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Phase-change nanodroplets (PCNDs) have been used in ultrasound imaging, targeted drug delivery, blood-brain-barrier (BBB) opening, sonothrombolysis and histotripsy for over a decade. For these ultrasound applications, PCNDs provide higher in vivo lifetime than microbubbles (MBs), the potential for extravasation inside tumour and on demand activation, which is the transition of the liquid-core of nanodroplets to gaseous microbubbles through acoustic droplet vaporisation (ADV). Operating above the ADV threshold can offer repeatable activation of PCNDs and the subsequent oscillation of acoustically activated PCNDs, which is advantageous in imaging and therapeutic applications. Efficient and repeatable activation of PCNDs require a good understanding of ultrasound parameters and nanodroplet composition for different biomedical applications. Therefore, this article presents a meta-analysis of the effect of ultrasound activation parameters on ADV for various PCNDs in different biomedical applications. About 7,500 articles were considered for this study, but only 45 articles were chosen and evaluated in the meta-analysis based on the following criteria: 1): activation parameters, including ultrasound frequency, peak negative pressure, transmit pulse length or duration have been clearly mentioned, 2), droplets range in nanometre size (<1 µm), 3), experiments are performed at a temperature of 37°C and 4) ADV threshold has been clearly mentioned and observations are not due to inertial cavitation (IC). From selected publications, we recorded the activation frequency (0.06–16 MHz), ultrasound pressure (0.18–14.9 MPa), activation pulse length (µs-ms range) and nanodroplet size for different types of perfluorocarbon PCNDs (C3F8, C4F10, C5F12 and C6F14) and evaluated the relation of these parameters to each other. Finally, a Root Mean Square (RMS)-like power metric, which is a combination of ultrasound peak negative pressure and square root of ultrasound pulse length, is proposed for identifying the ADV threshold behaviour instead of using pressure or mechanical index values.
Keywords: phase change nanodroplets, acoustic droplet vaporization (ADV), ultrasound activation, ultrasound imaging, ultrasound therapy, microbubbles
1 INTRODUCTION
Ultrasound waves have been used in imaging and therapeutic applications for more than 60 years (Kee and Teo, 2019; Izadifar et al., 2020; Riemer et al., 2022). In imaging, ultrasound waves generate reflections and scattering while propagating through tissue, which is then received by the ultrasound probe and used to form an image. In therapy, ultrasound waves pass through tissue and result in changes to cell membranes by boosting temperature due to absorption and cavitation following local pressure changes (Stride and Coussios, 2010; Harput et al., 2023). Although ultrasound imaging and therapy can be performed without contrast or therapeutic agents, they are often used to improve imaging performance or therapeutic efficacy.
Microbubbles (MBs), micrometre-sized gas-filled bubbles, are clinically approved ultrasound contrast agents (UCAs), which have been designed for use as ultrasonic imaging contrast agents and disease diagnosis (Stride and Coussios, 2010). While oscillation of UCAs under low amplitude ultrasound (mechanical index (MI)<0.7) simply generates an acoustic signal for improving image contrast, strong ultrasound fields (MI > 0.7) create shear forces which in turn elicits a multitude of bioeffects, including sonoporation (ultrasound-mediated cell permeabilisation) and increased risk of cavitation (Sen et al., 2015; Pellerito and Polak, 2012; Canavese et al., 2018). MBs are composed of a gaseous core and a lipid, protein, polymer, or surfactant shell. MBs are clinically approved UCAs and commonly used for imaging and therapeutic applications (Izadifar et al., 2020). MBs are around 1–10 μm, which restrict their distribution in the vascular space and prevents extravasation (Paproski et al., 2014). After injection to the bloodstream MBs stay in circulation for minutes (half-life of 3–15 min) in vivo (Liu et al., 2017) and they are rapidly cleared from the body via the liver (Mannaris et al., 2019; Navarro-Becerra et al., 2022). In addition, MBs rely on blood flow for movement throughout the vascular space which increases acquisition times for ultrasound localization microscopy in the smallest, low flow microvessels. Furthermore, due to low separation of MBs signal from tissue, detection of MBs in low-flow regions is demanding (Burgess et al., 2022).
Phase-change nanodroplets (PCNDs) have been developed in the last 2 decades to overcome the aforementioned problems (Mannaris et al., 2019). PCNDs have emerged as a switchable, intermittent, or persisting contrast agent for ULM via acoustic droplet vaporisation (ADV). PCNDs are composed of a shell and a liquid perfluorocarbon (PFC) core and are usually 10-fold smaller than MBs (Ninomiya et al., 2014). PCNDs have a longer circulation time in vivo as their liquid core prevents gas dissolution. PCNDs have deep penetration into the tissues via the extravascular space and passively accumulate in tumour tissue due to their nano-(15) scale size and EPR (Enhanced Permeability and Retention) effect (Ho and Yeh, 2017). PCNDs have a variety of potential applications ranging from diagnostic to therapeutic applications. The combination of PCNDs with ultrasound technology generates local cavitation which can be utilised for image contrast enhancement, tumour ablation and release of therapeutic agents loaded in PCNDs (Aliabouzar et al., 2018). Understanding how ultrasound parameters and other experimental factors affect PCND activation and ADV threshold is critical and will provide an overall insight to researchers for designing and planning experiments for specific applications. Firstly, this article will briefly explain chemical composition and fabrication techniques of PCNDs and their applications in the context of ADV. Secondly, this article will present a meta-analysis of the effect of ultrasound activation parameters of various PCNDs on the ADV threshold in different biomedical applications on the ADV threshold.
1.1 Chemical components of nanodroplets
PCNDs are composed of two parts, a shell and a liquid PFC core. The shell maintains the shape and original diameter of nanodroplets after intravenous injections, later expanding into bubbles following ADV (Aliabouzar et al., 2018; Borden et al., 2020). Control of ADV is in part due to the surface tension at the interface between the shell and core, providing enough Laplace pressure to prevent immediate vaporisation of low-boiling point PFCs, in turn delaying collapse/expansion of PCNDs at physiological temperatures until ultrasound is applied (Kee and Teo, 2019). As a result of these compositional and physicochemical properties, PCNDs exhibit greater stability and longer circulation time in vivo compared to MBs (Zhang W. et al., 2023).
1.1.1 Shell composition
An important aspect of nanodroplet fabrication is the shell composition. In order to find a balance between mechanical resistance (by providing enough Laplace pressure and enabling deformation during activation by energy), common shell materials include albumin, lipids, surfactants, and synthetic polymers (Lea-Banks et al., 2019). While lipids and surfactants are soft-shell materials, polymers and proteins are considered as hard-shell materials (Melich et al., 2020). Lipids and polymers are the most common material used in PCNDs formulation (Melich et al., 2020). Albumin is an emerging shell molecule for fabrication of both MB and PCND formulations due to its stabilising properties (Kripfgans et al., 2000). Bovine serum albumin is commonly used and is mostly prepared through sonication methods (Sirsi and Borden, 2009). Although the preparation of an albumin shell is relatively straight-forward, it is still more rigorous than other materials (Sheeran et al., 2016).
