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A B S T R A C T

Histotripsy employs acoustic inertial cavitation to mechanically destroy tissue, producing acellular debris. While 
introducing bubbles can lower the cavitation threshold and enhance treatment efficiency, micrometer-scale 
bubbles struggle to penetrate tissues effectively. Shell-less nanobubbles, with their high internal pressure, sta
bility, negatively charged surfaces, and unique lifetimes ranging from weeks to months, offer a promising 
alternative. However, their interactions with ultrasound remain unexplored. This study used a claw-type pump 
nanobubble generator to produce nanobubbles and employed acoustic and optical methods to observe their 
behavior under high-intensity ultrasound exposure. The results demonstrated that the device generated nano
bubble solutions with an average particle size of 107 nm, a concentration of 1.94 × 109 particles/mL, a lifetime 
exceeding one week, and a zeta potential of − 21.2 mV. Acoustic and optical observations further revealed that 
nanobubble solutions reduced the inertial cavitation threshold of the liquid from 26.5 MPa to 10.3 MPa. These 
findings suggest a potential strategy to enhance the efficiency of ultrasound histotripsy treatments.

1. Introduction

In medical ultrasound, treatments such as histotripsy rely on the 
acoustic inertial cavitation effect to mechanically destroy tissue, 
rendering the target into acellular debris [1]. The cavitation threshold 
has been reported to be 26–30 MPa for water-based tissues [2]. Intro
ducing bubbles is a potential method to lower the inertial cavitation 
threshold [3] and enhancing treatment efficiency. However, 
micrometer-scale bubbles are too large to penetrate tissues effectively.

Due to their smaller size compared to microbubbles, nanobubbles 
present a potential solution. In recent years, nanosized lipid-shell bub
bles have been commonly used as contrast agents for enhancing ultra
sound imaging [4,5] or drug delivery [6]. The interactions between 
these carriers and ultrasound have been extensively explored and dis
cussed [7]. However, these lipid-shelled nanobubbles are not small 
enough, are challenging to manufacture, and are relatively expensive. 
As a result, shell-less nanobubbles may offer a promising alternative to 
address these limitations.

Current mainstream studies suggest that when shell-less bubbles 
shrink to the nanoscale, the bubbles no longer spontaneously rise to the 

surface of the liquid and burst. Instead, they undergo Brownian motion 
in place[8], and their internal pressure significantly increases, 
enhancing bubble stability and granting them a lifetime of several weeks 
to months [9]. Additionally, another study has reported that nano
bubbles carry a negative surface charge and can be affected by gas 
composition, pH, temperatures, and salt concentrations[10], which can 
enhance the dissolved oxygen content in solutions [11,12] and reduce 
surface tension [13–17]. These theoretical mechanisms have led to ap
plications of nanobubbles in fields such as water purification in aqua
culture [18,19], water treatment [20], and accelerated agricultural 
growth [21]. However, there has been limited research on the interac
tion between shell-less nanobubbles and high-intensity ultrasound.

According to theoretical predictions, the diameter of such bubbles is 
far smaller than the wavelength of ultrasound, and their significant in
ternal pressure makes them nearly impervious to vibration or collapse 
induced by ultrasound [20]. In this study, we aim to use acoustic and 
optical methods to observe the behavior of nanobubbles under the 
impact of high-intensity ultrasound, thereby elucidating their in
teractions. Ultimately, this research seeks to apply this type of nano
bubbles in the ultrasound field.
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To achieve this goal, the study first utilized a claw-type pump 
nanobubble generator, which employs two claw-shaped rotors mounted 
in a cylinder that move in opposite directions to produce nanobubbles in 
the flowing liquid. According to the literature, nanobubble generation 
methods can be categorized into the membrane, pressurized dissolution, 
Venturi effect, swirl liquid flow, breakup effect of high shear stress [22], 
and acoustic cavitation [23]. The mechanism of nanobubble generation 
by the claw-type pump method is similar to a combination of the swirl 
liquid flow and the breakup effect of high shear stress methods. Next, the 
fundamental properties of the nanobubbles, including size, concentra
tion, lifetime, and zeta potential, were measured. Finally, high-speed 
optical imaging and an acoustic passive cavitation detection method 
were employed to verify their acoustic properties.

