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ABSTRACT 

Investigating Vesicle Behavior with Atomic Force Microscopy - Force Spectroscopy 

By 

Evangeline Wong 

Master of Science in Materials Science & Engineering, 2018 

University of California, Irvine 

Professor Regina Ragan, Chair 

 

Investigating the mechanical behavior of lipid bilayer membranes is essential to understanding 

important cellular processes, such as morphogenesis, motility, drug delivery, 

mechanotransduction, metastasis, and focal adhesion. The mechanical properties of 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine (POPC) vesicles grafted with different 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio) 

propionate] (DSPE-PEG-PDP) concentrations were studied using Atomic Force Microscopy-

Force Spectroscopy (AFM-FS) under buffer environment.  The concentration of DSPE-PEG-

PDP incorporated into POPC vesicles was systematically varied from 0 mol% to 10 mol%.  By 

increasing DSPE-PEG-PDP concentration from 0 ‒ 10 mol%, vesicle size decreases, 

breakthrough distance increases, breakthrough force decreases, and the Young’s modulus 

decreases slightly. We also observe two E values exist at 5%, suggesting the existence of two 

conformations.  PEG-grafted vesicles are sterically stabilized due to the presence of dangling 

PEG chains outside the vesicle membrane.  The aim of this study is to examine the relationship 

between vesicle rigidity and vesicle stability.      
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CHAPTER 1. INTRODUCTION 

1.1 Motivation 

Since the mechanical properties of mesoscopic structures such as bone, muscle, and tendons are 

important for their functions, then we can deduce that these properties are equally important on 

the nanometric scale and will determine the behavior of single proteins and their assemblies1. 

The mechanical properties of single cells are known to reflect their physiological state and to be 

altered in some pathological states such as cancer1. Understanding the mechanical behavior of 

vesicles to design specific properties for more effective vesicle applications, such as a vehicle for 

drug delivery or as a model of biological membranes, requires studies of model systems.   The 

nanomechanical properties of the membrane envelope, such as stiffness, surface elastic response, 

and adhesion, impact cellular processes2, such as morphogenesis3,4, motility5,6, drug delivery7–10, 

mechanotransduction11, metastasis12, and focal adhesion13, therefore studying the effect of 

mechanical stress on membranes is important for understanding cell dynamics.  

 

This study examines vesicle rupture mechanics with atomic force microscopy - force 

spectroscopy to elucidate the mechanical behavior of vesicles by investigating the relationship 

between vesicle rigidity and vesicle stability as well as quantifying the Young’s modulus.  The 

model system used was 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) vesicles 

grafted with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-poly(ethylene glycol)-2000-N-
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[3-(2-pyridyldithio) propionate] (DSPE-PEG-PDP). We see these chemical structures in Figure 

1.   

 

 

 

Figure 1. Chemical structure of lipids used in this study: (a) POPC is the primary component in tLBMs; (b) DSPE-PEG-PDP 
molecule with disulfide group is used for Au-thiolate bond formation14. 

 

DSPE-PEG-PDP concentrations were varied from 0 mol% to 10 mol%, and were studied using 

atomic force microscopy - force spectroscopy under a buffer environment.  This particular 

system is used because POPC is commonly used to build model cell membranes, since 40-50% 

of the myriad phospholipid species in mammalian cell membranes are zwitterionic 

phophatidylcholine (PC), causing cell surfaces to primarily have a neutral charge15,16. DSPE-

PEG-PDP was chosen due to a disulfide group that can form Au-thiolate bonds between gold and 

functionalized POPC vesicles, which increases vesicle-substrate interactions17–20.  Atomic force 

microscopy - force spectroscopy (AFM-FS) is a characterization technique that enables us to 

examine the mechanical properties of samples in solution at the nanoscale level21,22. 
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CHAPTER 2. BACKGROUND 

2.1 Biophysical System 

Lipid bilayers are a model system to understand biomembrane function, because since they 

compose the membrane enveloping cells and vesicles, they serve a structural role under a 

complex combination of cell-cell, cell-matrix, and flow forces23, such as the high forces sensed 

by chondrocytes in the cartilage matrix to the relatively low flow forces sensed in kidney 

tubules23–26. They also contribute to the function of membrane proteins, such as 

mechanosensitive ion channels27,28.   

 

Alterations in the stiffness of lipid bilayers affect the modulation of membrane protein 

function29.  One factor impacting lipid membrane stiffness is lipid saturation. Saturated lipids 

form stiffer membranes, because single-bonded backbone carbons can freely orient themselves 

into tightly-packed structures, while unsaturated lipids form more fluid membranes, because 

kinks resulting from double-bonded backbone carbons prevent them from freely orienting into 

optimally-packed structures. A vesicle’s stiffness also increases when an abundance of lipids are 

embedded in a vesicle membrane, and crowding in the interior of the vesicle occurs. 

