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Temperature dependent stiffness and visco-elastic behaviour of lipid coated
microbubbles using atomic force microscopy
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The compression stiffness of a phospholipid microbubble was determined using force-spectroscopy as

a function of temperature. The stiffness was found to decrease by approximately a factor of three from

�0.08 N m�1, at 10 �C, down to �0.03 N m�1 at 37 �C. This temperature dependence indicates that the

surface tension of lipid coating is the dominant contribution to the microbubble stiffness. The time-

dependent material properties, e.g. creep, increased non-linearly with temperature, showing a factor of

two increase in creep-displacement, from �24 nm, at 10 �C, to 50 nm, at 37 �C. The standard linear

solid model was used to extract the visco-elastic parameters and their determination at different

temperatures allowed the first determination of the activation energy for creep, for a microbubble, to be

determined.
1. Introduction

Micron-sized, gas microbubbles encapsulated within a thin shell

of lipid1–6 or other surfactant based material7–11 are generating

increasing interest as ultrasound contrast agents (UCA’s)12–14

and potential drug delivery vehicles.12–18 It is well documented

that such microbubbles dissolve almost instantaneously in the

absence of their surfactant coating3 and that the coating not only

affects the resistance to gas permeation, and hence microbubble

lifetime, but also their mechanical properties.19–22

The use of lipid based coatings is widespread not only because

of their intrinsic biocompatibility but also because lipid based

engineering is relatively advanced, permitting the attachment of

PEG chains to reduce non-specific interactions and increase

biocompatibility and functional groups, such as antibodies or

peptides, for targeting.23 Furthermore the wide range of lipids

available has allowed fundamental studies on the role of the

coatings in controlling the microbubble stiffness, viscosity and

strain behaviour.24

Recently, we have shown that the compression stiffness of

phospholipid microbubbles is significantly increased, by a factor

of 30, via the adsorption of a streptavidin layer at bilayer/water

interface.25 Other research on microbubbles has determined the

stiffness and elastic modulus of ‘thick-shelled’ and ‘hollow thin-

shelled’ polymeric microbubbles.9–11

To date, however, all such force spectroscopy (FS) studies

have been undertaken at room temperature and therefore
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unlikely to represent the behaviour expected in vivo. Further,

whilst the mechanical properties of such microbubbles are

commonly characterised as being isotropic, elastic and time-

independent, they may in fact be better understood as visco-

elastic materials exhibiting time (or rate) dependent properties.

Traditionally, there are two ways of testing visco-elastic time-

dependent behaviour via nanoindentation: i) monitoring the

displacement under a constant stress (creep) or, ii) monitoring

the load under a constant strain (relaxation). Creep and relaxa-

tion testing has been successfully carried out, at the micro-level,

on cartilage and bone26 and recently on living cells.27 It is also

worth noting that the visco-elastic properties of materials are

generally known to be sensitive to temperature.28,29

In this paper we present the first report on the use force-

spectroscopy to determine the mechanical properties of lipid-

coated microbubble as a function of temperature and loading

rate. We also present the first studies on the determination of

their visco-elastic properties, by analysing the creep response, as

a function of temperature. The methodology and results

obtained provide a starting point for the future design micro-

bubble shells with desirable visco-elastic responses.
2. Results and discussion

Using the AFM optical microscope, a suitable microbubble is

located (Fig. 1a). The width of the cantilever (50mm) is used to

provide an approximate measure the diameter of the micro-

bubble. A generalised schematic showing the cantilever and

bubble arrangement is shown in Fig. 1b.

Fig. 2 shows a typical force-spectroscopy plot of a creep

experiment on a microbubble. The three separate stages, shown

in Fig. 2a, represent loading, hold and unloading. Initially, the

microbubble is subject to an increasing load (loading curve) to
Soft Matter, 2012, 8, 1321–1326 | 1321
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Fig. 1 (a) AFM optical image of the cantilever (width ¼ 50 mm) with

a suitable isolated lipid microbubble (inset) production of microbubbles

from micro-fluidic device (b) schematic diagram highlighting the canti-

lever/microbubble system.