Lipids such as liposomes are frequently utilised in the fabrication of PCNDs due to elasticity (Schad and Hynynen, 2010; Kawabata et al., 2005) and mechanical flexibility. These properties contribute to repeated expansion and collapse of PCNDs shells which stabilises nanodroplets against dissolution and coalescence (Sheeran et al., 2016). Lipid-shelled PCNDs are commonly coated with hydrophilic poly (ethylene oxide) (PEG) chains. PEGylated lipid shell reduces the average size and size variation of PCNDs, in addition to reducing PCNDs aggregation (Yarmoska et al., 2019).
Surfactants have been used to form stable MBs, though fluorosurfactants are more suitable to form PCNDs’ shells (Melich et al., 2020) as they provide appropriate stabilisation against coalescence phenomena (Melich et al., 2020). Use of polymers as the shell material provides high drug loading efficiency (Lea-Banks et al., 2019), as well as enhance intracellular drug delivery and ultrasound contrast properties (Rapoport et al., 2013; Li et al., 2020). PEG is a common polymer utilised in combination with other polymers for size reduction and targeted drug delivery. Many studies show that polymer-coated PCNDs have better storage stability and polydispersity when compared to lipid shell (DPPC, DSPE-PEG2000, DPPG, DPPE, and cholesterol) nanodroplets (Melich et al., 2020). Also, polymer-coated PCNDs have higher vaporisation thresholds and need higher ultrasound energy for vaporisation and activation due to the stiffness of the polymer material (Cao et al., 2018). Coating material of PCNDs which has been maintained after ADV, lead to a lower surface tension, and increase in the likelihood of recondensation after ADV rather than dissolution. The present amount of coating material after ADV of PCNDs (which is difficult to quantify) decreases the surface tension and has a notable effect on the acoustic properties and stability of recondensed or vaporised PCNDs. Further studies are required to quantify changes to the coating material and surface structure of PCNDs following vaporisation/recondensation (Burgess et al., 2022).
1.1.2 Core composition
The preferable criteria for the liquid core of nanodroplets are hydrophobic, bioinert, and with an appropriate boiling point and safe circulation in the body before vaporisation. PFC as nanodroplet core meet these criteria (Kee and Teo, 2019). PFC formed from carbon and fluorine atoms configured into long chains. The PFC family differs in configuration and chain length (number of carbons), resulting in unique molecular weight, densities, and boiling points (Lea-Banks et al., 2019). Longer chain length correlates with higher boiling points (Lea-Banks et al., 2019; Lacour et al., 2018). Some common PFC nanodroplets are C3F8, C4F10, C5F12 and C6F14.
C5F12 (29°C boiling point) was utilised as a first-ever studied droplet core from the early 2000s (Kripfgans et al., 2000; Schad and Hynynen, 2010; Giesecke and Hynynen, 2003; Williams et al., 2013; Zhang and Porter, 2010) due to its lower boiling point than body temperature and the existence of Laplace pressure (Wong et al., 2011), resulting in greater stability in the body and free circulation in vivo until activation by energy. Other PFCs provide other advantages. Highly volatile PFCs including C4F10 (−2°C boiling point) and C3F8 (−39°C boiling point) were used for applications requiring droplets with a size below 200 nm in order to passively accumulate in the targeted tumour tissue through the leaky vessels (Sheeran et al., 2013a; Vlaisavljevich et al., 2013). Additionally, some research showed that a combination of different PFCs would reduce the vaporisation threshold and maximise the performance for specific applications (Sheeran and Dayton, 2014). A mixture of C5F12 (29°C boiling point) and C6F14 (56°C boiling point) showed that vaporisation of C5F12 acted as a trigger to induce vaporisation of higher boiling point C6F14 (Fix et al., 2017). Currently, most of the studies have focused on PCNDs with a single-type of PFC core, whilst a limited number of studies have utilised a mixture, chiefly as a means to reduce the vaporisation threshold and provide a more varied composition for different applications. Mixed PFC cores could be further developed to continue broader evaluations of nanodroplets properties (Zhang W. et al., 2022).
1.1.3 Importance of shell and core composition
PCNDs are controllable, on-and-off contrast agents that can be vaporized (i.e., activated) and destroyed or recondensed (i.e., deactivated) by control of activation parameters and the properties of nanodroplets including the volatility of the PFC core, shell material and size distribution (Burgess et al., 2022; Van Namen et al., 2021). The PCNDs can recondense back to a liquid state and undergo the expansion-recondensation cycle or can remain as gas MBs and be cleared from the body within minutes to hours, depending on environmental conditions, PFC core composition, differences in interfacial properties of shell, type and temperature of the liquid PCNDs suspension (Hannah et al., 2016; Yu et al., 2016; Yoo et al., 2018). For instance, agarose PCNDs suspension leads to recondensation rather than fragmentation compared with flow tube phantoms (Yoo et al., 2018). Also, PFC core composition significantly impact recondensation or dissolution into the surrounding environment. PCNDs composed of C6F14 and C5F12 cores are more likely to experience recondensation to a liquid state after insonation in comparison to C4F10 at 37°C (Ishijima et al., 2016; Luke et al., 2016; Welch et al., 2022). However, there is evidence of low-boiling-point PCNDs being activated and deactivated by ultrasound pulses (Zhang et al., 2018a; Riemer et al., 2022). In addition, differences in interfacial properties of the lipid shelled PCNDs affect the recondensation of the MBs. The high proportion of PEGylated lipids in the 10:90 PCNDs encourage rapid recondensation of the PCNDs due to stiffer encapsulating shells.
1.2 Fabrication techniques of PCNDs
There are several preparation techniques for phase-change nanodroplets, including microbubble condensation, sonication, homogenisation, extrusion, and microfluidics (de Gracia Lux et al., 2017; Sheeran et al., 2012). These different preparation techniques influence nanodroplet size and uniformity. Size is a critical parameter for the activation pressure threshold since larger droplet sizes reduce vaporisation thresholds (Sheeran et al., 2016; Gorelikov et al., 2011). Size also has an inverse relation to vaporisation thresholds. Selection of an appropriate method for preparing PCNDs is critical to improve uniform activation of nanodroplets under ultrasound energy (Lee et al., 2015) as nanodroplets with a low polydispersity will respond more uniformly under ultrasound energy (Song et al., 2016).
MBs condensation is effective for producing liquid nanodroplets from highly volatile PFC (e.g., C3F8, C4F10) that exist as a gas at room temperature (Gorelikov et al., 2011). In this method, MBs with a volatile PFC core are condensed under pressure and cooling into liquid state droplets (Meng et al., 2019). Transition of the core from a gas to a liquid result in the reduction in size and a submicron distribution of droplets. This relatively simple method prepares a high concentration of volatile PCNDs. In addition, particles, dyes and targeting ligands can be attached to the nanodroplet surface with relative ease (Rojas et al., 2019; Helfield et al., 2016; Rapoport, 2016). Generating droplets with a narrow size distribution is difficult since most microbubbles tend to be polydisperse (Vlaisavljevich et al., 2016). The condensation method can generate relatively small nanodroplets, where researchers reported PCNDs with a size of 117 nm (Zhang et al., 2019a).
