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Abstract 

This thesis investigates the drug release from polymeric nanocapsules induced by 

ultrasonic stimulation. A drug delivery system with stimuli-responsive polymeric 

nanocapsules was prepared to achieve locally controlled drug release by remote 

ultrasonic stimulation. This was then compared to the polymeric capsules for 

spontaneous drug release. Nanocapsules were produced by employing a 

layer-by-layer technique, encapsulated with Rhodamine 6G dye used in place of 

anti-restenotic drugs. Ultrasonic stimulation induced dye release was monitored by 

fluorescence intensity changes in the fluorescence emission spectra taken from the 

supernatant of the nanocapsule solutions after ultrasonic treatment. Gold 

nanoparticles were incorporated in the shell of the nanocapsules. The presence of 

gold nanoparticles significantly enhanced the efficiency of the ultrasonically induced 

dye release from the nanocapsules and increased the sensitivity of the nanocapsules 

to ultrasonic stimulation compared to those without gold nanoparticles. 
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Chapter 1: Introduction 

1.1 General introduction  

The synthesis of nanocapsules with multiple functions for drug delivery systems and 

a means of external stimulation employed on the nanaocapsules is significant [1]. 

Due to unhealthy lifestyles and high pressure at work, people are facing a variety of 

health problems, both physically and mentally. As reported by the World Health 

Organization, coronary artery diseases (CADs) are some of the most typical 

cardiovascular diseases (CVDs), resulting in more than 7 million deaths annually in 

the world [2]. Stent implantation is a commonly used treatment for CADs. However, 

in-stent restenosis (ISR) remains a serious problem following implantation. The 

major cause of ISR is the injured arterial wall causing smooth muscle cell (SMC) 

proliferation and scar tissue accumulation [3]. Anti-restenotic drugs release from 

stents happens spontaneously after implantation and often is uncontrolled [4]. To 

cope with this problem, nanocapsules combined with a drug delivery system can 

enable drug release in a specific site, as required [5-7]. Stimuli-responsive 

nanocapsules can release the drug in a controlled manner and the non-invasive nature 

of the technique has advantages in therapeutic applications, such as reduced 

possibility of infection, avoiding damage to surrounding tissues by devices. 

The ideal coupling interaction between the nanocapsule layers and the mode of 

stimulation needs to be considered. A stimuli-responsive polymer can respond to 

surrounding environmental factors and induce the release of drugs from the polymer 

capsules. Stimuli-responsive polymers such as micelle-forming polymer and 

liposomes-forming polymer can be sensitive to many factors including physical, 

chemical or biomedical stimulation. Ultrasound, pH, temperature, magnetic fields, 

and the intensity of light in the microenvironment can induce responses in different 

ways. The responses can be changes in shape (mostly in shape memory polymers), 

permeability, and colour. While such changes occurring in the environment are small, 
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it is enough to stimulate key changes in the unique properties of polymers. 

In the current work, ultrasound has been studied as a means to induce stimulus 

response. Ultrasound can produce pressure waves with frequencies (20 kHz or higher) 

greater than that of human hearing. As well as audio and optical waves, ultrasonic 

waves can focus on a point, or reflect through a certain substance medium (such as 

water or air). Ultrasonic waves have enough penetrating ability and power to destroy 

a microcontainer shell and release the payload in vivo, deep inside the body [8]. In 

recent years, ultrasonic stimulation causing the drug release from multiple polymers 

has been used in biomedical fields. Ultrasonic stimulation can be applied as a remote 

control to a great number of polymers, such as multi-layered nanocapsules, micelles, 

polyelectrolyte nano-containers, liposomes that are sensitive to ultrasonic stimulation 

[9-16].  

Ultrasound serves as a tool in disease diagnosis and therapy and has its unique 

advantages compared with other stimulations such as pH. pH-responsive polymers 

depend on the microenvironment in the body significantly. A slight change of pH 

value in vivo may affect the disease therapy. However, ultrasound treatment is not 

heavily dependent on its surroundings in the body. It has advantages of repetitive 

applicability, high safety profile, and cost-effectiveness [17]. The frequency of 

ultrasound should not be higher than human body tolerance. Otherwise, adjacent 

tissue and organs in the body may be injured. The ultrasonic stimulation (1MHz, 

0.75-1.2 W/cm
2
) used in this research would not cause harm to the human body. The 

use of multiple duty cycles (pulse/ pause, a percentage during one period in which 

the signal is active), especially at a relative high frequency, remains unexplored in 

drug delivery systems. Additionally, there remains a need to investigate the effects of 

ultrasonic stimulation inducing drug release from nanocapsules. In this study, 

polyelectrolyte nanocapsules containing the drug surrogate Rhodamine 6G as a drug 

delivery system were synthesised and the hypothesis that ultrasonic stimulation 

remotely induces dye release from the nanocapsules was investigated. Also, the 
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effect of addition of gold nanoparticles to the polyelectrolyte nanocapsules on the 

efficiency of ultrasonically induced dye release was determined.  

 

1.2 Drug-eluting stents  

Stent implantation surgery aims to keep arteries open for the treatment of coronary 

heart disease. Most patients with cardiovascular diseases undergoing surgery today 

are treated with stents. However, in-stent restenosis is a prominent problem affecting 

patients, with morbidity rates of between 10% and 60% reported. Restenosis is the 

term given to a section of blocked artery, previously opened up with the aid of a stent, 

that has become narrowed again [18-19]. Once the stents are placed in blood vessels, 

fresh tissue may grow inside stents, which will cover the struts of the stent. Initially, 

the fresh tissue consists of some healthy cells from the inner surface of the coronary 

artery. This is beneficial as a normal endothelial layer covering the stent allows for 

smooth blood flow. If this does not happen, scar tissue can form underneath the 

endothelial layer. Based on relative statistics, one quarter of patients who have a stent 

implanted had scar tissue formation [20]. This will produce a blockage and affect the 

blood circulation. Usually in-stent restenosis occurs between 3 to 6 months after stent 

implantation [21]. At present, drug-eluting stents (DES) have been employed as a 

treatment for in-stent restenosis. The efficacy and safety of DES rely on the kinetics 

of drug release, delivery system, and drug combination [22]. Two kinds of drug 

delivery stents have been studied, one with a polymer carrier and the other without a 

polymer carrier on the stent. In the case of anti-restenotic drugs loaded without a 

polymer, drug delivery was rapid and no significant benefits were observed [23]. 

However, when the drug was loaded with a polymer, the drug release has been 

proven to be more sustained and effective in reducing the risk of restenosis [24-25]. 

Some anti-restenotic drugs have been applied for DES previously. Sirolimus-eluting 

stents and paclitaxel-eluting stents have been shown to be effective in CAD treatment 
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[19, 26]. Sirolimus is a kind of macrocyclic lactone that binds to cytosolic proteins 

(FK506 binding protein). This binding protein blocks G1 to S cell cycle progression 

by preventing mTOR (mammalian target of rapamycin) activation [27]. Sirolimus 

also suppresses the proliferation of cytokine-driven T cells. Paclitaxel prevents the 

disassembly of microtubules and enables the polymerization of tubulin. This allows 

for the stabilization of the microtubules and leads to the prevention of cell division. 

The replication of the cell is prevented in the G0/G1 and G2/M phases by paclitaxel 

[28]. In addition, paclitaxel affects cell transport and motility between organelles. 

Sirolimus and paclitaxel-eluting stents have been used with consistent results in 

treating in-stent restenosis [29]. 

 

1.3 Nanoparticulate carriers 

The development of nanoparticle-based platforms provides an approach for disease 

diagnosis and therapy [30]. A nanoparticle is an ultrafine particle (typically around 

100 nm or less in size) that works as a whole unit in terms of its properties or 

transport. Nanoparticles have a greater surface area per weight than larger particles, 

which cause them to be more reactive to some other molecules. Additionally, the 

optical property is one of the fundamental beneficial characteristics of a nanoparticle. 

Nanoparticles have been applied in wide variety of biomedical researches. Due to the 

side-effects of some bioactive substances used for pharmacotherapy, one of the goals 

in pharmacotherapy is to achieve specific drug delivery to an in vivo target site in a 

manner that minimizes side-effects and maximizes the therapeutic effect. For 

instance, cytotoxic compounds can kill cancer cells in cancer therapy, but also can 

injure normal cells causing undesired side-effects. Site-specific drug delivery with 

nanotechnology can make the drug encapsulated in carrier to reach the specific site 

and achieve drug release, which can minimize the side effects. Nanoparticulate 

delivery systems may also increase drug residence at specific sites and improve in 
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target-to-non-target concentration ratios. Furthermore, nanoparticles can be applied 

to nucleic acid-based therapeutic modalities to deliver the therapeutic molecules to 

sub-cellular compartments efficiently [31]. 

Nanocarriers can be synthesized from various materials including biodegradable and 

non-degradable polymers, metals, dendrimers, inorganic semiconductor nanocrystals 

and self-assembling amphiphilic molecules [30]. The selection of materials for the 

development of nanocarriers can be tailored to the desired therapeutic goals, the type 

of payload, the route of administration, and so on. The employment of 

stimuli-responsive nanocapsules provides an opportunity for drug delivery in specific 

sites. The selection of drugs is dependent on the therapeutic requirement, and drugs 

are usually adsorbed onto the nanocapsule cores. Additionally, the drugs 

encapsulated in nanocarriers could be injected into specific sites in the body. There is 

much literature dedicated to the research of nanoparticulate carrier systems based on 

the employment of lipid, polymeric, different types of nanoparticulate carriers, and 

self-assembling [30].  

