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ABSTRACT 

This thesis uses surface sensitive tools to characterize the effect of a solid surface on 

immobilized biomacromolecules. This includes understanding how adhesion to the surface can 

change the affinity of these macromolecules to small molecules compared to bulk studies. Two 

classes of immobilized biomacromolecules, the supported lipid bilayer (SLB) and the Lac 

repressor protein (LacI), are characterized using microcantilever sensors and quartz crystal 

microbalance with dissipation (QCM-D). 

The first part of this thesis reports the use of microcantilever beams, an ultrasensitive 

sensor for measuring the surface free energy changes on a substrate induced by molecular 

adsorptions, to probe the interaction between a solid surface and a phospholipid bilayer. This 

sensing method integrates two well-developed techniques: solid-supported lipid bilayers (SLBs) 

and the microcantilever (MC) sensors. Studying the adsorption free energy of lipid bilayers on a 

solid surface allows better characterizing of the formation and stability of SLBs. Microcantilever 

converts the Gibbs free energy change taking place on its surface into a mechanical deformation. 

As molecules physisorb or chemisorb onto the surface of the microcantilevers, the 

microcantilevers bend, either due to induced compressive or tensile stresses, which result from 

the surface free energy change. By monitoring the deflection values of the microcantilevers, the 

real-time surface free energy change during the SLB formation can be detected. This thesis has 

led to the development of a novel biosensor - lipid membrane coated microcantilevers - to detect 

the adsorption, insertion, aggregation and solubilizing effect of membrane-active substances, 

such as surfactants and peptides, on the phospholipid membranes. 



To better characterize the surface free energy, SLBs doped with charged lipids or 

cholesterol are shown to alter the surface free energy. We can predict this change in surface free 

energy using a thermodynamic model. Application ofthis membrane-coated cantilever is put into 

use for detecting how amphiphilic molecules interact with SLBs, as well as for probing the 

abrupt conformational change of SLBs during a temperature induced phase-transition. This study 

systematically demonstrates various usage aspects of microcantilever to characterize the SLBs, 

and how this technique may advance the biophysical knowledge of the lipid membrane, one of 

the essential building blocks of life. 

The second part of this thesis reports the use of both microcantilever sensors and QCM-D 

to measure the adsorption free energy and mass of a model protein, the Lac repressor (LacI), and 

compare how a modified T334C mutant that includes a cysteine group to orient the protein on 

the gold surface through a covalent sulfur bonds retains its binding capabilities over that of wild 

type Lacl. 

The main challenge of this work is to unravel how the adsorption of biomacromolecules 

at the solid/liquid interface leads to surface free energy changes and ultimately changes the stress 

of the underlying solid surface (the cantilever). The uses of micro cantilever sensors and QCM to 

probe the interactions that take place on SLBs and surface-bound proteins have the advantage of 

being a sensitive, real-time, and label-free technique. 
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1.I.Objectives 

Chapter 1 

Introduction 

Immobilization of biomolecules on solid surfaces is of considerable interest because it is 

required for a number of important biotechnology applications. These applications include 

purifying molecules by selective binding surface-grafted antibodies, access to analytical assays 

that are performed at liquid-solid or gas-solid interfaces, and modifying either inorganic or 

organic materials to be biocompatible. I Lab-on-a-chip and microarray devices are practical 

applications of biomolecular immobilization (this includes DNA, protein and lipid membrane) 

for rapid disease diagnostics 2-4 However, immobilizing the biomolecules without losing their 

function is a critical issue. For example, surface-bound proteins have different conformations 

from free proteins in solution. This is due to the protein preferential interacting with solid 

surfaces through electrostatic, hydrophobic, and entropic forces, which cause the protein to lose 

its native folded structure. Fixing biomolecules onto solid surfaces while maintaining their native 

function remains a contemporary challenge to many biosensing platforms. To overcome these 

challenges, fast and facile tools to study the properties ofthe immobilized biomolecular layer are 

of great interest. The main objective of this thesis is to understand how surface-sensitive sensors, 

which are commonly used for detecting and characterizing biomolecules, influence the 

biophysical properties of these surface-bound molecules. In particular, this thesis focuses on the 

microcantilever and the quartz-crystal microbalance with dissipation (QCM-D) to study two 

major macromolecular assemblies: lipid membranes and proteins. 

Supported lipid bilayers (SLBs) are an extensively studied topic of macro-biomolecular 
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immobilization onto solid surfaces due to their ability to form a model membrane and offer 

biocompatibility to a surface. SLBs exhibit properties that are different from free-standing lipid 

bilayers but are stable when adsorbed on solid surfaces. SLBs oftentimes remain fluid, similar to 

that of a free-standing lipid bilayer, thanks to a lubrication water layer between the SLB and the 

solid surface. Efforts have been made to characterize the lipid film itself as well as the SLB

surface interactions. One objective of this thesis is to use the microcantilever sensors to probe the 

SLB-surface interactions. Further studies will focus on the ability to characterize the interactions 

between membrane-active substances and SLBs that take place on the microcantilever sensor 

surfaces. The second topic covered in this thesis will be the structure of a DNA binding protein, 

Lac repressor, which has importance in metabolism of lactose in bacteria Escherichia coli (E. 

coli). One of the objects of the thesis is to use surface-sensitive tools to examine the denaturing 

and surface binding process of the Lac repressor, as well as Lac repressor's ability to bind DNA 

when it is immobilized on solid surfaces. 

1.2. Outline 

The first topic of this thesis is integrating the knowledge of SLBs with microcantilever 

sensors. The original idea of using microcantilevers for sensing applications can be traced back 

to observations on the cantilever beams in the force spectroscopy setup in the 1980s. Previous 

literature of the microcantilevers and the supported lipid bilayers, are reviewed in Chapter 2 and 

Chapter 3, respectively. The working principles and the development of the microcantilever as a 

chemical and biological sensor since the invention in 1980s will be introduced. The original 

work of the supported lipid bilayer (SLB) platform is reviewed in Chapter 3. SLBs share most of 

the fundamentals with the free-standing lipid bilayer, thus a good understanding of both the 
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biological and model membrane is necessary. 

Integrating the SLBs with microcantilever sensors is the major contribution made in this 

thesis. Chapter 4 reports the use of free-standing microcantilever beams to probe the interactions 

between a solid surface and a phospholipid bilayer. The observed deflection of a cantilever is 

related to the changes in the surface free energy of the solid surface that supports the 

phospholipid bilayer. A systematical characterization of factors that influence the bending, such 

as electrostatic, hydrophobic and other intermolecular interactions between the bilayer with the 

substrate, are examined. In addition, this chapter explains how the adsorption of lipid membranes 

can compress the microcantilevers. The work presented in Chapter 4 is published in Analytical 

Chemistry. 5 

Chapter 5 presents a method to characterize the phase transitions in SLBs using 

microcantilever sensors, similar to calorimetry. By ramping the temperature near the transition 

temperature of the lipid film adsorbed on the microcantilevers, detection of the gel-liquid phase 

transition temperatures (T m) of a supported lipid bilayer (SLB) and monolayer is possible. 

During the phase transition, the supported lipid membrane undergoes a conformational change in 

which the lipid alkyl chains transform between an ordered and disordered phase. This process is 

accompanied with changes in free energy which leads to changes in the surface stress of the 

underlying solid support. Phase transitions of both SLBs and Langmuir-Blodgett transferred lipid 

monolayer are measured. 

After a good understanding of the lipid membrane-coated microcantilever is obtained, a 

practical application for probing interactions between the SLBs and other membrane-active 

substances is demonstrated in Chapter 6 and Chapter 7. Specifically in Chapter 6, a group of 

simple amphiphilic surfactants known for intercalating into lipid membranes, lys-lipids, is used. 
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In Chapter 7, an alpha helical peptide, PEPl, which has been proved to be an effective drug for 

inhibiting Hepatitis C Virus (HCV) infection, is used. These two amphipathic molecules interact 

with SLBs and cause the SLB-coated microcantilevers to experience compressive or tensile 

stresses. These stress results elucidate the interactions between the SLB and these small 

molecules. These two chapters demonstrate that the micro cantilever sensor is a useful surface

sensitive tool for sensing how amphipathic molecules insert and disrupt lipid membranes 

supported on solid surfaces. 

In addition to the SLBs, surface bound proteins at solid-liquid interface are another 

immobilized biosystem that is challenging to characterize. In addition to microcantilever, which 

is a stress sensor useful for detecting thin film stress, another useful biosensor based on mass, 

QCM-D, is chosen to study the surface-immobilization process ofbiomolecules. To highlight the 

novelty and high sensitivity of QCM-D in recognize the minute differences of biomolecules' 

structures and function, a protein which involves in the lactose metabolism, the Lac repressor 

(LacI), is tested. In particular, surface binding behavior of wild-type and a mutant of the LacI are 

compared. The mutant is a LacI analogue which has a designed to have a covalent binding site 

by which to orient the protein so that we can prevent the analogue from being denatured. The 

"covalent stabilization" strategy allows selective reaction with ligands. This work is 

collaboration with Jia Xu, who is a postdoctoral research in Matthews group (Department of 

Biochemistry and Cell Biochemistry, Rice University). This work presented in Chapter 8 is 

published in Langmuir. 6 

Finally, in Chapter 9 a brief summary of the work conducted in this thesis is presented. 

Suggestions for future work in applying these sensing techniques to probe the biomolecular 

forces and interactions are presented. In the Appendix A, several supplemental techniques are 
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documented to support the experimental results reported in this thesis. 
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Chapter 2 

Review on Microcantilever Sensors 

2.1. Introduction 

This thesis develops a strategy for using the lipid membrane-coated microcantilever for 

future biosensing applications. The motivation of this work comes from unsolved problems in 

two research fields: the sensing mechanism of microcantilever sensors and the conformation of 

supported lipid bilayers on solid surfaces. Are minute conformational changes of lipid 

membranes detectable using microcantilever sensors? 

To understand the sensing mechanisms of microcantilever sensors, researchers have 

characterized the microcantilevers with well-studied and simple chemical components, such as 

gas adsorption of alkanethiols, self-assembled monolayers (SAMs), polymer brushes, DNA 

hybridization or target-ligand recognitions. 1-6 In this chapter the important contributions of these 

pioneering research work will be reviewed. Reviews on microcantilevers used for chemical and 

physical sensing will be first introduced followed by biomolecular sensing. The novelty of the 

research of this thesis, the integration of lipid membranes with microcantilever sensors, is based 

on these previous works and adds insights into the sensing mechanisms of microcantilevers. 

Following the reviews, a brief section to illustrate the physical fundamentals of the sensing 

mechanisms of the microcantilevers is provided. 

2.2. Development of Microcantilever Sensors for Physical and Chemical Sensing 

Cantilevers are beam structures, with one end fixed to a wall and the other end standing 

freely without a support. Civil engineers and architects use the cantilever structures for 
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constructions such as bridges, balconies or decks to carry loads and to distribute weight evenly 

along the beam. If the material is not rigid enough or simply not designed to reach a force 

balance, the cantilevers may deform and bend as a result of the loading or stress on the free end. 

A simple visualized example is the diving board which curves downward as a result of an end 

loading of a divers' body weight. As the size shrinks from meters to microns or sub-microns, the 

cantilevers become very sensitive to the environment and can bend and vibrate not only in 

response to the mass on the beam but also superficial chemical disturbances. (See Fig. 2.1) This 

phenomenon was actually unfavorable in its use as the commonly used stylus-tipped 

microcantilever in atomic force microscopy (AFM). At room temperature the thermally-induced 

vibration of microcantilever can reduce the force sensitivity of AFM by three orders of 

magnitude compared to the microcantilever cooled under 300 mK, and the adsorption of ambient 

air molecules on the microcantilever surface can lower its stability by two orders of magnitude 

compared to that mounted in an ultra-vacuum chamber. 7 However, this sensitive response to 

molecular adsorption on the microcantilever surface turns out to be a tremendous advantage for 

sensor applications. Fig. 2.2 shows that the microcantilever responds to the binding of target 

molecules to the surface-bound probe molecules by bending away from the molecular layer. 

There are two modes of operation. The first is a static mode in which the cantilever 

obtains a new equilibrium position in response to a chemical signal caused by a surface stress 

change. Several detection methods are used to transduce signals from the microcantilever sensors 

into a measureable chemical signal. 1,2, 8 One common method is the optical lever technique, 

which is used to measure the cantilever deflection in the static mode. In this method, low power 

laser diodes are focused onto the tip of each cantilever, which is usually coated with metal films 

to increase the reflectivity, and the reflected laser beams are captured onto a position sensitive 

photodetector (PSD). When the cantilever bends, the reflected laser beams change the reflection 
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angle. The moving trajectories of the reflected light are captured by the PDS. Since the 

displacement of the reflective laser beam is linear to the deflection, the deflection value of each 

cantilever is known. The other mode of operation is the dynamic mode, which measures the 

resonance frequency variation of the cantilever to obtain the loaded mass. The vibration of the 

free cantilever end is similar to a spring oscillator. The suspended mass and the spring constant 

of the cantilever are related to a fundamental resonance frequency. Thus, changes in the loaded 

mass can be detected by reading the fundamental frequency shift. However this dynamic 

measurement is limited to weakly damped environment, such as in air; while in liquid, the 

viscous damping dissipates most of the energy and suppresses the resonance. This drawback can 

be overcome by enhancing the quality factor of the cantilever (Q-factor). Several other methods, 

such as interferometry, piezoelectric cantilevers and capacitive cantilevers, are also developed for 

convenient detection in AFM; however, these methods lack in either sensitivity or feasibility for 

extensive sensor applications. In this thesis, mainly the static type - surface stress measurement 

using optical level method is the study focus. 

The use of microcantilever sensors to measure surface stress was first discovered by a 

group in IBM Zurich Research Laboratory in 1994 and later by a group in Oak Ridge National 

Laboratory. 9-11 Gimzewski et al. used the micromechanical cantilevers to probe the heat released 

from a Pt-catalyzed chemical reaction of H2 and 02 mixture to form H20 2 with a sensitivity of 1 

pJ. Thundat et al. reported that a scanning force microscope cantilever can respond to the 

ambient heat and humidity change. Berger et al. measured the surface stress induced by the 

self-assembly monolayers of alkanethiols on a gold surface using the microcantilevers. 5 The 

authors inspected the alkanethiol mono I ayers of five different alkyl lengths formed on the gold 

surface of the microcantilevers and concluded that the extent of the cantilever's bending is 

proportional to the length of the alkyl chain. This was an important quantitative analysis, relating 
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the adsorbed molecular structures with the readout of the cantilever sensor. Godin et at. 

continued the work of alkanethiol mono layers on small and large grain size of gold surfaces and 

presented a kinetic scheme of the surface stress on microcantilever surfaces during the 

monolayer formation. 12 Watari et al. later expanded the studies on the self-assembled 

alkanethiols ' properties from structural to electrostatic. 13, 14 They found that the stronger the 

lateral electrostatic repulsion is in the monolayer, the more the cantilever bends, confirming that 

the microcantilever is sensitive to in-plane intermolecular forces. Sushko et at. later added a 

model to explain Watari ' s experiments. 15 In their analysis, the surface stress of a microcantilever 

is divided into two categories: the contribution from the chemical ~()chem (the force which 

enforces cantilever bending) and the elastic ~()e last (the force which resists cantilever bending). 

Gas sensing using microcantilevers can be achieved by adsorbing gases on either pure metal 

films or chemically selective polymer films. 16 Gas phase analytes, such as organic compound 

(tolune vapor, benzene), explosive trace (TNT), and inorganic vapor (mercury, hydrogen), have 

b b d . h . I' f 2 17-20 een pro e WIt a sensmg reso utlOn 0 ppm ~ ppt. ' 

Figure 2.1 . SEM image of a microfabricated silicon cantilever array. The dimension of each 

cantilever is 500 Jlm long, 100 Jlm wide and 1 Jlm thick. ( Fritz et at. 4) 
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Figure 2.2. Specific binding of target molecules to the probe molecules immobilized on the gold 

surface is translated into the observable mechanical bending of the microcantilever. (Wu et al. 6) 

Three different kinds of biomacromolecular assemblies, DNA, proteins and lipid 

membranes, are of special interest in studying with the use of microcantilevers. These 

biomacromolecules change their conformations and structures when ambient stimuli are present. 

Specific biomolecular recognition/binding is also a key to new drug design and toxin screening. 

Microcantilevers have been used as biosensors for these types of probing. Important literature is 

reviewed in the following section. 

2.3. Microcantilever as Biosensors 

2.3.1. Sensing DNA using Microcantilevers 

Several attempts have been made to bring the microcantilevers into biosensing. One 

example is to monitor the DNA. Fritz et al. reported the cantilever response to DNA 

hybridization and showed its receptor-ligand binding mechanism, as shown in Fig. 2.3. 4 Wu et 

al. presented a qualitative theory to explain the origin of the cantilever bending generated from 

ssDNA immobilization and complementary DNA hybridization. The authors remarked that the 
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compressive bending (bending to the opposite side of the adsorbed layer) comes from an entropic 

driving force, which works to minimize the steric and electrostatic repulsion between grafted 

ssDNAs. 6 Contradictorily, the experimental results of Fritz and Wu were different. Upon DNA 

hybridization, the former showed a tensile surface stress (the cantilever bent toward the DNA 

film), while the latter a compressive surface stress (the cantilever bent away from the DNA film). 

Fritz's experimental result was backed up with a few published papers 21-24 Though these 

experiments were conducted in different conditions, such as buffer, ssDNA grafting density, and 

the hybridized DNA sequence and length, the differences in measured bending direction was 

possibly due to the different bending mechanisms. If the bending due to DNA hybridization is 

entropy-driven, the bending direction is likely to be tensile; if it is steric-driven, the bending 

direction is likely to be compressive. This assumption is tested by hybridizing the DNAs with 

target DNAs which contains either internal or terminal mismatches. 25 Hagan provided a model 

to describe how the inter-DNA forces translate to the mechanical bending of micro cantilevers, by 

dividing the force interactions into four categories: the electrostatic free energy, FELEc, the 

conformational entropy and non-electrostatic free energy, FpoLY, the osmotic pressure of the 

counterions, FosM, and the mechanical energy penalty, ECANT. 21 By individually analyzing and 

summing up the free energies from different type of interactions, the origin of the cantilever 

motion generated from the biomolecular film can be rationally designed. 

Some other free energy analyses and models for DNA brushes on microcantilever surfaces 

have also reported. 26,27 Other experiments on sensing DNA molecular structure changes were 

conducted by several groups. Shu et al. observed that the when grafted hydride dsDNA chains 

(duplex) fold to form quadruplex structures, the microcantilevers responds to the conformational 

transition by bending away from the dsDNA-grafted surface. 28 A reverse of DNA hybridization, 

Biswal et al. showed that the melting of dsDNA can be detected by ramping the temperature. 29 
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At the transition temperature, complementary DNA dehybridize and break the hydrogen bonds 

from the immobilized DNA, creating a sharp transition of the surface stress. However, 

hybridization of DNA needs an optimized ssDNA monolayer and proper grafting density for 

successful sensing in surface stress. 24, 30 In addition to static surface stress measurement , 

dynamic probing for DNA hybridization also showed that the resonant frequency shift to higher 

frequency during the hybridization with complementary DNAs, meaning the mass detection 

during DNA hybridization is also direct and feasible. 31 

~ oligonucleotide A 1st hybndrzabon B c 

Figure 2.3. Hybridization of DNA on microcantilever surfaces. (Fritz et al. 4) 

2.3.2. Sensing Proteins Conformations with Cantilevers 

Proteins are also of great interest in investigations performed on microcantilevers because 

the rich hierarchical structures and folding motions of proteins make this type of sensing 

attractive. Protein adsorption onto the microcantilever surfaces can either induce compressive or 

tensile stress, depending on what is the resultant interaction of protein-protein and 

protein-surface. (Moulin et al. 32, 33 ; Shu et al. 34; Wu et al. 35) The protein adsorption-induced 

bending of microcantilevers is still obscure due to a number of force interplays and is difficult to 

predict the bending direction and bending magnitude. Efforts to ensure that surface-bound 

proteins do not denature and a deeper quantitative investigations on the bending mechanism are 

greatly needed. 
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After proteins or peptides adsorb to surfaces, understanding the aggregation and growth 

process is important. Several severe health disorders, such as Alzheimer's and Parkinson's 

diseases, have proven to be caused by the formation of amyloid plaques in the patient's brains. 

However the detection of amyloid fibrillation and growth in bulk solution is a challenging task. 

Knowles et al. have detected surface stress changes induced by insulin amyloid growth from 

seed fibrils which are bound on the gold surface of microcantilevers, shown in Fig. 2.4. 36, 37 

Kiselev et al. reported the pH-induced fibrillation in a surface-bound lysozyme protein film, in 

which the proteins aggregate with their neighbor proteins, on both gold and Si02 surfaces. 38 

Interestingly, both Knowles and Kiselev's findings indicates that the fibrillation process induced 

"tensile stresses" on solid surfaces for these two different molecules. The tensile stress is likely 

to be a result of the in-plane attractive forces between aggregated proteins. 
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Figure 2.4. Insulin fibrillation monitored by static-mode microcantilevers. (Knowles et al. and 

White et al. 36, 37) 

Catalytic activity of proteins can be quantitatively measured by microcantilever sensors. 39 

Raorane et al. showed that ligand-receptor type binding of the substrate to the protease follows 

the Michaelis-Menten equation. They found that the reaction constant, or the Michaelis-Menten 
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constant, of the surface-bound protease is one-order lower than that of the reaction in solution 

phase. Regardless of their experimental findings, their model is simplified using the Langmuir 

adsorption equation to obtain the reaction constant without considering intermolecular 

interactions, which might account for the inaccuracy in their analysis. 

Specific recognition between antibiotic drugs with mucopeptide precursors on the bacterial 

cell wall were explored by Ndieyira et aI. , as shown in Fig. 2.5. 40 They detected a stronger 

binding between the antibiotic drug, vancomycin, with Alanin-terminated mucopeptide 

precursors (oAZa) over the mutated analogue DLac, thus determined that the former is 

vancomycin-sensitive and the latter is vancomycin-resistant. Instead of fitting the surface stress 

versus concentration using simple Langmuir equation, they introduced a critical percolation 

threshold to modify the Langmuir equation for the fitting. Only at the surface coverage of the 

mucopeptides higher than the threshold will the microcantilevers be able to sense the antibiotic 

transduction. 

~ 
Vancomycin 

in 
solution 

Figure 2.5. Detection ofvancomycin-mucopeptide analogue interactions on microcantilever 

arrays. (Ndieyira et al. 40) 

2.3.3. Sensing Lipid Membranes Using Microcantilevers 
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Another category of interest in biomacromolecules is the lipid membrane. By taking 

advantage of the well characterized technique of the supported lipid bilayers (SLBs), coating the 

cantilever with a thin lipid membrane of 5 nm in thickness is possible. Pera et al. made a first 

attempt to coat the microcantilever with a SLB on either gold or silicon dioxide surface of the 

microcantilever and monitor the cantilever bending of this coating process. 41 However, their 

experimental results showed an inconsistency of the bending directions without further 

interpretations and a large overshoot noise signal for the lipid film coated on gold and silicon 

surfaces (Fig. 2.6). One possible improvement to their experiment is to modify the lipid vesicle 

preparation method, so that much more homogeneous and monodispersed lipid vesicles can fuse 

onto the surface and ensure the SLB with fewer defects. This thesis will describe the 

improvement and better characterizations of the membrane coated cantilever, based on Pera's 

findings. 

One third of all the known proteins in living organisms are associated with cell lipid 

membranes, in which the proteins are properly folded in the lipid membranes and retain their 

native structures. 42, 43 Preparing a robust surface-supported lipid membrane to accommodate 

membrane proteins is one of the strategies of lab-on-chip design for membrane protein sensing. 

Peptides inserting into the lipid membrane were observed on microcantilevers by Pera et al. 41 

Ghatnekar-Nilsson et al. and Ghatkesar et at. 44,45 These groups showed the melittin insertion 

leads to membrane expansion and cause the microcantilevers to bend toward the side opposite of 

that coated with the lipid membrane. Light-exposure induced conformational change of a 

membrane protein, bacteriorhodopsin (bR), was monitored on the microcantilever by Braun et al. 

