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Abstract  
Microbubble-enhanced ultrasound imaging, and the more recent advances in 

super-resolution imaging and molecular imaging, have shown great promise 

in a wide range of clinical applications. However, a number of challenges 

still exist during their clinical translations. For instance, in ultrasound super-

resolution imaging, the in vivo lifetime of microbubble is normally less than 

5 minutes and the concentration of microbubbles in vivo is difficult to adjust 

after the injection. Nanodroplet, as a condensed version of microbubble, has 

a number of advantages in super-resolution imaging. Firstly, nanodroplet 

have a longer lifetime compared to microbubbles. This enables less contrast 

agents injected and a longer scanning time. Second, these nanodroplets can 

be controlled to be activated to provide the contrast signals both spatially and 

temporally on-demand. This potentially provides more flexibility during the 

ultrasound scanning. In the context of molecular imaging, the nano-size of 

droplets potentially allows extravasation into cancerous tissue due to its 

leaky vasculature and enhanced permeability and retention effects where 

microbubbles cannot. In the field of photoacoustic imaging, dye-coated 

nanodroplet was developed to provide a significant contrast enhancement in 

photoacoustic imaging upon the optical activation where microbubbles also 

cannot be used.  

Among a variety of research efforts on facilitating the pre-clinical 

translation, this work focuses on the applications of nanodroplets in 

ultrasound and photoacoustic super-resolution and molecular imaging. There 

are four main scientific contribution as follows.  
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First, the feasibility of using low-boiling-point nanodroplets to perform 

ultrasound super-resolution imaging was investigated. ‘Acoustic wave 

sparsely activated localization microscopy (AWSALM)’, an acoustic 

counterpart of photo-activated localization microscopy (PALM), is 

developed to super-resolve structures which cannot be resolved by 

conventional B-mode imaging. AWSALM utilizes acoustic waves to 

sparsely and stochastically activate decafluorobutane nanodroplets by 

acoustic vaporization and to simultaneously deactivate the existing 

vaporized nanodroplets via acoustic destruction. This technique is less 

dependent on flow and does not require a low concentration of contrast 

agents, as is required by current ultrasound super resolution techniques. 

Acoustic activation and deactivation can be controlled by adjusting the 

acoustic pressure, which remains well within the FDA approved safety 

range. This study shows the promise of a flow and contrast agent 

concentration less dependent super-resolution ultrasound technique which 

has potential to be faster and go beyond vascular imaging. 

Second, to achieve super-resolved  imaging frames  with  sub-second  

temporal  resolution, fast  acoustic  wave  sparsely  activated  localization 

microscopy  (fast-AWSALM)  was  developed by  using low-boiling-point 

octafluoropropane nanodroplets and high frame rate plane waves for 

activation, destruction, as well as imaging.  The effects of the temperature 

and mechanical index on fast-AWSALM was investigated. The contrast 

signals were quantified as a function of acquisition time. The final results 

showed two orders of magnitude faster than the reported localization-based 

ultrasound super-resolution techniques, under a non-flow/very slow flow 

situations.  Just as in AWSALM,  fast-AWSALM  is less dependent on flow,  

as  is  required  by  current  microbubble  based  ultrasound super  resolution  
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techniques.  This study shows the promise    of    fast-AWSALM,    a    super-

resolution    ultrasound technique    using    nanodroplets,   which    can    

generate    super-resolution images in milli-seconds. 

Third, to have a better design of targeted nanodroplets for imaging and 

therapeutic applications, the size and acoustic response of targeted 

nanodroplets under high-frame-rate ultrasound and optical imaging was 

investigated. A flow velocity mapping technique, Stokes’ theory and optical 

microscopy were used to estimate the size of both floating and attached 

vaporized nanodroplets immediately after activation. The floating vaporized 

nanodroplets were on average more than seven times larger than vaporized 

nanodroplets attached to the cells. The results also indicated that the acoustic 

signal of vaporized FR-targeted-nanodroplets persisted after activation, with 

70% of the acoustic signals still present 1 s after activation, compared with 

the vaporized NT-nanodroplets, for which only 40% of the acoustic signal 

remained. The optical microscopic images revealed on average six times 

more vaporized FR-targeted-nanodroplets generated with a wider range of 

diameters (from 4 to 68mm) that were still attached to the cells, compared 

with vaporized NT-nanodroplets (from 1 to 7mm) with non-specific binding 

after activation. The mean size of attached vaporized FR-targeted-

nanodroplets was on average about threefold larger than that of attached 

vaporized NT-nanodroplets. Taking advantage of high-frame-rate contrast-

enhanced ultrasound and optical microscopy, this study offers an improved 

understanding of the vaporization of the targeted nanodroplets in terms of 

their size and acoustic response in comparison with NT-nanodroplets. Such 

understanding would help in the design of optimized methodology for 

imaging and therapeutic applications. 
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Fourth, the feasibility of using dye-coated nanodroplets to perform 

photoacoustic super-resolution imaging was investigated. A photoacoustic 

super-resolution imaging technique was developed through imaging the 

activation of Cyanine 7.5-coated phase-change nanodroplets using a 

preclinical photoacoustic imaging system and localizing the activated 

droplets. As a proof-of-concept experiment, photoacoustic images of 

microfluidic channels were obtained with a cylindrically focused curved-

array, while dye-coated nanodroplets flowed through the channels. 

Experimental results showed that super-resolution images can resolve 

structures which cannot be resolved by conventional beamformed images in 

vitro. The results also showed that the dye-coated phase-change 

nanodroplets can be optically activated in vivo and the activation signals can 

be separated from the image background by applying singular value 

decomposition filtering, and be used for further super-localization 

processing. Nanodroplets offer better biocompatibility, as well as more 

flexible and controllable droplet activation rates, with potential for super-

resolution imaging without flow and of extravascular targets, compared to 

contrast agents used in existing localization-based photoacoustic super-

resolution imaging techniques. 
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Chapter 1 Introduction  

 

1.1. Motivation and significance  
Ultrasound imaging offers non-ionizing irradiation, real-time imaging, high 

spatial resolution and it is also affordable and highly accessible, compared 

to the other clinical imaging modalities. It can significantly improve the 

blood flow visualization with the help of contrast agents to provide important 

diagnostic information.  

The microbubble contrast agent is the most commonly used ultrasound 

contrast agent in clinics now. These bubbles are gas filled spheres and their 

sizes are normally from 1-10 micrometers. They do not extravasate due to 

their sizes, which makes them an ideal vascular contrast agents. 

Localization-based ultrasound super-resolution imaging using microbubbles 

has been used in human studies to demonstrate its feasibility in the diagnosis 

of breast cancer [1]. BR55 targeted microbubbles have been developed in 

ultrasound molecular imaging to help access and evaluate breast and ovarian 

cancers in human [2].  

However, the use of microbubbles shows some limitations in its applications 

in super-resolution imaging and cancer molecular imaging. In super-

resolution imaging, the imaging technique relies on the low bubble 

concentration and sufficient flow. A relatively long acquisition time (at least 

a few minutes with humans [1]) will be required at a very low flow rate (less 

than 10 mm/s).  Therefore, there is a need to develop a super-resolution 

imaging technique which works in no flow/very slow flow situations. The 
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data acquisition time for super-resolution imaging also needs to be 

minimized to facilitate clinical translation.  

In cancer molecular imaging, microbubbles inherently restrict themselves to 

vascular sites due to their micron-sizes. Nanodroplets where proposed to 

overcome this problem as the sub-micron droplets can potentially flow in 

microvasculature or migrate and accumulate in extravascular space within 

tumors where they can be vaporized into bubbles to provide contrast in situ. 

A better understanding of targeted nanodroplets is needed under high-frame-

rate ultrasound imaging and optics.  

Current localization-based photoacoustic super-resolution imaging relies on 

polyethylene microspheres to generate spatially isolated photoacoustic 

signals.  However, the biocompatibility and clearance of these microspheres 

from living systems may be a challenge for future clinical translation. Thus, 

there may be a need to develop a new technique which has a better 

biocompatibility and can also provide a more controllable imaging 

environment.  

1.2. Thesis structure  
Chapter 2 is the literature review. It starts with the introduction of high-

frame-rate plane-wave imaging, followed by contrast-enhanced ultrasound 

imaging by using microbubbles and nanodroplets. Then the current progress 

of ultrasound super-resolution imaging and molecular imaging are 

introduced.  

Chapter 3 demonstrates the principle of AWSALM. In this study, ‘acoustic 

wave sparsely-activated localization microscopy (AWSALM)’, an acoustic 

counterpart of photo-activated localization microscopy (PALM), is 
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developed to super-resolve structures which cannot be resolved by 

conventional B-mode imaging. AWSALM utilizes acoustic waves to 

sparsely and stochastically activate decafluorobutane nanodroplets by 

acoustic vaporization and to simultaneously deactivate the existing 

vaporized nanodroplets via acoustic destruction. In this method, activation, 

imaging and deactivation are all performed using acoustic waves. 

Experimental results show that sub-wavelength micro-structures not 

resolvable by standard B-mode ultrasound images can be separated by 

AWSALM. This technique is flow independent and does not require a low 

concentration of contrast agents, as is required by current ultrasound super 

resolution techniques. Acoustic activation and deactivation can be controlled 

by adjusting the acoustic pressure, which remains well within the FDA 

approved safety range. In conclusion, this study shows a flow and contrast 

agent concentration less-dependent super-resolution ultrasound technique 

which has potential to be faster and go beyond vascular imaging. This study 

has been published in the peer-reviewed journal Applied Physics Letters.  

Chapter 4 shows fast-AWSALM. In this study, fast acoustic wave sparsely 

activated localization microscopy (fast-AWSALM) was developed to 

achieve super-resolved imaging frames with sub-second temporal resolution, 

by using low-boiling-point octafluoropropane nanodroplets and high frame 

rate plane waves for activation, destruction, as well as imaging. Fast-

AWSALM was demonstrated on an in vitro microvascular phantom to super-

resolve structures that could not be resolved by conventional B-mode 

imaging. The effects of the temperature and mechanical index on fast-

AWSALM was also investigated. Experimental results show that sub-

wavelength micro-structures as small as 190 μm were resolvable in 200 ms 

with plane-wave transmission at a center frequency of 3.5 MHz and a pulse 



Chapter 1 Introduction 
 

31 
 

repetition frequency of 5000 Hz. This is about a 3.5 fold reduction in the full-

width-half-maximum of the point spread function compared to that measured 

in conventional B-mode and two orders of magnitude faster than most 

reported localization-based ultrasound super-resolution techniques, 

including the recently reported AWSALM. Just as in AWSALM, fast-

AWSALM does not require flow, as is required by current microbubble 

based ultrasound super resolution techniques. In conclusion, this study 

shows the promise of fast-AWSALM, a super-resolution ultrasound 

technique using nanodroplets, which can generate super-resolution images 

in milli-seconds and does not require flow. This study has been published in 

the peer-reviewed journal IEEE Transaction on UFFC.  

Chapter 5 investigates the interactions between targeted nanodroplets and 

breast cancer cells under high-frame-rate ultrasound and optical imaging. In 

this study, we used high frame rate ultrasound combined with optics to study 

the acoustic response and size distribution of Folate Receptor (FR) - targeted 

versus Non-Targeted (NT)-nanodroplets in vitro with MDA-MB-231 breast 

cancer cells immediately after ultrasound activation. A flow velocity 

mapping technique, Stokes’ theory and optical microscopy were used to 

estimate the size of both floating and attached vaporized nanodroplets 

immediately after activation. It was found that the size of floating vaporized 

nanodroplets was on average more than 7 times larger than the size of 

vaporized nanodroplets attached to the cells. The results also showed that the 

acoustic signal of vaporized FR-nanodroplets was persistent after activation, 

with 70% of the acoustic signals still present 1 second after activation, 

compared to the vaporized NT-nanodroplets where only 40% of the acoustic 

signal remained. The optical microscopic images showed on average 6 times 

more vaporized FR-nanodroplets generated with a wider range of diameters 
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(from 4 to 68 µm) that still attach to the cells compared to vaporized NT-

nanodroplets (from 1 to 7 µm) with non-specific binding after activation. It 

was also found that the mean size of attached vaporized FR-nanodroplets 

was on average about 3-fold larger than that of attached vaporized NT-

nanodroplets. The study offers an improved understanding of the 

vaporization of the targeted nanodroplets in terms of their sizes and acoustic 

response in comparison with non-targeted ones, taking advantage of high-

frame-rate contrast-enhanced ultrasound and optical microscopy. Such 

understanding would help design optimized methodology for imaging and 

therapeutic applications. This study has been published in the peer-reviewed 

journal Ultrasound Medicine and Biology. 

Chapter 6 investigates the feasibility of using dye-coated nanodroplets for 

photoacoustic super-resolution imaging. A photoacoustic super-resolution 

imaging technique was developed through imaging the activation of Cyanine 

7.5-coated phase-change nanodroplets using a preclinical photoacoustic 

imaging system and localizing the activated droplets. As a proof-of-concept 

experiment, photoacoustic images of microfluidic channels were obtained 

with a cylindrically focused curved-array, while dye-coated nanodroplets 

flowed through the channels. Experimental results showed that super-

resolution images can resolve structures which cannot be resolved by 

conventional beamformed images in vitro. The results also showed that the 

dye-coated phase-change nanodroplets can be optically activated in vivo and 

the activation signals can be separated from the image background by 

applying singular value decomposition filtering, and be used for further 

super-localization processing. Nanodroplets offer a better biocompatibility, 

as well as more flexible and controllable droplet activation rates, with 

potential for super-resolution imaging without flow and of extravascular 
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targets, compared to polyethylene contrast agents used in existing 

localization-based photoacoustic super-resolution imaging techniques. This 

study has been submitted to the peer-reviewed journal Optics Letters. 

Chapter 7 summarizes the thesis and contains a discussion on future work 

and challenges.  

 

 

Chapter 2 Literature Review  

2.1. Ultrasound Imaging  
Medical ultrasound imaging has been regarded as a highly accessible and 

affordable tool that can provide high-resolution and real-time images without 

any ionising radiation [3]. Conventional medical ultrasound imaging 

emerged in the 1970s. At the beginning, a focused single element transducer 

was developed to collect backscattered echoes at depths, which is also called 

‘A-mode imaging’. Later, line-by-line acquisition (which is also called ‘B-

mode imaging’) became one of the most commonly used medical imaging 

modalities in clinics after the development of multiple element arrays and 

electronic focusing [4].  

The mechanism of ultrasound imaging is based on sound pulse-echo. Briefly, 

acoustic waves are transmitted from ultrasound transducer into biological 

tissue. The waves are then reflected or scattered when there is an acoustic 

impedance mismatch within the medium. Part of the reflected or scattered 
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waves will be received by the same transducer and converted into electrical 

signals and images can then be created by beamforming the signals received.  

 

 

Figure 2. 1 A comparison between conventional focused and plane-wave imaging 
sequences. (a) Conventional focused imaging (25 frames per second), (b) plane-wave 
imaging with a single angle (18000 frames per second), (c) plane-wave imaging with 17 
compounded angles (1000 frames per second), (d) plane-wave imaging with 40 
compounded angles (350 frames per second). Image was adapted from [4]. Copyright © 
2014, IEEE, permission granted by IEEE.  

The concept of plane-wave imaging is to transmit a single wave to insonify 

a large field of view and then reconstruct an image from the backscattered 

echoes [4]. Ultrafast ultrasound imaging utilizes plane-wave imaging and 

parallel beamforming processing. The clinical application of ultrafast 

ultrasound imaging was made possible due to developments in graphical 

processing unit (GPU)-based platforms. Therefore, some new ultrasound 

imaging modes have emerged, such as, shear wave elastography, 

electromechanical wave imaging, ultrafast Doppler, ultrafast contrast 
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imaging, and functional ultrasound imaging [5, 6]. The Figure 2.1 shows the 

comparison between conventional focused and plane-wave imaging 

sequences. The image quality of plane-wave imaging becomes better when 

the number of angle compounding increases.  

2.2. Contrast-Enhanced Ultrasound imaging  
Bubble Imaging 

Gas-filled microbubble contrast agents are used in clinical ultrasound 

imaging to improve blood flow signals and have a diameter range between 1 

and 10 µm [7]. These microbubble contrast agents can resonate within the 

diagnostic ultrasound imaging frequency range from 1 to 15 MHz and 

generate stronger acoustic signals than tissue thus improving the contrast in 

vascular imaging [8]. 

Mechanical index (MI) is a key parameter which represents the acoustic 

amplitude of transmitted ultrasound. MI suggests the probability of 

mechanical bioeffects.  

𝑀𝐼 =
𝑃𝑁𝑃

√𝑓
 

Where PNP is the peak negative pressure measured in MPa and f is the 

transmit ultrasound frequency in MHz. The value of derated MI was 

calculated by applying a derating factor of 0.3 dB/cm/MHz. The maximum 

MI permitted by the FDA is 1.9 for the clinical diagnostic imaging. MIs from 

0.05 – 0.4 are normally used for contrast-enhanced ultrasound imaging.  
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Figure 2. 2 Imaging techniques for nonlinear signal detection (Pulse inversion, amplitude 
modulation and contrast pulse sequencing). Figure was adapted from [9]. Copyright © 
2012, IEEE, permission granted by IEEE.  

