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Abstract 

 

In this study, a novel synthesis of proteinaceous microbubbles (MBs) was introduced in an effort 

to substantially lengthen the short lifetime of the sonochemically-synthesized microbubbles 

using surface-treated proteins. Bovine serum albumin (BSA) as a representative protein, was 

treated with 2-iminothiolane hydrochloride (the Traut’s reagent) to convert surface amines to 

thiols before the synthesis of microbubbles. At a moderate high molar excess of the Traut’s 

reagent, a roughly bimodal size distribution of MBs was shown, concentrated at 0.5 and 2.5 µm. 

The 0.5 µm portion quickly vanished while the 2.5 µm portion gradually shrank to ~850 nm in 

~3 days, stabilized at this size at 4 °C for several months. The 20 times molar excess of the 

Traut’s reagent to BSA was determined to be the optimal reaction ratio because of the largest 

long-lived portion and the greatest shell thickness of the produced MBs. Characterizations of 

MBs by Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy 

(XPS) showed the presence of free amines and thiols remaining on the surface of MBs. The 

reactivities of these functional groups were demonstrated by either electrostatically interacting 

with the alumina and the silica surfaces or chemically bonding with the gold surface in quartz 

crystal microbalance with dissipation monitoring (QCM-D) measurements. To demonstrate the 

potential of being utilized as drug carriers, MBs were used to load a demo drug, doxorubicin 

(Dox) electrostatically. To optimize the loadings of Dox onto MBs, their loading efficiencies 

were systematically compared using UV/Vis and fluorescence spectrophotometer, by varying the 

presence of the pre-coated gold nanoparticles (AuNPs), pH, dosages of MBs, temperature, and 

time. A temperature-sensitive polymer, poly(N-isopropylacrylamide-block-acrylic acid) 

(poly(NIPAM-b-AAc), was used to encapsulate the Dox-loaded MBs to prevent any premature 
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release of the loaded Dox. With a fine-tuned lower critical solution temperature (LCST) of 39 

°C, the Dox-loaded MBs with a poly(NIPAM-b-AAc) shell exhibited a temperature-responsive 

switch that initiated the release of Dox from ~20% to ~90% when the temperature was elevated 

37 to 39 °C in in-vitro release testing (IVRT). On the other hand, the shell-free carriers, such as 

Dox-loaded MBs, Dox-loaded AuNPs-coated MBs, did not show such a temperature response. 

The further kinetic study of the Dox-loaded MBs with a poly(NIPAM-b-AAc) shell revealed that 

the release of Dox followed the Korsmeyer-Peppas model, governed by the Fickian diffusion and 

the conformational change of the polymer shell.  
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Chapter 1 Introduction 

 

1.1 Background 

 

Bubbles with a typical size range of 1 to 10 µm have been known as microbubbles (MBs) [1, 2]. 

With a large surface area and a variety of surface properties, MBs have been extensively studied 

and prevalently used for many applications in the fields of medical, food, and water treatment. 

The pressure difference originated from the curved surface of MBs, known as the Laplace 

pressure, often drives the entrapped gas diffuse into the liquid phase. A stabilizing shell made of 

proteins, lipids, or polymers, has been therefore adopted to enhance the stability and the lifetime 

of MBs. For the air-filled proteinaceous MBs, efforts have been made previously by other 

researchers to either physically or chemically denature proteins before the synthesis of MBs. 

However, the physical denaturation does not result in any appreciable increase in the lifetime 

while the chemical denaturation only works for certain types of proteinaceous MBs. As a result, 

a facile, universal synthesis of stable proteinaceous MBs is required for various applications 

involving MBs.  

 

1.1.1 Classification of microbubbles (MBs)  

 

To stabilize MBs, a shell is frequently needed to entrap the gas inside the core, and different 

types of shell materials (Figure 1.1) have been utilized for this purpose such as proteins, 

surfactants, lipids, polymers, and polyelectrolyte multilayers [3-6]. Different shell materials 

render various surface properties and functionalities to MBs [4]. Protein-shelled MBs have a 
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biological molecules [11, 12]. In the meantime, the stability of MBs and the number of deposited 

molecules could be dramatically increased as the number of layers goes up.   

 

1.1.2 General utilizations of MBs 

 

With large surface areas and tunable surface functionalities, MBs have been widely used in many 

different fields such as clinical applications [13-21], food industries [22, 23], and water treatment 

[24, 25]. For clinical applications, the construct of MBs renders an excellent echogenicity and 

therefore primarily used as an ultrasound contrast-enhancing agent [13-15, 15-21]. With the 

presence of the gas core, MBs emit and reflect sound waves upon the ultrasound treatment; in the 

meantime, tissues and bones have a very limited acoustic response. As a result, MBs are capable 

of exclusively producing an acoustic response and used to enhance the imaging signals for 

clinical purposes. Also, MBs have been considered to be one of the most promising 

chemotherapeutic agents when loaded with drug payloads (Figure 1.2) [17, 18, 21, 26]. A non-

invasive and theranostic approach using MBs can be advantageous. In detail, non-invasive 

approaches are particularly meaningful for brain cancers where a traditional surgery is typically 

difficult to perform [21]. Theranostic approaches, defined as the coupling of therapeutic with 

diagnostic agents, enables the diagnosis and the drug administration at the same time [18, 21]. In 

the field of food industries, MBs have been used to substitute traditional preservative and 

enhanced the shelf life of food [22, 23]. Depending on the shell material, MBs can be rendered 

antimicrobial and antibacterial resistance, which make them favorable for their uses in  
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later formation of the cross-linkers in MBs. However, the treatment of proteins with the chemical 

reductants was only effective to certain types of proteins that intrinsically have abundant 

disulfide bond. For example, lysozyme with a large number of disulfide bonds buried inside can 

be used to synthesize stable MBs after treated by DTT. However, the most of other proteins with 

limited internal disulfide bonds cannot be used to stabilize MBs when treated by DTT in advance 

[31].   

 

1.2 Objectives 

 

The short lifetime of air-filled proteinaceous MBs has been the major problem hindering their 

applications. Although many types of proteinaceous MBs have been reported in the literature, 

they are frequently case-specific and only applicable to certain proteins. As a result, the need for 

a universal, facile method of synthesis has been emphasized. The main objectives of the current 

study are listed as following: 

 

1. To demonstrate the synthesis of stable proteinaceous MBs using surface-treated bovine 

serum albumin (BSA). 

 

2. To characterize the synthesized MBs using various surface characterization techniques.  

 

3. To probe the surface reactivity of the synthesized MBs using the QCM-D test. 
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4. To demonstrate the usage of the synthesized MBs as a drug carrier using doxorubicin 

(Dox) as a representative chemotherapeutic agent.  

 

5. To optimize the loading of Dox onto MBs under various conditions. 

 

6. To study the drug retention and release of Dox-loaded MBs with and without an outer 

encapsulating shell. 
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Chapter 2 Literature Review 

 

2.1 Advantages and disadvantages of MBs 

 

The usage of MBs has been reported to be advantageous for several reasons. For clinical 

applications, the primary usage of MBs has been concentrated in imaging for their echogenicity, 

biocompatibility, and cost-effectiveness. Tissues and blood inside human bodies are similar in 

echogenicity, and as a result, it is very challenging to differentiate the interface between tissue 

and blood [1-3]. MBs, on the other hand, are capable of reflecting ultrasound waves and 

producing unique signals that are easy to detect [2-5]. The shell materials of MBs are highly bio-

friendly and bio-recognizable, frequently selected from naturally-occurring proteins, lipids and 

biocompatible polymers [1, 5-7]. In practice, MBs used in ultrasound produce the sonographic 

images much more cost-effectively than other alternative molecular imaging modalities, such as 

magnetic resonance imaging (MRI), positron emission tomography (PET), and single-photon 

emission computed topography (SPECT) [1][6]. Due to their advantages, MBs have also been 

considered as one of the most promising theranostic agents in drug delivery where imaging and 

drug-releasing are coupled [7-9]. Drug payloads can be loaded onto or into the surface of MBs 

frequently through antigen-antibody pairing. Different amplitudes or frequency of ultrasound 

waves can be used to image the area of interest and to trigger the release of the loaded drug 

subsequently. Driven by this combined concept of theranostic approaches, much research work 

has been proposed to design and optimize the construct of drug-loaded MBs [10-13]. However, 

MBs used in medical fields still face tremendous disadvantages. Low circulation residence times 

have been the key problem hindering the utilizations of MBs [1, 14, 15]. As a result, efforts have 
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attractive [16]. The coating of PEG act as a buffering zone that enables MBs more resistance to 

the cellular environment; however, they can be still taken up by the liver or immune system cells 

[1]. Besides, the burst of MBs upon ultrasound radiation causes cellular and vascular damages, 

and as a result, many researchers have been conducting studies on the cellular interaction with 

MBs under different conditions [17, 18]. For water purification, MBs are preferably used to 

remove metal ions from dilute solutions [19]. Also known as the air-filled emulsion (AFE), MBs 

generated using sonication technique have a high affinity for different metal ions because of the 

presence of amino, amide, and carboxylic groups on the surface of MBs [19]. However, a much 

thorough study needs to carry out for different metal ions under various conditions. Physical and 

chemical adsorptions are always both contributable to ion adsorption with MBs. The stability and 

functionality of MBs make them a favorable candidate in collecting ions; however, the costs of 

MBs and the removal efficiency needs to be balanced when applied on an industrial scale.  

 

2.2 Methods of MBs synthesis  

 

2.2.1 Synthesis of MBs using co-axial electrodynamic atomization 

 

Co-axial electrodynamic microbubbling has been one of the novel methods of synthesizing 

monodispersed MBs [20, 21]. Two concentrically placed syringe needles were used to 

simultaneously pump out different materials, normally being the stabilizing coating and the 

entrapped gas (Figure 2.2). For the MBs formation, any gas of interest is pumped through the 

inner needle and the coating liquid is injected through the outer needle. Three modes are reported  
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axial electrodynamic microbubbling has major disadvantages. One of the them is the instability 

associated with the system. Any electrostatic changes in the environment interfere with electric 

field in the system and therefore hinder the continued production of fine, monodispersed MBs 

[22]. In addition, the instability of the synthesized MBs is another problem. The implementation 

of the high voltage source only physically reduces the size of bubbles to the range of micron; 

however, the produced MBs are easily collapsed after the synthesis without using cross-linkers in 

the collection media. In other words, the stable, free-form MBs are difficult to obtain while the 

MBs-incorporated 2D membrane or 3D scaffold becomes more suitable using this approach.  

 

2.2.2 Synthesis of MBs using Mechanical agitation 

 

Mechanical agitation can be effective synthesizing lipids-coated MBs [23, 24]; however, for 

proteinaceous MBs, other means of stabilizations have to be used along with mechanical mixing 

or shaking [25, 26]. Air has a much higher solubility than perfluorocarbon, and therefore, the 

substitution of using air as the gas core with perfluorocarbon can greatly reduce the gas diffusion 

and enhance the stability of MBs. It’s also subtle to choose proteins that have a large area of the 

hydrophobic portion (Figure 2.4a, red portion) as the stabilizing shell. Mechanical agitation 

provides a high shear force that anneal proteins together; in other words, proteins with an easily 

accessible, a large hydrophobic area are particularly needed for this purpose. When air is used as 

the entrapped gas, an amorphous structure is often produced because of the inefficient treatment 

of mechanical agitation (Figure 2.4). When perfluorocarbon gas is used instead, MBs of a  
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superoxide, free radicals, and cysteine residues are depleted, no MBs can be formed, and their 

important roles are demonstrated (Figure 2.5b). The ultrasonic radiation generates a large 

number of free radicals, and these free radicals subsequently form superoxide, further oxidizing 

cysteine residues on proteins to disulfide bonds [29]. 

