bilayers interspersed with 

aqueous layers.6 MLVs are therefore considered to be of great promise for incorporation or 

transportation of lipophilic materials.34  

 

1.1.2 Black Lipid Membranes (BLMs) 

BLMs are the earliest model lipid membrane developed by Mueller and coworkers.35,36 To 

form BLMs, a lipid solution typically prepared in a viscous hydrophobic solvent (e.g. octane) is 

brushed onto an aperture in a thin layer of a hydrophobic material such as Teflon. Once in water, 

a lipid monolayer spontaneously forms at the interface between the organic and aqueous phases 

on either side of Teflon sheet; overtime, a continuous bilayer is formed in the center of the aperture 

(Fig. 1.2).36,37 BLMs remain widely applied today mainly due to their being well suited to electrical 

characterization because two compartments separated by the bilayer are both accessible, which 

allows straightforward electrode placement and reagent exchange.37 However, BLMs suffer from 

short lifetime and residual organic solvent,37,38 which greatly limit the applications of BLMs on 

transmembrane protein studies.  
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1.1.3 Lipid Membranes on Solid Supports 

Preparation of lipid membranes on solid supports have become popular practice in 

laboratory over the past several decades7,39-41. Not only can it afford the capability to study basic 

cell membrane functions such as lipid-protein interaction and ion channels7,41, but it can serve as 

a robust platform for potential biotechnological applications, for instance, biosensors.7,42 To date, 

a wealth of such lipid bilayer systems on solid supports have been invented, such as solid supported 

lipid bilayers,43-47 hybrid lipid bilayers,48-50 and tethered lipid bilayers51,52 (Fig. 1.3).   

 

 

Figure 1.2 Schematic of black lipid membrane (BLM). Reprinted with permission from Acc. 

Chem. Res. 2016, 49, 2551-2559. Copyright (2016) American Chemical Society. 

 

1.1.3.1 Solid Supported Lipid Bilayers (SLBs) 

Formation of SLBs (Fig. 1.3A) necessitates a hydrophilic surface of solid supports such as 

glass, mica, and some metals.7 One of the most widely used method to form SLBs is vesicle fusion 

on these solid surfaces.7 In detail, hydrophilic substrates are immersed in a SUV solution typically 

for several hours. During hours incubation, these liposomes first adsorb, rupture, and ultimately 

spread into planar lipid bilayer during incubation.39 Vesicle fusion represents a simple and robust 

route to produce SLBs. More exciting is that such SLBs allows lipids and lipid-associated proteins 
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to diffuse translationally and rotationally.39 As such, SLBs are well applicable to studying lipid 

domains,53,54 intermembrane interactions,55,56 or membrane-protein interactions.57 However, 

formation of SLBs has been found to be an intricate process. When lipid vesicles contact the 

surface of the solid substrate, they either do not adsorb, adsorb and remain intact, or adsorb and 

rupture instantaneously to form lipid bilayer, depending on the composition of vesicles.58 The 

exact mechanism of formation of SLBs via vesicle fusion is not fully understood, and considerable 

work is underway by using a wide variety of analytical tools including quartz crystal microbalance 

(QCM),39 atomic force microscopy (AFM),39 neutron reflectometry,59 and surface plasmon 

resonance (SPR)60 as well as mathematical modeling61.  

 

 

Figure 1.3 Solid supported lipid bilayers. A. SLBs; B, hybrid lipid bilayers; C, tethered lipid 

bilayers.  

 

1.1.3.2 Hybrid Lipid Bilayers 

Hybrid lipid bilayers (Fig. 1.3B) are made by placing a monolayer of phospholipids on an 

alkanethiol self-assembled monolayer (SAM) anchored typically on a gold surface62. Compared 

to lipid bilayers, hybrid bilayers exhibit higher stability and robustness7,63. On the other hand, 
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direct interface with metal surfaces renders the feasibility of applications of surface-sensitive 

techniques, e.g. SPR,64 surface-enhanced Raman/IR,65 and electrochemical techniques including 

cyclic voltammetry,62 impedance spectroscopy,62 and QCM.66 For instance, investigation on 

electron transfer between a redox species and a hybrid lipid bilayer covered gold electrode can 

shed light on the formation of the bilayer qualitatively and quantitatively by using cyclic 

voltammetry and impedance spectroscopy.62 Ever since their first introduction by Plant in 1993,62 

hybrid lipid bilayers have been often employed for biomembrane mimicking as well as 

biosensing.8,67 Ferri and coworkers,67 for example, incorporated a glutamate receptor in a hybrid 

lipid bilayer to detect glutamate at nM levels due to transmembrane current amplification. There 

lacks adequate space for incorporating membrane proteins, however, making biomembrane 

mimicking problematic.  

 

1.1.3.3 Tethered Bilayer Lipid Membranes (tBLMs) 

Tethered lipid bilayers (Fig. 1.3C) are based on thiolipids, which comprise a lipid tail and 

a hydrophilic spacer linked to a solid substrate, preferably gold.68,69 As to the tethered molecules, 

alkyl chains, phospholipids, or cholesterols have been used as thiolipid tails, whereas peptides, 

oligomers, or polymers have been chosen as spacers.68 This submembraneous space affords an 

ionic reservoir as well as provides adequate space for incorporated membrane proteins,70 which 

makes tBLMs well suited to mimic biomembranes. However, their high capacitance and 

impedance limit the ability of tBLMs to match the electric properties of biological membranes.68 
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1.1.4 Tethered Vesicles 

Lipid vesicles have been tethered to SLBs via DNA hybridization or biotin-avidin 

interaction.71-73 In doing so, proteins incorporated into tethered vesicles can be shielded from the 

solid surface by SLBs thus minimizing the molecule-surface interaction.71 Haran et al.73 tethered 

protein-trapped vesicles to a SLB via biotin-avidin chemistry for single biomolecule detection. 

These vesicles remain intact and often motionless after being attached to the surface. Quite 

differently, DNA-tethered vesicles have been shown to diffuse and collide with each other, 

although their diffusion is constrained into two dimensions.71 This raises the potential to use DNA 

tethered vesicles to study membrane reactions including protein-mediated docking and fusion.74 

 

 1.2 Model Lipid Membranes for Artificial Photosynthesis 

As the ultimate energy source, solar power is clean, abundant and sustainable, and has thus 

been considered the ideal replacement to carbon-based energy sources, such as oil, gas and coal. 

Ever-growing use of fossil fuels will eventually exhaust them and unfortunately has brought severe 

environmental issues, such as air pollution and the greenhouse effect.75 Considerable attention has 

been therefore directed towards finding efficient and sustainable ways to capture and convert solar 

energy on a large scale. Photosynthesis in nature is a system that has the capability to harness 

energy provided by the sun, which has inspired generations of researchers in biomimetic light 

energy utilization due to its grand scale, ultimate efficiency, and sustainability.37 

Following nature’s lead, considerable artificial photosynthetic systems have hitherto been 

constructed with promising efficiency, where light-harvesting antenna initially captures light, and 

transfers excitation energy ultimately to adjacent reaction center. Inspired by nature, several light-

driven methodologies have been developed such as photo-electrochemical cells,76-78 photocatalytic 
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water splitting,78-80 light-driven carbon dioxide reduction,81 and photobiological fuel production82. 

A wide variety of materials developed for achieving these goals have been reported and reviewed 

elsewhere.83-86 Here, we specifically focus on artificial systems built in a lipid membrane setting. 

As an essential and ubiquitous component in all photosynthetic machinery, lipids and their 

assemblies have long been recognized as powerful molecular scaffolds in building artificial 

photosynthetic systems.37 Photovoltaic effect and photoconductivity in BLMs was demonstrated 

by Tien in 1968 for the first time.87 The membrane, constituted from natural photosynthetic 

pigments such as chlorophyll and xanthophyll, is considered as a photocell capable of effecting 

water photolysis. On the other hand, artificial photoconversion based on liposomes containing 

chlorophyll and carotene was first described in 1976 by Mangel.88 Upon illumination, charge 

transport is observed provided that a redox potential gradient exists across the liposome membrane. 

One significant finding in this report is that chlorophyll aggregates are present in the liposomes 

and are responsible for energy conversion. This is in accordance with spectroscopic 

characterization for some photosynthetic bacteria, e.g. green sulfur bacteria,89 whose light 

harvesting antenna comprise such aggregated bacteriochlorophylls. It has been proposed such 

aggregation results in molecular exciton formation upon irradiation.90 Model membrane system 

based artificial photosynthesis has become an active research area ever since.37 

Using model lipid membranes, two approaches have been generally employed to establish 

artificial photosynthetic systems. One is directly copying natural systems by reconstitution of 

photosynthetic antenna protein and/or reaction center in lipid bilayers. Reconstituting 

photosynthetic proteins into membrane is not only a promising way to fabricate photoconverting 

devices, but also sheds light on mechanisms how nature performs photosynthesis. Earlier work on 

reconstituted photosynthetic in SLBs was done by Gruszecki et al.91 In this work, monomolecular 
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layers of LHCII complex were formed on a glass support, where efficient excitation energy transfer 

was observed to chlorophyll b respectively from chlorophyll a, neoxanthin, lutein, and 

violaxanthin. This work demonstrated the viability to fabricate artificial light-to-current converters 

using reconstituted photosynthetic proteins. One notable drawback of such monolayer system is 

that direct contact in solid supports presumably denatures and therefore malfunction proteins. 

Later, reconstituting transmembrane proteins in lipid bilayers has become a frequent practice.92-94 

For instance, Nango et al.92 assembled two types of photosynthetic membrane proteins from purple 

bacteria, i.e. the peripheral antenna complex (LHII) and the core antenna/reaction center complex 

(LHI-RC), into domain-structured planar lipid bilayer, where intermolecular energy transfer from 

LHII to LHI-RC was clearly observed (Fig. 1.4). More recently, Sinner and coworkers93 developed 

a stable, highly controllable, and sustainable light harvesting system by reconstitution of light-

harvesting complex II (LHCII) into a polymeric membrane, in both spherical and planar 

configurations. It has been found that LHCII is capable of binding pigments in a certain way akin 

to that found in the chloroplasts of living cells. Kumar and coworkers94 designed a photo-

electrochemical cell by using a biomimetic interface, where photosystem I complex is 

reconstituted into a tethered lipid bilayer intercalated by conjugated oligoelectrolyte molecules at 

a high concentration to form ordered two-dimensional crystals. This approach may provide a 

potential platform for photosystem I based H2 production. The studies reviewed above show the 

capability of reconstitution of photosynthetic proteins in model lipid membranes to establish 

artificial photosynthetic systems. However, this approach suffers from vulnerability of 

photosynthetic bacteria especially when the lipid bilayer interfaces with a solid support. 

The other approach, more robust, is to incorporate synthetic molecules/nanoparticles into 

model membranes. Given that unique nano-environment of lipid bilayer, one needs to exquisitely 
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design molecules in order for successful embedment. In 1979, Calvin and coworkers16 

demonstrated efficient photosensitized electron transport across lipid vesicle membranes. In these 

lipid vesicles, an amphiphilic tris(2,2’-bipyridine) ruthenium(II) derivative is incorporated into the 

lipid bilayer, which isolates two aqueous compartments including an exterior viologen solution 

and an interior ethylenediaminetetraacetate (EDTA) solution. This ruthenium species, 

 

 

Figure 1.4 Reconstitution of light-harvesting complex 2/light-harvesting complex 1-reaction 

center into planar lipid bilayers supported on a solid substrate. Reprinted with permission from 

Langmuir 2011, 27, 1092-1099. Copyright (2011) American Chemical Society. 

 

upon irradiation, photosensitizes the irreversible oxidation of EDTA and reduction of viologen. 

Within the membrane, electron transport is plausibly due to electron exchange (electron tunneling) 

rather than a diffusional mechanism. Later, Moore et al.17 reported a quinone-porphyrin-carotene 

triad that is incorporated into the lipid bilayer of liposomes to generate a proton gradient across 

liposomal bilayers to drive adenosine triphosphate (ATP) synthesis (Fig. 1.5). By rational design, 

Matile and coworkers95 created a photosystem where helical tetrameric π-stacks of naphthalene 

diimides are successfully incorporated in liposomes by using rigid p-octiphenyl rods as 
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preorganizing scaffolds. Such π-stacks are demonstrated to support sufficient charge-separation 

lifetimes for conversion into proton gradients. Without extensive molecular engineering, Lindsey 

and coworkers96 developed an approach to build a light-harvesting system that may afford broad 

solar collection and efficient energy transfer using lipid vesicles. Using lipid vesicles and DNA as 

scaffolds, Albinsson and coworkers97 reported self-assembled light-harvesting complexes 

comprising DNA-intercalating YO-PRO-1 (energy donor) and membrane-bound porphyrin 

(energy acceptor). Thanks to DNA, chromophores can be arranged on a nanometer scale to 

significantly enhance the effective absorption coefficient of light harvesting antenna. In addition 

to these synthetic molecules, nanoparticles that can fit within either the bilayer or aqueous core 

have been used as photosensitizers and/or electron mediators. Hwang and Mauzerall98 embedded 

fullerenes (C60 and C70) in a lipid bilayer, serving as efficacious electron acceptors from membrane 

surface-bound photoexcited zinc porphyrin. Apart from being an electron transport mediator, C70 

was further shown to be an efficient photosensitizer. This C70-lipid bilayer system outclassed 

previously the most efficient artificial photosynthetic system, i.e. carotene-porphyrin-quinone 

system, in terms of photocurrent density, stability, and turnover number.98 Baral and Fendler99 

demonstrated successful photovoltage generation by using CdS quantum dots, which are generated 

in situ on one side of a BLM to mediate photoelectric effects.  

Additionally, integration of these two approaches have been done to establish hybrid 

artificial photosynthetic systems. For instance, CdTe quantum dots were immobilized on the 

surface of a purple membrane containing a photochromic protein bacteriorhodopsin. Exogeneous 

quantum dots capture light and transfer excitation energy via highly efficient Förster energy 

transfer (FRET) to the surrounding purple membrane system. Significant enhancement in 

efficiency of light-driven transmembrane proton pumping was further demonstrated in this 
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integrated system, which is the main biological function of bacteriorhodopsin.100 Another 

example101 is to embed photosynthetic reaction centers combined with CdSe/ZnS quantum dots 

into liposomes. The stability of reaction centers in this hybrid complex is even increased yet their 

function is completely maintained. Remarkably, even for dried films of such hybrid complexes, 

the efficiency of energy transfer from quantum dots to reaction centers and electron transport 

activity of reaction centers remain for several months. This demonstrates the possibility to develop 

an efficient and robust light-harvesting antenna for photosynthetic reaction centers in films and 

potential for developing novel bio-hybrid light-harvesting modules. 

 

 

Figure 1.5 Schematic artificial photosynthetic reaction centers composed of carotene-porphyrin-

quinone (C-P-Q) triads incorporated in liposomes. Reprinted with permission from 

Nature 1997, 385, 239-241. Copyright (1997) Nature Publishing Group. 
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Besides photovoltaics reviewed above, photocatalytic water splitting as another promising 

way of storing and converting solar energy has blossomed into active fields of research.85,86 

Hydrogen, where the converted energy is stored, is an ideal energy carrier in that water is the only 

product when the energy is released. To accomplish this process, typically a photosensitizer creates 

an electron and a hole upon irradiation, which are respectively transferred to adjacent hydrogen 

evolving catalyst and oxygen evolving catalyst. In doing so, water is photo-catalytically reduced 

and oxidized to generate hydrogen and oxygen.102 Herein, we reviewed the literatures on 

photocatalytic water splitting carried out at the lipid membranes. Taking advantage of lipid 

vesicles, amphiphilic photosensitizers and a cobaloxime catalyst are co-assembled in a lipid bilayer 

for water reduction by Troppmann and König.103 Within lipid membrane, these complexes are 

within close spatial proximity and membrane fluidity furthermore allows their dynamic 

reorganization, resulting in efficient electron transfer and improved photocatalytic activity for 

water reduction. Later, by employing the same approach, they anchored a ruthenium complex 

photosensitizer and a ruthenium complex catalyst to a lipid membrane for water oxidation.104 This 

system shows superior photocatalytic activity even at low concentration of the water oxidation 

catalysts plausibly due to appearance of phase separation and patch formation, which might 

facilitate the intermolecular electron transfer and thus enhance photocatalytic efficiency.  Bonnet 

et al.105 studied the kinetics of photocatalytic water oxidation at liposomes, using a ruthenium 

complex as the photosensitizer and Ru-, Co-, or Ir-based water-oxidation catalysts incorporated 

into the liposomes. It appears that oxidative quenching of photosensitizer is the rate-determining 

step of the photocatalytic water oxidation reaction. Membrane anchoring is found to be able to 

stabilize the photosensitizer. 
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Research on artificial photosynthesis in our lab is focused on solid supported lipid bilayers, 

which are employed as scaffolds to host light-harvesting antenna and electron-transfer mediators 

for fabricating photo-electrochemical cells. By precise molecular design, we synthesized a 

photoactive fullerene molecule ([6,6]-closed-ring bridged malonic fullerene) with desired 

amphiphilicity, size and relatively undisturbed electronic structure, which can be quantitatively 

assembled in liposomes. Subsequent liposome rupturing on indium tin oxide (ITO), a transparent 

conducting substrate, forms a lipid bilayer. Stable photocurrents are generated from these ITO-

supported lipid nanoassemblies.47 Later, we introduced a photoactive species [Ru(bpy)3]
2+ into a 

hybrid lipid bilayer for photocurrent generation. We investigated the dependence of photocurrent 

generation on the underlying n-alkanethiol based SAM. Among the three n-alkanethiols (C6, C12, 

and C18) studied, the C12 SAM based bilayers produced higher photocurrent, presumably due to 

well formation of top lipid bilayer and suitable electron-tunneling distance.50 Continuing in this 

direction, we then incorporated multi-components including porphyrin as the photosensitizer and 

fullerene as the electron mediator into tethered lipid bilayers supported by ITO electrodes.52 We 

found out the photosensitizer and electron acceptor should be present in both lipid monolayers in 

order to facilitate photoexcited electrons to tunnel through low-dielectric hydrocarbon region of 

lipid bilayer. Taking advantage of sequential formation of bilayers, we are able to facilely decorate 

each lipid monolayer with desired components, either photosensitizer and/or electron mediator. In 

doing so, very efficient vectorial electron transfer was observed with concomitant photocurrents 

enhanced by more than 50-fold. Tailoring the underlying SAMs in hybrid lipid bilayers by 

affording new functionality, we can introduce new electronic states and modify oriented surface 

dipole. Specifically, we prepared a new hybrid lipid bilayer comprising a ferrocene-terminated 

undecanethiol SAM and top lipid monolayer.106 New electronic states brought by ferrocene 
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moieties for photo-generated charges hopping on and off, act either as an electron sink or a relay 

for photoinduced electron transfer, depending on the redox potentials of incorporated photoactive 

species. On the other hand, oriented surface dipole can be well tuned by forming desired SAMs. 

Two hybrid lipid bilayers were formed by first grafting two thiols (n-dodecanethiol and 

heptadecafluoro-1-decanethiol) with opposite molecular dipoles onto gold and then laying the 

same lipid monolayer containing either fullerene or porphyrin on top. Thus-formed hybrid lipid 

bilayers allow us to investigate the effect of surface dipole on photogenerated charge injection. As 

envisaged, we observed strikingly different photocurrent/photovoltage from these two bilayer 

systems, which can be well explained by the different dipole potentials associated with the two 

SAMs, modifying the Fermi level of gold and thus its alignment with the HOMO/LUMO level of 

photoactive species. These systems are simple to build, stable yet inexpensive, however, they are 

less efficient compared to other thin-layer photoconverting devices. 

 

1.3 Cholesterol-Induced Phase Separation 

Phospholipids in lipid bilayers exhibit a unique feature of gel-to-liquid-crystalline phase 

transition upon temperature change. The temperature at which such structural phase transition 

occurs is called phase transition temperature (Tm). Each lipid has its characteristic Tm.6 Generally, 

lipids with longer and saturated acyl chains tend to have higher Tm, whereas those with shorter and 

unsaturated diacyl chains have lower Tm. Phospholipids tend to adopt trans conformation (Fig. 

1.6) at T< Tm, due to low-lying energy in this state.107 In the lipid bilayers, they are fully extended 

and tightly packed to maximize Van der Waals interaction. This lipid phase is called gel phase (so), 

in which individual lipids have rather limited lateral diffusivity and freedom of motion. As the 

temperature increases up to Tm, the phospholipids instead adopt gauche conformation (Fig. 1.6). 
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Such a transition is called trans to gauche isomerization.107 Under this circumstance, the tight 

packing of acyl chains will loosen, leading to the liquid disordered phase (ld) emerging,107 

characterized by that lipids have high rotational and lateral mobility.   

