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Abstract 

 

Biomedical imaging has always been a very important existence, both for clinical diagnosis and 

basic research. There are many types of biomedical imaging, such as computed tomography (CT) 

based on X-ray, ultrasound (US) imaging based on ultrasound reflection and scattering, magnetic 

resonance imaging (MRI) based on magnetic resonance principle, or various optical imaging 

modalities. Each imaging mode has different imaging mechanism and therefore has its own 

advantages and disadvantages. Therefore, there is now a trend to combine two or more imaging 

methods to compensate for each other's advantages and disadvantages to achieve better imaging 

quality and obtain more imaging information. 

 

Contrast agents are essential in biomedical imaging. It can provide a stronger contrast effect, and 

can even specifically image certain tissues or certain metabolic processes. The contrast agent can 

be a small molecule, such as Fludeoxyglucose (18F), which is applied to positron emission 

tomography-computed tomography (PET-CT) to achieve imaging of metabolically active tumor 

sites. The contrast agent can also be a nanomaterial or a micron material, such as gold nanoparticles, 

or lipid microbubbles. 

 

In this thesis, we are focusing on the multi-functional contrast agents which are used in dual-mode 

ultrasound and photoacoustic imaging. Ultrasound (US) imaging and photoacoustic (PA) imaging 

have similar principles. Ultrasound imaging is produced by reflecting the transmitted ultrasound at 

different interfaces in the tissue. However, the excitation signal of photoacoustic imaging is a laser 

pulse. The laser energy is absorbed in the tissue and converted into heat, which produces thermal 

vibrations that are ultimately emitted as broadband ultrasound. The principle of proximity can make 

the two imaging systems more easily embedded together and achieve a combination of high contrast 

of optical imaging with the high spatial resolution of ultrasound imaging. The synthesis of dual-

mode contrast agents can be achieved by combining ultrasound and photoacoustic contrast agents. 

 

First, we designed a contrast agent for dual-mode ultrasound and photoacoustic imaging, which 
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combines polyvinyl alcohol (PVA) microbubbles and molybdenum disulfide (MoS2) nanosheets by 

electrostatic adsorption. Microbubbles are the most commonly used ultrasound contrast agents, and 

PVA encapsulated microbubbles provide more stable properties and facilitate subsequent surface 

modification. The molybdenum disulfide nanosheets have a strong extinction in the near-infrared 

region, which can convert photon energy into ultrasonic waves and produce photoacoustic contrast. 

The dual-mode contrast agent has been shown to have good stability and biocompatibility, as well 

as ultrasound/photoacoustic contrast both in vivo and in vitro. 

 

In order to enrich the dual-mode contrast agent system based on polyvinyl alcohol microbubbles, 

we replaced molybdenum disulfide nanosheets with another material with excellent photoacoustic 

contrast: polydopamine. Polydopamine is oxidized and polymerized by dopamine in an alkaline 

environment, and has good extinction ability under full-wave illumination, so that photoacoustic 

contrast can be produced. More importantly, polydopamine has excellent biocompatibility, and the 

large amount of phenolic hydroxyl groups on the surface makes surface modification easy. We first 

demonstrated that the polydopamine doped PVA microbubbles have good stability and 

biocompatibility, as well as in vitro ultrasound/photoacoustic contrast. Next, we modified the RGD 

peptides on the surface of polydopamine doped PVA microbubbles, a biomolecule that specifically 

targets epithelial cells at the tumor site. In vitro experiments have demonstrated that PDA doped 

PVA microvesicles modified with RGD peptides can specifically target epithelial cells Hy.926 and 

further achieve photothermal therapy of the cells. 

 

Since the size of the microbubbles is too large, it appears to be incapable of imaging the inside of 

the tumor because microbubbles cannot penetrate the blood vessel wall and enter deep into the tumor. 

We synthesized a nanoscale ultrasound/photoacoustic contrast agent by coating polydopamine on 

the surface of low-boiling point perfluorohexane nanodroplets. Without any triggering, the contrast 

agent will only provide photoacoustic imaging with no ultrasound signals. When externally 

irradiated with near infrared laser light, the photothermal effect of polydopamine raises the 

temperature of the perfluorohexane nanodroplets, thereby vaporizing to produce perfluorohexane 

microbubbles, thus obtaining an ultrasound contrast effect. The size of the polydopamine-coated 

perfluorohexane nanodroplets can be controlled at around 300 nm, with the ability to pass through 
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the vessel wall of the tumor site and into the tumor for imaging and treatment. By adjusting the pH 

of the synthesis, as well as the volume of the perfluorohexane liquid, size control from 235 nm to 

510 nm could be achieved without any introductions of surfactants. The nanodroplets have been 

shown to have good biocompatibility, as well as in vitro ultrasound and photoacoustic imaging 

capabilities, which are able to kill tumor cells by photothermal therapy. 
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Chapter 1 Introduction 

 

1.1 Bioimaging 

 

Bioimaging, or biological imaging, refers to any imaging technique utilized in biology. The purpose 

of bioimaging is to see the biological components, simply like the observation from human eye. For 

this purpose, many bioimaging modalities have been developed based on different principles.  

 

Among them, the major group of bioimaging technique are based on optics, which are called optical 

imaging. The optical signals employed can be bright field light, dark field light, fluorescence, or 

luminescence. Except optical imaging modalities, other imaging modalities are also widely utilized 

for biological purpose, like ultrasound (US) imaging, magnetic resonance imaging (MRI), 

radiography Imaging, and nuclear medicine imaging. The have different principles and are 

employed in specific applications. Ultrasound imaging, based on the reflection or scattering of 

ultrasound waves, is widely used to image internal body structures such as tendons, blood vessels, 

and organs. The principle is totally different from optical imaging modalities since all the signals 

transduced are ultrasound waves, instead of the light. 

 

Photoacoustic (PA) imaging, or optoacoustic imaging, is a biological imaging modality based on 

photoacoustic effect. The photoacoustic effect, as the name suggests, is a combination of “photo” 

and “acoustic”. The “photo” refers to signals generated from light, while the “acoustic”, refers to 

the signals from sound. Particularly, the light is laser pulses and the sound are the ultrasonic 

emissions. Hence, PA imaging is a combination of optical imaging and ultrasound imaging. Until 

now, PA imaging has been applied to create functional images relevant to optical absorptions in 

biological tissues, such as hemoglobin with or without oxygen. 

 

In this thesis, all the studies are carried around two biological imaging modalities: ultrasound 

imaging and photoacoustic imaging. Details will be introduced in the following sections. 
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1.1.1 Ultrasound imaging 

 

Ultrasound is mechanical vibrations with a high frequency above 20 kHz than cannot be heard by 

human ear. The approximate frequency ranges for sound waves is shown in Figure 1. The blue line 

(20 Hz-20 kHz) represents audible part to the human ear, which is the boundary of infrasound and 

ultrasound. The ultrasound can be used in many different fields, especially the frequency range 

between 1 to 15 MHz, which is suitable application in diagnostics [1]. 

 

 

Figure 1. Sound frequency ranges 

 

Ultrasound imaging is based on the “pulse-echo” principle, which is shown in Figure 2. The 

transducer is regarded as both emitter and receiver. A short burst ultrasound is firstly emitted from 

the transducer into tissue. Echoes are produced and reflected due to interaction between sound and 

tissue, and some of them are received by transducer. The period between the pulse emission and 

echo reception can be timed. The distance r can be calculated, and an image formed [1]. 
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Figure 2. Principle of Ultrasound Imaging 

 

Ultrasound is widely applied in different disciplines, such as medical application and industrial 

application. In the medical field, it is focused on diagnostics and therapy. For example, the 

ultrasound can be used in the sonography to monitor the development of fetuses. And cardiac 

irregularities and valvular insufficiency can be identified by ultrasound. In the industrial field, 

ultrasound can be used to weld. Moreover, the thickness of products and objects can be measured 

by ultrasound through non-destructive testing. In fact, there are a great number of other applications 

for ultrasound as well, such as ultrasonic cleaning and ultrasonic disintegration attribute to 

cavitation. 

 

1.1.2 Photoacoustic imaging 

 

Photoacoustic imaging (PAI) is an emerging method that combines the high contrast of optical 

imaging with the high spatial resolution of ultrasound [2, 3]. Tissue heating due to the absorption of 

short laser pulses by endogenous chromophores or exogenous contrast agents produces broadband 

acoustic waves at megahertz frequencies. These photoacoustic (PA) waves can be detected by 

ultrasound transducers at the tissue surface and reconstructed to form an image of the absorbed 

optical energy distribution. Because sound waves are less scattered in tissue than photons are, PAI 

can push the traditional limits of optical imaging. For example, when operating in the near-infrared 

(NIR) window (620–950 nm), tomographic PAI can achieve a penetration depth of several 

centimeters with resolution on the order of a few hundred micrometers, scaling to <100 μm for 
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shallower (<1 cm) penetration depths. Figure 3 is a schematic illustration showing the basic 

principles of photoacoustic imaging. 

 

Figure 3. Schematic illustration of photoacoustic imaging 

 

PAI is currently one of the fastest-growing molecular imaging techniques. It has rapidly been 

adopted for preclinical in vivo imaging in small animals for a range of disease indications. The 

prevailing application is in cancer research, where PAI has been explored for primary tumor 

detection and molecular characterization [4], for therapeutic monitoring [5] and for the identification 

and assessment of metastatic lymph nodes [6]. 

 

1.2 Contrast agents for bioimaging 

 

Contrast agents, or contrast medium, are substance which can significantly enhance the contrast in 

biological or medical imaging. The purpose is to obtain a better imaging quality of structures or 

fluids within the body. Unlike the radiopharmaceuticals which can generate X-ray emission 

themselves, contrast agents cannot provide imaging signals without any internal or external triggers. 

For instance, in MRIs, contrasts like Fe3O4 nanoparticles or gadolinium (Gd) doped nanoparticles 

are very sensitive to external magnetic field and generate MR signals with extremely high contrast 
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compared to surrounding tissues. In US imaging, microbubbles are mostly utilized to enhance the 

ultrasound contrast. The inert gas like low-boiling point perfluorocarbons is encapsulated in 

microbubbles and hard to diffuse to surround fluid. Hence, the microbubbles can be stabilized from 

falling to pieces and the lifetime of microbubbles is significantly increased. The phase difference 

between the inside (gaseous phase) and outside (aqueous phase) can give the strong backscattering 

of ultrasound waves which are received by the ultrasonic probes. The backscattering signals are 

processed and can be seen in the ultrasound images, as a result of high contrast. 

 

In next two section, contrast agents in ultrasound imaging and photoacoustic imaging will be 

summarized.  

 

1.3 Ultrasound contrast agents 

 

As mentioned in previous part, microbubbles are the mostly used contrast agent in ultrasound 

imaging. Microbubbles, as its name implied, are bubbles with a diameter at micro scale. Typically, 

the diameter of a microbubble is less than 10um, which is comparable to red blood cells. Such size 

allows microbubbles flow in blood within blood vessels. The majority of the volume of a 

microbubble is gas.  

 

The micro size limits microbubbles only staying in large blood vessels, and prevent them from 

flowing into small blood capillaries, as well as traversing blood vessels in tumors or inflammatory 

sites with a larger leakage compared to those in normal tissues. To solve this issue, nanostructures 

with ultrasound contrast were involved as an alternative. Nanobubbles with a nanosized distribution 

which encapsulate inert gas inside are the first substitute for microbubbles, while nanodroplets, 

which encapsulated liquid perfluorocarbon with a boiling point slightly higher than body 

temperature, are the other substitute. 

 

In this section, microbubbles, nanobubbles, and nanodroplets will be summarized in detail, 

including the composition, fabrication, properties, and limitations. 
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1.3.1 microbubbles 

 

The classification of microbubbles is based on the issues of stability and acoustic properties. To 

stabilize the gas core of microbubbles, methods are focused on two aspects: the chosen of gas and 

using a stable shell. In the earliest study of microbubbles, air was chosen as the gas core [7, 8]. 

Nitrogen gas and oxygen gas make up most of the air and are non-polar gas. Compared to other 

polar gas like carbon dioxide, nitrogen or oxygen is inert enough and has a relative low solubility 

in water. However, for the sake of safety, the occupied volume of microbubbles in blood should be 

controlled. Hence, nitrogen or oxygen gas is still readily diffused into surround liquid. To solve this 

diffusion issue. Perfluorocarbon family with an extremely low solubility and good biocompatibility 

are introduced as the gas core. To further enhance the stability of microbubbles, various materials 

with different acoustic properties were employed as the shell to provide a longer lifetime of 

microbubbles. The materials utilized for microbubbles can be classified into surfactant, lipid, protein, 

and polymer and contribute different physicochemical properties. Figure 4 shows a summary of the 

structure and components of current microbubbles [9]. 

 

 

Figure 4. Structure and compositions of current microbubbles. Microbubbles used for ultrasound 

imaging have a core-shell structure. The total size of microbubbles varies from 0.5 to 10 μm with 

shell thickness of 1 to 200nm. The gas core is filled with air, nitrogen, or perfluorocarbon. The 

materials of shell can be classified into surfactant, lipid, protein, and polymer and contribute 

different physicochemical properties. For lipid microbubbles, the shell is made of a layer of lipid. 

For protein or polymer microbubbles, covalent bonds are often involved [9].  
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1.3.1.1 protein based microbubbles 

 

In ultrasound contrast agents, proteins act as surface stabilizers, or surfactants, to form the earliest 

batch of microbubbles. Among these protein-stable microbubbles, albumin as a shell microbubble 

was the first successfully produced product. The first batch of microbubbles approved by the FDA 

is Albunex made up of albumin. Albunex is made up of a 5% (w/v) albumin solution that can be 

stored in the refrigerator for up to two years before forming microbubbles. When needed, by 

ultrasonication and heat treatment, the cavitation effect causes a large amount of air microbubbles 

to be sonicated in the solution, and these microbubbles are stabilized by a layer of albumin. The 

thickness of the albumin shell is approximately 15 nm, and the diameter of the microbubbles is 

approximately 1 to 15 microns [7]. Microbubbles can be stabilized by albumin shells, on the one 

hand because of the amphiphilic nature of albumin as a surfactant, and on the other hand because 

of the large amount of energy that causes the albumin surface to be exposed during heating and 

ultrasound. The active sulfhydryl residues oxidatively crosslink each other to form a disulfide 

bond[10]. The stability of this chemical bond is much stronger than the simple surfactant protection, 

so the microbubbles also show better relative rigidity under ultrasound [11]. After Albunex, another 

new microbubble was also developed, called OptisonTM (GE Healthcare). Because the solubility of 

air in water is relatively high, the half-life is not well controlled even under conditions protected by 

albumin shells. Therefore, in the OptisonTM microbubbles, a very low solubility perfluorocarbon 

gas is used to replace the air to prolong the circulation time of the microbubbles in the body. Because 

perfluorocarbon gas has extremely high stability, it also has very good biocompatibility [12]. 

OptisonTM microbubbles are now FDA approved and are widely used clinically for 

echocardiography. 

 

Typical proteins have two properties that form microvesicles: the amphiphilic nature of the surface 

has the property of free reactive sulfhydryl groups. So, in addition to albumin, there are many 

proteins that can be used to make protein-based microbubbles. For example, Cavalieri’s group 

reported that lysozyme was used instead of albumin as a microbubble (Figure 5A). In addition to 

the relatively stable microbubbles, the activity of lysozyme itself can be retained for several months, 
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and they also proved that the formation of disulfide bonds played a very important role in the 

stabilization of microbubbles [13]. In addition, Korpanty and his colleagues mixed avidin in albumin 

to form a microbubble shell [14]. Because avidin and biotin have strong specific recognition, 

microbubbles based on this avidin-incorporated can be used for targeting vascular endothelium, 

especially biotin-mediated antibody coupling. 

 

1.3.1.2 surfactant based microbubbles 

 

Wheatley and his colleagues fabricated stable microbubbles by sonication with mixing two different 

common surfactants, SPAN-40 and TWEEN-40 [15, 16]. Air microbubbles wrapped in SPAN-40 

and TWEEN-40 can be stably present in aqueous solutions. In order to obtain the best membrane 

stability, they use the Langmuir-Blodgett trough to infer and get the best performance when the ratio 

of SPAN to TWEEN is about 1:1. Peculiarly, the film on the surface of the microbubbles formed by 

sonication appears to be more stable than the membrane stability obtained above the Langmuir-

Blodgett trough. 

In addition to SPAN and TWEEN as surfactants, Dressaire and his colleagues produced another 

surfactant-based microbubble with very good stability [17]. These microbubbles can be stable in 

aqueous solution for over a year. A specific operation is to add sucrose stearate (monoester and 

diester) to 75 wt% glucose syrup and then form microbubbles under heating at 70 degrees Celsius. 

Unlike the previously mentioned microbubbles, the surface of the microbubbles made of sucrose 

stearate is not smooth, but has a polygonal shape. Under dilution conditions, these microbubbles 

can become unstable, which greatly limits their biomedical applications. 

 

1.3.1.3 lipid based microbubbles 

 

Lipid-encapsulated microbubbles are the most intensive and most used of many microbubble 

species. Lipids are widely found in nature. The most well-known is the phospholipid bilayer of cells, 

which consists of a tight and regular arrangement of two layers of self-assembled lipid monolayers.  

There are also many ubiquitous microbubbles in nature. The microbubbles are basically the most 

acyl lipids and glycoproteins fixed in the outer shell (Figure 5B). In other words, artificial 
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microbubbles wrapped in a lipid shell are also products inspired by nature. 

 

Lipid-encapsulated microbubbles have many advantages. First, due to the amphiphilic nature of 

phospholipids, phospholipids self-assemble at the air-water interface into a film with the 

hydrophobic end facing the air and the hydrophilic end facing the aqueous solution. This is the same 

as all the surfactants microbubbles and the microbubbles of the aforementioned albumin shell. As a 

single-layer molecular film composed of a kind of surfactant, the phospholipid membrane can 

greatly reduce the surface tension at the interface of the microbubbles. Excessive surface tension 

creates Laplace overpressure, which causes the microbubbles to diffuse rapidly and dissolve in the 

surrounding water [18]. Therefore, the phospholipid membrane can greatly increase the stability of 

the microbubbles. In addition, due to the hydrophilicity and van der Waals interaction between the 

phospholipid molecules, the phospholipid membrane is highly compressed on the surface of the 

microbubbles, forming a very dense monolayer of molecules without any molecular chain 

entanglement. This compactness does not require the formation of any covalent bonds, such as 

disulfide bonds formed in protein microbubbles. Since the arrangement of phospholipid molecules 

is very dense, although the thickness is only one layer of molecular thickness, the entire 

phospholipid film exhibits a very strong solid-like rigidity, further improving the stability of the 

microbubbles [19]. An overly stable microbubble shell poses a problem in that during the action of 

the ultrasonic waves, the bubbles inside the microbubbles are restricted by the outer casing and 

cannot be freely contracted and expanded. This will reduce the acoustic properties of such 

microbubbles. On the contrary, the phospholipid-protected microbubbles have solid-like properties 

on the one hand, and high fluidity on the other hand, and the shape and size are quickly reacted 

according to externally applied ultrasonic waves to obtain the best acoustic characteristics [20]. 

When it is necessary to perform microbubble disruption by external ultrasonic pressure application, 

the phospholipid membrane protected microbubbles also have minimal resonance damping, and the 

properties of the microbubbles can be broken with minimum ultrasonic power [21-23]. Finally, since 

the lipid has both a hydrophilic end and a hydrophobic end, the hydrophobic drug can be 

encapsulated on the hydrophobic side of the lipid microbubble. The hydrophilic end of the lipid can 

be modified by different groups, and the molecular imaging or other purposes can be realized, 

thereby greatly expanding the application range and application prospect of the microbubbles [24, 
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25]. 

 

 

Figure 5. Surface morphology of different type of microbubbles (A) SEM image of the lysozyme 

protein protected microbubbls, approximately 1 micron in diameter (B) Fluorescence microscopy 

image of diC20:0 phospholipid microbubbles, scale bar is 20 μm (C) PLA-PFO polymerized 

microcapsules without encapsulated perfluorocarbon gas, scale bar is 1 μm. 

 

1.3.1.4 polymer based microbubbles 

 

There are many types of polymers. As a component of microbubbles, the first thing polymers need 

to meet is that they have good biocompatibility and biodegradability. Several relatively common 

polymers that can form microbubbles are: Alginate, poly (D, L-lactide-co-glycolide) (PLGA), and 

poly (vinyl alcohol) (PVA). 

 

As early as 1990, Wheatley and his colleagues first reported the use of polymers (alginate) as shells 

for microbubbles [26]. The alginate dispersed in water and the introduced calcium ions were 

chelated and crosslinked, and the crosslinked alginate could be solidified to form particles having a 

certain nanometer size. Unlike the formation of monodisperse nanoparticles, the alginate curing 

reaction in microbubble fabrication occurred in the presence of calcium ions at the air/liquid 

interface. The generation of microbubbles was produced by a syringe needle and was controlled to 

a size of about 30-40 microns. Due to the large size, the alginate-based microbubbles cannot pass 

through the pulmonary circulation, and even cannot be intravenously injected, which greatly limited 

the biomedical application of such microbubbles. 

 

In 1997, Bjerknes's research group invented a polymer microbubble using proprietary double-ester 
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polymer with ethylidene units as the basic structure, and introduced the emulsification method for 

microbubble fabrication for the first time [27]. These polymer microbubbles having a size range of 

1-20 microns were produced by evaporating the organic phase microdroplets in the aqueous phase. 

The microbubbles were characterized by optical microscopy and cryo-electron microscopy, and it 

was observed that the microbubbles had a slender shape and the surface was full of wrinkles. The 

thickness of the polymer shell was also successfully characterized and its thickness is approximately 

in the range of 150-200 nm. 

 

PLGA-based polymer microbubbles are widely reported because of their good biocompatibility and 

drug-loadable properties. In 1999, Nayaran and Wheatley first reported PLGA-based polymer 

microbubbles [9]. In the production process of the microbubbles, the entire reaction system was 

divided into three phases: the outer aqueous phase, the intermediate PLGA dispersed oil phase, and 

the inner volatile solid core. After the emulsion process, the organic phase in the PLGA dispersion 

layer evaporated, and the liquid PLGA solidified into a PLGA shell encapsulating a volatile solid. 

By freeze-drying, the volatile core sublimed, leaving a hollow structure of PLGA and filling the air 

after lyophilization, producing an ultrasound contrast effect. The size of the microbubbles was 

roughly distributed between 2 and 20 microns. The size of the microbubbles could be controlled by 

adjusting the viscosity of the outer aqueous phase, the concentration of surfactant inside, and the 

agitation rate of the agitator. In general, pulmonary capillaries do not allow passage of particles 

larger than 10 microns. But very interestingly, although the size of the PLGA microbubbles was 

already larger than 10 microns, it could still be found that the microbubbles passed through the 

pulmonary capillaries and then successfully reached the right kidney of the rabbit, producing a 

significant ultrasound contrast. 