While the drug delivery system serves as an active vehicle in the treatment of 

diseases, the use of stimuli-responsive carriers provides an efficient method for drug 

release. Different kinds of molecular assemblies may be used as stimuli-responsive 

carriers for passive targeting and active targeting [32]. A nanocarrier with a desired 

stimuli-responsive property can be designed by a composition of these molecular 

assemblies. While the stimulus is distinct to the disease pathology, the 

stimuli-responsive carriers play an important role to respond specifically to the 

pathological “triggers”. Several biological stimuli such as redox, temperature and pH 

can be used for drug release in targeted sites [31, 33-36]. Usually, the intracellular or 

extracellular pH of the biosystem is significantly influenced by various diseases. For 

example, in solid tumors, the extracellular pH tends to be more acidic (~6.5) than the 

blood pH (~7.4) at body temperature [37]. Furthermore, the pH of lysosomal or 
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endosomal vesicles inside the cells is also lower than the cytosolic pH value. 

According to this characteristic, it is possible to fabricate nanocarriers that can 

respond changes in pH and allow for release of the encapsulated drug to targeted 

sites (extracellular or intracellular). In addition, a possible employment of films, such 

as 2-iminobiotin, for the controllable drug delivery is suggested. As demonstrated by 

Anzai’s group, a kind of layer-by-layer assembly was achieved using avidin and 

2-iminobiotin-labeled poly(ethyleneimine) (ib-PEI) [38-39]. The avidin binds 

2-iminobiotin less strongly than biotin, and the affinity for 2-ininobiotin is pH 

dependent. Therefore the avidin-2-ininobiotin assembly can be disintegrated by 

either adding biotin in the solution or by changing the pH of the microenvironment 

(Figure 1) [38]. The findings also make it possible for further application of 

polyelectrolyte multilayer (PEM) carriers for the delivery of bioactive molecules in 

response to a known trigger [38-39]. 

 

 

Figure 1  Decomposition of the avidin/2-iminobiotin-labeled poly(ethyleneimine) assembly 

stimulated by changes in pH or adding biotin [38]. 

 

Temperature is another variable which can be applied for inducing release of the 
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nanocarrier-payload drugs to a specific site [40]. For example, temperature-sensitive 

carriers could be employed to release the payload at temperatures above 37℃. By 

using this delivery system, the toxic drug would be completely encapsulated in the 

carrier and stable in the circulatory system. However, the drug would be easily 

available in a localised area, upon hyperthermic stimuli to the diseased region [40]. 

It is generally accepted that the redox potential in extracellular space or blood is low, 

but the redox potential inside the cells is high [41]. For example, the intracellular 

glutathione (GSH) levels in tumor cells are usually 100-1000 fold higher than 

extracellular levels [41]. By using disulphide cross-linked nanocarriers, this 

concentration gradient can be applied so that the encapsulated drug is delivered 

inside the cell. Such a system is significant in the release of nucleic acid-based 

therapies (like oligonucleotide, plasmid DNA), since these molecules have to reach 

intracellular targets in a steady manner to enable an efficient therapeutic effect. 

External physical stimuli like heat, light, ultrasound and magnetic field can be 

employed to induce drug release from nanoparticulate carriers [42-46]. For example, 

the targeted delivery of iron oxide nanoparticles can be achieved by using a magnetic 

field. With the external stimulation, the materials encapsulated in the magnetic 

nanocarriers can accumulate at a desired site with a controllable manner [44]. In 

recent years, the efforts of many research groups have been focused on drug release 

from nanocarriers upon the application of ultrasound. For example, poly(ethylene 

glycol)-co-poly(h-benzyl-l-aspartate) micelles were used as drug nanocarriers, and 

the chemotherapeutic agent was encapsulated in the micelles [45-46]. A local 

ultrasonic stimulation was employed to achieve drug delivery in tumor cells after 

injecting the nanocarrier encapsulated drugs [45-46]. This method also achieves 

uniform distribution of the drug throughout the tumor tissue [47]. Additionally, 

light-responsive nanocapsules also have their distinct properties that achieve drug 

release upon external stimulation. Usually, the light-responsive nanocapsules are 
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sensitive to light sources. For example, upon the laser treatment, the gold 

nanoparticles within nanocapsules absorbs the laser light energy, and the heating 

caused from laser may destroy the capsules, resulting in drug release. Additionally, 

due to different components have different thermal expansion coefficients, the 

thermal stresses within the nanocapsule shell may also rupture the capsule shells, 

inducing the drug release [48]. Recent years have witnessed a growing interest in 

achieving active delivery of an encapsulated payload from polyelectrolyte multilayer 

nanocapsules by using near-infrared radiation (NIR) as a means of stimulation. In 

order to achieve nanocapsules with optical responsiveness, IR (Infrared radiation) 

dyes or gold nanoparticles were included in the polyelectrolyte multilayer carrier 

wall. The absorption of NIR induced heating and rupture of the carrier shells, and the 

release of polyelectrolyte multilayer carrier encapsulated drugs was achieved [49-50]. 

As reported, the responsiveness of nanocapsules can be achieved with a focused 

beam of CW laser at 830 nm [51], or with a short 8-10 ns laser pulses at 1034 nm 

(Figure 2) [49,50,52].  

 

 

Figure 2  Schematic diagram of optical controllable nanocapsules. (a) the encapsulated material 

release triggered by irradiating the nanocapsules with a short laser pulse; (b) the cross-section of 

the shell of nanocapsule. (The shells contain gold nanoparticles, the outer lipid bilayer and the 

surface receptor molecules.) [52]. 
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1.4 Ultrasound-responsive polymers 

Many of the applications proposed for stimuli-responsive nanocapsules allow the   

controllable delivery of therapeutic compounds at the desired site within the body 

and at a specified release rate. In some conditions, by the migration of the 

nanocarrier encapsulated drug to a targeted site, the change in microenvironment 

necessary to impart responsive drug release can occur that encourages drug release. 

For example, pH-responsive nanocapsules can deliver drugs in the digestive tract due 

to the inherent differences in pH. Nonetheless, the application of a drug delivery 

system that depends on some other stimuli may be difficult by the inability to locally 

apply the stimulus at the desired areas. For example, a change in temperature may 

result in the drug delivery in the thermo-responsive nanocapsules in vitro, but 

localized heating and cooling in vivo is not always trivial at sites deep within the 

body. 

However, ultrasound is an effective external stimulation that can induce the release 

of encapsulated drugs in vivo [53]. Ultrasound is the propagation of pressure waves 

through water or air, but at a frequency that is beyond the range of human hearing. 

Furthermore, ultrasonic waves can be absorbed, focused and reflected. Ultrasonic 

waves are the movement of molecules as the medium is expanded and compressed 

(at low pressure/at high pressure). Therefore, ultrasound can act upon biomolecules. 

In particular, ultrasonic waves are weakly absorbed by tissues and water, thus 

ultrasound can be employed to achieve effective energy transfer into the human body 

at targeted locations. 

Ultrasound-responsive polymers for drug delivery system have been studied for 

medical diagnostics and treatment [54]. The mechanism of ultrasonic mediation 

applied in drug delivery system occurs in a process known as cavitation. Natural 

ultrasound energy can generate low and high pressure and causes the growth and 

shrinkage of gas-filled nanobubbles. Ultimately, the cavitating nanobubbles implode, 
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which can generate local shock waves and destroy polymer assemblies in the vicinity 

[55]. 

Some polymeric systems that respond to ultrasound are mainly polymeric micelles, 

gels or other layer-by-layer (LbL) coated nanoparticles. Langer et al., have studied 

the release rate of incorporated components through the stimulation of ultrasound 

from polymers including polylactides, biodegradable polyglycolides, and 

ethylene-vinyl acetate copolymers [56-62]. With an increase in ultrasound intensity, 

there was also an increase in the release dynamics in the polymeric systems. It has 

been shown that ultrasonic stimulation can facilitate the permeation through some 

polymers with no erosion and enhance the decomposition rate in some biodegradable 

polymers [63-64]. Miyazaki et al., studied the ethylene-vinyl alcohol (EVAL) 

copolymer and insulin in diabetic rats and were able to control insulin release 

through ultrasonic stimulation [65]. After the experimental subjects (diabetic rats) 

received the implants containing encapsulated insulin and experienced an ultrasonic 

stimulation (1 MHz, 1 W/cm
2
), a significant decrease in the level of blood glucose 

was observed. The results demonstrated a rapid rate of release of insulin in the 

targeted region. In previous research of this group, they also demonstrated that the 

release rate of 5-fluorouracil from an EVAL copolymer increased at desired times 

upon the ultrasonic stimulation in vivo [66]. Stoodley et al., investigated antibiotic 

release from poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels by ultrasound 

irradiation (43 kHz) [56,67]. This drug delivery polymer matrix consists of a 

PHEMA hydrogel, coated with methylene chains to minimize passive drug release. 

The employment of low intensity ultrasonic stimulation may disrupt the alkane 

coating, and allow a significant drug release from PHEMA. In order to observe the 

performance of this drug delivery system for the targeting of infectious biofilms, the 

accumulation of pseudomonas aeruginosa biofilms grown on hydrogels was 

monitored, with and without exposure to ultrasonic stimulation in an in vitro flow 

cell study. Hung-Yin Lin et al., demonstrated the change in permeability of 



 

11 

 

poly(ethylene glycol) (PEG) encapsulated liposomes upon ultrasound (20 kHz, 3.8 

W/cm
2
) [68]. The results indicate that the rupture of liposomes in the sound field 

induced permeabilisation, and achieved the encapsulated material release. 

