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Abstract

Lipid-encapsulated microbubbles are used as contrast agents in ultrasound imaging. Currently
available commercially made contrast agents have a polydisperse size distribution. It has been
hypothesised that improved imaging sensitivity could be achieved with a uniform microbubble
radius. We have recently developed microfluidics technology to produce contrast agents with a
nearly monodisperse distribution. In this manuscript, we analyze echo responses from individual
microbubbles from monodisperse populations in order to establish the relationship between
scattered echo, microbubble radius, and excitation frequency. Simulations of bubble response from
a modified Rayleigh-Plesset type model corroborate experimental data. Results indicate that
microbubble echo response can be greatly increased by optimal combinations of microbubble
radius and acoustic excitation frequency. These results may have a significant impact in the
formulation of contrast agents to improve ultrasonic sensitivity.
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INTRODUCTION

In the past, numerous efforts have been made to improve the sensitivity of ultrasound to
blood flow. Possibly, the biggest accomplishment has been the introduction of contrast
agents in the form of shell-stabilised, gas filled microbubbles. Due to the density and
compressibility of their gas core, microbubbles scatter ultrasound waves much better than
blood cells, and therefore can be utilised as intravascular contrast agents. Additionally, these
compressible spheres oscillate nonlinearly in an acoustic field, allowing for the use of
detection strategies which can separate microbubble signals from those of tissue.!»2:3
Microbubbles have been proven to be effective diagnostic tools for ultrasound imaging as
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well as for therapeutic applications such as targeted drug delivery, gene therapy and
delivery, and sonothrombolysis.*->-6-7-8

To date, microbubbles manufactured commercially for diagnostic or therapeutic purposes
have consisted of populations that have large size variance (polydisperse). Typically, the
polydisperse microbubbles are generated by sonication or mechanical agitation, resulting in
a broad size distribution. Recently, there have been several groups striving to generate
microbubble populations with low size variance. Ganan-Calvo and Gordillo were one of the
first groups to report the usage of a flow-focusing device to produce monodisperse bubbles
with a controllable diameter.” This work was extended to microfluidics by Garstecki, who
demonstrated the production of micron-sized microbubbles as small as 5 microns with
Polydimethylsiloxane (PDMS) systems.!? Talu et al. and Hettiarachchi et al. have utilised
both stainless steel and PDMS microfluidic flow-focusing devices, in conjunction with a
surfactant/emulsifier mixture to achieve populations of stabilised monodisperse lipid-
encapsulated microbubbles.!!-12 Additionally, Talu et al. demonstrated the correlation of
acoustic responses of monodisperse encapsulated microbubbles produced by flow focusing
as contrast agents for ultrasound imaging, as well as the ability to functionalise the surface
for targeted imaging.!? Recently, microfluidics technology has also been used to produce
monodisperse micrometer-sized gas-filled lipospheres for chemotherapeutic drug delivery.!*
Pancholi and his colleagues used a T-junction device to prepare larger monodisperse
microbubbles initially in the hundred-micron range; however, using a modified T-junction
device they were able to generate phospholipid-coated air microbubbles with the smallest
microbubbles having a mean diameter of 5.1%2 microns.!3-1¢ Another group has used ink-jet
printing technology to generate gas-filled capsules with a polymeric shell and a diameter in
the range of 5 microns.!”7 Farook et al. have demonstrated co-axial electrohydrodynamic for
the preparation of lipid-coated microbubble suspensions for a contrast agent population with
a mean diameter of approximately 5 microns with a polydispersity index of about 9% under
described conditions.!8:19 Recently, Feshitan et al. reduced the polydispersity of lipid-coated
microbubbles using differential centrifugation; using this technique they were able to isolate
the 1-2 and 4-5 microns microbubble diameter fractions.20

The motivation behind producing microbubbles with a narrow size distribution is several
fold. Nearly all interactions of an ultrasound wave with microbubbles depend on the
microbubble size. Parameters such as the destruction threshold, the amount of radiation
force experienced, and the resonant frequency, are all affected by microbubble radius
(Figure 1).21:22:23 For vehicles in the 0.5—-10 micron range, which is the most common range
for intravascular microbubbles,?* all of these parameters change drastically with small
differences in diameter. Thus, motivation is strong for utilising uniformly sized bubbles in
order to have a consistent response from the entire microbubble population.