Sonication is a simple method for generating nanoparticles (including PCNDs) that are uniform in size and distribution. In this method, the components of droplets including shell material and PFC are combined by ultrasound in an aqueous phase or buffer solution. The vial is commonly kept in an ice bath during sonication to prevent excess heating (Apfel, 1998). A sonication bath (Singh et al., 2012) and probe sonicator (Kripfgans et al., 2000) are two types of sonication. Longer sonication time and sonication intensity result in a lower size and superior size dispersity compared to shorter times and intensities (Li et al., 2014). While this method is convenient, cost-effective, and avoids material loss compared with other techniques, low nanodroplet uniformity (Gao et al., 2008), and risk of contamination with metals during preparation (following probe tip erosion) (Stride and Coussios, 2010). The sonication method however can generate much smaller nanodroplets in comparison to most techniques, where researchers reported PCNDs with a size of 46 nm (Burgess et al., 2022).
Agitation/homogenisation methods range from shaking by hand to automated homogenisation systems (Miles et al., 2016; Strohm et al., 2012). In these methods, firstly, the shell components with an aqueous solution are mixed, then PFC is added and homogenised into emulsions. Although these techniques avoid material loss (as production of the entire droplet solution remains within a single container), they generate a wide size distribution of nanodroplets with low reproducibility (Lanza et al., 1996). Researchers reported PCNDs with sizes varying from 300 nm to micrometers (Miles et al., 2016; Strohm et al., 2012; Lanza et al., 1996).
Extrusion is often utilised in combination with other techniques including sonication and condensation. Whilst this technique is more complex than sonication approaches, extrusion methods can generates highly monodisperse solutions where researcher producing nanodroplets ranging from 250 to 400 nm (Lee et al., 2015; Sheeran et al., 2011a).
Microfluidics offers another fabrication method to produce uniform emulsions. There are two types of microfluidics for droplet preparation: passive or active. In most instances, PCNDs are generated using the passive method. In a passive microfluidic device, while a continuous phase (an aqueous phase) is injected into the first inlet cartridge, the organic phase containing PFC and shell material is injected into the second inlet via a pressure-driven flow (Couture et al., 2006). When two phases meet at a junction, the PFC liquid extends and form a droplet (Airan et al., 2017). Active techniques generate droplets with the aid of additional energy inputs such as electrical, magnetic, and/or centrifugal controls, or by changing intrinsic parameters like flow velocity and material properties to improve viscous, inertial, and capillary forces (Couture et al., 2006). Microfluidics produce monodisperse size distributions which provide highly uniform activation thresholds and improve vaporisation efficiency (Apfel, 1998). However, this technique has limited production speed and require relatively expensive and specialised equipment (Lea-Banks et al., 2019). Nanofluidic devices or a combination of both fluidic methods would bolster the technique and improve nanodroplet yields with a capability to generate nanodroplets varying from 50 to 2,500 nm (Reznik et al., 2013; Toprakcioglu et al., 2020). Melich et al. used microfluidic system parameters to generate PCNDs in the range of 200–400 nm with high uniformity, which is of paramount importance for therapeutic applications. The resulting PCNDs including surfactant and PLGA polymer PCNDs (C5F12, C6F14) showed good stability properties upon storage at 4°C over a period of 1 month without any impact on size and polydispersity (Melich et al., 2020).
1.3 Size distribution
The appropriate size of nanodroplets depends on the therapeutic applications including both within the vessel and beyond the vasculature. BBB opening (Chen et al., 2013), endothelial targeting (Wang et al., 2013), embolotherapy (intentional occlusion of the blood supply to tumours) (Zhang et al., 2010) are relevant to blood vessels, whilst delivery of chemotherapeutic agents (Rapoport, 2012) extends beyond the vasculature. Identification of suitable ways for tailoring the PCND size and size distribution during manufacturing is favourable because PCNDs size and size distribution have an effective influence on their behaviour in vivo, including extravasation efficiency, circulation time, and response to ultrasound stimulation. While increasing the volumetric concentration of PCNDs cores resulted in an increase in PCND size, increasing the time and power of sonication led to decreases in both size and size dispersity (Ferri et al., 2021; Aliabouzar et al., 2019). Approximate droplet diameters for extravasation in tumour tissue is <500 nm (Rapoport, 2012) whilst extravasation in healthy tissue is <20 nm (Baronzio et al., 2009). Importantly, as shown in canine kidneys, nanodroplets ≥3 μm may block pulmonary capillaries (Zhang et al., 2010). Thus, identifying appropriate droplet sizes that are able to pass freely along blood vessels is critically important for systemic delivery. Both experimental and computational studies have showed that droplet diameter and vaporisation thresholds are inversely proportional (Kripfgans et al., 2004; Shpak et al., 2014), whilst other studies have demonstrated that increasing volumetric PCNDs concentration leads to larger size of PCNDs (Wong et al., 2011; Kripfgans et al., 2004).
2 APPLICATION OF PCNDS
PCNDs have several specific features including biocompatible components, phase-change dynamics, ultrasound imaging contrast agents and both therapeutic and diagnostic application (Zhang et al., 2018a; Lin et al., 2018; Qin et al., 2021a; Zhu et al., 2020). While nanodroplets are able to pass through pores of hyperpermeable vessel walls in tumours and accumulate in tumour tissue, MBs are unable to enhance image contrast outside blood vessels due to their short circulation time and large particle size (Reznik et al., 2011). In addition, PCNDs circulate longer in the bloodstream and remain at the nano-scale size, offering several advantages over MBs. Vaporization of nanodroplet cores following exposure to a sufficiently high-intensity pulse of acoustic energy enables echogenic microbubbles to be used as appropriate contrast agents for ultrasound imaging (Kripfgans et al., 2000; Loskutova et al., 2019). Environmental factors, droplet design, and ultrasound parameters affect the ultrasound pressure required for PCNDs and are thus key aspects to control across all applications (Sheeran and Dayton, 2012).
2.1 Ultrasound imaging
Ultrasound imaging can be done in real-time, at a high framerate, and without the need for ionising radiation. Compared to other imaging modalities, it is relatively low cost and portable (Hannah et al., 2014) (Wu et al., 2011). The phase transition of nanodroplets (liquid-gas transition) by ultrasound waves generates acoustic emissions, which can be visualised via a B-mode imaging, contrast enhanced ultrasound imaging, or super-resolution ultrasound imaging methods (Kripfgans et al., 2000; Wu et al., 2021; Baghbani et al., 2017; Simpson et al., 1999; Zhang G. et al., 2022). This acoustic imaging helps to monitor the size of MBs through harmonic emissions generated by vaporised nanodroplets (Gao et al., 2008; Harput et al., 2019). Although the nano-scale size of nanodroplets results in longer circulation times and better in vivo stability, they are undetectable by conventional ultrasound imaging before vaporisation (Mannaris et al., 2019). Controllable activation and stable oscillation of nanodroplets is therefore critical to generate high-contrast images (Yoon, 2021; Zhang et al., 2019b), therefore it is crucial to control and tune the ultrasound parameters to avoid MB destruction.