Additionally, the poly-and oligo(ethyleneoxide) additives seem to facilitate the 

rupture of liposomes. Ultrasound at relatively low frequency can facilitate the 

cellular uptake of the drug. Low frequency ultrasonic stimulation is also useful for 

drug delivery and can avoid damage to critical structures in the body. Pitt et al., have 

studied the hydrophobic drug (micelles were stabilized by copolymerizing with a 

biodegradable crosslinker N,N’-bis(acryloyl)cystamine) using low ultrasonic 

stimulation and have shown that the drug can be attached on PEO-b-PPO-b-PEO 

(poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide)) 

particles and achieved release with ultrasound. This means that the synergistic effects 

induced by ultrasound can cause efficacy enhancement, such as ultrasound-enhanced 

absorbance of drug into cells, and the ultrasound-responsive release of drug [69-73]. 

As illustrated by E. C. Pua et al., ultrasound treatment has been employed in gene 

therapy for therapeutic payload into the target cells [74]. Ultrasonic stimulation can 

induce the collapse of drug carriers and achieve payload release for the uptake of 

target cells (Figure 3). The site specificity can be promoted by incorporating a 

surface ligands on the carrier, which is able to bind to specific receptors for specific 

targeting. 
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Figure 3  Schematic representation of encapsulated material release from polyelectrolyte 

capsules upon ultrasonic stimulation. DNA or therapeutic drugs can be incorporated into the 

interior of drug-and gas-filled micorbubbles. The drugs are released when ultrasound energy 

cavitates the microbubble [74]. 

 

Recent research has provided promising developments for administered drug carriers, 

where ultrasound is employed to induce changes in the carriers and release their 

payload. The employment of this type of drug/carrier combination can increase local 

drug delivery in a targeted site for improved efficacy. 

 

1.5 Layer-by-layer technique for polyelectrolyte nanocapsule assembly 

Polyelectrolyte nanocapsules are of further potential importance due to their 

extensive applications in medical fields. The capsule serves as a “medipack” to 

release a substance of interest at a specific site, and it has multiple outer layers to 

protect the core. Layer-by-layer techniques can be used for modifying surfaces and 

generating ordered functional polymeric films and nanocomposites over the substrate 

[75]. Such nanocomposites may include materials that are sensitive to different types 

of stimuli, hence resulting in an advanced delivery system with 

stimuli-responsiveness. In 1966, the layer-by-layer assembly was introduced by Iler 
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for the adsorption of multilayers of oppositely charged colloidal nanoparticles [76]. 

The assembly is based on the sequential adsorption of complementary multivalent 

molecules via non-electrostatic or electrostatic interactions. Additionally, the 

layer-by-layer assembly can be performed on different kinds of substrates of different 

shape, size and chemical composition (such as colloidal particles, porous and planar) 

using various building blocks, such as particles [77-91], dyes [92-94], polymers 

[95-110], clays [111-113], metal oxides [114-119]. Thus, using the layer-by-layer 

technique, polyelectrolyte nanocapsules with well-controlled size, shape, and flexible 

layer compositions can be obtained. Shell composition is predesigned and can 

contain lipid bilayers, biopolymers, magnetic nanoparticles and even charged 

polyions. The polyelectrolyte nanocapsule size is adjustable through the number of 

coating layers. Biodegradable polymer-based nanoparticles can be achieved by phase 

separation or by interfacial polymerization from a polymer-solvent mixture 

[120-122]. In previous research, lipid liposomes were employed as drug nanocarriers 

[123], which can be deposited on layer-by-layer polymer shells [124]. The method 

also indicates that there is no principle restriction to the option of polyelectrolyte. 

The polyions commonly used include polycations, such as poly(allylamine 

hydrochloride) (PAH), poly(dimethyldiallyl ammonium chloride) (PDDA) and 

poly(ethyleneimine) (PEI), and polyanions such as poly(acrylic acid) (PAA), 

poly(vinyl sulfate) and Poly(styrene sulfonate) (PSS). The chemical structures of 

PAH and PSS are shown in Figure 4. For the successful assembly of protein 

multilayers, it is significant to employ linear polyion interlayers. Flexible linear 

polyions act as electrostatic glue in the layer-by-layer assemblies. The concept of 

electrostatic polyion glue, which keeps together neighboring arrays of proteins, is 

important to the protein and nanoparticle assembly. In our research group, 

layer-by-layer assemblies have also been used in the synthesis of multiple layers 

nanoparticles, which can be applied in drug delivery system for treatment of in-stent 

restenosis. Some findings and obstacles faced and possible solutions were studied. 
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The method to assemble microcapsules by nano-biotechnology was introduced by 

Noor Al-Nasser, and the microcapsules in aqueous solution was formed by Abraham 

Samuel Finny [125-126]. 

 

 

Poly(allylamine hydrochloride) (PAH+)   Poly(styrene sulfonate) (PSS-) 

Figure 4  Chemical structures of commonly used synthesis polymers. 

 

The assembly procedure is shown in Figure 5 [127]. Firstly, a collection of 

nanotemplates or microtemplates, such as latex particle cores, with a negative 

charged surface are incubated in a solution including the cationic polyelectrolytes, 

and a layer of polycation is adsorbed. Secondly, the nanotemplates are washed by 

centrifugation, to remove the excess free polyions. The particles are then immersed 

in an anionic polyelectrolyte liquid. After one more layer is adsorbed, the original 

negative surface charge is restored and the surface is prepared for the next assembly. 

The two processes are alternately repeated to the point that the desired charge of 

outer layer of carriers or a layer of the desired thickness is achieved. Furthermore, 

more than two components can be employed in the layer-by-layer process but only 

with the correct alternation of negative and positive compounds.  
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Figure 5  The layer-by-layer assembly on 3-Dnanotemplates [127]. 

 

In general, the layer-by-layer assembly shows obvious advantages: it achieves the 

integration of component materials of different properties within the films, and it 

makes the incorporation of various biomolecules into the films possible. Furthermore, 

it achieves a defined control over the thickness, structure, mechanical characteristics 

and composition of assembled materials [75]. 

 

1.6 Gold nanoparticles 

Gold nanoparticles (AuNPs) have been studied for many years in applications such 

as cancer treatment [128]. They have high biocompatibility, ease of surface 

modification, facile synthesis, and tunable optical characteristics [129]. Colloidal 

gold is size controllable with a high yield, and high quality, which can be produced 

effectively using the method of citrate reduction [129]. In recent years, synthetic 

advancement engenders AuNPs of various structures or shapes, such as hollow gold 

nanoparticles, gold nanoshells, and gold nanorods. Their radiative properties are 

prominent, such as scattering, absorption and the plasmonic field, make these 

nanoparticles useful for molecular imaging [129]. Furthermore, metallic 

nanoparticles, such as gold nanoparticles, can support photothermal effects, the 
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dissipation of absorbed light energy as heat can be used to achieve drug release. As 

illustrated by Alexandra S. Angelatos et al., light-responsive nanocarriers have been 

achieved by incorporating metallic nanoparticles into the wall of the carrier 

[130-132]. With the application of short near-infrared laser pulses, the 

polyelectrolyte/gold nanoparticles nanocarriers rupture because of the gold 

nanoparticle-mediated heating of the carrier shell [130,131]. This idea was also 

proved to be workable for the release of fluorescence-labeled dextran [131]. Based 

on previous research, the release efficiency was investigated by coating gold 

nanoparticles in the microcapsules shell (CaCO3 cores covered with 8-layered of 

polyelectyltes) [133]. Both the microcapsules with and without the gold 

nanoparticles in the shell were studied. With the application of ultrasound, the release 

efficiency was improved by the presence of gold nanoparticles in the microcapsule 

shell. The results also present a guide to incorporate a wide variety nanoparticles to 

tailor the properties of the microcapsules. In addition, gold nanoparticles are inert 

and are non-toxic, so they are a feasible material for medical applications 

[129,134,135]. 

Gold nanoparticles have distinct physicochemical properties such as surface plasmon 

resonance (SPR), and established surface modification chemistries allowing 

employment in a variety of biomedical applications [136]. In particular, after AuNPs 

were coated on the polyelectrolyte nanocapsules, the SPR may appear. The 

absorption mechanism of SPR is a collective coherent oscillation of the free electrons 

of the metal conduction band [137-140]. When a metal particle is exposed to light, a 

collective coherent oscillation of free electrons of the metal will be produced. The 

electron oscillation produces a charge separation relative to the ionic lattice, forming 

a dipole oscillation along the direction of the electric field of the light. At a specific 

frequency, the amplitude of the oscillation reaches maximum, and this phenomenon 

is called surface plasmon resonance. The nanoparticle is smaller than the incident 

light wavelength, and the response of a particle to the oscillating electric field can be 
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demonstrated by the dipole approximation of Mie theory [137,141]. In the 

approximation, the particle’s extinction cross section is defined as  extC  and it 

defines the energy losses in the propagation direction of the incident light resulting 

from the absorption and scattering of the nanoparticles.  extC  can be 

demonstrated by the dielectric function of metal,       i . The dielectric 

constant of the medium is defined as m , and it is shown in Equation 1 [141]. 
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Where R  is the radius of particle, and   is the incident light wavelength.  

As shown in Equation 1, the extinction cross-section of a single nanoparticle relies 

on the dielectric function of the metal of which the particle is composed. This leads 

to different scattering and absorption features for different metal particles. 

Furthermore, the maximum of  extC  will occurred when the denominator of the 

right side of the equation is minimised. This happens at the wavelength p  for 

which  
mp  2 , when the imaginary part of the metal dielectric function, 

 
p  , is small [137,141]. 