As mentioned above, the presence of cysteine is critical and therefore has been extensively 

studied in an effort to stabilize proteinaceous MBs. To increase the surface presence of cysteine 

groups, also known as the thiol groups, efforts have been made to either physically or chemically 

denature proteins in order to expose the internal disulfide bonds to external free thiols. Heat 

denaturation is a well-known process to loosen up the protein structure; however, the internal 

buried disulfide bond is relatively insensitive to heat shock [30]. Albeit being mostly denatured 

after the heat treatment, proteins adsorbed onto the air-water interface are held together primarily 

by hydrophobic and Van deer Waals forces. Without the presence of cross-linkers, the formed 

MBs can be easily collapsed at any time. Chemical denaturation using reductants, on the other 

hand, can be very effective reducing the internal disulfide bonds to external free thiols [15, 31, 

32]. It has been reported that the degree of cross-linking is controlled by two factors, the extent 

of chemical reduction and of the sonication [15, 33]. A higher concentration of reductants or a 

longer reaction of denaturation results in a higher degree of the protein denaturation and 

therefore a higher degree of cross-linked network [15]. However, a lower cross-linking degree 

can also contribute to the stability of MBs; in other words, a relatively loose cross-linked 

network can also be stabilized by forming multilayers of proteins during the sonication process 

[15]. In addition to the degree of chemical denaturation, the magnitude and length of sonication 

also contribute to the stability of MBs. Higher power (> 120 W) and longer time (> 50 s) result  
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MBs always show a great compressibility resulted from the entrapped gas [37]. At a moderate 

acoustic power, MBs undergo oscillation in the acoustic field where they are compressed and 

expanded. The oscillation of MBs results in the generation of strong acoustic response much 

greater than the backscattered ultrasound response in acoustic impedance [10]. The 

compressibility of MBs is dependent on many factors such as the gas, the viscosity, and density 

of the surrounding media [38]. It was observed that perfluorocarbon gases of higher molecular 

weights showed an increased bubble persistence; in other words, as the molecular weights of the 

filling gas increases, a longer time of bubble persistence in the acoustic field is observed (Figure 

2.7). At a high amplitude of acoustic power, MBs can be destroyed by outward diffusion of the 

gas, large shell defects, or the fragmentation of MBs [39]. In other words, different amplitudes of 

acoustic power result in different types of ultrasound cavitation. Non-inertial cavitation refers to 

the stable bubble oscillation with the gas entrapped inside throughout the compression and 

expansion [40]. As the ultrasound intensity increases, MBs move into the inertial or transient 

cavitation where they instantly collapse and locally generate high pressures and temperatures 

[40]. At the sufficient high ultrasound intensity, the backscattered sound waves produced by 

MBs give the initial source of the image; in addition, the super-harmonics and sub-harmonics of 

the incident sound waves greatly improve the resolution and contrast [41]. Echoes from cells and 

tissues are only a reflection of the transmitted frequency (Figure 2.8a) while those from MBs are 

at the second harmonic frequency (Figure 2.8b). As a result, the harmonic imaging is very useful 

for differentiating the MBs-containing regions and the MBs-free regions [35]. To further 

improve the sensitivity, the pulse-inversion technique has frequently been adopted, and it refers 

to the delivery of two pulses in proximity with one pulse 180° out of phase from the other  
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cellular function is dramatically reduced around the oxygen-depleted tumor site [48]. The 

delivery of oxygen gas directly into the tumor site can be realized by using oxygen-enriched 

MBs [46]. It’s reported that a sensitizing drug can be cross-linked onto MBs and also used as a 

switch controlling the rupture of MBs (Figure 2.12). In detail, upon emitting light of an 

appropriate wavelength, inertial cavitation of MBs can be induced, resulting in the destruction of 

MBs and the release of the entrapped oxygen gas (Figure 2.12). The simultaneous release of the 

drug and gas improve the concentration of oxygen at the tumor site as well as the efficiency of 

the treatment [46]. The unparalleled treatment using the drug-loaded MBs opens a new route for 

non-invasive cancer therapy.  
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In a typical in-vitro drug release test, the drug-loaded carrier is immersed into a dialysis bag of 

an appropriated molecular weight cut-off normally at 37 °C to mimic a cellular environment [1, 

2]. At a pre-determined interval, a small aliquot of solution from the releasing medium is 

withdrawn and replaced with an equal volume of fresh medium. The withdrawn solution can be 

then analyzed for the released drug molecules that diffuse through the pores of the dialysis bag. 

The cumulative releasing profile of the loaded drug is then calculated by dividing the cumulated 

released amount by the overall loaded amount [1, 2]. The releasing medium might be different 

from the trapped medium inside the dialysis bag to simulate a particular extracellular 

environment. Different buffers or different pH conditions might also be adopted to fit the needs 

of the releasing condition better. Although the in-vivo releasing profiles are likely to be much 

different from the in-vitro behavior, the information collected from the in-vitro release testing 

gives reliable preliminary data and directs further in-vivo and clinical studies. 

 

3.2 Quartz crystal microbalance with dissipation monitoring (QCM-D) 

 

Quartz crystal microbalance with dissipation monitoring (QCM-D) measures the mass and 

dissipation variations by measuring the changing in the frequency of a quartz piezoelectric 

crystal sensor [5-8]. The variations in the electromechanical response can be sensitive enough to 

detect molecule binding or structural transformation of the attached layers of molecules on the 

piezoelectric crystal sensor [8]. The mathematical relationship between the change of the 

resonance frequency and the mass of the adsorbed material is described below, 

 −D𝑓 = 𝑛𝑓𝑜D𝑚
r𝑞	𝑡𝑞 = 𝑛D𝑚𝑐  



 35 

where 𝑛, 𝑓𝑜, D𝑚, r𝑞, 𝑡𝑞, and 𝑐 represent the overtone number, the fundamental resonance 

frequency, the change of the added mass, the density of quartz crystal, the thickness of the 

crystal, and the sensitivity constant [9]. A specified voltage is applied to cause the crystal to 

oscillate, and the change of the adsorbed mass can be calculated based on the change of the 

oscillation frequency [9]. However, this relationship can be only applied to the mass rigidly 

adsorbed with no slip or deformation imposed by the oscillation crystal surface [9]. When the 

change of dissipation above 5% of the change of frequency, the relationship can be fitted using 

the viscoelastic model (not shown) instead [10]. With great sensitivity, the use of QCM-D 

measurements in our experiment demonstrates the surface interactions between our synthesized 

MBs with metal surfaces with different charges and simulates the loading of each layer in the 

drug loading test. 

 

3.3 Scanning electron microscope (SEM) 

 

Scanning electron microscope (SEM) imaging was extensively used in our studies to track the 

morphological change of MBs for its capabilities to provide information on surface topography, 

crystalline structure, chemical composition, and electrical behavior [11-13]. Compared to the 

1,000x magnification of the conventional optical microscope, SEM can achieve resolution of 1 

nm, which is equivalent to 1,000,000x. In addition to the higher resolution, other types of 

information such as chemical analysis and electrical properties can be obtained using SEM. In 

comparison with transmittance electron microscope (TEM), SEM is also advantageous for the 

following reasons [11, 12]. SEM enables non-destructive evaluation of the specimen while TEM 

easily damages the specimen during the specimen preparation [11, 13]. A much larger specimen 
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can be examined using SEM than TEM. A 200 mm diameter wafer is normally used for SEM 

while a 3 mm diameter wafer can be used for TEM. In addition, sample preparation is also very 

different between SEM and TEM; in other words, TEM specimen preparation is much more 

complex and time-consuming than SEM [11].  

In SEM, two or three electromagnetic lenses concentrate the electron beam into a fine probe 

which is used to scan across the area of interest [13]. The electrons penetrate through and interact 

with the sample at various depths, producing signals like secondary electrons, backscatterd 

electrons, and characteristic X-rays [11, 13]. A high-resolution micrograph can be obtained at 

high accelerating voltages with the risk of heavy sample damage. So, for a fragile sample, a 

lower accelerating voltage can be used for imaging albeit having a lower resolution.  

 

3.4 Spectrophotometric measurements  

 

Ultraviolet-visible (UV/Vis) and fluorescent confocal laser scanning microscopy (CLSM) 

spectrophotometric measurements were adopted at different stages in our studies for their 

capabilities to quantify the concentration based on either the UV/Vis absorption or fluorescent 

emission. As indicated by the name, UV/Vis spectroscopy refers to the adsorption of analytes in 

the visible and near-UV regions [14, 15]. A beam of light from a visible or UV light source is 

separated into its components through a prism and split in a two equal density beam by a half 

mirror [15]. One beam passes through the sample-containing cuvette, and the other one goes 

through the solvent-only cuvette. The intensities of the sample and reference beam are denoted 

as I0 and I, respectively, and the relationship between the intensities and concentration can be 

depicted by the Beer-Lambert law, 𝐴 = 𝑙𝑜𝑔10(𝐼0/𝐼) 	= e𝑐𝐿, where 𝐴, e, and c are measured 
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absorbance, extinction coefficient, and the concentration of the absorbing material, respectively 

[16]. However, adsorption flattening is likely to occur when the solution of interest is either too 

high in concentration or not homogeneous; in such conditions, the measurement would deviate 

from the Beer-Lambert law.  

 

Fluorescent CLSM, often used as a complementary to UV/Vis spectrophotometric measurement, 

deals with the electron transition from the excited state to the ground state [17]. By eliminating 

the out-of-focus background signal, fluorescent CLSM provides significant enhancement of both 

axial and lateral imaging resolution. A three-dimensional image is easily obtained with 

fluorescent CLSM by collecting a stack of optical sections, enabling an in-depth analysis of the 

sample of interest [17]. However, two major problems limit the utilization of fluorescent CLSM 

listed as following. Fluorescence photo-bleaching limits the available fluorescent photons. Also, 

the excited state of the fluorophore easily saturates the fluorescence emission and hinders the 

collection of images.  

 

3.5 Dynamic light scattering 

 

Dynamic light scattering (DLS) has been widely used in many fields such as physics, biology, 

and medicine [18]. With a monochromatic laser source, DLS provides a facile and accurate 

method for measuring the particle sizes. In brief, the collected mutual translational diffusion 

coefficient of macromolecules is inversely related to the particle size, and small particles diffuse 

much quicker than the large ones [19]. In a typical analysis, the autocorrelation function decays 

with time, and particles of a smaller size give rise to a faster decorrelation of scattered intensity 
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Chapter 4 A facile sonochemical synthesis of shell-stabilized reactive microbubbles using 

surface-thiolated bovine serum albumin with the Traut’s reagent
1
 

 

4.1 Introduction 

 

In the last decade, microbubbles have been utilized in clinical applications [1-11], food industries 

[12, 13], and water treatment [14, 15]. In clinical practice, as ultrasound contrast agents, 

microbubbles can improve the quality of the medical imaging [1-3. 5-11]. Microbubbles have 

been employed as drug carriers [1-3, 5, 6] and the loading of therapeutic molecules onto or into 

the microbubbles can aid the coupling of imaging with therapeutics (theranostics) [7, 8, 11]. 

Microbubbles have also been used for surface attachments with other functional molecules such 

as magnetic, semiconductor nanoparticles, and stimulus-responsive polymers [4, 9, 10]. For 

example, Lentacker et al. developed polycation-coated microbubbles as potential gene delivery 

carriers [4]; Park et al. demonstrated ultrasound and magnetic resonance imaging applications of 

microbubbles loaded with metal, metal oxide or semiconductor nanoparticles [10]. Owing to 

their intrinsic antimicrobial properties, microbubbles have been intensively studied in the food 

industry as a sterilizing agent to depress the growth of Bacillus spores and Escherichia coli [12, 

13]. In wastewater treatment, ultrasonic radiation of microbubbles produces a vast number of 

free radicals which can efficiently decompose organic compounds [14, 15].  

