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Lay Summary 

Tiny, gas-filled spheres, or microbubbles (MBs), are commonly used in medical 

clinics as contrast agents to improve the quality of diagnostic ultrasound images. The 

presence of MBs allows us to image very small vascular structures by improving the 

contrast between the boundary of the blood vessels and the surrounding tissue. 

Contrast agent MBs have developed from being simple air bubbles with hard 

coatings of materials like albumin, to the current products which are filled with 

large-molecule gases (compared to air) and soft coatings of phospholipid molecules. 

 

Cell membranes are mostly made up of phospholipids, so they make an excellent MB 

coating material which is happily accepted by the body and which can be easily 

removed by the kidney when they are no longer useful. A MB is several microns in 

diameter (the smallest blood vessels are about 4 microns wide) but the phospholipid 

coating is much smaller, less than 5 nanometres thick. There is much interest in re-

purposing these MBs for other tasks, such as targeted drug/gene delivery and uptake 

which would potentially allow diseases which have a localised site, like a tumour, to 

be treated directly in the affected area; this could greatly reduce the dosage of 

powerful drugs required for treatment and reduce side effects. 

 

While a great deal is known about how MBs behave under ultrasound, much less is 

known about their response to direct mechanical loading, and it is this knowledge 

gap that this thesis seeks to address. In order to investigate the mechanical behaviour 

of these tiny structures, we need a technique which allows us to work on the 
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nanoscale. An atomic force microscope, or AFM, is well suited to this task. The 

AFM uses a small beam, or cantilever, which is of a similar size to a human hair, to 

compress the MB and monitors its response. The loads are very small, down to pico 

newtons, and very precisely controlled. 

 

In this thesis, the AFM is used to investigate the mechanical properties of three 

different types of phospholipid coated MBs: Definity®, BR14 and Sonovue®. The 

MBs are individually compressed with a cantilever quite slowly, and the resulting 

AFM data is used to create force-distance curves which show how the MB responds 

to the load applied by the cantilever. This data is used in conjunction with 

mathematical models which predict how the MB deforms as it is loaded to estimate 

the Young’s modulus of the MB. The models used in this study are the Reissner 

model, the Hertz model, Elastic membrane theory and De Jong theory; these models 

all have different assumptions and are theoretically applicable at different levels of 

MB deformation. We find that at higher deformations, the elastic membrane theory 

can be used but that at very small deformations, further work is needed to develop a 

suitable model.
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Abstract 

Phospholipid coated, inert gas filled microbubbles (MBs) are currently in widespread 

use in medical applications for the enhancement of diagnostic ultrasound images, and 

they are promising candidates for use in the area of targeted drug/gene delivery and 

uptake.  As phospholipid coated MBs were developed for use with diagnostic 

ultrasound, their behaviour under acoustic loading is well investigated, however 

much less is known about their response to direct mechanical loading, which will 

potentially prove important as the range of uses of MBs expands. This is particularly 

true of the existing commercially available MB products. In this thesis, atomic force 

microscopy (AFM) was used to investigate the mechanical behaviour of three types 

of commercially produced phospholipid coated MBs, Definity®, BR14 and 

Sonovue®, at small deformations. Force spectroscopy was used to produce force-

deformation (F-Δ) curves showing how the MBs deform under mechanical loading. 

Definity® MBs were deformed with tipless cantilevers at high deformations (though 

still less than 30% of the initial height of the MB); BR14 and Sonovue® MBs were 

probed with both tipless and tipped cantilevers to investigate both whole-bubble 

deformation and also shell indentation. BR14 was limited to low deformations; 

Sonovue® included both low and high deformations. The F-Δ curves were used to 

evaluate MB stiffness and also in combination with up to four mechanical models to 

predict the Young’s modulus of the MBs. The suitability of Reissner, Hertz, Elastic 

Membrane and De Jong theories for the prediction of the Young’s modulus of the 

MBs was explored. 
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In the case of Definity® MBs no correlation between MB size and stiffness was 

observed; however an unexpected size dependence was observed in the Young’s 

modulus values, possibly due to variations in the thickness of the phospholipid shell. 

The membrane stretching component of elastic membrane theory was found to be the 

most applicable model on these MBs in this higher deformation regime. However, in 

this regime, gas compressibility could play a role and this is not included in the 

model.  

 

We studied the mechanical properties of BR14 MBs at very low deformations using 

‘soft’ cantilevers. In this regime, gas compressibility should play a minimal role and 

there are several mechanical models which may be used. These MBs demonstrated 

decreasing stiffness with increasing diameter, and little variation in Young’s modulus 

with diameter. Hertz and De Jong theories showed more realistic Young’s modulus 

values (compared to other models) with little observable trend. 

 

Sonovue® MBs were used for a more comprehensive study of the small and very 

small deformation regimes using ‘soft’, ‘hard’ and tipped cantilevers. They showed 

no definitive trend in MB stiffness with MB diameter. Hertz and De Jong theory 

were again found to be most suitable. Analysis of curves acquired with tipped 

cantilevers indicated that the stiffness of a localised area of the shell membrane is 

similar to the overall stiffness of the MB and that the apparent Young’s modulus of 

the membrane according to the Hertz theory is also similar to that of the MB as a 

whole. 

 



   

v 

Generally, considering all systems, Reissner theory was found to produce large 

overestimates of Young’s modulus, exceeding expected values by several orders of 

magnitude. Hertz and De Jong theories produced underestimates, though by a much 

smaller margin. Elastic membrane theory worked well and produced realistic 

Young’s modulus values only at relatively high deformation (the stretching term) in 

spite of the fact that gas compressibility is not taken into account. The suitability of 

the models is therefore very dependent on the deformation regime of the experiment. 

It seems that there is scope for better models at low deformation taking into account 

the soft shell of the MB and possibly its specific structure. Precise structural 

information of the MB shells does not exist; it is not trivial to attain and should 

certainly be a topic of future work with additional instrumentation. 
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1. Introduction 

 

Phospholipid coated, inert gas filled microbubbles (MBs) are currently in widespread 

use in medical applications for the enhancement of diagnostic ultrasound images, 

particularly of the heart, [1] liver [2] and kidney. [3] MBs are biologically inert, 

stable and easily cleared from the body once a procedure is complete. They are also 

interesting as a potential mechanism for drug/gene delivery. [4, 5] While a great deal 

of research has focused on the acoustic behaviour of MBs under diagnostic 

ultrasound, [6] less is known about the mechanical properties and response of 

phospholipid MBs to directly applied forces. In order for the technology to bridge the 

gap between contrast agent and delivery vehicle, a more complete understanding of 

how MBs respond to directly applied loads, such as they might be subjected to 

during circulation, is required. It is this gap in knowledge that this thesis seeks to 

address. 

 

Atomic force microscopy is one of several techniques in the area of scanning probe 

microscopy (SPM), a field widely concerned with surface analysis. With an AFM it 

is possible to characterise surface topography with atomic resolution, [7] measure the 

forces required to break intermolecular bonds [8] and conduct 

compression/indentation experiments with contact areas ranging from square 

nanometres to square microns. This technique is therefore well suited to the 

investigation of small, relatively delicate structures such as phospholipid coated 

MBs. 
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This thesis presents a systematic investigation into the mechanical properties and 

behaviour of three different types of commercially developed phospholipid coated 

MBs. Atomic force microscopy is used to gather information about the mechanical 

response of the microbubble to directly applied mechanical loading, and mechanical 

models are used to estimate Young’s modulus values.  

 

Chapter 2 contains a brief summary of the history and uses of phospholipid coated 

MBs as ultrasound contrast agents, the principles behind atomic force microscopy 

and force spectroscopy, and the theoretical background supporting the mechanical 

models used to calculate Young’s modulus from the experimental force spectroscopy 

data. 

 

Chapter 3 describes the experimental and analytical procedures used to gather force – 

distance curves and apply the mechanical models to evaluate estimates of Young’s 

modulus. 

 

Chapter 4 comprises a study of Definity® MBs investigated by force spectroscopy 

with tipless cantilevers at small deformations. The apparent microbubble stiffness is 

evaluated. Mechanical models are used to estimate the microbubble Young’s 

modulus and the potential suitability of these models as descriptors of microbubble 

mechanical properties is discussed. In addition in this chapter, we explain the 

different deformation regimes and we define low and high deformations (within the 

small deformation regime). 
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Chapter 5 is a study of BR14 MBs at very small deformations. Force spectroscopy 

data gathered with tipless cantilevers is used to evaluate stiffness and mechanical 

models applied to estimate Young’s modulus values. The suitability of the models 

and the difference between the low and very low deformation regime is discussed. 

Data from tipped cantilever experiments is also presented, and the membrane 

stiffness and Young’s modulus values are estimated. 

 

In Chapter 6 a final study on Sonovue® MBs is presented. This study involves force 

spectroscopy data with tipless cantilevers analysed at both small and very small 

deformations, and tipped cantilever data at low deformations. The whole 

microbubble and membrane stiffness are evaluated, and the mechanical models are 

used to estimate Young’s modulus values. The suitability of the various models in 

the appropriate deformation regime is discussed, and comparisons are drawn between 

Sonovue®, BR14 and Definity® MBs.  

 

Chapter 7 contains the final conclusions and suggestions for potential future work. 
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2 Background and Theory 

2.1 Phospholipid Coated Microbubbles 

 

While a great deal of research has focused on the acoustic behaviour of MBs under 

diagnostic ultrasound, [1] less is known about the mechanical properties and 

response of phospholipid MBs to directly applied forces; this thesis seeks to address 

aspects of this knowledge gap, specifically in the case of existing commercially 

available products. The following section will introduce the phospholipid coated MB 

in more detail, describing its development, structure and the underlying physics 

which make the phospholipid MB both useful and versatile. 

 

2.1.1 Ultrasound Contrast Agents 

 

The use of gas MBs as ultrasound contrast agents (UCAs) was first reported by 

Gramiak and Shah [2] as an explanation for an accidental discovery on the part of Dr 

Claude Joyner in the late 1960s. While studying cardiac output, Joyner reported an 

increased ultrasound signal immediately following the injection of a dye into the 

ventricle of a patient. [3] Gramiak and Shah suggested and demonstrated that this 

effect was due to gas MBs forming at the tip of the injection needle. [4] From this 

initial discovery, the use of MBs as UCAs for clinical use has broadened into a wide 

field of study. 
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Ultrasound imaging works on the principle of applying an ultrasound pulse at a 

specific site and recording how the signal is reflected or scattered. The 

reflection/scattering signal is then used to create an image of the area under 

investigation. The presence of MBs in a biological system improves ultrasound 

imaging contrast because the gas bubble is less dense than the surrounding tissue. 

The density change at the boundary causes a decrease in velocity of an incident 

ultrasound wave passing from tissue into a MB. This change in acoustic impedance 

between the MBs and the surrounding tissue increases the scatter of the ultrasound 

signal, making the area more clearly visible and defined in the resulting image. A 

material having the ability to significantly increase ultrasound scatter is said to have 

a high scattering cross section. Linear scatterers which are much smaller than the 

incident ultrasound wavelength have a scattering cross section σ, as given below:[1]  
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R is the radius of the scatterer (>>λ), λ is the wavelength, (k=2π/λ) is the 

wavenumber, s  is the compressibility of the scatterer,   is the compressibility of 

the surrounding medium, s  is the density of the scatterer, and   is the density of 

the surrounding medium. From this equation it can be calculated that gas MBs have a 

greater scattering cross section than either solid or liquid particles. [5] It must also be 

noted MBs interact strongly with an applied ultrasound wave; rather than remaining 

static they may oscillate, jet, coalesce or fragment. [1] 



Chapter 2   Background and Theory 

13 

 

While simple air MBs have a good scattering cross section, they do not have a long 

circulation time in the blood, collapsing very quickly due to the effects of surface 

tension. Epstein and Plesset [6] calculated that an unencapsulated air bubble with a 

diameter of 10 µm would dissolve in less that 7 seconds even in an air-saturated 

water solution (less than 2 seconds if the solution was degassed); a timeframe which 

is too short for clinical applications. The discovery that coatings on the MBs could 

counter the effects of surface tension [7] allowed for the development of commercial 

UCA systems, the first of which, Albunex®, used serum albumin as the MB coating 

agent. The lifetime of these MBs was still quite short due to the relatively swift 

diffusion of air through the albumin coating. [8] To counter this, subsequent systems 

filled the MBs with a high molecular weight gas such as a perfluorocarbon or sulphur 

hexafluoride, [9] further improving the MB lifetime. Albumin as a coating material is 

relatively stiff, and tends to rupture permanently if a critical strain is exceeded, [10] 

so other materials such as polymers and phospholipids were developed as potentially 

more robust coating materials. Phospholipid coatings in particular were found to be 

effective MB stabilisers, as well as being more flexible and significantly more 

resistant to rupture than their albumin counterparts, even after large amplitude 

oscillations were applied. [11] 

2.1.2 Structure and Assembly of Phospholipid Coated MBs 

 

Phospholipids are a class of lipids which are found commonly in biological contexts; 

particularly as the major component of cell membranes. A phospholipid molecule 

comprises a hydrophilic headgroup containing a phosphate group and a glycerol 
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molecule connected to two hydrophobic tails of long chain fatty acids, usually hydro- 

or fluourocarbon chains. A schematic example of a phospholipid molecule can be 

seen in Figure 2.1.  

 

 

Figure 2.1 Example of a typical phospholipid molecule, dipalmitoylphosphatidic acid DPPA. 

Images obtained from Avanti Polar Lipids, Inc [12] 

 

Due to their amphipatic character, when agitated in an aqueous solution the 

phospholipids will either self assemble into bilayer structures, or at a liquid – gas 

interface (such as the surface of a MB) phospholipids may orient themselves so that 

the hydrophilic heads face the water and the hydrophobic tails point into the gas 

region. Whether a bilayer or a monolayer is formed at an interface depends on the 

details of the individual system; the phospholipids will adopt the most energetically 

favourable configuration.  
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The details of the hydrophobic tails are very important in MB applications as altering 

the length of the hydrocarbon chain affects properties such as surface tension, surface 

viscosity, gas permeation resistance and buckling stability of the resulting shell. [13] 

Examples of phospholipids commonly used for MB coatings include 

dipalmitoylphosphatidic acid, DPPA, and dipalmitoylphosphatidycholine, DPPC. 

 

A common feature of phospholipid MB coatings is the presence of poly(ethelyne 

gylcol) (PEG) groups grafted onto a proportion of the phosohplipid molecules. These 

long chain molecules extend from the surface of the MB forming either mushroom 

structures or a brush layer, depending on the proportion of PEG; this creates an 

exclusion zone some Angstroms (Å) thick at the membrane surface [14] which helps 

inhibit MB aggregation.  