The contrast-enhanced ultrasound imaging techniques rely on the 

nonlinearity of bubble signals and the linearity of tissue signals. Figure 2.2 

shows that a number of nonlinear imaging techniques were proposed to 

improve the bubble signal detection from background signals, such as, pulse 

inversion, amplitude modulation and contrast pulse sequencing. For the 

pulse inversion technique, briefly, a pair of pulses with the same amplitude 

but opposite phases are transmitted and received consecutively. The two 

received signals are then summed to remove the linear components while 

keeping the nonlinear components. This allows the pulse inversion technique 

to significantly enhance the contrast signal while suppressing the 

background signals.  
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Droplet Imaging 

It has been demonstrated that low-boiling-point perfluorocarbon 

nanodroplets can be formed simply by condensing perfluorocarbon 

microbubbles as pressure increases and temperature decreases [10]. These 

low-boiling-point nanodroplets can be rapidly activated to microbubbles by 

the application of external acoustic pressure, commonly referred to as 

‘acoustic droplet vaporisation’ (ADV) [11]. These nanodroplet have three 

main advantages compared to micorbubbles in the context of CEUS imaging 

applications. First, nanodroplets have smaller diameters than microbubbles 

which enables them to potentially go beyond the vascular region not 

accessible to microbubbles. Second, nanodroplets have longer half-lives than 

microbubbles under in vivo conditions. Third, nanodroplets can be activated 

into microbubbles at any pre-set time and location [12]. Such features of 

nanodroplets have enabled their applications for super-resolution imaging 

[13-16], dual-modality imaging [17], High Intensity Focused Ultrasound 

(HIFU), therapeutic histotripsy [18, 19], sonoporation [20], chemotherapy 

[21] and drug & gene delivery [22]. In biology and tissue engineering, 

nanodroplets can also be used for DNA fragmentation [23] and acoustically 

responsive scaffolds [24] where microbubble contrast agents cannot. Figure 

2.3 shows the properties of perfluorocarbons. The perfluorocarbon 

nanodroplets becomes more stable as its boiling point increases.  

 

Figure 2. 3 Properties of perfluorocarbon. Figure was adapted from [25]. Copyright © 
2016, IEEE, permission granted by IEEE. 
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2.3. Ultrasound Super-Resolution Imaging  

 

Figure 2. 4  (a) Conventional optical image, (b) super-resolution image. Figure was 
adapted from [32]. Copyright © 2006, Science, permission granted by Science. 

Optical super-resolution imaging, using photo-activated localization 

microscopy (PALM) [26] and stochastic reconstruction microscopy 

(STORM) [27, 28], are capable of resolving intracellular organelles and the 

plasma membrane at spatial resolutions at and below a few 10s of 

nanometers as shown in Figure 2.4.  The basic principle of PALM is that a 

first light pulse will activate a subset of fluorescent proteins in the molecule 

sample. These fluorescent proteins are then excited and imaged until 

bleached. A second light pulse is then used to activate a new subset of 

fluorescent proteins. Each spatially isolated fluorescent region in an image 

is localized as a localization event. All localization events from all images 

are then assembled into a super-resolution image. The PALM and STORM 

techniques have revolutionized fluorescence imaging by breaking the 

diffraction limit in spatial resolution. However, a key disadvantage of such 

optical techniques is that biological tissue scatters light significantly which 

limits their penetration depth in biological tissue and make in vivo imaging 



2.3. Ultrasound Super-Resolution Imaging 
 

39 
 

difficult. In-vivo microstructural changes can be an important indicator for 

the detection and diagnosis of certain diseases, such as ischemia, peripheral 

arterial disease [29], coronary heart disease [30], and tumor angiogenesis 

[31]. 

 

Figure 2. 5 (a) Super-resolution image, (b) Conventional B-mode image of the rat brain 
cortex through a thinned skull window, and (c) quantification of resolution of blood 
vessels shown on (a). Figure was adapted from [32]. Copyright © 2015, Nature, 
permission granted by Nature. 
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Figure 2. 6 (a) Conventional B-mode image, (b) super-resolution image, and (c) optical 
microscopy of mouse ear microvasculature. Figure was adapted from [32]. Copyright © 
2015, IEEE, permission granted by IEEE. 

Inspired by optical super-resolution imaging, ultrasound super-resolution 

imaging technique was developed to super-resolve the structures which 

cannot be resolved by the conventional B-mode images. Early studies 

reported that the detection of isolated microbubble signals in the 

radiofrequency domain [33, 34] or image domain [35, 36] can be used to 

generate super-resolution imaging in vitro. Two recent studies have shown 

the capability of using these techniques with microbubbles in vivo to super-

resolve the microvessels and also obtain flow information [32, 37] as shown 

in Figure 2.5 and 2.6. Subsequently, a number of papers have been published 

that improve and extend the microbubble-assisted super-resolution imaging 

technique in different ways including: signal filtering and detection [38, 39], 

choice of localization method [40], motion correction [41], signal tracking 

[42], and three-dimensional imaging [43-47]. Recently, this technique has 

been developed on human to help diagnose breast cancer [1]. 
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Figure 2. 7 (a) B-mode ultrasound image of a mouse brain (gray) with contrast signals 
(green), (b) super-resolution image. Figure was adapted from [32]. Copyright © 2016, 
ACS Publications, permission grant from ACS Publications. 

High-boiling-point nanodroplets for super-resolution photoacoustic imaging 

[48] have been demonstrated recently. This technique does not depend on 

flow, but photoacoustic activation via a laser is required, which restricts its 

penetration depth to regions that can be illuminated optically. As can be seen 

in Figure 2.7, only a few millimeter penetration can be achieved. Compared 

to high-boiling-point nanodroplets, low-boiling-point nanodroplets have a 

much lower activation threshold and can be activated by diagnostic 

ultrasound pulses at depth [49]. 
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2.4. Ultrasound Molecular Imaging  

 

Figure 2. 8 (a) Targeted microbubbles attach to vascular markers and accumulate over 
time. (b) A droplet-based approach where droplets target vascular markers and activated 
by a high-pressure activation pulse. (c) Nanodroplets extravasate via the enhanced 
permeability and retention effect and target interstitial markers. Figure was adapted 
from [50]. Copyright © 2013, UMB, permission granted by Elsevier. 

In cancer imaging and therapy, nanodroplets could play an important role as 

they are approximately 3 to 6 times smaller in diameter than microbubbles 

prior to vaporisation theoretically [51, 52] and approximately 12 fold smaller 

in diameter experimentally [53]. These nanodroplets have the potential to 

extravasate from the vascular endothelium to the cancerous tissue and form 

target-specific binding as shown in Figure 2.8. Once bound, the targeted 

nanodroplets can be vaporized into microbubbles for imaging and 

therapeutic purposes. The maximum particle extravasation size from the 

vasculature is approximately 10 nm in normal tissue whereas the gap 
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junction between the porous tumour endothelium may be as large as 200 nm 

[54]. The enhanced permeability and retention (EPR) effect increases the 

passive accumulation of nanoparticles (50-200nm) in tumour tissue. It has 

been found that the nanodrug delivery to tumors by the EPR effect can only 

offer a 2-fold improvement in nanodrug delivery compared with normal 

tissue, which results in insufficient drug concentration for treating most 

cancers [55]. With respect to cancer, it has been found that the folate-receptor 

(FR) is overexpressed on the surface of breast, ovarian, cervical, and 

colorectal cancer cells but not in normal human tissue [56]. Previous 

literature has reported the treatment of ovarian cancer in Phase II clinical 

trials using a FR-targeted chemotherapeutic agent combined with FR-

targeted SPECT imaging agents [57, 58]. In addition, recent work [59, 60] 

using FR-targeted nanodroplets has demonstrated that targeted agents can 

also selectively promote intracellular delivery which can be incorporated as 

a strategy for using nanodroplets for even more precise cancer cell imaging 

and therapy [61]. 
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Figure 2. 9 Superposition of contrast signals and conventional B-mode ultrasound 
imaging. 3D scanning was taken across the cell sample volume. There was a small 
amount of contrast enhancement in the non-targeted samples, most likely due to the 
non-selective binding. Figure was adapted from [50]. Copyright © 2013, UMB, 
permission granted by Elsevier. 

The low-boiling-point decafluorobutane nanodroplets (boiling point = - 2ºC) 

have been investigated for imaging purposes [14, 62]. The first ultrasound 

molecular imaging using low-boiling-point nanodroplets was demonstrated 

in 2013 [50]. As proof-of-principle, Sheeran and co-workers used RGD 

peptide-targeted nanodroplets to target the overexpressed αvβ3 integrin on 

human umbilical vein endothelial cells as shown in Figure 2.9. However, this 

study was performed using a clinical Siemens imaging systems and therefore 

the imaging frame rate was limited to 30 Hz.  Using confocal microscopy, 

Marshelek et al. have shown the capability of low-boiling-point FR-



2.5. Photoacoustic imaging 
 

45 
 

nanodroplets to target MDA-MB-231 breast cancer cells followed by 

internalisation via folate-receptor mediated endocytosis [60]. 

2.5. Photoacoustic imaging 

Photoacoustic imaging is a biomedical imaging modality which can provide 

high-resolution, multi-contrast images of biological structures [63]. 

Absorption of modulated light by endogenous biomolecules or exogenous 

contrast agents, thermoelastically induces acoustic waves, the detection of 

which is used to form an image [64]. The principle of photoacoustic imaging 

is illustrated in Figure 2. 10. However, when diffuse illumination is used, the 

spatial resolution of photoacoustic imaging is inherently limited by the 

acoustic detection bandwidth [65].  

 

Figure 2. 10 Principle of photoacoustic imaging [66]. Copyright © 2011 John Wiley & 
Sons, Ltd. Permission granted. 
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2.6. Contrast-enhanced photoacoustic imaging  
Photoacoustic contrast agents have shown great potential in medical 

contrast-enhanced photoacoustic imaging applications. Different forms of 

photoacoustic contrast agents have been studied for different imaging 

applications. Optically activatable indocyanine green (ICG) and Cyanine 7.5 

coated nanodroplets (Cy-droplets) were used to generate both ultrasound and 

photoacoustic contrast enhancements [17, 67]. It has been found that the Cy-

droplets can be used to enhance contrast in photoacoustic imaging, 

generating a 56 dB increase in signal strength relative to controls such as 

microbubbles, Cy-microbubbles and Cy-solution, as shown in Figure 2.11 

[17]. Cy-droplets consist of a low-boiling-point perfluorocarbon core for 

low-threshold optical activation, and an optically absorbing dye chosen to 

absorb light at a wavelength in the near-infrared range with good tissue 

penetration. Nanodroplets containing a low-boiling-point perfluorocarbon 

are easier to activate and their use is thus less likely to be associated with 

unwanted ultrasound bioeffects than those with a high-boiling-point core, 

especially when activating in deeper tissues [10].  

 

Figure 2. 11 Photoacoustic images of a tube phantom filled with (a) Cy-droplets and (b) 
control droplets. Copyright © 2017, Photoacoustics, permission granted by Elsevier. 
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Gold nanoparticles were widely investigated in photoacoustic molecular 

imaging applications [68, 69]. Polyethylene microspheres [65, 70] were 

investigated as a photoacoustic super-resolution imaging contrast agents.  

 

 

Figure 2. 12 Composition of Cy-droplet contrast agent. Copyright © 2017, Photoacoustics, 
permission granted by Elsevier. 

2.7. Photoacoustic super-resolution imaging  

Over the last decade, various optical super-resolution imaging techniques 

have been developed to break the diffraction limit in spatial resolution, and 

photo-activated localization microscopy (PALM) [26] and stochastic 

reconstruction microscopy (STORM) [28] are examples of localization 

methods based on sequentially acquired image data. Such methods are 

capable of resolving cellular structures at spatial resolutions of a few tens of 

nanometers. Inspired by optical super-resolution imaging, ultrasound super-

resolution imaging techniques using flowing microbubble contrast agents 

were developed to resolve microvascular structures beyond the diffraction 

limit in deeper regions of tissue [32, 37]. High-boiling-point perfluorocarbon 

nanodroplets have been used in photoacoustic super-resolution imaging as 

they can be repeatedly activated by laser pulses between which they 
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recondense to continuously provide localization events [48]. Another study 

demonstrated that high-boiling-point perfluorocarbon nanodroplets can be 

used for subwavelength-localized ultrasound-assisted drug delivery [71]. 

Recently, our group developed a new ultrasound super-resolution imaging 

approach using acoustic activation and deactivation of low-boiling-point 

nanodroplet contrast agents, which we called acoustic wave sparsely 

activated localization microscopy (AWSALM)  [13]. Unlike ultrasound 

super-resolution imaging using microbubbles, AWSALM does not require 

flow to create the stochastic process for super-resolved localization of 

microbubbles over time. It also requires much less energy/pressure to 

perform super-resolution imaging compared to other droplet-vaporization 

based super-resolution techniques. In the photoacoustics community, deep-

tissue photoacoustic super-resolution imaging was first investigated without 

contrast agents, using optical wavefront shaping approaches, to allow 

resolution to be optically determined rather than acoustically determined 

[72]. Inspired by super-resolution optical fluctuation imaging (SOFI) [73], 

non-contrast statistical methods apply high-order statistics of deliberately 

varied illumination speckle to achieve photoacoustic super-resolution [74, 

75]. Contrast particle-localization based super-resolution photoacoustic 

imaging was first developed using flowing optically absorbing polyethylene 

microspheres [65, 70], as shown in Figure 2.13.  
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Figure 2. 13 Demonstration of localization optoacoustic tomography. (a) Maximum 
intensity projections of 3D conventional optoacoustic image of a 220 micron diameter 
pipette tip bent to from a knot and filled with ink. (b) Super-resolution images by 
localizing 30 micron microspheres. (c) Comparison of the cross-sections between the 
conventional optoacoustic image and super-resolution image. (d) Quantification of the 
resolution profiles in conventional optoacoustic image (red line) and super-resolution 
image (blue line).  
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Chapter 3 Acoustic Wave Sparsely 

Activated Localization Microscopy 
This chapter was adapted from Zhang, G., et al., Applied Physics Letters, 

2018. 113(1): p. 014101. 

 

3.1. Abstract 

Photo-activated localization microscopy (PALM) has revolutionized the 

field of fluorescence microscopy by breaking the diffraction limit in spatial 

resolution. In this study, ‘acoustic wave sparsely-activated localization 

microscopy (AWSALM)’, an acoustic counterpart of PALM, is developed 

to super-resolve structures which cannot be resolved by conventional B-

mode imaging. AWSALM utilizes acoustic waves to sparsely and 

stochastically activate decafluorobutane nanodroplets by acoustic 

vaporization, and to simultaneously deactivate the existing vaporized 

nanodroplets via acoustic destruction. In this method, activation, imaging, 

and deactivation are all performed using acoustic waves. Experimental 

results show that sub-wavelength micro-structures not resolvable by 

standard B-mode ultrasound images can be separated by AWSALM. This 

technique is flow independent and does not require a low concentration of 

contrast agents, as is required by current ultrasound super resolution 

techniques. Acoustic activation and deactivation can be controlled by 

adjusting the acoustic pressure, which remains well within the FDA 

approved safety range. In conclusion, this study shows the promise of a flow 
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and contrast agent concentration independent super-resolution ultrasound 

technique which has potential to be faster and go beyond vascular imaging. 

3.2. Introduction  
      Optical super-resolution imaging, using photo-activated localization 

microscopy (PALM) [26] and stochastic reconstruction microscopy 

(STORM) [27, 28], are capable of resolving intracellular organelles and the 

plasma membrane at spatial resolutions at and below a few 10s of 

nanometers.  The basic principle of PALM is that a first light pulse will 

activate a subset of fluorescent proteins in the molecule sample. These 

fluorescent proteins are then excited and imaged until bleached. A second 

light pulse is then used to activate a new subset of fluorescent proteins. Each 

spatially isolated fluorescent region in an image is localized as a localization 

event. All localization events from all images are then assembled into a 

super-resolution image. The PALM and STORM techniques have 

revolutionized fluorescence imaging by breaking the diffraction limit in 

spatial resolution. However, a key disadvantage of such optical techniques 

is that biological tissue scatters light significantly which limits their 

penetration depth in biological tissue and make in vivo imaging difficult. In-

vivo microstructural changes can be an important indicator for the detection 

and diagnosis of certain diseases, such as ischemia, peripheral arterial 

disease [29], coronary heart disease [30], and tumor angiogenesis [31]. 

      Ultrasound is much less scattered by biological tissue than optical 

radiation, and is able to image in vivo structures in depth. Gas-filled 

microbubble contrast agents are used in clinical ultrasound (US) imaging to 

improve blood flow signals and have a diameter ranged between 1 and 10 

µm [7]. These microbubble contrast agents can resonate within the 
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diagnostic ultrasound imaging frequency range from 1 to 15 MHz and 

generate stronger acoustic signals than tissue thus improving the contrast in 

vascular imaging [8]. However, the associated axial resolution limit and its 

compromise with penetration depth pose challenges in imaging the 

microstructures such as microstructure in vivo. Inspired by optical super-

resolution methods, a low concentration of flowing microbubbles was used 

to perform ultrasound super-resolution imaging to visualize 

microvasculature beyond the diffraction limit. Two-dimensional acoustic 

super-resolution imaging has shown promise in both in vitro [35] and in vivo 

[32, 37] studies using clinical ultrasound systems and microbubble contrast 

agents. Three-dimensional acoustic super-resolution imaging has been 

achieved using different approaches in both in vitro [34, 36, 43] and in vivo 

[44] studies. 

