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Abstract

To fully assess contrast-enhanced acoustic bioeffects in diagnostic and therapeutic procedures, the
mechanical properties of microbubbles need to be considered. In the present study, direct
measurements of the microbubble stiffness were performed using atomic force microscopy by
applying nanoscale compressions (up to 25 nN/s) on size-isolated, lipid-coated microbubbles
(diameter ranges of 4 to 6 um and 6 to 8 um). The stiffness was found to lie between 4 and 22
mN/m and to decrease exponentially with the microbubble size within the diameter range
investigated. No cantilever spring constant effect was found on the measured stiffness. The
Young’s modulus of the size-isolated microbubbles used in our study ranged between 0.4 and 2
MPa. Microstructures on the surface of the microbubbles were found to influence the overall
microbubble elasticity. Our results indicated that more detailed theoretical models are needed to
account for the size-dependent microbubble mechanical properties to accurately predict their
acoustic behavior. The findings provided useful insights into guidance of cavitation-induced drug
and gene delivery and could be used as part of the framework in studies on the shear stresses
induced on the blood vessel walls by oscillating microbubbles.

[. Introduction

Microbubbles have been widely used as contrast agents to increase the blood backscatter in
diagnostic ultrasound imaging [1]-[3]. More recently, it has been shown that microbubbles
may also hold great potential for disease treatment, including oxygen delivery to hypoxic
tissues [4], drug and gene delivery [5], [6], cavitation-assisted thrombolysis [7] as well as
localized and transient opening of the blood—brain barrier (BBB) for targeted drug and gene
delivery [8]-[10]. For many drug and gene delivery applications, the therapeutic efficacy
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relies on the microbubbles’ ability to transiently increase the porosity and permeability of
the cell membranes and blood vessel walls. As the microbubbles circulate in the vasculature,
they can expand and contract according to the applied ultrasound frequency. It has been
hypothesized that the mechanical stresses applied on the vessel walls during microbubble
oscillation could be one of the potential mechanisms for the transiently and reversibly
increased cellular [11] and vascular [12] permeability.

Our group has previously reported that the transcranially detected inertial cavitation varied
with microbubble size during focused ultrasound disruption of the BBB [13]. High-speed
optical imaging findings have also indicated that the pressure threshold of microbubble
fragmentation increased with the microbubble diameter [14]. It is highly possible that the
cavitation response of insonated microbubbles is directly related to their mechanical
properties because the encapsulation strongly affects the modulation of microbubble
acoustic behavior. However, no direct experimental measurements have been performed to
link microbubble mechanical properties to their cavitation threshold. However, such
information is extremely useful, because microbubble stiffness can potentially be changed
[i.e., through modification of its physicochemical properties such as lipid composition and
poly(ethylene glycol) (PEG) chain length] to achieve, or to avoid, acoustic cavitation for
controlled drug/gene delivery. In addition, knowledge of the microbubble elasticity will
enable further studies of the mechanical stresses induced on the cell membranes, allowing
more precise understanding of microbubble interaction with the blood vessel walls.

To date, several methods have been developed to assess the microbubble mechanical
properties, including backscatter and attenuation detection [15], high-speed optical imaging
[16], [17], light scattering [18], and atomic force microscopy (AFM) [19]-[21].
Backscattering and attenuation measurements can provide accurate spectral and temporal
measurements of microbubble scattering [17]. High-speed optical imaging allows direct
observation of the microbubble oscillatory motion [16]. Light scattering techniques offer the
capability of analyzing real-time data of a single microbubble over a large number of
successive acoustic pulses (i.e., microbubble evolution) [18]. However, all these techniques
rely heavily on numerical models. Only AFM offers direct measurements of the mechanical
parameters (i.e., stiffness) without the need for theoretical modeling [20], [21]. AFM, when
combined with optical microscopy, has been successfully used to study the nano-
compressional responses of cells [22], lipid unilamellar vesicles [23], polyelectrolyte
multilayer microcapsules [24], [25], hollow microspheres [20], [26], and lipid- [21], [27] or
polymer-coated [19], [28] microbubbles. It has been proven to provide high force and spatial
resolution of the order of piconewtons and angstroms, respectively [29], [30].