 

MBs can be formed by numerous different methods, though phospholipid MBs are 

most commonly produced by sonication or microfluidic processing. Of these 

methods, sonication is the most commonly used, particularly in the manufacture of 

commercial phospholipid coated UCA MBs. In this process, high intensity 

ultrasound is used to induce the formation of gas MBs in a suspension of the desired 

coating material, in our case phospholipids. [15-17] Once the MBs are formed, the 

phospholipids self-assemble into a coating. These coated MBs are then washed clean 

of excess phospholipids and re-suspended in another liquid, usually saline, before 

use. This method produces coated MBs across a range of sizes, the precise 

distribution of which depends on the properties of the applied ultrasound pulse. Any 
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large diameter MBs must be filtered out before use as they could potentially cause an 

embolism in a patient. [8] 

 

Monodisperse solutions, or solutions having a very narrow size distribution, can be 

achieved with microfluidic devices. This technique is less common commercially, 

but is quite well established for the preparation of MB suspensions. These devices 

involve creating a t-junction where a gas flow meets a liquid flow, with flow rates 

and pressures such that the gas forms a jet which is surrounded by the liquid. Once 

the jet exceeds a certain distance past the meeting point, the gas-liquid interface 

becomes unstable and a MB is formed by a “pinch-off” process.[18] A schematic can 

be seen in Figure 2.2. This process produces very monodisperse MBs, but at the 

expense of MB yield when compared to the sonication method. 
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Figure 2.2 Schematic of a microfluidic T-junction device: (a) system apparatus and (b) junction 

geometry. Image obtained from [18] 

2.1.3 Other Therapeutic Applications of MBs 

 

There has been a great deal of interest and research into the possibility of using 

phospholipid coated MBs as a method of delivering drugs/genes to specific sites in 

the human body, as well as improving the resulting drug/gene uptake. Drugs can be 

incorporated into MBs in several ways, they can be enclosed within the MB, 

embedded in the membrane, attached to the membrane or contained in a thin oil layer 

on the inside of the membrane. [19] The method of incorporation/attachment 

depends on the type of substance to be transported. Once the MBs have been 

administered, ultrasound is applied to the target area in order to induce MB 

destruction in a process called cavitation. The payload is then released from the MB 

to be absorbed by the surrounding tissue. It is also possible to incorporate targeting 
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ligands into the membrane, [20] or onto a PEG group [21] so that MBs will be 

attracted to a particular site. The effectiveness of MB targeting has been 

demonstrated quite extensively both in vitro and in vivo. [13, 19] Even without 

incorporating a drug payload, the presence of MBs can increase the uptake of drugs 

in a region targeted by ultrasound. This is an extension of the effect of sonoporation, 

which is defined as “transient membrane permeabilisation and uptake of extracellular 

models into cells with the assistance of ultrasound and/or MBs.” [22] While 

ultrasound alone increases membrane permeability sufficiently to improve uptake of 

molecules, MBs oscillating in close proximity to other membranes such as cell walls 

enhances this effect. Cell permeability returns to normal after the cessation of 

ultrasound. If a MB is subject to cavitation and consequent destruction, high velocity 

micro-jets may be produced which also cause the temporary rupture of nearby 

membranes. This effect has been utilised to allow access to areas which are normally 

resistant to drug uptake, such as across the blood-brain-barrier (BBB). [23-25] 

2.2 Atomic Force Microscopy (AFM) 

 

The continuing development of MB technology is dependent on building an 

understanding of the mechanical properties of the MBs in addition to their acoustic 

behavior. Various techniques to elicit a deformation of MBs are available; such as 

micropipette manipulation [26, 27] or osmotic swelling, [28] but it is the 

development of AFM which has provided us with the ability to measure the 

mechanical response of MBs with nanoscale force resolution. AFM has already 
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provided insights into the mechanical behavior of polyelectrolyte microcapsules [29] 

and other soft particles[30] in the size range of ultrasound contrast agent MBs. 

2.2.1 General Principles of AFM 

 

Atomic force microscopy (AFM) is the most versatile of the scanning probe 

microscopy (SPM) techniques, combining the principles of scanning tunnelling 

microscopy (STM) and stylus profilometry to enable the investigation of the surface 

profile of non-conducting surfaces on the atomic scale. It was invented by Binnig, 

Quate and Gerber, in 1986, [31] following on from their Nobel prize winning 

invention of the STM. There has since been further development into techniques 

such as Kelvin probe[32] or magnetic force microscopy, [33] but the AFM remains 

the most widely used technique as it is capable of investigating widely varying 

phenomena.  

 

The basic principle of AFM is that a surface can be investigated by using a tiny 

probe attached to a soft cantilever to physically interact with or “feel” a sample 

surface. The cantilevers in question are of the order of 100 µm in length and 0.5 µm 

thick, small and soft enough to avoid damage to sensitive surfaces. The probe at the 

end of the cantilever may be a sharp tip, with an end radius of some nanometres, or a 

larger structure such as a colloid particle with a radius of a few microns. The type of 

probe depends on the experiment being carried out; an imaging experiment requires 

the sharp tip for high resolution, whereas a force experiment may require a relatively 
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large contact area which can be provided by the colloid. It is also possible to use a 

bare cantilever with no tip at all.  

 

Figure 2.3 Schematic representation of an AFM configuration. Image obtained from Baclayon 

et al. [34] 

 

A schematic AFM set up is illustrated in Figure 2.3. The cantilever tip is moved in 

and out of contact with the sample in the normal direction. Depending on the 

individual instrument, this is done by altering the height of either the cantilever or the 

sample. [35] This movement is controlled by the use of piezoelectric materials which 

expand or contact proportionally to an applied voltage. The size changes in these 

crystals are small and precise, and the response to changing voltage is very quick, 

making them ideal for use as actuators in an AFM. When the tip is in contact with 
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the sample, the cantilever will be deflected. This deflection is monitored by a laser 

beam which is focussed onto the end of the backside of the cantilever. The reflected 

beam hits a photodetector which monitors how the reflected angle of the beam 

changes; an indicator of the cantilever deflection. [35]  

 

The most widespread use of AFM is for the generation of topographic images of 

sample surfaces. The cantilever is moved in a raster scan pattern over a surface area 

of up to several square microns and the height information gathered is used to 

produce a relief image of the surface with very high resolution. [36] During 

scanning, the tip can either be in continuous contact with the surface, known as 

contact mode, or in intermittent contact with the surface, known as tapping mode. In 

both cases, as the tip moves across the surface of a sample a continuous feedback 

system alters the voltage to the z-axis piezo crystal in response to changes in sample 

height, maintaining contact with the sample and preventing damage to the sample 

and/or the tip due to excessive loading forces. [35] This is achieved by the use of a 

continuous feedback system. 

 

Contact mode measurements are the simplest to describe, as they can be likened to a 

gramophone needle moving across a record. The dynamics of the system are quite 

complicated, however, as the movement of the cantilever in the horizontal plane may 

subject the cantilever to significant torsional forces, particularly if the sample is quite 

“sticky”. There is also a risk of damaging a soft sample by ploughing furrows into it 

with the tip. On hard surfaces, however, the resolution of the images is excellent, and 
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the changes in torsional loading can be used to infer boundaries between different 

materials on the same sample and also the coefficient of friction of the surface. [37] 

 

In tapping mode, the cantilever is oscillated at close to its resonant frequency then 

brought close to the sample surface so the tip “taps” against the surface. [38]  The 

contact between the tip and the surface is not constant, but the frequency of contact is 

high, several hundred kilohertz in air. This is particularly advantageous when 

imaging soft materials as a visco-elastic hardening effect occurs, making the sample 

appear harder and protecting it from damage caused by the tip. [39] Biological 

materials are predominantly imaged in tapping mode for this reason. In addition, the 

lag between the driving frequency of the piezo crystal and the measured response of 

the cantilever can be used to make inferences about the surface properties.[36, 40] 

Thoughtful use of the two basic modes of AFM has led to the development of 

various other techniques, including force spectroscopy; this is the technique used in 

this study and is described in detail in the following section. 

 

2.2.2 Force Spectroscopy 

 

Force spectroscopy is effectively a contact mode technique which is used to gather 

information about how materials respond to directly applied loads. The very small 

interaction area between tip and sample and the nature of the cantilever as a soft 

spring yields a system sensitive enough to accurately measure very small forces, 

down to the order of pN. This is the order of magnitude of forces required to break 
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intermolecular bonds such as hydrogen bonds. [35] Controlled application of this 

level of forces is also useful for the compression or indentation of very soft materials, 

including the phospholipid membranes which are the subject of this study. 

 

During force spectroscopy measurements, the cantilever starts at a distance away 

from the sample, is moved into contact with the sample until a desired cantilever 

deflection is reached, then retracted to the original distance from the sample. The 

cantilever deflection is recorded throughout the approach-retract cycle and in 

conjunction with the piezo displacement data is used to create force – distance 

curves. This technique does not involve the raster scanning in the x – y direction 

required for imaging as the approach – retract data is gathered at a single location; 

however the most recently developed AFMs often use the two techniques 

simultaneously.[41] The data collected by an AFM is simply the piezo position at 

every point in the experiment, and the deflection of the cantilever tip. Knowledge of 

the precise elastic properties of the cantilever used to take the measurements allows 

us to quantify the forces applied during the experiment; the data can be transformed 

from deflection – position to force – distance. Figure 2.4 shows an idealised force – 

distance curve and highlights the main regions of importance.   
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Figure 2.4 An ideal force distance curve highlighting regions of importance. A: Non-contact and 

approach. B: Snap in to contact. C: Approach in contact with increasing cantilever deflection. 

D: Retract in contact with decreasing cantilever deflection and hysteresis. E: Contact past 

original contact point due to adhesion forces. F: Retract out of contact. Image Obtained from 

Shahin et al. [42] 

 

In region A, the cantilever is in free space above the surface at a distance exceeding 

the range of any surface interactions. The cantilever is then lowered by the piezo 

actuator, closing the gap between the cantilever and the sample. At B, the cantilever 

is close to the surface and attractive van der Waal’s forces cause a sudden deflection 

of the cantilever to bring it into contact with the surface. [43] This is known as a 

“snap in” to contact. In region C, the piezo movement continues at a fixed rate of 

some microns per second until a threshold piezo position is reached. This causes a 

continuous increase in cantilever deflection which is ideally linear, or close to linear. 

In this region, the material under the cantilever is subject to compression and may be 

deformed or indented, depending on the relative stiffness of the material and the 

cantilever. In region D, the piezo motion is reversed, and the deflection of the 
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cantilever decreases, usually with some small hysteresis between the approach and 

retract curves. [44, 45] This linear change in deflection continues beyond the position 

of contact on the approach curve due to adhesion forces between the tip and the 

sample. In this region, the cantilever deflection is in the opposite direction to the 

deflection during contact. In the case of samples tested in air, these forces are often 

predominantly capillary forces which arise due to the presence of atmospheric water, 

particularly when tipless cantilevers are in use. [46] In aqueous conditions, adhesion 

forces may be attributed to the inherent “stickiness” of the sample. The size of this 

region varies greatly depending on the material being investigated. Once the force of 

adhesion is overcome, the cantilever breaks free of the surface and resumes its 

equilibrium position as the piezo retraction continues, as in region E. The cantilever 

continues to retract in region F and ends the cycle in the same position is it began, a 

sufficient distance from the surface to avoid any surface interactions. 

 

The resulting force – distance curves are a composite of the behaviour of the 

cantilever and the surface or structure beneath it. It is therefore necessary to isolate 

the behaviour of the sample. This is done by subtracting the vertical deflection of the 

cantilever from the position of the piezo at each point along the curve. On an 

infinitely stiff surface, these two values will be always be equal i.e. there will be no 

deformation of the surface. On a material with stiffness comparable to that of the 

cantilever, the difference between the two values is equal to the deformation or 

indentation of the sample. This results in a force – deformation curve which shows 

the deformation behaviour of the sample alone. The change from force – distance to 

force – deformation is illustrated schematically in Figure 2.5. 
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Figure 2.5 Schematic illustration of the transformation from Force – Distance to Force – 

Separation. Red: infinitely hard surface; Blue: soft surface. 

 

2.2.3 Limitations and Artefacts in AFM 

 

Whilst the AFM can be used to investigate a wide and varied range of materials, it 

does have limitations. In the case of force spectroscopy, the major limiting factor is 

in the system sensitivity. [35] When a cantilever is pressed against a hard surface, the 

resulting cantilever deflection should be indefinitely linear, however in actual 

measurements there is a limit to the measured linear region. Once a threshold 

deflection, δt, is exceeded, the force – deformation (F–Δ) curve for a hard surface 

gradually ceases to be linear, as illustrated in Figure 2.6.   

 



Chapter 2   Background and Theory 

27 

 

Figure 2.6 A schematic F–Δ curve of a cantilever against a hard surface showing deviation at 

high force. This measurement artefact can be seen on both the approach (red line) and retract 

(blue line) curves. 

The extent of the linear region is affected by interplay between cantilever properties, 

the laser beam shape and the photodetector alignment; a non-circular beam shape has 

a large effect on system sensitivity, as does the initial positioning of the beam on the 

photodetector. If the cantilever is very soft, relatively large deflections of the 

cantilever can be incurred at relatively low forces, so these effects must not be 

neglected. 

 

2.3 Theoretical Background of the Mechanical Models 

 

The main aim of this thesis is to explore the mechanical properties of phospholipid 

MBs, particularly the Young’s Modulus. For a simple elastic solid, the Young’s 

modulus E can be taken as the gradient of a stress-strain (σ-Υ) curve within the linear 

elastic region i.e. 
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E          (2) 

 

In the case of thin shelled structures such as MBs, however, the situation is 

complicated by the system geometry and this simple relationship is no longer valid. 

It is necessary to use a more detailed mechanical model in order to describe the 

behaviour of the MBs and assess their Young’s Modulus. This work focuses on 

several mechanical models which are used in conjunction with experimental data to 

investigate the Young’s Modulus of phospholipid MBs. These models are: the 

Reissner approximation, elastic membrane theory, Hertz theory and in Chapters 5 

and 6, De Jong theory. The following sections contain a description of each model 

and also a brief summary of their previous use in applications relevant to this thesis. 

 

2.3.1 General Notation 

 

In order to account for the variations in diameter of individual MBs it is convenient 

to define a dimensionless parameter to describe the degree of deformation which can 

be used to allow straightforward comparison between different bubbles. For the 

purposes of this thesis, the term relative deformation, ε, has been adopted. [42] It is 

defined as change in bubble height, ΔD, (change in diameter) divided by the initial 

bubble height, D0, (initial diameter): 

 

0D

D
          (3) 
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The stiffness (kb) of a MB is obtained from the gradient of the force-deformation (F-

Δ) curves, where according to Hooke’s Law, kb is a function of the applied force (F) 

divided by the MB deformation (Δ); i.e.  

 




F
kb          (4) 

 

2.3.2 Reissner Approximation 

 

The first model to be considered in this investigation is the Reissner theory. When 

applied to stiff shelled MBs, the Reissner analytical solution has been demonstrated 

to be a good predictor of polymer MB properties, [48] yielding values for Young’s 

Modulus which correlate well with those of the corresponding bulk polymer. For this 

reason the Reissner theory was the first model to be considered in the investigation 

of phospholipid shelled MBs. 

 

This model takes as its basis the classical theory of thin shell deformation as outlined 

by Landau and Lifshitz. [49] This analytical solution for the mechanical behaviour of 

shallow spherical caps [50, 51]  is applicable to isotropically-elastic thin-shelled 

microbubbles under small deformations. Using this analytical solution, the Young’s 

Modulus of a thin shell MB having an initial radius R0 and shell thickness h is 

described by 
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Where E is Young’s modulus, υ is Poisson’s ratio and s is the gradient of the linear 

region of the force-deformation curve. [48] This allows the YM to be calculated from 

the same curves as are used to calculate MB stiffness. 

 

This expression can be modified by replacing s with F/ε and rearranging to 

demonstrate the relationship between applied force, F, and relative deformation as 

below: 
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When simplified, the Young’s modulus of the MB shell is therefore 
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An important limitation on the application of this theory is the requirement for small 

deformations. Strictly speaking, the Reissner approximation is only valid where the 

loading of the MB is point-like, however Elsner et al. [52] showed by AFM force 

spectroscopy measurements of polymeric shells in conjunction with finite element 
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analysis the theory can be applied to systems having non-point like loads and over 

large contact areas. The Reissner solution has been used in studies on polymer 

microbubbles, [48, 53] microcapsules [48, 53, 54] and phospholipid vesicles, [55, 56] 

when a linear relation was observed at the initial stage of the F-Δ curves. 

 

2.3.3 Hertz Theory 

 

Hertz theory is a generalized solution for the elastic deformation of two 

homogeneous, semi-infinite spheres in contact; [57, 58] though it may be adapted for 

other geometries such as sphere – plate. [47] The original Hertz model describes the 

deformation behaviour of fully elastic, homogeneous spheres. [59, 60] The 

assumption of homogeneity means that a Young’s modulus calculated by this method 

is an ‘effective’ Young’s modulus of an equivalent sized homogeneous sphere, rather 

than the Young’s modulus of the actual shell. This is in contrast to the other theories 

used in this study, which evaluate shell properties. Numerous studies on cells and 

vesicles have made use of the Hertz model to estimate Young’s modulus, [47, 61-65] 

and this broad comparison range is the reason it was selected for use in this study. 