Nanomechanical properties of the membrane envelope, such as stiffness, surface elasticity, and 

adhesion, play an important role in cellular processes, such as morphogenesis3,4, motility5,6, drug 

delivery7–10, mechanotransduction11, metastasis12, and focal adhesion13, which encourages an 

examination of the mechanical properties of vesicles. 
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2.2 Characterization 

Atomic Force Microscopy (AFM)30 has become an invaluable tool for studying the structure and 

mechanical properties of molecular systems, because of its ease of use, sensitivity and versatility 

as a stand-alone, high-resolution imaging technique and force transducer. The main strength of 

AFM for this work is its capability to operate in an aqueous environment on a wide variety of 

biological samples, from single molecules – DNA or proteins – to macromolecular assemblies 

like biological membranes31. The main advantage with respect to other techniques is that the 

structure of biological samples, such as cell or lipid membranes can be visualized, not only in 

liquid media, but in real time with nanometer resolution32,33, such as when studying native 

plasma membranes isolated from eye lens34.  

 

AFM force spectroscopy (FS) can be used to sense and apply forces with pN sensitivity.  It is an 

excellent tool to gather information about molecular interactions at the single molecule level35–38. 

AFM-FS studies are valuable to study properties of lipid bilayers and contribute to the 

comprehension of fundamental aspects concerning the structural, mechanical, and biological 

properties of membranes. Applying AFM-FS to membrane proteins increases our knowledge 

about the intra- and inter-molecular interactions of these proteins with the cell membrane, which 

are relevant to drive protein folding, oligomerization and functional activity39. With the ability to 

measure surface forces at the nanoscale, AFM-FS is a valuable technique for studying the van 

der Waals interactions and adhesion forces prevalent in biophysical systems, such as blood 

cells40, neurons41,42, tumors43,44, and the interaction of graphene oxide with bacterial cell 

membranes45, providing a new perspective on membrane mechanics in confined areas within the 

nanometer realm, where most specific molecular interactions take place.  
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2.3 Mechanical Models 

The mechanical properties of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 

vesicles grafted with different 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio) propionate] (DSPE-PEG-PDP) concentrations 

were studied using AFM force spectroscopy under buffer environment.  The concentration of 

DSPE-PEG-PDP incorporated into POPC vesicles was systematically varied from 0 mol% to 10 

mol%. In order to understand the AFM data generated from AFM-FS, we need mechanical 

models that clarify the interaction between the AFM-FS probe tip and substrate.  Mechanical 

models, such as the Hertz Model, the Sneddon Model, and the Bottom Edge Cone Correction 

Model, elucidate the interaction behavior between an AFM-FS probe and a sample of interest.   

Since we are studying vesicle rupture mechanics and the mechanical properties of vesicles, 

comparing these three mechanical models enables us to understand how structure and chemical 

environment affect stability.  This is important when designing the triggered release of internal 

payloads from vesicular structures for drug delivery applications46.  

 

2.3.1 Hertz Model 

The classical model of contact mechanics, the Hertz model, approximates the AFM-FS probe tip 

as a sphere that indents an infinite thick film when the radius of the spherical tip is much greater 

than the indentation47–49.  Therefore it works well when using microbeads at the end of the AFM 

tip50–52, though this yields low resolution. It has been used to study the elastic properties of soft 

materials such as prostate cancer cells53, living fibroblasts54, and hydrogels55.  The Hertz model 

is commonly used to determine the zero-frequency Young’s modulus from AFM data56 by 
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calculating contact stress between the probe tip and sample surface as the stress around the 

contact area between two spheres of different radii. Load (F) versus indentation depth (훿) is 

related by48: 

퐹 =
4
3
퐸푅 / 훿 /

(1 − 푣 )  

where E is the Young’s modulus of the materials. ν is the Poisson’s ratio of 0.5 for vesicles 

considered as incompressible materials in response to uniaxial strain16,57,58.  The Hertz model 

works well when using microbeads at the end of the AFM tip50–52, but this yields low resolution. 

 

2.3.2 Sneddon Model  

In place of the simplification of the AFM-FS probe tip as a sphere in the Hertzian model, the 

Sneddon model considers the probe tip as a conical or paraboloidal tip indenting on a semi-

infinite thick film16, taking into consideration the opening angle of a conical tip, therefore this 

model is more applicable to higher resolution tips.  It is commonly used to model the elastic 

properties of soft materials such as endothelial cells59, adsorbed hydrophobically modified inulin 

films on latex particles60, and HeLa cells61. Load (F) versus indentation depth (훿) is related by62: 

퐹 =  
2
휋 tan 훼 

퐸
1 − 푣 훿  

where 훼 is the opening angle of a conical tip (35 degrees); 퐸 is the Young’s modulus of the film; 

and 푣 is the Poisson’s ration of tLBMs equal to 0.5 assuming a perfectly incompressible material  

in response to uniaxial strain16,57,58.  The Sneddon model is a better fit for higher resolution tips 
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than the Hertz model, but finite thickness differences of the film and substrate cause force 

spectroscopy data to yield overestimate the value of E. 