As a ubiquitous component in biological membranes, cholesterol plays an essential role in 

maintaining membrane integrity and fluidity. In detail, the presence of cholesterol in membranes 

condenses the acyl chains of unsaturated lipids in ld phase and fluidizes those of saturated lipids in 

so phase.6,108 Incorporation of cholesterol into ld/so binary systems induces a separate phase, i.e. 

liquid ordered (lo) phase,109 which is a hybrid of ld phase and so phase. Lipids in lo phase have 

comparable lateral diffusivity to ld phase and similarly tight packing as in so phase (Fig. 1.7).   

 

 

Figure 1.6 Disposition of phospholipid diacyl chains. 
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Such lo phase shares similar feature with lipid rafts, which is thought to function in 

membrane trafficking and signaling.110 Lipid rafts have thus received much attention over the past 

two decades ever since this concept was proposed. Their existence, however, is still enormously 

controversial, which is in part due to that the methods for their detection remain far from 

perfect.110,111 

 

 

Figure 1.7 Schematic of liquid-disordered (ld), liquid-ordered (lo), and gel (so) phase membranes.  

 

Intrigued by lipid rafts, model membranes such as GUVs are often employed to study lo 

phase and associated biological processes.112-114 Typical GUVs comprise ternary mixtures of 

saturated lipids, unsaturated lipids, and cholesterol, which allow for direct observation of micron-

sized domains by optical microscopy and precise control of formation of lipid domains.115 A 

plethora of ternary lipid systems containing a variety of phospholipids, sphingolipids, and sterols 

have been developed, and corresponding phase diagrams have been depicted and reviewed 

elsewhere116 (see Fig. 1.8 for example). Fluorescence microscopy is the most commonly used 

method to visualize the phase separation and lipid domains in GUVs that are labelled with 

fluorescent probes. A number of fluorescent probes that prefer to partition into a single lipid phase 
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either ld or lo phase, have been synthesized and reviewed elsewhere.117 Knowing the whereabouts 

of the fluorescent probe by fluorescence microscopy, the lipid phase can be easily discerned. 

 

Figure 1.8 Phase diagram of ternary mixtures of lipid A and lipid B together with cholesterol C. 

The axes to which mole fraction coordinates (XA, XB, XC) are referred are tilted at 60° to one 

another. α–β, β–γ and α–γ are tie lines and αβγ is a three-phase triangle. Reprinted with permission 

from Biochim. Biophys. Acta. 2009, 1788, 2114-2123. Copyright (2009) Elsevier. 

 

1.4 Janus Particles 

Janus particles (Fig. 1.9), named after the Roman double-faced god, possess two distinct 

sides with contrasting functionality. They have attracted enormous attention in recent years, 
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because they are building blocks of great promise for hierarchical functional materials and 

potential models for biological structures.118-120 For example, incorporating stimuli-responsive 

moieties selectively into certain region, Janus particles are promising “smart” drug carriers,121 

where the morphology/fluidity of the particles can be changed to trigger release of encapsulated 

materials. Moreover, Janus particles have exhibited self-propelled motion in the presence of 

catalysts.122 So far, various shaped Janus particles have been invented and synthesized including 

spherical, cylindrical, disc-shaped, and dumbbell-shaped ones.118 

 

 

Figure 1.9 Janus and Janus particles. Reprinted with permission from J. Mater. Chem. 2012, 22, 

15457-15474. Copyright (2012) Royal Society of Chemistry. 
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1.4.1 Synthesis of Janus Particles 

To date, there are several general methods to synthesize Janus particles, among which 

toposelective surface modification is one of the most commonly used method. Toposelective 

surface modification breaks the symmetry at a single interface.120 

Interface immobilization is a straightforward and probably most used way to break the 

symmetry.120 In detail, homogeneous precursor particles are first immobilized at an interface, say, 

a solid substrate, to form a monolayer (Fig. 1.10). In doing so, only a portion of each particle 

surface is exposed for further functionalization while the rest portion thereof is masked and 

protected. Particles can be immobilized via Langmuir-Blodgett, thiol chemistry (e.g. forming Au-

S bond), spin coating, and drop casting.120 For instance, Tang et al.123 demonstrated the synthesis 

of bifunctional Janus microparticles with spatially segregated proteins using interface 

immobilization based modification, in which polystyrene microparticles were firstly deposited 

onto glass substrates by drop casting to form a monolayer, and then the exposed side of particles 

was coated with a layer of gold by metal evaporation. Such gold-coated hemisphere was then 

activated via thiol-PEG-biotin, by which desired proteins can be conjugated to the surface of 

particles. 

Another often used method to break the symmetry is Pickering emulsion124. Particles tend 

to adsorb at the emulsion interface. As a consequence, one side of each particle is immersed in oil 

phase, while the other side thereof is exposed in water phase, allowing for toposelective 

modification.120 As a case in point, Suzuki et al.125 reported synthesis of Janus microgel by using 

Pickering emulsion-based modification (Fig. 1.11) , where poly(N-Isopropylacrylamide-co-acrylic 

acid) microgels were dispersed into hexadecane-in-water emulsions, and subsequent 
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functionalization by tethering amino groups to the side of each microgel exposed to water phase 

was accomplished through a carbodiimide coupling reaction using ethylenediamine and 1-ethyl-

3-(3-dimethylaminopropyl)-carbodiimide hydrochloride. In so doing, the microgels have untreated 

carboxyl groups on one hemisphere and functionalized amino groups on the other. Thus-prepared 

Janus microgels were collected by destabilizing the emulsion via freezing/melting process. 

 

 

Figure 1.10 Interface immobilization based modification for synthesis of Janus particles. 

Reprinted with permission from J. Mater. Chem. 2012, 22, 15457-15474. Copyright (2012) Royal 

Society of Chemistry. 

 

1.4.2 Self-Assembly of Janus Particles 

Self-assembly is a process by which individual components spontaneously form ordered 

and well-defined hierarchical superstructures, whose collective properties differ from their starting 

materials.126 In fact, an astounding range of complex/supercomplex structures in cell are formed 

by self-assembly, such as lipid membranes, intermembrane proteins, protein aggregates, and 

molecular machines. The understanding of self-assembly processes is of paramount fundamental 

interest, not only for developing advanced materials, but for gaining insight into sophisticated 

biological functions of cells and organelles. The connection of specific organelles such as 

Golgi, peroxisomes, and lipid droplets etc. by membrane contact sites, for instance, is particularly 

important in cellular signaling, promotion of ion passage, and non-vesicular lipid trafficking.127  

https://en.wikipedia.org/wiki/Golgi_apparatus
https://en.wikipedia.org/wiki/Peroxisome
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Figure 1.11 Pickering emulsion based modification for synthesis of Janus microgels. (a) 

Stabilization of a hexadecane (HD) droplet by microgels, (b) modification of one hemisphere of 

each microgel with amino groups, (c) collection of Janus microgels by destabilizing emulsion. 

Reprinted with permission from J. Am. Chem. Soc. 2007, 129, 8088-8089. Copyright (2012) 

American Chemical Society. 

 

A variety of interaction patterns have been introduced into Janus particles, including 

hydrophobic interaction, electrostatic interaction, supramolecular binding, etc. driving their self-

assembly.118 

Granick and coworkers128 have endeavored experimentally and by simulation to investigate 

the self-assembly of micron-sized colloids. For example, they synthesized dipolar Janus particles, 

which carry opposite electric charge on the two hemispheres of each particle. Using carboxylate-

modified polystyrene colloids, one hemisphere was coated with a thin layer of gold, which was 

then treated with amine terminated thiols. In this way, colloids carry opposite charge on two 

hemispheres, rendered by untreated carboxylate and amine group, respectively. Triggered by 
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electrostatic attraction (Debye screening length was set below 10 nm), a series of clusters with 

different structures were obtained, which quantitatively agree with computed structures. Rather 

than clusters, Suzuki et al.125 observed string structures by using dipolar microgels with carboxyl 

groups on one hemisphere and amino groups on the other (vide supra). At pH 4.0, such microgels 

carried opposite charge on each hemisphere forming a large dipole, therefore triggering the 

formation of aggregates with string structure. 

 Granick and coworkers129 also studied self-assembly behavior of amphiphilic particles, of 

which one side is hydrophobic and the other side is charged, thus generating anisotropy. 

Interestingly, the self-assembled clusters show a strong dependence on ionic strength. In DI water, 

due to strong electrostatic repulsion, Janus particles remain separate, but when Debye screening 

length falls to 10 nm in the solution, appreciable aggregation was observed, forming clusters. 

When the ionic strength of the solution is further increased, lower ordered clusters aggregated into 

extended, branched, wormlike superstructures. 

Supramolecular chemistry has in addition been employed to achieve self-assembly of Janus 

particles. Maye et al.130 demonstrated self-assembly of Janus nanoclusters driven by DNA 

hybridization. In this report, ssDNA modified gold nanoparticles were immobilized onto 

paramagnetic beads that were coated with complementary ssDNA. Introducing a second 

nanoparticle modified with suitable ssDNA, Janus nanoclusters can be fabricated and finally 

released from the paramagnetic bead support by adding another ssDNA that has energetically more 

favorable hybridization. 
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1.5 The Scope of this Dissertation 

The motivation of this dissertation is to explore the applications of model lipid membranes 

in artificial photosynthesis and self-assembly. We focus mainly on solid supported lipid bilayers, 

small unilamellar vesicles, and giant liposomes.  

In Chapter 2, we demonstrate two-tier lipid nanoassemblies to mimic photosynthesis of 

green sulfur bacteria. Two-tier lipid nanoassemblies consist of a liposome layer electrostatically 

held on a solid supported lipid bilayer. Specifically, we prepared liposomes mainly composed of 

DPPC. Wired to an ITO electrode, photoaction spectrum is recorded. We further demonstrated that 

photoconversion efficiency is greatly enhanced by incorporation of cholesterol into DPPC 

liposomes. UV-Vis absorption spectroscopy, fluorescence spectroscopy, transient absorption 

spectroscopy, atomic force microscopy, scanning electron microscopy, and confocal microscopy 

were performed to characterize such lipid supercomplexes and elucidate the role of cholesterol in 

the system. 

In Chapter 3, we expand the work to study the effect of lipid phases on photo-to-

electrochemical conversion. To this end, we built photosynthetic mimics using the same approach 

as in chapter 2. Instead of using DPPC as the main component, herein we employed POPC and 

DPPE, as the main lipids in the two new mimics, respectively. To comprehend the photokinetics 

of such mimics, UV-Vis absorption spectroscopy, fluorescence spectroscopy, transient absorption 

spectroscopy, atomic force microscopy, and confocal microscopy were carried out. 

Chapter 4 reports the synthesis and characterization of various Janus-like liposomes 

including zwitterionic, anionic, cationic and biotinylated liposomes. Symmetry of liposomes is 

broken by cholesterol-induced phase separation. 
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We report the self-assembly of biotinylated Janus-like liposomes via biotin-avidin 

interaction in Chapter 5. Taking advantage of cholesterol-induced phase separation, biotinylated 

lipid can be regio-selectively doped into liposomes. Thanks to the resulting anisotropic property 

of liposomes, well-controlled chain-like aggregates were formed. 

We demonstrate in Chapter 6 the self-assembly of charged liposomes. Two mechanisms 

are used to drive self-assembly, including electrostatic interaction between oppositely charged 

giant liposomes, and between oppositely charged giant liposomes and SUVs. 
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Chapter 2 

 

 

Mimicking Photosynthesis with Supercomplexed Lipid Nanoassemblies: Design, 

Performance, and Enhancement Role of Cholesterol* 

 

 

2.1 Introduction  

The grand scale and harmonious blend of efficiency and sustainability make natural 

photosynthesis an inexhaustible source for us to learn and develop new approaches to effective 

solar energy utilization. Although the components and architectures involved in the photosynthetic 

apparatus vary rather greatly among different species, a general operating scheme exists,1-3 in 

which lipid membrane-bound proteins assemble various pigments and cofactors mostly 

noncovalently to carry out coordinated energy and charge transfer at specific locations. Through 

these supercomplexed cross-membrane networks, the harvested light energy is directionally 

funneled to the charge-separation sites, and the subsequent electron transfer is coupled, for 

example, in the case of green plants, to proton translocation across lipid membranes to build up 

proton motive force for biochemical fuel production. To construct robust biomimetic systems 

following these design principles, however, one immediately faces what may be called the protein 

paradox. On one hand, a protein-free system is desirable because photosynthetic proteins are 

fragile and unattainable synthetically, which unfortunately often leads to function loss and 

compromised performance. To start to address this fundamental issue, we report here a new

*This chapter is copied from a published paper (Langmuir 2016, 32, 7326-7338) with minor modification. 
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 protein-free, hybrid mimetic strategy that relies on supercomplexed lipid nanoassemblies to 

organize small organic species for coordinated light harvesting, energy/electron transfer, and 

photo-to-electrochemical energy conversion. Owing to their biological significance and versatility 

in molecular assembling, several lipid structures including liposomes (vesicles)4,5 and lipid 

bilayers6,7 have been actively used to mimic various aspects of natural photosynthesis.8 Herein, we 

demonstrate that these lipid building blocks can be further assembled into higher-order 

architectures to mimic several key processes in photosynthesis with promising efficiency.  

One natural system that we have drawn particular inspiration from is green sulfur bacteria 

(GSB),9,10 which are anoxygenic photosynthetic bacteria that have evolved a relatively simple 

architecture to survive extremely low light conditions. To maximally capture the limited photons 

available, GSB have developed the largest light-harvesting complex in nature, that is, the 

chlorosomes,11,12 each typically containing >200,000 bacteriochlorophylls (BChls) and 

carotenoids self-assembled into multilamellar tubular aggregates that are wrapped in a monolayer 

of chlorosome proteins and lipids (Figure 2.1A). Within these aggregates, the BChls display a Qy 

absorption maximum at 740-750 nm. A quasi-crystalline region called baseplate13 (Figure 2.1B) 

forms within the monolayer sheath of the chlorosome, which further connects the chlorosome with 

another photosynthetic component, the Fenna−Matthews−Olson (FMO) protein14 (Figure 1C), at 

the bottom. The baseplate primarily comprises protein CmsA and BChl a and has a λmax (Qy) at 

790−800 nm, whereas BChls in the FMO complex exhibit peak absorption at ∼815 nm.15 The 

FMO proteins are aqueous-exposed trimers that affix the reaction center (RC, Figure 1D) complex 

typically by a 2:1 stoichiometry.16 Together, this four-tier architecture ensures the harvested light 

energy to be efficiently funneled through an energy transfer (ET) cascade:10,11 chlorosomes → 
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baseplates→ FMO → RC, and only at the last stop is the light energy converted to electrochemical 

energy via charge separation and transfer.  

Clearly, the success of a protein-free mimicking system depends on how well these 

sophisticated protein-enabled functions can be replaced or compensated, which, to the minimum, 

entails a structural scaffold that can organize all involved components into desired locations and 

facilitate directional energy and electron flows. In this work, we set to explore the potential of 

supercomplexed lipid nanostructures in filling these roles. Specifically, we have discovered a 

robust electronic communication between rhodamine and fullerene organized in these lipid 

nanoassemblies and cholesterol as a significant enhancer of the overall photoconversion 

efficiency. The structure, performance, and underlying enhancement mechanisms are investigated 

in detail. 

 

2.2 Experimental Section 

2.2.1 Chemicals 

Lipids, including 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-3-

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

1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DPPG), and 1,2-dipalmitoyl-

sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-

DPPE), were purchased from Avanti Polar Lipids (Alabaster, AL). Paraformaldehyde and 

glutaraldehyde were obtained from Electron Microscopy Sciences (Hatfield, PA). Monomalonic 

fullerene C60 was synthesized according to a procedure described previously.7 Other chemicals,
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Figure 2.1 Organization of photosynthetic components in GSB. (A−D): the chlorosome (part), 

baseplate, FMO protein, and RC. Energy and electron flows are depicted by red and black arrows, 

respectively. 
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including cholesterol, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), (+)-sodium 

L-ascorbate, 1-dodecanethiol, D-(+)-glucose, glucose oxidase from Aspergillus niger, and catalase 

from bovine liver, were obtained from Sigma-Aldrich. All solutions employed in this work were 

prepared using 18.2 MΩ·cm deionized(DI) water (Millipore). 

 

2.2.2 Formation of Two-Tier Lipid Nanoassemblies 

The formation of a single lipid bilayer on glass or indium tin oxide (ITO)-coated substrates 

was achieved by lipid fusion using liposome solutions.7 Before the exposure to liposome solutions, 

the substrates were first sonicated in acetone for 30 min and then boiled with base piranha solution 

(NH3·H2O/30% H2O2/DI water, 1:1:5, v/v) for another 30 min. These substrates were subsequently 

sonicated in DI water for 10 min, thoroughly rinsed with DI water, carefully dried with an argon 

stream, and then assembled in Teflon cells for further use.  

The preparation of small unilamellar vesicles (SUVs) used throughout the entire study was 

carried out using an extrusion based method.7 To start, appropriate quantities of lipids dissolved 

in chloroform were combined into a 50 mL round-bottom flask and thoroughly dried by rotary 

evaporation. The resulting thin lipid film on the flask wall was then rehydrated with HEPES buffer 

(10 mM HEPES, 100 mM NaCl, pH 7.70) by 1 h sonication at a temperature at least 10 °C above 

the phase transition temperatures (Tm) of the involved lipids. Such lipid suspensions were then 

extruded consecutively through polycarbonate membranes with 400 and 80 nm pores (Nuclepore, 

Whatman), again above their Tm. The final concentration of the as-prepared liposomes is typically 

∼2.5 mM. For the preparation of liposomes containing fullerene, membranes of 400 and 200 nm 

pore sizes were used instead.  
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To form a lipid bilayer on glass or ITO-coated glass substrates, a 300 μL thus-prepared 

liposome solution composed of 5% C60, 20% DOTAP, and 75% DOPC (in mole fraction) was 

gently laid on a freshly cleaned substrate and incubated for 2 h. After that, the unbound liposome 

was removed by thorough buffer exchange (10 mM HEPES, 100 mM NaCl, pH 7.70). To assemble 

an additional layer of liposomes onto the above-described cationic lipid bilayer, 200 μL of anionic 

liposomes (Rho-DPPE/DPPG/DPPC, 5/15/80, or, Rho-DPPE/DPPG/cholesterol/DPPC, 

5/15/30/50,  in mole fraction) was added into the Teflon cell housing the lipid bilayer and incubated 

for 1 h. The unattached liposomes were similarly removed from the cell by exchanging with 

HEPES buffer.  

To ensure reproducibility, all subsequent measurements of these two-layer lipid 

nanoassemblies were conducted on the same day of their preparation. 

 

2.2.3 Fluorescence Microscopy 

Fluorescence images of lipid samples deposited on glass substrates were collected on a 

Nikon A1+/MP confocal scanning laser (561 nm) microscope (Nikon Instruments, Inc., Melville, 

NY) together with a 595 ± 25 nm emission filter.  

 

2.2.4 Spectroscopy 

Absorption spectra of liposome samples containing Rho-DPPE were acquired on a UV-

Vis spectrophotometer (Cary 50 Bio, Varian). Steady-state fluorescence spectroscopy data of the 

two-tier lipid nanoassemblies formed on glass substrates were recorded using a PI Acton 

spectrometer (SpectraPro SP 2356, Acton, NJ) connected to the side port of an epifluorescence 

microscope (Nikon TE-2000 U, Japan). The fluorescence signal was recorded using a charge-
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coupled device (CCD) camera (PI Acton PIXIS: 400B, Acton, NJ) attached to the spectrometer. 

The excitation was provided by a mercury lamp (X-Cite 120, EXFO, Ontario, Canada) filtered at 

475 ±20 nm; and a long-pass filter with a cutoff wavelength of 561 nm was used for emission. The 

obtained spectra are not corrected for distortions due to spectral nonuniformity associated with the 

filters and CCD camera, which are expected to be small.  

