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Abstract- This paper investigates the shell elastic properties and the number-concentration stability of a 

new acoustofluidic delivery agent liposome in comparison to Definity™, a monolayer ultrasonic contrast 

agent microbubble. The frequency dependent attenuation of an acoustic beam passing through a 

microbubble suspension was measured to estimate the shell parameters. The excitation voltage was 

adjusted to ensure constant acoustic pressure at all frequencies. The pressure was kept at the lowest 

possible magnitude to ensure that effects from nonlinear bubble behaviour which are not considered in the 

analytical model were minimal. The acoustofluidic delivery agent shell stiffness  𝑺𝒑  and friction 

 𝑺𝒇 parameters were determined as (𝑺𝒑 = 𝟎. 𝟏𝟏 𝐍/𝐦,  𝑺𝒇 = 𝟎. 𝟑𝟏 × 𝟏𝟎−𝟔 𝐊𝐠/𝐬 𝒂𝒕  𝟐𝟓 oC) in comparison to 

the Definity™ monolayer ultrasound contrast agent which were (𝑺𝒑 = 𝟏. 𝟓𝟑 𝐍/𝐦,  𝑺𝒇 = 𝟏. 𝟓𝟏 × 𝟏𝟎−𝟔 𝐊𝐠/

𝐬 𝒂𝒕 𝟐𝟓 oC). When the temperature was raised to physiological levels, the friction coefficient 𝑺𝒇 decreased 

by 28% for the monolayer microbubbles and by only 9% for the liposomes. The stiffness parameter Sp of 

the monolayer microbubble decreased by 23% while the stiffness parameter of the liposome increased by 

a similar margin (27%) when the temperature was raised to 37 °C. The size distribution of the bubbles was 

measured using Tenable Resistive Pulse Sensing (TRPS) for freshly prepared microbubbles and for bubble 

solutions at 6 hours and 24 hours after activation to investigate their number-concentration stability profile. 

The liposome maintained > 80% of their number-concentration for 24 hours at physiological temperature, 

while the monolayer microbubbles maintained only 27% of their number-concentration over the same 

period. These results are important input parameters for the design of effective acoustofluidic delivery 

systems using the new liposomes. 
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INTRODUCTION  

The use of biodegradable microbubbles as diagnostic ultrasonic contrast agents (UCA) in enhancing clinical 

sonography has proven an efficient and safe tool for human application over many decades [1]. There have been 

several studies on their production and chemical composition [2], shell and acoustic properties [3,4], and this has 

extended into evaluation of their potential as drug delivery systems [5,6]. They have been clinically approved for 

diagnostic application, such as enhancing the ultrasonic imaging of the left ventricle for decades. The use of 

microbubbles for theranostic applications has been proposed in several studies [7-9], however there is limited 

understanding of their performance under simulated physiological conditions. 

The concepts proposed for microbubbles in drug delivery applications can be classified into three categories: 

1) microbubble-induced sonoporation, to enhance cell/tissue membrane permeability, where bubbles are co-

administered with bioactive substances as separate entities [10-13]; 2) microbubbles with the bioactive substance 

attached to the surface of the shell through electrostatic attraction or covalent attachment [14], and 3) microbubbles 

encapsulating bioactive substances in their core [15].  The latter not only protects untargeted organs from being 

exposed to the bioactive substance which could elicit unwanted side effects, but also protects the bioactive 

substance from degradation and shields it from the body’s immune system [9].  

A new fabrication process, generating highly stable nano-size echogenic liposomes (ELIP) designed as 

acoustofluidic delivery agents has shown extended number-concentration and echogenic stability [8,16]. 

Preliminary investigations using an ex vivo bovine eye model have also shown that it has enhanced acoustofluidic 

properties for intravitreal drug delivery to the posterior eye [17]. The same fabrication process, when used to 

produce microbubbles has also been shown to maintain 91% of its number-concentration for 24 hours at 25 °C 

[18]. The radius-dependent zeta potential of the formulation has also been studied for varying lipid compositions 

using Tuneable Resistive Pulse Sensing (TRPS) [19]. The latter study showed that varying the lipid composition 

(dipalmitoylphosphatidylcholine (DSPC) to 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol(DMPG)) ratio 

impacted its zeta potential. The relative increase of the negatively charged lipid, DMPG over the neutral lipid, 

DSPC ratio resulted in overall lowering of zeta potential which indicated that ELIP with desired, zeta-potential 

can be formulated. 

This body of work now extends into detailed investigation of shell properties and number-concentration 

stability profile of the aforementioned acoustofluidic delivery agent, comparing this to a commercially available 

monolayer microbubble diagnostic contrast agent, Definity™. The investigation of the shell parameters of the 

delivery agent is a prerequisite to studying their acoustofluidic behaviour, as shell parameters are crucial inputs 

in models used to predict the microbubbles’ translation velocity arising from sonication [20]. An important feature 

of the frequency-dependent attenuation measurements in this study is that they have been performed at constant 

pressure to eliminate pressure-dependent attenuation effects, and at the lowest possible pressure levels to avoid 

influences from large, nonlinear bubble deformations.  

