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Abstract 

Abstract of thesis entitled “Nanofabrication of Plasmonic Structures for 

Photothermal Applications” submitted by XU Zhourui for the degree of Doctor of 

Philosophy at The Hong Kong Polytechnic University in July 2019. 

Plasmonic nanostructures, with novel light-to-heat features, exhibit tremendous potential 

in bio- and energy-related areas. Typically, under the exposure of external coherent 

irradiation, a collective oscillation of charge carriers occurs on plasmonic nanostructures 

with a subsequently thermalized carrier cloud. The energetic carriers are further relaxed 

through non-radiative processes by electron-phonon (e-p) and phonon-phonon (p-p) 

scattering, which transfer the thermal energy to the surrounding environment. This 

intriguing light-to-heat feature has drawn much attention in many applications, due to the 

capability of manipulation of the localized heat with remote controls. However, the limited 

heat conversion efficiency (HCE) of photothermal agents remains the major obstacle in 

the current stage of photothermal applications.  

In recent years, the copper chalcogenide nanocrystal (Cu2-xS NC, 0≤x≤1) was proposed 

as a promising candidate for gold-based plasmonic nanostructures, due to its chemical 

abundance, tunable optical properties, robust thermal stability, and limited cytotoxicity. 

As self-doped semiconductor nanocrystals, copper-deficient Cu2-xS NCs can provide more 

charge carriers than copper-rich alternatives. Hence, with bigger value of x, Cu2-xS NCs 

can afford stronger carrier oscillation and heat generation under the irradiation of external 

light. In the past decade, different synthetic routes and post-treatment methods were 

developed in order to tune the value of x. However, even with the biggest value of x, 
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copper-poor CuS NCs may not be powerful enough to generate sufficiently high heat to 

overcome the bottleneck in conventional photothermal applications. 

To address this challenge, rattle type nanostructures, composed of a gold nanorod (AuNR) 

core and a Cu2-xS shell are proposed in this work. On the one hand, the inner plasmonic 

metal cores are capable to concentrate the incident light, which is beneficial for producing 

local electromagnetic field enhancement to induce a resonant energy transfer (RET) from 

plasmonic metal to semiconductor, resulting in enhanced electron-hole pair generation in 

semiconductors. On the other hand, the AuNRs core can also provide additional heat when 

responding to the external irradiation. In this research, the effects of the overall size, aspect 

ratio of inner core, shell thickness of Cu2-xS, and gap distance between core and shell on 

the optical and photothermal responses were investigated. The results suggest that the gap 

distance plays a dominant role over the other parameters on HCE, with maximum value 

of ~52%. 

Plasmonic nanostructures of Cu2-xS NCs and AuNR@Cu2-xS NRs prepared in this work 

are further applied in vitro cancer therapy and solar vapor generation. By integrating the 

photothermal effect of plasmonic nanostructures with gene therapy, enhanced cell 

apoptosis was achieved. Moreover, with quercetin to reduce the heat shock response level 

in cancer cells, photothermal therapy (PTT) exhibits stronger effects in treating cancer. 

These results demonstrate an alternative way to improve the overall performance in bio-

applications by strengthening the relationship with the biological response. Furthermore, 

CuS NRs were embedded in PVA gel to perform solar vapor generation. Owing to the 

hierarchical inner structure of PVA and promising light-to-heat feature of CuS NRs, a 

maximum water evaporation efficiency of ~87% was obtained.  
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Chapter 1. Introduction 

1.1 Background and Significance 

Within the past 30 years, nanotechnology has aroused extensive attention, enabling 

numerous fundamental studies and applications in various scientific disciplines. Typically, 

nanotechnology refers to the design, characterization, fabrication, or application of 

nanosized (having one or more dimensions less than 100 nm) structures, devices and even 

systems. Currently, there are wide applications of nanotechnology, that include quantum 

dot-based imaging, 6 nanoparticle-based drug delivery, 7 highly efficient light harvesting, 

8, 9 plasmon-based ultrasensitive detection, 10 and photothermal therapy (PTT). 11 Among 

all these sub-fields, photothermal therapy provides an unprecedented way to convert 

remote light energy into near field energy (e.g. thermal energy). Thermal energy involves 

matter’s fundamental units in our world. Atoms, molecules, and ions, when they are in 

motion – either bumping to each other or vibrating along certain axes, heat will be 

generated. On the contrary, heat energy can be manipulated for a phase transition from 

liquid to gas, 8 controlling chemical reactions, 12 and maintaining functional life 

mechanisms in species, which is a very useful tool for both research and understanding 

and exploring the unknown aspects in our life.  

A myriad of applications has been proposed with the ever-growing development of the 

field of thermo plasmonics, including plasmon-assisted solar vapor generation, 8, 13, 14 PTT, 

2, 4, 5, 15 and photoacoustic imaging. 16, 17 Special attention has been devoted to the 

biomedical field. Photothermal generation refers to raising the temperature of a particular 

part using laser irradiation in a defined period of time. It is well known that biological 
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systems can only survive in a suitable range of temperature. Increment of temperatures in 

biological systems may cause severe consequences, such as DNA damage, 18 irreversible 

denaturation of proteins and even fatal organ failure. 19 In contrast, if we can control the 

photothermal generation at an infected site (e.g. a tumor), it can be used as an 

unconventional approach in cancer therapy. 

Plasmonic nanoparticles (NPs) have been used as PTT agents because of their small size, 

5, 11 stable heat generation, 1, 2, 20 tunable optical properties, 21-25 and high light-to-heat 

conversion efficiency. Conventional plasmonic photothermal agents, such as gold 

nanoparticles (AuNPs) 23, 26 and gold nanorods (AuNRs), 11, 27  have been well studied in 

detail over the past two decades. By applying suitable incident light, a collective motion 

of conduction band electrons in plasmonic nanostructures is activated, followed by a 

process of phonon-phonon relaxation, 28, 29 which results in localized heating. Compared 

to conventional therapeutic methods in cancer, such as chemotherapy and irradiation 

therapy, PTT can provide a simple, minimum-invasive, high spatial and temporal 

controlled, 19 alternative for cancer treatment. 

To apply plasmonic photothermal nanostructures in bio-applications, the localized surface 

plasmon resonance peak is required to be tuned in the biological tissue transparency 

window, 30 which ranges from 650-1100 nm. On the one hand, light absorbed by 

biological tissues in this wavelength range is minimal, leading to less damage to tissue. 

On the other hand, light can penetrate deeper at longer wavelength. However, the 

penetration depth of near infrared irradiation is still limited (5mm) 31 and the heat 

conversion efficiency (HCE) of current photothermal agents is not high enough to support 

efficient hyperthermia treatment to the cancer. To address this challenge, high-power laser 
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or concentrate photothermal agents have been suggested. 32, 33 However, this may cause 

adverse risks including uncertain cytotoxicity from the exposure to high-power lasers, 

increased cytotoxicity from concentrated photothermal agents, or unnecessary morbidity 

due to collateral damage. 34-36 Furthermore, the full potential of PTT has not been explored, 

critical issues, such as insufficient cellular uptakes, 37 aggregation in the biological 

environment, 38 and heat shock protein defense 39, 40 still exist. To address the 

aforementioned problems, one of the approaches is to develop a comprehensive strategy 

to enhance the PTT performance of nanomaterials. 

In order to achieve higher HCE of photothermal agents, scientists tried to build 

sophisticated nanostructures with higher HCE. A Few novel and sophisticated structures 

with impressive HCE were fabricated by chemists and research scientists. For example, 

Duan et al. 41 prepared gold-based blackbody with excellent photothermal response. Under 

the irradiation of an 808 nm laser (1.0 W/cm2) for a merely 5 minutes, the temperature of 

100 ug/mL of a gold-based blackbody can reach to over 90℃ . Such impressive 

photothermal performance may derive from the enhanced light absorption of the 

blackbody. Zhu et al. developed Au@Cu2-xS core-shell nanocrystals with templated-

assisted cationic exchange. 42 Due to the effect of the surface plasmon resonance (SPR) 

coupling effect between the gold core and Cu2-xS shell, an HCE higher than 50% was 

obtained under 808 nm laser irradiation. 

Apart from obtaining powerful photothermal agents, combining the current PTT with 

different therapeutic methods can achieve enhanced treatment efficacy. In clinical trials, 

monotherapy always results in incomplete tumor eradicating and insufficient therapeutic 

outcomes. 43, 44 Recently, multiple or combined therapy, which could possibly integrate 



4 
 

advantages from different therapeutic methods, has been proposed and proven to be 

effective in preclinical and clinical investigations. 45-47 However, the integration of PTT 

with chemotherapy, and even gene therapy is still at an early stage. Theoretically, 

chemotherapy or gene therapy could soften the cellular defense and enable cancer cells to 

be more susceptible to thermal energy with less side effects. 39 Based on this concept, 

developing PTT agents with improved performance has become one of the important areas 

in cancer research.  

Thermal energy not only can complement other therapeutic methods via synergistic effect, 

but also can offers high controls on the release kinetics of drug payloads. For example, by 

integrating photothermal agents with thermal-responsive drug-reservoirs, the inner 

therapeutic payloads can be released at the desired location or time in response to the 

plasmonic heat. In this case, photothermal agents endow the drug-reservoirs with “dosage 

control” feature. Either the photothermal effect or chemotherapy effect can be switched 

on or off by external irradiation. However, such drug-reservoirs always require really 

complex design and time-consuming fabrication processes. 48 For example, the drug 

reservoirs and photothermal agents usually are two different materials. The integration of 

thermal-responsive drug-release nano-systems requires perfect control on assembly. 49, 50   

Besides biological applications, plasmonic photothermal nanostructures exhibit huge 

potential in energy and environmental fields, especially in solar vapor generation. 8, 14 

Solar vapor generation refers to accelerating the phase transition from liquid water to 

vapor with the assistance of solar energy and a light-to-heat convertor. The major goal for 

solar vapor generation aims at solving the problem of freshwater shortage. 51 Freshwater 

shortage is regarded as one of the most serious global issues in this century for which the 
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ever-growing populations require much more freshwater in fulfilling the needs in 

agriculture, industrial activities, and environmental protection. However, there is over 71% 

of the earth’s surface is covered by seawater, which account for 1.4×109 km3. 52 Thus, 

extracting fresh water from seawater would be the most reliable and sustainable solution 

to against freshwater shortage. Currently, seawater reverse osmosis (SWRO) is dominant 

in seawater desalination industrial applications, and already applied in numerous countries. 

53 However, the unit water cost around 0.5 dollar m-3 with the large-scale energy 

consumption ranging within 3-4 kW h m-3, which is a burden to society. 54 In addition, 

due to the technical limitations, only 50% of fresh water can be extracted from seawater. 

55 Thus, the solar vapor generator, with much lower production cost and zero extra energy 

consumption is promising in future seawater production.  

Solar vapor generation provides a sustainable and economical approach to refine fresh 

water continuously, which applying solar irradiation as driven energy source and 

photothermal structures as the heat generator. To consider the practical situation for the 

seawater desalting process, the solar vapor generator should be floatable, easy to fabricate, 

low cost, and durable in seawater. 56, 57  A variety of materials, such as graphene oxide, 58 

plasmonic nanostructures, 59 and thermal-concentrating ceramics, 13 have been integrated 

with floating support materials and reported as potential solar vapor generators. However, 

unsatisfactory heat generation, high cost, insufficient stability under solar light, 

sophisticated preparation steps, or low efficiency in water evaporation has hindered the 

development of solar vapor generator into a more practical stage.  

To address the above problems, copper chalcogenide NCs, as one type of plasmonic 

nanostructure, with outstanding light-stability, abundant material sources, and broadband 
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solar energy absorption, has caught the attention of scientists. 22 Various compositions of 

Cu2-xS (0 ≤ x ≤ 1) NCs have been reported, ranging from copper-deficient CuS to copper-

rich Cu2S NCs, such as covellite CuS, 46 anilite Cu1.75S, 60 digenite Cu1.8S, 1 djurleite 

Cu1.96S, 61 and chalcocite Cu2S 62 with different shape and sizes. A few research works 

using copper chalcogenide nanomaterials as heat generators were published, with over 60% 

evaporation efficiency. 60, 63-65 Besides the heat generator, the supporting materials which 

provide floating behavior and water transportation from bulk water to air are also essential. 

In previous reports, collodion membrane (SCM), 65 cellulose ester (MCE) film, 66 

poly(vinylidene fluoride) membrane (PVDFM), 63 and even wood 58 were utilized as the 

supporting materials. However, very little research work has been studied in the 

characterization and optimization of the supporting materials for achieving a higher water 

transportation rate. By Combining copper chalcogenide nanomaterials with pre-designed 

floating supporting materials, the solar vapor generation efficiency could be hugely 

enhanced.  

Based on the criteria and requirements in different fields, the designed photothermal 

systems may focus on different aspects. The underlying mechanism of the plasmonic 

heating is described in the next section. 

1.1.2 Fundamental of Localized Surface Plasmon Resonance (LSPR) 

Scientists have been fascinated about the light-matter interaction for more than two 

centuries, especially when the size of matter is comparable or less than the wavelength of 

incident light. As early as the 19th century, the first scientific study about the interaction 

of light with sub-wavelength matter was done by Michael Faraday, who found that the 

aqueous dispersion of Au NPs was red in color and exhibited a size-dependent color 
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changes (from red to purple). 67 However, the underlying mechanism remained elusive 

until 1908 when Gustav Mie proposed an analytical solution for a sphere of arbitrary size. 

68 Due to the contribution of Mie, the extinction spectra of spherical metal colloids can be 

calculated and the underlying mechanism behind the colors of Faraday’s Au colloid can 

also be explained. Subsequently, the field involved with interaction between light and 

nanoscale matter has exploded and resulted in an emerging field known as plasmonics.  

The core of plasmonics is surface plasmon oscillation, which is denoted as a process of 

collective motion of conduction band carriers driven by the electric field component of 

the incident irradiation. To better understand the behavior of surface plasmon oscillation, 

a simple harmonic oscillator can be taken as reference. When the oscillator is powered by 

external force, a sinusoidal type displacement from the initial equilibrium position can be 

observed until damping forces consume the input energy. To overcome the damping 

effects, the external force needs to be applied continuously. When applying the external 

force, the frequency of force is another issue which can hugely affect the oscillation 

amplitude. Actually, at least one frequency, called the resonant frequency, will lead to the 

maximum oscillation amplitude. An external force with higher or lower frequency than 

resonant frequency achieves lower amplitudes of oscillation. As such, the external force 

needs to be “in phase” with the natural frequency of the oscillator, enabling the oscillator 

to absorb the highest energy from the driving force. Under this concept, large amplitudes 

of oscillation can be trigged by a small amount of energy. In fact, the phenomenon of 

resonance happens at all length scales and can be induced by various type of forces. Hence, 

it is not surprising to find resonance behavior from the interaction of light with the 

conduction band carriers of nanomaterials. 
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The Au nanoparticle, as the classic plasmonic nanomaterial, contains aligned cations and 

a cloud of delocalized electrons, is treated as example to explain the localized surface 

plasmon resonance herein, as shown in Figure 1.1. When an electric field from incident 

irradiation acts on the delocalized electrons of Au NPs, the electron cloud begins to 

oscillate from its equilibrium position. Due to the huge mass difference between the 

electrons and Au matrix, it is assumed that the Au core is a fixed point with an electron 

cloud oscillating around. In this system, the Coulombic attraction behaves as a restoring 

force and the incident light behaves as a driving force, resulting in a harmonic oscillator 

analog.  Therefore, when the electric field of incident light is in phase with the natural 

frequency of Au NPs, the resonant phenomenon occurs with highest light energy 

absorption and maximum oscillation amplitude. It should be noted that plasmon resonance 

can happen in any system only if there is coherent motion of the conduction carriers in a 

conductive medium, and normally refers to bulk plasmon. This section focuses on the 

Figure 1. 1 Schematic diagram illustrating localized surface plasmon resonance of Au 
nanoparticle. 
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localized surface plasmon resonance, which has lower energies than bulk plasmon 

resonance and only occurs at the surface of a conductor or semiconductor at the nanoscale.  

The limited size or dimension of conducting materials cannot support a propagating wave, 

hence, the surface plasmon is confined into a small volume, the so-called localized surface 

plasmon resonance. The confined surface plasmon is located very close to the particles 

surface and generates a promoted local field enhancement (100-10000 times of incident 

field), which is 10-100 higher than the surface plasmon resonance. 69 According to the 

extensive studies in plasmonic nanomaterials during the past two decades, various factors, 

such as material composition, 22 particle morphology, 28 surface modification, 46 and 

dielectric environment 69 affect the natural resonance frequency. Although much of the 

research work on LSPR is dominated by Au and silver (Ag) nanostructures, LSPR can 

also be generated by positive carriers, holes. According to Alivisatos et al., copper 

chalcogenide, especially in Cu2-xS NCs, the LSPR effect is caused by the collective motion 

of holes under the irradiation of a coherent laser. 70   

The LSPR property of plasmonic nanostructures is intuitively reflected on optical 

absorption. Spherical NPs, such as Au NPs, have one single and sharp absorption peak 

resulting from the single direction of charge dislocation when powered by in phase light. 

However, when the shape of the nanostructure changes into an isotropic appearance, such 

as rod-shape, more than one LSPR mode will appear in absorbance spectra. In the AuNRs 

configuration, the dipole plasmon resonance splits into two phases, one transverse dipole 

resonance along the width of the NRs, and one longitudinal dipole resonance along the 

length of the NRs, 27 as shown in Figure 1.2. By adjusting the aspect ratio and overall 

dimension of AuNRs, the position and intensity of the LSPR peaks in the absorption 
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spectra can be altered. 71 Besides the material nature of plasmonic nanostructures, the 

position of the LSPR peak can be tuned by the variation of dielectric constant of the 

ambient environment. 69 More complicated nanostructures like Ag or Au nano-prisms can 

also be synthesized for the investigation of surface plasmon. Higher ordered resonance, 

such as in-plane and out-of-plane quadrupolar resonances, is observed. 72 Although the 

corresponding intensities are relatively low, the obvious influence upon the dipole-mode 

plasmon resonances make it significant.  

Another feature of localized surface plasmons is that they can be coupled by integrating 

two or more separated plasmonic nanostructures together (normally not bigger than 200 

nm). 73, 74 The delocalized electrons will re-distribute on the new particles and result in 

lower energy of plasmon oscillation. Such phenomenon can be easily visualized when Au 

NPs aggregate with the color change from red to purple, or even black. 75 Since various 

plasmonic applications are designed based on their resonant frequency, it is essential to 

maintain good dispersity and morphology features of NPs. For example, the photothermal 

effect of plasmonic nanostructures may hugely reduce when the nanostructures aggregate 

Figure 1. 2 Schematic diagram illustrating localized surface plasmon resonance of Au 
nanorod. 



11 
 

or decompose in solution. In the next section, the underlying mechanism about plasmonic 

induced photothermal effects is introduced.  

1.1.2 Underlying Mechanism of Plasmonic Heating 

The development in chemical and material synthesis allows scientists to design 

photothermal agents with different optical properties to meet specific requirements. For 

instance, in biological application, photothermal agents are required to respond to an NIR 

laser, which not only has minimum absorption by biological tissue but also exhibits higher 

penetration depth. 30 However, in solar vapor generation, photothermal agents are required 

to possess as high as possible solar energy absorption to exhibit high thermal conversion. 

The mechanism for the thermal generation is quite unique and fascinating, and hence, 

gained considerable interest.  

During the light triggered surface plasmon oscillation, when fulfilling the resonant 

condition, plasmons firstly achieve the maximum oscillation, then followed by a 

relaxation process. Normally, the relaxation occurs either through radiative photon re-

emission or non-radiative excitation for electron-hole pairs generation. 19 The radiative 

decaying behavior is dominant in plasmonic nanostructures with large dimensions (e.g. 

AgNPs, diameter > 50 nm) in unreactive ambience. However, the non-radiative decay 

process, which follows Landau damping, is dominant in smaller plasmonic NPs (e.g. 

AgNPs, diameter < 30 nm).  

The plasmonic heating is derived from the non-radiative relaxation process, because the 

intense electrons scattering is strong enough to heat the electron cloud. In essence, the 

energy relaxation behavior can be described in a sequential manner: (1) electron-electron 
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(e-e) scattering (<100 fs), (2) electron-phonon coupling (e-p) (1-10 ps), and (3) phonon-

phonon (p-p) interactions (~100 ps). 28 During the e-e scattering, electrons are excited 

from the occupied states to unoccupied states above the Fermi level and exhibit a non-

equilibrium electrons distribution. More energetic electrons appearing in surface plasmon 

lead to a strong e-e scattering, which is expected to be strong enough to heat the electron 

cloud. The equilibrium distribution of electrons is achieved by the thermalization process 

whereby elastic e-e scattering redistributes the electron energies to conform to Fermi-

Dirac statistics. Normally, the new equilibrium state is built within 100 fs and the energy 

distribution can be described mathematically by a higher “electronic” temperature. The 

following relaxation is the coupling of these energetic electrons to phonons in NCs. Such 

coupling, or e-p scattering can be considered as the interaction of two systems, which have 

different temperature and heat capacity. The heating of the lattice in NCs is within the 

range of 1-10 ps. Finally, the energetic phonons will further couple to the environment 

solvent or matrix, decaying the heat energy through p-p scattering, leading to the 

temperature elevation of the external environment. Compared to the previous two 

processes, the p-p scattering takes the longest time, which is nearly 100 ps.  

Due to the different time scales in the above three energy relaxation processes, the pulse 

and energy of the laser is critical to the photothermal response. When applying laser 

excitation with low energy or long pulse, little change to thermal profile surrounding the 

nanostructures is achieved. However, if the laser pulse is too short, within the duration of 

the p-p scattering, heat energy will accumulate in the lattice of the NCs, resulting in the 

heating of NCs. Actually, if the applying laser has a ultra-small pulse (fs) or very high 

energy (∼μJ), heat in the lattice may meet the melting temperature of nanomaterials, 

resulting in shape deformation of the NPs. However, the energy threshold for melting 
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nanomaterials is promoted when picosecond or nanosecond are used. Since the speed of 

p-p scattering now is at least comparable to e-p scattering, heat accumulation in the lattice 

becomes difficult. This could explain that when a continuous-wave (CW) laser is used, 

high laser power (e.g. 1 W) is required for even moderate temperature elevation.  

1.2 Objectives 

The aim of this research work is to study and develop plasmonic nanostructures with 

promising light-to-heat performance for biomedical and physical applications. The main 

objectives are itemized below: 

(i) to fabricate size- and shape-tunable Cu2-xS NCs via the aqueous method 

and study the effects of morphology on the overall optical and 

photothermal properties; 

(ii) to design and fabricate plasmonic hetero-nanostructures (AuNR@Cu2-xS) 

with enhanced photothermal performance; 

(iii) to develop comprehensive strategies to integrate multiple therapeutic 

methods into nanostructures for enhanced treatment efficacy;  

(iv) to fabricate a floatable CuS NRs-PVA gel for efficient solar vapor 

generation. 

