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Abstract 
 
 

         Self-propelled artificial micro/nanomotors are currently attracting increased interest as not 

only mimics of biological motors but also potential components of nanomachinery, robotics, and 

sensing devices. In regards to studying such kinds of self-propelled micro/nanomotors, Janus 

particles have been an excellent candidate for researchers for a long time due to their special 

asymmetrical structure and decoration. As micro-/nanosized soft-matter bilayer vesicles with 

biocompatibility and broad utility, liposomes have been widely regarded as a potential platform 

for drug delivery, biosensor application, and mimic cell models. Sharing similar chemical 

properties and character, Janus liposomes have numerous advantages as an amphiphilic material 

on which different chemical entities, such as peptides, nucleotides and antibodies, can be attached. 

In this Dissertation, by taking full advantage of the phase separation of saturated lipids and 

unsaturated lipids on the liposome membrane surface, we generated high-quality Janus liposomes 

via PVA gel-assisted swelling hydration method reproducibly with the common ternary lipids 

system (DPPC/DOPC/cholesterol). With such reproducible and effective liposomes hydration and 

membrane extrusion for uniform size control methods in hand, we then explored the enzyme-based 

(horseradish peroxidase and catalase) biocatalytically-driven active motion behavior of well-

prepared Janus liposomes. In addition, we further investigated the enzyme-free liposome active 

motion driven by asymmetrical lipid efflux in which the motion was induced by b-CD extraction 

of cholesterol from the membrane. Finally, we examined laser light-based photoelectrochemically-

driven active motion behavior of Ru(bpy)32+ labeled Janus liposomes under different mass transfer 

molecule fuel in bulk by replacing the inserted rhodamine- DOPE with Ru(bpy)32+-DOPE (light-

sensitive material) on the membrane of Janus liposomes. 
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CHAPTER 1. Introduction 
  

 1.1 Colloidal Particles     
         

        Colloidal particles are a special type of material, which have been widely used in chemistry, 

biology, and pharmaceutical fields due to their small size (ranging from a few hundred nanometers 

to a few micrometers) and high surface area of the dispersed phase. [1] As building blocks for 

advanced materials, colloidal particles exhibit a wide variety of functionality including enhanced 

mechanical behavior, conductivity, and optical properties.[2] Most colloidal particles retain their 

monodispersed stability in an aqueous solution because they have more or less electric charges on 

the surface making each particle repel others before they come into actual contact and form clusters. 

Obvious applications of colloidal particles can be cited in drug delivery, special coatings, corrosion 

protection, and catalysis.[1] The reported polymer colloidal particles (latex) were the best example 

for such mentioned applications which led to the significant development of a variety of techniques 

for the production of other materials.[2] Currently, multifarious novel materials for colloidal 

particles’ preparation such as inorganic metal oxides, pure metal components or mixed metal 

components and biological materials have been developed. 

        On the other hand, the majority of researchers’ efforts have invested in generating finely and 

uniformly dispersed colloidal particles through both physical and chemical processes, including 

precipitation, phase transformation, and chemical reaction in the past few decades.[3] Recently, 

colloidal particles with different sizes, shapes (rods, cubes, tetrahedral, prim, half shells, striped 

particles, polyvalent sphere, stars), compositions (metals, metal oxides, polymers), and 

functionalities have been reported which have gathered a lot of attention by scientists.[3-4]  
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1.2 Janus Particles 
 

    As a subcategory of patchy particles, Janus particles (Figure 1), which were named after the 

two-faced god Janus, have played an important role in advanced nanomaterial application on 

account of their multifunctional character and properties on the two opposite faces such as 

amphiphilic (hydrophobic on one side and hydrophilic on the other side), dipolar (anionic on one 

side and cationic on the other) and active interfaces (antifouling or anti-icing).[4] Generally, Janus 

particles can be classified into the following three major groups: hard Janus particles (including 

inorganic and metal-based ones), soft Janus particles (including liposomes, organic, polymer-

based), and hybrid organic/inorganic Janus particles.[2][5] Different groups of Janus particles have 

 

Figure 1.1  Different shapes of Janus particles [6] (Copyright by Langmuir, 2017) 
 

different synthesis strategies and methods. For soft Janus particles (eg Janus liposomes), self-

assembling through gentle hydration is the most common method, especially for Janus 



 
14 

liposomes[6] and Janus micelle formation.[7-8] Some other approaches include phase separation in 

confined volumes, [9] electrohydrodynamic jetting, [10] seeded emulsion polymerization [11], and 

microfluidic droplets.[12-13] For hard Janus particles (silica and titanium dioxide) generation, the 

most popular method is based on temporarily masking one side of these particles using an 

immobilization template and exposing the other side’s surface for modification (metal or NP 

deposition).[14] For example, Dr. Jurriaan Huskens and his group fabricated Janus particles with a 

variety of chemical functionality through the masking and unmasking technique.[11] In this process, 

controllable anisotropic particle structures are generated by covalent coupling and solution-based 

supramolecular recognition. For hybrid Janus particles, most of them are composed of 

organic/inorganic materials; for example, stimuli-responsive polymers as shells combined with 

inorganic cores. The controlled and living radical polymerization technique was also utilized to 

fabricate hybrid Janus particles by grafting polymer brushes onto the opposite sides of core 

particles [2][15]. This is true except for the common synthetic approaches aforementioned for hard 

Janus particles and soft Janus particles including phase separation, selective modification, and 

microfluidic droplets. As early as 2008, Manfred and his group fabricated hybrid hairy Janus 

particles of different sizes through a combination of “grafting from” and “grafting to” approaches. 

(Figure 2) [15] 
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Figure 1.2 Schematic illustration of the fabrication generation hybrid Janus particles with “grafting 
from” and “grafting to” techniques. [15] (Copyright by Macromolecules, 2008) 

    

      Compared with traditional homogenous particles, Janus particles demonstrated a growing 

number of contributions and possibilities in developing brand-new smart materials in the past few 

years. [5] The most important application for Janus particles is taking full advantage of the active 

interface of the particle. In 2003, Michael J. Sailor and his group synthesized and generated smart-

dust Si-based Janus particles containing an alkylated hydrophobic green mirror on one side and an 

oxidized hydrophilic red mirror on the other side. (Figure 1.3) [16]  

 

Figure 1.3  The synthesis process of the biofunctional smart-dust particles [16] (Copyright by Proc. 
Natl. 2003) 
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        These chemically modified small-dust particles could be applied in high-throughput 

screening, optical switching, and biological sensors. [16] Later in 2010, Seung-man Yang and his 

group developed a Janus microsphere composed of superhydrophobic and hydrophilic surfaces 

through a photocurable Pickering emulsion droplet.[17] These Janus microspheres could be used 

as highly flexible superhydrophobic barriers in which the hydrophilic surfaces were held and 

aligned along the interface. When the membrane formed with these Janus microspheres, it still 

maintained integrity under a dynamic disturbance induced by a hydrophilic glass stick.[17] Other 

applications of Janus particles for active interface were also widely used, including electrical 

actuation[18], magnetic actuation[19], dual photonic band gap[20], stabilization of foams for 

catalysis[21], and interfacial catalysis.[22] On the other hand, several applications were attracting 

increased attention from researchers by taking full advantage of the active surface of Janus 

particles including biofunctional substrates,[23]targeted therapy, [24] imaging, [25] photocatalytic 

substrates,[26]optically active substrates,[27]superhydrophobic coatings,[28] anti-icing coatings[29] 

and antifouling coatings.[30]      

 

1. 3 Lipid self-assembled particles—liposomes 
 
         As a major class of small biomolecules, which generally have a hydrophilic head and a 

hydrophobic tail and are soluble in nonpolar solvents but typically insoluble in water, lipids are 

widely existing like cell membranes.[31]  The main functions of lipids in the cells are including 

signaling, storing energy, and structural components of the normal cell membrane. Currently, there 

more than 10,000 lipid molecules are discovered so far and are available in the Lipid Data Base. 
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Based on their well-defined chemical and biochemical principles, they were classified into the 

following categories: facyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, 

prenol lipids, saccharolipids, and polyketides. The main two types of lipids employed in our active 

motion experiments are including cholesterol and glycerophospholipid such as DPPC and DOPC.  

The structure of these aforementioned lipids was displayed in Figure 4 below.[32]  

         In the meanwhile, the most widely class of lipids in lipid-based nanoparticle formulations 

are phospholipids, which are also the major class of biomembrane lipids in human cells. Since 

lipid nanoparticles (LNP) have emerged across the pharmaceutical industry as a promising vehicle, 

the selection of lipids for the preparation of these lipid nanoparticles has become crucial. Several 

aspects need to be taken into consideration when preparing such lipid nanoparticles employed with 

phospholipids, including phase state, biocompatibility, fluidity, electric charge, toxicity, size 

controlling, circulation time, cargo release, stability, and encapsulation efficiency. 
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Figure 1.4  Main lipids molecules employed in this Dissertation (1-6) :1. cholesterol; 2. DPPC; 3. 
DOPC; 4. Bodipy-cholesterol; 5. rho-DOPE; 6. biotin-DOPE. Printed with permission from 
Langmuir 2018, 34, 7509-7518. (Copyright by Langmuir, 2018).[32] 
 

        Liposomes are a classic soft particle and cell membrane model, which is composed of 

phospholipids self-enclosed to form spheres in the shape of lipid bilayers and an aqueous core 

within bilayers and have attracted significant attention from researchers. [31][32] Most of the work 

has been focused on these cell-membrane-like vesicles in the past decades. The phospholipids 

present polar shells in aqueous solutions due to the hydrophobic acyl chain in phospholipids 

producing a hydrophobic effect with the surrounding aqueous medium.[33]  This 

thermodynamically favorable formation could be further enhanced by hydrogen bonding, Van der 

Waals forces, and other electrostatic interactions. Lipid bilayers self-assembled from different lipid 

species are often used as drug delivery tools on account of them having similar properties and 

structures to cell membranes. There are a lot of advantages for liposomes as drug delivery tools 
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with these specific structures including: improved solubility of the encapsulated drugs, versatility 

when chemically modified with attached specific surface ligands for targeting, prevention of 

chemical and biological degradation under storage conditions and during patient administration 

and compatibility with biodegradable and nontoxic material. Based on their size, compositions and 

number of bilayers, liposomes can be classified into the following groups: Small unilamellar 

vesicles (SUV) (20-100nm); Large unilamellar vesicles (LUV) (100nm-1000nm); Giant 

unilamellar vesicles (GUV) (>1000nm) and Multilamellar vesicles (MLV) (>500nm). [33] (Figure 

1.5) These generated liposomes could be a gel state or fluidic state at room temperature, mainly 

dependent on the phase transition temperatures (Tm) of composited lipids.  

 

Figure 1.5 Classification of liposomes (Copyright by Anal. Chem., 2008) [33] 

          

           GUV plays a prominent role in studying the biomembrane due to their large dimensions in 

the range of typical cell size, which can be easily observed and manipulated under an optical 

microscope. New preparation methods, which can provide a fast and easy route to generate vesicles 
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from different lipids compositions and under different buffer conditions, have been sought and 

developed because of the unique property of GUVs. [32-33]  

 

1.4 Liposomes applied in drug and vaccine delivery 
 
        Liposomes are useful drug delivery systems for carrying hydrophilic (in the aqueous core), 

lipophilic (in the lipid bilayer), and amphiphilic (partitioned at the surface of the bilayers) drugs. 

Different kinds of drug reagents such as peptides, enzymes, antibodies, and DNA/RNA sequences 

can be encapsulated in the aqueous core or attached to the surface of the membrane bilayer. A 

great number of liposome-based drug delivery formulations have been approved and used in 

practice. The latest single application of liposomes in drug delivery is in cancer treatment, because 

of the improved bioavailability and selectivity of liposomes-encapsulated antitumor agents over 

free drugs.[34] Lipid-based nanocarriers reduce the toxicity of anticancer drugs to normal tissue, 

increase the water solubilities of hydrophobic drugs, extend the drug residence time, and improve 

control over drug release.[35] Lipid-based nanoparticles also improve the efficacy of cancer 

therapies through the enhanced permeability and retention effect (EPR). Additionally, the 

accumulation of lipid-based nanoparticles in tumors as a result of the EPR effect allows the 

nanoparticles to release the antitumor agents selectively in the vicinity of tumor cells. As we know, 

the latest and most successful use of lipid-based nanoparticles as the delivery vehicle is the two 

recently approved COVID-19 messenger RNA (mRNA) vaccines by Pfizer and Moderna, which 

have been developed with unparalleled speed and have shown notable effusiveness in disease 

prevention.[36]    mRNA vaccines have revolutionary vaccine development be use of their high 

efficacies, accelerated development cycles, and potential for low-cost manufacture. The 
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advancement in lipid-based nanoparticle technology makes it possible for the rapid development 

of mRNA vaccines. [35] The use of mRNA for the expression of therapeutic proteins bears promise 

in treating a wide range of diseases.  

 

 

Figure 1.6 Distribution of liposomes based on different cosmetic product types. (Copyright by ACS 
Nano) [36] 

 

1.5 Liposomes applied in cosmetics 
 
       Nanoparticles, especially for nanosized-liposomes, has employed in various cosmetic 

products for a long time since the technology and materials were developed.  There are several 

anticipated advantages of liposomal cosmetic formulations, including enhanced stability, the 

efficacy of these formulations, and successful penetration of the ingredients into the skin. 

Additionally, liposomes could be also formulated with various extracts, moisturizers, antibiotics, 
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and proteins for uses such as wound healing, sunburn relief, hair conditioners, antiaging products, 

and long-lasting perfumes. The most famous product containing hyaluronic acid in a liposomal 

delivery preparation is the Advanced Night Repair Protective Complex introduced by Estee Lauder. 

[36]  As Figure 1.6 displays, there were many cosmetic products that contained the nanosized 

liposome, including shampoos, perfume, skin cleaners and sunscreens, and so on.  

 

1.6 Liposomes applied as nanoreactors 
 
        Recently, with the rapid development of nanotechnology and nanobiotechnology, liposomes 

could be employed as nanoscale chemical reactors in which the size-controlled synthesis of metal 

nanoparticles could be accomplished. The size of nanoparticles plays an important role in 

determining their chemical and physical properties and suitability for use. The classic example of 

preparing metal nanoparticles belongs to the application of nanosized liposomes encapsulating 

tetracholoroauric acid to fabricate 2-5nm gold nanoparticles.[37] In this case, the controlled 

diffusion of the reduced agent-sodium borohydride-through the liposomal membrane regulated the 

particle formation kinetics and resulted in ultrasmall nanoparticles with a narrow size distribution. 

Additionally, liposome-based nanoreactors have also been proposed as tools for the treatment of 

disease and for eliminating harmful substances by allowing the production of therapeutic agents 

in situ. Here the classic example is, the antioxidant enzyme catalase has been encapsulated inside 

liposomes comprising a cisplatin prodrug-conjugated phospholipid, for enhanced chemo-

radiotherapy of cancer.[38] 
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1.7 General Methods for Liposomes Preparation 

    

       

         Theoretically, GUV formation normally involves a lipid bilayer preassembly step through 

the evaporation of organic solvent from the lipids at the solid-liquid interface. There were four 

main approaches generating GUVs in the past few years including gentle hydration, [39] solid 

hydration, [40] electroformation, [41-44] emulsion-based methods [45-47], and gel-assisted swelling 

formation. [40][41][49]  For the gentle hydration method, the main disadvantage is that vesicle 

formation requires long timescales on the order of several days. Besides, it only works with 

restricted lipids compositions and ionic conditions. To solve the time-consuming problem, 

Figure 1.7 Octanol-assisted liposomes generation process. [48] (Copyright by 2016 Nature 
Communication) 
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electroformation has been one of the most widely used vesicle formation methods in which an 

electrical field was applied across a buffer-filled chamber bound by conductive slides. Even though 

this method shortens the vesicle growing time to several hours, generating vesicles in physiological 

buffers or from charged lipids mixtures is still challenging. [38][49]  Recently, microfluidic methods  

 

Figure 1.8 Giant liposomes generation process through agarose gel film [39] (Copyright by J. Am. 
Chem. Soc, 2009) 
 

have been introduced to generate liposomes due to their highly controlled and reproducible 

environment. (Figure 1.7) By forming a water-in-organic solvent-in-water double emulsion droplet 

and then slowly extracting the organic solvent in the microfluidic channels, the dissolved lipids 

could form bilayer liposomes. [48]  The fast solvent-extraction mechanism plays a key role in these 

microfluidic methods. The lipids-carrying phases could be rather flexible including oil-based, 

alkane-based, or alcohol-based. A large number of uniform, monodisperse, unilamellar, cell-sized 

liposomes could be generated efficiently through microfluidics.[48] However, designing, 
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fabricating, and controlling microfluidic chips need a lot of expertise and could be labor-intensive. 

Moreover, most microfluidic fabrication materials including PDMS or PMMA are toxic to 

liposomes and these monomers could influence the liposomes’ generation. As an updated 

hydration method, gel-assisted swelling formation provides a facile and fast way to generate 

liposomes with a wide range of lipids compositions.[47-48] In the year of 2009, Dr. Mayer and his 

group first found that films of agarose (Figure 1.8) could enable the lipid formation of giant 

liposomes in solutions of physiologic ionic strength. [40] Through this specific method, they not 

only generated giant liposomes in high yield without specialized equipment but also made it 

possible to form giant liposomes   a wide range of lipids composition.[41]To optimize the lipid 

distribution of the interface and decrease the gel dissolution, different gels have been attempted 

from agarose to polyvinyl alcohol (PVA) gel. There are obvious advantages in the liposome 

formation process with PVA gel including 1) offering more water channels in the liposome 

hydration process; 2) PVA swelling helps the generated liposome separation; 3) PVA gels are less 

prone to dissolution upon swelling at low temperatures; 4) PVA gel deficits are good for liposomes 

leaving the gel surface. [40][49] 
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Figure 1.9 Phase diagram of micron-scale liquid immiscibility region on GUV.[50] (Copyright by 
Biophysical 2003) 

 

1.8 Janus liposomes (special kind of liposomes due to phase separation) 
 
       Phase separation is a common phenomenon in cell membranes and it has already become an 

attractive field in recent years. A large number of research focusing on cholesterol-induced liquid-

liquid immiscibility and forming liquid domains in the surface of the liposome when cholesterol 

is mixed with saturated/unsaturated hydrocarbon chains lipids (DPPC/DOPC) have been reported. 