 

2.3.3 Bottom Effect Cone Correction  

Bottom Effect Cone Correction (BECC) improves the Sneddon model by using the Betti-

Rayleigh reciprocal theorem to correct for finite thickness differences of the film and substrate 

that cause analysis of force spectroscopy data to generate calculated E values higher than the 

actual E value when using the Sneddon model. BECC has been applied to studies of actomyosin 

stress fibers63, cancer cells44, and the erythrocyte membrane40. Load (F) versus indentation depth 

(훿) is related by64: 

퐹 =
8

3휋 퐸 tan휃훿 1 + 1.7795
2 tan 휃
휋

훿
ℎ + 16(1.7795) tan 휃

훿
ℎ  

where 훼 is the opening angle of a conical tip (35 degrees); 퐸 is the Young’s modulus of the film; 

and 푣 is the Poisson’s ration of tLBMs equal to 0.5 assuming a perfectly incompressible material 

in response to uniaxial strain16,57,58.  BECC is better than the Sneddon model, because it corrects 

for the Sneddon model’s overestimation of E. 

 

2.3.4 Summary 

The Hertz model works well for spherical AFM tips, such as microbeads, but it yields low 

resolution.  The Sneddon model, on the other hand, treats tips as cones or parabaloids, therefore 

it is a better model than the Hertz model for higher resolution tips. However, the BECC model 

improves the Sneddon model by accounting for finite thickness differences of the film and 
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substrate that yield calculated E values that are higher than the expected actual value. Thus, the 

BECC model generates better results than the previously-mentioned models. 
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CHAPTER 3. METHODS 

3.1 Vesicle Fabrication 

3.1.1 Materials  

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio) propionate] (DSPE-

PEG-PDP) were obtained from Avanti Polar Lipids (Alabaster, AL).  HEPES at >99.5% purity 

and chloroform at >99.8% purity were purchased from Sigma-Aldrich (St. Louis, MO).  NaCl at 

>99.0% purity was from Fisher Scientific Inc. (Pittsburgh, P A).  Water used in this study was 

purified with a Milli-Q water system (≥ 18.2 MΩ.cm, Millipore Corp., Billerica, MA).  All 

chemicals were used as received. 

 

3.1.2 Preparation of Unilamellar Vesicles 

Large unilamellar vesicles were prepared following an extrusion method17,65.  Vesicles were 

prepared with lipids composition of (i) 0 mol% DSPE-PEG-PDP/100 mol% POPC, (ii) 2.5 mol% 

DSPE-PEG-PDP/97.5 mol% POPC, (iii) 5 mol% DSPE-PEG-PDP/95 mol% POPC, and (iv) 10 

mol% DSPE-PEG-PDP/90 mol% POPC.  DSPE-PEG-PDP and POPC lipids were dissolved in 

chloroform at 1 mg/mL for stock solutions.  Lipids were mixed at desired molar ratios upon using.  

The lipids in chloroform mixture were dried on the bottom of a glass vial by a gentle stream of 

nitrogen and desiccated in vacuum for at least 1 h to completely remove chloroform.  Then, the 

dried lipid mixtures were rehydrated by the addition of HEPES buffer (5 mM HEPES, pH 7.4, 

with 150 mM NaCl) to yield a final lipid concentration of 5 mM.  The resulting lipid suspensions 

were then subjected to five freeze-thaw cycles and extruded 15 times through two polycarbonate 
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membranes with a pore size of 100 nm using a syringe-type extruder (Avanti Polar Lipids, 

Alabster, AL).  

 

3.1.3 Sample Preparation 

A 100 μL aliquot of vesicle suspension with lipid concentration of (i) 0% DSPE-PEG-PDP/100% 

POPC, (ii) 2.5% DSPE-PEG-PDP/97.5% POPC, (iii) 5% DSPE-PEG-PDP/95% POPC, (iv) 10% 

DSPE-PEG-PDP/90% POPC were deposited on an 8 mm × 8 mm Au substrate glued in a fluid 

cell.  Au substrates were prepared via template stripping (TS) method to create a pristine and 

atomically flat surface66.  Vesicles were stabilized on a TS Au substrate at room temperature for 5 

min.  Additional 2 mL HEPES buffer was then added to the fluid cell to keep the sample hydrated 

and maintain a low vesicle concentration during AFM characterization.    