Fig. 2 (a) Typical force versus displacement cycle on DPPC: PE-biotin

(9 : 1) coated microbubble, showing the loading, hold and unloading

sections, (b) displacement (upper) force (lower) traces versus time – during

the hold period (solid line).
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a set value at which the force is maintained at a constant value for

a fixed period of time (hold), Fig. 2b (lower). During this ‘‘hold’’

period the displacement versus time is recorded, Fig. 2b (upper)

and subsequently the load is removed (unloading curve). The

process was repeated at least 50 times to check repeatability and

to allow mean values to be obtained. It is worth noting that the

curves were highly reproducible, indicating no loss of gas during

these loading/unloading cycles. Overall, the force curves (load/

hold/unload) were smooth and exhibited no instabilities as

observed by Glynos et al.9 As expected for a visco-elastic solid,

the force curves show hysteresis (area bound by the load/hold/

unload and the line F ¼ 0), due to heat loss or dissipation during

the indentation. However, our indentations remain in the elastic

region as demonstrated by the repeated force curves (1st and

50th) overlaying each other. Furthermore, the adhesive break-off

point, from the unloading curve, occurs approximately at the

zero-contact point (Fig. 2b); highlighting no plastic deformation.

The observed adhesion on unloading might be due to increased

bubble-substrate or bubble-tip interactions; however this is both

reversible and small. The displacement was calculated as the

difference between the change of z-piezo displacement and the

change in tip deflection, i.e. indentation depth. However, as

the bubble system can be compressed at both its poles, we use the

term ‘displacement’ for clarity.
1322 | Soft Matter, 2012, 8, 1321–1326
The force-displacement curves were non-linear in the low

applied force regime, and hence the gradient, which represents

the microbubble stiffness, was obtained by fitting a straight line

to the upper portion of the curves as shown by the red lines in

Fig. 3a. The force displacement curve displays a non-linear

behaviour at low applied force (<2 nN), due to a combination of

increasing contact area between the micro-bubble and the tip and

also due to deformation at the micro-bubble/substrate interface.

As a result it is unlikely that at low applied force (<2 nN) one is

measuring purely the mechanical properties of the microbubble.

Consequently, the stiffness values were obtained by fitting

a straight line (shown as solid line in fig. 3a) to the portion of the

curves for which the applied force was greater than 3 nN. Fig. 3a

shows the force-displacement curves obtained from a single

microbubble at 4 different temperatures between 10 and 37 �C. It
is evident from decrease in slope that the compression stiffness

decreases significantly with increasing temperature. For the same

applied load, 5 nN, the displacement observed at 10 �C only

reaches �80 nm whereas for measurements made at 37 �C, the
displacement depth reaches over 200 nm. Whilst this is a signifi-

cant increase it is still less than 5% of the microbubble diameter,

thus allowing the displacement to be treated as in a low strain

regime.

The stiffness measured in such force spectroscopy measure-

ments arises due to a combination of the bulk modulus of the gas

and stiffness due to the lipid shell. Increasing the temperature

could either lead to an increase in the gas pressure, which would

concomitantly lead to an increase in the stiffness due to the gas

core (the opposite to that observed) or to an increase in bubble
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 (a) Force vs. displacement plots made on a single MB at different

temperatures between 10 and 37 �C, at a constant velocity (1 mm s�1). The

solid lines represent straight line fits used to obtain stiffness values (b)

Compression stiffness vs. temperature, obtained at three different tip

velocities – each point represents the mean� standard deviation obtained

from 50 loading cycles.

Fig. 4 (a) Typical creep displacement curves obtained for a microbubble

held at different temperatures between 10 and 37 �C. (b) Mean

displacement creep vs. temperature, at three different loading velocities.
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volume which would lead to a softer bubble.25 However, for the

temperature range considered here, we would only estimate �9%

increase in volume (corresponding to a �3% increase in radius)