      Since microbubbles are in an ‘activated’ state (i.e. visible under 

ultrasound) at the point of injection current super-resolution imaging 

techniques using microbubbles rely on low bubble concentration and 

sufficient flow. Such restrictions, together with the large size of 

microbubbles, means only vascular flow can be imaged and for small vessels 

with slow flow longer acquisition time is required for the bubbles to 

replenish.  

      Nanodroplet contrast agents have been investigated as a research 

alternative to microbubble contrast agents [12, 53, 62, 76, 77]. Nanodroplets 

are typically in the form of droplets of sub-micron size and have been found 

to last longer during in-vivo circulation compared to microbubbles [53]. The 

sub-micron size of nanodroplets potentially allows extravasation into 

cancerous tissue due to its leaky vasculature and enhanced permeability and 



Chapter 3 Acoustic Wave Sparsely Activated Localization Microscopy 
 

53 
 

retention effect [54]. This could be beneficial to cancer extravasation 

imaging. Moreover, the nanodroplets can be selectively activated, both 

spatially and temporally, to provide an ultrasound contrast signal.  

      High-boiling-point nanodroplets for super-resolution photoacoustic 

imaging [48] have been demonstrated recently. This technique does not 

depend on flow, but photoacoustic activation via a laser was required, which 

restricts its penetration depth to regions that can be illuminated optically. 

Compared to high-boiling-point nanodroplets, low-boiling-point 

nanodroplets have a much lower activation threshold and can be activated by 

diagnostic ultrasound pulses at depth [49]. 

      In this study we show that a high concentration of low-boiling-point 

nanodroplets can be sparsely and stochastically activated and then 

deactivated at will through controlling the ultrasound amplitude applied 

which remains well within clinical safety limits and thus demonstrate the 

acoustic counterpart of PALM at depth.  

 

3.3. Methods  

3.3.1. Nanodroplet preparation and characterization 
      Nanodroplet preparation was adapted from previously described 

methods [78, 79]. Briefly, a lipid colloid was generated by dissolving a 9:1 

molar ratio of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 

glycol)-2000] (DSPE-PEG-2000) into a solution of phosphate-buffered 

saline (PBS), propylene glycol, and glycerol (16:3:1, v: v) to achieve a total 

lipid concentration of 1 mg/mL. All the lipids described above were 
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purchased from Avanti Polar Lipids, Inc., USA. A volume of 1 mL of lipid 

solution was added to a 2 mL glass vial. The headspace of the vial was filled 

with decafluorobutane gas (Fluoromed, USA) via an inlet needle along with 

a vent needle. Mechanical agitation was applied using a bubble shaker 

(Vialmix, USA) to produce the stable and microscale bubbles composed of 

a gaseous decafluorobutane core encapsulated by a lipid shell.  

      In order to condense microbubbles into nanodroplets, the headspace of 

the vial was pressurized according to the previously described methods. The 

vial of microbubbles was immersed in an ice-salt bath (-5 ℃ to-10 ℃) 

followed by pressurization with ambient air into the vial septum while the 

vial contents remained in the ice-salt bath. 

      A NanoSight NS300 (Malvern Instruments Ltd, UK) was used to 

measure the size and concentration of nanodroplet solutions via nanoparticle 

tracking analysis (NTA), with nanoparticle size measurement range from 10 

to 1000 nm. 

 

3.3.2. In vitro phantom preparation  
A crossed-tube phantom was fixed and immersed in a water tank where the 

walls were covered with acoustic absorbers. The crossed-tube phantom was 

made of two 200-µm-cellulose tubes (Hemophan®, Membrana) separated 

by 30º. The tube is a thin-walled cellulose capillary tube of internal diameter 

of 200 ± 15 µm, a wall thickness of 8 ± 1 µm in the dry state, and a length 

change under wet conditions of ± 1% (specifications provided by the 

manufacturer). A L11-4v transducer equipped with ultrasound research 

platform (Verasonics Vantage 128, Kirkland, USA) was held 15 mm above 
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the center of the crossed-tubes. The water temperature was maintained at 

37 ℃. A diluted PCCA solution (~ 1.75×108 PCCAs/mL) was prepared in a 

beaker at 37 ℃.  A magnetic stirrer was put into the beaker for mixing. 

 

3.3.3. Characterization of ultrasound imaging system  
The ultrasound imaging system was characterized by measuring the 

diffraction limited resolution and localization precision. A 50 µm diameter 

tube was fixed horizontally in a water tank to imitate a point scatterer as 

described in previous literature [32]. This was performed at depths of 

between 1 and 2 cm from the transducer face to test the changes in point 

spread function (PSF) over the imaging depth. The resolution of the 

ultrasound imaging system was measured as the mean value of full-width-

half-maximum (FWHM) over 100 frames in the lateral and axial directions. 

The localization precision was measured to be the standard deviation of the 

measured center of mass over 100 frames. 

 

3.3.4. Image acquisition   
Table 3. 1 ‘Activation-Imaging’ pulse sequence and the corresponding ultrasound 
parameters used in the experiments. PNP represents the spatial and temporal peak-
negative-pressure. Mechanical index is defined as the peak negative pressure of the 
acoustic wave (MPa) divided by the square root of center frequency of the acoustic wave 
(MHz). 

State Pulse type Transmit 

frequency 

(MHz) 

Pulse 

length 

(cycle) 

PNP 

(MPa) 

Mechanical 

Index 

Activation Focus-pulse 8 2 3.68 1.30 
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Imaging Plane-wave 4 1 0.50 0.25 

   

      A customized continuous ‘Activation-Imaging’ sequence was developed 

and implemented on the ultrasound research platform with a L11-4 linear 

array probe. The parameters of the ultrasound pulses used are summarized 

in Table 3.1. A sequence of 128 2-cycle, 8 MHz focused pulses was 

transmitted at a mechanical index of 1.30 in order to sparsely activate the 

nanodroplet population. One- cycle, 4 MHz plane-wave pulses were then 

used to acquire images of the vaporized nanodroplets at a mechanical index 

of 0.25. 

      As illustrated in Figure 3.1. (a-d), thirty (30) post-activation images were 

acquired at a frame rate of 100 frames per second after each activation pulse 

sequence. Each activation pulse sequence, consists of 128 focused activation 

pulses and it took 1.247 ms to scan the focus across the field of view at a 

depth of 15 mm. The data acquisition period was 30 seconds. The received 

radiofrequency (RF) signals were reconstructed using a delay-and-sum 

(DAS) beamformer previously demonstrated in [25]. Singular value 

decomposition (SVD) processing was used in order to obtain the activated 

nanodroplet signals without background signal [26][80]. 
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Figure 3.1 (a) The illustration of customized ‘Activation-Imaging’ ultrasound pulse 
sequence used. (b-d) show the normalized beam intensity profile of three different 
activation focus-pulses while scanning across the focal region. The maximum acoustic 
pressure is located at the pre-set focal depth = 15 mm. 

       

       After SVD processing, the ultrasound image frames were envelope 

detected. Super-localization was performed on each ultrasound image after 

setting an image pixel value threshold to reject the noise and detect potential 

vaporized droplets. Each detected event in the image after thresholding was 

compared to the point spread function of the system according to their 

amplitude, area, and shape. Events that do not fit a single point spread 

function are likely due to either multiple detections or noise and were 

discarded after this comparison. Location of single isolated vaporized 

droplets were calculated by the ‘centroid’ method [10]. The centroid of each 

localized vaporized droplet was computed by calculating the intensity 

weighted center of mass. The resulting super-resolution map was created 

from all the localizations detected over all the imaging frames. 
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3.4. Result 

3.4.1. Nanodroplet characterization  

 

Figure 3. 2  The concentration and size distribution measurement of nanodroplet solution 
measured using a NanoSight NS300. The black line and shaded error bar represent the 
mean and standard deviation of concentration at each diameter respectively.  

 

According to the measurement shown in Figure 3.2, the mean diameter was 

118.7 ± 6.7 nm and mean concentration was (3.51 ± 0.26) × 1010 

droplets/mL. 
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3.4.2. Characterization of ultrasound imaging system  

 

Figure 3. 3 (a-c) Characterization of ultrasound imaging system – Verasonics 128 
research platform equipped with L11-4v probe. (a) A representative frame of 50-µm-
diameter tube cross section imaged at a distance of 2 cm. Measurements of the full-width-
half-maximum in the axial (b) and lateral (c) directions respectively. 

 

Figure 3.3 (a-c) shows a representative image of tube cross-section at a depth 

of 2 cm. The axial and lateral resolution was measured as a FWHM of 560 

µm and 640 µm respectively. 

 

3.4.3. Optimization of mechanics index for super-resolution 

image 
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Figure 3. 4 Representative images show the visualization of localization of vaporized 
nanodroplets under mechanical index of (a) 1.3, (b) 1.6, and (c) 1.9. (d) The number of 
all localization events and the localization events after rejection as the mechanical index 
of activation pulse increases. 

 

Figure 3.4 (a-c) shows the localization of vaporized droplets at different 

activation pressure levels from MI = 1.3 to 1.9. As the activation pressure 

level increases, there are more vaporized droplets. However, many of these 

vaporized droplets are not spatially isolated which introduces localization 

errors. As can be seen from Figure 3.4 (d), the number of total localization 

events increases from MI = 1.1 until 1.4 where a plateau is reached. Although 

more nanodroplets are activated as the mechanical index of activation pulse 

increases, these vaporized nanodroplets may not be spatially isolated 

therefore may not contribute to detected localization events that are useful 

for super-resolution imaging. As part of the post-processing, an algorithm 

was used to reject non-isolated bubble signals. It can be seen in Figure 3.4 

(d) that the number of localization events after rejection increases until it 

plateaued at MI = 1.3 suggesting that this activation level may be optimal in 

providing spatially isolated signals for localization processing. The in vivo 

assessment of potential bio-effects from the low-boiling-point 

perfluorocarbon droplet activation has already been carried out by Nyankima 

[81]. It found that the decafluorobutane droplet activation at this moderate 

pressure level (MI=0.81-1.35) will not induce any short-term or long-term 

bio-effects in the rodent kidney. 
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3.4.4. Super-resolution imaging  
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Figure 3. 5 (a) Conventional B-mode image displayed using a linear scale, (b) super-
resolution image, and (c) optical image of the non-flow cross-tube phantom without any 
flow in the tubes. The left (d) and right (e) region of interests were chosen to compare 
FWHM measurements between the B-mode and super-resolution image. 

 

Figure 3.5 shows the evaluation results on the non-flow cross-tube phantom. 

In Figure 5, two ROIs were selected to measure the FWHM of the image of 

the tube. The left ROI is perpendicular to the tube and 15° tilted to the 

vertical plane. Each ROI has a width of 0.5 mm.  Figure 5 (d) shows that the 

FWHM value is 210 µm for the super-resolution image whereas it is 560 µm 

for the B-mode image. For the right-hand ROI, the B-mode image cannot 

distinguish the structure of two tubes but the FWHM measurement in super-

resolution image shows that two tubes are 210 µm apart as shown in Figure 

5 (e). 

 

3.5. Discussion  

3.5.1. Principle of AWSALM 
The basic principle of AWSALM is that the first activation pulse will 

sparsely activate a subgroup of nanodroplets as the activation pulse pressure 

is selected to only activate the largest most easily activated nanodroplets. 

These activated nanodroplets will generate acoustic signals until the next 

activation pulse.  
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Figure 3. 6 (a) Representative image frames show the successive US image frames of 
vaporized nanodroplet signals after one activation.  (b) Representative image frames show 
the first US image frame of vaporized nanodroplet signals acquired after successive 
activations. 

 

From Figure 3.6 (a) it can be seen that, after activation, the number of 

localization events of vaporized droplets decreases over time. This is because 

a relatively high mechanical index imaging pulse was used, therefore the 

vaporized droplets were likely to undergo diffusion or coalescence under 

such an imaging acoustic pressure [82]. The SVD processing acts to filter 

out the static signal and keep the fluctuating signals. Thus the movements of 

vaporized droplets in different imaging frames provides more localization 

events after each activation. 

3.5.2. Purposes of activation pulses  
The second activation pulse will serve two purposes: first to destroy the 

existing vaporized nanodroplets generated from the previous activation pulse; 
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and second, to activate a new subgroup of nanodroplets. This continuous 

activation and subsequent imaging can provide localizations of different 

subgroups of vaporized nanodroplets. Figure 3.6 (b) shows representative 

frames of localizations of vaporized nanodroplets after successive 

activations.  

 

3.5.3. Sparse and stochastic activation  
The sparse and apparently stochastic signals from activated nanodroplets, as 

shown in Figure 3.6, may be due to a number of factors. A key factor, is that 

the droplet population consists of droplets with a statistical distribution of 

different size and shell properties. The size distribution of nanodroplets can 

be seen from Figure 3.2, and the nanodroplets are polydisperse with sizes 

ranging from about 50 to 300 nm. Droplet size and shell properties are 

important factors determining the acoustic pressure threshold required for 

vaporizing the droplets. According to [10], it was found that the activation 

threshold is inversely proportional to the size of a nanodroplet, which means 

at a relatively lower acoustic pressure, the relatively large droplets can be 

activated. The optical demonstration of droplet activation with increasing 

pressure has been shown previously [49]. Therefore, only a sparse subset of 

relatively large droplets randomly spatially distributed in the tube phantom 

are sensitive to the low activation pressure used here (MI=1.3), and the 

nanodroplets were regarded to be sparsely activated by the first activation 

pulse. The subsequent imaging pulses and next activation pulse will cause a 

large percentage of activated nanodroplets to be destroyed, including through 

shell rupture, diffusion and dissolution [79, 83]. The nanodroplets activated 

by the next activation pulse may be affected by a range of factors. First, they 
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may be affected by any remaining nearby activated nanodroplets generated 

by the previous activation [49]. More specifically, the wave emitted from a 

vaporised droplet (following insonation from the second activation pulse) 

could be directional and have a random direction, and therefore a 

nanodroplet experiencing this wave in addition to the second activation pulse 

is likely to be activated more easily. Moreover, the non-linear distorted 

waves from nonlinear propagation and from vaporised droplets may also 

have superharmonics with wavelength close to the droplet size, thus 

contributing to the initiation of droplet activation by the next pulse [84]. 

Second, they may be affected by any increase in local temperature due to the 

activation and imaging pulses, as nanodroplets have a lower activation 

pressure as temperature increases [12]. Furthermore, it may be possible for 

the previous activation and imaging pulses to modify the droplets, making 

them easier to vaporize subsequently. Further research is required to 

determine which of these effects dominates and if other mechanisms are 

involved. Nevertheless, Figure 3.6 (b) demonstrates that new droplets are 

activated after each new activation pulse.   

 

3.6. Conclusion  
      In summary, this study is the demonstration of AWSALM, a super-

resolution ultrasound imaging technique using acoustic activation and 

deactivation of nanodroplets at an acoustic pressure within the FDA-

approved safety range. The much smaller size of the nanodroplets compared 

to microbubble contrast agents means the technique can potentially super-

resolve structures beyond the reach of the current microbubble based 

ultrasound super-resolution approaches. In addition, simultaneous sparse 
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activation and deactivation of nanodroplets can potentially reduce the 

acquisition time of super-resolution imaging compared to the time taken for 

conventional microbubble contrast agents to flow across the volume imaged. 

AWSALM is flow and concentration independent, and has the potential to 

super-resolve micro-structures beyond the vasculature and also to reduce the 

imaging acquisition time compared to super-resolution imaging of 

conventional microbubble contrast agents flowing through microvasculature. 
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Chapter 4 Fast Acoustic Wave 

Sparsely Activated Localization 

Microscopy 
This chapter was adapted from Zhang, G., et al., IEEE Transactions on 

Ultrasonics, Ferroelectrics, and Frequency Control, 2019, 66 (6): p. 1039-

1046. 

4.1. Abstract 

Localization-based ultrasound super-resolution imaging using microbubble 

contrast agents and phase-change nano-droplets has been developed to 

visualize microvascular structures beyond the diffraction limit. However, the 

long data acquisition time makes the clinical translation more challenging. 

In this study, fast acoustic wave sparsely activated localization microscopy 

(fast-AWSALM) was developed to achieve super-resolved frames with sub-

second temporal resolution, by using low-boiling-point octafluoropropane 

nanodroplets and high frame rate plane waves for activation, destruction, as 

well as imaging. 

Fast-AWSALM was demonstrated on an in vitro microvascular phantom to 

super-resolve structures that could not be resolved by conventional B-mode 

imaging. The effects of the temperature and mechanical index on fast-

AWSALM was investigated. Experimental results show that sub-wavelength 

micro-structures as small as 190 μm were resolvable in 200 ms with plane-

wave transmission at a center frequency of 3.5 MHz and a pulse repetition 
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frequency of 5000 Hz. This is about a 3.5 fold reduction in point spread 

function full-width-half-maximum compared to that measured in 

conventional B-mode, and two orders of magnitude faster than the recently 

reported AWSALM under a non-flow/very slow flow situations and other 

localization based methods. Just as in AWSALM, fast-AWSALM does not 

require flow, as is required by current microbubble based ultrasound super 

resolution techniques. In conclusion, this study shows the promise of fast-

AWSALM, a super-resolution ultrasound technique using nanodroplets, 

which can generate super-resolution images in milli-seconds and does not 

require flow. 