[49-52] In the DPPC/DOPC/Cholesterol membrane system, the cholesterol molecules have strong 

interaction with DPPC and DOPC, in which cholesterol inserts normal to the plane of the bilayer, 

with its hydroxyl group in close vicinity to the ester carbonyl of phospholipids and its alkyl side-

chain extending towards the bilayer center. In this specific situation, cholesterol is intercalated in 

the membrane parallel to the phospholipid hydrocarbon chains, and the carbons in positions 2-10 

from the phospholipid molecule are estimated to lie in close to proximity to the sterol tetracyclic 

ring which will order the hydrocarbon chains and diminish trans-gauche isomerization about their 
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carbon-carbon bonds. It has been estimated that the effective length of cholesterol can correspond 

to a 17-carbon all-trans hydrocarbon chain because the sterol sidechain is flexible the regions in 

the methyl end of the phospholipid are not as ordered by cholesterol molecules as upper part. Upon 

the cholesterol/phospholipid interactions, van der Waals forces and hydrophobic forces were 

formed in the process. Moreover, the interactions of cholesterol with phospholipid can be 

strengthened by hydrogen bonding of the cholesterol hydroxyl group to the polar head group and 

interfacial regions in phospholipids. Since as early as 2000, Dr. Sarah Keller and her group 

systematically studied the separation of liquid phases in giant vesicles which formed patchy 

particles of ternary mixtures of DPPC/DOPC/Chol with different ratios. [50][51] They mapped phase 

boundaries for these full ternary systems through studying this particular model mixture. (Figure 

1.9) The phase separation (domain formation) on liposome membrane in ternary mixtures of 

DPPC/DOPC/Chol is mainly on account of immiscibility between saturated lipids (DPPC) and 

unsaturated lipids (DOPC), as well as cholesterols that promote tight packing of saturated lipids 

(DPPC) while inhibiting tight packing of unsaturated lipids (DOPC).[53] This immiscibility 

property was mainly affected by the transition temperature of composed lipids and the ratio of 

different components. 
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Figure 1.10. Formation of Janus liposomes via gel-assisted lipid swelling. [32] (Copyright by 
Langmuir, ACS,2018) 

 

         

         Here giant Janus liposomes take up a large portion of patch particles in such surface 

immiscibility due to hydrophobic mismatch between DOPC and DPPC and cholesterols' 

preferential association with DPPC rather than DOPC. [51] In such structures, rigid cholesterol 

inserted into enriched DPPC produces a liquid-ordered phase (LO) while cholesterol inserted into 

enriched DOPC produces a liquid-disordered phase (Ld).[50] Taking advantage of the phase 

separation mechanism of liposomes, our lab developed a high-yield procedure for generating 

microsized Janus liposomes via a gel-assisted swelling method with DPPC/DOPC/Cholesterol 
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system. (Figure 1.10) [49] Those prepared giant Janus liposomes hold apparent strength with their 

broken surface symmetry and heterogeneous surface property which make them a novel carrier in 

the specific application. Our research mainly focuses on different characters, properties, and 

behavior such as the active motion of Janus liposomes compared with homogeneous liposomes 

which will be covered in more detail in the following part of this dissertation. 

 

1.9 Liposome Size Control 

   
         Most traditional liposome generation methods including electroformation, [50-54] emulsion-

based methods [55-57], and gentle hydration can only prepare nonuniform giant liposomes with large 

size distribution. Acquiring well-fined, uniform, size-controlled liposomes has been a great 

challenge for researchers.  To this end, there is an increasing need to generate uniform size-

controlled giant liposomes for further research.  Double-emulsion with octanol assisted through 

multiphase laminar flow in microfluidic in which the oil phase needs to be removed in the 

subsequent process was applied to generate size controllable liposomes. [64-65]  Even though high 

throughput and high-yielding production of liposomes in which size distribution ranged from tens 

to hundreds of microns, this method requires complicated microfluidic device design and sensitive 

operation of the instrument, as well as some residual oil phase could remain in the lipid 

membrane.[63] Later, Dr. Han and his group reported that the microcontact stripping technique 

could be combined with the classic electroformation method to generate size-controlled giant 

liposomes. [66] (Figure 1.11) Based on their experiment, patterned lipids film microarrays on ITO 

glass slides were required to be prepared first, followed by the fabrication of giant unilamellar 
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vesicle microarrays. The homemade polytetrafluoroethylene (PTFE) frame was the key factor for 

their result. However, the size distribution of fabricated giant liposomes was not narrowed down 

to a few microns.  

         

            

 

 

 

 

 

 

 

         Previous work by Zening Liu in our lab has demonstrated a novel approach to generating 

size-controlled giant liposomes via combining gel-assisted swelling lipid hydration with 

membrane-based liposome extrusion. [67] According to this special featured design, planar lipid 

stacks were deposited on poly(vinyl alcohol) gel, which was further laminated atop microporous 

polycarbonate membranes. With the fixed size of pores ranges from 3 microns to 10 microns on 

the polycarbonate membrane, which defined the upper size limit of liposomes passing through. 

Low distribution of size-controlled liposomes was produced after this hydration process. (Figure 

1.12) [67]   At the while, Janus liposomes can still keep an even phase separation state under this  

Figure 1.11 Diagram of GUV microarray formation by combining microcontact stripping and 
electroporation and liposomes size distribution graph.[59] (Copyright by Anal. Chem. 2018) 
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Figure 12. Schematic of multilayered design of the membrane-gated, gel-assisted lipid hydration 
method. [67] (Copyright by ACS, Langmuir 2020) 

 
 

size-controlled hydration process which made it a reliable operation method compared to other 

approaches. Nevertheless, the low 

yield production of liposomes for 

each batch of hydration made it not 

a preferred method if a large 

quantity of uniform size-controlled 

liposome samples were needed for 

further study. Except for the 

prementioned protocols, more 

post-process steps were applied for 

controlling the size of liposomes after the hydration step, including membrane extrusion (Figure 

1.13), size exclusion column separation (Figure1.14), freeze-thaw, and sonication.  Among these 

Figure 13 Schematic presentation of liposomes extrusion. 
[67]  (Copyright by ACS, Langmuir 2020) 
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Figure 1.14. Diagram of size exclusion column for preparing size-controlled liposomes 
purification 

 

post-processing methods, sonication is mainly focused on nano-sized liposomes preparation 

especially for some protein or drug encapsulation experiments while membrane extrusion can be 

applied to both micro-sized and nano-sized liposomes preparation depending on the pore size of 

the membrane chosen which will be discussed in detail in the following chapters. For quite a long 

time, size exclusion chromatography purification was an effective and powerful technique for 

separating free, unencapsulated molecules from encapsulated liposomes which make full use of 

the different mobile speeds of small molecules and liposomes in the gel-packed column.[68] To 

prevent the significant loss of liposomes retained, the column has to be saturated with the same 

type as the liposomes component. The gel selection for packing the exclusion column in which 

liposomes are excluded and small molecules are included became the main factor that will affect 
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the effectivity of separation. [69] Most conventional gels were made of soft agarose (such as 

Sepharose 2B or CL-2B, Sepharose 4B or CL-4B), cross-linked dextrans(such as Sephadex G-

25,G-100), and some bisacrylamide copolymer (Sephacryl S-1000) By the use of suitable gel 

material, different sizes of liposomes separation ranging from tens of nanometers to a few 

micrometers liposomes could be achieved.[68-69] Taking full advantage of the powerful separation 

technique of the size exclusion column, we tested the efficiency of liposome size control carefully, 

which will be discussed in detail in the following chapters. 

 

1.10 Diffusion and Active Motion of Janus particles 
 
        Brownian motion, also known as diffusion, is caused by random collisions between a 

nanosized or microsized dispersed particle and the molecules of the surrounding fluid. Based on 

Einstein’s famous finding on Brownian motion [58] for a spherical particle larger than the solvent 

molecules, the diffusion of the particle in a low-viscosity medium can be predicted by the Stokes-

Einstein equation: 

D= !"#
$%&'

                            [58]   

Where D is the diffusion constant, kB is Boltzmann’s constant, T is the absolute temperature, h is 

the viscosity of the fluid, and r is the particle’s radius.  

       In comparison with diffusion, active motion [70-74], in which self-propelled Janus particles 

additionally take up energy from their surrounding environment and convert it into directed 

motion[70], has drawn increased attention by researchers since the pioneering report by Whitesides’ 
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group in which the surround hydrogen peroxides were decomposed by the platinum catalysis on 

the surface of Janus particle in past decades.[71]  To achieve such self-propelled directional motion  

 

Figure 1.15. Janus micromotors by deferent mechanism.[74] (Copyright by ACS Nano 2012) 

 

behavior (Figure 1.15) [74] of this artificial microscale or nanoscale swimmers, several significant 

strategies motivate and steer the motion in the environment of low Reynold number as well as 

overcome the ubiquity of Brownian motion.[72] According to the mechanism of self-propelled 

motion of Janus particles, the strategies applied to the active motion were mainly grouped into two 

separate directions: chemically powered systems and externally actuated systems (chemical fuel 

free).[73-75] For the former case, there are Bubble propulsion micromotors,[76-78] Self-

electrophoretic micromotors, [79] Self-diffusiophoretic[80-81](Chemical gradient different based) 

propulsion micromotors, and Thermophoretic micromotors[82] while the latter case is including 
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Magnetic propulsion micromotors[83-86], Electrical propulsion micromotors[87-88], Ultrasound 

propulsion micromotors[89-90]and Light-driven propulsion micromotors.[91-93] (Figure 1.16)[94] 

Figure 1.16  Different Janus Micromotors [94] (Copyright by ACS, Langmuir 2017) 

      

        Such efficient conversion of other energy into mechanical work makes these micro- and 

nanomotors become excellent drug delivery carriers with numerous functions ranging from 

nanomedicine therapy to chemical sensing and intracellular transport.[95] Due to the remarkable 

performance of these biological micro- and nanomotors, extensive efforts are currently developing 

low-cost, nontoxic, modified, and transformable materials that can be generated and fabricated for 

active motors.[96-97]  Considering all the biological advantages and requirements such as 

biocompatibility with the human body, soft and abundant drug-loading positions for being 

certificated active motors, Janus liposomes become a preferential achievable candidate for deep 

Figure 1.16. Different Janus Micromotors [94] (Copyright by ACS, Langmuir 2017) 
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research. Inspired by the production of enzyme-based biological motors,[98] we completed the 

formation of enzymatic Janus liposomes by immobilizing horseradish peroxidase on the half-face 

of our Janus liposomes and investigated the motion behaviors of these Janus liposomes through 

single particle tracking methods which will be discussed in detail in following chapters.  

 

1.11 Single Particle Tracking (SPT) Technique for Nano/Microparticle Motion Analysis 
 

    Measurement of trajectory for single nanosized or microsized particles has remained a great 

challenge for the motion behavior study of particles for a long time. Both time resolution and 

spatial resolution accounted for this challenge, especially in the dynamic environment solution. 

Single Particle Tracking (SPT) technique (Figure 1.17) [99] provides a reliable approach to  

                       

  

Figure 1.17  Scheme of single particle tracking  (MSD=4Dt +V2t 2) [99] (Copyright by Applied 
Microbiology and Biotechnology, 2007) 
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collecting dynamic information about both two-dimensional (2D) and three-dimensional (3D) 

motion behavior of micro-particles under Fluorescence Microscopy or Confocal Laser Scanning 

Microscopy (CLSM).[100-101] Generally, the SPT  method can be grouped into several independent 

Modules, including signal-to-noise ratio enhancement, particle identification and localization, 

particle tracking, and post-dynamic/kinetic analysis.[101] The crucial goal of SPT is understanding 

and investigating the motion behavior of single particles or molecules in various solution 

environments and extracting mechanistic descriptions of their dynamics. In the meanwhile, 

modern advanced SPT achieved temporal resolution as high as tens of microseconds with spatial 

resolution down to 1nm.  In our experiments of liposomes motion study, all the motion videos 

were recorded through the CCD camera from Confocal Laser Scanning Microscopy and analyzed 

in tracking software Image J with SPT technique. 

1.12 Janus Liposomes Characterization - Confocal Laser Scanning Microscopy (CLSM)  
    

 Figure 1.18 Schematic of a classic Confocal Laser Scanning Microscopy.[102] (Copyright by 
Nature Protocols) 
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          To generate optical sections thinner than 1 µm without having to physically slice samples, 

normally a high-resolution objective lens is equipped on a confocal microscope. Therefore these 

kinds of confocal microscopes are applied to quantify the intensities and explore the spatial 

arrangement of fluorescent molecules with high precision.[102] When placing an essential 

component-pinhole aperture on the conventional confocal microscope with a laser beam as a 

scanning light source, a confocal laser scanning microscope is assembled and achieved. The 

specific pinhole ensures only fluorescence that originates at the focal point is captured by detectors, 

while fluorescence emission from above or below the focal plane will be blocked, which offers 

high axial resolution, sharp image quality, ty and construction of structural three-dimensional 

images.[103] Figure 1.18 shows a general scheme of most main components and the lightpath in 

classic CLSM.  Compared with a conventional microscope, CLSM holds many apparent 

advantages as follows: increased effective resolution (500nm); improved signal-to-noise ratio, 

reduced blurring of an image from light scattering,  XY-scanning ova er wide area of the specimen, 

tunable Z-scanning and providing complex contrast effects with simple equipment. So far, all the 

Janus liposomes or homogeneous liposomes samples were characterized under our CLSM 

instrument, as well as the active motion behaviors study of Janus liposomes, which will be 

introduced in the following charter.  

 

1.13  Permeation of solutes to the bilayer membrane on liposomes 
 
          In biology, membrane permeability is an essential property of cells and plays a key role in 

regulating the passage of solutes and solvents into and out of cells. [104-105] This membrane 

permeation is either mediated by membrane transport proteins or specific channels or passive 
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diffusion. Recently, passive diffusion for small solutes permeating through the bilayer membrane 

of cell mimic model, liposomes, has drawn increased attention from researchers. Most reported 

literature[106-109] focuses on investigating the properties of the permeants, namely size, shape, and 

polarity while relatively fewer studies explored the impact of liposome membrane lipid 

composition on passive diffusion. Based on the developed solubility-diffusion model, the 

permeability coefficient (P) of a molecule is predicted to be inversely proportional to the thickness 

of the membrane and proportional to the product of the partition coefficient and diffusion 

coefficient in the membrane.[111] Bert Poolman and his group investigated the permeability 

coefficient of synthetic membranes and the plasma membrane of living cells for small molecules 

such as weak acids, bases, water, and neutral solutes. They tested liposomes of different lipid 

compositions including DOPC and DPPC, then observed a relationship between acyl chain 

saturation and membrane permeability for both water, formic acid, and lactic acid. On account of 

the difference between liquid-ordered membranes (Lo) and liquid-disordered membranes, the 

permeability of water molecules through the Lo membrane is much lower than through the model 

Ld membrane.[105] What’s more, the difference becomes increasingly important in membranes with 

more complicated compositions and rich phase behavior, like the plasma membrane of yeast, 

which contains not only patches of highly ordered lipids in the Lo phase, but also regions in the 

gel (Lb) phase.[110-111]  

        Phase separation in lipid bilayers is of fundamental importance to our understanding of the 

organization and functions of cell membranes. As a special Janus particle, Janus liposomes hold 

several advantages, including two opposing halves with distinct makeup/functionality, in which 

one hemisphere membrane of the liposomes displays a liquid disordered (Ld) domain and the other 

hemisphere shows a liquid-ordered (Lo) domain. [110] This particular structure of Janus liposomes 
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makes them an excellent candidate to study the passive diffusion of most small solutes to the 

bilayer membrane in one vesicle. There was seldom literature reporting the passive diffusion 

coefficient difference on bilayer membranes of Janus liposome to take full advantage of the unique 

phase structure of Janus liposomes, we herein explored the passive diffusion and permeation effect 

of small classic solutes to the Janus liposome membrane, including hydrogen peroxide (H2O2), 

glucose, ascorbate acid, formic acid, and sucrose. For those solutes (for example, H2O2 and formic 

acid) that could permeate through both sides of the bilayer membranes of Janus liposomes, the 

osmotic pressure outside and inside of the bilayer membrane was almost maintained and besides, 

the morphology of Janus liposomes also maintained even the different passive diffusion speed for 

the solutes permeating through the two hemisphere membrane.  However, the other kind of solutes 

(glucose and sucrose) which could not permeate through the bilayer membrane of Janus liposomes 

would squeeze the membrane, resulting in the burst of these liposomes.  These findings offered 

some guidance for the enzyme-based active motion research of Janus liposomes under a chemical 

fuel environment. The osmotic pressure limit for liposome bilayer membrane needs to be taken 

into consideration before investigating the fuel-existing active motion of Janus liposomes. Much 

more detail will be introduced in the following parts.     

 

1.14 The Scope of This Dissertation 
 

   The main body of my Ph.D. study is devoted to the development and implementation of 

mechanisms to drive directional liposome motion in aqueous media. Toward this goal, I have 

explored three mechanisms: 1) enzymatic gas generation, 2) lipid extraction and 3) 

photoelectrochemical gas generation, during the study. According, the rest of this Dissertation is 

organized as follows. 
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      In Chapter 2, we first generated biotinylated Janus liposomes reproducibly via PVA-gel 

assisted swelling hydration method as reported in our lab before. [49] Biotin-DOPE localization on 

the surface of these prepared Janus liposomes was investigated through conjugating avidin-Alexa 

Fluor. The HRP-bound biotinylated Janus liposomes were achieved when incubating these 

liposomes in solution with avidin conjugated-HRP following the fixed biotin to avidin ratio. Later 

on, uniform size-controlled Janus liposomes were prepared through pore membrane extrusion and 

these size-controlled liposomes were employed to study the active motion behavior with hydrogen 

peroxide mixed solution, which will be introduced in chapter 2. In meanwhile, the extra enzyme 

was removed through size exclusion column purification. 

        In Chapter 3, we demonstrate liposome active motion taking advantage of mainly a pair of 

intrinsic material properties associated with these assemblies: lipid phase separation and extraction. 

We show that global phase separation of ternary lipid systems (such as DPPC/DOPC/Cholesterol) 

within individual liposomes yields stable Janus particles with two distinctive liquid domains. 

While these anisotropic liposomes undergo pure Brownian diffusion in water, similar to their 

homogeneous analogs, adding extracting agents (cyclodextrins), to the system triggers 

asymmetrical cholesterol efflux about the liposomes, setting the latter into active motion. We 

present detailed analyses of liposome movement and cholesterol extraction kinetics to establish 

their correlation. We explore various experimental parameters, as well as mechanical details 

responsible for such motion. Our results highlight the rich possibility of hierarchically designed 

lipid-based artificial motors, from individual lipids, to their organization, surface chemistry, and 

interfacial mechanics. 

          In Chapter 4, inspired by light-driven micromotors reports, we placed the 

Rhodamine/Bodipy labeled Janus liposomes in the reduced reagents existing solution to 
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investigate the active motion behavior compared with a controlled experiment. Later on, we 

synthesized Ru(bpy)3
2+-DOPE to replace Rhodamine-DOPE inserting it into an original Ld  phase 

of Janus liposomes ourselves on account that Ru(bpy)3
2+-DOPE is not commercially available. As 

a more efficient and active photosensitizer, Ru(bpy)3
2+  holds excellent and stable electrochemical 

properties which could be employed as both oxidized reagent and reduced reagent and make it a 

suitable electron transfer or mass transfer product in light-driven micromotors research. Herein, 

we generated Ru(bpy)3
2+ -labeled Janus liposomes and further studied the active motion behavior 

of these special liposomes in variable oxidized reagents solution. 

          In Chapter 5, the conclusions of this Dissertation were drawn and future work that may be 

developed from this work suggested.  
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CHAPTER 2. Enzymatic Janus Liposome Micromotors 
       

2.1 Introduction 

         Artificial nano-/micromotors have attracted much research interest in recent years owing to 

their promise for advanced materials with built-in motility. Sophisticated functionality and exotic 

collective behavior, ranging from on-demand drug delivery, nanorobotics to active matter, have 

been envisioned.[1-3]As a class of water-dispersed, intrinsically biocompatible colloidal assemblies, 

liposomes have established diverse and widespread utility in both basic research  (e.g., membrane 

biophysics,[4] protocells [5]and lubrication[6] and commercial (e.g., drug delivery,[7] food,[8] 

cosmetics[9] and immunoassays[10]) avenues; exploring their physicochemical characteristics and 

performance as artificial motors, therefore, bears significant fundamental as well as practical 

implications. Herein, we present a liposome-based micromotor system in which directional particle 

motion is realized through regionally-executed enzymatic gas production, which, to our knowledge, 

represents the first example of its kind. 