 

1.7 Experimental objectives 

The work in this research is to develop a smart nanostructured drug delivery system, 

controlled using ultrasonic stimulation. Published studies showed that nanocapsules 

loaded with drugs have been used as tools in therapeutic fields, which is a potential 
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clinical application. This research focused on polyelectrolytes polylactic acid (PLA), 

poly(allylamine hydrochloride) (PAH), and poly(styrene sulfonate) (PSS) for their 

feasibility and function as drug carriers. Various ultrasound duty cycles (low, 

medium, and high, 0.75-1.2 W/cm
2
) at a frequency of 1 MHz were used as a remote 

stimulation on nanocapsules for drug release. The duty cycle is defined as the 

percentage during one period in which the signal is active [128]. The ultrasonic 

frequency used in this study is safe to the human body. Rhodamine 6G, a kind of 

fluorescein dye, encapsulated in nanocapsules was used as a drug surrogate in this 

model system for controlled release studies. The experimental procedures for 

forming the multi-layer nanocapsules and the ultrasonic stimulation process is 

described in Figure 6. 

The core of the nanocapsule is made up of PLA nanoparticles. The Rhodamine 6G 

dye serves as a tracer material in place of anti-restenotic drugs. It can be easily 

detected by photophysical measurements. The layers coated on PLA cores contain 

PAH polymers (positively charged), PSS polymer (negatively charged) and gold 

nanoparticles (negatively charged). With the opposite charge on polyelectrolytes, the 

nanocapsules can be formed and the number of layers can be varied as required. In 

each layer, the absorbance measurement aims to detect the variation in layer-by-layer 

assemblies. Zeta potential measurements were also adopted to check the layer 

processing. In terms of remote ultrasonic stimulation process, the nanocapsules 

suspended in liquid can be stimulated. In the further clinical application, the system 

aims to allow the drug release from drug-eluting stent in a controllable manner. 

Ultrasonic stimulation can be employed to trigger drug release from nanocapsules. 

Anti-restenotic drug released under controlled conditions with ultrasonic stimulation 

can be used to inhibit smooth muscle cells proliferation and heal arterial walls. 

Experimental results and discussion of drug delivery systems working with different 

duty cycles of ultrasonic stimulation will be combined so as to illustrate the 

implications of these results.  
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Figure 6  The layering processes of nanocapsules. The grey sphere represents the PLA 

nano-cores; the pink layer represents the Rh6G which serves as a tracer material in place of 

anti-restenotic drugs; the blue layer represents the PAH layer which is positively charged; the 

green layer represents the PSS layer which is negatively charged; the gold layer represents the 

gold nanoparticles which is negatively charged. 
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Chapter 2: Materials and methods 

2.1 Materials 

Poly (D,L-lactide) (Mw=10,000~18,000), Poly (allylamine hydrochloride) 

(Mw= ~58,000), Poly(styrene sulfonate) (Mw= ~70,000), Rhodamine 6G (Mw=479.01), 

Acetone (Mw=58.08), Gold(III) chloride trihydrate (Mw=393.83), Sodium citrate 

dehydrate (Mw=294.10), Sodium chloride (Mw=58.08) were obtained from Sigma 

Aldrich and used without further purification. The presence of 6 mM of NaCl in PAH 

and PSS solution enabled the anticoagulant function of polymers. 

 

2.2 Synthesis of polylactic acid (PLA) nanocapsules 

2.2.1 PLA nanocapsule core 

PLA is a kind of polymer with biocompatible and biodegradable properties. The 

chemical structure of PLA is shown in Figure 7. PLA can be broken down to the 

monomeric units of lactic acid, and the lactic acid can be converted into glucose by 

the liver, and then the glucose is employed as energy in the body. Therefore, PLA 

nanocapsules are devoid of any major toxicity. 

 

 

Figure 7  The chemical structure of PLA. 

 

PLA nanocapsules were produced by using a nanoprecipitation method, and the 
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method has been introduced in previous research [142]. The main procedure to 

generate PLA/Rhodamine 6G nanocapsules is as follows: 20 mg of PLA was 

dissolved in 5 mL of acetone and equilibrated for 12 hours at room temperature. Next, 

0.1 mg of Rhodamine 6G was added to the acetone solution. Gradually, the colour 

changes of acetone solution were observed from colourless to bright red due to 

Rhodamine 6G becoming dissolved. The organic solution was stirred at 800 rpm for 

2 hours using a stirrer hotplate, which allows the PLA and Rhodamine 6G to 

completely attach. Rhodamine 6G is a substance sensitive to light, so the stirring 

process should be carried out in a dark environment. After stirring, the organic 

solution was added drop by drop within 2 minutes into 50 mL of distilled water 

containing no surfactant, under appropriate stirring (1000 rpm) for 2 hours. After 

injecting the organic phase to the aqueous phase, a conspecific nanodispersion can be 

obtained. Acetone in the solution was removed from the dispersion by evaporation in 

chemical hood. The PLA nanocapsules were suspended in 25 mL of water through 

centrifugation (6000 rpm) for 20 minutes. The resuspended PLA nanocapsules were 

pipetted 1 mL for Ultraviolet-visible (UV-vis) measurement, which allows the 

changes during layer-by-layer assemblies to be measured. The PLA/Rhodamine 6G 

capsules served as cores of the nanocapsules for the next layer-by-layer assemblies. 

 

2.2.2 Synthesis of gold nanoparticles 

Gold is a metallic element with a boiling point of 2800 ℃, and a melting point of 

1064 ℃. The HAuCl4 chemical structure is shown in Figure 8. Due to some 

properties of gold, such as conductivity, biocompatibility and its inability to react 

with oxygen and water, it has been used in biomedical fields over time [143-145]. 
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Figure 8  The HAuCl4 chemical structure. 

 

The gold nanoparticles were generated by following the method previously published 

by Bastus in 2011 [146]. In brief, a solution of 2.2 mM sodium citrate in distilled 

water (150 mL) was heated with hotplate in a 250 mL beaker for 15 min under 

stirring (1100 rpm/min). When the solution is boiled, 1 mL of HAuCl4 (25 mM) was 

added. Then the beaker was removed from hotplate, and left to cool down. The 

solution color changed from yellow to bluish gray and then to deep red in 15 minutes. 

The prominent variety of the solution color reveals that the gold nanoparticles were 

successfully synthesized. The resulting particles were coated with citrate ions 

(negatively charged) and are then suspended in distilled water. The size of the gold 

nanoparticles was ~13 nm, and the concentration was ~3 x 10
12

 NPs/mL [146]. In 

order to check the resulting gold nanoparticles, UV-visible measurement was 

conducted on a Jasco UV-visible spectrophotometer, from 450 nm to 650 nm. 

 

2.2.3 Layer-by-layer assemblies 

PLA nanocapsules consists of PLA core, PAH, PSS and gold nanoparticles shells 

fabricated by layer-by-layer assembly technique. In brief, 37.5 mL of PAH (1 mg/mL, 

positively charged) aqueous solution was added to 25 mL of the PLA cores and the 

mixture was stirred for 2 hours at a speed of 800 rpm, to make interaction between 

the PLA capsules and PAH solution. The solution was centrifuged for 15 minutes at 

13000 rpm, and the supernatant was removed. The PAH coated nanocapsules were 
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resuspended in 31 mL of distilled water for the next layer assemble. For the second 

polyelectrolyte layer coating, 46.5 mL of PSS (1 mg/mL, negatively charged) was 

added into 31 mL of the PAH coated capsules and the hybrid was stirred for 2 hours 

again at a speed of 800 rpm. After centrifuging employing the same parameters, 

PAH/PSS coated nanocapsules were re-suspended in 38 mL of distilled water. 

Similarly, PAH was employed to form the third layer. Following the same assembly 

technique mentioned, PAH (positively charged) coatings were achieved. The 

PAH/PSS/PAH coated nanocapsules were again dispersed in 47 mL of water. Once 

the PLA capsules undergo three successive layers, 28.2 mL of negatively charged 

gold nanoparticles aqueous (25 mM) which was previously prepared was added. The 

mixture solution was vigorously stirred for 2 hours, and the resulting suspension was 

transferred to a beaker for the last PAH layer coating. PLA/Rhodamine 

6G/PAH/PSS/AuNPs/PAH core-shell structure composite nanocapsules were 

obtained after centrifugal separation of re-suspension, and then prepared for the 

ultrasonic stimulation experiments. 

 

2.3 PLA nanocapsule characterization 

Scanning electron microscope (SEM) analysis of the PLA nanocapsules was carried 

out on a TM-1000 electron microscope (Japan Hitachi Co.) operated at an 

accelerating voltage of 15 kV. Measurement of charge distribution on nanocapsules 

surface was performed by using zeta-potential (Britain Malvern Co.) at room 

temperature. Photophysical characterization of the nanocapsules was conducted by a 

UV-visible spectrophotometer (Japan Jasco Co.) at room temperature. Fluorescent 

measurements of Rhodamine 6G were conducted on a FluoroLog fluorimeter (Japan 

Horiba Co.) at room temperature. 
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2.3.1 Determination of PLA nanocapsule morphology by SEM 

SEM is widely applied in industry and academia for the study of composition and 

surface topography. A high energy electron beam was employed to make various 

signals at the solid specimens surface. The signals provide information about the 

sample such as crystalline structure and external morphology. Usually, the data is 

collected over a selected area of the sample surface, and an image is achieved that 

shows spatial variations in the properties. The magnification range of the SEM used 

is from 60x to approximately 10,000x, and spatial resolution of down to 35 nm, 

which is much better than a normal optical microscope. The working principle of 

SEM is shown in Figure 9 [147]. 

 

 

Figure 9  The SEM working principle [147]. 

 

In SEM, electrons are accelerated via an electric field and are focused onto the 

surface, hitting the sample with a certain kinetic energy. While the incident electrons 

are decelerated in a sample, the kinetic energy is dissipated as various signals. The 

signals contain backscattered electrons, secondary electrons (that generate SEM 

images), auger electrons (that are used for surface sensitive composition information) 

and characteristic X-rays. The electron beam impinges onto the sample and the 
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signals introduced will be emitted from the impinged position. The signals on the 

substance surface are detected and the signal intensity is amplified at the same time, 

which serves as the intensity of the pixel on an image displayed on the laptop screen. 