 

4.2. Introduction  

Localization-based ultrasound super-resolution imaging techniques are 

rapidly evolving. Early studies reported that the detection of isolated 

microbubble signals in the radiofrequency domain [33, 34] or image domain 

[35, 36] can be used to generate super-resolution imaging in vitro. Two 

recent studies have shown the capability of using these techniques with 

microbubbles in vivo to super-resolve the microvessels and also obtain flow 

information [32, 37]. Subsequently, a number of papers have been published 

that improve and extend the microbubble-assisted super-resolution imaging 

technique in different ways including: signal filtering and detection [38, 39], 

choice of localization method [40], motion correction [41], signal tracking 

[42], and three-dimensional imaging [43-45].  
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    Current localization-based super-resolution imaging techniques using 

microbubbles rely on sufficient flow and most require a low bubble 

concentration to provide spatially isolated localizations. Thus, a longer 

acquisition time is required for sampling microbubbles in small vessels as 

they are very sparsely distributed at the capillary level and flow slowly in 

such vessels.  

       Nanodroplets, as ultrasound contrast agents, have three main advantages 

over microbubbles [11]. First, the nano-size of nanodroplets potentially 

allows extravasation into cancerous tissue due to its leaky vasculature and 

enhanced permeability and retention effects. Second, it has been found that 

nanodroplets can last longer during in vivo circulation than microbubbles 

[53]. Third, the nanodroplets can be selectively activated, both spatially and 

temporally, to provide an ultrasound contrast signal [85]. This potentially 

provides more flexibility during the ultrasound scanning.  

      Recent studies have reported ultrasound super-resolution imaging using 

low (boiling point = -2ºC) [13, 14] and high (boiling point = 56ºC) [48, 71] 

boiling-point perfluorocarbon nanodroplets. For the super-resolution 

imaging technique using high-boiling-point nanodroplets, optical activation 

via pulsed laser illumination was required to perform the super-resolution 

imaging, thus restricting its penetration depth to regions that can be 

illuminated optically. Furthermore, as the pulse repetition frequency of laser 

activation was 10 Hz, a longer acquisition time is required in comparison to 

the fast ultrasound imaging methods with a pulse repetition frequency over 

thousands of Hertz. The ‘acoustic wave sparsely activated localization 

microscopy (AWSALM)’, developed by our group, has shown that the use 

of low-boiling-point perfluorocarbon nanodroplets (with much lower 
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activation threshold than high-boiling-point nanodroplets) can be 

acoustically activated and deactivated by diagnostic ultrasound pulses to 

perform ultrasound super-resolution imaging in deep tissue. Unlike 

microbubble-based super-resolution techniques, AWSALM does not require 

flow, nor does it require a low concentration of the contrast agent.  

      Microbubble based ultrasound super-resolution requires long data 

acquisition time, which together with the motion during data acquisition 

make it challenging for clinical use. AWSALM requires different ultrasound 

transmissions for droplets activation/deactivation and imaging, limiting the 

temporal resolution achievable.  

      In this study, we develop fast-AWSALM and demonstrates that a high 

concentration of low-boiling-point octafluoruopropane (OFP) nanodroplets 

can be simultaneously imaged, activated and deactivated by high-frame-rate 

plane-wave pulses at an intermediate acoustic amplitude to perform 

ultrasound super-resolution imaging on the time scale of hundreds of 

milliseconds.  One of the fundamental distinctions between bubble- and 

droplet-based super-resolution imaging techniques is that, while using 

bubbles localizations in consequent frames are not independent and they 

decorrelate with the velocity of flow, which is slow in the capillaries even if 

high concentrations of bubbles are present. However, with droplets being 

activated and deactivated at the same rate with ultrasound pulse repetition 

frequency, new localizations can be accumulated as quickly as the imaging 

pulses are transmitted. This fast and controlled activation and deactivation 

of nanodroplets make it possible to achieve a much faster super-resolution 

imaging. 
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4.3. Methods  

4.3.1. Preparation of OFP microbubbles and nanodroplets  

Nanodroplet preparation was adapted from previously described methods 

[61, 78, 79]. Briefly, a lipid colloid was generated by dissolving a 9:1 molar 

ratio of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 

glycol)-2000] (DSPE-PEG-2000) into a solution of phosphate-buffered 

saline (PBS), propylene glycol, and glycerol (16:3:1, v: v) to achieve a total 

lipid concentration of 1 mg/mL. All the lipids described above were 

purchased from Avanti Polar Lipids, Inc., USA. A volume of 1 mL of lipid 

solution was added to a 2 mL glass vial. The headspace of the vial was filled 

with OFP gas (Fluoromed, USA) via an inlet needle along with a vent needle. 

60 seconds of mechanical agitation at 4000 rpm was applied using a bubble 

shaker (Vialmix, USA) to produce the stable OFP microbubbles.  

      In order to condense microbubbles into nanodroplets, the headspace of 

the vial was pressurized according to the previously described methods [86]. 

The vial of microbubble solution was immersed in an ice-salt bath (about -

10 ℃) for 3 mins followed by pressurization (85-130 psi) with ambient air 

into the vial septum for the condensation. 

4.3.2. Characterization of OFP Microbubbles and 

Nanodroplets 
The size and concentration of OFP nanodroplets was measured by NanoSight 

NS300 (Malvern Instruments Ltd, UK) via nanoparticle tracking analysis. 

The nanodroplet solution was diluted 1000-fold in degassed and deionized 
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water. Three (3) samples were prepared and 3 measurements were performed 

for each sample. Nine (9) measurements in total were performed to obtain 

the mean values of diameter and concentration of the nanodroplet solution. 

The precursor OFP microbubbles were sized and counted using the approach 

detailed in [87]. A diluted microbubble solution was introduced into the 

counting chamber of the haemocytometer. Images were acquired from a 

microscope system (Nikon Instruments Inc.) and counting and sizing was 

performed in a fully automatic and bespoke MATLAB algorithm. Three (3) 

measurements in total were performed to obtain the mean values of diameter 

of the OFP microbubble solution.  

 

4.3.3. Experimental Set-up 

A crossed-tube phantom was fixed and immersed in a water tank. A 

schematic diagram showing the experimental set-up is illustrated in Figure 

4. 1. The crossed-tube phantom was made of two 200-µm-cellulose tubes 

(Hemophan®, Membrana). The tube is a thin-walled cellulose capillary tube 

of internal diameter of 200 ± 15 µm, a wall thickness of 8 ± 1 µm in the dry 

state (specifications provided by the manufacturer). A L11-4v transducer 

equipped with ultrasound research platform (Verasonics Vantage 128, 

Kirkland, USA) was held 20 mm above the center of the crossed-tubes. OFP 

droplets were tested as a function of temperature (18, 24, 30, and 37°C) and 

tested as a function of MI (0.55, 0.66, and 0.76) at 24°C to determine the 

optimal experimental conditions. Equal concentrations of 1:9 water-diluted 

nanodroplet and microbubble solutions (~ 3.3×108 agents/mL) were 

prepared respectively in two beakers. The solution was magnetically stirred 
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in the beaker before being transferred into the syringes.  The experiments 

were repeated at different temperatures and MIs. 

 

Figure 4. 1 Schematic diagram showing the experimental set-up (Not to scale). 

4.3.4. Characterization of Imaging System 
The ultrasound imaging system was characterized by measuring the 

diffraction limited resolution through system point spread function (PSF) 

and localization precision. A 50 µm diameter tube was fixed horizontally in 

a water tank to imitate a point scatterer [32]. This was performed at depths 

of between 1.5 and 2.5 cm from the transducer surface to test the changes in 

PSF over the imaging depth. The resolution of the ultrasound imaging system 

was measured as the mean value of full-width-half-maximum (FWHM) over 

100 frames in the lateral and axial directions. The localization precision was 

measured to be the standard deviation of the localized center of mass over 

100 frames. A single average point spread function was used for the super-

resolution processing at all depths. 
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4.3.5. Data Acquisition & Processing 

     A customized continuous ‘Activation/Imaging’ pulse sequence was 

developed and implemented on the ultrasound research platform with a L11-

4 linear array probe. A sequence of 1-cycle, 3.5 MHz single-angle plane-

wave pulses was transmitted at a mechanical index of 0.76 in order to 

simultaneously activate, deactivate and image the OFP nanodroplet 

population. All 128 elements were used to transmit and receive signals. The 

corresponding spatial and temporal peak-negative-pressure was 1.42 MPa. 

The pressure field of the plane-wave was calibrated using a 0.2 mm needle 

hydrophone (Precision Acoustics, UK). No transmit apodization was applied 

on the acquisition sequence. An optical image of the crossed-tube phantom 

was taken by a CCD camera.  

1000 images were acquired during a 200 milliseconds period at a frame rate 

of 5000 frames per second for each experiment. The received radio-

frequency (RF) signals were beamformed using delay-and-sum (DAS) [88]. 

Singular value decomposition (SVD) was used to remove background non-

contrast agent signal [89]. The SVD thresholds were automatically 

determined by the point with the largest 2nd derivative of energy with respect 

to singular value order curves. 

All the ultrasound image frames were envelope detected after SVD 

processing. Super-localization processing was performed on each ultrasound 

image after setting an image pixel value threshold to reject the noise and 

detect potential activated or deactivated droplet signals. Each observed PSF 

was compared with a calibration PSF according to their area (A), intensity 
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(I), and shape/eccentricity (E). These parameters were used to discard 

potential non-microbubble echoes and noises. All the observed PSFs with 

the corresponding three attributes were summarized into three matrices. All 

the values were normalized in each matrix. A filtering threshold was set in 

order to discard the larger (A>0.46), brighter (I>0.21), and misshaped 

(E<0.66) point spread function. The locations of isolated signals were 

calculated by the ‘centroid’ method [32]. The centroid of each localized 

signal was computed by calculating the intensity weighted center of mass. 

All the localizations from all the imaging frames were assembled into the 

final super-resolution image.  

 

4.4. Results 

4.4.1. Characterization of OFP Microbubbles & Nanodroplets 

     The normalized size distribution of the OFP microbubbles was measured 

using an optical microscopy approach detailed in [87] and the result was 

illustrated in Figure 4.2 (a). The mean microbubble diameter was 1.12 ± 0.36 

µm and the mean microbubble concentration was (3.4 ± 0.4) × 109 

bubbles/mL. The OFP nanodroplet size and concentration measurements are 

illustrated in Fig 2(b). The mean diameter of OFP nanodroplets was 153.4 ± 

6.9 nm. The concentration of nanodroplets was (3.3 ± 0.2) × 109 droplets/mL.   
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Figure 4. 2 (a) The size characterization of OFP microbubbles. The curve and its 
corresponding shaded error bar represent the mean and standard deviation of three 
repeated measurements respectively. (b) The size and concentration characterization of 
OFP nanodroplets measured using NanoSight NS300. The curve and its corresponding 
shaded error bar represent the mean and standard deviation of nine repeated 
measurements respectively. 

 

4.4.2. Calibration of Diffraction Limited Resolution 

Figure 4. 3 (a) shows an example image of the 50-µm wire cross-section at 

a depth of about 2 cm, which is the same depth used for imaging the center 

of crossed-tube phantom. The wire acts as a stationary point scatterer and 

was used to estimate the actual diffraction limited resolution over the depth 
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ranged from 1.5-2.5cm. All the parameters and conditions were kept the 

same as used for imaging the crossed-tube phantom. The mean axial and 

lateral resolution were measured as a FWHM of 664 µm and 657 µm 

respectively at a depth of about 2 cm. The localization precision was 20 µm, 

which was the value used for the later localization processing. 

 

Figure 4. 3 Calibration of ultrasound imaging system – Verasonics 128 research platform 
equipped with an L11-4v probe. (a) A representative frame of 50- µm-diameter tube 
across section imaged at a distance of 2 cm, which is the same imaging distance used for 
the crossed-tube phantom. Measurements of the full-width-half-maximum in the axial (b) 
and lateral (c) directions, respectively. 
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4.4.3. Localization of Signals  

The average number of localization events is 15 per frame. In total, 14,918 

localization events were obtained and used to generate the super-resolution 

image at a temperature of 24°C and a MI of 0.76. Figure 4.5 shows, over a 

series of high-pressure plane-wave imaging pulses, the sparse activation of 

nanodroplets and the destruction of microbubbles signals over time. 

 

Figure 4. 4 The number of localization events in each frame over 200 ms. 
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Figure 4. 5 Representative image frames show the activation of nanodroplets and 
destruction of microbubble signals over four successive ultrasound image frames. 

 

4.4.4. Quantification of Number of Localization Events at 

Different Temperatures 

Figure 4. 6 shows the super-localization images obtained using OFP 

nanodroplets at four different temperatures (18, 24, 30 and 37 degrees 

Celcius). Figure 4. 7 shows the number of localization events obtained at 
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different temperatures. The mean and standard deviation values were 

obtained from three repeated experiments. 

 

Figure 4. 6 The final super-localization images at different temperatures (Temperature at 
18, 24, 30 and 37 degrees Celcius). 
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Figure 4. 7 The number of localization events at different temperatures (Temperature at 
18, 24, 30 and 37 degrees Celcius). The experiments were performed for three times to 
obtain the mean and standard deviation values. 

 

4.4.5. Quantification of Number of Localization Events at 

Different Mechanical Indices 

Figure 4. 8 shows the super-localization images obtained using OFP 

nanodroplets at three MIs (MI=0.55, 0.66 and 0.76). Figure 4. 9 shows the 

number of localization events at different MIs. The mean and standard 

deviation values were obtained by three repeated experiments. 
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Figure 4. 8 The final super-localization images at different MIs (MI=0.55, 0.66, 0.76).  
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Figure 4. 9 The final super-localization images at different temperatures (MI=0.55, 0.66, 
0.76). The experiments were performed for three times to obtain the mean and standard 
deviation values. 

4.4.6. Super-Resolution Imaging 

Figure 4. 10 represents the summation of 1000 B-mode, SVD-filtered, and 

super-localization frames acquired without contrast agents, and with 

microbubble and nanodroplets respectively in the non-flow cross-tube 

phantom. As can be seen in Figure 4. 10 (d), for the control experiment with 

water, after SVD filtering, no bubble signals were detected. For the 

microbubble experiment, after starting acquiring data, most of the bubbles 

were destroyed by the high mechanical-index pulses during the first few 

frames and insufficient localization events were recorded to generate a 

proper super-resolution image. For the nanodroplets, they can be 

continuously activated and deactivated by high-frame-rate plane-wave 

pulses to form a super-resolution image from 1000 frames acquired over 200 

ms.      
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Figure 4. 10 (a-c) show the summation of 1000 conventional B-mode images. (d-f) show 
the summation of the corresponding SVD-filtered images. (g-i) show the final super-
resolution images for water (a, d, g), microbubble (b, e, h), nanodroplet (c, f, i) 
experiments respectively.  (j) and (k) show the larger version of two final super-resolution 
images for microbubble and nanodroplet experiments respectively. 

 

 

 

 



Chapter 4 Fast Acoustic Wave Sparsely Activated Localization 
Microscopy 

 

85 
 

4.4.7. Resolution Measurement 

As can be seen from Figure 4. 11, the corresponding B-mode, SVD-filtered, 

super-resolution images were compared with the optical image.  Two regions 

of interest (ROIs) were selected to measure the FWHM of the B-mode, SVD-

filtered, and super-resolution images.  In the super-resolution image, it can 

be seen from the line profile shown in Figure 4. 11(e) that the two tubes are 

separated by 210 µm (‘Peak-to-peak’ distance) whereas the two tubes cannot 

be resolved in B-mode or SVD-filtered images. From Fig 11(f) it can be seen 

that,   the FWHM values are about 190 µm and 200 µm for the super-

resolution image where they are about 690 µm and 700 µm in the B-mode 

and SVD-filtered images. 

 

Figure 4. 11 (a) Conventional B-mode image (b) SVD-filtered image (c) super-resolution 
image (d) optical image of the 200 µm cross-tube phantom.  (e) and (f) show the resolution 
measurements  at different lateral ROIs indicated by the red lines on the images. The scale 
bar in the optical image is 5mm. 
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4.5. Discussion 
This paper presents an in vitro demonstration of super-resolution imaging 

achieved with the timescale of 200 milliseconds using high-frame-rate plane-

wave activation of OFP nanodroplets, called fast-AWSALM. It takes 

advantage of the high temporal resolution of high-frame-rate plane-wave 

imaging and the low activation threshold of OFP nanodroplets to perform 

super-resolution imaging orders of magnitude faster than previously 

demonstrated. Another advantage of having a faster imaging technique as 

proposed in this work, is the ability to reduce the impact of tissue motion. It 

was demonstrated that tissue motion can be detrimental for ultrasound super-

resolution imaging and motion correction can improve the resolution and 

fidelity of the super-resolved images [41]. 