       Combining high efficiency/specificity of one with the broken symmetry of the other, enzyme-

coated Janus particles provide an attractive approach to artificial motors. Among numerous 

enzymatic systems [11-15] being investigated, catalase and urease stand out for their effective gas 

(O2 or CO2) production from naturally-occurring, small-molecule substrates (H2O2 or urea), 

conveniently affording design schemes for gas-propelled artificial motors navigating in aqueous 

media. As for enzyme on-particle placement, conventional bioimmobilization methods (e.g., 

covalent conjugation and physical adsorption) coupled with various masking schemes have yielded 

reliable modification of individual inorganic/polymer nanoparticles.16-18 Performance wise, these 

enzyme-attached Janus particles typically display enhanced diffusion14,15 in the presence of 
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enzymatic substrates – a result from fast rotational diffusion randomizing their directional motion 

at this length scale.[19-20] Besides size and broken symmetry of Janus particles, other enzyme-

associated properties, such as their loading, catalytic efficiency and stability, have also been shown 

to impact the mobility of these enzyme-powered motors.11,21 How to maintain enzyme activity 

during the operation of these artificial motors, in particular, is considered as one of the major issues 

currently impeding their routine biomedical applications.[1][12][13] 

 

With their minuscule, spherically-sealed lipid bilayer(s) fully immersed in water on both 

sides, liposomes represent an ideal colloidal platform for anchoring biomolecules while preserving 

their activity/stability.[22-24] Recognizing these attractive features, Cremer, Velegol, Sen and their 

coworkers recently investigated microscopic movement of several enzyme-carrying liposome 

systems.[25-26] Under parallel laminar flow conditions, nanosized liposomes coated with catalase 

and urease were found to undergo positive and negative chemotaxis, [25] respectively, when 

subjected to their substrate; in solution, liposomes embedded with ATPase were observed to 

perform enhanced diffusion in the presence of ATP. [26] Taking further advantage of liposome’s 

encapsulation capability, Patiño, Maspoch, Sánchez and their coworkers developed liposome 

nanomotors with urease either coated on surface of or encapsulated within liposomes. [27] While 

the intact urease-encapsulated liposomes display no active motion with urea present outside, 

disrupting the liposome bilayer, combined with acidic treatments, led to a nearly one-fold mobility 

increase compared to background diffusion. These results clearly demonstrated the usefulness of 

liposomes in building enzyme-powered artificial motors.  

          In this work, we present what we believe the first example of Janus liposome-based, 

enzyme-powered artificial motor systems. Horseradish peroxidase (HRP), a gas-generating 
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enzyme, is selectively placed on phase-separated Janus liposomes, using domain-specific sorting 

of biotinylated lipids followed by enzyme conjugation via avidin/biotin binding. In the presence 

of HRP’s substrate, H2O2, these HRP-decorated Janus liposomes undergo directional motion, 

yielding velocities up to three times greater than their thermal diffusion. By contrast, such 

enhanced mobility is absent from homogenous enzyme-decorated liposomes subjected to similar 

treatments. The motional characteristics of these enzyme-attached Janus liposome motors are 

compared with an enzyme-free liposome active motion system [28] we reported recently. Effects of 

other key experimental factors on liposome motion, including substrate distribution/concentration 

and liposome Janus ratio, are also examined in detail.  

     The main goal for this project was to construct enzyme-coated Janus liposome micromotors 

and place them into the substrate (H2O2) solution of the enzyme. We hypothesized the active 

motion of such micromotors could be achieved through regional catalysis reaction and gas 

generation on the membrane surface of liposomes. Different factors including substrate 

concentration and Janus ratio that possibly affect such kind of motion behavior of liposome-based 

micromotor were further investigated.    

2.2 Experimental Section  

2.2.1 Reagents and Materials 
 
          All lipids employed in this work, including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 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)-24-norcholesterol (Bodipy-chol), were products of Avanti Polar 

Lipids (Alabaster, AL). Other chemicals, including chloroform, poly(vinyl alcohol) (PVA, MW: 
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145 000), cholesterol, NeutrAvidin, and horseradish peroxidase (HRP) conjugated avidin were 

obtained from Sigma Aldrich. Alexa Fluor 488-conjugated avidin was obtained from Thermo 

Fisher Scientific. Hydrogen peroxide aqueous solutions (30 wt%) were from Macron Fine 

Chemicals; thermally curable poly(dimethylsiloxane) (PDMS) kits were from Dow Corning Co. 

Deionized (DI) water of 18.2 MΩ·cm (Millipore) was used throughout this work. 

 

2.2.2 Janus Liposomes preparation procedure 
 
           Janus as well as homogeneous liposomes were prepared via gel-assisted hydration as 

detailed previously.29 Briefly, dry PVA films were first prepared by spreading drops of a PVA 

aqueous solution (5 wt%) on precleaned glass slides, followed by drying on a 50 °C hotplate for 

0.5 h. On such dry PVA films, lipid stacks were then deposited by spreading small quantities of 

lipid precursors followed by overnight vacuum drying at room temperature. All lipid precursors 

used in this work were prepared in chloroform with a total lipid concentration of 5 mM, and for 

liposome samples intended for enzyme conjugation, in addition contain 1 mol% biotin-DOPE. 

Unless otherwise specified, the lipid precursor also include 0.2 mol% Bodipy-Chol (for the lo 

phase) and rho-DOPE (ld) each as lipid phase indicators. To yield liposomes, finally, such dried 

lipid films were hydrated in DI water at 45 °C for either 1 h (biotin-free samples) or 2 h (all 

samples containing biotin-DOPE). Liposomes thus prepared were stored at 4 °C for future use.  
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 2.2.3 Protein/Liposome Conjugation  

         
          Enzyme surface conjugation on liposomes was accomplished via biotin/avidin binding and 

depending on the intended downstream usage, two forms of avidin were employed in this work. 1) 

Alexa Fluor 488-labeled avidin, which was used to fluorescently locate biotin-DOPE in Janus 

liposomes and determine the optimal avidin/biotin binding ratio in the present system. To facilitate 

binding, a desired volume of fluorescent-labeled avidin stock solution (0.5 µM in DI water) was 

pipetted into a 1-mL liposome solution with its final biotin-DOPE concentration held at ~25 nM. 

The resulting mixture was briefly vortexed and then incubated for 2 h in the dark at 4 °C. 2) HRP 

conjugated with avidin which was bound onto fresh and well-prepared Janus liposomes through 

avidin/biotin conjugation in which the optimized binding ratio was followed by the 

aforementioned Alexa Fluor 488-labeled avidin experiment condition. To facilitate binding, a 

desired volume of HRP conjugated avidin stock solution (0.5 µM in DI water) was pipetted into a 

1-mL liposome solution with its final biotin-DOPE concentration held at ~25 nM. The resulting 

mixture was briefly vortexed and then incubated in the dark in the refrigerator for 1 h.   

 

2.2.4 Microporous membrane extrusion of liposomes for size control  
 
            The size-controlled liposomes were prepared by extruding above-prepared hydration 

liposome samples one round through a plunger-based lipid extruder (Mini-Extruder, Avanti Polar 

Lipids) furnished with polycarbonate filter membranes containing track-etched pores of 5-μm 

nominal diameter (Whatman NucleporeTM, GE Healthcare). For enzyme-conjugated liposome 

samples, the extrusion step was performed after the enzyme/liposome conjugation (see next 
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section). The reported size of these liposomes was determined by the “Analyze Particles” 

function in ImageJ (version: 2.00-rc-69/1.52n).  

2.2.5 Liposomes tracking measurement  
 
          Fluorescence images of liposomes and video recordings of liposome movement were 

acquired on a Nikon A1+/MP confocal scanning laser microscope (Nikon Instruments, Melville, 

NY) using 10x or 20x objectives and excitation laser lines at 488 and 561 nm; the corresponding 

emission filters are at 525±25 and 595±25 nm, respectively. Using this setup, we monitor 

liposome movement fluorescently in transparent linear microfluidic channels (dimensions: 200 

μm x 200 μm x 18 mm; product model: thinXXS 100182, Cole-Parmer). To avoid channel wall-

associated motion complications and ensure run-to-run consistency, only liposomes near the 

center of microchannels, i.e., ~100 μm away from the channel sides and floor/ceiling, are 

followed and recorded. Prior to fluorescence recording, each microchannel slide was thoroughly 

cleaned by sonication for 30 min each in methanol and then DI water; residual solvents were 

blow dried with nitrogen. Following that, dilute liposome samples suspended in either DI water 

or aqueous H2O2 solutions were pipetted into the microchannels and subsequently sealed off 

from the surrounding at the two inlets with parafilm. Fluorescence videos (in .avi) were typically 

recorded at 512x512 pixel resolution at 1 frame/s.  

        Trajectories of liposomes are obtained by analyzing particle movement fluorescence videos 

using TrackMate, an ImageJ plug-in for single-particle tracking and analysis. The trajectory files 

(in .xml) thus obtained were then imported into MATLAB to calculate the mean squared 

displacement (MSD) of particle movement following a published protocol.[43] To ensure data 

convergence, we typically analyze >500 liposomes for each sample to obtain the ensemble-

averaged MSD plot. 
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2.2.6  Fluorescence Microscopy 
 
          Fluorescence images and motion videos of giant liposomes were acquired on a Nikon 

A1+/MP confocal scanning laser microscope (Nikon Instruments, Inc., Melville, NY) using 10× 

objective and excitation laser lines at 488 and 561 nm. The corresponding green and red emission 

signals were filtered at 525 ± 25 and 595 ± 25 nm. For each measurement, a 5−8 μL liposome 

solution was first pipetted into a Poly(dimethylsiloxane) microwell reversibly sealed to a 

precleaned microscope cover slide (Corning No. 1, 22 × 22 mm, Corning, NY) and then given 1 h 

to settle under 100% humidity. 

2.3 Results and Discussion  

2.3.1 Liposome Motor  
 
         A schematic drawing of essential components of our enzymatic liposome motors is shown 

in Figure 2.1. Composition wise, these liposomes contain mainly three lipids, 

DOPC/DPPC/cholesterol, in 35/35/30 mole ratio, which together yield a liquid-disordered (ld) lipid 

domain phase-separated from a liquid-ordered (lo) half within individual liposomes at room 

temperature, i.e., Janus liposomes.29 These liposomes are additionally doped with three minor 

components: fluorescent ld(lo) phase indicator, rho-DOPE (Bodipy-Chol), both at 0.2 %, and 

biotin-DOPE typically held at 1%. The latter is employed to anchor enzymes on the liposome 

surface through biotin/avidin binding. Importantly, since biotin-DOPE can be prepared to reside 

in the ld domain nearly exclusively (see below), the enzyme to be anchored, HRP, will only 

decorate the outer surface associated with the ld hemisphere of a liposome upon affinity binding. 

In the presence of their substrate (H2O2), accordingly, these regionally-arranged enzymes will 

generate oxygen primarily near the ld hemisphere of the host liposome, propelling the latter forward. 
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Figure 2.1. Design of enzymatic Janus liposome micromotors. The double circles indicate the lipid 
bilayer of the liposome, whereas its Janus configuration is denoted by green/red colors. Enzymes 
(E), such as horseradish hydrogen peroxidase (HRP) investigated here, are conjugated to the outer 
surface of the ld domain of Janus liposomes via biotin/avidin binding. The substrate of HRP, 
hydrogen peroxide (H2O2), is present both inside and outside Janus liposomes during their 
movement. 
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2.3.2 Liposome Motor Assembly and Characterization 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Fluorescence microscopic characterization of biotin-DOPE localization in 
DPPC/DOPC/cholesterol Janus liposomes. a) Cartoon depiction of fluorescently monitoring 
liposome ld domain (shown in part) with rho-DOPE and biotin-DOPE via Bodipy-labeled avidin. 
b) Red-channel (rho-DOPE) fluorescence micrograph revealing the ld-domain of Janus liposomes. 
c) Green fluorescence image showing avidin location of the same liposome sample. The level of 
avidin is controlled to be roughly 1:5 relative to available biotin-DOPE (see the Experimental 
Section). d) Merged fluorescence image of b) and c). Scale bar: 50 µm. 

         

          It thus takes two steps to construct such liposome motors: 1) sorting biotin-DOPE into the 

ld-domain of Janus liposomes, followed by 2) enzyme attachment thereabout via biotin/avidin 

binding. To maximize gas production, one generally prefers high biotin-DOPE loading in 
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liposomes (step 1), which, however, could disrupt the lipid organization/phase equilibrium pre-

established by DOPC/DPPC/Chol if unchecked. Similarly, the subsequent biotin/avidin-HRP 

binding (step 2) may introduce additional perturbance to liposomes due to multivalent nature of 

such binding.  

          To identify optimal assembling conditions, we examined ld-labeled Janus liposomes 

subjected to a series of biotin-DOPE doping levels and avidin mixing ratios. As shown in Figure 

2.1, biotin-DOPE at 1% doping level remains largely ld-associated in Janus liposomes, consistent 

with our previous observation. [29] Assuming an even split between ld and lo domains, such 

exclusive association of biotin-DOPE doubles its effective concentration in the ld domain to 2%. 

When such biotinylated Janus liposomes were incubated externally with avidin at 5:1 (with biotin 

in excess to minimize free avidin in solution) mixing ratio, moreover, a fairly even coat of avidin 

on the ld-hemisphere was obtained (Figure 2c). Higher mixing ratios, for example, 5:1.5 or 5:2, 

were found to yield denser avidin layers under similar incubation conditions, which, however, 

were accompanied frequently by liposome morphology changes (e.g., disrupted domains and 

dotted formations on liposome surfaces) as well as liposome aggregation (as Figure S1). To ensure 

good enzyme coverage while maintaining integrity/entity of individual Janus liposomes, we thus 

chose 1% biotin-DOPE 5:1 bound to avidin-HRP to build our liposome motors.  
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2.3.3 Liposome Size Control 
         

          In order to be able to quantitatively assess liposome active motion resulted from enzymatic 

gas production, the passive component of liposome movement, i.e., thermal diffusion, must also 

be accounted for. According to Stokes-Einstein equation, D = 𝑘𝑇/6πηr, where kT is the thermal 

energy, h  viscosity of the medium and r radius of the particle, the extent of diffusion of a spherical 

particle scales inversely proportionally to its size.  

 

Figure 2.3 Fluorescence images of liposomes before/after size control via extrusion and their size 
distribution. a) Homogenous DOPC/Chol (70/30, mole ratio) liposomes doped in addition with 
0.1% rho-DOPE. b) DPPC/DOPC/Chol (35/35/30) Janus liposomes containing also 0.1% Bodipy-
Chol and rho-DOPE each. Liposome counts are reported in 0.5-µm size groups. Scale bar: 50 µm. 
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To keep liposome diffusion at a relatively constant level, we thus sought to control their size using 

membrane extrusion (Experimental Section). As shown in Figure 3, liposome samples as prepared 

display a wide range of sizes, which, upon extrusion through 5-µm-diameter porous membranes, 

can be effectively narrowed down to be around 5 µm. For Janus liposomes, importantly, the Janus 

configuration in the end product appears to be relatively unaffected after such hydraulic treatment. 

It is possible to prepare smaller liposomes by extrusion employing membranes with finer pores, 

which, however, makes it challenging to reliably discern the two domains in Janus liposomes. 

What need to be mentioned here,  the size histogram distribution data present here is different from 

the measurement data in some degree because the software Image J excluded the smaller liposomes 

(less then 3.5 µm )out automatically in the analysis process. 

 

2.3.4 Substrate (H2O2) Distribution in the System 
 
           With all lipid constituents dynamically assembled into a bilayer-enclosed architecture, 

liposomes differ fundamentally from their inorganic/polymer counterparts for building motors. 

Their structural thinness and softness, first and foremost, directly impact their mechanical stability 

and hence the integrity of resultant motors. This is especially the case for microsized liposomes 

studied here, in which microscopic membrane undulations are largely decoupled with nanoscopic 

bending from individual lipids and thus respond freely to surface tension and other environmental 

agitations.[30-32] If, for example, a species with limited permeability to the liposome bilayer is only 

present on one side of the liposome, a concentration gradient would result across the bilayer. This, 

in turn, will produce an osmotic pressure that can be too great for the liposome to withstand – a 

detrimental outcome for its intended application.  
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To determine whether H2O2 poses any osmotic shock to liposomes investigated here, we 

next monitored liposome samples subjected to a sudden H2O2 concentration jump in the 

surroundings. As shown in Figure 4, Janus liposomes upon exposure to ~80 mM H2O2 were able 

to maintain not only their phase-separated morphology, but, to a great extent, also their size.  

 

 

  

 

 

 

 

 

 

 

 

  

 

Figure 2.4 fast permeation/equilibration of H2O2 across the lipid bilayer of Janus liposomes. a) 
Fluorescence snapshots of Janus liposomes before/after being treated with H2O2. The effective 
H2O2 concentration upon homogenization is ~80 mM. b) Fluorescence snapshot of Janus 
liposomes samples before/after being similarly treated with ~24 mM sucrose. Same liposome 
sample (DPPC/DOPC/Chol, 35/35/30, with 0.1% Bodipy-Chol and rho-DOPE) was employed; in 
both cases, the two frames are taken a few seconds apart. Scale bar: 50 µm. 
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Similar observations were also obtained from homogeneous DOPC liposomes (data not 

shown). These results thus suggest that H2O2 readily permeates and equilibrates across 

DOPC/DPPC/Chol bilayers, at least on the second (s) timescale if not much faster.[33] Permeability 

coefficients of H2O2 across ld and lo lipid bilayers became available just recently, with the former 

measured to be at 1 x 10–3 cm/s level for DOPC/POPG/Chol liposomes. [34] For reference, this 

value is roughly an order of magnitude greater than water permeation across Chol-mixed lipid 

membranes, [35] whereas oxygen, the product of H2O2 enzymatic breakdown, permeates much more 

facilely (on the order of 1 x 102 cm/s).[3 Also included in Figure 2.4 are control measurements of 

Janus liposomes similarly treated with sucrose instead. Owing to its high water-solubility and low 

lipid permeability, sucrose is frequently employed as an osmolyte to enforce osmotic imbalance 

across lipid membranes.37 Its hydrogen-bonding capability and high density (relative to water 

alone), in addition, are quite useful in liposome preparation and sedimentation.[22][38] According to 

van ‘t Hoff equation, ∆Π = 	∆ckT, where ∆c is the concentration gradient and ∆Π the resultant 

osmotic pressure, 24 mM sucrose introduced externally would exert an osmotic pressure of nearly 

60 kPa across the liposome bilayers. The resulting force, in turn, squeezes and crushes the liposome 

all around, quickly shrinking the latter into a much smaller particle with crumpled and intermixed 

lipid domains (Figure 4b). 

 

2.3.5 Enzymatic Gas-Driven Motion of Janus Liposomes 
 
          With background diffusion properly controlled and substrate distribution in the system 

known, we next investigated liposome movement trajectories and speed under various conditions. 

In each case, we perform mean square displacement (MSD) analysis on >500 liposome trajectories 

to obtain a robust, ensemble-averaged displacement plot (Experimental Section).   As shown in  
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Figure 2.5. Mean square displacement (MSD) plots of Janus liposome movement under either 
enzymatic conversion or control conditions. In each case, the light-color traces in the background 
represent MSD plots averaged from all particles sampled in individual fluorescence videos, 
whereas the thick colored line is the ensemble-averaged MSD plot of all particles. a) MSD plots 
of HRP-ld-attached Janus liposomes in the presence of 1 wt% H2O2. Liposome composition: 
35/35/30 DOPC/DPPC/Chol with additional 1% biotin-DOPE; average liposome size: ~4.5 µm, n 
= 638. b) MSD plots of HRP-ld-attached Janus liposomes in water alone. n = 559. c) MSD plots of 
HRP-free Janus liposomes in the presence of 1 wt% H2O2. . n = 494. d) MSD plots of HRP-coated 
homogeneous liposomes in the presence of 1 wt% H2O2. Liposome composition: 70/30 
DOPC/Chol with additional 1% biotin-DOPE; n = 585.   
 