Researchers used PCNDs with all four PFC cores as an ultrasound contrast agent for imaging. Namen et al. utilized high-intensity focused ultrasound (HIFU) pulses to achieve ADV for PCNDs with C5F12 and C6F14 cores at 1.1 MHz with an MI of 7.6. They demonstrated that repeated acoustic activation of PCNDs with C6F14 core can be achieved using shorter-duration (1–100 cycles) pulses that allow nanodroplet vaporization and recondensation. They also showed that longer-duration (10,000 cycles) pulses are not suitable for contrast-enhanced ultrasound imaging as they destroy the activated nanodroplets (Van Namen et al., 2021). Dayton et al. showed that PCNDs with a mixed C5F12 and C6F14 core can be used for targeted imaging on a cell monolayer by using acoustic radiation force to push them towards the cells without activating them (Dayton et al., 2006). Puett et al. investigated the different pulse sequences for activation of PCNDs with C3F8 and C4F10 cores. They used single-cycle pulses at 9 MHz for imaging before and after activation of PCNDs and focused pulses at 5 MHz using 32, 64, 96, or 128 elements transducer which included 2, 5, 10, or 15 cycles per pulse for activation of C3F8 and C4F10. The size of the MBs cloud in the images increased steadily as a function of the number of cycles for C4F10 from 2.5 to 4.4 mm2, while averaging 8 mm2 MB clouds were observed for C3F8 (Puett et al., 2014). Ge et al. provided fast acoustic wave sparsely activated localization microscopy to simultaneously image, activate and deactivate low boiling point C3F8 using high frame rate planewave ultrasound without the need of using focus-wave transmission waves. This technique provides ultrasound super-resolution images in milliseconds which overcomes main challenge of ultrasound super-resolution imaging using MBs including the long acquisition time together with the motion during the data acquisition (Zhang et al., 2018b) (Zhang G. et al., 2023).
2.2 Targeted drug delivery
Delivery of therapeutic agents to different parts of body is an essential part of successful treatment (Cao et al., 2018). Previously, MBs were utilised as drug carriers for local release in combination with ultrasound, which were considered a novel and reliable tool for image-mediated tumour targeting, therapy, and monitoring (Lea-Banks and Hynynen, 2021; Kopechek et al., 2015; Mozafari et al., 2016). Although this technique has strong potential for future clinical applications, MBs as drug carriers are marred by several inherent problems. Firstly, although tumour tissue has defective vasculature with much bigger endothelial capillary gaps (380–780 nm) compared to normal tissues, the micro-sized MBs are not able to extravasate into tumour tissue (SK et al., 1998). Thus, limitation of direct targeting of MBs to tumour narrows down molecular ultrasound modality to intravascular imaging and therapy (Wilson et al., 2013; Pysz et al., 2015). Moreover, the short circulation time of MBs (half-life of 3–15 min) hinders tumour-specific drug release and application of MB-based ultrasound molecular imaging and therapy (Liu et al., 2017).
PCNDs as nano-sized drug carriers are able to passively extravasate into tumour tissue through gap junctions between vascular endothelial cells due to the immature morphological characteristics of tumour vessels, improving intertumoral drug accumulation by the enhanced permeability and retention (EPR) effect (Rapoport et al., 2013; Sheeran et al., 2011a; Zhao et al., 2023; Rapoport et al., 2009; Maghsoudinia et al., 2022; Song et al., 2021; Xu et al., 2016; Ho et al., 2016). One study by Spatarelu et al. demonstrated drug loaded C5F12 nanodroplets for treatment of breast cancer in mouse models. Following the mice tail vein injections of the 100 μL of drug loaded nanodroplets, a series of ultrasound pulses (515 kHz, 5.7 MPa peak focal pressure, 10 cycles) were transmitted to activate nanodroplets, which resulted in expulsion of the loaded drugs in the targeted area. Results indicated that activation of nanodroplets enhances the drug-delivery effect and delays the tumour growth rate in vivo (Spatarelu et al., 2023).
2.3 Blood brain barrier (BBB) opening
BBB is the leading biological barrier which highly prevents effective therapeutic agents from entering into brain parenchyma and functioning properly. Different therapeutic agents include chemotherapeutic molecules (Park et al., 2012), neurotrophic factors (Baseri et al., 2012), antibodies (Jordão et al., 2010), siRNA (Burgess et al., 2012), and neural stem cells (Burgess et al., 2011). These therapeutic agents are able to pass through BBB and have been shown to elicit therapeutic effects (Chen et al., 2013). In addition, higher doses of drugs are needed to enter brain for an effective therapeutic concentration at diseased tissues due to obstruction from the BBB. (Wu et al., 2018; Zhang X. et al., 2017). Focused ultrasound (FUS) increases the transcellular and paracellular permeability of BBB in the presence of MBs (Chen et al., 2013; Zhang X. et al., 2017). The response of MBs to ultrasound (Liu et al., 2014)including repetitive contraction and expansion (oscillations or stable cavitation) and collapse (inertial cavitation and generation of forceful shock waves and microjets) (Giesecke and Hynynen, 2003; Liu et al., 2014), can break tight junctions between the brain endothelial cells and create pores within the cell membrane (Husseini et al., 2005) that increases BBB permeability. However, because of the comparatively larger size of MBs (>1 µm) and short circulation half-life, extravasation into the brain is challenging (Sirsi et al., 2010). Thus, BBB opening present a unique challenge compared to targeted drug delivery to other parts of body. Therefore, PCNDs, which have a smaller size and longer circulation half-life for FUS induced BBB opening than MBs were utilised. BBB opening is caused not only by vaporization of nanodroplets, but also oscillations of generated MBs, therefore it is crucial to control and tune the ultrasound parameters to avoid MB destruction.
Chen et al. compared the effect of acoustically-activated nanodroplets on targeted drug delivery in the brain after FUS-induced BBB opening in mice. Fluorescently labelled dextran as a model drug molecule was utilized to quantify the extent of BBB opening. Comparison between PCNDs and the conventional contrast agent, i.e., MBs with similar lipid composition was conducted. Analysis of the acoustic emission generated from the contrast agents during sonication gave insights to the characteristics of PCNDs and MBs (Xu et al., 2020). A linear correlation between BBB permeabilization and the acoustic emission was found for both PCNDs (R2 = 0.74) and MBs (R2 = 0.67) by passive cavitation detection. PCNDs-mediated dextran delivery to the targeted murine hippocampus was achieved using sonication pressures higher than 0.45 MPa at clinically relevant pressure amplitudes. Although PCNDs had a higher BBB opening pressure threshold, they had lower stable cavitation threshold than the MBs. A more homogeneous dextran delivery within the targeted hippocampus without inducing inertial cavitation (IC) or compromising safety was achieved using PCNDs (Chen et al., 2013).
Zhang et al. utilized continuous FUS sonication for three or 5 min at 1.0 MPa after intravenous administration of C5F12 nanodroplets with poly (ethyleneglycol) - poly (lactide-co-glycolic acid) shells (10 mg/kg) into the rats ‘tail vein. Quantitative and qualitative analysis of Evan’s Blue extravasation in the right cerebral hemisphere (treatment side) of rat brains showed a greater area of BBB opening via FUS combined with nanodroplets compared to the contralateral control (Zhang X. et al., 2017).