With a view to achieving these objectives, the synthesis methods of plasmonic 

nanostructures were firstly studied. In order to use NPs into practical applications, the 

fabrication process is required to be simple and low-cost. Hence, in this research work, all 

NPs and nanosystems were fabricated in facile aqueous routes. The physical properties of 

plasmonic nanostructures were further studied in terms of the morphology and size effects. 
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For example, an aspect ratio dependent optical property was observed on Cu2-xS NCs. In 

addition, to optimize the photothermal response of AuNR@Cu2-xS NRs, the overall size 

of nanostructures, aspect ratio, shell thickness, and gap distance have been investigated in 

detail. Apart from the material itself, it is of great importance to fit NPs into certain 

applications. To address this issue, appropriate surface functionalization is required to 

keep the balance between the original feature of NPs and the requirements under specific 

applications. With such post treatment on nanomaterials, it is feasible to garner the full 

potential of nanotechnology. Herein, a multimodal therapeutic strategy was proposed to 

achieve better therapeutic outcomes. A plasmonic solar vapor generator based on CuS 

NRs was fabricated to achieve efficient water evaporation rate.  

1.3 Organization of Thesis 

This thesis is divided into seven chapters. The synopsis of each chapter is described as 

follows: 

Chapter 1 presents an introduction, background information, significance, and objectives 

of the research study. The organization of thesis is thereafter illustrated. 

 

Chapter 2 contains an in-depth review of the literature on plasmonic nanostructures, nano-

fabrication methods, and their photothermal capabilities.  

 

Chapter 3 describes the fabrication and characterization methods for plasmonic NPs in 

this work. The detailed synthesis protocol and functionalization process are described here. 
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The characterization methods, in terms of materials properties and functionalities, are 

illustrated in this chapter. 

 

Chapter 4 describes the plasmonic behavior of AuNRs, Cu2-xS NCs, and AuNR@Cu2-xS 

NRs involved in regard to their size and morphology parameters. The major findings on 

morphology-dependent photothermal response are summarized in this chapter. 

 

Chapter 5 illustrates the multimodal therapeutic strategies for enhanced treatment efficacy 

on cancer cells. Gene therapy is applied here to enhance the overall treatment efficacy by 

reducing the cell proliferation rate. With the effect of quercetin, the heat shock response 

of cancer cells is weakened or even inhibited, resulting in a stronger PTT effect. In general, 

the combination of multiple therapeutic methods leads to enhanced therapeutic outcomes. 

 

Chapter 6 describes the fabrication and characterization process of a CuS NRs based solar 

vapor generator. With PVA as the scaffold material, CuS NRs-PVA gel exhibits efficient 

solar vapor generation. The promising HCE of CuS NRs and the hierarchical inner 

structures of PVA results in good performance of the water evaporation rate. 

 

Finally, overall discussion, conclusions, and contributions of the research work are 

presented in Chapter 7. Some directions, that are recommended for future research works 

are also included. 
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Chapter 2. Literature Review 

Plasmonic nanostructures have been fascinating scientists for more than two decades, due 

to its special phenomenon, and localized surface plasmon resonance, resulting from the 

interaction of light with NPs. Owing to the exploding expansion of chemistry and 

materials, plasmonic nanostructures with unique shapes and continuous sizes have already 

been prepared. Various fundamental research about the relations among optical properties, 

nanoparticle dimensions, nanoparticle shapes, and dielectric environment have been 

studied. 22, 26, 28, 65, 69 Based on these fundamental findings, diverse applications including 

ultra-sensitive detection, 69 light harvesting, 13 photoacoustic imaging, 16 and PTT 76 have 

been proposed and have already achieved promising results. 

However, the relatively simple, generally isotropic, and homogeneous nanostructures 

have met a limitation in enhancing the light-to-heat efficiency and the development in 

current photothermal application is reaching the ceiling. To break through the bottleneck 

and garner fruitful scientific outcomes, building nanoscale architectures with increased 

complexity and hierarchy are necessary. In this chapter, the structure of this topic is 

presented in the sequence of plasmonic structures, nano-fabrication processes, and 

proposed photothermal applications.  

2.1 Plasmonic Nanostructures 

Plasmonic nanostructures are capable in coupling their conduction band carriers with 

electromagnetic radiation, which is “in phase” with their natural frequency. The intense 

oscillation of the conduction electrons or holes has led to numerous applications, 

especially in areas such as senors, 69, 77 medicine, 5 and microscopy. 17 The development 
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of plasmonic nanostructures is from simple to complex, with ever-growing consideration 

in nanoparticle design. In the following section, plasmonic structures are firstly introduced 

with “one body” and followed by hetero structures. The optical properties and LSPR 

behavior are demonstrated with the evolution of nanostructures.  

2.1.1 Single Plasmonic Nanostructures 

Plasmonic nanostructures with an integral shape and material composition were firstly 

studied due to their unique optical properties. Among them, Au nanostructures with heavy 

delocalized conduction electrons and bio-inert nature, have been studied in detail in the 

past twenty years, especially in sensing 77 and biomedical areas. 39 A morphology 

evolution from isotropic sphere to rod, 27 bipyramid, 78 cube, 79 cage, 80 triangle, 81 and 

star 82 was reported in numerous journal articles. Distinct shapes of Au NPs with varying 

size were also prepared for studying the interaction of light. 83  

2.1.1.1 Au Nanostructures 

The most significant and interesting feature of Au nanostructures is the localized surface 

plasmon resonance (LSPR). When Au nanostructures are illuminated by coherent 

electromagnetic irradiation, the conduction band carriers oscillate around the positive 

nuclei to their natural frequency. The schematic demonstration is shown in Figure 1.1. 

The interaction of light with Au nanostructures can be divided into two aspects, one for 

scattering (which denotes radiative relaxation), and the other for absorption (which results 

in thermal generation). Taking scattering and absorption together, it is referred to as 

extinction. What is more, due to the limited size of NPs, the surface plasmon of plasmonic 

nanostructures is trapped in small volume and leads to a strong electric near fields 
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enhancement. According to the aforementioned properties, Au nanostructures were 

designed and applied in sensing and biomedical fields with favorable results. 

The LSPR of Au nanostructures are highly affected by many parameters, including size, 

shape, and morphology of Au-based NPs. 28, 82 Besides the nature of Au, the dielectric 

environment also plays a big role in controlling the resonance of surface plasmon. 69 

Actually, the shape or morphology has a greater impact on LSPR response than size. Au 

nanospheres with size change from 12 to 41 nm, possess a wavelength of LSPR change 

from 520 to 530 nm. 83 However, even a small change in aspect ratio can induce a big leap 

in the LSPR peak. Compared to Au nanospheres with the LSPR peak located around 520 

nm, short AuNRs with 2.1 aspect ratio have the LSPR peak around 650 nm. 71 Hence, 

fundamentally speaking, altering the morphology of Au nanostructures is the most 

essential way to control the LSPR and explore the secret of nanotechnology. 

Morphology influence in LSPR behaviors 

Au nanospheres with the simplest structure were synthesized in 1857 by Michael Faraday, 

67 however, until recent decades, accompanying the vast development of characterization 

methods, such as transmission electron microscopy and dynamic light scattering, a 

detailed studied of the synthesis approach, surface modification and size control have been 

Figure 2. 1. 1 (a) The size evolution of Au NPs. (b) The absorbance spectra of Au NPs 
with varying sizes. 
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conducted. So far, mature protocols for producing Au nanospheres of mono-dispersity and 

varying sizes are achieved. Generally, Au nanospheres are prepared by reducing Au salt 

(normally HAuCl4) with reducing agents (such as citrate acid, ascorbic acid, and NaBH4) 

in the presence of stabilizing agents. For those well-modified protocols, the reducing agent 

and stabilizing agent are the same, which may intrinsically decrease the variables during 

synthesis. By enlarging the nanosphere size, a red-shifted and broadened LSPR peak 

occurs between 520 to over 600 nm, as shown in Figure 2.1.1. 84  

By tuning Au nanospheres into anisotropic structures, such as AuNRs, the LSPR peak is 

split into two parts, one for the transverse LSPR mode and the other for the longitudinal 

LSPR mode. The transverse LSPR mode refers to electrons that oscillate in the width 

direction (the corresponding peak locate around 520 nm), and the longitudinal LSPR mode 

refers to electrons that oscillate in the length direction (the location of corresponding peak 

Figure 2. 1. 2 Tunable optical properties of AuNRs with varying aspect ratios. The 
TEM images of AuNRs of different aspect ratios (A). The color (B) and the 
corresponding absorbance spectra (C) of AuNRs with different aspect ratios. 
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depends on aspect ratio). As shown in Figure 2.1.2, by adjusting the aspect ratio of AuNRs, 

the longitudinal absorption peak can be tuned from the visible to the near infrared range 

with a color change from blue to green, brown, and red. Currently, AuNRs can be 

synthesized by a seed-mediated approach, in which small Au seeds (~2nm) are firstly 

prepared followed by growth on certain lattice planes with the aid of CTAB. The tunable 

optical properties enable scientists to design AuNRs with a certain LSPR peak and fit 

specific occasions.  

Another similar Au nanostructure is the Au nano-bipyramid. Compared to the Au nanorod, 

the nano-bipyramid has sharper tips and a slim LSPR peak. In sensing, the slim absorption 

peak means higher resolution in detection. 85 Moreover, by theoretical calculation, Au 

nano-bipyramids are expected to have stronger local field enhancement than AuNRs, 86 

due to the sharper tips. However, there was a big obstacle in acquiring satisfactory 

performance in the mentioned applications. The direct synthesis method produces 

bipyramids with roughly 30% purity. Other shapes including nanorods (~10%), and 

pseudo-spherical particles (~60%) were observed as impurities. 87 Weizmann et al. applied 

depletion-induced flocculation to separate Au bipyramids from other nanostructures with 

Figure 2. 1. 3 The TEM images of Au nanobipyramids (a) and AuNRs (b). The 
comparison absorbance spectra of Au nanobipyramids and AuNRs with the same 
LSPR peak (c). 
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90% purity. 88 As shown in Figure 2.1.3, compared to AuNRs, the Au pyramid also has 

tunable LSPR peaks, however, with much sharper shape. 89  

The LSPR peak located in longer wavelengths can also be achieved by other Au 

nanostructures. Au nanoshells 90 and Au nanocages 50 with hollow structure exhibit such 

phenomenon. Nanoshells are fabricated by attaching small size Au NPs on the surface of 

silica nanospheres, followed by the growth of Au by chemical reduction. The LSPR 

property relies on the ratio between the diameter of the inner silica particles and shell 

thickness. 91 With the fixed size of inner silica particles, as the shell thickness become 

thinner, a more-red-shifted LSPR peak is observed, as shown in Figure 2.1.4. The 

fabrication process of the Au nanocage is similar to that of the nanoshell. Firstly, a 

sacrificial template made of Ag nanocubes (with certain size, normally between 30 to 150 

nm) was prepared. The Ag elements in nanocubes are gradually replaced by Au by titrating 

Au salt (normally HAuCl4) into the dispersion of Ag nanocubes via galvanic replacement 

Figure 2. 1. 4 The configuration of Au nanoshells (A) and the corresponding 
absorbance spectra (B). 
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reaction. 92 During this process, Ag atoms are dissolved into the aqueous phase, leaving 

behind small pits on the surface of nanocubes. The pits keep enlarging until the interior of 

the nanocubes are hollowed out and form uniform Au-Ag alloy cages. The dealloying 

process for removing Ag will occur if more Au salt is titrated. After the removal of the 

Ag element, vacancies in the lattice will result in pores on the surface of the nanocages. 

Normally, those pores are preferentially formed at the corners of the nanocages. The LSPR 

peak of the Au nanocages can be controlled by the titration process. Shortly, with more 

inputting Au salts, an even red-shifted absorption peak is obtained. The optical properties 

and structural evolution of Au nanocages were demonstrated in Figure 2.1.5. Star-shaped 

Au nanostructures also possess plasmon bands, which are tunable from the visible to near 

infrared region. 82 The unique morphology contains a number of sharp branches acting as 

“lighting rods”, which can greatly promote the electric near field. 93 The synthesis process 

of the Au nanostar generally require two steps, the first step for seed preparation and the 

Figure 2. 1. 5 (a) The structure evolution from silver nanocube to porous hold 
nanocages. The TEM images of silver nanocubes (b) and Au nanocages (c). The 
absorbance spectra of as prepared silver-Au nanocages with different amounts of 
HAuCl4 titration. (e) Photographs of vials containing the same samples as shown in 
absorbance spectra. 
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second step for tip growth. However, with size smaller than 200 nm, Au nanostars with 

uniform morphology have never been reported. It seems impossible to ensure the tip 

angles and lengths to the exact same extent. Such situation is shown in the difference 

between simulation and experimental results on the UV-Vis-NIR spectra, as shown in 

Figure 2.1.6. What is more, the fabrication of nanostars requires a huge aqueous system, 

which brings a lot of inconvenience in purification. For the optical properties, thorny Au 

nanostars tend to have more-red-shifted LSPR peaks. 

2.1.1.2 Copper Chalcogenide NCs 

Similar to plasmonic metal nanostructures, metal chalcogenide compounds such as Cu2-

xE (E=S, Se, Te) exhibit LSPR behavior under the illumination of coherent light. 22, 94 

However, the LSPR response is achieved by the collective oscillation of delocalized holes 

in the valence band rather than electrons. The geometry and surrounding dielectric 

semiconductor environment has significant influence on the behavior of the surface 

plasmon. However, apart from these parameters, copper chalcogenide, composed of 

Figure 2. 1. 6  (a) The experimental results of absorbance spectra of Au nanostars 
with varying tip length. (b) The simulation results of absorbance spectra of Au 
nanostars with varying tip length. (c) The simulation results of absorbance spectra 
of Au nanostars with different aspect ratios. 
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binary elements, has dopant dependent LSPR properties. Intrinsically, the difference in 

dopant type, 95 dopant concentration, 21 and dopant distribution 95 of copper chalcogenide 

will fundamentally change the LSPR mode. Generally, there are three major observations 

on the LSPR response of copper chalcogenide NCs: (1) the concentration of the dopant 

affect, i.e., the position of the LSPR peak, specifically, more dopant leads to blue-shift of 

the absorption peak; 96 (2) the dopant choice and distribution determines the pattern of the 

electrons scattering, affecting the performance of electric near field enhancement; 97 (3) 

the morphology and size of NCs with the surrounding dielectric environment alter the 

modes of LSPR in copper chalcogenide nanostructures. 65, 98 Based on these observations, 

copper chalcogenide with precise control in morphology and dopant were studied 

systematically. 

Dopant influence in LSPR behaviors 

Unlike metal plasmonic nanostructures, the adjusting of LSPR highly relies on the 

dimension or morphology change of NPs. The plasmon band of doped semiconductors 

can be tuned into the NIR region with an extremely small size of 3 nm. 5 Such promising 

feature is achieved by the controlling of dopants, and holds even more promising potential 

in various applications. 70  

For the purpose of studying the influence of cations on the surface plasmons of copper 

chalcogenides, Dorfs et al. conducted a detailed study starting with Cu2-xSe and Cu1.1S 

NPs. 96 The spherical Cu2-xSe NCs were synthesized by the hot-injection method, with 

dimensions of 12.7 ± 1.7 nm, and Cu1.1S nanoplatelets were synthesized with diameters 

of 13.2 ± 2.9 nm, and thickness of 5.8 ± 0.9 nm. The LSPR of Cu2-xSe and Cu1.1S 

nanostructures originates from the cation vacancies and intrinsic delocalized valence band 
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holes. With the addition of univalent ions (Cu(I) and Ag(I)), the profile of LSPR spectra 

of Cu2-xSe and Cu1.1S NPs was monitored and analyzed. Cu2-xSe NPs shows a 

bathochromic shift in LSPR peak with the increasing amount of Cu(I) ions. Moreover, the 

intensity of the LSPR peak was getting smaller and indicated the oscillation strength of 

delocalized holes had become weaker. With the exposure to air or oxygen, a reversible 

change on the location of LSPR peak of Cu2-xSe NPs was observed. A similar damping 

phenomenon was also observed on Cu1.1S nanoplates and the damping process of LSPR 

peak was also reversible under oxygen exposure. As shown in Figure 2.1.7, a partial 

recovery of the LSPR peak was demonstrated after 21 hours exposure to air. Although the 

location of LSPR was blueshifted to short wavelength, the amplitude of absorption peak 

was still smaller than the initial. According to Swihart et al., a reversible crystal phase 

interconversion exists between CuS and Cu2S in reducing or oxidizing conditions. The 

Figure 2. 1. 7 The absorbance spectra of (A, B) Cu2−xSe NPs and (C, D) Cu1.1S NPs 
treated with varying amounts of (A, C) 0.04 M Cu(I) solution or (B, D) 0.16 M Ag(I) 
solution. 
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intercalation of Cu(I) may at least partially change the arrangement of atoms, resulting in 

the inability of perfect recovery of LSPR peaks.  

The addition of Ag(I) in Cu2-XSe NPs is different from univalent copper ions. With 

increasing amount of Ag(I), the intensity of holes oscillation gets weaker, however, with 

a hypsochromic shift of the LSPR peak. A complete disappearance of the LSPR peak was 

also observed with highly concentrated Ag(I). Another interesting finding was the 

negligible recovery of the LSPR peak with exposure of air. Cu1.1S nanoplates treated with 

Ag(I) showed damping in LSPR intensity and a bathochromic shift of the LSPR peak. 

This was quite similar to the situation of the Cu1.1S nanoplates treated with Cu(I). 

However, a barely reversible LSPR peak was obtained after exposure to air for 16 hours. 

Such phenomenon is explained by the intercalation of Ag(I). According to Dorfs et al., 

Cu(I)-Ag(I)-S phases were more stable in an oxidizing environment than Cu(I)-S phases, 

resulting in limited LSPR peak recovery.  

To recap this section, the LSPR of copper chalcogenides nanostructures can be damped 

or shifted (both bathochromic and hypsochromic) via the exchange or intercalation of 

univalent ions. The modulation of the LSPR peak was as large as hundreds of nanometers. 

The non-reversible LSPR absorption by using Ag(I) provided a post-treatment way to 

fabricate NCs with stable and specific LSPR peak.  

Morphology influence in LSPR behavior 

Geometry and size can also affect the plasmonic behavior on copper chalcogenide 

nanostructures. Tao et al. reported a shape-dependent plasmonic oscillation of Cu2-xS 

nanodisks. 99 Generally, the surface plasmon resonance oscillates in two modes, one for 

transverse out-of-plane mode (at 1600-1900nm, with higher energy) and the other for 
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longitudinal in-plane mode (at > 3100nm, with lower energy), as shown in Figure 2.1.8(a). 

By controlling the aspect ratio of the Cu2-xS nanodisks, the location and intensity of LSPR 

can be modulated. Moreover, as the aspect ratio (diameter to height ratio) of the nanodisks 

increased, a blueshift of the transverse LSPR peak was observed. Such phenomenon was 

attributed to more delocalized valence holes in the Cu2-XS nanodisks with larger aspect 

ratios. Similar results have been reported by other researchers. Klinke et al., synthesized 

triangular copper sulfide nanoprisms with a uniform size distribution (can be tuned from 

13-100 nm). 100 According to the experimental and simulated absorption spectra in Figure 

Figure 2. 1. 8  (a) The LSPR peak of Cu2-xS nanospheres and nanodisks. TEM image 
of Cu2-xS nanospheres (b) and nanodisks (c). (d) Schematic of LSPR polarizations 
for nanoshperes and nanodisks. (e) The experimental results of absorbance spectra 
of triangular Cu2-xS nanoprisms. (f) The simulation results of absorbance spectra of 
triangular Cu2-xS nanoprisms. 
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2.1.8(e,f), in-plane and out-of-plane LSPR modes were observed in the near infrared 

region.  

The geometry of semiconductors sometimes may hinder the LSPR behavior. For instance, 

Feldmann et al. prepared Cu2-xTe nanospheres, NRs, and nano-tetrapods via cation 

exchange from Cd2-xTe templates. 101 However, according to Figure 2.1.9(d-f), only the 

simplest nanospheres demonstrated the strongest absorption. Rod-shape and tetrapod-

shape nanostructures only exhibited a weak LSPR. Similar results have been published by 

Li et al., who fabricated Cu2-xTe nanocubes, nanoplates, and NRs and compared these with 

their absorption spectra. 102 The nanocubes and nanoplates possess an LSPR peak around 

900 nm whereas no LSPR peak of NRs was observed in between 400 to 2000 nm, as 

indicated in Figure 2.1.9(g). The authors explained this phenomenon by which the limited 

transverse dimension of NRs could not support a detectable plasmon.  

Compared to metal plasmonic nanostructures, such as Au and Ag, copper chalcogenide 

NCs with more than two elements are more complicated in the behavior of surface 

plasmon resonance. Not only the shape and size, but also the doping situation can hugely 

Figure 2. 1. 9 The absorbance spectra and TEM images of Cd (a-c) and Cu (d-f) 
chalcogenides with spherical, rod-, and tetrapod-shape. The absorbance of Cu2-xTe 
NPs with rod-, plate-, and cube-like shape (g). 
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affect the LSPR wavelength and amplitude. As mentioned above, the LSPR of a noble 

metal nanostructure is derived from an interaction of coherent light with delocalized 

conduction electrons. However, the LSPR of semiconductor NCs is attributed to the 

interaction of light with delocalized holes. Such similar, however fundamentally different 

nanostructures, led to a conjecture: will the integration of two materials produce novel 

features? 

2.1.2 Hetero Nanostructures 

Nanostructures composed of more than one material have been attracting growing interest 

owing to their special architecture and complicated LSPR behavior. The major focus of 

this section is on nanoparticles constructed by metals and semiconductors. However, NPs 

between solid cores and stabilizing agents, proteins, and functional polymers, which can 

also be considered as “hetero-nanostructures” are excluded in this part, since the only 

effect of such materials is to bring a redshift of the LSPR peak. Many reasons have been 

proposed to support why integrating more than one component to a composite unit are 

important. For instance, by covering a secondary material, the core NPs can avoid 

oxidation, 103 degradation, 104 and shape-transform, 42 resulting in higher colloidal and 

functional stability. What is more, the additional layer may interact with the core NPs to 

change the electric near field enhancement and the manipulation of the surface plasmon. 