2. Methods

2.1. Basic properties of nanobubbles

In this study, a nanobubble generator (Model: P40D50T20S20U, 
LIUNG FENG INDUSTRIAL CO., LTD., New Taipei, Taiwan) was used to 
produce nanobubble solutions [24]. The device operates by circulating 
deionized (DD) water through the machine for 30 min, after which the 
nanobubble-containing solution is collected from the outlet. Light 
scattering was first utilized for observation to confirm the solution’s 
properties. A 532 nm green laser (MGL-III-532-50mW, Changchun New 
Industries Optoelectronics Technology, Changchun, China) was directed 
at containers holding DD water and the nanobubble solutions. If nano
particles smaller than the wavelength of light were present in the solu
tion, the laser beam would scatter due to Rayleigh scattering, which can 
be directly observed. After confirming the presence of nanoparticles in 
the solution, this study referenced the literature and employed the 
freezing and thawing method to verify whether the particles in the so
lution were indeed gas bubbles [25]. This method involves freezing the 
bubbles in the solution and removing them during thawing. The 
experimental procedure involved freezing 15 mL of DD water and the 
nanobubble solution in a − 20 ◦C freezer for 24 h, followed by thawing at 
room temperature (25 ◦C) for 6 h. The optical density (OD) before and 
after freezing and thawing was measured using a spectrophotometer 
(Infinite® 200PRO series, Tecan, AG, Switzerland) to indicate the exis
tence of nanobubbles, as the scattering effect of the nanobubbles in
creases the OD value in the solution. After confirming the presence of 
nanobubbles in the solution, the OD values of DD water and the nano
bubble solution were measured on days 0, 1, and 7 to assess their life
time. Additionally, following ISO/TC281 standards, the concentration, 

size distribution, and zeta potential of nanobubbles were determined 
using a NanoSight (NS300, Malvern, UK) and dynamic light scattering 
(DLS) (Autosizer 4700; Malvern, Worcestershire, UK).

2.2. Acoustic properties of nanobubbles

According to previous studies, the intense internal pressure of 
nanobubbles makes it difficult for them to interact with low-energy ul
trasound [20]. Therefore, this study aims to observe the characteristics 
of nanobubbles under high acoustic pressure using optical and acoustic 
methods. The experimental setup is shown in Fig. 1. An agar phantom 
with a 3.5 mm diameter tubular channel was fabricated and connected 
to a plastic tube to introduce DD water and nanobubbles (NB) solution. 
Additionally, a 2 × 108 particles/ml homemade microbubble (MB) 
contrast agent [26] was added as a positive control (The detail of the MB 
solution measurement can be seen in the support information). The 1.1 
MHz HIFU transducer (H-301, Sonic Concepts, Bothell, WA, USA), high- 
speed camera (Photron SA1.1, U&U International Inc, Taipei, Taiwan), 
and 7.5 MHz receiving transducer (V321, Olympus, Tokyo, Japan) were 
aligned to the tubular channel inside the phantom to observe the 
behavior of samples during ultrasonic excitation. The 1.1 MHz HIFU 
transducer (aperture size = 15 cm, focal depth = 15 cm) was connected 
to a Verasonics system (Vantage128, Verasonics, Kirkland, WA, USA) 
and driven to emit ultrasound using a 5 to 60 V, 1.1 MHz, 100-cycle, 
single-pulse signal. The acoustic signal was measured with a hydro
phone (HGL-0085, ONDA, Sunnyvale, CA, USA), revealing an acoustic 
pressure range of 2.6 to 32 MPa. The high-speed camera, connected to a 
computer, captured images at 10,000 fps with a shutter time of 19 μs to 
observe the changes in the sample when the ultrasound reached it. The 
7.5 MHz receiving transducer (Bandwidth: 4.74–9.49 MHz) was con
nected to an oscilloscope for passively receiving signals. According to 
the literature, when high acoustic pressure ultrasound is applied, gas 
nuclei in the water will be excited into bubbles, generating a wideband 
signal that can be passively detected by the receiving transducer [27]. 
This phenomenon is known as the inertial cavitation effect, which can be 
quantified by integrating the area under the spectrum curve to calculate 
the inertial cavitation dose (ICD) [28]. The calculation was as follows: 
the FFT method converted the time-domain signals received into 
spectra. The spectral area under the bandwidth of the receiving trans
ducer was integrated, and the harmonic from the center frequency of the 
transmitting HIFU transducer was subtracted to calculate the ICD. This 
dose was used to describe the threshold for bubble formation.

