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Abstract

Nanobubbles have gained attention for their use as highly stable ultrasound (US) contrast agents, 

but assessment of individual nanobubble size remains a challenge. Current sizing techniques 

require either extensive sample preparation or depend on assumed values of nanobubble density 

that are not well characterized. An US based approach would be desirable; however, probing 

individual nanobubbles using US transducers at clinical frequencies is not feasible due to the 

comparatively long acoustic wavelengths employed. Here we present a technique which can be 

used to estimate nano- or microbubble size by virtue of the amount of motion detected in an M-

Mode image acquired using an acoustic microscope equipped with a 200 MHz transducer. A 

sample of a bubble-containing solution is incorporated into a phantom composed of molten 

agarose. The solidified agarose gel contains pores with well-defined sizes dictated by the agarose 

concentration. Bubbles in the gel matrix that are smaller in diameter than the gel pore size are 

capable of undergoing stochastic motion which manifests as intensity fluctuations in M-Mode 

images. Conversely, bubbles which are larger than the agarose pores become trapped and produce 

static M-Mode intensity patterns. In this study, agarose gels with concentrations ranging from 

0.25% to 1.25% (mean pore sizes ranging from 2.68 µm to 0.34 µm) were loaded with either 

nanobubbles (mean diameter 0.326 µm) or microbubbles (mean diameter 2.71 µm) and imaged at 

200 MHz. In the nanobubble loaded gels, M-Mode fluctuations were clearly visible up to a gel 
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concentration of 1% (pore size of 0.39 µm). In contrast, the microbubble loaded gels exhibited 

minimal M-Mode fluctuation even at agarose concentrations of 0.25% (2.68 µm pore size). 

Autocorrelation curves generated from the M-Mode data demonstrated a clear trend of curve 

flattening (loss of motion) when the pore size was comparable to mean bubble diameter, indicating 

that individual bubbles trapped in the agarose pores are the main source of acoustic backscatter. In 

the future, decay parameters extracted from the autocorrelation curves could potentially be used as 

indicators of mean bubble diameter for bubble populations of unknown size.

Graphical Abstract

Detection of the motion of individual nanobubbles and microbubbles in an agarose gel using an 

ultra-high frequency acoustic microscope.

Introduction

The term nanobubble (NB) is used to refer to a bubble with sub-micron diameter, commonly 

composed of a lipid shell surrounding a gas-core1. NBs have a wide range of industrial 

applications including cleaning, disinfection, water treatment, and manufacturing of 

functional materials2. In biomedical applications, NBs can be used to deliver therapeutic 

agents into tumors3 while providing enhanced ultrasound (US) contrast for diagnostic 

purposes4, and assessing treatment efficacy5. When compared to commercial microbubbles 

(MB), NBs provide similar or better US contrast6, have higher mass transportation 

efficiencies2, and have greater temporal stability, with decay half-lives over 10 times longer 

when used in murine models7. As with MBs, the stability and size of a population of NBs is 

directly related to the composition of their gas core, their shell material, and the presence of 

membrane stiffeners in their shells1. Recently developed ultra-stable NB formulations, such 

as PGG (Propylene Glycol and Glycerol) NBs8, contain perfluorocarbon gas and 

phospholipids including poly-ethylene glycol (PEG) which further increase in vivo half-life 

and biocompatibility9. Another advantage of NBs is their small diameter (10-1000 nm for 

NBs vs 1-10 µm for MBs) which allows them to extravasate from the tumor vasculature 

when used in vivo10, allowing higher uptake in tumor parenchyma.

NBs can be produced via several methods, including: self-assembly1, electrolysis11, 

cavitation12, and several other processes13. However, determining the approximate size 

distribution of the NBs in the final preparation remains a challenge, as the diameter of the 
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NBs is typically below the resolving capabilities of conventional microscopy14. Current 

techniques used to measure bubble size, such as electron microscopy, require sample 

modification by freeze fracturing and coating with a palladium/gold mixture15. Other 

techniques like dynamic light scattering or the Coulter Counter can measure the bulk size of 

particles in an aqueous solution but cannot directly distinguish between bubbles and non-

gaseous particles without additionally measuring properties such as zeta potential13. 