105, 106  

Various kinds of hetero nanostructures have been reported in the last two decades. Herein, 

all the possibilities are categorized into three groups, defined by the interaction extent 

between core NPs and the outer shell layer. In the first type, metal nanoparticles are 

partially connected to the semiconductor nanocrystals, forming a dumbbell-shape 
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nanocomposite. The second type of nanostructure is fabricated by a metallic core and 

semiconductor shell, resulting in a core@shell formulation. The third type of hetero 

nanostructure is the rattle type nanoparticle, which is composed of a metal core, void layer, 

and semiconductor layer.   

2.1.2.1 Heterodimer 

Heterodimer NPs constructed by nanoparticles direct attached to each other have attracted 

huge attention among scientists. Such a combination enables a complicated way to tune 

the optical properties of NPs by altering the size, 107 dopant, 96 and shape 108 in each 

domain. Moreover, heterodimer NPs may easily integrate two functions, 109 and new 

properties may even emerge based on the modified electronic communication across the 

junction and surface chemistry.   

Figure 2. 1. 10 TEM (a) and HRTEM (b) images of Au-Cu2-xSe heterodimer NPs. 
The absorbance spectra of 4.6 nm Au NPs and Au-Cu2-xSe heterogeneous NPs (c). 
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For example, Liu et al. synthesized Au-Cu2-xSe heterodimer NPs to achieve deep tissue 

penetration (17 mm) in photoacoustic imaging. 110 According to Figure 2.1.10, the 

dumbbell nanostructure enabled a broad band LSPR in the NIR region which enhanced 

the light absorption efficiency. In addition, without creating rod-, shell-, cage-, and other 

complex-shape structures, the absorption peak can be tuned to long wavelengths in small 

NPs (<10 nm) dimension. Such high penetration depth results from the modified LSPR 

profile of the Au-Cu2-xSe dumbbell-shape nanostructure, since individual Au or Cu2-XSe 

NPs cannot achieve such promising results.  

Another interesting multifunctional nanoparticle is the Au-Fe3O4 heterodimer. Sun et al. 

fabricated such a nanostructure as a multifunctional diagnostic and therapeutic agent 

which comprised optical and magnetic properties in biomedical applications. 111 The 

Figure 2. 1. 11  (a) Schematic demonstration of the surface modification of the Au-
Fe3O4 heterodimer NPs. The TEM images of the 8-20 nm Au-Fe3O4 heterodimer NPs 
before (b) and after (c) surface functionalization. (d) The morphology of Au-TiO2 
heterodimer was illustrated in TEM image. 
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typical nanostructure is demonstrated in Figure 2.1.11(b,c). The combination of Au and 

Fe3O4 NPs provided three distinguishing advantages: (1) simultaneous magnetic and 

optical detection; (2) the surface of the two domains provides additional sites for chemical 

functionalization for targeting, drug delivery, and imaging; (3) the dimension of either one 

of two domains can be controlled to achieve optimized optical and magnetic properties. 

The heterodimer NPs provided enhanced features which cannot be achieved by 

conventional individual NPs.  

Another trial for incorporating a new function into plasmonic metal NPs, as shown in 

Figure 2.1.11(d), in which to TiO2 domain was grown on Au NPs by Han et al. 112 Due to 

the non-centrosymmetric coupling of the Au and TiO2 nanoparticles, an extremely strong 

electric near field can be generated. Based on this concept, Han et al. found that Au‐TiO2 

heterodimers can perform highly efficient photocatalysis for visible-light hydrogen 

generation.  

In general, the heterodimer nanostructure can potentially integrate two or more functions 

into a single unit and can achieve simultaneous operation. Moreover, the exposed surface 

area of two distinct domains enables more possibilities in functionalization. It is possible 

to fabricate one multifunctional nanoplatform by carefully designing and adjusting the 

structural parameters.  

2.1.2.2 Core@shell NPs 

Unlike heterodimer NPs, which comprised of two interconnected nano-domains with 

exposed surface areas, core@shell nanoparticle contains an inner core and exposed outer 

shell layer. Generally speaking, a number of different combinations of materials can be 
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formed in core@shell nanostructures and can be considered as a permutation of inorganic 

and organic substances. In this thesis, inorganic core@shell NPs with plasmonic 

properties are the only focus.  

One type of well-studied inorganic core@shell plasmonic nanostructure is the core@SiO2 

nanoparticle. 46, 113 The silica coating has various advantages to the inner core particles. 

For example, silica, as the most chemically inert material, endows nanoparticle with an 

excellent chance to extend its application in the biomedical field. Hu et al. synthesized 

CuS@SiO2 core@shell NPs to reduce the potential toxicity of CuS when treated with 

HeLa cells. The morphology of CuS@SiO2 NPs was visualized by TEM image, as shown 

in Figure 2.1.12(a). Over 90% of cell viability was achieved even at a high concentration 

Figure 2. 1. 12 The TEM images of SiO2 covered CuS NPs (a) and AuNRs (c). The 
cytotoxicity of HeLa cells treated with CuS@SiO2 NPs with varying concentrations 
(b). The NIR laser light triggered drug release of DOX-loaded AuNR@SiO2 NPs 
(d). 
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of 500 ppm, as shown in Figure 2.1.12(b). However, without silica coating, 80% of cell 

viability was obtained at a concentration of 200 ppm. Silica coating encompassed with a 

large inner cavity also has good potential in drug delivery and controlled release. Duguet 

et al. synthesized a nano-drug-reservoir based on AuNRs and mesoporous silica. 114 The 

morphology of AuNR@SiO2 NPs was visualized by TEM image, as shown in Figure 

2.1.12(c). Doxorubicin (Dox) was encapsulated inside the silica layer and blocked by 

phase-changing molecules (1-tetradecanol). As demonstrated in Figure 2.1.12(d), with 

NIR laser irradiation, a heat-responsive drug release was observed. The combination of 

silica coating with plasmonic photothermal agents paved a new direction for 

multifunctional therapeutic nanoplatforms.  

Figure 2. 1. 13 The absorbance spectra of CTAB-coated AuNRs (a), PEGylated 
(PEG-coated) AuNRs (b), 6 nm silica-coated AuNRs (c), and 20 nm silica-coated 
AuNRs (d) irradiated by NIR laser with various fluences. 
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Besides, the silica coating can also enhance the structure stability of plasmonic NPs. Since 

a nanoscale substance has higher surface energy and tends to deform in lower threshold 

energy, the silica coating can maintain the morphology of NPs at elevated temperatures 

or severe conditions. As reported by Emelianov et al., a silica coating maintained the 

morphology of AuNRs in a shell thickness-dependent manner, under laser irradiation, as 

shown in Figure 2.1.13(c,d). 115 However, capping agents, CTAB and PEG, cannot avoid 

structural deterioration. With increased laser fluences, the LSPR peak of AuNRs was 

blueshifted to short wavelengths, as indicated in Figure 2.1.13(a,b). 

A Core@shell nanostructure may provide additional plasmonic modes owing to its 

material- and shape-dependent plasmons. Cheng et al. prepared Au@Ag NPs with 

spherical and rod-shape geometry for SERS-based sensing. 116 The photographs and 

morphology of AuNR@Ag NPs are given in Figure 2.1.14(a,b). Compared to individual 

Au or Ag NPs, the core@shell structures exhibited huge enhancement in detection limits 

for detecting the pesticide thiram. According to Cheng et al., such enhancement was 

attributed to the enhanced plasmonic behavior through the plasmon hybridization process. 

Moreover, rod-shape Au@Ag nanoparticles were found to be more sensitive in detection 

than spherical nanoparticles. The enhancement in surface plasmon activity also resulted 

in a better performance in the photothermal response. Gao et al. prepared monodispersed 

Au@Cu2-xE (E=S, Se) core@shell NPs for the purpose of cancer therapy. 106 According 

to the TEM, HRTEM, and element mapping in Figure 2.1.14(c-e), the structure and 

composition of Au@Cu2-xE NPs were well studied. Compared to individual Au and 

copper chalcogenide NPs, the hybrid nanostructures provided more than two-fold HCE 

(>50%) due to the surface-plasmon-resonance (SPR) coupling effect. The enhanced 

thermal generation also led to better performance in photoacoustic imaging. What is more, 
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since the Cu2-xE layer strongly attached on the surface of Au nanostructure, under the laser 

irradiation, the structure stability of AuNRs were enhanced. In general, the core@shell 

nanoparticle has many better aspects in individual NPs, such as stability, multi-

functionalities, and property enhancement. Based on the findings presented in previous 

reports, scientists can design and choose appropriate combinations of materials to 

fabricate a core@shell nanoparticle based on the end application. 

2.1.2.3 Rattle Type NPs 

In the beginning of nanotechnology and nanoscience, scientists mainly focused on the 

synthesis, size, morphology control, and characterization of certain properties of 

Figure 2. 1. 14 (a) The schematic and photographs of Au@Ag NRs with varying shell 
thickness. (b) The Morphology of Au@Ag NRs was illustrated in TEM image. The 
TEM (c) and HRTEM (d) of Au@Cu2-xE NPs. The element mapping images of 
Au@Cu2-xE. 
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nanomaterials. As this burgeoning field keeps developing, the main trend in 

nanotechnology was getting close to practical application. To this end, various functions 

of NPs were explored, investigated, and applied in the field of physics, biology, and 

medication. In order to provide a mature strategy for the application in the aforementioned 

fields, nanostructures with multifunctionalities were suggested, which resulted in a new 

type of substance denoted as core@shell NPs. In the meantime, hollow NPs which 

possessed huge storage capacities, large surface areas, low densities, and tunable optical 

properties also aroused huge attention in drug delivery area. 117, 118 In the biomedical field, 

the combination of core@shell formulation and cage-like NPs was aimed to meet most of 

the needs for smart therapeutic treatment. The combination of core@shell and hollow 

strength gave birth to rattle type NPs.  

A rattle-structured nanoparticle comprised of an Au nanorod and mesoporous silica shell 

(AuNR@mSiO2) was fabricated by Piao et al., as shown in Figure 2.15(a). 119 The cavity 

inside the NPs was created by etching the Ag layer inside the AuNR@Ag@mSiO2. Due 

to large cavity, the Dox (one cancer drug) loading content in 1 mg of AuNR@mSiO2 NPs 

reached to 58.7 ug Dox. The combination of AuNRs and drug loading cavity enabled a 

simultaneous treatment of PTT and thermal-responsive chemotherapy. Xu et al. promoted 

such structures in a hollow silica nanostar with an Au cap core, as shown in Figure 2. 

15(b). 120 What is more, the surface modification of this rattle nanostructures endowed the 

gene delivery property. In general, a nanoparticle with photothermal capability, 

chemotherapy and gene therapy was integrated.  
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A multifunctional nanorattle nanoparticle composed of a Fe3O4 core and CuS shell, as 

shown in Figure 2.15(c), was fabricated by Yeh et al. 121 Such a nanostructure provided a 

magnetically guided PTT. Based on the cage like CuS morphology, a red-shifted LSPR 

band was located in the second NIR biological window, which enabled deeper penetration 

for laser irradiation. Although the authors did not incorporate this structure with drug 

loading, the rattle structure was capable of controlled drug release. Zhang et al. prepared 

Au-copper sulfide yolk-shell NPs for multitherapy of PTT, photodynamic therapy, and 

chemotherapy. 76 The typical structure and morphology were demonstrated in Figure 2.15 

(d). The inner cavity of this rattle NPs enabled resonance energy transfer behavior between 

AuNRs and copper sulfide shell. An enhanced HCE of 62.44% was achieved in a sample 

of p-Au808-CuS and p-Au980-CuS NPs. By modifying the surface of the CuS shell with a 

thermal-responsive polymer, heat-induced drug delivery action was incurred.  

Figure 2. 1. 15 The TEM images of rattle type AuNR@SiO2 NPs (a), Au cap@SiO2 
NPs (b), Fe3O4@CuS NPs (c). The schematic and morphology of AuNR@CuS 
nanostructure was demonstrated in (d). 
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The tailorable functionalities of rattle type NPs make it promising in various applications, 

not only in bio-medication, but also in catalysis, sensing, and surface enhanced Raman 

scattering. To realize the potential of all the mentioned nanostructures, the prerequisite is 

to design and fabricate them successfully. In the next section, the nano-fabrication process 

of plasmonic single nanostructures and hetero-nanostructures are presented.  

2.2 Nano-fabrication Process of Plasmonic Structures 

Due to the extensive efforts devoted by scientists, various fabrication approaches to 

plasmonic nanostructures have been suggested in the last two decades. In this section, 

fabrication processes involved with single nanostructures and hetero nanostructures are 

presented. Specifically, (1) colloidal synthesis; (2) Low temperature aqueous synthesis; 

(3) Cationic exchange synthesis; and (5) Kirkendall Effect-induced Method related to 

nano-fabrication process are introduced in detail. 

2.2.1 Colloidal Synthesis 

Among all the solution-based synthesis methods, colloidal synthesis is the most 

extensively applied method for the fabrication of plasmonic semiconductor nanostructures, 

since it provides a bottom-up method to control the geometry, size, and crystal phase of 

plasmonic NPs with high accuracy.  

Unlike the wet chemistry approach, colloidal synthesis requires an oxygen-free 

environment, decomposition of organic precursors in the organic phase, and high 

temperature related to boiling point of the organic solvent. 122-124 Upon heating, the 

decomposition of organic precursor transforms the chemical substance into an active 

molecular species, providing the initial elements for colloidal NCs. Despite the restrictive 
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synthesis condition compared to the wet chemistry method, the colloidal synthesis 

produces nanostructures with higher crystallinity and mono-dispersity. Such method 

generally requires three sequential steps: (1) nucleation of the nanoparticle core; (2) 

growth of core to form mature NCs; (3) purification operation for removing unreacted 

precursors and excessive ligands from synthetic system. 125 Typically, the synthesis setup 

involves a three-neck, round-bottom flask, which is connected to a Schlenk line and 

condenser to remove the residual oxygen and avoid the evaporation of the organic solvent. 

Before the synthesis of colloidal NPs, the reaction system needs to be evacuated at high 

temperature (normally above the boiling point of water) for nearly 1 hour, to eliminate the 

adventitious water and dissolved oxygen, since some chemical precursors are sensitive to 

moisture and oxygen.  

Generally, there are two techniques in colloidal synthesis approach, one for “heat-up” and 

the other for “hot injection”. 126-128 In the “heat-up” operation, precursors, stabilizing 

ligands, and the organic solvent are transferred into a round-bottom flask and mixed at 

room temperature. After the temperature of reaction system reaches the desired level, the 

nanocrystal nucleation and growth occurs consequently. Due to its simplicity in 

experimental handling and gram scale production, the “heat-up” technique is popular in 

plasmonic nanostructure preparation, specifically in plasmonic semiconductor NCs. 122, 

129, 130 The “hot-injection” method requires injection of a cold trioctylphosphine (TOP) 

solution, which contains metal and chalcogen precursor, into hot trioctylphosphine oxide 

(TOPO) solution. Such method provides a rapid and instantaneous nucleation process and 

has a better control in the size and shape of NPs compared to “heat-up” technique. 122, 127 

Initially, the “hot-injection” technique was used in the synthesis of high quality of 

quantum dots. 131 Currently, this method is extended to the synthesis of metals, 132 metal 



41 
 

oxides, 133 and metal chalcogenide semiconductor NCs 134 by choosing appropriate 

combinations of precursors, stabilizing agents, and organic solvents.  

The process of nucleation and growth can be generally divided into three stages, marked 

as I-III in Figure 2.2.1. 135, 136 In stage I, a burst increase of free monomers or atoms occurs 

in solution with time, with the decomposition of precursors by heating. 135 Due to the high 

energy threshold for the initiation of nucleation, the reactive monomers cannot condense 

into nuclei with the saturation concentration (Cs). Thus, the concentration of monomers 

keeps increasing until the minimum nucleation concentration (Cmin
nu ) has been achieved. 

In stage II, as the concentration of monomers is high enough (above the minimum 

nucleation concentration), the reaction system is supersaturated and induces “burst-

nucleation”, in which the monomers start to condense into nuclei via self- or homogenous 

Figure 2. 2. 1 The general three stages for nanocrystal nucleation and growth. 
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nucleation. 137 During this process, the nuclei start to grow at an accelerated rate due to 

the supersaturation of the monomers. Then, a significant reduction of monomers occurs. 

Finally, no additional nuclei form when the concentration of monomers drops below the 

minimum nucleation concentration. In stage III, the small clusters (nucleus) grow into 

NCs of larger size with the ongoing precursor decomposition. The growth process happens 

slightly higher than the saturation point (Cs), due to less energy consumption for growth. 

The purification process is the final step before storage and application. After the synthetic 

procedures, NPs need to be separated from the organic solvent and unreactive chemicals 

(residual precursors and stabilizing ligands). Centrifugation is a universal approach to 

remove organic solvents and residual chemicals. It is worth to mention that in some 

proposed applications, NPs are required to be modified by additional ligands, for the 

purpose of aqueous dispersing, reducing cytotoxicity, and even genetic material binding.  

2.2.2 Low Temperature Aqueous Synthesis 

Although colloidal synthesis provides a mature method to fabricate high-quality NPs with 

gram scale production, the involved toxic organic solvents are not favorable in many 

aqueous-based applications. A phase transfer method was suggested to drag NPs from 

organic phase into the aqueous phase by replacing or covering the initial organic ligands. 

138-140 However, phase transfer is not an economical and robust method in biomedical areas. 

On the one hand, the aqueous transferring ligands (such as PEGylated polymers and 

phospholipid) always are expensive. On the other hand, the as-transferred NPs are not as 

stable as in the organic phase, in regard to optical and structural properties. Hence, it is 

essential to develop a facile and green synthesis approach to address the aforementioned 

problems and maintain the intrinsic properties.  
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Li et al. developed an aqueous phase synthesis of copper sulfide NPs with small diameters 

(~11 nm). 15 By mixing copper source (CuCl2), sulfur source (Na2S), and reducing agent 

(sodium citrate) in a certain amount of water, CuS NCs were formed at 90℃ for 5 minutes. 

Sodium citrate both behaved as a reducing agent and a stabilizing agent in this protocol, 

providing a good dispersity in an aqueous manner. The morphology and size distribution 

of CuS NPs are illustrated in Figure 2.2.2(a). Copper sulfide nanomaterials with 

anisotropic shape were prepared in an aqueous phase synthesis approach by our group. 

Similar to the synthetic steps for CuS nanospheres, we mixed CuCl2, Na2S, and low 

molecular weight polyethylenimine (PEI) in water and incubated at near-boiling 

temperature for 10 minutes. By simply adjusting the concentration of PEI, CuS 

nanostructures with different aspect ratios were achieved. The morphology of Cu2-xS NRs 

is shown in Figure 2.2.2(b). A longitudinal length dependent LSPR peak was also 

observed. Yamashita et al. even reported an aqueous synthesis approach for molybdenum 

oxide NPs without the requirement of heat. 141 MoO3-x-Y (Y represents the molar ratio of 

MoVI to MoV) NPs was fabricated by simply mixing and stirring (NH4)6Mo7O24⋅4 H2O 

and MoCl5 for 48 hours at room temperature. Compared to the conventional synthetic 

method, Yamashita et al. provided a facile approach to prepared molybdenum oxide 

without the participation of reducing agents, inert gas, and organic solvents, which hugely 

reduced the synthetic costs and eased the operation process.  
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Actually, noble metal plasmonic NPs are generally synthesized in an aqueous manner. 

Starting from Au, a number of methods have been reported for acquiring Au NPs. The 

collection of Au nanostructures with diverse morphology is demonstrated in Figure 

2.2.2(c). However, the underlying mechanism is the same, by reducing the Au salt to 

colloidal Au nanoclusters with the protection of capping agents. Heat can be either used 

or not in the synthesis process depending on the type of reducing agents. Au 

nanostructures with anisotropic shape, such as Au nanocubes, 26 AuNRs, 27 Au bipyramids, 

89 and Au nanostars, 93 can also be fabricated in aqueous phase. However, AuNRs and 

nanostars cannot synthesized in a one-step manner. A seed-mediated method was applied 

to achieve such novel structures. Taking AuNRs as an example, Au seeds with extreme 

small size (1-3 nm) were firstly prepared with a cold solution of sodium borohydride 

Figure 2. 2. 2  (a) The morphology and size distribution of CuS NPs. (b) The TEM 
image of PEI capped Cu2-xS NRs. (c) The collection of Au nanostructures with 
different morphology. 
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(NaBH4) as reducing agent and cetyl trimethyl ammonium bromide (CTAB) as the 

capping agent. Au seeds were then transferred into a growth solution, and a lattice plane-

dependent growth occurred with the assistance of CTAB, resulting in rod-shape formation. 

Other noble metal NPs, such as Ag NPs, were synthesized in a similar mechanism and 

approach, in which the NPs were formed by reducing Ag salts and stabilizing by capping 

agents.  

2.2.3 Cation Exchange Post Treatment 

Over the years, a growing demand for nanomaterials with customized properties has 

triggered scientists to devote more effort in engineering the size, shape, composition, and 

surface modification of NPs. A Number of nanomaterials have been studied and achieved 

a fine control in optical, 29 electronic, 108 magnetic, 121 and catalytic 108 properties. As 

mentioned in the previous section, hetero nanostructures with different domains and 

multifunction feature have met the needs in some applications.  Although a relatively 

consolidated and comprehensive knowledge of NPs synthesis has been established, it is 

still difficult to fabricate some NPs with a desired composition and shape. To address this 

obstacle, a new post-synthetic method, named cation exchange, 142 emerged in the past 

decade to bridge the gap for the successful preparation of nanostructures which were 

previous inaccessible. This method provides a simple process, which replaces the initial 

cations of a starting NCs with new cations and maintains the original anion sublattice, to 

fabricate new nanomaterials.  

The first paper related to cation exchange was published by Alivisatos et al. in 2004. 142 

Starting from a CdSe quantum dot, a reversible cation exchange by Ag ions and cadmium 

ions was incurred between the CdSe and Ag2Se nanocrystal. Such reversible composition 
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changes did not obviously affect the optical property and lattice structure of spherical NCs. 