 

                                                
1 A version of this chapter was published on Ultrasonics Sonochemistry as Ma, X., Bussonniere, 
A., & Liu, Q. (2017). A facile sonochemical synthesis of shell-stabilized reactive microbubbles 
using surface-thiolated bovine serum albumin with the Traut’s reagent. Ultrasonics 

Sonochemistry, 36, 454-465 
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Without stabilizers, a short lifetime (~ several hours) limits the use of conventional gas-filled 

microbubbles [16, 17]. The pressure difference originating from the curved surface of the bubble, 

known as the Laplace pressure, spontaneously drives the entrapped gas to diffuse into the liquid 

phase [17, 18]. Besides, Ostwald ripening adversely affects the lifetime of microbubbles; 

specifically, coalescence continues to reduce the surface energy of microbubbles until a complete 

phase separation is reached [19-21]. Surfactants can reduce the surface energy to lengthen the 

lifetime of microbubbles [22, 23]; alternatively, biocompatible polymers such as proteins and 

lipids can be employed to construct a rigid shell, which reduces outward gas diffusion [3, 24, 

25]. Cavalieri et al. and Talu et al. respectively synthesized lysozyme-shelled and lipid-coated 

microbubbles with a lifetime of several months [24, 25].  

 

The formation of disulfide bond has shown to increase the stability of microbubbles [25-28]. 

During the process of acoustic cavitation, superoxide is generated, cross-linking free thiols of 

cysteine residues [25]. A higher disulfide content contributes to a thicker shell and thus to a 

greater stability of microbubbles [27]. Free thiols can be released internally from proteins with 

reducing agents such as DL-dithiothreitol (DTT) to enhance inter- and intramolecular disulfide 

bridging during microbubble formation [25, 26, 28]. However, such treatment might excessively 

loosen up the protein structure and gives rise to a lowered hydrophobicity, which reduces the 

stability of microbubbles [27].   

 

In this paper, we reported, for the first time, a facile synthesis of long-lived microbubbles with 

surface-treated proteins. Traut’s reagent, which reacts with primary amines (Figure 4.1a), was 

applied to our model protein BSA to render thiol groups externally [29]. Upon the ultrasonic 
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radiation, the thiolated BSA (BSA-SH) forms the shell of microbubbles with air entrapped inside 

(BSA-SH MBs). Within a week, BSA-SH MBs gradually shrank to a critical size of ~850 nm 

while forming a thicker shell. As a result of bubble shrinkage, the increased Laplace pressure 

was balanced by the thickened shell, reaching an equilibrium and stabilizing for several months. 

The characterizations of microbubbles by Fourier transform infrared (FTIR) spectroscopy and X-

ray photoelectron spectroscopy (XPS) indicated the presence of primary amines and thiols after 

the microbubble synthesis. Quartz crystal microbalance with dissipation monitoring (QCM-D) 

illustrated their reactivities on silica, alumina, and gold surfaces, shedding light on the 

possibilities of utilizing BSA-SH MBs in other applications such as drug delivery and metal 

removal from wastewater. 

 

4.2 Materials and Methods 

 

Lyophilized BSA (≥ 96%), Traut’s reagent (≥ 98%), ethylenediaminetetraacetic acid (EDTA) (≥ 

98.5%, ED-100G), silica nanoparticles (10-20 nm) and alumina nanoparticles (< 50 nm) were 

purchased from Sigma-Aldrich. Phosphate buffered saline (PBS) and spin desalting columns 

were acquired from ThermoFisher Scientific. All reagents were used as received without further 

treatment. Milli-Q water with a resistivity of 18.2 MΩ•cm was used for preparing solutions. 

Stock solutions of hydrochloric acid (HCl, 0.1 M) and sodium hydroxide (NaOH, 0.1M) were 

used to adjust the pH of solutions. 
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4.2.1. Synthesis of microbubbles using surface-treated BSA 

 

EDTA (5 mM) was added to PBS to prevent oxidation of free sulfhydryls [30], and the EDTA-

PBS mixture was adjusted to pH 8 with 0.1 M NaOH to assist effective thiolation of BSA with 

Traut’s reagent [29, 31]. BSA (50 mg in 0.75 ml EDTA-PBS) and Traut’s reagent solutions (0, 

0.5, 2, and 5 mg in 0.25 ml EDTA-PBS) were prepared, and BSA and Traut’s reagent were 

allowed to react by mixing to form 1 ml solutions of 0, 5, 20, and 50 times molar excess of 

Traut’s reagent. The mixtures were incubated for 1 hour at 23°C with a gentle swirling of 60 rpm 

(New Brunswick Innova 42/42R) before decanting into spin desalting columns to stop the 

reaction and remove the excess Traut’s reagent. The mixtures were placed in a water bath 

(Fischer Scientific Isotemp Bath 4100 R20) at 45 °C for 10 minutes (Figure 4.1c) to moderately 

loose up the structure of the thiolated BSA (BSA-SH). A conformational change of BSA does 

not occur below 40 °C, and undesired aggregations start to take place at approximately 50°C [32-

34]. Ultrasonic radiation of 20 kHz was applied to the mixtures with a sonic dismembrator 

(Fisher ScientificTM Model 705). A temperature probe was used to monitor the solution 

temperature throughout the ultrasonic radiation (Figure 4.1b). An ultrasound impulse of 23% 

amplitude, equivalent to 173 W, was applied for 45 sec. The combination of amplitude and 

duration was selected based on empirical evidence. After the microbubble synthesis, two 

separate phases were formed. In brief, the foam phase containing the large, visible bubbles was 

at the top, and the aqueous phase containing the desired microbubbles was at the bottom. The 

synthesized microbubbles were separated from the large, visible bubbles using a pipette. The 

separated aqueous phase was then centrifuged at 300 relative centrifugal force (RCF) for 10 min 
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centrifugal collection was repeated for three times, and the collected microbubbles were later 

stored at 4 °C. 

 

4.2.2 Scanning electron microscope (SEM) imaging 

 

To study morphology and the shell thickness of BSA-SH MBs, SEM images were collected 

using a field emission scanning electron microscope (FESEM: Carl-Zeiss Sigma) operated at an 

acceleration voltage of 5 kV. A small aliquot of the as-synthesized solution of BSA-SH MBs was 

dropped on a silicon wafer and left to evaporate overnight. To measure the shell thickness of the 

synthesized MBs under different conditions, a cross section of the shell was needed, and it was 

obtained by gently scraping the air-dried BSA-SH MBs with a piece of fine sandpaper [36]. 

Following the breakage of microbubbles and the exposure of their cross sections, SEM images of 

them were obtained and the thickness of their shells was measured using ImageJ [37]. In brief, a 

number of lines were drawn using ImageJ to label the thickness of the shell, from the outside to 

the inside boundary of the shell. The length of these lines was automatically calculated by 

ImageJ and averaged out to the thickness of the shell. For a better conductivity, a carbon thin 

film was sputter-coated on the sample surface before the imaging collection.  

 

4.2.3 Size distribution, zeta potential, surface tension measurements 

 

ImageJ software [37] and a ZetaPALS particle size analyzer (Brookhaven Instrument, USA) 

were both adopted for size distribution measurements. Images of microbubbles at different stages 
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were collected with a digital microscope (KEYENCE, VHX-700F) and histograms were 

accordingly generated via ImageJ. The size distributions were additionally measured using a 

ZetaPALS dynamic light scattering detector (Brookhaven Instruments, USA); 300 measured 

values were used to generate a size distribution histogram. The zeta potentials of silica 

nanoparticles, alumina nanoparticles, and BSA-SH MBs at different pH values were also 

measured by the ZetaPALS module. Before measurements, the suspensions containing these 

agents were respectively diluted using PBS and adjusted to various pH values with HCl and 

NaOH. The zeta potential at each pH value was averaged over ten measurements. The surface 

tension of the surface-treated BSA aqueous solution was measured using a Theta Optical 

Tensiometer T200 (Biolin Scientific, Stockholm, Swden). A quartz cell was used to contain the 

BSA-SH solution, and an air bubble was generated from a gastight syringe with a needle. The air 

bubble was recorded and analyzed using the Theta software for the measurement of the surface 

tension.  

 

4.2.4 FTIR and XPS measurements  

 

BSA was used as purchased. Lyophilized BSA-SH, BSA-SH MBs, and BSA-SH MBs reacted 

with alumina nanoparticles were collected using a freeze dryer (Labconco FreeZone 4.5) and 

subjected to FTIR spectroscopy and XPS. FTIR spectra were recorded with 32 scans at a 

resolution of 1 cm-1 using a Nicolet iS50 FT-IR spectrometer equipped with an iS50 automated 

beamsplitter exchanger (ABX) at wavenumber 700 to 4000 cm-1. For a non-destructive analysis, 

the attenuated total reflectance (ATR) module was adopted instead of the diffuse reflectance 

infrared Fourier transmission spectroscopy (DRIFTS) or potassium bromide (KBr) method 
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which involves sample grinding and destruction. High-resolution X-ray photoelectron spectra of 

N1s and S2p were obtained using an XPS (Kratos AXIS 165) with monochromatic Al Kα X-rays 

(1486.6 eV). The X-ray source was applied at 210 W, and the pressure was kept at 2.5E-8 torr. A 

pass energy of 20 eV at an increment of 0.1 eV was used to collect the high-resolution XPS 

output. The Gaussian Lorentzian functions were used for fitting because of the instrumental 

broadening of the peaks and the minimized residues after the fitting.  

 

4.2.5 QCM-D measurements 

 

QCM-D measurements were performed using a D300 QCM-D (Q-Sense Västra Frölunda, 

Sweden) with a QAFC 302 axial flow measurement chamber. The silica, alumina, and gold 

sensors (QSX303), supplied by Q-Sense AB, were quartz crystals coated with SiO2, Al2O3, and 

Au, respectively. Before the injection of solutions, all sensors were placed in the chamber and 

excited to their fundamental resonant frequency at ~ 4.9 MHz using an AC voltage. The chamber 

was thermally controlled at 23 °C, and the flow rate was adjusted to 25 µL/min using a flow 

dispenser (ISM935C, ISMATEC). Background solutions consisting of Milli-Q water pre-

adjusted to the same pH as the solution of BSA-SH MBs were injected into the chamber for 10 

min. Following the background solution, the solution of BSA-SH MBs flowed into the chamber 

for 30 min, and then the chamber was rinsed with the original background solution for 10 min. 

 

4.3 Results and Discussions  

 

4.3.1 Spatial and temporal size distributions of BSA-SH MBs 
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introducing the Traut’s reagent, a bimodal distribution of microbubbles separately centered at 0.5 

and 2.5 µm, respectively, were observed (Figure 2b, c, S1b, c). On the contrary, such a trend was 

not present when the molar excess of Traut’s reagent was increased to 50 times (Figure 2d, S1d). 