The use of monodisperse microbubbles becomes particularly important with molecular
imaging. Molecular imaging with ultrasound entails microbubbles coated with adhesion
ligands that bind to receptors on cells at sites of angiogenesis, inflammation or thrombus.
25,26,27,28,29 The ligands for this purpose can be antibodies, peptides or peptidomimetrics
that are specific to molecular markers of a given pathology.3%-31 For non-targeted blood pool
imaging, approximately 108 to 101 polydisperse microbubbles are injected intravascularly,
and this large number of circulating contrast agents alleviates the need to be very sensitive to
small numbers of agents. However, it has been observed that for targeted molecular
imaging, only a limited number of ligand attached microbubbles are retained at the site of
pathology,32:3:26:29 therefore increasing the need for improved ultrasound imaging
sensitivity to small numbers of contrast agents.
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In this manuscript, we focus on the relationship of microbubble size to imaging parameters
such as the scattered echo and the resonant frequency. Talu et al. had previously postulated
that a mechanism of sensitivity of ultrasound to microbubbles would be to match the
microbubble resonant frequency to the transducer center frequency.!3 Since the resonant
frequency of a microbubble is inversely related to its size, a more monodisperse population
of microbubbles with a resonance frequency distribution overlapping the imaging bandwidth
could result in an intensified echo amplitude, hence in an improved ultrasound image.
Although in the previous study by Talu et al., preliminary acoustic results showed that the
echoes received from monodisperse microbubbles are significantly more correlated
compared to the echoes received from polydisperse microbubbles,!? at the time the
investigators were not able to experimentally assess the amplitude response as a function of
size and interrogation frequency.

Aside from the preliminary data previously presented by Talu et al,!3 the acoustic response
from individual monodisperse lipid-encapsulated microbbubles in the diameter range
relevant for ultrasound imaging has not yet been thoroughly investigated. In this study, we
present simulations and experimental acoustic results from individual monodisperse
microbubbles that are generated using a flow-focusing microfluidic system. The echo
characteristics of monodisperse microbubbles are evaluated both experimentally and with
simulations at varying excitation frequencies. Acoustic response amplitude is compared for
simulated populations of monodisperse and polydisperse microbubbles.

MATERIALS AND METHODS

Simulations

There are many models available in the literature proposed for simulating radial oscillation
of microbubbles in response to acoustic pulses, including those by Marmottant, Doinikov,
Chatterjee, and Hoff, to name a few examples.33’34’35’36 Our simulations used the model
validated by Zheng et al. to estimate microbubble oscillation in response to an acoustic
pulse.3” Zheng demonstrated excellent agreement between simulations and experimentally
recorded radius-time curves (through ultra high-speed imaging) of sonicated lipid-shelled
microbubbles, similar to those studied in this manuscript.37 This model uses a modified
Raleigh-Plesset equation to simulate the radial dynamics of the contrast agents and accounts
for shell properties and radiation damping.

To predict the acoustic response from the bubbles based on the radial oscillation calculated
from the model, a simplified relationship among the time-dependent radius, wall velocity,
acceleration and scattered pressure is used.38

ae =1
¢=—RRr (1)

P=—p¢ :pr_l[R3R+R R_) (2)

where
¢ = velocity potential
R = instantaneous bubble radius

R = wall velocity of bubble
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R = acceleration of bubble wall
P = scattered acoustic pressure
r = distance from bubble