It should be noted that the resolution achieved in this study, 190 microns, is 

not a limitation of the fast-AWSALM method, but a limitation of the 

phantom available to us (200-micron tube). While the experimental 

conditions used in this study for comparing droplet- and bubble-based super-

resolution approaches are the same, the conditions are not designed for 

bubble-based approaches. We have previously shown in a similar phantom 

[35] but with flow and with lower MI that reasonable super-resolution 

images of the cross-tube phantom can be achieved using microbubbles, 

although it took much longer than the droplet-based approach. 
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4.5.1. Comparison with Existing Localization-based Super-

Resolution Imaging Techniques 
The acquisition time of previously demonstrated localization-based super-

resolution imaging using microbubbles ranges from 5 seconds to a few 

minutes [32, 37, 39, 45, 90-95]. 

The AWSALM technique reported previously used separate pulses for 

imaging and for activation/deactivation of nanodroplets, as the 

decafluorobutane (DFB) nanodroplets require a relatively high ultrasound 

amplitude to be activated [13]. Such a high ultrasound amplitude is only 

achievable at one location at a time through focused transmission. Therefore 

it takes time to scan the activating pulses through the whole imaging plane. 

The previous AWSALM study took 30 seconds to obtain a super-resolution 

imaging of a crossed-tube phantom at a frame rate of 100 Hz. However, there 

should not be a penalty in terms of resolution since the imaging method is 

the same between AWSALM and fast-AWSALM (i.e. plane wave imaging), 

and the only difference is that the activation pulse is now also an imaging 

pulse in fast-AWSALM. 

A different formulation of lower boiling-point OFP (boiling-point = -37℃) 

nanodroplets was used in this study compared with the DFB (boiling-point 

= -2℃) nanodroplets used in the previous study. Thus the OFP nanodroplets 

could be activated by lower mechanical-index plane-wave pulses compared 

with DFB nanodroplets. The focus-wave pulses are not required in this study 

as the acoustic pressure provided by plane-wave imaging pulses is 

sufficiently high to activate the OFP nanodroplets. Therefore the activation 

of the droplets can be achieved within the imaging plane by a single plane 

wave, and such activation can then be imaged by the very same activation 



Chapter 4 Fast Acoustic Wave Sparsely Activated Localization 
Microscopy 

 

88 
 

plane wave. As such plane waves can be transmitted at thousands pulses per 

second, a significant increase in imaging frame in super-resolution can be 

achieved. In this case, an imaging acquisition rate of 5000 frames per second 

frame rate was used, enabling super-resolved image data acquisition in 200 

ms, which is orders of magnitude faster than the previous localization-based 

super-resolution techniques [39, 96].  

 

4.5.2. Sparse Activation and Destruction 

 The principle of fast-AWSALM is that the first plane-wave imaging pulse 

will sparsely activate a subgroup of OFP droplets as the acoustic pressure is 

selected to only activate the largest most easily activated droplets. These 

activated droplets will generate acoustic signals until the next imaging pulse. 

The following imaging pulses will serve three purposes: first to generate 

images, second to destroy most of the existing microbubbles that were 

activated by the previous pulse, and third, to activate a new subgroup of 

droplets. This continuous imaging, activation and destruction can provide 

different localizations of multiple subgroups of activated droplets within the 

vessels.  The sparse and stochastic activation of OFP droplets and destruction 

of OFP microbubbles may be due to a number of factors. A key factor is that 

the droplet population consists of droplets with a statistical distribution of 

different sizes and shell properties. The size distribution of nanodroplet can 

be seen from figure 2(b): the nanodroplets are polydisperse and their 

diameters are from about 50 to 350 nm. The droplet size, gas content and 

shell properties are important factors determining the acoustic pressure 

threshold required for activating the droplets. The activation threshold of 

nanodroplets have been studied by many researchers and there are several 
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theories that can explain these phenomena under different circumstances [84, 

97]. The larger droplets can be acoustically vaporized more easily at a 

relatively low pressure as the activation threshold is inversely proportional 

to the diameter of a droplet. Therefore, only a sparse subgroup of relatively 

large droplets randomly spatially distributed in the tube are sensitive to the 

low activation pressure. The subsequent imaging pulse will cause a large 

percentage of activated nanodroplets to be destroyed, including through shell 

rupture, diffusion, and dissolution [83]. The activation of nanodroplets by 

the next pulse may be affected by a number of factors. First, these 

nanodroplets may be affected by any remaining nearby microbubbles 

generated by the previous pulse - the wave emitted from a generated bubble 

could be directional and have a random direction, and therefore, a 

nanodroplet experiencing this wave in addition to the second pulse is likely 

to be activated more easily. Second, they may be affected by any increase in 

local thermal energy or acoustic power due to the imaging pulses, as the 

nanodroplets have a lower activation threshold in total when temperature or 

pressure increases [12]. Moreover, the non-linear distorted wave from 

nonlinear propagation and from generated bubbles may also have 

superharmonics with wavelength close to the diameter of droplet, therefore 

contributing to the initiation of droplet activation by the next pulse [84]. 

Further studies are required to determine which of these effects dominates 

and if other mechanisms are involved. 
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4.5.3. Quantification of Contrast Signals 

       Figure 4. 12 shows that, when the high-frame-rate plane-wave imaging 

is on, the contrast signal from microbubbles within the cross-tube decreases 

during the first few milliseconds due to the high acoustic pressure 

(Mechanical index=0.76). The normalized contrast signal from the water 

experiment did not change with time. For the contrast signal of nanodroplets 

within the crossed-tube, it gradually increases and reached plateau after 

about 100ms. One possible reason for this increase may be due to the 

accumulation of activated droplets that are not completely disrupted by the 

plane waves. Another possible reason may be that only a sparse subgroup of 

OFP nanodroplets was activated by the first few plane-wave pulses. The 

subsequent plane-wave pulses may simultaneously deactivate the existing 

activated droplets and activate the unactivated droplets. It has been found 

that, any remaining nearby activated nanodroplets generated by the previous 

activation may lower the activation threshold for the next activation [49]. 

Therefore, the nanodroplets experiencing the later plane-wave pulses will be 

likely to be activated more easily thus more contrast signals can be seen at 

the later stage.  
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Figure 4. 12 Quantification of contrast signal amplitude in the B-mode images for each 
set of experiments as a function of acquisition time. 

 

4.5.4. Effect of Temperature 

The experiments were performed at four different temperatures ranging from 

18 to 37 degrees. As can be seen from Figure 4. 7, the number of localization 

events decreases when the temperature is 18 or 37 degrees. The optimum 

temperature is likely to be around 24 degrees according to the suggested 

results. A relatively higher temperature would lead to a lower activation 

threshold of nanodroplets, thus increasing the number of localization events. 

However, a higher temperature will also lead to more spontaneous 

vaporization of nanodroplets prior to acoustic activation. Therefore, there is 
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a compromise between the ease of activation and the stability of 

nanodroplets.  

The experiments were performed at 24℃ in order to achieve a relatively 

optimal performance. OFP nanodroplets can still be activated at 37 degrees 

as shown in Figure 4. 9, although fewer localization events can be obtained. 

In an in vivo situation of 37℃, a significant portion of OFP nanodroplets are 

likely to spontaneously vaporize. However, it is still feasible to use the OFP 

nanodroplets at 37℃ and perform in vivo ultrasound  imaging since this is 

has been demonstrated by a previous in vivo study [98]. Spontaneously 

vaporized OFP nanodroplets would not be an issue in fast-AWSALM as they 

either get deactivated by the pulses, or contribute to the signal if they are not 

destroyed.  

4.5.5. Effect of Mechanical Index 

The experiments were performed using plane-wave pulses at three different 

MIs (MI=0.55, 0.66, 0.76). The results suggested that, at the highest MI, the 

largest number of total localization events can be obtained. The input voltage 

was set at 45 V in order to achieve MI of 0.76 at an imaging frequency of 

3.5 MHz according to the hydrophone calibration. The transducer used needs 

to be operated below 50 V in order to avoid damage. Therefore, an MI of 

0.76 was chosen for the experiment as the maximum that could be achieved 

practically. The amplitude can be reduced further through optimization of 

the droplet chemistry and ultrasound pulse sequence. The depth of interest 

in this study is about 2-3 cm, therefore how the technique work in deeper 

tissues will need to be studied further. 
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4.5.6. Potential Applications 
This study takes advantage of the high temporal resolution of high-frame-

rate imaging and the low activation threshold of OFP nanodroplets to 

perform faster super-resolution imaging than previously demonstrated.  The 

homemade OFP nanodoplets solution has the same composition as the 

commercial Definity © microbubble contrast agents [99]. This means that 

the condensation of Definity© microbubble contrast agents to nanodroplet 

solution can be used with this technique for pre-clinical in vivo experiments 

in the future and could facilitate the clinical translation of super-resolution 

ultrasound imaging.  

 

4.6. Conclusion  

In summary, fast-AWSALM was developed to generate super-resolution 

ultrasound images in hundreds of milli-seconds, orders of magnitude faster 

than some existing ultrasound localization microscopy techniques. We 

demonstrates that the high-frame-rate plane-wave pulses can be used to 

continuously activate and destroy OFP nanodroplets while imaging on the 

timescale of milliseconds to super-resolve microstructures that cannot be 

resolved in the conventional B-mode image, without the requirement of flow. 

The much smaller size of the nanodroplets compared to microbubble contrast 

agents means the technique can potentially super-resolve structures beyond 

the reach of the current microbubble based ultrasound super-resolution 

approaches. 
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Chapter 5 Quantification of 

Vaporized Targeted Nanodroplets 
This chapter was adapted from Zhang, G., et al., Ultrasound in Medicine & 

Biology, 2019. 45(5): p. 1131-1142. 

5.1. Abstract  

Molecular targeted nanodroplets, promising to extravasate beyond the 

vascular space, have great potential to improve tumor detection and 

characterization. High frame rate ultrasound, on the other hand, is an 

emerging tool for imaging at a frame rate 1-2 orders of magnitude higher 

than common existing ultrasound operating systems. In this study, we used 

high frame rate ultrasound combined with optics to study the acoustic 

response and size distribution of Folate Receptor (FR) - targeted versus Non-

Targeted (NT)-nanodroplets in vitro with MDA-MB-231 breast cancer cells 

immediately after ultrasound activation. A flow velocity mapping technique, 

Stokes’ theory, and optical microscopy were used to estimate the size of both 

floating and attached vaporized nanodroplets immediately after activation. It 

was found that the size of floating vaporized nanodroplets was on average 

more than 7 times larger than the size of vaporized nanodroplets attached to 

the cells. The results also showed that the acoustic signal of vaporized FR-

nanodroplets was persistent after activation, with 70% of the acoustic signals 

still present 1 second after activation, compared to the vaporized NT-

nanodroplets where only 40% of the acoustic signal remains. The optical 

microscopic images showed on average 6 times more vaporized FR-

nanodroplets generated with a wider range of diameters (from 4 to 68 µm) 
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that still attach to the cells compared to vaporized NT-nanodroplets (from 1 

to 7 µm) with non-specific binding after activation. It was also found that the 

mean size of attached vaporized FR-nanodroplets was on average about 3-

fold larger than that of attached vaporized NT-nanodroplets. The study offers 

an improved understanding of the vaporization of the targeted nanodroplets 

in terms of their sizes and acoustic response in comparison with non-targeted 

ones, taking advantage of high-frame-rate contrast-enhanced ultrasound and 

optical microscopy. Such understanding would help design optimized 

methodology for imaging and therapeutic applications. 

 

5.2. Introduction  

Medical ultrasound imaging has been regarded as a highly accessible and 

affordable tool that can provide high-resolution and real-time images without 

any ionising radiation. The advent of contrast-enhanced ultrasound (CEUS) 

with microbubble contrast agents, together with the development of contrast 

specific pulse sequences have significantly increased imaging sensitivity 

from within the blood [100]. Furthermore, the microbubbles have also been 

used in ultrasound-mediated therapies as well [101]. Recently the field has 

seen new developments in high-frame-rate CEUS imaging [5, 102].  

It has been demonstrated that low-boiling-point perfluorocarbon 

nanodroplets can be formed simply by condensing their perfluorocarbon 

microbubbles with increasing pressure and decreasing temperature [10]. 

These low-boiling-point nanodroplets can be rapidly activated to 

microbubbles by the application of external acoustic pressure, commonly 
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referred to as ‘acoustic droplet vaporisation (ADV)’ [11]. These 

nanodroplets mainly have three advantages compared to micorbubbles in the 

context of CEUS imaging applications. First, nanodroplets have smaller 

diameters than microbubbles which enables them to potentially go beyond 

the vascular region not accessible to microbubbles. Second, nanodroplets 

have longer half-life than microbubbles under in vivo conditions. Third, 

nanodroplets can be activated into microbubbles in any preset time and 

location [12]. Such features of nanodroplets have enabled their applications 

for super-resolution imaging [13-16], dual-modality imaging [17], High 

Intensity Focused Ultrasound (HIFU), therapeutic histotripsy [18, 19], 

sonoporation [20], chemotherapy [21] and drug & gene delivery [22]. In 

biology and tissue engineering, nanodroplets can also be used for DNA 

fragmentation [23] and acoustically responsive scaffolds [24] where 

microbubble contrast agents cannot. 

In cancer imaging and therapy, nanodroplets could play an important role as 

they are approximately 3 to 6 times smaller in diameter than microbubbles 

prior to vaporisation theoretically [51, 52] and approximately 12 fold smaller 

in diameter experimentally [53]. These nanodroplets have the potential to 

extravasate from the vascular endothelium to the cancerous tissue and form 

target-specific binding. Once bound, the targeted nanodroplets can be 

vaporized into microbubbles for imaging and therapeutic purposes. The 

maximum particle extravasation size from the vasculature is approximately 

10 nm in normal tissue whereas the gap junction between the porous tumour 

endothelium may be as large as 200 nm [54]. The enhanced permeability and 

retention (EPR) effect increases the passive accumulation of nanoparticles 

(50-200nm) in tumour tissue. It has been found that the nanodrug delivery to 
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tumors by the EPR effect can only offer a 2-fold improvement in nanodrug 

delivery compared with normal tissue, which results in insufficient drug 

concentration for treating most cancers [55]. With respect to cancer, it has 

been found that the folate-receptor (FR) is overexpressed on the surface of 

breast, ovarian, cervical, and colorectal cancer cells but not in normal human 

tissue [56]. Previous literature has reported the treatment of ovarian cancer 

in Phase II clinical trials using a FR-targeted chemotherapeutic agent 

combined with FR-targeted SPECT imaging agents [57, 58]. In addition, 

recent work [59, 60] using FR-targeted nanodroplets has demonstrated that 

targeted agents can also selectively promote intracellular delivery which can 

be incorporated as a strategy for using nanodroplets for even more precise 

cancer cell imaging and therapy [61]. 

The low-boiling-point decafluorobutane nanodroplets (boiling point = - 2ºC) 

have been investigated for imaging purposes [14, 62]. The first ultrasound 

molecular imaging using low-boiling-point nanodroplets was demonstrated 

in 2013 [50]. As proof-of-principle, Sheeran and co-workers used RGD 

peptide-targeted nanodroplets to target the overexpressed αvβ3 integrin on 

human umbilical vein endothelial cells. However, this study was performed 

using a clinical Siemens imaging systems and therefore the imaging frame 

rate was limited to 30 Hz.  Using confocal microscopy, Marshelek et al. have 

shown the capability of low-boiling-point FR-nanodroplets to target MDA-

MB-231 breast cancer cells followed by internalisation via folate-receptor 

mediated endocytosis [60].  However, some important aspects of the targeted 

nanodroplet immediately after vaporisation, including the acoustic response 

and size distribution of the resultant microbubbles have not been fully 

understood.  
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In this study, we investigated the acoustic response and size distribution of 

vaporized folate-receptor targeted nanodroplets with MDA-MB-231 breast 

cancer cells using high frame rate ultrasound and optics. The study offers an 

improved understanding of the vaporization of the targeted nanodroplets in 

terms of their sizes and acoustic response in comparison with non-targeted 

ones, taking advantage of high-frame-rate contrast-enhanced ultrasound and 

optical microscopy. Such understanding would help design optimized 

methodology for imaging and therapeutic applications. 

 

5.3. Methods  

5.3.1. Preparation & Characterization of Nanodroplets 
Preparation of nanodroplet solutions was adapted from previously described 

methods [60]. For the non-targeted (NT) -nanodroplet lipid solution, the lipid 

colloid was generated by dissolving a 9:1 molar ratio of 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG-

2000) into a solution of phosphate-buffered saline (PBS), propylene glycol, 

and glycerol (16:3:1, volume: volume) to achieve a total lipid concentration 

of 1 mg/mL (Avanti Polar Lipids, Alabaster, AL, USA). For the FR-targeted 

lipid solution (FR-nanodroplets), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[folate(polyethylene glycol)-2000] (DSPE-PEG-

2000-Folate) was added to the mixture of lipid powder to maintain a 

9:0.8:0.2 molar ratio of DPPC, DSPE-PEG-2000, and DSPE-PEG-2000-

Folate respectively. The mixture of lipid powder was also dissolved into a 

solution of PBS, propylene glycol, and glycerol (16:3:1, volume: volume) to 
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achieve a total lipid concentration of 1 mg/mL (Avanti Polar Lipids, 

Alabaster, AL, USA). The DSPE-PEG-2000-Folate lipid bioconjugate was 

prepared following a previous described method [103]. A volume of 1 mL 

of lipid solution was added to a 2 mL glass vial.  