 

3.2 AFM Force Spectroscopy 

AFM allows the local probing of the mechanical properties of a lipid bilayer by exploiting the 

force spectroscopy technique67–71. During a force spectroscopy measurement, the AFM tip briefly 

presses on the supported lipid bilayer and after an initial elastic interaction related to indentation 

of the lipid bilayer, at a critical force value, the tip jumps through the bilayer and goes immediately 

in contact with the underlying support, the substrate. The force value corresponding to the 

breakthrough, or jump through, event marks the bilayer’s stability and the strength of the 

fluctuations in the bilayer72. Several reviews can be found in the literature dealing with the force 

spectroscopy technique for the study of supported lipid bilayers71,73,74.  
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AFM force spectroscopy was performed using a MFP-3D-Bio AFM (Asylum Research, Santa 

Barbara, CA).  Commercial silicon nitride AFM probes (OMCL-TR 400 PSA, Olympus) with 

pyramid-shaped tips and Au coating on the reflective side of a cantilever with a nominal spring 

constant of 0.08 N/m were used for AFM measurements.  The radius of curvature of the AFM tip 

is 20 ± 5 nm, as provided by the manufacturer.  AFM force spectroscopy was carried out at room 

temperature in HEPES buffer under contact mode.  Before force measurement, the AFM cantilever 

spring constant was calibrated by measuring deflection against a hard reference substrate and then 

by the thermal noise method75.   

 

To acquire force curves from vesicles, force mapping in a 32 × 32 array grid pattern was 

performed at randomly approached sample positions.  Before force mapping, sample topography 

was not imaged with AFM to prevent rupture of adsorbed vesicles76.  Force measurements were 

performed with an approaching speed of 1.8 µm/s.  In each force measurement cycle, AFM tip 

retraction was initiated at a trigger force of 3 nN.  Only force curves with two breakthrough 

events attributed to AFM tip penetration through vesicles were analyzed. 

 

3.3 Computational Data Processing 

3.3.1 Approach point and physics of tip-surface interactions 

When an AFM tip is brought close to a sample, the forces typically contributing the most to the 

movement of an AFM cantilever are coulombic and van der Waals interactions.  Figure 2 is a 

plot of force against distance illustrating the relationship between repulsive forces (coulombic 

interactions), attractive forces (van der Waals interactions), and the force response curve (force-

distance curve).  
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Figure 2. Plot of force against distance illustrating the relationship between repulsive forces (coulombic interactions, blue 
curve), attractive forces (van der Waals interactions, green curve), and the force response curve (force-distance curve, green 

curve). 

 

Coulombic interactions are the strong, short-range repulsive force arising from electron repulsion 

by electron clouds surrounding the tip and sample. This repulsion increases as the separation 

decreases. Van der Waals interactions are longer-range attractive forces arising due to temporary 

fluctuating dipoles. As the tip nears a sample, van der Waals forces cause attraction, which 

increases as the tip gets closer to the sample. At small separations the repulsive coulombic forces 

dominate and cause the cantilever to bend as the tip approaches the surface. The combination of 

coulombic interaction and van der Waals interaction results in a force-distance curve similar to 

the red curve in Figure 2, Figure 3c and Figure 4. 
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Figure 3a is a tapping-mode AFM topography image of mica after exposure to POPC vesicles. 

The yellow domain is a POPC lipid bilayer membrane (LBM) patch. The height of LBM 

measured from the corresponding line profile is 4.2 nm as shown in Figure 3b. AFM force 

measurements can be used to confirm the presence of LBM on the substrate, especially when 

LBM forms a continuous layer on the substrate and a topography image could not determine the 

existence of LBM14. Figure 3c is a representative force-distance curve obtained on the yellow 

LBM region shown in Figure 3a. The schematic in Figure 3d describes tip-sample interaction in 

a force measurement cycle. AFM probe approaches the membrane without tip-sample interaction 

from point ‘A’ until initial interaction with the membrane surface at point ‘B’.  Between point 

‘B’ and ‘C’, an AFM probe compresses the soft membrane. Until the force applied by the AFM 

tip exceeds the maximum force that the membrane could withstand, the AFM tip penetrates the 

membrane (point ‘C’ to ‘D’). After point ‘D’, the AFM probe starts to interact with the hard 

mica substrate. The discontinuity between point ‘C’ and ‘D’ is a characteristic for an AFM tip77  

penetrating a lipid bilayer membrane78. The maximum force that a lipid bilayer membrane 

withstands before its rupture is the yield threshold force which indicates the lipid bilayer 

membrane’s stability under compression78–80.  The breakthrough distance (separation between 

point “C” and “D”) relates to membrane thickness81–87. 
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Figure 3. (a) AFM topography images of tethered LBM on TS Au; (b) Line profile corresponding to the blue line shown in (a); 
(c) A representative force curve (extension portion) obtained on the yellow feature shown in (a); and (d) Schematic of tip-LBM 

interaction in force measurements.14  

 