To determine an optimal ratio of the Traut’s reagent to BSA, the stability of microbubbles was 

tested. In detail, microbubbles originally sized at ~ 0.5 µm were merely capable of maintaining 

the bubble structure for a few hours, consistent with the reported short lifetime of conventional 

BSA microbubbles [26, 38, 39]. On the other hand, microbubbles initially with an average size 

of 2.5 µm were longer-lived, and the bubbles gradually shrank to ~850 nm in the days following 

the synthesis. At 20 times BSA molar excess of the Traut’s reagent, such a long-lived fraction of 

the synthesized microbubbles was observed to be the greatest (Figure 2c, S1c), and this condition 

was therefore considered to be optimal for the synthesis of BSA-SH MBs and the subsequent 

characterizations (Figure 3, 7, 8, 9, 10, 11). The higher dosage of the Traut’s reagent, the more 

surface coverage of thiols after the reaction, which results in more disulfide bonds for 

strengthening the shell. In other words, the formation of the long-lived microbubbles was a result 

of the optimal surface coverage of thiols. It was therefore hypothesized that a molar excess of the 

Traut’s reagent of 5 times BSA or lower did not provide sufficient surface coverage of thiol 

groups available for synthesizing stable microbubbles. On the other hand, an overly high surface 

coverage of thiol groups rendered by high dosages such as 50 times molar excess of Traut’s 

reagent to BSA created excessive steric hindrance to stable microbubble formation. This 

argument was experimentally supported through the measurement of the shell thickness of the 

microbubbles synthesized with surface-treated BSA with different molar excesses of the Traut’s 

reagent (Figure 6a, S4a-d). In detail, the untreated BSA generated a shell of 45±10 nm upon 

ultrasonic radiation while the treated BSA formed microbubbles with a thicker shell. The 20 
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lowering the overall concentration, but the stabilized long-lived portion was well maintained 

afterwards (Figure S3). The short lifetime of the 0.5 µm portion was attributed to its incomplete 

thiolation during the surface treatment. As a result, fewer thiols of the starting material gave rise 

to fewer cross-linkers of disulfide bonds in the synthesized microbubbles that easily collapsed 

under the Laplace pressure. In contrast, the long-lived portion of 2.5 µm with enough cross-

linkers was able to sustain its spherical structure over time. The shrinkage of BSA-SH MBs was 

experimentally observed to be associated with the thickening of their shells; more specifically, 

the initial shell thickness of 155±20 nm gradually increased to 280±30 nm within a week, and 

then eventually stabilized at 290±25 nm (Figure 6b, S4e). The volume change of the shell 

materials (∆VShell) could be roughly estimated by assuming BSA-SH MBs were perfectly 

spherical without losing shell materials during their shrinkage. Immediately after the synthesis, 

BSA-SH MBs, with an average radius of 1.25 µm and an average shell thickness of 155 nm, the 

shell volume (V0) could be estimated using V0 ≈ (1.25 µm3 - (1.25-0.155) µm3) 4π/3 ≈ 2.68 µm3. 

Analogously, the shell volume of BSA-SH MBs after one week (V1) was V1 ≈ (0.425 µm3 - 

(0.425-0.29) µm3) 4π/3 ≈ 0.311 µm3. It could be readily seen that their shell volume was greatly 

compressed along with the shrinkage of BSA-SH MBs, indicating the adoption of a more close-

packed shell over time. As the dominant driving force of the bubble shrinkage, the Laplace 

pressure can be calculated using the Young-Laplace equation given as ∆P = 2γ/R where γ and R 

are the surface tension and spherical radius, respectively [40]. The measured surface tension of 

the thiolated BSA, BSA-SH, was determined to be 50.0 mN/m (Figure S5) and it was slightly 

lower than that of the untreated BSA, 51-53 mN/m [41, 42]. With a starting diameter of 2.5 µm, 

the Laplace pressure inside the newly synthesized microbubbles was 0.79 atm, which was 

considered to be the most probable driving force of the microbubble shrinkage. The condition of 
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BSA. The slight shift of the experimental value from the literature value, typically in the region 

of 2550–2600 cm-1 [47], may arise from the abundant intra- and intermolecular hydrogen 

bondings [48]. Although the formation of BSA-SH MBs greatly consumed free thiols [24-28], 

there were still free thiols remaining on the surface shown with a reduced peak intensity at 2510 

cm-1 (Figure 7c). The peaks of the C-N stretching and the CH2 rocking vibrations of the primary 

amine at 1235 and 1390 cm-1, respectively throughout the synthesis (Figure 7a-c) suggested the 

presence of the primary amine [49, 50]. Other major peaks at 1075, 3040, and 3381 were 

attributed to the C-O stretch of primary alcohol, the O-H stretch of carboxylic acid, and the O-H 

stretch of alcohols, respectively [49-51]. Based on the FTIR data, free thiols were successfully 

rendered onto BSA after the surface treatment, and partially consumed during the microbubble 

formation; on the other hand, the primary amines were present throughout the synthesis. High 

resolution XPS of S2p (Figure 8) and N1s (Figure 9) was conducted to track the changes in 

chemical bonding throughout the synthesis of BSA-SH MBs. For S2p spectra, the peaks were 

fitted using S2p doublets consisting of S2p3/2 and S2p1/2 with a 2:1 area ratio and a splitting of 

1.2 eV according to the spin-orbit coupling [52, 53]. Before the thiolation, only disulfide bond 

was observed with the S2p3/2 and S2p1/2 peaks at 163.5 and 164.7, respectively (Figure 8a) [52, 

54, 55].  

 

After the surface treatment of BSA to BSA-SH, along with the pre-existing disulfide bond, free 

thiols appeared with the S2p3/2 and S2p1/2 peaks at 162.7 and 163.9, respectively (Figure 8b). In 

disulfide bond, sulfur was equipped with a negative charge of 1; however, in thiols, sulfur was 

reduced to a negative charge of 2, endowing a better ability to release the electron upon the X-

ray excitation. The downward shifts of the S2p3/2 and S2p1/2 peaks were attributed to the higher 











 61 

The zeta potentials of BSA-SH MBs were measured in a broad range of pH 3 to 9 (Figure 10). 

As the pH increases, the zeta potentials of BSA-SH MBs decreases, exhibiting the same trend of 

the native BSA [59]. The isoelectric point (IEP), referred to the pH where a molecule carries a 

zero net charge, was determined to be 4.5 for the synthesized BSA-SH MBs from the zeta 

potential measurement (Figure 10). The IEP of native BSA is theoretically reduced from 5.6 to 

4.1 if a complete conversion occurs from primary amine-containing lysine with a pKa of 9.7 to 

thiol-containing cysteine with a pKa of 5.1 [60, 61]. The difference between the measured and 

theoretical values might be attributed to an incomplete conversion of the primary amines to thiols 

as shown by FTIR (Figure 7) and XPS (Figure 8, 9) analyses. Also, zeta potential measurements 

of two common metal oxide nanoparticles (alumina and silica) were also performed to 

demonstrate the opposite signs of zeta potentials to BSA-SH MBs and thus the possible 

electrostatic interactions over certain pH regions. Consistent with the literature values [62-66], 

alumina and silica nanoparticles were measured to be positively and negatively charged, 

respectively from pH 3 to 9 (Figure 10). It could be readily seen that, below its IEP of 4.5, BSA-

SH MBs favor an electrostatic interaction with the negatively charged silica while, above its IEP, 

BSA-SH MBs are expected to interact with the positively charged alumina.  

 

To probe the reactivity of BSA-SH MBs, QCM-D adsorption tests were performed; specifically, 

BSA-SH MBs were introduced onto alumina (Figure 11a) and silica (Figure 11c) surfaces at 

certain pH regions by electrostatic interactions and onto gold surfaces (Figure 11e) by the gold-

thiol bonding effect. The Sauerbrey equation states that the mass adsorbed on a piezoelectric 

crystal and its resonant frequency are inversely related; in other words, a decline of the resonance 

frequency indicates the occurrence of adsorption [67]. Extensive adsorptions of BSA-SH MBs 
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portion of the loosely-bound microbubbles on the sensor, reaching a dynamic equilibrium. The 

slight increment in frequency at 30 min on both sensors depicts the injection of background 

solution which removed loosely-bound microbubbles. The pH values were selected to create 

opposite charges between BSA-SH MBs and the sensors. At pH 6, BSA-SH MBs with an IEP of 

4.5 carry a negative charge while the alumina sensor is positively charged; the oppositely 

charged surfaces favor adsorption. Analogously, the strong interaction at pH 4 between 

positively charged BSA-SH MBs and a negatively charged silica sensor is shown as a sharp 

decrease in frequency (Figure 11d). At pH 10, both the BSA-SH MBs and the alumina sensor are 

negatively charged, leading to a minor, unspecific adsorption (Figure S6a). Similarly, no 

appreciable adsorption was observed between BSA-SH MBs and the silica sensor at pH 4, a 

value at which both surfaces are positively charged (Figure S6b). Regarding the viscoelastic 

properties of the adsorbed BSA-SH MBs, a large-scale adsorption (Figure 11b, d), in comparison 

with a minor adsorption (Figure S6a, b), gave rise to a larger increment of dissipation which was 

positively related to their viscoelasticity. To test the reactivity of the surface thiols, BSA-SH 

MBs were also introduced to react with the gold sensor at pH 6 where both the microbubbles and 

the gold sensor (IEP = 5.2) [68] are negatively charged excluding the possibility of electrostatic 

interactions. A significant degree of adsorption of BSA-SH MBs, as well as a dramatically 

increased viscoelasticity were observed on a gold sensor (Figure 11f). Compared to the charge 

neutralization in the previous scenarios (Figure 11a-d), the strong bonding effect between gold 

and thiol might explain the greater magnitude (Figure 11e, f) of the interaction between BSA-SH 

MBs and gold surface [52, 69-71]. Also, no zig-zag fluctuation of frequencies was observed for 

the adsorption of BSA-SH MBs on the gold sensor, further indicating the strong gold-thiol bond 

without any appreciable competing effect from the free microbubbles. Based on the QCM-D 
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tests, the reactivities of carboxylic and amine groups of BSA-SH MBs were indirectly testified 

through electrostatic attachments onto the alumina and silica sensors; in addition, the reactivity 

of the surface thiol groups was directly proved by reacting with the gold sensor. With these 

reactive functional groups on their surfaces, BSA-SH MBs could be used to load drug molecules 

through either bond formation or electrostatic interactions. Alternatively, BSA-SH MBs could be 

directly used to remove metal nanoparticles from wastewater through column flotation. As 

shown from the QCM-D tests, these synthesized microbubbles have great affinity to metal 

surfaces; therefore, they can collect metal or metal ions as they float from the bottom to the top 

of a wastewater column. The novel, facile synthesis of stable proteinaceous microbubbles 

provides opportunities of expanding their utilizations in either drug delivery or wastewater 

treatment. Moreover, these microbubbles exhibit an acoustic attenuation coefficient in the order 

of magnitude of conventional microbubbles [72, 73] (0.53 dB/cm at 3.3 MHz, measurements 

detailed in the SI) suggesting possible applications in acoustic imaging. 

 

4.4 Conclusions  

 

A facile synthesis of proteinaceous microbubbles with an increased stability was demonstrated 

using the surface-thiolated BSA with the Traut’s reagent. At the optimal molar excess of the 

Traut’s reagent, 20 times, BSA-SH MBs showed an initial size distribution that peaked at 2.5 and 

0.5 µm, respectively. The 0.5 µm portion vanished within three days, and the 2.5 µm portion 

gradually shrank to and eventually stabilized at 850 nm for several months. FTIR spectra and 

XPS analyses showed the thiol, primary amine, and carboxylic groups on the surface of BSA-SH 

MBs, and these functional groups were proved to be reactive via the QCM-D adsorptions tests. 
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Based on these reactive functional groups, applications of BSA-SH MB in drug delivery and 

water purification could be further exploited through either electrostatic interactions or bond 

formations.  
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hydrophone was inserted right behind the cell (Figure S7). All experiments have been performed 

in a fish tank filled with water.  