2.4 Sonothrombolysis
Sonothrombolysis is a minimally invasive, ultrasound-facilitated blood clot ablating technique (Chuang et al., 2012). This technique is utilised for treatment of thrombo-occlusive vascular disease, including pulmonary embolism and deep vein thrombosis (Presset et al., 2020). Acoustic cavitation including stable and inertial cavitation (IC) is one of the mechanisms of sonothrombolysis (Fix et al., 2017; Wright et al., 2011; Datta et al., 2006). Generated force and shear stress by MBs contrast agents (used as cavitation nuclei) result in clot dissolution (Prokop et al., 2007; Kim et al., 2017). MBs oscillate and burst near the clot with lower peak negative pressure (PNP) amplitude (0.5–2 MPa) than the free-bubble nucleation threshold (PNP > 13.5 MPa) (Prokop et al., 2007; Kim et al., 2017; Acconcia et al., 2014). However, MBs-based sonothrombolysis is time-consuming, requiring hours for clot dissolution and is therefore not appropriate for aged and retracted clots (Zhang et al., 2016; Sutton et al., 2013) due to large size of microbubbles which start cavitation-enhanced erosion of blood clots from the external clot surface (Collis et al., 2010).
Therefore, PCNDs were utilised for sonothrombolysis due to their smaller size, resulting in more effective permeation into each clot and enhancement of sonothrombolysis. Kim et al. compared thrombolytic effects of lipid-shell C4F10 nanodroplets with those of MBs with the same formulation, in an aged bovine blood clot flow model. Ultrasound pulsing schemes with 0.35 and 5.22 W/cm2 power using PCNDs generated a significant difference (p < 0.05) in nanodroplet-mediated sonothrombolysis performance compared with MBs with the same formulation. Nanodroplet-mediated sonothrombolysis treatment reached a 140% average thrombolysis rate over the MBs-mediated treatment. While nanodroplet-mediated ultrasound treatment created internal erosion in the middle of bovine clot samples and cavitation clouds throughout each clot, MBs-mediated ultrasound treatment created larger cavitation clouds only at the clot surface (Kim et al., 2020).
2.5 Histotripsy
Thermal ablation is the application of external energy to a tissue to induce irreversible cell injury, tissue necrosis and tumour destruction (Kripfgans et al., 2014; Phillips L. C. et al., 2013; Chu and Dupuy, 2014). These heat-based techniques are divided into the heat-based modalities including radiofrequency (RF), microwave (MW), HIFU (Moyer et al., 2015; Pajek et al., 2014; Chang et al., 2018; Puett et al., 2013), and laser ablation (Zhang Q. et al., 2023; Zhang et al., 2019c; Thermal ablation, 2011; Hannah et al., 2016). HIFU is the only non-invasive hyperthermic modality which utilizes and focuses multiple ultrasound beams on a selected focal area to generate temperatures of up to 60°C, in turn causing acoustic cavitation and coagulative necrosis (Haen et al., 2011). In acoustic cavitation, acoustic pressure causes expansion and contraction of gaseous nuclei in cells, leading to the collapse of the cell and nuclear membranes (Haen et al., 2011). However, HIFU utilizes continuous or long bursts of ultrasound at moderately high intensity and high duty cycle to heat tissue which is used infrequently in the clinic (Xu et al., 2021). Histotripsy utilizes short ultrasound bursts (microseconds in length) with a low duty cycle (≤1%) to minimize heating, and higher peak negative pressure amplitudes to generate acoustic cavitation from gaseous nuclei in tissues (Khokhlova et al., 2015). Combination of histotripsy with nanodroplets results in disruption of cells similar to the sole histotripsy process but at a lower acoustic pressure (Vlaisavljevich et al., 2015a). This reduced cavitation threshold allows selective delivery of histotripsy to the tumour tissue which greatly increases the treatment efficiency. Research showed that 204 nm polymer-shell C5F12 nanodroplet-embedded agarose tissue phantoms containing a sheet of red blood cells needed lower peak negative pressure of 10.8 MPa for generation of MBs compared with 28.8 MPa observed using ultrasound pulses for histotripsy alone. Therefore, PCNDs-mediated histotripsy creates consistent fractionation similar to that of histotripsy alone but at a significantly lower pressure (Glickstein et al., 2022; Vlaisavljevich et al., 2013).
3 METHODOLOGY
The meta-analysis was performed to provide a guideline for ADV, which means converting a liquid droplet into a gaseous microbubble by ultrasound in this case. The magnitude of ultrasound pressure needed for this phase transition is defined as the vaporisation threshold (Vlaisavljevich et al., 2015b; Vlaisavljevich et al., 2015c). However, this threshold is not only a function of the ultrasound pressure, but affected by other ultrasound transmit parameters, such as the ultrasound frequency and pulse duration, and nanodroplet characteristics, such as core composition and size. To perform the meta-analysis, search term of “nanodroplets” + “ultrasound” is used for the search. In August 2024, over 7,500 publications related to search terms have been found, where more than half of these articles are published within the last 4 years.
Within these publications, 139 articles used ultrasound to vaporise nanodroplets while clearly mentioning the ultrasound pressure, ultrasound frequency, ultrasound pulse length and the nanodroplet size. From these articles, only articles that met the following criteria were chosen to extract data for the meta-analysis:
• when exact activation parameters are mentioned, including ultrasound frequency, peak negative pressure (or mechanical index), transmit pulse length or duration.
• when size of droplets is in the nanometre range (<1 µm).
• when in vivo or in vitro experiments are performed at a temperature of 37°C.
• when the publication clearly mentioned vaporisation, phase-change or ADV of nanodroplets and the observations are not due to IC.
Articles which do not meet the above-mentioned criteria were excluded and 74 data points from 45 publications were used for the meta-analysis. (Riemer et al., 2022; Paproski et al., 2014; Burgess et al., 2022; Ho and Yeh, 2017; Sheeran et al., 2013a; Vlaisavljevich et al., 2013; Fix et al., 2017; Van Namen et al., 2021; de Gracia Lux et al., 2017; Gao et al., 2008; Sheeran et al., 2011a; Reznik et al., 2013; Chen et al., 2013; Ferri et al., 2021; Zhang et al., 2016; Lin et al., 2017a; Lin et al., 2017b; Lin et al., 2017b; Zhang et al., 2017b); Lin et al., 2016; Toulemonde et al., 2018; Deng et al., 2020; An et al., 2022)
3.1 ADV measurement methods
The limitations of ADV measurements and the variation between different ADV measurements are two important factors that can affect the reported ADV threshold values. Parameters influencing the ADV threshold of PCNDs include ultrasound activation parameters (frequency, peak negative pressure, transmit pulse length or duration), PCNDs characteristics (core and shell composition, size and concentration) and environmental parameters (temperature, viscosity of the surrounding fluid and boundary conditions (Sheeran et al., 2011b; Wu et al., 2021). In constrained environments, the vaporisation threshold of PCNDs increases, where it is shown that ADV pressure threshold is inversely proportional to tube size and surrounding viscosity in constrained environments (Rojas et al., 2019). This illustrates the importance of experimental design, timing and choice of activation parameters for ADV threshold. Also, the definition of the threshold is likely to vary according to the direct and indirect ADV threshold measurement methods.
Direct measurements of ADV thresholds include high-magnification microscopy and high-speed imaging providing direct observation of the vaporisation process by counting of bubbles before and after of ultrasound exposure (Kripfgans et al., 2000; Vlaisavljevich et al., 2016; Sheeran et al., 2013b). However, optical observations are not applicable to tissue and not proper for initial size measurement of PCNDs below 800 nm due to limitation of resolution in brightfield imaging (Wu et al., 2021). Indirect measurement techniques including ultrasound imaging (Porter and Zhang, 2008) and broadband emissions (Aliabouzar et al., 2018; Vlaisavljevich et al., 2015a) address abovementioned limitations to identify ADV thresholds. There is smaller field of view in an optical observation than that of an ultrasound transducer which there are fewer PCNDs and bubbles, resulting in a higher measured threshold by optical experiment compared to acoustic methods (Wu et al., 2021). Two parameters of system including sensitivity and spatial resolution have effect on the pressure threshold which is the pressure at which first detection of a gas bubble or its emission is recorded (Wu et al., 2021). The measured pressure threshold is dependent on the selected signal amplitude for ADV or IC by the researcher and other parameters such as durability of the applied coating and presence of other bubbles and their collapse.