Different positions of the sample will be bombarded by the intensive electron beam 

one by one and the detected intensity gives the intensity in the next pixel and by this 

analogy. 

Sample preparation is important for SEM analysis. In particular, the preparation 

should make sure the sample will fit into the chamber to inhibit charge build-up on 

electrically insulating sample. Most electrically insulating samples are sprayed with 

conducting material, such as gold or carbon. 

In this research, the sample surface was deposited with conductive gold for better 

surface detection. A drop of nanocapsules sample was pipetted out to spread on a 

piece of glass slide and dried in the chemical hood. 

 

2.3.2 Photophysical measurements of PLA nanocapsules 

UV-vis spectroscopy is employed to acquire the absorbance spectrum of a sample in 

liquid. In principle, the absorbance of electromagnetic radiation or light energy 

allows the electrons transfer to the excited state from the ground state of the 

compound. The Beer-Lambert Law, a principle behind the absorbance spectroscopy 

is critical, and the formula is shown in Equation 2. 

 

 bcIIA  0log  (2) 

 

For a single wavelength, A  is the absorbance,   is the molar absorptivity of the 
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compound in liquid (M
-1

cm
-1

), b  is the path length of a cuvette (usually 1 cm), and 

c  is the liquid concentration (M). A light beam derived from UV light is separated 

into its component wavelengths by a prism. Every monochromatic beam is separated 

into two equal intensity beams in turn by a half mirror. One beam passes through the 

compound solution cuvette, and the other beam passes through the reference solvent. 

The solvents should be completely transparent and the most commonly employed 

solvents are ethanol, water, cyclohexane or hexane. The intensities of the light beams 

will be measured by electronic detectors and compared. 

The intensity of sample beam is defined as I , and the intensity of reference beam is 

0I . In a short time, the spectrometer scans the component wavelengths automatically. 

If the sample absorbs the light at a given wavelength, 0II  . When the sample 

cannot absorb the light, 0II  . Absorption is presented as absorbance ( A ), and the 

wavelength of maximum absorbance ( max ) depends on different compounds. 

In a UV-vis spectroscopy measurement, the transmittance of the sample (T ) is 

defined as the fraction of photons ( I ) that pass through the sample over the incident 

photons ( 0I ). For example, at 0IIT  , the photons measured are not scattered and 

absorbed by a sample. Usually, the absorbance ( A ) of a sample is reported, which is 

related to the transmittance by  TA 10log .  

The UV-vis spectroscopic measurement can provide qualitative or quantitative 

information of a molecule or compound. Referencing of the instrument is required 

before analysis can be undertaken, this comprises of using a reference cuvette of the 

solvent being used. This is crucial whether qualitative or quantitative analysis is 

desired. For quantitative measurement of the compound, it is necessary to calibrate 

the instrument. Therefore, known concentrations of the compound of interest in a 

solution are required and the same solvent has to be used for the unknown sample.  
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Fluorescence was first observed by Monardes in 1565 [148]. Fluorescence may be 

described through a Jablonski diagram, shown in Figure 10 [148-149]. This 

demonstrates the electron transfer between the electronic states of a molecule. Before 

light of wavelength exk  impacts on a molecule, the electron occupies the ground 

state. The incoming light should have an energy equivalent to or larger than the band 

gap to facilitate transfer of an electron into a vibrational energy state (S2). An excited 

state electron loses its energy rapidly (approximately 10
-12

 seconds), a process called 

internal conversion, and transfers to the lowest vibrational energy level (S1). During 

the next transition, the electron falls back into the ground state (S0) by spontaneous 

emission or non-radiative decay. In the first case energy is released in the form of a 

photon, in the second case by releasing energy in the form of heat. Additionally, 

when a non-radiative vibrational transition appears between a singlet ground state (S1) 

and an excited triple state (T1), phosphorescence will happen. Phosphorescence 

transition is not difficult to distinguish from the fluorescence, since that 

phosphorescence transition occurs much more slowly than fluorescence (time scale is 

from minutes to hours).  

 

 

Figure 10  Jablonski diagram showing the radiative photophysical processes (absorption, 

fluorescence, and phosphorescence) and non-radiative photophysical processes (internal 

conversion and intersystem crossing) [149]. 
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During the synthesis of PLA/Rhodamine 6G capsules and each layering stage with 

PAH, PSS or gold nanoparticles, the nanocapsules solution and the supernatant of 

final samples were analyzed using UV-visible Spectrophotometer, FluoroLog 

machine and zeta potential measurement to confirm the uptake of Rhodamine 6G dye 

by the PLA nanocapsules and layer-by-layer assemblies. 

Rhodamine 6G is a fluorescent Rhodamine dye, and its fluorescence is intense. The 

Rhodamine 6G chemical structure is shown in Figure 11. 

 

 

Figure 11  Rhodamine 6G chemical structure. 

 

Normally, Rhodamine is extracted from xanthene and serves as tracer agent or active 

medium in photophysical analyses. Due to the fact that it is highly fluorescent, 

Rhodamine 6G is served as a probe instead of a drug in this research, and its 

excitation wavelength is about 526 nm. In order to obtain the PLA capsules 

containing Rhodamine 6G, 4 mL of PLA/acetone solution was mixed with 0.1 mg of 

Rhodamine 6G (5.22 x 10
-5

 mol/L) under stirring for 2 hours before synthesis of 

PLA/Rhodamine 6G capsules. With photophysical machines (both UV-vis and 

FluoroLog), Rhodamine 6G existed in capsules or supernatant and can be detected 

during the synthesis of PLA/Rhodamine 6G/PAH/PSS/AuNPs/PAH capsules and dye 

release under ultrasonic stimulation [150-153]. 
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Fluorescence intensity was detected using a FluorLog machine. Compared with 

absorption and fluorescence emission spectra, specific optical characteristics can be 

observed and conclusions drawn. Since the excitation peak (λmax) of Rhodamine 6G 

is approximately 526 nm, the wavelength range was set between 300-700 nm for 

absorption spectra analyses and 530-700 nm for fluorescence emission spectra 

measurements. The excitation wavelength of gold nanoparticles is about 519 nm, 

which may be overlap with that of Rhodamine 6G, thus whether the dye released or 

not was detected by the fluorescence emission spectra measured. Before and after 

ultrasonic stimulation, the PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH 

nanocapsules were suspended in distilled water and the supernatant was measured by 

FluorLog machine. Whether dye release is working or not can be observed by the 

fluorescence intensity change in the emission spectra taken from supernatants of 

nanocapsules solution (The supernatant was collected from the nanocapsules solution 

by centrifugation after each ultrasonic stimulation). The data obtained was produced 

as curves or graphs for further analyses. 

 

2.4 Ultrasonic stimulation 

Ultralieve is a hand-held ultrasound device employed for the stimulation of the 

PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules in this research. The 

technology of therapeutic ultrasound is a high frequency sound vibration which 

cannot be felt by humans, and can stimulate tissue up to 5 cm beneath the skin’s 

surface. The ultrasonic frequency is 1 MHz and the duty cycle contains three 

different levels including Low (30% duty cycle, 0.75 W/cm
2
), Medium (40% duty 

cycle, 1.0 W/cm
2
) and High (50% duty cycle, 1.2 W/cm

2
). After synthesizing the 

nanocapsules, they were suspended in distilled water and were stimulated by the 

Ultralieve device at different duty cycles (low, medium, and high), and then the 

supernatant was used for fluorescence emission spectral analysis and comparison. 
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The schematic diagram of ultrasonic stimulation imparts onto the nanocapsules is 

shown in Figure 12. 

 

 

Figure 12  Schematic diagram of ultrasonic stimulation imparts onto the nanocapsules. The 

PLA/Rh6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules were suspended in the tube and the tube 

was fixed in water. The ultrasound device was fixed and kept working, which is shown on the left 

of Figure 12. In the nanocapsules details showed on the right of Figure 12, the gray spheres 

represent the PLA nanocapsules, the red particles represent Rh6G dye, the blue curves represent 

PAH layer (positively charged), the black curves represent PSS layer (negatively charged), and 

the yellow curves represent AuNPs shell. The dye may be released by the stimulation of 

ultrasound. 

 

The duty cycle is defined as percentage during one period in which the signal is 

active [154]. The period represents the time of a signal completing one on-and-off 

cycle. The duty cycle can be shown as an equation: 

 

 %100
P

T
D  (3) 

 

In Equation 3, D  represents duty cycle,  sT   represents the duration of active 
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signal, and  sP   represents total duration of signal. For example, a 30% duty cycle 

pulsed waveform would have ultrasound on for a total of 30% of the entire treatment, 

and off for a total of 70%. A 100% duty cycle is the same as “continuous”. For the 

device used in this research, the duty cycle is fixed which includes 30%, 40% and 

50%. 

Ultrasound waves propagate in fluids and solids. The mechanical perturbation 

produces disturbances of the medium particles, and these disturbances provoke a 

displacement of the particles and are transmitted to other parts of the medium. In 

particular, the ultrasound wave propagation relies on the intrinsic elastic properties of 

the medium. Fluids support bulk compression waves (longitudinal waves), which are 

characterized by the medium density changes. The particles in this medium oscillate 

in the longitudinal direction. Additionally, bulk compression waves can propagate in 

solids. Biological tissues are viscielastic solids. Both longitudinal and shear waves 

can propagate in tissues. However, in soft tissues, ultrasound shear waves are usually 

neglected since shear waves are highly attenuated at ultrasonic frequencies [155]. 

One of the typical propagation properties of ultrasound propagation in materials is 

speed. The speed at which ultrasound waves propagate in a fluid can be described in 

Equation 4 (assumed to be an adiabatic process) [156-158]. 