Since polydisperse microbubbles with carefully controlled mean diameters are not
experimentally available, we simulated acoustic responses from polydisperse populations of
bubbles in order to compare polydisperse populations with monodisperse populations. The
simulated polydisperse distribution followed a Gaussian curve with standard deviation of 0.3
pum in bubble radius. This distribution shape was chosen to resemble an experimental
population with center radius of 0.5 microns sorted via centrifugation as previously reported.
39 The mean of the distribution was linearly shifted across the range of radii simulated,
while maintaining the standard deviation of 0.3 um. Bubbles in the polydisperse populations
larger than 7 um were eliminated to replicate filtering effects from capillaries as might be
seen in the microvasculature. Excitation was modeled over a range of frequencies between 1
and 10 MHz and mean radii between 0.5 and 3.5 pm. The percent difference between the
echoes from the monodisperse and polydisperse populations was taken at each frequency
and matching mean radius. Echo responses were calculated from matched concentrations
between the two populations. Simulations involved 60 size bins (the number of size bins
read from our Accusizer 780 particle sizer), and a total of approximately 30,000 bubbles per
distribution.

Experimental System

Microbubble formation

Monodisperse contrast agents were produced using a microfluidic flow focusing as
previously described.!2:11:13 Briefly, poly-dimethyl siloxane (PDMS) was used to mold a
flow focusing chamber with an orifice diameter of 10 micron and gas and liquid channel
widths of 35 and 50 microns respectively. The channels were filled with distilled water
immediately after mounting the PDMS to the glass microscope slide base to ensure the
hydrophilic character of the walls of microchannels. A calibrated syringe pump (Harvard
Apparatus, Holliston, MA) was used to pump liquid reagents through the chamber. Nitrogen
gas was provided through a low-pressure regulator (Sub-miniature precision regulator,
Airtrol Inc., WI, USA) from a compressed gas cylinder. By adjusting the liquid and gas flow
rates, the mean radius of the microbubbles produced could be precisely controlled.

Microbubble Formulation

The lipid solution for producing microbubbles was prepared as described.!! The lipids 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol) 2000] (DSPE-PEG2000) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). The lipids were dissolved in a
solution of 98 vol % deionised water with 1 vol % glycerol, 92 g/mol (Fisher Scientific,
Pittsburgh, PA) and 1 vol % propylene glycol, 76 g/mol (Sigma-Aldrich, St. Louis, MO,
USA) added for viscosity control. The lipid composition utilised a 9:1 mol:mol ratio of
DSPC to DSPE-PEG2000.

The lipids dissolved in chloroform were dried under nitrogen and degassed in the oven at 60
degrees Celsius for half an hour to evaporate the solvent. Once the lipids were dry, the
buffer solution was added to the lipids in a vial. The lipid solution was sonicated until a
transparent and homogeneous mixture was achieved.

Bubble Sci Eng Technol. Author manuscript; available in PMC 2011 April 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Kaya et al. Page 5

Optical visualization

The flow focusing chamber was mounted on a custom stage system on an Olympus IX-71
(Olympus, Tokyo, Japan) inverted microscope. Monodisperse microbubbles exiting the flow
focusing chamber (Figure 2a) were pumped through a 200 micrometer inner diameter
cellulose tube (Spectrum Laboratories, Rancho Dominguez, CA, USA) which was
positioned in a water bath for acoustic measurements and also within the field of view of the
microscope objective (20X LCPlanFI, Olympus, Tokyo, Japan) (Figure 2b). A high-speed
camera (APS-RX, Photron, Inc., San Diego, CA) operating at a frame rate of 5,000 FPS with
a 1/50,000 shutter speed coupled to the microscope was required to image the individual
microbubbles traveling through the narrow field of view. Optical frame captures of bubble
radius were acquired during acoustic data acquisition. Video calibration was performed
using a scale reticle (Edmund Optics, NJ, USA), and data were analyzed offline using
Photoshop CS3 software (Adobe Systems Inc., San Jose, CA, USA).

Acoustic sampling

The acoustic responses of microbubbles as a function of radius were acquired using a
custom pulse-echo acoustic system integrated with the microscope, high speed camera, and
microfluidics system (Figure 2c). A 3-axis positioning system mounted on the microscope
was used to align the ultrasonic transducer assembly with the cellulose tube so that
microbubbles could be acoustically interrogated. Total distance from the exit orifice of the
flow focusing chamber to the optical and acoustical sample volumes was less than 5 cm, and
hence microbubbles were optically and acoustically interrogated almost immediately after
production.