Fluorescence lifetimes of rhodamines either suspended in buffer solutions or assembled in 

the two-tier lipid nanoassemblies were measured using a time-correlated single-photon counting 

system, which comprises a synchronizer/analyzer (PicoHarp 300, PicoQuant, Germany), a 

picosecond pulsed diode laser (PDL 800-B, wavelength: 405 nm), and a single-photon counting 

module (PDM Series, Micro Photon Devices, Italy) with timing resolution lower than 50 ps full 

width at half maximum. In the former case, a quartz fluorometer cell (Sub Micro type, Starna Cells, 

CA) was used to hold liposome solutions; the final rhodamine concentration in all samples was 

controlled to be ∼0.5 μM. To be able to capture fluorescence signals emitted directly from the 

lipid nanoassemblies, this system was further coupled to a fluorescence microscope (Nikon TE-

2000U), in which both the laser head and the photon counting module were directly mounted onto 

the microscope and optically aligned. All lipid samples were formed on glass substrates (Corning, 

Micro Slide 2947), in which all bottom lipid bilayers contain DOPC/DOTAP in an 80/20 mixing 

ratio with/without five additional fractions of C60. Throughout the measurements, the laser head 

was operated at a repetition rate of 10 MHz. According to the manufacturer, this laser produces a 

minimum pulse width of 59 ps and a power of 29 pJ/pulse. All lifetime data were fitted by the 

exponential-tail fit method included in the fitting software package, FluoFit (PicoQuant, 

Germany). Oxygen was removed from all media by purging argon for at least 30 min right before 

the fluorescence measurements.  
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Transient absorption (TA) spectra were recorded with a pump−probe spectrometer based 

on a regenerative amplified titanium-sapphire laser system (Coherent Legend, 800 nm, 150 fs, 2.5 

mJ/pulse, and 1 kHz repetition rate). Liposome samples with a total lipid concentration of ∼2.5 

mM in HEPES buffer (10 mM HEPES, 100 mM NaCl, pH 7.70) were excited using a pump pulse 

with a center wavelength of 515 nm obtained by sum frequency generation of the signal from an 

optical parametric amplifier (Opera, Coherent) and a small portion of (∼7%) 800 nm output in a 

BBO crystal. The absorption variations were probed with a white light continuum from 430 to 750 

nm generated by attenuating and focusing an 800 nm pulse into a 1 mm thick sapphire window. 

The pump and probe beam diameters at the sample were 300 and 150 μm, respectively. The probe 

beam after passing the sample was collimated and focused into a fiber optics-coupled multichannel 

spectrometer with complementary metaloxide semiconductor (CMOS) sensors and detected at a 

frequency of 1 kHz. The pump beam was chopped with a synchronized chopper to 500 Hz. The 

changes in absorbance for the pumped and unpumped samples were calculated. Cuvettes of 1 mm 

path length were used for all spectroscopy measurements. The instrument response function (IRF) 

of this system was measured to be ∼150 fs by measuring solvent responses under the same 

experimental conditions. 

 

2.2.5 Atomic Force Microscopy (AFM) 

The AFM images were obtained either in tapping mode in air on a Veeco atomic force 

microscope (Dimension 3000) or in a fluid using a Bruker MultiMode 8 atomic force microscope 

(Bruker, USA) operated in the PeakForce quantitative nanomechanical mapping (PeakForce 

QNM) mode. In the former measurements, etched Si tips (FM-20, Nanoworld) with a force 

constant of 2.8 N/m and resonance frequency of 75 kHz were used. The tip scanning was operated 
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at 2 Hz. In-fluid measurements were carried out with two silicon nitride probes (Models: 

ScanAsyst Fluid, Bruker, 0.7 N/m, 20 nm tip radius; DNP S10, Bruker, 0.24-0.35 N/m, 10 nm tip 

radius) at a scan rate of 1 Hz and a resolution of 512 pixels × 512 pixels.  

To prepare lipid assemblies suitable for in-air AFM scanning, a modified assembling 

procedure was followed. First, an alkanethiol self-assembled monolayer (SAM)/lipid hybrid 

bilayer17 formed on 10 nm gold-coated glass slides (Sigma-Aldrich) was used as the base layer. 

To start, these slides were treated with a piranha solution (concentrated H2SO4 to 30% H2O2, 3/1, 

v/v) for 3 min, thoroughly rinsed with DI water, dried under argon, and were then incubated in 1 

mM 1- dodecanethiol in ethanol overnight. The excess thiol was removed by rinsing the substrate 

with ethanol and DI water and finally dried with argon. To form the hybrid bilayer, a liposome 

solution (DOTAP/DOPC, 2/8 in mole fraction) of suitable concentration was added onto the SAM 

and incubated for 2 h. The unbound liposomes were removed. To afford the final two-layer lipid 

structure, an anionic liposome (10% DOPC/20% DPPG/70% DPPC, in mole fraction) was added 

onto the hybrid bilayer and incubated for 1 h. The unattached liposomes were once again removed 

by thorough buffer exchange. To further stabilize the final lipid assemblies, thus-prepared samples 

were fixed in a mixture of 4% paraformaldehyde and 1% glutaraldehyde in DI water for 1 h. The 

fixative solution was subsequently exchanged out by DI water. Right before an AFM 

measurement, the remaining water covering the lipid complexes was gently blotted away with a 

paper towel. 

Lipid samples probed in a fluid were prepared on glass substrates, similar to the procedure 

described above. Briefly, glass cover slides (Corning, USA) were first sonicated in acetone for 5 

min, rinsed with DI water, and then boiled in the base piranha solution (NH3·H2O/30% H2O2/DI 

water, 1:1:5, v/v) for 30 min. After being rinsed with DI water again and dried with nitrogen, these 
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glass substrates were mounted onto the magnetic sample support disks of the microscope with a 

double-sided adhesive tape. From there, the first cationic lipid bilayer on glass was prepared by 

adding a suitable amount of DOTAP/DOPC liposome solution (2/8, in mole fraction) onto the 

glass substrate followed by a 2 h incubation. After the removal of the unbound liposomes, the 

resulting lipid bilayer was further incubated in the second, anionic liposome solution (Rho-

DPPE/DPPG/DPPC, 5/15/80, in mole fraction) for 1 h. The unbound liposomes were similarly 

removed by buffer exchange. Thus-prepared lipid structures were transferred onto the microscope 

scanning stage and assembled with a fluid cell (Bruker) to give a sealed and aqueous-immersed 

scanning environment.  

The control AFM measurement shown in Figure 2.10C was carried out by dewetting18 the 

as-deposited lipid assemblies. To do this, lipid samples were briefly exposed to air by draining the 

HEPES buffer solution covering the samples from the fluid cells, which were immediately refilled 

with the same buffer to rehydrate the samples. Thus-treated lipid samples were then similarly 

probed by AFM in a fluid as described above.  

 

2.2.6 Scanning Electron Microscopy (SEM) 

To image the thus-formed lipid nanoassemblies by SEM, the exact same approach as used 

to prepare samples for in air AFM imaging was employed to prepare such a superstructure on gold 

substrates. After fixation by using a mixture of 4% paraformaldehyde and 1% glutaraldehyde in 

DI water for 1 h, the fixative solution was subsequently exchanged out by DI water. After that, the 

residue water covering the lipid complexes was gently blotted away with a paper towel. The 

substrates were then coated with sputtered gold using low-vacuum sputter coater. Scanning 

electron microscopy (SEM) images were acquired with a Zeiss scanning electron microscope.  
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2.2.7 Photoelectrochemical Measurements  

The photoelectrochemical measurements were carried out in three-electrode Teflon 

photoelectrochemical cells consisting an ITO substrate covered with lipid nanoassemblies as the 

working electrode, a Pt wire as the counter electrode, and Ag/AgCl (in saturated KCl) as the 

reference electrode. All photocurrents were generated and collected under cell open-circuit 

potential conditions without an extra potential bias. For photocurrent generation, 50 mM ascorbate 

in HEPES buffer (10 mM HEPES, 100 mM NaCl, pH 7.70) was employed as the sacrificial 

electron donor. Oxygen in the cell was depleted by an enzymatic method reported elsewhere.7,19 

To obtain photoaction spectra, photocells containing different lipid structures were illuminated 

with a 150 W xenon lamp (Ushio, Japan) whose wavelength selection was realized using a 

computer-controlled fluorescence spectrophotometer (RF-5301, Shimadzu, Japan). The resulting 

photocurrent was recorded on a PC controlled potentiostat (CHI 910B, CH Instruments). The 

photoaction spectra reported in the main text have been corrected for nonuniform spectral 

distribution of excitation in 5 nm intervals using a silicon photometer (PM120, Thorlabs). The 

photon-to-electron quantum conversion efficiency (QE) was calculated at a maximum absorption 

wavelength of Rho-DPPE (λm = 575 nm) using the equation, Φ = (i/e)/[(Wλm/hc)(1 − 10−A)], where 

i is the measured photocurrent, e is the elementary charge, W is the light power at λm, h is Planck’s 

constant, c is the light speed, and A is the absorbance of Rho-DPPE at λm in the final lipid 

assemblies. 
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Figure 2.2 Main lipid components employed (A) in the formation of lipid-assembled 

photosynthetic mimics, which feature rhodamine and fullerene C60 assembled in a liposome-on-

lipid bilayer two-tier nanoassembly (B) bound electrostatically. 

 

2.3 Results and Discussion 

2.3.1 System Design 

To capture the essence of the layered organization and energy flow in GSB, we designed a 

two-tier lipid nanoassembly, in which a layer of anionic unilamellar liposomes (average size: ∼80 

nm) is electrostatically held on a positively charged lipid bilayer (Figure 2.2B). At the beginning 

of this investigation, lipids comprising all-saturated C16 chains, such as DPPC and 1,2-

dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG), were used to form the liposomes at the top. 
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For the bottom lipid bilayer, unsaturated DOPC and cationic DOTAP were used. To provide light-

harvesting capability to the lipid assembly, 5 mol % Lissamine rhodamine B conjugated to the 

phosphoethanolamine lipid (Rho-DPPE) was also incorporated into the top liposomes. 

Considering the ideal case in which lipids and dyes were symmetrically distributed between two 

identical leaflets of a spherical liposome, a loading of ∼3 × 103 rhodamines per liposome can be 

estimated.20 Finally, to facilitate directional charge separation and electron transfer, 5% fullerene 

C60 molecules as electron acceptors were further assembled into the underlying lipid bilayer.7 

These supercomplexed lipid nanoassemblies were formed on either glass or ITO surfaces, and in 

the latter case, photocurrents can be directly generated and followed. 

 

2.3.2 AFM and SEM of Lipid Deposits 

Electrostatic deposition of charged liposomes on solid-supported lipid bilayers has been 

investigated previously,21-23 and the fact that no single final deposited structure emerges from these 

studies points to the complexity of such processes. Depending on the type of lipid, charge density, 

and other experimental variables (e.g., deposition time) employed, oppositely charged liposomes 

and bilayers may interact differently or to a different degree, giving rise to one or several distinct 

end features: intact liposomes on a lipid bilayer, lipid multilayers, and partial lipid exchange 

between the supported lipid bilayer and free liposomes.21-23 Although the first two cases produce 

morphological changes that can be identified by AFM, the detection of the third case requires other 

techniques such as fluorescence microscopy (next section). 

As our initial attempt to unravel the morphology of electrostatically held lipid complexes, 

we used AFM to probe such assemblies in air. To maintain and reinforce the structure thus formed 

in solution, the samples were first fixed with paraformaldehyde and glutaraldehyde before being  
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Figure 2.3 Structure of liposomes electrostatically deposited on lipid bilayers as probed by AFM. 

The image in (A) was obtained by scanning chemically fixed lipid assemblies in air on gold, 

whereas images (B)-(D) were lipid assemblies supported on glass and immersed in fluid (10 mM 

HEPES, 100 mM NaCl, pH 7.70). The height profiles shown at the bottom are obtained from line 

scans marked by the dashed lines in the corresponding images. Lipids employed to prepare 

liposomes: (A) DOPC/DPPG/DPPC (1/2/7 in mole fraction), (B) and (C) Rho-DPPE/DPPG/DPPC 

(5/15/80), and (D) DPPG/DPPC (2/8). The bottom lipid bilayer contains DOTAP/DOPC (2/8) in 

all cases. See the Experimental Section for more details. 
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Figure 2.4 Structure of liposomes electrostatically deposited on lipid bilayers as probed by SEM 

with different magnifications (left: 42,960×; right: 20,000×). Lipids employed to prepare 

liposomes: DOPC/DPPG/DPPC (1/2/7 in mole fraction). The bottom hybrid lipid bilayer contains 

a C12 SAM and DOTAP/DOPC (2/8) monolayer. See the Experimental Section for more details. 

 

exposed to air (see the Experimental Section). Besides the consideration on the relative ease of 

handling dry samples by AFM, the fixation step structurally locks everything in place and thus 

stops the deposited features from undergoing further morphological evolution. One such snapshot 

is shown in Figure 2.3A, revealing that individual liposomes can be deposited on a lipid bilayer in 

high density following our procedure. Although the measured average diameter of the liposomes 

is in line with that expected of the preparation, the height of these deposited features is much 

smaller: 5-15 nm. This deformation of spherical liposomes upon deposition and exposure to air 

very likely results from the alteration of forces, for example, electrostatic and hydration forces, 

experienced by each particle and in addition reflects the mechanical strength and conformability 

of cross-linked lipid bilayers. This in air AFM images is consistent with the images acquired by 

SEM, shown in Fig. 2.4.  
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We next moved to AFM measurements of aqueous immersed lipid assemblies. Because 

these samples are prepared under conditions close to those employed in photocurrent generation 

(see the Experimental Section), that is, lipid composition and the microenvironment in which the 

lipid deposits are surrounded, images obtained here unveil the morphology of the latter more 

accurately. To our initial surprise, these measurements yielded features quite different from those 

collected in air. One representative image, shown in Figure 2.3B, discloses irregular-shaped lipid 

micropatches of 8-9 nm thickness, whose edges are occasionally decorated with particles sticking 

out 10-20 nm farther. These features indicate that the electrostatic interaction between the two 

lipid subunits causes large-scale liposome rupturing and spreading on the lipid bilayer, resulting 

in lipid multilayer formation and liposome adsorption. From time to time, smooth and almost 

featureless images were also obtained (Figure 2.3C), which may result from (1) the uneven 

distribution of lipid deposits and the limited area sampled by the AFM and (/or) (2) the rigid AFM 

tip pushing and distorting relatively soft lipid structures during scanning. It should also be noted 

that Figure 2.3B,C was obtained with liposomes containing an identical composition as that used 

in the photocurrent generation, including 5% Rho-DPPE. When the dye was omitted in the 

preparation, the most frequently encountered images recorded both individual liposome deposition 

and lipid spreading/fusion (Figure 2.3D). The height of micropatches obtained in this case is ∼4 

nm, which should correspond to a single lipid bilayer. This is very different from Figure 2.3B, 

where the micropatches are twice as thick on average, pointing to a plausible role of 5% Rho-

DPPE in modifying the final structure. Taken together, these results provide us the first 

confirmation in this study that electrostatic interaction can be used to organize multiple lipid 

nanostructures into layered architectures. 
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2.3.3 Fluorescence Imaging 

Imaging thus-formed lipid assemblies with confocal fluorescence microscopy further 

reveals that this protocol affords high-density liposome deposition across a large surface area (Fig. 

2.5). Here, the most abundant fluorescent spots are formed by micron-sized lipid deposits, which 

should correspond to those micropatches resolved by AFM. Besides these prominent features, 

importantly, there exists a relatively uniform fluorescent background in all obtained images. As it 

is evident from Figure 2.5B, this fluorescence intensity is distinctly higher compared to the control 

dark background, where the lipid deposits are specifically removed by scratching. Because the 

AFM resolves only one major feature above the ground floor (i.e., micropatches) and the 

fluorescent Rho-DPPE is initially incorporated only into the liposomes to be deposited, this 

background fluorescence strongly suggests that lipid exchange has occurred between oppositely 

charged liposomes and the lipid bilayer during deposition. 

 

2.3.4 Steady-State and Time-Resolved Fluorescence Spectroscopy 

To assess the energy flow among rhodamine dyes and their electronic communication with 

fullerenes embedded in the lipid bilayer, we next characterized these layered lipid nanoassemblies 

using steady-state as well as time-resolved fluorescence spectroscopy. From steady-state 

fluorescence emission spectra, it was first found that the presence of 5% C60 in the bottom layer 

led to a 75% quenching of fluorescence emission from 5% Rho-DPPE in the DPPC/DPPG 

liposomes deposited atop (spectra in black and green, Figure 2.6 inset). 

Using time-resolved fluorescence spectroscopy, we further determined that the rhodamine 

sample without C60 coassembled and displayed two lifetimes at 0.73 and 2.41 ns, with amplitude 

weights of 62 and 38%, respectively. The lifetime of the long-lived component is close to the 
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lifetime observed from the same dye/lipid conjugate via homogenous emission,24 whereas the 

short-lived component most likely arises from self-quenching25,26 among the high-concentration 

and randomly distributed rhodamines existing in the gel-phase liposomes. Indeed, when the same 

sample was probed in the form of liposome suspensions instead of surface-deposited films, a single 

fluorescence lifetime of 0.79 ns was resolved. This result indicates that rhodamines exist in a 

relatively homogenous microenvironment in aqueous-dispersed liposomes and the dye loading in 

liposomes is high enough to induce global self-quenching. This lifetime is clearly of the same 

origin as the short component observed from the deposited sample, whereas their difference should 

result from changes in the liposome morphology or rhodamine concentration upon deposition. 

Furthermore, considering these fluorescence decay behaviors together with fluorescence imaging 

data, it seems reasonable to assign the long decay component (2.41 ns) to be fluorescence emission 

by rhodamine dyes transferred from liposomes to the bottom lipid bilayer or recovered free 

emission due to dilution at the top layer. On the other hand, the addition of 5% C60 in the underlying 

lipid bilayer caused the otherwise similarly deposited rhodamines to fluoresce at lifetimes of 0.60 

and 2.48 ns. Assuming that photoinduced electron transfer (PeT) between rhodamine and fullerene 

is the only additional pathway competing with fluorescence emission, a PeT rate constant of 6.1 × 

108 s−1 can be obtained from kPeT = 1/τF(C60) − 1/τF, where 1/τF(C60) and 1/τF are the measured 

fluorescence lifetime of rhodamine with and without fullerene, respectively. This rate constant 

compares well with those obtained from more frequently investigated porphyrin−fullerene 

conjugate complexes,27,28 thus verifying rhodamine dyes as a capable alternative electron-transfer 

partner to fullerene. Together, these spectroscopic results evidence that an efficient electronic 

communication pathway exists between the assembled dye and fullerene populations, which are 

brought to close proximity by the electrostatically appressed lipid nanoassemblies. 
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Figure 2.5 Fluorescence micrographs of rhodamine-labeled liposomes electrostatically deposited 

on an oppositely charged lipid bilayer supported on glass. Liposomes used: (A) Rho-

DPPE/DPPG/DPPC (5/15/80) and (B) Rho-DPPE/DPPG/cholesterol/DPPC (5/15/30/50). White 

arrows in (B) point out the two passes where lipids were removed by scratching. The scale bars 

are (A) 10 and (B) 100 μm. 

 

2.3.5 TA Spectroscopy Characterization of Liposome Suspensions 

The photodynamics of excited rhodamines in liposome suspensions were further probed 

by TA spectroscopy. As shown in Figure 2.7A, the TA spectra of rhodamine dyes in the liposome 

suspension display a negative absorbance band at 585 nm upon 150 fs pulse excitation, which 

corresponds to the ground-state bleaching and subsequent stimulated emission of excited 

rhodamine monomers. Concurrently, the TA spectra also display a positive absorbance band with 

a maximum at 450 nm, which should result from absorption by the excited-state rhodamines. Both 

of these spectral features have been previously observed for rhodamine dyes in solution or 
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adsorbed on nanoparticles.29 By fitting the kinetics of these features by exponential functions, one 

can further determine the excited state lifetime: 701 ps (at 585 nm) and 747 ps (at 450 nm). 

 

 

Figure 2.6 Steady-state and time-resolved fluorescence emission spectra of rhodamine assembled 

in liposome suspensions (A) and the two layer lipid nanostructures (B). In (A), the liposomes, 

containing either DPPC/DPPG/Rho-DPPE (80/15/5) or DPPC/DPPG/ cholesterol/Rho-DPPE 

(50/15/30/5), are dispersed in HEPES buffer, and the final rhodamine concentration is ∼0.5 μM. 

All samples in (B) contain 5% Rho-DPPE and 15% DPPG in the top liposome layer. The 

complexes in addition contain 80% DPPC (black), 50% DPPC + 30% cholesterol (red), 80% DPPC 

+ 5% C60 (in the bottom layer, traces in green), and 50% DPPC + 30% cholesterol + 5% C60 (blue). 

Exponential fitting curves associated with these decay profiles are shown by solid white lines 

embedded. The inset shows the corresponding steady-state fluorescence emission spectra of the 

four lipid deposits, which are color coded the same way. See the Experimental Section for more 

details. 
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2.3.6 Photocurrent Generation 

As a direct test of the overall energy/electron transfer efficiency among all assembled 

components, these lipid supercomplexes were also wired to transparent ITO7,30 electrodes to 

produce photocurrent (see the Experimental Section). As shown in Figure 2.8, for the photocell 

containing 5% Rho-DPPE in the top liposome layer and 5% fullerene C60 in the lipid underlayer, 

the photoelectrochemical action spectrum tracks closely the electronic absorption of rhodamine, 

suggesting that rhodamine is primarily responsible for the light harvesting and an efficient PeT 

process exists between rhodamine and fullerene. The internal photon-to-electron QE is a very 

encouraging value of 7.8%. By contrast, photocurrents from cells containing 5% rhodamine alone 

are negligible, which indicates that effective charge separation can be achieved only when a 

suitable electron acceptor such as fullerene is also present in the assembly.  