 

In 2005, Cui and his colleagues used the double emulsion method (w/o/w) to make PLGA 

microbubbles [28]. Unlike the methods mentioned above, they do not use volatile solids as the core, 

but instead use an aqueous solution as the core. Very similarly, after the PLGA was cured into a 

microbubble shell, the water core inside the PLGA microspheres was volatilized by freeze drying 

to form a hollow microbubble structure filled with air. Scanning electron microscopy (SEM) showed 

that the surface of the microbubbles was smooth and there were no visible defects, indicating that 
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the surface structure of the microbubbles was intact. In order to characterize the internal structure 

of the microbubbles, a hydrophobic fluorescent substance was doped in the middle oil phase layer 

during the preparation of the PLGA microbubbles, and then the configuration of the entire PLGA 

outer shell was observed by a confocal scanning microscope. The fluorescent image showed that 

the inner core of the PLGA microbubble could be an entire large hollow structure, or could be a 

small, hollow structure similar to a honeycomb structure. The specific structure depended on the 

concentration of the surfactant added in the internal aqueous phase and the oil phase. To increase 

the length of ultrasound imaging, perfluoropropane gas was filled into PLGA microbubbles to 

replace air-filled PLGA microbubbles. Experiments had shown that both air and perfluoropropane-

filled PLGA microbubbles could pass through the pulmonary circulation to achieve contrast-

enhanced ultrasound of the left ventricle (LV). Perfluoropropane microbubbles provided longer 

contrast times (7-8 minutes) than air-filled microbubbles (1-2 minutes). 

 

In addition to PLGA that can be used to make microbubbles, another very common polymer: 

polyvinyl alcohol (PVA), has also been shown to be made into a microbubble shell. Unlike PLGA, 

a polymer that is only soluble in organic solvents such as methylene chloride, polyvinyl alcohol is 

an amphiphilic, water-soluble polymer. The water solubility of PVA is affected by the molecular 

weight and degree of hydrolysis. In general, larger molecular weights and higher degrees of 

hydrolysis cause PVA to be more difficult to dissolve in water and require additional heating to 

dissolve. Polyvinyl alcohol, under the action of a strong oxidant, such as sodium periodate, is 

oxidized and then broken into small molecular chains. The small molecular chain has reactive 

hydroxyl groups and aldehyde groups at both ends, and still maintains the amphiphilicity of the 

long-chain PVA. Based on these characteristics of PVA, Cavalieri et al. published a PVA-based 

method for making microbubbles in 2005 [29]. First, sodium per periodate was used to oxidize long-

chain, high molecular weight and high-hydrolysis PVA into telechelic PVA, followed by high-speed 

stirring (8000 rpm). The entire PVA aqueous solution produced a large number of micron-sized 

bubbles, which were stabilized by the telechlic PVA chains. Then the telechelic PVA directly 

underwent an aldol condensation reaction to form a PVA shell of a few hundred nanometers on the 

surface of the microbubble. The overall size of the PVA microbubbles could be controlled to about 

6 microns, and the monodispersity of the size was excellent, and most of the microbubbles were 
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about 5 to 7 microns in size. The size of the microbubbles could be controlled by adjusting the rate 

and temperature of the high-speed agitation. It was worth mentioning that PVA microbubbles had 

outstanding stability compared to all other polymer microbubbles and could be stored for several 

months at room temperature. 

 

In 2006, a method of making polymer microbubbles based on inkjet printing manufacturing 

technology was published by Böhmer and his colleagues [30]. Similar to the principle of inkjet 

printers, copolymer polyperfluorooctyloxycaronyl-poly(lactic acid) (PLA-PFO) was first dispersed 

in the organic phase and then discontinuously ejected from nozzles of 30-60 micron size to form 

micron-sized oil droplets. The core-shell structure could be produced by doping other non-solvents, 

and finally a hollow polymer microbubble was obtained after the evaporation of the inner solvent. 

The size of the microbubbles produced by this method could be precisely controlled to be dispersed 

in the range of 4 to 5 microns (Figure 5C). 

 

As a summary, the properties of microbubbles with different compositions are listed below in Table 

1: 

 

Table 1. Shell compositions, properties and ultrasound effects of different type of microbubbles 

 

In this thesis, for all the microbubble-based imaging platform, PVA microbubbles were chosen as 

the ultrasound contrast agent because of the superior stability, low cost, and simplicity of fabrication 

and surface modifications. 

 

1.3.2 nanobubbles 

Shell Type Thickness Compliance Stability Drug 
Payload 

Ultrasound Effects 

Lipid 
surfactant 

3nm 
 

High 
  

Low to 
Medium 

Low to 
Medium 

High echogenicity; 
Shell reseals after rupture 

Protein 
 

15-20nm 
 

Medium 
 

Medium 
 

Medium 
 

High echogenicity; 
Shell does not reseals after 
rupture 

Polymer 
 

100-200nm 
 

Low 
 

High 
 

High 
 

Low echogenicity; 
Shell does not reseal after 
rupture 
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Nanobubbles, as the name suggests, are nanometer-sized bubbles. The generation of microbubbles 

has achieved great success in ultrasound imaging, but at the same time, with the deepening of 

research, some limitations have also been exposed. Among these limitations, the most prominent 

one is that the micron-sized size of the microbubbles limits the flow of microbubbles only in the 

arteries, veins, and capillaries, and does not penetrate the blood vessels into the interior of the 

biological tissue [31]. This problem is highlighted in the imaging of tumors or sites of inflammation. 

The vessel wall of the tumor site has a larger gap than the vessel wall of the normal tissue site [32]. 

Undensed blood vessel walls can cause particles of sizes below a few hundred nanometers to pass 

through the walls of the tumor site to reach the inside of the tumor. If these nanoparticles have 

imaging or therapeutic effects, targeted tumor imaging, even functionalized molecular imaging, can 

be achieved, as well as imaging-guided cancer treatment. Due to the rapid development of 

nanotechnology, researchers have also turned their attention to ultrasound contrast agents. 

Traditional microbubbles cannot achieve ultrasound contrast inside the tumor because of their large 

size. One way to solve this problem is to reduce the size of the bubble to the nanometer level so that 

the nanobubble can pass through the wall of the blood vessel and penetrate into extravascular space 

and interior of the tumor. The synthesis of nanobubbles is similar to microbubbles, based on the 

remains of lipids, proteins, and polymers [33]. In the case of polymers, the most common synthesis 

method is the double emulsion method, which is the same as the synthetic methods of polymer 

microbubbles. Under the action of strong ultrasonic wave, the droplet size of the emulsion is 

controlled to several hundred nanometers, and then the organic phase of the intermediate layer is 

removed by evaporation or extraction, so that the polymer shell of the nanobubble is solidified. The 

aqueous phase of the inner layer is then removed by freeze drying and filled with air or 

perfluorocarbon gas. A single or porous internal structure can be achieved by doping different 

concentrations of surfactant during the emulsion process. When characterizing the internal structure 

of the microbubbles, since the size of the microbubbles is on the micron level, the high-speed 

electrons of the transmission electron microscope cannot pass through the microbubbles, so the 

internal structure of the microbubbles cannot be observed. The internal structure of the microbubbles 

can only be observed under a confocal fluorescence microscope by fluorescence staining. 

Conversely, because the size of the nanobubbles is too small, the confocal fluorescence microscope 
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is not suitable for observing the internal structure of the nanobubbles, but the high-speed electrons 

of the transmission electron microscope can penetrate the nano-level thickness of the nanobubbles, 

thereby realizing the observation of the internal structure of the nanobubbles. Scanning electron 

microscopy is also used to characterize the surface topography of nanobubbles. 

 

Since the size of the nanobubbles is on the nanometer scale, the nanobubbles can be deposited on 

the interface of cells or tissues by the layering effect. A large amount of nanobubble accumulation 

will cause a local increase in acoustic impedance, resulting in a significant contrast enhancement 

effect. Compared with microbubbles, the acoustic properties of nanobubbles are relatively poor, 

which is reflected in the poor reflectivity of nanobubbles to ultrasound [34]. On the one hand, 

because the size of the nanobubbles is small, it requires a higher frequency ultrasound to match the 

size. On the other hand, because some nanobubbles are made of a polymer, the elasticity is very 

poor, and relatively few nonlinear harmonics can be generated. Sciallero and his colleagues 

specialize in polymer nanobubbles. Experiments had shown that the best contrast was obtained 

when the excitation pressure reached an intensity of up to 230 kPa [35]. This intensity was higher 

than that required for conventional lipid microbubbles. Fortunately, at this ultrasonic intensity, there 

was no rupture of the polymer nanobubbles. 

 

1.3.3 nanodroplets 

 

In section 2.1.1, the microbubbles are described in detail. From the perspective of acoustic 

properties, microbubbles have a higher ultrasonic echo due to their low acoustic impedance. 

Therefore, micron-sized bubbles have the best contrast ultrasound effect from the perspective of 

ultrasound contrast. But from other aspects, such as stability and lifetime, as well as the scope and 

scenarios of the application, microbubbles still have many defects [36]. The instability of 

microbubbles and the excessive size limit the possibility of achieving long-term and specific 

ultrasound contrast. There are two solutions, one is the nanobubble mentioned above, and the other 

is the nanodroplet to be discussed in this section (Figure 6). The nanobubbles have a small size and 

can effectively enter the interior of the tumor through the blood vessel wall of the tumor site. 

However, due to its small size, echogenicity is much worse than microbubbles. This is reflected in 
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the need for higher frequencies and stronger sound pressure when performing ultrasound imaging. 

 

Nanodroplets, which have the same point as microbubbles or nanobubbles, are all core-shell 

structures. The difference is that the core part is the droplet, not the gas core [37, 38]. The core 

portion of the droplet is typically filled with a low boiling point perfluorocarbon such as 

perfluoropentane (boiling point 29.2℃) or perfluorohexane (boiling point 58℃). The ability of the 

liquid/liquid interface to produce ultrasound reflections is much lower than that of the gas/liquid 

interface, so the ability of the nanodroplets to produce ultrasound contrast is very limited. The 

nanodroplets realize the ultrasonic reflection function after the phase transition of the droplet core, 

that is, after the gasification of the droplet into microbubbles. Due to the low boiling point of the 

core of nanodroplets, nanodroplets overcome Laplace pressure under the action of acoustic droplet 

evaporation (ADV) or optical droplet evaporation (ODV), thereby vaporizing into microbubbles. In 

this section, the introduction of nanodroplet ultrasound contrast agents is primarily based on Laplace 

pressure, acoustic droplet evaporation, and near-infrared optical droplet evaporation [39]. 

 

 

Figure 6. Comparison of microbubbles and nanobubbles/nanodroplets in ultrasound imaging. (A) 
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The microbubbles have a targeting function by surface modification. Since the size of the 

microbubbles is in the range of 1-8 microns, the microbubbles can only target the blood vessel wall 

and cannot penetrate the blood vessels to reach the inside of the tumor. (B) Nanobubbles or 

nanodroplets with a size less than 600 nm can be actively or passively infiltrated into the interior of 

the tumor through enhanced permeation and retention (EPR) across the gap of the vessel wall to 

achieve targeted imaging or treatment of tumor cells [39].  

 

1.3.3.1 Laplace pressure 

 

In an emulsion system, Laplace pressure is used to characterize the additional pressure generated 

by the external water relative to the internal non-aqueous phase. The Laplace pressure is given by 

the following equation. Pinside is the pressure inside the droplet, and Poutside is the pressure given by 

the droplet from outside. σ is the surface tension generated by the interface between the droplet and 

the water, and r is the radius of the droplet [40]. 

 

∆𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐿𝐿 − 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝐿𝐿 =
2𝜎𝜎
𝑟𝑟  

 

A stable emulsion system is a balanced state between Laplace pressure, the internal and external 

pressure of the droplet from the Laplace equation. From the Laplace equation, the Laplace pressure 

is more like a part of the total pressure given by the droplets, that is, the Laplace pressure gives the 

internal droplets additional pressure. Because of the presence of Laplace pressure, the boiling point 

of the droplets in the emulsion differs from the inherent boiling point of the droplet itself [41]. The 

latter half of the equation qualitatively gives two factors that affect the Laplace pressure: the surface 

tension of the droplet and the radius of the droplet. Smaller droplet radii and greater surface tension 

cause greater Laplace pressure, which causes the vaporization threshold of the microemulsion 

droplets to become higher, or the boiling point to become higher. 

 

The process of gasification of nanodroplets into microbubbles and recondensation into droplets is 

complex and difficult to predict because many factors are involved and affect the entire process of 
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vaporization and liquefaction. Basically, the external pressure is fixed because it is caused by the 

surrounding solution. The Laplace pressure is determined by the surface tension and the radius of 

the nanodroplets, so the volume matters to the Laplace pressure. The phase of the perfluorocarbon 

is determined by both internal pressure and external and Laplace pressure. When the phase of 

perfluorocarbon is in liquid state, the internal pressure of nanodroplets equals to the sum of external 

pressure and Laplace pressure. The boiling point of droplets are determined not only by the inherent 

nature, but also the sum of applied pressure. As the temperature of the nanodroplets increases and 

exceeds the boiling point determined by the applied pressure (external pressure + Laplace pressure), 

the internal pressure increased and causes the phase change of nanodroplets, from nanodroplets to 

microbubbles. [42]. In theory, when the internal pressure decreases, the PFC bubbles will 

recondense back to the PFC droplets, which is theoretically a reversible process [43]. However, in 

practice, this process is irreversible. The factors affecting are mainly the change of Laplace pressure, 

the surrounding liquid environment factor, the change of gas solubility under Henry's law, and the 

simultaneous vaporization of water. 

 

It is known from the Laplace equation that the larger the radius of the droplet/bubble, the smaller 

the Laplace pressure. This means that while the PFC is still in the nanodroplet state, the droplet is 

subjected to the greatest Laplace pressure and vaporization is the hardest to occur. When the internal 

pressure of the droplet rises or the external pressure drops, the PFC nanodroplets vaporize into 

bubbles, and then, the volume of the PFC expands, and the corresponding Laplace pressure becomes 

smaller, further increasing the bubble volume expansion. Since the surrounding liquid tends to be 

heterogeneous, the resulting bubbles will approach each other and fuse to produce a larger volume 

of bubbles [43]. The lack of Laplace pressure and the action of the surrounding liquid environment 

can cause the bubble to recondense to the nanoliquid irreversibility. Therefore, the expansion and 

contraction process of PFC does not conform to the ideal gas law [44]. 

 

According to Henry's law, the solubility of gas is positively correlated with pressure. For 

microemulsion systems, the pressure inside the PFC nanodroplets is much higher than the internal 

pressure of the PFC liquid under normal conditions due to the large Laplace pressure caused by the 

nanoscale size. This also explains why PFC emulsions can be used as artificial blood. The high 
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oxygen solubility of the PFC itself, which has been made into a large internal pressure after the 

emulsion, further increases the oxygen carrying capacity of the PFC emulsion. As mentioned earlier, 

due to the reduced Laplace pressure after PFC vaporization, it is necessary to provide greater 

external pressure or less internal pressure to re-liquefy the PFC. After this liquefaction process, the 

effects imposed by the outside environment are removed and returned to equilibrium. At this point, 

the pressure inside the PFC will decrease, causing the internally dissolved gas to be supersaturated 

and escape. These escaping gases self-nucleate and produce larger bubbles as a core for PFC 

evaporation in the next PFC vaporization-condensation cycle [45]. 

 

Another factor that affects the irreversibility of PFC vaporization and liquefaction processes is the 

simultaneous vaporization of water. The vapor pressure of water is much lower at 25 ℃ than PFC. 

Therefore, the PFC gas has nucleated and bubbles are generated before the water vapor nucleates. 

Experiments have then shown that in perfluoropentane vapor, there is a 3.5% water vapor content 

at 25 ℃ and 4.4% water vapor at 37 ° C. The vapor pressure of perfluorohexane is relatively low 

and is closer to the vapor pressure of water. This resulted in a relatively higher water content in the 

perfluoropentane vapor, which was 9.8% and 11.6%, respectively, at 25 ℃ and 37 ℃ [46]. The 

introduction of water vapor directly causes the generation of bubbles and the process of re-

aggregation becomes more complicated and difficult to analyze [43]. 

 

Therefore, under the action of Laplace pressure, the smaller the PFC droplets, the more difficult the 

vaporization process becomes. Nevertheless, for low boiling perfluoropentane (29 ℃) and 

perfluorohexane (58 ℃), there is still a lot of literature demonstrating that micron-sized 

microbubbles can be produced by ADV or ODV methods. 

 

1.3.3.2 Nanodroplet formulation 

 

Similar to microbubbles, nanodroplets are also a core-shell structure consisting of a shell and a core. 

For stability and durability reasons, the circulation time of nanodroplets in the body needs to be as 

long as possible, so that the nanodroplets have enough time to penetrate into the tumor, which can 

better realize the functions of biological imaging and treatment [47]. On the other hand, the core 
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droplets need to be non-toxic, whether in liquid or gaseous state [41]. Therefore, the core generally 

uses low boiling point perfluorocarbon liquids such as perfluoropentane and perfluorohexane [48]. 

The outer shell and the microbubbles are essentially the same, being surfactants, lipids, proteins, or 

polymers [38, 49]. The role of the outer shell is to stabilize the high surface energy of the 

nanodroplets by reducing the surface tension. The ability to reduce surface tension will vary with 

different surfactants. In a literature review by Natalya Rapoport, perfluoropentane droplets have a 

surface tension of 56 ± 1 mN / m without any surfactant stabilization [36]. When PEG is used as a 

surfactant to stabilize, the surface tension can be effectively reduced to 30 and 50 mM/m. As shown, 

the lower the surface tension, the lower the Laplace pressure of the droplet surface, making the 

boiling point of the PFC nanodroplets relatively lower. In addition, it can be seen from the Figure 

7 that when the size of the DDFP is about 10 μm, the boiling point of the droplet is only about 32 ° 

C. As the droplet size decreases, the boiling point also increases exponentially. When the size of the 

DDFP droplets is reduced to 500 nm, the boiling point has risen to about 70 °C. This is also 

consistent with the conclusions described above. 

 

 

Figure 7. Vaporization temperature of perfluoropentane droplets with different diameters 

 

1.3.3.3 Acoustic droplet evaporation (ADV) based nanodroplets 

 

Acoustic droplet evaporation is a method based on the acoustic cavitation phenomenon of 

ultrasound to produce PFC microbubbles. Ultrasound is essentially a transverse wave. During the 

propagation of ultrasound, different locations experience a process of wave compression and 
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rarefaction [50]. In microbubble systems, the acoustic cavitation of ultrasound causes two 

different phenomena: stabilization or inertial cavitation [51]. Stable cavitation is low energy, low 

amplitude. Under the action of stable cavitation, the microbubbles will continuously become 

larger and smaller in circulation, and generate microfluids around themselves [52]. The latter is a 

high-energy, high-amplitude ultrasonic oscillation that causes the microbubbles to grow 

continuously, eventually breaking through the growth limit to the maximum size and eventually 

collapse [53]. This inertial cavitation is accompanied by other phenomena such as shock waves or 

microjets [54]. Figure 8 shows several physiological effects that microbubbles may achieve under 

the action of these two types of acoustic cavitation [39]. 

 
Figure 8. Bioeffects of two types of acoustic cavitation: stable cavitation and inertial cavitation 

[39] 

 

Unlike nanobubbles and microbubbles, droplet-bubble-droplet cyclic conversion occurs under the 

acoustic cavitation of ultrasonic waves. Acoustic cavitation is essentially a process of increasing 

and weakening local pressure. During this process, the sum of the pressure inside the droplet and 

the Laplace pressure is continuously increased and decreased. The internal pressure here is the 

sum of the environment pressure and the pressure generated by the ultrasonic waves, and the 

environment pressure remains the same. As shown in Figure 9, when the acoustic cavitation 
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intensity of the ultrasonic waves is weak, the pressure generated by the ultrasonic wave 

continuously fluctuates in the form of a sine wave. Since the amplitude of the change in the 

ultrasonic pressure is small, even when the ultrasonic pressure is minimum, the total pressure from 

the outside of the PFC droplet is higher than the vapor pressure of the PFC. Therefore, the PFC 

nanodroplets are always in the emulsion state without any gas generation. When the acoustic 

cavitation of the ultrasonic waves is strengthened so that the sum of lowest pressure of the 

ultrasonic wave, the ambient pressure, and the Laplace pressures is lower than the vapor pressure 

of the PFC, the PFC nanodroplets are vaporized to produce PFC microbubbles. As the local 

pressure of the ultrasonic waves increases, the gaseous PFC re-condenses back into PFC 

nanodroplets and circulates back and forth [42, 43]. 

 

Figure 9. The relationship between ultrasonic intensity and phase transition of PFC nanodroplets. 

The top figure shows that when the ultrasonic intensity is weak, the pressure of the PFC 

nanodroplets is higher than the vapor pressure, so no PFC bubbles are generated. When the intensity 

of the ultrasound is strong enough, the PFC enters the circulation of the nanodroplet-microbubble-

nanodroplet as shown below. 
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In 2012, Xia Wang and his coworkers fabricated a nanosized ultrasound contrast agent based on 

perfluorohexane-encapsulated mesoporous silica [55]. A SiO2@mSiO2 nanostructure was first 

synthesized, which had a solid silica core and a mesoporous silica shell. After the etching process, 

inner solid silica core was etched, leaving a hollowed nanostructure with a shell made of mesoporous 

silica. Freeze-drying process could remove the water inside the core and helped the perfusion of 

liquid perfluorohexane to form a prefluorohexane-encapsulated mesoprous silica nanostructure. 

Under the exposure of high intensity focused ultrasound (HIFU), an intense heat was produced, and 

perflurohexane nanodroplets were evaporated into perfluorohexane gas bubbles. Hence, ultrasound 

contrast was generated accordingly. Figure 10 shows the whole scheme of the design. 

 

 

Figure 10. Schematic illustration of the fabrication process of perfluorohexane-encapsulated 

mesoporous silica 

 

In 2013, Zheng’s group reported another ADV assisted contrast agent for ultrasound imaging [56]. 

The shell changed from mesoporous silica to a lipid layer. Similar to the fabrication of liposome, an 

emulsion method was utilized for the synthesis of lipid-stabilized perfluorohexane nanodroplets 

with the help of rotary evaporators and ultrasonic machine. ADV was employed to generate heat, 

resulting in the evaporation of PFH. Small PFH bubbles fused to each other and finally converted 

into microbubbles. 