In order to isolate the effect of microbubbles on the attenuation, we compared the acoustic 

measurements of the protein solution (in which microbubble are generated) before and after the 

sonication. Previous to the experiment the acoustic field was scanned in the transverse plan 

(parallel to the cell) to align the hydrophone with the center of the acoustic beam. As shown by 

the Figure S8, the acoustic energy is concentrated into a small area due to the transducer 

geometry. The attenuation coefficient was then calculated based on the amplitude of the signal 

from the protein and microbubble solution at the maximum of amplitude (X=14.5 mm and Y=10 

mm in Figure S8) using:  

   𝛼"## = 20	log=> 𝑉@AB#CDE𝑉FDGABHIHHJC𝐷  

 

where D is the cell width and is equal to 1 cm. 

The attenuation coefficient was found to be 0.53 dB/cm with a standard deviation of 0.1 dB/cm. 

This value is in the order of magnitude of classical contrast agent studies [71, 72] suggesting that 

these new microbubbles could be used as a contrast agent.  
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Chapter 5 Preparation of poly(N-isopropylacrylamide)-block-(acrylic acid)-encapsulated 

proteinaceous microbubbles for delivery of doxorubicin
2
 

 

5.1 Introduction 

 

For biomedical or biopharmaceutical applications, gas-filled microbubbles (MBs), with a typical 

size range of 1 to 10 µm [1, 2], are frequently stabilized by a structured shell to overcome the 

Laplace pressure, originated from the curved surface [3,4]. Depending on the requirements of 

shell stiffness and functionality, the shell can be synthesized from a range of biocompatible 

molecules, such as proteins, lipids, or polymers.5 Comparatively, a proteinaceous shell tends to 

have a higher degree of stiffness after the treatment of protein denaturation prior to the synthesis 

of MBs, and a lipid or polymer shell is often utilized as a functional template for ligand binding 

[6, 7]. Different gasses including air, perfluorocarbons, and sulfur hexafluoride have been used 

as a gas core inside the shell, the last two of which are considered to comparably improve the 

microbubble stability due to their lower partial pressure and blood solubility [8]. With a 

compressible gas core, MBs have the high echogenic responsiveness and are primarily used as 

ultrasound contrast agent in the medical field [1, 2, 9]. MBs decorated with radionuclides, 

fluorescent agents, or nanoparticles have also been extensively studied for multimodal imaging 

[10-12].  

 

Theranostic refers to the coupling of the diagnostic with the therapeutic approaches, and MBs 

have been proposed for their possibilities of being utilized for theranostic applications [8, 13, 

                                                
2 A version of this chapter was accepted for publication on Colloids and Surfaces B: 

Biointerfaces. 
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14]. In addition to their contrast-enhancing role at the initial diagnostic stage, MBs can release 

their carried payloads either simultaneously or subsequently at the therapeutic stage. The 

payloads can be incorporated into the shell during the synthesis of MBs or onto the shell using 

cross-linkers after the synthesis of MBs [15-17]. The release of their payloads can be triggered 

by various stimuli, such as ultrasound, light, pH, and temperature [18]. Upon exposing to these 

stimuli, the carried drug can be site-specifically discharged in a controllable way and locally 

accumulated for a period of time [18]. Leong-Poi et al. intravenously delivered vascular 

endothelial growth factor-165 (VEGF165) plasmid DNA- bearing MBs to enhance the expression 

of VEGF165 in rats and consequently to induce arteriogenesis to treat ischemic skeletal muscles 

[19]. Ting et al. demonstrated that the use of 1,3-bis(2-chloroethyl)-1- nitrosourea (BCNU)-

carried MBs effectively caused the disruption of the blood-brain barrier (BBB) and 

simultaneously dispense BCNU upon the application of focused ultrasound (FUS) [20].  

 Doxorubicin (Dox), a family of anthracyclines, has been prevalently used in chemotherapy 

today for its effectiveness of suppressing most of the cancer cells [21, 22]. Dox has been reported 

to intercalate with DNA and to prevent its transcription [23, 24]. At the intercalation sites, the 

progression of an enzyme topoisomer, one of the key enzymes associated with the DNA 

transcription process, can be terminated. As a result, the biosynthesis of macromolecules can be 

largely inhibited [24, 25]. Several key issues have been reported to be associated with the 

administration of free Dox into the bloodstream, such as the destruction of healthy tissue cells 

and low accumulation of Dox at the targeted tumor site [26-28]. These disadvantages require the 

development of a carrier to site-specifically deliver Dox instead of intravenously injecting the 

free form of Dox [29-31]. With a carrier, the exposure of free Dox to healthy tissue cells could 

be substantially minimized, and ideally, the release could be specifically targeted, resulting in a 
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transiently high local accumulation of Dox [31, 32].  

 

The payload drugs can be loaded onto a carrier either through electrostatic interaction or bond 

formation; however, a protective outer shell is particularly needed for the electrostatic loadings 

of drugs to prevent any premature release [33-35]. Although the payloads can be dramatically 

increased through layer-by-layer approach [36, 37], the exposed payloads can significantly 

interact with the vesicular environment. As the electrostatic interaction is typically non-specific, 

the negatively charged cells can interact with the positively charged payload-bearing MBs, 

resulting in an early release of the payload, formation of oversized aggregates, and potential 

hazard of blocking the vasculature [38]. To overcome the drawbacks of non-specific, premature 

release of the payload, a protective outer shell would be needed to greatly reduce the exposure of 

the payload to the blood components. Poly(N-isopropylacrylamide-block-acrylic acid) 

(poly(NIPAM-b-AAc)) copolymerized from the monomers of N-isopropylacrylamide (NIPAM) 

and acrylic acids (AAc) have already been considered as a suitable candidate for drug delivery 

for its multiple responsive properties [39, 40]. Upon increasing the temperature, decreasing the 

pH value, or increasing the salt concentration to a critical threshold, poly(NIPAM-b-AAc) 

shrinks and coils up, squeezing out the encapsulated payload.41 The incorporation of AAc into the 

polymer increases its lower critical solution temperature (LCST), and its content could be 

manipulated to reach a biologically relevant LCST [42-44]. 

 

In this work, a chemotherapeutic agent, Dox, was loaded onto proteinaceous MBs 

electrostatically, and the Dox-loaded MBs were further encapsulated by a temperature-sensitive 

poly(NIPAM-b-AAc) shell. By incorporating 4 mol% AAc, the synthesized poly(NIPAM-b-
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AAc) was fine-tuned to alter its LCST slightly above the body temperature, 39 °C, and later used 

as a temperature-responsive shell which lowers the propensity of premature release. The 

successive loadings of Dox and poly(NIPAM-b-AAc) on MBs were confirmed by different 

characterization techniques, such as scanning electron microscope (SEM) imaging, fluorescent 

confocal laser scanning microscope (CLSM) imaging, zeta potential measurement, Fourier 

transform infrared spectroscopy (FTIR), and quartz crystal microbalance with dissipation (QCM-

D). Based on the in-vitro release testing (IVRT), compared with the bare MBs, the poly(NIPAM-

b-AAc)-shelled MBs exclusively showed an excellent retention of the loaded Dox at room 

temperature and a temperature-sensitive release of Dox upon elevating the temperature from 37 

°C to 39 °C. 

 

5.2 Materials and Methods 

 

Lyophilized BSA, Traut’s reagent, doxorubicin hydrochloride (Dox), N-Isopropylacrylamide 

(NIPAM), acrylic acid (AAc), 2,2′-Azobis(2-methylpropionitrile) (AIBN), and 2-

Aminoethanethiol hydrochloride were purchased from Sigma Aldrich. Dialysis tubing, spin 

desalting columns, and phosphate buffered saline (PBS) were obtained from ThermoFisher 

Scientific. Methanol and ethyl ether were acquired from Fisher Scientific. 2-Aminoethanethiol 

hydrochloride was purchased from Acros Organic. All chemicals were of analytical grade and 

used as received without further purification unless specified. Milli-Q water with a resistivity of 

18.2 MΩ•cm was used to prepare all the stock solutions.  
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5.2.1 Synthesis of MBs 

 

The synthesis of protein-stabilized MBs used for our experiment was extensively described in 

our previous study [45]. In brief, BSA (50 mg) and Traut’s reagent (2 mg) were mixed in 1 ml of 

PBS and incubated at 23 °C for 1 hr before removing the excess Traut’s reagent using either a 

desalting column or a dialysis bag. Following a brief heat shock at 45 °C, an ultrasonic tip (3 

mm) of a dismembrator (Fisher ScientificTM Model 705) was placed at the air-solution interface 

to generate an impulse (173 W, 20 kHz) for 45 sec. The synthesized MBs were purified through 

either gentle centrifugation46 or column flotation [47].  

 

5.2.2 Synthesis of Poly(NIPAM-b-AAc) 

 

Poly(NIPAM-b-AAc) were synthesized using free radical polymerization described as following. 

NIPAM (80 mmol), AAc (3.2 mmol), AIBN (1 mmol), and AET (1 mmol) were added to a 

round-bottom flask containing 40 ml of methanol, followed by a nitrogen purge for 30 mins. The 

copolymerization was allowed to proceed at 60 °C for 16 hrs. The copolymerized polymer was 

purified from the unreacted reagents through selective precipitation. In specific, upon 

introducing the reaction mixture into diethyl ether drop-wisely, the polymer was precipitated out 

while the unreacted monomers and other reagents were dissolved. Following the filtration, the 

precipitated polymer was re-dissolved in methanol and taken for precipitation in diethyl ether to 

repeat in triplicates. Further purification of the synthesized poly(NIPAM-b-AAc) was achieved 

through dialysis using a dialysis tube against Mili-Q water for five days before freeze drying 

(Labconco FreeZone 4.5) for storage.   
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5.2.3 Successive loadings of Dox and poly(NIPAM-b-AAc) onto MBs 

 

MBs (30 mg/ml) were used to react with Dox (10 µg/ml) in a 2 ml solution of PBS at 35 °C for 2 

hrs. Following the reaction, the Dox-loaded MBs were separated from the unreacted Dox 

through the column flotation at room temperature. In detail, the reacted mixture was slowly 

injected from a long-tipped pipet at the bottom of a column, and the Dox-loaded MBs were 

effectively separately from the unreacted Dox because the flotation speed of MBs towards to the 

top of the column was much faster than the diffusion speed of the free Dox. With this step 

repeated three times, the Dox-loaded MBs were introduced to react with excessive poly(NIPAM-

b-AAc) (50 mg/ml) for 2 hrs to assemble a polymer outer shell. The poly(NIPAM-b-AAc) 

shelled, Dox-encapsulated MBs were then purified through the column flotation for three times 

as mentioned before and subsequently stored at 4 °C for both the releasing and characterization 

tests.  

 

5.2.3 SEM and CLSM imaging analysis 

 

To access the surface morphology, SEM images were taken using a field emission scanning 

electron microscope (FESEM: Carl-Zeiss Sigma) at an operating acceleration voltage of 5 kV. A 

single drop of the solution containing the freshly-prepared MBs with various loadings was 

dipped onto a silicon wafer and left to evaporate. A carbon coating was used to cover the dried 

silicon wafer before the measurements for better conductivity. With an intrinsic fluorescent 

emission at 575 ± 20 nm when excited at 490 nm due to the three planar and aromatic 

hydroxyanthraquinonic rings, confocal microscope images were collected to confirm the loading 
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of Dox onto MB using a CLSM (Quorum Wave FX-Spinning Disk) equipped with a multi-modal 

imaging (MMI) optical tweezer. A small aliquot of Dox-loaded MBs was dropped onto a glass 

slide and left to dry in the dark overnight. The 100×, oil immersion lens was used for collecting 

the images. 