A single element ultrasound transducer with a nominal center frequency of 0.93 MHz and
6dB bandwidth of 0.56—1.27 MHz (Valpey Fisher Corp., Hopkinton, MA, USA) was used
for transmission. Transducer excitation voltage was provided by an arbitrary waveform
generator (AWG 2021, Tektronix, Inc., Beaverton, OR, USA) and amplified with a RF
amplifier (3200L, ENI, Rochester, NY, USA). In order to sample each microbubble with a
range of frequencies, the pulse sequence consisted of a train of five cycle pulses each with a
different frequency (0.75, 1.25, 1.75, 2.5 and 3.0 MHz). A calibrated needle hydrophone
(HNZ-0400, Onda Corp., Sunnyvale, CA, USA) was used for calibration of the acoustic
system. Based on the calibration, transducer excitation voltage was adjusted so that pulses of
each frequency had the same pressure amplitude despite the frequency response of the
transducer. The excitation pulses were separated by 5 microseconds, each producing 100
kPa of peak negative pressure. The receiver transducer had a nominal center frequency of
2.2 MHz with a —6dB bandwidth of 1.36-3.04 MHz. (Olympus/Panametrics, Waltham MA,
USA). Acoustic data were amplified by 40 dB and band-pass filtered between 1 and 12 MHz
with a receiver (BR-640, Ritec, Warwick, RI, USA), then digitised at 100 MHz sample rate
with 14 bit A/D resolution by a data acquisition signal waveform digitiser (PDA14, Signatec
Inc., CA, USA) through a LabView (National Instruments Corp., Austin, TX) interface. The
echoes from ultrasound driven microbubbles were captured in M-mode, and 50 echoes for
each microbubble size were analyzed offline in MATLAB (The Mathworks Inc, Natick,
MA, USA).

RESULTS

We were able to produce nearly monodisperse microbubbles in the radii range of 1.8—4.8
microns with a single microfluidics chamber by varying the gas inlet pressure and the fluid
flow rate. Typical production rates were on the order of 10—100 microbubbles/second
depending on the flow parameters. For each monodisperse microbubble size, at least 10
optical images were captured and analyzed to calculate the mean radius and standard
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deviation of the microbubbles. With this system, it was not possible to capture the optical
diameter for the exact microbubble for which we recorded the acoustic response, however,
the benefit of the monodisperse production insured that optically measured diameters were
representative of the population. Monodispersity was on the order of +0.1 micron for the
smallest bubbles measured (1.8 microns), and + 0.2 micron for the largest bubbles measured
(4.8 microns). Because of the relatively slow production rates, we were able to acquire echo
signatures from one bubble at a time.

Ultrasound excitation frequencies of 0.75 MHz — 3.0 MHz were utilised to excite
microbubbles with radii optically measured to be between 1.8 and 4.8 microns.
Experimentally recorded echoes from uniformly-sized microbubbles produced by the
chamber were in agreement with simulations (Figure 3).

Analysis of experimental results for the monodisperse microbubbles demonstrated that the
amplitude of the scattered echo received was always larger for the frequency closest to
bubble resonance (illustrated by an asterisk over the corresponding amplitude bar) compared
with frequencies farthest from resonance within the range tested (Figure 3a). For
microbubbles with a radius of 4.8 microns, amplitude of the echo received closest to the
resonance frequency (0.011 volts at 0.75 MHz) was approximately 8.4 times larger than the
echo amplitude acquired farthest from the resonance frequency (0.0013 volts at 3 MHz).

Amplitude of the scattered echo was also observed to increase as a function of bubble
radius. The strongest scattered echo amplitude was received using the largest microbubbles
tested, which had a radius of 4.8 microns (0.011 volts at 0.75 MHz). The amplitude of
echoes from these bubbles was approximately 5.3 times larger than the echo amplitude
received (0.002 volts at 1.75 MHz) from the smallest microbubbles tested (a radius of 1.8
microns), when each was excited with a frequency closest to their resonant frequency. The
largest echo amplitude obtained using microbubbles with a radius of 3 microns (0.007 volts
at 1.25 MHz) was approximately 3.5 times higher than the echo received with the smallest
monodisperse microbubbles. Simulations were in good agreement with experimental data
(Figure 3(b)).