 

In 2017, Gianneschi’s group reported a UV-inducible cross linking of polymers to stabilize low-

boiling point (low-bp) PFCs (Figure 11) [57]. Two low-bp PFCs were studied: perfluoropentane 

(PFP, bp = 29 °C,) and perfluorobutane (PFB, bp = −1.7 °C). An amphiphilic triblock copolymers 



24 
 

consist of perfluoroundecanoic acid (PFUA), methacrylic acid (NMA), and oligo (ethylene glycol) 

(OEG) were cross linked by ring opening metathesis polymerization (ROMP). The length of chain 

and ratio of different components were tunable, leading to different degree of stabilities. Also, 

different ultrasound mechanical index (MI) was introduced. The results showed that the low-bp PFP 

and PFB could be stabilized in room temperature (RT) and body temperature (37 °C). A higher 

molecular weight of copolymer offered a greater stability for the nanodroplets inside. Moreover, as 

the ultrasound MI increased, stronger ultrasound reflection could be received. The ultrasound MI 

could be controlled below the maximum MI of diagnostic ultrasound approved by the Food and 

Drug Administration (FDA), which was no harmful to human bodies. This cross-linked polymer 

system provides a simple and tunable property and can be suitable for different PFCs, which is 

significant for application in clinic trials. 

 

 

 

Figure 11. Fabrication of low-bp PFC emulsions stabilized by cross-linked ROMP block copolymers 

(PFUAm-NMAn-OEGp) for ADV assisted ultrasound imaging 

 

1.3.3.4 Optical droplet vaporization (ODV) based nanodroplets 
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Optical droplet vaporization (ODV) is a method for vaporizing PFC nanodroplets into microbubbles 

under external stimulation in addition to ADV. The production of ODV is based on the photothermal 

effect, that is, the energy of light is absorbed and then converted into heat. The heat generated by 

the photothermal effect heats the PFC nanodroplets such that the PFC nanodroplet temperature 

exceeds the boiling point and then vaporizes into microbubbles [58]. Since ODV-based ultrasound 

contrast agents are essentially designed to achieve ultrasound imaging enhancement within animals 

or humans, it is often necessary to perform in vivo imaging of deeper cells or tissues. The longer the 

wavelength of light, the stronger the penetration ability. Therefore, in ODV-based ultrasound 

imaging, near-infrared light has become the first choice because of its excellent penetrating depth. 

In addition, in order to achieve the conversion of light energy to thermal energy, some small-

molecule chromophores or larger-sized nanomaterials that have specific absorption in the near-

infrared region and can be converted into thermal energy are also introduced into the PFC 

nanodroplets, and work together to complete the ODV phenomenon [59]. Another reason for 

introducing these materials is because the PFC nanodroplets themselves do not have near-infrared 

light absorption and are not capable of photothermal conversion. These materials which have 

absorption in the near-infrared region can be dispersed in the PFC organic phase by surface 

modification or directly dispersed in the protective shell around the PFC nanodroplets. It is very 

important that, unlike pure ADV ultrasound contrast agents, ODV ultrasound contrast agents often 

have more imaging and therapeutic functions because of their photothermal conversion capabilities. 

For example, ODV nanomaterials can be used for photoacoustic imaging as well as photothermal 

therapy because both are based on photothermal effects. A detailed introduction to photoacoustic 

imaging will be developed in the next chapter. 

 

In 2012, Emelianov's team reported a bimodal ultrasound and photoacoustic contrast agent based 

on PFC nanodroplets and gold nanorods [60]. The gold nanorods underwent a two-step ligand 

exchange to be uniformly dispersed in the perfluorocarbon liquid by modifying the surface with a 

perfluorocarbon chain. The perfluorocarbon nanodroplets were prepared by emulsification, and the 

surface was stabilized by bovine serum albumin (BSA) coverage. The PFC nanodroplets prepared 

by this method had a size of about 400 nm and can pass through the gap of blood vessels at the 

tumor site. Transmission electron microscopy (TEM) images clearly showed that gold nanorods 
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were dispersed in PFC nanodroplets. Under the illumination of the external laser, the gold nanorods 

had a specific absorption of near-infrared, thereby converting the energy of the near-infrared laser 

into heat energy and heating the nano-droplets to vaporize into perfluorocarbon microbubbles. 

Interestingly, at the moment when the nanodroplets were converted into microbubbles, the 

photoacoustic signal had a sudden and obvious enhancement, indicating that the PFC gasification 

produced by ODV could improve the effective signal intensity of photoacoustic imaging. 

 

The same research group published another bimodal photoacoustic and ultrasound imaging contrast 

agent based on copper sulfide nanoparticles and PFC nanodroplets in 2017 (Figure 12) [61]. The 

difference from the previous work was that the gold nanorods were replaced by copper sulfide (CuS) 

nanoparticles. Compared with gold nanorods, copper sulfide had a lower extinction coefficient, a 

more red-shifted absorption peak, and a more stable structure under continuous laser irradiation. 

The size of the copper sulfide nanoparticles was about 13 nm. By a two-step ligand exchange, the 

citric acid on the surface of the copper sulfide was first replaced with PEG which could be dissolved 

in water and ethanol, and then the PEG was replaced by the perfluorinated alkyl hydrocarbon with 

a thiol group at one end. After converting the copper sulfide nanoparticles which could be dispersed 

in water into copper sulfide nanoparticles which could be dispersed in the perfluorocarbon, the 

absorption peak underwent a slight red shift, and the dispersibility did not change significantly. The 

perfluorocarbon emulsion prepared by ultrasonication was stabilized by a fluorosurfactant and had 

a size of 250 nm. Unlike previous ODVs based nanodroplets, the method reported in this article did 

not require an additional laser source. The PA imaging machine came with a laser light for PA 

imaging that was sufficient to convert PFC nanodroplets into PFC microbubbles, avoiding the extra 

laser source that was strong and harmful. As with the ODV based on gold nanorods mentioned in 

the previous article, at the moment when PFC vaporization occured under the laser irradiation, the 

PA signal had a momentary huge increase and then slowly decreased. Based on this effect, image 

processing could be performed by setting a threshold value to obtain a contrast-enhanced 

background-free imaging. Both in vitro imaging and lymph imaging in vivo demonstrated the 

possibility of removing background noise. 
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Figure 12. Mechanism of CuS-PFC nanodroplets evaporated to achieve a background-free imaging 

of lymph node 

 

Different work has been reported separately by changing the material on the surface of the PFC 

nanodroplets. Jalani and his colleagues succeeded in stabilizing PFC nanodroplets using graphene 

oxide and succeesfully converted nanodroplets to microbubbles under near-infrared irridiation [62]. 

Sun and his colleagues say that gold nanoparticles are embedded in the PLGA shell and wrap the 

PFC nanodroplets together [63]. The system also successfully achieved photoacoustic/ultrasonic 

bimodal imaging due to its ability to generate photothermal effects. Chen’ group encapsulated 

perfluorocarbons in organic semiconducting polymers [64]. Due to the adjustable absorption peak 

of organic semiconducting, the functionality of the system was greatly enhanced. Both 

photoacoustic/ultrasonic imaging, as well as photothermal/photodynamic therapy, were 

simultaneously implemented in this nanosystem. Lilo D. Pozzo’s group reported a 

photoacoustic/ultrasonic bimodal contrast agent [65]. The contrast agent consisted of a 250 nm PFC 

core and a 30 nm thick polypyrrole shell. Interestingly, instead of using traditional mechanical-based 

methods to make emulsions, they chose the ouzo effect-based method to produce PFC nanodroplets. 

A common problem with conventional ultrasonic or high-speed agitation methods was that a large 

amount of heat was generated, resulting in a large loss of low-boiling PFC, so that the amount of 

PFC under specific retention could not be determined. The specific introduction will be detailed in 

the last section of the introduction section. 

 

1.4 Photoacoustic contrast agents 
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An introduction to the basic principles of photoacoustic imaging is given in Section 1.2. The essence 

of photoacoustic imaging is that the emitted light is absorbed by the endogenous chromophore or 

the exogenous contrast agent to generate heat, which then generates thermal vibration, thereby 

emitting ultrasonic waves with a wide frequency range. As a new biomedical imaging method, 

photoacoustic imaging combines the high contrast of optical imaging with the high spatial resolution 

of ultrasound imaging[2, 3, 66, 67]. Because ultrasound scattering in biological tissue is weaker 

than light scattering, theoretically photoacoustic imaging can improve the resolution of conventional 

optical imaging. A commonly used source for photoacoustic imaging is in the near infrared window 

with a wavelength between approximately from 680 and 970 nm. Within this range, photoacoustic 

imaging can reach resolutions of a few hundred microns and achieve penetrations as deep as a few 

centimeters [3].  

 

Contrast agents for photoacoustic imaging are generally endogenous and exogenous. We mainly 

focus on photoacoustic contrast agents exogenous, which can be divided into small molecule dyes 

and nanostructures. 

 

1.4.1 small-molecule dyes 

 

For small molecule fluorescent dyes for PA imaging, fluorescent dyes with near infrared absorption 

are often chosen for the specific use. These dyes are generally available for purchase and have a 

relatively similar structure, primarily the structure of aromatic ring systems. It is generally required 

that the small molecule fluorescent dye has a specific absorption peak in the near-infrared region, 

and most of the absorbed light is converted into thermal energy instead of fluorescence, that is, the 

quantum yield of the small molecule fluorescent dye is required to be as low as possible [68]. 

In general, small molecule fluorescent dyes have these characteristics: hydrophobicity, low toxicity, 

low extinction coefficient, and light instability [69-71]. Therefore, additional processing of small 

molecule fluorescent dyes is required to obtain an optimal PA imaging contrast effect. For the 

problem of hydrophobicity, it is now common to graft water-soluble small molecules or proteins to 

improve the water solubility of small molecule fluorescent dyes and achieve specific targeting 

functions. In addition, a major advantage of small molecule fluorescent dyes is that they can be 
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modified by additional groups, and aggregation of dyes occurs to achieve an adjustable absorption 

peak. The customizable spectral range is important for in vivo PA imaging and can effectively 

eliminate background noise caused by endogenous substances. 

In the review reported by Bohndiek’s group, the existing small molecule near-infrared fluorescent 

dyes are well summarized [72], which are generally classified into heptamethine cyanine dyes [73, 

74] and Squaraines dyes [75] according to the structure. Indocyanine green (ICG) is the most famous 

and widely used PA small molecule contrast agent in the group of heptamethine cyanine dyes. ICG 

has maximum absorption at 780 nm, and the fluorescence emission of ICG is very low, thereby the 

absorbed light energy is mainly converted into heat energy. ICG is an FDA-approved dye that has 

low toxicity but poor water solubility, so it can be combined with specific proteins to achieve 

contrast [76]. However, ICG is unstable in laser irradiation, which greatly limits its wide application 

in PA imaging. 

Small molecule fluorescent dyes have the disadvantages of poor photostability, poor water solubility 

and rapid elimination by the body. However, due to the small size and good biocompatibility, small 

molecule fluorescent dyes are still the preferred PA imaging contrast agent in biological and clinical 

research[72]. 

 

1.4.2 Three-dimentional nanostructures 

 

Nanostructure-based PA contrast agents are a hot topic of research today. Compared to small 

molecule fluorescent materials, nanoparticles are larger in size, have much better physical and 

chemical properties, and have higher extinction coefficient and light stability [72]. In general, 

materials with a relatively high extinction coefficient in the near-infrared region and low quantum 

yield can be used as PA ultrasound contrast agents. The morphology, size, and surface modification 

of nanomaterials can be controlled by chemical synthesis to control the optical and physicochemical 

properties of nanomaterials. The absorption peaks of the nanomaterials, as well as the groups on the 

surface, can be adjusted to achieve further targeted protein modification, or simply surface 

modification to improve the biocompatibility of the nanomaterials. However, nanomaterials have 

many drawbacks compared to fluorescent small molecules. For example, the toxicity of 

nanomaterials is an issue. At this stage, more and more nanomaterials are synthesized and have 
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achieved different properties. However, research on the toxicity of nanomaterials is relatively 

lagging. There is still no uniform and authoritative standard for the toxicity of nanomaterials, the 

mechanism of toxicity, and how to totally reduce toxicity [77]. On the other hand, due to the large 

size of the nanomaterial itself, it usually accumulates in the reticuloendothelial system within a few 

hours, mainly in the liver. Therefore, it is often caused that the nanomaterial cannot be accurately 

and concentrated in a desired portion. Nanomaterials accumulate in the reticuloendothelial system 

for a long time and often cannot be excreted from the body, resulting in uncontrolled biological 

toxicity [72]. In this section, two representative 3D nanostructures are introduced: gold 

nanostructures and polydopamine nanostructures. 

 

1.4.2.1 Gold nanostructures 

 

Among the existing nanomaterials that can be applied as PA ultrasound contrast agents, gold 

nanoparticles are the most widely studied and applied. The optical absorption of gold nanoparticles 

is derived from its special "localized surface plasmon resonance" (LSPR) phenomenon (Figure 

13A). This phenomenon only exists in limited metals such as gold, silver, and copper. Gold has 

become the first choice because of its good physicochemical inertness. The LSPR phenomenon 

causes the material to produce a specific absorption peak, and the absorption peak is directly affected 

by the shape and size of the gold nanomaterial [78]. The extinction coefficient of gold nanoparticles 

is very high, several orders of magnitude higher than that of small molecule fluorescent dyes [79]. 

In addition, the gold surface can easily form gold-thiolate bonds, which can be covalently modified 

for further surface modification. The most common are PEG modification [80] and silica coating 

[81]. 

 

Gold nanomaterials can synthesize gold nanoparticles [82], gold nanorods [83], gold nanocages [84], 

gold nanostars [85], gold nanoplates [86], gold nanoshells [87], and even gold polyhedrons [88] 

through growth control. Different shapes and sizes will cause different absorption peaks of gold 

nanomaterials, and the absorption peaks can be adjusted. The tunable nature of the absorption peak 

is important for in vivo PA imaging because the endogenous molecules in the body also have PA 

absorption and interfering PA noise. When the absorption peak is adjustable, the PA signal generated 
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only by the material can be found by a specific algorithm, thereby reducing the background noise. 

 

Figure 13. (A) Schematic illustration of localized surface plasmon resonance (LSPR) in gold 

nanostructures (B) Extinction spectra of gold nanoparticles in different sizes (9nm, 22nm, 48nm, 

99nm). As the size of gold nanoparticles increases, extinction peak red shift with a broader band, 

which is a combination effect of both light absorption and scattering [89]. 

 

The absorption of gold nanoparticles can be adjusted by the size control. As shown in the Figure 

13B, as the size of the gold nanoparticles increases, the absorption peak gradually shifts from the 

visible range to the near-infrared region [89]. While the absorption peak is red-shifted, the width of 

the absorption peak is also gradually increased, because light is scattered on the surface of the gold 

nanoparticle in addition to absorption. The larger the size of the gold nanoparticles, the stronger the 

scattering, resulting in the separation of the absorption peak and the scattering peak, and finally 

appearing as a broader peak in the extinction spectrum. 

 

Gold nanorods are used extensively in photoacoustic imaging. Unlike gold nanoparticles with a 

symmetrical structure, gold nanorods produce two different absorption peaks due to their anisotropy. 

One is the wavelength produced by transverse plasmon resonance, and the other is the wavelength 

produced by longitudinal plasmon resonance. The transverse plasmon resonance wavelength is 
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generated by the transverse section of the gold nanorod, and the absorption peak is generally similar 

to gold nanoparticles of the same size, around 520 nm. Longitudinal plasmon resonance is generated 

by the longitudinal interface of the gold nanorods and is determined by the aspect ratio of the gold 

nanorods [90]. In general, the larger the aspect ratio of the gold nanorods, the more red-shifted the 

longitudinal plasmon resonance wavelength. Through the morphology control of the gold nanorods, 

the customization of the absorption peaks in the entire near-infrared region can be achieved (Figure 

14) [91]. 

 

Figure 14. Controllable extinction spectra of gold nanorods. (A) As the aspect ratio increases, 

extinction peak red shift, and resulted in different color in appearance (B) [91].  

 

In addition to gold nanoparticles, gold nanostars [85], gold nanoplates [86], gold nanoshells [87], 

and gold nanocages [84], due to their anisotropy, different sizes and morphologies will have specific 

absorption spectrum characteristics, and are also widely used. In photoacoustic imaging. Because 

they are not related to this thesis, it does not provide in-depth and meticulous introduction. 

 

In addition to gold nanoparticles, other gold-based nanomaterials have anisotropic characteristics. 

An anisotropic material has a general problem that stability is relatively poor. In the photoacoustic 
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imaging process, the incorporation of high-energy lasers, which are subsequently converted into 

thermal energy, greatly exacerbates the instability of the gold nanomaterials. Taking gold nanorods 

as an example, the temperature of the gold nanorod solution can be increased by several tens of 

degrees under continuous near-infrared laser irradiation. The local temperature of the surface of the 

gold nanorods will increase even more. Therefore, the gold nanorods are deformed and converted 

into a more stable structure in order to reduce the surface energy. Generally, after laser irradiation, 

the shape of the gold nanorods becomes closer to the gold nanoparticles. From the absorption 

spectrum, the absorption peak will shift blue and become wider and lower. From the photoacoustic 

signal, the overall photoacoustic signal will gradually weaken. By coating a layer of silicon dioxide 

(SiO2) on the surface, the morphology stability of the gold nanorods can be greatly increased, and 

long-time high-energy photoacoustic imaging can be realized. At the same time, the thermal 

resistance of the gold nanorod interface is also reduced after the silica coating, thereby improving 

the photothermal conversion efficiency and achieving a stronger PA signal, which can also be 

observed from the absorption spectra [81, 92, 93]. 

 

1.4.2.1 Polydopamine nanoparticles 

 

By constantly observing and thinking about nature, human beings can be inspired by many new 

discoveries and a deeper understanding of existing phenomena. For example, by observing the shape 

of the water droplets on the lotus leaf, thinking and research on the superhydrophobic interface is 

produced, and the self-cleaning material is artificially produced by imitating the structure of the 

lotus leaf surface [94]. For example, by observing the color change of the butterfly wings, it is found 

that the color of the butterfly wings is not derived from the absorption of light of different colors, 

but the regular structure of the surface causes the light to be diffracted, and further induces a field 

of photonic crystals [95]. Similarly, by superimposing the mussels on the various substrates, the 

surface layer has been studied intensively [96], and a similar, artificially prepared polydopamine 

surface coating has been obtained [97]. In summary, dopamine monomers can be self-nucleated or 

sturdy coated on surfaces of various properties in an alkaline environment by oxidation of external 

oxides, such as oxygen, whether the interface is hydrophilic or hydrophobic, with an organic and 

inorganic solution [98]. The mechanism of dopamine polymerization is complex and not yet 
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explained, and the Figure 17 gives a possible mechanism for the polymerization of dopamine into 

polydopamine [99]. 

 

Figure 15. Mechanism of oxidization and polymerization of dopamine in two reaction ways: (A) 

oxidative polymerization based on covalent bond (B) Another possible pathway based on the 

physical absorption of dopamine and 5,6-dihydroxyindole (DHI) [99]. 
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In addition to its excellent surface coating ability, another excellent feature of polydopamine is its 

rich surface functional groups such as amines, imines, and catechol [100]. In an alkaline 

environment, dopamine can be oxidized and polymerized to form a polydopamine layer or 

polydopamine nanoparticles. Similarly, in an alkaline environment, the free phenolic hydroxyl 

groups exposed on the surface of polydopamine can react with a sulfhydryl or amino group to form 

a Schiff base or a Michael addition (Figure 18)[101]. The reaction can be carried out in an aqueous 

solution, and the basic strength is not high, which is very suitable for use in biological reactions. In 

addition, PDA can chelate almost all transition metals, embedded in the entire PDA nanoparticle or 

PDA shell [102]. This further increases the application of PDA in biomedicine and can produce 

radiographic or magnetic resonance imaging contrast effects. In addition to its biomedical 

applications, this superior chelation with metals also allows PDAs to be used for water purification 

with heavy metal contamination [102]. Finally, PDA is a well-recognized material with efficient 

photothermal conversion [103]. It was first applied to water and heat associated with photothermal 

treatment and then further applied to PA imaging [104]. The main class of melanin we know is 

polydopamine [105]. Because the color of the PDA is black-brown, it has absorption in the 

ultraviolet-visible-near-infrared range and a high extinction coefficient in the near-infrared range 

[106]. 

 

 
Figure 16. Two typical reactions of polydopamine: Michal addition and Schiff base reaction between 

thiol/amino groups and catechols [101]. 

 

The polymerization mechanism and structure of PDA are still controversial. Some evidences 

indicate that surface PDA is a combination of oligomers or supramolecules that are covalently or 

non-covalently combined [99, 107], and the overall structure is very close to melanin. The difference 
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in pH and the oxidizing ability of the oxidant can be adjusted in size and shape. Taking PDA 

nanoparticles as an example, although the pH of the reaction conditions is increased, the size of the 

corresponding PDA is reduced [108]. By adding ethanol or isopropanol to the aqueous phase, the 

size of the PDA nanoparticles can be further reduced, eventually reducing to about 70 nm [109]. In 

addition to this, a very important and interesting feature is that polydopamine is more prone to 

polymerization at high pH and polymerization is faster. Therefore, if the pH in a reaction system is 

not uniform, dopamine tends to first polymerize at a higher pH. This property can be applied to 

synthetic PDA shell [110]. In general, the polymerization of PDA does not require the introduction 

of an additional oxidant, and the oxygen in the air is sufficient to oxidatively polymerize dopamine 

to polydopamine. However, some research surfaces, different oxidants, not only affect the size or 

thickness of the generated PDA, but also the surface properties of the PDA will also change. Ponzio 

and his colleagues compared the conditions of oxygen and sodium periodate as oxidants, 

respectively [111]. The thickness and properties of the PDA film are generated. Studies have shown 

that when oxidized with sodium periodate, the PDA film can reach a thickness of nearly 100 

nanometers in 2 hours. In contrast, the film thickness after only 16 hours was only 40-45 nm when 

only oxygen was used as the oxidizing agent. In addition to the difference in reaction rate and 

efficiency, the sodium iodate-oxidized PDA nanofilm had obvious more hydrophilicity. 13C-CP 

MAS NMR spectrum showed that sodium periodate increased the carboxyl content of PDA surface, 

thus achieving better hydrophilicity (Figure 19). In addition to the formation of a film by the PDA 

in an aqueous environment, there are reports in the water/air interface [112], organic solvent [113] 

or solid phase that the PDA can form a film [114].  
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Figure 17. (a) Schematic relationships between monomer precursors, main types of oligomer 

components in PDA-O2, and (b) representative structural components in periodate-degraded PDA, 

accounting for increased O/C ratios and decreased N/C ratios. (c) 13C−CP MAS NMR spectra 

of solid PDA-O2 and PDA-NaIO4 1, 5, and 10 mM [111]. 

 

Polydopamine has a structure similar to natural melanin and has similar light absorbing properties. 

Natural melanin has broadband full-spectrum absorption from the ultraviolet to the near-infrared 

region. Riesz and his colleagues have shown that the extinction of true melanin is not due to 

scattering, but because of absorption, and 99% of photons are at 50 ps [115]. It is absorbed in the 

time and converted into heat. The absorption of polydopamine and eumelanin is similar, from near-

infrared to ultraviolet, and absorbs light in a similar exponential growth [116]. Absorption in the 

visible and near-infrared regions is generally believed to be produced by dopamine polymerization. 