The headspace of the vial was purged with decafluorobutane gas (Fluoromed, 

Round Rock, TX, USA) via an inlet needle and the contents equilibrated with 

a vent needle. Mechanical agitation was applied using a modified 

amalgamator (Bristol-Myers-Squibb, New York, NY, USA) to produce the 

stable microbubbles. 

For condensing microbubbles into nanodroplets, the headspace of the vial 

was pressurised according to previous methods [104]. Briefly, the vials of 

microbubbles were immersed in an ice-salt bath (-5 ℃ to-10 ℃) followed 

by pressurization with ambient air into the vial septum. 

A NanoSight NS300 (Malvern Instruments, Inc., Malvern, UK) was used to 

measure the size and concentration of both FR- and NT-nanodroplet 

solutions via nanoparticle tracking analysis (NTA); the nanoparticle 

measurement range being 10 nm to 1000 nm. Both nanodroplet solutions 

were diluted 1000-fold in deionised water. Three (3) samples were prepared 

for each nanodroplet solution and 3 measurements were performed for each 

sample. For both FR- and NT-nanodroplet solutions, 9 measurements in total 

(N=9) were performed to obtain the mean values of size and concentration 

of each nanodroplet solution. Five vials of nanodroplet solution were 

consolidated to form the final nanodroplet solution for the experiments.  
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5.3.2. Cell culture 
The immortalised human breast cancer cell line, MDA-MB-231, was 

obtained from an immortalized cell line maintained at the Hammersmith 

Hospital campus at Imperial College London. Cells were grown in RPMI-

1640 Medium supplemented with 10% fetal bovine serum (FBS), 2mM L-

glutamine, 100 U/mL penicillin and 100µg/mL streptomycin (Sigma-

Aldrich, St. Louis, Missouri, USA). Cells were cultured in a T75 culture 

flask at 37 ℃ in an incubator with 5% CO2. The mean diameter of the cells 

were about 20-30 μm as noted by prior literature [105]. 

 

5.3.3. Experimental set-up 

 

Figure 5. 1 Schematic diagram of the experimental set-up (not to scale). The red box 
indicates the region of interest of ultrasound images at the upper and lower planes 
(MDA-MB-231 breast cancer cells) of the Opticell chamber. 

 

MDA-MB-231 cells were detached with 0.25% trypsin-

ethylenediaminetetraaceticacid (EDTA) (Sigma-Aldrich, Missouri, USA). 

Detached cells were neutralised using full serum media and centrifuged at 
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1300 rpm for 5 minutes. Cell pellets were resuspended in 1 mL of media 

before seeding 2.2 million cells with 10 mL of media into an optically and 

acoustically transparent Opticell chamber (Nalge Nunc International, 

Rochester, USA). The inner dimensions of the Opticell chamber are 7.6 cm 

x 6.6 cm x 0.2 cm respectively. The thickness of the MDA-MB-231 breast 

cancer cell layer is normally about 5 μm according to previous literature 

[106]. After 24 hours of incubation, 0.2 mL of nanodroplet solution (~ 

1.1×109 nanodroplets) were added to the media and the diluted solution 

mixed well before being injected into each Opticell chamber. The chamber 

was incubated at 37℃ for 10 minutes. After incubation, media was aspirated 

and cells were washed with additional media three times to remove any 

residual unbound nanodroplets from the Opticell Chamber. The Opticell 

chamber was then immersed and equilibrated in a 37℃  temperature-

controlled water tank. The transducer was held 15mm above the top surface 

of the Opticell chamber as illustrated in Figure 1. Acoustic absorbers were 

placed at the bottom of the water tank to reduce ultrasound reflection. 

Immediately after the acquisition of ultrasound data, the Opticell chambers 

were transferred to obtain the microscopic imaging.  Images were obtained 

using a Nikon DXM-1200C (Nikon Instruments Inc.) equipped with a 40× 

objective lens and a numerical aperture (NA) of 0.65. The resolution of the 

microscope is 0.1613 μm/pixel. The microscopic imaging plane was focused 

directly on the breast cancer cells fixed to the bottom plane of the Opticell 

chamber. As a reference point for microscopic imaging, the Opticell chamber 

under the transducer where ultrasonic activation conducted was marked. For 

each Opticell chamber, five independent optical measurements in different 

regions were acquired before and after ultrasound exposure to observe the 

newly vaporized nanodroplets attached to the cell surface. Two Opticell 
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chambers were used for FR- nanodroplets and another two for NT- 

nanodroplets. 

 

5.3.4. Imaging Acquisition & Analysis 
Table 5. 1 Imaging-Activation-Imaging sequence and the corresponding ultrasound 
parameters used in the experiments. PNP represents the spatial and temporal peak-
negative-pressure. 

 

State Pulse type Transmit 
frequency 

(MHz) 

Pulse length 
(half-cycle) 

PNP 
(MPa) 

Mechanical 
Index 

Imaging 
(Before) 

Plane-wave 4 1 0.20 0.10 

Activation Focus-wave 8 10 5.37 1.90 

Imaging 

(After) 

Plane-wave 4 1 0.20 0.10 

 

A customised ‘Imaging-Activation-Imaging’ acquisition sequence as 

demonstrated in Table 1 was implemented on an ultrasound research 

platform (Verasonics Vantage 128, Kirkland, USA) with a L11-4 38-mm 

linear array probe (ATL, USA) [78]. The spatial and temporal peak-negative-

pressure (PNP) was measured by hydrophone calibration as described by Lin 
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[86]. The acoustic vaporisation of nanodroplets were achieved by 

electronically sweeping of the transmitted focus waves (8-MHz, 5-cycle 

sinusoidal waves with peak negative pressure of 5.37 MPa, f-number=0.4, 

axial focus=15 mm) over the depth of interest. Only one activation focus-

pulse was transmitted to activate the nanodroplets. For imaging, a coherent 

compounding plane wave pulse inversion technique was employed to form 

an image [88]. Plane waves were transmitted at 9 different angles (Angle 

range: -10° to 10°) at 4 MHz with a PNP of 0.20 MPa was transmitted. The 

ultrasound imaging resolution cell size was 0.56 x 0.64 x 1.5 mm 

respectively in the axial, lateral and elevational directions. Similar to 

conventional pulse inversion technique, a ‘positive’ and a ‘negative’ pulses 

were acquired at each transmission angle to suppress tissue signal and 

enhance microbubble signal [107]. Fifty (50) pre- and 500 post-activation 

images were collected at a rate of 500 frames per second. A differential 

imaging technique is applied to remove the background signal [38]. Frames 

after activation were subtracted by the average of frames before activation to 

remove background signals. The region of interest (ROI) was defined by the 

bottom plane (indicated by the blue box between 16 to 17 mm in Figure 4) 

of the Opticell chamber where MDA-MB-231 breast cancer cells were 

attached. Customized Matlab scripts were written to enable all the analyses 

and calculations. All the images were shown in grey scale where each pixel 

in the image was normalized by the maximum pixel value.  

5.3.5. Flow velocity mapping & Size estimation 

After ultrasonic exposure of FR-nanodroplets, a portion of resultant 

microbubbles were still attached to the cells whereas another portion of large 

bubbles floated up due to buoyancy as illustrated in Figure 2.  
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Figure 5. 2 Schematic diagram shows the cross section of Opticell chamber after acoustic 
activation of FR-nanodroplets. A portion of newly vaporized FR-nanodroplets were still 
attached to breast cancer cells whereas another portion of large vaporized FR-
nanodroplets were floating. 

 

The vaporized-nanodroplet (microbubble) rising velocity in the stagnant 

liquid is mainly governed by the buoyancy force and the drag force 

experienced by the vaporized nanodroplets. In the force balance approach, 

the rising velocity is calculated from the balance of buoyancy and drag force. 

The rising velocity of vaporized nanodroplets in a viscous liquid at low 

Reynolds number can be expressed by the equation (1) below:  

𝑉 =
(𝜌𝑙−𝜌𝑔)𝑔𝐷𝑏

2

18𝜇𝑙
   (1) 

Calculations were adapted from Stokes’ equation [108] where V is the rising 

velocity, 𝐷𝑏 is the diameter of microbubble, 𝜌𝑙 is the density of liquid at 37 

ºC (approximately 1 g/cm3), 𝜌𝑔 is the density of gas at 37 ºC (11.2 kg/m3), g 

is the gravity acceleration (9.8 m/s2) and 𝜇𝑙 is the viscosity of liquid at 37 ºC 

(8.90 × 10−3 dyne s/cm2).  
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The size distribution of the attached vaporized nanodroplets can be directly 

estimated from microscopic images. Individual vaporized nanodroplets were 

segmented out of the images [109] to estimate the diameter distribution of 

both vaporized FR- and NT-nanodroplets that remain attached to the cells. A 

customized Matlab script was written to perform the segmentation to 

separate the microbubbles out and measure their diameters. The size 

distribution of floating vaporized nanodroplets can be estimated by tracking 

average rising velocities of the newly vaporized nanodroplets immediately 

after acoustic activation using the flow velocity mapping technique 

described previously [5] combined with Stokes’ equation [108]. Briefly, the 

cross-correlation analysis was performed to compute a local velocity 

between the corresponding interrogation windows of two neighbouring 

ultrasound frames. A velocity map was displayed with color-coded velocity 

vectors. The full flow field within the imaging plane of Opticell chamber 

was estimated and therefore flow velocity within any point in the imaging 

plane could be determined. The number of vectors and their locations in the 

image/video were chosen for visualization purpose. By estimating the 

average flow velocity in the resolution cell in all individual trials, the average 

size of bubble population could be obtained via Stokes’ equation. 
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Figure 5. 3 Quantitative flow vector visualization of vaporized FR-nanodroplets 
generated immediately after activation inside the Opticell chamber. Each measurement 
is averaged over 10 ms to reduce the noise. The data used is after the processing of 
singular value decomposition filtering to reduce the noise. The length and direction of 
the vector arrow represent the magnitude and direction of the velocity within the region 
of the arrow. Supplementary video illustrates the temporal changes of flow patterns in 
the Opticell chamber. 

 

Figure 3 shows a representative flow velocity mapping of vaporized 

nanodroplets immediately after activation. The movement of the vaporized 

nanodroplets could be visualized and the corresponding average flow 

velocity could be obtained. The average flow velocity obtained from flow 

velocity mapping was used for the size estimation combined with equation 

(1). 

5.3.6. Statistical analysis 

All data were expressed as the mean ± standard deviation. Statistical 

significances were analyzed using the two-sample Student’s t-test (with the 

assumption of t-distribution) and two-sample z-test (with the assumption of 

normal distribution) according to the sample size. The Student’s t-test was 
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used to compare two sets of data with sample size smaller than 30 while the 

two-sample z-test was used to compare two sets of data with sample size 

larger than 30. A *p-value<0.05 was considered statistically significant, a 

**p-value<0.01 strongly significant, and a ***p-value<0.001 was highly 

significant. 

5.4. Results  

5.4.1. Characterization of Nanodroplets 

 
Figure 5. 4 The concentration and size characterization of NT- and FR-nanodroplets 
measured using Nanoparticle Tracking Analysis (NTA) (N=9). The curve and its 
corresponding shaded error bar represent the mean and standard deviation respectively. 
NT-nanodroplets: 118.7±6.7 nm and FR-nanodroplets: 116.8±5.9 nm. 

 

The size distribution of NT-nanodroplets and FR-nanodroplets 

measured using Nanoparticle Tracking Analysis (NTA) are illustrated in 
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Figure 4. No statistically significant differences were found for the mean 

diameters of NT-nanodroplets and FR-nanodroplets (N=9). The mean 

diameters of NT-nanodroplets and FR-nanodroplets were 118.7±6.7 nm and 

116.8±5.9 nm, respectively and were within the size range for promoting 

EPR effect (up to 400 nm) demonstrated by the previous study [110]. The 

concentration of NT- and FR-nanodroplets were (3.51±0.26)×1010 

droplets/mL and (3.45±0.31)×1010 droplets/mL respectively. 
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5.4.2. Acoustic response of vaporized nanodroplets 

 

Figure 5. 5 Representative temporal snapshots show FR- and NT-nanodroplets in Opticell 
chamber 0.002s before, and 0.002s and 1s after activation respectively using the pulse 
inversion imaging at MI=0.1 and focus-pulse activating at MI=1.9. The region of interest 
(ROI) shows the top plane (indicated by the red box between 14 to 15 mm) and bottom 
plane (indicated by the blue box between 16 to 17 mm) of the Opticell chamber where 
MDA-MB-231 breast cancer cells located. 
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Figure 5 shows the temporal snapshots of FR and NT-nanodroplets in the 

Opticell chamber 0.002 s before, and 0.002 s and 1 s after activation. The 

bottom plane where the cells were located was between 16 and 17 mm. More 

persistent and visible ultrasound contrast signal could be seen for vaporised 

FR-nanodroplets compared to vaporised NT-nanodroplets 1 s after activation. 

 

Figure 5. 6 Quantification of normalized acoustic amplitude (i.e. the grayscale value of 
pixels in ROI) of activation of FR- and NT-nanodroplets within bottom ROIs in the 
Opticell chambers using the pulse inversion imaging at MI=0.1 and focus-pulse 
activating at MI=1.9. The blue curve represents for FR-nanodroplet and the red curve 
represents for NT-nanodroplet. The shaded error bar represents the corresponding 
standard deviation. 
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Figure 6 shows the quantitative analysis of acoustic response (i.e. the 

grayscale value) of vaporized FR- and NT- nanodroplets. First, the 

normalised contrast amplitude of FR-nanodroplets is significantly higher 

than the NT-nanodroplets. Secondly, it was observed that contrast signal of 

FR-nanodroplets was relatively persistent after activation, with 70% of the 

acoustic signals remaining 1s after activation, compared to the NT-

nanodroplets where only 40% of the contrast signals remained. The fast 

decay of contrast signal from NT-nanodroplets could also be observed 

compared to the FR-nanodroplets. 
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5.4.3. Size comparison between floating and attached 

vaporized nanodroplets 

 

Figure 5. 7 Representative microscopic imaging of FR-nanodorplets and NT-
nanodroplets before and after activation in Opticell chamber. (a) FR-nanodroplets before 
activation (b) FR-nanodroplets after activation (c) NT-nanodroplets before activation (d) 
NT-nanodroplets after activation. The scale bar represent 30 µm. 

 

Figure 7 shows the acquired microscopic images focused at the bottom of 

Opticell chamber before and after ultrasound exposure. Figure 8 shows the 

quantification of size distribution of both vaporized FR- and NT- 

nanodroplets attached to the cells. The number of vaporized FR-

nanodroplets observed on the bottom plane was 6.3 times larger than that of 

vaporized NT-nanodroplets. The vaporized FR-nanodroplets had 
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significantly larger diameters (mean=9.8 µm) compared to the vaporized 

NT-nanodroplets (mean=3.6 µm). Moreover, the vaporized attached FR-

nanodroplets had a diameter distribution between 4 to 68 µm whereas the 

vaporized attached NT-nanodroplets possessed a much narrower range (from 

1 to 7 µm). Although there were some small vaporized NT-nanodroplets that 

could be seen, they were not adherent to the cells according to Figure 8.  
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Figure 5. 8 The histogram (a) and box plot (b) shows the diameter distribution of both 
vaporized FR- (N=819) and NT- (N=139) nanodroplets (NDs) immediately after 
acoustic activation of nanodroplets. The newly vaporised FR-nanodroplets have a wider 
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range of diameters than vaporized NT-nanodroplets. The mean diameter of vaporized 
FR nanodroplets is significantly larger than that of vaporized NT-nanodroplets. 

 

 

Figure 5. 9  The box plot shows the size distribution of floating and attached FR- and NT- 
vaporized nanodroplets (NDs) immediately after acoustic activation (v = vaporized). The 
sizes of attached, vaporized nanodroplets were obtained from microscopic imaging. 
Alternatively, the sizes of floating vaporized nanodroplets were obtained from flow 
velocity mapping of ultrasound imaging. As can be seen from the figure, the size of 
floating vaporized nanodroplets were significantly larger than that of attached vaporized 
nanodroplets for both vaporized FR- and NT- nanodroplets. *** represent highly 
significant difference, p-value<0.001. 

 

The size distribution of attached vaporized nanodroplets were obtained using 

the microscope imaging and microbubble segmentation [87] while the size 

distribution of floating vaporized nanodroplets were obtained using 

ultrasound imaging, flow velocity mapping and Stokes’ theory. These two 

sets of data are shown in a box plot in Figure 9 for comparison. The mean 

diameter of FR- and NT- vaporized nanodroplets were 70 µm and 75 µm 

respectively. The maximum diameter estimated was approximately 150 µm. 

The average size of floating vaporized nanodroplets was significantly larger 
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than that of cell-surface bound microbubbles generated in both cases. 

However, for the attached vaporized FR-nanodroplets, the maximum 

diameter of all microbubbles measured on the cell membrane was 68 µm as 

observed in Figure 7.  