 

2.3.7 Performance Enhancement by Cholesterol  

Further optimization of photoconversion efficiency has uncovered an intriguing role of the 

lipid matrix in influencing the distribution and organization of dyes in liposomes, which can 

significantly impact the ET dynamics and thus the performance of these lipid-assembled systems. 

Strikingly, when 30% cholesterol was added into the liposomes to replace DPPC, whereas other 

components were kept unchanged, the otherwise similarly configured photocell produced a QE of 

14.2% (red trace, Figure 2.8 inset). 

To rule out the possibility that this enhanced performance is caused by some trivial 

mechanisms, for example, the addition of cholesterol in the top layer, facilitating fullerenes 

initially assembled underneath to enter the top layer and thus improving their electron transfer with 

rhodamines thereby, we also carried out additional control experiments. We found that, when the  
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Figure 2.7 TA spectra of rhodamine in the liposome samples without (A) or with (B) cholesterol 

coassembled. Both samples contain 5% Rho-DPPE and 15% DPPG with the remaining portion(s) 

made up of 80% DPPC (A) or 50% DPPC + 30% cholesterol (B). The time-evolved optical density 

profiles at 450 (C) and 580 nm (D) of the cholesterol-containing and cholesterol-free samples are 

shown by red circles and black squares, respectively; the solid lines of the same color are the 

exponential fits of the experimental data. 
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Figure 2.8 Absorption spectra of 5 mol % Rho-DPPE in liposomes in the presence (in red) or 

absence (in gray) of 30 mol % cholesterol. The rhodamine concentration in both samples is 

approximately 5 μM. The trace shown in solid circle is the corresponding photoaction spectrum of 

the cholesterol-free sample. Inset: photoaction spectra of lipid-assembled rhodamines/fullerenes 

with (in red) or without (in black) cholesterol; coordinates are identical to the main plot. 

 

same amount of fullerenes was directly assembled into the liposomes (i.e., together with 

rhodamine and cholesterol) instead of the underlying lipid bilayer, the obtained QE was only 7.3%. 

This result, therefore, rejects the possibility of relocation of fullerenes (caused by cholesterol) as 

the main mechanism of the observed enhancement. The significant difference in efficiency 

between these two cells highlights the delicacy of organizing an electron donor/acceptor into 
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desired positions to achieve optimal performance and in addition suggests that rhodamine and 

fullerene remain largely associated with their lipid hosts during the photocurrent generation 

process. The latter conclusion was also reached in our previous study, where the same amphiphilic 

fullerene as used here was found to be able to maintain its position within individual leaflets (i.e., 

upper vs bottom half) comprising the same lipid bilayer.31 

 

2.3.8 Cholesterol-Containing Systems: Fluorescence Imaging and AFM Characterization 

To understand the underlying enhancement mechanisms, we next examined the liposome 

suspensions as well as liposome-on-bilayer assemblies containing cholesterol using AFM and 

various spectroscopic techniques. By comparing these with cholesterol-free samples, we hope to 

identify morphological and spectroscopic fingerprints that can be associated with the presence of 

this species in the lipid complexes.  

Under the confocal fluorescence microscope, the electrostatically bound liposome (with 

30% cholesterol)/lipid bilayer assemblies appear similar to their cholesterol-free counterparts, 

featuring micron-sized lipid deposits dispersed in a common fluorescence background (Figure 

2.9A). This similarity is not unexpected as cholesterol, a neutral species, would not directly 

participate in the interaction process between oppositely charged lipids. On the other hand, our 

AFM measurements on cholesterol-containing deposits almost exclusively return images with no 

apparent features similar to Figure 2.3C. Only once out of about a dozen attempts were we able to 

resolve additional features on top of the flat background, which in this particular case suggests a 

deposition process based on intact individual liposomes (Figure 2.9B). Besides factors already 

mentioned, such as the uneven distribution of lipid deposits and the limited areas probed by the 

AFM, the elusiveness of well-resolved cholesterol-containing structures may be because of the 
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fact that cholesterol can significantly increase the fluidity32 of the liposome lipid matrix, which is 

composed of lipids with all-saturated C16 chains. As such, these softened lipid deposits tend to be 

pushed aside by the AFM tip more easily during scanning and therefore are not captured in the 

final images. In a separate control experiment, finally, we also confirmed that these featureless 

samples are nevertheless covered by a lipid bilayer (Figure 2.9C). 

 

2.3.9 Cholesterol-Containing Systems: Spectroscopic Characterization 

Further spectroscopic characterization of rhodamine dyes in liposomes coassembled with 

cholesterol reveals several important new features. The first piece is from the ground-state 

absorption spectroscopy, where rhodamine dyes in the cholesterol-containing liposomes display a 

significantly intensified shoulder peak at the expense of the main 0-0 transition (red trace, Figure 

2.8). An 8 nm shift toward the shorter wavelength can also be clearly discerned. In TA 

spectroscopy, the same sample displays an additional negative absorption band at 555 nm, which 

is absent for the liposome sample containing the same amount of rhodamine but no cholesterol 

(Figure 2.7B). The influence of cholesterol on the photodynamics of coassembled rhodamines is 

clearly evident by following the decay/recovery of these absorption maxima over time (Figure 

2.7C, D). At 585 nm, a lifetime of 701 ps for rhodamines in cholesterol-free liposomes was found, 

whereas two time constants of 41 and 391 ps were obtained for the same dye in cholesterol-

coassembled liposomes. Likewise, the lifetimes of the rhodamine dimers as judged by the 

absorbance change at 555 nm are found to be 302 ps. A similar trend is also obtained by fitting the 

data at 450 nm: 747 ps (no cholesterol) vs a much shorter 127 ps when cholesterol is coassembled. 

On the other hand, by probing the same liposome samples with time-resolved fluorescence 

spectroscopy, we identified a single fluorescence lifetime of 0.79 ns for the cholesterol-free sample 
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and two lifetimes at 0.21 and 2.05 ns for the cholesterol included sample. These time constants are 

in general agreement with those found by the TA spectroscopy, whereas the discrepancies are 

likely caused by the different time resolution and experimental setup, for example, the probed time 

window and photoexcitation conditions, between the two techniques.  

 

Table 2.1 Excited-state lifetimes of rhodamines assembled in liposomes as probed by time-

correlated fluorescence single-photon counting (TCSPC) and TA spectroscopy 

 

Lipid composition Fluorescence 

lifetime (ns)a 

Excited-state lifetime (ps)b 

585 nm 450 nm 555 nm 

Rho-DPPE/DPPC/ 

DPPG: 5/80/15 

0.79 ± 0.02 701 ± 18 747 ± 25  

Rho-DPPE/DPPC/DPPG/ 

Chol: 5/50/15/30 

2.05 ± 0.06 (41%), 

0.21 ± 0.07 (59%) 

41 ± 5; 391 ± 29 127 ± 13 302 ± 12 

aData obtained from TCSPC measurements. bData obtained from TA measurements. See also 

Figures 2.6 and 2.7. 

 

When these cholesterol-containing liposomes are further deposited on a solid-supported 

lipid bilayer via electrostatic interactions, the photodynamics displayed by the coassembled 

rhodamines changed once again. Here, a single-component fluorescence lifetime of 1.60 ns was 

observed when the bilayer contained no electron-accepting fullerenes, whereas for the lipid 

complex with fullerene incorporated, the lifetime of the fluorophore was drastically shortened to 

0.41 ns (amplitude weighted average of two components). From these data, one can again estimate 

the rate constant of the competing PeT process, 1.9 × 109 s−1, which is more than two times faster 
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compared to that of the cholesterol-free supercomplex. All photoelectrochemical and 

spectroscopic data associated with these two lipid complexes are summarized in Tables 2.1 and 

2.2. 

 

Table 2.2 Spectroscopic and photoelectrochemical characteristics of rhodamines assembled in 

various lipid supercomplexes 

Lipid composition in the 

top liposome layera 

Fluorescence lifetime (ns)b kPeT (s−1) Photoconversion 

QE (%) 

Rho-DPPE/DPPC/DPPG: 

5/80/15 

0.73 ± 0.09 (62%), 2.41 ± 0.11 

(38%)c 

  

0.60 ± 0.03 (92%), 2.48 ± 0.24 

(8%)d 

6.1 × 108 7.8 (±0.6)e 

Rho-DPPE/DPPC/DPPG/ 

Chol: 5/50/15/30 

1.60 ± 0.08c   

0.26 ± 0.03 (90%), 1.75 ± 0.38 

(10%)d 

1.9 × 109 14.2 (±0.6) 

aAll bottom lipid bilayers contain DOPC/DOTAP in an 80/20 mixing ratio with/without five 

additional fractions of C60. 
bData obtained from TCSPC measurements. cMeasured with dye alone. 

dWith C60 coassembled. eStandard deviation, n = 3. 

 

2.3.10 Cholesterol-Containing Systems: Discussion on Enhancement Mechanisms 

How could the simple addition of cholesterol boost the photoconversion efficiency by 

>80% in these lipid supercomplexes? To answer this question, it is necessary to first delineate the 

relevant biophysical functions of this important molecule in biomembranes. A ubiquitous 



68 

 

functional and structural component in biomembranes, cholesterol may contribute to the enhanced 

performance through several closely related mechanisms.32-34
 

 

Table 2.3 Fluorescence lifetime decay of rhodamine as a function of dye loading in cholesterol-

free liposomes 

Lipid composition Fluorescence lifetime (ns) 

Rho-DPPE/DPPG/DPPC: 1/19/80 2.70 ± 0.04 

Rho-DPPE/DPPG/DPPC: 5/15/80 1.36 ± 0.10 

Rho-DPPE/DPPC: 20/80 1.17 ± 0.02 

Rho-DPPE/DPPC: 40/60a 0.62 ± 0.08 

a Lipid aggregate formation observed in this case. 

 

Structurally, cholesterol features a rigid four-member fused ring connecting a hydroxyl 

group and a relatively flexible C6 hydrocarbon chain at its distal ends (Figure 2.2A). This 

arrangement renders the overall molecule amphiphilic35 and an end-to-end length of about 2 nm 

when fully extended,36 that is, about half of the thickness of a typical lipid bilayer. When 

juxtaposed with phospholipids, cholesterol forms hydrogen bonding with the latter37,38 (i.e., 

between its OH group and the sn-2 carbonyl/phosphate oxygen of the latter), and its hydrocarbon 

portion is further associated with the acyl chains of the phospholipids via 

hydrophobic/hydrophobic interactions in both leaflets of the bilayer. Thanks to these specific 

interactions, cholesterol tends to insert into a lipid bilayer with a preferential orientation and at a 

fixed depth and in so doing can occupy biomembranes in very high concentrations, for example, 

∼50% in red blood cells.33 Compared to typical phospholipids, moreover, cholesterol is compact 

in size and dissimilar in geometry, that is, a small hydrophilic OH headgroup relative to its 
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hydrocarbon backbone. Broadly speaking, it is this unique combination of complexing ability and 

structural mismatch with phospholipids that renders cholesterol the universal molecular 

wedge/filler inside lipid membranes. As such, it modifies the ordering, packing density, and 

distribution of neighboring phospholipids, thereby impacting the physical and mechanical 

characteristics of the lipid membrane at a macroscopic level.33,34 Naturally, such modification 

effects come about in a lipid-, concentration- and temperature-dependent fashion. If the lipid 

bilayer is fluidic and disordered at room temperature to start with, for example, based on lipids 

with unsaturated acyl chains such as DOPC (18:1, two identical C18 chains with one double-bond 

each, phase-transition temperature, Tm, at -17 °C), adding cholesterol will increase the order of 

lipid organization, condense the lipid matrix, and thus lower the fluidity of the resulting 

membrane.39,40 On the contrary, for a bilayer existing in the ordered gel phase at room temperature, 

for example, DPPC (16:0, Tm = 41 °C), incorporating cholesterol will not only increase the lipid 

ordering further but also help to break up the rigid lipid network, thus producing a more fluidic 

lipid bilayer.41,42 In both cases, such ordering/condensing effects kick in first locally at low 

cholesterol concentrations, which effectively generate heterogeneity within the lipid matrix and 

hence phase separation.43−45 Conceivably, as cholesterol interacts with different lipids (with 

various headgroups and acyl chains) differently and such interactions are also concentration 

dependent, the phase behavior of multicomponent lipid matrices can be quite complex.46  

Back to our system and consider the rhodamine-assembled liposome suspensions first. Due 

mainly to the common 16:0 chains, Rho-DPPE lipids distribute homogeneously in the gel phase 

DPPC/DPPG matrix47 at room temperature.51 At a high dye loading of 5%, rhodamines in the same 

liposome host are placed within a direct electronic-coupling distance with their neighbors. 

However, because all three lipids still maintain freedom to rotate about the bilayer normal,33 there 
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exists no apparent order in relative orientation among rhodamines, and as a result, such a coupling 

only leads to destructive self-quenching via ET between excited- and ground-state dyes. This is 

first evidenced by a single fluorescence lifetime (0.79 ns) that is much shorter than that of free-

emitting individual dyes, for example, ∼2.4 ns. When 30% cholesterol is included in the 

DPPC/DPPG (50/15%) liposomes, the pure gel-phase matrix of the latter is partially replaced by 

a new liquid-ordered phase modulated by cholesterol, resulting in two-phase coexistence. 52,53  

Of the two, the coassembled rhodamine prefers the new phase, which may be driven by its 

direct participation in the hydrogen-bonding network. In a fluorescence lifetime imaging 

microscopy study of DPPC/cholesterol vesicles, de Almeida et al. previously identified a 

preferential partition of rhodamine conjugated to dioleoylphosphatidylethanolamine (DOPE, 18:1) 

into the liquid-ordered phase over the gel phase.54 Without the double bonds disrupting the 

association among lipid hydrocarbon chains in the present system, this preferential partition is 

expected to be even stronger. This produces two net effects: clustering of dyes in the cholesterol 

rich domain and a concentration decrease of dyes remaining associated with the gel phase (Figure 

2.10). Situated in different microenvironments, the photodynamics of these two rhodamine 

populations diverge. For those dyes existing in the gel phase, a lower concentration means greater 

dye-to-dye separation and less coupling and self-quenching; therefore, their fluorescence lifetime 

recovers and approaches that of undisturbed emission from individual dyes. In comparison, the 

situation is more complex for those rhodamines in the liquid ordered phase. Here, the dyes are not 

only crowded (hence a shortened dye-to-dye distance) but, because the presence of cholesterol 

further reduces the tilting of lipids versus the bilayer normal and hence the cross-sectional area 

occupied per lipid,33,34,42-44 it also modifies the relative orientation of transition dipoles among 

rhodamines. As a result, these dyes respond to the light excitation collectively, producing exciton 
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Figure 2.9 Fluorescence imaging (A) and AFM (B and C) characterization of cholesterol 

incorporated liposomes electrostatically deposited on lipid bilayers. All samples were prepared by 

incubating anionic liposomes (Rho-DPPE/DPPG/cholesterol/DPPC, 5/15/30/50, mole fraction) 

with a DOTAP/DOPC (20/80) bilayer supported on glass for 1 h. Scale bars in (A) is 10 μm. Image 

(C) was obtained after de-wetting the as-prepared lipid deposits. See the Experimental Section for 

more details. 

 

states that display very different photodynamics compared to those of individual dye molecules. 
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The spectroscopic evidence presented above directly points to exciton formation in dye 

aggregates when cholesterol is coassembled in these lipid nanoassemblies. In particular, the 

shoulder peak observed in both steady-state and TA spectra only when cholesterol is present can 

be attributed to rhodamine dimer formation, which has been observed previously in several types 

of rhodamine dye aggregates.55-57 Combining this feature with the blue-shifted 0-0 absorption 

band, it can be further deduced that the cholesterol-coassembled rhodamines belong to the weakly 

coupled exciton characteristic of H aggregates,58,59 that is, with the dye transition dipoles arranged 

in parallel. Considering the facts that the transition dipole of rhodamine oscillates along the long 

axis of the molecule defined by the xanthene backbone51,60 and a large distance (i.e., >4 nm) 

separates dyes occupying the opposite leaflets of the liposomal bilayer, this effective dimerization 

most likely results from an enhanced alignment of rhodamines within the same leaflet as 

cholesterol orders the neighboring lipids and limits their rotation therein. Consistent with this two-

population analysis, the rhodamine/cholesterol-coassembled liposomes fluoresce in two lifetimes: 

2.05 and 0.21 ns. The latter component may result from the faster ET between rhodamine 

monomers and dimers. Here, it is important to note that such a short fluorescence/excited-state 

lifetime cannot be obtained simply by crowding the rhodamines without cholesterol. As shown in 

Table 2.3, when the dye concentration in liposomes was systematically increased, a monotonous 

decrease in the fluorescence lifetime was obtained, again because of greater self-quenching at 

higher concentrations. Additional evidence is the lack of formation of aggregates along with the 

increasing concentration of rhodamines from 0.5 mol% to 20 mol% in liposomes, as in the case of 

cholesterol-including liposomes, as indicated by absorption spectra (Figure 2.11). Of all 

concentrations examined, however, the rhodamines fluoresce in a single population. Even at an 
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extremely high dye loading of 40%, the obtained lifetime remains significantly longer than that of 

cholesterol-containing samples, pointing once again to the critical roles of this species.  

 

 

 

Figure 2.10 Cartoon depiction of cholesterol-induced phase separation (gel vs liquid-ordered 

phase) in liposomes and the clustering of rhodamine dyes in the cholesterol-rich liquid-ordered 

phase. Objects are color coded in terms of lipid composition; red dots represent individual 

rhodamine molecules. These drawings grant no information regarding the dye cluster size, 

distribution, or number of dyes per cluster in liposomes. 
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Complexing these liposomes with a solid-supported lipid bilayer further modifies the 

organization and lipid microenvironment in which the rhodamines reside and hence their 

photodynamics. As clearly evident from Figures 2.3 and 2.5, the electrostatic interaction between 

these two lipid assemblies causes the liposomes to rupture and spread on the oppositely charged 

bilayer, producing multilayer lipid micropatches. Accompanying this morphological transition, 

there is also lipid transfer, which can occur as soon as the liposomes start landing on the solid-

supported bilayer. For the rhodamines assembled in DPPC/DPPG liposomes, this transfer process 

 

 

Figure 2.11 UV-Vis absorption spectra of Rho-DPPE with different concentration from 0.5 mol% 

to 20 mol% in liposomes in the absence of cholesterol. The final concentrations of Rho-DPPE are 

5 µM for UV-Vis spectroscopic measurements. 
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brings a new population of dyes into the bottom bilayer, which fluoresces relatively undisturbed, 

that is, 2.41 ns. For those dyes that remain associated with the original host, the fluorescence 

lifetime is almost unchanged: 0.73 vs 0.79 ns in suspended liposomes. In striking contrast, when 

liposomes containing 30% cholesterol were similarly deposited, only a single fluorescence lifetime 

of 1.60 ns was found. Because the fluorescence imaging identifies two dye locations (Figures 2.5B 

and 2.9A), that is, in the bilayer and micropatches, similar to cholesterol-free assemblies, this 

single-component emission suggests improved electronic communication among rhodamines as a 

result of their rearrangement upon lipid deposition. As mentioned above, cholesterol can order and 

condense both fluidic/disordered and gel/ordered lipid bilayers, leveling the fluidity and 

mechanical strength of the resulting membranes. When cholesterol containing liposomes are being 

deposited on the solid supported bilayer, not only will cholesterol enter the bilayer, but it will also 

facilitate the transfer of all other species in both directions. This large-scale transfer and mixing of 

lipids effectively demolishes the phase segregation in the liposomes, resulting in homogenization 

of dyes throughout the assembled network (Figure 2.10). In comparison, such a transfer would be 

considerably weaker in the absence of cholesterol because of mismatches in phase and mechanical 

characteristics between the two lipid nanoassemblies.  