Resonance mass measurement (RMM) devices can measure the buoyant mass of particles 

and calculate their size based on an assumed particle density16. However, these devices do 

not directly measure size, but instead estimate particle size based on an assumed density 

which the user must input into the system manually. Moreover, these systems are costly. 

Therefore, a technique is needed that can both demonstrate the existence of the NBs and 

estimate their size. An ultrasound-based technique would potentially be advantageous for 

these purposes due to the enhanced scattering resulting from the gas core of the NBs.

Acoustic microscopy utilizes single element US transducers with central frequencies in the 

hundreds of megahertz (MHz) for imaging and material characterization17,18. At these ultra-

high frequencies (UHF), spatial resolution that rivals - and in some cases exceeds - that of 

conventional optical techniques can be achieved, enabling the imaging of samples with sub-

micron detail18,19. Analysis of the RF-signals recorded in UHF pulse-echo studies allows for 

extraction of information such as the mechanical properties of biological cells20, and mitotic 

cell cycle phase21. Furthermore, when the wavelength of the insonifying acoustic pulse is 

comparable to the dimensions of the scattering object, unique features in the backscattered 

power spectrum22–24 enable the sizing of microscopic objects such as spherical 

microbeads25 and single cells26–28 without the need for 2D scanning. Such techniques have 

previously been utilized in UHF acoustic flow cytometry systems for the purposes of sizing 

cancer cells to a high degree of accuracy and demonstrate good agreement with gold 

standard particle sizing techniques, such as the Coulter Counter29.

A common technique for assessing motion in US studies is to generate a 2D image 

comprised of RF-lines from a single spatial location as a function of image acquisition time. 

These Motion Mode, or M-mode, images are commonly used in medicine to monitor organ 

movements, such as the motion of the heart in echocardiography30. Here we describe a 

technique which combines UHF US and M-Mode imaging to detect the acoustic backscatter 

from, and the motion of, individual NBs. For this purpose, UHF US is ideal since the 

acoustic wavelength is more comparable to the NB size than for traditional clinical 

frequencies (e.g. ~8 µm for a 200 MHz transducer, vs ~150 µm for a 10 MHz transducer), 

increasing the amplitude of the backscattered signal. The NBs are embedded in an agarose 

meshwork with pore sizes ranging from less than 250 nm to larger than 1 µm, depending on 

the agarose gel concentration used in the experiments31. It has been shown that NBs have 

very low buoyancy and undergo Brownian motion allowing them to remain dispersed in 

aqueous solutions for long periods of time32. In low agarose concentrations, the pore sizes 

are large compared to the NB diameter and the Brownian motion of individual NBs is 

detected in acquired M-Mode images as fluctuations in the intensity of acoustic backscatter 

from within the agarose. In gels where the pore size is comparable to the NB diameter, the 

are no fluctuations in the M-Mode images. In this work, we demonstrate the use of the 

technique on a preparation of NBs embedded in agarose concentrations ranging from 0.25% 

Moore et al. Page 3

Nanoscale. Author manuscript; available in PMC 2021 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to 1.25%. Additionally, autocorrelation curves generated from the acquired M-Mode images 

were used to quantify the amount of motion within the gel, and thus as an indicator of the 

NB diameter. Finally, we demonstrate that the technique can readily be used to discriminate 

between populations of MBs and NBs based on the agarose gel concentration used.

Methodology

Nanobubble Synthesis, Isolation, and Activation

All glassware was washed and cleaned with 70% ethyl alcohol and then air dried. The gas 

used to form MBs/NBs was octafluoropropane (C3F8) (Synquest Labs, USA). The 

nanobubble solutions were made following the procedure developed by de Leon et al8. 