However, due to the complexity of the structure of polydopamine, his research on light absorption 

properties has been controversial. From the perspective of biomedical imaging and treatment, PDA 
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has excellent photothermal effect, excellent biocompatibility [117] and surface modification ability, 

so it is very suitable for targeted photothermal therapy and PA imaging. In this paper, PDA is used 

as another contrast agent that provides PA imaging effects. 

 

1.4.3 Two-dimensional nanomaterial 

 

A huge advantage of nanomaterials compared to large-sized materials is their large specific surface 

area, which provides a higher active site. Similarly, two-dimensional nanomaterials further magnify 

this advantage over conventional nanomaterials, achieving a larger specific surface area. Hence in 

the field of nanomaterials, two-dimensional nanomaterials are in the spotlight recently. In the 

biomedical field, for example, from a drug-loading point of view, a larger specific surface area 

means a higher drug loading, thereby reducing the amount of nanomaterials required, while reducing 

the series of side effects of nanomaterials. Typically, 2D nanomaterials can be divided into graphene 

and graphene-like nanomaterials. The former includes graphene oxide, reduced graphene oxide, and 

graphene quantum dots. The latter is represented by Transition metal dichalcogenides (TMDs), 

which are atomically thin semiconductors of the type MX2, with M a transition metal atom (Mo, W, 

etc.) and X a chalcogen atom (S, Se, or Te). One layer of M atoms is sandwiched between two layers 

of X atoms [118]. Among many TMDs, molybdenum disulfide is a typical representative. 

 

 

1.4.3.1 Graphene and graphene derivatives nanostructures 

For carbon-based different allotrope structures, there is overall absorption throughout the UV-Vis-

NIR range. Therefore, in general, the color of graphene and its derivatives is black or tan. Compared 

with the nanostructure of gold, the extinction coefficient of carbon nanostructures is relatively lower, 

so the PA signal of carbon nanostructures is relatively weaker under the same molarity [119]. At the 

same time, unlike gold nanostructures, carbon nanostructures do not have a specific absorption peak 

in the near-infrared region, which makes it difficult to distinguish endogenous PA signals generated 

by tissue internal vessels in living experiments, affecting the accuracy of imaging. Nevertheless, 

carbon nanostructures, such as graphene oxide, make covalent/non-covalent surface modification 

easy and efficient due to its rich surface-active groups, which can be used for targeted imaging and 
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drug delivery [120]. For example, by performing RGD modification on the surface of graphene 

oxide, specific targeted imaging of tumor sites can be achieved. The signal imaged by PA was 

significantly enhanced compared to graphene oxide without modification of RGD [121]. Due to the 

large specific surface area, graphene can also adsorb some small molecule fluorescent dyes, because 

both have cyclic aromatic structure characteristics [122]. This can avoid the negative effects of no 

specific absorption peak in the near-infrared region. 

 

1.4.3.1 Molybdenum disulfide (MoS2) nanosheets 

 

Molybdenum disulfide (MoS2) is one of the contrast agents for PA imaging selected in this paper. 

The reason for the selection is that molybdenum disulfide is an emerging two-dimensional material 

with a high extinction coefficient and a surface modification that is easy to make. The structure of 

a single layer of molybdenum disulfide is shown in Figure 15 [123]. From the top view, the structure 

of MoS2 nanosheet is very similar to that of graphene, with a honeycomb hexagonal structure. 

Viewed from the side, a single layer of molybdenum disulfide has a three-layer atomic structure. 

The upper and lower layers are sulfur atoms, and the middle layer contains molybdenum atoms. 

Similar to the production method of graphene, the preparation method of the MoS2 nanosheet is 

generally divided into a top-down and bottom-up method. For the top-down method, exfoliation is 

generally performed by a strong mechanical force such as ultrasonic pulverization or chemical 

exfoliation. Among the many top-down methods, ultrasonic dispersion and lithium intercalation 

methods are the most widely used. Coleman and his colleagues immersed bulk molybdenum 

disulfide in different solvents, such as N-methylpyrrolidone (NMP) and isopropanol (IPA), followed 

by ultrasonic stripping to obtain MoS2 nanosheets [124]. Morrison's group succeeded in obtaining 

a stable aqueous dispersion of MoS2 nanosheets by doping n-butyllithium between the layers of 

MoS2 and then by liquid phase chemical stripping, and obtained nearly 100% yield [125]. The 

bottom-up approach can be roughly divided into two types. One is a method based on chemical 

vapor deposition (CVD), which is also widely used in the synthesis of graphene [126-128]. The 

other is a polymerization of precursors by a solvothermal method. For example, Wang and his 

colleagues synthesized PEG-modified MoS2 nanosheets by hydrothermal method and applied them 

to efficient photothermal therapy [129]. In comparison, top-down methods are widely used in 
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biomedical applications, while bottom-up methods produce MoS2 that is mainly used in 

semiconductors or related applications because of its more complete and regular structure. In 

biomedical field, top-down method is often chosen. The reason is that the MoS2 nanosheets 

produced have more defects and are more suitable for surface modification. 

 

Figure 

Figure 18. Chemical structures of MoS2 nanosheet [123] 

 

The extinction coefficients of MoS2 nanosheets of different thicknesses are also different. In Figure 

16A, M-MoS2 represents a multilayer MoS2, F-MoS2 represents fewer layer of MoS2, and S-MoS2 

represents a single layer of MoS2. These three different MoS2 nanosheets have significant 

differences in the absorption of the full spectrum. The most obvious one is the difference in 

extinction ability. Obviously, as the number of layers of MoS2 nanosheets decreases, the overall 

extinction ability becomes stronger, and some small peaks appear in the absorption spectrum [130]. 

This phenomenon can be explained by the band gap. When the number of layers of the MoS2 

nanosheet is reduced, the direct band gap is formed correspondingly, thereby increasing the 

extinction coefficient of MoS2. The absorption spectra of MoS2 nanosheets of different sizes are 

also different [131]. As shown in Figure 16B, the three absorption curves represent large-sized 

MoS2 nanosheets (red lines), small-sized MoS2 nanosheets (black lines), and MoS2 quantum dots 
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(blue lines). As is known, the larger the size of MoS2, the greater the absorption intensity in the 

visible and near-infrared range, and the appearance of several small peaks at 400 nm, 450 nm, 610 

nm, and 670 nm. Visually, as the size of the MoS2 quantum dots decreases, the color changes from 

black to light yellow. In summary, MoS2 nanosheets exhibit a similar ability for extinction 

comparable to that of graphene derivatives and gold nanorods. Because of their surface defects, they 

have good surface modification ability, so they were selected as contrast agents for photoacoustic 

imaging in this thesis. 

 

Figure 19. Extinction spectra of MoS2 nanosheets with different layers [130] (A). Extinction spectra 

of MoS2 nanosheets with different sizes[131] (B). 

 

1.5 Multimodal contrast agent for ultrasound and photoacoustic imaging 

 

In this thesis, we combine two imaging modes: photoacoustic and ultrasound imaging. With the 

continuous development of medicine, medical imaging has made great progress as an indispensable 

part of medical diagnosis. Computed tomography (CT), magnetic resonance imaging (MRI), 

ultrasonic ultrasound (US), or positron emission tomography (PET) and single photon emission 

computed tomography (SPECT), are widely used clinically [132, 133]. In addition, there are some 

new imaging modalities that are gradually moving closer to clinical applications, such as 

photoacoustic imaging (PA) [134], Raman imaging [135], and upconversion luminescence (UCL) 

imaging [136]. Because of the different mechanisms of these imaging modalities, they are different 

in imaging objects, imaging resolution, cost, contrast sensitivity, and damage to the human body. 

Figure 20 gives a summary of the signal sources, advantages and disadvantages of some imaging 

a b 
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modalities [137]. Because of these differences, some emerging, different mechanism-based imaging 

modalities or performance enhancements for a single imaging modality are being studied. In 

addition, another way to solve the problem is to combine different imaging modes to achieve multi-

modal imaging, so as to achieve complementary effects and better imaging results [138]. 

 

 

Figure 20. Advantages, disadvantages, and detection signals of imaging modalities currently used 

for biomedical applications [137]. 

 

1.5.1 Requirements for multifunctional imaging 

 

Multimodal imaging combines two, three, or even more imaging modalities to produce multiple sets 

of medical images that complement each other or enhance each other. Ideally, an effect of 1 + 1 = 2 

or even 1 + 1 > 2 can be achieved. Despite the rapid development of biomedical technology and the 
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achievement of outstanding results, more and more diseases have been overcome. However, from a 

diagnostic point of view, different patients' physical conditions, genetic information, past medical 

history, and the living environment are different, so that the symptoms of each patient cannot be the 

same. In this case, the concept of personalized medicine and precision medicine came into being. 

Therefore, in addition to achieving more accurate image information for an individual, obtaining 

more abundant image information is also very important for diagnosis [137]. From a research 

perspective, the complexity of the mechanism and condition of the disease cannot give an accurate 

and complete explanation with the modern medical diagnostic level, so multimodal imaging is also 

necessary in the research field. Due to the different mechanisms, the imaging effects of different 

imaging modes cannot be simply characterized by resolution, and the imaging depth. For example, 

MRI and CT imaging, although they both have high imaging depth and high resolution, the imaging 

sites are not the same. CT is dependent on ionizing radiation with a safety hazard and is more 

suitable for imaging of hard tissue or bone. Compared to CT, MRI is more expensive and more 

expensive, but it is highly safe and does not depend on ionizing radiation. The biggest difference is 

that MRI is more suitable for soft tissue imaging with rich water content because of the mechanism. 

Therefore, in sports medicine, such as lumbar disc herniation, knee meniscus injury, MRI imaging 

information should be more precise and more credible. For example, PET/CT instruments, which 

have been widely used clinically, are a very successful multimodal medical imaging system [139]. 

PET imaging is based on functional imaging with the introduction of specialized tracers. The most 

common application is tumor imaging because the level of glucose metabolism at the tumor site is 

higher than that of normal tissue. By introducing radioactive glucose, imaging of a site with 

abnormal levels of glucose metabolism can be achieved, thereby obtaining information on tumor 

growth. However, a major drawback of PET imaging is the low spatial resolution. Therefore, by 

combining PET and CT imaging, the high spatial resolution of CT imaging is used to achieve precise 

positioning of the tumor site, providing accurate and powerful information for the following surgical 

treatment [140]. In addition to the examples of clinical medical imaging, in the field of research, 

more and more imaging modes are combined to achieve higher quality imaging results. As shown 

in Figure 21, from 1995 to 2014, the number of articles related to multimodal imaging increased 

exponentially, indicating that more and more researchers are focusing on this area [141]. Most of 

these images are based on multifunctional nanoparticles. The specific principles and examples are 
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detailed in the next sub-section. 

 

 

Figure 21. Growth of multimodal imaging research. The number of articles published per year 

containing the term “multimodal imaging” between 1995 and 2014 in the Google Scholar database 

[141]. 

 

1.5.2 Requirements for multifunctional contrast agents 

 

Nanotechnology has been widely studied and applied in the field of biomedicine, which is called 

"nanomedicine." With the deepening of research in nanomedicine, it has been found that 

nanomaterials have many irreplaceable advantages compared with ordinary small molecule drugs 

or small molecule contrast agents [142]. For example, the capability of modification and integration 

of nanomaterials is very high. Nanomaterials can be modified with targeted DNA, peptides, or 

proteins through their abundant surface groups. Through these surface modifications, nanomaterials 

can be actively targeted to the desired site for imaging and treatment of specific locations or specific 
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functions. In addition, due to the large specific surface area of nanomaterials and the simultaneous 

presence of hydrophilic and hydrophobic structures, some hydrophobic drugs can be loaded on the 

surface of nanomaterials, and targeted administration can be achieved through active targeting [137]. 

Therefore, nanomaterials have a very high integration ability, and can achieve multimodal imaging 

contrast effects and a collection of various treatment schemes on a few nanometers or tens of 

nanometers of particles. 

 

In order to achieve targeting that small molecules do not have, nanoparticles are often designed 

based on two strategies: passive targeting and active targeting [143]. Passive targeting is commonly 

applied to the treatment of imaging of tumors. At the tumor site, the permeability of the blood vessel 

is much higher than that of the normal tissue site due to the presence of the enhanced permeation 

and retention (EPR) effect. This allows materials ranging from a few nanometers to a few hundred 

nanometers to passively pass through the leaking vessel wall into the interior of the tumor [144]. 

This type of targeting is known as passive targeting, enabling massive accumulation within the 

tumor, ultimately enabling imaging and treatment of the tumor. Active targeting is usually done by 

modifying the surface of the nanoparticles. These modified biomolecules, such as peptides, can 

achieve specific targeting of tumor vessel walls or tumor cells, thereby realizing the accumulation 

of nanoparticles inside the tumor. Therefore, active targeting can be regarded as a passive targeting 

of enhanced versions. 

 

Give a very typical example. Kircher and his colleagues designed a trimodal nanomaterial system. 

The nanosystem integrated three contrast effects: MRI, PA, and Raman imaging [145]. Through this 

combination, the neurosurgeon could visualize the resection before and during the operation to 

maximize the brain tumor resection. MRI angiography allows for the assessment of the location and 

size of the entire tumor, especially before craniotomy. During surgery, due to the high resolution of 

PA imaging and deeper penetration than other optical imaging modalities, three-dimensional 

imaging of tumors can be achieved, and even tumor cells under the surface of normal brain tissue 

can be imaged. Finally, one of the problems with tumor resection had been the inability to perform 

complete and thorough cancer cells removal. Although Raman imaging had a weak penetrating 

power, the resolution was extremely high compared to MRI and PA imaging. Therefore, the final 
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removal of microscopic tumor deposits could be achieved by the introduction of Raman imaging. 

The specific design is shown in Figure 22. Compared with ordinary small molecule fluorescent 

markers, the nanomaterial system can better cross the blood-brain barrier and remain in the tumor 

for a longer period of time, thus achieving the imaging of the entire process from pre-operative to 

intraoperative surgery. 

 
Figure 22. Schematic illustration of triple-modality nanoparticles and the working principle of the 

imaging-guided brain tumor resection from pre-operative to intraoperative surgery  

 

In this thesis, we have realized the dual-modal imaging function of ultrasound and photoacoustic 

through the design of microbubble/nanodroplet system. 

 

1.5.3 Requirements for multimodal contrast agent for ultrasound and photoacoustic 

imaging and imaging guided therapy 

 

Ultrasound and photoacoustic imaging have been described in detail in sections 1.1 and 1.2. As 

described in Section 3.2, the work of this paper is to design a contrast agent based on microbubbles 

or nanodroplets to achieve dual-modal imaging of ultrasound and photoacoustic. There are three 
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reasons for choosing to combine these two imaging modalities: First, the US contrast agents are 

usually unstable, especially for lipid or protein microbubbles, but the contrast agents for PA imaging 

modality can be used for long-time monitoring. Second, under certain circumstances, PA contrast 

agents can stabilize US contrast agents. Third, and most importantly, because US and PA imaging 

principles are relatively close, so technically US and PA imaging systems are easy to be embedded 

in one equipment [146]. More specifically, when performing PA imaging, the excitation of the laser 

light source is required, and the operation is far from simple imaging. Ultrasound imaging can 

therefore be used to first locate the imaged site and then use the PA for more precise and functional 

imaging. 

 

So far, many literatures have reported bimodal imaging based on ultrasound and photoacoustic 

modalities. One of the representative articles was done by Zheng’group [147]. In this article, they 

designed a simple and clever microbubble system. Microbubbles use the most commonly used lipid 

microbubbles. The difference is that they modified a small molecule of a porphyrin fluorescent dye 

to some of the lipids that form microbubbles. The porphyrin fluorescent dye has strong absorption 

in the near-infrared region and has a strong photothermal effect. Therefore, the entire microbubble 

system is simultaneously imparted with contrast effects of ultrasound and photoacoustics imaging. 

Not limited to this, under the stimulation of external ultrasonic waves, these 1-10 μm microbubbles 

could be broken and re-assembled into 5-500 nm microbubbles. Dynamic light scattering, optical 

microscopy imaging, and transmission electron microscopy (TEM) imaging had all proved this. 

Thus, the entire microbubble system achieved a conversion from micron to nanometer. As 

mentioned above in thesis, one of the major reasons for limiting microbubble function is that the 

oversized size prevents them from passing through the vessel wall of the tumor site. When 

microbubbles are converted to nanoparticles, these nanoparticles can enter the tumor site through 

the EPR effect, enabling deeper and more specific tumor imaging. Although ultrasound contrast 

disappears immediately after the microbubbles are converted to nanoparticles, the imaging of PA 

imaging still exists, which also proves that the nanoparticles are indeed formed. Figure 23 shows 

the structure of the microbubbles and the entire process from microbubbles to nanoparticles. 
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Figure 23. Structure of porphyrin lipid microbubbles and the schematic illustration of the ultrasonic 

triggered conversion from microbubbles to nanoparticles [147] 

 

In addition to microbubbles, nanodroplets can also perform ultrasound contrast through ODV or 

ADV. In particular, ODV-based nanodroplets require the introduction of materials with 

photothermal effects to achieve function. The introduction of materials with near infrared absorption 

also imparts the ability to image the nanodroplet system based PA imaging. A representative work 

was presented by Li and his colleagues [65]. Through the ouzo effect, they emulsified the low-

boiling PFC into nanodroplets of about 250 nm, and polymerized 30 nm thick polypyrrole (PPy) 

onto the surface of the PFC nanodroplets. The introduction of the ouzo effect avoided the use of 

traditional mechanical agitation or ultrasonic based emulsification methods to reduce the loss of 

perfluorocarbons. Polypyrrole had a strong absorption in the near-infrared region and converted 
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light energy into heat. Therefore, under the excitation of the external laser, the nanodroplets 

evaporated to form microbubbles, which could provide a strong contrast effect. Further, they chose 

to simultaneously excite PPy-coated PFC nanodroplets with laser and ultrasound pulses, so that the 

threshold of ultrasound-influenced function activation of the contrast agent was reduced by two 

orders of magnitude. The reduced energy was within clinical safety limits, so the 

ultrasound/photoacoustic bimodal contrast agent may have a promising future for clinical 

application (Figure 24). 

 

Figure 24. Mechanism of the sono-photoacoustic contrast imaging based on droplet activation from 

simultaneous optical and acoustic exposure [65] 

 

The composition of microbubbles is divided into lipids, proteins, and polymers. The stability of the 

first two is poor, which is not conducive to long-term preservation and imaging. Therefore, we chose 

PVA-based microbubbles to achieve ultrasound imaging. MoS2 nanosheets and polydopamine with 

PA imaging contrast function are combined with microbubbles of PVA, to achieve bimodal 

ultrasound/PA contrast. Since microbubbles are not conducive to intratumoral imaging, we have 

also proposed a PDA-encapsulated PFC nanodroplet contrast agent. The contrast agent has a 

function of penetrating through the blood vessel wall to the inside of the tumor, and under the 

excitation of the external near-infrared laser, the contrast effect of the ultrasound/photoacoustic 

imaging can be simultaneously generated. 

 

Multimodal imaging is also used for functional imaging, such as molecular imaging or imaging 

guided therapy. The combination of imaging and therapy is called theranostics. For therapy, it is 

necessary to know the whole process, and imaging modalities provide a good way to show whether 
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the therapy happens or not. In this thesis, the imaging modalities involved are ultrasound imaging 

and photoacoustic imaging. For photoacoustic imaging, as mentioned in section 1.1, the imaging 

modality is based on the photo-to-ultrasound conversion. During the imaging process, the laser 

power is absorbed by light absorbers, then converted into heat. Both cancer cells and normal cells 

are sensitive to surrounding temperature. When the temperature increase, the proteins in cells will 

be inactivated, and the whole cells will die soon. Hence, the generated heat during photoacoustic 

process can be used to kill cancer cells. In another word, materials with high photo absorption can 

be used to generate photothermal phenomenon for cancer therapy. This kind of therapy is called 

photothermal therapy, which will be included in the second and third projects.  

 

1.6 Objectives of the study 

Specific objectives of part I include: 

1. To design and fabricate a molybdenum disulfide (MoS2) nanosheets modified polyvinyl alcohol 

(PVA) microbubbles for dual-mode ultrasound (US) and photoacoustic (PA) imaging. 

2. To characterize the MoS2-PVA microbubbles and test the biocompatibility of MoS2-PVA 

microbubbles. 

3. To test the capability of MoS2-PVA microbubbles as the contrast agent for Ultrasound (US) and 

photoacoustic (PA) imaging both in vitro and in vivo.  

 

Specific objectives of part II include: 

1. To design and fabricate a Polydopamine (PDA) doped polyvinyl alcohol (PVA) microbubbles 

for dual-mode ultrasound (US) and photoacoustic (PA) imaging. 

2. To characterize the PDA doped PVA microbubbles and test the biocompatibility of PDA doped 

PVA microbubbles. 

3. To investigate the photothermal effect and active-targeted photothermal therapy of PDA doped 

PVA microbubbles in vitro. 

4. To test the capability of PDA doped PVA microbubbles as the contrast agent for dual-mode 

Ultrasound (US) and photoacoustic (PA) imaging in vitro. 

 

Specific objectives of part III include: 
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1. To design and fabricate a Polydopamine (PDA) encapsulated perfluorohexane (PFH) 

nanodroplets for dual-mode ultrasound (US) and photoacoustic (PA) imaging. 

2. To investigate the parameters of the fabrication of PDA encapsulated PFH nanodroplets. 

3. To characterize the PDA encapsulated PFH nanodroplets and test the biocompatibility of PDA 

encapsulated PFH nanodroplets. 

4. To test the capability of PDA encapsulated PFH nanodroplets as the contrast agent for 

Ultrasound (US) and photoacoustic (PA) imaging in vitro.  
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Chapter 2 Methodology 

 

2.1 Molybdenum disulfide (MoS2) nanosheets modified polyvinyl alcohol (PVA) 

microbubbles for dual-mode ultrasound (US) and photoacoustic (PA) imaging 

 

2.1.1 Materials 

 

Poly(vinyl alcohol) (PVA) with a weight-average molecular weight (Mw) of 89,000-98,000 g/mol, 

(11-Mercaptoundecyl)-N,N,N-trimethylammonium bromide (MTA), rhodamine B isothiocianate 

(RBITC), and sodium metaperiodate (NaIO4) were purchased from Sigma Aldrich (St. Louis, Mo, 

USA). Molybdenum disulfide was purchased from Mukenano CO, Ltd. (Nanjing, Jiangsu, China). 

All of these chemicals were used as received without further purification. 