 

5.5. Discussion  
Targeted nanodroplets for molecular imaging has the potential of a wide 

range of clinical and pre-clinical applications in cancer and cardiovascular 

diseases [60, 111]. The study offers an improved understanding of the 

vaporization of the targeted nanodroplets in terms of their sizes and aoucstic 

response in comparison with non-targeted ones, taking advantage of high-

frame-rate contrast-enhanced ultrasound and optical microscopy. Such 

understanding would help design optimized methodology for imaging and 

therapeutic applications. One potential quantity of interest is the surface 

density of the ligand of interest. This could potentially be achieved through 

quantifying the vaporized targeted droplets which currently will require 

further studies. 

For imaging applications, the bioeffects induced after the activation of 

nanodroplets is required to be minimal for safety consideration.  Any 

vaporized droplets with a diameter larger than, e.g. 10 microns, could cause 

occlusion in the microcirculation, and an increased risk of cavitation induced 

bioeffects and should be avoided [25]. For therapeutic applications such as 

HIFU and histotripsy, the larger size of activated nanodroplets can facilitate 

cavitation to achieve better therapeutic performance [19, 112]. Therefore, the 
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size distribution of the nanodroplets is important for each specific 

applications. 

 

5.5.1. Comparison with the existing literatures 
The binding efficiency of the FR-nanodroplets in this study was about 2.4 

activated nanodroplets per cell after activation according to the experimental 

results. For the size of targeted vaporized nanodroplets, Marshalek and 

coworkers also used the same nanodroplets to target the MDA-MB-231 

breast cancer cells, however that work only focused on the size of the 

vaporized nanodroplets internalized within the cells rather than those 

attached to the cell surface [60]. Sheeran et al., 2013 used RGD targeted 

nanodroplets to target the HUVEC cells and their results show the size of 

vaporized targeted nanodroplets ranged from 1-3 µm [50]. In our study, a 

wide range of diameters (from 4 to 68 µm) of vaporized targeted 

nanodroplets could be observed by microscopic images. This could be due 

to the concentration used, the ultrasound pulse sequence employed and also 

different targeted ligands used. Future studies on such effects needs to be 

conducted.  For the size of floating vaporized nanodroplets dislodged from 

cells, there is no previous literature reported on this topic to the best of our 

knowledge.  

Different targeting ligands may have different affinities to the receptors on 

cells [113]. If one targeting ligand has a very high affinity to the receptor, 

there will be more droplets attached on cells prior to activation. The high 

concentration of bubbles generated by ultrasound-mediated activation could 

likely lead to diffusion/coalescence on the membrane surface. However, the 

assumption was made that diffusion/coalescence could as well occur on the 
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cell surface. Therefore, the size may also change due to different targeting 

ligands. 

 

5.5.2. Acoustic response immediately after activation 

There is a sharp decrease in the acoustic signal the first 100ms immediately 

following activation shown in Figure 5. This is likely because the large-sized 

newly vaporized nanodroplets float up to the top plane of the Opticell 

chamber when experiencing buoyant force. As vaporized nanodroplets 

moved away from the ROI as illustrated in Figure 5, there was a significant 

decrease in the acoustic signal. The populations of newly vaporized 

nanodroplets underwent some dynamic processes such as gas diffusion 

in/out of the microbubbles and the coalescence of microbubbles within the 

first 100ms [82, 114]. Moreover, the formation of the vortex due to the high 

MI activation pulse could also push the generated microbubbles out of the 

imaging plane as there was no confinement in the elevational direction in the 

Opticell chamber [82]. The acoustic signal of newly vaporized NT-

nanodroplets does not disappear at the end of 1 second post-activation.  This 

is mainly because the NT-nanodroplets are subjected to non-specific binding 

to cells. It is feasible that the lipid component could possibly infuse into the 

cell membrane bilayers to contribute to the non-specific binding [115]. 

Moreover, the acoustic signal decay may also be related to the cancer cell 

studied, the target ligand chosen [60], the activation and imaging pulses [50], 

and the confinement of experimental environment [76] as the Opticell 

chamber is a confined environment.  
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5.5.3. Size distribution of attached vaporized nanodroplets 

After activation, vaporized FR-nanodroplets were expected to remain on the 

bottom plane due to FR-binding to the cell membrane. While the successful 

binding and vaporization could be realized using nanodroplets, the 

maximum diameter of vaporized nanodroplets attached to the cells were as 

high as 68 µm which was larger than the mean diameter of the microbubble 

population before condensation (which has a peak size distribution centered 

approximately around 0.5 – 6 microns). The large FR-microbubbles (68 µm) 

were bound to the targeted cells despite the relatively large buoyant force. 

There are a few possible explanations for the large newly generated 

microbubbles. First, from a chemistry perspective, the monolayer of the lipid 

shell will be zipped to form bilayer strands from the microbubble 

condensation to nanodroplets, followed by the bilayer strands being 

unzipped after activation to reform the monolayer [25, 116]. The unstable 

vaporized nanodroplets may lack some lipids immediately after acoustic 

activation and subsequently may tend to coalesce to share more lipid shell to 

promote the formation of larger microbubbles. In addition, a larger activation 

energy barrier is required to achieve the homogenous nucleation of those 

nanodroplets of smaller diameters (less than 100nm) [116], thus that the 

nanodroplet size outliers (diameter larger than 1000nm) are easier to be 

activated to form larger vaporized nanodroplets. Second, from an imaging 

perspective, the high frame rate ultrasound imaging pulse from transducer 

may ‘push’ the microbubbles to coalesce to larger ones [117]. The secondary 

radiation force may also affect the microbubble coalescence as described in 

the literature [118, 119]. Finally, from an activation perspective, although 

the activation frequency (8MHz) used in this study was higher than the 
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activation frequency used in some previous studies [25, 53], it may still not 

be high enough to completely vaporize all the nanodroplets, especially those 

which are small in size, due to the lack of a ‘superharmonic focusing’ effect 

which initiates the nanodroplet nucleation [84].  

Moreover, the mean size of attached vaporized FR-nanodroplets was about 

3 times larger than that of attached vaporized NT-nanodroplets. This may be 

because more FR-nanodroplets attached to the MDA-MB-231 cells than NT-

nanodroplets prior to ultrasound activation. Thus, after activation, there were 

more vaporized FR-nanodroplets undergoing diffusion/coalescence to form 

larger microbubbles. 

While the aggregation of nanodroplets once injected into the Opticell 

chamber cannot be absolutely rule out, the nanodroplet membranes do 

contain PEG which has a tendency to retard this phenomenon. Moreover, the 

aggregation of both kinds of nanodroplets was not observed under the 

microscope prior to activation as the resolution of the microscope is 0.1613 

μm/pixel. 

 

5.5.4. Spontaneous vaporization of nanodroplets 

Spontaneous vaporisation of FR-nanodroplets could be seen before 

ultrasonic activation. This is due to the absorption of the thermal energy 

(temperature = 37 ºC) provided by the chamber environment. In this study, 

a high acoustic pressure (MI=1.9) activation pulse (with 10 half-cycles) was 

expected to destroy the existing spontaneously vaporized nanodroplets [120] 

and also generate newly ultrasound-activated nanodroplets. Hence, most of 
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the vaporized nanodroplets shown after ultrasound activation were expected 

to be the vaporized nanodroplets activated by the ultrasound pulse. 

There were possible interactions between the spontaneously vaporized 

nanodroplets and nanodroplets under ultrasound. Thus, the presence of these 

spontaneously vaporized nanodroplets could have an influence on the 

activation process of the nanodroplets in their proximity by potentially 

assisting in the activation of nanodroplets. 

It is possible that a small amount of spontaneously vaporized droplets would 

still persist after activation (attached/dislodged). However, since this will 

occur for both FR- and NT- experiments, the significant difference of size 

comparison was not expected to be affected.  

A ‘no activation pulse’ control experiment was performed compared to an 

experiment with activation pulses and the results were shown in the Figure 

10 below. As can be seen from the figure that the low-pressure imaging 

pulses were shown to not able to destroy any of the spontaneously vaporized 

droplets. For the experiment with imaging and activation pulses, as indicated 

by the red arrows on the figure, it can be clearly seen that the spontaneously 

vaporized droplets were destroyed by the activation pulses. 
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Figure 5. 10 A control experiment with only imaging pulses (left) and an experiment with 
both imaging and activation pulses (right) were performed at 37 degrees in a droplet 
solution, demonstrating that the activation pulse was able to remove the spontaneously 
vaporized droplets. (a) and (c) show two consecutive imaging frame without activation 
pulses. (b) and (d) show two consecutive imaging frame (before and after activation 
respectively) with activation pulses in between. The experimental conditions were kept 
the same as detailed in Table 1.  Note that (a) and (b) are very first frame of the individual 
experiment showing spontaneously vaporized droplets, while the horizontal line in (d) 
corresponds to the ultrasound focal depth of the vaporization pulses. 

 

5.5.5. Flow velocity mapping 

With respects to flow velocity mapping, it was difficult to associate the 

velocity vectors with individual vaporized nanodroplets due to the large 

resolution cell size which might contain a number of vaporized nanodroplets. 

The signal amplitude within such a resolution cell is weighted by the 

individual bubble signal strengths which may be highly size dependent. 

Furthermore, it could be potentially affected by a number of elements, such 

as complex function of scattering, resonance and nonlinear detection scheme 

effects etc. However, we believe the size estimation approach used in this 

study is still able to demonstrate the average size range of the vaporized 

targeted droplets and help our understanding of their behavior after 

activation.  
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The imaging frequency used in this study was 4 MHz, which may not show 

well the small bubbles generated. The generated bubbles with approximately 

2 μm may resonate at this imaging frequency according to a previous 

literature [121]. 

 

5.5.6. Assumption of Stokes’ equation 
The Stokes’ equation was used as a mathematical model to convert the rise 

velocity to the diameter of rising microbubbles [108]. There are three 

assumptions for applying this equation. First, it is assumed that the 

microbubbles are perfectly spherical. Second, it is assumed that there is no 

internal gas circulation within the microbubbles and no slip exists at the 

boundary. Third, it is assumed that the liquid inside the chamber is stagnant. 

In this study, the activation pulse may induce a flow inside the chamber. 

However, as can be seen from Figure 8, the flow was still dominated by the 

rising microbubbles. It may be possible that some non-gaseous particles may 

have detached from the bottom of Opticell chamber with the floating 

microbubbles, however, no non-gaseous attachment to the bubbles can be 

observed. 

 

5.5.7. Size of nanodroplets before activation 
The unfiltered (without size manipulation) FR- and NT-nanodroplets were 

used in this study. It is noted that the presence of nanodroplet size outliers 

may potentially affect the performance of acoustic vaporization of 

nanodroplets to give larger sizes of vaporized nanodroplets [122]. In the in 

vivo setting, the large vaporized nanodroplets should be filtered out by the 
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lungs [123]. Therefore, the size population of nanodroplets will need to be 

manipulated in future studies. Although the mean size of vaporized FR-

nanodroplets generated immediately after activation is 9µm, vaporized 

droplet outliers as large as 68 µm were detected. The size population of 

newly generated microbubbles will also be affected by the gas concentrations 

in the ambient fluid and confined environment [76]. 

 

5.5.8. MDA-MB-231 breast cancer cells 

           The MDA-MB-231 cells are immortalized, having gone through a 

number of passages. This large number of passages could result in cell 

receptor heterogeneity, thus different number of receptors. While this has not 

been studied in detail, Marshalek et al. [60] alluded to efficiency of binding 

to MDA-MB-231 using folate-targeted nanodroplets. This has also been 

noted for other cell lines (i.e. Pancreatic Cancer [Panc]-1). Whether this is 

due to cell contact/confluence or large number of passages generating 

heterogeneity, is not explicitly known. 

 

5.5.9. Ultrasound pulses on detachment 

It has been shown that ultrasound pulses with even medium amplitude are 

able to detach targeted microbubbles [124]. Unlike imaging vascular 

endothelial targets where shear stress from blood flow can detach the 

microbubbles from their bound sites, reducing ultrasound signal, the flow is 

very limited outside the vasculature and any detached bubbles could 

potentially stay in position and continue to contribute to ultrasound signal. 
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The activation pulse could also cause diffusion of gas out of the 

microbubbles resulting in loss of echogenicity. Future work is required to 

study the impact of potential detachment of vaporized nanodroplets on the 

ultrasound molecular images.  

 

5.6. Conclusion  

In summary, we have investigated binding of targeted nanodroplets to MDA-

MB-231 breast cancer cells as well as the acoustic response and size 

distribution of newly generated attached microbubbles immediately after 

activation. It is found that the size of floating microbubbles is on average 

more than 7 times larger than the size of targeted microbubbles to the cells. 

The results show the acoustic signal of generated FR-microbubbles is 

persistent after activation, with 70% acoustic signals remaining 1 second 

after activation, compared to the NT-microbubbles where only 40% of the 

acoustic signal remains. The microscopic imaging shows on average 6 times 

more FR-microbubbles generated with wider range of diameters (from 4 to 

68µm) attach to the cells compared to NT-microbubbles (from 1 to 7 µm) 

with non-specific binding after activation. It is also found that the mean size 

of attached vaporized FR-nanodroplets is about 3 times larger than that of 

attached vaporized NT-nanodroplets. This investigation and quantification 

provides a better understanding of the acoustic response and size distribution 

of these vaporized targeted nanodroplets for future ultrasound molecular 

imaging and therapeutic studies. 

 



Chapter 6 Photoacoustic Super-Resolution Imaging using Laser 
Activation of Dye-Coated Nanodroplets 

 

126 
 

Chapter 6 Photoacoustic Super-

Resolution Imaging using Laser 

Activation of Dye-Coated 

Nanodroplets 

6.1. Abstract  

In this study, a photoacoustic super-resolution imaging technique was 

developed through imaging the activation of Cyanine 7.5-coated phase-

change nanodroplets using a preclinical photoacoustic imaging system and 

localizing the activated droplets. As a proof-of-concept experiment, 

photoacoustic images of microfluidic channels were obtained with a 

cylindrically focused curved-array, while dye-coated nanodroplets flowed 

through the channels. Experimental results showed that super-resolution 

images can resolve structures which cannot be resolved by conventional 

beamformed images in vitro. The results also showed that the dye-coated 

phase-change nanodroplets can be optically activated in vivo and the 

activation signals can be separated from the image background by applying 

singular value decomposition filtering, and be used for further super-

localization processing. Nanodroplets offer better biocompatibility, as well 

as more flexible and controllable droplet activation rates, with potential for 

super-resolution imaging without flow and of extravascular targets, 

compared to contrast agents used in existing localization-based 

photoacoustic super-resolution imaging techniques. 
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6.2. Introduction  

Photoacoustic imaging is a biomedical imaging modality which can provide 

high-resolution, multi-contrast images of biological structures [63]. 

Absorption of modulated light by endogenous biomolecules or exogenous 

contrast agents, thermoelastically induces acoustic waves, the detection of 

which is used to form an image [64]. However, when diffuse illumination is 

used, the spatial resolution of photoacoustic imaging is inherently limited by 

the acoustic detection bandwidth [65].  

Over the last decade, various optical super-resolution imaging techniques 

have been developed to break the diffraction limit in spatial resolution, and 

photo-activated localization microscopy (PALM) [26] and stochastic 

reconstruction microscopy (STORM) [28] are examples of localization 

methods based on sequentially acquired image data. Such methods are 

capable of resolving cellular structures at spatial resolutions of a few tens of 

nanometers. Inspired by optical super-resolution imaging, ultrasound super-

resolution imaging techniques using flowing microbubble contrast agents 

were developed in order to resolve microvascular structures beyond the 

diffraction limit in deeper regions of tissues [32, 37]. High-boiling-point 

perfluorocarbon nanodroplets have been used in photoacoustic super-

resolution imaging as they can be repeatedly activated by laser pulses 

between which they recondense to continuously provide localization events 

[48]. Another study demonstrated that high-boiling-point perfluorocarbon 

nanodroplets can be used for subwavelength-localized ultrasound-assisted 

drug delivery [71]. Recently, our group developed a new ultrasound super-

resolution imaging approach using acoustic activation and deactivation of 

low-boiling-point nanodroplet contrast agents, which we called acoustic 
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wave sparsely activated localization microscopy (AWSALM)  [13]. Unlike 

ultrasound super-resolution imaging using microbubbles, AWSALM does 

not require flow to create the stochastic process for super-resolved 

localization of microbubbles over time. It also requires much less 

energy/pressure to perform super-resolution imaging compared to other 

droplet-vaporization based super-resolution techniques. In the 

photoacoustics community, deep-tissue photoacoustic super-resolution 

imaging was first investigated without contrast agents, using optical 

wavefront shaping approaches, to allow resolution to be optically determined 

rather than acoustically determined [72]. Inspired by super-resolution optical 

fluctuation imaging (SOFI) [73], non-contrast statistical methods apply high-

order statistics of deliberately varied illumination speckle to achieve 

photoacoustic super-resolution [74, 75]. Contrast particle-localization based 

super-resolution photoacoustic imaging was first developed using flowing 

optically absorbing polyethylene microspheres [65, 70].  