The basic theory can be adapted for use in different types of experiment, such as the 

use of colloid probes of much larger diameter than the structure under test, [47] or 

the use of tipped cantilevers which have a much smaller radius than the test 

structure.[61] 
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This model assumes that deformation occurs only in the area of contact and that the 

rest of the object remains spherical, as illustrated in Figure 2.7; this assumption holds 

whether or not the cantilever has a tip. It is notable that the use of Hertz theory 

assumes that any adhesion between tip and sample is much smaller than the applied 

load, which is to be expected in the case of the aqueous experiments described in this 

study. We expect this model to be of use only in the case of very small deformations, 

when the assumption of homogeneity is least egregiously violated. 

 

 

Figure 2.7 Deformation of MBs according to Hertz theory with an untipped cantilever (A) and a 

tipped cantilever (B). 

 

 

For the case of tipless cantilevers, which approximate a sphere – plate geometry, we 

reference the work of Lulevich which studied the behaviour of cells and used Hertz 

theory to calculate the relationship between force and deformation according to the 

following [47]: 
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The Young’s modulus can be obtained using the Hertz theory by taking the gradient 

of the linear part of the F-3/2
 curve. The use of non-linear axes in an F-3/2

 curve 

allows us to use linear fitting techniques and isolates very clearly the deformation 
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regime which is applicable us, i.e. the linear region. Linear regression is used to find 

the gradient of this region, and this result can be used to evaluate Young’s modulus 

according to the following equation (a re-arrangement of equation 8): 
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Experiments which make use of tipped cantilevers can also be analysed using the 

Hertz model. The radius of the tip is much smaller than that of the MB, so we still 

consider the geometry to comprise a sphere against a flat surface, however the 

contact region is now defined by the tip radius, so a different expression of Young’s 

Modulus is necessary. We have chosen to use the relationship as described by Hu et 

al.[61]. 
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Where δ is indentation and RTip is the radius of the end of the cantilever tip. We 

assume in this case that all of the measured sample deformation is indentation of the 

contact region. We then replace δ with ε, and rearrange (10) to give: 
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Which can be used for fitting as in the case of tipped cantilevers. 

2.3.4 Elastic Membrane Theory 

 

Elastic membrane theory has been used by others to analyse the behaviour of 

phospholipid shell structures [54, 66]. It relies on membrane theory and the bending 

and stretching energy associated with the deformation of the capsule. When used to 

analyse the behaviour of living cells, the assumptions of the model were in 

agreement with observed behaviour and the estimates of Young’s modulus were 

similar to those produced by other methods. [47] 

 

For the purposes of this model, the bubble is assumed to have an impermeable 

membrane; [47] thus maintaining constant volume during compression (assuming 

compression is small). This being the case, when the bubble is compressed, any 

increase in pressure within the bubble is homogeneous. Upon compression, initially 

the membrane is assumed to deform only in the approximately circular contact area 

between the bubble and the cantilever i.e. the membrane will bend locally in 

response to the applied load as in Figure 2.8 (A). Outside the contact area, the bubble 

will maintain its undeformed shape. 
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Figure 2.8 (A) Initial deformation only due to membrane bending in the contact regions. (B) As 

deformation continues, the membrane out of the contact region stretches, increasing the surface 

area of the MB.  

 

As the applied load increases, the deformation becomes more global, with a 

homogeneous increase of pressure within the bubble. This increase in pressure is 

countered by stretching of the bubble shell i.e. increased MB surface area as shown 

in Figure 2.8 (B). It is then possible to balance the forces in the system using the 

following [47]:  
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where Fm is the applied force and Em and υm are the Young’s modulus and Poisson’s 

ratio of the membrane. It is possible to calculate the ratio between bending and 

stretching terms of equation 12 as follows: 
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From this ratio, it is possible to predict whether the membrane deformation is 

predominantly bending or stretching. It can be seen from Figure 2.9 that initially, the 
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deformation is almost exclusively membrane bending, however as relative 

deformation increases, the contribution of membrane bending decreases compared to 

that of membrane stretching up to a critical value for ε beyond which the ratio 

05.0SB FF  and the contribution of membrane bending can be considered 

negligible. It can also be seen that there will be a region where both membrane 

bending and stretching must be considered. In cases where membrane bending is the 

predominant mode of deformation, when 05.0BS FF  membrane stretching can be 

neglected. 

 

 

Figure 2.9 The relationship between relative deformation, ε and the ratio of membrane bending 

to membrane stretching. εcritical is defined as the point where FB/FS < 0.05. 

 

In order to apply this theory, we select the most appropriate deformation regime and 

rearrange equation 12 to extract the Young’s Modulus. This yields the two following 

expressions, one for each regime: 
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As using these expressions directly would involve non-linear fitting, we use the same 

method as described in Section 2.3.3, transforming the F–d curves into F–ε
3
 or F–ε

1/2
 

curves as appropriate, then fitting by linear regression. 

 

This model shares a limitation with the Reissner approximation in that it accounts 

only for the properties of the bubble membrane, and not at all for the bubble 

contents.  

 

These three models have been applied in the following experimental chapters; 

however Chapters 5 and 6 include an additional mechanical model.  

 

2.3.5 De Jong Theory 

 

De Jong and coworkers [67] have proposed a model which describes the acoustic 

properties of MBs that includes a term developed from an earlier work by Reismann 

[68] explicitly defining the contribution of the shell assuming constant shell 

thickness and perfect elasticity. The shell elasticity is calculated from a relationship 
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between the change in MB radius and the difference in pressure inside and outside of 

the MB. When h << R0 (as in the case of phospholipid coated MBs) the term can be 

simplified and the Young’s modulus is linked to MB stiffness (kB) by the following 

[67]:  
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This can be rearranged to the form: 
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This is a linear expression which can be applied directly to a Force – deformation 

curve in the same way as the Reissner theory. 
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3 Experimental Apparatus and Procedures 

 

This chapter describes in detail the experimental procedure used to carry out the MB 

compression experiments which form the basis of this investigation, and also the 

analytical procedure used to interrogate the resulting data. These procedures remain 

broadly the same even when the MBs under investigation vary; it is therefore 

convenient to describe the overall process in detail at this point. Subsequent chapters 

will detail experiments on three distinct formulations of phospholipid coated MB and 

additional specifics of both experimental and analytical procedures are detailed there. 

 

3.1 Sample Preparation 
 

In order to conduct compression experiments on MBs, it is necessary to immobilise 

them on a surface. This can be done either mechanically, which is the method used 

here, or chemically. [1] In our procedure, the first step is to coat the bottom surface 

of an appropriate cell culture dish with a 1:10 solution of poly-L-lysine (v/v) (Sigma-

Aldrich Co., St. Louis, MO). The surface chemistry of the dish is important as 

standard dishes are hydrophobic and resistant to wetting by the poly-L-lysine. For 

this reason we used treated dishes such as Greiner Cellstar® (Greiner Bio-One 

GmbH, Germany). The excess poly-L-lysine is then washed away with deionised 

water. The next step takes advantage of the natural buoyancy of the gas-filled MBs to 

attach the MBs to the surface of the dish. A bowl larger than the prepared cell culture 

dish is filled with deionised water (resistivity 18 MΩ cm) and approximately 0.3 ml 
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of MB suspension is added. The cell culture dish is then inverted, and placed gently 

on the surface of the water. Details of the preparation of the different MB 

suspensions can be found in subsequent chapters. The floating MBs then come into 

contact with the poly-L-lysine coated surface of the cell culture dish, where they 

become gently stuck in place. A schematic of this procedure can be seen in Figure 

3.10. The dish can be repositioned every few minutes to vary the section of the dish 

which is in contact with the MBs. An incubation time of around ten minutes is ideal 

to generate a sufficient area of adsorbed MBs. Excess, mobile MBs are then removed 

by gentle washing with deionised water and saline is added to a depth sufficient to 

cover the MBs and the AFM tip, ready for the compression experiments.  

 

 

Figure 3.10 Schematic of MBs being attached to a poly-L-lysine coated petri dish 
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3.2 Apparatus 

 

Figure 3.11 is an image of the experimental apparatus used throughout this 

investigation. The main components are indicated on the image and are described in 

more detail below. 

 

Figure 3.11 Image of experimental apparatus, MFP 1-D mounted on an inverted optical 

microscope 

 

All the MB compression experiments were conducted using the molecular force 

probe (MFP 1-D) (Asylum Research, Santa Barbra, CA). This instrument is 

specifically designed to carry out accurate and precise force experiments and as such 

it does not have the capacity for raster scanning which is present in AFMs which 

produce surface images.  
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Figure 3.12 Schematic of MFP 1-D during a MB compression experiment. 

 

Figure 3.12 is a schematic representation of the MFP 1-D during an experiment. A 

piezoelectric actuator raises and lowers the fixed end of the cantilever vertically with 

respect to the surface being investigated and the vertical deflection of the free end of 

the cantilever is measured by a photodetector which records changes in the incident 

angle of the laser beam reflected off the back surface of the cantilever. The data 

output from the MFP-1D is therefore the linear voltage differential transformer 

(LVDT) position in nm (i.e. the piezo position) and the photodetector voltage (i.e. a 

measure of cantilever deflection). This data is interrogated using the MFP 1-D 

software which runs in IGOR Pro v.4.0 data analysis software. The photodetector 

voltage is automatically converted to a vertical deflection, subject to cantilever 

calibration, which is discussed in section 3.2.1. Within the IGOR software it is 
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possible to control the behaviour of the MFP-1D during the experiment, and control 

variables such as the ‘length’ of the curve (the vertical distance through which the 

piezo actuator lowers the cantilevers), the data sampling rate and the speed of 

cantilever approach. It is also possible to impose a ‘dwell’ time where the cantilevers 

are kept stationary either between curves, or mid-curve while the cantilever is in 

contact with the surface/structure being tested. 

 

The MFP-1D is mounted on an inverted optical microscope (Nikon TE2000U, Nikon 

UK Limited, Surrey, U.K.), used in reflection mode. The microscope can then be 

used to position MBs relative to the AFM cantilever for compression experiments. 

Attached to the optical microscope is a digital camera (Orca-ER C4742-80, 

Hamamatsu Photonics, Hamamatsu, Japan) which allows images of the MBs to be 

captured at high resolution. Image analysis software IPLab v3.7 (BD Bioscience 

Bioimaging, Rockville, MD) is used to process images of the MBs. Images recorded 

using the 60× objective are used to calculate MB diameter with approximately half-

micrometer accuracy. [2] 

 

3.2.1 Cantilevers and Calibration 

 

All tipless cantilevers used in this investigation were supplied by Mikromasch 

(Talinn, Estonia). They are manufactured from silicon nitride with a shiny aluminium 

coating on the back side in order to maximise the reflected laser light during AFM 
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experiments. The typical layout and dimensions of these cantilevers are illustrated in 

Figure 3.13.  

 

Figure 3.13 SEM images and schematic layouts of Mikromasch tipless cantilevers. Images 

obtained from Mikromasch catalogue [3] 

 

The tipped cantilevers were supplied by Veeco (now Bruker) (Camarillo, CA). Their 

typical dimensions and layout are shown in Figure 3.14. 

 

 

Figure 3.14 SEM images and schematic layouts of Veeco cantilevers. Images obtained from 

datasheet. [4] 
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In the case of both tipless and tipped cantilevers, the manufacturer’s data sheet 

provides information about nominal resonant frequency and spring constant, kc. It is 

necessary, however, to calculate the exact spring constant of each cantilever prior to 

conducting experiments. This is done in two stages. The first is to establish the 

sensitivity of the cantilever i.e. the change in photodetector voltage which 

corresponds to a given change in piezo position. This is done by taking a position – 

deflection curve against an infinitely stiff surface (a glass microscope slide). When 

the cantilever is deflected by a hard surface, we can say that the vertical deflection of 

the cantilever free end upwards is equal to the change in the position of the fixed end 

downwards, as illustrated in Figure 3.15. This known deflection can then be equated 

with the measured change in voltage at the photodetector. i.e. for a change in piezo 

position of 100 nm, the resulting change in measured voltage indicates a cantilever 

vertical deflection of 100 nm. If the measured change in voltage over this region was 

1 V, the sensitivity of the lever would be 100 nm/V. This operation is carried out by 

a protocol in the IGOR Pro software. Once the level sensitivity (Inverse Optical 

Lever Sensitivity, INVOLS) is known, the thermal tuning method of Hutter and 

Bechhoefer [5] is used to calculate the cantilever spring constant. This calculated 

value will not change when the cantilever is placed into an aqueous environment or 

during the experiment (assuming no damage to the cantilever occurs), but it is 

necessary to recalculate the INVOLS at regular intervals before and during the 

experiment to ensure the accuracy of the recorded deflections.  
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Figure 3.15 In contact with a hard surface, piezo displacement downwards is equal to cantilever 

vertical tip deflection 

 

3.3 Experimental Procedure 

 

A prepared sample is positioned under the MFP 1-D and above the microscope 

objective. At this point the calibrated cantilevers are submerged in saline and the 

change in refractive index causes a change in the laser position at the cantilever free 

end which must be corrected. The cantilever spring constant is now known, but the 

INVOLS must be recalculated by taking a curve against the hard surface of the 

sample dish as during cantilever calibration. A MB is then positioned under the 

cantilever and photographed at 60× magnification as in Figure 3.16.  

 

 

Figure 3.16 Image of a MB positioned under an untipped cantilever before compression 

experiment 
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In the case of tipless cantilevers, the cantilever width (~ 35 µm) is significantly larger 

than the MB diameter (> 10 µm), and the MFP height is set such that the cantilevers 

are roughly parallel to the top surface of the MB; it is therefore assumed that contact 

will occur at MB poles. In the case of tipped cantilevers, the microscope image is 

used to ensure the tip is centred over the MB pole. The MB diameter is then 

calculated from the mean of four diameter measurements. The cantilever is then 

lowered into contact with the MB by the piezo actuator, and the resulting LVDT-

deflection curves are recorded. The length of the curve is set at 3 μm to allow for 

potentially large MB deformations while ensuring that the cantilever will be out of 

contact with the MB between curves. The speed of approach is set at 3 μm/s, which 

is slow enough to avoid the deformation of the MB due to a rapidly changing 

hydrodynamic pressure as the cantilevers displace water on approach. The initial 

contact curve is kept small (low measured deflection, >200 nm) to minimise the 

chance of damage to the MB, but changes to the maximum induced deflection can be 

made over the course of the experiment to investigate different deformation regimes. 

Specific details can be found in the relevant results chapter. After the compressions 

are completed and recorded, the MB is then visually assessed to verify that it 

remained immobile for the duration of the experiment. A new MB is then located and 

the process repeated. 
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3.4 Analytical Procedure 

 

The data recorded by the MFP-1D comprises the LVDT and vertical deflection 

measurements. The resulting curves are a composite of the behaviour of the 

cantilever and the behaviour of the MB. This data must be processed to generate 

force-deformation curves where the deformation profile of the cantilever has been 

separated from that of the MB. The stages of this process are illustrated in Figure 

3.17. Image (a) shows the position – deflection data as produced by the MFP. Image 

(b) shows this data translated such that the non-contact region has zero deflection, 

and that the contact point shows zero separation. At this point the cantilever is just in 

contact with the MB, and no deflection of the cantilever occurs. Graph (c) shows the 

change in the y-axis from vertical deflection to force. This is done by applying 

Hooke’s law F=kx; the deflection is multiplied by the cantilever spring constant. In 

step (d) the deformation profile of the cantilever is removed. This is done by 

subtracting the deformation profile of the cantilever against a hard surface from the 

combined profile of the cantilever and the MB (i.e. the experimental data). The 

cantilever – hard surface profile can either be a recorded INVOLS curve gathered 

during the experiment or it can be generated mathematically using the calibrated 

cantilever spring constant and Hooke’s law, producing an expected cantilever 

deflection for every applied load. 
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Figure 3.17 The transformation from deflection – LVDT position to force - deformation. (a) 

Raw data (b) Translation so contact point is zeroed (c) transformation from vertical deflection 

to force (d) change to MB deformation. 