and from our previous work expect this to correspond to only

a change in stiffness of �1 mN m�1. In contrast, increasing the

temperature would also be expected to reduce the lateral inter-

actions between lipids, thereby reducing the surface tension and

lead to a reduction in the stiffness values determined from the

force spectroscopy. Experimentally, it is difficult to determine

optically whether such bubbles change size, as our spatial reso-

lution is only� 0.4 mm. However, we would expect to be sensitive

to changes in bubble size in the force-displacement curves (i.e. the

location of the point of zero contact) where we did not observe

a notable expansion. Thus, the significant decrease in stiffness

observed with increasing temperature indicates that the proper-

ties of the lipid shell dominate the force-spectroscopy measure-

ments (Fig. 3b). Measurement of the nano-mechanical properties

of supported bilayers have also shown a reduction in the lateral

interaction between lipid molecules, with increasing temperature,

leading to a reduction in the breakthrough force required to

penetrate the bilayer.30 Furthermore, course-grain lipid model-

ling showed that acyl chain tails became increasingly disordered

with increasing temperature.31

Fig. 3b shows that the stiffness varies inversely with temper-

ature and also that there was a weak dependence on loading

speed. We note that the stiffness plots converge towards a value

of �0.03 � 0.002 N m�1 (1 mm s�1), at 37 �C, nearly a factor of

three lower than obtained for 10 �C. Whilst values of stiffness as

determined above provides a useful parameter for understanding
This journal is ª The Royal Society of Chemistry 2012
and comparing the mechanical the response of microbubbles to

external forces, under varying loading rates and temperatures, it

does not provide a full characterisation of its visco-elastic, time-

dependent, behaviour.

In order to assess the visco-elastic contribution in the force

plot, we have examined the creep response. Plots of the

displacement versus time obtained during the ‘‘hold’’ period are

shown, in Fig. 4a, for each temperature. The displacement creep

data is a measure of the maximum change in deformation whilst

a constant load is applied for a period of 3 s. This was then

repeated at 3 different loading velocities and at 4 different

temperatures (Fig.4b).

The visco-elastic creep experienced by a lipid microbubble is

non-linearly dependent upon temperature. At the lowest

temperature (10 �C) the measured creep displacement is small,

�20nm and is relatively insensitive to the loading speed.

Whereas, at 37 �C the measured displacement creep is �40–50

nm and shows a slightly stronger dependence on loading rate.

It is possible to fit the creep displacement vs. time curves of

Fig. 4(a) to a simple mechanical model, the so-called standard

linear solid model combines a purely elastic element (k1) and

a visco-elastic Maxwell element (k0, h0) arranged in parallel,

Fig. 5(a). Simpler models to analyse linear visco-elastic behav-

iour, such as the Maxwell or Kelvin-Voigt, do not adequately

model creep or stress relaxation, whereas the standard linear

solid model is the most basic model that describes both

phenomena. The model may have no molecular basis but

represents a simple combination to examine the visco-elastic

behaviour of the microbubble. The fit to eqn (1) in Fig. 5b

represents the behaviour of the standard linear solid following
Soft Matter, 2012, 8, 1321–1326 | 1323
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Fig. 5 (a) Standard linear model comprising of an elastic element, k0, in parallel with a visco-elastic Maxwell element, k1, h0. (b) ‘Normalised’ creep

displacement curve taken at 37C, 1 mm s�1 with fit to the standard linear solid model, (c) Results of model fitting results of k0, k1 and h0 at varying

temperature and loading velocity.
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a unit step increase in stress, where the creep has been normalised

with the applied load.

The results of the fitting show a linear decrease of stiffness, of

the elastic components, k0 and k1 with increasing temperature.

The damping coefficient, as calculated using eqn (2), h0 also

shows a non-linear decrease with increasing temperature and is

influenced more by loading velocity (Fig. 5(c)). Results from the

fitting to the standard linear solid model are tabulated in Table 1.

The time dependent creep behaviour, as modelled by springs/

dashpots, has been carried out on polymers,32 bone,33,34 andmore

recently on single bacterial cells35 and bacterial biofilms,36

A method of extracting the activation energy of creep (Q) by

examination of the strain rate behaviour over a range of

temperatures has been commonly used for metals/ceramics, using

eqn (3) and (4).37 However, to the best of our knowledge, this has
Table 1 Curve fitting results of microbubble visco-elastic behaviour
with varying temperature and loading rate

T/�C
Tip velocity
(mm s�1) K0 (mN m�1) K1 (mN m�1) h0 (mN s m�1)