In summary, a breakthrough point is the point at which the AFM tip punctures the membrane 

surface.  It appears in an AFM-Force spectroscopy curve as the sudden dip, which indicates the 

sudden increase in force as the AFM tip encounters resistance from the vesicle membrane, until 

the membrane's resistance threshold is overcome, at which point, as the AFM tip punctures the 

membrane, the resistance is gone, as represented by the sudden decrease in force in the force 

curve, which then gradually increases again as the AFM tip approaches the membrane surface or 
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a new interface.   For a single-layer membrane we have only one membrane layer, therefore only 

one jump in the curve is exhibited as shown in Figure 3c.  For a double-layer membrane or 

vesicle, we have two membrane layers, therefore two distinct jumps in the data is expected 

(Figure 4fA).  In Figure 4fA we have a sample AFM force-distance curve exhibiting two double 

breakthrough points.  
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Figure 4. (a) 1 μm × 1 μm AFM topography images of TS Au after exposure to 2.5% DSPE-PEG-PDP/97.5% POPC vesicles for 
30 min at room temperature and after 20 min of continuous AFM scanning. (b) 5 μm × 5 μm AFM topography image where the 
scan region of panel a is highlighted with a black square. (c,d) 1 μm × 1 μm AFM topography images of 100% POPC on oxygen 

plasma treated TS Au after a 30 min incubation period at room temperature and after 20 min of continuous tapping mode 
scanning, respectively. (e) Higher resolution AFM topography image of POPC/ TS Au obtained after 20 min of continuous 

tapping-mode scanning. (f) Force−distance curves corresponding to two areas shown in panel (e).76 
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3.3.2 Algorithm 

Force-separation data obtained from AFM force spectroscopy were analyzed using an algorithm 

developed in Wolfram Mathematica 10.0 with assistance from Dr. Robert N. Sanderson, which 

processed raw force spectroscopy curves obtained from 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) vesicles grafted with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio) propionate] (DSPE-PEG-PDP) at various 

concentrations (i.e., 0 mol%, 2.5 mol%, 5 mol%, 10 mol%).  Force mapping in a 32 × 32 array 

grid pattern was performed at randomly-approached sample positions.  Only double breakthrough 

points were considered, since a double-breakthrough event indicates the AFM tip ruptures two 

lipid bilayer membranes, which suggests the existence of a vesicle at that point.  Our algorithm 

processes raw force spectroscopy curves and extracts critical points of interest (POI), such as the 

hard wall and rupture point, with which we evaluated the vesicle size, breakthrough distance, and 

breakthrough force of the vesicles scanned.  The algorithm first identified the hardwall as the 

vertical line formed by the points approaching the asymptote representing the AFM tip's contact 

with the sample surface; the average of the points forms a vertical line with a slope of infinity.  

It then identified the critical points when the slope changed sign; in other words, when slope 

changes from a positive to a negative as well as from a negative to a positive, the slope change 

was marked as a POI.  The contact point was determined by locating the point at which the change 

in slope was greater than a background noise level that normalized to a slope of zero. More details 

can be found in Appendix A. 
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A unique aspect of our algorithm is our double verification method: the program locates points of 

interest, and a user can also review the respective curve, and then correct the identified point of 

interest in case there are machine identification errors.  Figure 5 is an image of a force distance 

curve with a double breakthrough; the machine has already identified points of interest (POI), and 

our user dialog allows the user to manually correct the location of the vertical lines in case there 

are any misidentifications by the computer.  To extract the modulus data from the force curves, 

the slope of the unloading curve was found, located between BRK 4 and Contact Point (Figure 5).  

More details can be found in Appendix A. 
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Figure 5. User Dialog indicates and allows user to identify points of interest. 
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CHAPTER 4. RESULTS & DISCUSSION 

When we increase the concentration of DSPE-PEG-PDP relative to POPC, more DSPE-PEG-

PDP molecules are embedded in the POPC vesicle membrane, which should affect various 

vesicle properties, such as size and stiffness. Figure 6 is a schematic of POPC vesicles (blue and 

yellow) embedded with DSPE-PEG-PDP molecules (red) at various mol% concentrations.  

 

Figure 6. Schematic of POPC vesicles (blue and yellow) embedded with DSPE-PEG-PDP molecules (red) at various mol% 
concentrations. 
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4.1 Vesicle Size 

We define vesicle size as the distance between the hardwall and the contact point. In Figure 7 we 

have histograms of the relative frequency of vesicle size (nm) with a bin size of 20 nm for 

DSPE-PEG-PDP/POPC concentrations varying from 0%, 2.5%, 5%, to 10%. One can see the 

trend that vesicle size decreases as DSPE-PEG-PDP/POPC concentration increases from 0%, 

2.5%, 5%, to 10% (Figure 7).  This is attributed to steric hindrance; since DSPE is embedded in 

the POPC membrane, PEG-PDP molecules occupy space outside of POPC vesicles, and 

crowding from PEG-PDP molecules causes the relatively more stable smaller POPC molecules 

to form. 