 

2.1.2 MTA functionalized MoS2 (MTA-MoS2) nanosheets preparation  

 

MoS2 nanosheets dispersion (2mg/ml) was purified to remove the excess LiOH in the stock solution 

using a dialysis bag with a pore size of 3.5KDa for 2 days. After the purification, MoS2 nanosheets 

was diluted and the concentration of MoS2 nanosheets was fixed at 1mg/ml. 20mg (11-

Mercaptoundecyl)-N,N,N-trimethylammonium bromide (MTA) was added into 10ml MoS2 

dispersion (1mg/ml) and sonicated for 30min. After shaking at room temperature overnight, the 

excess MTA was removed using 3.5KDa dialysis bag again for 2 day, changing the external distilled 

water every 4h. The obtained MTA-MoS2 nanosheets were highly water-dispersed and stored at 4℃ 

for future functionalization. 

 

2.1.3 Poly (vinyl alcohol) Microbubbles (PVA MBs) Preparation 

 

PVA MBs were prepared following the previous studies with a slight change [148]. 4g PVA was 

added into 50ml deionized water (18.2 MΩ.cm) and heated to 80 ℃. The temperature was kept at 

80 ℃ for 1h with a stirring at 500rpm. The PVA solution was completely dissolved, then 400mg 
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NaIO4 was mixed together and the solution was kept stirring at 500rpm for another 1h. The long 

chain PVA molecule was cleaved into small chains at head-to-head sites. Then the mixture was 

intensively stirred at 8000rpm at 25℃ for 3h using an Ultra-Turrax homogenizer. Telechelic PVA 

chains were cross-linked through acetalization reaction process to generate a uniform shell at the 

water-air interface. Air was encapsulated in the shell and the formed microbubble would float to the 

surface of water. After several times of washing with a separating funnel, aqueous dispersion of 

PVA MBs were acquired. The concentration of PVA MBs was determined using a cell counting 

chamber. 

 

2.1.4 MTA-MoS2 nanosheets modified PVA MBs preparation 

 

The NMe3+ groups outside MTA molecules enable the MTA-MoS2 nanosheets positively charged in 

neutral environment. In addition, the oxygen-containing groups on PVA MBs were negatively 

charged. Hence, the MTA-MoS2 nanosheets could be attached onto the surface of PVA MBs through 

electrostatic adsorption. In total, 1ml PVA MBs at a concentration of 5 × 108 MBs/mL was dropwise 

added to 10ml MTA-MoS2 suspension at a concentration of 1mg/mL, followed by the shaking at 

200rpm for 3 days. After the MTA-MoS2 nanosheets modified PVA MBs (MoS2-PVA MBs) float to 

the surface of the solution, excess MTA-MoS2 nanosheets were removed and the solution was 

refilled with DI water. This washing step repeated for at least 3 times with DI water to totally remove 

free MTA-MoS2 nanosheets for further characterization and imaging measurement. 

 

2.1.5 MTA-MoS2 nanosheets characterization 

 

UV-Vis absorption of unmodified MoS2 nanosheets and MTA-MoS2 nanosheets was measured using 

a Ultrospec 2100 Pro spectrophotometer (Amersham Biosciences), scanning from 190nm to 900nm. 

Both MoS2 nanosheets and MTA-MoS2 nanosheets were suspended in DI water. 

 

Danamic light scattering (DLS) measurement and zeta potential measurement were taken using 

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at room temperature. DLS measurement 

provided the hydrodynamic diameter and size distribution of MoS2 nanosheets and MTA-MoS2 
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nanosheets, which could be a rough reference of the size distribution. Triplicate measurement was 

performed for each sample. 

 

To further verify the success of MTA modification, Fourier Transform Infrared Spectroscopy (FTIR) 

spetra was performed to confirm the introduction of new kinds of chemical bonds. Bruker Vertex 

70 FTIR spectrometer (Rheinstetten, Germany) was used for FTIR measurements. Theoretically,  

Morphological observation of MoS2 and MTA-MoS2 nanosheets was determined using a JEOL 

Model JEOL-2100F Field Emission Electron Microscope STEM (Tokyo, Japan). The crystalline 

structures of the nanosheets were characterized using the same equipment under ultra-high-

resolution magnification (800× magnification). STEM samples were prepared by directly dripping 

the nanosheets containing droplet onto a copper grid coated with a carbon film.   

 

2.1.6 Characterization of PVA MBs and MTA-MoS2 modified PVA MBs  

 

The optical observation of prepared PVA MBs and MTA-MoS2 modified PVA MBs were performed 

using confocal laser scanning microscope (Leica SP8, Nikon, Japan). For the confocal microscopy 

observation, the MBs were previously stained with RBITC fluorescent dye. Briefly, 1ml of 

5×107/mL MBs and MoS2-MBs were mixed with 20μl of 1mg/ml RBITC solution under a shaking 

at 200rpm for 2h. Then the MBs were washed for three times to remove the excess RBITC. The 

excitation was fixed at 488nm. 

 

Morphology and size characterization were performed using a JOEL-6335F Field Emission Electron 

Microscope FESEM (Tokyo, Japan). A JOEL-6490 Scanning Electron Microscope SEM (Tokyo, 

Japan) equipped with an Oxford Instrument EDS system was used for the element mapping of MTA-

MoS2 modified PVA MBs. 

 

Zeta potential measurement and DLS measurement of MBs were performed using Zetasizer Nano 

ZS (Malvern Instruments, Malvern, UK) at room temperature. Thermogravimetric analysis was 

carried out using Mettler Toledo TGA/DSC3 instrument to measure the mass fraction of MoS2 in 

MoS2 modified MBs. The MBs were freezed-dried previously and the reaction temperature was 
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from 25℃ to 600℃ at a heating step of 10℃/min. 

 

2.1.7 In vitro ultrasound imaging and photoacoustic imaging 

 

The MoS2-MBs were immobilized in an agarose phantom using a 3D-printed pattern for both 

ultrasound and photoacoustic scanning. Briefly, 50ml of 2% (wt/vol) agarose in DI water was heated 

under 80℃. After the agarose was completely dissolved, the aqueous solution was transferred to 

the 3D-printed pattern and solidified. Also, different concentration of aqueous MoS2-MBs was 

mixed with the dissolved agarose solution. Then the pattern was removed and the mixed MoS2-MBs 

solution was poured into the empty cavities and allowed solidification. 

The in vitro ultrasound imaging and photoacoustic imaging was carried out using a VEVO LAZR 

instrument from FUJIFILM VisualSonics (Amsterdam, NL), operating with a LZ250 transducer 

with a frequency of 21MHz. The gains of ultrasound and photoacoustic measurements were 29dB 

and 45dB, respectively. The spectra in photoacoustic measurement was scanned from 680nm to 

900nm, in a 2nm step width.     

 

2.1.8 Haemocompatibility tests 

 

The 5ml whole-blood sample, obtained from a healthy mouse donor, was added to 10ml of PBS. 

The red blood cells (RBCs) were isolated by centrifugation of the blood mixture at 10400 rpm for 

10 min, and they were then washed with PBS 5 times and re-suspended in 50 mL of PBS. A total of 

20 μL of RBCs (5 x 107 cells) was incubated, with different concentrations (108, 107, 106, 105, 104 

MBs/mL) of MoS2-MBs prepared in 1 mL of PBS for 6 h at room temperature. Then, the solution 

was centrifuged to obtain the supernatant, of which the absorbance at 570 nm with a reference of 

655nm was measured by a sunrise microtiter plate reader (Tecan Austria Gesellschaft, Salzburg, 

Austria). The absorbance of RBCs in deionized water and PBS served as positive and negative 

controls, respectively. The data were representative of three independent experiments. 

 

2.1.9 In vivo ultrasound imaging and photoacoustic imaging 
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The in vivo ultrasound and photoacoustic imaging experiments were conducted using the same 

VEVO LAZR instrument. The gains of ultrasound and photoacoustic were the same, as well. The 

mouse was anaesthetized with 2% isoflurane and 50ul of MoS2-MBs sample (108 MBs/mL) was 

subcutaneous injected into mouse back for the ultrasound and photoacoustic measurements. 

 

2.2 Polydopamine doped poly (vinyl alcohol) microbubbles: a theranostic agent for dual-

mode imaging and active targeted photothermal therapy 

 

2.2.1 Materials 

 

Poly (vinyl alcohol) (PVA) with a weight-average molecular weight (Mw) of 89,000-98,000 g/mol, 

dopamine hydrochloride, Tris(hydroxymethyl)aminomethane (Tris), and sodium metaperiodate 

(NaIO4) were purchased from Sigma Aldrich (St. Louis, Mo, USA). Hy926 cell line was purchased 

from American Type Culture Collection, ATCC (Virginia, US). Dulbecco's modified eagle medium 

(DMEM), trypsin, phosphate buffer (PBS), fetal bovine serum (FBS), and penicillin-Streptomycin 

Solution were all purchased from ThermoFisher Scientific (Waltham, MA, USA). All of these 

chemicals were used as received without further purification. 

 

2.2.2 Synthesis of polydopamine (PDA) doped Poly (vinyl alcohol) (PVA) 

microbubbles and surface modification of RGD peptides 

 

PDA doped PVA MBs were prepared following the previous studies for the fabrication of PVA MBs 

with a slight change [148]. 4g PVA was added into 50ml deionized water (18.2 MΩ.cm) and heated 

to 80 ℃. The temperature was kept at 80 ℃ for 1h with a stirring at 500rpm. The PVA solution was 

completely dissolved, then 400mg NaIO4 was mixed together and the solution was kept stirring at 

500rpm for another 1h. The long chain PVA molecule was cleaved into small chains at head-to-head 

sites. Then, 500 mg dopamine hydrochloride was added into the telechelic PVA solution while the 

remaining NaIO4 enabled the oxidation process of the dopamine. Then the mixture was intensively 

stirred at 8000rpm at 25℃ for 3h using an Ultra-Turrax homogenizer. Telechelic PVA chains were 

cross-linked through acetalization reaction process to generate a uniform shell at the water-air 
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interface, while dopamine polymerized in the PVA shell as well. Air was encapsulated in the shell 

and the formed microbubble would float to the surface of water. The solution turned from white ro 

pink, eventually black. After several times of washing with a separating funnel, aqueous dispersion 

of PDA doped PVA MBs were acquired. The concentration of PVA MBs was determined using a 

cell counting chamber. 

 

For RGD peptides modification, the purified PDA doped PVA microbubbles were firstly redispersed 

in 10mM Tris buffer with a pH of 8.5. The volume of PDA doped PVA microbubbles were 10ml 

and the concentration was 108 microbubbles (MBs)/ml. Then 10mg RGD peptides with free NH2 

groups were added in and the solution kept shaking for 12h. After the Michael addition reaction, the 

shaking was stopped, and the reaction vial was standing until the PDA doped PVA microbubbles 

floated up. Solution below the microbubbles were removed, and fresh distilled water was injected. 

This process repeated for 5 times to make sure all the tris and free RGD were successfully removed. 

 

2.2.3 Characterization of RGD peptides modified polydopamine (PDA) - Poly (vinyl 

alcohol) (PVA) microbubbles 

 

UV-Vis absorption PDA doped PVA microbubbles was measured using a Ultrospec 2100 Pro 

spectrophotometer (Amersham Biosciences), scanning from 190nm to 900nm. PDA doped PVA 

microbubbles were suspended in DI water. 

 

Danamic light scattering (DLS) measurement and zeta potential measurement were taken using 

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at room temperature. DLS measurement 

provided the hydrodynamic diameter and size distribution of PVA microbubbles and PDA doped 

PVA microbubbles, which could be a rough reference of the size distribution. Triplicate 

measurement was performed for each sample. Zeta potential was taken using the same equipment. 

The surface charge of PDA doped PVA microbubbles and RGD modified PDA-PVA microbubbles 

were measured at room temperature, respectively. 

 

Morphological observation of PDA doped PVA microbubbles was determined using a JEOL Model 
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JEOL-2100F Field Emission Electron Microscope STEM (Tokyo, Japan). STEM samples were 

prepared by directly dripping the nanosheets containing droplet onto a copper grid coated with a 

carbon film. The optical observation of prepared PDA doped PVA microbubbles were performed 

using confocal laser scanning microscope without any further staining (Leica SP8, Nikon, Japan).  

 

2.2.4 Haemocompatibility and biocompatibility tests 

 

For haemocopatibility test, the 5ml whole-blood sample, obtained from a healthy mouse donor, was 

added to 10ml of PBS. The red blood cells (RBCs) were isolated by centrifugation of the blood 

mixture at 10400 rpm for 10 min, and they were then washed with PBS 5 times and re-suspended 

in 50 mL of PBS. A total of 20 μL of RBCs (5 x 107 cells) was incubated, with different 

concentrations (108, 107, 106, 105, 104 MBs/mL) of PDA doped PVA microbubbles prepared in 1 

mL of PBS for 6 h at room temperature. Then, the solution was centrifuged to obtain the supernatant, 

of which the absorbance at 570 nm with a reference of 655nm was measured by a sunrise microtiter 

plate reader (Tecan Austria Gesellschaft, Salzburg, Austria). The absorbance of RBCs in deionized 

water and PBS served as positive and negative controls, respectively. The data were representative 

of three independent experiments. 

 

For biocompatibility test, Hela cells were first passaged and counted. The cells were uniformly 

dispersed in 96-well plates (1 × 104 cells per well), with a total of 6 groups of 3 wells per cell, and 

cultured overnight. The concentration of PDA doped PVA microbubbles was then diluted to 108, 

107, 106, 105, 104 MBs/mL, and were separately added to 5 groups of cells. At the same time, a 

group of cells was left as a control experiment, and only normal cell culture medium was added. 

After 24 hours, the culture medium in the 96-well plate was removed, and then the cell culture 

medium mixed with CCK-8 was added, and the cells were cultured for another 1 hour. Finally, the 

absorbance value of each well was obtained by a microplate reader. The absorbance value of the 

control group was used as a reference standard for 100% cell viability, and the cell viability of the 

other groups was compared with the control value. This experiment was repeated 3 times. 

 

2.2.5 Photothermal Effect 
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The photothermal effect of the PDA doped PVA microbubbles was obtained by measuring the 

temperature change of the sample under laser irradiation with a wavelength at 808 nm. The sample 

was first diluted with water to 5*107 MBs/ml, 4*107 MBs/ml, 3*107 MBs/ml, 2*107 MBs/ml, and 

107 MBs/ml. Distilled water was set as the control group for the experiment. The laser intensity of 

the laser was fixed at 1 W/cm2 compared to different concentrations of PDA doped PVA 

microbubbles. For the photothermal effect of a fixed concentration of PDA doped PVA 

microbubbles (5*107 MBs/ml), the samples were irradiated with different intensity lasers (1 W/cm2, 

0.5 W/cm2, 0.25 W/cm2) and the temperature changes of the samples were recorded using a thermal 

camera. The laser irradiation time was fixed at 300 s each time. For the characteristics of PDA doped 

PVA microbubbles heated and cooled under laser irradiation, the laser was irradiated at an intensity 

of 1 W/cm2. 

 

2.2.6 In vitro ultrasound imaging and photoacoustic imaging 

 

The PDA doped PVA microbubbles were immobilized in an agarose phantom using a 3D-printed 

pattern for both ultrasound and photoacoustic scanning. Briefly, 50ml of 2% (wt/vol) agarose in DI 

water was heated under 80℃. After the agarose was completely dissolved, the aqueous solution was 

transferred to the 3D-printed pattern and solidified. Also, different concentration of aqueous PDA 

doped PVA microbubbles was mixed with the dissolved agarose solution. Then the pattern was 

removed and the mixed PDA doped PVA microbubbles solution was poured into the empty cavities 

and allowed solidification. 

The in vitro ultrasound imaging and photoacoustic imaging was carried out using a VEVO LAZR 

instrument from FUJIFILM VisualSonics (Amsterdam, NL), operating with a LZ250 transducer 

with a frequency of 21MHz. The gains of ultrasound and photoacoustic measurements were 29dB 

and 45dB, respectively. The spectra in photoacoustic measurement was scanned from 680nm to 

900nm, in a 2nm step width.     

 

2.2.7 In vitro active targeting to endothelial cells for photothermal therapy 
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For In vitro active targeting to endothelial cells for photothermal therapy, we first confirmed that 

RGD-modified PDA doped PVA microbubbles specifically target an epithelial cell, Hy926 cell line. 

Initially, Hy926 cells were 104 The density of cells/well was seeded into 96-well plates for overnight 

culture. Since the microbubbles tend to float to the surface of the liquid, we redesigned the use of a 

96-well plate to reverse the 96-well plate. First, we poured liquid polydimethylsiloxane (PDMS) 

onto a plastic lid of a 96-well plate. After defoaming and curing PDMS at 37 °C, we reversed the 

lid of the PDMS shell and 96-well plate and covered it on a 96-well plate, and filled the experimental 

wells of the 96-well plate with PDA doped PVA microbubbles. Cell culture fluid to ensure no liquid 

leakage and bubble generation. The PDA doped PVA microbubbles in the cell culture medium was 

107 counts / ml and incubated for 2 hours. The medium was then removed, and the cells were washed 

twice with PBS buffer and then observed under an optical microscope. The control group used PDA 

doped PVA microbubbles without RGD modification and was also placed under a microscope for 

observation. 

 

For in vitro photothermal therapy, cells were first passaged and counted. The cells were uniformly 

dispersed in 96-well plates (1 × 104 cells per well), with a total of 6 groups of 3 wells per cell, and 

cultured overnight. The entire medium was replaced with the material and the control medium the 

next day. The PDA doped PVA microbubbles were diluted to 0, 1.25×106, 2.5×106,5×106, 7.5×106, 

1×107counts/ml and a group of full culture medium-filled control groups. After 18 hours of 

incubation, laser irradiation was performed for each well for 3 minutes, and the power was fixed at 

2 W/cm2. After the irradiation, the 96-well plate was placed in an incubator and culture was 

continued for 24 hours. The culture medium containing PDA doped PVA microbubbles in the 96-

well plate was removed, and then the cell culture medium mixed with CCK-8 was added, and the 

cells were cultured for another 1 hour. Finally, the absorbance value of each well was obtained by a 

microplate reader. The absorbance value of the control group was used as a reference standard for 

100% cell viability, and the cell viability of the other groups was compared with the control value. 

The experiments were repeated 3 times. 

 

2.3 Polydopamine encapsulated perfluorocarbon nanodroplets for dual-mode ultrasound (US) 

and photoacoustic (PA) imaging 
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2.3.1 Materials 

 

Dopamine hydrochloride, Tris(hydroxymethyl)aminomethane, Calcein-AM and Propidium iodide 

(PI) were purchased from Sigma Aldrich (St. Louis, Mo, USA), perfluorohexane and 

perfluoropentane was purchased from J&K Scientific Ltd. (Beijing, China), hydrochloric acid was 

purchased from RCI Labscan Ltd. (Hong Kong), amino group modified polyethylene glycol 

(mPEG-NH2, MW: 2000) was purchased from Xi’an ruixi Biological Technology Co., Ltd. (Xi’an, 

Shanxi, China). ultrasonic cell disruptor was purchased from , Hela cells were purchased from 

American Type Culture Collection (ATCC). All of these chemicals were used as received without 

further purification. 

 

2.3.2 Polydopamine encapsulated perfluorohexane nanodroplets preparation 

 

Polydopamine (PDA) encapsulated perfluorohexane (PFH) nanodroplets were prepared using a 

facile sonication method. Generally, perfluorohexane nanodroplets were generated in ice-cold Tris 

buffer by violent sonication using an ultrasonic cell disruptor. After the sonication, dopamine 

hydrochloride was added in and kept stirring for 18h. After the polymerization of polydopamine at 

the surface of PFH nanodroplets, PDA-PFH nanodroplets were centrifuged at 6000rpm for 3min to 

remove the free polydopamine in the supernatant. The size of PDA-PFH nanodroplets were 

controlled by different conditions and were summarized in Table 2. 

 

pH Volume of external 

water phase 

Volume of PFH Mass of dopamine 

hydrochloride 

Ultrasonication 

10mM Tris 

buffer (8.5) 

10ml 2μl 2.5mg 3min 

200W 4μl 

10mM Tris 

buffer (10.5) 

8μl 

16μl 

32μl 
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Table 2. Size control of PDA-PFH nanodroplets. The volume of external water phase was fixed at 

10ml and mass of dopamine was 2.5mg. Ultrasonication power was 200W and sonication time was 

3min. pH of reaction was fixed at 8.5 and 10.5 using 10mM Tris buffer, and the volume of PFH was 

fixed at 2ul, 4ul, 8ul, 16ul, and 32ul.  

 

As a comparison, PDA nanoparticles were prepared as well. The method was same to previous 

studies [103, 149]. Briefly, Tris-HCl was dissolved in 40ml distilled water with an addition of 10ml 

of isopropanol (IPA). The pH was adjusted to 8.5 for further polymerization of poydopamine 

nanoparticles. Then 25mg of dopamine hydrochloride power was mixed together under continuous 

stirring overnight. Then the obtained solution was centrifuged at 20000rpm for 30min and the 

sediments were collected and redispersed in 50ml distilled water for further use. 

  

2.3.3 Surface modification of PDA-PFH nanodroplets 

 

PDA shell was modified by NH2-mPEG through Schiff base reaction and Michael addition. The 

products from 2.5mg dopamine hydrochloride and different volume of PFH was re-dispersed in 

10ml Tris buffer (10mM, pH 8.5). Then 10mg NH2-mPEG was added in and the solution was kept 

stirring overnight. After the surface modification process, PEG modified PDA-PFH nanodroplets 

were centrifuged at 6000rpm for 3min to remove the free NH2-mPEG in the supernatant, and stored 

at room temperature for further use. 

 

2.3.4 PDA-PFH nanodroplets characterization 

 

UV-Vis absorption of PDA-PFH nanodroplets (2μl PFH) and PDA NPs was measured using a 

Ultrospec 2100 Pro spectrophotometer (Amersham Biosciences), scanning from 190nm to 900nm. 

Both PDA-PFH nanodroplets and PDA NPs were suspended in DI water. 

 

Danamic light scattering (DLS) measurement and zeta potential measurement were taken using 

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at room temperature. DLS measurement 

provided the hydrodynamic diameter and its distribution of PDA-PFH nanodroplets, which could 
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be a rough reference of the size distribution. Also, to measure the surface charge of PFH 

nanodroplets and demonstrate the stabilization of PFH nanodroplets, Zeta potential was taken under 

different alkaline solution. Zeta potential was also measured for both PDA-PFH nanodroplets with 

and without NH2-mPEG modification. Triplicate measurements were performed for each sample. 

 

Morphological observation of PDA-PFH nanodroplets was determined using a JEOL Model JEOL-

2100F Field Emission Electron Microscope STEM (Tokyo, Japan). STEM samples were prepared 

by directly dripping the nanosheets containing droplet onto a copper grid coated with carbon firm. 

Also the morphology and size characterization were performed using a JOEL-6335F Field Emission 

Electron Microscope FESEM (Tokyo, Japan). 