 

 


E
V   (4) 

 

Where E  is a factor related to the elastic properties or “stiffness” of the material, 

and   is the density of the material. 
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In an isotropic solid, both longitudinal and shear waves are supported in which their 

respective propagation speeds are given in Equation 5 and Equation 6 [156-158]. 
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LC  (5) 
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SC  (6) 

 

Where   is the Young’s modulus and   is the Poisson ratio. Since   is less than 

0.5, LC  is greater than sC . 

The speed of ultrasound wave propagation is dependent on the density and elastic 

properties of the materials. The propagation speed of sound in bones is greater than 

that in soft tissue and water [155]. Additionally, the propagation length may also 

affect the propagation efficiency of ultrasound waves. 
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Chapter 3: Results and discussion 

The synthesis of PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules was 

achieved by a layer-by-layer technique. Rhodamine 6G dye, in place of 

anti-restenotic drugs, was adsorbed onto PLA nanocapsules in this research. After 

each ultrasonic stimulation on nanocapsules, the release of dye was observed using 

fluorescence spectroscopy. The data were collected and analyzed and the results are 

presented below. 

 

3.1 SEM analysis of PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH 

nanocapsules 

PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules were prepared by 

alternate deposition of cationic polymers (PAH) and anionic polymers (PSS) onto 

PLA cores. PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules were 

suspended in distilled water and one drop was placed onto a cover slip. After drying 

for 24 hours, the sample was analysed by SEM. A SEM image of the nanocapsules is 

shown in Figure 13. 

 

 

 



 

34 

 

      

(a)                              (b) 

 

                                     (c)                                       

Figure 13  (a) and (b) SEM image of PLA/Rh6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules. (c) 

The size distribution of nanocapsules. The samples for size measurement was collected from 200 

nanocapsules. 

 

Figure 13 shows that the typical PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH 

nanocapsules have spherical shapes, with a size 165nm. The size of 

nanocapsules was measured by using software named ImageJ. ImageJ is a 

Java-based image processing program, and it can be used for diameter measurement. 

For diameter, the straight line across the center of the nanocapsules was drawn to 

find out the exact value for the “length”.  
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3.2 Absorbance and fluorescence emission spectra of pure Rhodamine 6G 

dye 

Rhodamine 6G dye has specific optical characteristics [159-160]. The dye has a high 

photostability, high fluorescence quantum yield, and its lasing range is close to its 

absorption maximum (around 530 nm) [161]. The absorption and fluorescence 

emission spectra are unique. The absorption and fluorescence spectra of pure 

Rhodamine 6G in water are shown in Figure 14. 

 

 

Figure 14  The UV-vis absorption and fluorescence emission spectra of pure Rh6G in water. 

 

The UV-vis absorption spectrum of pure Rhodamine 6G (dissolved in water, 1 mL) 

has a peak at abs ~ 526 nm. The concentration of pure Rhodamine 6G, shown in 

Figure 14, is 2.09 x 10
-7

 mol/L. The concentration is based on Beer-Lambert law. The 

fluorescence spectra recorded for Rhodamine 6G in water, excited at abs =526 nm, 

revealed an emission peak at 556 nm. 

A cuvette of colloidal gold nanoparticles (1 mL) was collected for UV-vis 

measurement. The result is shown in Figure 15. 

526 nm 556 nm 
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Figure 15  UV-vis extinction spectrum of colloidal gold nanoparticles. 

 

The UV-vis extinction spectrum of colloidal gold nanoparticles has a peak at ex  ~ 

519 nm. The concentration of gold nanoparticles, shown in Figure 15, is 3.15 x 10
-9

 

mol/L (particle size is 13 nm, extinction coefficient ( max ) is 2.42x 10
8
 [162]). 

The absorbance peak of Rhodamine 6G ( ex =526 nm) is overlapped with that of 

gold nanoparticles ( ex =519 nm). Therefore fluorescence intensity of Rhodamine 6G 

is used in this study to indicate the concentration of Rhodamine 6G. To this end, the 

correlation between the fluorescence intensity of Rhodamine 6G with the 

concentration of Rhodamine 6G was quantified. The linear relation between 

Rhodamine 6G concentration and fluorescence emission intensity is shown in Figure 

16. Thus, the changes of dye released from nanocapsules upon ultrasonic stimulation 

were monitored by the changes of fluorescence intensity of Rhodamine 6G in 

solution.   

 

519 nm 
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Figure 16  The relationship of Rh6G concentration and fluorescence intensity in water. 

 

3.3 Characterisation of nanocapsule assemblies 

In this research, the nanocapsules were synthesized with four polymer layers and one 

AuNPs layer, which contain opposite charges, via a layer-by-layer self-assembly 

process. After the formation of PLA capsules containing Rhodamine 6G, the 

nanocapsule solution (1 mL) was collected for UV-vis measurement, to confirm the 

presence of Rhodamine 6G. The absorbance spectrum of PLA/Rhodamine 6G 

nanocapsules is shown in Figure 17. 

 

 

Figure 17  UV-vis absorbance spectrum of PLA/Rh6G nanocapsules. 

526 nm 
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Figure 17 shows an absorption peak at 526 nm, indicative of the typical Rhodamine 

6G absorption. This indicates that Rhodamine 6G has been successfully included in 

the PLA capsules.  

To examine the layer-by-layer assemblies of PAH, PSS and AuNPs on the dye 

functionalised PLA nanocapsules, the sequential adsorption procedures were 

monitored by means of zeta potential. The variation of zeta potential with the 

sequential adsorption of polyelectrolyte layer for PAH/PSS/PAH/AuNPs/PAH 

coatings is shown in Figure 18. 

 

 

Figure 18  Zeta potential measurements in the layer-by-layer assemblies of nanocapsules. 

 

The zeta potential value of pristine PLA nanocapsules was negative (-34.5 mV). This 

may be due to the carboxylic groups present on the surface of the PLA nanocapsules 

[163]. Therefore, the adsorption of cationic polymers (PAH) on the PLA/Rhodamine 

6G nanocapsules (negatively charged) was possible. It was observed from the zeta 

potential measurements that the adsorption of a positively charged PAH layer on 

PLA/Rhodamine 6G nanocapsules changes the zeta potential from -34.5 mV to +30.4 

mV. Subsequently, deposition of a negatively charged PSS layer leads to another 

-1.9 mV 
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potential reversal from +30.4 to -50 mV. Further alternating the deposition of the 

PAH, AuNPs and PAH led to continuous reversals in zeta potentials. This reveals a 

stepwise layer assembly during the fabrication of composite nanocapsules. It is clear 

that the gold nanoparticles (negatively charged) adsorbed onto the PAH layer 

(positively charged) at a good surface coverage which screened the underlying 

positive charge but does not create a highly charged negative surface, unlike when 

other polymer layer by layer coatings are performed. The zeta potential value of 

nanocapsules after coating gold nanoparticles is -1.9 mV. A low negative 

zeta-potential means that the colloid will not be very stable compared to a larger 

positive or negative potential values. This requires further study to confirm the 

reasons and make improvements. Therefore, it seems that another polymer layer is 

necessary after gold nanoparticles coating for maintaining the stability of the 

capsules. 

After coating AuNPs onto the PLA/Rhodamine 6G/PAH/PSS/PAH nanocapsules, the 

nanocapsule sample (1 mL) was collected for UV-vis measurement. The result is 

shown in Figure 19 (a). Additionally, the UV-vis measurement for PLA/Rhodamine 

6G/PAH/PSS/PAH was also carried out as a comparison, and the result is shown in 

Figure 19 (b). 
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               (a)                               (b) 

Figure 19  UV-vis extinction spectrum of (a) PLA/Rh6G/PAH/PSS/PAH/AuNPs nanocapsules, 

and (b) PLA/Rh6G/PAH/PSS/PAH nanocapsules. 

 

Before coating gold nanoparticles on these nanocapsules, the spectrum of 

PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs nanocapsules shown in Figure 19(b) was 

due to photo absorption by Rhodamine 6G. After coating gold nanoparticles on these 

nanocapsules, an obvious spectroscopic feature of metal nanoparticles, surface 

plasmon resonance, was observed in Figure 19(a). The wavelength of absorption peak 

changed from 529 nm to 556 nm. Compared to the absorption peak in pure gold 

nanoparticles solution (519 nm), this shift feature appeared due to the surface plasmon 

resonance of gold nanoparticles. When the particles are coupling, the conducting 

electrons which are near individual nanoparticle surfaces are shared amongst 

neighboring nanoparticles. This allows the surface plasmon resonance shifts to lower 

energies, leading the absorption peaks to red-shift to longer wavelengths [164]. In 

addition, the absorption wavelength of Rhodamine 6G (526 nm) is not visible here as it 

overlaps with strong scattering of large nanocapsules. The slope feature was due to 

scattering. In this study, some nanocapsules were aggregated in solution, which may 

produce scattering. 

At each coating process, the sample needed to go through centrifugation, and this 

529 nm 
556 nm 
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caused materials loss (both free Rhodamine 6G dye and few nanocapsules). The 

nanocapsules density will be different in coating processes due to different 

dissolutions, thus the optical density value will be different.  

In theory, the percentage of absorption or scatter from the extinction spectrum relies 

on the shape, size, composition, and aggregation state of a sample. Usually smaller 

particles have higher percentage of their extinction attributed to absorption. 

Therefore, when the nanocapsules are small, the scatter can be negligible, and the 

sample absorbs strongly. After layer-by-layer process on the nanocapsules, the 

capsules became larger, and the scatter affects the UV-vis measurement.  

After coating with the final PAH layer, the PLA/Rhodamine 

6G/PAH/PSS/PAH/AuNPs/PAH nanocapsule sample (1 mL) was collected for 

UV-vis measurement again, and the spectrum is shown in Figure 20. 

