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The elasticities of freestanding curved lipid bilayer arrays formed on micron-diameter 

wells fabricated on a Si wafer were studied by measuring the height profile using 

fluorescence interference contrast microscopy. Dark and bright rings resulted from the 

interference of lipid fluorophore excitation and emission between the direct light and that 

reflected from the bottom surface of the well. By changing the osmotic pressure 

difference across the bilayers, the relationship between the pressure and membrane 

curvature was measured. Using Helfrich theory, the effective surface tension of the 

bilayer was extracted. Saturated and unsaturated lipids and the influence of cholesterol 

and ergosterol were investigated. The results show ergosterol decreases the effective 

surface tension, whereas cholesterol makes the membrane more rigid. The demonstrated 

technique should find wide application in studying the modification of the elasticities of 

membranes due to changes in lipid composition or interaction with non-membrane 
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components. The elasticity of membranes was also studied by indenting immobilized 

intact giant vesicles on glass using an atomic force microscope (AFM) in a fluid 

environment. Here the buckling force on the vesicles under different force loading rates 

was used to calculate the Young’s modulus E of the lipid membranes. We also imaged 

brome mosaic virus (BMV) and Sindbis virus (SINV) in a fluid environment by using 

AFM. Then effective spring constants were measured for both viruses from force 

indentation experiments. BMV showed a linear response regime for indentation up to 32 % 

of the diameter.  SINV while initially had a nonlinear response which turned into linear 

for larger forces. Then E for both viruses was calculated by using thin shell model. BMV 

has an E of 202 MPa which is much closer to that of CCMV where it was 110 MPa for 

SINV. Finally, the interaction between melittin membranes composed of saturated and 

unsaturated lipids using the AFM and fluorescence microscopy was studied. We observed 

that melittin only interacted with unsaturated lipid membrane. It damaged it and 

transformed the unsaturated lipid membrane into a new thinner bilayer. The role of 

cholesterol was also studied and found to have a strong role in the interaction. 
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Chapter 1 

Introduction 

1.1 Biological background 

1.1.1 Cell membrane 

Cell membranes, also called plasma membranes, are an essential constituent of living 

cells (1, 2). They form barriers that keep ions, proteins and other molecules where needed 

and prevent them from diffusing into restricted areas. This selectivity of membranes is 

crucial for the cell. It maintains the pH level and ion concentration inside the cells, 

transports nutrition to the cell and ejects the waste produced from the cell. There are 

several transportation mechanisms involved in the biological membranes: passive 

diffusion and osmosis, where small molecules like water and oxygen passively diffuse 

through the membranes due to the difference in concentration; transmembrane protein 

channels and transporters, where charged or large molecules, such as sugars and sodium 

ions, are transported through membrane with the help of ion channels; endocytosis, 

where, large particles like viruses, create inward deformation of membrane which are 

called invagination , and then are absorbed by the cell; exoctysis  the reverse  of 

endocytosis, where molecules are released into the intercellular space. Membranes also 

control the flow of information between cells and their environment. They contain 

specific receptors for external stimuli. For example, in the photoreceptor cell (3), the 

detection of light starts when the light receptors in the membrane senses light signal. 
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The main components in membranes are lipids and proteins. Their mass ratio ranges 

from 1:4 to 4:1(2). There are three classes of lipids in the biological membrane: 

phospholipids, glycolipids and cholesterols. Phospholipids are the most abundant  class 

of lipids in the biological membranes. The lipids are amphipathic molecules (2). They all 

have a polar hydrophilic head group and one or two hydrophobic carbon chains tails as 

shown in Fig. 1. When there is double bond in the carbon chain, it will make a kink in the 

tail. Biological membranes adapt a sheet-like structure, called fluid mosaic model. In this 

model, the lipids non-covalently bind each other and form bilayers as shown in Fig. 1. 

FIGURE 1.1: Structure of a lipid bilayer. Red hydrophilic heads are outside facing 

the water and hydrophobic tails pack inside avoiding the water.  
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That is why they are referred to as bilayer membranes. The thickness of the bilayer 

ranges from 4 nm to 10 nm depending on the lipid composition. In a lipid bilayer, 

hydrophilic lipid heads are in the outside of the bilayer facing water and hydrophobic 

tails stay packed inside. The membranes are asymmetric. The two faces of the bilayer in 

biological membranes are different in morphology and the content of lipids and protein to 

adapt to the different functions. The lipid molecules are free to diffuse laterally in the 

sheet and it is very hard for one lipid molecules to jump from one layer to the other layer 

i.e. the time scale is much longer. 

1.1.2 Model membranes 

Experimentally, phospholipids only membranes have been produced by different methods 

to work as model membrane system to study the mechanical property of membrane and 

their interaction with proteins and virus. Many model bilayers systems have been 

developed to mimic real membranes and to understand their behavior in a controlled 

environment. Two dimensional planar lipid membrane model include black lipid 

membrane (BLM), supported lipid bilayers (SLB) and polymer cushioned phospholipid 

bilayers (PCPB). Black lipid membranes (BLM) (4-6) span across a sub-millimeter 

aperture on a Teflon sheet; supported lipid bilayers (SLB) (7-10) are formed on 

hydrophilic substrates; and polymer cushioned phospholipid bilayers (PCPB) (11-13), 

where the bilayers are formed on top of polymer layers. Each system has its own 

advantages and disadvantages. The lifetime of a BLM is limited, whereas SLB and PCPB 

do not have sufficient space under the bilayers to mimic the real condition of membranes 

as in biological . Recently Ganesan et al.(14) pioneered a new method to construct a 
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membrane where lipid bilayers are assembled spanning shallow, micrometer-sized wells 

etched in a Si wafer substrate. The height profile was probed by the fluorescence 

interference contrast microscopy (FLIC) which had previously been demonstrated for 

SLBs (15, 16). A key advantage of the membrane covered Si wells is that the condition of 

the aqueous medium on both sides of the membrane can be independently adjusted to aid 

in the investigation. This new method of membrane preparation provides a perfect 

platform to study the elastic property of membranes and protein-membrane interactions. 

1.1.3 Membrane Elastic Properties 

The elastic properties of the membranes have been studied using the visible thermal 

fluctuation spectrum(17-21), micropipette aspiration (22-24), atomic force microscopy 

(AFM) (25) and neutron spin echo measurements (21, 26-29). The mechanical properties 

of membranes such as bending rigidity and area modulus have been measured by 

micropipette aspiration (22). Here the pressure induced quenching of the thermal 

fluctuations of the shape of giant quasispherical vesicles was used in the measurement. 

The properties of five types of diacyl lipids and an equimolar mixture with Cholesterol 

(CHOL) were studied. CHOL was found to increase the bending rigidity and area stretch 

modulus by a factor of 2.7 and 3.4 respectively (30). Micropipette aspiration techniques 

have also been used to study the rupture strength of giant phosphatidylcholine lipid 

vesicles (31). More recently the same technique was used to study together, the 

temperature dependent relationship between the bending rigidity, area modulus and the 

water permeability of single component unsaturated phosphatidylcholine membranes and 

mixture with CHOL (32). Again CHOL was found to increase the area stretch modulus 
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by a factor of 2.9 to 6.8. Mechanical properties of supported BLMs on nanometer pores 

have also been studied using force indentation (25, 33-35). In the most recent study an 

atomic force microscope was used to force indent BLMs formed on pores with radii 

between 225-600 nm on a Si wafer. The observed linear relationship of the indentation of 

the nano-BLMs to an applied force from the AFM tip was used to measure a spring 

constant and an equivalent tension (36). The complete analysis is complicated by the role 

of membrane adhesion and detachment to a well characterized AFM tip and its 

dependence on pore radius (36). The bending elasticity of saturated and or unsaturated 

phospholipid unilamellar vesicles has also been studied by neutron spin echo (37) and 

only a weak effect of the presence of the single double bond in the hydrophobic tail was 

found. I will discuss the measurement of the elastic property of membrane using FLIC 

microscopy in Chapter 3 of this thesis. 

1.1.4 Introduction of viruses 

Viruses are small infectious agents (38) which can replicate in living organisms. Virus 

can affect almost every living organism, such as, animals, plants and bacteria. Viruses 

need a host to replicate themselves and then infect other organism. A complete virus 

particle is known as virion, consists of nuclei acids, which carry the genetic information 

of the virus, surrounded with a protective shell of protein, called a capsid. The capsid is 

made from identical protein subunits, call caposmers. For some viruses, there is a lipid 

envelope around the capsid which is derived from the host cells. As an example of 

enveloped virus, the structure of HIV virus is illustrated in Fig. 1.2 (39). In the center of  
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               FIGURE 1.2: Cross section view of structure the HIV virus 

 

 

 

 

 

 

 

 

 

 

 

 

 

the virus, it is the RNA surround by nucleocapsid. Outside of thenucleocapsid, it is the 

matrix protein shell. In the envelope of lipid membrane, many transmembrane 

glycoproteins are present which are responsible for connecting capsid, binding to the cell 

and molecular transportation proteins. The size of viruses ranges from tens of nanometers 

to hundreds of nanometers. The smallest virus, porcine circovirus (PCV), (40) has a 

diameter of 17 nm and the largest virus, megavirus chilensis virus (41) is reported to be 

440 nm in diameter. Most of viruses, such HIV virus, Influenza virus, adapt a simple 

helix and icosahedral structures which can be probed by AFM. A lot of researche (42) (1, 
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33, 38, 40, 41) have done with viruses, most of which are studying the infectivity of 

viruses and the gene sequences inside viruses. From a physicist’s perspective, we are 

more interested to see how the physical property, such as  its elasticity related to the  size 

and infectivity. In Chapter 2, we will discuss studying the mechanical properties of SINV 

virus and BMV virus and how the difference in composition and structure are related to 

its elastic properties. 

1.2. Atomic force microscopy  

 Atomic force microscopy (AFM), first described by G. Binnig et al. (43) in 

1986, is a very high resolution scanning probe microcopy which can generate 

surface topography at sub-nanometer resolution and do force measurements up to 

sub pico Newton forces. A working multimode AFM in our lab is shown in Fig 1.3. 

 

 

 

 

 

 

 

 

 

  

                FIGURE 1.3: A multimode Atomic Force Microscope  
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Figure I-5 Scanning Electron Microscopy image of a triangle cantilever  FIGURE 1.5: Scanning Electron Microscopy image of a triangular cantilever  

FIGURE 1.4: Schematic diagram of an Atomic Force Microscope (AFM)  
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The operation mechanism of the AFM is shown in Fig 1.4. The sample is 

attached to flat surface on a piezoelectric stage, which can be moved from one 

nanometer to several microns by the application of voltages. A flexible cantilever 

made of silicon or silicon nitride is placed in a holder close to the sample. The SEM 

image of one such cantilever is shown in Fig. 1.5. A laser beam of millimeter 

diameter is incident on the back of the cantilever and the reflected laser is collected 

by a four-segment photodiode whose signal is then transferred to the controller and a 

computer for analysis. At the end of the cantilever, a super sharp tip whose tip radius 

is about several nanometers, points towards the sample. When the tip is very closed 

to the sample, there are forces between them (44), like electrostatic, van der Walls 

and hydration forces. These forces are all distance-dependent. During imaging, this 

sharp tip scans horizontally across the sample surface. Once there is change in the 

surface topography, the force will change and the cantilever will bend in response. 

FIGURE 1.6: A deflection-displacement curve on a glass substrate  
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This deflection is collected by the controller and it provides a feedback signal to the 

move the z-piezo (sample) in the stage to keep the distance constant between tip and 

sample. The distance of the the z-piezo moves is the change of the height of sample 

at this position . This data is recorded and plotted, yielding a topographic image of 

sample surface. The mode discussed above is called contact mode, which is the most 

widely used mode in the AFM. In this mode, the tip needs to keep in contact with 

the sample. Thus for very soft samples it can lead to damage. 

To get the topographical profile of soft samples, the force between the sample 

and tip has to be reduced. Thus, another popular mode, called tapping mode (45-47) 

was developed. In this mode, the cantilever is driven to oscillate at a frequency close 

to its resonant frequency where the amplitude of oscillation is typically a few 

nanometers. The distance between the tip and the sample will change the resonant 

frequency and thus the amplitude and the phase of the cantilever’s oscillation. A 

feedback signal from the controller moves the z-piezo in the stage to keep the 

resonant frequency and thus the amplitude or phase fixed. From this feedback signal, 

the topographic image of the sample is obtained. Since the tip oscillates during 

scanning, it does not contact the sample an thus  the force on the sample is much 

smaller than in contact mode. The tapping mode is the most popular mode in AFM 

imaging. 

 Another major application of the AFM is in force microscopy. During this mode, 

the deflections of the cantilever are collected by stopping the scan and approaching and 

retracting the tip from the sample. A deflection z-displacement force curve is depicted in 
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Fig. 1.6. As the tip approaches the sample, the cantilever remains undeflected until it 

comes close enough to the sample for the tip to experience attractive forces, such as van 

der Waals. These forces bend the tip and lever down toward the sample, until the 

cantilever contacts the sample. If the piezo continues to push the cantilever into the 

sample, the cantilever will deflect in an upward direction. The extent of this deflection 

will depend on the stiffness of the sample. This is reflected in the shape of the force 

curve: the harder the sample, the more linear the curve will be after contact . A 0.1 

angstrom in the deflection which corresponds to around a pN force can be detected (48).  

 Although it was first developed for material science, AFM has been making 

amazing progress in the study of biological samples. AFM has several unique features 

that are very useful for biological studies: Firstly, it can be operated in a physiological 

environment allowing biological structures to be observed in their native states with the 

use  fluid cells; Secondly, the AFM provides such a high signal-to-noise ratio that single 

proteins can be observed at a resolution better than 1 nm and conformational changes of 

single biomolecules can be directly visualized; Thirdly, the sensitivity of force 

measurement is so high that the interaction  force of biological samples, even between 

two molecules can be detected; Fourthly, the local mechanical properties of a soft 

biological sample can be measured. It has been widely used to image cells (49), 

membranes (50), viruses (51) etc.., detect the single molecular forces (52) such as avidin-

biotin binding, DNA uncoiling, and the measurement of the elasticity (53) of cells, 

viruses etc. It is impossible to list all the applications of AFM in biology. Please read 

these reviews (53-57) for details. 
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 In the experiments reported here, the AFM was used to image and measure the 

elastic moduli of BMV and SINV Virus. It was also applied to investigate the mechanical 

properties of membrane by doing force indentation measurement on giant lipid vesicles.  

These will be discussed in Chapter 2. In Chapter 4, the investigation of the melittin 

bilayer lipid membrane interaction using the AFM will be discussed. 
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Chapter 2 

Investigation of the elastic properties of lipid bilayers by 

fluorescence interference contrast microscopy 
 

2.1 Introduction 

In this chapter, we adapted a method similar to Ref. (14) to construct free standing lipid 

bilayers covering arrays of wells etched on a Si wafer (Fig. 2.1). A mixture containing 

0.2 mol% of fluorophore functionalized lipids was used for forming the membranes. 