Size measurements presented in this study were performed using Tunable Resistive Pulse Sensing (TRPS), in 

comparison to other studies that use coulter counter technique. This allowed detection of microbubbles with 

diameters as small as 200 nm, and therefore a more accurate measurement of the size distribution and 

concentration. The methodology used is a significant improvement to previous studies that used coulter counter 

techniques with minimum measurable diameter of 0.46 µm [21] and 0.6 µm [22].  The size of the MBs directly 

affect frequency attenuation curves [21] and size and concentration measurements affect the shell parameters 

estimations. Furthermore, accurate measurements of MBs and ELIPs size distributions and concentrations are 

crucial for drug delivery applications as they are directly related to the dosage of the drug loaded in the population 

of the agents.  

In the background section, theoretical models used to analyse the measurements are presented together with 

the crucial assumptions used to derive them. In addition, results of previously reported shell properties of 

Definity™ microbubbles are summarised and critically discussed. The materials, experimental setups and 

procedures used in this study are then presented in the methodology section. The findings of the study are 

presented and analysed in the results and discussion sections. Finally, concluding remarks and recommendations 

for future work are presented in the conclusion section.    



BACKGROUND  
The measurement of frequency dependent attenuation factor of acoustic wave through microbubbles solution 

can be used to estimate the shell properties, utilizing the acoustic model of shell-stabilized microbubbles which is 

described in detail in [23].Attenuation measurements can be obtained by measuring the transmission loss of an 

acoustic wave through a suspension of microbubbles. The attenuation factor 𝛼(𝑟, 𝑓) of microbubbles of radius 𝑟 

at frequency 𝑓 is found as:  
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where 𝑛(𝑟) is the number density of the microbubbles that can be obtained by any particle counting technique, 

𝛿𝑡𝑜𝑡 is the total damping, 𝛿𝑟𝑎𝑑is damping due to radiation,   and 𝜎𝑠(𝑟, 𝑓)  is the scattering cross-section shown by 

Medwin [24] to be:              
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where 𝑓0(𝑟) is the resonance frequency of a bubble of particular radius. 

The total damping 𝛿𝑡𝑜𝑡 can be approximated as the summation of damping due to radiation  𝛿𝑟𝑎𝑑 , viscosity 

𝛿𝑣𝑖𝑠 and shell friction 𝛿𝑠ℎ such as: 
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Where 𝜔 is the angular frequency (2𝜋𝑓), c is the acoustic velocity in the liquid (1500 m/s) for water,  𝜂 is the 

liquid viscosity (0.001 Pa.s), and  𝑆𝑓 is the shell friction coefficient. The resonance frequency 𝑓0(𝑟)  derived 

considering small radial oscillation with respect to the resting radius and assuming the shell is a viscoelastic solid 

was found by de Jong model [25] as:    
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Where 𝑃0 is the ambient pressure (101.7 kPa),  𝛾 is the polytropic exponent of the contained gas which is 1.06 for 

octafluoropropane used in both agents in this study,  𝑆𝑝 is the shell stiffen coefficient, and 𝜌 is the liquid density 

(1000 kg/m3). Other models with different assumptions on the shelling medium concludes to a very similar 

resonance frequency equations [26].  

Equation 1 can be modified as in [22] to be:  
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where 𝑁𝑓𝑖𝑡 is the total number of bubbles per unit volume, and 𝑛𝑘 is the normalized number distribution. In this 

form the value of 𝑁𝑓𝑖𝑡 is calculated from the attenuation measurement not from the size distribution measurement. 

This is because not all the liposomes counted in the size measurement contain gas and therefore they do not 

contribute to the attenuation.    

Critical aspect of experimental procedure  
The model described in the previous section has been used in several studies to characterise Definity™ 

microbubbles (Table 1). The attenuation of the pressure wave through microbubble suspensions is measured either 

using pulse echo or through transmission ultrasonic techniques, and the measured values are curve fitted with the 



model to estimate the shell parameters Sp and Sf.  Size and concentration measurements as well as the 

implementation strategy of the theoretical model have a significant influence on the estimated shell properties. In 

addition, the models described above to estimate the elastic properties of microbubble shells are based on a number 

of crucial assumptions: 1) the magnitude of the radial oscillation is very small relative to the resting radius [25].2) 

the bubbles are oscillating linearly, 3) the bubbles behave as individual entities [24] and not as clusters, and 4) the 

bubbles’ radial response is due to the primary acoustic source, and is not influenced by other bubbles due to 

secondary Bjerknes force effects. These assumptions require that the bubbles have to be excited at the lowest 

possible acoustic pressure and that characterisation is done for highly diluted suspensions.  

The shell properties calculated using frequency dependent attenuation measurement are estimations derived 

from polydisperse populations of microbubbles. The frequency effect on the bubbles is dependent on their size, 

therefore bubbles with different diameters will respond to a particular frequency with different levels of 

oscillations. The presence of larger bubbles contributes to higher attenuation at lower frequencies, and therefore 

shifts the curve to lower frequencies. As a consequence, this results in stiffness coefficients that are too low and 

do not accurately represent the stiffness of the smaller bubbles. Thus, the values of shell properties estimated using 

this technique should be interpreted with caution.   