46 However, the bRs cystein mutant coated on the micro cantilevers in Braun's experiments was a 

partially dry film made from fusing the bR proteoliposomes onto gold surfaces through 

cystein-gold bonds, and the experiments were conducted in an air chamber with humidity control. 
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This setup posed two problems: on gold surfaces the proteoliposomes may not fuse to form a 

single lipid film even with the cystein-gold assisted binding. The AFM image of their gold 

surface shows patchy membranes with heights ranging from 5~ 15 nm. The lipid-protein mixtures 

may cause inaccurate interpretation of the data. In addition, the ideal protein medium is in 

aqueous solution with the physiological condition, while they instead used an air chamber with 

>95% humidity. Ghatkesar et al. improved the setup by depositing the liposomes to adsorb on the 

gold surface rather than to rupture and fuse to a single lipid film, before the peptides were added 

for binding with the membrane. 44, 47 However, the vesicles were partially suspended in the 

aqueous medium and partially physisorbed on the gold surface. The peptide binding sites on the 

vesicles were limited to the side where the vesicles were partially suspended in the aqueous 

medium. In other words, the binding signal was far away from the microcantilever surface and 

may not be accurately detected. Tark et al. deposited lipid nanodisks, which are lipid bilayers 

surrounded by an amphipathic protein belt, on the gold side. 48 Though the nanodisks were stable 

and can stabilize membrane proteins on solid surfaces, preparing the lipid-protein complex is 

more complicated than fusing lipid vesicles on the Si02 surfaces. The systematic characterization 

and the better preparation of the supported lipid bilayers introduced in this thesis work will 

greatly improve those shortcomings mentioned above. 
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Figure 2.6. Left: Lipid bilayer physisorbed on the silicon dioxide surface of the cantilever 

induced a tensile cantilever bending (a) DOPC lipid membrane formation. (b) DMPC lipid 

membrane formation. (c) Illustration of the membrane coated cantilever. Right: thiolated Lipid 

bilayer chemisorbed on gold surface of the cantilever induced a compressive cantilever bending 

(a) 100% thiolated lipid (DPPTE) membrane formation. (b) 10% DPPTE and 90% DOPC lipid 

membrane formation. (c) Illustration of the membrane coated cantilever. (Pera et al. 41) 

2.4. Free Energy Transduction through Microcantilever 

2.4.1. Origin of Surface Stress of Solid Materials 

Providing a number of examples of microcantilevers in sensing biomolecular assemblies, 

the cause and the magnitude of the bending motions of the microcantilevers is still not explicitly 

understood. The general principle of the sensing mechanism of the microcantilevers is described 
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here. This section employs the concept of solid physics and material science to explain the stress 

and the bending motion of the microcantilever sensors. 

As molecules in the bulk solution preferentially attach and are confined to a solid surface, 

the total free energy in the system is lowered. The lowered free energy can be described by the 

difference between the chemical potential of the adsorbates in the bulk solution and that 

adsorbed on the surface (Ils - Ilb = t\1l), or simply the standard Gibbs free energy of adsorption 

(t\Gads). 49 Adsorbates adsorbing, including physisorption and chemisorption, onto the solid 

surfaces can exert a superficial surface stress to the solid lattices. The induced surface stress 

originates from the redistribution of the electric charges at the interface of the solid phase, and is 

an integral of all the in-plane components of the force per unit length along the normal direction, 

minus that force in the bulk. Thus, the measurable surface stress can be thought as the difference 

of electric charge distribution between the solid surface and the bulk. As shown in Figure 2.7 (a), 

at the metal surface without adsorbates which have absent upper atoms, the interfacial charge (as 

shown as the empty ellipse) redistributes and enhances the bonding between the first and the 

second atom layers and between the atoms in the superficial layer. As a result, the surface charge 

density increases, and so does the attractive force between the surface metal atoms. This surface 

encounters a tensile stress, or a positive stress, meaning that a positive work is required to 

elastically stretch the surface. For clean surfaces of metals, the surface stress is usually tensile; 

while for clean surfaces of semiconductors, it can be either tensile or compressive. For Si 

surfaces, the sign of the surface stress depends on the size of the doping atoms, the type of the 

substituted atoms, and the lattice direction (for example, surface stress of clean surface of Si(111) 

is tensile, while that of Si(1 00) is compressive). 50,51 

As adsorbates adsorb to the surface as shown in Figure 2.7 (b), the surface stress changes. 

If the adsorbates are electronegative, the electrons in the surface atoms tend to be attracted by the 
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adsorbates, thus the charge density between the substrate atoms decreases. The decrease in the 

charge density between surface atoms causes a compressive surface stress because less bonding 

electrons can hold the adjacent surface atoms together, compared to the clean surface. However, 

if the adsorbates are electropositive, the phenomenon is reversed, and the resulted surface stress 

is usually tensile. 

(a) cr(s) > 0, tensile (b) cr(s) < 0, compressive 

o ~ 

Figure 2.7. The charge distribution at the metal surfaces (a) without and (b) with electronegative 

adsorbates (shown as dark solid circles). (Ibach, H. 50) 

2.4.2. Relating Surface Stress with Surface Free Energy of Solids 

In the previous section, the adsorption-induced surface stress of solids is discussed. 

However it is the Gibbs free energy of the chemical reaction that takes place on the solid surface. 

Therefore, the relation between surface stress and free energy should be established before using 

the surface stress measured by microcantilevers as an indicator of a surface chemical reaction. 

To relate the two physical properties, the surface free energy y is given as a reversible 

work (W) done to increase a surface area increment dA on the solid surface. That is, to strain a 

surface, the needed work is: 52 

BN BE 
ydA = dW = deE) N) = Es -dA+N_s dA. 

, BA BA 
(2.1) 
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Es is the specific free energy (energy per molecule), and N is the number of total surface 

molecules. This work includes both the elastic and plastic contributions: the elastic contribution 

means that the elastic stretching of the surface forces the molecules to increase the area per 

molecule, denoted as surface stress, cr. While the plastic contribution can be thought as the 

expansion of liquids, which expand the surface area by supplementing the surface with more 

molecules and keeping the area per molecule constant. This plastic contribution of the surface 

free energy can be said as the surface tension of solid, Ys. Essentially, this reversible work, dW or 

ydA, is required to expand a solid surface against the surface stress (cr) and surface tension of the 

solid (Ys). 

ydA = dW = a dAelaslic + YsdAplaslic (2.2) 

The surface stress of a solid surface is generally the elastic part of surface free energy change, 

also known as the reversible work per area to stretch the surface elastically. Thus, Yelastic = cr. For 

more detailed derivation, the surface stress is defined as: 

(2.3) 

This expression of surface stress is first derived by Shuttleworth in 1950. S3 In addition, the 

plastic form of the surface free energy is the surface tension of solids, that is, Yplastic = Ys. 
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=(E 8N + N8EsJ Y plastic s 8A 8A . 
plastic 

=E 8N +O=~ 
s 8A YN (2.4) 

= Ys 

For liquid, the total work required to increase an area is equal to the surface tension of liquids, as 

seen in Eq. (2.4). As for solid, the total work required (surface stress) contains the surface tension 

and a derivative of surface tension with respect to the resulted strain, as seen in Eq. (2.3). 

Since the integral of the ¥s over a solid surface corresponds to the amount of surface free 

energy for a stress-free solid surface, the surface tension can be seen as a local surface free 

energy. Thus, in Eq. (2.3), the cr at a certain location contains a local surface free energy, plus 

the increment of the local surface free energy divided by the local strain. This equation will be 

used to explain the sensing mechanism of microcantilever sensors throughout this thesis. 

2.4.3. Microcantilevers to Probe Surface Free Energy at Solid/Liquid Interface 

The cantilever bending method is commonly used and well established for measuring the 

internal stress of thin films. 54,55 Not only for measuring the internal stress of the bulk material 

during heating or film growth, but also the adsorption-induced stress at solid interfaces can be 

accurately measured using cantilevers. 

The cantilever deflection is related to changes in the surface free energy associated with 

physi- or chemisorption of molecules to its surface_56, 57. It is the difference in the surface stress 

between the upper and lower surface of the cantilever that causes the cantilever to bend. This 

induced surface stress is related to the interfacial properties of the coating layer, whether it be 

rigidly bonded layers, adsorbed molecules, or in our case, a thin lipid bilayer film. The 

relationship between the change in cantilever deflection, !:lz, and change in surface stress, 

~cr (units N/m), has been commonly described using Stoney's equation: 58 
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(2.5) 

where v is Poisson's ratio of the cantilever material, E is the Young's modulus, L is the cantilever 

length, and t is the cantilever thickness. The key assumptions in Stoney's equation are that (i) the 

bending of the cantilever is small, (ii) the length of the cantilever is large compared to its width, 

which are both large compared to its thickness, (iii) the thickness of the coating layer is 

negligible compared to the cantilever thickness, and (iv) that the load is uniform. In cases where 

the above assumptions do not hold, there have been corrections made to Stoney's equation, 

however, in the case of a thin lipid bilayer of 5 nm in thickness, Stoney's equation is reasonably 

accurate. 

The change is surface stress is greatly influenced by the presence of adsorbates on the 

cantilever. As molecules adsorb to a solid surface, there is a release in the adsorption free energy, 

~Gads, at the solid-liquid interface. As described by Pinnaduwage, et aI., if this energy is 

absorbed by the solid surface, it is converted to surface free energy, y: -~Gads = ~y = y(8) - Y 

(8=0), where 8 is the surface strain. 57 For a solid surface, the surface free energy is coupled to its 

surface stress, which leads to deformation of the solid surface. The Shuttleworth equation relates 

cr, y, Ys, and 8 59,60, as described in the section 2.4.2: 

ays 
a = Ys + ali = Yelastic (2.6) 

The second term accounts for the change in the interatomic distance as the surface is elastically 

strained. From Eq. (2.5) and (2.6), surface stress changes can be directly related to changes in the 

surface free energy upon SLB adsorption: 

(2.7) 

As a compressive stress in the Si02 surface is generated, the cantilever bends toward the 

direction of gold coated surface. A stronger affinity between the solid and SLB results in a larger 
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(more negative) LlGads61,62. 

In the following chapter, a detailed background into supported lipid bilayers is provided. 
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Chapter 3 

Review on Supported Lipid Bilayers 

3.1. Introduction 

This chapter provides a technical background on supported lipid bilayers that is needed to 

follow the context of this thesis. Understanding the physical and chemical properties of lipid 

bilayers is key to characterizing how to to study membranes using the microcantilever sensor. A 

brief background of the lipid bilayers is first introduced. The review will then move from 

biological membranes to in-vitro artificial membranes, as known as model membranes, and 

finally to specifically one of the most popular model membranes: the supported lipid bilayer 

(SLB). This chapter will focus mostly on the SLBs, which is the membrane type of interest in 

this thesis. Moreover, the surface analytical tools, which are frequently used to characterize the 

SLBs in the past decade, will be introduced, and related published literatures will be reviewed. 

3.2. Lipid BHayers 

Biological membranes are composed of a bilayer of amphiphilic lipid molecules which 

separates intracellular contents of cells from the extracellular matrix. As a permeability barrier, 

the membrane also acts as a gate for ions and nutrients through the cells. A typical membrane is a 

thin film of only 5 nm in thickness and is a very dynamic structure. The constant movement of 

substances on and through the bilayer, as well as the organization of the membrane structure is 

commonly described by the fluid mosaic model, proposed by Singer and Nicolson in 1972 1 (Fig. 

3.1). The two leaflets of lipid molecules are fluid with a viscosity similar to that of olive oil, so 

that individual lipids float laterally with a typical mobility of ~ 1 Jiffi2/s. 2 To understand the 
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physical and chemical properties of biomembranes, one has to trace back to the basic building 

blocks which constitute the biomembranes, the lipid molecules. Each lipid molecule has a 

hydrophilic headgroup, and two hydrophobic tails. As the lipid molecules self-assemble together 

to form a bilayer, the force that holds the lipid molecules together varies with lipid types as well 

as temperature. The differences in the forces result in lipid polymorphic phases, as listed in Table 

3.1. 

Peripheral 
protein 

(a) (b) 

Figure 3.1. (a) A widely accepted look of a biological membrane, described by the Fluid Mosaic 

Model. A biomembrane mainly consists of lipids, cholesterols, transmembrane proteins, and 

carbohydrates. (Lehninger Principles of Biochemistry, chapter 11 3) (b) One of the typical 

synthetic I ipid molecules, I-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine (POpe), has two 

alkyl chains and one phosphatidylcholine headgroup. 

Besides lipids, biological membranes also consist of proteins, cholesterol , and 

carbohydrates as depicted in Fig. 3.1. These components are embedded, float in the sea of the 

lipids and add diversity to the polymorphic phases to the membrane. Given the complexity of 
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biomembranes, it is essential to single out the substance in the membrane that is of interest. 

Model membranes are artificial and are composed of no more than three or four kinds of lipids. 

The focus of this thesis is on assembling and characterizing the model membranes; therefore, 

reviews for important literatures on the model membranes will be given through this chapter. 

eLamellar Phase (L) 

o Without cholesterol 

• La: fluid; liquid crystalline (Lc); liquid disordered (LI) 

• Lf3: gel; solid ordered (So) 

• Lf3': some pure phospholipid show minor phase transition between Lf3 

and La; Lf3 phase of tilted chains 

• Pf3: rippled phase; some pure phospholipid show minor phase transition 

between Lf3 and La 
o With cholesterol 

• La: liquid ordered 

o Monolayer in Langmuir isotherm 

• Fluidic phases <T m: 
.:. Liquid expanded (LE) 

.:. Liquid condensed (Lc) 

e Hexagonal (H) 

eCubic (Q) 

• HI: lipid layer with positive curvature; cylinders with nonpolar centers, 

water outside 

• Hn: lipid layer with negative curvature; cylinders with water inside, 

nonpolar groups outside 

• Q224: bicontinuous two networks of rods. 

• Q227: quasi-spherical micelles packed into cubes 

TABLE 3.1. Common representations of lipid polymorphism phases. 

3.3. Model Membranes 
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3.3.1. Vesicle Lipid Bilayers 

Lipid vesicles, or liposomes, are spherical lamellar lipid bilayers. The lipid vesicle is a 

highly-ranked form of self-assembly, considering organizing billions of lipid molecules into one 

structure because the lipid's amphiphilic property provides the hydrophobic driving force for 

self-assembly. The self-assembly of lipids to form a spherical shape in water, or called 

spontaneous vesiculation, is energetically favored. This assembly mechanism is important as to 

speculate the origin of the first cell on Earth. 

Categorized by size, unilamellar lipid vesicles are categorized as small, large and giant 

unilamellar vesicles. Small Unilamellar Vesicles (SUVs) have sizes ranging from 20 nm to 50 

nm. In SUVs, the lipid alkyl chains are less tightly packed than LUVs or GUVs because of the 

high curvature of SUVs, thus the interfacial tension (in lateral plane direction) of SUV surfaces 

is lower than their larger analogs. SUVs can be made by extrusion or sonication methods. Large 

Unilamellar Vesicles (LUVs) range fromlOO nm to 2 pm. LUVs can be made by extrusion 

method. Giant Unilamellar Vesicles (GUVs) range from 2 pm to 300 pm. Electroformation is a 

convenient way to produce GUVs, however the method is limited to phosphatidylcholine or to 

lipid mixtures containing mainly phosphatidylcholine. 4 

3.3.2. Supported Lipid Bilayers (SLBs) 

Supported lipid bilayers (SLBs) are planar lipid bilayers that are supported on solid 

substrates, such as mica and glass, and they have become a useful model for studying the 

processes that take place in the cell membrane. Pioneered by Brian, Tamm and McConnell in 

mid 1980s, SLBs have been developed into a field that blends surface, polymer and biological 

sciences. 5, 6 Fixing the soft membrane to a solid substrate allows access to surface analytical 

tools (such as atomic force microscopy (AFM) and total internal reflection fluorescence 

microscopy (TIRF» for direct visualization. To monitor the lipid assembly deposition on the 
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solid substrates, researchers have successfully used a number of quantitative surface analysis 

tools, such as quartz crystal microbalance with dissipation (QCM-D) 7-10, surface plasmon 

resonance (SPR) 7, II , 12, and imaging ellipsometry 13, 14 to follow the bilayer formation process. 

In particular, SLBs have proven to be useful in understanding the interactions that govern the 

force distribution of lipids and membrane proteins, as well as the association of small molecules 

with the membrane. 15-20 The material used for the supporting surface for SLBs could be a solid 

(SoJid-SLBs), or soft matters such as polymer cushions, polymer tethers or alkanethiol 

self-assembled monolayers (SAMs). Fig. 3.2 depicts several common SLBs supported on a 

variety of surface modifications. 

(al (bl 

nononoon~n~n~n nononoon~n~n~n 
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Figure 3.2. Several common surface model lipid membranes. SLBs supported on a variety of 

surface modifications, such as (a) solid surfaces (glass slides, silicon wafer or mica), (b) 

self-assembled mono layers (SAMs, usually alkanethiol on gold surfaces) hybrid, (c) oligomer 

hybrid, (d) polyelectrolyte cushion supported, (e) tethered random copolymer, and (f) tethered 

telechelic polymer. (Ph.D. thesis of Munro, J. C. 2 1) 
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Among many methods for preparing SLBs, vesicle fusion is one of the most convenient 

ways. By contacting SUVs or LUVs with the solid surface, vesicles fuse onto the solid surfaces 

and form SLBs spontaneously. This method has the advantage of convenience, ease of being able 

to reconstitute membrane proteins, and in-situ preparation. This method is chosen to prepare the 

SLBs in this thesis. 

The mechanism SLB formation via vesicle fusion is extensively studied both 

theoretically (Seifert and Lipowsky 22,23, Efremov et al. 24, Zhdanov and Kasemo 25) and 

experimentally. 8, 26, 27 The widely accepted model of vesicle fusion follows four steps: 

adsorption, fusion, rupture, and merger (Fig. 3.3). 26,28 During the fusion and rupture process, 

the vesicles first adsorb to the surface and fuse with other vesicles to form larger vesicles. The 

vesicle adsorption is irreversible and diffusion-controlled. Many models proposed that the 

vesicle adsorption on glass follows Langmuir type adsorption. 29 Until a critical size of the 

adsorbed vesicles is reached, the adhesion force between the membrane and the surface is strong 

enough to break the surface-bound vesicles. Thus, the rupture of an adsorbed vesicle is 

size-dependent. Lipowsky and Seifert established a model and predicted the critical adsorbed 

phospholipid vesicle size to be 0.2 pm. 22,23,30,31 Once the vesicles rupture, they are converted to 

supported bilayer disks. To reduce membrane tension at the membrane edges, the isolated 

membrane patches merge to form complete bilayer coverage of the surface. 
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Figure 3.3. Proposed mechanisms of vesicle fusion on surfaces. (a) A general schematic steps of 

vesicle fusion. (Johnson et al. 26) (b) Detailed mechanism of vesicle fusion on surfaces. An 

intermediate of fused vesicles occurs when the vesicle size dose not reach a critical rupture 

radius, as shown in the pathway of (ii). (Hamai et al. 28) 

The other common method for assembling SLB is lipid monolayer transfer by the 

Langmuir-Blodgett (LB) technique, followed by vesicles fusion on the first lipid monolayer. 

Briefly, the lipid molecules are dispersed at the air/water interface in a Teflon trough and 

confined in a specified surface area by one or two Teflon barriers. The Teflon barrier(s) also 

control the surface area of the lipid film by slowly compressing the film. The surface pressure, 

measured by a Wilhelmy plate, is an indicator of packing density and strength of lateral 

interaction of the lipid film. Due to the lipid 's amphiphilicity, the lipids self-assemble to an 

ordered film when being compressed to a packing density at which the lipids start to interact with 
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each other, with their polar headgroups immersing in water and two apolar alkyl chains exposed 

to air. The more the barriers compress the lipid film, the higher the lipid packing density. At a 

proper surface pressure, which is usually close to the biological lipid lateral pressure around 

20-35 mN/m, the lipid monolayer is lifted vertically from the air/water interface by a substrate 

pre-immersed in the water. 32, 33 After preparing the first lipid leaflet, the second layer can be 

prepared by the vesicle fusion method as previously mentioned. This method has advantages 

over vesicle fusion for its convenience to adjust the lipid lateral pressure in-situ and to control 

the surface grafting density of polymer tethers if the tethers are needed as in Fig. 3.2(f). However 

LB technique does not apply to incorporating membrane proteins in the monolayer because most 

of the proteins re-configure and loss their native structures at the air/water interface. 

Substrate properties can greatly influence the formation of SLBs. The methods used to 

prepare glass substrates also influences the quality of SLBs. Seu et al. compared SLBs formed on 

the glass slides pretreated with piranha-etching, baking, and detergent-cleaning. 34 They found 

that detergent-cleaning and baking methods provide the SLBs a higher lateral mobility than those 

prepared by piranha-etching method due to different surface roughness. In addition, different 

substrate materials to form SLBs have been explored. Attempts to fuse SUV s to form SLBs on 

substrates other than silica-based surface are explored on Ti02, 35 indium tin oxide (ITO) 36 and 

gold, however those surfaces cannot provide enough adhesion energy to break the adsorbed lipid 

vesicles. Stable adsorption of lipid vesicles onto those surfaces was analyzed as an alternative of 

surface-bound membrane. 37-39 Additionally, modifying gold surfaces with hydrophobic SAMs to 

form hybrid bilayers is the other way. 40, 41 Hybrid bilayers formed on hydrophobic 

self-assembled mono layers (SAMs) of various surface free energy show different formation 

kinetics. 11,42,43 Several studies have shown how surface properties, such as surface charge 

density, surface free energy and surface modifications with hydrophilic/hydrophobic polymer 
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Despite the insights on the formation and stability of lipid membranes gained from these 

experiments, the differences between the free-standing membranes and membranes near a solid 

surface remain unclear. 

The elastic properties of lipid membranes such as local curvature stress and bilayer 

deformation from hydrophobic mismatch have emerged as important parameters that govern the 

function of embedded ion channels, receptors, and other integral membrane proteins. 46-48 Faller 

et al. have demonstrated using coarse-grained simulations that there is a strong tension associated 

with the proximal lipid leaflet in a SLB resulting in a lateral pressure profile that deviates greatly 

from that of a free-standing lipid bilayer. 49, 50 That is, the membrane bilayer is no longer 

tension-free as a free-standing membrane. 51 

Surface patterned SLBs can be achieved by photolithography. The Boxer group has 

created patterned bilayers with each bilayer patch separated by rectangular photoresist corrals or 

protein barriers (Fig. 3.4(a)(b)). 52-55 Another method uses patterned PDMS stamp to transfer 

lipid patches from dry lipid films to the target substrate (also called soft lithography), thus 

leaving patterned lipid film features. 56, 57 In addition, SLBs have also been introduced to 

microfluidic devices (Fig. 3.4(c)). Bilayer arrays with specific composition variations in different 

micro-patterned corrals can be achieved by directing each composition into individual laminar 

stream created in microfluidic channels. 54, 58 Daniel et al. explored the electrophoresis of 

charged dyes in the membrane by integrating the SLBs which contain two different negatively 

charged dyes in a microfluidic channel and applying an electric field parallel to the channel. 59 

They observed that the two different dyes in the SLBs were separated into two bands on the 

SLBs as a result of the electrophoretic phenomena. 

35 



Bulk water 

(a) 

Elastomer 
layers 

Vesicle 
solution 
injectors 

(b) 

(c) 

Figure 3.4. Integrating supported lipid bilayers to microfabrication techniques. (a) Supported 

lipid bilayer partitioned by microfabricated barriers. (b) Epifluorescence of patterned lipid 

membranes (50J..lm by 50 J..lm) separated by corrals 2 J..lm wide. (c) Covering the patterned arrays 

of SLBs with microfludic channels. Different vesicle solutions were directed into individual 

laminar flow streams. (Groves, Ulman and Boxer. 53; Kam and Boxer 54) 

3.4. Techniques for Characterizing SLBs 

A number of surface analytical technologies are used to probe the physical and chemical 

properties of the SLBs and interactions that take place on the SLBs. Besides the microcanti lever 

sensor used in this thesis, several other popular surface technologies are described in this section. 

3.4.1. Mass and Viscoelastic Characterization of SLBs Using the Quartz Crystal 

Microbalance with dissipation (QCM-D) 
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QCM-D is useful for monitoring surface reactive process, and it extracts the surface mass 

change from the intrinsic vibration properties of quartz itself. Quartz is a piezoelectric material 

and mechanically deforms when an electric potential is applied. If an oscillating voltage is 

applied across the quartz, the quartz vibrates at a specific frequency, which is determined by the 

thickness of the crystal. Surface adsorption of molecules to the quartz crystals alters the effective 

crystal thickness, so as the resonance frequency. The adsorbed mass alters the resonance 

frequency linearly. That is, by observing the changes in the resonance frequency, the adsorbed 

mass is known. Sauerbrey equation relates the mass change (L\m) and the frequency change over 

the overtone (L\f) by a constant C: 

C 
I!Jn = -- L\f 

t 

The physical property of quartz itself, such as the density, shear modulus, transverse wave 

velocity in quartz, and the active surface area, decides the constant C. More information about 

the working principles and usage of QCM-D is described in Chapter 8 and Appendix A. 