Figure 2.5a, HRP-ld-attached Janus liposomes in the presence of H2O2 collectively yield an 

upward-bending MSD plot, indicative of presence of active motion component in the system that 

is superimposed with background diffusion. When either the enzyme or its substrate is taken out 
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of the system, in contrast, only sublinear MSD plots characteristic of diffusion-dominant 

motion19,20 were obtained (Figure 5b,c). These negative controls thus point to enzymatic gas 

production as the driving force of liposome active motion. Furthermore, when homogeneous 

DOPC liposomes were used as motor construct in place of Janus liposomes (while keeping both 

HRP and H2O2 in the system), only background-level displacements were observed (Figure 5d). 

This result stresses once again the importance of particle asymmetry in achieving liposome active 

motion: [28] interfacial reactivity (i.e., gas generation), a necessary condition for particle propulsion, 

can fall insufficient if it gets canceled out around the particle due to latter’s spherical symmetry.  

Fitting the ensemble-averaged MSD plot in Figure 5a into to the diffusion-with-flow 

model,[19][39] MSD(t) = v()t) + 4Dt , we then obtained the active motion velocity (v0) and 

translational diffusivity (D), 2.7 x 10–1 µm s-1 and 8.6 x 10–2 µm2 s–1, of the system being tested. 

Treating the three negative controls as diffusion-only cases, we in turn estimated their diffusivity: 

8.7 x 10–2 µm2 s–1 (substrate-free), 9.4 x 10–2 µm2 s–1 (enzyme-free), 9.7 x 10–2 µm2 s–1 (homogeneous 

liposomes), respectively, following MSD(t) = 4Dt. These MSD-derived diffusivity values are in 

general agreement with that predicted (1.0 x 10–1 µm2 s–1) by the Stokes-Einstein equation for 

spherical particles of 4.5-µm diameter. Using the same liposome size, we further obtained Péclet 

number (Pe) [19] of 14.1 associated with the active case, from Pe = 2rv0/D, which denotes the 

magnitude of active motion component relative to diffusion.   

         Different levels of liposome movement among these samples are also evident from 

examining representative trajectories of individual liposomes (Figure 6). While particles in control 

groups typically display clustered trajectories featuring short stepwise displacements over the 15-

s monitoring window, liposomes undergoing active motion tend to produce more extended traces. 

Closer examination further reveals that the majority of these active liposomes (45%) move in a 
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directional fashion, in that the particle tends to move along the direction defined by the initial 

orientation of its ld(rear) and lo(front) domains (Figure 6d). Due to thermal randomization and 

liposome rotational motion, trajectories that display overall sideway as well as backward 

movement were also found, which occur at lower frequencies. 

 

2.3.6 Effect of H2O2 Concentration on Liposome Active Motion 
 
          Since liposome active motion is propelled by enzymatic gas generation, the extent of which 

is directly proportional to the substrate concentration, we next examined movement of HRP-coated 

Janus liposomes under different H2O2 concentrations. As shown in Figure 7, a small enhancement 

in liposome motion became appreciable in the presence of 0.01% H2O2 (~1 mM). As the 

concentration increases, the resultant MSD plots tick upward accordingly. The extent of increase, 

however, appears to level out toward higher concentrations, which may be due to substrate 

saturation.  

 In terms of enzymatic action, HRP first binds H2O2 with 1:1 stoichiometry to produce a 

highly oxidizing precursor, which, upon encountering and oxidizing two equivalents of a reductant 

(AH2), regenerates the enzyme together with water as a coproduct as follows.[40]  

HRP + H2O2 ⟶	HRP•H2O2     1) 

HRP•H2O2 + 2AH2 ⟶ HRP + 2AH• + H2O   2a) 

In this sequence, therefore, H2O2 acts as an oxidant. When no reductant substrates are present in 

the system, alternatively, H2O2 will fill in as the reductant in the second step: [41,42]  

HRP•H2O2 + 2H2O2 ⟶ HRP + O2 + 2H2O   2b) 

In this case, therefore, HRP behaves analogously to catalase, converting H2O2 to release oxygen 

and water. It is thus this alternative pathway by which our liposome motor operates. Kinetically,  
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Figure 2.6. Trajectories of liposome movement under enzymatic conversion conditions and their 
direction relative to the initial orientation of Janus liposomes. a) Representative trajectories of 
HRP-ld-attached Janus liposomes in the presence of 1 wt% H2O2. Liposome composition: 35/35/30 
DOPC/DPPC/Chol with additional 1% biotin-DOPE; average liposome size: ~4.5 µm. b) 
Representative trajectories of HRP-free Janus liposomes in the presence of 1 wt% H2O2. c) 
Representative trajectories of HRP-attached homogenous DOPC/Chol liposomes in 1 wt% H2O2. 
In each case, a gray box of 200x200 µm is given as size reference. d) Trajectory development vs. 
Janus liposome initial orientation of sample in a): forward (F, with liposome’s lo domain as the 
front), backward (B), sideway (S), immobile (I) and undetermined (Un) particles; n = 555. 
 

the initial HRP/H2O2 binding proceeds quite facilely (k = 2 x 107 M–1 s–1), whereas an apparent rate 

constant of ~1.8 s–1 was determined directly from oxygen production for the catalase-like 

pathway.41 In these steady-state, solution-based measurements, the speed of oxygen production 

was found to increase with higher H2O2 concentrations, reaching saturation at about 40 mM. [42] 

Physiologically, this pathway has been proposed as a defense mechanism for plants in response to 

H2O2 burst during pathogenic attack.  
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2.3.7 Effect of Janus Ratio on Activity of Janus Liposome Micromotors 
 
           A unique feature associated with phase-separated Janus liposomes is their tunable ld-to-lo 

area ratio, i.e., Janus ratio, which is accessible through control of lipid composition as long as it 

operates within the liquid-liquid coexistence region defined by the lipid phase diagram.[29] 

Previously, we have shown that Janus ratio of DOPC/DPPC/Chol Janus liposomes can be tuned 

by nearly an order of magnitude through adjusting the mixing ratio of the three components.[29] 

Since the relative size of ld domain directly defines the active, enzyme-coated portion of Janus 

liposomes, we next examined whether different Janus ratios directly impact mobility of resultant 

motors. 

As shown in Figure S2, MSD plots obtained from ld-major (DOPC/DPPC/Chol: 50/30/20; 

Janus ratio: ~3:1) and ld-minor (20/50/30; ~1:3) Janus liposomes appear closely comparable, both 

slightly less active than domain-even-split samples (35/35/30). Such closeness in particle 

displacement may result from the same doping level (1%) of biotin-DOPE in all three samples, 

which would accommodate same load of enzymes with different surface densities. Assuming 

comparable gas production per particle among the three samples, furthermore, geometry 

considerations favor liposome motors with 1:1 Janus ratio: While propulsion only exerts on a small 

portion of the particle in ld-minor liposomes, gas production past the liposome equator, as the case 

for ld-major samples, can lead to partial cancelation of propulsion. In line with the observed results, 

this interpretation should be taken with caution, however. Several other complicating factors, such 

as variations in liposome size, Janus ratio (within the same population) as well as secondary 

modifications caused by extrusion, may as well even out their differences in motion that would 

otherwise be present.Comparison of Different Types of Janus Liposome Micromotors. Recently, 

we reported another liposome motor system based on asymmetrical lipid efflux.[28] As Janus 
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liposomes of similar lipid composition and size were employed in both studies, we now move on 

to a direct comparison of the two in this last section. 

 Due to fundamentally different mechanisms involved, several distinctive characteristics 

can be identified between the two systems. 1) Driving force. The present enzymatic system is 

based on gas generation/propulsion, whereas the other employs lipid extraction/efflux. In both 

cases, liposome asymmetry is found to be essential to achieve particle directional motion; 2) Fuel 

location/availability. The present system uses H2O2 as fuel, which is homogeneously present in the 

system. By contrast, the other system uses cholesterol, which is present only the liposome bilayer; 

3) Active motion direction. In our enzyme-based system, liposomes move predominantly in the ld-

to-lo direction; whereas the opposite is true for the other system; 4) Identity/impact of effectuator(s). 

In both cases, the level of fuel present in the system is found to impact liposome active motion 

directly and significantly. Of the reaction partner to the fuel, the effect of enzyme loading remains 

to be explored; whereas the level (but not type) of extracting agents was found to be insignificant 

in the concentration range tested for the other system; 5) Effect of Janus ratio. While Janus ratio 

is found to be largely unimpactful here, nearly one-fold difference in liposome mobility was 

observed in the other study. 
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Figure 2.7. Effect of H2O2 concentration on Janus liposome movement under enzymatic 
conversion conditions. In each case, HRP-ld-attached Janus liposomes consisting 35/35/30 
DOPC/DPPC/Chol and 1% biotin-DOPE were used; average liposome size: ~4.5 µm. The H2O2 

concentration was varied from 0 to 5 wt%.  
 

2.3.8 Motion behavior test for catalase-bound Janus liposomes in the hydrogen peroxide 
solution 
 
         In order to further confirm and improve the motion speed of our size controlled enzyme based 

Janus liposomes, we tested a high efficient and high turned over number to hydrogen peroxide 

enzyme, catalase, bound onto the hemisphere membrane of Janus liposomes. In this process, it 

takes two steps reaction for catalase (obtained from NANOCS) binding onto the Janus liposomes 

because the catalase enzyme is biotin conjugated commercial available. The bound procedure is 

described in the aforementioned experimental section in detail. Once acquired  the well-prepared 

catalase bound Janus liposomes solution with size controlled, we just repeat the previous classic 

single particle tracking (SPT) method which can provide dynamic information for different kind 
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of micro/nano-particles motion behavior in bulk solution. To facilitate the data more representative, 

we explored the motion behavior of catalase bound Janus liposomes in 1% H2O2 solution in a linear 

microfluidic channel. The total mean square displacement (MSD) data for these catalase bound 

Janus liposomes (~500) in 1% H2O2 and control groups were displayed in figure 2.8  below. From 

the MSD data comparison, we could clearly find that the motion speed of biotin bound Janus 

liposomes was obvious improved about three folds compared with the three control groups. In this 

process, the propulsion force for the active motion behavior of these biotin bound Janus liposomes 

was from the hydrogen catalysis reaction and oxygen bubble production on one hemisphere of the 

membrane. The combine mean MSD plots for motion behavior test of catalase bound Janus 

liposomes in 1% H2O2 with three control groups was displayed in figure 2.9.  Considering the high  
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catalysis efficiency of catalase enzyme to H2O2 compared with horseradish peroxidase (HRP), we 

  

Figure 2.8. Total mean square displacement (MSD) analysis catalase bound Janus liposomes (~500) 
in 1% H2O2 and three control groups. a. total MSD for catalase bound liposomes in 1% H2O2; b. 
total MSD for avidin bound only on Janus liposomes in 1% H2O2; c. total MSD for catalase in bulk 
with liposomes in 1% H2O2; d. total MSD for Janus liposomes in 1% H2O2 
 
 

a. catalase bound liposomes in 1% H2O2 b. avidin only bound liposomes in 1% H2O2 

c. catalase in bulk with liposomes in 1% H2O2         d. Janus liposomes in 1% H2O2 
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expected the much faster motion behavior of catalase bound Janus liposomes then HRP bound 

Janus liposomes in 1% H2O2. While the mean MSD results of catalase bound Janus liposomes 

displayed a lower motion speed compared with the HRP bound one in figure 2.15. This unexpected 

result was possibly due to large size of catalase enzyme which could hinder the oxygen bubble 

leaving from the nearby surface or the longer space arms of biotin-to-avidin-to-biotin conjugation 

on the membrane surface of Janus liposomes.  With the detail systematically study for the active 

motion behavior of these two enzyme (HRP and Catalase ) bound Janus liposomes in 1% H2O2 , 

 

Figure 2.9. Mean MSD data for catalase bound Janus liposomes in 1% H2O2. a. combined MSD 
for catalase bound liposomes in 1% H2O2 with control groups: Janus liposomes with catalase in 
bulk in 1% H2O2, Janus liposomes with avidin only in 1% H2O2, Janus liposomes in 1% H2O2 
respectively. b. Mean MSD for catalase bound liposomes vs HRP bound liposomes;  
 

 

a. combined MSD for catalase bound  
liposomes in 1% H2O2 with controls  

b. Mean MSD for catalase bound 
liposomes vs HRP bound liposomes 
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we first explored the propulsion of the enzyme based soft Janus liposomes which makes the 

directional motion of these Janus liposomes being possible. These results could offer valuable 

guidance for researchers interested in the liposomes based drug delivery test.  

 

2.3.9 Conclusions 

         We present in this work the first Janus liposome-based micromotor system propelled by 

regional enzymatic conversion and gas generation. A general strategy for local placement of 

enzymes is laid out, utilizing domain-specific lipid sorting together with biotin/avidin affinity 

binding, which can be readily extended to many other water-soluble enzymes to build new 

liposome micromotors and study other types of asymmetrical lipid-assembled, enzyme-attached 

colloids. In relation to our recent work [28] on liposome active motion using lipid efflux, this study 

stresses once gain the importance of particle asymmetry in achieving directional motion and in 

addition, displays several distinctive features. Sorting out how these features can be controlled and 

their effects maximized, through fine chemical/structural control of Janus liposomes, is one area 

on which our ongoing investigation is focused.  
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CHAPTER 3.  Enzyme-Free Liposome Active Motion Driven by 
Asymmetrical Lipid Efflux 

 

3.1 Introduction  
 

       Inspired by the elegance of natural microswimmers and enabled by recent advancement in 

material synthesis and microfabrication, research in microscopic artificial motors has blossomed 

into a field of extensive activity in recent years [1-3]. Such pursuit has been truly multidisciplinary, 

with chemists, engineers and physicists often working side-by-side on the preparation, 

characterization and theoretical formulation of these motors. Among the vast material and design 

choices being explored, spherical micromotors stand out for their simple geometry (with it, well-

understood hydrodynamics) and ease of fabrication, and thus have been essential to what the field 

has become today. With Janus particles prepared from oxide/polymer microbeads with partial 

metal coatings alone, for example, researchers have discovered several suitable mechanisms for 

building such motors, exploiting chemical catalytic [4-6], photothermal [7-9] and photocatalytic 

processes [10-11] of various metals. In the majority of these cases, a local gradient across the 

particle/fluid interface drives the motion, whereas the broken symmetry of the particle imparts 

direction [12-14]. With motion as a built-in feature along with their small size, these artificial motors 

promise exciting new application possibilities, including targeted drug delivery and microrobotics. 

To this end, however, the potential biotoxicity of these materials and their clearance from 

biological hosts often stand as significant issues to be contemplated with [1, 3, 15].  

As a closed spherical lipid assembly rich in surface/interfacial characteristics, liposomes 

represent an important class of water-dispersed colloids. Compared to their inorganic/polymer 

counterparts, from which the vast majority of existing nano- and micromotors are made, liposomes 
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are ultimately economical in formation (i.e., all constituents surface bound and no hard/solid core) 

and biocompatible (i.e., few toxic effects or clearance issues). These attractive features account 

for much of the industrial and medical use of liposomes [16], e.g., in food [17], drug delivery [18]and 

cosmetics[19]. With added motility, particularly when furnished in a controlled and environmentally 

responsive manner, these liposome carriers will have much to gain in functionality and 

effectiveness.  

Only a handful of studies have been reported using liposomes to achieve directional/active 

motion, however. Taking a biohybrid approach, Kurakazu and coworkers attached flagella of 

Chlamydomonas, a biflagellate unicellular alga, to microsized liposomes, which display enhanced 

diffusion in the presence of ATP [20]. Similarly, Vanderlick et al. used E. coli to drive liposomes 

of different sizes [21]. Interestingly, while the bacterial transporter succeeded in propelling 

liposomes of 0.2- to 2-µm diameter (with velocities in tens µm/s), only Brownian motion observed 

with larger liposomes (10 to 20-µm). Working with enzyme-coated liposomes with diameter on 

the order of 100 nm, researchers at Penn State have recently demonstrated enhanced (up to 25%) 

diffusion [22] as well as positive/negative chemotaxis [23] of liposomes in the presence of enzyme 

substrates. As functional auxiliaries, liposomes have also been incorporated into artificial 

micromotor systems recently. For example, Städler et al. showed that the disintegration of 

liposomes coated on 0.8-µm silica beads could propel the latter along a gradient of lipid-dissolving 

agents [24]. All these studies, noticeably, are based on symmetrical liposomes with homogeneous 

surface makeup. On the use of Janus liposomes to achieve active/directional motion, only a couple 

of reports have appeared so far. In the first, Inaba and coworkers demonstrated light-induced 

liposome propulsion using photocleavable peptides [25]. In our own work, we showed recently that 

dipolar (+/–) Janus liposomes undergo directional, domain orientation-specific motion driven 
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either by an external electric field or interparticle electrostatic interactions [26]. These results point 

directly to the broken symmetry in Janus liposomes as an additional degree of freedom in 

manipulating liposome motion.  

In this work, we investigate how interfacial lipid release from liposomes impacts their 

hydrodynamic behavior and demonstrate liposome active motion under asymmetrical efflux 

conditions. Structurally, such asymmetry is realized via cholesterol-modulated liquid/liquid lipid 

phase separation within individual liposomes, yielding Janus colloidal particles with two 

distinctive domains. Adding b-cyclodextrin (b-CD), a cholesterol-extracting agent [27, 28], at low-

mM levels to the aqueous bulk then triggers cholesterol release from these Janus liposomes, which 

occurs at one domain an order of magnitude faster than the other. This asymmetrical material 

outflow, in turn, drives directional liposome movement against their Brownian diffusion. We 

further show how the active motion is correlated with liposome asymmetry and cholesterol 

extraction, the latter a surface-limited process sustained by continuous inter-domain cholesterol 

transfer. We explore various experimental parameters as well as mechanical details responsible 

for such motion. This work thus reveals a uniquely distinctive design principle based entirely on 

the intrinsic physicochemical properties of lipid assemblies to achieve active motion.  

The main goal for this project was trying to build up an enzyme-free system of liposome 

micromotors. We hypothesized that the active motion of such enzyme-free based liposomes was 

achieved through cholesterol extraction from the membrane bilayer with the extracting agent, b-

cyclodextrin. In this process, we expected that both the Janus configuration of liposomes and the 

concentration of extracting reagent would affect the motion behavior most. What’s more, we also 

hypothesize that the motion was directional in some extent.   
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3.2 Materials and Methods  

3.2.1 Liposomes Preparation  

        Janus as well as homogeneous liposomes were prepared by following the gel-assisted 

hydration method by Marques et al. [80] with minor modifications [33]. Briefly, dry poly(vinyl 

alcohol) (PVA, MW: 145,000, Sigma-Aldrich) films were first prepared by spreading drops of a 

PVA aqueous solution (5 wt%) on precleaned glass slides, followed by drying at 50°C for 0.5 h. 

On such dry PVA films, lipid stacks were then deposited by spreading small quantities of lipid 

precursors (e.g., 5 μL at 1 mM total lipids dissolved in chloroform) followed by further drying 

under vacuum for overnight at room temperature. In the final step, such dried lipid films were 

hydrated in DI water at 45°C to yield liposomes. Depending on lipid composition, the hydration 

time varies: 1h for homogeneous DPPC/Chol and DOPC/Chol liposomes; 2h for 

DPPC/DOPC/Chol and DPPC/DPhPC/Chol Janus liposomes. The exact lipid compositions are 

specified in the main text. For the purpose of fluorescence microscopy, lipid-conjugated indicator 

dyes, 23-(dipyrrometheneboron difluoride)-24-norcholesterol (Bodipy-Chol,  Avanti Polar Lipids) 

and/or 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

(ammonium salt) (Rho-DOPE, Avanti Polar Lipids), were also included in the liposome formation 

at 0.2 mol%. Thus prepared liposomes were stored at 4 °C for future use.  