 

5.2.4 Hydrodynamic size, zeta potential, and FTIR measurements 

 

The hydrodynamic sizes of the synthesized poly(NIPAM-b-AAc) were determined through 

dynamic light scattering (DLS) measurement using an ALV/CGS-3 compact goniometer system. 

The solution of poly(NIPAM-b-AAc) was diluted and put into a test tube for temperature 

stabilization before data collection. Zeta potential measurements of MBs, Dox-loaded MBs, and 

Dox-loaded MBs with an outer shell of poly(NIPAM-b-AAc) were performed using a ZetaPALS 

analyzer (Brookhaven Instrument, USA). Except for the Dox used as purchased, MBs, Dox-

loaded MBs, poly(NIPAM-b-AAc), and poly(NIPAM-b-AAc)-shelled, Dox-loaded MBs were 

lyophilized using a freeze dryer (Labconco FreeZone 4.5) and taken for FTIR absorbance 

measurements. The measured spectra were recorded with 32 scans at a resolution of 1 cm-1 using 

a Nicolet iS50 FT-IR spectrometer equipped with an iS50 automated beamsplitter exchange 

(ABX) from 700 to 4000 cm-1.  

 

5.2.5 QCM-D measurements 

 

Using a D300 QCM-D (Q-Sense Västra Frölunda, Sweden) with a QAFC 302 axial flow 

measurement chamber, QCM-D measurements were conducted to both confirm the loadings and 
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surface charges through interactions with SiO2 and Al2O3 sensors (QSX303, Q-Sense AB) at pH 

7. The fundamental resonant frequency of all sensors was excited at ~ 4.9 MHz before injecting 

any solutions. The flow rate to the chamber was maintained at 25 µL/min using a flow dispenser 

(ISM935C, ISMATEC). With a constantly controlled temperature at 23 °C, the background 

solution of PBS was injected into the chamber to flow for approximately 10 mins, followed by 

the injection of the solutions. After stabilizing at the equilibrium for a certain period of time, the 

background solution of PBS was injected to wash away any accidental attachment or loosely-

bound MBs or molecules for another 10 - 15 min. 

 

5.2.6 IVRT of Dox-loaded MBs and Dox-loaded MBs with a poly(NIPAM-b-AAc) shell 

 

Dox-loaded MBs and Dox-loaded MBs with an outer poly(NIPAM-b-AAc) shell were 

respectively immersed into a dialysis tube containing 5 ml of PBS, and the tube was placed into a 

50 ml PBS environment with a constant stirring at different temperatures for up to 40 h. 1 ml of 

the solution from the dialysate outside the tube was withdrawn at 1 hr interval and replaced with 

fresh PBS to maintain the sink condition. The released Dox was subsequently quantified with a 

fluorescence spectrophotometer (Cary Eclipse FLR) by measuring the fluorescence intensity at 

575 ± 20 nm when excited at 490 nm.  

 

5.3 Results and discussion  

 

5.3.1 Loading of Dox onto MBs 
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another drop and approaching to the second plateau at 60 - 150 mins (Figure 5.2a (III)). 

Compared to the quick deposition of MBs to the Al2O3 surface, a much longer time 

(approximately 50 mins) was taken to fully load Dox on MBs. Followed by a similar washing 

step, a much greater amplitude of drop in frequency was detected after the loading of Dox (~30 

Hz) (Figure 5.2a (II), (III)) than after the initial anchoring of MBs (~10 Hz) (Figure 5.2a (I), 

(II)), indicating a much heavier loading of Dox compared to the initially anchored MBs. As a 

cross-check, Dox-loaded MBs were synthesized externally and directly injected into the QCM-D 

chamber, interacting with a positively-charged Al2O3 and a negatively-charged Si2O surface at 

pH 7 (Figure 5.S1a, c). It was shown that successful attachment only occurred between the 

positively-charged, Dox-loaded MBs and the Si2O surface (Figure 5.S1a). Upon interaction with 

the Al2O3 surface, unspecific adsorption of Dox-loaded MBs was observed, and they were nearly 

completely washed away because of the electrostatic repulsion (Figure 5.S1c). The reversal of 

the zeta potential from -23.0 ± 3.0 to 30.0 ± 5.1 mV was another direct evidence of the 

successful loading Dox onto MBs through the zeta potential measurement.  

 

FTIR spectra of MBs, Dox, and Dox-loaded MBs were also collected in order to investigate the 

interaction between Dox and MBs (Figure 5.3). The successful loading of Dox (Figure 5.3b) 

onto MBs (Figure 5.3a) was demonstrated by the appearance of the functional groups of Dox on 

Dox-loaded MBs (Figure 5.3c); specifically, the C-O-C stretching of ethers and the N-H 

wagging of amines on Dox at 1150, 954 and 868 cm-1 (Figure 5.3c) appeared after the loading of 

Dox in comparison with the bare MBs (Figure 5.3a) [51, 52]. The downward shift of the O-H 

stretching of carboxylic acids of MBs from at 3040 (Figure 5.3a) to 2960 cm-1 (Figure 5.3c) 

suggested an electrostatic interaction with the amine group of Dox which was also accompanied 
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with similar downward shifts of the N-H wagging from 954 and 868 (Figure 5.3b) to 940 and 

855 cm-1 (Figure 5.3c), respectively [53, 54]. The downward shifts and broadenings of the S-H 

stretching of thiols from 3381 (Figure 5.3a) to 3295 cm-1 (Figure 5.3c) and the O-H stretching of 

alcohols from 2510 (Figure 5.3a) to 2440 cm-1 (Figure 5.3c) revealed their significant 

involvement of hydrogen bonding facilitating the loading of Dox. 

 

5.3.2 Coating of poly(NIPAM-b-AAc) on Dox-loaded MBs 

 

The temperature-sensitive polymer, poly(NIPAM-b-AAc) was specifically designed to have an 

LCST of 39 °C (Figure 5.4a, b), slightly higher than the body temperature, 37 °C, by 

incorporating 4 mol% AAc. At the interval from 38 to 39 °C, poly(NIPAM-b-AAc) underwent a 

major conformational change, and its hydrodynamic size greatly reduced from ~300 to ~200 nm 

(Figure 5.4a). Such a conformational change was, in the meantime, accompanied by an increased 

turbidity experimentally measured by the UV/Vis absorbance at 350 nm (Figure 5.4b). With a 

pre-tuned LCST of 39 °C, an outer shell of poly(NIPAM-b-AAc) acted as a temperature-

responsive cage, switching on above its LCST and off below its LCST. 

 

The coating of poly(NIPAM-b-AAc) onto the Dox-loaded MBs primarily relied on their opposite 

charges. Due to the inclusion of AAc, poly(NIPAM-b-AAc) was negatively charged at pH 7 and 

therefore attractive to the positively-charged Dox-loaded MBs. The successive loadings of Dox 

on MBs and poly(NIPAM-b-AAc) on Dox-loaded MBs were analogous to the layer-by-layer 

(LbL) assembly technique reported in the literature [36, 55, 56]. As a reliable tool for monitoring 

the LbL buildup [57, 58], QCM-D measurement was adopted and continued from the previous 
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electrostatic interaction was confirmed by the blue-shift and the broadening of the N-H wagging 

of the Dox-loaded MBs from 940 and 855 cm-1 (Figure 5.3c) to 918 and 825 cm-1 (Figure 5.7b) 

and by the overlapped, broadened peak of the O-H stretching of carboxylic acids of the polymer 

from 3430 (Figure 5.7a) to 2960 cm-1 (Figure 5.7b).  

 

5.3.3 IVRT of Dox from Dox-loaded MBs and Dox-loaded MBs with a poly(NIPAM-b-AAc) 

shell  

 

A poly(NIPAM-b-AAc) shell was implemented in an effort to hinder any premature release,34 

and its critical role was demonstrated through comparing the releasing profiles of Dox from Dox-

loaded MBs (Figure 5.8a) and Dox-loaded MBs with the polymer shell (Figure 5.8b). At a 

relatively low concentration of free Dox (0.1-1 µg/ml), a linear relationship with its fluorescent 

emission was experimentally observed (Figure 5.S2a). However, at a higher concentration of 

Dox (above 1 µg/ml), such a relationship (Figure 5.S2b, c) became non-linear and might be from 

the self-quenching mechanism of Dox [60, 61]. By measuring the concentration of the free Dox 

in the releasing medium, the releasing profiles of polymer-shelled and shell-free carriers were 

compared as following. With a polymer shell encapsulating the Dox-loaded MBs, no appreciable 

amount of Dox was detected at room temperature (23 °C) in the releasing media, confirming the 

retention of the loaded Dox over time (Figure 5.8b). On the contrary, the capability of retaining 

Dox from the shell-free MBs at 23 °C was much poorer, releasing nearly 75%, within 8 hrs 

(Figure 5.8a). In addition to the poor retention of Dox from these shell-free carriers, a quick 

release burst of over 50% of the loaded Dox was detected within 1 hr in the releasing media, 

emphasizing the needs of a protective outer shell (Figure 5.8a). 
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release of Dox from the poly(NIPAM-b-AAc)-shelled MBs at 39 °C was significantly slower 

than that from shell-free MBs. Specifically, the time used to discharge 90% of the loaded Dox 

from the polymer-shelled MBs was approximately 18 hrs (Figure 5.8b) in comparison with the 

~5 hrs (Figure 5.8a) consumed by the shell-free carriers. The temperature-responsive switch and 

the gradually-released profile collectively demonstrate the suitability of utilizing poly(NIPAM-b-

AAc)-encapsulated, Dox-loaded MBs as a drug carrier. 

 

5.4 Conclusions 

 

A representative chemotherapeutic agent, Dox was electrostatically loaded onto the previously 

studied protein-stabilized MBs, and a temperature-responsive outer shell of poly(NIPAM-b-

AAc) was used to encapsulate the Dox-loaded MBs. Successive loadings of Dox and 

poly(NIPAM-b-AAc) were confirmed using techniques such as QCM-D, zeta potential 

measurement, SEM, fluorescent CLSM, and FTIR. Compared to the Dox release from the shell-

free MBs, the poly(NIPAM-b-AAc)-shelled MBs exhibited both a significantly improved 

retention of the loaded Dox and a temperature-controlled release. At 37 °C, only ~20% of the 

loaded Dox was observed while ~90% was released in ~18 hrs. 
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Chapter 6 Optimization and kinetic study of the loadings of doxorubicin on proteinaceous 

microbubbles encapsulated by a poly(N-isopropylacrylamide)-block-(acrylic acid) shell
3
 

 

6.1 Introduction 

 

Microbubbles (MBs) have been proposed as a promising drug carrier because of its capability of 

being a theranostic agent which combines the diagnostic imaging and the on-site treatment [1-3]. 

Depending on the different shell materials, the properties of MBs can be fine-tuned to 

accommodate the needs of either functionalization or stimulus responsiveness [4,5]. Through 

chemical bonding or electrostatic interactions, the payload drugs are frequently anchored onto or 

into the surface of MBs [6,7]. Upon the exposure to certain stimuli, the loaded drugs can be 

released into the area of interest [8]. For example, ultrasound-triggered drug delivery using MBs 

greatly improve the ultrasound energy deposition in the tissues and increase the intracellular drug 

delivery [9].  

 

Doxorubicin (Dox) has been widely used as a chemotherapeutic agent in both preliminary 

studies and clinical applications [10,11]. Dox can effectively prevents DNA transcription by 

intercalating with DNA and blocking the progression of an enzyme topoisomer [12]. It has been 

reported that Dox-loaded MBs killed at least two times more tumor cells than Dox-contained 

liposomes; in addition, a much more reduced cytotoxicity was observed due to the high 

accumulation of Dox at the tumor site when locally triggered [13]. Additionally, the utilization of 

                                                
3 A version of this chapter will be submitted for publication on Colloids and Surfaces B: 

Biointerfaces. 
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MBs as a Dox-carrier could greatly solve the disadvantages of administrating free Dox such as 

damage to healthy tissue cells and low accumulation of Dox at the targeted site [14-16]. Drug 

retention is therefore the key for Dox-loaded MBs to reduce the exposure of the healthy cells to 

Dox; for instance, a stable cross-linker or additional coating would be necessary to facilitate the 

drug retention [17, 18].  