Keller and Kasemo were the first to detect the lipid mass deposited on Si02-coated quartz 

crystal surfaces to confirm the SLB formation using the QCM-D. In their experiments, a SLB on 

a Si02 surface results in the frequency shift of the quartz crystal by 26.0 Hz, or 468 ng/cm2• 

Assuming the density of a lipid membrane close to 1 g/cm3, the film thickness is 4.68 nm, which 

is close to the value of a SLB. This value of frequency change has become an indicator of a good 

SLB formation. As the frequency and dissipation evolve with time during the SLB formation, a 

two-step process observed. In the first few minutes, the vesicles adsorb to the surface, creating a 

large frequency and dissipation change. Shortly after the adsorption, the vesicles rupture and 

spread into a thin film, so the dissipation decrease to be smaller than 1'10-6 (See Fig. 3.5). 8 
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Figure 3.5. QCM-D measurement for formation of different lipid assemblies on three different 

surfaces from SUVs. (a) A lipid monolayer was formed on hydrophobic alkane-modified gold 

surface. (b) On a Si02 surface, a dense thin layer of SLB forms within minutes. (c) Plain gold 

surface attracts lipid membranes to adsorb on the surface but not strongly enough to break lipid 

vesicles into a SLB. (Keller and Kasemo. 8) 

3.4.2. Measuring Thickness of SLBs Using Ellipsometry 

The optical thickness of a thin SLB film can be determined by ellipsometry. 13, 60-63 , as 

shown in Fig. 3.7. Howland et al. determined the SLB thickness with an accuracy of 0.2 nm, and 

they observed a lateral phase separation of a two-component SLB with dendritic domains. 13 

Furthermore, they used imaging ellipsometry, which combines the microscopy and ellipsometry 

techniques, to visualize the topographic thickness map of patterned lipid membrane patches 

supported on different surface modifications. 13, 64 Munro and Frank used ellipsometry to 

determine the thickness of polymer-SLBs with various polymer tether density and polymer 

adsorption time. 44 Stroumpoulis et al. used ellipsometery to follow vesicle fusion onto Si02 

surfaces. 65 They developed a kinetic equation to describe the time-dependent lipid film thickness 

during the SLB growth and derived the diffusion coefficient for lipid vesicles to diffuse near the 
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surfaces. 

Based on measuring the changes of the polarization of monochromatic light reflected 

from the surface of interest, an ellipsometer is used to determine the thickness and refractive 

index properties of a thin film on a surface. It is capable of measuring film thickness ranging 

from 10-10 to 10-6 m. From electromagnetic theory, when polarized monochromatic light reflect 

at an oblique incidence, the polarization properties change in both the p (parallel to the plane of 

incidence) and s (the light oscillating perpendicular to the plane of incidence) components of the 

light. The changes in the (i) phase difference (op_ os) between the p and s components of the 

reflected light and (ii) the ratio of the reflective light intensity ofp (Rp) to s (Rs) can be written as: 

66 

(3.1) 

Rp and Rs are the complex reflection coefficients for light polarized parallel and perpendicular to 

the plane of incidence, respectively. Thus, upon reflection, there are independent changes in the 

phase (~) and intensity (\}') between the two polarization component sand p. ~, '¥ are frequently 

referred to as ellipsometry angles. The relation between ~ and \}' can be summarized by the 

equation: 

R 
-1!... = Re (R) + 1m (R) = tan \}'.exp(j~]. 
R, 

(3.2) 

With a thin film on the surface, there are more than one interfaces; the collected reflected light is 

composed not only the direct reflective light but also the lights that transmit across the film and 

then reflect at the bottom of the film. Thus, the Rp and Rs has to count reflections at interfaces of 

ambient/film and film/substrate (See Fig. 3.6) and can be written as: 
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(3.3) 

where P=21T(~ )N, cos¢, (3.4) 

r l2 and r23 are reflective intensity of light reflected at interfaces of medium 1,2 and 2,3. N is the 

reflective index, and e is the reflective angle. A is the wavelength. The thickness of the film , d, 

then can be derived by solving the equations. 

Film (2) 

Substrate (3) 

(a) (b) 

Figure 3.6. (a)Schematic diagram for nulling type imaging ellipsometer (EP3 model , Nanofilm, 

German). (b) Zoom-in representative of the reflections and transmissions at two interfaces. The 

total resultant reflected light is composed of the direct reflected beam and the infinite series of 

beams which are transmitted from the film back to the ambient. 
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Figure 3.7. (a) The optical models for the SLB. The seven slab model on the right side is closer 

to a real scenario, but it is too complicated to fit the data. The four slab model is a simplified 

version of the seven layer one and consists of bulk water, SLB, Si02, and Si. Each layer is 

defined with refractive index. Fitting the optical model to the ~ and \}' results in a thickness map 

as shown in (b). (Howland, et al. 13) 

3.4.3. Fluidity Characterization of SLBS by Fluorescence Recovery After Photobleaching 

(FRAP) 

Fluorescence Recovery After Photobleaching (FRAP) is a well-received method for 

determining the fluidity and lateral mobility of lipid membranes. Particularly, the fluidity of 

SLBs is an indicator whether the membrane can be used to properly accommodate membrane 

proteins. If lacking good fluidity, the membrane is thought to be "pinned" to the solid through the 

added tether molecules or proteins. In this case, the incorporated membrane proteins or channels 

have no space for further folding and stretching and lose their biological function. The working 

principle is, by monitoring the rate of the unbleached fluorescent tags diffuse into the area where 

the fluorescent tags are previously bleached, the diffusion coefficient can be derived 

quantitatively. The fluorescence fraction f(t) in the pre-bleached area is defined as: 
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J(t) = F(t) - F(O) , 
F(oo)-F(O) 

(3.5) 

where F(t) is the fluorescence intensity as a function of time. F(O) is the fluorescence intensity 

before bleaching, and F( (0) is the final recovered intensity. Thus, the recovery half time, 't1 /2, can 

be determined as the time where f(t) = 1/2. Knowing the radius, r, of the bleached area, the 

diffusion coefficient is derived by the equation: 

D 
_ 0.22 r2 

r-
o -r

1l2 

(3.6) 

In addition, FRAP can be used to determine the fluidity of each individual leaflet with 

respective fluorescent tags. 6 Other than the mobility of lipids, FRAP can also tell the mobility of 

protein incorporated in a SLB, so that whether the protein is fixed or not. 67 This is particularly 

useful for testing if a polymer cushion supported or tethered lipid bilayer is successful or not. 44, 

60 (see Fig. 3.8) 

Figure 3.8. Fluorescence recovery of Texas red doped SLB supported on a 10% tethered PEG 

film. The images were taken at (a) 0, (b) 1, (c) 3 and 15 minutes after photobleaching. The 

diffusion coefficient was determined 2.1 J.lm2/s. (Munro et a1.60
) 
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3.5. Adsorption Free Energy of Vesicles on Solid Surfaces 

Despite many models and mechanisms proposed, it is the adsorption free energy that 

participates in the surface free energy change at the solid-liquid interface and can be measured 

by the microcantilever sensors. Since the vesicles are composed of amphiphilic lipids, which are 

similar to surfactants, the adsorption behavior of ionic surfactants on solid surfaces can be 

compared to the lipids. 

This adsorption free energy of a surfactant-like amphipathic molecule on solid from 

solution is found to be related to the charge density of both the adsorbate (lipid) and adsorbent 

(Si02). Also it depends on the configurations of the physically adsorbed film. The adsorption free 

energy is usually written as a number of additive contribution terms. For adsorption of ionic 

surfactants on solid, the adsorption free energy is written as a sum of free energy terms from 

electrostatic interactions and a specific adsorption free energy term that comprises interactions 

that is non-electrostatic: 68,69 

(3.7) 

where the two terms include: 

~Gelec= ~Gcoul + ~Gdip (columbic interaction and dipole momentum changes) 

~Gspec=~Gcc+~Gcs +~Ghs (chain-chain, chain-surface and headgroup-surface and other factors) 

These expressions describe SLB adsorption on the Si02 surface. For instance, for pope 

lipid bilayer (zwitterionic) adsorption, the total adsorption free energy consists of both ~Gelec and 

~Gspec, while the ~Gcoul in ~Gelec is absent due to counterions on phosphate group and choline 

group of the headgroup. Thus when the pope bilayer is replaced by a DOTAP bilayer (cationic 

lipid, similar aliphatic chain length with POpe), the main change is in ~Gelec. Besides the 

electrostatic contribution, the addition of hydrophobic molecules to the bilayer, such as 

cholesterol, changes ~Gcc because cholesterol molecules embed themselves in the hydrophobic 
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aliphatic chain part of the bilayer. Increasing the adsorption free energy of a SLB on the solid 

surface will lead to larger surface free energy of the solids, as described in Chapter 2. Thus, on a 

microcantilever surface, the stronger affinity between the lipids and the Si02 surface, the more 

the microcantilever bends. 

For a scenario closer to a real SLB supported on solid surfaces, an interstitial water layer 

sandwiched between the SLB and the solid should be considered. The adsorption of the lipid 

membrane film can be depicted in Fig. 3.9. Because of the separation by a water layer of I nm 

thick, the interactions in the lipid film does not directly affect the surface free energy of the solid 

substrate. Compared to other surface-grafted molecules described in Chapter 2, such as 

alkanethiol SAMs and DNA brushes, the lipid membrane expansion or contraction may not 

mechanically drive the microcantilevers to bend. However, the overall interactions between 

lipid-lipid and lipid-solids all count and affect the affinity between the SLB and the solids. With 

higher lipid-lipid interactions, the lipid membrane is more stable on the surface, so the 

adsorption is more favored and will increase the total adsorption free energy. This theory will be 

examined by experimental measurement using microcantilevers in Chapter 4. 

The total adhesion energy is a sum of energies from van der Waals force, electrostatic 

force, hydration force and steric force. If consider the adhesion of zwitterionic lipid membranes 

to solid surfaces a result of only the van der Waals attraction, and the interstitial water layer is 1 

nm, the adhesion work is calculated to be 5.3.10-4 J/m2, or 0.53 mNlm (using the equation of van 

der Waals interaction energy for two adhered surfaces, W=-AHI12nD2, where AH is the Hamaker 

constant and D the separation between the membrane and the surface. AH is taken to be 2.10-20 J). 

70 This magnitude will be compared to the measured value to evaluate the contribution of van der 

Waals attraction to the adsorption free energy in Chapter 4. It is reported that the electrostatic 

energy dominates the overall adhesion energy for charged surfaces and membranes. 71 
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Figure 3.9. Schematics of a Si02 surface (a) before, and (b) after the SLB is formed. Both 

lipid-lipid and lipid-solid interactions contribute to the free energy of adsorption. 
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Chapter 4 

Studying the Interactions of Lipid Bilayers with Solid Surfaces 

Using Microcantilevers 

4.1.Introduction 

This chapter reports the use of free-standing microcantilever beams, which have been 

used as an ultrasensitive method for measuring the surface free energy changes on a substrate 

induced by the adsorption of thin films as introduced in Chapter 2, to probe the interactions 

between a solid surface and a phospholipid bilayer. The surface stress induced on 

microcantilever surfaces by a I-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine (POPC) planar 

supported lipid bilayer (SLB) is a direct measure of the surface free energy change upon lipid 

physisorption to a silicon dioxide (Si02) surface. Both lateral interactions in the membrane and 

that between the lipid membrane and the solid support are governed by a variety of 

intermolecular forces, such as van der Waals forces, 1 electrostatic interactions, 2,3 and structural 

components. 4,5 In this chapter, we report the surface stress measured in the solid support under 

conditions of (i) different SLB surface charge density, which can be associated with electrostatic 

partitioning in the adsorption free energy of the membrane. The deflection is influenced by 

electrostatic and intermolecular interactions of the bilayer with the substrate. Increasing the 

surface charge density in the supported lipid bilayer (SLB), by increasing the ratio of cationic to 

zwitterionic lipids in bilayer, resulted in an increase in cantilever deflection. (ii) Lipid transfer 

with oppositely charged membranes. The surface free energy changes due to lipid transfer 

between anionic unilamellar vesicles and a cationic supported bilayer were also observed using 

microcantilevers. And, (iii) the association of cholesterol with the lipid membrane. The 
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adsorption free energy of a mixed lipid and cholesterol bilayer was measured demonstrating a 

detectable decrease in affinity between the phospholipid bilayer and the solid surface as a result 

of the addition of cholesterol. 

The findings yield a novel method of characterizing the affinity of planar lipid 

membranes with solid surfaces as a function of the interactions governing the structure of 

supported lipid membranes and shed light on how the electrostatic and structural interactions in 

the membrane change its interactions with a solid support. 

4.2.Experimental Section 

4.2.1.Lipid Vesicle Preparation 

A zwitterionic lipid, I-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine (POpe), was 

used to form a neutral lipid bilayer. A cationic lipid, 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP), was used to generate mixed cationic-zwitterionic lipid bilayers to study electrostatic 

interactions within the bilayer. To study charge neutralization within the bilayer, an anionic lipid, 

1- palmitoyl- 2- oleoyl- sn- glycero- 3- phospho- L-serine (POPS), was used. Finally, cholesterol 

was used to modify the interactions between lipid chains in the bilayer. The lipids and cholesterol 

were purchased from Avanti Polar Lipids (Alabaster, AL). All the lipids and chemicals were used 

as received without further purification. Vesicles were prepared by a standard extrusion method 6. 

Briefly, pure and mixed lipid solutions of 0.25 ml were made at a concentration of 5 mg/ml in 

chloroform in a glass vial. The chloroform was evaporated and dried under a gentle ultra-pure 

nitrogen stream. The resulting lipid film was then desiccated in a vacuum chamber for a 

minimum of two hours and then hydrated with 0.25 ml of pH 7.4 phosphate buffered saline (PBS) 

buffer solution, with an ionic strength of 233.6 mM (Sigma-Aldrich, USA), followed by 
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vortexing the solution. The solution was then extruded 40 times through a polycarbonate 

membrane using a mini-extruder (Avanti Polar Lipids), resulting in a translucent solution oflarge 

unilamellar vesicles (LUVs) approximately 100 nm in diameter in PBS. The vesicle solution was 

further diluted with 9 parts of PBS to 1 part of the freshly extruded vesicle solution and stored at 

4 °C until use. The estimated lipid concentration was 0.5 mg/mt. Note that the final vesicle 

solution concentration may be lower than initially desired due to lipid loss on filter membranes 

after extrusion, however the concentration was well above the SLB formation threshold needed 

to achieve full coverage. 

4.2.2.Microcantilever Preparation 

Cantilever chips were purchased from Concentris GmbH (Basel, Switzerland). The 

cantilevers are 500 J..Lm in length, 100 J..Lm in width, and 1 J..Lm thick. Each chip contains eight 

rectangular silicon cantilevers, each with a spring constant of 0.026 N/m. In order to form clean 

hydrophilic surfaces for lipid bilayer formation, the microcantilever arrays were first treated with 

piranha solution (H2S04:H20 2=7:1, heated to 120°C). The cantilevers were then coated with 3 

nm titanium followed by 20 nm gold layer via a high vacuum chamber (E-Beam Evaporator, 

Telemark.) resulting in a bimetallic structure. The cantilever arrays were placed in an UV ozone 

cleaner for 5 minutes under 5 psi oxygen. This resulted in a cantilever with a clean gold surface 

on the frontside and a hydrophilic silicon dioxide surface on the backside. Each cantilever was 

individually functionalized using glass microcapillaries. The surface functionalization typically 

proceeds for two hours. To prevent binding preferentially to either the silicon dioxide or gold 

side of the cantilever beam, hydrophilic polyethylene glycol (PEG) polymers were utilized. A 

dithiolaromatic-PEG molecule (C25~406S2, MW=504.74 g/mol, Sensopath Technologies, 

Bozeman, MT) was used to prevent vesicle adsorption to the gold surface of the cantilever. A 
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PEG-silane molecule, 2- [methoxy-(polyethyleneoxy)propyl]- trimethoxysilane (C13H300 7Si, 

MW= 326.46 g/mol, Gelest Inc. Morrisville, PA), was used to prevent vesicle adsorption on the 

silicon dioxide surface of the cantilever. A reference cantilever was functionalized with both the 

dithiolaromatic-PEG and the PEG-silane. After use, the cantilevers were once again placed in the 

UV ozone cleaner for 5 minutes under 5 psi oxygen and then refunctionalized as described above. 

4.2.3.Microcantilevers to Measure Surface Stress 

All measurements were performed with a Cantisens Research System (Concentris GmbH, 

Basel, Switzerland). The cantilevers were mounted in a liquid chamber in which solutions were 

pumped past the cantilever chip via a syringe pump. The chamber was temperature controlled 

and for all reported experiments the chip was held at 25°C. Prior to the introduction of vesicle 

solutions, the cantilever signals were set to a zero baseline value. Each sample injection 

consisted of flowing 0.2 mL of vesicle solution at a flow rate of 0.42 J1L1sec. Excess liquid was 

pumped to the waste reservoir via a syringe pump. Real-time deflection of microcantilevers was 

monitored via a scanning laser diode aligned to the tip of the microcantilevers. The position of 

the reflected laser beam was captured using a position-sensitive-detector (PSD), with a sampling 

frequency of 1 Hz. The average thermomechanical sensitivity of the cantilevers was measured to 

be 73 ± 11 nmIK. 7 Due to small differences in material properties of the cantilevers such as 

stiffness or thickness variation of the evaporated gold layer, the deflections of the cantilevers 

were normalized using each cantilever's thermomechanical sensitivity. After normalization, the 

signal difference between the experimental cantilever and the reference cantilever was calculated 

to allow us to measure the cantilever deflection due to the vesicle rupture into a SLB. Each 

experiment was repeated 2~3 times on either the same or on a different chip, with a minimum of 

4 cantilevers on the same chip used for each experiment. The signals were processed using 
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MATLAB. The regression model using a nonlinear least squares method with Gauss-Newton 

algorithm was used for the fits. Fitting coefficients were obtained within 95% confidence bounds. 

4.3.Results 

4.3.1. Lipid Deposition onto Functionalized Microcantilever Surfaces 

Upon injection of the pope vesicle solution into the flow chamber, the cantilevers 

undergo a surface stress change. For cantilevers modified with the dithiolaromatic-PEG, the 

cantilevers bend towards the gold surface. As shown in Fig. 4.2(a), a positive deflection of 73 ± 

6.0 nm (17 ± 1.4mN/m) is observed due to the rupture of the lipid vesicles on the silicon dioxide 

surface. It is known that vesicles rupture to form a lipid bilayer of 5 nm in thickness on silicon 

dioxide. 8, 9 The origin of the deflection upon the lipid bilayer formation on the silicon oxide 

surface is the free energy change caused by the interaction of lipids with the cantilever surface. 

The cantilevers modified with both dithiolaromatic-PEG and PEG-silane, shown in Fig. 4.2(b), 

have little deviation from the baseline value indicating little vesicle adsorption or bilayer 

formation on the PEG films. For cantilevers modified with PEG-silane, a negative deflection of 

420 ± 30 nm (98 ± 7.0 mN/m) is observed, shown in Fig. 4.2(c). It is well known that lipid 

vesicles adsorb intact onto gold surfaces rather than rupture to form SLBs. 8, 10, 11 The large 

negative deflection and the fact that the cantilevers bend away from the gold surface suggest 

steric repulsion between adsorbed vesicles. The signal equilibrates once a critical surface layer of 

vesicles is adsorbed. Note that the deflection due to bilayer formation is significantly smaller 

than the deflection generated due to vesicle adsorption. For a SLB adsorbed to a cantilever, there 

is an asymmetrical environment, with one leaflet facing an aqueous solution and the other a rigid 

substrate. The surface stress of SLB physisorption on Si02 surface is measured on 
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microcantilever to be 17 ± 1.4 mN/m, or an adsorption free energy of 3.3 ± 0.27 kJ/mol, 

assuming a pope lipid cross-sectional area of 65 A 2 . When a 1 ipid bilayer is physisorbed onto 

the cantilever, there is a compressive stress in the Si02 surface causing the cantilever to bend in 

the direction of gold-coated surface, as depicted in Fig. 4.1 (a). The deflection of the cantilever is 

determined by an energy balance between the surface free energy contributed from lipid/lipid 

and lipid/solid interactions that tend to deflect the cantilever, as illustrated in Fig. 4.1 (b), and the 

elastic energy of solid, that tends to counter the deflection of cantilever. 12- 15 Note that the vesicle 

solution flowed for only 7 minutes (as indicated with shaded area in Fig. 4.2). After which, the 

valve was switched back to PBS buffer port. Since the bilayers adsorption is irreversible over 

this time scale, the cantilevers remain deflected, as shown in Fig. 4.2, from 780 sec to 1400 sec. 

Aqueous ambient 

Lipid membrane film Lipid-Lipid 

'" I' ) I' 

!n;eP)~~Wter tt i ! t lipid-Solid » ;;/// 
Si02 solid surface 

(a) (b) 

Figure 4.1. A SLB physisorbs to a silicon dioxide surface of the cantilever. (a) Adsorption of a 

lipid membrane induces a compressive stress on the Si02 surface and results in cantilever 

bending toward the opposite side. (b) The commonly used sandwich model (membrane-water

solid) of a SLB. Both lipid/lipid and lipid/solid interactions contribute to the free energy of 

adsorption. 
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Figure 4.2. Deflection measurements upon injection of pope vesicles onto functionalized Si02 

and Au surfaces. Shaded area indicates when the vesicle solution is introduced into the 

measurement chamber. (a) Using a PEG-coated gold surface, a lipid bilayer forms on the silicon 

dioxide surface resulting in a positive deflection due to a compressive stress exerted on the 

silicon dioxide surface. (b) There is no significant response for a reference cantilever in which 

both the gold and silicon dioxide surfaces are functionalized with PEG. (c) For a cantilever in 

which the silicon dioxide is coated with PEG, intact vesicles adsorb onto the gold surface of the 

cantilever resulting in compressive stress exerted on the gold layer. 

4.3.2.Surface Stress Generated for Mixed Cationic-Zwitterionic Lipid Bilayers 

We examine the surface stress exerted by the charged lipid bilayers which is formed by 

rupturing vesicles composed of cationic DOTAP and zwitterionic pope lipids. The positive 

charges on the headgroup of DOT AP enhance the headgroup-Si02 attraction, since Si02 is 

negatively charged at neutral pH. 16 The adsorption free energy can be tuned by varying the ratio 

of DOT AP to pope. As shown in Fig. 4.3 , as the DOTAP concentration changes from 0 to 

100%, the measured surface stress increases from 17 ± 1.4 mN/m to 24 ± 1.5 mN/m. As the 

DOT AP ratio in the SLB is increased, the stronger electrostatic interactions between the 

headgroups and the Si02 surface increase the adsorption free energy, resulting in an increase in 
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the compressive stress. This result indicates that the surface stress can be tuned by modifying the 

ratio of charged lipids in a SLB. According to Eq. (2.6) and (2.7), the surface stress of solid 

surfaces is related to the adsorption free energy of adsorbate molecules. The electrostatic 

contribution of adsorption free energy per unit area is a function of the lipid bilayer charge 

density O"ele and also the Si02 surface potenti~l "'e of the inner Helmholtz plane: 16,17 

(4.1) 

where al is the average area per lipid molecule, a is the mole fraction of charged lipids, and e is 

the unit charge of a single electron. By varying the mole fraction of the cationic DOTAP to the 

zwitterionic pope lipids, any changes in adsorption free energy due to charged lipids is 

proportional to the electrostatic contribution. We express the average lipid cross-sectional area in 

this two-component system using the following expression: al = apopc (I-a) + aOOTAP a, where 

apopc = 0.65 nm2 and aOOTAP = 0.87 nm2 are the molecular areas for pope and DOTAP as 

reported in the literature, 18-20 an.d a is the DOTAP mole fraction in the supported bilayer. The 

measured adsorption free energy (in the form of surface stress on cantilever substrate) of the 

cationic-zwitterionic lipid bilayer is then fitted to Eq. (4.1) where "'e is used as a fitting 

parameter. The fitted "'e value is -33m V with R2 = 0.83, which is reasonably close to the 

literature value measured using streaming potential. 21 
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Figure 4.3. Surface stress induced by SLB composed of different DOTAP to pope ratios as 

measured using microcantilevers. The solid line corresponds to the theoretical electrostatic 

partition of adsorption free energy of a lipid bilayer predicted in Eq. (4.1). The only fitting 

parameter is \jfe = -33 m V with R2 = 0.83. 