Additionally, time–frequency signals were plotted to identify the 
time points at which inertial cavitation occurred. The particle size 

Fig. 1. The experimental setup to measure the acoustic feature of the nanobubbles.
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distribution and zeta potential were measured after 100 cycles of 50- 
pulse ultrasound exposure at 10.3, 21.2, and 32 MPa, respectively. A 
total of 2 mL of waste liquid was collected after ultrasound treatment, 
with 1 mL used for NanoSight analysis and 1 mL for DLS.

3. Results

3.1. Basic properties of nanobubbles

The basic properties of nanobubbles are presented in Fig. 2 and 
Table 1. As shown in Fig. 2(a), when a laser beam passes through sample 
bottles containing DD water and an NB solution, a visible trajectory 
appears only in the NB solution, indicating the presence of nano
particles. Next, Fig. 2(b) shows that before freezing, the OD values of DD 

water and the NB solution differ significantly (0.338 ± 0.002 vs. 0.368 
± 0.005). However, after thawing, the OD values become similar (0.342 
± 0.008 vs. 0.337 ± 0.001), suggesting that the nanoparticles were 
successfully removed during the freezing and thawing process. Based on 
previous studies, these particles can be identified as nanobubbles [25]. 
Additionally, Fig. 2(c) demonstrates that the OD values of the NB solu
tion remain stable over 0, 1, and 7 days after generation, indicating that 
nanobubbles can persist for at least one week. Finally, the size distri
butions of the nanobubbles measured by NanoSight and DLS were 
shown in Fig. 2(d). The measurement results on Day 0, Day 1, and Day 7 
after generation shown in Table 1 indicated that the average diameter of 
the nanobubbles is 107 ± 3.3 nm, 110.7 ± 13.8 nm, and 125.6 ± 1.6 
nm, respectively. Using the measured D10, D50, and D90 values (rep
resenting the sizes below which 10 %, 50 %, and 90 % of the particles 
fall), the span can be calculated as 1.43, 2.26, and 1.46 (span = (D90- 
D10)/D50), respectively. A span closer to 0 indicates a more uniform 
particle size distribution. Additionally, the concentrations of nano
bubbles are 1.94 × 109±1.13 × 108, 1.19 × 109±1.25 × 108, and 1.95 ×
109±0.98 × 108 particles per mL, with zeta potentials of − 21.2 ± 6.84, 
− 29.5 ± 7.74, and − 27.5 ± 7.76 mV, respectively.

3.2. Acoustic properties of nanobubbles

High-speed optical images (Fig. 3(a)) show that both DD water and 
NB solution begin to produce bubbles (visible as black regions in the 
images) due to the inertial cavitation effect at acoustic pressures above 
5.3 MPa. As the acoustic pressure increased, more bubbles were gener
ated. Additionally, at pressures above 5.3 MPa, the NB solution produces 
more bubbles than the DD water group. Next, Fig. 3(b), (c), (d), and (e) 
respectively present the time-domain signals, frequency-domain signals, 
time–frequency signals, and ICD (inertial cavitation dose) values of DD 

Fig. 2. (a) The laser scattering effect of the nanobubble solution compared with DD water. (b) The freezing and thawing method was used to check the existence of 
the nanobubbles. (c) The lifetime measurement of the nanobubble solution. (d) The size distribution of the nanobubbles was measured by NanoSight on day 0 after 
the nanobubbles were generated.

Table 1 
NanoSight and DLS measurements of the nanobubble solution on Day 0, Day 1, 
and Day 7 after generation.

Nanobubble solution state

Day 0 Day 1 Day 7

Mean (nm) 107 ± 3.3 110.7 ± 13.8 125.6 ± 1.6
Mode (nm) 73.1 ± 2.8 36.3 ± 19.3 76.6 ± 0.5
D10 (nm) 53.1 ± 1.5 30.7 ± 16.7 71.4 ± 1.3
D50 (nm) 79.5 ± 3.1 79.1 ± 19.6 100.7 ± 5.0
D90 (nm) 166.5 ± 5.8 209.7 ± 21.3 214.4 ± 9.6
Span 1.43 2.26 1.42
Concentration 

(particles/ 
ml)

1.94×109 ± 1.13×

108
1.19×109 ± 1.25×

108
1.95×109 ± 0.98×

108

Zeta potential 
(mV)