However, if the starting CdSe NPs have complex shapes, such as long rods and tetrapods, 

a certain degree of structure reorganization would be induced by the cation exchange 

process. The cation exchange process from CdSe to Ag2Se is illustrated in Figure 2.2.3 

(A-J). Ouyang et al. further extended the cation exchange method into core-shell 

nanostructures, which provided a feasible way to fabricate core-shell NPs with large 

lattice mismatching. 143 Starting from the Au nanosphere, an Ag layer was firstly deposited 

on the Au surface. This was followed by modifying the Ag shell to a Ag-compound shell 

(Ag2X), and a cation exchange takes place by replacing the Ag cation with the desired 

Figure 2. 2. 3 The transformation of Ag2Se NCs (B, D, F, H, J) from CdSe NCs with 
different morphologies (A, C, E, G, I). The schematic of the fabrication process of 
core-shell NPs with Au core and semiconductor shell with large lattice mismatch 
(K). The morphology and lattice information of core-shell NPs in different stage are 
shown in TEM images (L) and XRD patterns (M). The schematic of cation exchange 
process from CdS nanorod to Cu2S nanorod (N). The Typical nanostructure of 
transitional stage of Cu2S (CdS-Cu2S) nanorod was shown in TEM image (O). 
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cations. The schematic of fabrication process of core-shell nanoparticle is illustrated in 

Figure 2.2.3K. The morphology and lattice information of the core-shell NPs in each stage 

is shown in Figure 2.2.3(L,M). Au-CdSe, Au-CdTe, FePt-CdS, Au-PbS, Au-ZnS, and Pt-

CdS was obtained with excellent stability and monocrystalline according to this multi-

step cation exchange process. Moreover, NPs with multiple shells, e.g. Au-CdS-CdSe, can 

also be achieved by this method. In recent years, Swihart et al. performed selective cation 

incorporation to copper sulfide NPs for acquiring multi-element hetero nanostructures. 95 

By selecting an appropriate organic solvent and hetero-cation, a number of hetero-

nanostructures with multiple domains were obtained based on cation exchange process. 

Three types of heterostructures, Cu2-XS-In2S3-ZnS, ZnS-SnS, and Cu1.81S@SnS NPs, 

which were first reported in their paper.  

Cation exchange not only can adjust the composition of NPs, but also can prepare 

nanostructures with the desired composition and shape. For example, typically, it is very 

difficult to synthesize copper sulfide (Cu2S) NPs directly in a rod shape, due to the 

limitation of the lattice structure. However, Alivisatos et al. fabricated Cu2S NRs by 

replacing the Cd ions with Cu ions in CdS NRs with the cation exchange method, as shown 

in Figure 2.2.3(N,O). 144 It also provide impossible to synthsize Ag2Se nano-tetrapods 

directly, however, according to cation exchange, such NPs were accessible from CdSe 

nano-tetrapods. 142 The limitation of cation exchange is also obvious. Generally, cation 

exchange is only efficient in small NPs (no more than 10 nm). If the dimension of NPs is 

increased to 100 nm, 10 or more hours is necessary for completing the cation exchange 

process, due to the diffusion rate of the ions. 142 What is more, cation exchange is not 

possible in all types of cations. The lattice and surface energy of the initial and emerging 

crystals need to be considered. By accelerating the exchange process, certain ligands 
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(currently very expensive) may be required to assist the dissociation of initial cations. 143, 

145  

2.2.4 Kirkendall Effect-Induced Method        

The Kirkendall effect has been applying in nanoscale particles for fabricating hollow 

structures since 2004. 146 A plethora of materials, such as metal oxides and chalcogenides, 

have been forged into hollow morphology to fulfill the needs in various applications. 147-

149 Generally speaking, the Kirkendall effect is a diffusion-involved phenomenon 

occurring between reactive domains sharing an interface. In addition, the hollowing 

process induced by the Kirkendall effect can spontaneously deplete the inner core, without 

post-etching operation for core removing. 150 In the simplest explanation, hollow 

nanostructures induced by the Kirkendall effect can be considered as a one-pot, two-steps 

process, as shown in Figure 2.2.4. 150 In the beginning, solid NPs containing at least one 

element (A) are formed. Next, another element (B) in the liquid or gas phase reacts with 

A and forms AB compound. During this process, an outward diffusion of the core element 

A occurs with the formation of the AB composite (Jcore and Jshell are diffuse fluxes of core 

and shell, respectively). Consequently, an inner cavity is gradually formed in the AB 

composite NPs. 151, 152  

NPs with hollow interiors and controlled shell-thickness have arouse huge interest, due to 

the large surface area, porous shell, low density, and large cavity for molecular storage. 

Figure 2. 2. 4 The schematic of the hollowing process induced by the Kirkendall 
effect. 
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153-155 Consequently, various applications such as catalysis, 156 sensing, 94 and drug 

delivery 155 were induced by hollow nanostructures. Currently, the nanoscale Kirkendall 

effect is the universal method to form copper chalcogenide hollow nanostructures. Zhu et 

al. fabricated Cu7S4 nanocages by reacting Cu2O nanocubes with Na2S in aqueous media. 

157 A morphology transformation from a cubic shape to an 18-face polyhedron occurs 

during the the Kirkendall process. However, the particle size is relatively big, close to 200 

nm, as shown in Figure 2.2.5(a). Such a big size may hinder its application in nanoscience. 

Wang and his co-worker used a similar process to prepare copper sulfide (Cu7S4) hollow 

structures, with diameter of 100 nm, as shown in Figure 2.2.5(b). 158 With smaller 

diameters of hollow nanostructures, copper sulfide-based nanocages were used in 

biomedical applications. Based on the natural copper sulfide nanostructures, and the 

physical features of hollow structures, PTT, chemotherapy, and photoacoustic therapy has 

been integrated into a single unit. Cu2-xSe nanocubes, with the retaining the morphology 

of Cu2O templates, were also obtained in similar experiments. A proposed application of 

Cu2-xSe nanoboxes for gas sensing was suggested by Huang et al. 159 Under a working 

temperature of 300℃, Cu2-xSe nanoboxes possessed a good response to some organic 

gases, including ethanol and aceton, and the corresponding sensitivity were 35.1 and 32.1.  

Figure 2. 2. 5 The TEM image of Cu7S4 hollow NPs with ~200 nm (a) and ~100 nm 
size (b). 
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Due to the ever-expanding demands and requirements for NPs, colloidal synthesis with 

precise size and morphology controls of nanostructures was incorporated with nanoscale 

the Kirkendall effects. Zou et al. synthesized hollow Cu2-xTe NCs with average size of 23 

nm by reacting copper NPs with TOP-Te precursor at high temperature (250℃). 94 The 

TEM images of copper NPs and hollow Cu2-xTe NCs are shown in Figure 2.2.6 (a-f). Such 

NPs were proposed for CO gas sensing application. The LSPR behavior of solid and 

Figure 2. 2. 6 The TEM (a,b) and HRTEM (c) images of Cu NPs. The TEM (d,e) and 
HRTEM (f) images of Cu2-xTe NCs. The TEM images and absorbance spectra of 
solid Cu2-xTe NCs (g-i) and hollow Cu2-xTe NCs (j-l). The TEM images of Cu2-xS 
nanoplates (m,n) and CuInS2 nanorings (o,p). 
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hollow Cu2-xTe NCs was further investigated by Tuan et al. 160 The morphology of solid 

Cu2-xTe and hollow Cu2-xTe NCs are illustrated in Figure 2.2.6 (g,h,j,k). Due to the excess 

holes in valence band, both solid and hollow Cu2-xTe NCs have intense LSPR peaks in the 

NIR region. However, due to the inner cavity, the LSPR peak of hollow Cu2-xTe NCs are 

located at longer wavelengths, as indicated in Figure 2.2.6(i,l). This phenomenon is quite 

similar to that in Au nanospheres and Au nanoshells. Moreover, a size difference among 

initial copper NPs (13.5 nm), Cu2-xTe NPs (16.5 nm), and inner cavity (5.9 nm) was 

observed, which indicated an outward diffusion of copper ions. Despite forming hollow 

nanostructures, Buhro and his team demonstrated ring-shape NPs induced by the 

Kirkendall effect. Starting from Cu2-xS nanoplatelets, by reacting with InCl3 at 150℃, 

CuInS2 nanoplatelets with central holes and varying thickness were prepared with average 

size of 50 nm. 161 The morphology of Cu2-xS nanoplates and ring-shaped CuInS2 NCs are 

demonstrated in Figure 2.2.6(m-p). 

Generally, the nanoscale Kirkendall effect provides a feasible approach to fabricate 

hollow nanostructures. The large inner cavity, big surface areas, porous surface, and low 

density hold great promise in various applications, especially in sensing and drug delivery.  
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2.3 PTT in Biomedical Applications 

2.3.1 Biological Windows for Efficient PTT 

Plasmonic PTT research is currently a hotspot in thermal treatment for remote controlling 

of localized heating in tumors. 5, 17, 42 At the beginning of the photothermal field, it was 

considered as a non-reliable technique owing to its limited penetration depth (human 

tissue exhibit have strong extinction characteristics in the visible range). 11, 162 

Constituents, such as water, hemoglobin, and melanin, in human tissues are responsible 

for the absorption of incident light and the natural tissue structures were responsible for 

the scattering of incident light. 19 Hence, PTT was once considered as impractical 

therapeutic method and was avoided into the investigation of superficial tumors. However, 

with the development of material science and chemistry, NPs with tunable optical 

properties were prepared and hugely improved its potential in bio-applications. The LSPR 

peak of plasmonic photothermal agents were able to be tuned in the near infrared region, 

which has minimum absorption and scattering by biological tissue, resulting in deeper 

penetration. Such a wavelength range was named as the biological window. Figure 2.3.1 

Figure 2. 3. 1 The extinction coefficient of a representative tissue. The light 
attenuation induced by hemoglobin, water, and optical scattering was presented. The 
two biological windows are also mentioned. 
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indicated the extinction spectrum of human tissue from visible light to the near infrared 

region, demonstrating two main biological windows. 30, 163  

The first biological window contains the wavelength range of 700-980 nm. Within this 

region, the absorption of incident light achieves the minimum and residual scattering 

dominating in extinction. In the second biological window, the region from 1000-1400 

nm, has minimized scattering phenomenon with enhanced light absorption, compared to 

the first biological window. 163 The finding of biological windows is very crucial and 

significant to PTT. On the one hand, by choosing a laser with a wavelength located in the 

biological windows, non-selective heating by laser to normal tissues will be reduced. On 

the other hand, a deeper penetration depth is achieved due to the minimized scattering and 

absorption of incident light. 164 Hence, working in biological windows enables a feasible 

way to treat non-superficial tumors by designing a plasmonic NPs with an NIR LSPR 

peak. 30, 165 

In order to apply plasmonic NPs into the field of PTT, there are growing requirements that 

need to be fulfilled. (1) Efficient and extensive absorption within biological windows, 

ensuring deep tissue therapy induced by NIR lasers. 121 (2) Promising HCE (HCE). 

Excellent HCE enables efficient PTT even at lower laser power. 1, 2 (3) Limited 

cytotoxicity even at high dosages (such as 200 ppm). The photothermal agents should be 

inert to cellular and biological functions, generate thermal energy only under the 

activation of incident light. 4, 17 (4) Accessible for surface modifications. This would make 

it possible for prolonged circulation and targeting for tumors. 46 (5) Good biocompatible 

in biological environments. 4 This would avoid aggregation situation in biological systems 

and exhibit the full potential of photothermal agents in the whole treatment period.  
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2.3.2 Biological Response to Heat 

Nowadays, due to the on-going studies on nanoparticle synthesis, various types of 

photothermal agents with a high degree of control of size and shape has been determined. 

Some of them fulfilled all the requirements above, and consequently were applied in PTT. 

In the previous sections, various types of plasmonic photothermal agents were described, 

in terms of synthesis approaches, morphology dependent LSPR behaviors, and 

photothermal mechanism. Up to this point, it is possible to select appropriate NPs with 

desired working wavelength for conducting PTT. However, interacting with biological 

systems is another issue and there are many aspects that need to be considered. To seek 

for the best conditions for efficient PTT, it is very important to figure out the biological 

responses regarding to the nature of nanomaterials and localized heating. 39, 40 In this 

section, the efficacy of PTT with regard to several key parameters are discussed. Generally, 

Figure 2. 3. 2 Schematic of the biological responses induced by different thermal 
treatments as catalogized by operating temperature. 
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this section is divided into two parts. The first part refers to the in vitro photothermal 

therapies whereas the second part focus on photothermal therapies performed on small 

animals. 

The biological response to heat energy is a very important issue in thermal therapy. 166, 167 

Generally, the efficacy of thermal treatment is given by two main parameters: the 

magnitude of temperature elevation and the duration of the treatment. 19 Based on the 

temperature increment, the biological response with regard to thermal treatment can be 

classified into three groups: (1) diathermia treatment; 168 (2) hyperthermia treatment; 43 

and (3) irreversible injury treatment. 169-171 In the diathermia treatment, the heating process 

is not higher than 41℃. Such temperature would not induce severe damage at the cellular 

level. On the contrary, enhanced blood flow and ions diffusion, softened tendons and 

muscles by diathermal treatment plays a big role in rehabilitation. 172 Hyperthermia 

treatment refers to treating tumors at temperatures between 41-48 ℃. 173 Within this range, 

the denaturation process of proteins starts, which may result to the aggregation of proteins 

and affect the cell dynamics and viability. 174 If the thermal treatment is conducted above 

48 ℃, irreversible injury occurs, even for a short duration such as a few minutes. Although 

this treatment is highly efficient in killing cancer cells, it is impossible to distinguish 

normal cells and cancerous cells, and adjacent healthy tissue may also be damaged by high 

temperature. 175  

2.3.3 Single Modal Therapy by PTT 

As for in vitro tests, the situation of cell uptake is the first thing that should be considered. 

176 Virtually, the proposed photothermal agents are firstly diluted in a culturing medium 

and then are transferred into cultured cells for a certain period. The duration of incubation 
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time would affect the interaction of NPs with cells (NPs might be outside, on or inside the 

cell membranes). It is essential for PTT, since the location of heat generation is critical for 

cell dynamics and viability. 177 However, the optimum incubation time is dependent on 

various parameters, such as size, shape, concentration, and surface modification of NPs, 

and might also vary with cancer type. 178-181 All these features are attributed to the final 

light-triggered cell damage. To simplify this complicated situation, some of the most 

significant and relevant factors are chosen and demonstrated in this section. Specifically, 

the location of NPs and surface coating, 180 morphology of NPs, 179 concentration of NPs, 

182 and incubation time 183 related to the cellular behavior are illustrated.  

2.3.3.1 Effect of Nanoparticle Locations and Surface Modifications on In Vitro PTT 

Zhou et al. reported the relationship between the location of AuNRs (inside or outside of 

cells) and the efficacy of PTT. 184 Specifically, two observations were noted: (1) cells with 

AuNRs inside had lower viability under moderate laser illumination than cells without 

AuNRs; (2) as there was a higher concentration of AuNRs inside cells, a greater 

therapeutic effect was achieved. As a relevant example in this study, AuNRs with 

phosphorylcholine (PC) coating were prepared for photothermal treatment. As shown in 

Figure 2.3.3, liver cancer cells (H2G2 line) exhibited quite different cell viability profiles 

before and after the intracellular uptakes process after irradiation with an NIR laser (with 

the wavelength of 800nm and power of 200 mW). The viability of liver cells was 

quantified by using FDA fluorescent dye, which can only be seen in living cells.  
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According to Figure 2.3.3, nearly all the NPs-loaded cells died after laser irradiation for 

130s. However, for cells not encapsulateing AuNRs, a relatively high cell viability was 

observed even after 190s of laser irradiation. Zhou and his co-workers 184 also observed 

that the encapsulated AuNRs were mainly stored in lysosomes and endosomes, where the 

hydrolytic enzymes are located. During the lasering process, the localized heat may induce 

ruptures on lysosomes and endosomes, which trigger-release the inner hydrolytic enzymes 

and lead to the degradation of cellular functional proteins. This work 184 well-presented 

the relevance of treatment efficacy of PTT and the location of photothermal agents.   

Figure 2. 3. 3 The fluorescent microscopy indicated the cell viability of H2G2 cells. 
In the intracellular NIR therapy, cells were pre-incubated with AuNRs for 12 h 
before laser irradiation, while in the extracellular NIR therapy, cells were not 
treated with AuNRs before, but irradiated once AuNRs were added. The white 
dotted circles denoted the spot area of laser beam, whereas the red line indicated the 
watershed which cells were extensively died. 
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NPs can also adhere to cell membranes by appropriate surface modifications. Cho et al. 

studied the performance of cellular internalization and membrane adhesion of Au NPs 

with different surface coatings, including PEG (a neutral charged polymer), 

polyallylamine hydrochloride (PAA, a positive charged polymer), and anti-Her 2 

(antibody for targeting to SK-BR-3 cancer cells by antigen-antibody interaction). 185 This 

study was performed on SK-BR-3 breast cancer cells with the same amount of Au NPs 

and the same duration of incubation time. The uptake efficiencies for each Au NPs sample 

was measured by coupled plasma spectroscopy (ICP-MS). Consequently, the highest 

uptake efficiencies were achieved by Au NPs with PAA coatings, as shown in Figure 2.3.4. 

Actually, such promising performance first involved electrostatic interaction between the 

cell membrane (negative charged) and the PAA polymer (positive charged). Then, an 

evolution from a charged membrane to neutral charged membrane assisted the 

internalization of Au NPs. By contrast, much lower efficiencies were achieved on the 

Figure 2. 3. 4 Relative number of Au NPs uptaken by SK-BR-3 cells with three 
different surface coatings as obtained before and after etching. 
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other two Au NPs samples (with neutral charged membranes). By applying further 

measurements, Cho and his co-workers found that most of the uptakes of neutral charged 

NPs (PEG and anti-Her 2 coating) were by internalization, whereas almost half the uptakes 

of PAA coated Au NPs was the attachment on cell membranes. Hence, they provided a 

feasible way to control the uptake efficiency and the location of NPs-cell interaction by 

controlling the surface modifications. Actually, a slightly higher cellular uptakes of Au 

NPs was achieved with anti-Her 2 coating than PEG coating due to the antigen-antibody 

Figure 2. 3. 5 The optical and fluorescence merged images of HaCat, HSC, and HOC 
cells treated by anti-EGFR/AuNRs under different laser power density. The dashed 
circle indicated the irradiation area of laser beam. Cell damage was indicated by the 
blue fluorescence in dashed circle. 



60 
 

adhesion on the cell membranes. Such adhesion also endowed NPs with a targeting 

property, which enabled selective PTT.  

EI-Sayed et al. conjugated Au NPs with anti-EGFR for the treatment of different cell lines: 

HaCat benign cells, and HSC and HOC malignant cells. 11 A Power-density-dependent 

cell damage corresponding to different cell lines was observed by EI-Sayed and his co-

workers, as illustrated in Figure 2.2.5. It is observed that HaCat cells (non-malignant cells) 

were responsive to a high power laser (20 W/cm2), whereas HSC and HOC cells 

(malignant cells) were responsive to a low power laser (10 W/cm2). What is more, if the 

laser power was set between the above two values, damage would only occur in HSC and 

HOC cells, due to the enhanced cellular uptakes by antigen-antibody adhesion on 

malignant cells.  

Cellular uptake is of great importance to enhance the photothermal therapies at the cellular 

levels. Photothermolysis behavior on tumoral (KB) cells was studied with the location of 

AuNRs. Highly enhanced efficacy of PTT was obtained when AuNRs were attached on 

the cell membrane than when internalized. As shown Figure 2.3.6, KB cells with AuNRs 

attachment (red color) were illustrated before and after laser illumination (6 mW). To 

indicate the cell damage, a yellow fluorescent dye, ethidium bromide (EB) was applied. 

According to the results, when AuNRs were internalized into cells, similar cell damage 

was achieved with much higher laser power (60 mW) rather than 6 mW. As claimed by 

the authors, several parameters attributed to the enhanced efficacy of photothermal 

therapies when plasmonic agents attached on the cell membrane. (1) the thermal energy 

triggered the rupture of cell membrane and induce malfunctions of cellular behavior. (2) 

the accumulation of AuNRs around cell membranes focused the photothermal effects. (3) 
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large temperature difference across the cell membrane due to its relatively low thermal 

conductivity. However, some authors also stated that in some cases, when plasmonic NPs 

were attached to cellular membranes, cell perforation was enhanced with light 

illumination.  

Surface modification is not just useful for cellular uptakes, it can also be applied for other 

purposes, such as controlled drug release. Yavuz et al. integrated thermal-responsive 

polymers with hollow Au nanocages for the purpose of drug delivery. 186 Specifically, a 

model drug was loaded inside the hollow Au nanocages (with pores at corners), which 

covered by thermal-responsive polymer (poly-N-isopropylacrylamide) to avoid pre-

mature drug release. The nanostructure of the Au nanocages is indicated in Figure 

2.3.7(a,b). When the temperature is below the critical polymer threshold value (39℃), 

poly-N-isopropylacrylamide stretched in long chains conformation which blocked the 

drug leakage. However, after the temperature reached or exceeded the critical value, a 

Figure 2. 3. 6 The Optical images indicated KB cells treated with AuNRs (referred 
as red dots) before laser irradiation. The fluorescent images indicated the cell 
damage (yellow fluorescence) under continuous or pulse laser irradiation. 
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collapse of the polymer chain occurred and induced drug release. Moreover, when the 

temperature recovered to its lower value, the polymer chain recovered to its initial 

conformation and blocked the drug release again. The drug release profile at elevated 

temperature is illustrated in Figure 2.3.7(c). The drug loaded Au nanocages were then 

prepared for breast cancer treatment. As shown in Figure 2.3.7(d), breast cancer cells 

cultured with different samples (empty Au nanocages, drug-loaded Au nanocages) were 

illuminated by laser (20 mW/cm2). Cell viability of 90% was obtained with empty Au 

nanocages whereas 60% cell viability was achieved with drug-loaded Au nanocages for 2 

minutes illumination. By prolonging the illumination time, further reduced cell viability 

Figure 2. 3. 7 (a) The schematic of Au nanocages and the NIR-responsive drug 
release behavior. (b) The TEM and HRTEM image of Au nanocages. (c) The drug 
release from Au nanocages on heating at 45 ∘C for different periods of time. (d) The 
cell viability of treated cells with different conditions: (C-1) cells irradiated with a 
pulsed near-infrared laser for 2 min in the absence of Au nanocages; (C-2) cells 
irradiated with the laser for 2 min in the presence of drug-free Au nanocages; and 
(2/5 min) cells irradiated with the laser for 2 and 5 min in the presence of drug-
loaded Au nanocages. A power density of 20 mW cm−2 laser was used for all of these 
studies. 
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was observed. Such results indicated that the combination of novel nanostructures and 

functional polymers enabled more efficient therapeutic outcomes, due to the combination 

of the efficacy of PTT and the chemotherapy. 