    

 

Figure 7. Relative frequency of vesicle size (in nanometers) for DSPE-PEG-PDP/POPC concentrations at (a) 0%, (b) 2.5%, (c) 
5%, and (d) 10%. 
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4.2 Breakthrough Distance 

In Figure 8 we have histograms displaying the relative frequency of breakthrough distances (nm) 

with bin sizes of 2 nm for DSPE-PEG-PDP/POPC concentrations varying from 0%, 2.5%, 5%, to 

10%. Breakthrough distance, which is the distance from the hard wall (i.e., average of points 

aligned parallel to the y-axis in force curves) to breakthrough point, increases with increasing 

concentration of DSPE-PEG-PDP/POPC (Figure 8).  Since DSPE is embedded in the POPC 

membrane, and PEG-PDP molecules will occupy space outside of POPC vesicles, we propose 

that this trend is due to steric hindrance from them, which increases breakthrough distance as 

occupied volume increases with increased DSPE-PEG-PDP concentration. 

 

Figure 8. Relative frequency of breakthrough distance (in nanometers) for DSPE-PEG-PDP/POPC concentrations at (a) 0%, (b) 
2.5%, (c) 5%, and (d) 10%. 
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4.3 Breakthrough Force 

In Figure 9 we have histograms displaying the relative frequency of breakthrough force (nN) 

with bin sizes of 0.1 nN for DSPE-PEG-PDP/POPC concentrations varying from 0%, 2.5%, 5%, 

to 10%. Breakthrough force decreases with increased DSPE-PEG-PDP/POPC concentration 

(Figure 9). In one study it was proposed that breakthrough force decreased, because of 

membrane instability introduced by higher temperatures73,86, therefore the disruptive effect of 

introducing DSPE-PEG-PDP molecules to a previously-homogeneous POPC membrane layer 

appears to introduce a similar disorder that creates the membrane instability causing 

breakthrough force to decrease.  

 

Figure 9. Relative frequency of breakthrough force (in nanoNewtons) for DSPE-PEG-PDP/POPC concentrations at (a) 0%, (b) 
2.5%, (c) 5%, and (d) 10%. 
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4.4 Young’s Modulus 

The Young's modulus E can be extracted from the slope of the initial linear region of the experimental 

curves88 according to the thin shell formula89  

 

using the average thickness t from force curves and the radius of curvature RNV of nanovesicles 

absorbed on the substrate considered as spherical caps90  

 

with the height hNV values from force curves and taking the topographical width wNV from the 

topographic profile in the middle of the nanovesicles at the beginning of the experiment88 and 

estimates giving α = 1.73.91 

 

 In Figure 10 we compare two plots which plot the slope (nN/nm) versus vesicle diameter (nm) 

(Figure 10a) as well as the (Slope)×(vesicle diameter) (nN) versus vesicle diameter (nm) (Figure 

10b) for a concentration of DSPE-PEG-PDP/POPC at 0%. When we plot measured slope values 

in the linear region, such as for 0% functionalized vesicles (Figure 10a), we see a curve that 

appears logarithmic. When the slope is multiplied by the vesicle diameter, which also represents 

tip indentation, the y-axis is closer to being constant, especially for larger vesicles (>100nm 

diameter).  Flattening the curves by multiplying the slopes with vesicle diameter helps simplify 

our analysis, especially when we compare different concentrations (Figure 11). 
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Figure 9.  

Figure 10. For 0% functionalized vesicles (a) Slope (nN/nm) vs. vesicle diameter (nm); (b) (Slope)x(vesicle diameter) vs. vesicle 
diameter (nm). 
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In Figure 11, we compare the (Slope)×(vesicle diameter) (nN) versus vesicle diameter (nm) for 

a concentrations of DSPE-PEG-PDP/POPC at 0%, 2.5%, 5%, and 10%, because we are 

interested in seeing the differences between the different concentrations.  To simplify our 

analysis and comparison of different concentrations, we flatten the curves for DSPE-PEG-

PDP/POPC concentrations of 0% DSPE-PEG-PDP/100% POPC, 2.5% DSPE-PEG-

PDP/97.5% POPC, 5% DSPE-PEG-PDP/95% POPC, and 10% DSPE-PEG-PDP/90% POPC 

by multiplying the slopes with vesicle diameter (Figure 11). We see a two-peak trend that 

suggests two distinct conformations are simultaneously present at 5%. 