− 21.2 ± 6.84 − 29.5 ± 7.74 − 27.5 ± 7.76
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water and NB solution under ultrasonic excitation. The time-domain 
signals in Fig. 3(b) show that the NB solution receives stronger scat
tering signals than the DD water group, likely due to the nanobubbles 
scattering the ultrasound waves. Subsequently, the results in Fig. 3(c) 

and (d) reveal that the NB solution exhibits earlier and stronger spectral 
elevation than DD water. This is potentially because the presence of 
nanobubbles increases the dissolved gas content in water [11], leading 
to a higher occurrence of inertial cavitation due to the more significant 

Fig. 3. (a) The high-speed camera image of DD water and NB solution during different pressure exposure. (b) The time domain signal of DD water and NB solution. 
(c) The frequency spectrum of DD water and NB solution (d) The time–frequency analysis of DD water and NB solution. (e) The ICD calculation of DD water, NB 
solution comparing with lipid shell microbubble. (f) The concentrations of NB after different ultrasound pressure exposures. (g) The zeta potentials of NB after 
different ultrasound pressure exposures.
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number of gas nuclei. Finally, Fig. 3(e) compares the ICD values of DD 
water and the nanobubble solution while also including MB, a conven
tional ultrasound contrast agent (The detail of the microbubble results 
was shown in Fig. S1. in the support information) as a control. The re
sults indicate that MB produces inertial cavitation effects at pressures as 
low as 2.6 MPa. In DD water, the acoustic pressure required for inertial 
cavitation is approximately 26.5 MPa. However, in the presence of 
nanobubbles, the acoustic pressure threshold for inertial cavitation de
creases to 10.3 MPa, which indicates the interaction between nano
bubbles and high-pressure ultrasound. The nanobubbles concentration, 
size distribution, and zeta potential results, shown in Fig. 3(f)(g) and 
Table 2, indicate no significant difference before and after ultrasound 
treatment, suggesting that the nanobubbles were not collapsed by 
ultrasound.

4. Discussion

This study confirms that the claw-type pump can generate nano
bubble solutions with the nanobubbles ranging from 53.1 to 166.5 nm 
with a concentration of 1.9 billion particles per ml, which is smaller than 
the values reported in the literature [22]. These nanobubbles exhibit a 
uniform size distribution (span = 1.43), high particle stability (lifetime 
> 1 week), and a negative surface potential (zeta potential = -21.2 mV). 
Unlike the acoustic cavitation method mentioned in the literature [23], 
which controls nanobubbles concentration by adjusting the ultrasound 
frequency, the claw-type pump method allows for concentration control 
by tuning the rotation speed of the motor and the design of the claw- 
shaped rotors.

The acoustic experimental results showed that the spectral elevation 
signals generated by the nanobubble solution under high acoustic 
pressure were similar to those of DD water but different from those of 
MBs. The nanobubbles concentration and zeta potential results indicate 
no significant difference before and after ultrasound treatment, sug
gesting that nanobubbles were likely not ruptured by ultrasound but 
instead acted as speckles in the solution. Compared to other research, 
the reason our nanobubbles did not collapse during ultrasound exposure 
may be due to differences in the generation method and ultrasound 
frequency of 1.1 MHz in our research, compared to the wideband shock 
wave [29] and 5 MHz frequency transducer [30] used in the literature. 
This hypothesis is further supported by the presence of abundant har
monic signals in the 32 MPa NB solution group. Additionally, the inertial 
cavitation threshold of the NB solution was lower compared to DD water 
(10.3 MPa vs 26.5 MPa). This may be attributed to the increased number 
of gas nuclei in the NB solution [12], making the solution more prone to 
inertial cavitation effects and generating many bubbles (Fig. 3(a)). 
Furthermore, our spectrum results are similar to the passively received 
signals during histotripsy in the previous study that used the same ul
trasound parameters [31]. As a result, these findings may provide a 
potential approach to enhance the treatment efficiency of ultrasound 
histotripsy.

Based on the current results, we have successfully characterized the 

basic properties and acoustic features of these nanobubbles. Future 
research will investigate advanced characteristics, such as surface 
functional groups and the gas composition within the bubbles. These 
properties will help uncover the mechanisms of nanobubble interactions 
and facilitate their applications in areas such as wastewater purification, 
aquaculture, agriculture, and industrial processes.
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