10 1 8.45 � 1.7 46.6 � 6.1 3.9 � 1.2
2 7.3 � 1.2 49.3 � 3.7 2.5 � 1.3
4 7.8 � 1.9 53.9 � 5.3 1.9 � 0.9

20 1 5.7 � 1.1 37.1 � 2.8 2.3 � 0.8
2 6.0 � 1.4 40.1 � 2.9 1.6 � 0.9
4 5.8 � 1.4 45.3 � 5.8 1.2 � 0.6

30 1 3.9 � 1.0 24.1 � 2.3 1.6 � 0.7
2 4.1 � 0.9 32.0 � 2.1 1.2 � 0.6
4 4.2 � 1.1 37.3 � 3.9 1.0 � 0.5

37 1 2.6 � 0.5 17.2 � 1.6 1.2 � 0.4
2 2.8 � 0.5 20.3 � 1.9 0.98 � 0.45
4 3.4 � 0.4 25.4 � 2.3 0.9 � 0.3

1324 | Soft Matter, 2012, 8, 1321–1326
yet been applied to microbubbles, vesicles or cells. The strain rate

was calculated using eqn (3), where Dd/dt is the gradient at

a constant level of displacement creep depth as shown in Fig. 6

(a). For these experiments, we set the level at h¼ 15 nm, however,
Fig. 6 (a) Strain rate dependence varying as a function of temperature,

(b) plot of ln(strain rate) against 1/T, where the activation energy can be

deduced from the gradient of such a plot.

This journal is ª The Royal Society of Chemistry 2012
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some of the curves taken at 10 �C did not have this amount of

creep and were not included in the analysis.

Fig. 6(b) shows the plot of ln(strain rate) against 1/T, where the

gradient is equal to –Q/R. The activation energy for creep, of

a microbubble, was determined to be 78 kJ mol�1. Such an

approach been applied to more biologically relevant samples,

collagen fibrils, where Q was found to be 50 kJ mol�1.38 Due to

the limited determination of the activation energy of creep, via

AFM measurements, it is difficult to put our value for Q in to

context. Though, it is hoped it will provide starting point for

future refinement and allow comparison for bubbles with

different shell properties.

3. Experimental

Microbubble preparation

Phospholipid coated microbubbles were prepared using the

method described by McKendry et al.25 in which a flow focussed

microfluidic chip was used to create gas (C3F8) filled micro-

bubbles. A gas pressure of 76 kPa and liquid flow rate of 50 mL

s�1 were optimal for producing microbubbles of 2–8 mm

diameter. The phospholipid coat composition consisted of

a 90 : 10 mixture of 1,3-Dipalmitoyl-sn-glycero-3-phosphocho-

line (DPPC) to 1-oleoyl-2-(12-biotinyl(aminolauroyl))-sn- glyc-

ero-3-phosphoethanolamine (PE-biotin).

The microbubbles to be studied were immobilized on a bio-

tinylated self-assembled monolayer (SAM), on a gold-coated

glass cover slip. The SAMswere formed by incubation of a freshly

prepared gold surface for 12 h, in a 15 mM methanolic solution

containing a mixture (90 : 10 mol. %) of 6-mercaptohexanol

(Sigma-Aldrich, Poole,UK) and abiotinylated thiol (Assemblon,

WA USA). For the attachment of the lipid-coated microbubbles

the SAM was first incubated for 2 h in a 0.1 mg mL�1 solution of

streptavidin. Following streptavidin attachment the cover slip

was placed in contactwith themicrobubble solution in an inverted

manner for a period of 1 h. This facilitated the attachment of

floating microbubbles via a biotin–streptavidin bridge.

AFM sample preparation and calibration

The sample was then rinsed with excess MilliQ water to remove

unattached microbubbles from the SAM surface and placed onto

the AFM fluid cell (MFP3D Asylum Research, Santa Barbara,

USA) and attached to a Peltier heater/cooling device. The micro-

bubbles were maintained within 2mL of buffer solution (1 vol%

glycerine (Sigma-Aldrich, St. Louis, USA) 99 vol% MilliQ water

solution containing 4 mg ml�1 NaCl.). The heater was warmed to

the appropriate temperature (10, 20, 30 and 37 �C) and allowed to

equilibrate for an hour, before calibrating the spring constant of

the cantilever, using the thermal tuning method.39 The laser

sensitivity was measured by pressing the cantilever on to the hard

gold substrate once the system had reached its thermal equilib-

rium. For the range of experimental temperatures, the measured

cantilever spring constant (0.17 N m�1) varied by less than 4%.