In the current study, phospholipid-coated microbubbles with diameter ranges of 4 to 6 um
and 6 to 8 um were size-isolated using the differential centrifugation technique. These size
ranges were selected for investigation because of their potential clinical advantages,
including longer circulation persistence [1], [31], higher contrast enhancement [1], and
increased efficacy of BBB opening in mice [13], [32]. AFM was utilized to apply nanoscale
compressional forces on these microbubbles in aqueous conditions to study the effect of
microbubble stiffness on their stability and dynamics. With a better understanding of the
microbubble stiffness in vitro, the mechanical characteristics of these contrast agents could
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be fine-tuned to develop microbubbles with desired cavitation properties for future
diagnostic and therapeutic applications.

[l. Materials and Methods

A. Materials

All phospholipids were purchased from Avanti Polar Lipids Inc. (Alabaster, AL), including
1,2-disterayol-sn-glycero-3-phosphocholine (DSPC); 1,2-disterayol-sn-glycero-3-
phosphoethanolamine-N-[carboxyl(polyethlyne glycol)2000] (DSPE-PEG2000-C); and 1,2-
disterayol-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethlyne glycol)2000]
(DSPE-PEG2000). All phospholipids were stored in the freezer at —20°C. The
perfluorobutane gas (PFB, 99 wt% purity) used for microbubble generation was obtained
from FluoroMed LP (Round Rock, TX). The poly-L-lysine (PLL) was purchased from
Sigma-Aldrich Co. LLC (St. Louis, MO) and stored in the freezer at —20°C. All chemicals
were used as purchased without further purification.

B. Microbubble Generation and Size Isolation

Microbubbles were coated with DSPC:DSPE-PEG2000:DSPE-PEG2000-C at a molar ratio
of 90:5:5. They were generated using the probe sonication method, as described elsewhere
[33]. Briefly, the indicated amount of each phospholipid species was mixed and hydrated
with a phosphate buffered saline (PBS) mixture (90 vol% PBS:10 vol% 1,2-propanediol:10
vol% glycerol; Sigma-Aldrich) to a final lipid concentration of 1 mg/mL. The lipid
suspension was heated in a water bath at 65°C for approximately 15 min and then sonicated
with a 20-kHz probe (model S-250D; Branson Ultrasonics, Danbury, CT) at 20% of its
maximum power output (~19 W) to heat the lipid suspension above the DSPC main phase
transition temperature (~55°C) and further disperse the lipid aggregates into small,
unilamellar liposomes. PFB was introduced by flowing it over the surface of the lipid
suspension. Subsequently, high-power sonication (100% of its maximum power output ~119
W) was applied to the suspension for about 10 s at the gas-liquid interface to generate
microbubbles.

Microbubbles of 4 to 6 um and 6 to 8 um in diameter were selected using differential
centrifugation in a bucket-rotor centrifuge (model GS-6; Beckman Coulter Inc., Brea, CA),
as previously described [33]. A Multisizer 111 particle counter (Beckman Coulter Inc., Opa
Locka, FL) with a 50-um aperture was used to measure the microbubble suspension size
distribution and concentration. The final size-isolated microbubble sample was stored at
room temperature overnight. Bright-field images of the 4 to 6 pm microbubble suspensions
were captured using an Olympus DP30BW digital camera mounted on an upright Olympus
BX61 microscope (Olympus America Inc., Center Valley, PA); the images of the 6 to 8 ym
microbubble suspensions were captured using an Olympus 1X70 inverted microscope
equipped with an Orca-R2 digital camera (Hamamatsu Photonics, Hamamatsu, Japan). All
microbubble suspensions used during the study were diluted to a final concentration of 1 x
108 particles/mL immediately before surface adsorption.

|EEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2014 August 06.
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C. Surface Preparation

The AFM slides used were coated with PLL solution to serve as an adhesive to ensure the
complete immobilization of microbubbles onto the surface. The PLL solution was prepared
by dissolving PLL in filtered deionized water to a final concentration of 0.1 mg/mL. The
glass slides were washed with hydrochloric acid (Sigma-Aldrich) and ethanol (Sigma-
Aldrich) to ensure an even film of coating. The final film of PLL was formed by covering
the slides with PLL solution for 30 min and then dried at room temperature overnight. The
adsorption of microbubbles was achieved by applying 500 L of diluted microbubble
suspension to the PLL-coated slides and allowing the attachment of microbubbles to the
surface via electrostatic interactions between the carboxyl PEG chains and the PLL film.
Visual inspection of the microbubbles during the experiments confirmed the complete
immobilization. All measurements were performed with microbubbles attached to the
surface of the glass slides within the suspension.