4.3.3.Anionic LUV Lipids Transferring into Cationic SLBs 

Researchers have demonstrated lipid transfer between a cationic SLB and anionic 

unilamellar vesicles, 22-24 but there is little understanding of how the adsorption free energy 

changes due to lipid transfer. To study the adsorption free energy changes due to lipid transfer on 

microcantilevers, a SLB composed of DOTAP lipids is first formed on the Si02 surface of the 

microcantilever, shown in Fig. 4.4 sample injection (i). A cationic SLB is chosen to ensure a 

strong driving force for lipid transfer with anionic vesicles. After SLB formation on the 

cantilever, vesicles composed of pOPS and pope are introduced to the flow chamber. As shown 

in Fig. 4.4 sample injection (ii), upon injection of neutral pope vesicles, there is little change to 

the adsorption free energy of the SLB, indicating little lipid transfer between the cationic DOTAP 
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lipids and the zwitterionic pope lipids. By introducing anionic vesicles composed of POPS and 

pope, the adsorption free energy of the cationic SLB decreases, indicating charge neutralization 

occurs due to lipid transfer between the vesicles and the SLB. This decrease in adsorption free 

energy can be attributed to a decrease in the electrostatic affinity of the SLB to the Si02 surface 

due to lipid transfer between the cationic DOTAP lipids with either anionic POPS or zwitterionic 

pope. As shown in Fig. 4.5, the surface stress decreases from 24 ± 1.5 mN/m for a bilayer 

composed entirely of DOTAP lipids to 8.4 ± 1.2 mN/m, for a bilayer mixed with DOTAP and 

POPS lipids. Though the final bilayer surface charge density after lipids remains undetermined, 

Kunze has reported a similar in-situ prepared cationic supported bilayer that contains 53% of the 

anionic donor lipids after electrostatic-driven lipid transfer, 22 which suggests that the SLB is 

neutralized after lipid transfer. It is interesting to note that the surface stress of a mixed 

DOTAP/POPS SLB is smaller than that of for a pure pope SLB (17 ± 1.4 mN/m). One possible 

explanation is that lipids in a mixed DOTAPIPOPS SLB are more tightly packed than a pope 

SLB, which leads to a smaller average area per lipid and changes the charge density at the solid 

surface. Though both systems form neutral charged SLBs, dipole-dipole alignment between 

zwitterionic lipid headgroups results in localized repulsive interactions which lead to a larger 

average area per lipid compared to a mixed anionic/cationic SLB system. Again, this confirms 

that the adsorption free energy of a SLB can be tuned by modifying the electrostatic interactions 

between the lipids. 
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Figure 4.4. Surface stress changes due to electrostatic-induced lipid exchange between cationic 

DOTAP supported bilayer and anionic POPS (0, 10%, 50%,75%, 100%)/POPC LUVs at 25 °C 

measured using microcantilevers. Shaded area (i) indicates injection of 0.5 mg/ml 100% DOTAP 

vesicles and formation of a cationic SLB, followed by (ii) injections of 0.5 mg/ml POPS(O, 10, 

50, 75 and 100 mol%)/POPC LUVs. 
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Figure 4.5. Surface stress measured after lipid exchange between a cationic DOTAP bilayer and 

anionic POPS/POPC LUVs as a function of the anionic POPS mole fraction in POPS/POPC 

LUVs. 
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4.3.4.Surface Stress Generated for Mixed Cholesterol-POPC Lipid Bilayers 

To examine adsorption free energy changes due to the presence of cholesterol in a SLB, 

vesicles composed of PO PC are made with varying ratios of cholesterol. The cholesterol content 

is varied from 0 to 50 mol%, after which the increased cholesterol content results in unstable 

vesicles. 25 As shown in Fig. 4.6, there is a decrease in the surface stress from 17 ± 1.4 mN/m to 

9.9 ± 1.3 mN/m as the cholesterol content is increased to 50%, indicating that cholesterol 

perturbs the lipid chain configurations and packing geometry, which decreases the SLB 

adsorption free energy on the cantilever surface. Cholesterols in the bilayer is thought to mainly 

embed within the hydrophobic portion of the bilayer, exposing limited -OH groups at the lipid 

headgroup/chain interface. 25 Previous literature has shown that lipid membranes become more 

rigid and undergo a phase transition from liquid disordered (ld) to liquid ordered (10) with 

increased cholesterol content from 5 to 30 mol%, resulting in a decrease in the van der Waals 

force between hydrophobic lipid chains. 26-28 The hydrophobic interactions between lipid chains 

are known to stabilize the membrane and enhance physisorption at liquid/solid interface, thus 

inclusion of cholesterol in the bilayer weakens the stabilizing energy, leading to a decreased 

adsorption free energy. We observe a nonlinear decrease in the surface stress of a mixed lipid

cholesterol film with increased cholesterol content, as shown in Fig. 4.6. 
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Figure 4.6. Surface stress induced by lipid bilayers composed of different cholesterol to pope 

ratios measured at 25 °e from microcantilever experiments. 

4.4.Discussion 

As the SLB forms on the microcantilever surface, the origin of the cantilever bending is 

the adsorption free energy. The changes in surface free energy due to the adsorption of a thin film 

onto a solid from solution can be thought of as a surface film pressure. 29-3 1 In our system, at 

equilibrium, the surface free energy gives rise to a surface film pressure of the SLB, 7tSLS. Note 

that the surface film pressure measured using microcantilevers is different from the surface 

pressure defined at air-water interface. Since the SLB is adhered to the solid surface through 

physisorption (mainly dipole-dipole, van der Waals forces and hydrogen bonding), part of the 

lateral inter-lipid interactions may not be incorporated into the surface free energy on solid. For 

systems such as alkanethiol self-assembled monolayers or DNA brushes fixed on gold, the lateral 

repulsions or attractions between molecules contribute to the substrate surface stress on 

cantilever without significant loss. 12, 14 In the SLB system, the physisorbed lipid bilayer must 

couple to the surface through a water layer of l ~ 1.5 nm. Additionally, being sandwiched by the 
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SLB and the solid substrate, this interstitial water layer is greatly affected by both the solid and 

the SLB. The water molecules must reorient to be crystalline-like and this ordering can influence 

the surface free energy at the liquid/solid interface. 16,32,33 

4.5.Conclusion 

This chapter demonstrated that the adsorption free energy of SLBs on Si02 changes due 

to modifications in the electrostatic interactions, lipid transfer between oppositely charged 

membranes, and membrane mixing with cholesterol can be detected using microcantilevers. A 

surface stress change of 17 ± 1.4 mN/m (mJ/m2) generated by a POPC SLB is measured. By 

adding cationic DOTAP lipids to the POPC membrane, there is an increase in the adsorption free 

energy due to increased electrostatic attraction between lipid headgroups in the SLB and the Si02 

surface. To further affirm our model, lipid transfer between cationic SLBs and anionic lipid 

vesicles is performed to demonstrate a detectable surface stress change due to charge 

neutralization. Finally, the addition of cholesterol results in decrease in the surface stress. This 

work can lead to further studies of lipid membrane interactions with membrane-active peptides, 

transmembrane proteins, and in-situ modification of SLBs. Compared to other analytical 

techniques, such as Langmuir-Blodgett trough, which is limited to measurements of lipid 

mono layers at an air/water interface, microcantilevers can be utilized to detect real-time changes 

in the lipid membranes. This will lead to a better understanding of the function and formation of 

SLBs and the utilization of SLBs as mimics for biomembranes. 
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Chapter 5 

Probing Temperature-induced Gel-liquid Phase Transition of 

Supported Lipid Bilayers and Monolayers 

5.1. Introduction 

Lipid bilayers and mono layers are known to exhibit many phases as a function of 

temperature. The thermally induced gel-fluid transition has been of particular importance due to 

its role in permeability and electric conductivity. 1-4 Attempts to understand the differences 

between supported and free-standing lipid membranes and how a solid support interacts and 

influences the stability of a SLB are undergoing. 5-11 One important parameter is the phase 

transition temperature T m. It is believed that the gel-liquid transition of a lipid membrane is a 

first-order process at T m where in the gel state the alkyl chains in the lipid molecules are 

organized into a crystalline-like lattice, whereas they are disordered in the liquid phase. 12,13 

However in a SLB, the two leaflets comprising the bilayer face different environments: one 

leaflet faces an ambient aqueous solution while the other side faces a rigid solid. This results in a 

membrane asymmetry, which is reported to cause differences in the surface tension, lipid lateral 

diffusion coefficient, and phase transition temperature between a SLB and a free standing 

membrane. Leonenko et al. reported that a mica-SLB demonstrates a broader gel-liquid phase 

transition than a free-standing one, accompanied with observable structural changes around the 

main T m. 14 Feng et al. report that the gel-liquid phase transition for SLBs is a second-order 

process, with the primary transition at T m and a secondary transition - 5 °C above T m. 15 They 

propose that the proximal leaflet is stabilized by the ordered thin water film beneath it, which 

results in a secondary transition which occurs at a temperature higher than primary T m. Oncins et 
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al. further confirmed the existence of the secondary T m in the proximal leaflet by examining the 

phase transition of a Langmuir-Blodgett lipid monolayer. 16 All of these studies are observed by 

applying external forces such as force spectroscopy or atomic force microscopy, with their probe 

tips exerting external force to the soft films during scanning. 17 A less intrusive method to probe 

the order/disorder transition of lipid surface films is through the use of vibrational sum frequency 

spectroscopy (VSFS). 18,19 

Chapter 4 demonstrates the use of microcantilevers to measure the adsorption free energy 

of lipid membranes on solid surfaces. 20 This chapter furthers the calorimetric sensing application 

of microcantilevers, to probe the subtle gel-liquid phase transition of phospholipid bilayers 

supported on a silicon dioxide surface. Conformational changes in the adsorbed molecular films 

and temperature-induced melting of dsDNA are readily observed using microcantilevers. 21-24 

The recent success of microcantilevers is due to their ability to sensitively measure surface stress 

changes associated with liquid-solid interfacial behavior. 

5.2. Materials and Methods 

5.2.1. Lipid Vesicles 

I-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (MPPC, T m ~ 35 DC) was 

purchased from Avanti Polar Lipids (Alabaster, AL). The lipids and chemicals were used as 

received without further purification. Lipid vesicles were prepared by the standard extrusion 

method and kept at least 15 DC above their phase transition temperature in hot water bath at all 

times. 25 Briefly, lipid was dissolved in 0.25 ml of chloroform at a concentration of 5 mg/ml in a 

glass vial. The chloroform was evaporated and dried under a gentle ultra-pure nitrogen stream. 

The resulting lipid film was desiccated in a vacuum chamber for at least two hours and then 

hydrated in 0.25 ml of a pH 7.4 phosphate buffered saline (PBS) buffer solution (Sigma-Aldrich, 

USA) at 50 DC, followed by vortexing the solution. The solution was then extruded 40 times 

67 



through a polycarbonate membrane with 100 nm pore-size using a mini-extruder (Avanti Polar 

Lipids), resulting in a translucent solution of large unilamellar vesicles (LUVs) approximately 

100 nm in diameter in PBS. The vesicle solution was further diluted with 9 parts of PBS to 1 part 

of the freshly extruded vesicle solution and stored in warm water bath at 50°C. The estimated 

lipid concentration was 0.5 mg/ml. 

5.2.2. Microcantilevers Preparation 

Cantilever chips were purchased from Concentris GmbH (Basel, Switzerland). The 

cantilevers are 500 J..lITl in length, 100 J..lITl in width, and 1 J..lITl in thickness. Each chip contains 

eight rectangular cantilevers is which one surface is silicon and the other surface is coated with 3 

nm titanium followed by 20 nm gold layer. Before functionalization, the cantilever arrays were 

placed in an UV ozone cleaner for 5 minutes under 5 psi oxygen to generate a silicon dioxide 

surface. To prevent vesicle binding to the gold surface of the cantilever, a dithiolaromatic-PEG 

(C2S~406S2, MW=504.74 g/mol, Sensopath Technologies, Bozeman, MT) was used. The 

surface functionalization typically proceeds for two hours. PEG-silane, 2 

[methoxy-(polyethyleneoxy)propyl] - trimethoxysilane (C13H3007Si , MW= 326.46 g/mol, Gelest 

Inc. Morrisville, PA), was used to prevent vesicle from adsorbing on the silicon dioxide surface 

of the cantilever. A reference cantilever was functionalized with both the dithiolaromatic-PEG 

and the PEG-silane. 

5.2.3. Langmuir Monolayer of Lipids 

A supported lipid monolayer is prepared outside the measurement chamber. The lipid 

monolayer was deposited on the silicon dioxide surface using Langmuir-Blodgett transfer 

method (KSV 2000 series, KSV instruments Ltd., Helsinki, Finland). The cantilever is first 

pre-functionalized with dithiolaromatic-PEG to prevent lipid adsorption to the gold surface. The 

cantilever is then held on a Teflon clip and immersed into a DI water-filled Langmuir trough. 
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Lipid molecules were then dispensed onto the air-water surface, with the total surface area and 

surface pressure controlled by two barriers. At a surface pressure of 30mN/m (surface area of 50 

A 2 per MPPC molecule), the lipid monolayer was transferred onto the cantilever. The monolayer 

was dried in a desiccation chamber, and cantilever measurements were performed within 20 

minutes. 

5.2.4. Microcantilevers to Measure Surface Stress 

All measurements were performed with a Cantisens Research System (Concentris GmbH, 

Basel, Switzerland). The cantilevers were mounted in a liquid chamber in which solutions were 

pumped past the cantilever chip via a syringe pump. SLBs were formed on silicon dioxide 

surface of microcantilevers through vesicle fusion at 10°C above the primary T m. Prior to the 

introduction of vesicle solutions, the cantilever signals were set to a zero baseline value. Each 

injection consisted of flowing 0.2 mL of vesicle solution at a flow rate of 0.42 J..lLlsec. A solution 

of MPPC vesicles was injected into the measurement chamber to form the SLB on silicon 

dioxide surface of microcantilever. Excess liquid was pumped to the waste reservoir via a 

syringe pump. Real-time deflection of microcantilevers was monitored via a scanning laser diode 

aligned to the tip of the microcantilevers. The position of the reflected laser beam was captured 

using a position-sensitive-detector (PSD), with a sampling frequency of 1 Hz. 

The average thermomechanical sensitivity of the cantilevers was measured to be 73 ± 11 

nm/K. 26 Due to small differences in material properties of the cantilevers such as stiffness or 

thickness variation of the evaporated gold layer, the deflections of the cantilevers were 

normalized using each cantilever's thermomechanical sensitivity. After normalization, the signal 

difference between the experimental cantilever and the reference cantilever was calculated to 

allow us to measure the cantilever deflection due to the vesicle rupture into a SLB. Phase 

transition curves were acquired by slowly ramping the temperature from 45°C to 31 °c for the 
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bilayer or from 31°C to 45 °c for the monolayer at a rate of ± 0.8 DC/min. 

5.3. Results and Discussion 

Fig. 5.1 shows the equilibrium deflection of microcantilevers upon the formation of a 

MPPC SLB at 45°C. The vesicle solution flows through the measurement chamber from 240 sec 

to 720 sec. As vesicles fuse onto the Si02 surface and rupture to form a planar lipid bilayer, a 

compressive surface stress is induced, causing the cantilever to bend toward the gold side. The 

free energy of adsorption is transferred to the solid as a surface free energy at the 

solid-water-lipid interface (REFERENCE). This surface free energy disturbs the atoms of the 

solid surface, leading to a surface stress in the solid that deforms the material laterally. Due to a 

surface stress mismatch between the bulk and surface, the cantilever bends toward the gold 

surface. After switching back to buffer, the microcantilever remains deflected, confirming that 

a stable SLB has formed. The equilibrium deflection value (78 ± 2.6 nm) corresponds to a 

surface stress of 18 ± 0.62 mN/m induced by physisorption of a MPPC lipid film. 

After the formation of the SLB, the temperature is decreased from 45 to 31°C and the 

resulting cantilever responses are shown in Fig. 5.2(a). Due to the mismatch in the thermal 

expansion coefficients between gold and silicon, the reference cantilever decreases linearly with 

increasing temperature. For lipid bilayer coated cantilevers, a discontinuity in the linear bending 

profile is observed at ~35°C. The discontinuity, an abrupt step of ~ 20 nm, can be attributed to 

the gel-liquid phase transition of the lipid bilayer. By plotting the derivative of the deflection 

with respect to temperature in Fig. 5.2(b), a distinct peak can be detected from the 

d(Deflection)/dT plot, which corresponds to the phase transition temperature, T m. It is found that 

the T m value for the MPPC SLB measured with microcantilever (at 34.9 ± 0.1 DC) agrees well 

with the value reported for MPPC vesicles in the literature (35°C). Additionally, we see that at T m, 
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the fluid phospholipids membrane undergoes a liquid disorder to gel ordered phase transition that 

generates an additional compressive surface stress of ~ 4.7 mN/m onto the solid support. It is 

well known that this phase transition is an exothermic process that results in an abrupt rise in 

change conformational order and reduced mobility of the lipid molecules. Interestingly, this 

transition is also associated with a reduction in molecular area, which is likely to laterally 

contract the lipid membrane, which should lead to a tensile surface stress, yet a compressive 

stress is observed. This observed surface stress may be a competition between the adsorption free 

energy induced compressive stress during the phase transition and the tensile stress induced by 

the membrane area reduction. Nevertheless, the overall surface stress is observed to be 

compressive. 

We compare the supported MPPC bilayer phase transition with that of a MPPC 

monolayer. The MPPC monolayer prepared on the Si02 surface of microcantilevers using the 

Langmuir Blodgett transfer method is immersed at 31°C. As the temperature is slowly increased 

to 45 °C, there is a change in the slope at ~4l °C in the deflection curve, as shown in Fig. 5.3(a). 

It is important to note that due to the different preparation method, the temperature ramping 

directions are different for bilayers and mono layers. The supported mono layers are transferred 

onto microcantilevers at room temperature; in the measurement, the temperature ramps from 

room temperature (25°C) to 43°C, thus the supported mono layers are heated from gel to liquid 

phase. While the supported bilayers are formed from rupturing vesicles in their fluid phase at 

43°C, so the SLBs are cooled from liquid to gel phase to find the T m. Compared to the MPPC, 

SLB, the monolayer phase transition is seen as a slope change rather than an abrupt step. The 

plot of d(Deflection)/dT shows a clear change at 40.8 ± 0.10 °C for all monolayer coated 

cantilevers. The slope increases 0.26 ± 0.06 nmfC from ordered to disordered phase at T m'. The 

increase in T m for the monolayer is related to the difference between the interactions of a MPPC 
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monolayer and bilayer with the solid support. The stabilizing effect on the supported lipid 

monolayer is thought to come from electrostatic interaction, whereby negative charges on Si02 

attract the polar lipid headgroups (the positively charged choline groups) 18 or from the 

crystalline-like water beneath the lipid layer 15, thus T m shifts to higher temperature, from 34.9 ± 

0.1 °c to 40.8 ± 0.10 °C. 

Though many groups have reported a secondary transition temperature for SLBs, clear 

discontinuities are not observed at T m' using microcantilevers. Furthermore, the ability for 

microcantilevers to probe the SLB phase transition may be limited if the conformational changes 

in the SLB do not generate enough change in the surface free energy to be converted into a 

surface stress, no deflection will be observed. In addition, the secondary phase transition appears 

as protrusion features or crack formations in the SLBs, which are observed by Feng et al. in their 

AFM images. They suggested that the protrusion and cracking features found at temperature near 

T m on the SLBs are due to the interactions between the solid substrate and the bilayer. 15 SLBs 

constructed with defects may not exhibit the T m + SoC transition on microcantilevers because the 

surface free energy may not be a good indicator of these features of this phase transition. These 

features indicate discontinuity and defects in the SLBs near T m. 

In summary, we have demonstrated the use of microcantilevers to probe the gel-liquid 

phase transition of both supported lipid bilayers and mono layers. The primary transition 

temperature can be accurately detected for the MPPC SLB, but the secondary transition at T m' is 

not obvious. T m' for supported lipid monolayer is successfully detected at ~ + S °c higher than 

the primary T m. This technique has been shown to precisely probe the conformational changes 

of phase transitions in macromolecular assemblies confined on surfaces. We offer this technique 

as a promising tool for future studies on the phase transition temperature of supported model 

lipid membranes. 
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Figure 5.1. Real-time deflection measurement of the cantilever as a MPPC Supported Lipid 

Bilayer formed on the Si02 surface of the cantilever at 45°C. Arrow (i) indicates injection of 

MPPC vesicles into the measurement chamber. SLB forms on Si02 causing a deflection toward 

the gold side. Arrow (ii) indicates that the flow is switched from vesicle solution to PBS buffer. 

Three separate cantilevers on the same array are shown to confirm the formation of SLBs. Note 

that one cantilever (black curve) responds prior to other two (gray curves) because the vesicles 

reach it first in the measurement chamber. 
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Figure 5.2. Phase Transition of MPPC Supported Lipid Bilayer. (a) Deflection of 

microcantilevers versus temperature. Inset figure provides finer resolution between 34 to 36°C. 

(b) The derivative of the deflection with respect to temperature is shown. The T m can be 

determined by the position of the peaks. Seven cantilevers on the same array are offset for clarity. 

The black dash line indicates a reference microcantilever without lipid membrane on the surface. 

74 



o 

-200 

.......... 
E -400 
c: 
~ 

c: o 
.+:; -600 
o 
Q) 

c;:: 
Q) 

C -800 

-1000 

.... 
<l 

I: 
o .= 
<.> 
Q) 

~ a 
<l 

15 

10 

5 

o 

-5 

31 32 33 34 35 36 37 38 39 40 41 42 43 
o 

Temperature ( C) (a) 

32 34 36 38 40 42 

Temperature tC) (b) 

Figure 5.3. Phase Transition of MPPC Supported Lipid (Langmuir-Blodgett) Monolayer. (a) 

Deflection of microcantilevers vs. temperature. Inset figure provides finer resolution between 40 

to 42°C. (b) The derivative of the deflection with respect to temperature is shown. Five 

cantilevers on the same array are offset for clarity. The black dash line indicates a reference 

microcantilever without lipid membrane on the surface. 
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5.4. Conclusion 

In summary, this short chapter demonstrated the novelty of using microcantilevers to 

probe the gel-liquid phase transition of both supported lipid bilayers and supported lipid 

mono layers. The measurements have unraveled a step further a recent controversial issue on 

mUltiple phase transition behaviors of SLBs originating from asymmetry. The primary transition 

T m is accurately detected for the MPPC SLB, but the secondary transition at T m' is not obvious. 

T m' for supported lipid monolayer is successfully detected at - + 5 °C higher than the primary T m. 

This technique has been shown to precisely probe the conformational changes of phase 

transitions in macromolecular assemblies confined on surfaces, and we highlight this technique 

as a promising tool for future studies on supported model lipid membranes. 
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Chapter 6 

Probing Insertion and Solubilization Effects of Lyso-lipids on 

Supported Lipid Bilayers Using Microcantilevers 

6.1. Introduction 

The interaction of lipid membranes with amphipathic molecules, such as surfactants, 

short-chain alcohols, and amphipathic peptides, plays an important role in the functionality and 

structure of lipid membranes. I-3 Experimental evidence shows that model lipid membranes (for 

example, giant unilamellar vesicles, GUVs) can take up amphipathic molecules, leading to 

changes in the total membrane area, phase transitions, curvature and rigidity.4 Amphipathic 

molecules in the bulk solution can insert to the external leaflet of the membrane and increase the 

total volume in the external leaflet. The resulting head group crowding in the external leaflet can 

cause the membrane to undergo surface area expansion or lateral compression, while the inner 

leaflet curves until the final bending momentum reaches zero. As a result, external and internal 

leaflets dilate to different extents, and the lateral pressure profile alters to reach a new balance.5, 6 

The ability to modulate the lateral pressure profile makes lyso-lipid and other amphipathic 

molecules good candidates for gating the on and off of mechano-sensitive ion channels? Lyso

lipids are also proven to affect membrane protein folding in the rate and the folding yield by 

inducing an additional curvature stress after the incorporation of lyso-lipids.5, 7 Compared to 

other surfactants commonly used for solubilizing membrane proteins, such as anionic sodium 

lauryl sulfate (SDS),8,9 lyso-lipids are much more similar to lipid molecules. The lyso-lipids are 

chosen because they share the same head group and similar tail group structure of the lipid in the 

target lipid bilayer; thus the only factor that dominates the interaction is the cone-like shape of 
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the surfactant. Therefore, lyso-lipids provide a simple model system for studying the mechanism 

of asymmetrical insertion into lipid membranes. 

For surfactant concentration below the critical micelle concentration (CMC) in the bulk 

solution, the surfactants are present in the solution as monomers. In the form of monomers, the 

surfactants interact with lipid membranes mainly by partitioning reversibly into the membrane 

without disrupting the membrane integrity. As the concentration of surfactants increases and 

exceeds the CMC, the surfactants not only insert into lipid membranes, but also start to "lyse" or 

"solubilize" the lipid membranes. Solubilization of the lipid bilayer with surfactants is greatly 

affected by the concentration, charge, and hydrophile-lipophile-balance (HLB) of the surfactants. 

The process is commonly described in three stages as the surfactant concentration increases: (i) 

the membranes take up surfactant monomers; (ii) As the surfactants become saturated in the 

membrane, surfactants aggregate to form surfactant-lipid mixed micelles in the aqueous phase; 

and (iii) all the lipids are solubilized in the form of mixed micelles.8, 10-13 To measure the changes 

in the lipid membrane in the presence of lyso-lipids, researchers have used the well-characterized 

micropipette aspiration techniques to study the membrane area dilation of GUVs upon the 

insertion of a lyso-lipid, MOPC. 14, 15 However, the membrane stretching is subject to an applied 

tension from the aspiration, which is argued to accelerate lyso-lipid flip-flop by several orders of 

magnitude, leading to membrane instability.6, 16 The use of nuclear magnetic resonance (NMR) to 

detect phosphorus chemical shifts as an indication of a lateral pressure change induced by the 

lyso-lipid insertion was explored by Trailda; however, an additional negatively-charged tracer 

lipid, DOPA, is required.6 Henriksen et al. investigated the enthalpy, entropy and free energy 

parameters of lyso-lipid partitioning into model lipid membranes using isothermal titration 

calorimetry (ITC).17 Little has been explored regarding how surfactants affect the supported lipid 
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bilayers (SLBs), which have now become a useful model for biological membranes. None of the 

above techniques can be easily used to study supported lipid membranes (SLBs). 