 

2.3.5 Biocompatibility test 

 

Biocompatibility of PEG modified PDA-PFH nanodroplets were evaluated using Hela cells. For the 

cell culture, first, cell resuscitation is performed. The Hella cells were removed from the liquid 

nitrogen tank and immediately thawed in a 37 ° C water bath. After the thawing was completed, the 

cells in the cryotubes were quickly transferred to a centrifuge tube, and 3 ml of complete medium 

(containing 10% FBS and 1% PS in high glucose medium) was added. The mixed cell suspension 

was centrifuged at 1000 rpm for 5 minutes, and the liquid supernatant was removed. The pelleted 

cells were redispersed in full culture medium and transferred to T25 cell culture flasks. The cells 

were passaged approximately every three days, first washing FLASK twice with 1 x PBS, then 

adding 1 ml trypsin and storing in a 37 ° C incubator for 3 minutes. Then, 3 ml of complete medium 

was added immediately to stop the trypsin reaction. The solution was centrifuged at 1000 rpm for 5 

minutes, leaving the cell pellet underneath. After the cells were used, they could be selected for cell 

freezing. The cells were first passaged. The difference was that after trypsinization and 

centrifugation of the cells, a freezing solution (1 ml per T25 flask) was added. The solution was then 

transferred to a cryotube and the tube was placed in a freezer under a -80 °C condition. After 24 

hours, the cells were transferred to a liquid nitrogen tank. 

 

For the cell toxicity tests, cells were first passaged and counted. The cells were uniformly dispersed 
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in 96-well plates (1 × 104 cells per well), with a total of 7 groups of 3 wells per cell, and cultured 

overnight. The concentration of PDA-PFH nanodroplets was then diluted to 200 μg/ml, 100 μg/ml, 

50 μg/ml, 25 μg/ml, 12.5 μg/ml, and were separately added to 6 groups of cells. At the same time, 

a group of cells was left as a control experiment, and only normal cell culture medium was added. 

After 24 hours, the culture medium in the 96-well plate was removed, and then the cell culture 

medium mixed with CCK-8 was added, and the cells were cultured for another 1 hour. Finally, the 

absorbance value of each well was obtained by a microplate reader. The absorbance value of the 

control group was used as a reference standard for 100% cell viability, and the cell viability of the 

other groups was compared with the control value. This experiment was repeated 3 times. 

 

2.3.6 Photothermal Effect 

 

The photothermal effect of the PDA-PFH nanodroplets was obtained by measuring the temperature 

change of the sample under laser irradiation with a wavelength at 808 nm. The original concentration 

of the material is 1 mg/ml, which is the approximate concentration of PDA in the nanodroplets. The 

sample was first diluted with water to 200 μg/ml, 160 μg/ml, 120 μg/ml, 80 μg/ml, and 40 μg/ml. 

Distilled water was set as the control group for the experiment. The laser intensity of the laser was 

fixed at 2 W/cm2 compared to different concentrations of PDA-PFH nanodroplets. For the 

photothermal effect of a fixed concentration of PDA-PFH nanodroplets (200 μg/ml), the samples 

were irradiated with different intensity lasers (2 W/cm2, 1 W/cm2, 0.5 W/cm2) and the temperature 

changes of the samples were recorded using a thermal camera. The laser irradiation time was fixed 

at 300 s each time. For the characteristics of PDA-PFH nanodroplets heated and cooled under laser 

irradiation, the laser was irradiated at an intensity of 2 W/cm2. 

 

2.3.7 In vitro ultrasound imaging and photoacoustic imaging 

 

For In vitro ultrasound imaging, we heated the PDA-PFH nanodroplets by hotplate and laser, 

respectively, to vaporize the PFH nanodroplets to produce PFH microbubbles and generate 

ultrasonic signals. The concentration of the PDA-PFH nanodroplet sample was controlled at 1 

mg/ml and dispersed in latex gloves (Figure 25). The temperature of the hotplate was controlled at 
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room temperature, 45 °C, and 65 °C, respectively. After the temperature reached the specified 

temperature, the B-Mode ultrasound signal of the PDA-PFH nanodroplet sample was recorded. For 

the laser-excited PFH nanodroplet gasification process, 0.5W and 1W 808nm wavelength lasers 

were respectively irradiated to the sample, and the B-Mode ultrasonic signal changes generated by 

the PDA-PFH nanodroplet sample were recorded. 

 

       

Figure 25. Set-up of hotplate or NIR irradiation triggered ultrasound imaging of PDA-PFH 

nanodroplets 

 

The photoacoustic signal of the PDA-PFH nanodroplets is provided by the PDA, and the properties 

of the PDA itself do not change significantly under heating conditions. Since the latex gloves 

themselves are not very light-transmissive, the photoacoustic signals of the PDA-PFH nanodroplets 

were explored and the samples were transferred to polyethylene (PE) tubes for imaging. Different 

concentrations of PDA-PFH nanodroplets (0.25, 0.5, 0.75, 1 mg/ml) were injected into PE tubes, 

and a wide-band photoacoustic imaging from 680 nm to 970 nm was performed, and signal intensity 

analysis was recorded. 

 

2.3.8 In vitro photothermal therapy 

 

Cells were first passaged and counted. The cells were uniformly dispersed in 96-well plates (1 × 104 

cells per well), with a total of 6 groups of 3 wells per cell, and cultured overnight. The entire medium 
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was replaced with the material and the control medium the next day. The PDA-PFH nanodroplets 

were diluted to 10 μg/ml, 20 μg/ml, 30 μg/ml, 40 μg/ml, 50 μg/ml and a group of full culture 

medium-filled control groups. After 18 hours of incubation, laser irradiation was performed for each 

well for 3 minutes, and the power was fixed at 1 W/cm2. After the irradiation, the 96-well plate was 

placed in an incubator and culture was continued for 24 hours. The culture medium containing PDA-

PFH nanodroplets in the 96-well plate was removed, and then the cell culture medium mixed with 

CCK-8 was added, and the cells were cultured for another 1 hour. Finally, the absorbance value of 

each well was obtained by a microplate reader. The absorbance value of the control group was used 

as a reference standard for 100% cell viability, and the cell viability of the other groups was 

compared with the control value. The experiments were repeated 3 times. 
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Chapter 3 Results 

 

3.1 Molybdenum disulfide (MoS2) nanosheets modified polyvinyl alcohol (PVA) 

microbubbles for dual-mode ultrasound (US) and photoacoustic (PA) imaging 

 

 
Figure 26. The illustration of fabrication of MoS2-MBs 

 

3.1.1 MTA functionalized MoS2 (MTA-MoS2) nanosheets preparation 

 

The fabrication process of MoS2-MBs is shown in Figure 26. As mentioned in section 2.1, the 

modification of MTA chain onto MoS2 surface was based on the chemical bond between -SH and 

defected Mo element. The amount of MTA should be excess to prevent the aggregation of MoS2 

nanosheets during the process of changing the surface charge. After the modification of MTA, UV-

Vis-NIR absorption of MoS2-MTA was slightly different from that of pristine MoS2 nanosheets. A 

small lifting occurred at UV region which was attributed by MTA (Figure 27). Zeta potential was 

used to characterize the change of surface charge after the modification of MTA (Figure 27). Before 

the modification, pristine MoS2 nanosheets were negatively charged due to the surface defects 
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resulting from the chemical exfoliation process. However, after the introduction of MTA chain 

which has a -N(Me)3+ group at one end, the positively charged groups were exposed outside and 

leading to a charge conversion of MoS2, from negative to positive. Zeta potential measurement 

showed that in DI water, surface charge of MoS2 nanosheets were near -31 mV, and MTA change it 

to +22 mV. 
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Figure 27. UV-Vis-NIR absorption and Zeta potential of MoS2 and MoS2-MTA nanosheets in DI 

water. 

 

DLS measure was conducted to roughly measure the size change after the MTA modification 

(Figure 28). It was interesting that after the modification, DLS size decreased from 161nm to 153nm, 

which may be caused by the assistance of MTA to further enhance of the water-dispersity of MoS2 

nanosheets. FTIR spectra of MoS2 before and after the modification with MTA. The IR absorption 

band at ~2900 cm-1 in the MoS2-MTA sample was attributed to the C-H vibration in MTA. 
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Figure 28. DLS size measurement and FTIR spectra of MoS2 and MoS2-MTA nanosheets 
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TEM images were used to observe the morphology of MoS2 and MoS2-MTA nanosheets (Figure 

29). The morphology and the stack of MoS2 nanosheets showed no significant change, indicating 

that the modification did not alter the well dispersity of the single- or few-layer MoS2 nanosheets. 

High resolution TEM indicated the well-organized crystalline structure of both MoS2 and MoS2-

MTA nanosheets. 

 

 

                    

Figure 29. TEM images of single-layered MoS2 (left) and MoS2–MTA nanocomposites (right). Scale 

bar is 200 nm, 50nm, and 10nm. 

 

3.1.2 Poly (vinyl alcohol) Microbubbles (PVA MBs) and MoS2 attached PVA MBs 

Preparation 

 

For the PVA MBs fabrication, long chain of PVA was firstly oxidized into small chains, and then 

the free -CHO and -OH reacted to form the PVA MBs. In the early stage of the shell formation, PVA 

chains will migrate from the bulk of the aqueous solution to the air-solution interface acting as a 

surfactant. Segregation of PVA at the surface creates the proper conditions for microbubbles 

MoS2 

MoS2-MTA 
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stabilization. Figure 30 shows the observation of PVA MBs under light microscopy, confocal 

microscopy, as well as FESEM. The shell of PVA MBs was stained using RBITC dye. The average 

diameter of MBs was around 4μm. SEM images indicated the surface morphology of PVA MBs, 

which was quite smooth. 

  

Figure 30. Light microscopy, confocal microscopy, and FESEM images of PVA MBs 

 

The resulting MBs floating layer over the dispersion medium exhibits a gray-to-black coloring 

depending upon the MoS2 loading on the MB shell surface (Figure 31). The comparison with a PVA 

MBs dispersion with untethered MoS2 is shown in Figure 10 as well. Bright field microscopy of the 

MoS2-MBs displays dark zones surrounding the MBs surface attributed to the presence of 

MoS2 nanosheets. 

 

         

Figure 31. Light microscopy and confocal microscopy images of MoS2-MBs (left), PVA and MoS2-

MBs aqueous suspensions, the black color indicate microbubbles floating at the air−water interface. 

 

The interaction between PVA MBs and MoS2-MTA nanosheets was based on electrostatic force. 

The positively charged MoS2-MTA nanosheets could attach onto surface of negatively-charged PVA 
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MBs, without any further chemical reactions. The electrostatic force is strong enough for the 

attachment. Since it was not covalent bond, it is possible for further detachment of MoS2 nanosheets 

from the surface of MBs, which is promising to pass across blood vessels in tumor site based on 

EPR effects. Element mapping was also conducted to demonstrate the successful attachment of 

MoS2 nanosheets (Figure 32). As shown, the smooth morphology of pure PVA MBs was changed, 

and became much rougher. This was caused by the irregular adsorption of MoS2 nanosheets. Mo 

and S elements could be observed during element mapping, and the shape was anastomotic to that 

in the normal SEM images. 

 

   

Figure 32. SEM and element mapping images of PVA MBs-MoS2 composites 

 

To demonstrate the interaction between PVA MBs and MoS2 nanosheets was based on electrostatic 

force, Zeta potential measurement was conducted to measure the surface charge of PVA MBs, MoS2-

MTA, and MoS2-MBs composites. It was reasonable that the surface charge of PVA MBs was about 

-10mV due to the surface oxygen-containing groups. MoS2-MTA nanosheets were positive-charged 

as mentioned before, at about +22mV. After the conjugation, the total surface charge of MoS2-MBs 

composites were measured to be -2mV. This was rational and could prove the successful tethering 

of MoS2 nanosheets because the surface charge of MBs was neutralized. The amount of MoS2 

nanosheets tethered to the PVA MBs shell has been determined using thermogravimetric analysis. 

Figure 33 shows the decomposition thermograms of MoS2-PVA MBs with saturated content in 

comparison with plain PVA MBs up to 500 °C. MoS2-PVA MBs display a higher residual weight 

with respect to the plain PVA MBs, proportional to the initial MoS2 shell density content. These 

weight loss differences indicate the presence of non-decomposed MoS2 sheets and suggest that a 

total amount of about 4.5% of graphene with respect to PVA, can be achieved. DLS was also used 

for the rough measurement of the change in size. A small shift to right indicated that after the 
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tethering of MoS2 nanosheets, the size of MoS2-PVA MBs composites increased.  
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Figure 33. Thermogravimetric analysis of PVA and MoS2-PVA microbubbles under nitrogen from 

100 to 500 °C (left); DLS measurement of PVA and MoS2-PVA microbubbles in distilled water. 

 

3.1.3 Haemocompatibility tests 

 

In vitro hemolysis tests should be performed to evaluate the haemocompatibility of MoS2-MBs 

composites (Figure 34). The hemolytic activity of MoS2-MBs composites was evaluated by 

measuring the hemoglobin released by the rupturing of RBCs. The results showed that the 

absorbance (optical density = 0.813) of RBCs in water as a negative control was markedly higher 

than that of MoS2-MBs composites, which resulted in optical density values between 0.006 and 

0.040, approaching the detection limit of the UV-Vis detector, indicating that the hemolysis activity 

of MoS2-MBs composites was negligible. The hemolysis is linked to the surface characteristics of 

the test samples, such as surface charge and functional groups. The neutrally charged MoS2-MBs 

composites (−2 mV at pH 7) prevented MoS2-MBs composites and RBC interactions through 

electrostatic repulsion against the net negatively charged cell membrane of RBCs. 
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Figure 34. Haemocompatibility tests of MoS2-MBs composites using arterial blood plasma from 

mice 

 

3.1.4 In vitro ultrasound imaging and photoacoustic imaging 

 

The in vitro US and PA imaging was conducted using a 3D printing technique. The shape of the 3D-

printed pattern is shown in Figure 35. After assembling the pattern, liquid agarose was pour in and 

wait for the concretion. Then the pattern was removed and left the phantom with five grooves. The 

grooves were filled with liquid agarose with different concentration of MoS2-PVA MBs and which 
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was later naturally coagulated. US and PA scanning was processed to investigate the capacity of 

MoS2-PVA MBs as both contrast agent, as well as the relationship between the signal intensity and 

the concentration of MoS2-PVA MBs. White color dots present the ultrasound signals under contrast 

mode, and as the concentration of MoS2-PVA MBs increased, the signals exhibited a positive 

correlation. Same results occurred in the PA measurement. Quantitative statistics of US and PA 

signals indicated a consistent conclusion.  
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Figure 35. In vitro ultrasound and photoacoustic studies of MoS2-PVA MBs composites based on a 

3D-printed phantom 

 

3.1.5 In vivo ultrasound imaging and photoacoustic imaging 

 

A basic study of the capacity of MoS2-PVA MBs composites as ultrasound and photoacoustic 
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contrast agents in vivo has been done in mice (Figure 36). 10μL MoS2-PVA MBs composites were 

injected subcutaneously at the concentration of 108 MBs/mL. Despite this very low dose, as 

compared to the studies of graphene derivatives reported in the literature addressing photoacoustic 

imaging, good enhancement of PA signal was observed following the injection (Figure 36). 

Ultrasound contrast showed to be identical to the photoacoustic signals, indicating that both US and 

PA contrast were caused by MoS2-PVA MBs composites. Moreover, no apparent toxic effects or 

abnormalities were observed on the tested mouse, monitored for 1 week after the experiment. 

 

 

  

Figure 36. In vivo ultrasound imaging and photoacoustic imaging of MoS2-PVA MBs composites 

after the subcutaneous injection on mice. 
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3.2 Polydopamine doped poly (vinyl alcohol) microbubbles: a theranostic agent for dual-

mode imaging and active targeted photothermal therapy 

 

 

Figure 37. The illustration of fabrication of RGD modified PDA doped PVA microbubbles and the 

mechanism of dual-mode photoacoustic imaging and ultrasound imaging, as well as the active-

targeting photothermal therapy 

 

3.2.1 Synthesis of polydopamine (PDA) doped Poly (vinyl alcohol) (PVA) 

microbubbles and surface modification of RGD peptides 

 

The fabrication of PDA doped PVA microbubbles is similar to the fabrication of pure PVA 

microbubbles, except for the doping of polydopamine (Figure 37). Long chain of PVA was firstly 

oxidized into small chains, and then the free -CHO and -OH reacted to form the PVA MBs. In the 

early stage of the shell formation, PVA chains will migrate from the bulk of the aqueous solution to 

the air-solution interface acting as a surfactant. Aldol condensation happened between -CHO and -

OH groups on telechelic PVA chains while simultaneously, dopamine polymerized into 

polydopamine and doped in polymerized PVA shell, under the oxidization of residual NaIO4. Light 

microscopy was used to observe the size and hollow core of PDA doped PVA MBs, as shown in 

Figure , the diameter was about 4μm. FESEM images show the morphology and size of PDA doped 
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PVA MBs as well, and compared to pure PVA MBs, the surface of PDA doped PVA MBs was 

relatively rough, due to the doping of polydopamine. After floating to the surface of solution, the 

PDA doped PVA MBs were clearly black, indicating the successful fabrication of microbubbles 

containing black polydopamine (Figure 38). 

 

 
Figure 38. Light microscopy images and FESEM images of PDA doped PVA microbubbles. Inserted 

image shows the black color and floating capability of PDA doped PVA microbubbles. 

 

Dynamic light scattering (DLS) measurement provide the dynamic size of PDA doped PVA 

microbubbles (Figure 39A). As a comparison, pure PVA microbubbles fabricated using the same 

method without any addition of dopamine was measured as well. DLS results showed that pure PVA 

microbubbles had an average size of 2.7μm, while the PDA doped PVA microbubbles had an average 

size of 3.6μm. The increase of size could be caused by the doped polydopamine, also the 

polymerization of dopamine could act a linker between telechelic PVA chains, to further increase 

the size of PDA doped PVA microbubbles. UV-Vis absorption was measured as well, however, the 

result could not indicate the real absorption of PDA doped PVA microbubbles (Figure 39B). The 

reason is that UV-Vis measurement is used to measure the extinction, which contains the absorption 

and scattering. Microbubbles had a strong light scattering because of the gas filled core. 
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Figure 39. DLS size of PDA doped PVA microbubbles and pure PVA microbubbles (A), UV-Vis 

absorption of PDA doped PVA microbubbles (B). 

 

To ensure the successful modification of RGD on the PDA doped PVA microbubbles surface, zeta 

potential measurement was taken to observe the change of surface charge before and after the 

modification (Figure 40). The result shows that PDA doped PVA MBs had a zeta potential at -

28.4mV in distilled water, however, after the modification of RGD, the surface charge turned to 

more positive that the zeta potential was about -16.4mV. It is rational because PDA has a lot of 

phenolic hydroxyl groups which are very negative charged. The replacement of RGD peptide could 

cover part of these negatively charged groups, resulting in a less negatively charged PDA surface. 
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Figure 40. Zeta potential of PDA doped PVA microbubbles and RGD modified PDA-PVA 
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microbubbles. 

3.2.2 Haemocompatibility and biocompatibility tests 

 

Similar to MoS2-MBs, in order to test the biocompatibility of PDA doped PVA microbubbles, 

experiments were performed on blood compatibility tests and cytotoxicity, respectively. For blood 

compatibility studies, red blood cells from mice were used to test whether different concentrations 

of PDA doped PVA microbubbles (108, 107, 106, 105, 104 MBs/mL) caused hemolysis. Due to the 

zero osmotic pressure of DI water, it would cause red blood cells to swell and rupture, releasing 

hemoglobin. Therefore, red blood cells in the DI water were used as a positive control, and 

conversely, in the 1x PBS buffer, the red blood cells could maintain a stable osmotic pressure 

without rupturing, and thus were set as a negative control. As shown in Figure 41, all different 

concentrations of PDA doped PVA microbubbles demonstrated good blood compatibility without 

significant hemolysis. 
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Figure 41. Haemocompatibility tests of PDA doped PVA microbubbles using arterial blood plasma 

from mice 

 

For different concentrations of PDA doped PVA microbubbles, we also investigated their cell 

cytotoxicity. Cells were first uniformly seeded in 96-well plates, and all wells were kept at the same 

concentration. A group of wells containing cell culture medium without PDA doped PVA 
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microbubbles was used as a control group, so other experimental groups with PDA doped PVA 

microbubbles were compared with the control group for cell viability. The results showed that at all 

concentrations (108, 107, 106, 105, 104 MBs/mL), the cell viability was over 100%. Therefore, the 

experimental results showed that PDA doped PVA microbubbles had very good biocompatibility 

and would not cause significant damage to Hela cells, or even enhance the viability of Hela cells 

(Figure 42). 
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Figure 42. Cell toxicity of different concentration of PDA doped PVA microbubbles (108, 107, 106, 

105, 104 MBs/mL) 

 

3.2.3 Photothermal Effect 

 

In photothermal therapy for cancer, a laser of a wavelength in the near-infrared region is usually 

selected as an energy source. PDA doped PVA microbubbles absorb photon energy and convert it 

into heat. Then, a locally elevated temperature will kill the surrounding tumor cells as a therapeutic 

effect. Firstly, we demonstrate the photothermal effect on PDA doped PVA microbubbles in vitro 

using an 808 nm laser. The laser was focused on the microbubble solution dispersed in DI water, 

and then the temperature change of the microbubble solution was recorded by a thermal camera. In 



81 
 

the first two tests (Figure 43A, B), the temperature changes of the PDA doped PVA microbubbles 

solution were observed for fixed laser intensity with varying microbubble concentration, or fixed 

microbubble concentration with varying laser intensity. In general, the higher the concentration of 

PDA doped PVA microbubbles, the greater the laser intensity, the faster the temperature rises, and 

higher temperatures could be achieved in a given time. The results demonstrated that PDA doped 

PVA microbubbles had a good photothermal effect. The thermal stability of the PDA doped PVA 

microbubbles was also investigated by repeated heating and cooling. As shown in Figure 43C, after 

three cycles of heating and cooling, the thermal curve of the PDA doped PVA microbubbles had no 

significant change, which proved that this material had very good photothermal stability and could 

be applied to subsequent photothermal therapy for cells and animals. 
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Figure 43. Photothermal effects of PDA doped PVA microbubbles. The temperature enhancement 

of PDA doped PVA microbubbles with different concentration (5*107 MBs/ml, 4*107 MBs/ml, 

3*107 MBs/ml, 2*107 MBs/ml, and 107 MBs/ml) under the irradiation of 1W/cm2 808nm laser 

(A). The temperature enhancement of PDA doped PVA microbubbles with a concentration of 

5*107 MBs/ml under different power of 808nm laser (1W/cm2, 0.5W/cm2, 0.25W/cm2) (B). The 

heating/cooling cycles of PDA doped PVA microbubbles 

 

3.2.4 In vitro ultrasound imaging and photoacoustic imaging 

 

Same to the in vitro ultrasound imaging and photoacoustic imaging of MoS2-MBs, the in vitro US 

and PA imaging was conducted using a 3D printing technique. After assembling the pattern, liquid 

agarose was pour in and wait for the concretion. Then the pattern was removed and left the phantom 

with five grooves. The grooves were filled with liquid agarose with different concentration of PDA 

doped PVA microbubbles and which was later naturally coagulated. US (B-mode and contrast mode) 

and PA scanning was processed to investigate the capacity of PDA doped PVA microbubbles as both 

contrast agent, as well as the relationship between the signal intensity and the concentration of PDA 

doped PVA microbubbles. White color dots present the ultrasound signals under contrast mode, and 

as the concentration of PDA doped PVA microbubbles increased, the signals exhibited a positive 

correlation. Same results occurred in the PA measurement (Figure 44).  