Bubble solutions were prepared by mixing 60.1 mg of 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 10 mg of 1,2-dipamitoyl-sn-glycero-3-phosphate, sodium salt 

(DPPA), 10 mg of 1,2-distearoyl-sn-glycero-3-phosphothanolamine-N-[amino (polyethylene 

glycol)-2000] (DSPE-mPEG) (Avanti Polar Lipids, USA) and 20 mg of 1,2-dipalmitoyl-sn-

glycero-3-phosphothanolamine (DPPE) (Sigma, USA) in a glass vial. The mixture was 

added to 1 mL of propylene glycol (PG) heated to 80°C in a water bath and dissolved by 

sonicating every 1–2 minutes for 10 minutes. A mixture of 8 mL Phosphate Buffered Saline 

(PBS) (Wisent Inc, Canada) and 1 mL of glycerol was prepared and heated to 80°C before 

being adding to the lipid/PG solution. The mixture was placed in the sonicator for 10 

minutes at room temperature and was then transferred into serum vials to be capped, sealed, 

and stored at 4°C until activation.

For activation, a vacuum was induced in a serum vial using a 20 mL syringe with a 25-gauge 

needle. A 10 mL syringe was then used to inject C3F8 gas into the vial until the pressure of 

the vial had equalized with ambient pressure. At this point, a second 25-gauge needle was 

used to puncture the cap and act as a vent while injecting the remaining C3F8 gas. The vial 

was then shaken for 45 seconds with a mechanical shaker (VialMix, Bristol Myers Squibb, 

USA). Finally, the vial was inverted and centrifuged at 50g for 5 minutes to isolate NBs 

below the neck of the vial. “g” in this case represents g-force experienced in the centrifuge 

by the NBs. Size measurements of NBs were performed using Archimedes RMM system 

(Malvern Panalytical, United Kingdom) fitted with a nano sensor10. The lower limit of 

detection for the RMM measurements is set automatically by the system for each sample 

based on the system noise present at the beginning of the measurement.

Microbubble Isolation & Activation

The synthesis and activation of MBs begins with the same procedure as the NBs. The MB 

isolation was carried out following the procedure developed by Feshitan et al33. After 

activation, 2 vials of MBs were drawn into a 3 mL syringe using a 21 gauge needle and then 

transferred to another beaker and diluted into 100 mL filtered PBS. The solution was slowly 

swirled by hand in order to mix the MB solution with PBS to obtain a homogenous solution. 

30 mL syringes with a length of 8.2 cm were used to draw the solution. A differential 

centrifugation technique was used to isolate MB of different sizes from the stock solutions. 

In brief, the syringes were centrifuged at 50g for 2 minutes. After centrifugation, the white 

layer (cake) resting against the syringe plunger, consisting microbubbles larger than 1 µm in 
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diameter, was re-diluted into 100 mL PBS and the infranatant consisting submicron bubbles 

was discarded. Next, syringes filled with re-diluted cake were centrifuged at 160g for 2 

minutes. The infranatant consisting of bubbles less than 2 µm in diameter was discarded, and 

the cake was re-diluted into 100 mL PBS. This centrifugation process was repeated an 

additional two times at 180g and 250g, respectively, before resuspending the final cake into 

20 mL of PBS. The final solution was transferred to a 4 mL scintillation vial and then 

capped and sealed. Size measurements of MBs were performed using a PN A51387A 

Coulter Counter Multisizer 4 (Beckman Coulter, United States) fitted with a 30 µm aperture.