Finally, signal processing or data processing can play an important role on the reported ADV threshold values. Wu et al. utilised the mean echo amplitude in a fixed region of interest to calculate ADV threshold from the B-mode images. The difference between five separate images for each set of exposure conditions were used to calculate an average echo amplitude. They defined the ADV threshold as the point at which the normalized relative echo amplitude was over 80% (Wu et al., 2021). Williams et al. calculated the average power of the echo envelopes within each region of interest B-mode images. They defined the ADV threshold as the point at which echo power increased above background by a factor of 5 standard deviations (Williams et al., 2013). Since researchers utilised different methods for estimating the ADV threshold value, observing variations between different studies with similar experimental conditions are inevitable.
4 RESULTS
Researchers chose a wide range of ultrasound frequencies to activate PCNDs with four common PFC cores (C3F8, C4F10, C5F12 and C6F14) with values varying between 0.06–16 MHz. The therapeutic applications generally used a lower frequency range below 5 MHz for activating PCNDs, while imaging applications covered the whole clinical ultrasound imaging range of 1–15 MHz. Within this frequency range, the PNP changed between 0.18–14.9 MPa with excitation pulses varying from sub-microseconds to hundreds of milliseconds (0.11 µs and 640 ms). In terms of PCND parameters, the nanodroplet sizes varied between 46–595 nm for all PFC cores. The PCND concentration ranged from 104 PCNDs/mL to 1014 PCNDs/mL, while most of articles (79.1%) preferred a concentration between 106–1010 PCNDs/mL. In terms of shell composition, 37 out of 45 the articles included used lipid shell, five out of 45 the articles included used polymer shell, two out of 45 the articles included used albumin shell and one out of 45 the articles included used surfactant shell.
In addition to pressure, the Mechanical Index values were calculated using the ultrasound frequency and PNP and plotted in Figure 1. This figure shows that the PCNDs with longer carbon chains require larger PNP or larger MI in general. In addition to this trend observed in Figure 1, our statistical analysis showed significant differences for ADV thresholds between all four PFCs groups (p-value <0.05 using two-way ANOVA method). This is expected since PFCs with longer carbon chains have higher boiling points. Figure 1(right) shows that all PCNDs with C3F8 core (8 of eight data points, 100%), most of the PCNDs with C4F10 core (31 out of 37 data points 83.7%), approximately half of the PCNDs with C5F12 core (7 out of 18 data points, 38.8%) and some of the PCNDs with C6F14 core (3 out of nine data points, 33.3%) can be activated within the clinical ultrasound imaging limit.
[image: Figure 1]FIGURE 1 | Figure illustrates the different data points, and their distributions used in the meta-analysis. Each data point plotted as a circle represents the ADV threshold for different PCNDs. The distribution of the data points is visualised as violin and box plots while converting the outlier data points from circles to crosses. (Left) Illustrates the peak negative pressure threshold values to achieve ADV and their distributions (Right) Illustrates the mechanical index threshold values to achieve ADV and their distributions. The red dashed line shows the clinical ultrasound imaging MI limit of 1.9.
Although Figure 1 shows a trend between activation pressure and PCND core composition, it does not clearly demonstrate the relation between ultrasound activation parameters. To demonstrate the combined effects of activation parameters on ADV, a set of figures are generated. First, the ultrasound frequency and pressure relationship, which is commonly plotted by other researchers as well, is plotted in Figure 2 for all PFC cores.
[image: Figure 2]FIGURE 2 | Figure shows the reported peak negative pressure (MPa) threshold values from different studies to achieve ADV at different ultrasound frequencies. Each PCNDs is illustrated in different colour. Every datapoint is plotted as transparent circles to clearly show the overlaps between datapoints.
Figure 2 illustrates that peak negative pressure increase with increasing frequency for PCNDs with C4F10 core while this trend is not clearly obvious for other cores. The reason for this can be due to the lack of data points for other PFC cores, since half of the data points in this figure are PCNDs with C4F10 core, which are most widely studied by researchers for ultrasound applications. There are contradicting examples in the literature, as increase in sonication frequency has been found to both increase and reduce the vaporisation threshold (Schad and Hynynen, 2010; Williams et al., 2013). Williams et al. demonstrated that a frequency increase from 5 MHz to 15 MHz decreased vaporisation thresholds of 220 nm surfactant-coated C5F12 nanodroplets (Williams et al., 2013). Vaporisation thresholds reduced from 6 MPa at 37°C for a 1 ms excitation at 10 MHz to 3.2 ± 0.5 MPa at 37°C for a 1 ms excitation at 15 MHz. They found that the vaporisation thresholds differed inversely with frequency at 29°C and 37°C. This inverse trend between frequency and vaporisation thresholds was also observed by Schad et al. (Schad and Hynynen, 2010) while (Kripfgans et al., 2004) for micron sized droplets, where increase in the vaporisation pressure from four to 7 MPa with increased frequency from three to 4 MHz with single 3.25 μs tone burst for albumin-coated micro-scale C5F12 droplets. This trend may suggest a mechanical mechanism whereby activation of nanodroplets occurs through a focused spot of negative pressure inside the droplet (which spreads through its whole volume), ultimately resulting in IC (Shpak et al., 2014). However, these studies (Schad and Hynynen, 2010) used droplets larger than 1 µm and there is no evidence for an inverse relation between negative pressure and frequency for nanodroplets.
Figure 2 does not however directly represent the relation between ultrasound activation parameters and how much input energy is required for activation of PCNDs, as many other parameters also contribute to PCNDs activation. These parameters include environmental variables (temperature, viscosity of the surrounding fluid conditions, hydrostatic pressure, boundary constraints), nanodroplet characteristics (core and shell composition, thickness of shell, size, and concentration), and the ultrasound exposure parameters (frequency, pressure, exposure duration and pulse repetition frequency). Therefore, ADV threshold of PCNDs were plotted for different 4 PFC cores in Figure 3 by combining ultrasound frequency (MHz), peak negative pressure (MPa) and activation pulse length in a single figure to demonstrate the effect of ultrasound parameters.
[image: Figure 3]FIGURE 3 | Figure shows the reported peak negative pressure (MPa) threshold values at different frequencies to achieve ADV as a function of excitation duration or pulse length. Each PCNDs is illustrated in different colour. Every datapoint is plotted as transparent circles to clearly show the overlaps between datapoints. Size of every datapoint represents ultrasound excitation duration.