 

C 
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Figure 44. In vitro ultrasound and photoacoustic studies of PDA doped PVA microbubbles based on 

a 3D-printed phantom 

 

3.2.5 In vitro active targeting to endothelial cells for photothermal therapy 

 

The RGD peptides is a tumor-targeted peptide that has been widely proven and applied. RGD-

modified nanomaterials or micromaterials can be highly targeted to epithelial cells or tumor cells at 

the tumor site. Since the size of the microbubble itself is relatively large and cannot enter the inside 

of the tumor through the blood vessel wall, in this project, the purpose of surface modification of 

the RGD polypeptide is to target the epithelial cells at the tumor site and achieve photothermal 

therapy to the tumor blood vessels. The cell type selected is Hy.926, a representative of epithelial 

cells at the tumor site. Since the microbubbles tend to float upward to the liquid surface, it is difficult 

to allow sufficient contact time and space for the microbubbles and cells when the tumor cells are 

seeded at the bottom of the 96-well plate. To solve this problem, we placed a layer of PDMS directly 

on the 96-well plate and lid so that when the 96-well plate was inverted, no cell culture fluid would 

flow out of the wells. PDMS itself has good gas permeability and can also maintain gas exchange 

between oxygen and carbon dioxide. The inverted 96-well plate allows sufficient contact between 

the microbubbles and the Hy.926 cells. The results showed that the microbubbles without RGD 

modification could not be adsorbed on the surface of Hy.926 cells. When the 96-well plates were 

repositioned, most of the microbubbles were detached from the cell surface. When the surface of 

the microbubbles was modified with RGD peptide, even if the 96-well plate was re-positioned, a 

large number of microbubbles were adsorbed on the surface of Hy.926 cells, which confirmed that 
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the RGD polypeptide-modified microbubbles had good targeting ability to Hy926 cells (Figure 45). 

 

 

Figure 45. Targeting effect of PDA doped PVA microbubbles modified with/without RGD peptides. 

 

The photothermal treatment effect of PDA doped PVA microbubbles was also explored. Hy.926 

cells were first uniformly seeded in 96-well plates, and all wells were kept at the same concentration. 

A group of wells containing cell culture medium without PDA doped PVA microbubbles was used 

as a control group, so other experimental groups with PDA doped PVA microbubbles were compared 

with the control group for cell viability. The concentration of PDA doped PVA microbubbles was 

controlled at 107, 0.5*107, 0.25*107, and 0.125*107 MBs/ml, and the intensity of 808 nm laser light 

was controlled at 2 W/cm2. The heating time of each well was controlled at 5 min. It could be 

observed that as the concentration of PDA doped PVA microbubbles increased, the activity of the 

cells decreased (Figure 46). When the concentration of PDA doped PVA microbubbles reached 107 

MBs/ml, less than 30% cells were alive, indicating a good photothermal therapeutic effect. 
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Figure 46. In vitro photothermal therapeutic effect of different concentration of PDA doped PVA 

microbubbles (107, 0.5*107, 0.25*107, and 0.125*107 MBs/ml) 
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3.2 Polydopamine encapsulated perfluorocarbon nanodroplets for dual-mode photoacoustic 

and ultrasound imaging 

 

The fabrication process of PDA-PFH nanodroplets and the mechanism of dual-mode photoacoustic 

imaging and ultrasound imaging, as well as photothermal therapy is illustrated in Figure 47.  

 

Figure 47. The illustration of fabrication of PDA-PFH nanodroplets and the mechanism of dual-

mode photoacoustic imaging and ultrasound imaging, as well as photothermal therapy 

3.2.1 Polydopamine encapsulated perfluorohexane nanodroplets preparation 

 

The preparation of polydopamine encapsulated perfluorocarbon nanodroplets is divided into the 

following three steps: firstly, an alkaline solution of a specific pH is prepared, and a perfluorocarbon 

liquid is added to the bottom. The perfluorocarbon and the alkaline solution were combined into a 

microemulsion by a strong ultrasonic method under an ice-water bath. Then dopamine 

hydrochloride was quickly added thereto, and the reaction was allowed to proceed overnight under 

stirring. Unlike the general method of making microemulsions, the greatest feature of our method 

is that no surfactant is introduced as a stabilizer for the nanodroplets. The reason that the 

conventional surfactant-stabilized microemulsion can be stably present is due to the amphiphilicity 

of the surfactant. In the absence of a surfactant, nanodroplets produced using ultrasonic or high-

speed agitation can quickly gather together to form a larger liquid, reducing surface area and surface 
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tension. This is the inevitable result of surface energy. In the case using surfactants, since the 

surfactant molecule is hydrophilic at one end, the hydrophobic end faces the nanodroplet while the 

hydrophilic end faces the outer aqueous phase. This assembly results in a layer of surfactant 

molecules on the surface of the nanodroplets and greatly reduces the surface energy of the 

nanodroplets. The nanodroplets that reduce the surface energy become very stable, and the 

microemulsion can be stably stored for a long time when the ratio of the surfactant to the oil phase 

is correct. In 2011, Xu and his colleagues reported a microemulsion system that would stabilize an 

alkane-based organic phase without the need for a surfactant [110]. They claimed that the alkane 

organic phase was in an alkaline aqueous solution, and the surface would accumulate a large amount 

of hydroxide (Figure 48), resulting in two results: one was that the surface of the oil phase droplet 

had a large amount of negative charge, so that the droplets were mutually repulsed by electrostatic 

force and could be relatively stable and did not immediately reunite. Zeta potential measurement 

showed that the zeta potential of hexadecane was -105 mV at a pH of 9. The second was that the pH 

of the emulsion droplet surface and nearby was much higher than the pH in other aqueous phases. 

Also, under the condition that the pH of the outer aqueous phase was 9, the pH of the surface of the 

cetane oil droplets could be as high as 14. 

 

Figure 48. alkane nanodroplets can accumulate a large amount of hydroxide on the surface, resulting 

a high local pH and self-polymerization of dopamine at alkane/water interfaces. 

 

Nevertheless, it is not enough to simply stabilize the microemulsion by the surface charge repulsive 

force. They also introduced the polymerization of dopamine as a stabilizer to further protect the 
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hexadecane emulsion. The polymerization of dopamine requires two conditions, one of which 

requires oxidation from the oxidant, such as oxygen in the air, and the second is alkaline conditions. 

The most common one is the Tris buffer at pH = 8.5. In general, the higher the oxygen concentration 

and the stronger the basic conditions result in the faster the rate of dopamine polymerization. 

Therefore, in the alkaline emulsion of hexadecane, since the pH of the surface of the oil phase 

droplet is much higher than the pH of the surrounding aqueous phase, after the introduction of 

dopamine, dopamine tends to polymerize on the surface of the hexadecane liquid. Thereby a layer 

of polydopamine is formed to further stabilize the hexadecane droplets (Figure 48). The structure 

of perfluorocarbons and alkanes is somewhat similar, except that perfluorocarbons generally replace 

the hydrogen atoms in the alkane with fluorine atoms. Therefore, the perfluorocarbon liquid has a 

higher density and a more stable chemical property than the alkane liquid, and thus is less toxic. 

McCarty and his colleagues studied surface charges for solids of different materials, from glass, 

wood, silk, to polypropylene (PP), polyvinyl chloride (PVC), and polytetrafluoroethylene (PTFE). 

The surface of Teflon is the most negative [150]. Similarly, perfluorocarbon liquids and 

polytetrafluoroethylene have similar structures, so we speculate that perfluorocarbon droplets will 

have a more negative surface charge in water. At the same time, dopamine can also be polymerized 

on the surface of perfluorocarbon droplets. 

Polydopamine is a high-molecular polymer with photothermal effect and excellent biocompatibility. 

The use of polydopamine in biomaterials is generally concentrated in polydopamine nanospheres, 

polydopamine nanoshell, and a polydopamine hollow nanostructure. Compared with the former two, 

the hollow structure of polydopamine is more complicated and more difficult to manufacture. 

Generally, there are two methods for preparing hollow polydopamine nanostructures, one is a hard 

template method and the other is a soft template method. The hard template method is relatively 

common. Generally, SiO2 and CaCO3 are used as hard cores, then dopamine is polymerized on the 

surface, and finally the core is etched off with HF or hydrochloric acid to obtain a hollow 

nanostructure of polydopamine. Soft templates are rarely reported, and generally use toxic organic 

solvents such as Alkane, Toluene, or THF. These organic solvents are toxic on the one hand and do 

not have biological functions on the one hand because they are difficult to apply in the field of 

biological materials. If perfluorocarbon can be used as the inner core, the toxicity of the organic 

solution can be avoided on the one hand, and the perfluorocarbon can be used as an ultrasound 
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contrast agent or artificial blood on the other hand to achieve a win-win effect. 

 

In order to verify the likelihood of the hypothesis, we first performed a routine pre-experiment. In 

10 mL of Tris buffer (10 mM) at pH 8.5, 16 ul of perfluorohexane was added and sonicated for 3 

min in an ice-water bath at an ultrasonic power of 200 W. After the ultrasonication, the solution 

became cloudy and opaque, and nanodroplets larger than 50 nm have been formed in the solution, 

thus causing a strong scattering effect on the light. Then 2.5 mg of dopamine hydrochloride was 

added and stirring was continued overnight. It could be observed that the solution gradually turned 

pink first, then turned black, and the surface of nanodroplets had the formation of polydopamine. 

DLS can roughly characterized the size of the formation, the specific structure and size were 

characterized by TEM. The apparent core-core structure was observed.  

 

 

Figure 49. the increase of volume of PFH (2ul, 4ul, 8ul, 16ul, 32ul) results in an increase of volume 

of the precipitation after centrifugation 

 

After confirming the possibility of polydopamine encapsulating perfluorocarbon droplets, we have 

carefully studied and characterized the PDA-PFH nanodroplets under different reaction conditions. 

The amounts of dopamine and the external aqueous phase were fixed at 2.5 mg and 10 ml, 

respectively. The power of the ultrasound was fixed at 200 W and the duration was 3 min. In order 

to avoid unnecessary loss of perfluorocarbons, all the reactants were previously immersed in an ice-

water mixture for 20 min, and an ice-water bath was also applied simultaneously during the 

sonication. We studied different volumes of perfluorohexane liquid (2μl, 4μl, 8μl, 16μl, 32μl), and 

the size of PDA-PFH nanodroplets under different pH conditions (pH=8.5, pH=10.5). At the end of 

the reaction, when the PDA-PFH nanodroplets were centrifuged, it was found that as the amount of 
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perfluorohexane liquid increased, the volume of the black fraction which was centrifuged increased 

(Figure 49). The 2 ul perfluohexane group had the least amount, and the 32 ul perfluorocarbon 

group had the largest amount. Through DLS, it could be measured that when the pH was fixed at 

8.5 or 10.5, the size of the PDA-PFH nanodroplets would gradually increase as the amount of 

perfluorohexane increased. For example, when pH=8.5, the size of PDA-PFH nanodroplets made 

from 2ul of perfluorohexane was about 347nm, while the size of PDA=PFH nanodroplets made by 

32ul of perfluorohexane was 508nm. about. When the volume of the perfluorocarbon was the same, 

the size of the PDA-PFH nanodroplets prepared under the condition of pH=10.5 was smaller than 

the size of the PDA-PFH nanodroplets prepared by pH=8.5. For example, the size of PDA-PFH 

nanodroplets prepared from 2 ul of perfluorohexane was about 347 nm under the condition of 

pH=9.5, but can be reduced to about 235 nm under the condition of pH=10.5. The specific size and 

dispersion were summarized in Figure 50 and Table 3. 
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Figure 50. DLS size of PDA-PFH nanodroplets under different pH (pH=8.5, pH=10.5) and different 

volume of PFH (2μl, 4μl, 8μl, 16μl, 32μl) 

 

Volume of PFH 2ul 4ul 8ul 16ul 32ul 

Size of PDA-PFH NC (pH=10.5) 235.7nm 253.5nm 272.5nm 314.4nm 345.3nm 

Size of PDA-PFH NC (pH=8.5) 347.3nm 376.4nm 449.4nm 486.9nm 508.1nm 
Table 3. Summarize of DLS size of PDA-PFH nanodroplets under different pH (pH=8.5, pH=10.5) 

and different volume of PFH (2μl, 4μl, 8μl, 16μl, 32μl) 

 

The TEM characterization clearly shows the core-nuclear structure of the PDA-PFH nanodroplets, 

as shown in the Figure 51. The figure shows PDA-PFH nanodroplets synthesized with 2 ul 

perfluorohexane at pH 10.5. 
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Figure 51. TEM image of PDA-PFH nanodroplets fabricated with a volume of PFH at 2ul and pH 

at 10.5 

 

One of the advantages of polydopamine is that it is easy to modify the surface of polydopamine and 

also causes the strong adhesion of polydopamine surface. Adhesion has advantages and 

disadvantages in biological applications, but in order to prolong the circulation time in the body, the 

surface adhesion should be appropriately lowered. Therefore, we tried to modify the PEG and RGD 

on the outer surface of the PDA. PEG is a very common polymer material that increases 

biocompatibility. RGD is a polypeptide composed of three amino acids (Arginine, Glycine, and 

Aspartate). RGD has a strong targeting effect on tumor sites. Therefore, by modifying RGD on the 

surface of nanomaterials, the targeted delivery of nanomaterials to tumor sites can be achieved. Zeta 

potential showed that after modification of PEG, the surface charge of PDA-PFH nanodroplets rose 

from -47 mV to -44 mV. After the modification of RGD, the surface charge of the PDA-PFH 

nanodroplets rose to -39 mV (Figure 52). For comparison, we measured both UV-Vis absorption of 

PDA NPs and PDA-PFH nanodroplets as shown in Figure 53. 
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Figure 52. Zeta potential of PDA-PFH nanodroplets, PEG modified PDA-PFH nanodroplets, and 

RGD modified PDA-PFH nanodroplets 
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Figure 53. UV-Vis absorption of PDA nanoparticles and PDA-PFH nanodroplets 

 

In order to confirm our hypothesis that there is a strong negative charge on the surface of 

perfluorocarbon droplets under alkaline conditions, we added 10 ul of PFH to 10 ml of B-R buffer 
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with different pH (pH=4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0), made emulsions and measured their 

zeta potential (Figure 54). As a result of the experimental results, as the pH increases, the negative 

charge on the surface of the PFH nanodroplets increased. For example, when pH=12, the zeta 

potential of PFH was as low as -77.9mV. When the pH was lowered to about 4.0, the solution was 

already acidic, and the surface charge of the PFH nanodroplets had approached to almost zero, 

which was about -6.7 mV. Therefore, experiments had shown that alkaline conditions increased the 

surface charge of PFH nanodroplets, and on the one hand explained why PDA-PFH nanodroplets 

were smaller in size under pH=10.5 conditions than pH=8.5. 
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Figure 54. Zeta potential of PFH nanodroplets in different pH condition (pH= pH=4.0 5.0 6.0 7.0 

8.0 9.0 10.0 11.0 12.0) 

 

3.2.2 Biocompatibility test 

 

For different concentrations of PDA-PFH nanodroplets, we investigated their cytotoxicity. Cells 

were first uniformly seeded in 96-well plates, and all wells were kept at the same concentration. A 

group of wells containing cell culture medium without PDA-PFH nanodroplets was used as a control 

group, so other experimental groups with PDA-PFH nanodroplets were compared with the control 
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group for cell viability. We performed experiments on five different concentrations of PDA-PFH 

nanodroplets, 200 μg/ml, 100 μg/ml, 50 μg/ml, 25 μg/ml, and 12.5 μg/ml. The PDA-PFH 

nanodroplets were incubated with Hela cells for 24 h, and then the cell viability of Hela cells was 

measured by cell counting kit-8, CCK-8. The results showed that at low concentrations (50 μg/ml, 

25 μg/ml, 12.5 μg/ml), the cell viability was over 95%. At a concentration of 12.5 μg/ml, the rate of 

cell growth is even higher. When the concentration of PDA-PFH nanodroplets reached 200 μg/ml 

and 100 μg/ml, cell viability decreased, but still exceeded 90% (Figure 55). Therefore, the 

experimental results showed that PDA-PFH nanodroplets had very good biocompatibility and 

would not cause significant damage to Hela cells. 

Good biocompatibility of PDA-PFH nanodroplets depends on three points. The first is that the PDA 

itself is very biocompatible, as introduced in the part of introduction. Secondly, after the surface 

modification of the surface of the PDA by PEG, the adhesion of the PDA-PFH nanodroplets on the 

cell surface or the possibility of endocytosis is hindered. Excessive adhesion may cause inhibition 

of cell proliferation by PDA-PFH nanodroplets. Finally, the biological inertness of PFH itself also 

makes the material no other toxic to cells. Cell viability decreased at higher concentrations, probably 

because the density of PFH itself was too large (1.6 g/ml), which was much greater than the density 

of water. A relatively large density causes the PDA-PFH nanodroplets to sink to the bottom of the 

flask, pressing against the surface of the bottom cell, creating pressure. This pressure may inhibit 

cell proliferation and activity. In addition, when using a pipetting gun, the PDA-PFH nanodroplets 

are deposited on the cell surface, which causes some cells to be aspirated along with the PDA-PFH 

nanodroplets, affecting the final cell activity analysis results. 
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Figure 55. Cell toxicity of different concentration of PDA-PFH nanodroplets (200 μg/ml, 100 μg/ml, 

50 μg/ml, 25 μg/ml, and 12.5 μg/ml) 

 

3.2.3 Photothermal Effect 

 

Polydopamine itself has a strong light absorption capacity. Especially for near-infrared light, it has 

a high extinction coefficient. Therefore, the material containing the polydopamine component can 

produce a photothermal effect on the one hand, and can produce a contrast effect of photoacoustic 

imaging on the other hand. The photothermal effect can be applied to photothermal therapy. We 

carried out a detailed study on the photothermal effect of PDA-PFH nanodroplets. Firstly, the degree 

of temperature rose of different concentrations of PDA-PFH nanodroplets at a fixed laser power 

(2W/cm2) was studied. As shown in Figure 56A, for a simple aqueous solution, the solution 

temperature rose by 3 ° C after 5 minutes of laser irradiation. When the concentration of the PDA-

PFH nanodroplets was 40 μg/ml, the temperature rose by about 18.7 °C. As the concentration of 

PDA-PFH nanodroplets increased, the degree of temperature increase also increased. When the 

concentration of PDA-PFH nanodroplets was 80 μg/ml, 120 μg/ml, 160 μg/ml, and 200 μg/ml, the 

elevated temperatures reached 24.6 ° C, 29.5 ° C, 30.8 ° C, and 33.3 ° C, respectively. The increase 

in concentration was an equal trend, but the increase in temperature would gradually become slower. 



97 
 

This trend may be due to the fact that as the concentration of PDA-PFH nanodroplets increases, the 

energy absorbed by the laser gradually becomes saturated. On the other hand, because the room 

temperature around the solution is always constant, as the temperature difference between the 

solution and the room temperature increases, the heat radiation of the solution increases, and the 

heat is lost more quickly. 

 

The extent to which the temperature of the PDA-PFH nanodroplets has risen due to different laser 

intensities has also been explored (Figure 56B). When the concentration of PDA-PFH nanodroplets 

was fixed at 200 μg/ml, three different laser powers, 2 W/cm2 , 1 W/cm2 and 0.5 W/cm2 , were 

irradiated to the PDA-PFH nanodroplets for 5 min. The results showed that when the laser power 

was 1 W/cm2, the temperature of the PDA-PFH nanodroplets increased by 19.7 °C. The temperature 

change was much reduced compared to the 33.3 °C increase at 2 W/cm2 power. When the laser 

power was 0.5 W/cm2, the temperature of the PDA-PFH nanodroplets increased only by 10.4 °C. 

 

Under the illumination of the laser, we also explored a complete heating/cooling process for PDA-

PFH nanodroplets. The concentration of selected PDA-PFH nanodroplets was still 200 μg/ml. As 

can be seen from Figure 56C, under laser irradiation, it takes only 5 minutes to heat up to 60 °C. 

After the laser was turned off, the PDA-PFH nanodroplets take 10 minutes to cool down to 30 °C. 

These results are consistent with the results in other papers. The above three results show that PDA-

PFH nanodroplets have a strong photothermal effect and can be further applied in photothermal 

therapy. 
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Figure 56. Photothermal effects of PDA-PFH nanodroplets. The temperature enhancement of PDA-
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PFH nanodroplets with different concentration (40 μg/ml, 80 μg/ml, 120 μg/ml, 160 μg/ml, and 200 

μg/ml) under the irradiation of 2W/cm2 808nm laser (A). The temperature enhancement of PDA-

PFH nanodroplets with a concentration of 200 μg/ml under different power of 808nm laser 

(2W/cm2 ,1W/cm2 ,0.5W/cm2) (B). The heating/cooling cycle of PDA-PFH nanodroplets 

 

3.2.4 In vitro ultrasound imaging and photoacoustic imaging 

 

The photoacoustic contrast capability of PDA-PFH nanodroplets is caused by the photothermal 

effect of the PDA housing. The ultrasound contrast ability is caused by the near-infrared laser 

irradiation, and the perfluorohexane liquid encapsulated inside the PDA shell is heated by the 

photothermal effect of the PDA, thereby vaporizing to produce perfluorohexane microbubbles. We 

characterized the photothermal and ultrasound contrast capabilities of PDA-PFH nanodroplets. For 

imaging of photoacoustic signals, different concentrations of PDA-PFH nanodroplets were filled in 

PE tubes and then immersed in water for photoacoustic imaging. As shown in Figure 57, the 

concentration of PDA-PFH nanodroplets is 0.25, 0.5, 0.75, 1 mg/ml, respectively. As the 

concentration of PDA-PFH nanodroplets increased, the intensity of the PA signal increased. 