2.3.3.2 The Relevant Factors on Cellular Uptakes 

As mentioned in Section 2.1, the size and morphology of plasmonic NPs play important 

roles in the optical properties and heat conversion efficiencies. However, the geometry of 

NPs is also of significance in cellular uptakes. Such relevance was demonstrated by 

Chithrani et al., who illustrated that spherical Au NPs had higher uptake-efficiencies than 

rod-shape Au nanostructures. 176 In addition, aspect ratio-dependent internalization 

efficiency of Au nanostructures was observed, which for longer AuNRs, lowered the 

efficiency of cellular uptakes. Chithrani et al. explained this phenomenon by a longer 

membrane wrapping time for a complete endocytosis process of elongated NPs. The size 

effects (10 to 100 nm) of spherical Au NPs on cancer cells internalization behavior were 

also analyzed by Chithrani et al. They found that the optimum size for cellular uptakes 

was 50 nm in diameter, as indicated by Figure 2.3.8. 181 Similar results were observed by 

Figure 2. 3. 8 (a) The plot of size dependent cellular uptakes of Au NPs. (b) The 
profile of internalization of Au NPs. 
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Sakietal et al., who stated that the optimum size for endocytosis of viruses and lipid-

carrying proteins was about 50 nm. 187  

The concentration of NPs and incubation time for culturing are also very important factors 

for cellular uptakes of photothermal agents. 188, 189 However, both factors have a saturation 

effect upon cellular uptakes, i.e. the cell capacity for NPs is normally of the order of a few 

thousand or the maximum of cellular intake appears with a sufficient long incubation time. 

Generally, for in vitro testing, an incubation time longer than 4 hours would not lead to 

further internalization of NPs. 190 For example, Chithrani et al. reported that the uptake 

efficiency of spherical Au NPs with different diameters did not increase after 4 hours of 

incubation. 181 As mentioned in previous paragraphs, the cellular uptakes of NPs followed 

two sequential steps: (1) adhesion of NPs on cell membranes, and (2) internalization of 

NPs by endocytosis. The second step generally requires processing for more than 10 hours. 

However, NPs do not need to be internalized to exhibit the full potential of the 

photothermal effect as mentioned in last paragraph. Hence, for in vitro tests, a long 

incubation time is not necessary for enhanced PTT.  

Although the high concentration of NPs induced a saturating phenomenon of cellular 

uptakes, it is not possible or meaningful to achieve an optimum concentration for the most 

efficient cellular uptakes. However, apart from this issue, there are other aspects related 

to concentration of NPs that need to be considered. For example, the toxicity of the 

photothermal agents increased with higher concentration, 177, 191 or there was a higher 

possibility for aggregation that appeared with high concentrations of NPs in the culturing 

medium. 38 As is known, the LSPR behavior will be reduced as the aggregation occurs. 



65 
 

Photothermal response will consequently weaken if the aggregation of NPs happens with 

increasing amounts of NPs in the culturing environment and inner cells.  

2.3.3.3 Biodistribution of Plasmonic NPs  

The efficacy of in vivo PTT highly depends on the quantity of NPs inside the tumor area. 

192 The tumor is heated by localized heat generated by photothermal agents under the 

illumination of laser light, with minimum damage to the surrounding healthy tissue. The 

selective heating of pathological sites can be realized by two strategies: active targeting 

and passive targeting. In active targeting process, photothermal agents are modified with 

antibodies, which can be recognized by certain proteins over-expressed on the membrane 

of tumor cells. For passive targeting, the size of NPs should meet the requirement for the 

optimum performance based on the enhanced permeability and retention (EPR) effect. 193 

The EPR effect is obviously in the tumor site, due to its improved vascular permeability, 

abnormal tumor vasculature and vascular architecture, which enhance the extravasation 

effect in the tumor. Moreover, to avoid fast clearance by renal filtration, the size and the 

surface modification need to be considered, hence providing longer circulation time in the 

bloodstream. 194 According to some reports, photothermal agents were directly injected 

into tumor sites to perform a deep tissue PTT. 195-197 Although this method provides a 

large number of NPs inside the tumor, it is not feasible and realistic in clinical 

investigation.  

By contrast, intravenous injection is much more realistic and closer to the practical 

situation. 198 In this case, photothermal agents travel through the bloodstream and ideally 

speaking, target the tumor areas. Corresponding research work has been established by 
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numerous scientists and in tests onvarious animals, mostly mice, for the investigation of 

biodistribution, blood circulation, fast clearance, excretion of photothermal NPs. 199-202   

Makino et al. have studied the size effect of spherical Au NPs on the biological distribution 

by intravenous injection in mice. 203 Au NPs of varying sizes, including 15, 50, 100, and 

200 nm, were synthesized and characterized by the DLS approach. Au NPs were dispersed 

in sodium alginate solution (0.5%, w/v) and injected into mice at a dosage of 1g/kg. After 

24 hours, the mice were sacrificed, and all the organs were collected for the determination 

of the amount of Au. A size-dependent bio-distribution was observed according to 

inductively coupled plasma mass spectrometry (ICP-MS). The organ/tissue distribution 

of Au NPs is summarized in Table 2.1. Specifically, Au NPs with 15 nm size exhibited 

higher amounts in all tissues and organs, including blood, heart, liver, spleen, lung, kidney, 

stomach, and even brain. Interestingly, Au nanospheres with size of 15, 50, and 100 nm 

were able to go across the blood-brain-barrier and appeared in brain tissue. Generally, 

with increasing size, the appearance of Au in each organ was decreased (except for the 

spleen and liver). However, Au NPs of big size (200 nm) tend to accumulate in the spleen 

and liver, mainly for detoxification purpose. These results demonstrated that the biological 

distribution of nanoparticles is highly dependent on its size, and 15 nm exhibited the best 

performance among the available sizes.  Tillement et al. suggested a novel way to monitor 

the real-time biodistribution of Au NPs by immobilized radioelements (99mTc, 111In) in 

Table 2. 1 Distribution of Au NPs with varied sizes (15, 50, 100, and 200 nm) at the 
organ/tissue level of albino mice after 24 h of dose administration (n=3). 
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Au@DTDTPA (dithiolated polyaminocarboxylate) core@shell NPs. 204 By scintigraphy, 

it was demonstrated that NPs firstly accumulated in the liver and heart in the first minutes 

after intravenous injection. As shown in Figure 2.3.9, after 10 minutes, the radioactivity 

of the radioelements in heart and liver decreased due to the gradual removal of 

Au@DTDTPA NPs. After another 20 minutes, only the kidneys and bladder showed 

radiation light which indicated the fast clearance of NPs by renal clearance. It should be 

noted that the size of Au@DTDTPA in this experiment was only 6.6 ± 1.8 nm. Although 

the authors did not conduct scintigraphy of NPs with larger sizes, the data mentioned 

herein is also meaningful for knowing the travel path in small animals.   

The morphology effects of Au nanostructures were furthered studied by Bigini and his co-

workers. 205 To this goal, endotoxin-free Au nanospheres (50 nm), NRs (60 nm in length, 

30 nm in width), and nanostars (55 nm) were synthesized and treated in healthy mice by 

intravenous injection. According to the experimental results of ICP-MS and 

histochemistry, four major phenomena were observed: (1) the shape of Au nanostructures 

obviously affect the accumulation and excretion situation in filter organs; (2) Au 

nanospheres and nanostars had the same lung accumulation amount, however, at different 

locations; (3) among these three distinct shapes, only star-shape NPs were able to 

Figure 2. 3. 9 The scintigraphic images acquired (a) ∼2 min (with regions of interest 
(ROI) centred in the heart (H), liver (L) kidneys (K) and bladder (B)), (b) 10 min and 
(c) 30 min after injection of Au@DTDTPA-99mTc NPs to healthy rats. 
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accumulate in the lungs; (4) no Au elements were detected in brain tissue with any size 

and shape. Generally speaking, Bigini et al. provides a fundamental research work which 

is significant to future nanomedicine for therapeutic and theranostic purposes.  

The circulation time of NPs in a living body is another important issue to photothermal 

treatment. Huge efforts have been devoted by scientists to realize longer circulation times, 

especially by surface modification. Perrault et al. modified Au nanospheres with PEG 

polymers, which were injected into mice to study the relationship between particle-size 

and circulation time in blood. 206 It is well known that PEG is a neutral charged polymer 

with bio-inert features. Thus, the non-selective interaction of NPs with tissues or cells 

leads to long circulation time. Actually, the PEG coating has been applied in numerous 

pharmaceutical drugs and cosmetic products. As shown in Figure 2.3.10, the dependence 

of blood half-life of PEG coated Au nanospheres on both particle size and molecular 

weight of PEG coating were demonstrated. As the molecular weight of PEG increased and 

the core size of NPs decreased, the circulation time was enhanced. Specifically, the longest 

circulation time (roughly 50 hours) was achieved with 20 nm (core diameter) of Au NPs 

Figure 2. 3. 10 Dependence of the blood half-life of PEG coated Au nanospheres on 
both particle size and molecular weight of PEG coating. 
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and biggest molecular weight of PEG (10 kDa). When considering hydrodynamic size, 

the actual size in an aqueous medium, is totally different from core size of metal NPs. For 

example, Au nanospheres with 20 nm core size and 10 kDa PEG coating, the 

corresponding hydrodynamic size is up to nearly 60 nm. As mentioned earlier, the 

maximum cellular uptakes in terms of size of NPs is nearly 50 nm. Hence, a size around 

50 nm is both optimial for blood circulation and cellular uptake, and consequently is 

beneficial for photothermal therapies. In addition, the accumulation amount of 

photothermal NPs also relies on the surface modification. Such phenomenon is similar to 

the cellular uptake for in vitro experiments. For example, the surface charges of NPs are 

crucial for cellular internalization and membrane adhesion. NPs with positive surface 

charges are efficient for endocytosis whereas NPs with negative surface charges are 

distributed evenly in the whole tumor. Based on this concept, it is necessary to conduct 

biological distribution investigation for the chosen NPs before the actual photothermal 

treatment.  

Apart from Au nanomaterials, the biodistribution of copper chalcogenide was studied by 

Ai et al. The [64Cu]CuS NPs were synthesized by reacting 64CuCl2 with Na2S and sodium 

citrate. 15 NPs with core size of 5 nm was consequently achieved. To study the surface 

modification effects on cellular uptakes and biodistribution, the [64Cu]CuS NPs were 

further coated with a PEG layer and a bombesin functionalized PEG (Bom-PEG) layer. 

The final size of PEG-[64Cu]CuS was near 8 nm whereas the size of Bom-PEG-[64Cu]CuS 

was about 50 nm. According to the microPET-CT imaging, Bom-PEG-[64Cu]CuS NPs 

appeared as enhanced cellular uptakes and more even biodistribution among different 

organs. However, no matter which kind of surface coating, the liver and kidney remained 

the most accumulated organs for CuS NPs.  
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2.3.4 Dual- and Multi-modal PTT-based Therapy 

In complicated diseases, such as cancer, monotherapy cannot achieve satisfactory 

therapeutic outcomes due to the limitations of individual therapies, such as drug resistance, 

thermotolerance, incomplete tumor eradication, tumor occurrence. To address such 

obstacle, extensive efforts have been devoted in combined therapy, due to the 

complementary effects of two or more treatments, which may lead to enhanced (1+1>2) 

therapeutic effects. 207 For example, in some cases, radio sensitizing drugs on the one hand 

can kill cancer cells via chemotherapy, and on the other hand can sensitize tumor cells to 

ionizing radiation. 208-210 This bimodal therapy indeed provides better performance for 

cancer treatment. In this section, multimodal therapy is described as the integration of 

different individual treatments into a single unit, which possesses much higher therapeutic 

effects than monotherapy. Moreover, the limited efficacy and possible side effects derived 

from monotherapy could be compensated by different therapeutic methods and give rise 

to a strong anticancer effect with low or moderate dosages of cancer drug.  

Actually, combined therapy is not only the simple mixing of individual therapies, a 

synergistic effect needs to be realized according to the cooperation of multiple therapeutic 

modalities. With the fast development of nanotechnology, different therapeutic agents are 

capable to be integrated into one nanostructure via diffusion, 120 physical adsorption, 211 

and chemical binding, 212 hence realizing the “task” for multimodal therapy. Importantly, 

NPs have several advantages which are far beyond small molecule drugs in biomedical 

applications. First, NPs with a desired size distribution are easily accumulated in a tumor 

site via EPR effect. 193, 213 Second, versatile surface modification can reduce or enhanced 

the cellular uptakes of NPs. 177, 214 Third, the huge surface area of NPs provides sufficient 
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sites for the absorption and protection of therapeutic agents in complex physiological 

environments. 7, 215 In addition, functionalized NPs can control the release profile of the 

drug payload in response to external stimuli, such as light, heat, pH, GSH, which avoid 

premature drug release and alleviate the potential side effects. 216-218 Hence, much more 

effort has been devoted to realizing high performance NPs for multimodal synergistic 

therapy, which on the one hand can achieve robust treatment efficacy, and on the other 

hand can reduce the conventional resistance from monotherapy.  

2.3.4.1 Photothermal Enhanced Chemotherapy 

The enhanced therapeutic effects of the combination of PTT and chemotherapy have been 

extensively studied. It has been reported that synergistic effects exist between heat and 

some anticancer drugs. Upon high temperature, the cytotoxicity of anticancer drug is 

highly improved. For example, Chan and his co-workers found that the treatment efficacy 

of cisplatin was elevated in hyperthermia conditions induced by AuNRs according to the 

MTT assay. 43 In addition, by encapsulating anti-cancer drugs into a photothermal 

nanocarrier, the cytotoxicity of drug may be enhanced further with reduced side effects 

due to the controlled release mechanism. A typical example was mentioned earlier, where 

Yavuz et al. applied thermal-responsive polymer (poly-N-isopropylacrylamid) on porous 

Au nanocages as pore-gates to control the release behavior of inner loaded drug. 186 The 

thermal responsive polymer exhibited a conformation change with temperature alternation. 

At high temperature, the polymer chain collapsed and enabled an efficient drug release 

from the nanocages. However, when the temperature was below a critical value (39℃), 

the polymer recovered into an initial long chain and blocked the drug release channel. 

Based on this concept, laser induced high temperature by Au nanocages on the one hand 
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can induce cell apoptosis by heat, and on the other hand can trigger drug release behavior. 

Yavuz and his co-workers further performed combined therapy on breast cancer cells 

under 20 mW/cm2 irradiation, with different exposure times. 60% of cell viability was 

achieved by 2 min of irradiation and a further decreased cell viability was achieved with 

5 min of irradiation. By contrast, by culturing empty Au nanocages with breast cancer 

cells, only 10% of cell apoptosis was obtained under laser treatment.  

The high temperature induced by photothermal agents can facilitate chemotherapy in other 

aspects, such as enhancing the cellular uptakes and controlling the drug release. 219-222 The 

CuS nanoparticle coated with mesoporous organosilica (CuS@PMOs) is such an example 

to demonstrate the enhanced tumor cell uptakes in mild-hyperthermia conditions, as 

demonstrated in Figure 2.3.11(a). 223 With the well-control CuS concentration and the 

Figure 2. 3. 11 (a)The Schematic of DOX-CuS@PMOs for synergistic PTT-enhanced 
chemotherapy. (b) Mean fluorescence intensity (MFI) of U87MG cells after 
incubation with varied concentrations of DOX-CuS@PMOs for 30 min without or 
with 808 nm laser irradiation. (c) The Relative uptake of CuS@PMOs by U87MG 
cells after coincubation for 30 min with or without 808 nm laser irradiation. (d) The 
Viabilities of U87MG cells treated with free DOX and DOX-CuS@PMOs, with or 
without 808 nm laser irradiation. The DOX fluorescence signal in tumors treated by 
injection of free DOX and DOX-CuS@PMOs, (e) with or without 808 nm laser 
irradiation. (f) The Tumor growth curves subjected to different treatments. 
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irradiation duration, the localized temperature was maintained at 41-43 °C, offering mild 

hyperthermia treatment. In this condition, irreversible injury did not occur whereas the 

membrane permeability was hugely improved for uptakes of CuS@PMOs, as indicated in 

Figure 2.3.11(c). The loaded DOX was much easier to be internalized into cancer cells 

and a higher concentration of DOX in cells was achieved by NIR laser illumination, as 

shown in Figure 2.3.11(b). The efficacy of the combined therapy of PTT and 

chemotherapy is illustrated in Figure 2.3.11(c). In addition, this strategy was also effective 

in vivo, as indicated by the DOX fluorescence signal in the tumor, compared to free DOX 

or DOX loaded CuS@PMOs without NIR irradiation, as illustrated in Figure 2.3.11(e). 

Consequently, a greatly suppressed tumor growth was achieved by the combinational 

chemo-PTT, as shown in Figure 2.3.11(f). A similar research study was reported by Hu et 

al. 46 A dual functional nanoplatform (CuS@mSiO2-PEG) for combined PTT and 

chemotherapy was fabricated for the treatment of HeLa cells. Due to the nature of silicon 

dioxide, CuS@mSiO2-PEG appeared biocompatible and porous, and is suitable for cell 

culturing and drug loading. In addition, the grafted PEG layer avoided the burst release of 

the loaded drug. In this case, a high loading capacity of Dox with 26.5 wt% was achieved. 

Upon 980 mn laser irradiation, a highly control-demand manner for drug release was 

achieved. According to the MTT assay in Figure 2.3.12(a), CuS@mSiO2-PEG exhibited 

negligible cytotoxicity even at high concentration, such as 500 ppm. When the drug-

loaded difunctional nanoplatform was illuminated by NIR laser light, the chemotherapy 

and PTT were activated at the same time, leading to a more reduced cell viability than the 

individual therapeutic method. The efficacy of single or combined PTT and chemotherapy 

are illustrated in Figure 2.3.12(b). The behavior of thermal-responsive drug release builds 
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a connection between PTT and chemotherapy, which leads to enhanced anticancer therapy 

for tumor regression and eradication.   

It has been reported that PTT has high potential to eradicate primary tumors however it is 

impossible to kill metastatic cancer cells. By contrast, chemotherapy is robust to deal with 

both primary and metastatic tumors. Thus, the combination of PTT and chemotherapy 

may bridge the gap in this issue. 224 Recently, Moon et al. proposed a chemo-PTT for the 

treatment of advanced metastatic cancer. 197 Au nanostars coated with polydopamine were 

first synthesized and cultured with cancer cells. Compared to bare Au nanostars, the 

polydopamine coating provided biocompatibility and thermal structure stability, which 

hugely maintained the full potential of photothermal performance of Au nanostars under 

laser irradiation. According to Moon and his co-workers, only after a single round of PTT 

and chemotherapy (treatment with sub-therapeutic dosage of Dox),were robust anti-tumor 

immune responses activated, subsequently eradicating local and distant tumors (untreated) 

in more than 85% efficiency on CT26 colon carcinoma bearing mice. Such treatment 

strategy was further performed on TC-1 submucosa-lung metastasis with promising 

therapeutic effects. Due to the outstanding antitumor and anti-metastasis performance, the 

Figure 2. 3. 12  (a)The Cell viability of CuS@mSiO2-PEG nanocarriers with varied 
concentration. (b) The in vitro efficacy of single or combined PTT and chemotherapy. 
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combination of PTT and chemotherapy may shed new light on the efficient treatment for 

metastatic cancer.  

2.3.4.2 Gene Therapy Enhanced PTT 

Due to the rapid development of chemistry and materials, currently it is feasible to control 

the surface modification on NPs, which extend the application far beyond the nature of 

NPs. Among all the extended applications, gene delivery appears the most promising one 

for compensating the drawbacks of PTT, and, hence obtaining an enhanced therapeutic 

outcome. One of the drawbacks involved with PTT is the induction of heat shock proteins. 

167 When cells are exposed to stressful conditions, such as high temperature, UV light, and 

tissue remodeling, a family of heat shock proteins would be generated immediately to 

reverse the cellular behavior induced by environment changes. If heat shock proteins 

appear in the cancer cells, the efficacy of PTT is going to be rapidly reduced. Gene therapy 

can inhibit the expression of heat shock proteins for achieving the full potential of PTT. 

40 As mentioned in the last section, hyperthermia conditions can enhance the cellular 

Figure 2. 3. 13  (a) GNRs-siRNA inhibited tumor growth in the xenograft model after 
irradiation by the 810 nm laser. The average tumor growth percent of tumors from 
different groups (G1-G5) in the xenograft model measured every other day after the 
treatment. (b) The photographs of the harvested xenograft tumors from different 
groups (G1-G5) on 18 day after the indicated treatment. 
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uptake behavior of tumor cells. Hence, the performance of gene therapy can also be 

facilitated by photothermal heat and the effects of dual therapy may produce hugely 

enhanced synergistic therapeutic outcomes. 225-228  

Li et al. proposed a new strategy for this situation, which integrated AuNRs with BAG3-

siRNA. 40 On the one hand, the localized heat generated by AuNRs can induce cancer cell 

apoptosis, on the other hand, the siRNA oligos can target BAG3 and efficiently block the 

expression of heat shock proteins. Compared to commercial gene delivery products, 

Lipofectamine 2000, a comparable or even better gene silencing effect was obtained by 

GNRs-siRNA. According to the results shown in Figure 2.3.13, the combined therapy 

demonstrated an excellent result for in vivo tests with shrunken volumes of xenograft 

tumors. Hence, the silencing of BAG3 reduced the expression of heat shock proteins and 

sensitized cancer cells to photothermal heat. This work also provided a strategy to achieve 

low cell viability with moderate or even low laser power density.  

Apart from affecting the expression mechanism of heat shock proteins directly, Zhang et 

al. tried to make tumor cells vulnerable by interfering with the anaerobic glycolysis 

metabolism in cells. 229 Specifically, AuNRs were coated with hyaluronic acid (HA), 

containing the CD-44 targeting moiety and Glut1 inhibitor of diclofenac (DC), to form 

GNR/HA-DC. With the targeting ability towards CD44, the GNR/HA-DC was firstly 

recognized by tumor cells followed by a trigger-release of DC with hyaluronidase (HAase), 

which extensively appeared in tumor sites. The detached DC reduced the expression level 

of Glut1 in tumor cells and hence resulted in a cascade effect on cell metabolism. 

Specifically, the glucose uptake level would firstly be restricted, followed by reduced ATP 

levels and much lower expression of heat shock proteins (the expression of Glut1, heat 
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shock proteins 70 (HSP70) and 90 (HSP90), was greatly inhibited as confirmed by western 

blots, as shown in Figure 2.3.14(a,b)). The inhibition of Glut1 makes tumor cells 

vulnerable and sensitized to heat. According to in vitro and in vivo tests, combined therapy 

demonstrated better performance than individual therapy alone. What is more, the HeLa 

tumor in the treated mice shrunk after combinational therapy for 12 days. The relative 

tumor volume after each treatment with time is illustrated in Figure 2.3.14(c), while the 

tumor weight and size is illustrated in Figure 2.3.14(d,e). In general, this combination 

involved understanding and manipulation of the biological response related to PTT. By 

taking full potential of the combined effect between PTT and gene therapy, a highly 

enhanced therapeutic effect is achieved.  