Phantom Preparation

Five mixtures of low melting point agarose (Sigma, USA) dissolved in PBS were prepared at 

concentrations of 0.25%, 0.50%, 0.75%, 1.0%, 1.25% w/v, respectively. In brief, a beaker 

filled with PBS was covered with saran wrap to prevent evaporation and heated in a water 

bath to a temperature of 100°C. The saran wrap was removed and agarose powder was 

slowly added to the PBS while stirring the solution with a magnetic stir bar. The beaker 

containing the mixture was weighed, then re-covered with saran wrap. Several small holes 

were poked in the saran wrap for ventilation. The solution was mixed in the water bath using 

a magnetic stirrer hot plate (IKA, Germany) until the agarose had completely dissolved in 

the PBS (approximately 15 minutes). The beaker was removed from the water bath, 

uncovered, and weighed a second time. To maintain the desired agarose/PBS concentration, 

fresh PBS was added to the solution until the initial beaker weight was obtained. The molten 

agarose mixture was then divided into scintillation vials (VWR, United States) and stored at 

4°C. To prepare the phantoms, the solidified agarose mixtures were heated to 70°C until 

molten and then cooled to 40°C. A pipette was used to mix 5 µL of activated MB or NB 

solution into 300 µL of molten agarose. The agarose and bubble mixture was then plated on 

an uncoated 35 mm glass bottom petri dish (MatTek, USA). The phantoms were left to 

solidify for 15 minutes at room temperature before being placed in a 37°C environment for 

imaging. It is assumed that integration of the bubbles into the agarose in this way does not 

modify the bubble size, and that the bubble size distribution in the agarose is representative 

of the distribution present in the original stock solution. Three phantoms containing MBs 

and three phantoms containing NBs were prepared for each concentration of agarose.

Scanning Electron Microscopy

For scanning electron microscopy (SEM) imaging, agarose gels were prepared as above and 

were gelled inside a 24-well plate. Once set, the gels were frozen in liquid nitrogen, freeze-

fractured, and lyophilized. Dry gels were then sputter coated with 5 nm of palladium and 

imaged using an FEI Helios 650 SEM (Hillsboro, OR) with an acceleration voltage of 2.0 

kV. Each gel concentration was freeze-fractured and imaged in triplicate. Mean pore size for 

each agarose gel concentration was quantified using ImageJ software by measuring 

individual pores at the maximum width (n ≥ 70) for each gel concentration.

Signal Acquisition and Analysis

The phantom petri dishes were topped up with PBS to provide acoustic coupling and then 

placed on the translation stage of a SASAM (Kibero GmBH, Germany)34,35 scanning 

acoustic microscope. The SASAM was equipped with a 200 MHz single element transducer 
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that had a 30° semi-aperture angle, −6dB bandwidth of 120 MHz, depth-of-field of 54 µm, 

and an acoustic focal spot of 7.8 µm. The speed of sound in water is 1527 m•s−1 at 37°C18, 

corresponding to an acoustic wavelength of approximately 7.6 µm for a pulse with 200 MHz 

frequency. The transducer was positioned such that the acoustic focus was approximately 

100 µm below the surface of the phantom. A custom MATLAB script was used to acquire 

M-mode images of the phantom. Each M-Mode image consisted of 10,000 RF-lines 

acquired at a rate of 121 kHz (slow time). Individual RF-lines were recorded using a 10-bit 

DC252 digitizer (Acqiris, USA) with a sampling rate of 2 GHz (fast time) and were 

averaged 40x to increase the measurement SNR. In each phantom, 5 unique M-Mode images 

were acquired at locations separated by at least 500 µm.

The M-Mode RF-data was loaded into MATLAB as an array, with each RF-line 

corresponding to a column and each row representing the same sample number in the fast-

time dimension. A dataset for background subtraction was acquired by performing 

measurements on a water-filled petri dish with the transducer focus several millimeters 

above the bottom of the dish. This background was subtracted from the M-Mode dataset to 

eliminate artifacts attributable to acoustic reflections within the transducer buffer rod18,34. 

Each RF-line was then enveloped and normalized by the maximum amplitude in the array. 