 

 

Figure 20  Extinction spectrum of PLA/Rh6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules. 

 

A similar feature as found in Figure 19 can be seen in Figure 20, apart from a light 

shift of absorption band to 549 nm, possibly due to a small amount of gold 

549 nm 
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nanoparticle loss caused by the centrifugation before adding PAH layer that modifies 

the surface plasmon band. 

The fluorescence spectrum of the PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH 

nanocapsule sample (1 mL) is shown in Figure 21. 

 

 

Figure 21  Fluorescence spectrum of PLA/Rh6G/PAH/PSS/PAH/AuNPs/PAH capsules (with 

gold nanoparticles). Excitation 526 nm. 

 

Fluorescence spectrometry is an effective method to determine the concentration of 

an analyte in solution, based on its fluorescent intensity. Rhodamine 6G contained in 

the PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules displays a strong 

fluorescence emission. Because of this significant feature, it is one of the most 

widely used laser dyes in research. Figure 21 displays a typical Rhodamine 6G 

fluorescence emission at 556 nm, indicating the existence of Rhodamine 6G in 

nanocapsules. Additionally, the nanocapsules without AuNPs coating were also 

synthesized as a control sample to compare with the nanocapsules with AuNPs 

coating in this research. The fluorescence emission spectrum of the control sample 

556 nm 
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(PLA/Rhodamine 6G/PAH/PSS/PAH/PSS nanocapsules, 1mL) is shown in Figure 

22. 

 

  

Figure 22  Fluorescence spectrum of a control sample (PLA/Rh6G/PAH/PSS/PAH/PSS 

capsules, without gold nanoparticles). Excitation 526 nm. 

 

Figure 22 shows a fluorescence emission peak at 556 nm with a similar fluorescence 

intensity in comparison in Figure 21. It is evident that Rhodamine 6G presents in the 

control sample. The experimental sample and control sample had similar capsule 

concentrations and the same conditions for capturing spectrum. 

 

3.4 Ultrasonic stimulation of the nanocapsules 

In this research, the PLA/Rhodamine 6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules 

and PLA/Rhodamine 6G/PAH/PSS/PAH/PSS nanocapsules (control sample), 

respectively suspended in distilled water (1.5 mL), were treated with ultrasonic 

stimulation at room temperature. The release of Rhodamine 6G dye from the 

556 nm 
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nanocapsules was examined via the fluorescence intensity change in the florescence 

emission spectra taken of the supernatants. For example, if the dye is released from 

the nanocapsules into the aqueous solution, the fluorescence emission intensity 

increases as the concentration of Rhodamine 6G in supernatant increases. Both the 

samples and control samples (nanocapsules without gold nanoparticles) underwent 

ultrasonic stimulation at three different duty cycles. The frequency provided from the 

medical device was 1 MHz, and the duty cycle employed includes low level (30% 

duty cycle, 0.75 W/cm
2
), medium level (40% duty cycle, 1 W/cm

2
), and high level 

(50% duty cycle, 1.2 W/cm
2
). Figure 23 shows the fluorescence intensity change of 

dye released from PLA/dye/PAH/PSS/PAH/AuNPs/PAH nanocapsules against 

different ultrasonic stimulation times at three different duty cycles. The measurement 

was taken after each 15 minutes’ stimulation.  

 

 

Figure 23  Fluorescence intensity of dye release from the nanocapsules with gold nanoparticles 

against ultrasonic stimulation time of different duty cycles. The purple line represents the total 

fluorescence intensity of Rh6G contained in the nanocapsules. Before experiments, the 

nanocapsules solution prepared for ultrasonic treatment was monitored by fluorescence 

measurement, to acquire the initial dye intensity adsorbed onto the nanocapsules. Upon ultrasonic 

stimulation with one specific duty cycle, the same sample was used throughout the experiment. 

After each fluorescence measurement, the supernatant was returned back to the nanocapsules 

container for the next 15 minutes of ultrasonic stimulation. 
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Fluorescence measurements showed that samples after high-duty cycle ultrasonic 

treatment for 6 times (90 minutes) released more of the dye than that under medium 

or low-duty cycle treatment. Little dye was released from these nanocapsules after 

the first 15 minutes of treatment. Clear increases of fluorescence intensities were 

observed after the second stimulation, although no significant differences were found 

among different duty cycles. With the increase of ultrasonic stimulation times, the 

fluorescence intensity further increased. It indicates that the ultrasonic treatment 

promotes the dye release from nanocapsules with gold nanoparticles. After the fourth 

(total 60 minutes) ultrasonic treatment, the dye was still released from samples. 

However, the rate of fluorescence intensity changes reduced, particularly for medium 

and low-duty cycle treatments. After the sixth ultrasonic stimulation (90 minutes), 

the fluorescence intensity of dye released from sample under high-duty cycle 

treatment was close to the initial total intensity of dye adsorbed onto the 

nanocapsules. It implies that most of the dye contained in samples had been released. 

In comparison, the fluorescence intensities of dye released from samples with 

medium or low-duty cycle of ultrasound were lower than that with high-duty cycle. 

This means that there was still dye in the nanocapsules. It might be expected that 

ultrasound with medium or low-duty cycle would have weaker intensity than the 

high duty cycle, causing less release of dye from the nanocapsules. Nevertheless, the 

dye release from the nanocapsules with ultrasonic stimulation was present. After 45 

minutes of treatment, more dye was released from nanocapsules upon medium duty 

cycle of ultrasound than those upon high duty cycle was noticed. It requires more 

experiments to confirm the reasons, exploring the mechanism of this phenomenon. 

To study the influence of the presence of the gold nanoparticles on the efficiency of 

dye release, nanocapsules without gold nanoparticles in their shells were also 

synthesized and analyzed. Their results are shown in Figure 24. 
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Figure 24  Fluorescence intensity of dye release from the nanocapsules without gold 

nanoparticles measured after various ultrasonic stimulation times of different duty-cycles. The 

purple line represents the emission intensity of Rh6G contained in the nanocapsules without gold 

nanoparticles. Before experiments, the nanocapsules solution prepared for ultrasonic treatment 

was monitored by fluorescence measurement, to acquire the initial dye intensity adsorbed onto 

the nanocapsules. Upon ultrasonic stimulation with one specific duty cycle, the same sample was 

used throughout the experiment. After each fluorescence measurement, the supernatant was 

returned back to the nanocapsules container for the next 15 minutes of ultrasonic stimulation. 

 

After the first ultrasonic stimulation, there was almost no dye released from the 

nanocapsules without gold nanoparticles. The release of dye from samples was 

observable after the second stimulation. However, the change of fluorescence 

intensity as the increase of ultrasonic treatment time was small. After 6 treatments, 

the fluorescence intensity was just 10% of the total initial fluorescence intensity. 

Moreover, there was no significant difference on the efficiency of dye release by 

employing different duty cycles. It is thus clear that gold nanoparticles in 

nanocapsule play an important role in the ultrasonic induced release of dye.  

Finally, the release of dye from samples (1.5 mL) stored in room temperature without 

ultrasonic treatment for four weeks was also studied as a comparison. Both 

nanocapsules with and without gold nanoparticles were used in this study. Figure 25 

shows fluorescence intensity changes of dye released from nanocapsules after long 
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time storage at room temperature. 

 

 

(a) 

 

                    (b) 

Figure 25  Fluorescence intensity of dye released from nanocapsules (a) with 

(PLA/Rh6G/PAH/PSS/PAH/AuNPs/PAH nanocapsules) and (b) without 

(PLA/Rh6G/PAH/PSS/PAH/PSS nanocapsules) gold nanoparticles after room temperature 

storage (without any ultrasonic stimulation). The red line represents the emission intensity of 

Rh6G contained in the samples. 
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Figure 25 (a) shows that after an initial small release in the first week, large amount 

of dye released from nanocapsules with gold nanoparticles in the following three 

weeks. In contrast, no obvious changes in the fluorescence intensity was observed in 

the case of nanocapsules without gold nanoparticles for the first weeks. The intensity 

of released dye after 4 weeks was significantly weak compared to that from 

nanocapsule with gold nanoparticles. This finding suggests that nanocapsules 

containing gold nanoparticles are less stable compared to those without gold 

nanoparticles. It is not clear whether this is related to the thermal effect from gold 

nanoparticles under laser illumination or due to centrifugation. Laser illumination or 

centrifugation may produce heat, and this heating could affect the permeability of 

nanocapsules shell and cause a dye release. Further study is required to reveal the 

mechanism. Nevertheless, it is clear that dye release in the first week was weak for 

both samples. As the ultrasonic treatment was completed within 1-2 days, the 

influence of “natural” release of dye on the results in Figure 23 and 24 was 

negligible. 

 

3.5 Discussion - Effect of the dye release from nanocapsules 

The effects of ultrasound as a release trigger may be attributed to acoustic cavitation 

in liquids under ultrasonic vibrations with a frequency of more than 20 kHz. As 

demonstrated by Maria N. Antipina et al., ultrasound energy produces pressure and 

can cause the shrinkage of gas-filled nanobubbles. Then, the cavitating nanobubbles 

implode, which produces local shock waves, destroying the nanocapsule assemblies 

[165-169]. Even at low input power, the collapse of microbubbles in liquids results in 

an enormous concentration of energy. When the capsules are subjected to ultrasonic 

stimulation, shear forces between the successive fluid layers occurs, which leads to 

the disruption of the capsule assemblies and the subsequent release of their payloads 

[165]. Therefore, acoustic cavitation resulting in dye release from the nanocapsules 
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in this study is a possible factor. 