FLIC Microscopy (58-60) was used to measure the height profile of the membranes. In 

FLIC microscopy, the fluorophores were excited both by the directly incident light and 

that reflected from the bottom of the well. Similarly the observed light was an 

interference of that emitted directly from the fluorophore as well as that fraction reflected 

from the bottom of the well. The interference pattern was used to extract the topography 

of the membrane. The technique has been reported to yield a vertical resolution of 1.9 nm 

(61, 62). We modified the topography of the membrane by changing the osmotic pressure 

difference across the membrane. The change in membrane curvature as a function of the 

pressure difference was used to extract the elastic properties of the membrane. The 

membrane surface tension of a saturated lipid 1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC), an unsaturated lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), their mixture and the roles of two structurally similar sterols 

ergosterol and cholesterol were measured and compared.   
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      FIGURE 2.1: Schematic diagram of membrane interferometer 

FIGURE 2.2: Steps (A-F) in the microfabrication and functionalization of the 

wells on the Si chip (Ti layer is not shown). 
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        FIGURE 2.3: Optical image of the silicon chip with 5 μm wells array 

 

2.2 Experimental setup and procedures 

2.2.1 Fabrication of wellS array on a silicon chip 

Silicon chips with wells were fabricated by using photolithography and dry etching as 

shown in Fig. 2.2. Silicon wafers (University Wafer, South Boston, MA) were cut into  

1.8 cm × 1.8 cm. They were cleaned according to the standard RCA-procedure (63). 

First, the chips were spin-coated with positive photoresist (S1813; Shipley Co., 

Marlborough, MA). Next, the chips were exposed in Karl Suss Mask Aligner (Suss 

MicroTec AG, Garching, Germany) using a photo mask (Photo Sciences Inc., Torrance, 

CA) to define photoresist discs 5 m in diameter. Then, a 5/50/50 nm uniform layer of 

Ti/Au/Cr was deposited on the chips using an Ebeam evaporator (Temescal, Livermore, 

CA). After metal deposition, the chips were developed in acetone to remove the 

photoresist discs. Then, the exposed silicon was etched to the desired depth between 400 
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-1200 nm in a Deep Reactive Ion Etcher (STS, Newport, United Kingdom) with CF4 and 

C4H8. Finally, the chromium layer was removed with Cr-Etchant (Transene Co., Danvers, 

MA). A silicon chip with 5 μm wells array is shown as in Fig. 2.3. 

FIGURE 2.4: Optical image of SiO2 steps. Difference color comes from the different 

thickness of SiO2 

 

2.2.2 Functionalization of silicon chip well arrays  

As schematically shown in step Fig. 2.2 F, the Au layer was functionalized to be 

hydrophobic to help the formation of the bilayer, whereas the exposed Si surface was 

made hydrophilic to allow filling with aqueous buffer. Prior to surface functionalization, 

the chips were exposed in UV/Ozone (Spectronics Co., Westbury, NY) for 1 h to remove 

any organic contamination. Next, the Au layer was made hydrophobic by incubating in 1 
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mM octadecanethiol (Sigma-Aldrich, St. Louis, MO) in ethanol at 55
o
C on a hotplate for 

12-18 h (64). Then it was sonicated in ethanol for 5 min and blow dried with nitrogen, 

followed by drying on a hotplate at 110
o
C. After that, the exposed Si well surface was 

made hydrophilic (65). This was done by immersing the chips in 1 mM of 2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane (PEG-silane; Gelest, Morrisville, 

PA) in dry toluene for 4-5 h. Next, it was cleaned by sonication in fresh toluene, followed 

by extensive rinsing with ethanol and drying with nitrogen. 

2.2.3 Formation of lipid bilayers on silicon chip well arrays 

Lipids of DPHPC and POPC were purchased from Avanti Polar Lipids (Alabaster, AL) 

and Texas-red 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine (Texas-red 

DHPE ) from Invitrogen (Carlsbad, California). Cholesterol and ergosterol were procured 

from Sigma-Aldrich. 

The functionalized chips were put in a Petri dish containing 100 mM NaCl aqueous 

solution. Then 4 droplets of 20l n-decane (Sigma-Aldrich) were placed on top of the 

chip. The n-decane spread, covering the entire chip. Next, 50 l of 5 mg/ml vesicles were 

introduced above the n-decane layer. After 10-14 h bilayers started to form and the n-

decane layer beaded on the chip surface. The excess vesicles were removed by replacing 

the solution above the lipid layer by vesicle-free 100 mM NaCl. The lipid vesicles were 

prepared by a standard extrusion technique (66). Different combinations of lipids were 

used in the experiment: (i) 99.8 mol% DPhPC + 0.2 mol% Texas-red DHPE; (ii) 99.8 

mol% POPC + 0.2 mol% Texas-red DHPE; (iii) 44.9 mol% DPhPC + 44.9 mol% POPC 

+ 0.2 mol% Texas-red DHPE ; (iv) 34.9 mol% DPhPC + 34.9 mol% POPC + 30 mol% 
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ergosterol + 0.2 mol% Texas-red DHPE; (v) 24.9 mol% DPhPC + 24.9 mol% POPC + 50 

mol% ergosterol + 0.2 mol% Texas-red DHPE. The lipids dissolved in chloroform were 

mixed with the required ratio. The chloroform was removed by first drying under 

nitrogen and then in vacuum for at least 1 h to remove any residue. Next, 100 mM NaCl 

water was added to hydrate the lipids with a lipid concentration of 5 mg/ml. This lipid 

solution was then repeatedly freeze-thawed for 5 cycles in liquid nitrogen, followed by 

extrusion through a 100 nm pore size membrane filter (Whatman, Springfield Mill, UK). 

The vesicles so prepared were stored at 4
o
C. 

FIGURE 2.5: Profile of the membrane obtained by solving Eq. 2.5 for a given P. R is 

the radius of the well. 

 

2.2.4 Vesicles preparation in gramicidin experiment      

Vesicles were prepared in the same way except that the lipid stock in chloroform was 

mixed with 0.1 mol% gramicidin D (Sigma-Aldrich) in ethanol before dried and 
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rehydrated. Bilayers were prepared from these vesicles in pH 5.5 0.1 M NaCl and 10 mM 

Mes. The wells had about 30 μM CF trapped inside.  

2.2.5 Microscopy and Image Analysis 

Nikon Eclipse LV100D microscopy with long working distance 20  and 40  objectives 

CFI LU Plan EPI ELWD (NA 0.40) and CFI LU Plan EPI ELWD (NA 0.55) were used 

to observe the lipid bilayers covering the Si wells using filter sets for  FITC (FITC-A-

Basic-000; Semrock, Rochester, NY) and Texas-red  (TxRed-A-Basic-000; Semrock, 

Rochester, NY ). Nikon intensilight C-HGFI fiber illuminator was used as the light 

source. The images were acquired by a computer controlled Nikon DS-Qi1 cooled 

Fluorescent digital camera system. The fluorescence images were analyzed with Image-J. 

All the numerical calculations were done with Mathematica (Wolfram Research, 

Champaign, IL). 

2.2.6 FILC Theory 

Optical interferometry has recently emerged as a powerful technique to probe membrane 

topography (15, 16). They are primarily two variants: Fluorescence interference contrast 

microscopy (FLIC) (61, 62) and Reflection interference contrast microscopy (RICM) [4] 

of which the latter has only limited contrast for lipid bilayers. In FLIC the light emitted 

directly from the membrane (from fluorophores embedded in the membrane in the former 

and reflection from membrane surface in the latter) interferes with the light reflected 

from a rigid planar reflective substrate below the membrane leading to an optical 

interference pattern that can be related to the membrane topography. Using FLIC, spatial 

resolution in the z direction of 1.9 nm has been reported (62). A schematic of the FLIC 
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geometry is shown in Fig. 2.6. The top layer is a section of the lipid bilayer membrane 

having covalently bound fluorescent probes such as Texas Red. The optical paths for 

calculating the phase shifts between the direct and reflected rays for the exciting light is 

shown. The interfering rays are BC and A-Si-C.  A similar model also holds for the 

emitted light. The detected net fluorescence intensity due to the interference is the 

product  

 

FIGURE 2.6: Simple ray diagram to illustrate the interference from light directly emitted 

from fluorophore at C with that reflected from the Si surface. The same interference 

picture holds for the excitation of the fluorophore at C. 
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of the excitation probability per unit time Pex, and the emission probability per unit time 

Pem.  In our analysis we take into account the finite reflectivity of the Si surface and the 

non-normal excitation and reflection through use of the exact Fresnel coefficients rTE 

and rTM for light polarized both perpendicular (TE) and parallel (TM) to the plane of 

incidence (15). The angles of incidence and emission correspond to the Numerical 

Aperture of the objective used. The fluorophore dipole is excited by both the directly 

incident light ray and that reflected from the Si surface.  

The total intensity can be described by  

                                                                                                     (2.1)               

Here, d is the distance between membrane and the Si mirror, n is the refraction index of 

the spacing layer between membrane and substrate and λ is the wavelength for excitation 

and emission light.  

2.3 Theory of membrane elasticity  

The shape of the membrane under osmotic pressure P , can be obtained by minimizing 

the free energy F given by (67) : 

      dVPKKKKKdAF  21

2

021 )(2/1      (2.2) 

where Κ0 
is the spontaneous curvature, Κ1 and Κ2 are the two principal curvatures of the 

membrane, 



  and 



 are the bending and the Gaussian rigidities, and σ is the surface 

tension. For the case of the symmetrical bilayer lipid membranes as used here, Κ0 = 0. 

We will also ignore the free energy term associated with the Gaussian curvature. We will 
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parameterize the membrane in terms of )(rh


, the vertical position of the membrane as a 

function of in-plane radial position r


.  If the membrane in Fig. 2.1 is only slightly 

curved, as is the case in our experiments, its shape is described by the Euler-Lagrange 

equation 

                            (2.3) 

With uniform parameters, this equation can be solved analytically, see Fig. 2.5. ΔP is the 

osmotic pressure difference across the membrane. We fit the analytical and experimental 

results to find the bending modulus and surface tension. 

The complete solution for Eq. 2.3 is:     

)()()(/()4/()()( 00

2222 RIrICrRQrh              (2.4) 

in which, /PQ   and  /1 , can be obtained by from the slope of the tangent to 

the membrane at Rr  , i.e., at the edge of the well tan/)( 
Rr

rrh , thus

))(2/()tan2( 1

2 RIQRC                                       

In these experiments, the membrane is only slightly curved and the angle θ is close to 0. 

In this case, )(2/()()(()4/()()( 1

3

00

222 RIRIrIQRrRQrh    and the second 

term is negligible compared to the first one, leading to:
2

0 )4/()( rPhrh   where h0 is 

the membrane height at the well center. There is a non-zero curvature which is induced 

by the n-decane contact angle on the gold surface even when 0P . In this case we get:  

2

00 )()( rMMhrh                                 (2.5) 

where M0 represents the initial curvature from n-decane and 4/PM  .  

Prhrh  )()( 24 
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FIGURE 2.7: Texas-red image (A) and CF (B) image of the membrane made from 50 

mol% DPHPC and 50 mol% POPC. The scale bar is 5 μm. 

 

2.4 Experimental results 

2.4.1 The formation of lipid bilayer 

As shown in Fig. 2.1, the bilayer lipid membranes were formed simultaneously on 

hundreds of wells. The gold surface was made hydrophobic with a self-assembled 

octadecanethiol layer (4) and the bottom and sides of the Si wells were functionalized 

hydrophilic with PEG-silane to prevent lipid adhesion and allow filling of the well with 

aqueous buffer solution (65). Unlike in Ref. (14), no SiO2 was used as the spacer layer. 

The depth of the wells was chosen on the order of hundreds of nanometers based on the 

coherence length of the filtered light incident and emission spectrum. In the experiment, 

pure n-decane droplets were spread across the Si chip which was submerged in 0.1 M 

NaCl solution. The area of the wells to be covered by the membrane is determined by the 

size of the n-decane droplet. Then unilamellar vesicles were added to the bulk solution. 

Vesicles gradually dissolved in the n-decane and lipid monolayers were adsorbed to the 
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gold surface and also formed at the n-decane/water interface. The addition of lipid in the 

n-decane reduced the contact angle of n-decane on the gold surface, which led to the 

thinning of the decane droplets (20). The resulting formation of the bilayer at the n-

decane/water interface changes the surface energy and contact angle of the n-decane 

above it. After 12 h the n-decane receded from the lipid covered region of the Si chip. To 

remove the excess vesicles in solution, the solution above the n-decane film was replaced 

with vesicle-free 0.1 M NaCl solution. FLIC microscopy was used to study the curvature 

of the bilayer lipid membranes covering the Si wells. Compared to the classical black 

lipid membrane method, the nano-meter scale resolution of the membrane height 

provided by FLIC makes it ideal for the study of the elastic properties.  

 

   

 

FIGURE 2.8  FLIC interference images of 5 m silicon wells covered with DPhPC 

and POPC lipid bilayers at two different times during the formation process. The 

bottom left well (A) is still covered with n-decane, (B) after n-decane has receded 

past. 
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Fig. 2.7 A shows the Texas-red images of membrane formed on the silicon chips. All 

wells except the right top well have bright-dark interference patterns which means thin 

layers have formed on the surface above the wells. Fig. 2.7 B is the CF images of the 

same four wells. The wells which have interference patterns all show green. It proves that 

the an aqueous solution of CF was trapped underneath the membranes 

Typical FLIC interferograms for two 5 m diameter Si wells are shown in Fig. 2.8 A. 

The bright and dark rings correspond to constructive and destructive interferences. It 

results from the interference of direct excitation and emission of the fluorophores with 

that corresponding to the indirect light reflected from the bottom surface of the Si well. 

The presence of the interference rings is evidence that the lipid bilayer membrane has a 

non zero curvature even when the osmotic pressure difference is zero. This initial 

membrane curvature results from the contact angle of n-decane on the Au and water filled 

Si well. The lipid molecules form the membrane at this n-decane/water interface leading 

to the curvature observed. The evidence for this follows from Fig. 2.7. In Fig. 2.7 A we 

show the FLIC image of two circular wells where the n-decane has receded past the 

bottom well but still covered the well on the top. The circular interference patterns are 

due to the bilayer lipid membrane covering the wells, whereas the horizontal stripes are 

due to the wedge like edge of the n-decane film. The interference stripes of the n-decane 

film result from the excitation and emission of fluorescent lipid molecules at the water-n-

decane interface bot directly and after reflection from the gold surface. Fig. 2.7 B shows 

the same two wells at a later time when the n-decane film has receded past the top well. 

After the n-decane has receded past the top well, the interference pattern of the lipid 



 

30 

 

FIGURE 2.9: Gramicidin incorporation 

indicates pH changes for the solution 

trapped inside the wells. Starting at A, the 

pH of top solution was gradually changed 

from 5.5 to 7.2, and then, it was changed 

back to 5.5 at B. At C, the pH was changed 

to 7.2 again. (Insets) CF fluorescence 

images of one well at the same contrast at 

different stages. 

bilayer membrane covering the well stayed the same. It indicates that the initial lipid 

bilayer curvature was determined when the well was still covered by n-decane. As the 

lipid bilayer curvature over the wells is the same with and without the n-decane film on 

top, the curvature is not a result of osmotic pressure difference (which by experimental 

definition is set to zero at the start). We have used different NaCl concentrations of 

solution (same inside and outside the wells) but all lead to the same initial interference 

pattern and curvature. We therefore conclude that this initial membrane curvature must 

come from the contact angle of n-decane on the Au surface and water filled wells.  