 

Once the force – deformation curves of the MB have been produced, they are used to 

evaluate the MB stiffness and test the effectiveness of mechanical models at 

predicting the MB Young’s modulus. The effective stiffness of the MB is the 

gradient of the linear region of the force-deformation curve and is straightforward to 

evaluate. The linear models (Reissner and De Jong) use this effective stiffness 

directly so the calculation of Young’s modulus is straightforward. The non-linear 

models are more complicated, particularly due to their varying regions of suitability 

and the potential complexity of non-linear curve fitting, particularly in the case of the 

full elastic membrane theory. A previous member of the group devised a way to 
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rationalise this fitting procedure by re-plotting the force – deformation curve in terms 

of relative deformation, ε, with non-linear axes. Linear regression can then be used to 

calculate the gradient of the linear region of the resulting curves, and these values 

can in turn be fitted into the equations governing each model to yield Young’s 

modulus values. 
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4 An Investigation of the Nanomechanical 

Properties of Definity® 

4.1 Introduction 

The development of MB technology is dependent on building an understanding of 

the mechanical properties of the MBs in addition to their acoustic behavior. Various 

techniques to elicit a deformation of MBs are available; such as micropipette 

manipulation [1, 2] or osmotic swelling, [3] but it is the development of atomic force 

microscopy (AFM) which has provided us with the ability to measure the mechanical 

response of MBs with nanoscale force resolution. AFM has already provided insights 

into the mechanical behavior of polyelectrolyte microcapsules [4] and other soft 

particles[5] in the size range of ultrasound contrast agent (UCA) MBs. This research 

group has previously introduced AFM as a powerful tool for the investigation of 

polymer-based MBs, conducting a detailed investigation into the nanomechanical 

properties and behavior of MBs with a view to evaluating their Young’s moduli. [6, 

7] These studies revealed important information about the nanomechanical properties 

of MBs; Glynos et al. [6] in particular showed results which explain a possible cause 

of a failure of UCA technology. Using AFM, they found a variation of the Young’s 

modulus of the shell with thickness at the nano scale (1 – 1000 nm), which 

contradicts the presumption that the Young’s modulus is a constant material 

property, independent of size or shape.  However, this finding is specific for 

polymeric MBs; it does not imply that other thin shell structures based on different 
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materials will behave in the same way and other types of MB must be investigated 

for possible nanoscale size-dependent effects. This is very relevant in the case of the 

much more compliant phospholipid-coated MBs which are the basis of many current 

UCA systems. 

 

Previous work by this group on phospholipid MBs focused on MB imaging [8] and 

force measurements exploring stiffness and adhesive properties, as well as exploring 

the possibility of phospholipid MB targeting via avidin-biotin surface chemistry. [9, 

10] Recently AFM has been used by others to measure the stiffness of in-house 

fabricated lipid coated MBs [11] and also to investigate the effect of temperature on 

their visco-elastic behavior. [12] The mechanical properties of phospholipid MBs 

have yet to be accurately specified; however studies exist describing the properties of 

similar phospholipid membrane systems, such as vesicles, cells and supported lipid 

bilayers. Many previous studies have investigated the mechanical properties of 

phospholipid vesicles, [2, 3, 13-15] which can be found in more than one size scale, 

with diameters from <100 nm up to the micron range and are filled with 

incompressible liquid rather than gas. The membrane of a living cell is composed of 

phospholipids and cholesterol and in addition to incompressible liquid; cells also 

contain organelles which may affect their mechanical behavior. A great deal of 

research into cell mechanical properties has been carried out, relating to both 

membrane properties [16-18] and global cell properties. [18-20] Supported lipid 

bilayer systems exploit the useful properties of the phospholipid membrane whilst 

removing the influence of the spherical geometry of a MB.  

 



Chapter 4   An Investigation of the Nanomechanical 

Properties of Definity® 

67 

This chapter uses force spectroscopy data gathered with the MFP – 1D to analyze the 

mechanical properties of Definity® MBs, a commercially available UCA product 

which is used widely in clinical imaging applications. In particular, we evaluate the 

MB stiffness (kb), the Young’s modulus (E) of the phospholipid shell, and also the 

whole-bubble effective Young’s modulus. The gradients of force-deformation (F-Δ) 

curves are used to calculate the stiffness of the MBs and specific mechanical models 

are used for the calculation of the Young’s moduli. Two of the three mechanical 

models chosen for this study extract the Young’s modulus of the MB shell; the third 

calculates the effective Young’s modulus of the whole MB as a homogeneous 

sphere. The models are described and the results of our analysis are presented. The 

suitability of each of the three mechanical models is then discussed within the 

context of existing literature describing similar and comparable systems such as 

vesicles, cells and lipid bilayers. 
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4.2 Materials and Methods 

4.2.1 Materials 

 

This study uses Definity® MBs (Lantheus Medical Imaging, Inc., N. Billerica, MA). 

Definity® MBs are enclosed by a phospholipid shell, comprising three different 

types of phospholipids, Dipalmitoylphosphatidylcholine (DPPC), 

Dipalmitoylphosphatidic acid (DPPA), and dipalmitolyphosphatidylethanolamine–

PEG5000 (DPPE–PEG5000). Each 0.75 mg of the lipid blend consists of 0.045 mg 

DPPA, 0.401 mg DPPC, and 0.304 mg MPEG5000 DPPE. [21] The filling gas is 

octafluoropropane. All the lipids are saturated and in order to improve stability, the 

MBs are negatively charged. [22] The Poisson’s ratio was assumed to be 0.5 (highly 

elastic) which is standard for studies of structures of this type. [13, 16, 18] The mean 

MB diameter is 1.1 – 3.3 um. [21] The reported thickness values for Definity® vary 

from 1 to 4 nm. [23-27] We have assumed a shell thickness of 5 nm; which includes 

an allowance for a PEG structure in addition to the phospholipid membrane 

thickness. [28]  

 

4.2.2 Sample Preparation 

 

Since the AFM experiments require the interrogated objects to be still, the MBs were 

attached to Petri-dishes coated with a film of poly-l-lysine (Sigma–Aldrich Co., St. 

Louis, MO) formed by using a 1:10 solution of poly-l-lysine (v/v) in ultra-pure 
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deionized water with resistivity of 18.2 MΩ cm. This process is described in detail in 

Chapter 3. The preparation process ensured that the MBs adhered to the dish were at 

all times wetted to minimize structural or mechanical damage. All measurements 

were performed with MBs attached to the bottom of Petri-dishes within deionized 

water. [7] 

4.2.3 Force Spectroscopy 

 

We used the molecular force probe (MFP – 1D) (Asylum Research, Santa Barbara, 

CA), to perform force measurements, as described in Chapter 3. The MB diameters 

recorded during the experiment were between 2.1 µm and 4.2 µm. 

 

For this study we carried out the force-spectroscopy using tipless/flat cantilevers 

(Mikromash, Tallinn, Estonia) with aluminium back coating and spring constants, kc, 

0.25 N/m and 0.07 N/m to investigate the MB deformation caused by small 

compressive loads i.e. before the onset of permanent deformation. The cantilever 

surface was aligned parallel to the petri-dish so that the force was exerted close to the 

MB’s poles; though an exact parallel configuration cannot be guaranteed. The 

cantilever speed during approach/retraction was kept constant at approximately 

6 μm/s. [7] The raw data obtained is the measurement of the piezoelectric vertical 

position and the deflection of the cantilever. The compressive force F, which is 

applied to the MB, is the product of kc and the deflection of the cantilever. The 

deformation of the MB can be found from the difference between the piezoelectric 

actuator position and the deflection of the cantilever, i.e. the parameters measured by 



Chapter 4   An Investigation of the Nanomechanical 

Properties of Definity® 

70 

the MFP – 1D. These values, now independent from the cantilever deflection, were 

plotted into force-deformation curves, or F-Δ curves which were used to evaluate the 

effective stiffness of the MBs. The MBs returned to their original height and 

therefore shape after cantilever retraction, indicating that the deformation was mainly 

elastic; it was therefore possible to apply multiple compressive forces to the same 

MB in order to check the repeatability of the behavior. For this study, only the 

approach curves were used in the analysis, earlier work having shown this to be an 

appropriate methodology; [6, 7] however the complete experimental data includes an 

approach curve and a retract curve. The retraction curves were inspected to ensure 

that minimum adhesion was generated by the contact between cantilever and MB. 

This in conjunction with the repeatability of the deformation profile of the MB over 

multiple measurements indicates that no shell material was lost or adhered to the 

cantilever during the experimental procedure.  

 

The cantilever was initially set up to be relatively distant from the MB (~ 3 μm), so 

that the cantilever was not disturbed by any interaction between the two bodies. [29] 

The contact between the MB and the cantilever commences at the inflection point of 

the curve. It was important to accurately determine this initial contact point, i.e. the 

point of the first measurable force. During the experiments, the measured cantilever 

deflection was varied i.e. a range of forces were applied to each MB. The initial force 

was kept low to prevent MB damage, and then varied. The force applied to the MBs 

ranged between 5 nN and 56 nN, which is a deformation between approximately 160 

nm and 1 µm. This equates to a maximum ε between 0.05 and 0.35. Typically, the 

initial region of the F-Δ graphs showed a non-linear relationship due to roughness 
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[30] and surface forces such as electrostatic double-layer and van-der-Waals forces. 

[31] Hence, the initial deflection was not taken into account when calculating the 

shell stiffness. In each case, the region used for a fitting was selected visually, and 

confirmed to be linear when the R
2
 value of the linear fit over that region exceeded 

0.98. In order to be considered viable for analysis, a curve was required to have more 

than 125 data points and the linear region used for fitting had to exceed 90 data 

points. If these two criteria were not met, the curve was deemed unsuitable for 

further analysis. The stiffness of each MB (kb) was calculated from the gradient of 

corresponding F-Δ curves (according to Equation 4). Furthermore, we plotted the F-

, F-3/2
 and F-3

 curves in order to evaluate the Young’s modulus based on the 

Reissner, Hertz and elastic membrane theories, respectively. Unless otherwise stated, 

statistical uncertainty is taken to be one standard deviation of the measured dataset. 

 

4.3 Results 

4.3.1 Stiffness 

 

The stiffness values, kb, of 10 different MBs (D = 2.1 - 4.2 µm) were calculated. The 

gradient of the F-∆ curve was taken after the initial non-linear section up to the point 

where the curve could no longer be approximated by a straight line. Examples can be 

seen in Figure 4.18. This resulted in mean kb values ranging from 0.016 ± 0.001 to 

0.039 ± 0.003 N/m (Figure 4.19).  
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Figure 4.18 F-Δ curves for three different MBs. The blue curve (A) represents a MB with D = 

2.9 µm, and stiffness (kb) 0.040 N/m. The green curve (B) shows MB with D = 3.0 µm and 

kb=0.026 N/m. The red curve (C) is the most compliant MB, with diameter 2.1 µm and kb=0.019 

N/m. 

 

 

Figure 4.19 Effective stiffness for a set of 10 MBs ranging in diameter from 2.1 – 4.2 µm. The 

average bubble stiffness was found to be 0.026 ± 0.010 N/m. 
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4.3.2 Reissner Theory 

 

Figure 4.20 (a) shows a typical F- curve, not linear initially, however becoming 

linear at approximately  = 0.03 and remaining so up to approximately  = 0.13. The 

gradient of this linear region was used to evaluate the Young’s modulus of the shell 

according to the Reissner theory (Equation 7); yielding a value of 570 MPa.  

 

Over the dataset of 10 bubbles, the linear region was located between  = 0.024 ± 

0.017 and  = 0.121 ± 0.047. The Young’s modulus of the MB shell calculated using 

this method was between 302 ± 27 MPa and 854 ± 68 MPa with an average of 558 ± 

204 MPa (Figure 4.20(b)).  
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Figure 4.20 (a) F- curve for a MB with a diameter of 3.0 µm. The straight dashed line shows 

the linear region of the curve and its gradient is used in order to obtain the Young’s modulus 

according to the Reissner Theory. (b) Young’s modulus values for the shells of 10 different MBs 

with a diameter ranging from 2.1 to 4.2 μm calculated using the Reissner theory. 

 

4.3.3 Elastic Membrane Theory 

 

In Figure 4.21(a) we present a typical F-3 
curve; not linear in the initial region but 

becoming linear with further deformation. The linear region begins at approximately 

3
 = 0.000858, or  = 0.095 and continues over the remainder of the curve to a 



Chapter 4   An Investigation of the Nanomechanical 

Properties of Definity® 

75 

maximum of 3
 = 0.00327, or  = 0.148. The gradient of the linear part of the curve 

was calculated and substituted into Equation 14. The Young’s modulus of the MB 

shell calculated from this curve was found to be 21 MPa. 

 

 

Figure 4.21 (a) F-3
 curve for a MB with a diameter of 3.0 µm. The straight dashed line shows 

the linear region of the curve, and its gradient is used in order to obtain the Young’s modulus of 

the shell from the elastic membrane theory. (b) Young’s modulus values for 9 different MBs 

with diameter ranging from 2.1 to 4.2 μm. The results were analyzed using the stretching term 

of the elastic membrane theory. 
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In the analysis of the whole dataset, there were few cases where the deformation 

range within the linear region was not sufficiently large to facilitate analysis, and 

noise and large fluctuations were predominant. Such curves were therefore 

discounted; leading to one MB being excluded from the elastic membrane analysis. 

In two cases, when analyzed with elastic membrane theory the Young’s modulus 

decreased over successive curves; in these cases, only the initial few curves were 

considered. 

 

Over the dataset of 9 MBs, the linear region was located between  = 0.122 ± 0.042 

to  = 0.188 ± 0.063. Analysis using this method yielded a shell Young’s modulus of 

between 8 ± 2 MPa and 38 ± 8 MPa with an average of 19 ± 9 MPa (Figure 4.21(b)). 

A possible positive correlation was noted between Young’s modulus and MB size. 

 

4.3.4 Hertz Theory 

 

In Figure 4.22(a) we present a representative F-3/2
 curve. The gradient of the linear 

region of the curve was determined and substituted into Equation 9. The linear region 

begins at 3/2 
= 0.002, which corresponds to a relative deformation of  = 0.017. The 

curve remains linear until 3/2 
= 0.046, or   = 0.128. The effective Young’s modulus 

calculated from this curve is 131 kPa. 

 

Over the dataset of 10 MBs, the linear region was located between  = 0.043 ± 0.025 

to  = 0.164 ± 0.075. The effective Young’s modulus for all the MBs calculated 
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using this method was between 93 ± 10 kPa and 233 ± 30 kPa with an average of 133 

± 59 kPa (Figure 4.22(b)).  

 

 

Figure 4.22 (a) F-3/2
 curve for a MB with a diameter of 3.0 µm. The dashed black line shows the 

linear region of the curve, and the gradient of this region is used in order to obtain the effective 

Young’s modulus from the Hertz Theory. (b) Effective Young’s modulus values for 10 different 

MBs with a diameter ranging from 2.1 to 4.2 μm analyzed using the Hertz theory. 

 

 

 



Chapter 4   An Investigation of the Nanomechanical 

Properties of Definity® 

78 

4.3.5 Hysteresis 

 

Some of the MBs showed minor to moderate instabilities during a compression 

cycle, visible in the F-Δ curves as ‘steps’ (Figure 4.23). After each step, the MB 

recovered and no permanent deformation was apparent. Often the following 

approach curve showed a residual (smaller) instability at approximately the same 

level of deformation. From Figure 4.23 it can also be noted that instabilities occurred 

during cantilever retraction. The width of the instabilities ranged from 0.4 nm to 2.9 

nm.  

 

Figure 4.23 MB (D = 3.63 μm) showing instability during approach (red curve, A). Normal 

equilbrium behaviour was recovered after the instability. Another smaller instability can be 

seen on during retraction (blue curve, B). Hysteresis is also evident. 

 

All of the curves showed a very small and reproducible hysteresis between the 

approach and retract sections of the F-Δ curves; however when curves also showed 

instability this hysteresis was more significant.  
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4.3.6 Results Summary 

The following tables summarise the key results from this study. 