To eliminate rows containing only noise and no signal from bubbles, the maximum value for 

each row (i.e. the largest amplitude for a single fast-time across all RF-lines) was 

determined. Rows in the array with a maximum value less than 0.15 were comparable to the 

system noise and were excluded from subsequent analysis. For the remaining rows, the 

autocorrelation for a given lag, k, was calculated as:

rk =
1
T ∑t = 1

T − k yt − μ yt + k − μ

σ2

using the built-in MATLAB command autocorr. The autocorrelation curves were normalized 

to have a value of 1 at zero lag, and average autocorrelation curves from the five 

measurement locations were computed for each phantom. The zero lag data point does not 

contain any information pertaining to bubble motion, and as such was excluded from the 

analysis.

Results

Sizes of Bubble Preparations

Distributions of the NB and MB diameters as determined by RMM (NB) and the Coulter 

Counter (MB) are shown in Figure 1. For the RMM system, 2 µL of NB stock was diluted in 

1 mL of water. A total of 3000 particles were then measured for three separate stock 

solutions. The Archimedes system used to measure the NB size automatically selected the 

limit of detection for each experiment, which determined the cutoff of the lower size limit 

set for the NB size distribution. This resulted in each NB size distribution beginning at a 

different size bin (140 nm, 266 nm and 185 nm for experiments 1, 2 and 3 respectively). On 

average, less than 2% of the particles were found to be non-buoyant (i.e. lipid fragments). 

For all NB preparations, the mean bubble diameter was 326 ± 48 nm, with the largest bubble 
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detected being 1004 nm in diameter. For the Coulter Counter measurements, 1 mL of the 

isolated MB stock was diluted in 20 mL of isotone prior to measurement. From this dilution, 

100 µL was extracted and run through the Coulter Counter device. The mean size of the 

filtered MB populations as determined using the Coulter Counter were 2.45 ± 0.93 µm, 2.48 

± 1.22 µm, and 3.19 ± 1.56 µm, for the first, second, and third experiment trials, respectively.

Agarose Gels

The size distribution of the pores in the agarose gel phantoms determined using SEM, as a 

function of varying agarose concentration, is shown in Figure 2a. The mean pore size 

decreased from 2.68 µm at 0.25% agarose concentration to 0.34 µm at 1.25%. A steep 

decrease in pore size with increasing concentration was observed for concentrations less 

than 1%, while there was little variation in pore size when increasing agarose concentration 

from 1% to 1.25%. With the exception of the 0.5% agarose phantoms, the variance in pore 

sizes also decreased as a function of increasing agarose concentration. Representative SEM 

images of the 0.25%, 0.75%, and 1.25% gels are shown in Figures 2b–c, 2d–e, and 2f–g, 

respectively, and demonstrate the change in appearance of the pores in the agarose mesh 

with increasing agarose concentration.

M-Mode Images

Representative M-Mode images from the NB phantoms with agarose concentrations 

increasing from 0.25% to 1.25% are shown top-to-bottom in the left-hand column of Figure 

3. At concentrations below 0.75% the M-Mode images exhibit a significant amount of 

fluctuation along the slow time axis. As the agarose concentration increased - so that the 

average agarose pore size approached the average NB size - the amount of fluctuation in the 

M-Mode images decreased and exhibited negligible temporal variation. At a concentration 

of 1.25% (Figure 3i), no motion was apparent in the NB M-Mode image. In comparison, M-

Mode images shown on the right-hand side of the Figure are from MB loaded phantoms for 

the same agarose concentrations. Slight fluctuations were observed in the MB M-Mode 

images obtained at an agarose concentration of 0.25%. One such fluctuation is indicated 

with a red contour in Figure 3b, and a zoomed in view of the region is shown in the 

corresponding figure inset. At higher concentrations the MB M-Mode images exhibited no 

temporal fluctuation and were indistinguishable from one another.