The last four rows in Table 1 show that increasing the temperature from room temperature to physiological 

temperature results in a lower friction coefficient estimation. The shell stiffness coefficient estimation is also 

decreased when the temperature is increased. This could be because of the thermal radial expansion resulting due 

to temperature increase, causing higher attenuation at lower frequencies which consequently will result in lower 

stiffness coefficient estimations. A verification of the shell properties change due to temperature change on 

individual bubbles could be investigated using optical acquisition of radial dynamic response due to sonication 

[27,28]. However, imaging small microbubbles at high frequencies and low radial oscillations is challenging. On 

the other hand, increasing the excitation pressure to produce higher radial oscillations can result in non-linear 

oscillation as explained in the next section.           

Table 1: Summary of previously reported shell properties of Definity™ microbubbles 

 

where 𝑷𝒑𝒑 is peak to peak pressure, 𝑷−𝒑  is peak negative pressure and 𝑷+𝒑is peak positive pressure.  

Influence of pressure-dependent attenuation  
Pressure-dependent attenuation is a crucial factor that should be avoided when investigating frequency-

dependent attenuation, as microbubbles have been shown to have a significant pressure dependent attenuation 

factor [31-33], and the model does not account for the excitation pressure level. The pressure dependent 

attenuation influence on the shell properties estimation is observed in (Table-1), where higher excitation pressure 

increases the shell stiffness estimation over approximately similar frequency ranges. The estimated shell stiffness, 

as reported in the pertinent studies increases from 1.71 N/m at 25 kPa to 1.76 N/m at 30 kPa and 55 kPa to 2.04 

N/m at 107 kPa at room temperature, and from 1.01 N/m at 30 kPa to 1.1 N/m at 55 kPa at physiological 

temperature.    

The pressure to excitation voltage variance is also an inevitable transducer limitation.  Ultrasonic transducers 

are designed and manufactured to perform at certain centre frequencies, and tend to produce a lower pressure to 

excitation voltage ratio far from their centre frequencies. Depending on the transducer type their bandwidth could 

be as narrow as having -6dB drop at 1 MHz away from their centre frequency. That means with the same excitation 

Study 𝒇(𝑴𝑯𝒛) 𝑷(kPa) T (oC) Method Dilution 𝑺𝒑(𝑵/𝒎)  𝑺𝒇 𝟏𝟎−𝟔 (𝒌𝒈/𝒔) 

[21] 13-29 𝑃𝑝𝑝 = 25 
room 

temperature 

Pulse-echo 

(2 µm filtered) 
1:15000 1.51±0.36 0.016±0.016 

[21] 12-28 𝑃𝑝𝑝 = 25 
Room 

temperature 
Pulse-echo 1:15000 1.71±0.24 0.015 ± 0.015 

[29] 7-15 𝑃𝑝𝑝 = 107 
room 

temperature 
Through transmission 1:15000 1.64±0.33 0.15±0.02 

[29] 15-25 𝑃𝑝𝑝 = 107 
room 

temperature 
Through transmission 1:15000 2.04 ± 0.67 0.01 ± 0.01 

[30] 2-25 𝑃𝑝𝑝 = 30 25 Through transmission 1:2000 1.76 ± 0.18 0.21 ± 0.07 

[30] 2-25 𝑃𝑝𝑝 = 30 37 Through transmission 1:2000 1.01 ± 0.07 0.04 ± 0.04 

[22] 2-25 
𝑃−𝑝 = 31 

𝑃+𝑝 = 24 
25 Through transmission 1:2000 1.76 ± 0.16 0.47 ± 0.05 

[22] 2-25 
𝑃−𝑝 = 31 

𝑃+𝑝 = 24 
37 Through transmission 1:2000 1.10 ± 0.15 0.20 ± 0.04 



voltage, the transducer will produce half of the pressure it produces at its central frequency. This can dramatically 

change the magnitude of the measured frequency dependent attenuation data. This, in consequence has a 

significant effect on the shape of the calculated frequency dependent attenuation curve using the analytical model 

and the magnitude and frequency of its peak, which is ultimately used to calculate the shell stiffness and friction 

coefficients. For example, using a 2.25 MHz transducer excited with an excitation pulse centred at 1.5 MHz, gave 

a frequency-attenuation curve peaking at approximately 2 MHz [31], while several studies listed in (Table-1) 

showed the attenuation curve peaking at approximately 10 MHz. Although the study by Chen et al. was not 

investigating frequency dependent attenuation, it illustrates the influence of the transducer spectra on the 

frequency-dependent attenuation curve and the importance of performing frequency-dependent attenuation 

experiments at constant pressure.    

In addition, the magnitude of the excitation pressure affects the mode of vibration of the microbubbles and may 

cause translation of microbubbles and cluster formation. Studies published earlier found that individual 

microbubbles sonicated at 4-13.5 MHz, can undergo nonlinear behaviours at acoustic pressures as low as 13 kPa 

[34] and 12.5 kPa [35] for BR-14 (Bracco S.A., Geneva, Switzerland) . The effect of pressure on the frequency 

dependent attenuation of the latter MBs was studied in details in [36], where higher excitation pressures were 

shown to produce non-linear resonance and shift the frequency dependent attenuation peak to lower frequencies. 