D. Atomic Force Microscopy Force-Distance Measurements

The microbubble stiffness was determined using a BioScope Catalyst atomic force
microscope (Bruker AXS Inc., Madison, WI) in combination with an Olympus 1X70
inverted microscope. The Orca-R2 digital camera mounted on the microscope was used to
capture optical images with a 20x objective, and the images were processed offline to
determine the microbubble diameters using ImageJ software (National Institutes of Health,
Bethesda, MD). Tipless nitride cantilevers (MLCT-010, Bruker AXS Inc.) with nominal
spring constants, k;, ranging between 0.03 and 0.6 N/m were used to generate the force—
distance curves. Prior to measurements, the cantilever spring constant was determined
automatically using the built-in thermal tuning method, and the laser beam deflection
sensitivity was calibrated using the same PLL-coated hard glass surface before microbubble
introduction. At least three different locations on the glass surface were randomly chosen for
the deflection sensitivity calibration to account for any possible uneven PLL coating. During
the measurements, special care was taken to ensure that the cantilever was positioned
parallel to the slides while the microbubbles were placed entirely below the cantilever and as
close to the cantilever edge as possible so that the applied force was exerted as close to the
microbubble’s axis of symmetry as possible (Fig. 1). All force—distance measurements were
made in the closed Z-axis loading and unloading loop to eliminate any piezo-crystal
hysteresis effects [19], [28]. The total piezo-crystal scan size (approaching and retracting)
was kept at approximately 1 um and the scan rate was set at 1 Hz. Thus, the cantilever speed
was kept constant at approximately 2 pm/s for all measurements. Additional measurements
were made to test the effect of the scanning speed on the force—distance curves, and no
significant variations were observed when the scanning speed was varied between 0.5 and 3
pum/s. At least 10 force—distance curves were acquired for each microbubble to ensure the
reproducibility of the results.

E. Data Analysis

The deformation of the microbubble shell was calculated automatically using the
NanoScope software (Veeco Instruments Inc., Plainview, NY) as the difference between the
change in the piezo crystal displacement and the change in the cantilever deflection.

|EEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2014 August 06.
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Because the cantilever deflection was calibrated using a PLL-coated hard glass surface (Fig.
1), any change in the cantilever deflection could then be attributed to the microbubble
deformation. The contact point was defined as the point at which the measured force
increased by 2% relative to the baseline value for 10 consecutive data points [21]. Using
Hooke’s Law, the applied force to the system was the product of the microbubble
deformation times its effective system spring constant, ksys. A linear regression fit was
applied at the beginning of the force—deformation curve (start at approximately 20 nm for a
minimum of 20 data points) using Prism 5 (GraphPad Software Inc., La Jolla, CA) to obtain
the gradient of the force curves, or ksys [Fig. 2(a)]. For more complex force curves that
showed discontinued linear regions, the linear regression was performed for the initial linear
part of the force curve before the onset of any discontinuities, jJumps, or steps [Fig. 2(b)]. A
minimum of 20 nm range (approximately 4 times the microbubble shell thickness) was used
for the data fitting to ensure a more accurate calculation of the slope. The stiffness or the
effective spring constant of the microbubble, kq,, could then be calculated by modeling the
compression of the cantilever/ microbubble system as two springs in series [21], [28], i.e.,

1

ksys c m

The final effective stiffness of the microbubble was obtained by averaging individual kq,
values from each force—deformation curve. For microbubbles undergoing permanent
deformation, the effective stiffness was determined from only the first 5 to 10 force curves,
before the initiation of the shell permanent deformation.