Cantilever 

Type 

Cantilever 

Spring 

Constant 

(N/m) 

MB 

Spring 

Constant 

(N/m) 

Size 

Dependence 

Y/N 

Tipless 0.07 – 0.25 0.016 – 

0.039  

N 

Table 4.1 Summary of Stiffness Results for the Experimental Examination of Definity®  MBs 

 

Mechanical 

Model 

Deformation 

Regime 

Shell / 

Sphere 

Size 

Dependence 

Y/N 

Young’s 

Modulus 

Reissner Low Shell Y 302 – 

854 MPa 

Membrane 

Stretching 

High Shell Y 8 – 38 

MPa 

Hertz Low Sphere N 93 – 233 

kPa 
Table 4.2 Summary of  Young’s Modulus Results for the Experimental Examination of 

Definity® MBs 

 

4.4 Discussion 

 

The maximum deformation of the MBs ranged between 160-1000 nm (max= 0.05-

0.35). The maximum applied force on the bubbles was varied (5 nN – 56 nN) in 

order to investigate how maximum force affected the behavior of the MBs; though 

we did not observe any trend in the stiffness with increasing maximum load. We also 

did not see a trend for decreasing stiffness with increasing radius, as observed by 

McKendry et al. [11] The range of relative deformations we have used is similar to 

that reported in the study on T-cells (max = 0.3), [18] giant protein vesicles (max = 
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0.1) [13] and the deformation of polymeric MBs, before instabilities occur (max = 

0.2). [6] The stiffness of 0.026 ± 0.010 N/m obtained for Definity® MBs is slightly 

lower than the 0.056 ± 0.003 N/m reported for phospholipid based MBs of similar 

size (BR-14), [32] but is of the same order. This is one order of magnitude lower 

than the values reported for protein coated vesicles, [2] synthetic phospholipids [3] 

and human erythrocyte cells, [33] and is two orders of magnitude lower than 

observed for polyelectrolyte microspheres of similar diameter. [6] This finding 

indicates that we are dealing with very compliant MBs which may deform differently 

to previously investigated structures. It is possible that this low stiffness is due to the 

hollow nature of the UCA – in other structures a liquid core may contribute to the 

overall stiffness.  

 

4.4.1 Reissner Theory 

 

Reissner theory is a linear theory applicable to the initial small deformation of the 

MBs. Definity® MBs satisfy the requirement of the model that t/R be smaller than 

1/20 [34] and the fitted regions have an average maximum relative deformation of  

= 0.120 ± 0.047 indicating that deformations can be considered small. Given that no 

major assumptions of the theory appear to have been breached, we can compare our 

result of a shell Young’s modulus of 302 – 854 MPa with results from similar 

systems available in published literature. 

 



Chapter 4   An Investigation of the Nanomechanical 

Properties of Definity® 

81 

Reissner theory has been used in several studies to analyze the deformation behavior 

of polymeric shells. In particular, Glynos, et al. [7] experimented on polymeric thin 

shells (t = 40 nm and D = 5 µm) with a soft gel skin (10 nm thick) using atomic force 

microscopy (AFM). This study used Reissner theory for the analysis and the 

resulting Young’s modulus of the shell was found to be in the range of 1.5 – 3 GPa. 

Another study by Elsner et al. [35] on polyelectrolyte capsules (t = 25 nm and D = 16 

µm) also used AFM and the Reissner theory for analysis and found a value of 294 ± 

32 MPa. Dieluweit, et al. [13] investigated bare and protein-coated giant unilamellar 

vesicles (GUV) (t ~ 4.5 nm and D ~ 15 µm) using force spectroscopy and evaluated 

the shell Young’s modulus with Reissner theory; which was found to be between 53 

and 109 MPa. Despite the similarity between the shell materials of the GUVs and 

Definity® MBs, our results exceed reported values for GUVs and other phospholipid 

systems [3] by a factor of 10 or more, and are in fact considerably closer to values 

found for the much stiffer polyelectrolyte MBs. This leads us to the conclusion that 

the Reissner approximation produces overestimates which preclude it from being a 

useful model for the calculation of the Young’s Modulus of the shell of Definity® 

MBs. 

4.4.2 Elastic Membrane Theory  

 

Our analysis with elastic membrane theory yielded Young’s modulus values between 

8 MPa and 38 MPa. As previously described, the full form of the elastic membrane 

theory used in this study is composed of a stretching term and a bending term, the 

ratio of which is given in equation 13. From this ratio it can be predicted that as the 
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deformation increases, the overall behavior is more dependent on the stretching term 

than on the bending term. While all the investigations in this thesis fall into the 

overall category of ‘small’ deformations, being less than 30% of the original MB 

diameter, we will henceforth separate the deformation of MBs in these experiments 

into two regimes, very small deformations are characterized as ‘low deformation’ 

and higher but still small deformations as ‘high deformation’. The low deformation 

regime is taken as being the regime in which membrane bending is predicted to be 

the major mode of deformation; where ε < 0.05. The high deformation regime, 

throughout this thesis, refers to the region where membrane stretching should 

predominate, ε > 0.05. In this study we are therefore investigating the high 

deformation regime. The linear region of the F-3
 curve was observed to begin at 

relative deformations of 0.12 ± 0.04. The value for the thickness (t) in this study is 

assumed to be 5 nm, the Poisson ratio (ν) is 0.5 and the radius (R0) is 1.05 – 2.1 μm. 

Substituting the appropriate values into equation 13, the bending / stretching ratio at 

the start of the linear region is generally less than 0.1, with a maximum value of 0.24.  

This indicates that we are considering regions where the stretching term will always 

be dominant and the bending term will tend towards being negligible; which is 

consistent with our use of the stretching term alone for fitting. 

 

A possible correlation between bubble diameter and Young's modulus can be seen in 

Figure 4.21, though whether this correlation is linear or more complex is not clear at 

this stage; further investigation and more data points would be required to fully 

characterize the dependence. A possible explanation for this apparent correlation 

could be found in our assumption of constant membrane thickness. If larger radius 
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MBs actually have a thicker shell than their smaller radius counterparts, the observed 

Young’s modulus of the larger MB shells would appear to be larger when our 

constant thickness calculation is applied. If we rearrange Equation 14 to make the 

shell thickness (t) variable and fix the Young’s modulus (E) at 20 MPa, the resulting 

shell thickness values range from 2 nm to 9 nm, which could imply structures from a 

single monolayer up to perhaps 2 bilayers plus a monolayer. The scarcity of 

measurements of the largest radius MBs means it is difficult to assess whether there 

are ‘steps’ in the values which would point to a jump in thickness from 1 layer to 

multiple layers. An additional effect, particularly in the case of the smaller MBs, 

could be a modified conformation of the phospholipid molecules in response to the 

decreasing radius of curvature of the shell, leading to thinner shells which are also 

more compliant than thicker shells having a standard phospholipid layer 

conformation. A non-constant shell thickness would also explain why there is no 

visible correlation between stiffness and bubble radius. As shell thickness is a 

difficult property to assess independently, our method may be a useful way to assess 

shell thickness based on F-Δ measurements, which are considerably easier to 

acquire.  

 

Since the elastic membrane theory characterizes the Young’s modulus of the MB 

shell, it is useful to compare our results with existing studies on lipid bilayers and 

membrane structures, while remembering that our MB shell may not be comprised of 

a single bilayer. Künneke et al. [36] reported the Young’s modulus for a supported 

lipid bilayers (SLB) of 1-palmitoly-2-oleoyl-sn-glycero-3-phosphoserine (POPS) as 

20 MPa. This value was calculated from the observed sample stiffness and the 
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relation by Sneddon [37] linking stiffness to Young’s modulus. This value agrees 

well with our findings using membrane stretching theory. Other studies find 

differently, however. Sullan et al. [38] reported values between 50 – 190 MPa for 

dioleoylphosphatidylcholine/egg sphyingomyelin/cholesterol (DEC) bilayers. It is 

possible that these larger values can be attributed to the presence of cholesterol, 

which has been demonstrated to significantly increase the Young’s modulus of 

phospholipid layers. [15] Ogawa et al. [39] carried out tensile tests to analyze 

segmented polyurethane, as well as phospholipid polymers containing 2-

methacryloyloxyethyl phosphorylcholine (MPC); the size of the segments were 12.5 

mm × 2.5 mm and the thickness was 200 µm. In the molecule chain, MPC avoids 

cell adhesion and enhances biocompatibility and antithrombogenicity.  The stress – 

strain curves showed a linear relationship for deformations up to 5%; so the Young’s 

modulus was calculated using simple Hooke’s law from the initial elastic region. The 

Young’s modulus was given to be approximately 46 ± 4 MPa for both materials. 

While this exceeds our findings, the results are of the same order of magnitude. 

 

The single cell AFM compression study on living Jurkat T lymphoma cells [18] 

which have similar t/R ratio to our system, reports Young’s modulus values of 10-30 

MPa for the cell membrane, which fits well with our findings; however a subsequent 

study on other lines of cells, namely human mammary carcinoma cells (MDA-MB-

468) and immortalized human prostatic epithelial cells (MLC-SV40) [16] reported 

much lower values for Young’s modulus, 1.5 – 4.9 MPa. In the latter case, relative 

deformation was very large (max = 0.8) and a high degree of blebbing was noticed 
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during compression indicating that a different mode of deformation occurred which 

is not described by elastic membrane theory.  

 

Our results are at the lower end of the 14 – 194 MPa range yielded by other studies 

on phospholipid vesicles which used methods other than AFM, summarized by 

Rutkowski et al. [3] That study also evaluated the shell Young’s modulus of 

spherical phospholipid vesicles, with a shell thickness (t) of 4 nm and a diameter (D) 

of 0.1 µm using osmotic-swelling and applying the relation proposed by Li et al. [40] 

between the stress tensors, pressure, solute concentration, and geometry. Results of 

this study showed a Young’s modulus of 50 MPa.  

 

The GUV Young’s modulus of 53 – 109 MPa gathered by AFM as reported by 

Dieluweit et al. [13] may exceed our results due to the protein coating on the vesicles 

which influences the properties of the bubble. Within that study, a change in protein 

coating altered the Young’s modulus by up to 50%.  

 

It is important to remember that this theory is designed for vesicles containing 

incompressible fluids, and Definity® MBs are filled with gas, as noted earlier. 

Currently, no mechanical model exists which takes account of the compressible gas 

contained inside Definity® MBs, but the agreement between our results and 

available literature would suggest that when the deformation is small, the gas is not 

compressed to an extent which would induce a change in MB volume. This being the 

case; shell mechanics alone can be used to predict MB properties. In addition, Grant 

et al. [12] observed a decreasing stiffness of lipid coated MBs with increasing 



Chapter 4   An Investigation of the Nanomechanical 

Properties of Definity® 

86 

temperature, which is also consistent with the conclusion that the effect of the 

internal gas is neglible. We would therefore conclude for the calculation of the 

Young’s modulus of the shell of Definity® MBs, the membrane stretching 

component of the elastic membrane theory is appropriate. 

4.4.3 Hertz Theory 

 

Our results produced an effective Young’s modulus between 93 kPa and 233 kPa. 

The linear region of the F-3/2
 curves which could be used for analysis with Hertz 

theory commenced at  = 0.043 ± 0.025 and persisted to  = 0.164 ± 0.075. This was 

the most extensive of all the models used in this work and suggests that this model 

may describe MB behavior over the largest range of deformations. No dependence of 

Young’s modulus on bubble diameter was obvious from the data. 

 

The Hertz theory describes the deformation behavior assuming the MB to be a 

homogeneous sphere rather than a shell [18] and as such our results must be 

compared with other studies which calculate the effective Young’s modulus of the 

whole structure. The results of the single cell compression study on T-cells 

(analogous to a semi-permeable membrane) [18] which uses Hertz theory showed an 

effective Young’s modulus of 4-7.5 kPa for dead cells and 150-230 kPa for fixed 

cells; the latter being close to our values. However, another study performed on 

endothelial and cardiac cells, which also used AFM and applied the Hertz theory 

calculated effective Young’s modulus values of 4 kPa for endothelial cells and 100 

kPa for cardiac cells. [20]. This range of values, 1-100 kPa, is also found by other 
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cell studies of different types of isolated cultured cells. [19] It should be noted that 

some studies made use of tipped cantilevers, therefore measuring the effective 

Young’s modulus associated with indentation rather than whole cell compression. In 

general, these results are slightly lower than our values, but well within the order of 

magnitude and with some overlap of the ranges. A study on vesicles [14] reported 

values for effective Young’s Modulus from 0.2 – 1.3 MPa, analyzed using Hertz 

theory, which is somewhat larger than the values we have found; however the 

diameters of the vesicles in this study were all <100 nm; much smaller than our MBs. 

 

The most obvious difference between the systems mentioned above and Definity® 

MBs is the internal contents of the structures. The cells and vesicles are filled with 

minimally compressible liquid, and the cell nucleus and cytoskeleton may also 

contribute to the mechanical behavior of cells. However; the agreement between our 

results and the existing work on cell [18-20] and vesicle [14] systems analyzed with 

Hertz theory suggests that the effect of the internal gas on the mechanical properties 

of Definity® MBs is small and that Hertz theory may be a useful tool to calculate the 

effective whole-bubble Young’s modulus for applications such as the modeling of 

MB systems. 

 

4.4.4 Hysteresis and Instabilities  

 

Phospholipid MBs are widely accepted as visco-elastic materials, with recent 

research demonstrating that they display visco-elastic creep behavior when a load 
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applied by AFM is held constant over the course of a few seconds. [12] For this 

reason, a degree of hysteresis in all curves is to be expected. Both the instabilities 

and the more pronounced hysteresis visible in curves which display instabilities can 

possibly be explained by the specific composition of the phospholipid shell. Kim et 

al. [41] demonstrated with TEM that phospholipid shells of similar composition to 

Definity® form a polycrystalline grain structure and that deformations can be 

observed along the boundaries between adjacent grains producing small folds and 

creases in the surface at relatively low applied loads. We speculate that the 

instabilities we can see in our F-∆ curves may be explained by localised changes in 

the surface conformation due to a localisation of stress, followed by relaxation. The 

most abundant phospholipid in Definity® is DPPC, which has a carbon chain length 

of 16. It has been demonstrated that materials comprised of C16 chain molecules tend 

to behave in a visco-elastic manner with viscosity markedly dependent on surface 

pressure. [42] 

4.5 Conclusions 

 

This chapter has presented an experimental investigation of Definity® ultrasound 

contrast agent MBs of diameter 2.1 – 4.2 μm using AFM techniques focusing on the 

relatively ‘high’ deformation region (though all the deformations are still within the 

small deformation regime (ε < 0.3)). The resulting F-Δ curves were used directly to 

calculate the stiffness of the MBs before the onset of irreversible deformation. The 

resulting values range from 0.016 – 0.039 N/m. The Young’s modulus of the MB 

shell was calculated using two different mechanical models; of which the membrane 
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stretching component of elastic membrane theory was most suitable, yielding an 

average shell Young’s modulus between 8 ± 2 MPa and 38 ± 8 MPa. The 

deformation range under investigation and the similarity of these results with existing 

literature suggests that analysis using the membrane stretching component of the 

elastic membrane theory sufficiently describes the behavior of the MB shell without 

the need to incorporate membrane bending. A possible correlation between Young’s 

modulus and MB diameter was noted in the case of membrane stretching which is 

attributed to variations in shell thickness and/or structure with size. This points to the 

need for further investigation in this area and suggests that this could be developed as 

a useful method to assess shell properties including thickness. Hertz theory was used 

to evaluate the effective Young’s modulus of an equivalent homogeneous sphere 

having the same dimensions as the MB under test, yielding an average value of 133 ± 

59 kPa. This is in broad agreement with values reported for the global Young’s 

moduli of other phospholipid systems. While membrane stretching and Hertz theory 

show good agreement with existing values of Young’s modulus for MB shell and 

global deformation behavior respectively, it is noted that both theories are designed 

for a membrane surrounding incompressible fluid rather than the compressible 

perfluorocarbon gas encapsulated in a Definity® MB. This leads us to conclude that 

the effect of gas pressure inside the MB does not significantly affect the mechanical 

properties Definity® MBs for small deformations. 