Similar trends of peak shifting to lower frequencies at higher pressures were also observed in[37] for a different 

phospholipid formulations.  A threshold pressure of microbubbles translation was observed for single MB [38] 

and populations of MBs [39]. Single  Definity™ microbubbles showed observable translation at 50 kPa and 1 

MHz [38]. Significant movement and clustering in low dilutions (1:20) were observed under continuous 

sonication at pressures as low as 6 kPa at 3 MHz [39]. Therefore, preforming the frequency dependent attenuation 

experiments at low pressure and small number of cycles enhance the reliability of the results.  

METHODOLOGY  

Through transmission attenuation measurements and size distribution and concentration measurements were 

performed on both Definity™ and ELIP at room temperature and physiological temperature. In order to limit the 

variables in this study, excitation pressures were calibrated to be constant at all frequencies and the microbubbles 

were enclosing the same gas. The aim of the measurement on the monolayer Definity™ microbubbles was to 

compare the results using the optimised, constant low-pressure excitation methodology with the results of 

previously published studies summarised in Table 1.  This section details the bubbles formulation techniques and 

the experimental setups and procedures.  

Microbubbles preparation  
For monolayer lipid microbubbles, the commercially available product Definity™ (Lantheus Medical Imaging, 

VIC, AU) was sourced and activated according to manufacturer instructions. Briefly, a 1.5 mL vial that contains 

6.52 mg/mL of octafluoropropane gas and a blend of lipids [40] was stored at 2-8°C . To activate the vial, it was 

allowed to warm to 25±1 °C and then agitated at 4530 ± 100 oscillations per minute for 45 s using a VialMix® 

instrument (Lantheus Medical Imaging®, VIC, AU). After activation, monolayer lipid microbubbles containing 

octafluoropropane gas were formed. 

For ELIP, a lipid blend consisting of 17.24 mg DPPC and 4.2 mg DSPE–PEG2000, 94:6 molar ratio 

dipalmitoylphosphatidylcholine to 1,2-distearoyl-sn-glycero-3 phosphorylethanolamine (Avanti®, Alabama, US) 

was prepared by dissolving the lipids in ethanol (4 mL). The solution was then transferred to a round bottom flask 

and the flask was connected to a rotary evaporator rotating at 150 rpm in a 60±1 °C water bath, to remove the 

ethanol in vacuo. A thin lipid film was then formed on the wall of the flask. The flask was then filled with 10 mL 

of phosphate buffered saline (PBS) solution and rotated for 15 minutes at 51±1 °C for rehydration. The solution 

of lipids and PBS was then transferred to 10 mL crim cap vials, with 5 mL of the solution pipetted into each vial. 

At 51±1 °C, house vacuum was applied to the vials to eliminate air, and they were then filled with 10 mL 

octafluoropropane gas (at atmospheric pressure). The vials were then vortexed at 1500 rpm at 60 °C for 20 minutes 

and snap cooled in ice to form ELIP. The vials were then stored at 2-8°C. A thorough and detailed description of 

the processing steps can be found in the patent application [16].   



Both sets of microbubbles then underwent ultrasonic imaging to investigate their echogenicity. The 

microbubbles suspensions were diluted with PBS by a factor of 1:500 and transferred into a 3 mL syringe with an 

inner diameter of 9 mm. The syringe was then scanned using a Ultrasound-on-Chip™ probe (Butterfly IQ®, 

Guilford, US) at a frequency of 18 MHz and mechanical index of MI: 0.26, to verify that they have been activated 

properly.  

Size and concentration measurements 
Tunable Resistive Pulse Sensing (TRPS) technique was used to measure the size distribution and the 

concentration of the bubbles using qNano™ (Izon®, Christchurch, NZ). In this characterisation method the 

microbubbles solution is forced toward a nanopore, and when a microbubble passes the pore it causes a transient 

in the ionic current flow.   A detailed description and critical evaluation of the TRPS technique and qNano™ can 

be found in [41,42]. 

Size and concentration calibrations were performed using a particle standard of known size and concentration 

as a reference. Polystyrene traceable particle standards from the National Institute of Standards and Technology 

NIST, with a nominal mean diameter of 903 nm, denoted as CPN900 (Thermofisher™, Massachusetts, US) were 

used for calibration. CPN900 were diluted in PBS at concentrations of 2x108/ml and 5x107/ml for TRPS 

measurements, using thermoplastic polyurethane nanopores. NP400, NP800 and NP2000 nanopores capable of 

sizing 185-1100 nm, 385-2050 nm and 935-5700 nm particles respectively were used in this study. Blockade 

counts pertinent for these experiments for calibration and samples typically ranged between 500 and 3000 events 

per measurement.  