 

Figure 10 

Figure 11. Mathematically flattened regions for DSPE-PEG-PDP/POPC concentrations of (a) 0 mol% DSPE-PEG-PDP/100 
mol% POPC, (b) 2.5 mol% DSPE-PEG-PDP/97.5 mol% POPC, (c) 5 mol% DSPE-PEG-PDP/95 mol% POPC, and (d) 10 mol% 

DSPE-PEG-PDP/90 mol% POPC. 

.  
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In Figure 12, we consolidate the information from the plots displayed in Figure 11 into one plot. 

After using the thin shell numerical model and inserting numerical parameters as described by 

Calò88, we observed a relative elasticity trend across concentrations of 0%, 2.5%, 5%, and 10% 

for vesicles over 100 nm in height that includes two distinct values at 5% (Figure 12).  

 

 

 

 

Figure 12. Relative elasticity trend across concentrations of 0%, 2.5%, 5%, and 10% DSPE-PEG-PDP/POPC. 0% has 11 force 
maps, with 210 to 256 force-distance curves for each force map; 2.5% has 25 force maps with 132 to 240 force-distance curves 
for each force map; 5% has 5 force maps with 1023 to 1024 force-distance curves for each force map; 10% has 6 force maps 

with 1023 to 1024 force-distance curves for each force map.. 
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Experiments have shown that PEG chain conformations exhibit a mushroom-to-brush phase 

transition between 2.5 mol% and 10 mol% concentrations for tethered lipid bilayer membranes 

assembled on atomically-flat template-stripped gold surfaces92.  In Figure 13 we see the 

relationship between the Young’s modulus, DSPE-PEG-PDP concentration (mol%), and the 

schematic illustration of tLBM structures with lipid composition of (a) 100% POPC; (b) 1−6% 

DSPE-PEG-PDP/99− 95% POPC; (c) 8−10% DSPE-PEG-PDP/92−90% POPC, and (d) 24% 

DSPE-PEG-PDP/76% POPC 92.   

 

Figure 12.  

Figure 13. Relationship between Young’s modulus, DSPE-PEG-PDP concentration (mol%), and the schematic illustration of 
tLBM structures with lipid composition of (a) 100% POPC; (b) 1−6% DSPE-PEG-PDP/99− 95% POPC; (c) 8−10% DSPE-

PEG-PDP/92−90% POPC, and (d) 24% DSPE-PEG-PDP/76% POPC92. 

 

There is an abrupt increase in E after the mushroom-to-brush phase transition due to increased 

PEG grafting density.  E was found to be directly correlated with PEG chain conformation. 
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Results show an initial decrease in tLBM elastic modulus with respect to supported POPC LBM, 

and then an abrupt increase at a DSPE-PEG-PDP concentration of 8% after the mushroom-to-

brush transition has been reported to occur92–94. Higher concentrations of DSPE-PEG-PDP, up to 

24%, results in a further increase in E, and a structural change, also associated with a phase 

transition, is observed in AFM topography92. AFM topography data indicate that PEG chains 

segregate at the rim of bilayer disks at 24% DSPE-PEG-PDP concentration92.  

 

The impact of PEG grafting density on E values, especially with the existence of a mushroom-to-

brush conformation phase transition, suggests that the existence of two E values for 5% vesicles 

is due to the existence of a mushroom-to-brush transition phase as well, and two distinct E values 

represent the existence of two distinct vesicle conformations at 5 mol% concentration. 
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CHAPTER 5. CONCLUSION 

Investigating the mechanical behavior of lipid bilayer membranes is essential to understanding 

the dynamics of cell and vesicle behavior. The mechanical properties of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) vesicles grafted with different 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio) propionate] (DSPE-

PEG-PDP) concentrations were studied using AFM force spectroscopy under buffer 

environment.  The concentration of DSPE-PEG-PDP incorporated into POPC vesicles was 

systematically varied from 0 mol% to 10 mol%.  By increasing DSPE-PEG-PDP concentration 

from 0 ‒ 10 mol%, vesicle size decreases, breakthrough distance increases, breakthrough force 

decreases, and the Young’s modulus (E) decreases slightly. PEG-grafted vesicles are sterically 

stabilized due to the presence of dangling PEG chains outside the vesicle membrane.  We also 

observe two E values exist at 5 mol%, suggesting the existence of two distinct conformations at 

5 mol% concentration. Future experiments investigating the impact of phase transitions, ions, 

and hydration on vesicle formation can further elucidate the distinct mechanical behavior of 

DSPE-PEG-PDP/POPC vesicles. 
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APPENDIX A: PROGRAM CODE 

Data processing was originally done manually, and force curves were noted if they had two 

breakthrough points. 