This chapter demonstrates a new type of measurement, using lipid membrane-coated 

microcantilever sensors, for determining the changes in free energy in the lipid membranes when 

interacting with lyso-lipids. The microcantilever is a label-free technique that is not only able to 

probe minute changes in surface free energy, but also to monitor surface processes in real-time. 18· 

23 Since the interaction between lyso-lipids and lipid membranes is spontaneous and can lower 

the total system free energy, detection of the Gibbs free energy of adsorption via the cantilever 

deflection can provide thermodynamic insights into the partitioning of lyso-lipids into lipid 

membranes. Besides the free energy change obtained at equilibrium state, the mechanism of how 

lyso-lipids insert into or solubilize lipid membranes is also of great interest. The microcantilever 

also offers insight into the mechanism by which lyso-lipid insertion into lipid membranes result 

in membrane strain changes. 

In Chapter 4, SLBs adsorption is systematically characterized on the microcantilever 

surface.24 The microcantilever is shown a useful sensor for detecting the conformation and 

composition change of a SLB. In this chapter, the use of microcantilevers with a lipid membrane 

coating on the surface to probe the changes in free energy when lyso-lipids interact with SLBs is 

demonstrated. This chapter characterizes this system from two aspects: (i) lyso-lipids with 

different aliphatic chain lengths are tested to determine the role of hydrophobic effects in lyso

lipid interaction with SLBs. Longer chain length indicates a stronger hydrophobic match with the 

tail groups of the lipid molecules, so the chain length of lyso-lipids is a factor of detergency. 

Lipid membrane's resistivity to detergency of lyso-lipids is also analyzed. And (ii) lyso-lipids 

with concentrations ranging from below and above their CMC are tested on the SLBs. Both 
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reversible lyso-lipid adsorption and destructive solubilization of SLBs by lyso-lipids are 

observed and analyzed. These results reveal a promising sensing method for probing the 

interactions between lipid membranes and amphipathic molecules, such as toxins, drugs and 

amphipathic peptides, for future applications. 

6.2.Experimental Section 

6.2.1.Lipid Vesicle Preparation 

Lipid vesicles were made from l-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine 

(POPC). Lyso-lipids used in this paper are lyso-phosphocholine, denoted as lysoPC, with 

homologues of different aliphatic chain lengths: l-stearoyl-2-hydroxy-sn-glycero-3-

phosphocholine, (lysoPC 18:0), l-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (lysoPC 

16:0), l-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine (lysoPC 14:0) and I-Iauroyl-2-

hydroxy-sn-glycero-3-phosphocholine (lysoPC 12:0). All the lipids were purchased from Avanti 

Polar Lipids (Alabaster, AL) and used as received without further purification. Vesicles were 

prepared by the extrusion method,zs Briefly, lyso-lipid solutions were dissolved at 5 mg/mL in 

chloroform. The chloroform was evaporated under a nitrogen stream. The resulting lipid film 

was then dried in a vacuum chamber for 2 h and then hydrated in 0.25 mL pH 7.4 phosphate 

buffered saline (PBS, Sigma-Aldrich) solutions made in ultrapure deionized water (Barnstead 

Nanopure system, Thermo Fisher Scientific), followed by vortexing the solution. The solution 

was then extruded 40 times through a 100 nm polycarbonate membrane using a miniextruder 

(Avanti Polar Lipids, AL), resulting in a translucent solution oflarge unilamellar vesicles (LUVs) 

approximately 100 nm in size. The vesicle solution was further diluted with 9 parts of PBS to 1 

part of the freshly extruded vesicle solution and stored at 4 °C until use. Note that the final 
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vesicle concentration may be lower than initially desired due to lipid loss on filter membranes 

after extrusion; however, the concentration was well above the threshold needed to achieve full 

surface coverage of SLB. The preparation of lyso-lipid solution was a modification of the 

protocol of Needham. 14 Lyso-lipids were dissolved in chloroform and dried under a nitrogen 

stream. The dried lipid film was rehydrated in pH 7.4 PBS buffer solution and gently mixed 

using a vortex mixer. The sample was then diluted to give the final desired lyso-Iipid 

concentration. 

6.2.2.Microcantilever Preparation 

Cantilever chips were purchased from Concentris GmbH (Basel, Switzerland). The 

cantilevers are 500 J.lITl in length, 100 J.lITl in width, and 1 J.lITl thick. Each chip contains eight 

rectangular silicon cantilevers, each with a spring constant of 0.026 N/m. The cantilevers were 

coated with 3 nm titanium followed by 20 nm gold layer, resulting in a bimetallic structure. The 

cantilever arrays were placed in an UV ozone cleaner for 5 min under 5 psi oxygen to clean the 

gold surface on the front surface and generate a hydrophilic silicon dioxide surface on the back 

surface. Each cantilever was individually functionalized using glass microcapillaries. The surface 

functionalization typically proceeded for two hours. To prevent binding preferentially to either 

the silicon dioxide or gold side of the cantilever beam, polyethylene glycol (PEG) polymers were 

used. A dithiolaromatic-PEG molecule (CzsH4406Sz, MW=504.74 g/mol, Sensopath 

Technologies, Bozeman, MT) was used to prevent vesicle adsorption to the gold surface of the 

cantilever. A PEG-silane molecule, 2-[methoxy-(polyethyleneoxy)propyl]-trimethoxysilane 

(C13H300 7Si, MW= 326.46 g/mol, Gelest Inc. Morrisville, PA), was used to prevent lipid bilayer 

adsorption on the silicon dioxide surface of the cantilever. A reference cantilever was 

functionalized with both the dithiolaromatic-PEG and the PEG-silane. After use, the cantilevers 
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were once again placed in the UV-ozone cleaner for 5 min under 5 psi oxygen and then 

refunctionalized as described above. 

6.3.Results 

6.3.1. SLB Formation on SiD] Surface 

The SLBs formed on Si02 surface of microcantilevers are characterized in Chapter 4. The 

gold surfaces of the microcantilevers are previously modified with the dithiolaromatic-PEG, so 

that the gold surfaces are made inert to lipid adsorption. Vesicles are attracted by the negatively 

charged Si02 surface of the microcantilevers and fuse onto the surface to form SLBs. Upon 

adsorption of the PO PC vesicle to the Si02 surface, the cantilevers undergo a surface stress 

change. This surface stress change is compressive; therefore the cantilevers bend away from the 

side of SLB formation, as shown in Fig. 6.1 (a). The microcantilever bends with a deflection of 

73 ± 6.0 nm. Thus, the measured surface stress, ~CTads,SLB' for SLB formation on Si02 is 17 ± 1.4 

mNlm, or an adsorption free energy, ~Goads, SLB, of 3.3 ± 0.27 kJ/mol, assuming a PO PC lipid 

cross-sectional area of65 A2.24 Note that the vesicle solution flowed for 7 min (as indicated with 

shaded area in Fig. 6.2), after which, the valve was switched back to the PBS buffer port. Since 

the bilayer's adsorption is irreversible over this time scale, the cantilevers remain deflected, as 

shown in Fig. 6.2, from 300 to 650 s. The SLBs are stable for at least two hours of observation 

time and do not desorb after the solution is switched to buffer. After the SLBs are prepared on 

the Si02 surfaces of the microcantilevers, lyso-lipids with aliphatic chains of 18, 16, 14 and 12 

carbons (lysoPC 18:0, 16:0, 14:0 and 12:0) are then introduced to the SLBs at bulk 

concentrations above and below their CMC. 
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Figure 6.1. (a) Schematic of a SLB physisorbed to a silicon dioxide surface of the cantilever. 

Adsorption of a lipid membrane induces a compressive stress on the Si02 surface and results in 

cantilever bending toward the opposite side. (b) After the SLB is prepared, lyso-lipids (in the 

form of monomers or micelles) insert mostly into the external membrane leaflet, resulting in an 

increase in the surface free energy. The microcantilever responds to the change in surface free 

energy by bending away further from the side of membrane coating. 
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Figure 6.2. Detection of pope SLB formation using the microcantilever sensor. SLB is formed 

on the Si02 surface of the microcantilever by the vesicle fusion method, leading to a deflection 

associated with the change in the surface free energy. 
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6.3.2.Lyso-lipids Insert into Supported Lipid Bilayer 

Upon lyso-lipid injection, the microcantilevers bend away from the SLB coated side as a 

response to the compressive stress. Fig. 6.3 shows the surface stress change of microcantilevers 

upon the addition of lysoPC 14:0 and 12:0. This increased compressive stress indicates that the 

lyso-lipids generate an adsorption free energy, tl.GO ads, Iyso, which is released onto the SLB coating 

and transmitted to the SLB-solid interface. The lyso-lipid adsorption to the SLBs originates from 

the hydrophobic attraction between the lyso-lipids and the POPC lipids. To lower the total 

system free energy, the hydrophobic chains of the lyso-lipids prefer embedding themselves into 

the hydrophobic region of the SLBs, thus exposing less of the hydrophobic chains to water (for 

which the exposure is unfavorable). The hydrophobic insertion of lyso-lipids increases the 

membrane area more in the external leaflet (the monolayer which faces the bulk liquid) than in 

the inner leaflet (the monolayer which faces the solid substrate), and thus the bilayer dilates 

laterally and asymmetrically. In addition to the area change of the SLB, the collective adsorption 

free energy of lyso-lipids results in changes in the surface free energy of the SLB-coated 

microcantilevers and leads to an increased and more compressive surface stress. At 

concentrations below CMC, as shown by the grey lines in Fig. 6.3, once buffer is reintroduced to 

the system, the lyso-lipids are desorbed from the SLB causing the surface stress to return to its 

initial baseline value, indicating that the bilayer remained intact. The measured surface stress, 

tl.uads,lyso, after SLB saturation with the lyso-lipids is plotted with the concentration of each lyso

lipid in Fig. 6.4. A linear relation between the surface stress and concentration is observed for 

each of the two lyso-lipids and analyzed in the following section. 
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Figure 6.3. Comparison of the response of SLB-coated microcantilever to the lyso-lipids with 

different aliphatic chain lengths: (a) LysoPC 12:0 and (b) LysoPC 14:0. Below or close to CMC 

(shown by the grey lines), each lyso-lipid reversibly adsorbs to and desorbs from the SLBs. 

Above the CMC (shown in color), the changes in surface stress induced by lysoPC 14:0 and 12:0 

show that the SLBs are removed. 
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6.3.3. Gibbs Free Energy 0/ Adsorption 

The adsorption of lyso-lipids or other amphiphiles to a lipid membrane is governed by 

thermodynamic equilibrium. The changes in Gibbs free energy are related experimentally to the 

partition coefficient, K, at equilibrium: 11 

(6.1) 

where Cp is the concentration of lyso-lipids partitioned into the SLBs, CL is the concentration of 

lipids in the SLBs, and Cr is the concentration of free lyso-lipids in the bulk solution. For lyso-

lipids at low concentration, the ratio of Cp to CL is approximated as the ratio of the changes in 

adsorption free energy of lyso-lipids adsorption to that of SLBs adsorption. 23 Thus, CplCL is 

approximated as ~O"ads,lysJ ~O" ads,SLB: 

Cp 1 ~G:dS,lySO A lipid 1 _ ~O"ads,Iyso 1 

CL C f = ~G:d"SLBA1SYO Cf ~O"ads,SLB Cf . (6.2) 

A lipid and A1yso are the head area per lipid molecule, and ~O"ads,SLB is known from the SLB 

adsorption experiment. Assuming an infinitely dilute solution, the Gibbs free energy of 

partitioning is written as 17,26 

(6.3) 

Where ~Go is the molar free energy cost of transferring the lyso-lipids from the bulk aqueous 

solution onto the supported membrane surface. Cw is the molar concentration of water (Cw = 

55.5 M); R is the ideal gas constant and T is temperature. As shown in Fig. 6.4, the surface stress 

increases with concentration. The ~d can be derived from the slope of the surface stress versus 

concentration plot in Fig. 6.4 and is listed in Table 6.1. Our results for the free energy of 
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partitioning of a POPC SLB is the same order of magnitude of that found by H0yrup et al. and 

Henriksen et al. for POPC vesicles. 17, 27 Note that the free energy of partitioning, b.Go, decreases 

as the number of aliphatic carbons increase in the lyso-lipid. This is expected since the lyso-lipid 

partitioning is driven by the hydrophobic effect; thus the longer the carbon chain of a lyso-lipid 

is, the more free energy is released. Interestingly, the partition coefficient values for a SLB are 

three times larger than those for vesicles. There are a couple of possible explanations. The first is 

that our assumption that the surface stress change is solely due to the adsorption free energy. It is 

possible that lateral expansion of the membrane also contributes to the surface free energy. 

Additionally, we suspect that the difference in membrane tension between small unilamellar 

vesicles (SUYs) and SLBs may also account for the difference in lyso-lipid partitioning, but 

further studies varying membrane tension are required. The adsorption of lyso-PC 16:0 and 18:0 

at concentrations below their CMC was also studied; however, no observable cantilever 

deflection was detected. Changes in surface stress due to lyso-lipid adsorptions at concentrations 

below 5 JiM are difficult to distinguish . 

-------- lysoPC 18:0 lysoPC 16:0 tysoPC 14:0 lysoPC 12:0 

CMC [uM]§ 0.4 4-8.3 43-90 400-900 

K [M-1
] - - 6470 ± 647 1470 ± 70.6 

K[M-1
] from 

- 12500 ± 3900 1750 ± 94 460 ± 50 Henriksen 17 

b.Go [kllmot] - - -31.7 ± 0.236 -28.0 ± 0.116 

K'CMC - - 0.278 - 0.582 0.588 - 1.323 

Table 6.1. Calculation of partition coefficient, K, and the free energy of partitioning, b.Go. All 

data are derived under 25 °C. §Yalues provided by Avanti Polar Lipids, AL. 
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Figure 6.4. Plot of the changes in surface stress measured by microcantilever sensors as a 

function of the lyso-lipid bulk concentration «CMC). Linear relation between the surface stress 

increase and the concentration of lyso-lipids are observed. Lines represent fitting ofEg. (6.3). 

6.3.4.Solubilization of the SLB 

Once the lyso-lipid concentration exceeds its CMC, the lyso-lipids form micelles and 

other morphologies. Above its CMC, the Iyso-lipids start to remove lipids from the SLBs. As 

shown by the colored lines in Fig. 6.3 for lyso-PC 12:0 and 14:0 and Fig. 6.5 for lyso-PC 16:0 

and 18:0, the extent of membrane solubilization varies for different lyso-lipids. As the lyso-lipids 

adsorb to the SLBs, they start to saturate the SLB and reach a threshold at which the SLBs are 

not capable of taking up more lyso-lipids. The monomers of lyso-lipids start to aggregate into 

adsorbed micelles at concentrations higher than CMC. As the micelles interact with the lipid 

bilayers, the detergency nature of the amphipathic lyso-lipids can cause the micelles to take up 

lipids from the lipid bilayer. The stronger the detergency nature of the lyso-lipid is, the easier the 

lipids tend to incorporate into the micelles. Lyso-lipids can also transfer from the micelles into 
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the bilayer because the lyso-lipids expose more of their aliphatic chains to water in the micelles 

than in the planar SLBs. Transferring the lyso-lipids from micelles to the SLB can reduce the 

system free energy. 13, 26, 28-3\ 

Note that the lysoPCs with different aliphatic chain lengths behave differently on the 

SLBs in terms of the solubilization ability. Lyso-lipids of the same headgroups but with different 

aliphatic chain lengths show different detergency toward the SLBs. Fig. 6.3 shows that lysoPC 

14:0 (CMC ~ 43 to 90 pM) and 12:0 (CMC ~ 400 to 900,uM) with concentrations above their 

CMCs (colored lines) are able to solubilize the SLBs on the silicon dioxide surface. In this case, 

after the injection oflysoPC 14:0 and 12:0, the surface stresses of the microcantilevers drop from 

17 mN/m to lower, even to 0 mN/m at high concentration close to 1000,uM. The drop in surface 

stress indicates that the SLBs are removed away from the solid surface, leaving the surface with 

patchy SLBs or even blank as it was before the POPC SLBs were formed. However, as shown in 

Fig. 6.5 for lysoPC 18:0 (CMC ~ 0.4 pM) and 16:0 (CMC ~ 4 to 8.3 pM), no surface stress drop 

is observed. Instead, increasing the concentration lysoPC 18:0 to 100 pM (well above its CMC) 

leads to a large compressive stress of more than 100 mN/m. Compared to the surface stress of 17 

± 1.4 mN/m induced by a SLB, the increase of surface stress induced by lysoPC 18:0 adsorbing 

to the SLBs indicates that a thick layer of lysoPC 18:0 aggregates is depositing onto the SLBs. 

Whether the SLBs stay on the solid surface is not clear, but the thick layer is possibly composed 

of aggregates of mixed POPC lipids and lysoPC 18:0. For lysoPC 16:0 at the concentration 

higher than CMC, lysoPC 16:0 does not cause solubilization of the SLB. Instead, lysoPCs 16:0 

adsorb to the SLBs and increases the surface stress by 2 to 3 mN/m even after switching to the 

PBS buffer. Surface free energy change is a good indicator of whether the SLBs stay adsorbed on 

the microcantilever surface or are solubilized by the detergents. 
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The effect of lyso-lipids acting on solubilization of lipid membranes is complex. The 

lipid membrane solubilization is determined not only by how strong the detergency nature of the 

lyso-lipid is, but also by the interaction between the lyso-lipids and the POPC lipids. Other 

groups have determined that lysoPC 18:0> 16:0> 14:0> 12:0 in its detergency strength ranking, 

determined by K·CMC.17,26 However, on the contrary, our results show that lysoPC 14:0 and 

12:0 solubilize the lipid membrane, while lysoPC 18:0 and 16:0 do not. LysoPC 18:0 and 16:0 do 

not solubilize the POPC SLB because of the stronger hydrophobic affinity between the POPC 

and each of the two lysoPCs, 18:0 and 16:0. POPC is a lipid composed of two alkyl chains of 

palmitoyl (16:0) and oleoyl (18:1) groups, which match with the length oflysoPC 18:0 and 16:0. 

The aliphatic chain length mismatch between POPC lipids and lysoPCs 12:0 and 14:0 results in 

large membrane curvature perturbation, and thus solubilization of the lipid membrane occurs. 

Heriksen et al. have also shown that membrane solubilization only occurs when there is a 

mismatch between the lyso-lipid and membrane lipid chain lengths.17 Along with detergency 

strength, the aliphatic chain length of the lyso-lipid is an important factor in determining the 

membrane solubilization. 
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Figure 6.5. Comparison of the response of SLB-coated microcantilever to the lyso-lipids with 

different aliphatic chain lengths: (a) lysoPC 16:0 and (b) lysoPC 18:0. Above CMC, the changes 

in surface stress induced by lysoPC 18:0 and 16:0 indicate no SLB solubilization. 

6.4. Conclusions 

From our experiments we are able to monitor the interactions between SLBs and Iyso-
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lipids and extract thermodynamic parameters. Using the microcantilevers we observed both the 

lyso-lipid insertion and the membrane solubilization, and the deflecting distance and direction of 

the microcantilevers quantify the minute changes in lipid membrane. The effects of lyso-lipids 

on lipid membranes depend on the concentration and aliphatic chain length of the lyso-lipids and 

also on their hydrophobic match with the lipids. At the concentration smaller than CMC, lyso-

lipids insert reversibly into the lipid membranes, and we calculate the free energy of partitioning 

of lyso-lipids with different chain lengths. At concentration higher than CMC, the lyso-lipid 

micelles either solubilize the lipid membrane or form lipid-surfactant mixed micelles 

physisorbed on the solid surface, depending on the extent of the perturbation in the lipid 

membrane caused by the mixed lyso-lipid micelles. Therefore, we have demonstrated that 

membrane-coated microcantilevers are useful surface analytical biosensors to characterize and 

probe the subtle changes in supported lipid bilayers caused by amphipathic molecules. 
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Chapter 7 

Probing Peptide-Membrane Interactions Using Lipid Membrane

coated Microcantilever 

7.1.Introduction 

Understanding peptide-membrane interactions is important in elucidating biomolecular 

mechanisms, such as membrane fusion, cell signaling, and therapeutic approach of antibiotic and 

antiviral drugs. Membrane-active peptides are proteins that are known for their association with 

lipid membranes. They may interact predominantly with the hydrocarbon region of the lipid 

membrane, the polar headgroup region, or both regions of the bilayer, depending on the peptide's 

hydropathicity. An amphipathic helix (AH) peptide that is of great interest is the AH segment 

derived from the N-terminal end of the Hepatitis C Virus's non structural protein NS5A. The 

Hepatitis C Virus (HCY) infects more than 170 million people worldwide and those who are 

exposed risk chronic liver disease. 1,2 So far no vaccine for preventing HCY infection exists, and 

HCY infection is difficult to diagnose because most of the patients do not exhibit obvious 

symptoms. Understanding the infectious mechanism of HCY is thus of great need. 

The association of the NS5A-derived AH peptide with lipid membranes is an essential 

step in the HCY viral infection. This step is followed by RNA replication of the virus in liver 

cells. The AH viral attack is able to induce lysis of lipid membranes. Blocking the membrane 

binding pathway of the AH is a promising therapeutic strategy. 3 Cho et al. and Chah et al. 

investigated the binding mechanism of this AH peptide interacting with model lipid membranes, 

either lipid vesicle (LUYs) or supported lipid membranes (SLBs), with analytical tools, such as 
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quartz crystal microbalance with dissipation (QCM-D), dynamic light scattering (DLS), 

reflectometry and atomic force microscopy (AFM). 4-8 The NS5A-derived AH peptide is thought 

to bind parallel to the lipid membrane surface and penetrate into the lipid membrane, leading to 

expansion of the outer leaflet. Cho's AFM images showed that sequential introduction of AH 

onto the SLBs causes a membrane thinning at a threshold AH concentration (1.63 - 3.25 pM), 

which indicates that the membrane laterally expands, according to Huang's geometric model. 6 

In addition to insights into the binding mechanisms, the virus-mimetic attack of NS5A-derived 

AH for rupturing lipid membranes provides a novel SLB pattering approach onto surfaces that do 

not easily rupture vesicles, such as gold and Ti02 surfaces, which are known for difficulties in 

forming SLBs spontaneously without external forces. 8,9 

Instead of laboriously purifying this AH segment of the NS5A protein from HCVs, we 

use a synthetic analogue, PEPI (synthesized by AnaSpec, CA). Similar to the natural NS5A

derived AH, PEP I exhibits typical amphipathic characteristics by partially penetrating the lipid 

bilayer and interacting with both polar hydrophilic lipid head groups and hydrophobic tails. 

Several binding and disruption processes have been proposed empirically, however a physical 

understanding is still lacking. 6 Compared to PEP I, other well characterized amphipathic helical 

peptides belongs to the family of antibacterial peptides, such as melittin and magainin. 10-14 They 

are known for adsorbing onto lipid membranes and reorienting to form transmembrane pores, 

leading to higher membrane permeability or even disruption. We refer to theories and models 

developed for these antibacterial peptides to explain the membrane binding and possible pore 

formation of PEPI. More specifically, we are interested in extracting the membrane lateral 

expansion caused by the PEP I , because it is an indicator of foreign molecules insertion into the 

membrane. 
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This chapter explores the membrane lateral expansion caused by peptide adsorption and 

pore formation, using the microcantilevers. Previously it has been shown that micro cantilevers 

are useful in sensing peptide binding and reconstruction on surfaces; for example, the amyloid 

fibrils of insulin grow in the in-plane direction and generate a tensile surface stress of 20 mN/m 

within two hours on microcantilever surfaces. 15,16 Ghatkesar et al. observed melittin molecules 

binding to lipid vesicle membranes deposited on gold surfaces of the microcantilevers. 17 These 

findings open up possible techniques to monitor protein aggregations using microcantilevers; 

however, there have not been a quantitative explanation of how the surface stress can be related 

to changes in the surface-bound proteins. This chapter establishes a method for quantifying the 

peptide-induced mechanical response of the microcantilevers. 