Due to the challenge of producing approximately 0.5 micron radius monodisperse agents
with our experimental system, we considered these smaller microbubbles only with
simulations. Additionally, we expanded the frequency range up to 15 MHz. Simulations
demonstrated that for microbubbles with a radius of 0.75 micron, 1.5 microns, and 3.0
microns, optimal echo signal would be achieved if microbubbles were excited at 6.5 MHz,
2.8 MHz, and 1.1 MHz, correlating with resonance frequencies for these agents of 5.8 MHz,
2.5 MHz, and 1.1 MHz correspondingly (Figure 4). If the center frequency was held
constant, optimal echo signature was estimated to occur with the largest microbubble
(Figure 5).

Simulated acoustic responses from polydisperse populations of bubbles were compared with
those from monodisperse bubbles in order to compare the acoustic response from these
different population types. Excitation was modeled over a range of frequencies between 1
and 10 MHz. The percent difference between the echoes from the monodisperse and
polydisperse populations was taken at each frequency and matching mean radius (Figure 6).

Simulations demonstrated that for transmitted pulses near the resonant frequency of the
mean bubble radius, a monodisperse population would produce echoes between 15% to 60%
stronger than a polydisperse population. At frequencies higher than the resonance frequency,
the monodisperse distributions were slightly more echogenic (approximately 5%) than the
polydisperse populations. Below resonance frequency, polydisperse populations performed
much better (25% to 170%). At these frequencies, the large bubbles in the tails of the
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polydisperse distribution were being excited close to their resonant frequency and hence
contributed significantly to the response.

DISCUSSSION

By using microfluidic flow-focusing technology, we were consistently able to generate
monodisperse microbubbles with a very narrow size distribution. Besides its simplicity and
low-cost, one of the biggest advantages of using a microfluidic flow-focusing device is the
ability to produce a monodisperse distribution, and the ability to readily change the mean
size of microbubbles produced. One limitation was that our microfluidic system was unable
to produce microbubbles with a radius on the order of a micron or smaller. To be able to
achieve this goal, it is likely that the channel depth and the orifice size of the microfluidic
flow focusing device would need to be reduced.

The primary challenge with our microfluidic technology is the low production rate when
generating small microbubbles, which was several orders of magnitude less than that
achieved by mechanical agitation or sonication methods. One method to overcome the low
production rate challenge is multiplexing microfluidics devices; however, the production
rate per chip would also need to be increased to make this a feasible production method even
for small animal imaging studies. Nevertheless, the flow focusing technology demonstrated
to be a controlled way of precisely producing microbubbles of controlled diameter for
acoustic analysis.

Through ultrasound experiments supported with optical visualization, we analysed the effect
of monodispersity and size of lipid-encapsulated microbubble contrast agents on the
scattered ultrasound echo. In addition, we investigated means to achieve optimal acoustic
response that is based on the relationship between resonant frequency of microbubbles and
transducer center frequency used for transmission. Our experimental results were in fairly
good agreement with simulations (Table 1), although experimental data did not illustrate the
larger acoustic response for bubbles in the 3.9—4.4 micron range compared to the 3-3.5
micron range, as was predicted by simulations. We hypothesize that this was due to
experimental error in correlating bubble size with acoustic response. Occasionally, a few
larger or smaller microbubbles were interspersed with the main monodisperse stream due to
momentary discrepancies in the flow, and these outliers could readily bias the mean acoustic
response. We tried to avoid acquiring data when this occurred, but it was not possible to
monitor bubble size at all times, as the high speed camera acquired for intervals of only 2
seconds.

Two factors were shown to allow the user to optimise echo response from microbubbles.
First, the size of an ultrasound-driven microbubble was proportional to amplitude of the
scattered echo when excited off resonance; larger microbubbles produced louder echoes
(Table 1). Second, maximum acoustic response was received when a microbubble was
excited at its resonant frequency.