Finally, when the electron-accepting fullerene is also incorporated, the photodynamics of 

rhodamine dyes coexisting in the system change yet again as a result of PeT between the two. This 

efficient process opens up another energy-dissipation channel to the photoexcited dyes, which 

produces a shortened fluorescence lifetime accompanied by a low-population (∼10%) long-lived 

component in both cases (Table 2.2). Interestingly, the latter component is even slightly longer 

than that observed in the corresponding fullerene-free lipid complexes, which indicates that the 

PeT process engages the majority but not all of the dyes. In consequence, for those rhodamines 
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whose excited states elude direct electronic communication with fullerenes, their fluorescence 

emission recovers as the PeT relaxes their coupling with other dyes. One plausible assignment for 

such is the dye population located within liposomes decorating the edge of lipid micropatches 

(Figure 2.3B,D), which is separated the furthest from fullerenes embedded in the lipid bilayer 

underneath. Strikingly, with every other component/factor held identical, the lipid complex with 

30% cholesterol displays a PeT rate constant two times faster than that of the corresponding 

cholesterol-free system, which underpins the higher photoconversion efficiency observed in the 

former (Table 2.2). This result once again supports the notion that cholesterol can significantly 

enhance the electronic communication among rhodamine dyes coassembled, inducing the latter to 

behave collectively within the same supramolecular network. Throughout this network, this 

exciton-based transfer mechanism supersedes Förster-type energy hopping among individual 

dyes,61,62 facilitating a more efficient delivery of the harvested light energy to the charge-

separation sites. Another potential contributor to the enhanced performance may be the condensed 

and more ordered medium, which would benefit the ET processes by lowering the extent of energy 

loss due to vibrations, that is, the electron-phonon coupling,63,64 within the lipid matrix. A good 

number of recent investigations have highlighted the general occurrence of exciton formation2,61 

in photosynthetic complexes, which nature employs to fight off energy losses due to electron-

phonon coupling and disorders in soft protein matrices. By this mechanism, for example, a higher 

level of coherence of excited states is achieved in the FMO protein,65 and additional quantum-

mechanical states are activated for ET and trapping in purple bacteria.66  

It is also important to note that the differences observed in the absorption spectra are absent 

in their corresponding photoaction spectra. As shown in Figure 2.8 inset, the lipid deposits 

with/without cholesterol display essentially identical photoaction profiles, that is, the peak position 
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and relative intensity, despite that the photocurrent is more than tripled in the cholesterol-

containing samples. These results indicate that, instead of the exciton states, it is the same first 

singlet excited state (S1) of individual rhodamines that is directly responsible for the charge 

separation in both complexes. To account for this seemingly surprising disparity, one needs to 

realize the fact that only those dyes situated within the bilayer are close enough to the bilayer-

embedded fullerenes to directly participate in the electron transfer with the latter. Although exciton 

formation speeds up ET within the cholesterol-containing deposits, the harvested light energy has 

to be first funneled to and collected by these interfacial rhodamines, and the subsequent charge 

separation events take place primarily between individual electron donors and acceptors. Thus, 

similar to their natural counterpart, for example, BChl pigments in GSB (Figure 2.1), these lipid-

assembled rhodamine dyes can carry out either ET or charge separation depending on their location 

and surrounding partners in the photosynthetic machinery. 

 

2.4 Conclusions 

Following nature’s lead, we have developed multilayer lipid assembled supercomplexes to 

mimic key steps in photosynthesis. Efficient PeT is identified between rhodamine and fullerene, 

which adds this class of dyes into the repository of small-molecule organic photovoltaics. The 

remarkable possibility of using a lipid matrix to improve photoconversion efficiency is further 

demonstrated by cholesterol, whose addition triggers exciton formation that leads to faster ET in 

these lipid nanoassemblies. Our approach should be immediately useful in designing new models 

to study the photodynamics of dye aggregates under quasi-natural settings. Constructed right, these 

systems should even be able to host or interface with natural photosynthetic components to 

interrogate photoelectrochemical properties of the latter or to form hybrid photoconverting 
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devices. Possibilities to further enhance the functionality and performance of these lipid assembled 

supercomplexes are equally exciting. For instance, it should be possible to extend the current 

design by including multiple dyes to occupy different locations in the lipid matrix. Alternatively, 

additional lipid structures and layers can be introduced into these lipid assemblies for more 

efficient light harvesting and electronic excitation transfer. Some of these ideas are currently being 

explored in this laboratory. 
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Chapter 3 

 

 

Mimicking Photosynthesis with Supercomplexed Lipid Nanoassemblies: Other Cases 

 

 

3.1 Introduction 

In this study, we continue our exploration of using lipid nanoassemblies to mimic 

photosynthesis. We adopted the same design detailed in Chapter 2, that is, two-tier lipid 

nanoassemblies in which anionic liposomes are electrostatically held on top of a solid supported 

cationic lipid bilayer.1 However, instead of using DPPC as the main component, we investigated 

two lipid nanoassemblies that are mainly made up of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) in the presence/absence of cholesterol, and DPPE (1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine) with incorporated cholesterol, respectively. The goal of this study is to 

understand the effect of ld phase and ld-lo coexisting phases on the photo-conversion efficiency by 

using liposomes composed of POPC and cholesterol. Cholesterol-induced lo domain formation in 

pure ld phase has been reported elsewhere.3-9 Besides, POPC containing one saturated and one 

unsaturated chain is considered a more biologically relevant lipid.10 In addition, we are also 

interested in photo-electrochemical conversion in DPPE/Cholesterol system, since DPPE is a 

major component of plasma membranes, and interestingly they are asymmetrically distributed in 

the inner/outer leaflets.11,12 Of particular interest is the previous finding that DPPE/cholesterol 

bilayers are reported to show domain coexistence.12
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Herein, photocurrent generation from such two mimics are first presented and rationalized 

by using UV-Vis spectroscopy, steady-state fluorescence spectroscopy, time-correlated single 

photon counting, AFM, and transient absorption spectroscopy.     

 

3.2 Experimental Section 

3.2.1 Chemicals 

Lipids, including 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG), 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dipalmitoyl-sn-glycero-3-phospho-

rac-(1-glycerol) sodium salt (DPPG), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-DOPE), and 1,2-dipalmitoyl-sn-glycero-

3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-DPPE), were 

purchased from Avanti Polar Lipids (Alabaster, AL). See Fig. 3.1 for chemical structures of main 

lipids used in this work. Monomalonic fullerene C60 was synthesized according to a procedure 

described previously.13 Other chemicals, including cholesterol, 4-(2-hydroxyethyl) piperazine-1-

ethanesulfonic acid (HEPES), (+)-sodium L-ascorbate, 1-dodecanethiol, D-(+)-glucose, glucose 

oxidase from Aspergillus niger, and catalase from bovine liver, were obtained from Sigma-

Aldrich. All solutions employed in this work were prepared using 18.2 MΩ·cm deionized (DI) 

water (Millipore). 
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Figure 3.1 Chemical structures of main lipids used in this work. 
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3.2.2 Preparation of Two-Tier Lipid Nanoassemblies 

The two-tier lipid nanoassemblies were prepared by following the procedure described in 

chapter 2. In brief, the formation of a single lipid bilayer (with/without fullerene embedded) on 

glass or indium tin oxide (ITO)-coated substrates was achieved by vesicle fusion using liposome 

solutions. Then anionic liposomes, prepared by an extrusion based method, were introduced into 

the Teflon cell housing the solid supported lipid bilayer and incubated for 1h. The unattached 

liposomes were similarly removed from the cell by exchanging with HEPES buffer.  

 

3.2.3 Microscopy 

Fluorescence images of lipid samples deposited on glass substrates were collected on a 

Nikon A1+/MP confocal scanning laser (561 nm) microscope (Nikon Instruments, Inc., Melville, 

NY) together with a 595 ± 25 nm emission filter.  

The AFM images were obtained in a fluid using a Bruker MultiMode 8 atomic force 

microscope (Bruker, USA) operated in the PeakForce quantitative nanomechanical mapping 

(PeakForce QNM) mode. In-fluid measurements were carried out with silicon nitride probes 

(Model: DNP S10, Bruker, 0.24-0.35 N/m, 10 nm tip radius) at a scan rate of 1 Hz and a resolution 

of 512 pixels × 512 pixels. 

 

3.2.4 Spectroscopy 

Absorption spectra of liposome samples containing Rho-DOPE or Rho-DPPE were 

acquired on a UV-Vis spectrophotometer (Cary 50 Bio, Varian). Steady-state fluorescence 

spectroscopy data of the two-tier lipid nanoassemblies formed on glass substrates were recorded 

using a PI Acton spectrometer (SpectraPro SP 2356, Acton, NJ) connected to the side port of an 
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epifluorescence microscope (Nikon TE-2000 U, Japan). The fluorescence signal was recorded 

using a charge-coupled device (CCD) camera (PI Acton PIXIS: 400B, Acton, NJ) attached to the 

spectrometer. The excitation was provided by a mercury lamp (X-Cite 120, EXFO, Ontario, 

Canada) filtered at 475 ± 20 nm; and a long-pass filter with a cutoff wavelength of 561 nm was 

used for emission. The obtained spectra are not corrected for distortions due to spectral 

nonuniformity associated with the filters and CCD camera, which are expected to be small.  

Fluorescence lifetimes of rhodamines either suspended in buffer solutions or assembled in 

the two-tier lipid nanoassemblies were measured using a time-correlated single-photon counting 

system, which comprises a synchronizer/analyzer (PicoHarp 300, PicoQuant, Germany), a 

picosecond pulsed diode laser (PDL 800-B, wavelength: 405 nm), and a single-photon counting 

module (PDM Series, Micro Photon Devices, Italy). In the former case, a quartz fluorometer cell 

(Sub Micro type, Starna Cells, CA) was used to hold liposome solutions; the final rhodamine 

concentration in all samples was controlled to be ∼0.5 μM. To be able to capture fluorescence 

signals emitted directly from the lipid nanoassemblies, this system was further coupled to a 

fluorescence microscope (Nikon TE-2000U), in which both the laser head and the photon counting 

module were directly mounted onto the microscope and optically aligned. All lipid samples were 

formed on glass substrates (Corning, Micro Slide 2947), in which all bottom lipid bilayers contain 

DOPC/DOTAP in an 80/20 mixing ratio with/without 5 mol% C60. Throughout the measurements, 

the laser head was operated at a repetition rate of 10 MHz. According to the manufacturer, this 

laser produces a minimum pulse width of 59 ps and a power of 29 pJ/pulse. All lifetime data were 

fitted by the exponential-tail fit method included in the fitting software package, FluoFit 

(PicoQuant, Germany). The equation used is  𝐼(𝑡) = ∑ 𝐴𝑖𝑒
−

𝑡

𝜏𝑖 + 𝐵𝑘𝑔𝑟.𝐷𝐸𝐶
𝑛
𝑖=1 , in which Ai is the 

amplitude of the ith component, in counts, in the first fitting range channel; τi is the lifetime of the 
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ith component; Bkgr. DEC is the decay background, in counts. Oxygen was removed from all media 

by purging with argon for at least 30 min right before the fluorescence measurements.  

Transient absorption (TA) spectra were recorded with a pump-probe spectrometer based 

on a regenerative amplified titanium-sapphire laser system (Coherent Legend, 800 nm, 150 fs, 2.5 

mJ/pulse, and 1 kHz repetition rate). Liposome samples with a total lipid concentration of ∼2.5 

mM in HEPES buffer (10 mM HEPES, 100 mM NaCl, pH 7.70) were excited using a pump pulse 

with a center wavelength of 515 nm obtained by sum frequency generation of the signal from an 

optical parametric amplifier (Opera, Coherent) and a small portion of (∼7%) 800 nm output in a 

BBO crystal. The absorption variations were probed with a white light continuum from 430 to 750 

nm generated by attenuating and focusing an 800 nm pulse into a 1 mm thick sapphire window. 

The pump and probe beam diameters at the sample were 300 and 150 μm, respectively. The probe 

beam after passing through the sample was collimated and focused into a fiber optics-coupled 

multichannel spectrometer with complementary metaloxide semiconductor (CMOS) sensors and 

detected at a frequency of 1 kHz. The pump beam was chopped with a synchronized chopper to 

500 Hz. The changes in absorbance for the pumped and unpumped samples were calculated. 

Cuvettes of 1 mm path length were used for all spectroscopy measurements. The instrument 

response function (IRF) of this system was measured to be ∼150 fs by measuring solvent responses 

under the same experimental conditions. 

 

3.2.5 Photocurrent Generation 

The photoelectrochemical measurements were carried out in three-electrode Teflon 

photoelectrochemical cells as described in Chapter 2. Three-electrode system is used consisting an 

ITO substrate covered with lipid nanoassemblies as the working electrode, a Pt wire as the counter 
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electrode, and Ag/AgCl (in saturated KCl) as the reference electrode. All photocurrents were 

generated and collected under cell open-circuit potential conditions without an extra potential bias. 

For photocurrent generation, 50 mM ascorbate in HEPES buffer (10 mM HEPES, 100 mM NaCl, 

pH 7.70) was used as the sacrificial electron donor. Oxygen in the cell was removed by following 

the procedure described in Chapter 2. To obtain photoaction spectra, photocells containing 

different lipid structures were illuminated with a 150 W xenon lamp (Ushio, Japan) whose 

wavelength selection was achieved using a computer-controlled fluorescence spectrophotometer 

(RF-5301, Shimadzu, Japan). The photoaction spectra reported in the main text have been 

corrected for nonuniform spectral distribution of excitation in 5 nm intervals using a silicon 

photometer (PM120, Thorlabs).  

 

3.3 Results and Discussion 

3.3.1 POPC/Cholesterol System 

POPC/cholesterol binary systems containing ~10-45 mol% cholesterol, display lo/ld 

coexistence, as determined by several methods including time-resolved fluorescence 

spectroscopy,3-5 fluorescence anisotropy,5,6 calorimetry,6-8 NMR9 together with simulation work14. 

In our hands, we found that no blue shift of 0-0 absorption band (~575 nm) was found from 5 

mol% Rho-DOPE in liposomes containing 30 mol% cholesterol, compared to that without 

cholesterol, indicating no aggregation (Fig. 3.2). This is in line with the experimental results by 

Castro et al.15 Rather differently in the DPPC case,1 ~10 nm blue shift of the shoulder peak (~540 

nm) clearly indicates formation of aggregates when 30 mol% of cholesterol is incorporated. 

Moreover, the relative absorbance ratio of 0-0 absorption peak and shoulder peak increases as the 

concentration of cholesterol is increased.  From findings by our work1 and others’ work14, changes 
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in the intensity ratio of shoulder peak to main peak have been employed as a sensitive fingerprint 

to probe rhodamine aggregate formation. Here, the moderately increased intensity of such a 

shoulder band likely suggests association of dyes, in other words, so-called dye clusters,15 due to 

tight lipid packing (Fig. 3.3) and the condensing effect of cholesterol, albeit not triggering dye 

aggregation, possibly owing to random orientation of dipoles of rhodamine moieties. Since Rho-

DOPEs prefer to partition into the ld phase, we conjecture that they tend to group together to form 

clusters (Fig. 3.3), when forced into the lo phase. 

This interpretation can be further supported by fluorescence lifetimes of Rho-DOPE in 

liposomes acquired by using time-correlated single photon counting, as shown in Fig. 3.4. The 

fitted fluorescence lifetimes are listed in Table 3.1. Without cholesterol, the lifetime of Rho-DOPE 

in liposomes show single component of 1.98 ns, suggesting a random membrane distribution in a 

uniform ld phase spanning the whole liposome. Compared to the DPPC case,1 the lifetime also 

shows single but much shorter component, due to global self-quenching in gel phase, where the 

mean lipid molecular surface area is small and thus neighboring dyes are rather close. 

Nevertheless, no appreciable self-quenching of Rho-DOPE here was observed, simply because of 

larger mean lipid molecular surface area in lipid disordered phase, which to some extent separates 

neighboring Rho-DOPEs apart (Fig. 3.3). 

When 30 mol% of cholesterol is incorporated into the POPC liposomes, however, two 

lifetime components are shown with only 3% population of 2.04 ns attributed to Rho-DOPE in ld 

phase, which is consistent with the result (1.98 ns) in the case without cholesterol. Evidenced by 

their much shorter lifetime of 0.91ns, the major population of Rho-DOPEs is located in lo phase, 

where the distance between neighboring Rho-DOPEs (as clusters) is greatly reduced and 

fluorescence lifetime is thus shortened.  
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When these liposomes are deposited on a solid supported lipid bilayer, Rho-DOPE 

presented rather different photophysical properties. The fluorescence lifetime (Table 3.2) of Rho-

DOPE in liposomes without cholesterol are slightly longer than that from their corresponding 

liposome suspensions, suggesting there is likely a morphological change of liposomes after 

deposition. AFM images (Fig. 3.5) show the liposomes are deformed, aggregated, and compressed. 

Confocal fluorescence imaging (Fig. 3.6) further proves liposome fusion and aggregation.  

 

 

Figure 3.2 Absorption spectra of 5 mol% Rho-DOPE in liposomes in the presence (in red) or 

absence (in black) of 30 mol% cholesterol. The concentration of rhodamine in both samples is 

approximately 5 µM. 

 



95 

 

 

Figure 3.3 Top view of lipid packing in liposomes in liquid disordered (ld) phase and liquid ordered 

(lo) phase.  

 

 

Figure 3.4 Time-resolved fluorescence decay of 5 mol% Rho-DOPE in liposome suspensions in 

the presence (in red) or absence (in black) of 30 mol% cholesterol. The concentration of rhodamine 

in both samples is approximately 0.5 µM. 
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Surprisingly, the fluorescence lifetime has only one component of 2.46 ns, longer than that 

of Rho-DOPE in ld phase, when liposomes containing 30 mol% of cholesterol are electrostatically 

fixed on top of a lipid bilayer. Shorter component of ~1 ns is no longer observed. AFM and 

confocal images show individual liposomes with negligible fusion are evenly distributed on the 

substrate, indicative of cholesterol maintaining integrity of liposomes. This seeming discrepancy 

can be explained as electrostatic binding possibly disrupts the probe distribution, considering the 

probe, Rho-DOPE here, is negatively charged.  

We then assembled these two-tier lipid nanoassemblies onto ITO electrodes so that 

photocurrent can be generated under continuous irradiation. As shown in Fig. 3.8, for the 

photocells comprising liposomes containing 5 mol% Rho-DOPE atop and underlying fullerene-

coassembled lipid bilayer, the photoaction spectra markedly resemble the absorption spectra of 

their rhodamine moieties, which indicates rhodamine plays the primary role in capturing light 

energy and there exists an appreciable photo-induced electron transfer between rhodamine and 

fullerene, similar to the DPPC system reported in previous chapter. In the absence of cholesterol 

in the top liposomes, to our surprise, the photocurrent of ~35 nA is much lower than that from its 

DPPC counterpart (see Chapter 2 for details). However, it leads to an exciting photon-to-electron 

QE of 7.8%, comparable to that from the DPPC counterpart. This can be attributed to the much 

lower absorbance of rhodamine in POPC containing lipid nanoassemblies. When there is 30 mol% 

cholesterol in the liposomes, a much higher photocurrent of ~ 250 nA was observed with a photon-

to-electron QE of 13.2%, slightly lower than that of its DPPC counterpart.  

In order to understand the reason why a much higher QE was obtained in the presence of 

cholesterol, we investigated the fluorescence quenching of rhodamine by underlying fullerene by 
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steady-state fluorescence spectroscopy. As shown in Fig. 3.7A, we obtained a quenching efficiency 

of 62% and 91% for the nanoasemblies in the absence and presence of 30 mol% cholesterol, 

respectively. We then carried out a time-correlated single photon counting experiment. The 

fluorescence decay profile is shown in Fig. 3.7. An exponential tail fitting was done to extract the 

fluorescence lifetimes (Table 3.2). When C60 is coassembled in the underlying lipid bilayer, a 

shorter fluorescence lifetime of 1.54 ns is observed for the lipid nanoassemblies containing no 

 

 

Figure 3.5 Structure of liposomes electrostatically deposited on lipid bilayers as probed by AFM. 

Liposomes employed: (A) Rho-DOPE/POPG/POPC (5/15/80) and (B) Rho-

DOPE/POPG/cholesterol/POPC (5/15/30/50). Corresponding height profiles of lipid 

nanoassemblies marked by the dashed lines are shown in (C) and (D) See the Experimental Section 

for more details.  
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 cholesterol. Assuming PeT between rhodamine and fullerene is the only additional pathway 

competing with fluorescence emission, we obtained a PeT rate constant of 2.1 × 108 s-1 by using 

equation kPeT = 1/τF(C60) − 1/τF, where 1/τF(C60) and 1/τF are the measured fluorescence lifetime of 

rhodamine with and without fullerene, respectively. As to the nanoassemblies embedded with 

fullerene containing 30 mol% cholesterol, two components of fluorescence lifetime are seen. The 

longer component of 2.11 ns is consistent with that of free liposomes. However, it is slightly shorter 

than that from otherwise similar fullerene-free lipid nanoassembies, possibly because the 

morphology of liposomes is perturbed to a certain extent by the co-assembly of fullerene. Using 

the same equation, we obtained a much higher PeT rate constant of 5.3 × 108 s-1.  