Microbubbles solutions were then diluted in PBS at a dilution ratio of 1:1000.Approximately 40 µL of the 

diluted solutions were loaded into top fluid cell of qNano™. Their concentrations were then determined using a 

single point pressure method [43], with the applied pressure ranging between 1-2 kPa. For the pore sizes (NP400, 

NP800, NP2000) and the pressures used in this study, convection is the most dominant particle transport 

mechanism (when compared with electrophoresis and electroosmosis) and hence a single point pressure as 

opposed to a more lengthy multiple point pressure method is sufficient to accurately calculate the concentration 

of the microbubbles. Each counting experiment was performed for three trials to account for measurement 

uncertainty.  

Attenuation measurement setup  
Dilutions of 1:2000 of Definity™ and 1:20 of the ELIP were prepared. The lower Liposomes dilution is due to 

the lower attenuation caused by them, because of their higher lipid to gas volume fraction, where lipids have an 

acoustic impedance that is close to the impedance of the PBS solution itself  [44], and due to a portion of the 

liposomes population being non-echogenic as not all of them entrap gas.   

The diluted microbubble samples were shaken by hand before filling a 12.25 mL test chamber. The test 

chamber was positioned in a water bath between an immersion transducer and a 0.2 mm diameter needle 

hydrophone (Precision acoustic®, Dorset, UK) as shown in Fig.1. The sample was circulating through the chamber 

using a peristaltic pump to avoid the possible risk of flotation. However, during excitation and data collection the 

fluid was observed to be stationary. The sample was changed with every transducer to account for possible sample 

degradation due to repeated excitation exposure. A set of immersion transducers V381 (3.5 MHz), V308 (5 MHz), 

V321 (7.5 MHz), A327 (10 MHz), V319 (15 MHz) and V317 (20 MHz) (Olympus®, Tokyo, JP) were used to 

cover a range of frequencies from 2-20 MHz, at 1 MHz intervals. The transducers were excited in burst mode at 

50 cycles by 10 ms inter pulse period, using an arbitrary function generator DG4062 (Rigol®, Beijing, CN), and 

the signal of the acoustic wave after passing the bubbles chamber was acquired by the hydrophone powered by a 

DC coupler, using an oscilloscope MSO-5074 (Rigol®, Beijing, CN). Fast Fourier Transform was applied on the 

signal and the amplitude corresponding to the excitation frequency was recorded. The water bath was heated to 

37±0.1 °C for the experiments performed at physiological temperature. The bubble solutions in crimp-capped vials 

were also heated to 37±0.1 °C, before filling the test chamber.  



 

Figure 1: schematic of through transmission attenuation measurement experiment. The top of the test chamber is above the water 

surface. 

The experimental attenuation coefficient 𝛼𝑒𝑥𝑝 was calculated, by relating the received pressure passing the test 

chamber filled with pure PBS solution 𝑃𝑖 to the pressure through solutions with bubbles 𝑃𝑏  using equation (9). 

                                         𝛼𝑒𝑥𝑝 =
20𝑙𝑜𝑔10 (

𝑃𝑖 

𝑃𝑏
)

𝐿
⁄                                                                                       (9) 

where L is the length of the path over which the acoustic wave interacts with the microbubbles. In this setup, 

it corresponds to the width of the test camber in Figure1 and it is 1 cm. The distance between the transducer and 

the test chamber is 1 cm and between the hydrophone and the test chamber is 0.1 cm. The lowest possible pressure 

that will result in detectible pressure levels after attenuation using this setup was found to be 11 kPa.    

 

Constant excitation pressure  
The required excitation voltages to produce an 11 kPa pressure wave inside the test chamber were measured at 

each frequency before performing the experiment. This is to eliminate pressure dependent attenuation effects 

discussed earlier. The hydrophone manufacturer’s calibration data were used to calculate the received voltage 

corresponding to 11 kPa, and the transducer was excited with varying voltages until the desired received voltage 

was measured by the hydrophone. The transducers were then excited at those voltages (Fig.2a) five times to 

account for the uncertainty in the signal. According to (Fig.2 a) the 10 MHz transducer requires substantially 

lower voltages relative to the other transducers. This can be explained since the 10 MHz transducer is a low 

damping accuscan transducer whilst all the others are heavily damped videoscan transducers. Figure.2 b shows 

the pressure developed inside the chamber accounting for the uncertainty of calibration measurements and the 

13% uncertainty reported by the hydrophone manufacturer in their calibration report. The legends in Figures 2a 

and 2b refer to the centre frequency of each transducer.  



 

Figure 2: Transducers calibration data representing a) excitation voltages used to produce 11 kPa acoustic wave, b) Pressure 

readings inside the test chamber.  

RESULTS  

The shell properties, ultrasound images and size distribution of freshly prepared Definity™ and ELIP at room 

temperature and physiological temperature are presented, along with the results of the time dependent 

concentration and size distribution stability studies.  

Ultrasonic imaging  
Figure 3 shows the ultrasonic images of a 9 mm inner diameter syringe filled with PBS, Definity™ 

microbubbles and ELIP both at 1:500 dilution. ELIP showed lower echogenicity in comparison to Definity™ 

microbubbles under similar imaging parameters.    

 

Figure 3: Ultrasonic imaging at 18 MHz and 0.26 MI of a) PBS, b) Definity™ and c) ELIP. 