In Chapter 4, a systematic characterization of the SLBs adsorption on the microcantilever 

surface and analysis of the electrostatic and hydrophobic contributions that take parts in the 

changes in adsorption free energy are performed. 18 In addition, the insertion and solubilization 

effects of amphiphilic surfactants on SLBs were detected using the lipid membrane-coated 

micro cantilevers in Chapter 6. In particular, herein is a practical application of our previously 

developed lipid membrane-coated cantilever sensors in biomolecular recognition at model 

membrane interfaces. The lipid membrane-coated microcantilever has the potential to probe 

membrane motions in the lateral directions, thus adding more information other than thickness 

and bound mass that are studied with ellipsometry or quartz crystal microbalance. We will 

unravel the affinity differences between AHs and phospholipid membranes. The response of the 

lipid membrane-coated cantilevers is analyzed based on the free energy change of this interaction 

between model membranes and peptides. 
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7.2.Experimental Section 

7.2.1. Lipid Vesicle Preparation 

A zwitterionic lipid, l-palmitoyl-2-0Ieoyl-sn-glycero-3-phosphocholine (POPC), was 

used to form a neutral lipid bilayer. The lipids were purchased from A vanti Polar Lipids 

(Alabaster, AL). Vesicles were prepared by the extrusion method. 19 Briefly, lipids were 

dissolved at 5 mg/mL in chloroform. The chloroform was evaporated under a nitrogen stream. 

The resulting lipid film was then dried in a vacuum chamber for 2 h and then hydrated in a 

solution composed of 0.5:99.5 (v%) of DMSO and 0.25 mL pH 7.4 phosphate buffered saline 

(PBS, Sigma-Aldrich) solutions made in ultrapure deionized water (Barnstead Nanopure system, 

Thermo Fisher Scientific), followed by vortexing the solution. The solution was then extruded 40 

times through a 100 nm polycarbonate membrane using a mini-extruder (Avanti Polar Lipids, 

AL), resulting in a translucent solution oflarge unilamellar vesicles (LUVs) approximately 100 

nm in size. The vesicle solution was further diluted with 9 parts of PBS to 1 part of the freshly 

extruded vesicle solution and stored at 4 °C until use. Note that the final vesicle concentration 

may be lower than initially desired due to lipid loss on filter membranes after extrusion; however, 

the concentration was well above the threshold needed to achieve full surface coverage of SLB. 

7.2.2. Amphipathic Helix Peptide Preparation 

The peptide, PEPl, was synthesized by AnaSpec (San Jose, CA). PEPI has 31 amino 

acids (MW= 3804.3 g/mol), with the sequence: H-Ser-Gly-Ser-Trp--Leu-Arg-Asp-Val-Trp-

Asp-Trp--Ile-Cys-Thr-Val-Leu-Thr-Asp-Phe--Lys-Thr-Trp--Leu-Gln-Ser-Lys-Leu-Asp

Tyr- Lys-Asp-NH2. It was used as delivered without further purification. The peptide was 

dissolved in a small amount of dimethyl sulfoxide (DMSO, (CH3hSO, MW=78.14, EMD 

Chemicals, USA) and then slowly diluted in phosphate buffered saline (PBS, Sigma-Aldrich, 
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USA). The final peptide solution was prepared in an eluent mixture ofDMSO and PBS (0.5:99.5 

v%). The peptide solution was kept refrigerated at 4°C no more than three days prior the 

experiments. PEP 1 is an amphipathic helix peptide that forms a helix structure when adsorbed 

onto lipid membranes. Fig. 7.] shows the helical wheel diagram that illustrates the hydrophilic 

and hydrophobic surfaces on PEP 1. 

Figure 7.1. The helical wheel diagram of the 31 residue alpha helix peptide, PEPl , with the 

amino acid sequence: SGSWLRDVWDWICTVLTDFKTWLQ SKLDYKD-NH2. The diagram 

is used to illustrate the hydrophilicity of the peptide. (See TABLE 7.1 for the color code of this 

diagram) The PEP 1 shows a hydrophobic face as indicated by the arrow and a hydrophilic face 

on the other side. The plot is generated from the program on the website: 

http://rzlab.ucr.edu/scripts/wheellwheel.cgi 

7.2.3.Microcantilever Preparation and Measurement 

Cantilever chips were purchased from Concentris GmbH (Basel, Switzerland). The 

cantilevers are 500 ,urn in length, 100 ,urn in width, and ] ,urn thick. Each chip contains eight 

rectangular silicon cantilevers, each with a spring constant of 0.026 N/m. The cantilevers were 

coated with 3 nm titanium followed by 20 nm gold layer, resulting in a bimetallic structure. The 
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cantilever arrays were placed in an UV ozone cleaner for 5 min under 5 psi oxygen to clean the 

gold surface on the front surface and generate a hydrophilic silicon dioxide surface on the back 

surface. Each cantilever was individually functionalized using glass microcapillaries. The surface 

functionalization typically proceeded for two hours. To prevent binding preferentially to the gold 

side of the cantilever beam, polyethylene glycol (PEG) polymers were used. A dithiolaromatic-

PEG molecule (C25H440 6S2, MW=504.74 glmol, Sensopath Technologies, Bozeman, MT) was 

used to prevent vesicle adsorption to the gold surface of the cantilever. A good blocking agent, 

bovine casein (Alfa Aesar, MA, USA) solution, was used to prevent lipid bilayer and peptide 

adsorption on the silicon dioxide surface of the cantilever. Aqueous solution saturated with 

casein was filtered with a syringe filter of 0.22 ,urn pore size to remove undissolved protein 

aggregates. A reference cantilever was functionalized with both the dithiolaromatic- PEG and 

casein. The microcantilever will be used to probe the interactions between the peptide and the 

lipid membrane, as illustrated in Fig. 7.2. 

Helices aggregate 
to form pores 

and folds into a-helix 

~PEP1COiJ 

Figure 7.2. Schematic of the use of the lipid membrane- coated microcantilever for sensing the 

peptide adsorption and insertion. These interactions generate compressive stress on the 

microcantilevers and lead the microcantilever to bend toward the gold side. 
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7.3. Results and Discussions 

7.3.1. Lipid Deposition onto Functionalized Microcantilever Surfaces 

Upon injection of the pope vesicle solution into the flow chamber, the cantilevers 

undergo a surface stress change and deflect. Vesicles are attracted by the negatively charged 

Si02 surface of the microcantilevers and fuse onto the surface to form SLBs. This surface stress 

change is compressive; therefore the cantilevers bend away from the side of SLB formation. The 

microcantilever bends with a deflection of 73 ± 6.0 nm. Thus, the measured surface stress, 

L\Uads SLB, for SLB formation on Si02 is 17 ± 1.4 mN/m. Note that the vesicle solution flowed for 

7 min (as indicated with shaded area in Figure 4), after which, the valve was switched back to the 

PBS buffer port. Since the bilayer's adsorption is irreversible over this time scale, the cantilevers 

remain deflected from 300 to 650 s. The SLBs are stable for at least two hours of observation 

time and do not desorb after the solution is switched to buffer. After the SLBs are prepared on 

the Si02 surfaces of the microcantilevers, PEPI is then introduced onto the SLBs. 

7.3.2. PEPlsAdsorb onto pope SLBs 

As shown in Fig. 7.3, at bulk PEPI concentrations lower than 4 pM, the surface stress 

readily increases with the concentration in a linear fashion. For this concentration range, the 

PEP 1 peptides adsorb to the membrane surfaces parallel to the membrane plane and create an 

area increment in the outer leaflet of the membrane. At bulk PEPI concentration higher than 4 

pM but below 15pM, the surface stress does not show any apparent increase and remains at 

25~28 mN/m. The adsorbed PEPI peptides saturate the lipid membrane at this bulk 

concentration, so that the membrane does not take up more PEPI than its maximum capacity 
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even when the bulk PEPI concentration increases. It is also possible that the surface bound PEPI 

and membrane pores created by the PEP 1 coexist at this bulk concentration. Fig. 7.4 compares 

the adsorption curve of PEPI on the SLB coated microcantilevers with that of a casein coated 

cantilever. On the casein coated microcantilever, the surface stress remains zero or small after the 

introduction of pope vesicles and PEPI onto the surface. Though there is some disturbance of 

surface stress after contacting the PEP 1, it is thought that the PEP 1 peptides non-specifically 

adsorb to casein through hydrophobic interactions. 

In addition, after immersing the membrane-coated microcantilevers in PEPI solution for 

7 minutes for enough contact time, as shown in Fig. 7.4 by the shaded area, the surfaces are 

rinsed with buffer. There is no drop in surface stress observed, which indicates the PEP 1 

adsorption onto lipid membranes is irreversible, and no PEPI desorption from membrane to bulk 

buffer occurs. 

The total surface area of the membrane-peptide complex expands by the total area of 

adsorbed peptides and results in an internal stress in the lipid membranes. The model membrane 

is thought a soft material that can be elastically deformed, thus the increase in membrane surface 

area (or membrane strain in surface area) can be related to the internal stress by the membrane's 

stretch modulus K A • The membrane internal stress, 11 CYmem , accounts for the lateral interactions 

between the lipid-lipid and lipid-peptide in the SLB. The other source of surface stress, I1CYads, 

comes from the lipid-surface interactions, which is the chemical potential gained from 

adsorption. 

=K Ap P 
I1CYmem A A L 

L 

(7.1) 

Thus the total surface stress, l1a(otal, measured on the microcantilevers is comprised of the 

contributions from lipid-lipid and lipid-peptide (I1CYmem) and lipid-surface interactions (I1CYads): 
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(7.2) 

where Ap and AL represent the molecular area of the peptide and the lipid, respectively. P/L is the 

number ratio of membrane bound peptide to lipid. The membrane internal stress is estimated 

from Eq. (7.1) by taking the KA to be 240 mN/m, Ap be 360 A 2, 20 and AL be 65 A2 for lipid 

membranes in a fluid state. 6 Huang et al. predicted that the typical value for !l.umem at 

concentration when pore formation occurs is 5 ~ 15mN/m, which is close to the surface stress 

measurement derived from the microcantilevers, which is ~ 13 mN/m. By excluding the PEPI 

adsorption term (!l.uads) and only taking the membrane internal stress term (!l.umem) for the 

calculation of the total measured surface stress, the P/L value will be estimated to be 11102, 

which indicates that one PEP! is surrounded by 102 lipid molecules. The real P/L might be 

smaller because the adsorption term (!l.Uads) has to be taken into consideration. However the 

!l.Uads value is difficult to predict here and must be estimated from other measurements. 
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Figure 7.3 . Surface stress generated on microcantilevers after the PEP] solution is introduced 

onto the SLBs on Si02 surface. Three regions are separated by dash lines. At concentration < 

4,uM, the increasing trend of the surface stress is near to a linear relation to the PEPI 

concentration; at concentration> 4,uM, the PEPls saturate the membrane surface, the surface 

stress does not show obvious increase. At high concentration (26,uM) , the membrane is 

completely solubilized, leaving a blank Si02 surface and a zero surface stress. 
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Figure 7.4. PEPls insert into pope SLBs. Experimental cantilevers (solid lines) on the same 

chip are shown. The Si02 surface of the reference cantilever (dash line) is blocked by casein, 

thus no lipid membrane adsorbs on it. Note that after injecting the PEP] solution, there is a slight 

surface stress change on the reference cantilever, caused by a minute PEP I adsorption on casein. 
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7.3.3. High Sur/ace Concentration 0/ PEP1 Leads to POPC SLBs Lysis 

As a larger concentration of peptides aggregate into the membrane, there is an increase in 

the number of pores, leading to instability of the membrane. When the membrane internal stress 

accumulates and reaches a value where it cannot be counterbalanced by the membrane tension at 

the edges of pores, the membrane lyses. We monitor the real-time surface process of the lysis of 

a SLB when in contact with higher PEPI concentrations. The microcantilevers show that the 

SLBs completely lyse on native Si02 surfaces. The surface stress drop from 17 ± 1.4 mN/m to 

zero, which indicates the SLB is perturbed and readily desorbs after contacting with PEP 1 at 26 

pM, as shown in Fig. 7.5. It has been previously proven that lipid vesicles rupture due to PEPI at 

higher concentration (13 pM). 5,8,9 Other groups have observed using QCM-D and SPR that the 

vesicles rupture upon PEPI exposure and a supported membrane remains adsorbed onto the gold 

and Ti02 surfaces. 8,9 

Contradictory to our results, Cho and coworkers did not observe SLB lyses on Si02 

surfaces using QCM-D. 7. It is thought that the solubilization of supported lipid membranes is 

dependent of the surface properties of the Si02 support. On our microcantilevers, the 3 nm native 

Si02 thin film forms naturally at the Si surface, while the Si02 surface of the quartz crystals used 

for QCM-D measurements is a 100 nm thick film prepared by sputtering. The native Si02 may 

be less attractive to the SLB. As a result, once the membranes rupture, the membrane patches 

desorb immediately from the native Si02 surface; while on the sputtered Si02 the disrupted 

membrane patches remain adsorbed. In addition, comparing the response of the PEP 1 adsorption 

on POPC SLBs using the microcantilever sensors and QCM-D, the peptide partitioning into lipid 

membrane is more responsive in surface stress than in mass. For a PIL ratio of 11100 for the 
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adsorption of PEP} to lipid membranes, the frequency change measured on QCM-D will be 

estimated to be 1.25 Hz, while frequency change for the SLB formation is 25~26 Hz. On 

microcantilevers, the maximum surface stress change induced by the PEPI is 13 mN/m, while 

that induced by the SLB formation is 17 mN/m. Thus, the microcantilever sensor is more 

sensitive to small molecule adsorption to membranes and to interactions that are involved with 

lateral membrane internal stress change. 

BufferPOPC vesicles Buffer 26,uM PEPl Buffer 

500 1000 1500 2000 2500 3000 3500 

Time (sec) 

Figure 7.5. POPC SLB is solubilized readily after contacting with a high concentration of PEP 1. 

7.4. Conclusion 

The bending motion of lipid membrane-coated microcantilevers is a direct surface 

measurement of surface stress change as the PEP} molecules bind to the membrane. Interactions 

between PEPI and the lipid membranes are measured for different peptide concentrations. From 

the plot of surface stress versus PEPI concentration, three regions of different interactions are 

observed. At concentration < 4JLM, the amount of the PEPI peptides adsorbed to the membrane 

is linear with the bulk concentration. At concentration > 4JLM but < 15JLM, the PEPI peptides 
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saturate the membrane and reach a plateau in surface stress. At higher concentration of PEP1, 

membrane lysis begins. Compared to other surface-sensitive tools, such as QCM-D, the 

microcantilever sensor is more sensitive in probing small molecules adsorption because the 

membrane internal stress change can also be detected instead of just peptide adsorption. Thus the 

lipid membrane-coated microcantilever sensor is capable of characterizing the kinetics and 

dynamics of membrane-peptide interactions with good sensitivity. 

7.5. Note on the Helical Wheel Diagram 

In Fig. 1, the helical wheel diagram is coded by shape and color. The greenish colors 

indicate more hydrophobic residues on the amino acids and the reddish colors indicate more 

hydrophilic residues. The program to generate the plot is created by Don Armstrong and Raphael 

Zidovetzki (Department of Cell Biology and Neuroscience, University of California Riverside) 

Shapes Hydrophilic: circle 

Hydrophobic: diamond 

Potentially negatively charged: triangle 

Potentially positively charged: pentagon 

Colors Hydrophobic residue: green 

Zero hydrophobicity: yellow. 

Hydrophilic: red (uncharged) and light blue (charged) 

TABLE 7.1. The representative codes of the helical wheel diagram used m Fig. 7.1. 
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Chapter 8 

Monitoring DNA Binding to Escherichia coli Lactose Repressor 

Using Microcantilevers and Quartz Crystal Microbalance with 

Dissipation 

S.l. Introduction 

Immobilized biomolecules are greatly influenced by the solid surfaces used to support 

them. Characterizing the effect of a solid surface on the conformation and recognition functions 

of biomolecules thus requires surface sensitive techniques. In addition to the solid-supported 

lipid bilayers described in Chapters 4-7, this chapter provides one example of 

surface-immobilized proteins bound on gold surfaces, which recognize and bind to a specific 

DNA sequence. 

Lactose repressor protein (LacI) serves as a negative transcription regulator in E. coli, I 

binding to the operator DNA sequence within the lac operon to prevent the transcription of 

downstream structural genes by RNA polymerase. 2 LacI binding to a metabolite of lactose, 

allolactose, generates a conformational change that diminishes the high affinity of repressor for 

operator, allowing initiation and transcription of the structural genes. 3 Termed inducers, 

synthetic galactosides, e.g. IPTG, function similarly to release operator DNA. 4 

Structurally, LacI is a homotetramer, assembled as "a dimer of dimers" (Fig. 8.1). Each 

monomer contains an inducer binding site, whereas dimer is required to bind the operator DNA. 

5-8 The structure of LacI comprises the N-terminal DNA binding domain (amino acids 1-50), the 

hinge helix (amino acids 51-60), the core inducer-binding domain (amino acids 61-330), and the 
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leucine heptad repeat tetramerization domain (amino acids 331-360) at the C-terminus (Fig. 8.1). 

7, 8 Binding to inducer does not impact the C-terminal core subdomain or the tetramerization 

domain, but reorients the core N-subdomain interface, in tum disrupting DNA binding. 6-9 

Several methods have been used to study ligand-surface and protein-DNA interactions, 

including in situ surface plasmon resonance (SPR), reflectance FTIR, and in situ ellipsometry. 10, 

11 In particular, SPR has been a useful tool for studying the kinetics of binding. 12 However, the 

above-mentioned techniques do not provide conformational properties, such as elasticity, of the 

resulting film. The application of microcantilevers and quartz crystal microbalance with 

dissipation (QCM-D) provides analytical methods to directly detect the binding of a small ligand 

to an immobilized protein. 13-15 Microcantilever sensors transduce changes in surface free energy 

and internal stress of the surface-immobilized film at solid-liquid or solid-gas interfaces into 

mechanical readout. The proteins motion are detectable for microcantilevers in two aspects. One 

is that the protein binding onto surfaces adds up the chemical potential at the interfaces as well as 

the surface free energy. Also, the lateral attraction or repulsion of the surface-bound proteins 

creates internal stress in the protein film. Few of other techniques can access to the internal stress 

of a surface-bound soft film at the nanoscale. In addition to microcantilevers, QCM-D is 

capable of simultaneously measuring the change in mass and in situ viscoelastic properties ofthe 

protein film bound to the quartz crystal. 16 Hook and coworkers were some of the earliest to 

study the structural changes of proteins with QCM-D. 17,18 Recently, Fernandez and coworkers 

studied reversibility of protein adsorption as well as the rigidity of the protein layers using 

QCM-D. 19 Thus far, QCM-D has been used to measure binding of small molecules, DNA 

binding, as well as cell adhesion. 13, 14, 20 QCM-D has become increasingly popular to study 

biomolecular interactions due to its ease of use and high-throughput analysis. 

A very effective mode of protein immobilization to the sensor is through a strong 
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gold-sulfur covalent bond. In order to measure a binding event by QCM, the receptor protein 

must be attached with an orientation that allows binding to its ligands. For this purpose, cysteine 

has been introduced into a protein at a position distant from the functional site and active site to 

insure retention of binding properties upon immobilization. For example, binding of bacterial 

periplasmic binding proteins (PBPs) to small ligands and the associated conformational change 

were successfully detected by QCM-D. 20 

In this study, microcantilevers and QCM-D have been utilized to detect ligand binding 

and allosteric response in Lacl. Previous work shows that binding affinity of wild-type Lacl for 

DNA is diminished when bound to a gold surface, indicating the repressor uses its highly basic 

DNA binding site for gold conjugation. 21 A specific orientation of bound protein via a direct 

sulfur-gold linkage was obtained using a mutant Lacl, T334C. This designed substitution was 

engineered with a solvent-exposed thiollocated at the C - terminus, distant from the N-terminal 

DNA binding domain and the core inducer binding site. 21 Here, we explore the applicability of 

microcantilevers and QCM-D in detection of ligand binding and ligand-induced conformational 

change of Lacl using this variant T334C protein. 
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Figure 8.1. The crystal structure of tetrameric LacI showing the position of residue T334 (pdb 

file ILBI 6). In the left dimer, different colors show the three main regions of LacI (red, DNA 

binding domain; cyan, core domain; green, tetramerization domain); two monomers are 

displayed in distinct colors (blue, gray) in the right dimer. Operator DNA is shown in light gray. 

The position of threonine 334 is shown by an arrow on the monomer depicted in blue. Position 

334 was chosen for the cysteine mutation because of its solvent exposure and distance from both 

the inducer and the DNA binding sites. 

8.2. Materials and Methods 

8.2.1. Protein expression and purification 

The T334C mutation in LacI 21 was produced on plasmid pLS 1, 22 which contains the 

complete LacI sequence. Plasmid DNA was purified by Qiagen miniprep Kit. Full sequencing 

(Seq Wright) of the coding region for LacI in the T334C mutant plasmid verified the presence of 

only the expected mutation. 

Protein expression and purification were carried out with small modifications to 

accommodate the presence of solvent-exposed cysteine. 2 1, 22 Briefly, wild-type and T334C Lad 
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were expressed using E. coli BLIM cells. 23 Cells transformed with a specific plasmid were 

grown in 2 x YT liquid media at 37°C for 20-24 hrs. The cells were collected by centrifugation 

and resuspended in lysis buffer (0.2 M Tris-HCI, pH 7.6, 0.2 M KCI, 0.01 M Mg acetate, 5% 

glucose, 10 mM DTT and 0.3 J..lM PMSF). The lysis supernatant was fractionated using 37% 

ammonium sulfate, and the precipitate was collected by centrifugation. All buffers contain ~ 10 

mM DTT to prevent oxidization and aggregation. Protease inhibitor tabs (Roche) were added to 

inhibit the degradation of the proteins. The resuspended cell pellet was dialyzed in three 20 min 

steps and was loaded onto a phosphocellulose column and eluted with a gradient from 0.12-0.30 

M potassium phosphate buffer (pH 7.5). Fractions containing LacI were confirmed by 

SDS-PAGE, and the concentration of the protein was determined by absorbance at 280 nm (8 = 

0.6 cm-1(mg/mlyl). 

8.2.2. Microcantilever Preparation and Measurement 

Cantilever chips were purchased from Concentris GmbH (Basel, Switzerland). The 

cantilevers are 500 IfIT1 in length, 100 IfIT1 in width, and 1 IfIT1 thick. Each chip contains eight 

rectangular silicon cantilevers, each with a spring constant of 0.026 N/m. The cantilever arrays 

were placed in an UV ozone cleaner for 5 minutes under 5 psi oxygen. This resulted in a 

cantilever with a clean gold surface on the frontside and a hydrophilic silicon dioxide surface on 

the backside. The reference cantilevers were individually functionalized using glass 

microcapillaries for two hours. To prevent proteins binding to gold side of the cantilevers, 

hydrophilic polyethylene glycol (PEG) polymers were utilized. A dithiolaromatic-PEG molecule 

(C2St4406S2, MW=504.74 g/mol, Sensopath Technologies, Bozeman, MT) was used to prevent 

vesicle adsorption to the gold surface of the cantilever. The silicon dioxide surface was left 

unmodified because the binding of proteins to the Si02 surface was minor compare to gold 

surfaces. After use, the cantilevers were once again placed in the UV ozone cleaner for 5 minutes 
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under 5 psi oxygen and then refunctionalized as described above. 

All measurements were performed with a Cantisens Research System (Concentris GmbH, 

Basel, Switzerland). The cantilevers were mounted in a liquid chamber in which solutions were 

pumped past the cantilever chip via a syringe pump. The chamber was temperature controlled 

and for all reported experiments the chip was held at 25°C. Prior to the introduction of vesicle 

solutions, the cantilever signals were set to a zero baseline value. Each sample injection 

consisted of flowing 0.2 mL of protein or DNA solution at a flow rate of 0.42 J.1L1sec. Excess 

liquid was pumped to the waste reservoir via a syringe pump. Real-time deflection of 

microcantilevers was monitored via a scanning laser diode aligned to the tip of the 

microcantilevers. The position of the reflected laser beam was captured using a 

position-sensitive-detector (PSD), with a sampling frequency of 1 Hz. The average 

thermomechanical sensitivity of the cantilevers was measured to be 73 ± 11 nmlK. 24 Due to 

small differences in material properties of the cantilevers such as stiffness or thickness variation 

of the evaporated gold layer, the deflections of the cantilevers were normalized using each 

cantilever's thermomechanical sensitivity. After normalization, the signal difference between the 

experimental cantilever and the reference cantilever was calculated to allow us to measure the 

cantilever deflection due to the vesicle rupture into a SLB. 

8.2.3. QCM-D measurement 

QCM-D measures changes In adsorbed mass and viscoelastic properties of adsorbed 

material by monitoring changes in the frequency and decay of oscillation of a quartz crystal. 25,26 

The frequency corresponds to the deposited mass, and the energy decay is described by the 

dissipation factor D, which is the sum of all losses in the system. The dissipation factor D is 

defined as the ratio of energy dissipated per oscillation over total energy stored in system over 

21t. 