We have previously demonstrated that cyanine 7.5-coated nanodroplets, 

termed as ‘Cy-droplets’, can be used to enhance contrast in photoacoustic 

imaging, generating a 56 dB increase in signal strength relative to controls 

such as microbubbles, Cy-microbubbles and Cy-solution [17]. Cy-droplets 

consist of a low-boiling-point perfluorocarbon core for low-threshold optical 

activation, and an optically absorbing dye chosen to absorb light at a 

wavelength in the near-infrared range with good tissue penetration. 

Nanodroplets containing a low-boiling-point perfluorocarbon are easier to 

activate and their use is thus less likely to be associated with unwanted 

ultrasound bioeffects than those with a high-boiling-point core, especially 

when activating in deeper tissues [10].  
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Compared to the existing localization-based photoacoustic super-resolution 

imaging techniques using optically absorbing paramagnetic polyethylene 

microspheres, nanodroplet contrast agents offer better biocompatibility and 

clearance from living systems. Moreover, the use of dye-coated nanodroplets 

provides a more controllable super-resolution imaging environment. This is 

because the concentration of microspheres cannot be changed once injected, 

whereas the activation of nanodroplets is governed by laser intensity, 

wavelength, and the concentration of nanodroplets. This means, the sparsity 

of droplet activation signals can be adjusted in real-time by manipulating the 

laser intensity and wavelength after the injection. Furthermore since, unlike 

absorbing microspheres, the photoacoustic signals from Cy-droplets are 

generated at the moment of activation, and they should be able to extravasate, 

super-resolution imaging with the Cy-droplets need not require flow nor be 

restricted to visualizing the microvasculature.  

Inspired by AWSALM and the above properties of Cy-droplets, we have 

developed a photoacoustic super-resolution imaging technique, and this is 

demonstrated here using laser activation of Cy-droplets in vitro. We also 

show the activation patterns of Cy-droplets in vivo, which demonstrates the 

potential of applying this technique in vivo.  
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6.3. Methods 
 6.3.1. In vitro experimental setup 

 

Figure 6. 1 Experimental setup. Photoacoustic signals were measured with 256 elements 
distributed over 270° of a cylindrically focused curved-array (radius 40mm, nominal peak 
sensitivity at 5 MHz, element pitch 0.735 mm) within an MSOT in Vision 256-TFTM 
(iThera Medical GmbH). The yellow plane indicates the imaging plane and the transducer 
channels are oriented perpendicular to the plane of the figure. 

A schematic of the experimental setup used is shown in Figure 6. 1. For the 

in vitro experiment, the phantom was made of two microfluidic channels 

(diameter 200 μm and 300 μm respectively) embedded in 1.5% agarose gel. 

The Cy-droplets were fabricated as described previously [17] and diluted to 

10% relative to stock solution in the distilled/deionized water. Image 

sequences of 500 images were acquired over 50 s at a pulse repetition 

frequency of 10 Hz.  

6.3.2. In vivo experimental setup 

The in vivo experiment was performed on a female CrTac:NCr-Fox1nu 

athymic nude mouse. After injection of a 200 μL nanodroplet solution into 
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the tail vein, laser activation of nanodroplets and whole-body abdominal 

cross-sectional photoacoustic imaging was performed using a multispectral 

optoacoustic tomography (MSOT) system (inVision 256-TF, iThera 

Medical). 500 frames of images were acquired over an acquisition time of 

50 s. 

6.3.3. Imaging parameters 

Both in vitro and in vivo photoacoustic imaging was performed at a single 

wavelength of 788 nm (peak absorption of Cyanine 7.5) with a fluence per 

pulse estimated at the surface of the mouse body to be 20 mJ/cm2, based on 

manufacture-nominal total laser energy per pulse and the approximate 

surface area of a mouse illuminated. One pulse (10 ns pulses, 10 Hz pulse 

repetition frequency) was transmitted per image. The raw data was 

beamformed by the back-projection algorithm embedded in the MSOT 

system (viewMSOT v3.8) in order to obtain the image data.  

6.3.3. Image processing 

Singular value decomposition (SVD) processing was applied to the in vivo 

image data to separate the activation signals of the nanodroplets from 

background. Super-localization processing was then applied in order to 

localize the activation signals of the nanodroplets.For the reconstruction of 

the super-resolution image, a minimum image pixel value threshold was set 

in order to reject noise and detect potential droplet activation. After 

thresholding, each detected potential event in each image frame, after 

thresholding was compared to the point-spread-function (PSF) of the 

imaging system according to its intensity, area, and shape. Events that did 

not fit the properties of a single PSF are likely due to either simultaneous 
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activation of multiple neighboring nanodroplets or noise. These events were 

discarded after the comparisons. The location of each single isolated droplet 

activation signal was then calculated by the ‘centroid method’ [32]. The 

centroid of each localized signal was computed by estimating the intensity 

weighted center of mass. The final super-resolution image was created from 

accumulating all the localizations detected over all the imaging frames.  

6.3.4. System characterization  

The MSOT photoacoustic imaging system was characterized by measuring 

the diffraction limited resolution and localization precision under the same 

experimental condition as were used in the super-resolution experiment. A 

50-μm-diameter metal wire was embedded in an agarose phantom to imitate 

a point absorber approximately at the center of the image field. The 

resolution of the MSOT photoacoustic imaging system was measured as the 

mean value over 100 frames, of the full-width-half-maximum of the intensity 

profile through the center of the image of the wire, in the lateral and axial 

directions. The localization precision was measured to be the standard 

deviation of the measured center of mass over 100 frames.  
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6.4. Results  
6.4.1. Characterization of imaging system 

 

Figure 6. 2 Characterization of the MSOT photoacoustic imaging system. (a) A 
representative cross-sectional image PSF of a 50-μm-diameter wire. (b) Image profile in 
the axial direction. (c) Image profile in the lateral direction. 

Figure 6. 2 shows a representative image of the wire cross-section, 

normalized to the peak. The axial and lateral diffraction-limited resolution 

was measured as a FWHM of 240 μm and 117 μm, respectively. These 

values correspond approximately to the previously reported value of 150 μm 

isotropic in-plane resolution [125], the differences possibly being due to 

spatial variation of the PSF and lack of perfect centering of the wire in our 

experiment.  
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6.4.2. In vitro photoacoustic super-resolution imaging  

 

Figure 6. 3 Experimental results.  (a) Summation of 500 conventional cross-sectional 
photoacoustic images of the cross-section of the micro-channels.  The two neighboring 
channels cannot be resolved. (b) Super-resolution photoacoustic image of the micro-
channel cross-sections. (c) Profile through conventional and super-resolution images 
along the red lines indicated on (a) and (b).  

Figure 6.3(a) shows the summation of 500 conventional beamformed images 

of the cross-section of the tube phantom, acquired in 50 seconds. Fig. 3(b) 

shows the corresponding super-resolution image. It can be seen from Fig. 

3(c) that the super-resolution image can resolve two tubes whereas the 

original beamformed image cannot. Moreover, the full-width-half-maximum 

(FWHM) of the two peaks in the super-resolution image were measured to 

be 290 and 200 𝜇𝑚 for the 300 and 200 𝜇𝑚 diameter tubes respectively.  
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6.4.3. In vivo photoacoustic signals  

 

Figure 6. 4 (a) A conventionally beamformed photoacoustic image shows an abdominal 
cross-sectional image of the mouse. (b) A representative image of no droplet activation 
after SVD processing. (c-f) Example patterns of detected Cy-droplet activations in vivo 
after SVD processing.  
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Figure 6.4 (a) shows the conventionally beamformed photoacoustic image 

of a cross-section through the mouse abdomen. Fig. 4(c-f) show example 

frames containing the patterns of signals seen for detected Cy-droplet 

activations in vivo after SVD processing - a round and high-intensity PSF 

with ripple-shaped artefacts associated with the activation of the droplets is 

shown in each image.  

6.5. Discussion 

The origin of these artefacts is currently unexplained. Further work is 

required to understand and reduce them, and to reconstruct photoacoustic 

images so as to take advantage of detected activations to provide a higher-

quality super-resolution contrast-enhanced in vivo photoacoustic image. The 

other main limitation of this initial proof-of-concept study is that the pulse 

repetition frequency of the laser in the MSOT system used is 10 Hz, which 

limits the in vivo data that can be acquired. Thus, an unacceptably long 

acquisition time would be required to accumulate sufficient localization 

events for reconstructing a super-resolution in vivo image. Therefore, the 

current preclinical imaging system has limited in vivo usefulness given the 

allowable times for animal anaesthesia. The low pulse repetition rate also, 

prevents the observation of dynamic events and would compromise the 

spatial resolution unless adequate motion correction can be applied.  This 

limitation was also present in other localization-based photoacoustic super-

resolution imaging studies [65, 70]. Nevertheless, if it can be overcome 

through the use of higher repetition rate laser sources, localization-based 

super-resolution imaging provides a very simple and promising way to 

improve the resolution.  
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The homemade Cy-droplets solution has the same core composition as the 

commercial MicroMarker© (FUJIFILM, Visualsonics) and Sonazoid© (GE 

Healthcare) contrast microbubbles, and a previous study has shown that the 

commercial MicroMarker© microbubble contrast agents can be condensed 

into nanodroplets [99]. This could potentially facilitate the clinical 

translation of this photoacoustic super-resolution imaging technique.  

6.6. Conclusion  

In conclusion, a photoacoustic super-resolution imaging technique was 

developed and demonstrated using the activation signals of Cyanine-7.5 

coated nanodroplets generated in vitro by a preclinical photoacoustic system. 

The experimental results showed that the super-resolution image can resolve 

structures which cannot be resolved by the conventional beamformed image. 

We have also shown that it is possible to activate the Cyanine-7.5 coated 

nanodroplets in vivo and that the activation signals can be localized. 

Compared to contrast agents used in previous localization-based 

photoacoustic super-resolution imaging research, dye-coated nanodroplets 

offer better biocompatibility to the body, the potential for imaging 

extravascular structure which may be reached by molecularly-targeted 

versions of the nanodroplets, and potential for imaging in the absence of flow. 

This is also the first demonstration that any time-resolved localizable 

photoacoustic contrast signals can be detected in vivo.  

 

[96, 126-136] 
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Chapter 7 Summary, Future Work 

and Challenges 
7.1. Summary  

Focusing on droplet-based ultrasound super-resolution and molecular 

imaging, four scientific contributions were made: developing ultrasound 

super-resolution imaging technique using nanodroplets (AWSALM), 

making the super-resolution data acquisition faster by developing fast-

AWSALM, generating new knowledge and insight for targeted nanodroplets 

under ultrasound and optical imaging.  

In Chapter 3, AWSALM, a new ultrasound super-resolution technique using 

acoustic activation and deactivation of phase-change nanodroplets, has been 

demonstrated. Experimental results show that sub-wavelength micro-

structures not resolvable by standard B-mode ultrasound images can be 

separated by AWSALM. This technique is less dependent on flow and does 

not require a low concentration of contrast agents, as is required by current 

ultrasound super resolution techniques. Acoustic activation and deactivation 

can be controlled by adjusting the acoustic pressure, which remains well 

within the FDA approved safety range. In conclusion, this study shows the 

promise of a flow and contrast agent concentration independent super-

resolution ultrasound technique which has potential to be faster and go 

beyond vascular imaging. 

In Chapter 4, fast-AWSALM was demonstrated on an in vitro microvascular 

phantom to super-resolve structures that could not be resolved by 
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conventional B-mode imaging. The effects of the temperature and 

mechanical index on fast-AWSALM was investigated. Experimental results 

show that sub-wavelength micro-structures as small as 190 μm were 

resolvable in 200 ms with plane-wave transmission at a center frequency of 

3.5 MHz and a pulse repetition frequency of 5000 Hz. This is about a 3.5 

fold reduction in point spread function full-width-half-maximum compared 

to that measured in conventional B-mode, and two orders of magnitude faster 

than the recently reported AWSALM in non-flow/very slow flow situations 

and other localization based methods. Just as in AWSALM, fast-AWSALM 

does not require flow, as is required by current microbubble based ultrasound 

super resolution techniques. In conclusion, this study shows the promise of 

fast-AWSALM, a super-resolution ultrasound technique using nanodroplets, 

which can generate super-resolution images in milli-seconds and does not 

require flow. 

In Chapter 5, folate-receptor targeted nanodroplets with MDA-MB-231 

breast cancer cells were investigated under high-frame-rate ultrasound and 

optical imaging. It was found that the size of floating vaporized nanodroplets 

was on average more than 7 times larger than the size of vaporized 

nanodroplets attached to the cells. The results also showed that the acoustic 

signal of vaporized FR-nanodroplets was persistent after activation, with 70% 

of the acoustic signals still present 1 second after activation, compared to the 

vaporized NT-nanodroplets where only 40% of the acoustic signal remained. 

The optical microscopic images showed on average 6 times more vaporized 

FR-nanodroplets generated with a wider range of diameters (from 4 to 68 

µm) that still attach to the cells compared to vaporized NT-nanodroplets 

(from 1 to 7 µm) with non-specific binding after activation. It was also found 
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that the mean size of attached vaporized FR-nanodroplets was on average 

about 3-fold larger than that of attached vaporized NT-nanodroplets. The 

study offers an improved understanding of the vaporization of the targeted 

nanodroplets in terms of their sizes and acoustic response in comparison with 

non-targeted ones, taking advantage of high-frame-rate contrast-enhanced 

ultrasound and optical microscopy. Such understanding would help design 

optimized methodologies for imaging and therapeutic applications. 

Chapter 6 shows the feasibility of using dye-coated nanodroplets for 

photoacoustic super-resolution imaging. A photoacoustic super-resolution 

imaging technique was developed and demonstrated using the activation 

signals of Cyanine-7.5 coated nanodroplets generated in vitro by a 

preclinical photoacoustic system. The experimental results showed that the 

super-resolution image can resolve structures which cannot be resolved by 

the conventional beamformed image. We have also shown that it is possible 

to activate the Cyanine-7.5 coated nanodroplets in vivo and that the 

activation signals can be localized. Compared to contrast agents used in 

previous localization-based photoacoustic super-resolution imaging research, 

dye-coated nanodroplets offer better biocompatibility with the body, the 

potential for imaging extravascular structures which may be reached by 

molecularly-targeted versions of the nanodroplets, and potential for imaging 

in the absence of flow. This is also the first demonstration that any time-

resolved localizable photoacoustic contrast signals can be detected in vivo. 

7.2. Future Work and Challenges  
Implementation of AWSALM and fast-AWSALM in vivo  
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The first two studies were performed in an in vitro phantom. These imaging 

techniques need to be evaluated in vivo to further demonstrate its feasibility. 

One of the biggest challenges of translating AWSALM from in vitro to in 

vivo is the uniformness of activation MI across the region of interest. Since 

the focus pulses were used in AWSALM pulse sequence, it is difficult to 

make sure that the same activation MI at every single point within the region 

of interest. Therefore, a novel design of pulse sequence (to improve the 

uniformness of activation MI) is required to further optimize the application 

of AWSALM.  

For the fast-AWSALM, the problem of having a relative uniform activation 

MI was overcome by the plane-wave activation. However, the application of 

plane-wave raised another problem for the in vivo implementation – 

penetration depth. It is challenging for plane-wave pulses to achieve about 

MI = 0.7 at depth. Therefore, it may limit the application of fast-AWSALM 

to shallow tissues.  

Flow Velocity tracking using AWSALM  

Due to the nature of simultaneous activation and destruction of nanodroplet, 

AWSALM appears to be not able to compute the flow velocities inside the 

microvasculature. A new acquisition pulse sequence needs to be developed. 

A multi-frame rate plane wave pulse sequence can be adapted into the current 

AWSALM acquisition code. Thus, an original AWSALM pulse sequence 

will be used to determine the microvasculature and later lower-frame-rate 

plane wave pulses will be used to estimate the flow velocity inside the 

vessels. 

Customization of nanodroplets  
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The nanodroplets need to be customized for different imaging purposes. For 

example, for cancer imaging, most of nanodroplets were expected to 

extravasate (cross the endothelial gap junctions) into the cancerous tissue. It 

has been found that most of such gap junctions were smaller than 200 – 400 

nm. Therefore, ideally, the nanodroplets need to be as small as possible for 

the extravasation. However, the required activation pressure of nanodroplet 

has been found to be inversely proportional to the size of it. Therefore, the 

activation parameters and also the droplet manufacture needs to be further 

optimized.  

Photoacoustic super-resolution using Cy-droplets 

One of the big limitations of this initial proof-of-concept study is that the 

pulse repetition frequency of the laser in the MSOT system used is 10 Hz, 

which limits the in vivo data that can be acquired. Thus, an unacceptably 

long acquisition time would be required to accumulate sufficient localization 

events for reconstructing a super-resolution in vivo image. Therefore, the 

current preclinical imaging system has limited in vivo usefulness given the 

allowable times for animal anaesthesia. The low pulse repetition rate also, 

prevents the observation of dynamic events and would compromise the 

spatial resolution unless adequate motion correction can be applied.  This 

limitation was also present in other localization-based photoacoustic super-

resolution imaging studies.  

A system with a higher pulse repetition frequency can be developed in the 

future, which could greatly improve the performance of current 

photoacoustic super-resolution method. When a higher frame rate can be 

achieved, photoacoustic Doppler imaging can be developed.  
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