Figure 3 is consistent with the studies (Wu et al., 2021; Fabiilli et al., 2009), wider circles (longer pulse length) are mostly located at lower pressures levels. Overall, the vaporisation threshold decreases with increasing droplet diameter and increasing burst length (Sheeran et al., 2011b). Additionally, the larger circles of the same PFC cores appear closer to the origin, indicating that longer pulse lengths were used at lower frequency ranges to reduce the ADV threshold. This may also explain some of the extreme cases observed in Figures 1, 2, such as the PCNDs with C6F14 core activated at the same pressure level with most C4F10 cores. According to Figure 3, longer ultrasound pulse length lowers PNP due to the inverse relationship between pulse length and pressure threshold. For example, the largest red circles appearing at much lower PNP level than smaller red circles demonstrates that pressure threshold for ADV was reduced since more energy was deployed to vaporise these C6F14 nanodroplets. In general, C6F14 and C5F12 cores are commonly used for therapeutic applications, while C4F10 and C3F8 cores often utilised for imaging applications because of their lower boiling points and hence lower ADV threshold. This might be the reason why, studies using PCNDs with C6F14 and C5F12 cores used longer duration pulses more often, where the median ultrasound pulse lengths recorded for the meta-analysis are 0.9, 2.5, 50 and 200 µs for PCNDs with C3F8, C4F10, C5F12 and C6F14 cores, respectively.
Although there seems to be a trend in Figure 3, a direct comparison between different PCNDs is challenging due to the number of articles referring directly to activation threshold of nanodroplets with longer carbon chains are limited. As C6F14 cores are commonly used for therapeutic applications and are considered as nucleation points, where activation threshold of C6F14 is not directly mentioned in many articles while referring to cavitation threshold instead. Schad et al. found that as the sonication frequency diminishes, the separation between ADV and IC thresholds narrows, which is likely another reason for the lack of direct information on vaporization thresholds (Schad and Hynynen, 2010).
Another parameter that plays an important role in ADV is the size of the PCNDs. Figure 4 shows the reported ADV threshold for different PCND sizes for all PFC cores. Researchers manufactured PCNDs with C5F10 core with a wider distribution ranging from 46 to 595 nm. The reported median nanodroplet size is smaller for PCNDs with C3F8 and C4F10 cores (153.5 and 200 nm) in comparison to PCNDs with C5F10 and C6F12 cores (272.8 and 373.7 nm), which might be due to the manufacturing at room temperature, where C3F8 and C4F10 are in gaseous form and C5F10 and C6F12 are in liquid form. According to previous studies, there is an inverse relationship between size of nanodroplets and activation pressure (Lea-Banks et al., 2019). A decreasing trend in pressure with increasing size of C4F10 core can also be observed in Figure 4 (left), where the blue dashed line shows the logarithmic fit to demonstrate the overall behaviour. However, this trend disappears in Figure 4 (right), where the activation of small and large PCNDs can be observed at similar MI values. This figure also provides evidence that PCNDs with all four PFC cores may be activated within the clinical ultrasound imaging MI limit of 1.9, but it might not be practical for many applications since PCNDs with C6F12 core was activated using a pulse duration over tens of milliseconds, as shown in Figure 3.
[image: Figure 4]FIGURE 4 | (Left) Figure shows the reported peak negative pressure (MPa) threshold values from different studies to achieve ADV for different PCND sizes. Blue dotted line illustrates the expected ADV threshold behaviour for PCNDs with C4F10 core (Right) Figure shows the reported Mechanical Index values from different studies to achieve ADV for different PCND sizes. The red dashed line shows the clinical ultrasound imaging MI limit of 1.9.
Figures 1–4 do not definitively represent or visualize the behaviour of ADV threshold because there are at least one or two missing parameters in each figure. For example, Figure 2 does not include ultrasound pulse length and nanodroplet size and Figure 3 does not include nanodroplet size. To address this, we attempted to combine and visualize all parameters at once while aiming to provide a better overall understanding and estimation of ADV threshold behaviour. Based on the inverse relationship between ADV pressure threshold and ultrasound pulse length (Pressure2 ∝ 1/pulse length), we back-calculated this relationship by merging two parameters. This Pressure2 ∝ 1/pulse length model was suggested Schad et al. (Schad and Hynynen, 2010) based on observations on C5F12 droplets at three different temperatures (23, 29°C and 37°C) over a wide range of ultrasound pulse lengths between 1 μs and 9.6 ms (Schad and Hynynen, 2010; Zhang and Porter, 2010) (Kripfgans et al., 2004). This Pressure2 ∝ 1/pulse length relation is also consistent with the study performed by Williams et al. at 29°C (Williams et al., 2013).
To combine ultrasound PNP and pulse length, a Root Mean Square (RMS)-like metric is proposed and plotted in Figure 5 for different ultrasound frequencies. The RMS-like metric is calculated by multiplying peak negative pressure and square root of ultrasound pulse length (PNP × √ ultrasound pulse length). Note that this is not the same as RMS, since it is not possible to calculate the exact RMS power without having access to transmitted waveforms, but it is possible to get an approximation by doing this.
[image: Figure 5]FIGURE 5 | Figure shows the calculated RMS-like ADV threshold values for different ultrasound frequencies. The RMS-like power calculation was performed by combining peak negative pressure and square root of ultrasound pulse length. Each PCNDs is illustrated in different colour. Every datapoint is plotted as transparent circles to clearly show the overlaps between datapoints. Size of every datapoint represents the PCNDs diameter.
Figure 5 combines four parameters that play an important role on ADV threshold: ultrasound pressure, ultrasound frequency, ultrasound pulse length and the nanodroplet size. Figure 5 reveals that the RMS-like metric and ultrasound frequency might have an inverse relationship. This can be observed for PCNDs with all PFC cores. This means that that PFC nanodroplet activation require less power at higher frequencies. These results are different from our initial observations from Figure 2, where it seems as PNP threshold to achieve ADV increases with increasing ultrasound frequency. However, this observation was done only for PCNDs with C4F10 core and other PCNDs did not show such a behaviour. In this case, all PCNDs with different PFC cores exhibit a decreasing trend in RMS power with increasing ultrasound frequency.
5 DISCUSSION
Although the relationship between activation parameters were evaluated and plotted to show the trend between parameters, a direct comparison between the studies used in this meta-analysis is challenging due to the close interaction between nanodroplet composition, size, concentration, ultrasound parameters and other experimental conditions. Nonetheless, the data gathered from several research articles agree with the figures provided in this meta-analysis. Investigation of the effect of Laplace pressure on the ADV threshold of different larger PCNDs (1–13 µm) showed that the vaporisation threshold of C4F10 was lower than those of the higher-boiling point PCNDs (Sheeran et al., 2011b), which is consistent with our observations from Figure 1. Two studies showed that the ADV peak negative pressure threshold for C4F10 PCNDs increased with increasing ultrasound frequency (Sheeran et al., 2013b) which is consistent with Figure 2 for C4F10 cores. Ultrasound pulse length, or excitation duration, is another parameter which has an inverse relationship with ADV and IC thresholds. Wu et al. demonstrated that increasing the pulse length from 20 to 20,000 μs at 1 MHz reduced the ADV and IC thresholds of PCNDs with C4F10 core from 3.06 MPa to 2.08 MPa and from 3.36 MPa to 2.30 MPa, respectively (Wu et al., 2021). Lo et al. demonstrated similar results for PCNDs with C5F12 core, where the ADV threshold decreased from 5.5–5.9 MPa to 3.8–4.6 MPa, when the ultrasound pulse length is increased from microseconds to milliseconds (Lo et al., 2007). Figure 3 illustrates that longer pulse length (bigger circles) incline toward lower ADV thresholds, which is consistent with these studies. Sheeran et al. showed that the ADV peak negative pressure threshold of C4F10 decreased with increasing nanodroplet size (Sheeran et al., 2011b), which is consistent with our observations from Figure 4. The inverse relationship of ADV threshold to PCNDs diameter and ultrasound pulse length for C4F10 core has been illustrated in Figures 3, 4, which confirms that increasing PCNDs size and pulse length decreases the vaporisation threshold. The monotonic decreasing trend between vaporisation pressure and size shown in Figure 4(left) is also similar to model proposed by Sheeran et al. to describe the vaporisation pressure that has a logarithmic relation with PCND size (Sheeran et al., 2011a).