1I5 



The QCM-D measurements were conducted on a Qsense E4 (Q-Sense AB, Gothenburg, 

Sweden) with an axial flow chamber. The quartz crystal is driven at its resonance frequency of 5 

MHz, with measurements at subsequent overtones: 15, 25 and 35 MHz. For sufficiently rigid 

films (dissipation value < 1 x 10-6), changes in frequency can be related to changes in adsorbed 

mass per area according to the Sauerbrey relation: 27 

~=_ C t1f 
t 

(8.1) 

Where C is a constant of 17.7 ng/cm2, and t is the overtone. The following frequency shifts 

reported in this thesis are all normalized to t1jlt. Thus, a frequency shift of 1 Hz corresponds to a 

mass of 17.7 nglcm2 deposited onto the crystal. The system allows for simultaneous 

measurements of frequency change and energy dissipation by periodically switching off the 

power to the crystal and recording the decay of the damped oscillation. Front side gold coated 

AT-cut quartz crystals (Q-sense), with a mass sensitivity of 2 nglcm2 are used for protein 

immobilization. The gold-coated quartz crystals were first treated using UV ozone (Novascan 

PSD-UV) for 10 minutes followed by an ammonia and hydrogen peroxide treatment (a 5:1:1 

mixture by volume of DI water, H202 and NH3) at 70°C for 5 minutes. The crystals were then 

thoroughly rinsed and stored in purified DI water (water resistively of 18.2 MQ·cm) until use. 

Flow of solution was controlled at a rate of 50 J.ll/min with a peristaltic pump. The 

temperature of the chamber was maintained at 25°C at all times. FB butTer (0.01 M Tris-HCl, pH 

7.4,0.15 M KCI, 0.3 mM DTT, 0.1 mM EDTA, and 5% DMSO) was used as a baseline. After 

equilibrating with butTer, the protein solution was flowed through the measurement chamber 

until surface saturation was achieved, after which the flow was switched back to the FB butTer 

solution. Other solutions (DNA, IPTG and ONPF) were introduced at the same flow rate onto the 

bound protein layer. IPTG is Isopropyl P-D-l-thiogalactoside, and ONPF is o-nitrophenyl-p 
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-D-fucoside and a counterpart ofIPTG Both reagents were purchased from Sigma Aldrich. 

8.2.4. Operator binding assay 

Operator binding experiments were performed by nitrocellulose filter binding assay using 

a 96-well dot blot apparatus. 28 The 40 bp natural t 0 1 opera or (5' 

TGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGG - 3') (Invitrogen) was used 

for these measurements. This assay was carried out in FB buffer with 100 llg/mL of bovine 

serum albumin. Protein at various dilutions from 1 x 10-13 to 5 x 10-9 M was mixed with e2p]_ 

labeled 0 1 (~1.5 x 1O-12M), and the mixtures were filtered through nitrocellulose after ~20 min 

incubation. The filter membrane was exposed to a Fuji phosphorimaging plate overnight. The 

plate was read by a Fuji phosphorimager, and the retained radioactivity was analyzed by Igor Pro 

(Wavcemetrics). The binding affinities of various repressors were determined by the following 

equation: 

(8.2) 

where Yobs is the observed level of retained radioactivity at a given protein concentration, Ymax is 

the level of radioactivity at saturation, c is the background when no repressor is present, and Kd 

is the equilibrium dissociation constant. The value of the Hill coefficient, n, is generally ~ 1 for 

LacI. 

8.3. Results and Discussion 

8.3.1. Assessing DNA binding for single mutant T334C 

To confirm function for single mutant T334C, to be used along with wild-type LacI in 

QCM-D assays, both operator binding affinity and response to IPTG binding were measured by 

filter binding assay. The Ol-binding behavior of T334C is similar to that for wild-type LacI (Kd 
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~1.5 x lO-llM) (Fig. 8.2). In the presence of 1 mM IPTG, T334C affinity for operator DNA is 

diminished comparably to wild-type Lac!. T334C therefore presents essential wild-type 

properties and provides features that allow study by QCM-D. 

"C 
1.0 • Wild-type 

= 11 T334C = 0.8 
Q = 0.6 -< 
Z 

0.4 ~ 

= Q 0.2 + 1mMIPTG ... -CJ 

f 0.0 
~ -12 -11 -10 -9 

Log [protein] 

Figure 8.2. Operator binding curves for wild-type LacI and T334C. The operator binding 

experiment was conducted by filter binding assay as described in Materials and Methods. 

Fraction DNA bound in the absence of IPTG is shown by filled circles for wild-type and open 

triangles for T334C. In the presence of 1 mM IPTG, wild-type is represented by open circles and 

T334C by filled triangles. The curves shown were generated by fitting the data using Igor Pro. 

8.3.2. Testing Binding of Single mutant T334C to Gold and Protein-DNA Recognition on 

Microcantilevers 

After the mutant T334C LacI protein comes in contact with the microcantilever surfaces, 

they bind with gold surface through the gold-cysteine bond and generate a large compressive 

stress on the gold surface. The experimental microcantilevers (denoted as stat 1,2,3,4, 5, and 7) 

deflect ~ 1200 nm toward the Si side and slowly relax to reach a final equilibrium value. The 

relax process is oftentimes observed for proteins adsorbing to solid surfaces because the proteins 

change their configurations at the solid surfaces, trying to relax to a structure with a minimum 

free energy. Among the eight cantilevers shown in Fig. 8.3(a), the cantilevers with PEG-blocked 

gold surface (stat 6 and 8) show no obvious deflection due to the binding on the gold side. 
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However some nonspecific adsorption on the Si side causes the two cantilevers to bend slightly 

toward the gold side. In addition, the neighbor cantilevers closest to cantilever 6 and 8 (stat 5 and 

7) are affected by the blocking PEG-thiol vapor, so they deflect not as much as those of 

cantilever 1-4. 

The micron scale deflection of the microcantilevers due to the chemical linkage of 

cysteine on the protein and gold surface is huge, compared to the nano-scale deflection due to 

physical sorption of a lipid membrane on Si02 surface described in the previous chapters. The 

formation of chemical bonds ofthiol-gold is highly endothermic and stresses the surface heavily. 

In addition, the proteins move from the free space and crowd solid-liquid interface, which leads 

to a lateral force in between surface bound proteins. Though it is not clear whether the lateral 

force between LacI proteins, the steric and electrostatic forces between the LacI proteins are 

likely to add up repulsions in between the proteins. Summing up these two sources of surface 

energy, the overall resultant is a compressive surface stress of ~ 280 mN/m on the gold surface. 

After the LacI proteins are immobilized on the gold surfaces, the 0 1 DNA molecules are 

introduced. All experimental microcantilevers bend toward the Si side between 100 to 200 nm, as 

shown in Fig. 8.3(b), indicating that 0 1 DNAs bind to the DNA-binding domains of the 

immobilized LacI T334C mutants. In addition, the 0 1 DNA operators create compressive stress 

to the cantilever surfaces. The sources of the compressive stress may come from the (i) binding 

free energy of the 0 1 DNA to the T334C mutants that transforms to the surface free energy or (ii) 

the steric and electrostatic repulsions between each LacI protein complexes. Beside the 

experimental cantilevers, the reference cantilevers remain un-deflected because there are no LacI 

proteins immobilized on the surface to recognize the DNA and neither DNA binding to the Si 

and gold surfaces. 

After the 0 1 DNA operators are added, IPTG molecules are introduced. However, the 
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microcantilevers fail to detect changes caused by the IPTG binding to the immobilized T334C 

mutants. There is no difference in the deflection before and after the IPTG solution is introduced. 

It is thought that the surface stress of the microcantilevers does not change significantly as the 

IPTG molecules bind to the T334C mutants and release the DNA allosterically. Moreover, for 

complicated macromolecular complexes bound on the surfaces of m icrocanti levers, the 

sensitivity of the microcantilevers may decay when the binding position is several nanometers 

away from the surface and hardly generate enough surface stress to be detected. In the following 

experiments, an alternative sensor, the QCM-D, is used for the binding assays. 
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Figure 8.3. Microcantilevers deflect due to (a) immobilization of single mutant T334C to gold, 

followed by (b) protein - 0 1 DNA binding recognition. The black arrows indicate the time of 

sample injection, and the red arrows indicate the time of switching the sample solutions to buffer. 

8.3.3. Binding of wild-type Lac! and single mutant T334C in QCM experiments 

Wild-type LacI was used as a control in the QCM assay with the expectation from prior 

120 



experiments that DNA binding would be blocked by interaction of the LacI N-terminal DNA 

binding domain with the gold surface. 21 After introducing wild-type LacI, a large frequency 

change is detected (Fig. 8.4(a)) corresponding to the adsorption of LacI to the gold surface. 

Following a buffer wash, introduction of the operator 0 1 results in minimal change in mass for 

the wild-type LacI, indicating little binding of the DNA sequence. Addition of IPTG at high 

concentrations also generates little change in frequency. These results are consistent with 

previous experiments that indicate wild-type LacI physically binds to gold through its 

DNA-binding domain, which is attracted by the highly polarized gold surface21 • However, the 

mass of IPTG appears too small to be observed on the microbalance, since wild-type LacI should 

still be able to bind IPTG. 

The single mutant T334C, modified with introduction of a solvent-exposed cysteine at the 

C-terminus for each monomer (Fig. 8.1), is expected to bind the gold surface with a specific 

orientation mediated by sulfhydryl interaction with gold. Upon introduction of T334C to the 

crystal surface, changes in the frequency are comparable to those observed for wild-type LacI. 

With the addition of operator 0 1, further mass changes are observed, which are reversed when 

IPTG is flowed through the cell, with the signal returning to that for T334C alone (Fig. 8.4(b )). 

This shift is consistent with release of the operator DNA from the repressor by IPTG binding. 

The results demonstrate that immobilized T334C can bind operator DNA and IPTG. Thus, the 

results confirm that the mutated LacI, T334C, can perform its normal functions, including both 

operator and IPTG binding and allosteric release of operator in the presence of IPTG when 

bound to a surface. Fitting the frequency changes to a viscoelastic Kevin-Voigt model and 

applying the Sauerbrey relation, we obtain the adsorbed mass, which in tum can be converted to 

number of proteins by multiplying the protein's molecular weight and Avogadro's number. An 

average binding area can then be calculated by dividing the crystal surface area by the number of 
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proteins. We find that the T334C molecules are in a more highly packed arrangement: average 

binding area 19 ± 1.6 nm2 per T334C protein mutant compared to 33 ± 0.83 nm2 per wild-type 

protein (Table 8.1). These results highlight the importance of protein orientation on the surface 

for retention of function when pursuing surface immobilization. 

Examination of the dissipation response reveals differences in the protein conformation 

of wild-type LacI and T334C on the crystal surface (Fig. 8.4; Table 8.1). Wild-type Lac! binds 

tightly to gold and yields little change in the dissipation coefficient, 8D = (0.068 ± 0.021 )'1 0-6, 

whereas T334C binding to the crystal surface results in a W = (1.3 ± 0.14) '10-6• This strong 

differential can be explained by the fact that wild-type Lac! binds to the gold surface through its 

highly basic DNA-binding domain. In contrast, T334C binds to the gold surface primarily 

through the sulfur-gold covalent bond at position 334, leaving the highly flexible arms of the 

DNA-binding domains to freely rotate and stretch. The latter arrangement forms a "softer" 

protein layer; thus, the measured dissipation is about 20 times larger than for its wild-type analog. 

These results are consistent with NMR data that indicate that the DNA binding domains, when 

unliganded, have significant mobility. 29 

From the differences in frequency and dissipation changes, it is clear that the surface 

arrangement of T334C mutant differs from that for the wild-type Lac!. To remove the time 

dependency of the data, we can relate the observed changes in D to changes inf, by plotting W 

vs. 8/ (Fig. 8.6). Large 8D vs. 8/ ratios indicate flexible conformations of an extended structure 

or loose binding between interacting groups. 18 In the 8D vs. 8/ plot, wild-type LacI binding 

exhibits a small slope change (W 18/= (0.0033 ± 0.00040) '1O-6/Hz), indicating wild-type Lac! 

forms a rigid protein film (Fig. 8.6(a)). Interestingly, the T334C mutant generates a slope change 

near 8/ = -40 Hz. Above -40 Hz, the slope is not significantly different from that for the 

wild-type Lac! (8DI8/ = (-0.0084 ± 0.00084) '1O-6/Hz (Fig. 8.6(a)). In contrast, below -40 Hz 
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the slope increases significantly, I!..DIl!..j = (-0.027± 0.0025)-1O-6IHz (Fig. 8.6(b)). A potential 

rationale for this transition is that the binding mechanism is a competition between the highly 

basic DNA-binding domains and the C-terminal cysteine to interact with gold crystal. For T334C 

proteins on the gold surface, reorientation may occur spontaneously until the gold-sulfur bond 

forms. Above -40 Hz where protein adsorption is low, the T334C population on the surface may 

bind through a mix of electrostatic interaction at the N-terminus and gold-sulfur binding at the 

C-terminus. Below -40 Hz, as the proteins become more crowded on the surface, binding of the 

DNA domains may be impeded in favor of the covalent Au-S bond. The T334C binding 

mechanism is thus a competition between two binding sites: ionic interactions with the 

DNA-binding domain and the Au-S bond by the designed cysteine. The latter interaction 

ultimately dominates to generate the formation of a surface bound protein layer with the 

DNA-binding domain exposed to the bulk solution. 

Wild-type T334C 

I!..j(Hz) -44 ± 1.1 -78 ± 6.7 

W (10-6) 0.068 ± 0.021 1.3±0.14 

Binding area (nm2 I protein) 33 ± 0.83 19 ± 1.6 

Table 8.1. Summary of frequency change (I!..j) and rigidity (/1D) for wild-type Lacl and T334C. 
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Figure 8.4. The frequency and dissipation results from the third overtone for the natural operator 

0 1 and inducer IPTG binding to (a) wild-type LacI and (b) T334C. The concentrations used in 

the assay are protein, 400 nM; DNA, 950 nM; and IPTG, ] mM. The purple, blue and pink 

blocks represent time periods when protein, DNA and IPTG flow over the gold-coated quartz 

crystals, respectively. 
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Figure 8.S. (a) Frequency change and (b) Dissipation change for wild-type Lac! (red) and T334C 

(black). The difference between wild-type LacI and T334C reveals that they bind to the gold 

surface using different regions of the structure: DNA-binding domain for wild-type and position 

334 through the sulfur-gold covalent bond for T334C. 
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Figure 8.6. LV)-~fplot for wild-type LacI (a) and T334C (b). The slopes for wild-type LacI and 

T334C are different, indicating distinct binding mechanisms for these two proteins. 

8.3.4. Protein-DNA binding recognition and response to effectors 

Because T334C binds to the gold surface through a direct sulfur-gold linkage and retains 

wild-type binding affinities to both operator and IPTG, this system could be applied to monitor 
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binding to various DNA sequences as well as response to multiple effectors. In QCM-D, results 

can be visualized directly, which provides opportunity to compare results under different 

conditions simultaneously. We have compared the natural operator (01), a symmetric operator 

DNA sequence (Osym), and a nonspecific DNA sequence (Ons) in this system. The osym sequence 

is known to bind LacI ~ 1 O-fold more tightly than 0 1, 30whereas Ons exhibits substantially weaker 

affinity. The experimental results are consistent with the known binding behaviors: the repressor 

binds to osym more strongly than 0 1 (Fig. 8.6), although the established IO-fold difference in 

DNA binding affinity cannot be easily distinguished. For the nonspecific DNA sequence, the 

results show no detectable binding between T334C and Ons (Fig. 8.6). 

Compared to diminished DNA binding affinity in response to IPTG binding, the affinity 

for DNA is slightly increased following binding to the "anti-inducer" ONPF, which stabilizes 

LacI binding to operator. 4 The responses to the inducer IPTG and the anti-inducer ONPF 

observed in the QCM-D experiments are consistent with the expected behavior. Minimal mass 

change was found following ONPF binding to the mutant T334C for both repressor-O l and 

repressor-Osym mixture, suggesting there is no detectable dissociation of DNA sequences from 

the ONPF-bound repressor (Fig. 8.6). Upon IPTG addition, a change in mass is observed 

consistent with release of both 0 1 and osym from the repressor (Fig. 8.7). Thus, the QCM-D data 

reflect the anticipated behavior of LacI in binding to DNA and sugar ligands. Based on these 

results, other residue(s) of interest can be introduced in addition to T334C, and valuable binding 

information can be obtained efficiently by QCM-D prior to detailed biochemical and biophysical 

examination. 
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response to anti-inducer ONPF and inducer IPTG binding. T334C was bound to the gold surface 

before introducing the three different DNA sequences. The concentrations used in the assay are 

T334C, 400 nM; DNA, 950 nM; ONPF, 1 mM; IPTG, 1 mM. The blue, green and pink blocks 

represent time periods when DNA, ONPF and IPTG flow over the gold-coated quartz crystals, 

respectively. 

8.4. Conclusion 

QCM-D has successfully detected T334C repressor binding to multiple DNA sequences 

and ligands. The changes in frequency and dissipation are consistent with expected responses to 

both inducer and anti-inducer binding to Lac!. Whereas wild-type Lacl is unable to bind DNA 

once immobilized to a gold surface, using LacI with a designed cysteine mutation for covalent 

interaction with gold restores protein-DNA binding capacity. Based on these results, we propose 

that substitutions at other locations of interest on the surface of this protein could be quickly 

screened for mutants that might have effects on operator binding, IPTG binding, and/or the 
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allosteric response to inducer. Indeed, several conditions can be examined simultaneously with 

protein binding to the gold surface of the crystals in the orientation that allows DNA binding. 

Furthermore, these results indicate that QCM-D can be applied to many other ligand-binding 

proteins to obtain rapid binding information. For proteins where structural information is not 

available and ligand binding is not observed after attachment to the gold surface, random 

introduction of cysteine residues at intervals across the sequence suggestive of surface exposure 

and subsequent measurement of binding would be a feasible approach. 

Complimentary experiments are also performed on microcantilever sensors. Both the 

T334C repressor binding to gold surface and DNA binding to T334C repressors, which are 

covalently linked on the gold surface, generates a surface stress change that can be measured on 

microcantilevers. However, the allosteric binding of IPTG to T334C repressor is not observable; 

neither is the release of DNA from the T334C repressors. It is thought that the microcantilever 

sensors fail to detect the reaction if the resultant change in surface stress is not obvious. 
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9.1. Summary 

Chapter 9 

Conclusions and Future Work 

The immobilization of SLBs onto a Si02 surface involves an adsorption free energy 

change, which takes place on the solid substrate. Microcantilever sensors transduce the surface 

free energy into a measurable mechanical motion. Analyzing free energy changes on solid 

supports, which are tuned by varying the lipid compositions (Chapter 4) and lipid phases 

(Chapter 5), has proved a useful method to probe the collective interactions between lipid 

membranes and a substrate. Higher affinity, as a result of electrostatic attractions, between the 

SLBs and solid surfaces indicates higher surface free energy change and thus cause the 

microcantilevers to bend further to accommodate the increase in free energy. Besides SLB -

substrate interactions, membrane-active molecules interact with lipid membranes with extensive 

possibilities and perplexities. Amphiphilic or amphipathic surfactants (Chapter 6) and peptides 

(Chapter 7) interact with lipid membranes through different mechanisms and also take part in 

altering the free energy on the solid surfaces which are used to support the SLB. Experimental 

observations conclude that the insertion of surfactants and peptides into SLBs not only raises the 

adsorption free energy but also the internal membrane stress in the SLBs. Both of these effects 

generate a large enough surface free energies change to be detected by the microcantilever 

transducer as a compressive surface stresses. Surfactants and peptides at high concentrations are 

toxic to SLBs and can strip the SLBs from surfaces, thus the in situ free energy, which 

corresponds to the solid - SLB interactions, diminishes to zero. Correlating the free energy 

changes on the solid surfaces with surfactants and peptides' functions on lipid membranes will 
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add knowledge to understanding the interactions of small molecules with SLBs and expands the 

array of molecules that can be studied with microcantilever sensors. 

Natural proteins have hierarchical structures which oftentimes interact with solid surfaces 

in an unknown manner. A model protein studied in this thesis, the Lac repressor (Lad), compares 

how a modified T334C mutant that includes a cysteine group to orient the protein relative to the 

gold surface through a covalent sulfur bonds retains it binding capabilities over that of wild type 

Lac!. QCM-D is used to measure the "weight" of the proteins on Au surfaces and probe the 

viscoelastic properties of the protein layer. What was discovered new about this T334C Lad 

mutant is that (i) the surface binding density of the protein is higher compared to the wild-type; 

(ii) the T334C protein layer is softer and thicker than the tightly bound wild-type layer; (iii) the 

DNA binding kinetics of T334C mutant is observed in real-time and is comparable to that 

observed in solution, while that of a wild-type is completely inactive; and (iii) the binding 

process of T334C to Au is likely to undergo two steps: from non-specific to directed binding to 

Au. 

Concluding the experimental observations of surface bound lipid bilayers and Lad 

proteins, this thesis provides a quantitative method and a starting point to understand 

biomolecules at the liquid - solid interface. However, there are questions that remain unanswered. 

Particularly, each type of sensor used in this thesis has limits and is sensible to a specific physical 

property or a set of collective interrelated interactions. For example, on the microcantilever 

surfaces, the observed surface stress change is a coupling of both the material strain and the 

chemical reactions. Theoretical calculations of the mechanical strain and the chemical free 

energy should be able to decouple the effects to probe only the chemical reaction contribution. 

Despite the fact that the mechanical strain effect is neglected in this thesis, the measurements are 

133 



reasonably accurate. Nevertheless, some proposed ideas that can continue the work of this thesis 

are written in the following section 9.2. 

9.2. Future Work 

9.2.1. Using Microcantilevers to Detect Surface Process of Proteins on Lipid Membranes 

Surface sensitive sensors provide a unique method for biomolecular analysis and are 

particular appropriate for analyzing and improving immobilized biosystems. Using lipid 

membrane-coated micro cantilevers for probing interactions with membrane-active molecules 

also has potential in extensive biophysical and biochemical research. In one way, an explicit 

model to describe the relation between the lateral membrane tension and the measured surface 

stress of the microcantilever is required in order to quantify the free energy of small molecules 

interacting with the SLBs. This thesis initiated the experimental and empirical explanations for 

the magnitude and the direction of the surface stress induced by the small molecular interactions, 

which are relatively simple; however, for complicated molecules that interact with lipid 

membranes dynamically, such as proteins and enzymatic substances, the measurement and 

interpretation could be rather challenging. Several interesting proteins that can (i) induce local 

curvature of lipid membranes, such as N-BAR domains (see Fig. 9.1(a)), (ii) hydrolyze lipids of 

the upper leaflet of the SLB, such as Phospholipase A2 (PLA2) and leave a SLB composed of 

one layer oflyso-lipids and one layer of intact lipids (see Fig. 9. 1 (b)), and (iii) fold at/in the SLB, 

such as f3-barrel outer membrane protein A (OmpA) (see Fig. 9.1(c)). Lipid membrane-coated 

microcantilevers may add additional information of those interactions. 
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(a) (b) 

(c) 

Figure 9.1. (a) N-BAR domains I (b) Phospholipase A2, or PLA2 2 (c) J3-barrel outer membrane 

protein A (OmpA) 3 

9.2.2. Numerically Solving the Asymmetrical Force Field o/SLBs 

Physical properties of SLBs differ from free-standing membranes in surface tension and 

lipid mobility due to the SLBs' asymmetrical force distribution. Coarse grained simulations of 

SLBs near a wall have been performed by several groups and have shown that a huge fluctuation 

of membrane tension is present. 4 However, the coupling effect of the interfacial tension of the 

solid-liquid-membrane interfaces with the solid has not been explored. Understanding the stress 

coupling between the membrane film and the solid lattice is important because such a theoretical 

explanation can be used to predict the surface stress of the solids and the deflection values of the 
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microcantilevers which are coated with SLBs. A preliminary simulation of the stress profile near 

a solid wall which supports a SLB is provided in this section. 

The following figures illustrate the simulation results of the density profile of the lipid 

bilayer near a wall. When the wall is still far (~ 1/2 bilayer thickness), the bilayer density profile 

is as symmetrical as that of a free standing lipid bilayer, as shown in Fig. 9.2. As the lipid bilayer 

gets closer to the wall (bilayer-wall distance ~ 115 bilayer thickness), the density profile of the 

lipid bilayer is altered and shows asymmetrical distribution, as shown in Fig. 3. The large 

perturbation in the stress profile near the wall is consistent with the asymmetrical lateral pressure 

profile of a SLB found by Xing et al. 4 

In Fig. 9.3, the stress profile is defined as: 

1'= nex = {~n[p(r)]-~n'} 
A (9.1) 

Where ~O_~S is the force difference between the pure solvent and the homogeneous reservoir. 

The stress profile can be calculated by integrating the lateral pressure tensor of the system s(x) in 

each layer along the x direction: 

1'= r: dx s(x) = r: dx[PN(x) - P:r{x)] 

(9.2) 

Where PN(x) is the normal component of the pressure tensor, and PT(x) is the tangential 

component of the pressure tensor. The very negative stress value at the inner head layer 

represents either a strong compression or contraction while the outer head layer has similar 

values as bulk. This asymmetrical membrane lateral pressure of a SLB indicates an internal stress 

in the membrane coating on microcantilever surfaces and may contribute to some extent of 

bending of the microcantilever. A connection of this stress profile above the solid surface with 
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the surface free energy on the solid surfaces is needed to be confirmed in the future work. 