Autocorrelation Curves

Mean autocorrelation curves from gels of various concentration loaded with NBs from the 

same stock solution are shown in Figure 4a, and autocorrelation curves from gels loaded 

with MBs from the same stock solution are shown in Figure 4b. The mean curves were 

generated by averaging the autocorrelation curves from all measurement locations in a single 

phantom. In both figures, the curves for different gel concentrations have been offset in the 

y-axis to intersect at a value of unity. For every agarose concentration examined the ACV 

curves for the NB phantoms exhibited a faster decorrelation time than the corresponding MB 

phantoms, indicating greater motion in the NB phantoms than the MB phantoms. As 

expected from the M-Mode images, for the NB phantoms the slope of the curve decreased 

with increasing gel concentration, indicating a decrease in motion with increasing agarose 

concentration. In contrast, for the MB phantoms a curve with a slight slope was observed for 
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a gel concentration of 0.25%, and overlapping horizontal curves - indicative of negligible 

motion - were observed at all other agarose gel concentrations.

To examine the relationship between the autocorrelation decay and the agarose 

concentration, every autocorrelation curve acquired from each phantom across all 

experiments was fit to an exponential equation of form:

y = aexp −bx + c .

The fit variable ‘b’, which represents the decay parameter of the autocorrelation curve, was 

then extracted as a function of concentration for each curve. M-Mode images which 

exhibited spurious noise artifacts or low SNR produced artificially high b values and were 

excluded from the final population statistics. The resultant boxplots depicting the 

distribution of b values are shown in Figure 5. The mean value of b was found to decrease 

with increasing agarose concentration for the NB loaded gels, but was insensitive to gel 

concentration for the MB populations.

Discussion

Agarose gels are commonly used in techniques such as gel electrophoresis36, and as a result, 

agarose gel pore sizes are well characterized. Pore sizes ranging from several nanometers to 

approximately 600 nm for concentrations between 1–3% w/v agarose in PBS have been 

reported for low melting point agarose at a setting temperature of 22°C37. The size of the 

agarose pores in this work as measured using SEM are shown in Figure 2. The measured 

pore sizes range between 0.34 µm and 2.68 µm depending on the gel concentration and are 

consistent with the values reported in the literature.

The mean diameter of the bubbles in the NB preparation was on the order of 300 nm, in 

good agreement with previous RMM experiments reporting a NB mean diameter of 290 

nm10. The mean diameter of the bubbles in the MB populations was 2.5 µm. No bubbles less 

than 600 nm in diameter were detected in any MB population, due to the minimum detection 

size limitations of the device. Comparing the mean bubble diameter with the average pore 

size provides an explanation for the appearance of the M-Mode images. Our hypothesis is 

that individual bubbles undergo motion in the matrix for gel concentrations which yield pore 

sizes larger than the mean bubble size; however, when the gel pore size is comparable to the 

mean bubble size the bubble motion will be restricted by the agarose matrix. For the NB 

populations, when the agarose concentration is 0.25% the mean pore size is much larger than 

the mean NB size, but is comparable to the average MB size. This explains the drastic 

difference in appearance of Figures 3a and 3b. As the agarose concentration is increased and 

the pore size decreases, the appearance of the M-Mode images for the MB loaded phantoms 

remains constant as the pores in the agarose matrix are already smaller than the mean bubble 

size. In comparison, the NB gel phantoms exhibit substantial motion at low concentrations, 

but as the gel concentration is increased and the mean pore size approaches that of the mean 

NB size, the motion decreases and the qualitative features of the M-Mode images from the 

two bubble populations begin to resemble one another.
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The autocorrelation curves were generated to quantify the amount of motion present in the 

M-Mode images. In agarose concentrations where the mean pore size was larger than the 

mean bubble diameter, a large value for b was obtained, indicating a significant amount of 

variation in the autocorrelation curve. In contrast, as the pore size decreased and became 

comparable to the diameter of the bubble, the b values decreased. A two-sample t-test was 

performed comparing the NB and MB populations at the same agarose gel concentration. A 

statistically significant difference in the decay parameter (p<0.001) was observed for 

corresponding agarose concentrations below 1%, with no statistically significant difference 

in the NB and MB decay parameters at 1.25% (p = 0.6856), indicating marked differences in 

the amount of motion present in gels of the same concentration for the bubble different 

populations. For gel concentrations that exhibited barely discernable M-Mode motion (i.e. 