2.3.4.3 Multimodal Synergistic Therapy 

Although the previously mentioned bimodal therapies have already been proven to be 

more effective than monotherapy, the therapeutic outcomes can be further enhanced by 

the cooperation of three individual therapeutic modalities. Moreover, the combination of 

Figure 2. 3. 14 The protein expression level of Glut1 (a), HSP70 and HSP90 (b), with 
GAPDH as the reference proteins. Relative tumor volume after different treatments 
(c). The average tumor weight obtained on the 12th day (d). The representative 
photographs of tumor tissues (e).  
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three therapies may hugely reduce the dosage needed for an efficient treatment, resulting 

in an even lower side effect.  

Xu et al. fabricated a hollow nanostar for the combination of PTT, chemotherapy, and 

gene therapy. 120 Specifically, the star-shape hollow SiO2 contained an Au cap inside 

which provided the photothermal capability. The hollow cavity was responsible for the 

drug encapsulation. By grafting ethanolamine-functionalized poly-(glycidyl methacrylate) 

(denoted as BUCT-PGEA) brushes on the surface of SiO2, Au@SiO2-PGEA exhibited a 

good transfection performance for gene delivery. What is more, according to Xu et al., the 

star shape NPs with sharp horns appeared to have a higher tendency for cellular uptakes 

than spherical NPs. The morphology of hollow nanostars is demonstrated in Figure 

Figure 2. 3. 15 (a) The TEM image of hollow nanostars. (b) The thermal photos of 
laser irradiating mice. (c) The relative tumor volume of treated mice with time being.  
(d) The photos of harvested tumor from treated mice. 
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2.3.15(a). Similar to the combination of PTT and controlled drug release, the drug release 

profile in SiO2 can also be controlled by the photo-induced-heat under NIR laser 

irradiation. Such a nanoplatform provides complementary therapy and achieves promising 

results in tumor therapy. As illustrative in Figure 2.3.15(b-d), with more complicated 

combination of therapies, better therapeutic results are achieved. Moreover, a highly 

shrunken tumor was observed after 12 days of treatment administration.  

Such a rattle nanostructure has been applied in multimodal therapy by other research 

teams. Zhang et al. adopted this strategy for integrating chemo-, photothermal, and 

photodynamic therapy into single one unit. 76 A distinct feature beyond other rattle 

nanostructure was that the yolk shell nanostructure in this work which composed of 

AuNRs and the copper sulfide (CuS) shell has resonance energy transfer (RET) behavior 

which hugely enhances the HCE and photodynamic performance under laser illumination. 

Similar to SiO2 nanocages, CuS nanocages were also capable of drug storage and achieved 

controlled release by surface modification of a thermal-responsive polymer. In this work, 

a series of Au nanostructures with ever elongating geometry was embedded into a CuS 

Figure 2. 3. 16 (a) The relative tumor volume of treated mice. (b) Representative 
photos of treated mice at the end of treatment. 
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shell and shined with various lasers with different wavelengths, including 520, 700, 808, 

860, and 980 nm. The most prominent photothermal and photodynamic agent was chosen 

accordingly and applied in tumor treatment. After intravenous injection of Au-CuS NPs 

into 4T1 tumor-bearing mice, NPs were greatly accumulated in the tumor area. The tumor 

volume exhibited a treatment dependent variation, as shown in Figure 2.3.16(a). Moreover, 

after 15 days of the comprehensive treatment, total disappearance of the tumor was 

observed in Figure 2.3.16(b). Hence, this new nanostructure provides a novel strategy to 

enhance the treatment efficacy by enhancing the performance of photo-related therapy and 

combined with chemotherapy.  

In general, the photothermal heat on the one hand can induce tumor cell apoptosis, on the 

other hand can improve the cellular uptakes of nanomaterials which give rise to stronger 

efficacy in the combined therapy. The various combinations of therapeutic methods (other 

than PTT) can achieve different interesting purposes, such as overcoming the multidrug 

resistance (MDR) (gene therapy&CT), 230 suppressing the antioxidant expression (gene 

therapy&PDT), 231 inducing immunogenic cell death (CT&IT), 232 etc. Hence, it will be 

beneficial for cancer patients to integrate different therapies due to the various possibilities 

and enhanced therapeutic outcomes. Although the study for multimodal therapy is at an 

early stage, the reported preliminary investigations are already shed new light on future 

cancer therapies by nanotechnology.  

2.4 Solar Thermal Utilization 

With the rapid development of human society and the ever-growing population, energy 

consumption remains the most significant issue in recent decades. To satisfy the daily 

requirement of energy in households, agriculture, industrial activities, and economic 
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development, 52 nearly 1.575 × 1017 Wh was used each year, as indicated by International 

Energy Outlook 2013. 233 Among all the energy sources, coal, oil, and gas provided more 

than 85% of total energy, however, these conventional energy sources clearly have two 

drawbacks. On the one hand, the total source amount is limited and unsustainable; on the 

other hand, the burnt by-product, CO2, is unavoidable and fundamentally alters the climate 

in our world. Among all the proposed strategies for addressing the energy crisis, utilizing 

solar energy is the most promising and safest in providing sufficient energy. Specifically, 

an hour of solar energy received by the earth may satisfy the human needs for an entire 

year. Hence, solar energy has attracted extensive attention in scientific and social 

communities. Various solar evolved technologies have been proposed, such as 

photovoltaic, photocatalysis, power generation, and water desalination etc., in recent years.  

Within the past few decades, due to the steadily increasing demand for freshwater supply, 

the water crisis is a major global risk in current times. The growing world population, 

enhancing living standards, and developing industrial and agricultural activities are the 

major driving forces for the freshwater consumption. 13, 63 Owing to the spatial and 

temporal diversity of freshwater distribution, water scarcity is significant in some areas 

and hugely affect people’s lives in these regions. There are still more than 4 billion people 

live under severe water scarcity for more than one month per year. What is more, half 

billion people, from India, Pakistan, Egypt, Mexico, Saudi Arabia, and Yemen, live under 

severe water scarcity all year around.234  

Paradoxically, over 70% of our planet is covered by oceans, 57 which contains more than 

1.4×109 km3 and accounts for 96% of water on the Earth. 57 However, seawater cannot be 

drunk or used directly for human activities due to the existence of salts. To realize the full 
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potential of seawater by extracting freshwater, scientists have suggested numerous 

methods to achieve this goal. Among them, seawater reverse osmosis (SWRO) is currently 

a mature approach to isolate freshwater from the ocean on a large scale. However, the 

energy consumption and equipment fabrication and maintenance cost for SWRO is 

appreciable. To be specific, the unit cost for one cubic meter of water is around 0.5 

U.S.dollar with energy consumption of 3-4 kW h m-3. What is more, due to technical 

issues, only 50% of freshwater is feasible by SWRO method. Another approach to extract 

freshwater is by evaporation and condensation of water. Actually, evaporation is a very 

common physical phenomenon in nature, and refers to a phase change of water from liquid 

to vapor state. By creating vapor from seawater, it is feasible to achieve desalination and 

freshwater collection. Conventionally, in industrial activities, there are two major routes 

to create water vapor. The first route is to heat bulk water by burning coal or other 

substance, which requires energy supply and produces environmental pollution. Another 

route is solar-driven vapor generation, which heats water to a boiling state by solar energy 

with optical devices. 235 The indispensable mirrors, high cost and low efficiency in 

conventional solar-driven vapor generation system hindered its commercialization. 

However, great efforts have been devoted by scientists to discover and develop a feasible 

and efficient solar-driven vapor generation system. 8, 56, 64, 235 In Recent years, a new 

strategy for solar-driven vapor generation was proposed, integrating plasmonic 

photothermal materials and scaffold materials. Due to the promising performance of the 

light-to-heat behavior of photothermal agents, this newly developed system has excellent 

potential in providing future freshwater supplies.  
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2.4.1 Plasmonic Solar-driven Vapor Generation System 

In recent years, plasmonic materials were applied in solar-driven vapor generation systems 

due to its broad band light absorption and promising photothermal performance. 

Compared to conventional solar-driven vapor generation strategy, the newly system is 

convenient, low cost, easy to setup and operate.  

Actually, there are some portable product which can perform solar-driven fresh water 

supply, such as the solar still. 236 The solar still contains a small reservoir, upside-down 

conical transplant cap, and a freshwater container, as shown in Figure 2.3.17. However, 

due to the energy absorbed for bulk heating, the evaporation efficiencies are normally 30-

45% in solar stills. To improve the evaporation performance, scientists have suggested 

volumetric solar absorption approaches to increase the amount of solar-driven vapor, as 

indicated in Figure 2.3.18(b). 56, 237 Basically, plasmonic nanofluids are dispersed into 

Figure 2. 3. 17 The schematic of the water condensation process by solar still.  
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brine water and responsible for generating localized heat. The extra thermal energy inside 

this system may enhance the total evaporation efficiency. Although the nanofluids truly 

enhance the freshwater supply, some challenges, such as long-term stability of NPs and 

the feed ratio to the volume of brine water, seems very difficult to overcome. In recent 

years, an interfacial evaporation approach, as shown in Figure 2.3.18(c), was suggested 

which heated the surface of liquid water directly, resulted in excellent evaporation 

efficiency of over 60%. This strategy provides a smart way to heat only the surface of 

water rather than the entire amount of water, which hugely enhances the utilization 

efficiency of solar energy. Hence, the interfacial evaporation approach shed lights on the 

future development of plasmonic solar-driven vapor generation system.  

Figure 2. 3. 18 The schematic of bottom-heating-based evaporation (a), nanofluidic-
heating-based evaporation (b), and interfacial-heating-based evaporation (c). 
temperature. 
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2.4.2 Solar-driven Interfacial Evaporation System 

There are three major components for an interfacial solar-driven evaporation system: solar 

absorber, floating scaffold, and thermal insulator. 56 The solar absorber is the first and 

fundamental step for solar-driven evaporation, which convert solar energy into localized 

heat to accelerate the phase change from liquid to vapor. The floating scaffold on the one 

hand stores plasmonic NPs, and on the other hand ensures the localized heat at the surface 

of liquid. What is more, the floating scaffold should also ensure efficient water or vapor 

transportation beyond the interfacial area. 57 The thermal insulator can block the thermal 

energy from relaxing to the bulk water, hence thermal energy is efficiently applied for 

vapor generation. The combination of these three components results in an efficient water 

evaporation rate.  

Plasmonic NPs have aroused huge attention in solar-driven vapor generation systems due 

to the robust light-to-HCE. As mentioned in the previous section, under the irradiation of 

coherent light, the activated electron cloud is finally relaxing through e-p and p-p 

scattering, leading to temperature enhancement of surrounding environment. However, 

individual plasmonic nanostructures only absorbs a portion of light around their natural 

frequency. To address this obstacle, NPs with varying sizes have been integrated into one 

porous film. In this case, Au NPs were packed closely and their LSPR modes were 

overlapped and hybridized, leading to broaden the absorption peak range from 400 nm to 

10 μm with ~99% of absorption. Evaporate efficiency of over 90%was obtained under 4-

sun irradiation. However, in practical situations, such strategy maybe too complicated and 

require multiple synthesis procedures for the whole system. Hence, scientists have 
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designed and investigated numerous plasmonic nanomaterials to enhance the overall 

photothermal performance.  

Au NPs, as typical plasmonic nanomaterials, were studied first for plasmonic solar-driven 

evaporation systems. However, according to various reports, pure Au NPs did not show 

promising results in generating evaporation heat under 1 sun irradiation. An interesting 

study about the size effect of Au NPs on water evaporation can provide us with some 

inspiration. According to Wang et al., NPs with a size range in between 3 and 40 nm were 

prepared. The photothermal conversion efficiency was increased with larger diameter of 

Au NPs, under the same irradiation condition. Such findings are important in material 

design for efficient solar absorbers. To achieve enhanced solar vapor generation, Psaltis 

et al. prepared and studied the performance of hollow mesoporous plasmonic nanoshells. 

Such nanostructure starting with SiO2 beads (20 nm), followed by the surface attachment 

of small Ag dots. Au layer was then deposited on the outer surface, and after the removal 

of the inner SiO2 beads and outside Ag dots, mesoporous Au nanocages were formed. In 

addition, the absorbance peak was tunable with varying shell thicknesses and incomplete 

galvanic replacement. According to the authors, under the exposure of sunlight, vapor 

bubbles were formed simultaneously from the interior and exterior of Au nanocages. The 

missing inner core significantly enhanced the overall water evaporation rate. In addition, 

with thinner shell thickness, the water evaporation was higher. However, it was a 

volumetric experiment in this case, which definitely did not exhibit the full potential of 

mesoporous Au nanocages in solar-driven vapor generation.  

Although studies on the effects of morphology of Au nanostructures on solar-driven vapor 

generation is sparse, scientists have focused on the designs of the overall evaporation 
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system. For example, Bae et al. prepared a black Au membrane for vapor generation with 

a water evaporation efficiency of 57% under 20 sun irradiation. Naik et al. fabricated an 

Au aerogel for vapor evaporation, with a water evaporation efficiency of 76.3% under the 

exposure of 808 nm laser at 51 kW/cm2. Zhu et al. prepared an Au/nanoporous alumina 

template for vapor evaporation with the efficiency of 65% under 4 sun irradiation. He et 

al. fabricated an Au/filter paper absorber for vapor generation with an efficiency of 85% 

under 10 sun irradiation. He et al. prepared Au/poly(p-phenylene benzobisoxazole) 

nanofiber composites for solar vapor generation with an efficiency of 83% under 1 sun 

irradiation. Due to the great efforts devoted by scientists, the performance of Au based 

solar-driven vapor generation systems is better than before. However, the disadvantages 

of Au nanostructures, such as being easily fused together at high temperature and costly 

in large scale production, may hinder its development in future applications.  

To solve the aforementioned problems, scientists have studied another type of plasmonic 

nanomaterial, copper chalcogenide NCs, which has abundant resources, low fabrication 

cost, tunable LSPR peak, stable photothermal performance, and broadened absorbance. 

According to publications reported by researchers, various solid phases of copper sulfide 

NCs (Cu2-xS NCs) have been prepared, including Cu2S, Cu1.96S, Cu1.8S, Cu1.75S, Cu7.2S4, 

CuS, etc. with different sizes and geometries, including spherical, rod-, plate-, net-, 

flower-, tube-, wire-, and cage-shape. Due to the vast possibilities and the nature of Cu2-

xS NCs, various publications about the Cu2-xS-based solar vapor generator have been 

reported. For instance, Wang et al. prepared a CuS/polyethylene hybrid membrane for 

solar vapor generation with an evaporation efficiency of 63.5% under 1 sun irradiation. 

Chen et al. integrated the CuS nanoflower with a semipermeable collodion membrane 

(SCM) to perform solar vapor generation with an efficiency of 68.6% under 1 sun 
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irradiation. Wang et al. fabricated bi-layer evaporators by integrating Cu9S5 NPs and 

granular CuS with mixed cellulose ester film. Promising evaporation efficiencies of 60.1% 

and 80% were achieved under 1 sun irradiation, respectively. Although the performance 

of vapor generation is excellent, however, such SCM composite membrane may not be 

stable enough to endure long time exposure to light and water, in which the loaded Cu2-xS 

may detach from the SCM film, resulting in attenuation of the photothermal response.  

2.5 Current Challenges and Motives in Designing Plasmonic Photothermal Agents 

with Enhanced HCE  

In the past years, scientists have devoted huge efforts in studying the plasmonic behavior 

of noble metal nanostructures. Typically, Au nanostructures with strong LSPR effects 

have been forged into diverse morphologies with wide size ranges. Various applications, 

such as SERS sensing, 116 PTT, 39 solar cells, 238, and solar vapor generation 59 have been 

proposed due to the unique size- and shape-dependent LSPR effects. Generally, the 

morphology of noble metal nanostructures plays a dominant role over their size in regard 

tooptical properties. Hence, great efforts have been devoted to design and synthesis NPs 

with diverse shapes. For Au-based nanostructures, mature synthesis protocols were 

developed to prepare rod-, triangle-, star-, and cage-shaped NPs. The optical absorbance 

of Au nanostructures is capable to be tuned from the visible to the NIR region. However, 

acquiring the LSPR peak in the NIR region is comprehensive for Au NPs. For example, 

in order to maintain good optical properties, the size and shape of NPs are required to be 

as uniform as possible. Generally, Au nanostructures with distinct shape have higher 

uniformity with large size. Hence, the resultant plasmonic property is the tradeoff between 

morphology and size. Facing with specific applications, which have limitations or 
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requirements about both the optical property and size of NPs, Au-based nanostructures 

reached their ceiling. 

By contrast, semiconductor NCs, which are composed of more than one element, exhibit 

well-controlled optical properties by adjusting the size, morphology, and doping level. 

Copper chalcogenide NCs (Cu2-xE NCs, E=S, Se, Te), which is denoted as a new 

generation of plasmonic nanostructures, have caught extensive attention from scientists. 

The LSPR effect of Cu2-xE NCs is driven by the collective oscillation of valence holes and 

the carrier density is 1-2 orders lower than noble metal NPs. The optical absorption of 

Cu2-xE NCs can be easily tuned from 800-1600 nm by adjusting the stoichiometry with 

limited size (~10 nm). The prominent physical properties endow Cu2-xE NCs with higher 

potential in NIR-absorption applications. Moreover, the morphology of Cu2-xE NCs also 

has a huge impact on the overall optical properties. For example, compared to Cu2-xS 

nanospheres, Cu2-xS nanoplates exhibit two LSPR modes (in-plane LSPR (1600-1900 nm), 

out-of-plane LSPR (>3100 nm)) 125 with far more redshifted wavelength. Despite the 

promising features of Cu2-xE NCs, it is generally difficult to fabricate Cu2-xE NCs with 

distinct morphology. Conventionally, colloidal synthesis and cation exchange post 

treatment were applied by researchers to prepare Cu2-xE NCs with unique shapes. 

Generally, strict reaction conditions, expensive and toxic chemical use, and large chemical 

waste hinder the investigations and applications of Cu2-xE NCs. Hence, it is of great 

significance to fabricate Cu2-xE NCs with non-spherical shapes by a facile approach. 

Despite the controllable optical properties of plasmonic nanostructures, their 

photothermal capabilities play a fundamental role in many applications. For example, in 

the PTT of cancer treatment, sufficient high temperature is required to achieve 
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hyperthermia effects on therapeutic sites. Conventionally, due to the limited HCE (HCE) 

of photothermal agents, a high concentration of NPs or a high-power laser was proposed 

to promote the overall treatment efficacy. In this case, unexpected cytotoxicity or 

collateral damage may be induced that affects healthy tissues. Moreover, due to the limited 

penetration of NIR light, high HCE of plasmonic nanostructures is required to respond to 

irradiation and generate heat. Hence, it is essential and urgent to develop photothermal 

agents with enhanced HCE. Generally, due to the development of chemistry and materials 

in recent decades, the photothermal response of single one-body plasmonic NPs is 

reaching a ceiling. To exploit the full potential of nanotechnology, NPs with complex and 

comprehensive structures and compositions are required. Herein, a rattle type 

AuNR@Cu2-xS NRs is suggested. Due to the plasmon interaction between the core and 

shell materials, enhanced energy utilization is expected. By precisely controlling the 

dimensions of NPs, shell thickness, and gap distance between the core and shell, HCE of 

over 50% was achieved, which is much higher than individual components (regardless of 

the core or shell NPs alone). 

When considering therapeutic methods, monotherapy always suffers from insufficient 

treatment efficacy. Currently, although PTT already exhibits tremendous potential in 

cancer therapy, it also faces the same issues regarding monotherapy. In contrast, combined 

therapies have been shown to be effective both in clinical and preclinical ways due to the 

synergistic effects. To boost the therapeutic outcomes of PTT, multimodal therapy, which 

combines additional gene therapy or chemotherapy, has been proposed. However, in most 

reported research works, each modality of combined therapy behaves separately without 

effective cooperation. For example, the chemotherapy of Dox is usually combined with 

PTT. However, the existence of heat does not enhance the cytotoxicity of Dox, or the 
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existence of Dox does not sensitize cells upon thermal energy. To reach the maximum 

efficacy of combined therapy, it is essential to consider the relation among each modality 

of the combined therapy. In this research work, comprehensive strategies are proposed to 

integrate gene therapy, PTT, and chemotherapy. The Cell proliferation rate and heat shock 

response are considered to promote the efficacy of PTT. 

Plasmonic nanostructures also exhibit huge potential in solar vapor generation. To solve 

the global problem of freshwater shortage, tremendous efforts and funding have been 

devoted. Currently, seawater desalination by SWRO is extensively used in many countries. 

However, energy costs and facility maintenance fees cannot be neglected in the long run. 

In recent years, scientist have focused on solar vapor generation, which generate water 

vapor according to solar energy. Since there is more than 70% of Earth surface are covered 

by seawater and solar energy seems to be infinite, it is a brilliant idea to generate unlimited 

amounts of freshwater by infinite energy source. To achieve this goal, various materials, 

such as Au NPs, 14 concentrating ceramics, 63 and graphene oxide, 58 have been proposed 

and assembled in membrane or gel structures. However, the limited HCE of materials, 

low efficiency in water transportation and insufficient thermal energy utilization hindered 

the development in this field. Moreover, due to the nature of large scale implementation 

of the solar vapor generator, the fabrication costs are also important. To fulfill the 

requirements of practical highly efficient solar vapor generation, Cu2-xS NRs with 

promising HCE, low costs, low cytotoxicity, and robust thermal stability are proposed 

herein. PVA gel with hierarchical inner structures, 153 which possesses efficient water 

transportation rate, is applied to cooperate with Cu2-xS NCs for efficient thermal utilization. 

In general, the resultant solar vapor generator exhibits promising results for water 

evaporation.  
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Chapter 3 Nanofabrication and Characterization of Plasmonic 

Structures 

3.1 Materials and Synthesis 

In this section, the synthesis details about plasmonic nanomaterials of Au and copper 

chalcogenide with different sizes and morphologies are presented.  

3.1.1 Synthesis of AuNRs 

Materials 

Cetyltrimethylammonium bromide (CTAB, ≥99%), chloroauric acid (HAuCl4∙3H2O, 

≥99,9%), Ag nitrate (AgNO3, ≥99%), ascorbic acid (ACS grade), sodium borohydride 

(NaBH4, ≥99%) were purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 37%) was 

purchased from RCI Labscan. All chemicals were used as received without further 

purification. 

 

AuNRs were prepared via a seed-mediated growth method. The overall synthesis process 

was separated into two steps, (1) Au seed synthesis and (2) anisotropic growth on Au seed.  