 

Gold nanoparticles (AuNPs), known for their unique optical and surface properties, have been 

widely used in many different fields including diagnostics, biomedical, and drug delivery 

[19,20]. Analogous to other metal nanoparticles (NPs), AuNPs can also be used to strength the 

stability of MBs by inhibiting gas diffusion and bubble coalescence [21]. In addition, the AuNPs-

coated MBs provide both ultrasonic and photoacoustic responses, much better than either the 

ultrasonic response solely from MBs or the photoacoustic response solely from AuNPs. AuNPs, 

highly cited for their affinity to Dox, were once believed to interact with Dox by virtue of their 

electrostatic opposition [22, 23], and later accredited to the hydrophobic forces in place followed 

by cation-π interactions [24].  

 

In our previous study, proteinaceous MBs were used as a template to load Dox electrostatically 

and further encapsulated by a temperature-sensitive poly(NIPAM-b-AAc) shell. Herein, we 

compared the loading efficiencies of Dox onto MBs with and without the aid of an in-between 

layer of AuNPs through UV/Vis and fluorescent spectrophotometric measurements. Different 

contributing factors of the loading of Dox onto the bare MBs were also investigated by varying 

the pH environment, dosages of MBs, temperature, and time. Based on the in-vitro release 

testing (IVRT), compared with the AuNPs-coated MBs, the poly(NIPAM-b-AAc)-shelled MBs 
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exclusively showed a temperature-sensitive release of Dox upon elevating the temperature from 

37 to 39 °C. Based on the kinetic studies, such a temperature-controlled release was governed by 

the Korsmeyer-Peppas model, simultaneously controlled by the Fickian diffusion and the 

conformational change of the polymer shell. 

 

6.2 Materials and Methods 

 

Bovine serum albumin (BSA), Traut’s reagent, gold chloride trihydrate, sodium citrate tribasic 

dehydrate, doxorubicin hydrochloride (Dox), N-Isopropylacrylamide (NIPAM), acrylic acid 

(AAc), 2,2′-Azobis(2-methylpropionitrile) (AIBN), and 2-Aminoethanethiol hydrochloride were 

obtained from Sigma Aldrich. Methanol and ethyl ether were obtained from Fisher Scientific. 2-

Aminoethanethiol hydrochloride was purchased from Acros Organic. All chemicals were of 

analytical grade and used without further purification unless specified. Milli-Q water with a 

resistivity of 18.2 MΩ•cm was used for the all the experiments in this work.  

 

6.2.1 Synthesis of MBs 

 

As reported in our previous studies [25], proteinaceous MBs were prepared using surface-treated 

BSA with the Traut’s agent. In brief, BSA (50 mg) was mixed with Traut’s reagent (2 mg) in 

PBS (pH = 8, 1 ml) to react for 1 hr. The surface-treated BSA was given a heat shock at 45 °C 

and subsequently sonicated using a dismembrator (Fisher ScientificTM Model 705) at 173W for 

45 sec. The synthesized MBs were collected and purified through either centrifugation [26] or 

column flotation [27].  
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6.2.2 Synthesis of AuNPs 

 

AuNPs were synthesized according to the traditional Turkevich method [20, 28], refined by G. 

Frens [29]. In brief, 1 ml of 25 mM gold (III) chloride trihydrate solution was added to a round-

bottom flask containing 99 ml of Milli-Q water. After bringing the mixture to boil, 1 ml of 

sodium citrate tribasic dehydrate solution (2.5 %) was quickly added to the reaction flask to react 

until the mixture stopped changing color, typically for 15-20 mins. The synthesized colloidal 

AuNPs were gradually cooled and later stored at 4 °C.  

 

6.2.3 Synthesis of poly(NIPAM-b-AAc) 

 

The synthesis of poly(NIPAM-b-AAc) was described as following. NIPAM (80 mmol), AAc 

(3.2 mmol), AIBN (1 mmol), and AET (1 mmol) were mixed in 40 ml of methanol followed by a 

nitrogen purge for 30 mins. The copolymerization was allowed to proceed at 60 °C for 16 hrs. 

The synthesized polymer was then purified from the unreacted reagents by selective 

precipitation. By drop-wisely adding into diethyl ether, the polymer was precipitated out while 

the unreacted monomers and other reagents were dissolved. The precipitated polymer was then 

filtered out and this selective precipitation procedure was repeated in triplicates. The purified 

poly(NIPAM-b-AAc) was further purified by dialyzing against Milli-Q water for five days 

followed by freeze drying (Labconco FreeZone 4.5) for storage.   
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where ITotal and Iresidue are the fluorescence intensity of the total Dox before the reaction and the 

residue Dox after the reaction, respectively.  

 

6.2.5 Successive loadings of Dox and poly(NIPAM-b-AAc) onto MBs 

 

MBs (30 mg) were used to react with Dox (10 µg) in PBS (2ml) at 35 °C for 2 hrs. After the 

reaction, the Dox-loaded MBs were separated from the unreacted Dox through the column 

flotation at room temperature. After repeating this purification step for three times, the Dox-

loaded MBs were introduced to react with excessive poly(NIPAM-b-AAc) (50 mg/ml) for 2 hrs 

to assemble a polymer outer shell. The poly(NIPAM-b-AAc) shelled, Dox-encapsulated MBs 

were then purified again through the column flotation  

 

6.2.6 UV/Vis and fluorescent spectrophotometric measurements 

 

To investigate the interaction between MBs and AuNPs and quantify the free Dox in the 

medium, UV/Vis absorbance measurements were carried out using a UV/Vis spectrometer 

(Varian Carey 50). Spectra were recorded in the range of 425 to 600 nm and 300 to 650 nm, 

respectively for the MBs-AuNPs interaction and the Dox measurement. The samples were 

diluted in Milli-Q water if needed and kept for the same dilution factor for quantitative 

measurements. Analogously, the fluorescent intensities of Dox were also carried out using a 

spectrofluorometer (Varian Carey Eclipse) and correlated with its concentration based on the 

experimentally established standard curves. The spectra of the fluorescence intensity at 575 ± 20 

nm were recorded at an excitation wavelength of 490 nm. 
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6.2.7 Releasing profiles and kinetic studies  

 

Dox-loaded MBs, Dox-loaded MBs with an in-between layer of AuNPs, Dox-loaded MBs with 

an outer poly(NIPAM-b-AAc) shell were respectively immersed into a dialysis tube containing 5 

ml of PBS, and the tube was placed into a 50 ml PBS environment with a constant stirring at 

different temperatures for up to 40 h. 1 ml of the solution from the dialysate was withdrawn at 

one hr interval and replaced with fresh PBS to maintain the sink condition. The released Dox 

was subsequently quantified with a fluorescence spectrophotometer (Cary Eclipse FLR) by 

measuring the fluorescence intensity at 575 ± 20 nm when excited at 490 nm. Following the 

collection of the releasing profiles, different kinetic models, such as zero order, first order, 

Higuchi, and Korsmeyer-Peppas, were used to fit the data with a linear regression and to identify 

the nature of the Dox release [32, 33]. 

 

6.3 RESULTS AND DISCUSSION  

 

6.3.1 Deposition of AuNPs onto MBs 

 

AuNPs with a size of 150 ± 30 nm (Figure 6.1a) were synthesized using the conventional 

Turkevich method [20, 28] and subsequently loaded onto the surface of MBs. As reported in our 

previous paper, our synthesized MBs possess thiol groups on their outer surface. Due to the 

formation of strong gold-sulfur bonds [30, 31], gold nanoparticles can readily bind to MBs with 

a high affinity. The deposition of AuNPs on MBs was dually confirmed using UV/Vis 
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Dox, and the unbound Dox after the reaction was taken for the measurements of the fluorescence 

intensities at 590 nm (Figure 6.5). Analogously, a greater drop in fluorescence intensity was 

observed when MBs were used as a carrier than AuNP-MBs of the same weight, 1 and 10 mg, 

respectively (Figure 6.5). The drop of a greater magnitude in the fluorescence intensity of the 

free Dox was an evidence of a more effective loading process; specifically, the calculated 

loading efficiency (Figure 6.5, inset) revealed a ~10 % difference at both 1 and 10 mg weight 

dosage. 

 

6.3.3 Optimizations of the Dox loading onto MBs 

 

The loading of Dox onto MBs, primarily governed by the electrostatic interaction, was optimized 

by varying several contributing factors, namely pH (Figure 6.6a), dosages of MBs (Figure 6.6c), 

temperature (Figure 6.6e), and reaction time (Figure 6.6g). Fluorescent spectrophotometric 

measurements of the free Dox after the loading process were performed (Figure 6.6a, c, e, g), 

and the loading efficiency at each condition was respectively calculated (Figure 6.6b, d, f, h). At 

pH 6, the fluorescence intensities of the free Dox was the lowest (Figure 6.6a), indicating the 

highest loading efficiency of Dox compared to other pH environments (Figure 6.6b). With a 

slightly basic pKa (8.3) [42, 43], Dox was positively charged at pH 6 because of its amine 

moiety; in the meantime, the bare MBs (pKa = 4.5) were negatively charged, creating an 

electrostatic opposition. The loading efficiency of Dox reached its maximum to approximately 

80% at pH 6 (Figure 6.6b), where the electrostatic interactions were expected to be the strongest. 

At other pH conditio6.ns, the free Dox remaining after the loading was much more than that at 

pH 6 (Figure 6.6a), shown as a greater magnitude of fluorescence intensity. The major 
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~52% (Figure 6.6b). Analogously, Dox became nearly and completely neutrally-charged at pH 8 

and 10, respectively, and the reduced electrostatic opposition resulted in a lowered loading 

efficiency (Figure 6.6b). The loading efficiency was also improved by introducing the number of 

MBs available to be loaded; however, a plateau was reached until 30 mg/ml of MBs were used to 

react with 10 µg of Dox (Figure 6.6c, d). Any dosages of MBs above 30 mg/ml did not yield any 

noticeably higher loading efficiency possibly because the limit of Dox loading was reached by 

solely varying the dosage of MBs. In addition to the effect of pH and dosage of MBs, an elevated 

temperature also moderately improved the loading process. From 5 to 35 °C, the loading 

efficiency was boosted by nearly 10% (Figure 6.6e, f), suggesting the endothermic nature of the 

loading process. Temperatures above 35 °C were not considered because of the possible adverse 

effect of temperature on the structure of proteinaceous MBs. On the kinetic aspect, it was shown 

that the loading of Dox onto MBs was a relatively quick process, reaching a loading efficiency of 

over 50% within 4 mins and terminating within 30 mins (Figure 6.6g, h). As aforementioned, the 

optimal condition for loading Dox onto MBs was determined to be the reaction of Dox (10 

µg/ml) with MBs (30 mg/ml) at pH 6 and 35 °C for at least 30 mins, and such condition was 

therefore used for all subsequent experiments.  