The size-controlled liposomes were prepared by extruding above-prepared hydration 

liposome samples through a plunger-based lipid extruder (Mini-Extruder, Avanti Polar Lipids) 

furnished by polycarbonate filter membranes with 5-μm diameter pores (Whatman NucleporeTM, 

GE Healthcare). The reported size of these liposomes was determined by the “Analyze Particles” 

function in ImageJ (version: 2.00-rc-69/1.52n).  
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3.2.2 Liposome Movement Tracking 
 
         Fluorescence images and videos of liposomes were acquired on a Nikon A1+/MP confocal 

scanning laser microscope (Nikon Instruments, Melville, NY) using 10x or 20x objectives and 

excitation laser lines at 488 and 561 nm. The corresponding green and red emission signals were 

filtered at 525±25 and 595±25 nm, respectively. For fluorescence recording, microscope-

compatible, linear microfluidic channel slides (thinXXS 100182; dimensions: 200 μm x 200 μm x 

18 mm; Cole-Parmer) were used as reservoirs to hold liposome samples. To avoid channel wall-

associated motion complications and ensure run-to-run consistency, only particles near the center 

of microchannels, i.e., ~100 μm away from the sides and above from the channel floor/ceiling, are 

monitored and recorded. Before each measurement, these microchannel slides were thoroughly 

cleaned by sonication for 30 min each in methanol and then DI water; residual solvents were blow 

dried with a nitrogen stream. For PS bead and liposome diffusion measurements, dilute liposome 

samples in DI water were first pipetted into the microchannels. To achieve fluid quiescence, the 

liposome solution in the microchannel was sealed off from the surrounding at the two inlets with 

parafilm. For liposome active motion measurement, dilute liposome samples in DI water were first 

mixed with cyclodextrin aqueous solutions of desired concentration, which were immediately 

injected into the microchannel, sealed and secured on the stage of the fluorescence microscope. 

The whole procedure from sample mixing to the start of video recording is typically controlled 

under 2 min. Fluorescence videos were then recorded at 512x512 pixel resolution at 1 frame/s. 

 

3.2.3. Particle Trajectory Analysis 
 
          Monodisperse green fluorescent PS microbeads (diameters: 0.5±0.03, 1.0±0.05 and 2.0±0.2 

µm, Bangs Laboratories) were used to verify tracking accuracy of this procedure. Trajectories of 
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polystyrene (PS) beads and liposomes are obtained by analyzing particle movement videos 

recorded with the fluorescence microscope using TrackMate, a single-particle tracking tool 

embedded in ImageJ. The trajectory files thus obtained were then imported into MATLAB to 

calculate the mean squared displacement of particle movement following a published protocol (37). 

 

3.3 Results and Discussion 
 

3.3.1 Liposome Motor Design and Tracking 

        The Janus configuration in individual liposomes is achieved through lipid phase separation 

in ternary lipid systems [29-31] consisted of a high-melting component (e.g., DPPC, melting 

temperature, Tm: 41 °C), a low-melting one (e.g., DOPC, Tm: −17 °C) and cholesterol (Chol), which 

yields a liquid-ordered (lo) hemispherical bilayer domain and a liquid-disordered (ld) half sharing 

a circular, quasi-1D phase boundary at room temperature. Compositionally, the lo domain is 

enriched with DPPC/Chol and the ld domain with DOPC [32]. By varying their mixing ratio at the 

stage of liposome formation, in addition, we can modify the relative size of the two domains in the 

end products [33]. To make these liposomes fluorescently accessible, we add low levels of 

rhodamine-labeled DOPE (rho-DOPE) and(/or) Bodipy-labeled cholesterol (Bodipy-chol) in the 

lipid precursors. Of the two, rho-DOPE resides almost exclusively in the ld domain [34], whereas 

Bodipy-chol is distributed in both domains with lo-phase enrichment proportional to Chol [35, 36]. 

Dilute suspensions (i.e., with volumetric fractions <0.01%) of thus-labelled liposomes are loaded 

in transparent microchannel reservoirs, and their movement is then followed and recorded by a 

confocal fluorescence microscope (Fig. 1A). 
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Upon addition of b-CD into the system, selective inclusion binding of Chol inside the 

former’s cavity triggers a global Chol extraction from Janus liposomes. As detailed below, this  

 

 

Figure.3 1 (A) Experimental setup for detection of liposome movement. (B) Schematic illustration 
of liposome micromotor design, which features Janus liposomes comprised of a high-melting lipid, 
a low-melting lipid and cholesterol (Chol), together with b-CD, a Chol-extracting agent. Arrow 
indicates the predominant liposome movement direction. 
 
 

interfacial material release takes place predominantly via the ld domain, and, the resultant 

anisotropic traffic about the liposome causes the latter to move toward the extraction front against 
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their Brownian diffusion (Fig. 1B). When either liposome asymmetry or Chol extraction is absent 

from the system, such directional motion ceases to occur. In the following sections, we present 

experimental evidence to confirm this new mode of active motion, and analytically establish 

correlations between the extraction kinetics and active motion speed and finally, discuss the 

processes/factors responsible to such motion. 

 

3.3.2. Particle Trajectory Analysis Procedure and Benchmarking 
 
          To assess liposome movement quantitatively, we perform mean-square-displacement (MSD) 

analysis on individual liposomes using TrackMate, an open-source single-particle tracking 

program[37]. In 2D, this time-dependent quantity is expressed as: MSD(t) = ⟨(x*+, − x*)) +

(y*+, − y*))⟩, where xi+n and yi+n denote coordinates of the particle’s new location after time 

interval, n, whereas xi and yi represent its initial position. For spherical particles performing 

random walk only [38, 39], i.e., 2D diffusion, the ensemble-averaged MSD is related to their 

translational diffusion coefficient, D, by the linear relationship: MSD(t) = 4Dt. In case that there 

exist additional motional components in the system besides diffusion, the MSD plots obtained tend 

to deviate from linearity [39, 40]. Due to the stochastic nature of thermal agitation, time-to-time and 

run-to-run fluctuations in MSD naturally occur even for the same-sized particles being tracked. To 

uncover particle motion characteristics against such thermal randomness sufficiently accurately, it 

is thus necessary to sample sizeable populations of liposomes so robust statistical analysis may be 

ensured. In our hands, we find that such data convergence in standard microbeads when more than 

200 particles are sampled (SI Appendix, Fig. S1). A similar trend has been observed by others [41]. 

For our liposome samples that are more polydisperse than the particle standards, we typically track 

and analyze 450-500 particles throughout this investigation.  
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To test the effectiveness of our tracking procedure, we first studied the movement of 

fluorescent polystyrene (PS) microbeads (diameters: 0.5±0.03, 1.0±0.05 and 2.0±0.2 µm) 

suspended in water. In each case, we obtained a linear ensemble-averaged MSD plot (SI Appendix, 

Fig. S2), indicative of pure Brownian diffusion. From the slope of these MSD plots, we then 

derived their diffusion coefficients (Fig. 2A-C), which are in good agreement with values predicted 

independently by Stokes-Einstein equation, D = kT/6hr, where kT is the thermal energy term (4.07 

x 10–14 cm2 g s–2 at 22 °C), h viscosity of the medium (9.54 x 10–3 g cm–1 s–1 for water at 22 °C) and 

r radius of the particle: 2.26 x 10–9 cm2 s–1 (2.0 µm), 4.53 x 10–9 cm2 s–1 (1.0 µm), and 9.06 x 10–9 

cm2 s–1 (0.5 µm). These are uniformly greater than the MSD-derived values by 5-7%, which may 

be attributable to tracking inaccuracy, bead size distribution as well as slight fluctuations in 

temperature and viscosity.  

3.3.3. Janus Liposomes Execute Active Motion Under Cholesterol Extraction Conditions 
 
          To test the feasibility of exploiting lipid efflux for active liposome motion, we next 

examined liposome movement in the presence of b-CD. Owing to their high extraction efficiency 

and two-way binding dynamics, b-CD and its derivatives are widely employed in manipulating 

and controlling Chol level both in artificial and cellular lipid membranes [42-44]. Administered at 

relatively low (mM) levels, moreover, such extraction is Chol specific, with other coexisting lipid 

components such as phospholipids remain largely intact during the process [45-47].  

As shown in Fig. 3A (traces in green and red), the MSD plots obtained from homogenous 

DPPC/Chol and DOPC/Chol liposomes remain largely linear in the presence of 2.0 mM b-CD. 

Their MSD-derived diffusion coefficients, 9.2 x 10-2 µm2 s-1 (DPPC/Chol) and 9.3 x 10-2 µm2 s-1 

(DOPC/Chol), compare closely to those obtained in pure water. Strikingly, for Janus liposomes 
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subjected to similar treatment, the resultant MSD plot displays greater stepwise displacements that 

yield an overall upward-bending profile (Fig. 3a, blue trace), indicating the presence of active 

motion in the system aside from diffusion [39, 40]. A very similar trend is also observed when we 

extend the test to another Janus liposome system based on diphytanoylphosphatidylcholine 

(DPhPC) together with DPPC and Chol (Fig. 3a, black trace). The motional difference between 

homogenous and Janus liposomes is also evident from individual particle trajectories recorded (Fig. 

3A, inset). Since Chol extraction is expected to proceed similarly on homogeneous liposomes vs. 

their corresponding domains on Janus liposomes (more below), the active motion observed most 

likely originates from the broken symmetry, i.e., the opposing ld/lo domains, associated with the 

latter.  

Fitting these plots according to the two-component model [12, 39], MSD(t) = v()t) + 4Dt, we 

further obtained the active motion velocity (v0) and diffusivity (D) of the two Janus systems: 1.9 x 

10–1 µm s-1 and 1.5 x 10–1 µm2 s–1 (DPPC/DOPC/Chol); 2.0 x 10–1 µm s-1 and 1.6 x 10–1 µm2 s–1 

(DPPC/DPhPC/Chol), respectively. Of the former, the calculated diffusivity is ~50% greater than 

that obtained in pure water, suggesting that diffusion is coupled with and enhanced by the active 

motion[12, 13] in the present case. From these values, we also calculated Péclet number (Pe) 

associated with the active motion by Pe = 2rv0/D: 6.2 (DPPC/DOPC/Chol) and 6.5 

(DPPC/DPhPC/Chol). A dimensionless quantity, Pe characterizes the relative contribution of 

active vs. diffusive components to overall particle movement, with Pe≫1 if active motion 

dominates in the system and Pe≪1 when it is negligible. Thus, our Janus liposome system, as the 

way it is being measured, yields an intermediate case in which the active component is greater than 

but not dominant over diffusion. Notice that, due to time needed for solution mixing and injection 

(Experimental Section), we have to miss the initial stage of the extraction for particle tracking 
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when the Chol efflux is the highest. Otherwise, we expect to see more prominent liposome active 

motion. 

          A close examination of individual trajectories obtained from DPPC/DOPC/Chol Janus 

liposomes in addition reveals a direct correlation between the liposome trajectory placement and 

their initial domain orientation. Here, three out of four liposomes have their trajectories developed 

in front of their ld domain (Fig. 3B). Expanding this analysis to the entire population, we find 

similar correlation in >50% of the particles, more than twice the liposomes displaying trajectories 

toward the opposite direction, 24%; in addition to these two groups, 22% liposomes being 

monitored move sideways (Fig. 3C).   

A related factor to consider here is liposome’s rotational motion, which as thermal noise 

randomizes liposome orientation. For 5-µm-diameter liposomes, we estimate their rotational 

diffusion coefficient (Dr) to be 1.03 x 10–2 s–1, by Dr = kT/(8hr3). From this value, we then obtain 

the persistence time associated with liposome motion (tr) at 48.5 s, following tr = [(d – 1)Dr]–1, 

where d (=3) is the spatial dimension of rotation. Within the 15-s time window of liposome 

tracking, therefore, liposome active motion is expected to remain correlated with their initial 

orientation (12, 13), consistent with our experimental observation. 
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Figure. 3.2 (A) MSD plots of homogeneous and Janus liposomes in the presence of 2 mM b-CD. 
Colors used for different samples: homogeneous DOPC/Chol (red), DPPC/Chol (green), 
DPPC/DOPC/Chol Janus (blue) and DPPC/DPhPC/Chol Janus (black). Insets: representative 
liposome movement trajectories; same color code applies. In each case, four liposome trajectories 
obtained from the same recording are placed in a 25x25 µm box (in gray). The distance between 
liposomes in the actual is much greater (no interparticle interactions). (B) Trajectory development 
vs. Janus liposome initial orientation of the DPPC/DOPC/Chol sample. (C) Population-wise 
analysis of liposome trajectory placement vs. initial liposome orientation. A total of 458 liposomes 
were assigned into four categories of movement: forward (F, with liposome’s ld domain as the 
front), backward (B), sideway (S) and undetermined (U). 

 

3.3.4  Cholesterol Extraction from Liposomes by b-CD is Lipid Dependent and Domain 
Specific 
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          To quantitatively assess Chol efflux in different lipid systems and thus identify its 

correlation with liposome motion, we next investigated Chol extraction kinetics by fluorescently 

following its analog, Bodipy-Chol. Combining Bodipy’s compact size and charge neutrality with 

Chol’s main structural features in a small package, this probe has been found to closely track the 

distribution/transport of Chol in both model [35, 36] and cellular lipid environments [37, 38]. Moreover, 

Bodipy-Chol maintains similar emission characteristics in both ld and lo lipid domains [48, 49], 

enabling its use in following Chol partitioning among complex membrane phases. By combining 

fluorescence detection of Bodipy-Chol with external standard calibration (Experimental Section), 

we can thus quantify Chol levels in different liposomes and lipid domains. 

As a preliminary test, our single-point fluorescence imaging reveals appreciably faster 

extraction on DOPC/Chol vs. homogenous liposomes. Upon 16-min continuous extraction, for 

example, Bodipy-Chol fluorescence is mostly retained in DPPC/Chol liposomes, but largely lost 

from DOPC/Chol liposomes (Fig. 4A). This trend is further confirmed by detailed time-dependent 

measurements, which identify first-order Chol extraction kinetics for both cases (Fig. 4B). 

Specifically, it proceeds an order of magnitude faster in DOPC (k = 0.056 s–1, t1/2 = 9.5 min) 

compared to DPPC (k = 0.005 s–1, t1/2 = 143 min). This result is in accord with previous findings 

that Chol displays a higher tendency (activity) to escape from disordered lipid domains, a result 

due to complex interplay between Chol/lipid binding, lipid matrix order (with it, Chol’s 

accessibility), and entropy [50-52]. Fast Chol extraction also appears evident at the ld domain in Janus 

liposomes (Fig. 4A). 

Detailed kinetic analysis reveals several additional features unique to Janus liposomes (Fig. 

4B). To start, a rate constant of 0.031 s–1 (t1/2 = 20 min) is found for Chol extraction at the lo domain, 

which is 6 times higher than that from homogenous DPPC liposomes. At the DOPC-enriched ld 
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domain, interestingly, the level of extraction appears to first rise at the beginning of the process 

before setting into a continuous decay (open circles in red, Fig. 4B). The first-order fitting of the 

latter returns k = 0.061 s–1 (t1/2 = 5.3 min), which is quite comparable to that from homogenous 

DOPC liposomes. Of the initial rise, it corresponds to a level of Chol traffic at the ld domain that 

temporarily surpasses the local Chol availability. Since there exists no external Chol supply in the 

system, this greater Chol traffic can only be sustained by an internal Chol transfer, i.e., from the lo 

to ld domain of the same Janus liposome. The existence of this internal route is also consistent with 

the observation of fast Chol depletion observed from the lo domain, serving as the internal Chol 

reserve in the process. As suggested previously by Sanchez and coworkers [53,54], Chol distribution 

between lo/ld domains maintains a dynamic equilibrium dictated by the amount/type of lipids 

present in the liposome. When a preexisting equilibrium is tipped off by fast extraction taking 

place at one domain of the liposome, such internal Chol transfer acts to reestablish the global 

equilibrium.  
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Figure.3.3 b-CD extraction of Chol from homogeneous and Janus liposomes. (A) Fluorescence 
micrographs of liposome samples before/after 16-min extraction with 2 mM b-CD. All samples 
contain 1% Bodipy-Chol as the fluorescence label for Chol. Scale bar: 50 µm. (B) Bodipy-Chol 
concentration decrease in homogeneous (solid squares and circles) and Janus liposomes (open 
squares and circles) over time as a result of b-CD extraction. Solid and dashed lines are fitting 
curves obtained from first-order kinetics. In the case of Janus ld domain, only the last six data 
points were used to produce the fit (more in main text).   
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3.3.5 Contributing Factors to Liposome Active Motion 

  
          Keeping the nominal liposome size constant at 5 µm, we next examined the impact of 

various extraction-related experimental variables on liposome motion. As for the concentration of 

the extracting agent, we find the MSD plot obtained with 0.5 mM b-CD to be closely comparable 

to the case of 2 mM b-CD (Fig. 5A). When [b-CD] is raised to 4 mM, only a small (~10%) increase 

in liposome displacement is obtained (trace in purple, Fig. 5A). Such insensitivity of active motion 

to CD concentration could be due partially to b-CD accumulation at the liposome surface as a 

result of H-bonding, which provides a constant pool of b-CD during extraction. A more likely 

cause, however, lies in the fast depletion of Chol from liposomes under high b-CD concentrations. 

For example, we found early on that, with 4 mM b-CD, the Chol extraction can progress to ~90% 

completion in less than 2 min (data not shown). At still higher concentrations, e.g., 5 mM, 

substantial liposome morphological changes and rupturing prevent us from accurately identifying 

ld/lo domains. Interestingly, when we replace b-CD out from the system with methyl-b-CD (at 1 

mM), a more efficient Chol-extracting agent than the former [55, 56], we observe a 35% enhancement 

in the resulting MSD (trace in orange, Fig. 5A). Higher methyl-b-CD concentrations are not tested 

due to extensive lipid domain fusion and liposome rupturing. Another factor investigated is the 

relative size of ld vs. lo domains, i.e., the Janus ratio, in Janus liposomes, which can be controlled 

by adjusting the mixing ratio of the three main lipids [33]. Here, we identify a clear correlation, in 

that liposomes generally move more actively as their ld domain becomes larger (Fig. 5B). Of the 

three samples tested, the one prepared from DPPC/DOPC/Chol mixed at 50/20/30 (Janus ratio: 

~1:3) produces the least active MSD plot,  which is still significantly more active (by 90%) than  
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Figure.3.4. (A) MSD plots of Janus liposome movement were obtained from different CD 
concentrations and types. (B) MSD plots of Janus liposome movement were obtained from 
samples with different Janus ratios. Inlet: fluorescence micrographs of representative liposomes 
with different relative Ld/Lo domain sizes and their lipid mixing ratios. To clarify, these are taken 
from liposome samples without size control (extrusion).      
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that obtained from homogeneous liposomes under similar conditions. In comparison, the 35/35/30 

sample (Janus ratio: ~1:1) is 20% more active, which, in turn, is 47% slower than that from 

30/50/20 mixed sample (Janus ratio: ~3:1). Of the latter, it is important to note that its highest 

mobility is achieved despite its lowest Chol level expected in the ld domain among the three [32]. 

While these results point directly to the deciding role of liposome surface area on the liposome 

active motion, other factors, such as Chol anchoring strength and its heterogeneous liposome exit 

[57], cannot be ruled out fully without further examination. 

3.3.6. Molecular Interactions, Driving Forces and Hydrodynamics Involved  
 
          We now move on to a mechanistic discussion of the liposome active motion observed, 

focusing on the molecular interactions, interfacial forces, and hydrodynamics involved.  