Au Seed Synthesis: 

At first, prepared 10 mM HAuCl4 and 100 mM CTAB solution with deionized water. It 

should be noted that CTAB can be totally dissolved in water with elevated temperature 

(higher than 27℃). High temperature (45℃) with ultrasonication can assist complete 

dissolution of CTAB in few minutes without the appearance of precipitates. Then, the 

mixed 0.25 mL of 10 mM HAuCl4 with 10 mL of 100 mM CTAB gently and the final 
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solution appear brown in color. 100mM of NaBH4 solution with ice-cold deionized water 

was prepared. Since NaBH4 is not stable at room temperature, an ice-cold environment 

can maintain the reducing ability of NaBH4 before chemical reaction. Next, we injected 

0.6 mL of NaBH4 solution into the mixture of CTAB and HAuCl4, followed by rapid 

inversion of 2 minutes. The solution was then kept at 28℃ for 2 hours before use.  

AuNRs synthesis: 

To make rod-shape Au nanostructures, mature Au seeds were required to be injected into 

the Au growth solution. The Au growth solution was prepared as follows. In the last 

paragraph, we already have CTAB solution and HAuCl4 solution. In this step, 10 mM 

AgNO3, 1.0 M HCl and 0.1 M ascorbic acid solution were also required. Specifically, 2 

mL of 10 mM HAuCl4 and 0.4 mL of 10 mM AgNO3 were added into 40 mL of 100 mM 

CTAB solution under magnetic stirring at moderate speed. Then, 0.8 mL of 1.0 M HCl 

and 0.32 mL of 0.1 M ascorbic acid were further added in sequence. After the addition of 

ascorbic acid, a color change from brown to color-less was observed, indicating the 

reducing of Au ions. Finally, 96 uL of seed solution was injected into the above growth 

solution and kept at 28℃ for 6 hours. It should be noted that during the 6 hours growth 

process, the growth solution can never be interrupted, otherwise the yield of NRs will be 

hugely reduced, forming larger nanospheres. After 6 hours, the resultant AuNRs were 

collected by centrifugation at a speed of 12,000 rpm for 20 minutes. Depending on the 

desired concentration, different amounts of water were added to disperse the AuNRs 

pellets.  
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The aspect ratio of AuNRs can be varied by adjusting the amount of AgNO3 and HCl. The 

overall size of AuNRs can be tuned by adjusting the amount of Au seeds and replacing 

ascorbic acid with another reducing agent with stronger or weaker reducing ability.  

 

3.1.2 Synthesis of Copper Sulfide NCs 

Materials 

Copper chloride (CuCl2, 99%) and Polyethyleneimine (PEI, Mw=~2,000, 50 wt. % in 

H2O) were purchased from Sigma-Aldrich. Sodium sulfide (Na2S, ≥90%) and citric acid 

(99%) were purchased from Acros Organics. All chemicals were used as received without 

further purification. 

 

Synthesis of Citrate Capped CuS Nanospheres 

At first, 100 mL of 1 mM CuCl2 solution and 1 mL of 100 mM Na2S with deionized water 

was prepared and the CuCl2 solution with 20 mg sodium citrate mixed with magnetic 

stirring for 10 minutes. After sodium citrate was completely dissolved, the color of the 

solution became pale blue. Then, 1 mL of Na2S solution was further added under stirring 

and the color of the solution became reddish brown. The reaction mixture was placed into 

85℃ water-bath for 15 min and the color of solution became dark green which indicated 

the formation of CuS NCs. Next, we cooled the CuS dispersion in an ice bath. To collect 

the citrate capped CuS nanospheres, CuS dispersion was centrifuged with a triple volume 

of acetone at the speed of 10,000 rpm for 10 minutes. The resultant pellet was further 

dispersed into water to achieve the desired concentration.  



95 
 

Synthesis of PEI Capped Cu2-xS Nanospheres 

The synthesis procedure of the PEI capped Cu2-xS nanospheres is similar to the previous 

example. Herein, PEI behaves as a reducing and stabilizing agent similar to the role of 

citrate acid in the last synthesis method. PEI was first prepared at a concentration of 50 

mg/mL.  

100 mL of 1 mM CuCl2 mixed with 6.4 uL of PEI was magnetic stirred for 10 minutes, 

and the color of the solution became pale blue. Then, we added 1 mL of 100 mM Na2S 

into the reaction system under magnetic stirring for 10 more minutes. The color of solution 

became reddish brown. Next, the reaction mixture was placed into an 85℃ water-bath for 

15 min and the color of solution became brownish green, which indicated the formation 

of Cu2-xS nanospheres. Next, we cooled the Cu2-xS dispersion in an ice bath. To collect 

the PEI capped Cu2-xS nanospheres, the Cu2-xS dispersion was centrifuged with a triple 

volume of acetone at the speed of 10,000 rpm for 10 minutes. The resultant pellet was 

further dispersed into water to achieve desired concentration. 

Synthesis of PEI capped Cu2-xS NRs 

The synthesis procedure of the PEI capped Cu2-xS NRs is similar to the previous example. 

Herein, PEI behaves as a reducing and stabilizing agent similar to the role of citrate acid 

in the last synthesis method. PEI was first prepared at a concentration of 50 mg/mL.  

100 mL of 1 mM CuCl2 was mixed with 2 mL of PEI under ultrasonication for 10 minutes. 

The color of solution became blue. Then, 1 mL of 100 mM Na2S was added into the 

reaction system under ultrasonication for 10 more minutes. The color of the solution 

became reddish brown. Next, the reaction mixture was placed into the 85℃ water-bath 

for 15 min and the color of solution became green which indicated the formation of Cu2-
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xS nanospheres. Next, we cooled the Cu2-xS dispersion in an ice bath. To collect the citrate 

capped Cu2-xS nanospheres, the Cu2-xS dispersion was centrifuged with a triple volume of 

acetone at a speed of 10,000 rpm for 10 minutes. The resultant pellet was further dispersed 

into water to achieve desired concentration. 

 

3.1.3 Synthesis of Plasmonic Heterodimer NPs 

Materials 

Cetyltrimethylammonium bromide (CTAB, ≥99%), chloroauric acid (HAuCl4∙3H2O, 

≥99,9%), Ag nitrate (AgNO3, ≥99%), ascorbic acid (ACS grade), sodium borohydride 

(NaBH4, ≥99%), copper chloride (CuCl2, 99%), sodium hydroxide (NaOH, ≥98%) and 

ammonium hydroxide hydrochloride (NH4OH⸱HCl) were purchased from Sigma-Aldrich. 

Sodium sulfide (Na2S, ≥90%) and citric acid (99%) were purchased from Acros Organics. 

Hydrochloric acid (HCl, 37%) was purchased from RCI Labscan. Sodium dodecyl sulfate 

(SDS, ≥99%) was purchased from Invitrogen. Methoxy polyethylene glycol thiol (mPEG-

Thiol, Mn 2,000 Da) was purchased from Layson Bio. Lead acetate (Pb(OAc)2, 99.5%), 

Thioacetamide (TAA, ≥98%), and Tetraethyl orthosilicate (TEOS, 99.99%) were 

purchased from Aladdin. Acetic acid (≥99%) was purchased from Alfa Aesar. (3-

Aminopropyl)triethoxysilane (APTES, ≥99%) was purchased from Kuerhuaxue. All 

chemicals were used as received without further purification. 

Synthesis of Rattle-type AuNR@Cu2-xS NRs 

The rattle-types of AuNR@Cu2-xS NRs were prepared via the Kirkendall effect by 

applying copper oxide layer as a template to react with Na2S. In this protocol, AuNRs 

were first prepared through the protocol mentioned earlier however with the final 
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concentration of 2.5 mg/mL. 0.1 M CuCl2 solution, 0.2M ammonium hydroxide 

hydrochloride (NH4OH⸱HCl) solution, 1 M sodium hydroxide (NaOH), and 5 mg/mL of 

thiol-PEG solution were prepared with distilled water. 

The first step of synthesis was the Cu2O layer growth on the Au nanorod. Specifically, 87 

mg of SDS was added to 8 mL of deionized water under constant magnetic stirring (300 

rpm). Then, 50 uL of 0.1 M CuCl2 solution, 0.8 ML of Au nanorod dispersion and 250 uL 

of 1M NaOH were added in SDS solution in sequence. It should be noted that the reaction 

solution should be homogeneous before each chemical substance addition. 100 uL of 0.2M 

ammonium hydroxide hydrochloride (NH4OH⸱HCl) solution was further rapidly injected 

into the above solution and the mixture was inverted for one minute. The reaction system 

was placed into a 25℃ water-bath for 10 minutes. The Cu2O shell layer was formed by 

reducing Cu(OH)4
2- with NH2OH, while applying SDS as the stabilized agent. During this 

time, a clear color change from red to dark green was observed, which indicated the Cu2O 

layer formation. To collect the core@shell AuNR@Cu2O NRs, centrifugation was 

performed. The AuNR@Cu2O NRs dispersion was washed with water and re-dispersed 

in 5 mL of deionized water using ultrasonication. 

The conversion from Cu2O to Cu2-xS was achieved via the Kirkendall effect by reacting 

Cu2O with Na2S for few minutes in an ice-cold environment. Specifically, 5 mL of 

AuNR@Cu2O was placed in an ice bath for 5 minutes to control the reaction rate, followed 

by adding 10 uL of Na2S solution (0.25M). The reaction was maintained for 6 minutes. 

To collect the AuNR@Cu2-xS NRs sample, centrifugation at a speed of 8,000 rpm for 5 

minutes was performed and re-dispersed into 2 ML of deionized water. Actually, it may 

still have the residue of Cu2O materials in the as-prepared AuNR@Cu2-xS NRs. To remove 
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the potential Cu2O residue, 20 uL of 1M HCl was further added into the AuNR@Cu2-xS 

dispersion to perform selective etching. The final pure AuNR@Cu2-xS NRs were collected 

after further centrifugation and dispersed into water.   

Synthesis of CuS-gated hollow mesoporous silica 

The fabrication of CuS-gated hollow mesoporous silica required multiple steps, including 

the synthesis of sacrificial Lead sulfide (PbS) nanocores, the formation of positively 

charged hollow mesoporous SiO2 nanocapsules, the synthesis of citrate capped CuS NPs, 

and the assembly of hollow mesoporous silica and CuS NPs.  

The fabrication of lead sulfide nanocores 

In the beginning, 0.05 M CTAB, 1 M acetic acid, 0.5 M Pb(OAc)2 and 0.5 M TAA were 

prepared with deionized water. It should be noted that dissolution of Pb(OAc)2 and TAA 

for the 0.5 M concentration took a few hours to complete.  In the typical synthesis 

approach, 30 mL of distilled water, 5 mL of 0.05 M CTAB, and 0.4 mL of 1 M acetic acid 

were mixed in a three neck round bottom flask at room temperature with constant 

magnetic stirring. 2 mL of 0.5 M Pb(OAc)2 and 0.2 mL of 0.5 M TAA were further added 

in sequence with constant magnetic stirring for 10 minutes. The resultant solution was 

heated using a heating mantle to 80 ℃ with constant magnetic stirring for 5 hours. A color 

change from color-less to dark brown was observed in 5 hours, which indicated the 

gradual formation of the PbS nanocores. After the resultant nanoparticle dispersion back 

to room temperature, the PbS nanocores were collected by centrifugation (8000 rpm, 30 

min) and re-dispersed into 30mL of deionized water.  

The formation of positively charged hollow mesoporous SiO2 nanocapsules 



99 
 

Generally, the positively charged hollow mesoporous SiO2 nanocapsules were prepared 

by (1) growing SiO2 layers on PbS nanocores, (2) surface modifying the SiO2 layers with 

APTES to graft positively charges, and (3) etching the PbS nanocores away with 

concentrated HCl.  

The silica shell is firstly coated onto the surface of PbS NPs through the St�ber method. 

Specifically, 20% of TEOS solution was firstly prepared with absolute ethanol. Then, 1.2 

mL of the previously prepared PbS nanocores were diluted into 5 mL of solution followed 

by the addition of 300 uL of TEOS solution. The resultant dispersion was vortexed at 

moderate speed at room temperature for 20 hours. To collect PbS@SiO2 nanostructures, 

centrifugation was performed multiple times with water and ethanol. The PbS@SiO2 NPs 

was further thoroughly suspended in 5 mL of ethanol using ultrasonication. 20 uL of 

APTES was next added into the PbS@SiO2 EtOH dispersion and maintained at room 

temperature overnight. PbS@SiO2 NPs with amine-functionalization were collected by 

washing with EtOH several times. The final centrifuged pellet was suspended in 

concentrated HCI solution at 50 ℃ overnight to remove the inner PbS inner cores 

thoroughly. The positively charged hollow mesoporous SiO2 nanocapsules were finally 

obtained by washing with distilled water several times until the pH value reached 7. The 

thickness of the silica shell layer was controlled by changing the amount of silica precursor.  

The assembly of hollow mesoporous silica and CuS NPs 

The synthesis procedures of the citrate capped CuS NPs and silica nanocapsules were 

mentioned earlier. To assemble silica nanocapsules and CuS NPs, the weight ratio 

between these two components is of great importance. Specifically, 1 mL of SiO2 

nanocapsules were mixed with 3 mL CuS NPs dispersion under continuous stirring for 4 
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hours. The deposition of CuS NPs on the silica surface was due to the electrostatic 

attraction, since citrate has negative charges while APTES-modified SiO2 has positive 

charges. The SiO2@CuS nanocomposites were collected by further centrifugation and re-

dispersed into distilled water. 

3.1.4 Fabrication of Solar Vapor Generator  

Materials： 

Copper chloride (CuCl2, 99%) and Polyethyleneimine (PEI, Mw ~2,000, 50 wt. % in H2O) 

and were purchased from Sigma-Aldrich. Sodium sulfide (Na2S, ≥90%), Polyvinyl 

alcohol (PVA, Mw ~54,000) and Glutaric dialdehyde (50 wt.% solution in water) were 

purchased from Acros Organics. Hydrochloric acid (HCl, 37%) was purchased from RCI 

Labscan. All chemicals were used as received without further purification. 

Preparation of PVA gel 

A solar-driven vapor generation system requires two components: a plasmonic solar 

absorber and scaffold materials. The selected plasmonic nanostructures, PEI capped Cu2-

xS NRs, were synthesized according to previous protocol.  

Blank scaffold structures were fabricated by crosslinked PVA. Specifically, 1.0 g of PVA 

powder was dissolved in 10.0 mL of DI water with constant stirring at 90℃ until a 

homogeneous solution was obtained. After the PVA solution cooled down to room 

temperature, 125 uL of glutaraldehyde and 0.6 mL of HCl (1 M) was further added into 

the mixture in sequence to induce a crosslinking reaction. The reaction system was kept 

at room temperature for 2 hours without interruption for gelation. The resulting PVA gel 

was purified with deionized water for one day. Then, the PVA gel was dried under 

pressure to remove the inner water.  



101 
 

Preparation of CuS NRs-PVA gel 

Blank scaffold structures were fabricated by crosslinked PVA. Specifically, 1.0 g of PVA 

power was dissolved in 10.0 mL of DI water with constant stirring at 90℃ until a 

homogeneous solution was obtained. After the PVA solution cooled down to room 

temperature, 125 uL of glutaraldehyde and 240 uL (depending on the desired loading) of 

concentrated Cu2-xS suspension and 0.6 mL of HCl (1 M) was further added into the 

mixture in sequence to induce a crosslinking reaction. The reaction system was kept at 

room temperature for 2 hours without interruption for gelation. The resulting PVA gel was 

purified with deionized water for one day. Then, the PVA gel was dried under pressure to 

remove the inner water.  

3.2 Functionalization of Nanostructures 

3.2.1 Surface Modification of Nanostructures 

With the extensive development of nanotechnology, NPs have been proposed to be used 

in various fields, such as medicine, optics, catalysis, sensing, etc.  However, for most types 

of NPs, it is difficult to maintain their physical or chemical properties with bare surfaces. 

The main problem that occurs is particle aggregation. To avoid this, various stabilizing 

agents, or capping agents, have been developed to protect individual NPs. Actually, by 

covering with those capping agents, the original performance of NPs may even be 

enhanced and function continuously for a very long time. Hence, it is believed that the 

cooperation of NPs with capping agents will advance the field of nanoparticle-based 

applications.  
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Indeed, there is no universal capping agent which can be fitted in all applications. When 

faced with different purposes, customizing the capping agent is of great importance. For 

example, CTAB is a widely used capping agent for various types of NPs and it offers 

nanostructures excellent stability in an aqueous manner. However, if the selected NPs are 

to be used in an oil phase, ligand exchange is necessary to replace the CTAB with organic 

capping agents. When conducting bio-experiments, cytotoxicity is the key factor to be 

considered. However, CTAB, which is highly toxic, as reported in numbers of 

publications, 239 is definitely not suitable for nanoparticle-based bio-applications. Thus, it 

is essential to conduct suitable surface modification with specific aims.  

Generally, there are two methods to modify the surface of NPs, either direct reaction with 

small molecules, or replacing the original capping agents with larger amounts of selective 

agents via covalent bonds. The first type of modification is generally used for silica NPs. 

In this case, a non-aqueous environment is required to assist the modification process, 

since most surface modification for silica NPs relies on dehydration condensation. The 

existence of water may greatly reduce the reaction rate for molecule binding and may 

induce interconnection between individual nanoparticles. The second type of surface 

modification is generally universal for all types of inorganic NPs. The surface capping 

agents on NPs behave in a dynamic manner. The existing agents may detach from the NPs 

surface, and, in the meanwhile, the free capping agents in solution may also attach to the 

exposed surface via covalent bonds. Hence, when adding an excess of new capping agents 

into the nanoparticle dispersion, after a certain period of time, the original capping agents 

can be replaced by new capping agents. A typical example for ligand exchange of CuS 

NPs is introduced here.  
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10 mL of citrate capped CuS NPs were mixed with 10 mg of thiol-PEG and stirred 

magnetically for 1 hour. After centrifugation, the PEG capped CuS NPs were re-dispersed 

into deionized water. According to the hydrodynamic size, after the ligand exchange, CuS 

NPs had a larger size due to the relatively long chain of thiol-PEG.  

Ligand exchange could also transfer NPs from an organic phase into an aqueous phase. 

Compared to the ligand exchange process in the aqueous phase, ligand exchange across 

two phases requires an “assistant layer” which can be miscible with both the organic and 

aqueous phases. A typical example for phase transfer of CuS NPs is introduced here.  

CuS NPs stabilized with oleic acid and oleylamine were suspended in chloroform, GSH 

solution with 154 mg GSH and 2 mL H2O was prepared. The pH value of the GSH solution 

was adjusted to 9 by using 200 uL of 5M NaOH. Next, 2 mL of organic phase CuS 

dispersion, 2 mL of GSH solution, and 2 mL of ethanol were added into a clear vial in 

sequence. The mixture was magnetically stirred vigorously for 1 hour. It was observed 

that CuS NPs were transferred into the aqueous layer. 

The listed examples only present typical situations of surface modifications. When faced 

with different goals, different polymers may be involved. However, following the basic 

concept mentioned here, NPs with various surface coatings can be achieved.  

 

3.2.2 Preparation of Multifunctional NPs 

To achieve enhanced therapeutic performance in disease treatment, dual modal or multi-

modal nanoparticle-based therapies have been proposed by scientists. According to the 

reported works, it has been proven that such combinations of therapies are more efficient 
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than monotherapy. The basis of multifunctional NPs is the successful integration of 

individual functional components. One of interesting combinations is photo-

chemotherapy, which is composed of drug reservoirs and photothermal agents.  

3.2.2.1 Dual Functional NPs for PTT and Chemotherapy  

Herein, mesoporous hollow silica NPs, synthesized according to the mentioned protocol, 

are regarded as drug reservoirs. The larger inner cavity is designed for drug storage 

whereas the interconnected mesoporous features can assist the drug encapsulation and 

release. By further attaching negatively charged CuS NPs on the outer surface of silica 

NPs, on the one hand the CuS NPs can block the pores to prevent premature drug release, 

and, on the other hand can behave as photothermal agents to perform PTT and trigger drug 

release. The preparation process of drug loaded CuS gated hollow mesoporous silica NPs 

is introduced as follows: 

SiO2 NPs were firstly incubated with Dox solution (5 mg/mL) overnight at room 

temperature with continuous vortexting. A certain amount of citrate capped CuS 

suspension was further mixed with drug loaded SiO2 to form SiO2@CuS nanocomposites. 

This step was performed by moderate vortexing at room temperature for 4 hours. The drug 

loaded SiO2@CuS nanocomposites were collected by centrifugation to remove the free 

Dox and suspended deionized water. The as-prepared drug loaded NPs were stored at 4℃ 

before use. 
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3.2.2.2 Dual Functional NPs for PTT and Gene Therapy  

The combination of gene therapy and PTT is also very intriguing and has fascinated 

scientists in recent years. Basically, inorganic NPs with distinct optical or physical 

properties are embedded as core materials, while an outer positively charged polymer is 

capable of binding genetic materials for gene delivery. The existing genetic materials may 

alter the biological response to PTT, resulting in enhanced therapeutic effects. The 

preparation process of siRNA bound NPs is introduced as follows: 

After the AuNR@Cu2-xS NRs were prepared, a ligand exchange with 5 mg/mL was 

performed. Specifically, the raw AuNR@Cu2-xS NRs suspension was firstly centrifuged at 

8,000 rpm for 20 minutes. After the supernatant was discarded, 2 mL of 5 mg/mL mPEG-

PEI solution was added to suspend the centrifuged pellet. The centrifugation and 

resuspension process was repeated again. Due to the affinity of the amine group, the 

original capping agents were successfully replaced by mPEG-PEI. In addition, the PEI 

moiety in mPEG-PEI provided positive charges for siRNA binding. 

To form siRNA/nanoparticle complexes, 20 pmole/uL of siRNA was firstly prepared with 

Nuclease-free water. AuNR@Cu2-xS NRs/siRNA complexes were prepared at various 

mole ratios (1:100, 1:200, 1:400, 1:800, 1:1,600, and 1:3,200). Pure AuNR@Cu2-xS NRs 

NPs and siRNA were treated as controls. Specifically, 16 ul of NRs samples were mixed 

and incubated with 4 ul of siRNA (20 pmole/uL) at room temperature for 20 min. 

In addition, PEI capped CuS NPs are intrinsically dual-modal NPs after synthesis. No extra 

surface modification process is required for gene delivery purpose. The siRNA binding 

protocol is the same as the one for AuNR@Cu2-xS NRs.  
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3.3 Characterization of Plasmonic Nanostructures 

3.3.1 Characterization Methods 

To study the morphology and properties of plasmonic nanostructures, a series of methods 

have been applied in this section.  

 

Transmission Electron Microscopy (TEM) 

To evaluate the influence of synthesis parameters on the size and geometry of the resulting 

NPs, transmission electron microscopy (TEM, JEOL-2011) was used to measure the 

morphology of the as-prepared plasmonic NPs. The nanoparticle suspension was firstly 

concentrated by removing most of supernatant after centrifugation. The concentrated 

liquid sample was then dropped onto TEM grids and dried to capture the images. The 

lattice information and nanoscale feature of NPs were visualized through high resolution 

TEM images which were captured by scanning transmission electronic microscopy 

(STEM, Jeol JEM-2100F) 

 

Scanning Electron Microscopy (SEM) 

To observe the inner structures and dimensions of PVA gel/CuS NRs-PVA gel samples, 

scanning electron microscopy (SEM, TESCAN VEGA3) was applied. The sample gel was 

firstly cut into small pieces and stuck on the sample holder. After Au sputtering, the 

sample was ready for SEM imaging. 