 

FIGURE 2.10: Control experiment of 

gramicidin incorporation. Membrane was 

made of DPHPC lipid without gramicidin. 

In the beginning, the membrane was in pH 

5.5 0.1 M NaCl 10 mM Mes. Then the pH 

outside was gradually changed to 7.2 by 

replacing with solution pH 7.2 0.1 M NaCl 

10mM MOPS 
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FIGURE 2.11: Normalized fluorescence intensity vs SiO2 heights used in theory 

calibration. The dots are measured intensity, and the solid is the calculated intensity 

 

The BLMs formed are robust and stable. There was no change in the fringes after more 

than 24 h. We have verified that it was indeed a bilayer membrane by using gramicidin 

dimer channels which exactly span across the thickness of a lipid bilayer. The gramicidin 

channels (68) only allow monovalent cations and can be used to modify the fluorescence 

intensity of CF trapped inside the well, due to a change in the pH of the solution above 

the membrane (14). The intensity of CF is sensitive to pH value. The larger pH value has 

larger CF intensity. Initially, the top buffer was exchanged (Fig. 2.9 A) with pH 7.2 0.5 

M NaCl and 10 mM MOPS. This made the pH inside the wells increase due to the 

outflow of H
+
 ions through gramicidin pores which corresponds to hte higher intensity of 

CF. Next, the top pH value was decreased by exchanging with pH 5.5 0.5 M NaCl and 10 
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mM Mes (Fig. 2.9 B). The CF image became dimmer due to the decrease of pH value 

inside the wells due to the inflow of H
+
 ions. In the end, the top buffer was again 

exchanged with pH 7.2 0.5 M NaCl and 10 mM MOPS again (Fig. 2.9 C). This made the 

CF intensity increase again due to the outflow of H
+
 ions through the gramicidin pores.  

A control experiment (Fig. 2.10) has been done with the same membrane without 

any gramicidin. The membrane was formed with pH 5.5 Mes buffer both above and 

below the membrane. As before the solution above the membrane was exchanged with 

one having pH 7.2 MOPS buffer. But no increase in CF intensity was observed. This 

indicates that CF intensity changes observed with membranes having gramicidin are due 

to the inflow and outflow of H
+
 ions through the gramicidin pores. 

2.4.2 FLIC calibration 

The calculated total interference intensity Ith from FLIC theory was first validated (Fig. 

2.11) for our experimental conditions using supported membranes with the same 

flourophore fabricated on SiO2 steps on a Si wafer (15, 16). The spectrum of the 

flourophore, and the transmission bandwidth of the optical filter were obtained from the  

FIGURE 2.12: (A) FLIC images of four 5 m wells covered with DPhPC lipid bilayers. 

(B) Interference intensity vs. radial distance for the radial line shown in (A). The dots are 

the measured intensity and the solid line is the best fit line to the FLIC theory. (C) The 

membrane height from the bottom of the Si well as a function of the radial distance from 

the center of the well.  
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manufacturers. We only consider the 1
st
 order reflected light from the Si surface in the 

theory. The mercury light source spectrum used in the excitation was measured using an 

optical spectrum analyzer (AQ-6315E, Ando). Ith was found to be in good agreement with 

the experiment using SiO2 steps. This validated interference Ith was  

 

FIGURE 2.13: Membrane height from the bottom of the well as a function of the NaCl 

concentration above the DPhPC lipid bilayer covered 5 m well. Insets (A)-(E): The 

FLIC images at the various NaCl concentrations. 

 
used to obtain the height profile of the membrane above the wells. First the observed 

intensity Iob(r) as a function of the radial distance r corresponding to the observed 

interference pattern for each well was found from the acquired image. An example of  
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the interference pattern is shown in Fig. 2.12 A. The corresponding Iob(r) is shown in Fig. 

2.12 B as a function of the radial position by the solid circles (each camera pixel 

corresponds to 0.16 m). The theoretical interference intensity Ith(h), which is a function 

of the height of the membrane is fit to Iob using  Iob(r)  = A • Ith(h)+ B, where B is the 

background intensity and A is a scaling factor and h is given by Eq. 2.5. The fit is shown 

as the solid line in Fig. 2.12 A. The depth of well at the edge (r = 2.5 m) measured using 

a profilometer is kept fixed in the fitting. From the fit, the values of ho, C and ΔP/ 4 in 

Eq. 2.5 are found. From ho and the predicted parabolic shape, the corresponding height 

profile of the membrane generated is shown in Fig. 2.12 C as the solid line. The 

corresponding measured intensities are shown as the solid circles. 

2.4.3 Membrane effective surface tension measurement  

 In our system, the lipid membranes are anchored at the edges of the well. An 

osmotic pressure difference between the inside and outside of the well will modify the 

membrane curvature. This alteration of membrane shape with osmotic pressure can be 

used with Eq. 2.5 to solve for the membrane effective surface tension. Here we change 

the osmotic pressure by altering the NaCl concentration above the membrane. All the 

experiments were performed on 5m diameter wells and repeated for at least 3 times. 

   First membranes were formed using DPhPC with 0.2 mol% Texas-red DHPE as 

described above. At the start of the experiment the NaCl concentration above and below 

the membrane was the same at 100 mM. The corresponding FLIC image is shown in Fig. 

2.13 A. The membrane height at the center of the well was found setting ΔP=0 to be 738 

± 3 nm. The height is measured from the bottom of the well. Next, 1 ml of solution above 
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the membrane is removed and replaced with the same volume of 200 mM NaCl solution. 

The interference pattern changed in response to the alteration of the osmotic pressure. 

The changes equilibrated in 20 minutes and the FLIC image was captured and shown in 

Fig. 2.13 B. The higher salt concentration above leads to a reduction in the height of the 

membrane. Comparing FLIC images A and B, it can be seen that the area of the outer 

bright ring is increased and that of the central dark region is decreased. It is noted that the 

depression of the membrane height leads to a decrease in the trapped volume below the 

membrane. The volume decrease is accomplished by the outflow of water. A concern is 

that there is an exchange of NaCl through the membrane. To check this, we waited for 1 

h and found that the membrane curvature did not change and confirmed that the 

membrane is impermeable to the flow of NaCl during the timescale of the experiment. 

Using the fit to the FLIC theory discussed above, the peak height of the membrane from 

the well bottom was found to be 710 ± 2 nm. Thus the replacement of 1 ml of 100 mM 

with 200 mM NaCl led to a 28 nm decrease in membrane height. At equilibrium, the 

corresponding osmotic pressure difference across the membrane is given by:  

ΔP= 2RT(Cout-Cin)= 2RT (Cout- VCo /Vo)                            (3.5) 

where Cout and Cin are the concentrations outside and inside the well, V is the volume 

trapped by the membrane, Vo is the original volume of water trapped under the membrane 

at the beginning of the experiment, R is the ideal gas constant and T is the temperature. 

The trapped volume is given by V=π/2r0
2
 (h0+2d), where ro=2.5 m is the radius of the 

well, d is the depth of the well at the edge as measured with the profilometer and ho is the 

peak height of the membrane. In calculating the NaCl concentration above the membrane, 
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care was taken to account for the small evaporation rate of water. The salt concentration 

after addition of the 1 ml of 200 mM NaCl was found to be 104.6 mM. The concentration 

of NaCl was measured by dividing the amount of NaCl by the volume of the solution 

which was measured from the weight on the balance. Using these values,  was found to 

be 0.32 0.01 N/m.  

   

FIGURE 2.14: Histogram of the effective surface tension  for the bilayer lipid 

membranes of different compositions: (a) 99.8 mol% DPhPC, (b) 99.8 mol% POPC, (c) 

49.9 mol% DPhPC + 49.9 mol% POPC, (d) 34.9 mol% POPC + 34.9 mol% DPhPC+30 

mol% Ergosterol, (e) 24.9 mol% POPC + 24.9 mol% DPhPC + 50 mol% Cholesterol. All 

the lipids were doped with 0.2 mol% Texas-red DHPE 
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Next, the above procedure was repeated by replacing another 1 ml of the solution above 

the membrane with 1 ml of 200 mM NaCl solution. After 20 min to reach equilibrium, 

the FLIC image was captured and shown in Fig. 2.13 C. The decrease in the size of the 

central dark ring corresponding to a decrease in the height of the membrane can be 

observed. The peak height of the membrane was calculated as before and found to be 675 

 nm. The corresponding NaCl concentration above the membrane was 110.1 mM. The 

effective surface tension σ calculated as describe above was 0.31 0.01 N/m. The 

experiment was repeated two more times and the complete results are displayed in Fig. 

2.13 C and 3.13 D. The analysis procedure was repeated for 8 other wells on the same 

chip. The values of sigma of all the wells at the various NaCl concentrations are shown in 

Fig. 2.14 A. The mean value of sigma=0.31 0.01 N/m and is shown in Table 3.1, where 

the error is the variance in the mean.  

TABLE 2.1 Measured effective surface tension for membrane of different lipid 

components. Gere, all lipids were doped with 0.2 mol% Texas-red DHPE, and it is not 

shown in thetable. All the percentages are in molar percent. 

    

Lipid Composition  Effective Surface Tension 

(N/m)  

99.8% DPhPC  0.32±0.01  

99.8% POPC  0.32±0.02  

49.9% POPC+ 49.9% DPhPC 0.36±0.02  

34.9% POPC+34.9% DPhPC+30% Ergosterol  0.30±0.01  

24.9% POPC+24.9% DPhPC+50% Cholesterol 0.50± 0.02  
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Next, different membranes were formed using the unsaturated lipid POPC along with 0.2 

mol% Texas-red DHPE as a fluorophore. The experiments were repeated and the 

distribution of sigma obtained is shown in Fig. 2.14 B. The mean value of sigma = 0.32 

0.03 N/m and is shown in Table 3.1, where the error is again the variance of the mean. 

Then, mixed membranes with 49.9 mol% DPHPC and 49.9 mol% POPC were made and 

the sigma was found to be 0.36 0.02 N/m. Next the role of the sterols ergosterol and 

cholesterol were studied. First, membranes with 34.9 mol% POPC + 34.9 mol% 

DPhPC+30 mol% Ergosterol were used to cover the Si wells. The  for ergosterol 

membranes was found to be 0.30 0.01 N/m. Next, membranes containing cholesterol 

were investigated. Membranes with 24.9 mol% POPC + 24.9 mol% DPHPC + 50 mol%  

2.5 Discussion 

As discussed in the previous section, appropriately functionalized Si well arrays are 

excellent platforms for the study of free standing bilayer lipid membranes. The wells can 

be covered with lipid membranes with a variety of compositions. When lipids which are 

highly impermeable to ions are used, the system allows great flexibility in independent 

control of the solution composition and ionic strength above and below the membrane. In 

the experiments reported here, the NaCl concentration above the membrane was 

independently modified, leading to an osmotic pressure difference across the membrane 

resulting in an alteration of the bilayer surface profile. The change in membrane 

curvature as a function of the osmotic pressure was used to measure the effective surface 

tension . One curious fact of the system is that when initially formed, with zero osmotic 

pressure across the membrane, there is still an initial curvature. Careful consideration 



 

39 

 

shows that this curvature is the result of the formation process, where an n-decane droplet 

was used to incubate the membrane. The bilayer lipid membrane then forms at the curved 

n-decane/water interface resulting in the initial profile. This was verified by comparing 

the as formed membrane profile under the n-decane drop with that after removal of the n-

decane. In addition the initial curvature did not depend on the lipid composition. All the 

membranes studied had a similar initial height of around 700 nm in support of the 

hypothesis that the initial membrane profile originates from the n-decane-water contact 

angle. 

 The effective surface tension of two lipids and the role of sterols were studied using 

the membrane arrays. DPhPC and POPC are popular choices for studies of reconstituted 

bilayer lipid membranes and their interaction with channel forming proteins, due to their 

high resistance to ion flow and good stability. The molecular structure of the two lipids 

DPhPC and POPC are shown in Fig. 2.15. Both have the same hydrophilic headgroup 

and hydrophobic tails of the same length. The structure of the hydrophobic tails is 

different. DPhPC is saturated but has methyl groups at the 3, 7, 11 and 15 positions. The 

methyl groups reduce the packing density. On the other hand the hydrophobic tail of 

POPC has an unsaturated double bond at the 11 position. Molecular dynamics 

simulations have shown that this increases conformational variability of the neighboring 

10 and 12 torsional bond angles resulting in lower packing densities (69). However, 

the mean value of the effective surface tension measured for both DPhPC and POPC is 

the same at 0.32 N/m. Thus as far as elastic properties are concerned, the methyl groups 

in the hydrophobic tail of DPhPC have the same effect as the cis double bond in POPC. 
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When both DPhPC and POPC were mixed together in equimolar concentrations, the 

effective surface tension slightly increased to 0.36 N/m (Table 2.1). Thus mixing appears 

to enhance the packing density leading to slight increase in the . The values of  

obtained here compares well with the area surface modulus of between 0.31 N/m and 

0.29 N/m obtained for DOPC and SOPC respectively through micropipette aspirational 

experiments (22).  

   Sterols are an essential components of biological membranes and play a crucial role in 

membrane structure and functions (70-72). Cholesterol is found in mammalian cells and 

ergosterol in fungi and protozoans. The latter in particular is essential for antifungal 

antibiotic drugs such as Amphotericin B to target the cell. In general, they are thought to 

lead to the formation of lipid rafts which are thought necessary for essential cell 

functions, such as endocytosis. In mammalian cells, cholesterol has been shown to act as 

regulator of lipid membrane fluidity and changes the permeability of water through the 

membrane (73). The exact nature of the sterol-lipid interaction is still a matter of 

discussion (28, 74-76). Sterols are amphiphilic molecules with a polar hydroxyl head and 

a steroid hydrophobic region. Many studies have been done to study their effect on the 

membrane (21, 23, 24, 28, 29). Although the two sterols have very similar structures, 

they seem to have significantly different effects on membrane properties. Recently, 

fluorescence anisotropy has been used to understand the molecular basis for changes in 

the order parameter due to various sterols and cholesterol and ergosterol were found to 

have the strongest effect on fluid DPPC bilayers at the concentration of 30 mol% (27). In 
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DPPC spectroscopic studies, it has shown that ergosterol orders the lipid chains more 

strongly than cholesterol. 

Endress et al. (23, 24) compared the effects of cholesterol and ergosterol on the 

mechanical properties of DPPC bilayers. They found that the area compressibility 

modulus of DPPC bilayers containing 40 mol% ergosterol at 10
o
C is a factor of 1.5 

higher than in the case of cholesterol. Small-angle neutron scattering on DMPC with 20 

and 47 mol% sterol mixtures (77) revealed a lower compressibility of ergosterol 

.Cholesterol were made and the  was found to be 0.50 0.02 N/m. Compared to 

cholesterol, i.e., that ergosterol has a greater condensing effect. Tierney et al. (28) 

revealed a similar condensation effect of both sterols at a concentration level of 40 mol% 

for DPPC-sterol mixtures. Bacia et al. (78) also showed that a different sterol structure 

may induce a different curvature of giant unilamellar vesicles of model raft mixtures.  