Starting from the extractant, b-CD, its a-1,4-linked, 7-member glucose ring system 

possesses a truncated-cone shaped structure when dispersed in water, featuring a shallow 

hydrophobic cavity furnished distally by two (6-positioned) hydroxyl groups at the narrow end 

and four (2,3-positioned) hydroxyl groups at the other [27]. These peripherical hydroxyls render 

hydrogen bonding prominent in much of b-CD interaction with other species, be it a solvent (water 

primarily) or a binding partner. As to the cavity, it is important to recognize that it is “preloaded” 

with several water molecules inside, e.g., ~6 from neutron diffraction evidence [58]. Due to 

structural confinement presented by the cavity, moreover, these trapped water molecules can only 

attain partial H-bonding, as opposed to the ideal four-fold arrangement, with their neighbors. As 

such, they are highly disordered and mobile. When a binding partner enters b-CD’s cavity to form 

an inclusion complex, out go these frustrated water molecules (Fig. 6A). Energetically, it is the 
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release of these high-energy waters to the bulk, thus restoring their H-bonding order, that primarily 

drives such formations [59-61]. 

Once being added into a liposome solution, b-CD starts to accumulate around liposomes 

driven by H-bonding with the lipid headgroups [62]. From there, it would either thermally relax 

back to the bulk or more eventfully, encounter a cholesterol nearby, whose hydroxyl group is 

positioned at the lipid/water interface but less accessible to b-CD compared to co-assembled 

phospholipids. Such encounters then trigger highly efficient Chol extraction from the liposome 

host, with DG estimated to be –40 kJ mol–1 for ld-like lipid systems [63]. To pull the relatively long 

Chol fully out, the addition of second b-CD is favored so as to shield Chol’s entire hydrophobic 

body from direct water exposure. This 2:1 CD⊃Chol complex stoichiometry is generally supported 

by experimental [64, 65] and simulation [63, 66] results. Once the extraction is complete, the resultant 

CD⊃Chol complex tends to diffuse away from the liposome surface – as a new entity, its 

concentration is the highest there. Such departure is also facilitated by the unbound b-CDs, which 

continuously diffuse in to replace those Chol-loaded ones from liposome surface and thus sustain 

the extraction. A two-way traffic of extractants, therefore, arises at the liposome/water interface 

(Fig. 6B).  

Mechanically, the extraction process can be viewed as an intermolecular tug-of-war 

between Chol’s complexation with b-CD on one hand and Chol’s anchoring in lipid matrices on 

the other. From recent single-molecule force studies, the former interaction registers a force of >30 

pN [61], exceeding the latter measured for both lo (22 pN) and ld (12 pN) bilayers [67] under 

comparable conditions. These results not only underscore b-CD’s high extraction efficiency 

toward Chol; but, more importantly, they also hint at the pulling force that the liposome must 

experience as Chol exits its host. As 2D liquids, lo/ld lipid bilayers are viscous matrices that exhibit 
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internal friction. As the force imbalance causes Chol to accelerate from a relatively stationary 

starting position inside these matrices, part of momentum carried by Chol will be transferred to 

the liposome via such internal friction, resulting in a pull along the same direction, i.e., roughly 

perpendicular to the local bilayer plane.[66] Of the two CDs tested, methyl b-CD bears a deeper 

hydrophobic pocket that affords more favorable inclusion of Chol compared to b-CD [68], thus 

registering a stronger pull. Its two H-bonds vs. b-CD’s six also translates to a smaller desorption 

energy barrier [66]. This pulling force, moreover, multiplies as the Chol efflux increases. Take, 

homogenous DOPC/Chol liposomes, for example. From the cross-section area each lipid occupies 

in a mixed lipid bilayer, 0.6 (DOPC) and 0.2 nm2 [69], we can estimate their average number in a 5-

µm-diameter unilamellar liposome: 2.2 x 108 and 1.0 x 108, respectively. Relating the latter with 

the extraction half time obtained earlier (t1/2 = 9.5 min), we can then obtain a rough estimate of 

average Chol efflux: 1.1 x 103 µm–2 s–1, which, notably, compares closely to the rate of b-CD-

facilitated Chol desorption from monolayers [42]. 

Such Chol extraction-induced pulling does not produce directional liposome motion 

outright, however. Another key factor is the geometric asymmetry of Janus liposomes, which 

enables anisotropic chol efflux over the liposome surface and hence, external force development 

about the structure. By contrast, the spherical symmetry of homogeneous liposomes leads to net 

cancelation of interfacial forces around the particles. As a result, their motion remains largely 

diffusive despite their ongoing Chol extraction (Fig. 2).  

As the most abundant species present, water, particularly its hydration effect and associated 

hydrodynamics, need specific consideration. To start, there exists a layer of water bound to the 

liposome surface, i.e., the hydration shell [70, 71], which structurally makes up the outermost layer 

of liposomes interacting with water and extractant molecules in the bulk. Mechanistically, the 
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former interaction (between bound and free waters) manifests itself through liposome Brownian 

diffusion, whereas the latter presents a physical barrier for the extractant to overcome before Chol 

extraction could take place. Closely related to its existence, there is also hydration’s dependence 

on lipid type. It has been generally established that, for example, more waters are bound with 

DOPC than DPPC bilayers on a per lipid basis [70, 72, 73], which accentuates different water binding 

strength and penetration depth between these two lipid systems. If water/lipid interactions are lipid 

specific, then, can they “propagate” through the system and manifest themselves on the level of 

liposome movement? 

Our liposome tracking results clearly point to the negative. For both homogeneous and 

Janus liposomes (Fig. 2), we observe ideal Brownian motion fully described by diffusion of a rigid 

sphere at low Reynolds numbers [38, 74]. Such absence of lipid specificity in liposome motion can 

be understood on several levels. Microscopically, liposome diffusion results from uncompensated 

random thermal collisions by water molecules in the bulk. The bound waters, on the other hand, 

display much slower translational dynamics [75-77] and to a good approximation, may be considered 

frozen during the collision process. In this sense, the bound water layer is as much on the receiving 

end of the collision as the liposome itself. Another important factor to consider here is Chol’s well-

known condensing/ordering effects [78,79]. By replacing bulk waters from forming H-bonding 

network with the lipid headgroups at the lipid/water interface, it decreases the level of water 

penetration into the lipid bilayer; by softening DPPC matrix on one hand and ordering DOPC on 

the other, moreover, it effectively levels the mechanical distinction between the two lipid domains. 

Note also that, rotational diffusion is not fast enough to average out such a difference for the size 

of liposomes studied here, as discussed earlier. 
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Figure. 3.5 (A) Schematic of CD/Chol inclusion complex formation and associated water release 
from CD’s cavity. (B) Cartoon depiction of the driving force, lipid transfer (indicated by dashed 
arrows) and efflux (solid arrows) involved in the directional motion (gray arrow) of Janus 
liposomes.  
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3.3.7. Conclusions  
 

        This work demonstrates liposome active motion through asymmetrical lipid efflux from Janus 

liposomes. Sustained by continuous Chol release from liposomes and inter-domain Chol transfer, 

the observed active motion exceeds the background diffusion by nearly two-fold. By exploiting 

intrinsic material properties of lipid assemblies, such as lipid phase separation and extraction, this 

work represents a significant departure from existing liposome-based motor design strategies. 

Applied orthogonally together with the latter, it should enable further development of multi-

responsive, function-programmable liposome motors. Largely a proof of concept in itself, this 

work outlines a hierarchical design principle that should be applicable to other lipid systems 

operating on alternative intermolecular interactions and interfacial properties. One of such 

exploration possibilities is lipid-active enzymes. Ongoing work in this laboratory is geared toward 

this area as well as improving the speed and robustness (e.g., under osmotic pressure or in crowded 

environments) of these liposome motors. 
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CHAPTER 4. Photoelectrochemically-Driven Active Motion of 

Ru(bpy)32+-Labeled Liposomes 
 
 

4.1 Introduction  
 
      The advancement of synthesis and fabricating technologies for Janus particles have brought 

about various designing of micro/nanomotors and devices, which mainly take advantage of 

converting other forms of energy into mechanical energy to propel motion for the particles.[1] 

These brilliant designs greatly stimulated the imagination of researchers who developed 

micromotors or nanomotors propelled by chemical reactions [2-5] as well as external fields 

including magnetic field,[6-7] electric field,[8] acoustic field, [9-10]temperature gradients [11-12]and 

light-driven. [13-16] Chemically powered motors based on forming the chemical gradients or 

bubbles on the asymmetrical structure of Janus particles to trigger the particle's motion were the 

most widely investigated case in the past decades. [5,17]  The most classic nanomotors focusing on 

chemically powered mechanism was Pt-Au bimetallic featured Janus rods (1um length ) in aqueous 

hydrogen peroxide solution fabricated by Vincent H. Crespi and his group in 2004.[18]  In their 

specific auto-motors, the Janus rod moved autonomously along their axis in the direction of the Pt 

end with speeds up to 10 body lengths per second in 2-3% H2O2 solution. Since then, there was an 

increasing number of demonstrations related to Pt-based catalytic Janus motors in hydrogen 

peroxide as well as some enzyme-based biocompatible motors reported by researchers. [4,5,17] 

Even though this chemically powered kind of motor holds a lot of advantages such as convenient 

fabrication, high diversity of design, and wide applications, the “fuel molecules” are indispensable 

for these motors. Besides, it retained large challenges to control the happening and end of the 
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chemical reaction until the “fuel molecules” were exhausted in most reports. Such catalytically 

driven artificial motors displayed inherent biocompatible and controllable limitations including 

when considering employing them in the biological system. Therefore fuel-free autonomous 

micro/nanomotors systems have attracted intense attention from researchers. Among all the fuel-

free Janus motors, light-driven micro/nanomotors which are converting light energy into 

mechanical energy exhibited extraordinary advantages compared with other types of active motion 

devices. Light has been regarded as one the of most efficient and versatile physical stimuli to 

facilitate and regulate the propulsion of micro-/nanomotors.[13] While utilizing harmless and 

renewable visible light to provide energy to power micro-/nanomotors in a fluid environment 

encounters a great challenge. To achieve such locomotion through a light-driven based mechanism, 

the particles have to be made of or coated with photoactive materials including photocatalytic 

materials, photothermal materials, and photochromic materials.[1] These applied photoactive 

materials are capable of performing a photochemical reaction, photothermal conversion, and 

photoisomerization respectively via absorbing light energy and generating the asymmetric field of 

energy across the surface of the particle to power the motion. According to the previous reports of 

light-driven motors, the common constructing strategy of preparing such light-based 

micro/nanomotors can be classified into two main groups: one is designing asymmetric structure 

(Janus particles) with photoactive materials and the other is to create nonuniform photo-exposure 

upon a photoactive material. In the past few years, different metal-based micro-/nanomotors 

propelled by photocatalytic activities were reported due to transition metals widely employed in 

sensitizers such as TiO2-based tubular micro engine[19-20] by light-induced bubble formation; 

BiOI-based micromotors powered by visible-light-driven in pure water[13].  
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          Combined the great advantages of liposomes as environmentally friendly drug delivery 

candidates and biocompatible to the human system with light-driven based motors, we herein 

fabricated Ru(bpy)3
2+-labeled Janus liposomes which were further utilized into soft 

photoelectrically-driven micromotors. As a versatile and stable ruthenium-coordinated compound 

with excellent photoactivity, tris(2,2’-bipyridine)ruthenium(II) (Ru(bpy)3
2+) has been broadly 

employed as a photosensitizer in many applications ever since its first synthesis in the 1960s.[21-

22] Photoexcitation of Ru(bpy)3
2+ (lmax: ~450 nm), for example, readily populates its metal-to-

ligand charge-transfer excited state, Ru(bpy)3 
2+*, which is characterized by a long lifetime, i.e., 

typically in hundreds of nanoseconds.[23-24] To begin with our liposomes-based micromotors 

investigation, the membrane phase of liposomes labeling photosensitizer Ru(bpy)3
2+-DOPE was 

synthesized according to the protocol in our previous reports.[25] The synthesized Ru(bpy)3
2+-

DOPE was utilized to label the Ld phase membrane of Janus liposomes which replaced the original 

rhodamine-DOPE labeling followed by Ru(bpy)3
2+-labeled Janus liposomes were generated 

successfully. To achieve active motion of  Ru(bpy)3
2+ labeled Janus liposomes, selecting effective 

chemical fuels in the solution become crucial. Based on the electron transfer and mass transfer 

property of Ru(bpy)3
2+ , different fuel system candidates including ascorbate/ Ru(bpy)3

2+; oxalate/ 

Ru(bpy)3
2+; persulfate/ Ru(bpy)3

2+; bromate/ Ru(bpy)3
2+ and methyl viologen/EDTA/Ru(bpy)3

2+ 

were tested under confocal microscope upon 405nm laser exposure. In terms of reactivity under 

the laser light, the methyl viologen/EDTA/Ru(bpy)3
2+ system was found to be the most promising 

one. Moreover, the active motion behaviors of these size-controlled Janus liposomes which were 

extruded by micropores attached membrane were investigated when exposed to blue laser light 

stimuli in the present report. To evaluate the active motion velocity of Ru(bpy)3
2+ labeled Janus 

liposomes by photoelectrochemically driven, we analyzed the mean square displacement (MSD) 
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of the motion trajectory. After comparing the MSD of these Janus liposomes' trajectory with and 

without fuel molecules present, we found the motion of these special light-driven liposomes were 

indeed enhanced compared with under control condition. However, the motion efficiency wasn’t 

reached our expectations and more details will be explained in the results part of this chapter.  

          The main goal of this project was to construct the Ru(bpy)3
2+ labeled Janus liposome 

micromotors through light-driven active motion. We hypothesized these Janus liposomes could be  

propelled with the mass transfer and electron transfer process happened on the surface with 

liposomes membrane when placed them into the reactive fuel reagents solution. In addition, we 

expected the light-driven active motion could be adjusted by the exposure light intensity and 

reagent molecule solution.  

 

4.2 Experimental Section  

4.2.1 Reagents and Materials 
       

        All lipids used including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC,  13.623mM  ), 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 12.720mM), 1,2-dioleoyl-sn-glycero-3- 

phosphoethanolamine (DOPE, 13.44mM) and 23-(dipyrrometheneboron difluoride)-24-

norcholesterol (Bodipy-chol, 0.867mM) were products of Avanti Polar Lipids (Alabaster, AL). 

Other chemicals including poly(vinyl alcohol)  (PVA, MW: 145 000),  Cholesterol, bis(2,20 -

bipyridine)-40-methyl-4-carboxybipyridine-rutheniumN-succinimidyl-ester(hexafluorophosphate) 

(Ru(bpy)32+-NHS), N,N-dimethylformamide(DMF), triethylamine, 4-(2-hydroxyethyl)piperazine-

1-ethanesulfonic acid (HEPES), methyl viologen dichloride hydrate (MV2þ), L-ascorbic acid 

sodium salt (sodium ascorbate), potassium persulfate, bromate acid, Chloroform (>=99.5%) were 
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obtained from Sigma Aldrich; hydrogen peroxide solution (30%) from Maron Fine Chemicals; 

Poly(dimethylsiloxane) (PDMS) from DOW Corning CO. Deionized (DI) water of 18.2 MΩ·cm 

(Millipore) was used throughout this work. Polycarbonate (PC) filter membranes employed in this 

work were either Whatman Nuclepore (GE Healthcare; thickness: 7−22 μm) or isospory (Millipore 

Sigma, thickness: 21−27 μm) membranes with pore sizes of  5 μm and nominal thickness of 0.25 

mm;  Plunger-based lipid extruder (Mini-Extruder, Avanti Polar Lipids). Linear microfluidic 

channels employed in motion recording test from Cole-Parmer Company. 

 

Figure 4.1 Three components for the synthesized experiment products. 1. Ru(bpy)32+-NHS; 2. 
DOPE; 3. Ru(bpy)32+-DOPE. 
 

4.2.2 Synthesis of Ru(bpy)3
2+- DOPE  

 

       Ru(bpy)3
2+- DOPE is synthesized by ourselves in the lab on account that it was not 

commercially available. The synthesis protocol was mainly followed by the previous report in our 

lab with a few modifications.[25]  To begin with the one-step reaction of    Ru(bpy)3
2+-NHS and 

DOPE, 2.5 μmol of DOPE (186μL, 13.44mM) in chloroform was added to a cleaned round flask 

and dried with a nitrogen blowing stream, to which 0.8mL of high purity DMF and 25 μmol of 

triethylamine (3.5 μL )were added to the flask and kept stirring under nitrogen gas environment 
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for 30mins. Then 5 μmol of Ru(bpy)3
2+-NHS (about 5mg total) dissolved completely in DMF and 

injected into the aforementioned flask and mixed thoroughly with a stir bar on the stirring plate 

overnight at room temperature in the dark. All the reaction process was implemented in the pure 

nitrogen gas environment and the final reaction volume was close to 1 mL. Later the resulting 

products were dried by nitrogen blowing stream and purified on a silica gel column (15cm length, 

200-400 mesh) using chloroform and chloroform/methanol/water (90:10:0.5) and then 65:25:4 

v/v/v) as mobile phase. In the purification process, the production of Ru(bpy)3
2+- DOPE was 

confirmed by TLC spots comparison and 1H NMR in CDCl3 and finally, the purification was 

examined by EIS-MS. The collected Ru(bpy)3
2+- DOPE was concentrated and dissolved in 

chloroform with 5mM concentration which would be applied to further label the Janus liposomes 

in the following part. Figure 4.1 displayed the structures of two reaction reagents Ru(bpy)3
2+-NHS  

and DOPE as well as the synthesized product Ru(bpy)3
2+- DOPE. Figures 4.2 and 4.3 demonstrated 

the 1H NMR in the CDCl3 spectrum and EIS Mass spectrum (calculated at 1353.7 )respectively of 

our final synthesized product Ru(bpy)3
2+- DOPE.   
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Figure 4.2 1H NMR in CDCl3 spectrum for the fresh synthesized Ru(bpy)32+- DOPE product. 
The main peak between 1.5 and 1 represents the structure of our product. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 ESI-Mass spectrum for fresh synthesized Ru(bpy)32+- DOPE in methanol. The main 
peak displayed at around 1352.6 was close to the calculated value of 1353 which further confirmed 
our target product. 
 
 
 

4.2.3 Ru(bpy)3
2+-labeled Janus liposomes preparation 

         

       In terms of preparing Ru(bpy)3
2+ labeled Janus liposomes, we mainly followed the procedure 

in our previous report [26]  in which the rhodamine-DOPE was replaced by Ru(bpy)3
2+-DOPE to 

label Lo phase. In the detailed process, there were several successive operations and steps including  

(1) Material/substrate preparation, which includes poly(vinyl alcohol) (PVA) solution, glass 
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substrates, and lipids precursor solutions. The PVA aqueous solution used in this procedure 

contains 5 wt % polymer, which is dissolved by continuously stirring the polymer in DI water 

maintained at 80 °C, whereas the glass slides (VWR, 1 × 1 in, 1 mm thickness) are cleaned by 

sonication in acetone, DI water, dilute detergent aqueous solutions, and DI water again and then 

blow-dried by a nitrogen stream. All lipid precursors used in this work are prepared in chloroform 

with a total lipid concentration of 5mM, and their compositions are including 

DPPC/DOPC/cholesterol/ Ru(bpy)3
2+-DOPE/Chol-bodipy. (2) PVA gel preparation, which is done 

by first evenly spreading 100 μL of the PVA solution on a precleaned glass slide at room 

temperature and then drying it on a hot plate at 50 °C for 30mins. (3) Lipid deposition on PVA gel. 

To achieve this, a 5 μL lipid precursor is first cast on the PVA gel film prepared above using a 

micro-syringe. This quickly produces a lipid thin film upon solvent evaporation, which is further 

dried under a vacuum overnight in the dark at room temperature. (4) Liposome production, which 

is carried out by hydrating the lipid films deposited on PVA gel with 1 mL of DI water at 45 °C 

for 2hours. After a brief shake of the hydration homemade cap housing the lipid deposits/gel/glass 

substrate, thus-produced liposomes are harvested with a pipette and stored at room temperature. 

An extended hydration period is found to be beneficial to the coalescence process of biotinylated 

Janus liposomes. 