This preliminary work is cooperation with Zhengzheng Feng, Chapman group, 

Department of Chemical and Biomolecular Engineering, Rice University. 

8: 0.5 

t/o 

Figure 9.2. When a thick layer of water is present in between the lipid bilayer and the wall, the 

density profile of the lipid bilayer is affected. The x-axis indicates the distance of the lipid 

bilayer surface from the wall , and the y-axis the density profile. The blue line represents the 

density profile of lipid tail ; red, lipid head; green, solvent. In th is plot, the lipid bilayer is not 

close to the wall enough (the distance ~ Y2 bilayer thickness), thus the density profile of lipid 

heads and tails are symmetrical along the bilayer center. (ref: Zhengzheng Feng) 
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Figure 9.3 . As the bilayer is close enough to the wall (bilayer-wall distance ~ 1/5 bilayer 

thickness), the density profiles of both lipid head and lipid tail are greatly altered by the 

boundary condition. The black line represents stress profile. (ref: Zhengzheng Feng) 

Parameters and models used in this simulation: 

Component order to be: I-Lipid Tail, 2-Lipid Head, 3-Solvent 

Fluid-fluid potential: Lenard-Jones 12-6 model 

Wall-fluid potential: Lenard-Jones 9-3 model 

Size matrix (sigma): lipid tail: 1.0, lipid head: 1.44, solvent: 1.0 

[ 

1.0 0.22 0.22 1 
Fluid interaction matrix: (f:/ kT) = 0.22 1.42857142 1.428571 2 

0.22 1.42857142 1.428571 .2 

Fluid-surface interaction matrix: (f:/kT) = [0.72 1..36 1.36] (similar as fluid 

interaction, weak attraction for tail , strong for head/solvent) 

Cutoff in both potential (sigma): 2.5 

Domain size (sigma): 40 
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9.2.3. Assembly of Giant Unilamellar Vesicles into Chains Using Magnetic Fields 

Studying the interactions between lipid membranes and membrane deformations can add 

insights in vesicular adsorption, aggregation, and fusion. 5 To force two lipid membranes to 

contact, applying a uniform force field to a suspension of giant unilamellar vesicles (GUVs) is a 

convenient way to control the attraction between lipid membranes with a tunable and precise 

manner. This approach can be done by immersing GUVs into a ferro-fluid (a dispersion of 

ferromagnetic nanoparticles) causing the GUVs to assemble side-by-side into chains by applying 

a magnetic field, as demonstrated in Fig. 9.4. 

Figure 9.4. GUV chains. When a magnetic field is applied, the ferrofluid in the surrounding bulk 

solution direct the GUV s to chain structures. GUV s of various sizes may stack together to form 

spindle shape vesicle aggregates. The stacking condition can be eliminated by homogenizing 

GUVs' sizes (the protocol is described in Appendix A.S). Elongation of a big GUV along the 

direction of the magnetic field is observed in the upper right figure. 
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Figure 9.5. Confocal image of a GUV chain. The contact lines of the membranes are brighter 

because they contain two bilayers and are with higher fluorophore density. 

Similar to spherical non-magnetic particles dispersed in ferrofluid, these GUVs are non

magnetic cavities inside a magnetized medium. When a magnetic field is applied, the dipole

dipole interactions will lead to the formation of linear chains of GUVs oriented along the 

direction of the external field. Future work in this area may provide a fundamental model for 

membrane-membrane interactions and elongations. 6 Also, linking GUVs into chains provides a 

simplified model for Krebs et al. ' s work of using magnetic force to link human cells into chains 

for possible applications in tissue engineering. 7 
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9.3. Conclusion 

This thesis has developed a number of methods that make use of surface-sensitive sensors 

to characterize (i) the effect of solid surfaces on the function of immobilized bio-macromolecules 

and (ii) the interaction and recognition between immobilized bio-macromolecules and their target 

ligands. By examining the mass and the adsorption free energy of these bio-macromolecules, 

information about the structure, orientation, and binding affinity to either the surface or reactive 

agents can be explored. Specifically, two classes of immobilized bio-macromolecules, the 

supported lipid bilayer (SLB) and the Lac repressor protein (LacI), are characterized using 

microcantilever sensors and QCM-D. 
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Appendix A 

Structure, Preparation and Characterization of Materials 

A.l Molecular Structures 

A.3.1 Lipids 

Name Molecular Structure 

16:0-18:1 PC (POPC) 

I-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine 

14:0-16:0 PC (MPPC) 

l-myristoyl-2-palmitoyl-sn

glycero-3-phosphocholine 

18:1 TAP (DOTAP) 

1,2-dioleoyl-3-

trimethylammonium-propane 

(chloride salt) 

16:0-18:1 PS (POPS) 

I-hexadecanoyl-2-(9Z

octadecenoyl)-sn-glycero-3-

phospho-L-serine (sodium salt) 

Reference: Avanti Polar Lipids, http://www.avantilipids.com/ 

A.3.2 Cholesterol 

o 
II 

o~o-p-o~ ............ _I' f ~ -N+ 
d H 0- I' 

o 

o 0$:.°-II H, 
o~o-r-o "" NH + 

<> H 0- 3 
Na+ 

o 

Name Molecular Structure 

Cholesterol (from ovine wool, 

>98%) 
HO ~ 

H 

Reference: Avanti Polar Lipids, http://www.avantilipids.com/ 

142 



A.3.3 Lyso-lipids 

Name 

12:0 Lyso PC ; CMC=400-900 pM 

l-lauroyl-2-hydroxy-sn-glycero-3-

phosphocholine 

14:0 Lyso PC ; CMC=40-90 pM 

l-myristoyl-2-hydroxy-sn-glycero-

3-phosphocholine 

16:0 Lyso PC ; CMC=4-8 pM 

l-palmitoyl-2-hydroxy-sn-glycero-

3-phosphocholine 

18:0 Lyso PC ; CMC = 0.4 pM 

l-stearoyl-2-hydroxy-sn-glycero-3-

phosphocholine 

18:1 Lyso PC; CMC=3-5 pM 

1-oleoyl-2-hydroxy-sn-glycero-3-

phosphocholine (MOPC) 

Molecular Structure 

o 0 
II 

o-')('o-r-O~N+"" 
HO H 0- I ....... 

Reference: Avanti Polar Lipids, http://www.avantilipids.com/ 

A.3.4 Polyethylene glycol (PEG) 

Name 

Dithiolaromatic-PEG ; MW=504.74 

g/mol 

C2sH4406S2 

2- [methoxy-(polyethyleneoxy)propyl]

trimethoxysilane ; MW= 326.46 g/mol 

C13H300 7Si 

Tg = -54°C (amorphous at room temp) 
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PEG·thiol 

yH3 

9 
CHa-O-~~C~~CH3 

9 
CH3 

2{/'IISlhoJty~) 

pmpyfJ ~ dime (GeltJst) 

F£O(S75)-S/J1J1re. n=6-9 



Reference: Sensopath Technologies; Gelest Inc. 

A.2 Lipid Vesicle Size Determined by Dynamic Light Scattering (DLS) 

A.2.1 Freeze-thaw and extrusion derived lipid vesicles 

The freeze-thaw method is a protocol to break lipid vesicles into smaller pieces and to 

make the vesicles unilamellar. The freeze-thaw protocol starts from a solution of multi lamellar 

vesicles (MLVs). Freeze the solution by dipping the vial into a liquid nitrogen bath (Caution! 

Careful handling and protective gloves are required at the extreme temperature at -273 K. Use 

PVC vial if possible; glass vials might fracture.) for 3 minutes and then take the vial out and 

thaw it in a water bath of 60°C for 3 minutes until all the ice in the vial melts down to liquid 

solution. Repeat the freeze-thaw process for 20 times to achieve unilamellar vesicles. The vesicle 

size is determined by dynamic light scattering (DLS). The resulted size differs and depends on 

the lipid constitutes and buffer kind. The trial samples are made as follows: Sample set 1: freeze

thawed 20~25 times; sample set 2: then freeze-thawed 3 more times and then extruded 30 times 

through 100 nm pore-size polycarbonate membranes; sample set 3: then extruded 30 times 

through 30 nm pore-size polycarbonate membranes. The results are concluded in Fig. A.I. 

The trends observed in Fig. A.I show that for vesicles made right after the freeze-thaw 

process (sample set 1), the size is still far from nanometer sizes, but for vesicles containing 

charged lipids, the size could be smaller than 300 nm. Adding charged lipids can lower the 

average size of sample set 1, however this effect is not seen in sample set 2 and 3. Ion types in 

the buffer may also make difference in vesicle sizes. TBS (Tris Buffered Saline), which contains 

cationic tris ions, may stabilize and decrease the size of negatively charged vesicles (DOPA 

doped) than PBS may do, as shown in Fig. A.I (c). 
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Extrusion is the step that really reduces the vesicle size into the nanometer size scale. All 

the vesicles prepared by extruding through a polycarbonate membrane of 100 nm pore size show 

significant decrease in size. For example, the average size of pope vesicle is 140 nm. The 

extrusion method is useful for all the lipid composition and buffer tested. However, extruding 

these vesicles through a smaller pore-size polycarbonate membrane of 30 nm pore size doesn't 

help shrink down the size to smaller. The average size is no significant difference before and 

after the second extrusion with smaller pores. The possible reason is that the lipid membrane is 

soft and deformable, thus the vesicles can still pass a pore that is smaller than the vesicle itself, 

by deforming as an elliptic shape. This phenomenon is also documented in the literature. I, 2 In 

addition, when using extrusion method, 100 nm pore-size polycarbonate membranes are more 

applicable than larger pore-size ones in producing unilamellar vesicles, because the MLV 

extruded through the 200 nm and 400 nm filters retain multilamellar. 
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The experiments are done on a Zeiss LSM410 confocal microscopy. A spot is 

photobleached by a mercury lamp light source, and the fluorescence of the spot and surrounding 

area is monitored with a laser source which corresponds to the emission wavelength of the 

fluorescent tag (Texas-red is used here). The spot was bleached for <3 minutes after which the 

area was watched for 20 minutes with 200 pictures being taken, one every 6 seconds. For this 

trial, the gain was set at 640. In Fig A.3, the experimental fluorescence is shown. The experiment 

is performed in a PDMS microfluidic channel, which adheres to an annealed glass slide. LUVs 

are made from I mg/mL pope lipid doped with 0.5 mol% Texas-red DHPE dye. The 

fluorescence fraction, calculated from the equation: 

J(t) = F(t) - F(O) , 
F(oo)-F(O) 

(A. I) 

is found to be 0.714. The halflife time was 233.42 seconds. The long halftime is due to the large 

size of the bleached area, which is 300 flm here. The diffusion coefficient was calculated using 

the equation: 

(A.2) 

where r is the radius of the bleached spot and 't1l2 is the half life time. The diffusion coefficient 

was found to be 1.825 flm2/s. 
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Figure A.l. Lipid vesicle size determined by DLS. DLS results for zwitterionic lipids (POPC and 

DOPC), cationic lipid (DOTAP) and anionic lipid (DOPA) are shown. Thses vesicle samples are 

made using freeze-thaw method. The y-axis stands for the measusred hydrodynamic size in nm, 

and x-ais stands for the sequential sample number (1: freeze-thawed 20~25 times; 2: then freeze-

thawed 3 more times and then extruded 30 times through 100 nm pore-size polycarbonate 

membranes; 3: then extruded 30 times through 30 nm pore-size polycarbonate membranes). 

A.2.2 Vesicles of mixed pope and lyso-lipid 
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To make controllable vesicle size with smaller diameter (to achieve SUVs with diameter 

smaller 60 nm), the attempt to alter the curvature is made by adding cone-shape lyso-lipid in the 

POPC vesicles. The result is shown in Fig.A.2. The vesicle size is decreased for vesicles with 

lysoPC 18:1 (MOPC), and the amount of lysoPC 18:1 ranging from 17% to 50% in the POPC 

vesicle does not make a significant size difference. It is thought that the lyso-lipids prefer to stay 

in the outer leaflet of the membrane because of the geometry effect. As a result, incorporating 

cone-shape lyso-lipids into the membrane can increase the membrane tolerance to higher 

curvature, which indicates smaller sized vesicles can be obtained. 

140 

120 

60 

o 

100% PO PC 83%POPC+17%MOPC 67%POPC+33%MOPC SO%POPC+SO%MOPC 

Figure A.2. Lipid vesicle size determined by DLS. Thses vesicle samples are made using 

extrusion method (extruded 30 times through 100 nm pore-size polycarbonate membranes) in 

PBS buffer. The y-axis stands for the measusred hydrodynamic size in nm, and x-ais stands for 

the sample constitutes. 

A.3 Techniques to Characterize SLBs 

A.3.1 SLB Fluidity Determined by Fluorescence Recovery After Photobleaching (FRAP) 

A.3.1.1 POPC SLB on Glass 
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Figure A.3 . Fluorescence Recovery After Photobleaching (FRAP) experiment for POPC SLB on 

a glass slide. (a) and (b) are the fluorescence intensity of the region of interest (ROI) 1 and 2 in 

(c). ROIl is the bleached region, while ROJ 2 is the reference. (d) Recovery fraction over time. 

A.3.1.2 POPC SLB Penetrated by C60 Nano-aggregates on Glass 

As a simple trial experiment, carbon nanoparticles (C60) are added onto the SLBs to see if 

the C60 can change the fluidity of the SLBs. It is thought that after contacting with lipid 

membranes, C60 may penetrate into the hydrophobic region of the bilayer and perturb the 

configuration of lipid alkyl chains. The C60 particle solution is a kind gift from Ping Zhang from 

the Thomson group (Civil and Environmental Engineering, Rice University) and is dissolved in 
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toluene as received. It is then sonicated for 30 min in pure water and diluted by 20 same volumes 

of 2 mM PBS buffer. The C60 aggregates are determined to have a diameter of 35.2 nm and zeta 

potential of -6.19 m V. After flowing through the lipid bilayer, the C60 solution was held inside 

the chamber for 20 minutes. The FRAP results (Fig. A.4) show that the C60 nanoparticles can 

enhance the recovery percentage by 20%, while the diffusion coefficient remains similar to a 

pure POPC SLB. The calculated values are: t\ /2=294.33 sec, DF 1.47 and R=0.95. It is thought 

that the C60 nanoaggregates penetrate into the hydrophobic region of the bilayer and perturb the 

tight packing of the lipid alkyl chains. Thus the bilayer with C60 nanoaggregates has higher 

lateral mobility than the bilayer without. 3-5 
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Figure A.4. FRAP experiment for POPC-C60 nanoparticle aggregates SLB on a glass slide. 

A.3.2 SLB Thickness Determined by Imaging Ellipsometry (IE) 

Ellipsometor can achieve angstrom resolution in z-direction and is suitable for measuring 

supported lipid bilayers which have thickness in nanometer scale. The working principles are 

described in Chapter 3. To measure the thickness of a SLB in an aqueous environment, a fluid 
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cell is used for the setup. The SLB is formed by vesicle fusion method and immersed in water in 

a fluid cell of 3 ml volume (Nanofilm Technologie, Gottingen, Germany), and the substrate used 

in the fluid cell is silicon wafer pre-cleaned with piranha for the formation of SLBs. On the top 

chamber of the fluid cell there are two glass windows for focusing the incoming laser beams on 

the silicon substrate. A peristaltic pump is used to control the inlet and outlet fluid which pass 

through the fluid cell. 

The detector measures the Rp/Rs values using null method and obtains ~ and '1'. Scanning 

the surface with varying wavelengths of light can give characteristic plots for both ~ and '1', as 

shown in Fig. A.5. 

The imaging ellipsometry combines capabilities of classical ellipsometry and microscopy 

together and provides film thickness not only at a point but a 2-D plane. Thus, the imaging 

ellipsometry uses CCD as it detector and has advantages over the traditional ellipsometry in 

visualizing a film when surface morphologies and surface patterns of the film are of interest. The 

imaging ellipsometor used here is an Elli2000 model and is developed by Nanofilm (merged to 

Accurion GmbH; Gottingen, Germany). It has has an xy-resolution of approximatly 1 /lm. 

Integrating the 2-D plane of region of interest with the thickness of each point, a 3-D contour 

plot is shown in Fig. A.6. 
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Figure A.5 . Nulling I-zone result of the ~ and 'I' of the waterlSLB/Si02/Si layered film at 532 

nm light source. The datum dot in each figure is fitted with the theory, which predicts the 

~ and 'I' for the laser wavelengths from 380 ~ 1000 nm. The fitting result converges and gives a 

SLB thickness and the refractive index of the SLB. 

Figure A.6. Fitted image of a pope SLB supported on a silicon wafer obtained by imaging 

elliposometry. Along bilayer xy plane, dimension is 80 J.lm by 80 J.lm; while in z axis, the scale is 

down to nanometer. The average thickness is close to 5 nm. Several spikes on the membrane 

surface indicate either defects or vesicles not fully fusing onto the silicon wafer surface pre-

treated with acid piranha solution. 
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A.3.3 SLB Mass Determined by Quartz Crystal Microbalance with Dissipation (QCM-D) 

Using the QCM-D to detect the mass of supported lipid bilayers is a convenient way to 

check the integrity of the bilayers on different surfaces. The working principles of QCM-D are 

described in Chapter 3. On the Si02 surface, the characteristic curves of a good SLB is shown in 

Fig. A.7. A frequency change of 25",26 Hz indicates a SLB which full covers the Si02 surface of 

the crystal , and the small dissipation «10-6
) indicates a thin SLB without adsorbed vesicles 

which are not ruptured. During the first 10 min, the overtones of the fundamental resonance split 

due to the mixed lipid vesicle and bilayer on the surface. The overtones overlap after 10 min of 

the introduction of lipid vesicles, and the SLB is complete. The SLBs are stable for hours on the 

Si02 surface of the quartz crystals 
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Figure A.7. Characteristic frequency (blue lines) and dissipation (red lines) curves of SLB 

formation on Si02 surfaces sensed by the QCM-D. Overlaped curves are overtones of the 

fundamental resonance of the quartz crystals. 

A.4 Preparation of Microcantilevers 

A.4.1 Thermosensitivity 

Considering the bimetallic effect in the microcantilevers, the two composite materials, a 
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thin gold film evaporated uniformly on the substrate, and a silicon substrate. The deflection

temperature relation is derived as follows: 6-8 

3(a -a )L2(1 +x) Ej 3 E 
/).z = j " s I1T, where the constant C = 6+6x+4x2 +-x +-"-. (A.3) 

I"C E" Ejx 

The x is the ratio of thin film thickness ta to the substrate thickness ts. Er, and Es are the Young's 

modulus for the film and the substrate, and ar and as are the thermal expansion coefficients. For 

the microcantilever used in this thesis, the values for the parameters are: 

asilicon= 2.59x 10-6 Kl 

Egold = 79 GPa 

Esilicon = 169 GPa 

tgold = 20 nm 

tsilicon = I Ilm 

L = cantilever length. 

Cantilevers of 500 and 750 Ilm long can be obtained from Concentris, while the 500 Jlffi 

one is used throughout the thesis. The C constant is calculated to be 113.1. The thermo sensitivity 

is defined as the deflection value changed per 1 K of temperature change. Following the 

equations above, the calculated thermosensitivity for cantilevers of 500 and 750 Jlffi long are 

listed in TableA.l: 

L(llm) I1z 111 T (nmlK) calculated I1z 111 T (nm/K) experimental 

500 78.54 -75.52 ± 4.50 

750 176.7 -
TABLE A.l. Comparison of calculated and experimental thermosensitivity for 500 and 750 Ilm 

long microcantilevers. 
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Using the material properties of gold and silicon, 1 K temperature change causes the 

surface stress change of 18.38 mJ/m2 (or mN/m) for a 500 J..lm long cantilever, which is 

converted from the deflection value, 78.54 nm. The cantilevers are tested for thermomechanical 

properties under water (PBS buffer at pH7.4). Experimental thermosensitivity measurements are 

shown in Fig. A.8 and are close to calculated values. 

20 ,--- --

o 

36, 0 
-20 ..--

~ -40 L-
'-' = o -60 .-;..it 
~ 

~ -80 r--

4000 
--statl_ nm-

- stat2_ nm-

--- - stat3 nm-

--statS_ nm-

- stat6_nm-

- stat7_nm-

~-100 ~ ~~~-- -- -------- stat8_nm-

-120 L~ 
Time (seccond) 

Figure A.8. Themperature response of a 500 J..lm long microcantilever array of eight cantilevers 

(stat1 ~ stat 8) for temperature change from 25 DC to 26 DC (/)"T = 1 K). Data for obtaining the 

averaged thermomechanical sensitivity for each cantilever are taken when the deflection values 

stabilized. For example, during 4050 ~ 4100 sec. 

A.4.2 Functionalization of Microcantilevers 

Functionalization of individual cantilevers are done using microcapillaries (See Fig. A.9) 

Each cantilever is alighed with the desinated microcapillary using a micromanipulator. Then 

insert the desired cantilever into a capillary filled with reagent. It is recommanded to avoid using 

155 



solvent with high volatility, because the vapor can cross-contaminate the neighbor cantielvers. 

The functionalization time usually lapse for 1 ~2 hours. For reagent solution with volatility higher 

than water, it is recommanded to slide the cantilevers in only cover 2/3 length of the capillary to 

prevent solution overflowing to the adjecent cantilevers. 

Figure A.9. of microcantilever array ndividual cantilevers are alighed with each microcapillary 

on a micromanipulator and then immerse in the grafting molecules in the microcapillaries for 

1 ~2 hours. 

A.4.3 Regeneration of Used Microcantilevers 

The steps for regenerating used microcantilevers: 

I.Etch the gold film by Dip the used cantilevers into pure gold etch ant for 10 seconds. 

Dry it with a paper towel. 

2. Clean the Si02 side. The cantilever array is then plunged into warm piranha solution 

(H2S04:H20 2 = 7:1 at 90°C) for 10 seconds using a Teflon tweezer. Then dip it into OI 
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water for cleaning. 

3. Arrange the cantilevers on a glass slide and paste them on the surface with single-side 

tapes. Use clean-room compatible tape. 

4. Evaporate 3nm ofTi or Cr film on the front side of the cantilever arrays followed by 

new 20nm gold film in an E-BEAM evaporator in the clean room. 

5. Take the microcantilever arrays out from the tape, and the microcantilevers are ready 

to use. 

A.5 Protocol of Preparing Giant Unilamellar Vesicles (GUVs) by Electroformation 

The steps for preparing GUVs by electroformation are: (main ref: Robert Raphael Lab 

and Huey Huang Lab, Rice University) 9 

1. Prepare 200 mM sucrose solution (1.37 g of sucrose in 20 mL water) and 200 mM 

glucose solution (0.68 g in 20 mL water). The sucrose is going to be encapsulated 

inside GUVs, while the glucose is outside the GUVs. The density difference can 

precipitate the GUVs down to the bottom of the observation chamber. Also, the 

reflective index difference between sucrose and glucose solutions will enhance the 

image contrast (otherwise, the GUVs are invisible under microscopes). If intending to 

let GUVs float freely, use only water, inside and outside of GUVs. Use syringe filters 

to get rid of impurities. 

2. Prepare the -0.5 mg/mL lipid solution dissolved in chloroform: Tetrafluoroethylene 

(TFE) = 1: 1 v%. (ex. 50llL of stock 25 mg/mL DOPC in chloroform + TFE 1 mL + 

chloroform 1 mL). 

3. Coat two ITO-coated glass slides with 40 ilL of solution 2 on each. Let the lipid film 
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dry evenly. Then place the two ITO slides in vacuum for 20 minutes. 

**To make monodispersed size ofGUVs, modify step 3 by: 

(i) Prepare a PDMS stamp with circular pillar patterns of20 ~m (soft lithography). 

(ii) Form a thick lipid film on a regular glass slide. 

(iii) Transfer the lipid film from the glass slide to two ITO slides using the stamp, as 

shown in Fig. A.I I . 

4. Assemble the o-ring chamber as shown in Fig. A.I O. Glue one side of o-ring with 

silicone glue, and then sandwich the three pieces with clips. Filled the o-ring chamber 

with sucrose solution, as prepared in step 1, before champ the sandwich with clips. 

5. Clip each ITO slides with alligator clips. Apply AC current through the ITO slides. 

The protocol for DOPC is: 10 Hz for 80 min, then 5 Hz for 20 min, and finally 1 Hz 

for 20 min. 

6. Disassemble the chamber. Pipette out the solution from the o-ring chamber into 

glucose solution prepared in step 1. 

< __ ---~) O-ring; 
thickness-3mm 

ITO-coated glass 
(25 mm*25mm, 
30-60 ohms) 

Figure A.I o. Chamber for GUV electroformation. An alternative chamber can be made using 

PDMS of similar shape instead of using o-rings. 
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PDMS stamp 

ITO-coated glass 
(25 mm*25mm, 
30-60 ohms) 

Figure A.II. Soft lithography method used to pattern dry lipid films with same sizes. This 

method will lead to monodispersed GUV s. 
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