 

Table 3.1 Fluorescence lifetimes of rhodamines assembled in liposomes as probed by time-

correlated fluorescence single-photon counting (TCSPC) 

Lipid composition (in mole fraction) Fluorescence lifetime (ns) 

Rho-DOPE/POPC/POPG: 5/80/15 1.98 ± 0.05 

Rho-DOPE/POPC/POPG/Chol: 5/50/15/30 2.04 ± 0.1 (3%); 0.91 ± 0.006 (97%) 

 

 

Comparing the PeT rate constants between DPPC and POPC cases, we found kPeT values 

in DPPC cases are larger than those in POPC counterparts, yet producing rather similar 

photoconversion efficiency.  
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Table 3.2 Spectroscopic and photoelectrochemical characteristics of rhodamines assembled in 

various lipid supercomplexes  

Lipid composition in top 

liposome layera 

Fluorescence lifetime (ns)b kPeT (s
-1) Photoconversion 

QE (%) 

Rho-DOPE/POPC/POPG: 

5/80/15 

2.28 ± 0.005c 

1.54 ± 0.02d 

- 

   2.1 × 108 

- 

7.8 (± 0.3)e 

Rho-DOPE/POPC/POPG/Chol: 

5/50/15/30 

2.46 ± 0.01c 

(2.11 ± 0.06 (21%); 0.79 ± 

0.04 (79%))d 

- 

5.3 × 108 

- 

13.2 (± 3.2)e 

aAll bottom lipid bilayers contain DOPC/DOTAP in 80/20 mixing ratio in mole fraction 

with/without 5 additional fractions of C60. 
bData obtained from TCSPC measurements. cMeasured 

with dye alone. dWith C60 co-assembled. eStandard deviation, n = 3. 

 

 

Figure 3.6 Fluorescence micrographs of rhodamine-labeled liposomes electrostatically deposited 

on oppositely charged lipid bilayer supported on glass. Liposomes used: (A) Rho-

DOPE/POPG/POPC (5/15/80), and (B) Rho-DOPE/POPG/cholesterol/POPC (5/15/30/50). 
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Figure 3.7 Steady-state (A) and time-resolved fluorescence emission spectra (B) from rhodamine 

assembled in the two-layer lipid nanostructures. All samples contain 5% Rho-DOPE and 15% 

POPG in the top liposome layer. The complexes in addition contain: 80% POPC (black), 80 % 

POPC + 5% C60 (red), 50% POPC + 30% cholesterol (green), 50% POPC + 30% cholesterol + 5% 

C60 (blue). See the Experimental Section for more details. 

  

3.3.2 DPPE/Cholesterol System 

Following the same procedure, we fabricated two-tier lipid nanoassemblies on ITO 

electrodes, which consist of anionic liposome layers atop and a cationic lipid bilayer at bottom. 

The liposomes comprise 5 mol% Rho-DPPE, 15 mol% DPPG, 50 mol% DPPE, and 30 mol% 

cholesterol, whereas the lipid bilayer comprises 15 mol% DOTAP and 80 mol% DOPC 

coassembled with 5 mol% fullerene. Under continuous irradiation, we acquired the photoaction 

spectrum (not shown), from which we observed much higher photocurrent produced with an 

exciting photoconversion quantum efficiency of 14±3.2%.  
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Figure 3.8 Normalized photoaction spectra from lipid-assembled rhodamines/fullerenes without 

cholesterol (in black) or with 30% cholesterol (in red).   

 

To elucidate the underlying photophysics, we start with absorption spectroscopy. When 

there is no cholesterol in the liposomes, the absorption spectrum of rhodamine exhibits otherwise 

similar absorption bands as in DPPC liposomes (Fig. 3.9). Incorporating 15 mol% cholesterol, 

however, three bands surprisingly appear, including a 0-0 absorption band together with bands at 

526 nm and 550 nm, respectively, clearly indicating a new state of dye aggregation. This is 

plausibly due to that cholesterol can condense DPPE bilayers.12 These two bands at 526 nm and 

550 nm can be presumably attributed to H-aggregrates of rhodamines.1,15 When the percentage of 

cholesterol increases from 15 mol% to 30 mol%, the absorbances of H-aggregates decrease. 

Continuing to increase the concentration of cholesterol to 50 mol%, two bands attributed to H-

aggregates of rhodamine disappear. Instead, a shoulder band at 532 nm shows, just as the one 
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shown in the DPPE liposomes without cholesterol.  The only difference lies in different absorbance 

ratio of the two bands. Almost equal absorbance of two bands indicates existence of rhodamine 

aggregates in the liposomes containing 50 mol% cholesterol, but the degree of aggregation is much 

less. This change is in line with results suggested by time-of-flight secondary ion mass 

spectrometry,12 where lateral heterogeneity exists with cholesterol lower than 50 mol%, but 

homogeneous phase appears at 50 mol% cholesterol.  

 

 

Figure 3.9 Absorption spectra from 5 mol% Rho-DOPE in liposomes containing 15 mol% DPPG 

and cholesterol and DPPE with different concentrations. The rhodamine concentration in these 

liposomes is approximately 5 μM. 
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A transient absorption spectrum (Fig. 3.10A) shows a negative band at 578 nm due to 

ground-state bleaching and stimulated emission, a negative band at 555 nm attributed to the H-

aggregates, and a positive band at 450 nm due to excited state emission. Interestingly, the red shift 

of the band at 578 nm is less than that in DPPC case. By fitting the kinetic data (Fig. 3.10B), we 

found the lifetime of excited states has two components, one is about 20 ps, the other is 

approximately 500 ps (Table 3.1), suggesting rhodamines are distributed in two different 

environments. For the H-aggregate of rhodamine, the excited state lifetime also shows two 

components. The longer component is 440 ps, and the shorter one is 42 ps. In order to better 

appreciate the underlying photodynamics, further experiments such as steady-state and time-

resolved fluorescence spectroscopy for lipid nanoassemblies remain to be done. Additionally, 

AFM should be of great help to provide morphological information.  

   

Table 3.3 Excited-state lifetimes of rhodamines assembled in liposomes as probed by TA 

spectroscopy and photoconversion quantum yield from lipid nanoassemblies containing such 

liposomes. 

Lipid composition Excited-state lifetime (ps) Q.E. (%) 

450 nm 555 nm 578 nm 

Rho-DPPE/DPPG/DPPE/cholesterol: 

5/15/50/30, in mole fraction 

17 ± 7;  

667 ± 106 

42 ± 8;  

440 ± 49 

25 ± 3;  

409 ± 26 

14 ± 3.2 

 

3.4 Conclusions 

In this work, we established another two different systems including POPC and DPPE to 

mimic natural photosynthesis. They represent different lipid bilayers in that POPC bilayer mostly 
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in ld phase, and DPPE is rather complicated because of its relatively small headgroup and capability 

of formation of intermolecular bonding. Besides, we incorporated cholesterol into the lipid 

nanoassemblies to induce phase separation, considering that natural photosynthetic membranes are  

 

 

Figure 3.10 TA spectra (A) of rhodamine in the liposomes composed of 5 mol% Rho-DPPE, 15 

mol% DPPG, 30 mol% cholesterol, and 50 mol% DPPE as a function of time delays (ps).  The 

time-evolved optical density profiles (B) at 450 nm, 555 nm and 578 nm of the liposomes are 

shown by black squares, red circles, and green triangles, respectively; the solid blue lines are the 

corresponding exponential fits of the experimental data. The rhodamine concentration in these 

liposomes used is approximately 125 μM. 

 

far from homogeneity. We studied the effect of such a phase separation on photoconversion, and 

found it greatly boosted the photoconversion efficiency. A series of spectroscopy and microscopy 

experiments were performed to elucidate underlying mechanisms. We found that rhodamine 

clusters and aggregates are formed by addition of cholesterol, and they may play a primary role in 
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light capture and facilitate photo-induced electron transfer. To fully understand the mechanism, 

however, more experiments remain to be done. 
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Chapter 4 

 

 

Synthesis of Janus-like Liposomes 

 

 

4.1 Introduction 

Amongst model lipid membranes, giant liposomes are ideal cell mimics due to membrane 

curvature of live cells and equally importantly their comparable sizes, which allows for direct 

visualization and tracking of vesicles and their relevant biophysical phenomena such as cell 

adhesion and fusion, docking, protein-cell interaction at a single bilayer level.1-4  

Triggered by the significance of giant liposomes, considerable research efforts have been 

devoted to developing general formation methods that can afford high-quality and high-yield giant 

liposomes at the same time. To date, several methods including gentle hydration,5-8 

electroformation,8-11 emulsion-based methods12,13 and gel-assisted swelling,14,15 have been used to 

synthesize giant liposomes with different lipid compositions. Among these methods, the gentle 

hydration method involves first formation of a thin lipid film on a solid surface and subsequent 

exposure to buffer solution.5 This method is time-consuming, and normally produces heterogenous 

vesicles. The emulsion-based method, on the other hand, forms an inverted emulsion first, and 

then a lipid monolayer spontaneously forms at the oil-water interface. The inverted emulsion 

droplets start settling due to density difference, and then pass through the oil-water interface where 

the second lipid monolayer is situated so that intact lipid vesicles are formed.13 This method
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renders high drug encapsulation efficiency12 and the capability of synthesizing asymmetrical 

liposomes13. Nevertheless, it has the disadvantages of low yield, and tedious and problematic post-

treatment to completely deplete oil in thus-formed liposomes. Electroformation is by far the most 

widely used method to synthesize giant liposomes comprising a wide variety of lipids. In this 

method, an alternating electrical field is applied between two electrodes (e.g. platinum and ITO), 

on one of which a thin layer of lipids is deposited .8-11 Because of its use of electric field, the 

preparation of giant liposomes containing charged lipids can be problematic at times.14 More 

recently, Mayer and coworkers14 reported a gel-assisted swelling method to form various giant 

liposomes in solutions of physiologic ionic strength. Therein, a dried lipid film is first deposited 

on a thin layer of agarose gel, and subsequent hydration in aqueous solution results in swelling and 

rapid formation of giant liposomes in high yield. One major problem with this method is that 

agarose is associated with the liposome membranes and is even encapsulated into vesicles,14 which 

modifies/changes the composition of resulting giant liposomes and hence complicates their further 

applications. Inspired by this work, Marques and coworkers used polyvinyl alcohol (PVA) gels 

instead, by which various giant liposomes can be prepared, even for those composed of lipids that 

typically pose a challenge for the formation of giant vesicles, and additionally polyvinyl alcohol 

does not associate with the resulting liposome membranes. 15 

Herein, we employ two methods, electroformation and gel-assisted swelling, in order to 

prepare Janus-like giant liposomes. Janus particles, possessing two distinct sides with contrasting 

functionality, have received much attention in recent years.16-18 However, the unique formation of 

colloidal particles has not been systematically investigated with lipids. In this work, we report the 

synthesis of a wide variety of Janus-like giant liposomes. The anisotropy is introduced by 

cholesterol-induced phase separation.  
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4.2 Experimental Section 

4.2.1 Chemicals 

Lipids, including 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-3-

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

1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DPPG), 1,2-dipalmitoyl-3-

trimethylammonium-propane (chloride salt) (DPTAP), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(biotinyl) (sodium salt) (biotin-DOPE), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (Rho-DOPE), 23-

(dipyrrometheneboron difluoride)-24-norcholesterol (BODIPY-Chol), 1-palmitoyl-2-

(dipyrrometheneboron difluoride) undecanoyl-sn-glycero-3-phosphocholine (BODIPY-PC), were 

purchased from Avanti Polar Lipids (Alabaster, AL). See Fig. 4.1 for their chemical structure. 

Other chemicals, including agarose, polyvinyl alcohol, cholesterol, were obtained from Sigma-

Aldrich. Phosphate buffer saline (PBS) was prepared by dissolving certain amount of NaCl (137 

mM), KCl (2.7 mM), Na2HPO4 (10 mM), and KH2PO4 (1.8 mM) into DI water. 18.2 MΩ·cm 

deionized (DI) water (Millipore) was used throughout this work. 

 

4.2.2 Synthesis of Giant Liposomes 

For vesicle formation, lipid solutions with a total lipid concentration of 5 mM was prepared 

in chloroform (lipid mixtures containing DPPG was prepared in chloroform/methanol, 9/1, v/v). 

DOPC, DPPC, and cholesterol were used to form zwitterionic giant liposomes. Cationic giant 

liposomes were formed by mixing 10 mol % DOTAP or DPTAP with lipid mixture used for 

zwitterionic vesicle preparation. Anionic giant liposomes were prepared by incorporating 10 mol% 

DPPG instead. 0.2 mol% Rho-DOPE was used to label ld phase, and 0.2 mol% BODIPY-Chol was  
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Figure 4.1 Chemical structures of main lipids used in this work. 
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used to track lo phase. For biotinylated giant liposome preparation, 1 mol% Biotin-DOPE was 

incorporated into zwitterionic giant liposomes.  In a few cases, we used BODIPY-PC to label ld 

phase.19 

 

4.2.2.1 Electroformation 

To start, ITO-coated glass substrates were cleaned as described previously. 20 µL 

chloroform solution containing desired lipid mixtures (5 mM) and fluorescent probe, BODIPY-

PC, was evenly spread onto an ITO coated substrate and dried under vacuum for at least 2 h to 

remove residual chloroform. This results in that a thin lipid layer was formed on the substrate, on 

top of which an O-ring (1 cm diameter) was then placed. Aqueous medium such as DI H2O, 

sucrose, or phosphate buffer saline was pipetted into the reservoir defined by the O-ring. The 

hydrated sample was then carefully covered by a second ITO substrate with ITO coated side in 

contact with the solution, avoiding entrapment of air bubbles. Electroformation was performed at 

60 oC, well above the phase transition temperatures of the lipids employed, under an AC current 

at 5 Hz and 3 V for 2 h. Thereafter the GUVs were allowed to cool down to room temperature and 

ready for fluorescence microscopy characterization. Thus-formed giant liposomes were harvested 

by aspiration through a pipette. 

 

4.2.2.2 Agarose Gel-Assisted Swelling 

The giant liposomes were prepared by following the procedure developed by Horger et 

al.14 with minor modification. To start, 1% (w/w) agarose (Tg<31 oC, Tm<75oC) was dissolved in 

DI H2O by boiling the solution in a microwave oven. About 100 µL of this gel solution was then 

spread onto a clean glass substrate and dried on a hot plate at 40 oC for 2 h. 5 µL of desired lipid 
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solution in chloroform was brushed onto the dried agarose gel and dried under vacuum overnight. 

After that, hot DI water was used to hydrate the lipid film at 55 oC for 1 h. Similarly, thus-formed 

giant liposomes were harvested by applying aspiration through a pipette.  

 

4.2.2.3 PVA Gel-Assisted Swelling  

Giant liposomes of various compositions were prepared by following the procedure with 

minor modification developed by Weinberger et al.15 Briefly, to start, 5% (w/w) polyvinyl alcohol 

(Mw=89,000-98,000) solution was prepared in DI water under continuous stirring in a water bath 

at ~80 oC. PVA gel was formed on a clean glass substrate (2×2 cm), similar to the procedure for 

preparing agarose gel. 5 µL of lipid mixtures was deposited on PVA gel and dried under vacuum 

overnight. DI water was then added to hydrate the lipid film at 45 oC for 1 h. After that, giant 

liposomes were allowed to cool down and then harvested by gentle pipetting. 

 

4.2.3 Confocal fluorescence microscopy 

Fluorescence images of giant liposomes were collected on a Nikon A1+/MP confocal 

scanning laser (488 nm and 561.4 nm) microscope (Nikon Instruments, Inc., Melville, NY) 

together with a 488 nm and a 561 nm long pass dichroic mirror, and a 525 ± 25 nm and a 595 ± 25 

nm emission filter, respectively. 

 

4.3 Results and Discussion  

In this study, we wish to prepare various Janus-like giant liposomes including zwitterionic 

giant liposomes, anionic giant liposomes, cationic giant liposomes, biotinylated giant liposomes.  

Unlike single-phase liposomes, symmetry of Janus-like liposomes is broken and thus creating 
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anisotropy by cholesterol triggered phase separation, that is, lo-ld coexistence. The presence of lo 

or ld is identified by fluorescent membrane probes. Most of the time, we use Rho-DOPE to probe 

ld phase, because Rho-DOPE presents a significant preference to partition into ld phase with a 

partition coefficient Kp lo/ld of 0.28.20 We choose BODIPY-Chol to probe lo phase, since it prefers 

to stay in lo phase with a Kp lo/ld of 4.21 Equally important is that these two fluorescent probes emit 

fluorescence at different wavelengths (Fig. 4.1), so we can clearly visualize both lipid domains on 

individual liposomes simultaneously. In several cases, BODIPY-PC is used to label ld domains 

due to its partition preference to ld phase. 

 

4.3.1 Zwitterionic Giant Liposomes 

To start, we electroformed zwitterionic giant liposomes comprising 37.5 mol% DPPC, 37.5 

mol% DOPC, and 37.5 mol% cholesterol doped with 0.5 mol% fluorescent probe, BODIPY-PC. 

As shown in Fig. 4.2A, vesicles are produced on the ITO substrate with clear phase separation on 

individual giant liposomes at room temperature. Most of regions on each vesicle are fluorescent 

that can be assigned to ld phase, but several small circular domains are non-fluorescent, which is 

in lo phase.  

Using PVA gel assisted swelling method, we successfully synthesized a series of giant 

liposomes with different domains (Fig. 4.2B-D). These giant liposomes are dually labeled with 

Rho-DOPE for ld phase and BODIPY-Chol for lo phase, respectively. By changing the relative 

concentrations of the saturated lipid (DPPC) and unsaturated lipid (DOPC) as well as the 

concentration of cholesterol, we synthesized giant liposomes with different domains; in other 

words, we can precisely control the relative sizes of lo and ld domains. Here, we solely focus on 

the regions of liquid-liquid coexistence, i.e. lo-ld phase coexistence. The lipid domains observed in 
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these zwitterionic giant liposomes are in accordance with phase diagram plotted by Keller and 

coworker22. We observed that giant liposomes containing large fractions of DOPC are enriched in 

ld phase (in red) but have much less lo domains (in green) (Fig. 4.2B). As depicted in Fig. 4.3, we 

observed in confocal fluorescence images that increasing the concentration of DPPC and 

cholesterol increase the surface fraction of lo domains.  

 

 

Figure 4.2 Fluorescence images of zwitterionic giant liposomes with different lipid compositions 

formed by using different methods. A) giant liposomes composed of 37.5 mol% DOPC, 37.5 mol% 

DPPG, 25 mol% cholesterol, and 0.5 mol% BODIPY-PC, prepared by electroformation; (B-D) 

giant liposomes labeled by 0.2 mol% Rho-DOPE and 0.2 mol% BODIPY-Chol, formed by the 

PVA gel-assisted swelling method: B) 53 mol% DOPC, 27 mol% DPPC, and 20 mol% cholesterol; 

C) 40 mol% DOPC, 40 mol% DPPC, and 20 mol% cholesterol; D) 23 mol% DOPC, 47 mol% 

DPPC, and 30 mol% cholesterol. 

 

4.3.2 Anionic Giant Liposomes 

Interestingly, electroformed anionic giant liposomes composed of ternary lipid mixtures 

are mostly multivesicular rather than univesicular, as shown in Figure 4.4A. This is also reported 

by Bucher et al.23 and Rodriguez et al.24, where giant liposomes containing pure POPG lipid or 

even only 2 mol% Rho-PE were electroformed. In contrast, by the agarose gel assisted swelling 
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method, the majority of the giant liposomes are univesicular and Janus-like with clear lo/ld phase 

separation (Figure 4.4B). Unfortunately, heterogenous multivesicular/multilamellar vesicles are 

also observed, which is in accordance with the previous findings.14 GUVs formed from ternary 

lipid components using PVA gel are much more uniform and homogeneous (Figure 4.4C-E), 

which emphasizes the important role of PVA gel in assisting swelling and hydration of lipid film, 

i.e. the growth of liposomes promoted by forces normal to the lipid films.15 Similar to zwitterionic 

GUVs formed by PVA gel assisted swelling, anionic Janus-like GUVs with different sizes of lo/ld 

domains are formed. In comparison to zwitterionic GUVs, incorporation of 10 mol% DPPG does 

not significantly change the phase separation. 

 

4.3.3 Cationic Giant Liposomes 

Following the agarose gel assisted swelling method, to begin with, two different lipid 

compositions (DPTAP/DPPC/DOPC/cholesterol, 10/38/32/20, in mole fraction, and 

DOTAP/DOPC/DPPC/cholesterol, 10/25/35/30, in mole fraction) were selected. Unfortunately, 

giant liposomes with rather low yield were produced when the lipid film is hydrated in DI H2O. 

Hydrating such lipid films in phosphate buffer saline instead resulted in irregular shaped giant 

liposomes and low yield. We found that the presence of positively charged lipids (DPTAP or 

DOTAP) leads to a frequent adhesion of neighboring vesicles, which was also observed by Bucher 

et al.23 Resulting aggregates rather than individual vesicles greatly limit their further applications 

on single liposome level. 