Post-vaporisation events are also crucial for choosing the most suitable nanodroplet composition and ultrasound parameters for a given application. Within activation of PCNDs, whilst some of the generated MBs survive immediately after ADV, some recondense back into the liquid droplet state within microseconds after activation. The probability of MBs survival within the first microseconds of vaporisation depends on parameters including ultrasound excitation pressure, shell material and bubble coalescence during vaporisation. While small bubbles have a higher recondensation probability due to an increase in Laplace pressure (Kabalnov et al., 1998), bigger bubbles above the radius of approximately R = 1 µm have lower Laplace pressure and this thus decreases or eliminates the possibility of a condensation or recondensation event completely (Reznik et al., 2013). In addition, microbubble size is not the only parameter affecting the probability of survival. Shell and coating material decreases the effective surface tension on the bubble and Laplace pressure (Sarkar et al., 2009; Reznik et al., 2012). Also, higher concentrations of shell material (such as surfactant coating) are more likely to prevent bubbles from condensation compared to those with less surfactant (Overvelde et al., 2010). There is higher possibility of bubble survival post-vaporisation due to more coalescence at lower excitation pressures (Haworth and Kripfgans, 2008), which would increase the total volume and size of the bubble cluster, decreasing Laplace pressure and increasing the chance of survival. The increase in size of bubbles due to coalescence of bubbles would increase surfactant coating concentration and consequently their stability. Proximity of bubbles to each other increases chance of bubble coalescence which is advantageous to increase the initial droplet concentration and to create stable MBs appropriate for ultrasound imaging. Coalescence and increasing initial droplet concentration results in a decrease in excitation pressure thresholds for the inception of stable bubbles and an increase in the probability of PFC nucleation and efficiency of production of stable bubbles (Ishijima et al., 2016). Therefore, it is important to operate close to the vaporisation threshold of PCNDs to maximise survival of MBs for imaging, as well as sonoporation and other drug delivery applications. However, the ADV threshold changes nonlinearly as a function of PCND properties, ultrasound parameters, such as peak negative pressure, frequency, pulse duration (Reznik et al., 2013) and other experimental conditions. For this reason, our meta-analysis study proposes a different way of determining the ADV threshold based on an RMS-like power measurement given in Figure 5.
This newly proposed RMS power metric may provide guidance on the effect of ultrasound frequency on ADV threshold, where this relation is not consistent across many studies. While some studies reported that the ADV threshold increases with increasing ultrasound frequency (Aliabouzar et al., 2018; Kripfgans et al., 2004; Vlaisavljevich et al., 2015b), other studies showed an opposite trend, where decreasing ultrasound frequency would increase the ADV threshold (Williams et al., 2013; Burgess et al., 2012; Kripfgans et al., 2002). This may suggest that change in the role of IC in ADV for lower frequencies, as IC threshold in the host medium approaches the ADV threshold with decreasing frequency, probably making IC be the dominant mechanism for triggering ADV (Fabiilli et al., 2009). Schad et al. found that there was no separation was found between the ADV vaporisation and IC thresholds by decreasing frequency from 2.855 to 0.578 MHz for lipid-coated C5F12 droplets and IC occurred instantly after sonication at the lowest pressure utilised for micron sized droplets (Schad and Hynynen, 2010). (Fabiilli et al., 2009). For micron sized droplets, researchers showed that IC threshold occurred at a higher rarefactional pressure than the ADV threshold which ADV nucleus is internal to the droplet, while IC nucleus is likely to be the bubble generated by ADV (Fabiilli et al., 2009), which is yet to be demonstrated for nanodroplets. The tailoring acoustic parameters and design and fabrication of droplets depending on the therapeutic application is important to achieve either ADV with IC or ADV without IC (Sirsi and Borden, 2009; Fabiilli et al., 2009; Chandan et al., 2020). It is suggested that the frequency at which the ADV and IC thresholds overlap may be controlled by the droplet size (Lea-Banks et al., 2019). However, IC and ADV are two overlooked phenomena in several studies. Many articles only measure and mention cavitation threshold or activation, but do not exactly mention if this is a result of ADV or IC (Qin et al., 2021b; Toulemonde et al., 2020; DeRuiter et al., 2019). The experimental measurements require a tight control on ultrasound parameters and other variables, such as temperature, PCND stability and concentration, otherwise the measurements can be dominated by the cavitation signal generated by MBs activated without droplet vaporisation.
When the ADV and IC are clearly identified, combining ultrasound peak negative pressure and pulse length, as given in Figure 5, can be useful for identifying the ADV threshold behaviour. The proposed RMS-like power metric can also benefit from including pulse repetition frequency (PRF) into these calculations. Studies report that ADV thresholds typically have an inverse relationship with PRF and pulse length, which therefore means that longer PRF and pulse length decreases the ADV threshold (Kripfgans et al., 2000; Rojas et al., 2019; Porter and Zhang, 2008). Wu et al. investigated the effect of the PRF ranging from 1 to 100 Hz on ADV and IC thresholds for 238 nm PCNDs with C4F10 core whereby the frequency and pulse length were set to 1 MHz and 5,000 cycles, respectively (Wu et al., 2021). Their results showed that with increasing PRF from 2 to 100 Hz, the ADV and IC thresholds were found to decrease from 2.79 to 1.8 MPa and from 3.03 to 2.05 MPa, respectively. This is likely that increasing either the PRF or pulse length would increase the probability of ADV and the expected number of activations over the course. For our meta-(182)analysis study, many articles did not include or mention the PRF, so it was not possible to integrate this into our calculations for all data points.
6 CONCLUSION
This article outlines an overview of the effect of different ultrasound parameters on activation of PCNDs with different cores. To achieve this, a meta-analysis was conducted for a range of activation parameters, including the ultrasound frequency, peak negative pressure, ultrasound pulse length, nanodroplet core composition and nanodroplet size for experiments performed at a temperature of 37°C. A direct comparisons between data gathered from different studies is not possible due to the close interaction between nanodroplet size, concentration, ultrasound parameters, experimental setup, ambient temperature, ambient pressure and various application-dependent variables. Although each of these parameters can significantly affect ADV threshold, our findings showed that an RMS-like power metric may be an effective parameter to consider for ADV. The results presented in Figure 5 showed that less power may be required for activating PCNDs at higher ultrasound frequencies. This might be because of an increase in local temperature around the PCNDs due to the absorption of ultrasound waves within the host medium or PCND shell, where absorption increases with increasing ultrasound frequency. However, an experimental study is required to prove this phenomenon, and at this stage this is only a speculation based on our observations through previously published research articles.
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