Size and concentration stability 
Number distributions by diameter are presented for both Definity™ and ELIP in Figure 4. The distributions 

are corrected for dilution, thus the results shown represent the distribution in the original vials before dilution. 

Although, the results are acquired for individual bubble diameters, the bubbles are grouped in bins of 50 nm size 

variations for better visualisation. These distributions were used in Eq. (1) and Eq. (8) to calculate the best 

frequency dependent attenuation curves for microbubbles and ELIP respectively, and presented in the next section.    

The summary of the volume weighted average diameters are presented in Table 2. The volume weighted mean 

diameters are reported for the sake of comparison with other studies. However, the change in the volume weighted 

diameters with temperature and time, might not be descriptive to the change in the population. The volume 

weighted mean diameter is affected more by larger diameter bubbles, and size distributions represented in Figure 

4 show that the highest concentrations are at the smaller diameters of the measured range. Therefore, median 

diameters are also presented in Table 2, as the change in the median with respect to time and temperature is more 

descriptive to the change in the population.       

The volume weighted mean diameters of both Definity™ and ELIP increased at physiological temperature in 

comparison to room temperature. The volume weighted average diameter of Definity™ increased from 983 nm 

to 1334 nm and the median from 632 nm to 675 nm when the temperature increased from 25 °C to 37 °C. Similarly, 

the ELIP volume weighted average diameter increased from 1184 nm to 1214 nm and the median from 710 nm 

to 732 nm when the temperature increased from 25 °C to 37 °C.  



 

Figure 4:TRPS size distribution of a) Definity™ at 25 °C, b) Definity™ at 37 °C, c) ELIP at 25 °C,  d) ELIP at 37 °C. The figures 

represent 200 nm to 2200 nm diameters for better representations of the data, as after 2200 nm diameter counts are minimal relative 

 

The concentration of Definity™ at 25 °C declined significantly with time, losing 26% and 79% of the total 

concentration after 6 and 24 hours of activation, respectively (Fig.4.a). On the contrary, the ELIP lost 8% and 9% 

of their total concentration after 6 and 24 hours at the same temperature (Fig.4.c). Next, freshly prepared 

Definity™ were evaluated at body temperature i.e. 37 °C, and under these conditions the concentration decreased 

by 58% relative to the sample concentration at room temperature. After 24 hours at 37 °C, this loss increased to 

73% of the concentration it had when first reaching physiological temperature, 24 hrs earlier. In the case of the 

ELIP their concentration increased after the temperature was raised to 37 °C. This unexpected result could be due 

to small microbubbles, which were below the detectable range at room temperature, expanding and then falling 

into the detectable range. ELIP then maintained > 80% of their concentration relative to their fresh concentration 

at 37 °C, over a period of 24 hours. 



 

The volume distributions are shown in Figure 5 and total volume fractions representing the volume occupied 

by the microbubbles in each millilitre of PBS solution are shown in Table 2. The trend of smaller volume fraction 

despite the increase of the concentration in the ELIP at 37 °C could be due to fragmentation of large bubbles into 

smaller bubbles as an increase in the number of smaller bubbles can be seen in Fig.4-d and consequently in volume 

distribution in Fig.5-d in comparison to Fig.4-c and Fig.5-c respectively .  

Table 2: Summary of counting and sizing results 

 

Agents 

 

Mean vol. wgt. dia. 

(nm) 

Median diameter 

(nm) 

Total concentration 

× 1010 (µbubbles/mL) 

Volume fraction 

× 1018 (nm3/mL) 

Freshly 

prepared 
6 h 24 h 

Freshly 

prepared 
6 h 24 h 

Freshly 

prepared 
6 h 24 h 

Freshly 

prepared 
6 h 24 h 

Definity™ 25 °C 983±64 1047±71 1486±8 632±21 605±21 591±17 3.46 2.57 0.737 4.84 2.15 1.37 

Definity™ 37 °C 1334±97 1601±63 1468±56 675±39 750±19 777±28 1.45 0.371 0.393 1.38 0.753 1.54 

ELIP 25 °C 1184±21 1260±23 1285±20 710±12 691±20 687±15 2.67 2.45 2.44 5.39 5.48 5.82 

ELIP  37 °C 1214±24 1245±22 1227±17 732±29 738±15 730±17 3.58 2.87 3.1 6.69 6.05 6.01 

 

 

Frequency dependent attenuation and shell parameters  
The frequency dependent attenuation curves of both microbubbles and liposome at room temperature and 

physiological temperature are presented in Figure 6. Definity™ show a shift of the peak magnitude in the 

attenuation curve towards lower frequency at physiological temperature compared to room temperature. The peak 

attenuation was 20.8 dB/cm at (10 MHz, 25 oC) and 22.1 dB/cm at (9MHz, 37 oC). For ELIP the peak attenuation 

was at 4 MHz at both temperatures. 

Figure 5: TRPS volume distribution of a) Definity™ at 25 °C, b) Definity™ at 37 °C, c) ELIP at 25 °C,  d) ELIP at 37 °C.   