In previous research, employment of ultrasonic stimulation for opening 

polyelectrolyte nanocapsules was studied by using PSS/PAH composed layers 

[166-169]. Among those, the performance of CaCO3 microcapsules assembled with 

polyelectrolyte layers and gold nanoparticles were studied by using ultrasonic 

stimulation for different durations, and the ultrasound employed was at the frequency 

of 20 kHz, and 120 W of power output. When the ultrasonic stimulation was 

performed for 10 s, nearly all of the microcapsules were disrupted. However, for 

shorter ultrasonic stimulation times, the microcapsules seem mechanically more 

stable when gold nanoparticles are contained in the shell. The results indicate that the 

stability of microcapsules depends on the duration of ultrasonic stimulation. In the 

present research, after the sixth ultrasonic stimulation (90 minutes), most of the dye 

contained in the nanocapsules with gold shells had been released under high-duty 

cycle treatment.  

In this case of nanocapsules, the polymeric shell plays a significant role in protecting 

the payload incorporated and in the payload release profile [170-171]. As reported, 

the thickness value of polycation or polyanion is between 1.5 and 1.7 nm in dry state 

[172-173]. The shell thickness of nanocapsules prepared by the layer-by-layer 

technique depends on the number of layers. The influence of polymer thickness on 

the drug release was illustrated by Balakrishnan et al. [174]. Drug release from 

thinner coatings carrier was reported to be fast initially but subject to a rapid decline 

when compared to a thicker polymer coatings carrier. According to previous research, 

when the membrane thickness is increased, the diffusional path length of a drug 

molecule through the membrane will increase, thus reducing the rate of drug release 

[175]. In other words, the thickness of the composite film may influence the 

permeability of the carrier shell. When the thickness of nanocapsules is increased, 

more intense ultrasonic stimulation should be employed to achieve drug delivery 
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from the nanocapsules. 

In this study, the presence of gold nanoparticles allowed the dye to be released from 

PLA/dye/PAH/PSS/PAH/AuNPs/PAH nanocapsules more efficiently, compared to 

those nanocapsules without gold nanoparticles. According to the results, several 

factors may play a role in the stimulation process. The presence of gold nanoparticles 

in the PLA/dye/PAH/PSS/PAH/AuNPs/PAH nanocapsules makes the shells stiffer 

and lowers their elasticity, which may have an effect on how easily the shells are 

moved upon employing an oscillating force to them in liquid by ultrasonic 

stimulation. If they are moved, rupturing may occur as expected. As illustrated by 

Fery et al., the presence of inorganic nanoparticles increases the density contrast 

(differences in density of the shells) of a microcapsule shell, which also decreases the 

elasticity of the shell. These are important to achieve high efficiency of the 

ultrasonically treated release of compounds encapsulated in capsules [176]. 

Furthermore, both ZnO-containing capsules and capsules without ZnO nanoparticles 

have been investigated with ultrasonic treatment by Tatiana A. Kolesnikova et al. The 

results indicate that the incorporation of ZnO nanoparticles increases the density 

contrast of capsules’ shell, and allows the shells to be stiffer, and improves the 

absorption of acoustic energy [169]. As for the nanocapsules without gold 

nanoparticles, they presented little dye release in this research. It can be assumed that 

the capsules may be disrupted because of the absorption of intense ultrasound energy 

over a longer time. In previous research, ultrasonic stimulation operating on the 

capsules has been proven to produce heat. High temperature causes changes in 

permeability of the outer shell and can even rupture the capsules. Subsequently, the 

release of capsules payload will be achieved [177]. The heat produced by ultrasound 

may also have an influence on the dye released from samples without gold 

nanoparticles. 

Additionally, the size of gold nanoparticles coated on nanocapsules may also have 
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influences on the efficiency of dye release from nanocapsules, but there is not much 

research on the details. Compared to larger gold nanoparticles employed in the same 

proportion, smaller gold nanoparticles coated on the nanocapsules may cause a 

higher density on the shell, thus lowering the elasticity of the shell and improving the 

efficient release of drug from the nanocapsules. The effects caused by nanoparticle 

size should be further studied in future. 

The fabrication process of the capsules would therefore need improvement in future 

research. By comparison, in the case without any ultrasonic stimulation, dye was still 

released from capsules with and without gold nanoparticles at room temperature, 

after a few days; it seems that the capsules are not stable over long periods of time. 

As illustrated by Shchukin et al., the effect of ultrasonic stimulation on the release of 

temperature treated Fe3O4/polyelectrolyte capsules was studied. The findings indicate 

that the heated capsules are more stable under ultrasonic treatment than initial ones 

[166]. 

The sensitivity of nanocapsules to ultrasonic stimulation relies on the stiffness and 

elasticity of the shells, which can be tuned to work in medical conditions. Therefore, 

the application of ultrasonic stimulation as a remote treatment to induce the payload 

release from capsules may have good potential outlook with further improvement in 

the stability and sensitivity to the external stimulus. 
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Chapter 4: Conclusions and future work 

This thesis aims to investigate a drug delivery system with stimuli-responsive 

polymeric nanocapsules that achieve locally controlled drug release by remote 

ultrasonic stimulation. The nanocapsules were synthesized with polyelectrolyte 

layers and gold nanoparticles by using a layer-by-layer assembly technique, 

encapsulated with a model dye used in place of anti-restenotic drugs. The 

nanocapsules with and without gold nanoparticles embedded in the shell were 

examined for the response to ultrasonic stimulation, demonstrating that in both cases, 

the dye release was observed after six cycles of stimulation. The presence of gold 

nanoparticles significantly enhances the efficiency of the ultrasonically induced dye 

release from the nanocapsules. In particular, after the sixth ultrasonic stimulation (90 

mins), the fluorescence intensity of the dye released from the sample with gold 

nanoparticles under high-duty cycle treatment was close to the initial total intensity 

of dye adsorbed onto the nanocapsules. However, in the case of nanocapsules 

without gold nanoparticles, the change of fluorescence intensity with increasing 

ultrasonic treatment time was weak. As a comparison in the case of absence of 

ultrasonic treatment, the nanocapsules containing gold nanoparticles are less stable 

compared to those without gold nanoparticles after extended storage at room 

temperature. After four weeks, there was much more dye released from the capsules 

with gold nanoparticles than that of capsules without gold nanoparticles. 

The observation of dye release from the nanocapsules with gold nanoparticles upon 

ultrasonic stimulation demonstrates the potential in medical applications, as it 

presents a potential outlook for the remotely controlled release of a drug in specific 

sites, decreasing the potential negative effects on healthy tissue. 

In this research, the trigger mechanism was remotely stimulated with ultrasound at a 

frequency of 1MHz, which poses no harm for the human body. In the future, these 

drug-loaded nanocapsules will be applied onto stents, allowing for a stimuli-response 
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to ultrasound. As for the clinical application, nanocapsules are usually placed 

specifically to achieve controllable drug release within a few days, which can prevent 

in-stent restenosis.   

In this research, the mechanism of ultrasonic stimulation that worked on 

nanocapsules was not clear, and needs further research. Previously, the effect of 

ultrasonic irradiation on Fe3O4-containing polyelectrolyte capsules was demonstrated 

by Dmitry G et al., [169]. Ultrasonic treatment results in the complete destruction of 

the capsule shell, and the size of the shell residues depends on the intensity of the 

acoustic waves. In future research, the nanocapsules should be investigated by 

transmission electron microscopy, or laser scanning confocal microscopy upon 

ultrasonic treatment, with different power and intensity to determine the mechanism 

of ultrasound worked on nanocapsules disruption. In this study, the model dye served 

as a tracer material in place of anti-restenotic drugs. In order to employ the 

drug-containing nanocapsules in the treatment of cardiovascular disease, drugs such 

as paclitaxel or rapamycin could be applied in further experiments. The release 

properties of Rhodamine 6G and drugs such as these may be different upon 

ultrasonic stimulation, and therefore there is a need for further research. 

The effect of different duty cycles of ultrasound used in the first few times of 

stimulation presented no significant differences, and the maximum duty cycle in this 

experiment was 5/10 cycle (5 s pulse/ 10 s pause). In further experiments a higher 

cycle (such as 1/1 cycle) should be used to detect the clear differences of duty cycle 

of ultrasound on nanocapsules’ treatment. Additionally, a range of frequencies should 

be adopted to study the effect on the drug release properties of nanocapsules.  

The number of layers coated on the nanocapsules should be considered as a factor 

which may have impact on the drug release properties upon ultrasound in future. The 

drug release profile can be significantly influenced by the structure of the 

nanocapsules themselves. In previous research, the minimum number of capsule 
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layers required for stability is ten, with an optimum of fourteen to sixteen, with any 

more layers rendering the microcapsules unstable. As more layers increase the 

microcapsule thickness, it may need more energy derived from ultrasonic treatment 

to destroy the shells [178]. Furthermore, the size and proportion of metal 

nanoparticles contained in the nanocapsules should be increased, and the effect of 

this on the drug release process is another area that requires further research.  

There is an absence of research when considering the clinically relevant conditions, 

such as dose of drug and biodegradation of residue nanocapsules. Thus, this aspect of 

medicine is still in its early stage, and it requires much study for development to 

achieve a clinically viable drug delivery system. 

The nanocapsules containing gold nanoparticles in this research showed more 

sensitivity to ultrasound stimulation. Capsules containing other metal nanoparticles 

such as magnetic particles may give rise to different results upon ultrasonic treatment. 

Additionally, nanocapsules containing magnetite nanoparticles can be concentrated 

by an external magnet. This property may help the nanocapsules to reach a specific 

site easily. Therefore, the efficiency of drug release from nanocapsules upon 

ultrasonic stimulation could be improved. 

Further studies on the effect of nanocapsules composite, ultrasonic frequency and 

duty cycles on remotely controlled drug release will provide insights into the 

potential and application of the nanocapsule drug delivery system in treating in-stent 

restenosis. 
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