Here, the comparative role of the sterols ergosterol and cholesterol in a DPhPC and 

POPC mixture is studied through a measurement of the effective . In the case of 30 

mol% of ergosterol in 34.9 mol% mixture of DPhPC and POPC, it resulted in a  of 0.30 

0.01 N/m. This is similar to that obtained for the single component DPhPC and POPC 

membranes. Thus for these two lipids, ergosterol does not seem to have a large effect on 

the elastic properties.  On the other hand, upon mixing 50 mol% of cholesterol with 24.9 

mol% of DPhPC and POPC the  was 0.50  0.02 N/m. Thus cholesterol increases the 

rigidity of an equimolar mixture of DPhPC and POPC by 39%. These results are 

consistent with previous literature (23, 24, 29), where ergosterol was found to reduce the 

effective surface tension by 17% while cholesterol increased it by 67% in 
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phosphatidylcholine bilayers. In micropipette aspiration measurements of the role of 

cholesterol, the surface area modulus (32) was increased by a factor of 2.9 to 6.8. Studies 

of the lysis tension of 30 mol% sterol mixtures with POPC using extrusion methods have 

shown (76) that cholesterol increases the lysis tension by nearly 50% whereas ergosterol 

only causes a 20% increase. Thus ergosterol has markedly different effects on POPC than 

cholesterol. The different roles of the two sterols are probably due to the difference in 

their structures shown in Fig. 2.15. In contrast to cholesterol, ergosterol has a double 

bond at C7-C8 in its fused rings, a double bond at C22-C23 and a methyl group at C24 on its 

flexible tail. Thus both the fused ring and the more flexible tail of cholesterol are 

important factors in the lipid-sterol hydrophobic interaction. Future investigations will be 

focused on the concentration dependence of different lipids and sterols on the  using 

FLIC microscopy on Si well membrane arrays. 

2.6 Conclusion 

 The effective surface tension  of bilayer lipid membranes was measured on free 

standing membrane arrays formed on 5 m diameter sized wells etched into a Si wafer. 

FLIC microscopy was used to measure the membrane height profile. The theoretical 

expression for FLIC microscopy used in the measurement of the membrane shape was 

calibrated using supported membranes formed on SiO2 step standards. The response of 

the membrane to osmotic pressure differences was used to measure the effective surface 

tension using Helfrich theory. The osmotic pressure difference was induced by 

introducing a higher concentration of NaCl above the membrane. As a demonstration, 

two different lipids, DPhPC and POPC and an equimolar mixture of the same two lipids 
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FIGURE 2.15: Molecular structures (59) of (A) DPhPC, (B) POPC, (C) Cholesterol and 

(D) Ergosterol. 
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were studied. The effective surface tension of 0.32 N/m measured was in agreement with 

past investigations using micropipette aspiration techniques. The equimolar mixture of 

the two lipids leads to a small increase in the rigidity. The role of two sterols ergosterol 

and cholesterol in the elasticity was also investigated. Ergosterol was found to slightly 

decrease the effective surface tension, whereas cholesterol resulted in an almost 67% 

increase consistent with previous studies. It is demonstrated that free standing membrane 

arrays on microfabricated and functionalized Si wells are excellent platforms for studying 

elastic properties of bilayer lipids of complex compositions. 
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Chapter 3 

Elastic Properties of viruses and vesicles measured by AFM 

3.1 Abstract 

We have used Atomic Force Microscopy (AFM) to image single Brome mosaic virus 

(BMV) and single Sindbis (SINV). Then, the force spectroscopy mode of AFM was used 

to measure their elastic moduli. The similarities and differences will be discussed. Also, 

AFM was used to determine the elastic property of giant vesicles.   

3.2 Introduction 

Brome mosaic virus (BMV), a T = 3 icosahedral RNA plant virus, belongs to the family 

Bromoviridae of the alphavirus-like superfamily (1). It infects many species of gramineae 

and can be easily transmitted mechanically, as well as by various vectors (2).  The virus 

capsid with icosahedral symmetry is not enveloped. The capsid is composed of 180 

identical polypeptides (3). BMV is similar in most regards to the closely related cowpea 

chlorotic mottle virus (CCMV) whose structure has been determined  (4). The virions of 

CCMV have a diameter of 28 nm in their native state at pH 4 - 6 and swell when pH turns 

to neutral. The elastic property of CCMV has been investigated by AFM (5). It was 

reported (5) that full wild type CCMV capsid resisted indentation more than the empty 

capsid, but all of the capsids were highly elastic. There was an initial linear regime for 

indentation up to 20% - 30% of the diameter and applied forces between 0.6 -1.0 nN, 

followed by a steep drop in force that is associated with irreversible deformation. Since 



 

51 

 

BMV and CCMV have so many similarities, it is very interesting to check if the slight 

difference in structure and composition affects the elasticity. 

Sindbis virus (SINV), a T = 4 icosahedral RNA animal enveloped virus, is a 

membrane of of the Togaviridae family in the alphavirus subfamily (6, 7). The virus is 

transmitted by mosquitoes. The virion consists of an envelope and a nucleocapsid. 

Virions mature naturally by budding through the membrane of the host cell and are 70 – 

80 nm in diameter. The envelope surrounds one nucleocapsid. The nucleocapsid is 

isometric and has a diameter of about 40 nm. There are six structural proteins located in 

the envelope (E1, E2, E3) and nucleocapsid (C) (6k, p62) (8). The viral envelope contains 

three integral membrane proteins. Most of studies (7, 9, 10) focus on infectivity and its 

RNA sequences. Very little is known about the elastic properties of SINV. This is the 

first study to report the elasticity measurement of SINV by AFM. 

 Lipid vesicles are small bubbles, whose wall is made of lipid bilayers. They can 

form naturally, for example, during endocytosis (11). Alternatively, they may be prepared 

artificially through methods, such as extrusion (12), sonication (13) or freeze-thaw (12). 

The vesicles which have one lipid bilayer are called unilamellar vesicles. The size of 

unilamellar vesicles vary from tens of nanometer to microns. Vesicles of µm size are 

called giant vesicles, are are similar to that of plasma membranes. The composition of the 

solution inside of the vesicles can be made to be different from the outside environment. 

Also, the composition of the lipid bilayer can be tuned according to requirement. In a 

cell, the mechanical properties of cell membrane, such as surface tension and bending 

rigidity, are closely related to the stability of the cell and its resistance to change under 
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environmental stress. Thus, giant vesicles provide a great platform to study the properties 

of cell membrane. The elasticity of the cell membrane can be measured using giant 

vesicles.  

 In our experiments, the AFM is used to study the elasticity of the viruses and 

giant vesicles. AFM is uniquely suited to studying virus mechanical properties, since it 

combines high sensitivity in applying and measuring forces and high precision in 

positioning a tip relative to the sample with the ability to operate in physiological 

environments. Indeed, the AFM has been successfully used to measure the mechanical 

properties of many small biological samples (14-16), such as HIV virus (17), Murine 

Leukemia Virus (18) and bacteriophage capsid proheads (19) etc. Our results indicate 

that there is a clear difference in elasticity between non-enveloped plant BMV and 

enveloped animal SINV. It provides a new system to study the effect of membrane 

envelope on the virus. Additionally, the membrane elasticity was measured by force 

indentation of giant vesicles.   

3.3 Preparation of the samples  

3.3.1 Virus samples preparation for AFM imaging and force measurements 

BMV samples were obtained from Professor Rao in the department of Plant Pathology & 

Microbiology at UCR and SINV was provided by Professor Gill in Cell Biology & 

Entomology Department at UCR.  Mica disks (Ted-Pella, Redding, CA) with a diameter 

of 9.9 mm were used as the substrate for both BMV and SINV in the AFM experiments. 

In the beginning of each experiment, mica was cleaved by peeling with a Scotch tape. For 

the BMV experiment, 50 µl of 0.1 mg/ml purified virus supernatant was deposited in 
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freshly cleaved mica for 30 min at room temperature. BMV bound to the mica surface 

due to electrostatic interaction. Then the mica surface was gently washed with BMV 

suspension buffer (pH 4.5, 50 mM NaCl and 8 mM MgAc2) to remove unbound viruses. 

The AFM experiments for BMV were done in BMV suspension buffer.   

For SINV, the procedure is slightly different. 50 µl of 0.5 mg/ml polylysine 

(Sigma-Aldrich) in deionized water (DI water) was deposited in freshly cleaved mica for 

30 min at room temperature. Then the mica surface was gently washed with DI water 

which was then followed by drying under compressed nitrogen gas. When polylysine-

coated mica was ready, 50 µl of 0.1 mg/ml purified virus supernatant was deposited in 

freshly cleaved mica for 30 min at room temperature. Then the mica surface was gently 

washed with PBS buffer (pH 7.1, 150 mM NaCl and 50 mM NaH2PO4) to remove 

unbound material. The AFM experiments for SINV were done in PBS buffer.   

3.3.2 Preparation of giant vesicles. 

 DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and 16:0 Biotinyl Cap PE (1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)) were purchased from 

Avanti Polar Lipids (Alabaster, AL). Texas-red DHPE was obtained from Invitrogen 

(Carlsbad, California). The giant vesicles were prepared by using gentle hydration 

method as described in  (20). In short, 0.6 mg DPPC mixed with 0.01 mol% Texas red 

DHPE and 5 mol % 16:0 Biotinyl Cap PE was dissolved in methanol/chloroform [2:1 

(v/v)]. The lipids in solvent were transferred onto a clean roughed Teflon plate with a  

100 μl syringe. The Teflon plate was placed in a beaker and was sealed with aluminum 

foil. Then this beaker was left in vacuum for least 6 h to remove all the solvent. After 
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that, argon gas saturated in water vapor at a temperature above the transition temperature 

of the lipid was flowed over the plate for about 10 minutes. Then about 10 ml of PBS 

buffer was added to the beaker and was heated to 55 
o
C. The hydration process took 

overnight. Then next day, “clouds” of vesicles could be seen. The giant vesicles were 

harvested by aspirating with a Pasteur pipette and could be checked directly with a 

fluorescence microscope.  The giant vesicles were stable for one week when stored at 4 

o
C .   

3.3.3 Immobilization of giant vesicles on glass 

APTES ((3-Aminopropyl)triethoxysilane), avidin and NHS-LC-Biotin were purchased 

from Sigma.  This preparation had four steps. 

In the first step,  the glass coverslips were functionalized withNH2 groups using 

the  APTES with the method described in (21).  Glass coverslips were treated with 10 

min ultrasonication in acetone, rinsed with methanol, blown with compressed N2 

followed by 10 min of drying in vacuum. Then they were immersed in piranha solution 

(70% H2SO4, 30% H2O2) at 55
0
C for 30 min.  After they were rinsed extensively with 

water followed by sonication in methanol, methanol/toluene [1:1 (v/v)] and toluene for 

10min each, silanization was performed by immersing the glass coverslips in APTES 

solution (2% in toluene) for 2 h. During the silanization, containers were placed in an 

orbital shaker with gentle shaking at room temperature. The glass coverslips were then 

cleaned in an ultrasound bath in toluene, toluene/methanol [1:1(v/v)] and methanol for 10 

min each. The glass coverslips were baked at 110 
o
C for 1 h.  The prepared NH2-
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functionalized glass coverslips were stored in vacuum at room temperature and taken out 

immediately prior to use. 

In step two, NHS-LC-Biotin was conjugated to the NH2-functionalized glass 

coverslips. 10 mM NHS-LC-Biotin in dimethylsulfoxide (DMSO) was deposited on the 

glass coverslips and incubated for 30 min.  The glass coverslips were then cleaned in an 

ultrasound bath in DMSO, and methanol for 10 min each. After that, they were dried in 

vacuum purged with argon gas at 110 
o
C for 10 min. 

In step three, 2 mg/ml avidin in PBS buffer was added to the biotin-coated glass 

coverslips and incubated for 1 h. Rinsed with PBS for several times, and then they were 

ready for immobilization of the biotinylated giant vesicles. 

In the final step, 100 μl of biotinylated giant vesicles were deposited on the glass 

coverslips and incubated for at least 4 h at room temperature. Then rinsed with PBS for 

several times and the samples were ready for measurement. 

3.4 Measurement setup and data analysis 

3.4.1 AFM imaging and indentation experiments of viruses 

All AFM experiments were carried out in a Multimode AFM with controller III (Veeco, 

Santa Babara, CA). After the virus was incubated on the mica, it was glued to an AFM 

steel plate by using double-side tape, then it was transferred to the AFM.  After that, a 

fluid cell with a cantilever cleaned in UV/Ozone for 30 min was mounted in the 

AFM.The system was turned on for at least 30 min  prior to imaging and allowed to 

equilibriate. Images of viruses were acquired in the AFM tapping mode in a fluid 

environment. The raw images were analyzed with the software NanoScope Analysis 
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v531r1 from Veeco. All the AFM images shown in this chapter are the flattened raw 

images in which tilt and offset in the images have been removed. Pyramidal triangular 

cantilevers made of silicon nitride (MLCT-AUHW) were used for the measurement. 

Their average spring constants were determined to be 0.02 N/m by measuring the thermal 

fluctuation of the cantilevers which will describe in the following context. The 

cantilevers have a nominal tip radius of 20 nm from the specification given by the 

manufacture.  

For the measurement of the mechanical properties of an individual virus, 

indentation experiment was performed with AFM operated in the deflection-distance 

mode. Before starting an indentation experiment, the AFM was scanned in tapping mode 

with a scale of 2 μm. After a good virus was found, the scanning was zoomed to a smaller 

scale of 100 nm around the virus. Then, the tip was positioned at the center of the virus 

surface, and the AFM operation was switched from tapping to contact mode by reducing 

the driving amplitude to practically 0 mV. Thus, force-distance curves were carried out 

under contact mode operation. For each virus measurement, about 150 force-distance 

curves were performed at a scan rate of 1 Hz (corresponds to a loading rate of 190 nm/s). 

To avoid the damage of the virus during an experiment, the deflection of the cantilever 

was maintained within the range of 500–600 mV, which corresponds to a maximal 

loading force of 2 nN. 