 

 

Figure 6: Frequency dependent attenuation curve of a) Definity™ at 25 °C, b) Definity™ at 37 °C, c) ELIP at 25 °C,  d) ELIP at 37 

°C. The legend below shows the transducer by their centre frequency.   

 

Equation 1 was used for Definity™  and equation 8 for ELIP to determine the optimal values of the stiffness 

Sp and friction Sf  coefficient to best fit the measured attenuation data by minimising the sum squared error as 

detailed in [45]. The estimated shell parameters are presented in Table-3. For ELIP the size distributions were 

normalized and substituted as 𝑛𝑘  and the best fit of total number concentration 𝑁𝑓𝑖𝑡  was calculated to be 

0.83 × 1010 and 6.8 × 109  in comparison to the measured values 2.67 × 1010 and 3.58 × 1010 at 25 °C and 37 

°C respectively.  

Table 3: Summary of estimated shell parameters and r square value of the fitting curves  

 

agents 
 

25 oC 37 oC 

𝑆𝑝(𝑁/𝑚)  𝑆𝑓 10−6 (𝑘𝑔/𝑠) 𝑅2 𝑆𝑝(𝑁/𝑚)  𝑆𝑓 10−6 (𝑘𝑔/𝑠) 𝑅2 

Definity™ 1.53±0.08 1.51±0.12 0.96 1.18±0.16 1.09±0.2 0.90 

ELIP 0.11±0.02 0.31±0.03 0.97 0.15±0.01 0.29±0.01 0.99 

DISCUSSION 
The volume weighted mean of fresh Definity™ was found to be (1093 nm) using TRPS, in comparison to (3.99 

µm) and (1.6 µm) measured using a coulter counter with 20 µm [21] and 30 µm [22] aperture tubes, respectively. 

This can be attributed to the large number of small-sized microbubbles having diameters below the minimum 

measurable limit of detection by the coulter counter. The minimum measurable diameter in these studies was 0.46 

µm [21] and 0.6 µm [22]. However, the blue bins in (Fig.4, a) show that the largest concentrations measured by 

TRPS are below these minimums. Consequently, the concentrations of Definity™ microbubbles measured using 



TRPS were significantly higher than those measured using coulter counter. The total concentration of the fresh 

Definity™ sample measured using TRPS was 3.46 × 1010 bubble/mL in comparison to 1.30 × 1010 bubble/mL 

[21] measured using the coulter counter technique. Definity™ MBs were shown to loss 26% and 79% of their 

fresh concentration after 6 and 24 hours of activation respectively, in comparison to 16% and 56 % of their fresh 

number concentration after 1 hour and 3 hours of activation respectively in that study [21].  

 

The concentration measurements are for the total population of the ELIPs which includes echogenic liposomes 

estimated from the attenuation graph as 𝑁𝑓𝑖𝑡, and non-echogenic liposomes. Therefore, the ELIPs maintaining 

their concentration for 24 hours does not imply they retained their entrapped gas, as liposomes could exist even if 

they lose their entrapped gas. However, in the case of monolayer MBs, the assumption of the whole population 

retaining gas is valid as monolayer MBs will only exist if they entrap a hydrophobic gas.    

The median diameters of both microbubbles at 25 °C decreased with time as shown in Table 2. However, this 

does not necessarily mean that individual microbubbles are contracting. Considering the change of the 

concentration with time, large microbubbles could have burst. This is in disagreement with [21], where Definity™ 

MBs were shown to have a decreasing volume weighted mean diameter over time, from 3.99 µm 30 s after 

activation to 1.36 µm and 0.98 µm after 1 and 3 hours of activation respectively. The volume weighted mean 

diameter in the presented data was shown to increase from 983 nm right after activation to 1047 nm and 1486 

after 6 and 24 hours of activation respectively.  In general, ELIPs have shown lower radial dimensional changes 

with time in comparison to monolayer microbubbles. This is expected as they entrap less gas in comparison to the 

monolayer MBs, and because of the presence of a large number of liposomes in the ELIP sample that are non-

echogenic as estimated from the fitting of the attenuation curve. The proportion of non-echogenic liposomes in 

the ELIP samples is  ~69% and ~81% at 25 °C and 37 °C, respectively. 

There are some limitations about the determination of thermal-radial change and time-radial change of 

polydisperse samples. Microbubbles below the detection threshold could have expanded and became detectable 

when the temperature increased. For future studies, thermal and time radial change of microbubbles could be 

investigated better using monodispersed microbubble populations, through size filtering. It is important to note 

that the number concentration stability measured in this study does not necessarily correlate with echogenicity. 

Some of the ELIP measured in the counting could have lost their gas but still be included in the concentration 

measurement. 

The peak attenuation factor for the ELIP was 17.5 dB/cm at 25 °C and 20.1 dB/cm at 37 °C. The attenuation 

factor at physiological temperature was higher at the frequencies close to the peak and lower at the frequencies 

far from the peak relative to the attenuation at room temperature for both agents. Both agents were filled with 

octafluoropropane gas which has a very low solubility in aqueous medium [46], which enhance thermodynamic 

stability. Therefore, it is likely that the change in the frequency dependent attenuation with temperature is due to 

the change in the shell viscoelastic properties.  Although Definity™ attenuation curves are in agreement with the 

previously published study[22], the estimated value of friction parameter varies significantly. The friction 

coefficient was estimated to be 1.51 × 106𝑘𝑔/𝑠  in comparison to 0.47 × 106 𝑘𝑔/𝑠  previously reported by [22]. 