A user dialog was designed so that the user could simply click through each force curve, and then 

directly mark on the force curve the five points of interest: (BRK1, BRK2, start of Young's 

modulus curve, end of Young's modulus curve, contact point) 

o PointOfInterest1 = breakthrough point 1 

o PointOfInterest2 = breakthrough point 2 

o PointOfInterest3 =  start of Young's modulus curve 

o PointOfInterest4 =  end of Young's modulus curve 

o PointOfInterest5 = contact point 

 The points of interest (POI) are then saved, from which functions extract the POI required 

for calculation. 

Organized functions 

o User Filtering: UserFilter3[FilePath_] 

 By displaying the raw data with points of interest superimposed, the 

function UserFilter3 prompts the user to approve good data, mark points of 

interest on the raw data displayed, and then save the data into 

GoodIndexList.  

o Fast Plotting Function: PlotThings[ParsedData_,POI_,Options] 

 The function PlotThings outputs listplots of data with points of interest 

superimposed. Inputs: 

 Parsed Data 
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 Points of Interest (including contact point) 

 (end—OPTIONAL) additional options available, such as: 

o superimposing another plot 

 Default: otherPlot->{}, showOtherPlot ->False 

 Activate: otherPlot->{}, showOtherPlot->True 

o displaying error messages 

 Default: BadHW->False, BadCP->False, BadBRK-

>False 

 To activate: change 'False' to 'True' 

 Note 

 BadHW = Bad Hard Wall 

 BadCP = Bad Contact Point 

 BadBRK = Bad Breakthrough Point 

o adjusting the plot range 

 Default: customRange->{{-20,100},{-1,5}} 

 To adjust:  

 To change x-axis values, edit {-

20(x_min),100(x_max)} 

 To change y-axis values, edit {-

1(y_min),5(y_max)} 

o Data Importing: ParseFile4[FilePath_] 

 The function ParseFile4 imports and parses the data located at FilePath. 

The data at FilePath must have a header with column names of the form 
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LineXXXXPointXXXXForce_Ext, LineXXXXPointXXXXSep_Ext. 

Parsing the data is necessary, because the data's original format is not 

amenable to data analysis. 

o Points Of Interest: PointsOfInterest3[ParsedData_] 

 The function PointsOfInterest computes breakthrough locations 1-4 (i.e., 

corresponding to 2 breakthough events). Identifies points of interest 

(BRK1-BRK4).  Utilizes Compile, and is –6000 times faster than the 

previous method. 

o Contact Point: ContactPoint3[ParsedData_,POI_,Options] 

 Takes ParsedData and PointsOfInterest as inputs, and then computes the 

contact point, which is appended onto the end of POI. 

o Youngs Modulus Calculation: CalculateYoungsModulus2[POI_] 

 Computes Young's modulus by fitting to the Sneddon and BECC models.  

Note that the only input is POI, which MUST be from ContactPoint3[], with 

showData->True. 

 Smaller definitions used in calculating Young's Modulus include: 

 Theta 

 SneddonForce[delta_, EE_] 

 BECCForce[delta_, EE_, hh_] 

 FitForm[ParsedData_, coords_] 

o Points of Interest – Single Breakthrough: POISB[ParsedData] 
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 The function POISB computes the first two breakthrough points (i.e., the 

breakthrough point and the hardwall contact point). It takes a parsed data 

set as an input. 

o Data Exporting: ExportData[filePath_] 

 The function ExportData exports all objects of the form "bin***", where 

"***" is an integer, counting from ).  The file is exported to filePath. The 

clear function clears out the bins. 

o getM[dataList,arb.param.] 

 The function getM uses list_ and param_ as inputs to determine the slope. 

o getPointX(Y)[dataList,xval] 

 The function GetPointX re-orders the inputted dataList and xVal. 

 The function GetPointY re-orders the inputted dataList and yVal. 

o phaseChangePoint[dataList] 

 From the inputted dataList (list_), the function phaseChangePoint takes the 

slopes (i.e., dxdx or getM) and the positions of the peaks (maxs) to calculate 

the phaseChangePoint. 

o Histogram importing and work: SetDirectory[""] => dat0, dat2p5, dat5, dat10, 

dat24 

 After inputting the directory containing "GoodData" (i.e., data that had been 

filtered and processed to contain only force curves with satisfactory double 

breakthrough events), the function SetDirectory imports and saves the data 

into lists with the naming format d<name of original data file>. 
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o "Hard setting" of d* to compile the list of {BRK1, BRK2, start of Young's modulus 

curve, end of Young's modulus curve} for each respective concentration: 

d0,d2p5,d5,d10 

o Full* Object Loading ("*" is the set number) 

 "full*" objects contain a lot of information.  They are of the form: 

 Full* = { { {xyData}, {POI}, {linearFitIndex1, linearFitIndex2, 

vesicleThickness} } 

o Slope (slopeCalc[full_]) and slope time Rnv (mRCalc[full_]) 

 The function mRCalc[full_] uses the input full_ to generate the value of the 

slope multiplied by Rnv. 

 