The Young’s modulus was calculated using the relationship proposed by de Jong et al. [34],
assuming the microbubble shell had a constant thickness:

FEe

k = —
m=1 0

@

where E is the Young’s modulus, ¢is the shell thickness, and v is the Poisson’s ratio. For
our study, as a first degree approximation, the microbubble shell thickness was assumed to
be 5 nm [35], and the Poisson’s ratio was assumed to be 0.499.

[1l. Results

A. Microbubble Formation

Microbubbles were initially generated using the probe sonication method and then size-
selected using the differential centrifugation technique [33]. The probe sonication method
produced an opaque milky microbubble suspension that was stable during the experimental
time-frame. Fig. 3 shows the bright-field microcopy images of the phospholipid-coated
microbubbles after size isolation. The insets show the number-weighted size distributions of
the microbubbles as measured by the Multisizer 111. The size distributions for both diameter
ranges among different batches of microbubbles were statistically the same, and the number-
weighted mean diameters all fell within either the 4 to 6 pm or 6 to 8 um range (5.87 + 1.36
and 6.60 + 1.88 pm, respectively). Although it has previously been shown that size-isolated
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microbubble suspensions remained stable at 4°C for at least 2 weeks [33], all of the
microbubble samples used for this study were freshly prepared within 24 h to ensure
experimental consistency.

B. Microbubble Surface Attachment

Fig. 4 shows the typical force—deformation curves of the PLL-coated glass surface before
microbubble introduction using a cantilever with a spring constant k; = 0.6 N/m. The
loading curve shows an initial repulsive behavior of the system at approximately —20 to -5
nm as the cantilever was approaching the surface. The negative deformation values signify
that there was a positive separation (i.e., no contact) between the cantilever and the glass
surface until the deformation reached zero when contact was established. Upon contact, the
force exerted on the cantilever showed a sharp increase with no measurable deformation to
the surface as the cantilever continued to compress. As the cantilever retracted away from
the surface (i.e., unloading), the force—deformation curve showed a small attractive force
(~0.5 nN), indicating the adhesive nature of the PLL coating. Similar behavior was observed
for all of the PLL-coated glass slides using cantilevers with different spring constants (data
not shown). Because no notable deformation to the surface was detected before microbubble
attachment, it was assumed that any measurable cantilever deflection could be attributed
entirely to the microbubble deformation, rather than to the PLL coating.

Fig. 5 shows the representative optical images of the cantilever and microbubbles captured
before and after AFM measurement. Special care was taken during the measurement to
position the cantilever parallel to the glass surface and directly above the microbubble
central axis [Fig. 5(a)]. It is noted that the cantilever was slightly out of focus in Fig. 5(a) to
clearly indicate the location of the interrogated microbubble. The same microbubble was
seen in Fig. 5(b) after cantilever compression. No significant change in the microbubble
position was observed between the two images, indicating successful immobilization of the
microbubble on the PLL-coated glass surface.

C. Force Spectroscopy Measurements

Fig. 6(a) shows the typical force—deformation curves displaying no hysteresis changes upon
nanoscale compression using a cantilever with a spring constant k, = 0.6 N/m. 62% of the
total microbubble population investigated showed no or minimum changes of the hysteresis
curves; the remaining 38% displayed notable hysteresis, as shown in Fig. 6(b). The
occurrence of the hysteresis change did not depend on the microbubble diameter or the
cantilever spring constant.

Two different types of force curve behaviors were observed in the force spectroscopy
measurements, as shown in Fig. 7. Fig. 7(a) shows three examples of the first type of
behavior (group 1), in which the force—deformation curves were obtained using a cantilever
with a spring constant k; = 0.03 N/m. All three curves show an initial nonlinear region
(typically up to 20 nm) once the cantilever established contact with the microbubbles [19]-
[21]. As the contact area increased and the microbubble started to deform, the force exerted
on the cantilever gradually increased until it entered a linear region in which the gradient

|EEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2014 August 06.
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was associated with the effective cantilever/microbubble system spring constant. More than
half (54%) of the microbubbles investigated exhibited this type of force curve behavior.

Fig. 7(b) shows three examples of the second type of force curve behavior (group 2), in
which the force curves were acquired using cantilevers with the same spring constant as in
Fig. 7(a). The behavior at the beginning of the force curves was similar to the first type for
which a nonlinear region followed by a linear region was observed, indicating that sufficient
contact was established between the cantilever and the microbubbles. This initial linear part
gradually developed into a nonlinear region, which could be characterized by the
discontinued monotonic increase of the force curves. 46% of the total microbubble
population investigated exhibited this second type of behavior, regardless of the cantilever
spring constant used in the compression.