This is mainly because of the different size distributions used in Eq. 1, where TRPS counting technique showed 

that there are large numbers of Definity™ microbubbles with diameters significantly smaller than coulter counter 

measurement limits, as mentioned previously. However the values of the stiffness at both physiological and room 

temperatures were in agreement with the previously published studies. The stiffness of Definity™ microbubbles 

was found to be (1.53 N/m at 25 oC) in comparisons to (1.76 N/m at 25 oC) at both[30,22] and (1.18 N/m at 37 oC) 

in comparisons to (1.01 N/m at 37 oC) in [30] and (1.10 N/m at 37 oC) in [22].  

The ELIP were shown to have a very low rigidity where the stiffness coefficient was found to be 0.11 N/m. 

This could partially be due to the nature of the lipid blind used to formulate the shell. An Atomic Force Microscopy 

investigation found that the presence of charged lipids reduces their stiffness by 30%-60% in comparison to those 

formulated of neutrally charged lipids [47]. Thus, the low rigidity could be due to the presence of DSPE lipid 

which has a -1 net surface charge at 7.4 pH. Despite their low rigidity, the nano-size ELIP were shown to retain 

their echogenicity for eight weeks [8]. This implies, they maintain the gas within them, as the gas acoustic 



impedance difference compared to the impedance of the surrounding aqueous medium is the cause of 

echogenicity. Another Atomic Force Microscopy investigation found that the stiffness of liposomes made of 

DSPC:DSPE-PEG2000:DSPE-PEG2000-C at a molar ratio of 90:5:5 between 0.004 and 0.22 N/m [48]. Although 

the formulation is different, the study gives an insight of the stiffness of liposomes.   

The trend of decreased rigidity of Definity™ and increased rigidity of ELIP as temperature increased is in 

agreement with previously published studies (Table.1) where Definity™ was shown to have lower stiffness at 

physiological temperature in comparison to room temperature, and three different formulations of echogenic 

liposomes ELIP were shown to have higher stiffness at physiological temperature compared to their stiffness at 

room temperature [22]. The stiffness increased from  1.13 N/m at 25⁰C to 1.49 N/m at 37⁰C for ELIPs made of  L-

α-phosphatidylcholine (EggPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dipalmitoyl-

sn-glycero-3-phospho-[1′-rac-glycerol] (DPPG) and cholesterol (CH) at a molar ratio of 69:8:8:15, from 1.98 N/m 

at 25 ⁰C to 3.10 N/m at 37 ⁰C for ELIPs made of EggPC:DPPC:DPPE:DPPG:CH at a molar ratio of 27:42:8:8:15, 

and from 2.05 N/m at 25 ⁰C to 4.06 N/m at 37 ⁰C for ELIPs made of DPPC:DOPC:DPPG:CH at a molar ratio of 

46:24:24:6. 

As discussed in the critical aspects of experimental procedures, the results presented for the shell parameters 

in this study are an average representative of the MBs and ELIPs population and do not necessarily represent 

individual bubbles. The method derives the mechanical properties of a single bubble from a polydisperse sample, 

where frequency and size dependant effects are inevitable. The accuracy of the measurements could be improved 

by performing the experiments on monodisperse samples as in [36,49]. However estimating the average 

parameters of the native polydisperse population is important for future acoustofluidic manipulation studies as 

maintaining monodispersity of MBs for long time is challenging[50]. Another limitation of the attenuation 

experiments was the long attenuation path (1 cm), which could have affected attenuation measurements due to the 

multiple interaction between the acoustic wave and large number of bubbles and the reflected waves from the 

bubbles. Future measurements should reduce such effects through reducing concentration and the length of the 

attenuation path.  

CONCLUSION  

The investigation of the microbubbles and liposome stiffness and stability properties at room and physiological 

temperature shows that the new formulation of ELIP have an extended number-concentration and size stability 

profile relative to the monolayer microbubble Definity™. The acoustofluidic delivery agent displayed lower 

thermal radial changes relative to the monolayer ultrasound contrast agent, and underwent lower radial expansion 

over time. The ELIP shell parameters estimated in this study show a very low stiffness coefficient and friction 

coefficient relative to the monolayer microbubble. The size measurements showed that most of Definity™ 

population are sub-micron size where half of the population have diameters below 632 nm, unlike what was 

reported in previous studies and claimed by the manufacturer.  

Future research on the translation velocity caused by sonication of the new acoustofluidic delivery agent is 

ongoing based on the shell parameter estimation of the agents. Further research to validate their shell stiffness 

estimated in this study, could include atomic force microscopy mechanical loading. Resonance mass measurement 

could also be used to distinguish the ELIP from non-echogenic liposomes to further enhance the accuracy of 

frequency attenuation dependent studies on characterising ELIP.      
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