 

Though we have demonstrated for the first time that a model exists which is a good 

predictor of phospholipid coated MB Young’s modulus in the ‘high’ deformation 

regime, there remains a gap in knowledge of MB behaviour at low deformations, 
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which will be addressed in the following chapter. The low deformation regime is 

particularly interesting as traditionally mechanical models work well at sufficiently 

low deformations. In addition, for our systems the effect of the gas will be even more 

negligible. However, we are working at the nanoscale and at low deformations we 

might have influences from other sources such as intermolecular forces and even 

discreteness of matter. It is not certain that continuum mechanics models will work at 

the nanoscale. 
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5 An Investigation of the Nanomechanical 

Properties of BR14 

5.1 Introduction 

 

The previous chapter on the behaviour of Definity® MBs has demonstrated that in 

the high deformation regime membrane stretching is the most suitable model to 

describe the Young’s modulus. Definity® has also been demonstrated to behave 

differently than stiffer polymeric MBs. The next step was to investigate the low 

deformation regime more fully, to ascertain if any of the other proposed models are 

effective in this regime. In this chapter, the MB system BR14 (Bracco Diagnostics, 

Geneva, Switzerland) is investigated. This chapter focuses on the low deformation 

regime     (< 80 nm, ε < 0.04), and aims to assess the suitability of the models on 

BR14 MBs, which have not previously been investigated in this manner.  

 

In addition to the three models utilised in the Definity® study, an additional model, 

De Jong theory, was included in the analysis of the force spectroscopy data. After the 

main study was completed, some of the remaining BR14 MBs were subjected to 

force spectroscopy experiments with tipped cantilevers with a view to examining 

how the deformation behaviour differs between the tipped and untipped contact 

geometry. 
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5.2 Materials and Methods 

5.2.1 Materials 

 

Phospholipid stabilized MBs of the type BR14 (Bracco Diagnostics, Geneva, 

Switzerland) in lyophilised powder form were reconstituted with 5 ml of 10% saline 

as per manufacturer’s instructions, resulting in BR14 MBs in the size range 1 – 10 

μm. BR14 is a research grade MB which is not in commercial use so the exact lipid 

composition is proprietary information; however since BR14 is a precursor product 

to Sonovue® the lipids in BR14 are most likely to be a mix of 

distearoylphosphatidylcholine (DPPC) and dipalmitoylphosphatidylglycerol (DPPG). 

[1, 2] The encapsulated gas is known to be perfluorobutane (C4F10). [3, 4] 

 

5.2.2 Sample Preparation 

 

Samples were prepared for force spectroscopy measurements as described in Chapter 

3. Once the MBs were suitably dispersed across the surface of the dish, they were 

submerged in 10% saline solution and AFM measurements were taken in aqueous 

conditions. 
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5.2.3 Force Spectroscopy 

 

AFM measurements were taken using the molecular force probe (MFP – 1D) 

(Asylum Research, Santa Barbara, CA) with Mikromasch CSC-12 tipless cantilevers 

(Mikromash, Tallinn, Estonia) with aluminium back coating having nominal  spring 

constants in the range 0.03 – 0.08 N/m or Bruker (then Veeco) MLCT AUNM tipped 

cantilevers (Bruker AFM probes, Camarillo, CA) having nominal spring constants 

0.005 – 0.01. The speed of the cantilever during approach and retract was constant at 

3 μm/s. Each curve spanned a vertical distance of 3 μm (including the non-contact 

region). The use of a tipless cantilever (width 35 μm) against the MB (D = 4 μm) can 

be considered an approximate sphere – plate geometry. Multiple curves were taken 

for each bubble to ascertain that all deformation was elastic. The raw position – 

deflection data was transformed to force – distance (F-d) and subsequently to force – 

deformation (F-Δ) and force – relative deformation (F-ε) curves which display only 

the deformation behaviour of the MB (i.e. the cantilever behaviour is excluded). 

 

5.3 Results 

5.3.1 Tipless Cantilevers 

 

Experiments were conducted on several different vials of BR14, all within 48 hours 

of the MBs being reconstituted. The resulting force-deformation curves were 

checked for repeatability; an indication that all deformation was in the elastic regime. 
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MBs which showed poor repeatability or anomalous behaviour were excluded. Any 

curves which did not meet the requirements for a minimum number of 90 points in 

the fitted region for MB stiffness were also excluded. These quite stringent criteria 

yielded a final number of eight MBs. The subsequent analysis of the MB data 

continued as described in Chapter 4, starting with the calculation of MB stiffness. 

 

5.3.1.1 Stiffness 

 

Multiple compressions (>10) were recorded on eight individual MBs ranging in 

diameter from 4.27 μm to 7.93 μm. In all cases the resulting F-Δ curves showed good 

repeatability indicating that no permanent deformation occurred as a result of the 

experiment. The effective stiffnesses of the MBs were calculated from the gradient of 

the initial linear section of the F-Δ curve up to a maximum of 80 nm. The first 25 nm 

of the measurement are excluded from the analysis as non-linear effects and surface 

interactions make the data unreliable in this region. 
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Figure 5.24 Microbubble stiffness (A) Example force – deformation curves for 3 different MBs. 

Curve (i) has diameter 5.49 μm and stiffness 0.183 N/m. Curve (ii) has diameter 6.81 μm and 

stiffness 0.115 N/m, and curve (iii) has diameter 7.93 μm and stiffness 0.074 N/m. (B) Effective 

stiffness values for 8 individual MBs ranging in diameter from 4.27 μm to 7.93 μm. 

 

Figure 5.24 (A) shows individual curves from three different MBs, having diameters 

7.93, 6.81 and 5.49 μm and stiffnesses of 0.074 ± 0.003, 0.115 ± 0.010 and 0.183 ± 

0.008 N/m respectively. The curves can be seen to be quite linear after an initial 

unstable region up to the cut off of 80 nm. Figure 5.24 (B) shows the range of 
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stiffnesses from 0.074 – 0.183 N/m and the link between MB diameter and stiffness. 

A clear trend can be seen, showing a linear decrease in stiffness with increasing MB 

diameter. 

 

5.3.1.2 Mechanical Models 

 

Assuming that the MB shell has constant thickness, a value of t = 5 nm was selected. 

Figure 5.25(A) shows the values of Young’s modulus for each bubble as calculated 

using Reissner and elastic membrane theories. The Reissner values fall in the range 

of 4.37 ± 0.200 to 7.58 ± 0.329 GPa.  

 

In order to use the elastic membrane model, the upper limit of 80 nm deformation 

was used to calculate the upper value of relative deformation, εmax, for each MB. The 

range of εmax was found to be 0.010 – 0.019. For these values of εmax, the inverse of 

Equation 13 (Fs/Fb) gives values smaller than about 0.2 which shows that stretching 

can be neglected and membrane bending should be the predominant mode of 

deformation. Further analysis used membrane bending only. Taking the gradient of 

the F–ε
1/2

 curves from the experiment and substituting them into membrane bending 

equation produces Young’s modulus values in the range 2.34 ± 0.008 to 6.08 ± 0.65 

GPa. Fitting using linear regression shows that there is very little change in modulus 

with radius for either the Reissner or membrane bending models.  
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Figure 5.25 Young’s Modulus of microbubbles (A) Young’s modulus values as calculated with 

Reissner and the membrane bending component of elastic membrane theories. (B) Young’s 

modulus values as calculated with De Jong and Hertz theories. Red lines on all graphs indicate 

best fit calculated by linear regression. 

 

Taking the gradient of the F – ε
3/2

 curves and applying simple Hertz theory yields 

Young’s modulus values in the range 0.49 ± 0.016 to 1.36 ± 0.046 MPa (Figure 

5.25(B)).  
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Using the De Jong model to calculate Young’s modulus from MB stiffness, we find 

values in the range 0.30 ± 0.013 to 0.73 ± 0.040 MPa. Linear regression fitting of 

both Hertz and De Jong datasets highlights that Hertz theory shows a clear 

dependence on diameter, whereas the De Jong model shows a much less pronounced 

trend.  

5.3.2 Tipped Cantilevers 

 

These experiments were conducted on MBs exceeding 48 hours old, though the MBs 

appeared to remain stable for several months. Experiments over 2 days yielded data 

on twenty one MBs. On analysis, all results gathered on day 2 were found to have 

either very poor repeatability or to be too short for further analysis. Of the data 

gathered on day 1, five MBs were considered suitable for stiffness analysis and 

subsequent fitting with the Hertz model. 

 

5.3.2.1 Stiffness 

 

Multiple compressions (>10) were recorded on five individual MBs ranging in 

diameter from 3.55 μm to 7.57 μm. In all cases the resulting F-Δ curves showed good 

repeatability indicating that no permanent deformation occurred as a result of the 

experiment. The effective stiffnesses of the MBs were calculated from the gradient of 

the initial linear section of the F-Δ curve up to a maximum of 70 nm. The first 25 nm 

of the measurement are excluded from the analysis as non-linear effects and surface 
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interactions make the data unreliable in this region. Figure 5.26 shows the range of 

stiffnesses from 0.134 ± 0.004 to 0.281 ± 0.010 N/m. There is insufficient data to 

determine with confidence whether a correlation between MB diameter and stiffness 

exists. 

 

Figure 5.26 Effective stiffness values for 5 individual MBs ranging in diameter from 3.55 μm to 

7.57 μm. 

 

5.3.2.2 Hertz theory 

 

Fitting using Hertz theory was completed in a similar manner to the analysis of 

tipless cantilever experiments, taking the gradient of the F-ε
3/2

 curves; however in the 

case of tipped cantilevers the radius of interest is the radius of the cantilever tip. The 

nominal value of 20 nm provided by the manufacturer was used in calculations. The 

Young’s modulus of each MB was calculated according to equation 11, a different 

expression of the relation used in the tipless cantilever analysis. 
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Figure 5.27 Young’s modulus values of MBs as calculated with Hertz theory for tipped 

cantilever experiments. 

 

Figure 5.27 shows the Young’s modulus values in the range 1.09 ± 0.12 to 2.41 ± 

0.12 MPa.  There is insufficient data to determine with confidence whether a 

correlation between MB diameter and Young’s Modulus is demonstrated. 
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5.3.3 Results Summary 

The following tables summarise the key results from this study. 

Cantilever 

Type 

Cantilever 

Spring 

Constant 

(N/m) 

MB 

Spring 

Constant 

(N/m) 

Size 

Dependence 

Y/N 

Tipless 0.03 – 0.08 0.074 – 

0.183 

Y 

Tipped 0.005 – 

0.01 

0.134 – 

0.281 

N 

 
Table 5.1 Summary of Stiffness Results for the Experimental Examination of BR14 MBs 

 

Cantilever 

Type 

Mechanical 

Model 

Deformation 

Regime 

Shell / 

Sphere 

Size 

Dependence 

Y/N 

Young’s 

Modulus 

Tipless Reissner Low Shell N 4.37 – 

7.58 GPa 

Tipless Membrane 

Bending 

Low Shell Y 2.34 – 

6.08 GPa 

Tipless De Jong Low Shell N 0.30 – 

0.73 

MPa 

Tipless Hertz Low Sphere N 0.49 – 

1.36 

MPa 

Tipped Hertz Low Membrane N 1.09 – 

2.41 

MPa 

 
Table 5.2. Summary of Young’s Modulus Results for the Experimental Examination of BR14 

MBs 
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5.4 Discussion 

5.4.1 Tipless Cantilevers 

 

Figure 5.24 (B) shows the range of stiffnesses from 0.074 – 0.183 N/m and the link 

between MB diameter and stiffness. This is a bit higher than the previously reported 

average stiffness of 0.056 N/m for BR14, [5] and in addition a clear trend can be 

seen, showing a linear decrease in stiffness with increasing MB diameter, which is in 

keeping with classical mechanics for shells having constant thickness. This is in 

contrast to the previous work on Definity® which showed no trend, but has been 

demonstrated previously in work by another group which uses microfluidic devices 

to produce MBs with carefully controlled constant thickness. [6] Taking this trend in 

stiffness with MB diameter as evidence that the MB shell has constant thickness, a 

value of t = 5 nm was selected; this is the same value used in the calculations in 

Chapter 4 and it therefore makes the results of the two studies consistent. There is a 

marked difference in MB stiffness between the two systems, with Definity® MBs 

having measured stiffness values averaging around 0.026 N/m; even the most 

compliant of the BR14 MBs are almost 4 times stiffer. When this is combined with 

the fact that the measured Definity® MBs were also smaller than the measured BR14 

MBs, this suggests that the stiffness difference is close to an order of magnitude. We 

would expect this large difference in stiffness to be borne out in the Young’s 

modulus measurements. 
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Figure 5.25 (A) shows the values of Young’s modulus for each bubble as calculated 

using Reissner and elastic membrane theories. The Reissner values fall in the range 

of 4 – 8 GPa, the membrane bending equation produces Young’s modulus values in 

the range 2 – 7 GPa with very little change in modulus with radius for either model. 

In both cases, while the actual Young’s modulus values are an overestimate by an 

order of magnitude, the Young’s modulus is demonstrated to be almost constant, 

which is as one would expect for an intrinsic property of the material. 

 

Hertz theory yields Young’s modulus values in the range 0.47 – 1.6 MPa (Figure 

5.27(B)). This is in keeping with values found for vesicle [7] and cell [8] systems 

using Hertz theory and suggests that the Hertz model has some validity in the case of 

very small deformations. This was initially somewhat unexpected as the principle 

tenet of Hertz theory – that the sphere be a homogeneous material – is not true in the 

case of these MBs; however the experiment is limited to very small deformations so 

this assumption is not excessively violated. The range of Young’s modulus values 

exceeds that of the Definity® MBs analysed with this model, which yielded values 

from 0.09 to 0.23 MPa, and the trend in Young’s modulus with MB radius for BR14 

is also in contrast with the behaviour of Definity®  MBs which did not show a trend 

with this model. 

 

Using the De Jong model to calculate Young’s modulus, we find values in the range 

0.30 – 0.75 MPa. These values are somewhat lower than the we would expect given 

the results in other systems such as supported lipid bilayers [9] (20 – 190 MPa), thick 

segments of phospholipids [10] (46 MPa) and other vesicle studies ( 14 – 194 MPa); 
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[11] however this might be explained by the fact that we are in the low deformation 

regime. The original model assumes whole – bubble deformation with pressure 

distributed evenly across the entire MB surface, however in this study of very small 

deformations it is very likely that the MBs deform mostly at the poles. Linear 

regression fitting of both Hertz and De Jong datasets highlights that Hertz theory 

shows a clear dependence on MB diameter, whereas the De Jong model shows a 

much less pronounced trend. Since the Young’s modulus should be an intrinsic 

property of the material, these results suggest that the De Jong model has potential to 

be quite useful as an indicator of MB Young’s modulus; in this particular study it is 

the most plausible of the available models from this point of view although its 

absolute values are not in the expected range. 