The reproducibility and variability of the AFM measurements was assessed by repeatedly
deforming the microbubbles and obtaining the corresponding force—deformation curves
(Fig. 8). For the microbubbles that exhibited the aforementioned group 1 force curve
behavior, 100% of them showed force curve behaviors that were virtually identical across
consecutive compression cycles [Fig. 8(a)]. This indicated that the microbubbles not only
were successfully immobilized on the glass slide surface during measurement, that they also
restored their original shapes between consecutive loadings even though the compression
temporarily increased the contact area between the microbubbles and the glass substrate. For
the microbubbles in group 2, only a small subset (22%) exhibited a similar behavior to
group 1, in which the force curves showed slight or no variability across compression cycles
[Fig. 8(b)], whereas the majority of them (78%) exhibited significant variations across
consecutive loadings [Fig. 8(c)]. Interestingly, the presence of an instability region was not
always associated with a permanent, i.e., irreversible, shell deformation as shown in Fig.
8(d).

Finally, a nonlinear relationship between the microbubble stiffness and the diameter was
established (Fig. 9). An exponential stiffness decrease with the microbubble size was
obtained. Assuming Hooke’s Law holds for microbubbles with a constant shell thickness,
the Young’s modulus was calculated using (2), see Fig. 10. A similar exponential Young’s
modulus decrease with the microbubble diameter was also obtained.

V. Discussion

In this paper, the mechanics of size-isolated, lipid-coated microbubbles was investigated to
study the link between microbubble mechanical properties and their cavitation
characteristics. Two size classes of microbubbles with diameter ranges of 4 to 6 um and 6 to
8 um were isolated using the differential centrifugation technique (Fig. 3). The microbubble
stiffness and Young’s modulus was calculated using the force—deformation curves measured
by AFM (Figs. 1 and 2). Hysteresis changes were recorded for 38% of the microbubbles
investigated (Fig. 6). Two different types of force curve behaviors were observed when
microbubbles were compressed using tipless cantilevers (Figs. 7 and 8). No significant
difference in the measured stiffness was found when cantilevers with various spring
constants (k. ranging between 0.03 and 0.6 N/m) were used. The microbubble stiffness and
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Young’s modulus were found to decrease exponentially with the microbubble size (Figs. 9
and 10), providing insights to the previously reported size-dependent microbubble acoustic
properties.

For intravenously injected contrast agents such as the microbubbles studied here, it is highly
possible that their oscillatory motion is constrained by the vessel size [36], [37]. To model
small-amplitude oscillation of microbubbles within the microvessels during sonication, a
linear elastic assumption of the microbubble deformation during AFM compression was
made, and the effective microbubble stiffness associated with the initial linear region of the
force—deformation curves was calculated [Fig. 2(a)]. However, large amplitude oscillation of
the acoustically activated microbubbles during circulation is also possible (i.e., within large
blood vessels or at high acoustic pressures). Using high-speed optical imaging, Marmottant
et al. [38] showed that lipid-coated microbubbles exhibited a viscoelastic nature during large
amplitude oscillations. The force curves obtained for microbubbles undergoing relatively
large deformations (>100 nm) during compression indicated similar viscoelastic behavior

[Fig. 2(b)]-

It is important to note that the stiffness measured using AFM is a characterization of the
quasistatic mechanical properties of the microbubbles. The measurements were obtained at a
constant 1 Hz microbubble oscillation frequency. No significant stiffness change was
measured when different cantilever scan rates (ranging between 0.25 and 1.5 Hz) were
tested in our study even though a weak dependence of stiffness on the loading speed was
previously reported by others [27]. Because stiffness is not a time-dependent parameter, we
propose that the results reported here based on the purely elastic shell assumption could be
applied to study microbubble oscillation in an acoustic field. It is possible that as the
microbubble insonation frequency is increased to the megahertz range (i.e., when sonicated
in vivo during circulation), the dominant effect of the microbubble oscillatory response is
presumably transferred from mainly elastic to mainly viscous because of the viscoelastic
nature of the phospholipid shell. Similar findings have previously been reported to
characterize cellular responses to oscillatory stresses [39]. Although the stiffness values
determined in our study may constitute a useful parameter for understanding the
microbubble response to external forces, they may not be representative of the viscoelastic
behavior, especially its time-dependence, of microbubbles in vivo.