above 1% for NBs and 0.25% for MBs), the corresponding mean decay parameter values for 

all measurement locations were comparable. Although it is not possible to determine the 

exact size of individual NBs using this technique, insight into the mean size, and certainly 

the maximum size, of the bubble population can be obtained. In the future, we plan to 

further investigate the relationship of the decay parameter and bubble diameter, and perhaps 

use it as a predictor for the average bubble size. For example, we envision a technique which 

uses a well-defined threshold to monitor bubble motion. When several gels loaded with 

bubbles from the same stock solution are analyzed using the approach described in this 

work, a mean bubble size for the population could be determined by finding the 

concentration of gel for which the decay parameter falls below the threshold.

While previous works have reported in great detail the interactions which occur with 

acoustic waves and aggregates of NBs8,19,38–40 to our knowledge, this is the first work 

reporting ultrasound backscatter from individual NBs. We believe this to be the case for the 

following reason. Due to the small size of the agarose pores, clusters of NBs would be 

constrained in the matrix, unable to undergo motion and producing nearly flat 

autocorrelation curves in the M-Mode images even at low agarose concentrations. The fact 

that significant motion is present in agarose gels with average pore sizes of 390 nm thus 

points towards individual NBs being the dominant source of detected scatter in the images. 

While a single resolution volume (approximately 8 µm laterally with a depth-of-field of 54 

µm) may itself contain many NBs, we posit that each individual pore within the volume 

would only contain a single bubble. While it could be argued that constructive/destructive 

interference should occur when more than one bubble is present in the transducer field of 

view, with a lack of motion, this would generate a static pattern in the M-Mode image 

instead of fluctuating intensity patterns such as those shown in the left-hand column of 

Figure 3.

The backscattering of an acoustic wave by a liquid sphere is dictated by the product of the 

incoming wave’s wavenumber (k) and the radius of the scattering sphere (a) 26. If the 

product ka << 1, the degree of scattering of the wave is negligible. As the value of ka 
approaches 1, acoustic scattering from the sphere rapidly increases. In this work, we used a 

200 MHz transducer to insonify the nanobubbles. Assuming a speed of sound of 1527 m/s in 

water at 37°C, this yields a k ≈ 8.23E5 m−1. For a 300 nm bubble, the resultant ka is 

approximately 0.123. This value is comparable to the values of ka observed in techniques 

such as super-resolution US microscopy which utilize bubbles with 1 – 5 µm diameter and 
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transducers with central frequency of 15 MHz41. It is thus reasonable to assume that with 

our technique acceptable SNR could be expected even in the case where there is a single NB 

in the transducer focal zone; potentially opening up the way for future studies which 

examine the properties of individual NBs. The other parameter which dictates the magnitude 

of scattering is the acoustic impedance of the scattering body. For an object with acoustic 

impedance equal to that of the surrounding medium (i.e. a situation where the region can be 

considered acoustically homogenous) no scattering will be observed regardless of the ka 
value. Therefore, the ultrasound-based technique is insensitive to the lipid fragments and 

other non-buoyant particulates which are generated as a result of the bubble synthesis 

process. Other bulk particle sizing techniques, such as DLS, are sensitive to these 

inhomogeneities and report a mixed result describing both bubble and particulate size. In the 

future, if individual NBs can be isolated and measured individually, for example by flowing 

a diluted sample of bubbles through an acoustic flow cytometer29, the feasibility of applying 

backscattering models such as those that are used for sizing biological cells26–28 for the 

purposes of sizing individual NBs can also be investigated.