 

5.4.2 Tipped Cantilevers 

 

In experiments with tipped cantilevers, stiffness ranged from 0.134 – 0.281 N/m with 

no observable trend with stiffness, though there are not many data points. This is in 

contrast to the MBs compressed with tipless cantilevers which are notably less stiff, 

between 0.074 and 0.183 N/m, and showed a marked trend with stiffness. Applying 

simple Hertz theory yields values in the range 1.09 – 2.41 MPa. Again, there is no 

obvious correlation between Young’s modulus and MB radius, however the scarcity 

of data means that it is not possible to conclusively exclude any trend. These values 

are somewhat higher than the 0.47 – 1.6 MPa found using Hertz theory with tipless 

cantilevers, but there is some overlap in the range. Subsequent work (see Chpater 6) 
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has suggested that this difference may be due to the age of the MBs in this study. In 

nay case, the Young’s modulus values found using tipped cantilevers are lower than 

those found by experiments on lipid bilayer membranes, which are more in the 

region of 20 – 190 MPa. [9, 12]   

 

5.5 Conclusions 

 

This chapter has presented an experimental investigation of BR14 ultrasound 

contrast agent MBs of diameter 4.27 – 7.93 μm with tipless cantilevers. The resulting 

F-Δ curves were used directly to calculate the stiffness of the MBs. The resulting 

values range from 0.074 – 0.183 N/m. The stiffness of the MB can be seen to 

decrease with increasing MB radius, indicating that BR14 MBs have constant 

thickness. The Young’s modulus of the MB shell was calculated using three different 

mechanical models; of which De Jong theory was most suitable as there is minimal 

correlation between Young’s modulus and MB diameter. The shell Young’s modulus 

values calculated by this model are between 0.30 – 0.75 MPa. Hertz theory was used 

to evaluate the effective Young’s modulus of an equivalent homogeneous sphere 

having the same dimensions as the MB under test, yielding values in the range 0.47 – 

1.6 MPa. 

 

From the additional experiments with tipped cantilevers, it could be concluded that 

the isolated membrane is stiffer than the whole MB. However, one has to note that 

the MBs associated with the tipped cantilevers were aged. The Hertz model appears 
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to provide a reasonable estimate of membrane Young’s modulus; however the 

scarcity of data in this part of the study suggests that further experimental data with 

tipped cantilevers is necessary in order to check these initial findings. 
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6 An Investigation of the Nanomechanical 

Properties of Sonovue® 

6.1 Introduction 

 

The previous chapters on Definity® and BR14 have investigated two different types 

of commercially produced MBs and have highlighted significant differences between 

the different deformation regimes. We showed that in the relatively high deformation 

range the stretching term of the membrane theory works well. However, we have 

seen in the previous chapter that at low deformations the theories are largely 

unsatisfactory. In response to this, a final study was conceived which would expand 

the investigation to a third type of MB and be more comprehensive on the low 

deformation range while including the high deformation range for comparison within 

the same system. The overall aim was to collect a greater volume of data with 

different cantilever spring constants and types on a different (but still phospholipid-

based) system. The MB system chosen for this final study was Sonovue®, which is a 

commercial product currently on the market for use in clinical applications. 

 

This investigation includes ‘soft’, ‘hard’ and also tipless cantilevers in order to 

investigate whether the observed stiffness values are affected by a change in 

cantilever spring constant or type in the same system. Experiments are again 

conducted using tipped cantilevers but with recently reconstituted MBs which are 
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closer to their clinical usage lifetime. The increased number of experiments carried 

out necessitated some additions to the experimental procedure which are detailed in 

Section 6.2.3. The data analysis and mechanical models used were the same as those 

used in Chapter 5. 

 

6.2 Materials and Methods 

6.2.1 Materials 

 

Phospholipid stabilized MBs of the type Sonovue® (Bracco Diagnostics, Geneva, 

Switzerland) in lyophilised powder form were reconstituted with 5 ml saline as per 

manufacturer’s instructions. The lipids in Sonovue® are a mix of distearoyl-

phosphatidylcholine (DSCP) and dipalmitoylphosphatidylglycerol sodium 

(DPPG.Na). The encapsulated gas is sulphur hexafluoride (SF6). [1] 

 

6.2.2 Sample Preparation 

 

Samples were prepared for force spectroscopy measurements as described in Chapter 

3. Once the MBs were suitably dispersed across the surface of the dish, they were 

submerged in 10% saline solution and AFM measurements were taken in aqueous 

conditions. 
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6.2.3 Experimental Protocol 

 

As the range of experiments in this chapter is more extensive than previously, 

consideration was given to the order in which data was gathered. It was important 

that factors such as potential variation in batches could be monitored, though it was 

considered unlikely given the stability of the results on other MB systems. The 

potential deterioration in the MBs over time also had to be accounted for as by 

necessity experiments would take place over more than one day. It was decided that 

experiments would be conducted on three separate vials of Sonovue® MBs, with the 

soft, hard and tipped cantilevers used in rotation so that as many possible 

combinations of comparable data could be produced. The experimental timetable is 

shown in Table 6.1, which indicates which type of cantilever was used in force 

spectroscopy measurements on each day. ‘Soft’ refers to CSC 38 tipless cantilevers, 

‘hard’ refers to CSC 37 tipless cantilevers and ‘tipped’ refers to MLCT AUNM 

tipped cantilevers. Day 1 is the day of MB reconstitution. 

Batch Number Day 1 Day 2 Day 3 

1 Soft  Hard 

Tipped 

Soft 

Hard 

2 Hard Tipped 

Soft 

Hard 

Tipped 

3 Tipped Soft 

Hard 

Tipped 

Soft 

Table 6.1 Order of Force Spectroscopy Experiments on Sonovue® MBs 
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Experience suggested that results gathered immediately after MB reconstitution were 

often the best quality, so only one type of cantilever was used on Day 1 in order to 

maximise the volume of acquired data and minimise time lost due to cantilever 

calibration. 

6.2.4 Force Spectroscopy 

 

AFM measurements were taken using the molecular force probe (MFP – 1D) 

(Asylum Research, Santa Barbara, CA) with Mikromasch CSC-38 tipless cantilevers 

(formerly CSC-12) (Mikromash, Tallinn, Estonia) with aluminium back coating 

having nominal  spring constants in the range 0.03 – 0.09 N/m, CSC-37 tipless 

cantilevers (Mikromash, Tallinn, Estonia) with aluminium back coating having 

nominal  spring constants in the range 0.3 – 0.8 N/m, or Bruker (then Veeco) MLCT 

AUNM tipped cantilevers (Bruker AFM probes, Camarillo, CA) having nominal 

spring constants 0.005 – 0.025 N/m. The speed of the cantilever during approach and 

retract was constant at 3 μm/s. Each curve spanned a vertical distance of 3 μm 

(including the non-contact region). The raw position – deflection data was 

transformed to force – distance (F-d) and subsequently to force – deformation (F-Δ) 

and force – relative deformation (F-ε) curves which display only the deformation 

behaviour of the MB (i.e. the cantilever behaviour is excluded). 
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6.3 Results 

 

Experiments were conducted on several different vials of Sonovue®, all within 36 

hours of the MBs being reconstituted. The resulting force-deformation curves were 

checked for repeatability; and MBs which showed poor repeatability or anomalous 

behaviour were excluded as it indicated either MBs that did not adhere well (some 

unwanted lateral movement could be seen) or which were damaged/not well formed. 

The subsequent analysis of the MB data continued as described in Chapter 4. No 

significant variation was noted between different experimental batches and the MBs 

showed no deterioration over the course of each three day experiment. 

 

6.3.1 Soft Tipless Cantilevers 

 

Sonovue® MBs were compressed with tipless cantilevers having (measured) spring 

constants in the range 0.027 – 0.044 N/m. Experiments with such soft cantilevers 

proved tricky. After examining the recorded F–Δ curves for repeatability, 6 MBs 

were deemed suitable for further analysis. These MBs were spread across all three 

experimental batches and were included MBs tested on days 1, 2 and 3 of MB 

reconstitution. These MBs were subsequently analysed to determine their stiffness 

and the mechanical models were used to evaluate Young’s Modulus. 
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6.3.1.1 Stiffness 

 

Multiple compressions were recorded on six individual MBs ranging in diameter 

from 3.86 μm to 6.42 μm. In all cases the resulting F–Δ curves showed good 

repeatability indicating that no permanent deformation occurred as a result of the 

experiment. The effective stiffnesses of the MBs were calculated from the gradient of 

the initial linear section of the F–Δ curve. The first 25 nm of the measurement are 

excluded from the analysis. Figure 6.28 shows individual curves from three different 

MBs, having diameters 6.17, 4.71 and 4.10 μm and stiffnesses of 0.050 ± 0.003, 

0.041 ± 0.007 and 0.020 ± 0.001 N/m respectively. 

 

 

Figure 6.28 F-Δ curves for three different MBs. Curve (i) has diameter 6.17 μm and stiffness 

0.050 N/m. Curve (ii) has diameter 4.71 μm and stiffness 0.041N/m, and curve (iii) has diameter 

4.10 μm and stiffness 0.020 N/m. 

 



Chapter 6   An Investigation of the Nanomechanical 

Properties of Sonovue® 

125 

Figure 6.29 shows the range of stiffnesses from 0.020 ± 0.001 to 0.050 ± 0.003 N/m. 

There is a suggestion for a correlation between MB diameter and stiffness. 

 

 

Figure 6.29 Effective stiffness values for 6 individual MBs ranging in diameter from 3.86 μm to 

6.42 μm 

 

6.3.1.2 Mechanical Models 

 

For consistency with the other investigations, the MB shell thickness was assumed to 

be 5 nm. Analysis with the mechanical models was completed as in the preceding 

chapters. Figure 6.30 shows the values of Young’s modulus for each bubble as 

calculated using Reissner theory. The values fall in the range of 0.62 ± 0.04 to 2.32 ± 

0.13 GPa. An increase in Young’s modulus with increasing MB radius can be seen.  
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Figure 6.30 Young’s modulus values for 6 MBs ranging in diameter from 3.86 μm to 6.42 μm 

calculated using Reissner theory 

 

When considering the elastic membrane theory, at small deformations membrane 

bending should be the predominant mode of deformation. Equation 13 shows the 

ratio of bending to stretching; inverting this equation and setting FS / FB < 0.05 

allows us to define at what value of ε stretching becomes negligible. Using equation 

13, the value of εcrit below which bending is the predominant mode of deformation is 

0.01, so curve fitting was limited to this region. Taking the gradient of the F–ε
1/2

 

curves from the experiment and substituting them into membrane bending equation 

produces Young’s modulus values in the range 0.83 ± 0.03 to 2.42 ± 0.15 GPa, as 

shown in Figure 6.31. Again, there is a suggestion of an increase in Young’s 

modulus with increasing radius. 
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Figure 6.31 Young’s modulus values for 6 MBs ranging in diameter from 3.86 μm to 6.42 μm 

calculated using the membrane bending component of elastic membrane theory 

 

At larger deformations, membrane stretching should start to dominate. Setting the 

ratio FB / FS = 0.05 in equation 13 shows that the relative deformation above which 

bending is negligible is in the range εcrit = 0.09 – 0.13. The gathered curves (with soft 

cantilevers) did not all exceed these thresholds, though they were close, meaning that 

the deformation in some cases was expected to be a mix of bending and stretching. 

Nevertheless, it was considered interesting to attempt fitting with membrane 

stretching where εmax of the fitted region exceeded 0.06 (at 0.06 the contribution of 

the bending can be calculated theoretically to be 25% or below). The range of εmax of 

the final data was between 0.07 and 0.16. Figure 6.32 shows the resulting Young’s 

Modulus values ranging from 8 ± 0.5 to 72 ± 1 MPa and a visible increase in 

Young’s modulus with increasing diameter. 
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Figure 6.32 Young’s modulus values for 6 MBs ranging in diameter from 3.86 μm to 6.42 μm 

calculated using the membrane stretching component of elastic membrane theory 

 

Figure 6.33 shows the Young’s modulus values calculated using De Jong theory in 

the low deformation region. The values range from 0.080 ± 0.006 to 0.200 ± 0.012 

MPa. There is an indication of an increase of modulus with diameter. 

 

 

Figure 6.33 Young’s modulus values for 6 MBs ranging in diameter from 3.86 μm to 6.42 μm 

calculated using De Jong theory. 
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Figure 6.34 shows the Young’s modulus values calculated using Hertz theory in the 

low deformation region. The values range from 0.028 ± 0.001 to 0.080 ± 0.005 MPa. 

 

 

Figure 6.34 Effective Young’s modulus values for 6 MBs ranging in diameter from 3.86 μm to 

6.42 μm calculated using Hertz theory assuming sphere-plate geometry. 

 

6.3.2 Hard Tipless Cantilevers 

 

Sonovue® MBs were compressed with tipless cantilevers having measured spring 

constants in the range 0.247 – 0.408 N/m. After examining the recorded F–Δ curves 

for repeatability, 17 MBs were deemed suitable for further analysis. These MBs were 

spread across all three experimental batches and were included MBs tested on days 

1, 2 and 3 of MB reconstitution. These MBs were subsequently analysed to 

determine their stiffness and the mechanical models used to evaluate Young’s 

Modulus. 
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6.3.2.1 Stiffness 

 

Multiple compressions were recorded on seventeen individual MBs ranging in 

diameter from 3.13 μm to 7.03 μm. In all cases the resulting F–Δ curves showed 

good repeatability indicating that no permanent deformation occurred as a result of 

the experiment. The effective stiffnesses of the MBs were calculated from the 

gradient of the initial linear section of the F–Δ curve with the first 25 nm of the curve 

excluded from the analysis. Figure 6.35 shows individual curves from three different 

MBs, having diameters 5.00, 5.75 and 3.13 μm and stiffnesses of 0.099 ± 0.002, 

0.081 ± 0.005 and 0.047 ± 0.001 N/m respectively. 

 

 

Figure 6.35 F-Δ curves for three different MBs. Red line shows initial linear region used to 

calculate MB stiffness. Curve (i) has diameter 5.00 μm and stiffness 0.099 N/m. Curve (ii) has 

diameter 5.75 μm and stiffness 0.081N/m, and curve (iii) has diameter 3.13 μm and stiffness 

0.047 N/m. These MBs show no link between MB stiffness and initial radius. 
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 Figure 6.36 shows the range of stiffnesses from 0.032 ± 0.002 to 0.136 ± 0.003 N/m. 

There no apparent correlation between MB diameter and stiffness. 

 

 

Figure 6.36 Effective stiffness values for 17 individual MBs ranging in diameter from 3.13 μm to 

7.03 μm 

 

6.3.2.2 Mechanical Models 

 

For consistency with the other investigations, the MB shell thickness was assumed to 

be 5 nm. Analysis with the mechanical models was completed as in the preceding 

chapters. Figure 6.37 shows the values of Young’s modulus for each bubble as 

calculated using Reissner theory. The values fall in the range of 1.08 ± 0.938 to 4.53 

± 0.112 GPa, with an indication of an increase in Young’s modulus with increasing 

diameter. 
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Figure 6.37 Young’s modulus values for 17 MBs ranging in diameter from 3.13 μm to 7.03 μm 

calculated using Reissner theory 

 

When considering the elastic membrane theory, at small deformations membrane 

bending should be the predominant mode of deformation. Using equation 13 as 

discussed in section 6.3.1.2, the value of εcrit below which bending is the major mode 

of deformation is 0.01. Taking the gradient of the F–ε
1/2

 curves from the experiment 

and substituting them into membrane bending equation produces Young’s modulus 

values in the range 0.61 ± 0.06 to 4.74 ± 0.06 GPa, as shown in Figure 6.38. An 

increase in Young’s modulus with increasing MB radius can be seen.  
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Figure 6.38 Young’s modulus values for 17 MBs ranging in diameter from 3.13 μm to 7.03 μm 

calculated using the membrane bending component of elastic membrane theory 

 

At larger deformations, membrane stretching should start to dominate, and the 

relative deformation above which bending is negligible is in the range εcrit = 0.09 – 

0.13. It was expected that experiments with hard cantilevers would be able to access 

this regime, however these MBs demonstrate more non-linear behaviour than the 

others studied, becoming stiffer at higher deformations. For this reason, not all of the 

MBs had εmax values in the fitted region which exceeded the threshold for pure 

stretching. It was observed that the linear region of the F-ε
3
 graphs did extend back 

into the mixed deformation regime so it was therefore still considered interesting to 

attempt fitting with membrane stretching where εmax of the fitted region exceeded 

0.05 (at 0.05 the contribution of the bending can be calculated theoretically to be 

25% or below). This excluded one MB from this part of the analysis. The range of 

εmax of the final data was between 0.07 and 0.19. Figure 6.39 shows the resulting 

Young’s Modulus values ranging from 31 ± 2 to 233 ± 4 MPa and a visible increase 
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in Young’s modulus with increasing diameter. It is interesting to note that the highest 

value (i.e. the outlier in the graph) corresponds to the lowest εmax indicating that in 

the mixed regime this model might tend to overestimate the shell Young’s modulus. 

 

 

Figure 6.39 Young’s modulus values for 16 MBs ranging in diameter from 3.13 μm to 7.03 μm 

calculated using the membrane stretching component of elastic membrane theory. 

 

Figure 6.40 shows the Young’s modulus values calculated using De Jong theory. The 

values range from 0.129 ± 0.009 to 0.541 ± 0.013 MPa, with no definitive trend. 
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Figure 6.40 Young’s modulus values for 17 MBs ranging in diameter from 3.13 μm to 7.03 μm 

calculated using De Jong theory. 