There was no significant difference among the calculated microbubble stiffnesses when
cantilevers with different spring constants (k; ranging between 0.03 and 0.6 N/m) were used.
Similarly, no difference in terms of the presence of instability or variability was observed
among cantilevers with different spring constants. Hysteresis was observed in 38% of the
microbubble population studied [Fig. 6(b)]. This may be attributed to the viscoelastic nature
of the phospholipid shell. The acquired force-deformation curves obtained here (Figs. 7 and
8) are similar to those reported by Glynos et al. [20], [40], in which thin-shell hollow
polymer microspheres were compressed in a similar experimental setup using AFM.
Instability regions were also observed in their studies, where cantilevers with high spring
constants were used to deform both the hydrogel outer layer and the polymer inner shells. It
was concluded that the instability was more likely to occur at higher forces and in more
compliant shells [20]. In the current study, instability areas were observed for all cantilevers
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 9

used, suggesting that sufficiently large forces were applied to deform the phospholipid shells
during measurements so that the effect of the cantilever spring constants on the stiffness
could be ignored. In addition, the onset of instability occurred at much lower force
amplitudes (~0.5 nN and above), confirming that phospholipid-shelled microbubbles were
more compliant than polymer-shelled microbubbles.

It might be possible that the electrostatic interactions changed the overall shape of the
microbubbles before indentation. However, any potential microbubble shape variations did
not affect the stiffness calculation because we assumed that the microbubbles behaved as an
elastic material (i.e., precompression deformation would not affect the calculated stiffness).
In addition, the highly reproducible force—deformation curves (Fig. 8) indicated that the
microbubbles returned to their original shapes upon repeated compression even though the
compression probably increased the contact area between the microbubbles and the substrate
temporarily. These data, in turn, suggested that the attraction between the PLL coating and
the microbubbles was not strong enough to trap them in a deformed nonspherical shape.

It was noted that the measured stiffness showed relatively large variability among
microbubbles within the same size range (Fig. 9). The variations observed among different
microbubbles were attributed to their distinct surface microstructures [41]. Using
fluorescence microscopy, it has been shown that microstructures and lateral phase
separations exist in the monolayer surface of microbubbles mixed with DSPC and DSPE-
PEG2000, and such differences significantly affect the mechanical and transport properties
of the microbubbles in quasistatic processes [41]-[44]. It is possible that the microbubbles
were immobilized on the surface with different domains exposed to the cantilever contact
region during compression, which would lead to additional variations in the measured stiff-
ness. Despite the fact that precautions were taken during measurements to align the center of
the cantilever edge with the microbubble central axis, such procedures were still a rough
approximation and an absolutely symmetric configuration could not be guaranteed. In
addition, temperature variation could also have affected the measurements [27].

The calculated shell stiffness decreased exponentially with the microbubble diameter (Fig.
9). This might be linked to the molecular packing and domain formation on the microbubble
monolayer surface. For smaller microbubbles, as the available surface area for domain
formation decreases, it is possible that the closer packing of phospholipids in the shells with
high curvatures may have led to a “jammed” state of molecules. This higher molecular
ordering may provide more attractive hydrophobic and van der Waals interactions between
the hydrocarbon chains, which could hindered compression, resulting in more rigid shells
with increased stiffness [45]. This may have led to an increased resistance to the
microbubble collapse, and therefore a decrease in the shell permeability to the gas core and
longer stability. As the microbubble diameter increases, this jammed domain effect becomes
less dominant, which results in a lower effective stiffness for larger microbubbles. In
addition, the surface tension might be important in dictating the cavitation behavior of the
microbubbles [38].