3.4.2 Data analysis for calculating the virus point stiffness 

To obtain the point stiffness of a virus particle from a set of roughly 150 successive 

force-distance curves, each curve was shifted, first along the z axis to set the tip-sample 
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contact point to the position of zero, and then along the y axis to set deflection in the non 

contact mode to zero. The virus point stiffness (kmeas) was derived mathematically from 

the slope of the force-distance curve. Virus particles whose point stiffness values 

decreased continuously during the experiment were discarded, since they underwent 

irreversible deformation, probably due to fatigue or even breakage. Next, a maximal 

deflection threshold value was set. Curves failing to reach this value were discarded, 

while the remaining aligned curves were averaged. The averaged force-distance curves 

were then converted from deflection units (V) to loading force (N) by multiplying with 

the deflection sensitivity (in nm/V, derived from a force-distance curve performed on 

mica) and the spring constant (N/m) of the cantilever. The virus’s measured stiffness 

(kmeas, in N/m) was derived mathematically from the slope of the averaged force-distance 

curve, as described above. The measured stiffness comprises the stiffness constants of 

both the virus (kvirus) and the cantilever (kcan) shown in Fig. 3.1. Assuming that the system 

can be modeled as two springs arranged in a series, the point stiffness of the virus can be 

computed according to Hooke’s law: 
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 FIGURE 3.1: Schematic diagram of the stiffness measurement of a virus by AFM 

 

3.4.4 AFM – colloid probe force measurements on giant vesicles 

 A 50 μm glass bead was attached to the end to a triangular silicon nitride 

cantilever (MLCT, Veeco Probe, 0.02 N/m) by using epoxy as described in (22). After 

the AFM was engaged, the force indentation measurement started instantly and no image 

was taken. The maximum z-piezo movement was 195 nm and the force measurement 

data was collected in different scan rate, 0.25, 0.5 and 1 Hz.  The other details are the 

same as in the virus experiment as described in the last section.  

3.5 Calibration of the AFM 

3.5.1 Calibration of the z-piezo in the AFM 

In an AFM, the topography of a sample is measured from the voltage feedback applied to 

the z-piezo. In order to achieve a sub-nanometer resolution , the relationship between the 

distance travelled   by the piezo and the voltage must be accurately calibrated. For a small 
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displacement, ignoring any hysteresis, it is a linear dependence (23-25) and can be 

described by: 

VkVlmdz p 31
                                                                                              (2.2) 

Here, l and m are the length and the thickness of the piezo tube, d31 is a proportional 

factor which is determined by the material property. For the same piezo, l, m and d31 are 

constants, so they can be written in one constant of sensitivity coefficient kp. In our 

experiment, kp  was calibrated by using fiber optic interferometry (25). Fig. 3.2 is the 

experimental setup for the fiber optic interferometry. A single mode 2 × 2 directional 

coupler (50 × 50) (Newport Instruments, Santa Ana, CA) was used. A beam of He-Ne 

laser (632.8 nm) passed through a polarizer and was focused on leg ‘A’ of the coupler. A 

silicon wafer was amounted on the piezo as the reflection mirror. Leg ‘C’ was positioned 

vertically above the silicon wafer. Interference resulted from the laser beams reflected 

from the end of ‘C’ leg and the laser reflected from the silicon mirror on ‘C”. This 

interference signal was collected in an oscilloscope atn the end of ‘B”. In the end of ‘D’, 

the index matching material was used to fill the gap between leg ‘D’ and the fiber and  

minimize signal reflected from the ‘D’ end.  When a voltage was applied to the piezo, the 

piezo moved, and altered the phase of the laser reflected from the silicon mirror, leading 

to the change of the amplitude of the interference. The interference intensity related to the 

applied voltage V can be described as below: 
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               FIGRUE 3.2:  Schematic diagram of a fiber optic interferometry 

 

Here, k0 is the linear sensitivity coefficient, k1 describes the nonlinear part which we 

assumed to be 0, γ is a correction factor to the signal amplitude and also the deviation of 

the direction of fiber ‘C’, δ is the distance between the silicon wafer and fiber ‘C’ without 

any applied voltage. A typical inference pattern with applied voltage from -220 to 0 V 

and scanning frequency 2 Hz is shown in Fig. 3.3.  By fitting the data with Eq. 3.3, kp 

was measured to be 6.532 nm/V. The calibration was done with different scanning rates, 

0.1 0.2 Hz, 0.5 Hz, 1Hz and 2 Hz. The difference of measured kp was less than 1%. Thus, 

6.532 nm/V was used as the value of kp in all the AFM measurement. 
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FIGURE 3.3: A interference signal for the scanning range from -220 V to 0 V and scan 

rate of 2 Hz. The dots are measured data points and the red solid line is the fitting line 

with Eq. 3.2 

 

3.5.2 Calibration of the spring constant of the cantilever  

When cantilever is in contact with a virus or vesicle, which is moved against it by the 

piezo,  it bends and exerts a force on the sample. We treat the cantilever as a simple 

spring, so Hooke’s law applies and the force is described by: 

xCF  *                                                                                                                    (2.4) 

where, C is the spring constant of the cantilever and Δx is the displacement of the 

cantilever from the non-bending position. In order to find the force othe cantilever applies 

to the sample, the spring constant of the cantilever has to be known precisely. There are 
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many methods to calibrate the spring constant. We adopted the method based on the 

thermal fluctuation (26) to calibrate the spring constant.  
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FIGURE 3.4: A typical power density spectrum of a triangular silicon nitride cantilever 

in the air. The dots are measured data and the red solid line is the Lorentzian fit of the 

data 

 

Without voltage applied to the piezo, let us assume the cantilever vibration is 

driven by thermal fluctuations. Then, from the equipartition theorem, each degree of 

freedom of a thermodynamic system has the same thermal energy. So each eigenmode of 

the cantilever will have the same thermal energy 1/2 kBT. For a given temperature, the 
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time average of the thermally excited vibration amplitude is directly related to the 

effective spring constant as following: 

 2

2

1

2

1
xCTkB                                                                                                           (2.5) 

Here, C and  2x  denote the spring constant and the time-average square of the thermal 

fluctuation of the cantilever, respectively. From Parseval’s theorem, the integral of the 

power spectral density over the frequency domain equals the time domain integral of 

x(t)
2
: 

 dxdttx
22

)()(                                                                                              (2.6) 

Because the dominant contributions to the power density come from the resonance of the 

cantilever, so the frequency average can restricted to resonance range. By integrating 

over the power density spectrum,  2x  is calculated. Fig. 3.4 is a typical power density 

spectrum of the cantilever in air. It has a sharp peak at the resonant frequency of 36.549 

kHz. The dots are the measured data of the thermal fluctuation of the cantilever around 

the resonance, and the solid line is the Lorentzian fit of the data. By integration of the 

power density spectrum under the fitted line, the effective spring constant C of the 

cantilever is measured to be 0.02 N/m. Most of cantilevers used in our AFM experiments 

have the same spring constant as this cantilever. 
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FIGURE 3.5: A force curve of a triangular cantilever on the glass in  air. The deflection 

sensitivity can be obtained from the reciprocal of the slope in the approach curve 

 

3.5.3 Calibration of the deflection sensitivity 

In the AFM force measurement, the displacement of the cantilever is needed to calculate 

the force. But in the system, only deflection signal of the piezo in voltages is recorded. So 

it has to be transformed into displacement.  The deflection signal of cantilever which is 

given by the output differential amplifier is depending on the laser beams, such as spot 

shape and dimensions. Thus, for a given cantilever , the ratio of real bending movement 

of cantilever  to the deflection of signal S, that is, deflection sensitivity of m,  is a fixed 

value. In our experiment, force curves of cantilevers on hard surface, such as glass, are 
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used to calibrate m. Fig 2.6 is a typical force curve of a triangular cantilever on the glass. 

Since glass is hard, once the cantilever contacts with the glass, the distance the z-piezo 

travels equals to the displacement of the cantilever, that is: 

Smzx                                                                                                                   (2.7) 

From the reciprocal of the slope in the force curve, m is measured to 33 nm/V. 

In the force measurement, after m is calibrated, combining Eq. 3.3 with Eq. 3.6, the force 

is calculated by:  

F=CΔx=CSm                                                                                                               (2.8) 

Here, C is spring constant of the cantilever and Δx is the displacement of cantilever. 

 

FIGURE 3.6: AFM topographic image of two BMV particles. The image was acquired  

in tapping mode in BMV suspension buffer. The virus was attached to bare mica surface. 
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FIGURE 3.7: (A) AFM 2d image of two BMV in BMV suspension buffer on mica. (B)  

The profile of the particle along the black line in A  

 

 

 

FIGURE 3.8: AFM topographic image of one single SINV particle. The image was 

acquired in tapping mode inn PBS buffer. The virus particles were deposited on mica 

surface coated with poly-l-lysine 

26.3 nm 
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FIGURE 3.9: (A) AFM 2d image of SINV particle in PBS buffer on poly-l-lysine coated 

mica. (B) The profile of the particle along the black line in A  

 

 

 

3.6 Experimental results of viruses 

3.6.1 AFM imaging of viruses 

BMV particles were imaged in the BMV suspension buffer environment with AFM 

operated in tapping mode to minimize possible damage to the virus. BMV particles were 

not specially treated in any particular way to keep them as close as possible to their native 

form except that they were linked to freshly cleaved mica substrate. Freshly cleaved mica 

is atomic flat (27) and has been used  as the substrate as the substrate of choice for 

imaging of RNA (28), solid supported membrane (29), plasma glycoproteins (30) and 

viruses (31-34) with the  AFM. Mica has unbalanced negative structural charge on the 

surface at pH 4.5 (35). The electrostatic force between mica and virus particles keeps 

virus on the substrate and prevents them from moving during AFM scanning. Fig. 3.6 is 

the three dimensional topographic AFM image of BMV particles on mica surface. As 

72.4 

nm 

A 
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shown in the figure, two spherical particles are observed on a flat surface. In Fig. 3.7 A, it 

is the two dimensional AFM image of the same two BMV particles. A black line was 

drawn across it and the profile along the line was plotted as a function of the distance 

shown in Fig. 3.7 B. From it, we can see the height of the particle is about 26.3 nm. In 

AFM operation, only the height of the sample can be precisely measured. There is tip 

convolution effect in the lateral direction. The lateral size of  particles in AFM images is 

always larger than the actual size (36), and how much larger depends on the shape and 

dimension of AFM tips. BMV is reported be an  icosahedral virus  and have a diameter of 

28 nm by X-ray diffraction (37). Our measurement confirms it, and this is also in 

accordance with the value in the AFM experiment in the literature (28).  

SINV particles were also tried to be incubated on the freshly cleaved mica, but it 

turned out no single SINV particle was bound to mica (data no shown). A poly-l-lysine 

layer was used to increse the adhesion. Poly-l-lysine is widely used to coat tissue 

cultureware as an attachment factor which improves cell adherence (38) because the 

strong bonding between amine groups and carboxylic groups. The SINV particles bound 

to poly-l-lysine very well and clear AFM images were captured. Fig. 3.8 is the three 

dimensional topographic AFM image of SINV particles on poly-l-lysine coated mica.  As 

seen in the figure, one spherical particle is seen on a flat surface. On the surface of the 

spherical particles, there are many small protrusions which are the single vertices in the 

virus. In the substrate, small particles of 5 nm in height are the debris which is the 

dissociated capsid protein formed during virus preparation. This is different from what 

seen in BMV AFM images where no debris is found. It comes from the stronger binding 
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affinity of poly-l-lysine to the carboxyl group in the small debris. In Fig. 3.9 A, it is the 

two dimensional AFM image of the same SINV particle. A black line was drawn across it 

and the profile along the line was plotted as a function of the distance shown in Fig. 3.9 

B. The height is measured to be 72.6 nm from the cross-section profile. SINV is also an 

enveloped icosahedral virus and have a diameter from 70-80 nm (39). Our AFM data is 

consistent with the literature values.  

 

FIGURE 3.10:  (A) Force indentation of cantilever on a BMV particle and mica. (B) 

Histogram of point stiffness of SINV particle 

 

3.6.2 Force indentation measurements on the virus particles 

Virus particles were first imaged on a larger scale such as 2 µm to find locations where 

intact virus particles were bound strongly enough to be indented. After the location was 

found, the probe was positioned in this area and the virus particles were scanned in a 

small scale like 200 nm. To reduce the drift due to the heating of cantilever and piezo and 

achieve thermal equilibrium, the system was turned on at least 30 min prior to 
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experiment. After virus particles were imaged in tapping mode, the tip was positioned at 

the center and the scan scale was set to zero. In the same time, AFM was switched to 

force mode. In the force mode, the drive amplitude of the cantilever was set to zero volts. 

The default data collecting channel was amplitude vs z-distance, and it was changed to 

mode of deflection vs z-distance. After the adjustment, AFM worked as in standard force 

indentation mode in contact mode. The cantilever deflection curve was obtained by 

measuring a force-distance curve for mica, which can be considered an infinitely stiff 

material compared to the cantilever, and one that the probe cannot deform in any way. 

The difference between the z displacement of the virus and the cantilever deflection for a 

given loading force corresponds to the indentation of the virus by the AFM probe. 

 

FIGURE 3.11:  (A) Force indentation of cantilever on a SINV particle and mica. (B) 

Histogram of point stiffness of SINV particle 

 

 

Fig 2.10 A shows the force indentation curves of AFM tip on a BMV particle 

(red) and mica surface (black). The x-axis describes how much the z-piezo moved and 
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the y-axis indicates how much force the cantilever exerted. In the experiment, going from 

negative to positive along the x-axis, the cantilever approaches the sample . It is crucial to 

find the contact point precisely for a reliable measurement where the cantilever deflection 

starts to rise (40) because it is required to determine how much the virus is indented. In 

the force indentation curve on mica in Fig 2.10, a clear contact point is seen as indicated  

by the blue arrow. When the cantilever was still far above mica, there was no force 

between them and cantilever did not bend, resulting in a flat zero-force line in the left 

part of the force curve. Once it contacted mica, the cantilever started to bend and a force 

was applied on mica by the cantilever. Since the mica surface is rigid and non 

deformable, the displacement of the cantilever is the distance the z-piezo travelled. It is a 

straight line, and the reciprocal of the slope is the deflection sensitivity as discussed  

previously. In the force indentation curve on the BMV particles, the left part is the same 

as the one on the mica. It shows no long distance force between the tip and the BMV 

particle. A clear contact point is also seen. After the cantilever contacted the BMV 

particle, because BMV particle is soft, the force on the sample applied by the cantilever 

also deforms the virus particle. It is also straight line. It means the deformation of virus is 

a linear response to the applied force in the regime of small deformation. This slope is 

different from the one on mica. Starting from the contacting point, there is less 

displacement of cantilever on the virus than on mica. For each force curve, the cantilever 

and the BMV particle were treated as a two-spring system, and the point stiffness of the 

BMV particle was calculated as described in the previous section. 
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As seen in Fig. 3.10 A, even at the maximal applied loading force, the indentation 

depth is on the order of a few nanometers. Maintaining small indentation depths is 

essential for minimizing damage to the sample during the experiment. It also ensures that 

the rigid supporting substrate or the BMV core will not contribute significantly to the 

measured stiffness. Moreover, it is possible that repeated application of force may 

irreversibly damage the sample. Therefore, for each measurement consisting of nearly 

100 force-distance curves we verified that the virus did not undergo irreversible 

deformation. The measured point stiffness was derived from these force curves. The 

measured point stiffness was plotted as a function of the measurement number as a 

histogram as shown in Fig. 3.10 B. It has a normal distribution as expected. The mean 

point stiffness was measured to be 0.49 N/m  with standard error in the mean (SEM) of 

0.03 N/m. 

A similar procedure was adopted to do AFM force indentation on SINV. Fig 2.11 

A is the force indentation curves on a SINV particle and on mica. The force curve on the 

mica is similar to the one in Fig 2.10 A. A clear difference is observed in the force curve 

on SINV from that on BMV. After the cantilever contacted with sample, in the case if 

SINV a non-linear initial response to the applied force is observed. Then the curve 

gradually changes into a linear line. Also, the slope in the linear regime is smaller than in 

the case of BMV. It suggests that the SINV was indented more than BMV for the same 

applied force. Thus, SINV has a softer shell than BMV. From this linear regime after the 

contact point, the point stiffness of SINV was also calculated. As shown in Fig. 3. 111 B, 
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most of the virus particles have point stiffness 0.04 to 0.07 N/m. the mean point stiffness 

of SINV is measured to 0.057 N/m with  SEM of 0.003 N/m. 