4.2.4 Characterization of Janus liposomes by fluorescence microscopy 
           

         The fluorescence images and motion videos of Ru(bpy)3
2+ labeled  Janus liposomes were 

acquired on a Nikon A1+/MP confocal scanning laser microscope (CSLM, Nikon Instruments, 

Inc., Melville, NY) using 20× objective and excitation laser lines at 405 and 488 nm. As a special 

sensitizer of metal-ligand complex phosphor,  Ru(bpy)3
2+ owns maximum excitation at around 
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450nm (close to the blue light wavelength) and emission peak at 625nm. The corresponding green 

and red emission signals were filtered at 525 ± 25 and 595 ± 25 nm. For each measurement, a 

10−15 μL liposome solution was first pipetted into a Poly(dimethylsiloxane) microwell reversibly 

sealed to a precleaned microscope cover slide (Corning No. 1, 22 × 22 mm, Corning, NY) and 

then given 30mins to settle under 100% humidity. 

 

4.2.5 Characterization of motion behaviors for Janus liposomes by photoelectrochemically-
driven 
 
         Generally, there exist several different diffusion coefficient measurements for micro- or 

nanomotors so far including particle tracking by mean square displacement (MSD) analysis, 

fluorescence correlation spectroscopy (FCS), dynamic light scattering (DLS), and diffusion 

nuclear magnetic resonance (NMR).[29] Among all these methods, MSD analysis has been widely 

used as a standard measurement to determine diffusion coefficients of microswimmers due to 

reliability for a large number of particle tracks and reproducibility. Here the diffusion behavior of 

the as-obtained membrane extruded Ru(bpy)3
2+ labeled Janus was characterized CCD camera 

coupled to the laser scanning microscope and then processed through the MSD analysis method. 

The detailed procedure for this MSD analysis could be summarized into the following steps: (1) 

the good quality Janus liposomes were extruded by micropores contained membrane to get size 

controlled (5um) liposomes; (2) the extruded Ru(bpy)3
2+ labeled Janus liposomes solution was 

mixed with an equivalent volume of different concentration persulfate solutions (5mM,10mM) in 

the dark environment to prevent photo quenching; (3) the solution mixtures were loaded into a 

precleaned linear microfluidic channel quickly and set onto the confocal stage plate; (4) Once 

turned on the blue laser (405nm filtered), the motion behavior was recorded by  CCD camera (at 
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a frame rate of about 25 fps) equipped with Nikon inverted microscope in which the 20x objective 

was attached. Based on the single particle tracking method, the recording images and videos of 

liposomes motion were processed and analyzed by the well-known software Image J to acquire 

motion trajectories files; (5) These trajectory files were further analyzed through MATLAB 

software with home-written codes to calculate the mean square displacement (MSD) curves which 

could properly describe and classify the motion behaviors of micro/nano-particles. According to 

the previous particles motion study, the corresponding MSD fitting equation in a short time interval 

can be expressed as follows: 

MSD(Δt) = 4DΔt + v2Δt2 [27] 

where D is the diffusion coefficient, Δt is the interval time, and v is the movement speed of the 
particle. 
 

4.3 Results and Discussion 

4.3.1 Experiment design 

     
        As introduced earlier, the experiment design for the photoelectrochemically driven-based 

active motion of liposomes was demonstrated in Figure 4.1 in which once the Ru(bpy)3
2+-labeled 

Janus liposomes mixed with electron donor or acceptor fuel molecules and exposed under blue 

laser light (450nm wavelength), the active motion of liposomes were induced by chemo-phoretic 

propulsion energy formation due to the electron transfer reaction only happened on one hemisphere 

of liposome membrane surface (Ld). Owned various special photochemistry properties, Ru (bpy)3
2+ 

could achieve electron transferring with a bunch of different electron donors or acceptors fuels 

including ascorbate, oxalate, persulfate, bromate, methyl viologen/EDTA. The motion direction 
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of these liposomes here was from Ld domain side to the Lo domain side as a consequence of new 

chemical species chemical gradient formation on the two-hemisphere membrane.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Schematic of photoelectrochemically-driven active motion process for Ru(bpy)32+-
labeled Janus liposome in fuel chemicals environment exposed under blue laser light in which the 
red hemisphere represents Ru(bpy)32+-labeled Ld phase and the green one represents bodipy 
labeled Lo phase. The arrow indicates the motion direction. 
 

4. 3. 2  Fluorescence configuration of Ru(bpy)3
2+-labeled Janus liposomes  

 
           The aforementioned well-prepared Janus liposomes by gel-assisting swelling hydration 

method were characterized by confocal laser scanning microscope to examine the liposomes 

quality. The phase separation of Ld and Lo domain on the membrane was clearly distinguished as 

figure 4.5 (a) showed means that Ru(bpy)3
2+-DOPE mainly partitioned preferentially into one 

domain (Ld) to form Janus liposomes. Based on these Janus liposomes images, we demonstrated 

that the fluorescence dye rhodamine conventionally applied in labeling Ld of the liposomes could 

be replaced by Ru(bpy)3
2+ molecules. Besides, the production yield of Janus liposomes was still as 
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high as the rhodamine-labeled case. Considering the low quantum yield (0.042+0.002) of 

Ru(bpy)3
2+ in solutions,  in order to acquire clear and bright images, especially for the red domain 

of the liposomes membrane, the Janus liposomes sample needs to be exposed to higher laser  

 

 

Figure 4.5. Confocal fluorescence microscopy images for Ru(bpy)32+ labeled Janus liposomes (A) 
and rhodamine-labeled liposomes (B). Here both of the two green domains were labeled by the 
same kind of green dye Bodipy. 
 

intensity. Due to the special ligand-metal center structure, Ru(bpy)3
2+ owned two separated 

adsorption peaks respectively at 290nm and 450nm especially the latter one (450nm) displays a 

great promising configuration in the labeling. The large gap between the adsorption peak and 

emission peak (630nm) which avoids fluorescence self-adsorption makes it become an 

extraordinary fluorescence candidate.[23] In our experiment, the Ru(bpy)3
2+ was excited at 405nm 

laser and the emission light was filtered at 595nm + 20nm making the great loss of photons on the 

camera which indeed resulted in decreasing brightness of the Janus liposomes Ld membrane. When 

comparing the Ru(bpy)3
2+ labeled Janus liposomes images with the aforementioned rhodamine-

A.  Ru(bpy)32+ labeled liposomes B.  rhodamine labeled liposomes 
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labeled liposomes earlier under confocal microscopy as figure 4.3, the Ld domain of the 

rhodamine-labeled liposomes were much brighter than Ru(bpy)3
2+ labeled ones.  

 

 
 

 

 

 

 

Figure 4.6  Mechanism of the photochemistry of Ru(bpy)32+ -S2O82-  system (Copyright by The 
Journal of Physical Chemistry)[28] 
 

4. 3. 3  Electron transfer test between K2S2O8 and Ru(bpy)3
2+  molecules  

 
          As a special sensitizer and metal-ligand fluorophore, the triplet excited state of Ru(bpy)3

2+ 

has both stronger oxidizing and reducing properties than its ground state. This unique physical 

character makes it widely used as both an electron donor and acceptor when reacting with some 

other oxidizing or reducing chemical species such as ascorbate, oxalate, persulfate, bromate, and 

methyl viologen. In order to investigate the electron transfer efficiency between Ru(bpy)3
2+ and 

these mentioned electron acceptors or donors, we chose the persulfate ions as the representative 

example for our further experiment research. Based on the previous findings about electron 

transfer between Ru(bpy)3
2+ and S2O8

2-, the main mechanism could be summarized into four 

chemical reactions as Figure 4.5 presented. In this specific process, both the generated excited 

Ru(bpy)3
2+* by exposure under the blue laser and Ru(bpy)3

2+ could directly react with persulfate 

ions in which the electron transfer between them happened. In other words, the excited Ru(bpy)3
2+ 
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molecules could be quenched effectively by the persulfate ions when exposed to light. To further 

prove this quenching efficiency, the UV-vis spectroscopy absorbance measurement for  Ru(bpy)3
2+ 

and S2O8
2-ions mixture was implemented. From the absorbance reading (Figure 4.6) for different 

concentrations of  Ru(bpy)3
2+ mixed with a fixed concentration of S2O8

2-, we found that both under  

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.7 UV-vis spectroscopy absorbance measurements at 450nm for S2O82- quenching 
Ru(bpy)32+. A is for mixture absorbance without incubation; B is for mixture incubation for 5mins.     
 

incubation condition for 5mins and without incubation condition, the absorbance of the Ru(bpy)3
2+  

and K2S2O8 mixture continued decreasing with the increased concentration of K2S2O8 solution. 

However, not all the Ru(bpy)3
2+ were fully quenched even though the mixing ratio of K2S2O8 to 

Ru(bpy)3
2+ improved to 1000 folds in this process. These spectroscopy absorbance results 

demonstrated that the quenching efficiency through electron transferring was not as high as we 

expected. In accordance with the above experimental procedure, the quenching efficiency was 

further tested on the membrane surface of Ru(bpy)3
2+ labeled Janus liposomes in which the well-

prepared Janus liposomes solution was mixed with different concentrations of K2S2O8 solution 

A B 
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(5mM, 10mM 25mM) followed by characterizing these quenched Janus liposomes through a 

confocal microscope. From the confocal images as Figure 3.6 displayed, the red fluorescence from 

Ru(bpy)3
2+ labeled Ld domain gradually disappeared with the concentration of K2S2O8 quenchers 

increasing which indicated that the quenching reaction for Ru(bpy)3
2+ by K2S2O8 on the bilayer 

membrane was also achieved. In the presence of 10mM K2S2O8, almost all of the Ru(bpy)3
2+ 

molecules have been quenched under the laser light without affecting the shape of liposomes while 

once the concentration of quencher solution improved to 25mM, some of the liposomes shapes 

were changed due to the osmatic pressure enlarged between the inner and outer side of the bilayer 

membrane.  
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Figure 4.8 Quenching test of Ru(bpy)32+ labeled Janus liposomes membrane. equivalent volume 
from the same batch of Ru(bpy)32+ labeled Janus liposomes sample mixed with different 
concentrations of K2S2O8 solution respectively (a.0mM, b.5mM, c.10mM d. 25mM) and exposed 
under 405nm laser to acquire the confocal images.    
 

        These findings proved that the electron transfer, as well as mass transfer, happened on the 

membrane of the liposomes which is the effective support of later active motion experiments. In 

order to determine if the potassium ions would affect the quenching behavior, K2S2O8 was replaced 

a.0mM  K2S2O8 add 

c.10mM  K2S2O8 add d.25mM  K2S2O8 add 

b. 5mM  K2S2O8 add 
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by (NH4 )2S2O8 (ASP) to repeat the whole aforementioned quenching process. The final confocal 

images data (shown here) demonstrated a similar quenching trend which proved that it was   

S2O8
2-  ions quenched the Ru(bpy)3

2+ fluorescence.  

 

4.3.4 Photoelectrochemically driven active motion test for Ru(bpy)3
2+ labeled Janus 

liposomes in K2S2O8 

 
Figure 4.9 (a) Confocal images for fresh Ru(bpy)32+ labeled liposomes via gel-assisted swelling 
hydration method; (b) size-controlled liposomes by membrane extrusion.          
 

          In terms of the good quality of Janus liposomes,  the present Janus phase morphology of 

liposomes was estimated over 90% among the total particles. As Figure 3.7 (a) displayed, the good 

quality of Ru(bpy)3
2+ attached Janus liposomes were well prepared and extruded through 5um 

membrane extrusion Figure 3.7 (b). The size uniform liposomes were loaded into the linear 

microfluidic channel to measure and further study the motion behaviors in the fueling environment 

a. fresh liposomes  b. extruded liposomes  
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(K2S2O8). In accordance with the prementioned motion behavior and trajectory analysis procedure 

of these specific size-controlled liposomes,  the mean square displacement (MSD) as a function of  

 

Figure 4.10 MSD characterization of motion behaviors of photoelectrochemically driven 
Ru(bpy)32+ labeled Janus liposomes in persulfate environment condition. a. Janus liposomes in 
DI water (total 283 tracks);b. Janus liposomes in 5mM K2S2O8(total 364 tracks); c. Janus 
liposomes in 10mM K2S2O8(total 277 tracks);d. combined MSD for different concentrations. 
 

 

a. total MSD for liposomes in DI water b. total MSD for liposomes in 5mM fuel 

c. total MSD for liposomes in 10mM fuel d. combined MSDs for different concentration 
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the time interval was approximated by extracting the x-y coordinates from tracking trajectories. In 

our motion experiment, we only recorded liposomes movement in the channel for a time scale of 

15 seconds length. Due to the Ru(bpy)3
2+ molecules only asymmetrically labeled on one 

hemisphere side of the liposomes membrane, the active motion behavior of these particles should 

be different compared with the control group. Whereas, after calculating the MSD of these Janus 

liposomes’ trajectories in the different K2S2O8 concentration environments (5mM and 10mM), the 

active movement hasn’t increased as fast as our expectation. After calculating about 300 tracks of 

liposome movement, we observed that the mean MSD after 15 seconds period delay in the presence 

of  5mM K2S2O8  displayed a similar value as the control group in the absence of K2S2O8. Even 

though in the presence of 10mM K2S2O8, the mean MSD value (close to 6) only improved by about 

40% compared with the control group. Since a much higher concentration of K2S2O8 (for example 

25mM) would affect the spherical shape of liposomes in bulk solution, we haven’t further explored 

the motion behavior of liposomes in such a K2S2O8  environment. These results demonstrated that 

the migration speed of most Ru(bpy)3
2+ liposomes were rather slow or kept stationary in these fuel 

environment. There were several possible reasons that contributed to this phenomenon. Firstly, we 

assumed that the quenching reaction that happened on the surface of the membrane is not efficient 

enough to form the chemical gradient potential to propel the motion. Then it could be the extra 

fuel molecules surrounding the surface membrane of liposomes affected the redistribution of the 

Lo and Ld phase during the reaction process and it would lead to the disappearance of liposomes' 

Janus boundary. Furthermore, the osmotic pressure between the outside and inside of the liposome 

lost balance by these added fuel molecules which affect the phase redistribution of the membrane 

as well.  In the meanwhile, the low quantum yield of Ru(bpy)3
2+ molecule under the shift of 
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maximum absorbance peak of blue laser light reduced the electron transfer and mass transfer which 

also affected the liposomes movement. Besides, the strong oxidizing property of K2S2O8 to 

Ru(bpy)3
2+  which make an immediate reaction of them during the liposomes loading process 

results in the motion behavior ending too early to be observed. In summary, the motion behavior 

of Ru(bpy)3
2+ labeled Janus liposomes self-propelled under the K2S2O8 environment was rather 

slower compared with other previously reported light-driven micromotors[30-33] which offered 

another possibility of some new mild fuel candidates to Ru(bpy)3
2+.  

 

4.3.5 Photoelectrochemically driven active motion test for Ru(bpy)3
2+ labeled Janus 

liposomes in Sodium Oxalate (Na2C2O4) 
 
 
           

 

 

 

 

 

 

 
Figure 4.11 Proposed electron transfer process between Ru(bpy)32+ and Oxalate ions (C2O42-) 
on the electrode surface. (Copyright by Chemical Reviews 2008)  
 

Since the light-driven active motion of Ru(bpy)3
2+ labeled liposomes in the persulfate solution 

(K2S2O8) has not reached our expectation, we tried to further explore new fuel candidates that could 

initiate a reaction with Ru(bpy)3
2+ on the surface of the membrane. Considering the special 
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chemical property of Ru(bpy)3
2+, a lot of mild oxidizing or reducing reagents could be applied as 

fuel molecules to activate the motion of Ru(bpy)3
2+ labeled liposomes. Based on the previously 

reported photoinduced electrochemical reaction about Ru(bpy)3
2+, sodium oxalate was a classic 

alternative candidate in the electron transfer process [34]. As Figure 3.9 displayed, both Ru(bpy)3
2+ 

and Ru(bpy)3
3+ could react with oxalate ions and especially the latter one can generate excited 

Ru(bpy)3
2+*  species which produce fluorescence light. As the assumed reversible reaction, once 

we mixed sodium oxalate and Ru(bpy)3
2+ and then exposed the mixture under blue light, the 

fluorescence light generated via excited Ru(bpy)3
2+* would be quenched by oxalate ions due to 

electron transfer. In order to confirm this assumption, we examined the quenching efficiency of 

oxalate to Ru(bpy)3
2+ on the membrane by mixing the sodium oxalate with Ru(bpy)3

2+ labeled 

liposomes. From the quenching result displayed in figure 3.10, we observed the red domain on the  

 

 

 

 

 

 

 

 

 
Figure  4.12  Quenching test of Ru(bpy)32+ labeled Janus liposomes membrane by Na2C2O4 .(a). 
fresh prepared Ru(bpy)32+ labeled Janus liposomes without adding Na2C2O4; (b).fresh Ru(bpy)32+ 
labeled Janus liposomes with 10mM Na2C2O4.  
 

a. 0mM  NaC2O4 b.10mM  NaC2O4 
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the membrane was gradually disappeared after 10mM Na2C2O4 added into the Ru(bpy)3
2+ labeled 

Janus liposomes which means Ru(bpy)3
2+ molecules on the membrane were quenched by C2O4

2-

ions through electron transfer. In this process, the Ru(bpy)3
2+ molecule distribution on the Ld 

domain was greatly affected and some of the liposomes’ shapes were also influenced due to the 

osmatic pressure change between the outside and inside of the bilayer membrane. In the meanwhile, 

a higher concentration of  Na2C2O4 (25mM, 50mM ) solution was also mixed with the same batch 

of fresh prepared Ru(bpy)3
2+ labeled Janus liposomes to check the quenching performance of 

Ru(bpy)3
2+. However, most of the liposomes were broken (data not showing here) under this 

situation (25mM and 50mM) because of the osmatic pressure change. This quenching reaction 

between Ru(bpy)3
2+ and Oxalate ions makes the electron transfer or mass transfer on the membrane 

achieved.  

        To further explore the photoelectrochemically driven effect of Ru(bpy)3
2+ labeled Janus 

liposomes under the Na2C2O4 environment, we examined the real-time motion of these Janus 

liposomes through the aforementioned process in which the mixture solution including liposomes 

and Na2C2O4 was introduced into a linear microfluidic chamber and subsequently the chamber 

device was placed onto the confocal stage. Then the sample was probed in the fluorescence field 

imaging mode to observe the motion of these vesicles. What needed to be mentioned here is the 

dimension of the linear microfluidic chamber was (L * W * H) 1.8mm x 400um x 200um, and it 

was carefully sealed the two channel ends to prevent evaporation. The liposome's motion video 

scans were recorded by a high-sensitivity charged-coupled device camera at an optical 

magnification of 20x and maintaining the scan rate at 25 fps for 15 seconds total video time under 

blue laser (405nm). After recording the videos, they were analyzed through the well-known 

software Image J to extract the trajectory of these active liposomes and quantify their motion 
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behavior at different Na2C2O4 concentrations. Once extracted the trajectory data from the optical 

tracking of at least 6 to 8 vesicles, the mean square displacements (MSD) of these vesicles 

ensemble at different time intervals were calculated using MATLAB software and plotted in 

Figure 3.11. As can be seen from the mean MSD curves of membrane extruded Ru(bpy)3
2+ labeled 

Janus liposomes in the presence of 5mM Na2C2O4 and 10mM Na2C2O4 compared with the control  

group, the curves of them displayed was almost linear and the final value remained similar as  

 

  

a. mean MSD for liposomes in DI water  b. mean MSD for liposomes in 5mM Na2C2O4  

c. mean MSD for liposomes in 10mM Na2C2O4  d. combined MSD for different concentration  



 
139 

Figure 4.13 MSD characterization of motion behaviors of Ru(bpy)32+ labeled Janus liposomes in 
Na2C2O4 environment condition. a. Janus liposomes in DI water; b. Janus liposomes in 5mM 
Na2C2O4; c. Janus liposomes in 10mM Na2C2O4; d. combined MSD for different concentrations. 
 

control group after 15s which indicated that most of these Janus liposomes undergo random 

diffusion motion in the presence of 5mM and 10mM Na2C2O4 fuel. The expected 

photoelectrochemically-driven active motility of Ru(bpy)3
2+ labeled liposomes haven’t been 

observed at this moment possible due to the low efficiency of mass transfer between Na2C2O4 and 

Ru(bpy)3
2+ which was not enough to propel the liposomes. What’s more, the Ld domain of the 

membrane was disturbed during the quenching reaction between Na2C2O4 and Ru(bpy)3
2+ in which 

the chemical gradient has not formed at the separated semi-sphere of the liposomes. Besides, the 

laser light confinement to the liposomes also played an important role in reducing the motion 

behavior.  