Based on simulation results, in which the attenuation and backscatter of decanted SonoVue
(Bracco Diagnostics Inc., Princeton, NJ) microbubble suspensions was measured and fitted,
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Gorce et al. [46] reported that the effective microbubble stiffness, termed the bulk modulus,
decreased exponentially with microbubble diameter. In the present study, we were able to
obtain direct measurements of microbubble stiffness to confirm their findings. Interestingly,
a monotonically decreasing relationship was previously reported by McKendry et al. [21]
for microbubbles coated with similar lipids. However, the average microbubble stiffness at a
comparable size [21] showed some discrepancies from those reported here (~2 to 3 times
higher). We attribute these variations to the differences in shell phospholipid species and
microbubble surface binding techniques.

The microbubble stiffness measured using AFM force spectroscopy arises as a result of a
combination of the bulk modulus of the gas core and the stiffness of the lipid shell [27]. It is
important to note that the contribution to the overall microbubble apparent elasticity
dependence on the gas core was ignored in the present study to calculate the Young’s
modulus using the relationship proposed by de Jong et al. [34]. Although such a simplifying
assumption may have led to errors in the estimation of the exact values of microbubble
Young’s modulus, the trends and comparisons between microbubble mechanical properties
and their sizes are expected to remain unchanged.

Our group has previously shown that the peak-rarefactional pressure threshold, at which the
microbubble-assisted FUS-induced BBB opening could occur, varied according to the
microbubble size when a constant insonation frequency was used [13], [32]. To date,
although the exact mechanism of the FUS-induced BBB opening is not yet fully understood,
it is hypothesized that the threshold is related to the microbubble mechanical properties
because the BBB opening has been associated with the mechanical forces applied by the
oscillating microbubbles on the vessel walls [47], [48]. The mechanical effects induced by
ultrasound-activated microbubbles on the microvessels have previously been observed using
high-speed optical microscopy [49], [50]. In the present study, we showed that the
microbubble modulus was directly linked to the size (Figs. 9 and 10), therefore providing
support of the hypothesis that the microbubble mechanical properties may be linked to the
previously reported microbubble size-dependent BBB opening threshold [13], [32]. We
propose that the higher BBB opening threshold reported for smaller microbubbles could be
attributed to their higher stiffness, providing them with a higher resistance to deform in vivo
and thus causing insufficient shear stresses on the vessel walls.

Size-dependent acoustic behavior of the microbubbles has previously been reported [7],
[22], [30]. Here, we utilized AFM to obtain a direct measurement of the microbubble
stiffness and to study the size-dependent microbubble mechanical properties (Figs. 9 and
10), thus establishing a relationship between the microbubble mechanics and their acoustic
dynamics. The measured stiffness could assist in both the theoretical modeling and
experimental studies of the mechanical stresses induced on the blood vessel walls, allowing
more precise understanding of the microbubble interactions with the capillaries. The slight
change of the physicochemical properties of the microbubble shell was believed to cause a
direct effect on the mechanical characteristics [41], [51]. The general assumption of no
structural variation of the microbubble shells typically made in theoretical modeling [17],
[34] may not hold for lipid microbubbles because our results indicated that microstructures
on the monolayer surface could influence the overall microbubble elasticity. More detailed
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models are needed to account for the size-dependent mechanical properties to accurately
predict the microbubble acoustic behavior. In future clinical applications, an appropriate
microbubble size range with desired stiffness values might need to be predetermined to
control their cavitation properties for optimized safety and therapeutic efficacy of these
agents.

V. Conclusion

The mechanical properties of microbubbles are important quantities in determining their
usage in diagnostic imaging and therapeutic delivery. In the present study, the stiffness and
Young’s modulus of a population of size-selected (4 to 6 um or 6 to 8 um in diameter),
phospholipid-coated microbubbles was investigated using nanoscale compression by AFM
under aqueous conditions. No effect of the cantilever spring constants was found on the
microbubble stiffness. Two different types of force curve behaviors were observed. An
exponential stiffness decrease was found with microbubble size within the diameter ranges
investigated. Microstructures on the surface of the microbubbles were found to influence the
overall microbubble elasticity. The size-dependent microbubble modulus provided physical
insights that are essential for characterizing and controlling cavitation in vivo. These results
increase our understanding of the mechanical stresses induced to the surrounding
microvessel environment by the oscillating microbubbles. Our findings also suggested that
more detailed theoretical models are needed to account for the size-dependent microbubble
mechanical properties to accurately predict their acoustic behavior.
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Fig. 1.
Diagram showing microbubble surface structure and attachment to the glass substrate during