AFM mechanical testing

A suitable individual microbubble was then located using the

AFM optics. A digital image was captured in order to measure
This journal is ª The Royal Society of Chemistry 2012
the microbubble diameter (Fig. 1); the AFM tipless cantilever

(Nanosensors, UK), with known width (50 mm) was used as

a calibration for determination of the microbubble diameter (4.5

mm). The cantilever was then moved directly above the micro-

bubble and slowly brought in to soft contact. Fifty force curves

were recorded in closed z-loop mode with a range of tip velocities

(1, 2 and 4 mm s�1) and for a series of temperatures between 10

and 37 �C).

Stiffness analysis

Stiffness values were determined by measuring the gradient of

the force-displacement plot (Fig. 3a) for each tip velocity, and

at each temperature. The gradient of the recorded force-

displacement plots was used to determine the contact stiffness

of the cantilever/microbubble system (kSYS). The compression

of thin shelled spheres modeled as a two springs in series40

with the stiffness of the microbubble (kMB) can be given by 1/

kMB ¼ 1/kSYS – 1/kc, where kc is the spring constant of the

cantilever.

The maximum load for the force curves was maintained at 5

nN; this was then followed by a 3 s hold in order to maintain

a constant force on the microbubble to assess the creep behav-

iour (Fig. 2b). The feedback for the hold section was set to

monitor the cantilever deflection, which is directly proportional

to the applied load. The amount of creep, continuation of

deformation of material under constant stress, was recorded

during this hold section.

Creep analysis

A standard linear solid model comprising of a Maxwell element

(spring/dashpot in series) in parallel with a dashpot (Fig. 5a) is

applied to the creep vs. time curves made on the micro-bubbles at

different tip velocities and temperatures. It can be shown that the

time dependent (d(t)) creep behaviour of the standard linear solid

model, following a step change in applied force (F0), can be

described by eqn (1).

dðtÞ
Fo

¼ 1

ko

�
1� ko

ko � k1
e�t=s

�
(1)

Where k0, k1 are the spring constants of the two spring elements

ho ¼ s

�
kok1

ko þ k1

�
(2)

Further, the relaxation time (s) of the visco-elastic material is

used to calculate h0, which is the damping coefficient of the

dashpot using eqn (2).

The maximum amount of creep is extracted from the

displacement creep vs. time curves over the 3 s hold for each of

the 3 different loading rates. The strain rate was calculated using

eqn (3) and activation energy Q was calculated using the stan-

dard creep eqn (4). The strain rate was taken at a constant creep

displacement depth (d), where the gradient (Dd/Dt) was recorded.

_3 ¼ 1

d

Dd

Dt
(3)

_3 ¼ Csnexpð�Q=RTÞ (4)
Soft Matter, 2012, 8, 1321–1326 | 1325
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Where C, s and n are material constants, R the universal gas

constant, and T the temperature (K).

4. Conclusions

The stiffness and visco-elastic properties of microbubbles are

important quantities, which will inform their use as agents for

therapeutic delivery. In particular, control over the composi-

tion and architecture of microbubble coatings is expected to

play a significant role in determining their visco-elastic

response. The force spectroscopy studies presented here have

shown that the stiffness of lipid-coated microbubbles decreased

by nearly a factor of 3 as the temperature was increased from

10 to 37 �C.
Further, these systems also displayed temperature dependent

visco-elastic creep behaviour, on a single microbubble, found to

nearly double on increasing the temperature to 37 �C. Whilst the

interpretation in terms of a molecular model is not yet available,

an activation energy for creep was determined to be 78 kJ mol�1

compared to that of 50 kJ mol�1 for collagen fibrils.

Our results indicate the need to perform combined stress-

relaxation and creep studies of lipid-coated microbubbles, with

defined architectures and composition, to permit the extraction

of physically meaningful parameters from the visco-elastic

modelling.
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