3.7 Discussion of elasticity of viruses measured using the AFM 

As shown in Fig. 3.10 A, for the same loading force, the deformation of BMV particle is 

given by Δx. For the maximum loading force of 2 nN, the deformation of the BMV 

particle is about 7 nm. It means that BMV had a linear behavior when it was compressed 

for up to 25% for diameter. This  is not unexpected considering CCMV (5) had linear 

response only up to 30% of the diameter. Unlike BMV, as seen in Fig. 3.11A, SINV 

responded non-linearly in the first 10 nm deformation of SINV. Then the curve gradually 

changed to linear when the deformation increased to  27 nm at the maximum loading 

force of 2 nN. It is 34% of the diameter of SINV. The SINV particle has enveloped 

membrane surrounding the capsid. One can conclude that this initial non-linear regime of 

10 nm is attributable to the 5 nm deformation of membranes at the top and bottom. After 

this deformation the tip makes contact with the protein shell, which leads to the linear 

regime. From these linear regimes, the point stiffness for both viruses was calculated. 

To an outside observer, the internal structure of the viruses is hidden. Only 

average stiffness can be sensed which is geometry-related. The material property that can 

be extracted from the experiment is the average Young’s modulus. The Young’s modulus 

is an inherent material property that in contrast to point stiffness does not depend on the 

geometry of the sample. Thus, it provides an insight into the average interactions between 

the building blocks of the virus shell. To estimate the average Young’s modulus E of the 

virus particles from the measured virus stiffness, we can assume that the mechanical 
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behavior of the virus can be described as a homogeneous, linear elastic material and we 

ignore the different constituents of the sell.  Young’s modulus is related to the point 

stiffness of the virus as following (41-43): 

                                                           R

tE
kshell

2

2 )1(3

2




                                  (2.9) 

Here  is the Poisson Ratio,  shellk  is the measured point stiffness of virus, R is the radius 

of virus and t is the thickness of the shell. Poisson Ratio generally is 0.3–0.4  for the 

virus, and shellk  is quite insensitive to  . We take 0.3 for   in our calculation, then Eq. 

3.9 becomes: 
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For BMV, from x-ray diffraction (1) data of BMV crystal,  RBMV = 14.2 nm, tBMV = 5.3 

nm. Young’s modulus of EBMV  is calculated to be 202 MPa. It is not so obvious to 

determine R and t for Sindibs. Surrounding the RNA, there are (39) nuleocapsid , 

transmembrane, glycoproteins and Protein E. Out of these, only nucleocapsid and 

transmembrane construct a complete shell. For maximum loading force, supported lipid 

bilayer (44) on substrate deformed less than 1 nm. Thus only nucleocapsid is taken as the 

shell. In that case, RSINV = 21 nm and  tSINV = 3 nm. Then Young’s modulus for SINV is 

calculated to be 110 MPa. These Young’s moduli are comparable in magnitude to those 

of soft plastics such as Teflon (45).  
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Let us compare the elasticities of these two alphavirus-like superfamily viruses. 

The Young’s modulus of BMV (202 MPa) is about twice of SINV (110 Ma). It suggests 

that the protein-protein interactions are stronger in BMV than those in SINV. In the 

SINV (39), the glycoprotein and E proteins form loosely packed layer around the 

nucleocapsid. This layer with nucleocapsid function like two strings serially connected 

together, when there is external force applied to the virus particle. Thus, SINV has an 

about  one half  of Young’s modulus than BMV. 

The elasticities we have measured here for BMV can be compared to other 

viruses. Michael et al. (5) reported empty CCMV capsid has E of 140 MPa and 190 MPa 

for full capsid.  Our results showed BMV has a comparable stiffness to full CCMV and is 

stiffer than empty. It comes with no surprise since they are so closed in the structure. 

Ivanovska et al. (19) reported a Young’s modulus of 1.8 GPa of  Φ29, an order of larger 

magnitude than this for BMV. Because the yield stress is generally proportional to E, the 

phage should therefore be able to resist much higher internal stresses than BMV. The 

force exerted by the DNA in Φ29 corresponds to an internal pressure on the order of 60 

atm, and a packaging motor is required for assembly (46). In BMV, which self-

assembles, it is highly unlikely that the RNA exerts a large internal pressure, which is 

consistent with the difference in the Young’s moduli. It was reported (17) mature human 

immunodeficiency virus (HIV) has a Young’s modulus of 440 MPa. It is four times 

larger than SINV (110 MPa). HIV and SINV both are enveloped viruses. The mature 

HIV (47) is 134 nm in radius and has a protein shell of 5 nm. This much larger Young’s 

modulus in HIV also indicates the GAG is more tightened in the CA domain. 
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FIGURE 3.12: Schematic diagram of multilayer construct for immobilization of 

biotinylated giant vesicles via avidin-biotin binding  
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FIGURE 2.13: Texas-red fluorescence image of immobilized giant vesicles on glass via 

avidin-biotin binding 

 

3.8 Results of force-indentation on giant vesicles 

 Typically, lipid vesicles rupture upon contact with solid surface, thus forming a 

surface-absorbed bilayer (48). Only under certain conditions and with selected surfaces, 

intact giant vesicles were reported to be immobilized on some certain surfaces (49-51). In 

our experiment, specific avidin-biotin binding method as described in (49) was adopted 

with modification to immobilize giant vesicles on glass. The giant vesicles were prepared 

doped with biotinylated lipid and fluorescence lipid Texas-red DHPE. The multilayer 

construct for immobilization of biotinylated giant vesicles via avidin-biotin binding is 

shown in Fig. 3.12. First, the surface of glass was functionalized with NH2 group by 

using APTES. Then NHS-Lc-biotin was linked to the surface by binding to amine group. 



 

78 

 

Avidin was added to the surface functioning as an addition layer, since avidin has 4 

binding sites (52) for biotin. Thus, biotinylated giant vesicles were immobilized via 

avidin-biotin binding. 

To check if intact biotinylated giant vesicles were successfully absorbed to the 

glass surface, fluorescence image was captured as shown in Fig. 3.13. Four spherical 

particles with diameter from 1 µm to 3 µm present in a 50 µm × 50 µm area. The 

intensity rising from center to edge hints they are hollow, that is, giant vesicles. It was 

found that the binding between vesicles and glass was very strong. They stayed on the 

substrate even flushed with PBS buffer. The fluorescence image confirms the success of 

immobilization of intact giant vesicles. There is a big variation in the size of the giant 

vesicles. Many small vesicles also presented on the substrate (data not shown here).  

 For force indentation measurement, AFM was engaged directly in contact 

distance-deflection mode. Before data acquirement, it is necessary to make sure the 

micro-probe is indenting on the giant vesicles. The AFM approach curve on the substrate 

of glass is a straight line, while gradual change in the slope should be observed when 

indenting on a vesicle. Thus, from the slope of approach curve, the indentation force 

curve on a giant vesicle is identified. Typical force indentation curves of 50 µm silica 

sphere on a giant vesicle are shown in Fig. 3.14. From left to right in the upper solid 

black line, the micro-probe was approaching the sample and then moves away from the 

right to left in the dotted red line. In the approach curve, three distinctive regimes I, II and 

III, appear as shown in Fig. 3.14. A clear contact point as pointed by the dotted black 

arrow indicates the micro-probe reaching the vesicle. In regime I, the curve is flat, and 
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there was no contact between the micro-probe and sample. Once it contacted, the curve 

linearly rises in regime II. After z-piezo moved for another 40 nm, the curve gradually 

changed to the fixed value as shown in regime III. This fixed value is the slope on glass 

substrate as discussed in the following context. 
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FIGURE 3.14: Typical force indentation curves of 50 µm silica sphere probe on a giant 

vesicle. The ramp size of z-piezo is 195 nm and scan rate is 1 Hz.  

Now, it comes one question: what is the size the giant vesicle indented? 

Experimentally, if there is systematic z drift, it can be determined from the position of z-

piezo at contact point, which only depends on the height of the sample the probe indents.  

Once the probe is indenting on a giant vesicle, a voltage is applied to the x y piezo in the 

AFM stage to move the sample laterally by μm scale. When the sample moves directly 

underneath the micro-probe, a minimum value of z-piezo position at contact point is 

collected. Then the sample is moved completely off the probe, it comes a maximum value 
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z-piezo position at contact point. From the difference in the maximum and minimum 

value, the diameter of the vesicle is determined.   
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FIGURE 3.15: Averaged force indentation curves of 50 µm silica sphere probe on glass 

and giant vesicles in different scan rates: 0.25 Hz (N = 29), 0.5Hz (N = 44) and 1Hz (N = 

55) in the same ramp size. 

One important factor determining the slope in the force curve is the loading rate. 

Li (53) et al. reported that Malignant (MCF-7) breast cells were stiffer when measured in 

a faster loading rate. To see the effect of loading rate, the force measurements were 

performed in three different scan rates (0.25, 0.5 and 1 Hz) in the same ramp size of z-

piezo. Averaged force curves are shown in Fig. 3.15. These curves describe the apparent 

elasticity of the giant vesicle according the loading rate in a quantitative way. All the 

force curves on the giant vesicle have three different regimes similar to Fig. 3.14. In 

regime II, after the probe contacted the sample, three straight lines with different slopes 
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are shown. The force curve in 1 Hz has the largest slope and the one in 0.25 Hz has the 

smallest slope. Then, all the slopes on the giant vesicles turn to the value on the glass.  

After certain amount of deformation, the giant vesicle becomes as rigid as glass for the 

probe. From the linear response regime in Fig. 3.15, by using Eq. 3.1, the point stiffness 

of the giant vesicles at different scanning rate was calculated as shown in Fig. 3.16-18. 

The distribution of histograms at the three scanning rates all show a good normal 

distribution. The point stiffness for giant is measured to be 0.0051 ± 0.0006 N/m at 0.25 

Hz of scanning rate, 0.0073 ± 0.0008 N/m at 0.5 Hz and 0.0090 ± 0.0010 N/m at 1 Hz. 

The point stiffness is plotted vs scan rate as shown in Fig. 3. 19. As shown by the red 

solid line in Fig. 3.15, the length of the linear regime also depends on the loading rate. It 

increases as the scan rate decreases.  

 

0.002 0.004 0.006 0.008 0.010 0.012
0

5

10

15

C
o
u

n
ts

Point Stiffness (N/m)
 

FIGURE 3.16: Histogram of point stiffness of a giant vesicle for scan rate 1 Hz 
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FIGURE 3.17: Histogram of point stiffness of a giant vesicle for scan rate 0.5 Hz 
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FIGURE 3.18: Histogram of point stiffness of a giant vesicle for scan rate 0.25 Hz 
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         FIGURE 3.19: Plot of point stiffness of giant vesicles vs scan rate 

 

 

3.9 Discussion and future work in giant vesicles indentation experiment 

As discussed in the previous section, the giant vesicles responded linearly in the 

regime for indentation up to about 40 nm and applied force of 0.2 nN. After that, they 

behaved non-linearly and reversibly. This means they might be undergoing a buckling 

transition (54). For a hollow shell, the indentation at buckling point depends the shell 

thickness and Poisson ratio. Zoldesi et al. (43) reported bucking happened in micrometer-

sized hollow colloidal particles when indentation magnitude was the order of shell 

thickness. In our experiment, the thickness of bilayer membrane is about 5 nm. It is a 

little unexpected   maximum linear indentation is about 800% of the thickness of bilayer.  



 

84 

 

Now, focus on the line regime. As it can be seen from the FIGURE 3.19, the point 

stiffness rises as the scan rate increases. This stiffing effect due to faster loading rate has 

been observed in the measurement of elasticity of cells by AFM (16, 55-58).  In the 

experiments of cell (53), it is due to the contribution to of cell viscosity. In our 

experiment, not only the viscosity needs to be taken account, the water exchange rate 

should be also considered. When the micro-probe indents on the giant vesicle, the vesicle 

is squeezed and volume is reduced, leading water escaping from the vesicle. Thus, the 

loading rate is faster, there is less time for water to leave, leading to an increase in the 

stiffness of the giant vesicles.  

 Since the effective spring constant was measured in our experiment, it naturally is 

the job next step to study how it is related to the intrinsic membrane properties, bending 

rigidity or surface tension. Considering the size of giant vesicles and the 50 µm probe, 

this measurement can be modeled as a hollow sphere squeezed between two flat surfaces. 

From this model, we may be able calculate the surface tension or bending rigid from the 

force indentation data by using this model.   

Also, as shown in the retract curve in Fig. 3.14, when cantilever started to retract, 

the cantilever bent down when the z-piezo moves towards the zero-force position. This 

bending means the vesicle was dragged due to strong addition between the probe and the 

vesicle. At the bottom of the retract curve, the vesicle was dragged most. Then the 

cantilever rose up slowly and jumped to the zero force position when the z-piezo returned 

to contact point position. This retract provides information about the addition force 

between the probe and the sample. From this, the detail information   may be pulled out.  
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3.10 Conclusion. 

In this chapter, we discussed imaging single SINV and BMV viruses by using AFM. 

Their elastic moduli was measured in the force spectroscopy mode of AFM. SINV 

showed a linear response regime for indentation of 46% virus height and 33% for BMV. 

Their point stiffness and Young’s moduli were calculated from these linear regimes. The 

result showed BMV had a Young’s modulis of 202 MPa which is closed to wild CCMV 

capsid. The larger animal SINV was softer than BMV with E of 110 MPa which is closed 

to empty CCMV capsid. 