PVA gel was thereafter exploited to synthesize cationic giant liposomes using the lipid 

mixtures with the same compositions (vide supra). Following the procedure developed by Marques 

and coworkers15, our initial attempt was to hydrate the dried lipid film in phosphate buffer saline, 
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which is the most commonly used medium for preparing charged giant liposomes. This method is 

successful to form giant liposomes with high yield.  Unfortunately, thus-generated giant liposomes 

are severely adhered to vesicles in proximity, plausibly due to charges on the bilayer surfaces being 

screened under high ionic strength so that the repulsion between adjacent vesicles is greatly 

undermined. Marques and coworkers 15 reported that formed vesicles are less prone to adhere to 

each other when PVA is prepared in sucrose solution or phosphate buffer saline. In our hands, 

adhesion between neighboring vesicles is not at all improved by dissolving PVA in 280 mM 

sucrose solution. Not only are vesicles seriously adhered to each other, what’s worse, but also the 

sizes of vesicles greatly decrease when preparing PVA in phosphate buffer saline. Instead, giant 

liposomes are well formed with least adhesion and high yield when lipid film spread on a PVA gel 

prepared in DI H2O is hydrated in DI H2O (Fig. 4.5). It is presumably because electrostatic 

repulsion between vesicles keeps them apart under low ionic strength. 

  

 

Figure 4.3 Schematic of phase separation in giant liposomes with the increased concentrations of 

DPPC and /or cholesterol. Regions in red represent ld domains, and regions in green are lo domains. 
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Figure 4.4 Fluorescence images of anionic giant liposomes with different lipid compositions 

formed by using different methods. (A) Giant liposomes composed of 35 mol% DOPC, 35 mol% 

DPPG, 30 mol% cholesterol, and 0.5 mol% BODIPY-PC, prepared by electroformation; (B) giant 

liposomes composed of 32 mol% DOPC, 38 mol% DPPC, 10 mol% DPPG, 20 mol% cholesterol, 

and 0.5 mol% BODIPY-PC formed by the agarose gel-assisted swelling method; (C-E) giant 

liposomes labeled by 0.2 mol% Rho-DOPE and 0.2 mol% BODIPY-Chol, formed by the PVA 

gel-assisted swelling method: (C) 40 mol% DOPC, 30 mol% DPPC, 10 mol% DPPG, and 20 mol% 

cholesterol; (D) 23 mol% DOPC, 37 mol% DPPC, 10 mol% DPPG, and 30 mol% cholesterol; (E) 

12 mol% DOPC, 38 mol% DPPC, 10 mol% DPPG, and 40 mol% cholesterol. 
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Figure 4.5 Fluorescence images of cationic giant liposomes formed by PVA gel swelling. Giant 

liposomes are composed of DPTAP-DPPC-DOPC-Chol-BODIPY-PC, 10%-22%-48%-20%-

0.5%, in mole fraction.  

 

4.3.4 Biotinylated Giant Liposomes  

Incorporating 1 mol% Biotin-DOPE, we synthesized a series of Janus-like biotinylated 

giant liposomes with different domains by PVA gel swelling (Fig 4.6). No appreciable domain 

disruption or reorganization was observed after insertion of Biotin-DOPE.  
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Figure 4.6 Fluorescence images of biotinylated giant liposomes containing 1 mol% Biotin-DOPE 

with different lipid compositions, dually labeled with 0.2 mol% Rho-DOPE and 0.2 mol% 

BODIPY-Chol: (A) 26.7 mol% DOPC-52.3 mol% DPPC-20 mol% cholesterol; (B) 39 mol% 

DOPC-40 mol% DPPC-20 mol% cholesterol; (C) 22.3 mol% DOPC-46.7 mol% DPPC-30 mol% 

cholesterol; (D) 16.5 mol% DOPC-52.5 mol% DPPC-30 mol% cholesterol. 
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4.3.5 Stability 

Stability of giant liposomes were investigated by imaging the giant liposomes discussed 

above stored at 4oC for at least 10 days using confocal microscopy. The individual giant liposomes 

remain intact and separate, and no appreciable change in shape and ld/lo domains were observed 

(data not shown). This indicates giant liposomes are rather stable when stored at 4oC. 

 

4.4 Conclusions  

We successfully synthesized a wide of range of Janus-like giant liposomes including 

zwitterionic, cationic, anionic, and biotinylated giant liposomes using different methods. Overall, 

PVA gel swelling method produced giant liposomes with the best quality and highest yield for 

various kinds of giant liposomes. Additionally, for each kind of giant liposomes, we are able to 

precisely control the domain formation by changing the relative concentrations of the saturated 

lipids and unsaturated lipids as well as the concentration of cholesterol.  
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Chapter 5 

 

 

Self-Assembly of Biotinylated Janus-Like Liposomes 

 

 

5.1 Introduction 

Self-assembly is a process by which individual components spontaneously form ordered 

and well-defined hierarchical superstructures, differing from their starting materials in 

functionalities such as electronic, mechanic, magnetic, conducting, and optic properties.1 In fact, 

an astounding range of complex/supercomplex structures in cells are formed by self-assembly, 

such as lipid membranes, intermembrane proteins, protein aggregates, and molecular machines.2 

Studies on self-assembly have been a fruitful research area over the past several decades.3-7 The 

understanding of self-assembly processes is of paramount fundamental interest, not only for 

developing advanced materials, but for gaining insight into sophisticated biological functions of 

cells and organelles. The connection of specific organelles such as Golgi, peroxisomes, lipid 

droplets, etc. by membrane contact sites, for instance, is particularly important in cellular 

signaling, promotion of ion passage, and non-vesicular lipid trafficking.8  

Janus particles, possessing two distinct sides with contrasting functionality, have attracted 

much attention in recent years.9-11 They are promising building blocks for developing advanced 

functional materials. Because of their asymmetry and multi-domain surface, different functional 

groups can be grafted on each side for driving further self-assembly to form higher ordered

https://en.wikipedia.org/wiki/Golgi_apparatus
https://en.wikipedia.org/wiki/Peroxisome
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aggregates with interesting superstructures. A variety of chemistry have been to date explored on 

Janus particles such as amphiphilic particles, dipolar particles, and Janus particles with 

supramolecular binding motifs.9 

Avidin-biotin interaction is well recognized to be one of the strongest known non-covalent 

bonds with dissociation constant (kD) of 10-15 M.12-14 Owing to its stable binding and small size of 

biotin label, it has been often used for biomolecule labeling15, purification16, immobilization14,17-

19 and patterning20. Avidin-biotin interaction has also been often used for immobilization of lipid 

vesicles for a wide variety of applications such as immunoassay21,22, and single biomolecule 

detection23. 

In this work, we investigated the self-assembly of Janus-like biotinylated giant lipsomes 

whose symmetry is broken by cholesterol-triggered phase separation. Taking advantage of the 

latter, biotin moiety is confined exclusively in ld domains. Using avidin-biotin chemistry, 

liposomes self-assemble into chain-like structures including dimer, trimer, and other higher 

ordered superstructures. To the best of our knowledge, this is the first time that cholesterol-

triggered phase separation is employed to regioselectively anchor the biotin moieties, driving the 

self-assembly of liposomes. 

 

5.2 Experimental Section 

5.2.1 Chemicals 

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

glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl) 

(sodium salt) (Biotin-DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (ammonium salt) (Rho-DOPE), and 23-(dipyrrometheneboron difluoride)-
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24-norcholesterol (BODIPY-Chol), were purchased from Avanti Polar Lipids (Alabaster, AL). 

Other chemicals, including NeutrAvidin, Alexa Fluor® 488 conjugated avidin, polyvinyl alcohol, 

cholesterol, were obtained from Sigma-Aldrich. 18.2 MΩ·cm deionized (DI) water (Millipore) 

was used throughout this work.  

  

5.2.2 Determination of Phase Preference of Biotinylated Lipids 

Biotinylated giant liposomes were prepared as described in Chapter 4. Briefly, 1 mol% 

Biotin-DOPE is incorporated into zwitterionic giant liposomes, which are singly labeled by Rho-

DOPE. To determine the ld/lo phase preference of Biotin-DOPE, confocal microscopy was 

performed before and after the giant liposomes were mixed with a fluorescently labeled avidin 

(Alexa 488 conjugated avidin) in a biotin/avidin mole ratio of 10 to 1.  

 

5.2.3 Self-Assembly of Biotinylated Janus-Like Giant Liposomes 

As-prepared biotinylated liposomes were mixed with an equal volume of NeutrAvidin in a 

mole ratio of 10 to 1. The total concentration of lipids in these liposomes is approximately 2.5 µM. 

To improve the chance of encounter and binding, the resulting mixture was subjected to vortexing 

and incubated at room temperature.  

 

5.2.4 Confocal Fluorescence Microscopy 

As-prepared giant liposomes and self-assemblies were transferred to a homemade cell for 

imaging, where a ~ 1 mm thin layer of PDMS with holes whose diameters are 3 mm is attached to 

the surface of coverslip (Corning). Fluorescence images of giant liposomes were collected on a 
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Nikon A1+/MP confocal scanning laser (488 nm and 561 nm) microscope (Nikon Instruments, 

Inc., Melville, NY) together with a 525 ± 25 nm and a 595 ± 25 nm emission filter, respectively.  

 

5.3 Results and Discussion 

5.3.1 Phase Preference of Biotin-DOPE 

To qualitatively determine the phase preference of Biotin-DOPE, we synthesized giant 

liposomes of Biotin-DOPE/DOPC/DPPC/cholesterol (1/34/35/30, in mole fraction) composition, 

presenting ld/lo coexistence. Such liposomes are singly labeled with a ld phase-preferred fluorescent 

membrane probe, Rho-DOPE, with a partition coefficient (Kp lo/ld) of 0.2824. The confocal image 

(Fig. 5.1A) shows clear phase separation on each vesicle, where the majority of vesicle surface is 

non-fluorescent (in dark), indicating a lo phase, while the minority of surface area is fluorescent 

(in red), which is in ld phase. We then mixed such liposomes with an appropriate amount of Alexa 

488 conjugated avidin. We envision that Rho-DOPE prefers to partition into ld phase because it 

has two double bonds in the acyl chains. Indeed, confocal images indicate Rho-DOPE is most 

preferably located in ld phase under the concentration of avidin used herein. Upon incubation with 

Alexa 488 labeled avidin, no fluorescence (in green) was observed in lo phase but in ld phase, as 

can be seen from Fig. 5.1B. 

 

5.3.2 Design 

Taking advantage of cholesterol-triggered phase separation, we can regioselectively anchor 

biotin tag in ld phase. We wish to investigate self-assembly of such biotinylated liposomes with 

different domains. As shown in Fig. 4.6 in Chapter 4, by increasing the concentration of cholesterol 

and DPPC, we observe a phase change in giant liposomes, from ld phase-dominated to lo phase-
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dominated. A scheme in Fig. 5.2 shows how these biotinylated liposomes self-assemble into chain-

like structures in two different scenarios. One scenario is for ld phase-dominated giant liposomes, 

the other is for lo phase-dominated giant liposomes. In brief, avidin binds two neighboring 

liposomes whose ld phase (in red) is doped with Biotin-DOPE. Continuing to tether more 

liposomes, the aggregates grow and propagate to form chain-like structures. 

 

 

Figure 5.1 Confocal fluorescence images of giant liposomes containing 1 mol% of Biotin-DOPE 

incubated with Alexa 488-avidin for ~2 h. (A) green channel, (B) red channel, (C) merged images. 

The concentration of alexa 488 conjugated avidin is ~0.05 µM. Giant liposomes singly labeled 

with Rho-DOPE, are composed of 35 mol% DPPC, 34 mol% DOPC, and 30 mol% cholesterol. 

 

5.3.3 Self-Assembly of Biotinylated Giant Liposomes 

We investigated the self-assembly of biotinylated liposomes with in total four different 

lipid compositions. In this study, we used NeutrAvidin that has near-neutral isoelectric point and 

thus minimizes non-specific adsorption.25 We intentionally used low concentration of NeutrAvidin 

to minimize the disruption and reorganization of lipid domains upon binding to avidin. It has been 

reported that Biotin-PE lipids are to some extent vertically displaced out of the membrane, upon 



129 

 

binding to avidin in a lipid membrane.26 In fact, we mixed liposomes with avidin at a higher 

concentration (avidin/biotin, 1/1) and observed significant reorganization of lipid domains (image 

not shown). 

 

5.3.3.1 ld Phase-Dominated Giant Liposomes  

Using ld phase-dominated biotinylated liposomes, we produced chain-like dimer, trimer, 

tetramer and pentamer (Fig. 5.3). The confocal fluorescent images show the binding sites are 

unambiguously located in ld phases on neighboring liposomes, confirming that biotin-avidin 

interaction drives the self-assembly of these liposomes. Due to the availability of ld phase, 

branched structure is observed from time to time (Fig. 5.3D). Taking close inspection of Fig. 5.3, 

interestingly, the aggregates take a zig-zag configuration in which liposomes alternately face one 

another, as shown in Fig. 5.2A. Similar alignment of dipolar Janus rods was reported by Granick 

and coworkers 27, who believe this zig-zag configuration is most stable. No dipole but anisotropy 

exists in the present system, however. Another interesting phenomenon is that the binding takes 

place mostly in the ld phase close to the boundary of ld and lo phases, plausibly indicating uneven 

distribution of biotin in ld domain. Observation of uniform green fluorescence across the ld domain 

upon avidin binding (Fig. 5.1B), however, rules out this possibility. Presumably in such an 

alignment can steric hindrance of biotin moieties be minimized, because Biotin-DOPE has larger 

headgroup (Fig. 4.1), which sticks out of bilayer membrane much further, compared to DOPC. 

As control, we synthesized isotropic biotinylated liposomes, that is, Biotin-DOPE is 

homogeneously distributed across the whole vesicle. We performed the self-assembly using 

isotropic liposomes in the same fashion. We infrequently observed such chain-like structures. This 

emphasizes the significance of cholesterol-induced phase separation affording anisotropy of 
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liposomes, which allows for regio-selectively tagging functional groups, driving self-assembly of 

liposomes in a controlled way. 

  

 

Figure 5.2 Self-assembly of Janus-like biotinylated liposomes with different domains: (A) ld 

phase-dominated and Janus lipsomes (more or equal ld phase (in red)), (B) lo phase-dominated 

liposomes (more lo phase (in green)). 
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Figure 5.3 Chain-like structures by self-assembly of biotinylated giant liposomes visualized by 

confocal fluorescence microscopy: (A) dimer, (B) trimer, (C) tetramer, (D) pentamer. The 

liposomes contain 1 mol% Biotin-DOPE, 52.3 mol% DOPC, 26.7 mol% DPPC, and 20 mol% 

cholesterol, labeled with 0.2 mol% Rho-DOPE and 0.2 mol% BODIPY-Cholesterol. Scale 

bars=10 µm. 

 

5.3.3.2 Janus Giant Liposomes 

The giant liposomes used here are Janus liposomes, because the surface area of ld and lo phases is 

almost equal (Fig. 4.6B). Confocal images (Fig. 5.4) show rather similar dimer, trimer, tetramer 

and pentamer to those shown in Fig. 5.3. The binding occurs in the ld phases between liposomes 

in proximity, again proving biotin-avidin chemistry triggers the self-assembly. Similarly, the 

aggregates take a zig-zag alignment and the binding occurs in ld phases that are near the boundary 

of ld and lo phases. Depending on the size of liposomes, aggregates with different shape can be 

generated. Possibly liposomes with uniform size tend to self-assemble into linear aggregates (Fig. 

5.4D bottom), while aggregates can be bent or zig-zag when liposomes have non-uniform size 

(Fig. 5.4C and D top). 
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Figure 5.4 Chain-like structures by self-assembly of biotinylated giant liposomes visualized by 

confocal fluorescence microscopy: (A) dimer, (B) trimer, (C) tetramer, (D) pentamer. The giant 

liposomes contain 1 mol% Biotin-DOPE, 39 mol% DOPC, 40 mol% DPPC, and 20 mol% 

cholesterol, labeled with 0.2 mol% Rho-DOPE and 0.2 mol% BODIPY-Cholesterol. Scale 

bars=10 µm. 

 

5.3.3.3 lo Phase-Dominated Giant Liposomes 

Along with the increase in the concentration of DPPC together with cholesterol, the giant 

liposomes have larger surface area of lo phase than that of ld phase, i.e. so-called lo phase-

dominated. Confocal images show most of the liposomes have one ld domain. Dimer and trimer 

are formed by liposomes with single ld domain (Fig. 5.5A and 5.5B top panel), taking a similar 

configuration shown in 5.3.3.1 and 5.3.3.2.  However, more than one ld domains can be found on 

some vesicles (Fig. 4.6C, D). Dimers are formed from such biotinylated liposomes (Fig. 5.6A). 

These separated ld domains on liposomes are binding sites for attaching liposomes in proximity to 
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form longer chain-like structures by biotin-avidin interaction. For example, a liposome with two 

ld domains at its two ends binds another two liposomes to generate a linear trimer (Fig. 5.5B bottom 

panel). If these ld domains have random location in liposomes, bent chain-like structures can be 

formed (Fig. 5.6B and 5.6C).  

 

 

Figure 5.5 Chain-like structures by self-assembly of biotinylated giant liposomes visualized by 

confocal fluorescence microscopy: (A) dimer and (B) trimer. The liposomes contain 1 mol% 

Biotin-DOPE, 22.3 mol% DOPC, 46.7 mol% DPPC, and 30 mol% cholesterol, labeled with 0.2 

mol% Rho-DOPE and 0.2 mol% BODIPY-Cholesterol. Scale bars=10 µm. 
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Figure 5.6 Chain-like structures by self-assembly of biotinylated giant liposomes visualized by 

confocal fluorescence microscopy: (A) dimer, (B) trimer, (C) tetramer. The liposomes contain 1 

mol% Biotin-DOPE, 16.5 mol% DOPC, 52.5 mol% DPPC, and 30 mol% cholesterol, labeled with 

0.2 mol% Rho-DOPE and 0.2 mol% BODIPY-Cholesterol. Scale bars=10 µm. 

 

5.4 Conclusions 

Taking advantage of cholesterol-induced phase separation, we can regio-selectively dope 

liposomes with biotin moieties. Using biotin-avidin interaction, biotinylated liposomes self-

assemble into chain-like structures. Depending on the size of liposomes as well as lipid domains, 

linear or bent structures can be formed. Future work is focused on introducing another functionality 

exclusively into lo domains. For instance, hydrophobic group can be introduced by post-

modification of such phase-separated biotinylated liposomes. We wish to use the hydrophobic 

interaction together with avidin-biotin to drive the self-assembly of liposomes to form better 

controlled superstructures. Another future research direction is to study why these chain-like 

aggregates observed in this work take such interesting alignment. To this end, computer simulation 

should be of considerable help. 



135 

 

References 

1. Nie, Z.; Petukhova, A.; Kumacheva, E. Properties and Emerging Applications of Self-

Assembled Structures Made from Inorganic Nanoparticles. Nat. Nanotechnol. 2010, 5, 15-25. 

2. Grzybowski, B. A.; Wilmer, C. E.; Kim, J.; Browne, K. P.; Bishop, K. J. M. Self-Assembly: 

from Crystals to Cells. Soft Matter 2009, 5, 1110-1128.  

3. Lindsey, J. S. Self-Assembly in Synthetic Routes to Molecular Devices-Biological Principles 

and Chemical Perspectives-A Review. New J. Chem. 1991, 15, 153-180. 

4. Elemans, J. A. A. W.; Rowan, A. E.; Nolte, R. J. M. Mastering Molecular Matter. 

Supramolecular Architectures by Hierarchical Self-Assembly. J. Mater. Chem. 2003, 13, 

2661-2670 

5. Elemans, J. A. A. W.; van Hameren, R.; Nolte, R. J. M.; Rowan, A. E. Molecular Materials by 

Self-Assembly of Porphyrins, Phthalocyanines, and Perylenes. Adv. Mater. 2006, 18, 1251-

1266. 

6. Zhao, X.; Pan, F.; Xu, H.; Yaseen, M.; Shan, H.; Hauser, C. A. E.; Zhang, S.; Lu, J. 

R. Molecular Self-Assembly and Applications of Designer Peptide Amphiphiles. Chem. Soc. 

Rev. 2010, 39, 3480-3498. 

7. Mao, Z.; Xu, H.; Wang, D. Molecular Mimetic Self-Assembly of Colloidal Particles. Adv. 

Funct. Mater. 2010, 20, 1053-1074. 

8. Phillips, M. J.; Voeltz, G. K. Structure and Function of ER Membrane Contact Sites with Other 

Organelles. Nat. Rev. Mol. Cell Biol. 2016, 17, 69-82.  

9. Walther, A.; Müller, A. H. E. Janus Particles: Synthesis, Self-Assembly, Physical Properties, 

and Applications. Chem. Rev. 2013, 113, 5194-5261. 

https://dx-doi-org.spot.lib.auburn.edu/10.1039/1364-5501/1991
javascript:popupOBO('CMO:0001305','B915923C')
javascript:popupOBO('CHEBI:16670','B915923C','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=16670')
javascript:popupOBO('CHEBI:59941','B915923C','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=59941')
https://dx-doi-org.spot.lib.auburn.edu/10.1039/1460-4744/1972
https://dx-doi-org.spot.lib.auburn.edu/10.1039/1460-4744/1972
http://www.nature.com/nrm/journal/v17/n2/full/nrm.2015.8.html#auth-1
http://www.nature.com/nrm/journal/v17/n2/full/nrm.2015.8.html#auth-2


136 

 

10. Hu, J.; Zhou, S.; Sun, Y.; Fang, X.; Wu, L. Fabrication, Properties and Applications of Janus 

Particles. Chem. Soc. Rev. 2012, 41, 4356-4378. 