The UHF M-Mode approach described here does have some caveats with respect to 

interpretation of experimental results. One such consideration is that the granularity in the 

precision of the technique is dictated by the number of unique agarose concentrations used 

in the measurement, as well as their corresponding pore sizes. In the current study, average 

pore sizes of 2.68 µm (0.25%), 1.41 µm (0.50%), 0.91 µm (0.75%), 0.39 µm (1.00%), and 

0.34 µm (1.25%) were used. With these concentrations, hypothetical monodisperse NB 

populations having diameters of 500 nm and 700 nm, respectively, could both be expected to 

cease motion at a gel concentration of 1%. In such a case, additional gel concentrations 

between 0.75% and 1% would be necessary in order to further fine tune the measurements 

and allow for differentiation of the two populations. Another consideration is that the 

technique it currently derives its results from a select number of samples within the phantom 

to ensure acceptable scanning times. This should not be a problem assuming homogeneity of 

bubble size distribution; however, in some instances incorrect conclusions could be drawn by 

randomly selecting several points in the phantom which have unrepresentative large/small 

bubble sizes. This drawback could be overcome by increasing the number of sampling 

points within the phantom; however, it comes at the expense of increased signal acquisition 

time.

Conclusion

The main goal of this work was to devise a rapid, inexpensive technique for detecting the 

backscatter from NBs, and to demonstrate the feasibility of using the technique to determine 

a rough approximation of the size of a population of NBs. Acoustic backscatter from NBs 

immobilized in the agarose gel phantoms was recorded and used to generate M-Mode 

images depicting bubble motion. Comparison of the M-Mode images from the NB and MB 

loaded phantoms demonstrated a relationship between the agarose concentration (i.e. the 

average pore size) and the diameter of the bubble population. The motion can be 

characterized by extracting the decay parameter from the corresponding autocorrelation 

curves, which can potentially be used as an indicator for the size of an unknown bubble 

population. In the future we plan to investigate the potential of applying this technique to US 
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systems which use linear array transducers at sub-UHF frequencies to decrease scanning 

time and expand the applicability of the technique to conventional US systems utilizing 

transducers with central frequencies below 10 MHz.
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Figure 1. 
Measurement of bubble size for NB and MB populations. The sizing results of the isolated 

NB (left) and MB (right) populations were determined using Archimedes resonant mass 

measurement system and Beckman Coulter Counter Multisizer 4, respectively. NB and MB 

concentrations were multiplied by factors of 2000 and 20, respectively, to match the 

concentration of the stock solution prior to dilution.

Moore et al. Page 13

Nanoscale. Author manuscript; available in PMC 2021 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Agarose pore size measurements. a) Bar graph showing the pore size results based on SEM 

imaging. The mean pore size for each gel concentration is indicated above each bar, and the 

error bars represent one standard deviation from the mean. SEM image of 0.25% (b,c), 

0.75% (d,e), and 1.25% (f,g) agarose phantoms at different magnifications (b,d,f: 250x, c,e: 

1000x, and g: 10,000x).
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Figure 3: 
Representative M-Mode images of bubble loaded phantoms at varying agarose 

concentrations. The left column depicts NB loaded phantoms with agarose concentrations of 

a) 0.25%, c) 0.50%, e) 0.75%, g) 1.00%, and h) 1.25%. The right column displays M-mode 

images of MB loaded phantoms with agarose concentrations of b) 0.25%, d) 0.50%, f) 

0.75%, h) 1.00%, and j) 1.25%. In b), a zoomed-in view of a region that exhibits slight M-

Mode fluctuations (indicated with a red contour) is shown in the figure inset.
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Figure 4: 
Average autocorrelation curves for agarose gels ranging from 0.25% to 1.25%. a) 

autocorrelation curves for agarose gels containing nanobubbles from the same stock 

solution, and b) autocorrelation curves for gels containing microbubbles from the same stock 

solution. The autocorrelation curves have been offset vertically to intersect the ordinate at 

unity. The legend in b) is applicable to both graphs.
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Figure 5: 
Box-and-whisker plot of decay parameters for varying agarose concentrations averaged over 

3 experiments. For each concentration, the average decay parameter for both the NB (blue) 

and MB (orange) loaded phantoms are indicated by black circles. The p-values from a two-

sample t-test comparing the populations at the same agarose concentration are indicated 

above each pair of box-and-whisker plots.
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