the atomic force microscopy measurement. Tipless cantilevers with various spring constants
were used for compression. The arrow shows the piezo-crystal movement direction. A
continuous 1 Hz cantilever scan rate was used. (a) As the cantilever was approaching the
microbubble, (b) the shell imposed a resistance to collapse, and the force exerted on the
cantilever was recorded as a function of microbubble shell deformation to calculate the
system spring constant. The lipid monolayer was assumed to be an elastic spring with a
constant thickness of 5 nm.
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Fig. 2.
Typical force-deformation curves during microbubble compression. The dashed lines are

the fitted curves of the initial linear regions of the experimental data, which were associated
with the effective system spring constants. Both force curves were obtained using the same
cantilever with a spring constant k; = 0.03 N/m: (@) D =5.9 um, (b) D = 6.1 um.
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Fig. 3.
Optical microscopy images of microbubbles after size isolation using differential

centrifugation technique [33]. The size distributions measured using the Multisizer 111
showed a mean diameter between (a) 4 and 6 um and (b) 6 and 8 um (inset). Scale bars
correspond to 10 um.
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Fig. 4.
Typical force-deformation curves of the poly-L-lysine (PLL)-coated glass surface without

microbubble attachment using a cantilever with a spring constant k; = 0.6 N/m. No
measurable surface deformation was detected. As the cantilever retracted away from the
surface (i.e., unloading), the force-indentation curve showed a small attractive behavior
(~0.5 nN), indicating the adhesive nature of the PLL coating.
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Fig. 5.
Optical microscopy images of the cantilever and microbubbles during measurement. (a) The

cantilever was positioned parallel to the glass surface and directly above the microbubble
poles. It is noted that the cantilever was slightly out of focus to better show the location the
microbubble. (b) The same microbubble was still visible after compression. The arrows
point to the same microbubble before and after measurement. Scale bars correspond to 10
pm.
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Fig. 6.

Regpresentative hysteresis curves for microbubbles using cantilevers with the same spring
constant (k; = 0.6 N/m). (a) Typical hysteresis curves for a microbubble (D = 5.9 ym)
showing no changes between loading and unloading. (b) Typical hysteresis curves for a
microbubble (D = 6.6 um) showing changes between loading and unloading. The recorded
hysteresis change may be attributed to the viscoelastic nature of the microbubble shell.
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Fig. 7.
Representative force—deformation curves for microbubbles using cantilevers with the same

spring constant (k. = 0.03 N/m). (a) Typical force curves for microbubbles with different
diameters showing a nonlinear region when contact was initially made between the
cantilever and microbubble surface followed by a linear increase where the gradient was
determined as the system spring constant. (b) Typical force curves for microbubbles with
different diameters showing instability regions characterized by discontinuities (i.e., jumps
or steps) of the linear parts of the force curves.
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Fig. 8.
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Representative force—deformation curves after consecutive loadings and unloadings using
cantilevers with the same spring constant (k. = 0.03 N/m). (a) No variations were detected
between consecutive cycles for a microbubble without any instability region (D = 3.9 pum).
(b) No variations were detected between consecutive cycles for a microbubble with

instability regions (D = 4.7 um). (c) Variations were detected between consecutive cycles for

a microbubble with instability regions (D = 5.3 pm). (d) Permanent deformation was
detected between consecutive cycles for a microbubble with instability regions (D = 6.5

um).
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Fig. 9.

M?crobubble stiffness versus diameter. Optical microscopy images taken before
compression were used to determine the microbubble size. An exponential decay
relationship was found between microbubble stiff-ness and size. The sharp increase of the
stiffness for smaller microbubbles may be attributed to the “jammed” state of the lipid
molecules within the monolayer.
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Fig. 10.
Calculated Young’s modulus based on the relationship proposed by de Jong et al. [34]

versus microbubble diameter. The microbubble shell thickness was assumed to be 5 nm
[35], and the Poisson’s ratio was assumed to be 0.499. An exponential Young’s modulus
decrease was observed with microbubble size.
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