Our simulations demonstrated that depending on the relationship of the imaging frequency
to the bubble population mean diameter, either a polydisperse or monodisperse population
could result in the best imaging sensitivity. In cases where the imaging frequency was lower
than the mean resonant frequency of the bubble population, the polydisperse population was
estimated to produce a significantly better response than the monodisperse population. This
was largely due to the fact that the largest bubbles provided the most substantial response,
even when excited off-resonance, compared to smaller bubbles excited on-resonance. If the
mean resonant frequency of the bubble population was similar to the imaging frequency, the
monodisperse population produced the highest signal amplitude. There was a minor benefit
in acoustic response from the monodisperse population for imaging frequencies greater than
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the mean resonance frequency. The benefits of on-resonance excitation with a monodisperse
population were greatest for smaller bubbles. This result is explained by the steep slope of
the resonance frequency curve at small bubble radii. Since a small change in bubble radius
causes a large change in resonant frequency, only a small percentage of bubbles in a
polydisperse population will be excited near resonant frequency for bubbles in this size
range.

Conclusion

Through ultrasound experiments supported with optical visualization and with simulations,
we assessed the acoustic response of lipid-encapsulated monodisperse microbubbles of
different in response to various excitation frequencies. Simulations of echo response using
models of bubble oscillation were shown to be in good agreement with experimentally
measured responses. We observed that when excited near resonance, the acoustic response
of monodisperse microbubbles increased with microbubble radius. Additionally,
microbubbles with a larger radius were more echogenic than smaller microbubbles. Thus, it
is possible to substantially increase the sensitivity of an ultrasound imaging system to
microbubble contrast agents by decreasing the polydispersity of the contrast agent
distribution, by exciting microbubbles near resonance, and by using larger microbubbles
given a constant concentration. These results may have a significant impact in situations
where maximum detection sensitivity is needed to small concentrations of contrast agents,
such as in ultrasonic molecular imaging.
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Figure 1.

Microbubble parameters as a function of radius as previously described. (a) Destruction
threshold at 2.25 MHz (b) radiation force at 2.25 MHz, and (c) resonant frequency.
Reproduced with permission from: 2! (copyright 2002, Acoustical Society of America), and
23 (copyright 2001, SPIE).
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(a) Images of monodisperse microbubbles produced from the microfluidic chamber exiting

the orifice and (b) being pumped down a 200 micron cellulose tube for acoustic
interrogation. (c) Diagram of the experimental system.
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Figure 3.

Amplitude of echo responses of monodisperse microbubbles with respect to microbubble
radii and excitation frequencies (a) Experimental Results. Asterisks (*) correspond to the
excitation frequency that is closest to the resonant frequency for the given monodisperse
microbubble radius (b) Simulation results with the same range of monodisperse microbubble
radii.
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Figure 4.

Simulation of echo amplitudes from monodisperse microbubbles as a function of excitation
frequency for 3 bubble radii: 0.75, 1.5 and 3 pm.
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Figure 5.

Simulation of echo amplitudes from monodisperse microbubbles as a function of radius for
4 excitation frequencies: 0.75, 3, 7 and 11 MHz.
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Figure 6.

The percent difference between the echo amplitudes from monodisperse and polydisperse
populations computed at excitation frequencies between 1-10 MHz for populations with
mean radii ranging from 0.5 to 3.5 microns. Dotted line represents resonant frequency range.
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Comparison of amplitude of responses for bubbles of varying radius when excited with optimal frequency
(within the range tested), determined by experiment and simulation.

Ratio between maximal response and
maximum response of 1.8 pm bubble

Ratio between maximal response
and maximum response of 1.8 pm

Percent difference between

Bubble Radius (pm) (experimental) bubble (simulations) experimental and simulation
4.8 5.27 4.39 17
4.4 3.15 4.19 -33
3.9 2.65 3.31 —24
3.5 3.45 2.31 33
3.0 3.39 223 34
22 1.32 1.41 -7
1.8 1 1 0
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