 

4. 3. 6  Other alternative candidates applied for photoelectrochemically driven active motion 
test of Ru(bpy)3

2+ labeled liposomes 
 
           In order to realize the light-driven active motion of Ru(bpy)3

2+ labeled liposomes, we 

continued to search out much more reactive fuel species during the electron transfer reaction with 

Ru(bpy)3
2+. By holding this main goal, the methyl viologen/EDTA system provided a satisfactory 

chance to be tested in the following quenching experiment. In the early time, scientists have 

already found that EDTA could be scavenging the Ru(bpy)3
3+ at a quick rate in an aqueous 

solution.[35]  
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Figure 4.14  The main mechanism of EDTA scavenging Ru(bpy)32+/ Ru(bpy)33+ in the presence 
of methyl viologen (MV2+) under light exposure. (Copyright by Inorg. Chem)  
 

 

          Based on the previous research as Figure 3.12 displayed, in the presence of methyl viologen 

(MV2+), the excited Ru(bpy)3
2+* has one electron transfer reaction with sacrificial electron donor 

MV2+ to transform rapidly and irreversibly into oxidation state Ru(bpy)3
3+. Then the latter 

Ru(bpy)3
3+ molecules could be reduced by EDTA to reform Ru(bpy)3

2+ species. In this total process, 

Ru(bpy)3
2+ became a circulating utilization species even though a small part of them could be 

bleached under 450nm light exposure.  

          Upon this enduring electron transfer fuel model (EDTA/MV2+) system, we further repeated 

the aforementioned quenching experiment protocol. To begin with, we tested the bleaching 

efficiency of Ru(bpy)3
2+ (100uM) in the EDTA/MV2+  (5mM) aqueous solution system upon blue 

LED light (450nm) exposure. As Figure 3.13 (a) demonstrated, once the mixture of EDTA/MV2+ 

with Ru(bpy)3
2+ was exposed to 450nm light for 30 seconds, the color of the solution mixture 

changed from orange to deep purple gradually and when extending the exposure time from half 

minutes to 2 minutes Figure 3.13 (b), the color of solution became deeper and deeper which means  
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Figure 4.15  Aqueous quenching test of  5mM EDTA/MV2+  system to 100uM Ru(bpy)32+  upon 
450nm blue LED light. a. the mixture exposed at light for 30s; b. the mixture exposed at light for 
2mins; c. the mixture solution was shaken after 2mins light exposure.1.MV2++ EDTA + Ru(bpy)32+;  
2. MV2+ +Ru(bpy)32+  only; 3. EDTA + Ru(bpy)32+  only; 
 
 

the photoelectron transfer reaction between Ru(bpy)3
2+  and MV2+ proceeded at a higher efficiency. 

What needed to be mentioned here was the purple mixture solution could be recovered back to its 

orange color after shaking the test tube for several seconds which reversible this photoelectron 

transfer process from Ru(bpy)3
2+  to EDTA/MV2+ was reversible and reproducible.  Furthermore, 

the quenching efficiency of the liposomes’ bilayer membrane of Ru(bpy)3
2+ by EDTA/MV2+ 

system was also tested under a laser scanning confocal microscope. The sphere shape of most 

Ru(bpy)3
2+  labeled Janus liposomes changed into snowman one in the presence of 5mM 

EDTA/MV2+ solution upon external LED light exposure (images were not shown here). Even some 

of the liposome's bilayer structures were broken in this process. Considering the osmatic pressure 

issue outside and inside of the bilayer membrane, we further tried the well-prepared Janus 

liposomes hydrated in a 5 mM HEPES buffer solution to maintain the osmotic pressure. However, 
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these liposomes still have shape modification and Ld domain redistribution in the presence of an 

EDTA/MV2+ mixture as Figure 3.14 displayed. Besides, from the confocal images comparison in  

 

 

 
Figure 4.16. confocal images for buffer-based Ru(bpy)32+ labeled Janus liposomes in the presence 
and absence of EDTA/MV2+ system. (a) fresh well-prepared buffer hydrated Janus liposomes 
without EDTA/MV2+; (b) well-prepared liposomes with EDTA/MV2+ added. 
 

the Figure 3.14, it is clearly evident that in the presence of a 5mM EDTA/MV2+ fuel system, the 

Ru(bpy)3
2+ molecules on the membrane still have a large amount of red residual even exposed 

under blue LED light for a few minutes which proved the photoelectron transfer process was 

recycled.  

          In order to further confirm if the EDTA/MV2+ fuel system could propel the active motion of 

Ru(bpy)3
2+ labeled Janus liposomes when exposed to the mixture under blue laser light of a 

confocal microscope, we repeated the same aforementioned liposomes’ diffusion measurements 

procedure. After calculating and analyzing the mean square displacement (MSD) from the 

recorded trajectories of liposomes movement videos scanning, the active motion behavior of these 

a. liposomes hydrated in 5mM HEPEs 
without EDTA/MV2+ added   

b. well-prepared Janus liposomes with 
5mM EDTA/MV2+  added  
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size-controlled Ru(bpy)3
2+ labeled Janus liposomes hasn’t been observed in our experiment (MSD 

curve not showed here). The results demonstrated light driven based active motion via the electron 

transfer mechanism of Ru(bpy)3
2+ labeled Janus liposomes have serious challenge issues. Possible 

reasons that contributed to this challenge included light confinement for liposomes, low efficiency 

or mass transfer, and the low quantum yield Ru(bpy)3
2+ molecules. 

 

4.4. Conclusions 

  
         In summary, in this part, we fabricated a novel Ru(bpy)3

2+ based Janus liposomes with the 

newly synthesized fluorescence metal-ligand sensitizer DOPE- Ru(bpy)3
2+ successfully. To take 

full advantage of these well-prepared Janus liposomes, we further examined the enhanced 

diffusion behaviors of these size-controlled liposomes in different quenching fuel molecules 

including persulfate ions, oxalate ions, and methyl viologen combined EDTA system environment 

respectively through photoelectron transfer mechanism light-driven). Nonetheless, the light-driven 

enhanced diffusion of Ru(bpy)3
2+ labeled Janus liposomes was not obvious in any of the 

environments of the previously mentioned fuel. This vesicle diffusion of the optimized one only 

increased about 40% in which the membrane extruded size controlled Janus liposomes were placed 

in 10mM persulfate ion solution. Compared with other light-driven micromotors [14-16 ] that the 

diffusion speed of particles generally enhanced ranging from a few folds to tens folds at least, our 

results demonstrated that Ru(bpy)3
2+ labeled Janus liposomes have a great challenge to achieve 

light-driven enhanced diffusion only via mass transfer or forming chemical gradient on both sides 

of two semi-sphere of the liposome membrane. The most possible reason accounts for this 

challenge was the low quantum yield of Ru(bpy)3
2+ molecules when exposed laser light made the 
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low mass transfer efficiency of fuel molecules to liposomes membrane. Other reasons including 

light confinement for liposomes, low quenching efficiency of fuel molecules to Ru(bpy)3
2+, and 

larger size of liposomes also could contribute to this challenge. To get rid of this specific challenge, 

more powerful chemical fuels need to be figured out such as special monomers that could achieve 

polymerization reactions induced by Ru(bpy)3
2+ catalysis.  Besides, the total experiment design 

also could be updated in the future. 
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CHAPTER 5.  Summary and Future Work 
 

5.1 Summary of this dissertation  
 
         Inspired by the witnessing breathtaking advancement in artificial micro/nanomotors which 

are self-propelled microscopic objects capable of directional motion, we explored the possibility 

of active motion behavior of freshly prepared Janus liposomes in different environmental 

conditions. To begin with, the good quality of Janus liposome samples was the key step to moving 

forward. All through our active motion experiment, Janus liposomes were well-prepared with our 

modified PVA-gel assisted swelling hydration method,  in which the lipids mixture precursor 

(ternary lipids system DPPC/DOPC/cholesterol) was deposited onto the dried and thin PVA gel to 

improve the detachment of lipids layer by layer during the liposome formation.  In this specific 

process, individual liposome yields stable Janus particles with two distinctive liquid domains (Lo 

and Ld). Though sharing several obvious advantages including high-efficiency giant liposomes 

formation, no organic solvent contamination, the low fraction of multilamellar liposomes, and 

employed in different kinds of lipids compared with other liposomes generation methods such as 

electroformation, our gel-assisted swelling hydration method generates wide size distribution of 

liposomes which hinders their further application.  In order to get uniform liposomes, size 

controlling for these freshly prepared Giant Janus liposomes by gel assistance is an indispensable 

requirement. In our experimental study,  the size-controlled liposomes were achieved by extruding 

the above-prepared hydration liposome samples through a plunger-based lipid extruder, furnished 

by polycarbonate filter membranes with 5-um diameter pores in both Chapter 2 and Chapter 3.  
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5.1.1 Enzyme-based active motion of Janus liposomes 
         

        In terms of further application of these well-prepared size-controlled Janus liposomes, 

directional/active motion behavior exploration has been an attractive research field because 

liposomes are desired drug delivery candidates in most pharmaceutical reports. In this dissertation, 

we systematically studied the enzyme-free based active motion behavior of Janus liposomes in 

Chapter 2 and the enzyme-based active motion behavior of Janus liposomes in Chapter 3, in detail 

respectively.  

For the enzyme-based active motion of liposomes, we have taken full advantage of the 

biotin/avidin conjugation reaction in which incorporating the biotin-DOPE into the bilayer 

membrane and then horseradish peroxidase (HRP) with avidin conjugated was bound onto the half 

side of the sphere surface of liposomes. Later on, these HRP-bound Janus liposomes were placed 

into hydrogen peroxide solution and then the HRP enzyme catalysis reaction happened 

asymmetrically on the half-sphere side of the liposomes which induced the motion behavior of 

Janus liposomes. Various experimental parameters including hydrogen peroxide concentration, 

enzyme loading density on the liposome surface, and Janus ratio configuration of liposomes were 

systematically explored in Chapter 2. In order to investigate the enzyme efficiency effect of the 

aforementioned active motion behavior, later on, we further studied the active motion behavior of 

Janus liposomes conjugated with a higher turnover number of catalyzing hydrogen peroxide 

enzyme, catalase, on the semi-sphere surface. In the meanwhile, the catalase enzyme-bound Janus 

liposomes were placed into the hydrogen peroxide solution to record the motion activity. Then the 

motion behavior of liposomes was analyzed through the single particle tracking (SPT)  method to 

acquire the trajectory of the single liposome. The mean square displacement (MSD) plot versus 

delay time was processed and displayed in the aforementioned figures. The motion speed of high-
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efficiency catalase-bound Janus liposomes hadn’t improved compared with HRP-bound ones. 

There are several possible reasons for this unexpected phenomenon, including longer space 

between the arm of the catalase to the surface, low enzyme density spread on the liposomes surface, 

and fast catalysis reaction that happen ahead of the recording in the channel.  

 

5.1.2 Enzyme-free based active motion of Janus liposomes 
 
        In the enzyme-free active motion case, extracting agent cyclodextrins were added to the Janus 

liposomes system in which the cyclodextrins extract cholesterol from the bilayer membrane. This 

action triggers asymmetrical cholesterol efflux from the liposomes that propel the liposome's 

active motion. This work demonstrates liposome active motion through asymmetrical lipid efflux 

from Janus liposomes. Sustained by continuous Chol release from liposomes and inter-domain 

Chol transfer, the observed active motion exceeds the background diffusion by nearly two-fold. 

By exploiting intrinsic material properties of lipid assemblies, such as lipid phase separation and 

extraction, this work represents a significant departure from existing liposome-based motor design 

strategies. 

 

5.1.3 photoelectrochemically-driven active motion of Janus liposomes 
 
          In light-driven active motion cases, we fabricated novel Ru(bpy)3

2+ based Janus liposomes 

with the newly synthesized fluorescence metal-ligand sensitizer DOPE- Ru(bpy)3
2+ successfully. 

To take full advantage of these well-prepared Janus liposomes, we further examined the enhanced 

diffusion behaviors of these size-controlled liposomes in different quenching fuel molecules 

including persulfate ions, oxalate ions, and methyl viologen combined EDTA system 
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environments, respectively, through photoelectron transfer mechanism (light-driven). Nonetheless, 

the light-driven enhanced diffusion of Ru(bpy)3
2+ labeled Janus liposomes was not obvious in any 

of the previously mentioned fuel environments. This vesicle diffusion of the optimized one only 

increased about 40%, in which the membrane extruded size controlled Janus liposomes were 

placed in 10mM persulfate ion solution. Compared with other light-driven micromotors that the 

diffusion speed of particles generally enhanced ranging from a few fold to tens fold at least, our 

results demonstrated that Ru(bpy)3
2+ labeled Janus liposomes had more difficulty achieving light-

driven enhanced diffusion only via mass transfer or forming a chemical gradient on both sides of 

two semi-sphere of the liposome membrane. The most plausible reason accounts for this challenge 

was the low quantum yield of Ru(bpy)3
2+ molecules when exposed laser light decreased the mass 

transfer efficiency of fuel molecules to liposome membrane. Other reasons including light 

confinement for liposomes, low quenching efficiency of fuel molecules to Ru(bpy)3
2+, and larger 

size of liposomes also could have contributed to this difficulty. To get rid of this specific challenge, 

more powerful chemical fuels need to be developed,  such as special monomers that could achieve 

a polymerization reaction induced by Ru(bpy)3
2+ catalysis.   

 

5.2 Outlook  
 
        High yield and high-quality giant Janus liposomes formed with the common ternary lipids 

system (DPPC/DOPC/Cholesterol) were prepared successfully and reproducibly through a special 

equipment-free and easy-to-follow procedure, PVA-gel assisted swelling method, in our group.  

With this reliable preparation method in hand, there are various possible applications in which 

taking full advantage of these Janus liposomes could be explored and achieved in the future. Here 

in this dissertation, the investigation of active motion behavior of these generated Janus liposomes 



 
149 

including enzyme-free based, enzyme-based, and photoelectrochemically driven based was a great 

example of such applications. Thus, along this active motion direction, other applications involved 

in this new type of multifunctional, lipid-based asymmetrical colloidal particles could be appealing 

to researchers.   

       (1) Encapsulation of enzyme in Janus liposomes. Conjugation of different enzymes onto 

the surface of liposomes has been investigated in detail already in our group, while encapsulation 

of such kinds of enzymes into the liposomes to achieve active motion has been an interesting field 

to most researchers. What’s more, enzyme encapsulation into liposomes is a super promising 

technique to stabilize and prevent denaturation and proteolysis.[1] Considering the bilayer 

membrane of liposomes has a semi-permeation function to some special solute molecules, the 

enzyme could only catalyze the substrate in the core center of those Janus liposomes. 

Encapsulation of such enzymes into the liposomes efficiently and removing the excess enzymes 

from outside environmental solutions is the key step for such application. Once encapsulated, the 

enzyme encountered another problem: the permeability barrier of the lipid membrane drastically 

diminished the activity of the enzyme entrapped in the liposome by reducing the entrance rate of 

the substrate molecules, thus reducing the substrate concentration inside the liposome. Catalase, 

which works efficiently for hydrogen peroxide, is a good candidate for this encapsulation because 

hydrogen peroxide is able to permeate through the bilayers of liposomes. Additionally, the 

permeation speed of hydrogen peroxide through the liquid-ordered phase (Lo) and liquid-

disordered phase (Ld) is different and such difference could contribute to the motion behavior of 

Janus liposomes compared with homogeneous ones. The dialysis membrane setup could also be 

utilized to remove the excess enzyme in the outside solution during the hydration process.  
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       (2) Asymmetry-driven self-organization of Janus liposomes in a collective active state. 

Nowadays, many forms of collective self-organization have been identified with active Janus 

particles because such Janus features provide a rich design space for particle-particle interaction. 

Generally, once these Janus particles have opposite charges on the two hemispheres and the two 

charges have the same sign and comparable magnitude, this particle will act similarly to an 

isotropic sphere, resulting in a random configuration.[2]  An imbalance between two charges kicks 

in, and various Janus particle forms of self-organization could be achieved, including chains, 

swarms, and cluster structures. [3-4] In order to achieve the self-organization of liposomes in these 

aforementioned forms, dipolar Janus liposomes in which the liposomes contain opposite surface 

charges lipids decorating the two hemispheres of the same colloidal body [5]  need to be prepared. 

The optimized experimental conditions to produce these liposomes in high yields, based on the 

gel-assisted hydration of ternary lipid systems (DPPC/DOPC/Cholesterol), have been explored 

already in our group. Considering locating these dipolar Janus liposomes on a sample container in 

which the alternating electric field is oriented perpendicular to the sample plane, we could try to 

control the collective active states by changing the frequency of the alternating current. In this 

regard, we could achieve the various active group structure, such as active chains, swarms as well 

as clusters with our dipolar Janus liposomes.  

 

5.3 Contributions of this dissertation 

       The main contribution to experimental findings presented in this dissertation is the specific 

exploration of active motion behaviors for size-controlled Janus liposomes. In terms of active 

motion or self-propulsion for Janus particles, it is related to chemical fuels based driven, light-

driven, thermal-driven, electrical-driven, and magnetic-driven. So far, the chemical fuel-based 
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self-propulsion of Janus particles was most widely investigated by researchers, especially for the 

enzyme catalysis-based-propulsion. In regards to this truth, we systematically studied the active 

motion behavior of uniform-size controlled Janus liposomes. In Chapter 2, we first examined the 

active motion behaviors of enzymes bound onto the hemisphere of Janus liposomes, including 

horseradish peroxide and catalase in detail in a common hydrogen peroxide solution. In this 

process, we first take full advantage of the single particle tracking method to acquire the 

trajectories of each particle and analyze the mean square displacement (MSD) of trajectories. By 

comparing the different MSD plots versus the time of these two enzymes (HRP and Catalase), we 

can learn the catalysis efficiency difference in comparison to hydrogen peroxide solution. Then in 

Chapter 3, we further demonstrated the active motion behaviors of Janus liposomes in an enzyme-

free state in which the uniform size Janus liposomes were placed in b-CD, a cholesterol-extracting 

agent, at a low-mM level to the aqueous bulk which then triggers cholesterol released from these 

Janus liposomes. This work first reveals a uniquely distinctive experiment design principle based 

entirely on intrinsic physicochemical properties of lipid assemblies to achieve active motion. In 

Chapter 4, we inspected the light-driven active motion behavior of Ru(bpy)3
2+ labeled Janus 

liposomes, combined with the photoelectrochemical reaction on the hemisphere surface of the 

membrane. In this case, size-controlled Ru(bpy)3
2+ labeled Janus liposomes were placed into 

different photoelectrochemical fuel solutions to examine the light-induced electron transfer 

efficiency that occurred on the membrane surface. To summarize, this dissertation has introduced 

several reliable strategies and experimental setup possibilities to investigate the self-propelled 

active motion behavior of Janus liposomes, a promising drug delivery candidate. Our experimental 

findings could offer and open up a lot of possible applications for biocompatible multifunctional 

materials and drug delivery-related research.   
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