 

6.3.4 IVRT and kinetic studies of Dox from Dox-loaded AuNPs-MBs and Dox-loaded MBs 

with a poly(NIPAM-b-AAc) shell  

 

Compared to the AuNPs-coated, Dox-loaded MBs, the superior capability of retaining the loaded 

Dox from the poly(NIPAM-b-AAc)-shelled, Dox-loaded MBs was demonstrated through the 

comparison of their IVRT profiles (Figure 6.7a, b). At room temperature (23 °C), the polymer-
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shelled MBs retained the loaded Dox for 40 hrs without showing any appreciable premature 

release (Figure 6.7a), which in turn proves the role of the leak-proof polymer shell [17]. On the 

other hand, AuNPs-MBs released nearly 70 % of the payload to the releasing media within 8 hrs 

(Figure 6.7b). With a small difference between 37 °C and 39 °C, ~85% of the loaded Dox was 

released into the media from AuNPs within 6 hrs (Figure 6.7a). In comparison, the polymer-

shelled MBs exhibited a sensitive response when heated from 37 °C to 39 °C, releasing from 

~20% to ~90% (Figure 6.7b).  

 

To further investigate the releasing behavior of the Dox-loaded MBs with a poly(NIPAM-b-

AAc) shell, the data were fitted into zero order, first order, Higuchi, and Korsmeyer-Peppas 

kinetic models [32, 33]. The releasing rate constants (K0, K1, KH, and KKP) and the associated 

correlation coefficients (R2) for all the models were summarized (Figure 6.8, 6.S2), and the 

fittings were evaluated based on the proximity of R2 to 1. It was readily seen that the Korsmeyer- 

Peppas model was the best-fitted one because of the highest R2 values of 0.9913 and 0.9962, 

respectively for the releasing profiles at 37 and 39 °C. For both swellable and non-swellable 

systems, the classic empirical law [44]  

 

Mt/Mf = KKP t
n 

 

where Mt/Mf, n, KKP, and t stand for the percentage of the released payload at time t, the release 

exponent, the release rate constant, and time t, respectively, could be used to identify if the 

release of payload drug follows the Fickian, non-Fickian (anomalous), or Case II mechanism [44, 

45]. After the logarithm transformation, the Korsmeyer-Peppas equation [44] becomes to the 
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0.50/0.45/0.43, pure Fickian release from slabs/cylinders/spheres can be identified where the 

concentration gradient dominates the payload release [44, 45]. For 0.5/0.45/0.43 < n < 1/1/1 and 

0.5/0.45/0.43 < n < 1/0.89/0.85, anomalous release was indicated for release from non-swellable 

and swellable slabs/cylinders/spheres, respectively [44, 45]. For 1/1/1 < n and 1/0.89/0.85, Case 

II release was confirmed from non-swellable and swellable slabs/cylinders/spheres, respectively 

[44, 45]. Based on the linear regression (Figure 6.9a, b), the n values of 0.510 and 0.639 for 37 

and 39 °C were shown, revealing the nature of the Dox release from poly(NIPAM-b-AAc)-

shelled, Dox-loaded MBs to be anomalous. The mechanism of Dox release was therefore dually 

governed by Fickian diffusion and polymer relaxation that is also previously referred as the 

“squeezing” mechanism of temperature-sensitive polymers [46]. As the temperature was 

elevated above the LCST of the poly(NIPAM-b-AAc) shell, the polymer shrank to a smaller size, 

expelling the aqueous solution and forming a densely-packed conformation. It was previously 

reported that such a conformational change leads to either a slower or faster release, varying 

from study to study [46]. In our case, a nearly 4 times faster release was observed (Figure 6.7b) 

when the temperature was elevated from 37 to 39 °C, indicative of the critical role of the 

conformational change of the polymer shell during the temperature-induced release. A plausible 

explanation for the faster release at 39 °C is that, in addition to the Fickian diffusion, the shrunk 

polymer causes a higher exposure of Dox to the aqueous solution, collectively contributing to the 

gradual Dox release over a period of ~18 h.  

 

 6.4 Conclusions 

 

For the loadings of Dox onto proteinaceous MBs, the loading efficiencies of Dox were compared 
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and optimized by using AuNPs as an intermediate layer, pH, dosage of MBs, temperature, and 

time through UV/Vis and fluorescent spectrophotometric measurements. Compared to the Dox 

release from the AuNPs-coated MBs, the poly(NIPAM-b-AAc)-shelled MBs exhibited a 

temperature-controlled release. At 39 °C, ~90% of the loaded Dox was released in ~18h while 

only ~20% was detected at 37 °C. Based on the kinetic study, the release of Dox from the 

poly(NIPAM-b-AAc)-shelled MBs follows the Korsmeyer-Peppas model, where the Fickian 

diffusion and the conformational change of the polymer shell collectively regulate the release of 

Dox.  
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Chapter 7 Conclusions and Contributions 

 

7.1 Major conclusions  

 

This thesis work has three major parts. The first part was to synthesize stabilized proteinaceous 

MBs using only one single surface treatment of proteins before the synthesis of MBs. The second 

part was to utilize the synthesized MBs for the potential applications of drug delivery using Dox 

as a representative chemotherapeutic agent. The third part was to optimize the loading of Dox 

onto MBs by examining different factors. The major findings and conclusions are summarized 

and listed below: 

 

1) A novel, facile synthesis of proteinaceous MBs was introduced by using only one single 

step of the surface treatment of proteins. BSA, used as a model protein, was selected to 

demonstrate the successful synthesis of BSA-SH MBs. Opposed to the short lifetime of 

BSA-shelled MBs (a few hours) reported in the literature, the MBs stabilized by the 

surface-treated BSA were long-lived sustaining their bubble formations for up to several 

months at 4 °C.  

 

2) Immediately after the synthesis, BSA-SH MBs were observed to be centered at two 

portions, 0.5 and 2.5 µm. The 0.5 µm portion quickly vanished while the 2.5 µm portion 

kept shrinking until reaching the critical size of ~850 nm in ~ 3 days after the synthesis 

due to the Laplace pressure.  The different fate between these two portions was attributed 

to the different surface coverage of thiols rendered during the surface treatment stage. At 



 137 

20 times molar excess of the Traut’s reagent, the long-lived 2.5 µm portion was the 

greatest in number and therefore 20 times molar excess was determined to be the optimal 

dosage of the Traut’s reagent for the MBs stabilization. 

 

3) Characterizations of BSA-SH MBs by FTIR and XPS indicated the presence of free 

unbound thiols, carboxylic, and primary amines on their surface, implying the possibility 

of further surface modification. 

 

4) In QCM-D tests, the reactivities of the carboxylic and amine groups of BSA-SH MBs 

were indirectly testified through electrostatic attachments onto the alumina, and the 

surface thiol groups was directly proved by reacting with the gold sensor. With these 

reactive functional groups on their surfaces, BSA-SH MBs could be used to load drug 

molecules through either bond formation or electrostatic interactions. Alternatively, 

BSA-SH MBs could be directly used to remove metal nanoparticles from wastewater 

through column flotation. 

 

5) To demonstrate the potential application of drug delivery using BSA-SH MBs, Dox, as a 

model drug, was electrostatically loaded onto the MBs and then further encapsulated by a 

temperature-sensitive polymer, poly(NIPAM-b-AAc). The LCST of the polymer shell 

was fine-tuned to be 39 °C by copolymerizing NIPAM and AAc (25:1, mol/mol). Based 

on the IVRT, the temperature-responsiveness of poly(NIPAM-b-AAc)-shelled, Dox-

loaded MBs was shown when heating from the body temperature 37 °C to 39 °C; the 

cumulative release of Dox was elevated from ~20 to ~90% over a period of 18 hrs.  
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6) In addition to the temperature-responsiveness, the implementation of the polymer shell 

renders an excellent retention of Dox from MBs at the room temperature of 23 °C 

without leaking any appreciable amount of Dox over the examined period of 40 hrs. In 

comparison, the shell-free, Dox-loaded MBs showed a poor retention of Dox, releasing 

~75% within 8 hrs to the IVRT media.  

 

7) The successive loadings of Dox and poly(NIPAM-b-AAc) onto MBs were confirmed by 

SEM imaging, CLSM imaging, zeta potential measurement, FTIR, and QCM-D. 

 

8) As AuNPs were reported to have a great affinity to Dox in the literature, the loading 

efficiencies of Dox on MBs were compared by using AuNPs as an intermediate layer 

from UV/Vis and fluorescent spectrophotometric measurements and found out to be 

higher when Dox was directly loaded onto the bare MBs. Other contributing factors were 

also investigated such as pH, the dosage of MBs, and temperature.  

 

9) Based on the kinetic study, the release of Dox from the poly(NIPAM-b-AAc)-shelled 

MBs follows the Korsmeyer-Peppas model, where the Fickian diffusion and the 

conformational change of the polymer shell collectively regulate the release of Dox. 

 

7.2 Contributions to the original knowledge  

 

The short lifetime of proteinaceous MBs produced by conventional ultrasonic methods has been 

hindering their applications in many fields such as drug delivery and water purification. The 
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commercially available MBs mostly rely on either perfluorocarbon as the internal gas core or a 

certain type of proteins for stabilization. In the previous studies by other researchers, protein 

treatment by either chemical or physical denaturation was more often to be restricted to certain 

types of proteins. This work, on the other hand, introduced a facile, universal method of 

synthesizing proteinaceous MBs using only one single surface treatment, opening the routes for 

further studies and applications of proteinaceous MBs. The possibilities of using the synthesized 

MBs as a drug carrier were demonstrated by loading Dox onto the surface of MBs and 

subsequently encapsulated by a temperature sensitive shell. The drug retention and temperature 

responsiveness were both well represented.  

 

Chapter 8 Future Work  

 

8.1 Suggestions for Future work 

 

1) The reactivities of several key functional groups were demonstrated in the current study, 

and further applications of using the synthesized MBs to collect metal nanoparticles or 

metal ions could be systematically investigated as a future work.  

 

2) For the acoustic characterization, we were only managed to measure the attenuation 

coefficient at 3.3 MHz due to the limitation of our ultrasound transducer. If one or more 

transducers with a broad frequency range and strong backscattering response become 

available, we can start to measure the attenuation and backscattering response at high 

frequency. The attenuation and backscattering responses with respect to different 
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magnitudes of frequency are crucial eventually determining the application of using our 

synthesized MBs as an ultrasound contrast enhancer.  

 

3) To demonstrate the universal method introduced in this work, we used BSA as our 

representative protein because of their unsuccessful synthesis of MBs reported in the 

literature. However, to be more convincing, other types of proteins could be used to 

synthesize different proteinaceous MBs. As a cross-check, their lifetime and surface 

reactivities could be probed as well to compare their performance to that of BSA-SH 

MBs. 

 

4) The loading of Dox onto MBs was carried out through electrostatic interactions in our 

study; however, cross-linkers could be used instead to anchor Dox onto the surface of 

MBs. The cross-linkers could also be designed to be stimulus responsive. For example, 

tumor cells have more acidic pH environment than healthy tissue cells, and the release of 

Dox could be governed by pH-sensitive cross-linkers. Other site-specific releases of Dox 

could also be facilitated using ultrasound as a stimulus when the acoustic characterization 

of our MBs becomes available.  

 

5) AFM studies of the successive loadings of Dox and poly(NIPAM-b-AAc) onto MBs 

could be carried out to gain the molecular-level understanding of the mechanism. In this 

work, we studied the interactions by optimizing different contributing factors and drew 

the preliminary conclusion. If Dox molecules could be anchored onto a modified AFM 

tip, then its interaction with MBs could be revealed using AFM studies. Analogously, the 
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interaction between the polymer shell and the Dox-loaded MBs could be also studied 

using similar setups in AFM studies. 

 

6) The cellular toxicity and the in-vivo Dox distribution of the Dox-loaded MBs could be 

the next stage of our studies. To probe the in-vivo performance of the Dox-loaded MBs, 

different cancer cell lines could be introduced to react with these MBs under different 

conditions and visualized using fluorescent CLSM.  
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