11. Loget, G.; Kuhn, A. Bulk Synthesis of Janus Objects and Asymmetric Patchy Particles. J. 

Mater. Chem. 2012, 22, 15457-15474. 

12. Green, N. M. Avidin. 1. The Use of [14C]Biotin for Kinetic Studies and for Assay. Biochem. 

J. 1963, 89, 585-591. 

13. Green, N. M. Avidin and Streptavidin. Methods Enzymol. 1990, 184, 51-67. 

14. Wong, L, S.; Khan, F.;  Micklefield, J. Selective Covalent Protein Immobilization: Strategies 

and Applications. Chem. Rev. 2009, 109, 4025-4053.  

15. Howarth, M.; Chinnapen, D. J-F.; Gerrow, K.; Dorrestein, P. C.; Grandy, M. R.; Kelleher, N. 

L.; El-Husseini, A.; Ting, A. Y. A Monovalent Streptavidin with a Single Femtomolar Biotin 

Binding Site. Nat Methods 2006, 3, 267-273. 

16. Hofmann, K.; Wood, S. W.; Brinton, C. C.; Montibeller, J. A.; Finn, F. M. Iminobiotin Affinity 

Columns and Their Application to Retrieval of Streptavidin. Proc. Natl. Acad. Sci. U. S. A. 

1980, 77, 4666-4668. 

17. Green, N. M. Avidin. Adv. Protein Chem. 1975, 29, 85-133. 

18. Bayer, E. A.; Wilchek, M. The Use of the Avidin-Biotin Complex as a Tool in Molecular 

Biology. Methods Biochem. Anal. 1980, 26, 1-45. 

19. Laitinen, O. H.; Nordlund, H. R.; Hytönen, V. P.; Kulomaa, M. S. Brave New (Strept) Avidins 

in Biotechnology. Trends Biotechnol. 2007, 25, 269-277. 

20. Chai, J.; Wong L. S.; Giam, L.; Mirkina, C. L. Single-Molecule Protein Arrays Enabled by 

Scanning Probe Block Copolymer Lithography. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 

19521-19525. 

http://pubs.acs.org.spot.lib.auburn.edu/author/Wong%2C+Lu+Shin
http://pubs.acs.org.spot.lib.auburn.edu/author/Khan%2C+Farid
http://pubs.acs.org.spot.lib.auburn.edu/author/Micklefield%2C+Jason
http://pubs.acs.org.spot.lib.auburn.edu/author/Micklefield%2C+Jason
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC349906
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC349906


137 

 

21. Zhan, W.; Bard, A. J. Electrogenerated Chemiluminescence. 83. Immunoassay of Human C-

Reactive Protein by Using Ru(bpy)3
2+-Encapsulated Liposomes as Labels. Anal. Chem. 

2007, 79, 459-463. 

22. Ho, J. A.; Zeng, S.-C.; Tseng, W.-H.; Lin, Y.-J.; Chen, C.-H. Liposome-Based Immunostrip 

for the Rapid Detection of Salmonella. Anal. Bioanal. Chem. 2008, 391, 479-485. 

23. Boukobza, E.; Sonnenfeld, A.; Haran, G. Immobilization in Surface-Tethered Lipid Vesicles 

as a New Tool for Single Biomolecule Spectroscopy. J. Phys. Chem. B 2001, 105, 12165-

12170. 

24. Silva, L. C.; de Almeida, R. F. M.; Castro, B. M.; Fedorov, A.; Prieto, M. Ceramide-Domain 

Formation and Collapse in Lipid Rafts: Membrane Reorganization by an Apoptotic Lipid. 

Biophys. J. 2007, 92, 502-516. 

25. Vermette, P.; Gengenbach, T.; Divisekera, U.; Kambouris, P. A.; Griesser, H. J.; Meagher, L. 

Immobilization and Surface Characterization of NeutrAvidin Biotin-Binding Protein on 

Different Hydrogel Interlayers.  J. Colloid Interface Sci. 2003, 259,13-26. 

26. Swamy, M. J.; Marsh, D. Spin-Label Studies on the Anchoring and Lipid-Protein Interactions 

of Avidin with N-Biotinylphosphatidylethanolamines in Lipid Bilayer Membranes. 

Biochemistry 1997, 36, 7403-7407. 

27. Yan, J.; Chaudhary, K.; Bae, S. C.; Lewis, J. A.; Granick, S. Colloidal Ribbons and Rings from 

Janus Magnetic Rods. Nat. Commun. 2013, 4, 1516.

mailto:jaho@mx.nthu.edu.tw
https://link-springer-com.spot.lib.auburn.edu/journal/216


138 

 

Chapter 6 

 

 

Self-Assembly of Charged Janus-like Liposomes 

 

 

6.1 Introduction 

Lipids have long been recognized as essential components in biomembranes for hosting 

proteins and maintaining the membrane barrier.1 Besides their structure-related functions, recent 

studies have suggested that lipids enhance and regulate membrane associated reactions.1,2 In 

particular, charged lipids are involved in modulating the structure and function of some 

transmembrane proteins.3 Phosphatidylinositol, for example, plays significant parts in lipid 

signaling, cell signaling, and membrane trafficking.4 Phosphatidylserine, on the other hand, is the 

key component functioning in apoptosis, and additionally plays a role in blood coagulation.5 Other 

charged lipids, such as phosphatidylglycerols, are essential components of the photosynthetic 

membranes, from cyanobacteria to chloroplasts of eukaryotic cells.6 

A useful approach toward understanding the roles played by charged lipids in 

biomembranes is to study their interaction and dynamics in model lipid systems. Among these, 

electrostatic interaction between oppositely charged liposomes has been often investigated over 

the past several decades.7-15 It is of significant fundamental interest because it is such a useful way 

to investigate membrane fusion that plays a significant role in many cellular processes such as 

vesicle targeting, exocytosis, endocytosis, and lipid trafficking.16 In addition, electrostatically  
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bringing oppositely charged liposomes together forms junctions, which are considered as 

intermembrane junction mimics.15 Such junctions are essential to multicellular organisms because 

they provide cell-cell or cell-substrate adhesion, and additionally are responsible for intercellular 

communication by affording the sites for trafficking ions or molecules between cells.17-19 

Moreover, such interaction may provide means for drug delivery, particularly gene delivery,9  

which are often carried by cationic liposomes,20 considering that cell membranes generally carry 

net negative surface charge.  

Herein, we investigate the electrostatic interaction between oppositely charged liposomes 

and study their self-assembly. Exploiting cholesterol-triggered phase separation, we demonstrate 

regioselective introduction of charge into the Janus liposomes. Two mechanisms were explored to 

achieve self-assembly of liposomes. One is to make use of electrostatic interaction between 

oppositely charged Janus giant liposomes, and the other one is to take advantage of electrostatic 

interaction between oppositely charged Janus giant liposomes and SUVs. Confocal fluorescence 

microscopy is used to track thus-formed aggregates. 

 

6.2 Experimental Section 

6.2.1 Chemicals 

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

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

sodium salt (DPPG), 1,2-dipalmitoyl-3-trimethylammonium-propane (chloride salt) (DPTAP), 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

(ammonium salt) (Rho-DOPE), 23-(dipyrrometheneboron difluoride)-24-norcholesterol 
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(BODIPY-Chol), were purchased from Avanti (Alabaster, Alabama). Cholesterol was bought from 

Sigma-Aldrich.  

 

6.2.2 Synthesis of Liposomes 

In this study, we synthesized three kinds of liposomes, including anionic Janus giant 

liposomes, cationic Janus-like giant liposomes, and cationic SUVs. 

 

6.2.2.1 Synthesis of Anionic Janus Giant Liposomes 

Anionic Janus liposomes were synthesized using PVA gel swelling as described in Chapter 

4. Here, liposomes comprise 10 mol% DPPG, 30 mol% DPPC, 40 mol% DOPC, 20 mol% 

cholesterol, labeled with Rho-DOPE. 

 

6.2.2.2 Synthesis of Cationic Janus Giant Liposomes 

Cationic Janus-like liposomes were synthesized by following the PVA gel swelling 

procedure in Chapter 4. Liposomes are composed of 10 mol% DPTAP, 30 mol% DPPC, 40 mol% 

DOPC, 20 mol% cholesterol, labeled with BODIPY-PC. 

 

6.2.2.3 Synthesis of SUVs 

SUVs were prepared by using an extrusion-based method as described in Chapter 2. SUVs 

are made up of 10 mol% DPTAP, 88 mol% DPPC, 2 mol% BODIPY-PC. The as-prepared SUVs 

in DI H2O have a total lipid concentration of 2.5 mM and a size of approximately 100 nm.  
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6.2.3 Self-Assembly  

6.2.3.1 Cationic Giant Liposomes Interact with Anionic Giant Liposomes 

Self-assembly was performed by mixing equal volume of cationic giant liposomes and 

anionic giant liposomes, both at 5 µM. Thereafter, the mixtures were vortexed and incubated at 

room temperature for 2 h. 

 

6.2.3.2 Anionic Giant Liposomes Interact with Cationic SUVs 

Mixing anionic giant liposomes at 5 µM and cationic SUVs at 10 µM in an equal volume 

was carried out. Similarly, the mixtures were vortexed and incubated at room temperature for 2 h. 

 

6.2.4 Confocal Microscopy 

The giant liposomes and resulting self-assemblies were imaged by a Nikon A1+/MP 

confocal scanning laser (488 nm and 561.4 nm) microscope (Nikon Instruments, Inc., Melville, 

NY) together with a 488 nm and a 561 nm long-pass dichroic mirror, and a 525 ± 25 nm and a 595 

± 25 nm emission filter, respectively. 

 

6.3 Results and Discussions 

6.3.1 Confocal Images of Anionic Giant Liposomes and Cationic Giant Liposomes 

Using the PVA gel swelling method, we successfully synthesized anionic Janus giant 

liposomes and cationic Janus-like giant liposomes, visualized by confocal imaging (Fig. 6.1). For 

anionic liposomes, we incorporated 10 mol% DPPG to render negative charge. As is seen from 

Fig. 6.1A, one hemisphere of each vesicle is fluorescent (in red), indicating a ld domain, since 

liposomes are labeled with Rho-DOPE that prefers a ld phase. The other hemisphere is non-
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fluorescent, belonging to the lo phase. After introducing DPPG into giant liposomes, the phase 

separation becomes rather complicated, as shown in phase diagram (Fig. 6.2) described by Hemino 

et al.21 Depending on the concentration of DPPG, another so domain enriched in DPPG can appear, 

besides ld and lo domains. Under the low concentration (10 mol%) of DPPG in this study, however, 

only lo and ld domains exist, suggested by the phase diagram (Fig. 6.2). Indeed, only two phases 

including lo and ld are observed from the confocal fluorescent image (Fig. 4.4C), and no trace of 

such so domain characterized by a stripe shape and particularly non-fluorescent,21 when giant 

liposomes are dually labeled with Rho-DOPE and BODIPY-Chol. Since DPPG has two saturated 

acyl chains, we reason that DPPG is most likely to partition into lo domain rather than ld domain, 

at a low concentration of 10 mol%. This observation is corroborated by two previous findings. 

Firstly, Regen and coworker found DPPG and DPPC have a similar preference to cholesterol in lo 

phase.22 Secondly, Keller and coworkers showed monovalent charged lipids such as DPPG have a 

minimal effect on lipid miscibility phase behavior.23 Consequently, in this study, we believe non-

fluorescent domain (lo domain) is negatively charged, and ld domain is neutral, which give rise to 

broken symmetry in liposome surface charge.  

On the other hand, as for cationic giant liposomes, we incorporated 10 mol% DPTAP to 

introduce the positive charge. The phase separation in such liposomes is different from that of 

anionic ones. The phase separation in anionic giant liposomes is characterized by almost equal 

surface area of lo and ld domains, while the cationic counterpart is featured by that more than half 

region is occupied by ld domain (Fig. 6.1B). This possibly indicates that, unlike DPPG, DPTAP 

influences phase separation behavior to some extent. Note that cationic giant liposomes are singly 

labeled with a ld phase preferred probe, BODIPY-PC, and as such the non-fluorescent region 

corresponds to the lo phase. Again, considering that DPTAP has two saturated acyl chains, we 
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believe it is prone to partition into lo domain along with DPPC. This means the non-fluorescent 

region is positively charged. 

 

 

Figure 6.1 Confocal images of (A) Janus anionic giant liposomes and (B) cationic giant liposomes. 

The anionic giant liposomes labeled with 0.5 mol% Rho-DOPE, are made up of 10 mol% DPPG, 

30 mol% DPPC, 40 mol% DOPC and 20 mol% cholesterol. The cationic ones are composed of 10 

mol% DPTAP, 30 mol% DOPC, 40 mol% DPPC and 20 mol% cholesterol, and they are doped 

with 0.5 mol% BODIPY-PC. 
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Figure 6.2 Phase diagram of quaternary mixtures of DOPC/DPPC/DPPG/cholesterol (Chol) at a 

fixed Chol concentration of 20 mol%. Black, grey, and light grey regions represent, lo/ld two-phase 

coexistence, lo/ld/so three-phase coexistence, and ld/so or lo/so two-phase coexistence, respectively. 

Reprinted with permission from Soft Matter, 2014, 10, 7959-7967. Copyright (2014) The Royal 

Society of Chemistry. 

 

6.3.2 Self-Assembly by Electrostatic Interaction between Cationic Giant Liposomes and 

Anionic Giant Liposomes 

Here, we use electrostatic interaction to drive self-assembly of charged Janus liposomes. 

Due to variabilities in chemical structure, composition and charge density, interaction between 

oppositely charged liposomes is rather complex. For example, MacDonald and coworkers spent 

considerable research effort on studying the interaction between oppositely charged giant 
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vesicles.11-13 They directly observed membrane fusion and hemifusion depending on membrane 

composition by fluorescence microscopy, and fluorescent dye transfer between two vesicles, 

implying lipid transfer upon membrane adhesion. On the other hand, Lehn and coworkers9 believe 

that interaction between two oppositely charged vesicles results in lipid transfer and subsequent 

de-adhesion. Similarly, Saeki et al.14 found oppositely charged liposomes first aggregated together, 

then lipid mixing took place, and ultimately disaggregated.    

In this work, we take advantage of cholesterol-induced phase separation, and hence 

regioselectively locate charged lipids. We mix cationic and anionic giant liposomes together in DI 

water. In water, the electrostatic interaction is long-range and strong, on the order of kBT, between 

oppositely charged lipid headgroups.23 Confocal images show that dimers, trimers, and tetramers 

are formed (Fig. 6.4). Note that the binding takes place unambiguously in lo phase on anionic giant 

liposomes, confirming the lo domain is negatively charged, while unfortunately for cationic ones, 

it is unclear. We can no longer discern lo phase on cationic giant liposomes after binding, possibly 

due to domain reorganization. Besides, we found lipid transfer from cationic giant liposomes to 

anionic ones, indicated by that initially non-fluorescent hemisphere turns into green (Fig. 4A). 

Taking a careful inspection of Fig. 4, we observed partial membrane fusion. Interestingly, anionic 

liposomes remain intact and not at all deformed after fusion, while cationic ones are misshapen to 

some extent. MacDonald and coworkers proposed that cholesterol can stabilize the hemifused 

structures and inhibit full fusion on the basis of reduced tension of bilayers when oppositely 

charged liposomes interact.24 This somehow explains why anionic liposomes are not deformed 

because the binding region on anionic liposomes is in lo phase that is enriched in cholesterol. On 

the other hand, we argue that lo domain is stiffer than ld phase, which may be responsible for intact 

anionic liposomes in the resulting aggregates. For self-assembled trimers, one cationic giant 
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liposome is sandwiched between two anionic ones. Depending on the relative size of oppositely 

charged liposomes, linear or bent chain-like structures can be formed. Liposomes with uniform 

size tend to self-assemble into linear aggregates (Fig. 6.3, Fig. 4B top and middle panel). On the 

other hand, two smaller anionic giant liposomes can dock on a larger cationic one, forming a 

“Mickey Mouse” shaped structure (Fig. 6.3, Fig. 6.4B bottom panel). From time to time, we 

synthesized Janus anionic giant liposomes whose ld domain is inlaid with a few small circular lo 

domain (Fig. 6.2A). These lo domains are negatively charged and thus can further attach cationic 

liposomes to extend the chains (Fig. 6.3, Fig. 6.4C). 

 

 
 

Figure 6.3 Schematic of self-assembly of oppositely charged Janus-like giant lipsomes. In both 

cationic and anionic lipsomes, non-fluorescent domains are charged (see discussion in main text).  
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Figure 6.4 Confocal images of self-assemblies of oppositely charged Janus-like giant liposomes. 

(A) Dimers, (B) trimers, (C) multimer.  

 

6.3.3 Self-Assembly by Electrostatic Interaction between Cationic SUVs and Anionic Giant 

Liposomes 

By bringing SUVs and giant liposomes together through electrostatic attraction, a well-

defined lipid interface may be prepared to mimic the intermembrane junctions in the living cells. 

Such intermembrane junctions are responsible for intercellular communication.5 Hence, it is of 

great significance to study interaction between giant liposomes and SUVs. Previously, electrostatic 

interaction between oppositely charged giant liposomes and SUVs has been investigated. Tabaei 

et al.,15 for instance, tethered a population of negatively charged SUVs to a positively charged 

giant liposome, and found SUVs docked on the giant vesicle executing 2-dimensional Brownian 

motion by confocal microscopy. Surprisingly, these SUVs did not fuse with GUVs, possibly due 



148 

 

to low charge density in this system. In contrast, Franzin et al. 10 using NMR to investigate the 

fusion between anionic giant liposomes and cationic SUVs, found that there is a spontaneous 

fusion of SUVs with the giant liposomes, leading to a complete mixing of the lipids.  

In the present work, we employ cationic SUVs to tether adjacent anionic Janus giant 

liposomes to form aggregates. Again, through cholesterol-triggered phase separation, only one 

hemisphere (lo domain) of each giant vesicle carries negative charge. As shown in Fig. 6.5, a 

population of SUVs with size of 100 nm is mixed with oppositely charged giant vesicles. We 

envision that spontaneous binding between SUV and lo domain of giant vesicle (in black) takes 

place after mixing. Due to the excess of SUVs, the SUV-decorated giant liposomes further bind to 

another giant vesicle, forming dimers. Indeed, we observed such aggregates by using confocal 

microscopy (Fig. 6.6A). In order to minimize the liposome fusion, we used SUVs composed of all 

saturated lipids. From confocal images, however, we found that the two fluorescent probes are 

intermixing in giant vesicles (Giant vesicles are no longer in red), suggestive of full fusion of SUVs 

with giant vesicles. This is in line with the finding from Franzin et al.10 In addition, linear or bent 

chain-like trimers are observed with the dipole of the middle giant vesicle nearly perpendicular to 

that of giant vesicles at two ends, as depicted in Fig. 6.5. In similar fashion, a tetramer forms in a 

pyramidal shape (Fig. 6.5, Fig. 6.6C top panel). At times, as mentioned earlier, we synthesized 

Janus giant vesicles in which the ld hemisphere is inlaid with lo domains, further interacting with 

positively charged SUVs. In this way, they can bind to another giant liposome, and extend the self-

assembled chains (Fig. 6.6C bottom panel, Fig. 6.6D). Often times, introducing oppositely charged 

SUVs severely disrupts the phase separation of giant liposomes in the resulting aggregates.  
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Figure 6.5 Schematic of self-assembly of oppositely charged Janus-like giant liposomes and 

SUVs.  

 

 

Figure 6.6 Confocal images of self-assemblies of oppositely charged Janus giant liposomes and 

SUVs. (A) Dimers, (B) trimers, (C) tetramers, (D) chain-like aggregate. 
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6.4 Conclusions 

In this work, we studied the self-assembly of charged Janus liposomes driven by 

electrostatic interaction. Importantly, in DPPC/DOPC/cholesterol tertiary system, the cholesterol 

induced phase separation is exploited to create surface asymmetry on individual liposomes, which 

allows for regio-selectively locating charged lipids. From there, we use two mechanisms to achieve 

self-assembly. One is by interaction between oppositely charged Janus-like giant liposomes, the 

other is through electrostatic interaction between oppositely charged giant liposomes and SUVs. 

Aggregates with interesting structures are formed. One of the future work is to exploit these 

aggregates to mimic intermembrane junctions in the living cells. To this end, we wish to investigate 

the self-assembly under physiological conditions. Another research direction is to use 

computational chemistry to understand how such aggregates are formed, so that we can set out to 

seek a better controlled way to accomplish the self-assembly.  
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