 

Figure 6.41 shows the Young’s modulus values calculated using Hertz theory at 

small deformations. The values range from 0.048 ± 0.005 to 0.219 ± 0.005 MPa, 

with no visible trend in Young’s modulus with MB radius. 

 

 

Figure 6.41 Effective Young’s modulus values for 17 MBs ranging in diameter from 3.13 μm to 

7.03 μm calculated using Hertz theory assuming sphere-plate geometry. 
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6.3.3 Tipped Cantilevers 

 

Sonovue® MBs were compressed with tipped cantilevers having measured spring 

constants in the range 0.025 – 0.048 N/m. After examining the recorded F-Δ curves 

for repeatability, 15 MBs were deemed suitable for further analysis. These MBs were 

spread across all three experimental batches and were included MBs tested on days 

1, 2 and 3 of MB reconstitution. These MBs were subsequently analysed to 

determine their stiffness and Hertz theory was used to evaluate the Young’s modulus. 

 

6.3.3.1 Stiffness 

 

Multiple compressions were recorded on fifteen individual MBs ranging in diameter 

from 3.14 μm to 7.65 μm. In all cases the resulting F–Δ curves showed good 

repeatability indicating that no permanent deformation occurred as a result of the 

experiment. The effective stiffnesses of the MBs were calculated from the gradient of 

the initial linear section of the F–Δ curve. Figure 6.42 shows individual curves from 

three different MBs, having diameters 3.19, 5.76 and 3.40 μm and stiffnesses of 

0.051 ± 0.003, 0.027 ± 0.003 and 0.015 ± 0.001 N/m respectively. 
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Figure 6.42 F-Δ curves for three different MBs. Curve (i) has diameter 3.19 μm and stiffness 

0.051 N/m. Curve (ii) has diameter 5.76 μm and stiffness 0.027 N/m, and curve (iii) has diameter 

3.40 μm and stiffness 0.015 N/m. 

 

Figure 6.43 shows the range of stiffnesses from 0.013 ± 0.001 to 0.051 ± 0.003 N/m. 

There no apparent correlation between MB diameter and stiffness. 

 

 

Figure 6.43 Effective stiffness values for 15 individual MBs ranging in diameter from 3.14 μm to 

7.65 μm. 
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6.3.3.2 Hertz theory 

 

Fitting using Hertz theory was completed assuming the geometry is best described as 

two spheres in contact. As it was not possible to measure the tip radius accurately, 

the nominal value of 20 nm provided by the manufacturer was used in calculations. 

The Young’s modulus of each MB was calculated according to equation 11. 

 

 

Figure 6.44 Young’s modulus values of MBs as calculated with Hertz theory using sphere-

sphere geometry. 

Figure 6.44 shows the Young’s modulus values in the range 0.078 ± 0.002 to 0.416 ± 

0.030 MPa.  There is no obvious correlation between MB diameter and Young’s 

modulus. 
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6.3.4 Results Summary 

The following tables summarise the key results from this study. 

Cantilever 

Type 

Cantilever 

Spring 

Constant 

(N/m) 

MB 

Spring 

Constant 

(N/m) 

Size 

Dependence 

Y/N 

Tipless 0.027 – 

0.044 

0.020 – 

0.136 

N 

Tipped 0.025 – 

0.048 

0.013 - 

0.051 

N 

Table 6.2 Summary of Stiffness Results for the Experimental Examination of Sonovue® MBs 

 

Cantilever 

Type 

Mechanical 

Model 

Deformation 

Regime 

Shell / 

Sphere 

Size 

Dependence 

Y/N 

Young’s 

Modulus 

Tipless Reissner Low Shell Y 0.62 – 

4.53GPa 

Tipless Membrane 

Stretching 

High Shell Y 8 – 233 

MPa 

Tipless Membrane 

Bending 

Low Shell Y 0.61 – 

4.74 GPa 

Tipless De Jong Low Shell N 0.08 – 

0.54 

MPa 

Tipless Hertz Low Sphere N 0.028 – 

0.219 

MPa 

Tipped Hertz Low Membrane N 0.078 – 

0.416 

MPa 
Table 6.3 Summary of Young’s Modulus Results for the Experimental Examination of 

Sonovue® MBs 
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6.4 Discussion 

 

The aim of this investigation was to study a third type of phospholipid coated MB, 

Sonovue®, with soft and hard cantilevers to comprehensively investigate both the 

low deformation and high deformation regimes. Tipped cantilevers were also 

employed to investigate how MB indentation varies from whole MB compression. 

 

In the high deformation regime where membrane stretching dominates, the resulting 

Young’s modulus values are in good agreement with those presented in literature for 

supported bilayers, [2] vesicles [3] and cells [4]  which gives a collective range of 10 

- 194 MPa. Our range of 31 – 233 MPa (hard cantilevers) is therefore a reasonable 

estimate of shell Young’s modulus for this type of structure. Both the range of values 

and the observed trend in Young’s modulus with diameter is similar to that observed 

in Definity® experiments, which is as we would expect given that we were operating 

in the same relative deformation regime, and supports our earlier findings. This 

similarity of results also indicates that the difference in phospholipid composition of 

the MB shell has a minimal impact on the mechanical behaviour. 

 

At very small deformations the average observed MB stiffness appears to be 

somewhat higher for MBs compressed with hard cantilevers than with soft 

cantilevers, in ranges 0.032 – 0.136 N/m and 0.020 – 0.050 N/m respectively. There 

is significant overlap in this range, however, so the effect of cantilever stiffness on 

observed MB stiffness is quite small. Neither soft or hard cantilever experiments 
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showed a correlation between MB stiffness and MB diameter, which is a behaviour 

more akin to Definity® MBs than BR14. This is also in contrast to results of 

experiments on other constant-thickness MBs, [5] suggesting that Sonovue® MBs 

may also be subject to some variation in shell thickness. The behaviour of Sonovue® 

MBs was observed to be more non-linear than Definity® MBs at higher applied 

loads. 

 

Young’s modulus values at low deformations calculated with Reissner theory are in 

the 0.6 – 4.5 GPa range (hard and soft cantilever experiments combined range), 

which is a large overestimate compared to literature values of around 10 – 200 MPa 

[3, 6, 7] and closer to the 1.5 – 3 GPa found for polymeric capsules. [8] Soft 

cantilever values are slightly lower however there is good overlap between the two 

ranges. In both cases there is a definite increase in Young’s modulus with increasing 

MB diameter, which is consistent with Definity® MBs. 

 

In the low deformation regime, membrane bending is theoretically the appropriate 

part of the elastic membrane theory, however the 0.6 – 4.7 GPa range is again an 

overestimate compared to literature values in the 10 – 200 MPa range for non-AFM 

methods [3, 7] or the 10 – 30 MPa  found using elastic membrane theory on Jurkat T 

lymphoma cells, though at somewhat higher deformations. [4] This probably 

suggests that at low deformations we have the influence of intermolecular forces (for 

example, repulsions from adsorbed PEG layers) that mask this mechanical term. Of 

course, we cannot be certain and it could be that the initial mechanism of 

deformation proposed in elastic membrane theory i.e. localised bending at the edges 
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of the contact area at the MB poles, may not match the physical behaviour of these 

MBs at low deformation. There is a definite increase in Young’s modulus with 

increasing MB diameter, which is in opposition to the behaviour of BR14 MBs 

analysed by this method. 

 

De Jong theory provides Young’s modulus estimates in the 0.08 – 0.5 MPa range. 

These values are an underestimate;[3, 7] however the degree of underestimation is 

lower than the degree of overestimation of the previous two models. The values are 

very similar to those found for BR14 MBs, 0.3 – 0.75 MPa, and Sonovue® MBs 

show little to no trend with MB diameter, indicating that this model describes 

Young’s modulus as an intrinsic property of the MB, even with the potential 

variation in MB shell thickness.  

 

Hertz theory produces effective Young’s modulus values for the MBs in the range 

0.03 – 0.22 MPa. There is no trend in Young’s modulus with MB diameter, which is 

akin to the behaviour of Definity® MBs but in contrast to BR14 which did show a 

link between modulus and diameter. The actual modulus values are close to those 

found for Definity®, which were in the range 0.09 – 0.23 MPa. They are also 

comparable to literature values for cells and vesicles investigated with Hertz 

theory.[4, 9-11] The values are lower than the values found with De Jong theory.  

 

Tipped cantilever experiments yielded observed stiffness values between 0.013 and 

0.051 N/m, which matches closely with tipless cantilever values. This suggests, as 

we would expect, that at low deformations the MB behaviour is dominated by the 
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membrane properties rather than shell geometry or the pressure of the filling gas. 

There is no link between stiffness and MB diameter, which supports the idea that we 

are probing a membrane property by means of indentation rather than a shell 

property by whole MB compression. The apparent stiffness of Sonovue® MBs is 

lower than that observed for BR14 MBs investigated with tipped cantilevers by about 

an order of magnitude. This may be due to the age of the BR14 MBs tested with 

tipped cantilevers; it seems that in fresher MBs there is better agreement between 

results gathered with tipless and tipped cantilevers. Analysis of tipped cantilever 

experiments to find values of the effective Young’s modulus using Hertz theory 

shows no link between Young’s modulus and MB radius, which is as we would 

expect for relatively small deformations of the membrane. The values themselves, 

0.08 – 0.42 MPa, are very similar to the results from tipless cantilever experiments, 

0.05 – 0.22 MPa (hard and soft cantilever results). Given that this is a comparison of 

two different expressions of Hertz theory, one for tipless and one for tipped 

cantilever experiments, the agreement between the two results is particularly 

noteworthy; to the best of my knowledge, this is the first time such a direct 

comparison has been made. The actual values are likely to be an underestimation 

overall; however the similarity to literature values (for Hertz theory) [4, 9-11] 

suggests that the model may still have some validity and could perhaps be the basis 

for a more comprehensive theoretical model in the future. These comparable values 

also support the idea that MB shell properties and membrane properties are closely 

related in the low deformation regime. When compared with the Young’s modulus 

values of BR14 MBs tested with tipped cantilevers, we again see an order of 

magnitude difference between the two systems, with BR14 MBs having a Young’s 
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modulus around 10 times that of Sonovue®. This is consistent with the similar 

finding for MB stiffness and probably due to the age of the BR14 samples at the time 

of testing. 

 

6.5 Conclusions 

 

This chapter has presented an experimental investigation of Sonovue® ultrasound 

contrast agent MBs using force spectroscopy with soft and hard tipless cantilevers 

and soft tipped cantilevers. The resulting F-Δ curves were used directly to calculate 

the stiffness of the MBs at low deformation. The resulting values range from 0.020 – 

0.0136 N/m, with no link between stiffness and diameter. Tipless cantilever 

experimental data was used to calculate the Young’s modulus of the MB shell using 

three different mechanical models. At low deformations De Jong theory was most 

suitable, yielding an average shell Young’s modulus between 0.08 and 0.54 MPa. 

The other models, Reissner and the membrane bending component of elastic 

membrane theory, produced large overestimates of Young’s modulus and showed 

dependence on MB diameter. Hertz theory was used to evaluate the effective 

Young’s modulus of an equivalent homogeneous sphere having the same dimensions 

as the MB under test, yielding values in the range 0.028 – 0.22 MPa. Indentation 

experiments with tipped cantilevers yielded stiffness values and Young’s modulus 

values from Hertz theory that were very close to those found from tipless cantilever 

experiments. At high deformations, the membrane stretching component of elastic 

membrane theory was quite effective, yielding an average shell Young’s modulus 
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between 8 and 233 MPa. These results confirm our previous findings; as in the case 

of Definity®, in the high deformation regime membrane stretching yields Young’s 

modulus values in the range we would expect, however a dependence on MB 

diameter has been observed which does not agree with the concept of Young’s 

modulus as an intrinsic property, thus indicating some shell thickness variation (as 

with Definity). At low deformations Hertz and De Jong theories describe the MBs as 

having Young’s modulus which is independent of MB diameter, though the values 

themselves are probably an underestimate. 
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7 General Conclusions and Future Work 

 

7.1 General Conclusions  

 

The purpose of this study was to use AFM force spectroscopy techniques to address 

a gap in the knowledge regarding the intrinsic mechanical properties of phospholipid 

coated MBs under direct mechanical loading. Gaining this knowledge is a necessary 

step in the process of adapting such MBs away from their initial function as 

ultrasound contrast agents into a wider variety of applications such as targeted 

drug/gene delivery. The systematic investigation of three different phospholipid MBs 

systems validates the experimental and analytical techniques which had previously 

only been applied MBs with a much stiffer polymeric coating. 

 

In the high deformation regime we have demonstrated that membrane stretching is a 

good predictor of MB mechanical properties. This result is verified across two 

phospholipid MB systems. Possible variations in shell thickness were identified, 

which have implications for the manufacturing processes used to create these MBs. 

 

In the low deformation regime, we have used several different models. Reissner 

theory is not a good predictor of MB behaviour for phospholipid MBs despite its 

success in the case of polymeric MBs, suggesting that it is perhaps only useful in the 

case of hard shelled MBs. Membrane bending is also not a very successful model. It 
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is possible that this is because at these very low forces where membrane bending 

dominates, confounding factors such as the PEG brush layer surrounding the MB 

affect the force-deformation behaviour observed by the AFM. De Jong theory shows 

potential for further development as it shows no size dependent effects, however the 

overall values underestimate Young’s Modulus. There is also the possibility that the 

MB behaviour is simply quite non-linear and that they may demonstrate different 

Young’s modulus values in different deformation regimes. 

 

Hertz theory provides interesting information about the MB as a homogeneous 

sphere rather than a shell structure. The values of effective Young’s modulus are 

likely to be underestimates but the good agreement between experiments involving 

tipped and untipped cantilevers suggests that Hertz theory may be a good starting 

point for the development of more comprehensive models in the future. 

 

7.2 Future Work 

 

There is still significant scope for further investigation of the mechanical properties 

of MBs, both experimentally and theoretically. First and foremost, the results 

presented in this thesis can be used as the basis of a theoretical study aiming to 

produce a comprehensive mechanical model of MB behaviour, particularly at low 

deformations. It seems that some models might contain the correct functional 

relationship with radius but they need further investigation as far as the coefficients 
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are concerned. In other words, this study shows that the continuum approach could 

still be relevant in this small scale but with some modifications. 

 

In terms of further experimental work, the next step would be to expand the 

investigation of MB deformation under tipped cantilevers into the high deformation 

regime (still within the boundaries of small deformations overall) and study the 

mechanical behaviour up to rupture. Furthermore, one could go to large deformations 

(ε > 0.3 with tipped and tipless cantilevers) in order to provide data and develop a 

gas-related model. This is very important for the ultrasound applications where the 

range of deformation could be large and lead to rupture. 

 

As discussed, the issue of MB thickness is very important when characterising the 

behaviour of the MBs. It would be advisable to attempt to conclusively demonstrate 

the actual thickness of the MBs used in this study experimentally. This could 

potentially be achieved using equipment already available within the group by 

collapsing bubbles onto a surface with a sharp tipped cantilever then using an 

imaging AFM to examine the thickness of the collapsed MB shell. Other options 

would require the use of other experimental techniques, but have a greater chance of 

producing good results. These techniques include confocal microscopy or total 

internal reflection (TIRF) microscopy, where a thickness could be found without 

having to expose the MB shell to vacuum (as would be necessary for scanning 

electron microscopy (SEM) or transmission electron microscopy (TEM)), which 

could cause structural changes in the phospholipid shell.  
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I would also recommend a thorough investigation of the effect of probe geometry on 

MB behaviour. Cantilevers with tips of decreasing radius of curvature could be used 

to investigate experimentally whether the use of model which assume point loading 

is actually acceptable. This information would be particular use to those who wish to 

improve the modelling of MB deformation. 

 

Also of great potential use to MB modellers would be an investigation into the 

symmetry, or lack thereof, of MB deformation over the course of a compression 

experiment. This could potentially be achieved by the use of confocal microscopy to 

record the changes in contact area on both the top and bottom poles of the MB during 

a compression cycle. 
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