 

 
Figure 57. Photoacoustic signals and intensities of different concentration of PDA-PFH 

nanodroplets (0.25, 0.5, 0.75, 1 mg/ml) 
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The research on the ability of PDA-PFH nanodroplets to produce ultrasound contrast signals is 

mainly from two aspects. On the one hand, under the heating of a fixed temperature external heating 

plate, the PDA-PFH nanodroplet gasification was observed to generate microbubbles, and the ability 

of ultrasound contrast imaging was generated. On the other hand, laser light was used instead of the 

heating plate to heat the PDA-PFH nanodroplets, and the ability to produce contrast ultrasound was 

observed. The PDA-PFH nanodroplet sample was previously filled in the finger sleeve of the latex 

glove. The temperature of the hot plate was set to room temperature, 45 ° C, and 65 ° C, respectively. 

At room temperature 25 ° C, it could be observed that the ultrasonic signal inside the latex glove 

was weak. When the temperature of the heating plate rose to 45 degrees Celsius, obvious ultrasonic 

signals could be observed. When the temperature of the heating plate was heated to 65 degrees, a 

very strong ultrasonic signal was observed, indicating that a large amount of microbubbles were 

generated inside the glove (Figure 58). 

 

 

Figure 58. Ultrasound images of PDA-PFH nanodroplets under different heating temperature (room 

temperature, 45℃, and 65℃) 

 

When irradiated with a laser of 808 nm, the laser power was set to 0.5 W and 1 W, respectively. It 

could be observed that in the absence of laser irradiation, almost no ultrasonic signal was observed 

inside the glove. When the laser intensity was raised to 0.5 W, a weaker ultrasonic signal could be 

observed. When the laser intensity was raised to 1 W, a large amount of ultrasonic signal was 

observed, indicating that at this power, the perfluorohexane droplets exceeded the boiling point, so 

that a large amount of perfluorohexane microbubbles were produced (Figure 59). 

 

Room temperature (25℃) 45℃ 65℃ (>boiling point) 
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Figure 59. Ultrasound images (B-mode) of PDA-PFH nanodroplets under different power of 808nm 

laser (0, 0.5, and 1W) 

 

3.2.5 In vitro photothermal therapy 

 

HeLa cells were used as the research object for photothermal therapy of PDA-PFH nanodroplets in 

vitro. Cells were first uniformly seeded in 96-well plates, and all wells were kept at the same 

concentration. A group of wells containing cell culture medium without PDA-PFH nanodroplets 

was used as a control group, so other experimental groups with PDA-PFH nanodroplets were 

compared with the control group for cell viability. The concentration of PDA-PFH nanodroplets was 

controlled at 10 μg/ml, 20 μg/ml, 30 μg/ml, 40 μg/ml and 50 μg/ml, and the intensity of 808 nm 

laser light was controlled at 1 W/cm2. The heating time of each well was controlled at 3 min. It 

could be observed that as the concentration of PDA-PFH nanodroplets increased, the activity of the 

cells decreased (Figure 60). When the concentration of PDA-PFH nanodroplets reached 50 μg/ml, 

the cell survival rate was as low as about 20%, which proved that most of the cells were killed by 

photothermal therapy. The results demonstrate that PDA-PFH nanodroplets have a good 

photothermal therapeutic effect and can be further verified in vivo. 

 

Room temperature Laser (0.5W) Laser (1W) 
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Figure 60. In vitro photothermal therapy of PDA-PFH nanodroplets. The power of 808nm laser was 

fixed at 1 W/cm2. Various concentration of PDA-PFH nanodroplets (10 μg/ml, 20 μg/ml, 30 μg/ml, 

40 μg/ml and 50 μg/ml) were investigated under 3min laser irradiation and the cell viability of cells 

were tested. 
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Chapter 4 Discussion 

 

4.1 Molybdenum disulfide (MoS2) nanosheets modified polyvinyl alcohol (PVA) 

microbubbles for dual-mode ultrasound (US) and photoacoustic (PA) imaging 

 

4.1.1 Surface charge changes 

 

In this project, the molybdenum disulfide (MoS2) nanosheets and the PVA microbubbles adsorbed 

with each other through electrostatic interaction. A method is provided to modify the surface of 

MoS2 nanosheets by small molecule ligand (11-Mercaptoundecyl)-N,N,N-trimethylammonium 

bromide (MTA). The MTA molecule has a thiol group at one end and a positively charged -N(Me)3+ 

group at one end. The sulfhydryl group can form a Mo-S bond at the defect site of the MoS2 

nanosheets such that the positively charged end is exposed on the surface of the nanosheets. The 

surface charge of the MoS2 nanosheet can be changed from negative to positive by MTA 

modification. In addition to MTA modification, other positively charged macromolecules can also 

alter the surface charge properties of MoS2 nanosheets. We have tried branched polyethyleneimine 

(BPEI) with molecular weights of 1.8KDa and 25KDa, which can change the surface charge of 

MoS2 nanosheets without causing any aggregation. Unlike the MTA-modified MoS2 nanosheets, 

the zeta potential of the BPEI-modified MoS2 nanosheets is more positively charged, increasing 

from 25 mV to 45 mV. This is because BPEI itself has a large molecular weight and will occupy 

more surface positions of MoS2 nanosheets. And BPEI itself has a large number of dense amino 

groups that can provide more positive charges. 

 

We also tried to modify a lipoic acid molecule by using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) 

on the BPEI molecule, through the condensation reaction of amino and carboxyl groups. The 

disulfide bond on the lipoic acid molecule and the MoS2 nanosheet can form a Mo-S covalent bond, 

making the binding of BPEI and MoS2 nanosheets more efficient. It will be found during the 

centrifugation process after the modification is completed. The pure BPEI-modified MoS2 cannot 
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be washed and washed many times, which will cause the aggregation of MoS2 and cannot be 

redispersed in water. The lipoic acid-BPEI modified MoS2 nanosheets do not have this problem and 

can be well dispersed in water. 

 

Another advantage of BPEI-modified MoS2 is that it is suitable for subsequent modification. The 

positive side of the MTA small molecule itself is very stable and cannot react with other chemical 

groups. The large amount of free amino groups on the surface of BPEI makes subsequent further 

modification easy, such as the RGD peptide attachment, which is worthy of further in-depth research. 

 

In addition to changing the surface charge of the MoS2 nanosheets, attempts can also be made to 

change the surface charge of the microbubbles. The surface of the microbubbles can be changed 

from negative to positive by the reaction of ethylenediamine (EDA) with the aldehyde groups on 

the surface of the microbubbles. However, the results of the modification are not very good, and 

there are always some inevitable aggregations observed under the microscope. This may be because 

the molecular weight of EDA is too small to produce sufficient steric hindrance and to provide a 

sufficient amount of positive charge. 

 

4.1.2 Combination and separation of molybdenum disulfide (MoS2) nanosheets and 

microbubbles 

 

From the perspective of cancer imaging and treatment, micron-sized contrast agents are inherently 

inferior to penetrating blood vessels into the interior of the tumor. In general, only materials less 

than 800 nm in size can enter the interior of the tumor through the EPR effect, but the size of the 

microbubbles is a few microns. Since our contrast media system is a combination of microbubbles 

and nanosheets, if it is possible to achieve external or internal stimulation to trigger the nanosheets 

to fall off the surface of the microbubbles, the MoS2 nanosheets can be used to realize the PA 

imaging inside the tumor through the EPR effect, even photothermal therapy and chemotherapy. 

However, so far, we have not found a practical and effective way to successfully detach the MoS2 

nanosheet from the surface of the microbubble. 
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4.2 Polydopamine (PDA) doped poly (vinyl alcohol) microbubbles (PVA MBs): a theranostic 

agent for dual-mode imaging and actively targeted photothermal therapy (PTT) 

 

4.2.1 Proportion of polydopamine and PVA microbubbles 

 

Since the purpose of the PDA doped PVA microbubbles is to simultaneously produce ultrasound 

and photoacoustic contrast, and usually both imaging is done simultaneously. Therefore, one 

problem that cannot be ignored is how to ensure that the two imaged signals are neither too saturated 

nor too weak to be seen. The excitation signals of photoacoustic imaging and ultrasound imaging 

are different, so one is due to the contrast effect of polydopamine, and the other is caused by the 

reflection of gas inside the microbubbles. Therefore, the ratio of polydopamine and PVA 

microbubbles may be an important issue. If the concentration of polydopamine is insufficient, the 

ultrasound signal provided by the PVA microbubbles will be strong, but the photoacoustic signal 

provided by polydopamine is too weak to distinguish from the surrounding background noise. 

Similarly, if the concentration of polydopamine is too high, it will also cause the ultrasound signal 

to be insufficient. Another possible problem with excessive doping of polydopamine is that it 

increases the thickness of the microbubble wall and weakens the acoustic properties of the 

microbubble itself. Moreover, compared with PVA, polydopamine has poor toughness and is 

relatively brittle, so the stability is deteriorated under the stimulation of ultrasonic waves. This 

feature may be used in drug loading and ultrasound triggered release. 

 

4.2.2 Targeting effect of PDA doped PVA microbubbles 

 

In this project, we achieved the targeting of epithelial cells Hy.926 by performing RGD modification 

on the surface of PDA doped PVA microbubbles. By designing a layer of PDMS sandwiched 

between the 96-well plate base and the lid, the possibility of inversion of the 96-well plate and 

contact of the microbubbles with Hy.926 cells were achieved. This method is a clever solution to 

the problem that the microbubbles will continuously float upward in the solution and thus cannot 

contact the epithelial cells at the bottom of the 96-well plate. Since the PDMS layer has a certain 

elasticity and plasticity, it can be well fitted to the holes of the 96-well plate. We first filled the inside 



106 
 

of the 96-well plate with the cell culture medium, and the volume of the culture solution was slightly 

larger than the volume of the well. The surface tension ensured that the liquid did not run away from 

the side. Then the PDMS layer gradually covered the entire 96-well plate from one side to the other 

side, and the operation method is similar to that of the mobile phone film. The focus of the fit is to 

avoid the generation of bubbles, which would otherwise accumulate in the cell layer after the 

inversion of the 96-well plate, and the cells could not come into contact with the microbubbles and 

the culture medium and died. One drawback of this approach is that it still does not simulate well in 

the real situation. In practice, the blood inside the blood vessel is a non-Newtonian liquid that is 

viscous, so the microbubbles do not float or deposit. And because the blood continues to flow slowly 

inside the blood vessel, it has a tangential force, which increases the difficulty of combining 

microbubbles with epithelial cells. The method of improving the in vitro model can be implemented 

by designing a microfluidic chip. The inside of the chip is designed to have a blood vessel-sized 

passage, and the four surrounding walls of the channel are covered with epithelial cells. The 

microbubbles are mixed into the liquid with a certain viscosity, and then the channels of the 

microfluidic chip are continuously and slowly injected and flowed out, and the targeting effect of 

the microbubbles can be observed in real time through the microscope. The chip can also be used 

to perform in vitro photothermal therapy and simulation of chemotherapy. 

 

4.3 Polydopamine (PDA) encapsulated perfluorocarbon (PFC) nanodroplets for dual-mode 

ultrasound (US) and photoacoustic (PA) imaging 

 

4.3.1 Evaporation of perfluorohexane in the state of nanodroplets 

 

We introduced the boiling point issue of nanodroplets in section 2.1.3.1. Unlike the liquid in the 

normal state, when the size of the perfluorocarbon droplets is reduced to the nanometer level, the 

boiling point of the perfluorocarbon liquid will be significantly lifted causing by the presence of 

Laplace pressure or due to the presence of surface tension. In this project, we used perfluorohexane 

with a boiling point of 58 °C. Typically, the perfluorocarbon used in the perfluorocarbon liquid 

gasification process initiated by the photothermal effect is perfluoropentane having a boiling point 

of 29 ° C or perfluorohexane at 58 ° C. Even if a surfactant or other amphiphilic substance is used 
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as a shell to reduce the surface tension of the perfluorohexane nanodroplets, the rise in boiling point 

is unavoidable. As mentioned in section 2.1.3.2, for perfluoropentane having a boiling point of 29 ° 

C, the boiling point will rise to around 70 ° C when the size is controlled at around 500 nm. The 

same thing can happen with perfluorohexane. The boiling point of perfluorohexane itself is about 

30 ° C higher than that of perfluoropentane, so when the size is less than 500 nm, the boiling point 

of perfluorohexane itself may be higher than the boiling point of water surrounded. 

 

From the results of other journal papers and our experimental results, the perfluorohexane 

nanodroplet evaporation triggered by the photothermal effect under laser irradiation is achievable. 

There are two possible reasons: one is that the coating of dopamine reduces the surface tension of 

the perfluorohexane nanodroplets themselves, thereby lowering the boiling point of the 

perfluorohexane nanodroplets. Another reason may be that under laser irradiation, the temperature 

of the polydopamine shell itself is much higher than the temperature of the entire solution. It is 

similar to the situation that the surface pH of the PFH nanodroplets is much higher than the average 

pH of the surrounding solution when synthesizing PDA-PFH nanodroplets. The local temperature 

of the nanodroplets is too high, thereby causing vaporization of the perfluorohexane nanodroplets. 

When gasification occurs, the volume of the entire droplet expands, reducing the Laplacian pressure 

of the entire droplet, which further promotes vaporization of the nanodroplet, ultimately producing 

perfluorohexane microbubbles and corresponding ultrasound contrast. 

 

In order to make the gasification of perfluorohexane nanodroplets easier, subsequent experiments 

can be improved in two ways. On the one hand, a lower boiling point of perfluoropentane can be 

used instead of perfluorohexane. The replaced PDA-PFC nanodroplets can convert the 

perfluorocarbon liquid to the perfluorocarbon gas at a lower laser intensity, resulting in contrast-

enhanced ultrasound signals. In order to avoid a large loss of low boiling point perfluoropentane 

due to overheating under strong ultrasonic conditions, it is possible to control the temperature of all 

the reactants at 0 °C (ice-water bath), and to reduce the ultrasonic power and prolong the ultrasonic 

time. On the other hand, in addition to the ultrasonic method to obtain perfluoropentane 

nanodroplets, the ouzo effect method can be used to obtain perfluoropentane nanodroplets, and even 

the lower boiling point perfluorobutane can be successfully liquefied and encapsulated. The 
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nanodroplets are encapsulated in a nanoshell of polydopamine. However, one problem that may 

exist with the ouzo effect-based method is that other solvents, such as alcohol or acetone, will be 

mixed into the solution, which may affect the stability of the emulsions and the polymerization of 

dopamine. 

 

4.3.2 Multifunctionalization of polydopamine-coated perfluorocarbon nanodroplets 

 

The polydopamine-coated perfluorocarbon droplets are composed of two parts: a perfluorocarbon 

nanodroplet as a core, and a polydopamine as a shell. The perfluorocarbon nanodroplets themselves 

are neither hydrophilic nor oleophilic, so it is difficult to do the doping inside. However, since it 

occupies most of the volume of the entire nanoparticle, it is wasteful if it is simply used for 

ultrasound contrast. With the literature review, there are several ways to enrich the functionality of 

the perfluorocarbon core. First, perfluorocarbon nanodroplets can be used for oxygen carrying. 

Perfluorocarbons are used firstly in the biomedical applications as artificial blood because of the 

high solubility of oxygen in perfluorocarbon liquids. When the size of the perfluorocarbon droplets 

is reduced to the nanometer level, the perfluorocarbon liquid can also dissolve more oxygen due to 

the Laplace pressure. Therefore, PDA-PFH nanodroplets can be used as an agent for artificial blood 

or photodynamic therapy. Due to the small size, PDA-PFH nanodroplets can enter more narrow 

spaces to provide oxygen compared to micron-sized red blood cells. On the other hand, the PDA 

shell can make the perfluorocarbon liquid more stable. The rich phenolic hydroxyl groups on the 

surface of the PDA make surface modification very easy. Targeted delivery of PDA-PFH 

nanodroplets can be achieved by modifying specific peptides, antibodies, or aptamers. This is of 

great significance for cancer treatment based on photothermal therapy or photodynamic therapy. 

 

Some nanoparticles can also be dispersed in the nanodroplets, such as gold nanorods (AuNRs) and 

copper sulfide (CuS) nanoparticles. The two-step ligand exchange can modify the ligand with a 

perfluorocarbon structure on the surface of these nanoparticles, so that they can be uniformly 

dispersed in the perfluorocarbon droplets. By adding gold nanorods and copper sulfide nanoparticles 

to the perfluorocarbon nanodroplets, the photothermal effect of the entire PDA-PFC nanodroplets 

can be further improved, thereby making the vaporization of the perfluorocarbon droplets easier. It 
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can also be applied to photothermal therapy caused by low power laser irradiation. 

 

In addition to making efforts on the perfluorocarbon nanodroplet core, polydopamine itself has a 

strong ability to expand. For example, polydopamine itself has a large amount of free phenolic 

hydroxyl groups that can chelate various transition metal ions, such as manganese ions, iron ions, 

and copper ions. These metal ions have many applications in biomedicine, such as contrast agents 

for MRI. In addition to chelation of metal ions, in the synthesis of PDA shell, the combination of 

photothermal therapy and photodynamic therapy can be achieved by doping with some functional 

drugs or small molecules, such as Ce6 molecules commonly used in photodynamic therapy. The 

rich phenolic hydroxyl group on the surface of polydopamine is also beneficial for grafting various 

targeted ligands on the surface, such as protein, peptide, or aptamer, which can realize targeted 

delivery of PDA-PFC nanodroplets. 
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Chapter 5 Conclusion 

 

Dual-mode photoacoustic and ultrasound contrast agents based on different types of materials have 

been discussed and studied in detail in this thesis. For ultrasound contrast agents, microbubbles or 

nanodroplets are most commonly used. First, we used a high molecular polymer, polyvinyl alcohol 

(PVA), to form PVA microbubbles on the surface of the gas microbubbles. Such PVA microbubbles 

could provide ultrasound contrast capabilities. In order to make the microbubbles simultaneously 

have photoacoustic contrast capability, we adsorbed molybdenum disulfide (MoS2) nanosheets with 

near-infrared absorption on the surface of PVA microbubbles. Because both PVA MBs and MoS2 

nanosheets are negatively charged, a change of surface charge is needed for the electrostatic 

interaction based absorption. The specific method was to change the surface electrical properties of 

the MoS2 nanosheet by a sulfhydryl-based and positively charged small molecule (11-

Mercaptoundecyl)-N,N,N-trimethylammonium bromide (MTA), so that the MoS2 nanosheet 

changed from negatively charged to positively charged on the surface. The MoS2 nanosheets were 

then adsorbed onto the PVA microbubbles by electrostatic force adsorption. Both the increase in 

DLS size and the change in zeta potential had indirectly demonstrated that the MoS2 nanosheets had 

been successfully adsorbed on the surface of PVA microbubbles. The adsorption of MoS2 nanosheets 

could be directly observed by TEM. After successful combination of PVA microbubbles and MoS2 

nanosheets, the biocompatibility of MoS2-PVA MBs was also demonstrated to be good by testing 

whether the material caused red blood cell rupture hemolysis. Through a 3D printed mold, MoS2-

PVA MBs could be filled in agarose-perfused channels and enabled in vitro ultrasound and 

photoacoustic imaging. In vitro results showed that MoS2-PVA MBs had excellent ultrasound and 

photoacoustic imaging capabilities. In vivo photoacoustic and contrast-enhanced ultrasound effects 

could be explored by mixing MoS2-PVA MBs into matrigel and then injecting them into the back of 

the mouse. The results showed that MoS2-PVA MBs could clearly achieve dual-modal ultrasound 

and photoacoustic contrast in vivo. 

 

By adding dopamine hydrochloride during the preparation of PVA microbubbles, polydopamine 

having photoacoustic imaging ability can be oxidized and embedded in the outer shell of the PVA 
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microbubbles. Measurement of DLS, zeta potential, optical microscopy and TEM images confirmed 

that PDA doped PVA microbubbles were successfully synthesized. In the 3D printing mold, different 

concentrations of PDA doped PVA microbubbles were embedded in the channel, and clear and 

strong ultrasonic and photoacoustic signals were obtained, which proved that the PDA doped PVA 

microbubbles had excellent dual-modal ultrasound and photoacoustic imaging capabilities. By 

tethering RGD peptides on the surface of the PDA doped PVA microbubbles, the targeting of the 

microbubbles to the tumor vessel wall could be achieved. We successfully sealed the 96-well 

opening by embedding a layer of PDMS in the middle of the 96-well plate and the lid, so that the 

microbubble-filled cell culture solution filled in the well could be inverted and not leaked, and the 

microbubbles had sufficient time and space for contact with epithelial cells. The experimental results 

demonstrated that the PDA doped PVA microbubbles modified by RGD peptides had specific 

targeting effect on Hy.926 epithelial cells, while the PDA doped PVA microbubbles without 

modification cannot be adsorbed on the surface of Hy.926 cells. PDA doped PVA microbubbles have 

also been shown to have very good biocompatibility without causing death of epithelial cells and 

rupture of red blood cells. Finally, under 808nm laser irradiation, the photothermal effect produced 

by PDA doped PVA microbubbles could kill Hy.926 epithelial cells and achieved photothermal 

treatment in vitro. 

 

In addition to microbubbles, ultrasound imaging can also be provided by vaporizing perfluorocarbon 

nanodroplets to produce perfluorocarbon microbubbles. A polydopamine (PDA)-perfluorohexane 

(PFH) nanodroplet that does not require surfactant stabilization was successfully synthesized. The 

PFH nanodroplets could be temporarily prepared by vigorous ultrasonication in water. When the 

aqueous solution was alkaline, the surface of the PFH nanodroplet was enriched with a large amount 

of hydroxide ions, so that the surface of the PFH nanodroplet had a strong negative charge. 

Electrostatic force repulsion between negative and negative could avoid phase fusion between PFH 

nanodroplets and could be achieved without the need for surfactants. Dopamine polymerizes into 

polydopamine in an alkaline environment and under oxygen. Since the pH of the surface of the PFH 

nanodroplets was much higher than that of the surrounding aqueous solution, dopamine tended to 

polymerize on the surface of the PFH nanodroplets, forming a layer of polydopamine shell to 

encapsulate the PFH nanodroplets. TEM images demonstrated the successful synthesis of PDA-
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PFH nanodroplets. The control of the PDA-PFH nanodroplet size could be achieved by adjusting 

the pH and the volume of the PFH nanodroplets. In summary, the higher the pH, the smaller the 

volume of the PFH liquid, and the smaller the size of the resulting PDA-PFH nanodroplets. In vitro 

cell experiments demonstrated that PDA-PFH nanodroplets had good biocompatibility, and 

photothermal treatment of cancer cells could be achieved under irradiation with 808 nm laser. The 

photoacoustic imaging contrast effect of the PDA-PFH nanodroplets was achieved by injecting the 

different concentrations of the sample into a PE tube. As the concentration of PDA-PFH 

nanodroplets increased, the intensity of the PA signal increased. Under the irradiation of a hotplate 

or 808 nm laser, the PFH inside the PDA-PFH nanodroplets could be used to vaporize the ultrasonic 

microbubbles, thereby resulted in the ultrasonic contrast. 
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