Another experiment we discussed here was to measure the elasticity of membrane 

from micro-probe indentation curves on giant vesicles. In this experiment, biotinylated 

giant vesicles were bound to the glass substrate via avidin-biotin binding. The existence 

of the giant vesicles was confirmed by the fluorescence microscopy. A silica sphere of 50 

µm in diameter was used as the probe to do force indentation measurement as different 

loading rate. The linear regime approach curves suggest the giant vesicles have a linear 

response for the deformation up to 40 nm. From this, the point stiffness of the giant 

vesicles was extracted. Our data shows that the giant vesicle was stiffer when measured 

in a faster loading rate. This result is according with the elasticity measurement of cell by 

AFM. In the future, by using proper model, the bending rigidity and surface tension can 

be pulled from the AFM data.  
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Chapter 4 

Probing melittin-membrane interactions by real-time atomic 

force microscopy and fluorescence microscopy 

 
4.1. Abstract 

We investigated the real time interaction of melittin, a bee venom, with bilipid plasma 

membranes composed of saturated (DPPC : 1,2-dihexadecanoyl-sn-glycero-3-

phosphocholine) and unsaturated lipids (POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) using atomic force microscopy and fluorescence microscopy. The role 

of cholesterol on melittin’s interaction with lipid membranes was also studied. In the 

absence of cholesterol, the bilipid plasma membrane displayed two separate phases of 

saturated and unsaturated lipids in the solid supported membrane. We observed that 

melittin exclusively interacted with unsaturated lipids in the membranes. At very low 

concentrations, melittin produced pores in the membrane. These pores acted as nucleation 

sites for membrane lysis and started to produce aggregation of particles of 5-20 nm in the 

height. The particles were vesicles formed by the lipids etched by the melittin from the 

membrane. After about 2 hours, these particle like vesicles transformed into a new 

bilayer which was thinner than the previous bilayer membrane. In the case of membranes 

with cholesterol, no phase separation between saturated and unsaturated lipids was 

observed. The addition of cholesterol led to a higher resilience towards melittin and new 

interaction features. It took longer to lyse the membranes and its subsequent reassembly 

into the new thinner bilayer. After 200 minutes post melittin introduction, cholesterol 

containing membranes displayed three distinct phases: (a) mica surface with micro 
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vesicles, (b) saturated lipid dominated membrane and (c) reassembled unsaturated lipid 

membrane with a shorter height than the original membrane. The height difference 

between the saturated lipid and reformed unsaturated lipid membranes were same as 

found in the membrane without cholesterol. 

4.2 Introduction 

Melittin, the principal protein component in bee venom, is a cationic antimicrobial 

polypeptide composed of 26 amino acids (1) (2). It can disrupt the barrier function of cell 

membranes at micro molar concentrations and form pores in the membrane (1,3,4). 

Melittin shows sequence and structural similarities to parts of tobacco mosaic virus coat 

protein which is crucial for the protein-RNA and protein-protein interactions (5). It also 

exhibits structure similar to the N-terminal of HIV-virulence factor Nef1-25 (6). 

Understanding the melittin-membrane interaction will enhance our knowledge of the HIV 

infection mechanism. Melittin has been reported to have anticancer effects and has been   

used to treat rheumatism, pain and arthritis in Asia (7). Moreover, it has crucial 

applications in gene transfer, drug delivery and antibiotics  to study interaction between 

antimicrobial peptides and membranes (8). Therefore, melittin has become a convenient 

and popular model peptide to understand protein-membrane interaction (2).   

Melittin is known to form ion channels in the membrane (3), resulting in  small 

molecule leakage (9, 10). The underlying molecular mechanism of the pore formation of 

melittin is still not fully understood (11). Melittin has an -helix structure (1) and it is 

well accepted that the -helix undergoes a change in orientation once pores are formed 

(12-14). At low concentration, the -helix is parallel to the membrane plane and no pore 
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is formed. As the concentration rises, it becomes perpendicular to the membrane plane 

resulting in pore formation. The mechanism of this orientation change is still unclear. 

Bogaart et al. (8) proposed that the pore formation is the result of two competing 

reactions: direct insertion into the membrane and inactive binding parallel to the 

membrane surface. The interaction of melittin and the membrane is also affected by lipid 

composition. Alexey et al. (10) found it has ‘detergent-like’ permeabilization of anionic 

lipid vesicles which is totally different from the mechanism in comparable zwitterionic 

lipids.  

   To study the  melittin-membrane interaction, many tools, such NMR (14), 

fluorescence microscopy (15), oriented circular dichroism (15) (OCD), x-ray (16), 

Brewster angle microscopy (17), neutron reflectivity (18), have been  used. Atomic Force 

Microscopy (AFM) is becoming more and more popular in studying protein-membrane 

interactions (19, 20), because of the sub-nm resolution in studying surface morphology 

and ease of sample preparation. Meincken et al. (20) found that melittin caused distinct 

morphological changes both in the outer leaflet and inner leaflet of E. coli cell membrane 

by using the AFM. Here we perform a study of the kinetics of the melittin-membrane 

interaction using the AFM. In our experiment, DPPC/POPC was used as a model phase-

separated solid supported membrane (21). The dynamic morphological change of the 

membrane after exposure to melittin was monitored by AFM. We report to our 

knowledge the first real-time AFM imaging of the time dependent evolution of the 

melittin-bilayer lipid membrane interaction. The systematic changes in the bilayer lipid 

membrane interaction due to the introduction of melittin were studied for different 
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concentrations of peptide.  The modification in the melittin-membrane interaction due to 

the presence of cholesterol in the lipid bilayer was also probed.  

4.3 Materials and methods 

4.3.1 Materials 

 Lipids of DPPC (1,2-dihexadecanoyl-sn-glycero-3-phosphocholine) and  POPC (1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) were bought from Avanti (Alabaster, 

AL) and fluorescence conjugated lipid of Texas Red DHPE (Texas Red 1,2-

Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine) from Invitrogen (Carlsbad, 

California). Cholesterol and PBS buffer (0.15 M NaCl and 0.01 M Sodium Phosphate) 

were procured from Sigma-Aldrich (St. Louis, MI). Natural melittin (isolated from bee 

venom) was purchased from Enzo (Farmingdale, NY). Mica (9.9 mm in diameter) was 

bought from Ted Pella (Redding, CA). Double distilled water (18.2 MΩ•cm @ 25
0
C),   

which was filtered through 0.22 μm pores in Milli-Q water purification stystem 

(Bailerica, MA), was used in the experiment. 

4.3.2 Preparation of lipid vesicles and planar solid supported membrane 

The lipid vesicles were prepared by a standard extrusion technique (22). The lipids all 

dissolved in chloroform were mixed in the required ratio. Two different lipid 

compositions were used in the experiment: DPPC/POPC (molar ratio 1:1) and 

DPPC/POPC/CHOL (molar ratio 2:2:1). All the vesicles were doped with 0.1 mol% 

Texas Red DHPE. The chloroform was removed by first drying under nitrogen and then 

in vacuum for at least two h. Next, 1000 μl of PBS buffer was added to hydrate the lipids 

with a lipid concentration of 1 mM.  This lipid solution was incubated in 55 
0
C water bath 
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for one hour, and  then repeatedly freeze-thawed for 5 cycles in liquid nitrogen and 55 
0
C 

water bath, followed by extrusion through a 100 nm pore size membrane filter 

(Whatman, Springfield Mill, UK) on a hotplate at 70 
0
C. The vesicles so prepared were 

stored at 4
o
C. Planar supported lipid membrane was formed by standard vesicle-fusion 

method (21). In brief , 150 μl of lipid vesicles were deposited on freshly cleaved mica 

and incubated for 1 hour on a hotplate at 60 
0
C.  Since the mica surface was hydrophilic 

and negative charged, the vesicles bound, and then fused on the mica surface. Then it was 

slowly cooled down to room temperature and washed with PBS several times. 

4.3.3. Membrane studies by Fluorescence microscopy 

Nikon Eclipse LV100D microscope with long working distance 40× objectives CFI LU Plan 

EPI ELWD (N. A. 0.55) was used to observe the lipid bilayers using Texas Red  filter sets 

(TxRed-A-Basic-000; Semrock, Rochester, NY). Nikon intensilight C-HGFI fiber illuminator 

was used as the light source.  The images were acquired by a computer controlled Nikon DS-

Qi1 cooled Fluorescent digital camera system.  The fluorescence images were analyzed with 

Image-J. All the numerical calculation was done with Mathematica (Wolfram Research, 

Champaign, IL). 

After the membrane formed, it was transferred to a petri dish and kept submerged in 

the buffer. The Texas Red fluorescence image of membrane was taken with the water 

immersion objective. Then melittin was added to the solution. The fluorescent images were 

taken every 5 min till the end. 
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4.3.4 Check membranes by Atomic force microscopy 

The AFM used in the experiment was a Multimode Nanoscope III from Veeco (Santa 

Barbara, CA). Images was captured in tapping mode in a fluid environment by using 

triangular cantilever whose spring constant is ~0.1 N/m and a resonant frequency of 9.3 kHz 

in fluid. The scanning rate was 1 Hz. All the images taken had 512 by 512 pixel resolution 

and all raw images were modified with flattening to remove any tilt and bow in the images. 

The fluid cell was cleaned by soaking in soap solution for 30 min and then was rinsed 

extensively with ethanol and distilled water. Before imaging, all the cantilevers were exposed 

to UV/Ozone (23) for 30 min to remove any organic contamination. 

 The cantilever was first mounted on the AFM. The mica plate with membrane was 

then transferred to the fluid cell. It took about 20 min for the AFM system to stabilize. The 

scanning parameters were optimized and the images of the plain membrane were captured.   .  

Next melittin was added to the fluid cell. The AFM image capture of the membrane was 

resumed. About 8 min were required to capture one full image at the optimum scan rate of 1 

Hz.  The melittin-membrane interaction was studied by repeating the image capture at 10 min 

time intervals.  .  

4.4 Results and Discussions 

4.4.1 Characterization of membranes prepared with a combination of saturated 

lipid DPPC and unsaturated lipid POPC by AFM 

First, membranes were prepared with a combination of saturated lipid DPPC and the 

unsaturated lipid POPC. Saturated DPPC has a  phase transition temperature (Tm) at 41 
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0
C while that for the unsaturated POPC  is -2 

0
C (24). Thus at room temperature, DPPC 

stays in the gel phase and POPC is in the liquid phase. This phase separation between the 

liquid and gel phase lipids resembles the formation of lipid rafts in cell membranes. Since 

the carbon chains stretch longer in the gel phase for the saturated lipids, the DPPC 

membranes will be slightly thicker than the POPC membrane at room temperature. This 

small nm difference between the saturated and unsaturated regions is an ideal size scale 

for inspection and calibration  with the AFM (25). In our experiment, membranes with a 

DPPC/POPC 1:1 (mol/mol) ratio were made on freshly cleaved mica substrates.  A 10 × 

10 m AFM topographic image of the bilayer is shown in Fig. 4.1 A.   DPPC and POPC 

is observed to phase separate into micron sized domains, but coexist on the same bilayer.  

The bright region is the saturated DPPC membranes and the dark region is the 

unsaturated POPC membranes.  This phase separation is thought to result from the 

different compressibility modulus of the DPPC and POPC lipids.  The height difference 

between the two domains can be measured by making a line scan across the two domains. 

The line scan is shown in black in Fig. 4.1 A. The corresponding height profile is shown 

as an inset in the figure.  The brighter saturated DPPC domain is shown to form a plateau 

of height 0.9±0.1nm above the unsaturated POPC region.  Based on the phase transition 

temperatures,. The height difference is consistent with values in the literature. (25-28). 

Rinia et al. and Mou et al. (27, 28)  reported height difference of 1nm in DPPC/POPC 

supported lipid membrane using the AFM. 
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 Next, 5 M melittin was added to the fluid cell. The interaction of the melittin with 

the bilayer membrane was studied by capturing images of the topography every 10 

 

FIGURE 4.1: Dynamic change of membrane made of DPPC/POPC 1:1 (mole/mole) 

when exposed to 5 µM melittin. The same location was imaged at different time: (A) 

0min; (B) 10min; (C) 30min; (D) 90min.The inset in A is the height plot along the line in 

A. All images are 10 µm × 10µm. Scale bar is 1 µm 

 

min.  The images obtained after 10mins, 30 min and 90min after the introduction of the 

melittin are shown in Fig. 4.1 B, C and D respectively.  The height scale bar is given next 

to Fig. 4.1 B. Care was taken to image the same region of the supported bilayer 

membrane as evidenced by the presence of the same island of DPPC in the top right of 

the images.  Note that this region is different from Fig. 4.1 A.  In Fig. 4.1 B, 10 min after 
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addition of the melittin pores ranging in size from 50 nm to 200 nm in diameter appear on 

the membrane. The location of the pores has been highlighted with a thin black ring to 

aid the eye.  Note that the diagonal arc in Fig. 4.1 B is an artifact of the scanning.  These 

melittin initiated pores are much bigger in diameter than single ion channels (3) which 

are on the order of 1-2 nm in diameter (29).  From Fig 1.B we can observe that melittin 

interacts only with the unsaturated liquid phase lipid POPC or POPC-DPPC border 

regions (15). Other toxins such as Shiga also have been reported similarly to interact 

primarily with unsaturated lipids (30). The preference of the pore forming toxins to 

primarily interact with the unsaturated lipids such as  POPC  or at the 

saturated/unsaturated lipid boundary as in the DPPC/POPC interface  has been attributed 

to the  low surface tension of membrane in these regions(31).  It has been  reported  (15) 

that a critical concentration of 1/88 of melittin to lipid molar ratio is needed  for  insertion 

into the membrane to form pores with a high probability. It is in agreement with the data 

in our experiment where the melittin to lipid is 1/100.  In the present experiment it is 

possible that the local melittin concentration in some regions exceeded the critical 

concentration leading to pore formation.  Following the formation of pores, particulates 

with size in the range of 5-15 nm started to aggregate around the pores as can be 

observed in Fig. 4.1 C and D. After 90 min (Fig. 4.1 D), almost all the pores were filled 

with such particles.  Melittin (4, 32, 33) is known to have –helix structure with a size 

about 0.5 nm in the diameter and 4.3 nm in the length. The size scale of the particulates 

observed is consistent with monomers to aggregates of melittin. An alternate 

interpretation is that they are vesicles which are produced from the bilayer-toxin 
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interaction. Yu et al. (15) found that the budding of small vesicles resulted from giant 

vesicle membranes interacting with melittin. Our results are also consistent with this 

finding. In this scenario, the melittin first binds to the POPC lipid molecules followed by 

lipid budding and vesicle formation.   

 

FIGURE 4.2: Dynamic changes in a  DPPC/POPC 1:1 (mole/mole) bilayer membrane 

when exposed to 10 µM melittin. The same location was imaged at different times: (A) 

0min; (B) 10min; (C) 30min; (D) 60min; (E) 90min; (F) 120min; (G) 220min. H is the 

3D-plot of the circled regime in G. I is the height plot of the red line in H. Scale bar is 1 

µm 

 

To further study how melittin interacts with the membrane, the melittin 

concentration in the fluid cell was doubled to 10 M. Structural changes in the membrane 

were studied over a period of 220 min. Similar aggregation behavior of melittin as 

reported above was seen in Fig. 4.2 A-D. At 90 min (Fig. 4.2 E), the entire POPC 

membrane region was damaged and the POPC location was filled with particles of 5-15 

nm in height. An interesting feature was that after the POPC membrane was completely 

damaged by melittin, another smooth layer reformed in the previous POPC membrane 

location. This new layer is shown in Fig. 4.2 G, 220 min after the introduction of the 

melittin. A zoomed in image of the circled region in Fig. 4.2 G is shown in Fig. 4.2 H. 
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The height difference between the dark and bright regions as measured using a line scan 

shown by the red line is displayed in Fig. 4.2 I. From this the height difference between 

the reformed POPC layer and the DPPC layer was found to be 2.0 nm. Note that prior to 

the introduction of melittin the POPC layer was only 0.9 nm lower than the DPPC layer.   

This decrease in the thickness of the membranes induced by the binding of melittin has 

been observed in phospholipid giant unilamellar vesicle systems (GUVs) (2, 11, 12) and 

has been attributed to being due to the expansion of the spacing between the lipid 

headgroups. Studies using GUVs have shown that the presence of melittin (12) and other 

fusion peptides (12-Longo et al.) lead to an increase in the surface area through a thinning 

of the bilayer lipid membranes. This was again due to the structural change in the lipid of  

membrane due to melittin insertion. Using circular dichroism studies (12), it was found 

that below the critical concentration the melittin -helices were found to be parallel to the 

membrane and above the critical concentration they were perpendicular to the membrane. 

In particular the asymmetric insertion of melittin in the top leaflet, and consequent 

thinning from the weakening of the POPC lipid-lipid interaction resulting in a nonzero 

spontaneous curvature has been suggested as the driving force for initial vesicle budding 

observed by the interaction of melittin.     

       A related interesting observation was that the DPPC membrane region expanded 

after incubation with melittin. This dynamic expansion of the DPPC region can be 

observed in Fig. 4.2 A-G.  Before melittin was added in Fig. 4.2A, 5% of surface was 

covered by the DPPC membrane. After 220 min from the introduction of melittin in Fig. 

4.2G, the DPPC membrane region expanded to 75% of the surface. A reason for the 
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expansion can be attributed to changes in the line tension. Yan et al. (15) reported DOPC 

GUVs in spherical shape turned to a fluctuating prolate “potato” shape after addition of 

melittin which was due to the decrease of the line tension.  When the POPC membrane 

was modified and reformed by the insertion of melittin, the resistance to the expansion of 

DPPC decreased. Thus the area of the DPPC membrane region increased till its 

expansion force was balanced by the intermolecular force between lipid molecules.  

 

FIGURE 4.3: Fluorescence images of supported lipid bilayer of the same area at different 

stages: (A) before adding melittin, (B) 10 min after adding 10 μM melittin, (C) 30 min 

after adding 10 μM melittin and (D) 120 min after adding 10 μM melittin. The exposure 

time is 0.6 s in (A) – (C) and 8 s in (D). The scale bar is 10 μm. 
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4.4.2 Optical characterization of the membrane made of DPPC/POPC 

   To further investigate the melittin interaction with the lipid bilayer, fluorescence 

microscopy was used to monitor the dynamic modifications of the membrane. In Fig. 4.3, 

fluorescence images of the same region of the supported lipid bilayer were captured prior 

to and at different times after melittin addition. The camera exposure time was set at 0.8 s 

for Fig. 4.3, A-C and 6 s in Fig. 4.3 D. As shown in Fig. 4.3 A, before melittin was 

added, there is coexistence of two distinct phases: brighter red domains of micron size 

surrounded by a darker matrix. The brighter  regions are POPC because Texas Red 

DHPE (34) has a preference for the liquid phase lipids  The darker matrix background is 

primarily DPPC (15). This phase separation is consistent with the results using the AFM 

discussed above. Fig. 4.3, B-D shows the fluorescence images of the same lipid bilayer 

region after it has incubated with 10 μM melittin for 10 and 30 min respectively. After 10 

min of the lipid-melittin interaction, the brighter POPC regions are observed to undergo 

changes.  As shown in Fig. 4.3 B, the POPC region circled with a blue dotted line is seen 

to present three black spots. The fluorescent intensity in these spots is much less than in 

the DPPC region. Thus they indicate the absence of lipids indicating the possible 

formation of pores due to the lipid-melittin interaction. When the incubation time 

increased to 30 min, as shown in Fig. 4.3 C, the fluorescence intensity decreased over 

whole the image. Most of the micron-sized brighter domains in Fig. 4.3 A are replaced by 

much less brighter region of lipids in their locations. When the lipid bilayer was 

incubated with melittin for 120 min, no visible fluorescence from the bilayer can be 

observed for the same camera exposure time of 0.8 s. The exposure time had to be 
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increased by more seven times, from 0.8 s to 6 s to collect an image with distinguishing 

characteristics. For such an image shown in Fig. 4.3 D, when the bilayer was incubated 

for 120 min with melittin, a coexistence of two new phases is observed: micron-size 

darker domains surrounded by a brighter matrix. An interesting feature of this image is its 

complimentarity to that of Fig. 4.3 A. The brighter locations in Fig. 4.3 A (e.g. as marked 

by the black solid circle) become darker in Fig. 4.3D. These observations can be 

explained in the following manner. In Fig. 4.3 A, most of Texas Red DHPE is located in 

POPC membrane phase and only a small amount of Texas Red DHPE in the DPPC phase 

as is indicated by the difference in brightness After 10 μM melittin is added, the melittin 

binds only to the POPC phase and removes it from the membrane along with Texas Red 

DHPE leading to the black spots. The DPPC rich phase in the membrane was unaffected 

by melittin as indicated by the contours of its boundaries which are better observed by 

comparing to that in Fig. 4.3 A. After 120min, most of Texas Red DHPE went into 

solution with the POPC phase membrane, and the remaining POPC mixed with melittin 

formed a new bilayer membrane and the DPPC membrane. Although this remaining 

Texas Red DHPE is very small in the amount compared to that in Fig. 4.3 A, it is still 

enough to make the DPPC membrane brighter than the other places without the lipid 

bilayer. This is why the brighter areas in Fig. 4.3 A become darker regions in Fig. 4.3 D. 

Under optical microscopy, images of scale of 200 μm can be taken, which is much larger 

than the scale of 10 μm available with the AFM used. So the interaction between melittin 

and membrane can be monitored on a large scale. This fluorescence experiments help us 
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understand the AFM experiments that DPPC/POPC forms a phase-separated membrane 

and melittin only binds to and damages POPC membrane. 

 

FIGURE 4.4: Dynamic changes of of DPPC/POPC/Cholesterol 2:2:1 (mole/mole/mole) 

lipid bilayers when exposed to 10 µM melittin. The same location was imaged at 

different time: (C) 0min; (D) 15min; (E) 60min; (F) 120min; (G) 180min.  B is the height 

plot of the black line in A. H is the zoomed in image as squared by blue in G, I is  height 

plot of the red line in H. Scale bar is in (A,C-G) is 1 μm, and 200nm in H. 

 

4.4.3 Role of cholesterol on melittin interaction with lipid membrane 

To elucidate the role of cholesterol in the melittin-membrane interaction, membranes 

made of DPPC/POPC/Cholesterol (2:2:1) were also probed by AFM and fluorescence 

microscopy. Cholesterol is a crucial component in the membrane of natural cells (35). 

Cholesterol (36-38) has been shown  to increase the surface tension and bending rigidity 

in membranes where cholesterol increased the surface tension by 67% in 

phosphatidylcholine bilayers. In micropipette aspiration measurements of the role of 

cholesterol, the surface area modulus (39) was increased by a factor of 2.9 to 6.8. Studies 

of the lysis tension of 30 mol% sterol mixtures with POPC using extrusion methods have 
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shown(40) that cholesterol increases the lysis tension by nearly 50% . Chen et al. reported 

(41) cholesterol inhibited the binding and the insertion of melittin into membranes.  

Figure 4.5: Texas Red fluorescent images of the same location in 

DPPC/POPC/Cholesterol (2:2:1) (mole/mole/mole) membrane doped with 0.1 mol% -red 

DHPE at different times after interaction with 10µM melittin. The membrane at (A) 

0min; (B) 30min; (C)60min;(D) 120min;(E) 180min; 4s exposure time at time (F)180min 

after the introduction of melittin. A, B, C, and D had exposure time of 0.5 s and E, F had 

exposure time of 4s. 

 

Here, DPPC/POPC/CHOL membranes were prepared by using the same vesicle-fusion 

method on mica substrates. An AFM image of the membrane formed is shown in Fig. 4.4 

A. To confirm that it is a bilayer, a line scan is made from the lipid layer across a bare 

mica region as it Fig. 4.4 B. The height profile shown indicates that the thickness of the 

membrane is 6.5 nm consistent with the presence of a bilayer lipid membrane.  From the 

AFM images, it can be observed that cholesterol seems to have a strong influence on the 
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lipid phase separation between DPPC and POPC.  In contrast to membranes without 

cholesterol shown in Fig. 4.2 A, when cholesterol was added to the membrane, no phase 

separation is found in Fig. 4.4 A. This is different from the earlier DPPC/POPC 

membranes. This also appears very different from the DOPC/ Sphingomyelin/Cholesterol 

membrane system where it has been reported that cholesterol enhanced the phase 

separation (42). One possible explanation is that DPPC is a saturated lipid whereas 

sphingomyelin is an unsaturated lipid. After incubation for 15 min in 10 μM melittin, 

about half of the membrane was damaged. There were many particles, 10-15 nm in the 

height in the locations where membrane was damaged. As the membrane was exposed 

longer to the melittin, more and more particles aggregated on the mica surface as in the 

DPPC/POPC membrane experiments studied. One interesting thing, on the intact 

membrane, coexistence of two phases of membranes clearly presented. From Fig. 4.4 H, 

at 180 min, 2 distinct lipid phases can be observed in the system. From the line scan of 

Fig. 4.4 I of the zoomed image in Fig. 4.4 H, the lowest level is bare mica surface and 

there were two phases of membrane. One was 7.5 nm deep and the other was 5.5 nm 

deep. The 2 nm height difference of these two phases membrane was consistent with the 

DPPC/POPC membrane. So, the two different phases of membrane should be DPPC-rich 

membrane and the POPC-rich membrane.  An important difference was that, even after 

220 min as shown Fig. 4.2 G, the damaged membrane did not evolve into new layer as 

happened with the DPPC/POPC membrane system.  The vesicles just stayed on the mica 

surface and did not fuse into a new membrane. 
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FIGURE 4.6: Dynamic changes of DPhPC/POPC 1:1 (mole/mole) membranes after the 

gradual addition of melittin. (A-D) are in the same location of the membrane. (E) and (F) 

are the zoomed image of D. (A). Prior to, melittin addition, (B) 50 min after 5 μM 

melittin , (C) 50 min after another 15 μM melittin, (D) 50 min after another 20 μM 

melittin. (G) The height profile along the black line in (E).Scale bar is in (A-D) is 1 μm, 

100 nm in E and 20 nm in F.  

 

Fluorescence image study of interaction of DPPC/POPC/Cholesterol (2:2:1) 

membrane with melittin was also performed in the similar way as in the previous 

experiments. Before addition of melittin as shown in Fig. 4.5A, a uniform Texas Red 

image of the membrane was obtained. There were several much brighter spots which 

were non-fused lipid vesicles. In Fig. 4.5 C, all the membrane became almost black after 

being incubated with 10 M melittin for one hour. Since POPC and Texas Red are 

uniformly distributed in these membranes, the image became black when melittin 
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interacts with membrane and removes all the POPC and Texas Red DHPE from the 

membrane.   

4.4.4 Addition of melittin to DPhPC/POPC membrane 

To study the role of lipid compositions in the membrane-melittin interaction, DPhPC, 

instead of DPPC, was used to make the lipid membrane which was probed with by the 

AFM. DPhPC is also a saturated lipid, differentiating from DPPC by having methyl 

groups attached to each acyl chain at the carbon atom 3, 7, 11 and 15. It is characterized 

by its bulky and disordered chains. It has a small ratio of headgroup to chains (Ahead/Ach). 

A key parameter in peptide-lipid interaction is this areal ratio of Ahead/Ach (43).  

The membrane of DPhPC/POPC (1:1 V/V) was formed in the same way as 

described previously. A 10×10 m AFM topographic image of DPhPC/POPC bilayer is 

as shown in Fig. 4.6 A.  A completely covered surface without defect or phase separation 

was observed. Several bound vesicles appeared on the membrane. Then 5 µM melittin 

was added to the membrane. 50 min after that as shown in Fig. 4.6 B, two micro size 

regimes of pores formed presented in the membrane. No other changes were observed. 

Another 15 µM melittin was added. As seen in Fig. 4.6 C, 50 min after the addition, 

many pores with aggregation of particles in the pore sites. This is in agreement with 

results in the DPPC/POPC membrane. To see additional change, another 20 µM melittin 

was introduced. As shown in Fig. 4.6 D, 50 min after the addition, the membrane 

completely changed to a roughened surface. To understand the details of the surface, a 

1x1 m zoomed image of the same location was taken as shown in Fig. 4.6 E. Periodic 

and parallel stripes appeared. In addition 10-30 nm spherical particles were observed on 
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top the membrane. More magnified images were taken as shown in Fig. 4.6 F. They 

indicate that the stripes are largely parallel to each other. Such ripple phases have been 

reported in the literatures. They resulted from the insertion of the transmembrane 

peptides into membrane at very high concentrations (44-46).WALP peptides was found 

to induce the information of extremely ordered, striated domains in supported DPPC 

bilayers (46). Kirat el al. discovered simian immunodeficiency virus (SIV) fusion 

peptides resulted in elevated domains, composed of nanorod structures protruding several 

nanometers above the bilayer membrane and attributed to cylindrical reverse micelles. 

(45) The stripes have not been observed in the DPPC/ POPC membrane. From the height 

profile along the black line in Fig. 4.2.6 E, the period of the strips is estimated to be 18.0 

nm ± 2.0 nm, and height difference between depressed valleys and peaks is 0.8 ± 0.2 nm. 

The proposed model involves the preference of the peptides to be surrounded by lipid, 

while the lipids, due to their tight packing in the gel phase, prefer to stay together. This 

competition in energies, leads to the formation of lines. The reason that it only happened 

in DPhPC membrane in our experiment can be structural difference between DPPC and 

DPhPC. The appearance of the domain patterns and shapes is related to the chemical 

composition, geometry of the molecules (47). In DPhPC, the smaller ratio of headgroup 

to the chains results in increased more chance of melittin insertion and leading to 

formation of curvature of the membrane. As shown in Fig. 4.7, one possible proposed 

mode can be that: Melittin inserts into membrane and forms coils. The packing lipid is 

disturbed by the coils. This is results in disorder and tilt of the lipids between the peptide 

arrays. The difference of 0.8 nm in the height is according to the data of the stripes 
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formed by other peptides (44-46 ).  The reason why the period is 18 nm needs further 

study. 

 

FIGURE 4.7: Molecular model of strips formed from melittin insertion into DPhPC 

membrane (44) 

4.5 Conclusion 

Solid supported membranes with phase separation formed on the mica substrate. Then 

melittin was added to the membrane. The real-time morphological change of membrane 

surface after exposure to melittin was monitored with the AFM. It was observed that 

small pores 100-300 nm first formed in the membrane, and then these pores acted as 

nucleation sites for 10-30 nm particles. These particles might be the vesicles formed from 

the lipids etched from the membrane by melittin. After 2 h, the particles in those pores 

fused into a new layer which was thinner than the original unsaturated lipid bilayer. 

Results of fluorescence microscopy confirmed that the melittin only interacted with the 

unsaturated lipid membrane. Also, cholesterol was shown to affect the membrane phase 

separation. With cholesterol, no phase separation was found in the DPPC/POPC 

membrane system.  
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Our results showed that AFM is an appropriate and powerful method to study the 

interaction between peptides and membrane. By combining AFM with fluorescence 

microscopy, the interaction can be well investigated on different length scales. 
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