 

UV-Vis-NIR Light Spectroscopy  
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To perform photothermal applications within the biological window, it is essential to 

ensure the location LSPR peak of the plasmonic NPs in the near infrared region. The as 

prepared plasmonic NPs suspensions were diluted with deionized water to the desired 

concentration, for which no saturation and negligible intensity was observed. The 

absorbance of liquid sample in the visible and NIR region was captured by two 

spectrometers (HR2000 and NIRQUEST512, Ocean Optics). The spectrometers were also 

used for measurement of the sample transmission. Each measurement was performed in 

triplicate.   

 

Dynamic Light Scattering 

The hydrodynamic sizes and ζ-potentials of plasmonic NPs are very important in bio-

applications, such as cellular uptakes and gene delivery. Moreover, the long-term stability 

of NPs could also be found by the changes of hydrodynamic sizes. Hence, to study the 

hydrodynamic size and surface ζ-potentials of NPs, a nanoparticle analyzer (HORIBA 

Scientific SZ-100, JP) was applied. Each measurement was conducted in triplicate and 

were averaged to obtain a mean value.  

 

X-ray Diffraction Analysis 

Although the crystal information can be visualized by HRTEM images, it is important to 

cross-certify the crystal phase of the as prepared NPs by another approach. X-ray 

diffraction (XRD) analyses were performed on plasmonic nanoparticle samples to identity 

the phases present. The samples were prepared by dropping Cu2-xS acetone dispersion on 

the low-background silicon sample holders at 30℃ for removing the solvent. A 9 kW 

Rigaku Smart lab unit (45 kW, 200 mA) was applied for this purpose with Cu Kα radiation 
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(λ=1.54056Å) and Bragg-Brentano θ-2θ geometry. The scanning speed is 4 deg/min with 

a step-size of 0.02 deg. Crystal phase identification was referred to JCPDS-ICDD data 

cards.  

 

Photothermal Response Measurement 

The photothermal performance of plasmonic NPs was studied by using NIR lasers to 

activate plasmonic nanostructures for localized heat generation and a thermocouple to 

measure the temperature elevation of the NP suspensions. The plasmonic NPs suspension 

samples were prepared with diverse concentration and transferred into glass cuvettes for 

laser illumination. Herein, 808 nm laser (LU0808T020-R605N12 Laser Diode, Lumics) 

with 930 mW/cm2 and 1064 nm laser (FU1064ADX-F34) with 1.33 W/cm2 power density 

were used to trigger different plasmonic NPs samples. Thermal cameras (FLIR A615, 

FLIR ONE, FLIR ONE PRO) were applied to visualize the temperature gradient of the 

illuminated glass cuvette (loaded with NPs samples). To evaluate the photothermal 

response of plasmonic NPs, the sample suspension was firstly irradiated by laser for 

temperature saturation followed by natural cooling. The stability of the photothermal 

performance of plasmonic NPs samples were evaluated by repeating the irradiation and 

natural cooling cycle multiple times and the temperature profile compared in each event. 

To exclude the influence from the water and cuvette, the same volume of water was added 

in the glass cuvette and subjected to the laser in the same condition.  

To calculate the HCE (η) of the suspension samples, four equations were used. 
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 η= hS(Tmax-Tssur)−Qdis

I(1-10−Aλ)
 1 

 τS =
mDCD

hS
 2 

 t = −τ Slnθ 3 

 θ =
T−Tsurr

Tmax−Tsurr
 4 

where h is the heat transfer coefficient, S is the surface area of the container, the value of 

hS can be obtained according to eqs 2-4. τS is the sample system time constant. mD and 

CD  are the mass and heat capacities of the sample suspensions. T  is the cooling 

temperature corresponding to cooling time t. Tmax  is the steady-state temperature of 

irradiated NPs dispersion while Tsurr is the surrounding temperature. Qdis represents the 

energy absorbed by the container and solvent. I is the power density of the laser while Aλ 

is the absorbance of suspension sample at λ nm. 

 

Determination of Drug Loading Capacity and Encapsulation Efficiency 

Due to the unique structure features of some plasmonic NPs, they are capable of carrying 

model drugs in the inner cavity. To evaluate the drug carrying ability, it is important to 

calculate the drug loading capacity and encapsulation efficiency.  

NPs were incubated in concentrated drug solutions overnight at room temperature with 

continuous vortexing. The drug loaded NPs were collected by centrifugation to remove 

the unbound drug and further dispersed in aqueous solution. The quantity of the non-

utilized drug was determined by the absorption intensity at the desired wavelength 

compared with the calibration curve, which was established from standard solutions of the 
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model drug in PBS solution (pH=7.4). The drug loading capacity and encapsulation 

efficiency were obtained as follows: 

The encapsulation efficiency (EE %) =  
(weight of loaded drug)

(initial weight of drug)
× 100% 

The drug loading capacity (DL %) =  
(weight of loaded drug)

(total weight of NPs)
× 100% 

 

Estimation of In vitro Drug Release 

To understand the drug release behavior from NPs systems, studies on in vitro drug release 

were performed. In general, the drug release behavior is responsive to different external 

stimuli. In this work, the pH difference and NIR lasering were involved with stimuli-

responsive drug release.  

Specifically, the drug loaded NPs were suspended in 2 mL PBS solution (pH=7.4 or 

pH=5.6) and transferred into dialysis tubes (M.W.C.O=3,500). The dialysis tubes were 

further placed into a 98 mL PBS medium (pH=7.4 or pH=5.6) and incubated at 37℃ under 

continuous stirring. At desired time points, 2 mL of medium was extracted and replaced 

with clean medium. The released drug was quantified by measuring the collected medium 

using spectroscopy and compared with the standard curve. By repeating this step at 

multiple time points, the drug release profile from NPs was obtained.  

The NIR-triggered drug release was achieved in similar conditions. Specifically, NIR laser 

was applied on the dialysis tube for 10 minutes in each event. The drug release profile was 

obtained with similar procedures to those described in last paragraph.  
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Agarose Gel Electrophoresis 

To investigate the relevance between the amounts of NPs and the capability for siRNA 

binding, NPs/siRNA complexes with different mole ratios were prepared for gel 

retardation assay. Specifically, scrambled siRNA was firstly diluted to 20 pmole/uL with 

nuclease-free water. Then, a 1% agarose solution was mixed with ethidium bromide and 

molded by natural cooling. NPs/siRNA complexes were prepared by incubating 16 ul of 

NPs suspension with 4 ul of siRNA (20 pmole/uL) at room temperature for 20 min. 4 ul 

of loading dye (6x) was further added into the nanoplexes dispersion and mixed 

thoroughly. Various mole ratios (1:100, 1:200, 1:400, 1:800, 1:1,600, and 1:3,200) of the 

NPs/siRNA complexes were prepared to optimize the gene binding efficiency. Pure NPs 

and siRNA were treated as controls. Then, 24 uL dispersion of various samples were 

placed into sample holes and electrophoresis performed at 120 V for 20 min in 1x TAE 

buffer solution. After the electrophoresis, the retardation of the complexes was visualized 

with a FluorChemTM 5500 imaging system (Alpha Innotech, USA). 

 

Cellular Uptakes 

Cellular uptake is very important for efficient therapy. As mentioned in Chapter 2, the 

cellular uptakes situation may hugely affect the therapeutic outcomes. In this work, the 

uptakes of NPs were indicated by the location of fluorescent signals of the NPs/fluorescent 

siRNA. Alexa Fluor™ 555 siRNA applied herein has red fluorescent light under the 

excitation of green light. The complexes of NPs/fluorescent siRNA were prepared 

according to the previous protocol. Human prostate cancer cell lines (PC3 cells) were used 

as the model cells.  



112 
 

Specifically, PC3 cells were cultured in 6-well plate at a seeding density of 500,000 

cells/well and incubated for 24 h. The nanocomplexes were incubated with PC3 cells with 

different time durations (1 hour, 4 hours, 8 hours, 24 hours) for the fluorescent microscopy. 

The nuclei of the PC3 cells were then stained by DAPI dye. The PC3 cells were then 

washed with PBS medium and replenished with dilute DAPI solution (1:500) for 5 

minutes incubation. The stained PC3 cells were washed with PBS again and replenished 

with completed clear medium. The cell samples were visualized by fluorescent 

microscopy in a bright field and in two fluorescent modes.  

 

Cytotoxicity of Plasmonic NPs 

To evaluate the cytotoxicity of the as prepared plasmonic NPs, MTT assay was performed 

to assess the cell viability. Human prostate cancer cell lines (PC3), obtained from the 

Clinical and Translational Research Center, the State University of New York at Buffalo, 

NY, U.S.A., were cultured in DMEM supplemented with 10% FBS and 1X Antibiotic-

Antimycotic (completed growth medium) in a humidified atmosphere containing 5% CO2 

at 37℃.  

Specifically, PC3 cells were seeded in a 96-well plate at a density of 20,000 cells per well 

and incubated in 180 uL of completed growth medium for 24 h. Then, NPs with different 

concentrations were added to each well. With different incubation time (12 hours, 24 

hours, and 48 hours), the cytotoxicity of samples was examined by MTT assay. Cells 

without any treatment were regarded as a control. To assess the therapeutic outcomes of 

PTT, the NPs-treated cells were incubated for 4 hours before lasering (either 808 nm or 

1064 nm laser for continuous 5 minutes). An MTT assay was further conducted to evaluate 

the cell viability.  
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Real-time polymerase chain reaction 

To evaluate the efficacy of the gene therapy, real-time polymerase chain reaction (qPCR) 

was performed to indicate the expression level of relative mRNA. PC3 cells were used in 

this analysis.  

Specifically, PC3 cells were pre-cultured in 24-well plates with seeding density of 100,000 

cells/well in 0.5 mL of growth medium for 24 h. Then the medium was replaced with 0.5 

mL OPTi-MEM medium. The complexes of different weight ratios of NPs and siRNA 

were prepared by incubation for 20 minutes followed by adding to each well. Deionized 

water, pure NPs and siRNA were treated as negative controls. The Lipofectamine 

RNAiMAX was regarded as the positive control to transfect siRNA according to the 

manufacturer’s instruction. The treated cells were incubated for another 3h before the 

medium was replaced with the completed growth medium and washed with phosphate-

buffered saline (PBS, pH=7.4). PC3 cells cultured for another 45 h, and all the cell samples 

were harvested for the sample preparation of PCR. All the RNA in PC3 cells were isolated 

by firstly lysing the cells with TRIzol® Reagent and then extracting RNA by chloroform. 

RNA samples were precipitated and washed with isopropanol, and ethanol using 

centrifugation. Next, RNA samples were resuspended in RNase-free water in a heat block 

at 55-60℃ for 10-15 minutes. The isolated pure RNA samples were furthered examined 

with RT-PCR and qPCR in sequence. The expression of household genes and targeted 

genes on the mRNA level were analyzed by Stratagene Mx3000P (Agilent Technologies, 

USA). 

 

Western Blotting 
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To evaluate the expression level of the targeted proteins, western blotting was performed 

to indicate the expression of relative protein level. PC3 cells were used in this analysis. 

Specifically, PC3 cells were seeded in 6-well plates with a cell density of 500,000 per 

cells for 24 hours before treatment. After the treatment, all the cells were lysed and heated 

at 95℃ for 15 min. Gel retardation was performed to isolate the proteins according to 

molecular weight. After the gel transfer step, blotting paper was incubated with primary 

antibody for 1 h. Next, the blotting paper was washed with TBST buffer three times and 

incubated with the secondary antibody for another 1 h, followed by another TBST buffer 

washing. A 1-stepTM NBT/BCIP buffer was used to indicate the trace of specific proteins 

and β-actin was employed as a protein loading control.  

 

Solar Vapor Generation 

To evaluate the performance of solar-driven vapor generation of a plasmonic-based gel or 

membrane, water vapor generation testing under the irradiation of simulated solar 

illuminator was conducted.  

Specifically, the solar vapor generation test was performed on a homemade measuring 

system, composed of a simulated solar illuminator (Air Mass 1.5 sunlight) and electronic 

precision balance. A weighing bottle with dimensions of 40 mm, depth of 25 mm was 

used for water storage. Briefly, the weighing bottle with 20 mL water was placed on the 

electronic balance. The fabricated PVA gel or CuS NRs-PVA gel samples were cut in 30 

mm of diameter and floated in the weighing bottle. When applying simulated solar 

illumination, with the intensity of 1 KW m-2, to the sample gels, the weight loss from the 

evaporation of water was recorded by electronic balance.  
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Chapter 4 Results and Discussion of Single Modal Plasmonic 

Nanoparticle-Based Photothermal Effects 

In this chapter, the effects of size, shape, and composition on the overall photothermal 

responses of plasmonic nanostructures are studied and illustrated. Starting with AuNRs, 

in which the LSPR effects were driven by conduction band electrons, the relevance 

between aspect ratio, overall size and HCE are in detail. Then, another type of plasmonic 

nanomaterial, Cu2-xS NCs, which the LSPR effects are driven by valence band holes, the 

effects of shape and composition on the HCE of resultant structures are presented. In 

addition, a combined heterostructure, AuNR@Cu2-xS NRs, is studied with its 

morphological parameters dependent photothermal response. Due to the underlying 

plasmon interaction between core and shell materials, a highly enhanced HCE is achieved 

by AuNR@Cu2-xS NRs. 

4.1 Studies of AuNRs 

AuNRs (GNRs), with tunable optical properties, have been well studied both in synthetic 

routes 27, 240-244 and bio-applications. 39 GNRs possess two distinct LSPR modes, one for 

transverse mode in diameter direction, the other for longitudinal mode in length direction. 

The longitudinal LSPR can be easily tuned from the visible to NIR region by adjusting 

the aspect ratios. Due to its unique optical and structural features, various applications, 

including bioimaging, 245 sensing, 246 PTT, 39 drug delivery, 247 and optical storage 248 have 

been proposed. To optimize the potential of GNRs in different applications, the 

dimensions of GNRs are of great importance.  
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Although several methods have been published to obtain GNRs, including 

electrochemical method, 240 porous aluminum template method, 249 photochemical method, 

243 and seed-mediated method, 27 the seed-mediated method is extensively applied due to 

its relatively simple fabrication process, mild operation environment, and feasible post-

treatment capability. Generally, in this method, small Au clusters as seeds are synthesized 

firstly, followed by an anisotropic growth on Au clusters with the aid of Ag(I) ions and 

surfactants. The resultant purity, morphology and size of GNRs are related to Ag(I) ions, 

pH values, reaction temperature, Au seeds, and the scale of production has been listed in 

various publications.  

4.1.1 Preparation and Characterization of Regular Size AuNRs 

To study the structure-related optical features of plasmonic NPs, AuNRs were firstly 

synthesized and investigated. Followed by the protocol mentioned in last chapter, AuNRs 

with varied aspect ratios were prepared by simply adjusting the amount of Ag(I) ions in 

the reaction system. As shown in Figure 4.1.1, the morphology of a representative AuNRs 

sample is indicated by TEM images. According to the TEM image, the average diameter 

Figure 4. 1. 1 The TEM image of a representative AuNRs sample. 
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of AuNRs is 29 nm and the average length of AuNRs is 74 nm. The aspect ratio of this 

sample is nearly 2.5. Collective UV-Vis-NIR spectra of AuNRs with aspect ratio ranges 

from 2.3 to 2.7, 3.1, and 3.9 is illustrated in Figure 4.1.2. The corresponding maximal 

longitudinal LSPR peaks are at 636, 686, 744, 815 nm, respectively. Such results are 

consistent with the findings in which the aspect ratio of the AuNRs can be tuned by the 

overall concentration of Ag(I) ions. In this case, the length of AuNRs can be controlled 

with relatively fixed diameter. According to Figure 4.1.2, with increasing length of 

AuNRs, the LSPR peak is redshifted to longer wavelength, which indicates the changes 

of plasmonic resonance. However, AuNRs with such size ranges may exhibit lower urine 

clearance and cellular uptake, as mentioned by Yu et al. 250 Moreover, the size of AuNRs 

has great influence on plasmonic behavior. As mentioned earlier, the extinction of 

nanoparticle suspensions can be divided by scattering and absorption. As the volume of 

AuNRs becomes larger, the scattering-to-extinction ratio increases, resulting in a better 

performance of scattering-based applications, such as imaging and fluorescence 

enhancement. 251, 252 In contrast, smaller AuNRs are beneficial to absorption-based 

Figure 4. 1. 2 The absorbance of AuNRs with different aspect ratios. 
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applications, such as photothermal generation, due to enhanced light absorption capability. 

Hence, fine control on the size of AuNRs is essential to achieve specific applications.  

4.2.2 Preparation and Characterization of Mini Size AuNRs. 

To synthesize AuNRs with smaller size, the standard protocol for AuNRs synthesis was 

slightly modified. Since the formation of AuNRs rely on a “seed-growing process”, larger 

amounts of input Au seeds may lead to smaller dimensions of the resultant Au 

nanostructures. Following this concept, a much higher amount of Au seeds (i.e. 4 and 8 

mL) was applied in a reaction system, with a lower volume of CTAB solution, in order to 

maintain the production scale to 40 mL. The morphology of mini AuNRs is illustrated in 

Figure 4.1.3. According to the TEM image, the average diameter of mini AuNRs is nearly 

7.6 nm and the average length is 61 nm. Moreover, the average aspect ratio is about 8 for 

this sample. A series of mini AuNRs with different aspect ratios were further prepared. 

The color of each mini AuNRs sample is shown in Figure 4.1.4(a), and indicates the high 

yield of the rod-shaped nanostructures. A collective UV-Vis-NIR spectra of mini AuNRs 

with aspect ratio ranges from 2.3 to 2.5, 3.0, 3.2 and 5.6 is illustrated in Figure 4.1.4(b). 

Figure 4. 1. 3 The TEM image of a representative mini AuNRs sample. 
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The corresponding maximal longitudinal LSPR peaks are at 634, 665, 730, 760, 877 nm, 

respectively.  

According to the major findings in the above TEM images and absorbance spectra, the 

size of AuNRs can be manipulated by the amounts of Au seeds, and the aspect ratio can 

be controlled by the overall concentration of Ag(I) ions. Actually, with ascorbic acid as 

the reducing agent, Ag(I) ions exhibit a saturation effect on the influence of mini AuNRs. 

Specifically, the length of mini AuNRs could not become longer with the growth amount 

of Ag(I). To overcome this issue, another reducing agent, hydroquinone, which has 

weaker reducing ability, was applied to prepare mini AuNRs. As illustrated in Figure 4.1.4, 

by using hydroquinone as the reducing agent, the aspect ratio of AuNRs is extended to 5.6 

from 3.2. Hydroquinone, as a greatly weaker reducing agent than ascorbic acid, is able to 

control the growth kinetics of AuNRs at a relatively slow rate with large excess quantity. 

253 Such a difference in ascorbic acid lead to the even elongated morphology of AuNRs. 

A summary of reagents used for synthesizing regular and mini AuNRs of varied aspect 

ratios (ARs) is shown in Table 4.1. It should be noted that the production scale is essential 

for the yields of AuNRs, both for regular and mini types. Typically, in 10 mL of synthesis 

Figure 4. 1. 4 (a) The photos of mini AuNRs suspension with different aspect ratios. 
(b) The absorbance of corresponding mini AuNRs. 



120 
 

scale, a higher tendency of Au nanospheres was observed, according to the TEM images 

and absorbance spectra. The underlying reason is not clear. One possible reason for this 

phenomenon may originate from the reaction speed. A Smaller reaction container may 

provide a higher reaction rate due to higher possibility of collision between molecules. In 

this case, the reduction of Au salt is difficult to be controlled, resulting in a higher 

tendency for isotropic growth of nanostructures. However, it does not mean that large 

scale production can always lead to high yields of rod-shaped Au nanostructures. Actually, 

in large scale situations, the temperature and reagents distribution are difficult to maintain, 

which attenuate the synthesis performance. Hence, 40 mL is suggested as the optimal 

situation for high purity of AuNRs synthesis in this protocol.  

Generally, with the same aspect ratio, mini AuNRs are 55 times smaller than regular 

AuNRs. As mentioned in the previous paragraph, small size AuNRs exhibit stronger 

effects in light absorption than light scattering. This unique feature may be attributed to 

the enhanced absorption-based applications, such as photothermal generation.  

Table 4. 1 Summary of reagents used for synthesizing regular and mini AuNRs 
of varied aspect ratios (ARs). 
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4.2.3 Effect of Size and Shape on The Overall HCE of AuNRs 

To evaluate the photothermal response of AuNRs suspensions, an 808 nm laser with 

power density of 1.0 W/cm2 was applied to activate the thermal generation process. The 

temperature of sample suspensions was examined by a thermocouple. Specifically, 0.5 

mL of suspension was transferred into a glass cuvette and subjected to an 808 nm laser. 

The temperature profile was recorded. The photothermal response of regular and mini 

AuNRs with different aspect ratios are illustrated in Figure 4.1.5, with pure water as the 

negative control. According to the plots in Figure 4.1.5(a), as the LSPR peak redshift to 

longer wavelength, specifically from 636, to 686, to 744, to 815 nm, the temperature 

elevation rate is intensified. In addition, the final stable temperatures of all regular AuNRs 

were 30, 34, 46, 49℃, respectively. This finding is constant with the nature of the LSPR 

of plasmonic nanostructures, in which the intensity of the plasmon resonance undergoes 

a maximum oscillation when the incident light possesses the same natural frequency as 

the plasmonic nanostructures. Since an 808 nm laser was used in this experiment, AuNRs 

with LSPR peak closer to 808 nm have stronger photothermal effects. In contrast, pure 

water only had limited temperature increment, with a final temperature of 27℃. Similar 

findings were observed on mini AuNRs and are shown in Figure 4.1.5(b). Specifically, 

Figure 4. 1. 5 The photothermal profile of regular AuNRs (a) and mini AuNRs (b) 
with different aspect ratios. 
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mini AuNRs with LSPR peaks 634, 665, 730, 760, and 877 nm were prepared and 

subjected to laser under the same condition. The final stable temperature of all mini 

AuNRs were 30, 36, 55, 59, and 48℃, respectively. In this case, when the LSPR peak of 

the mini AuNRs was larger than 808 nm, an attenuated photothermal response was 

observed, due to the enlarge mismatch between 808 nm laser and 877 nm LSPR of AuNRs. 

The HCE (HCE) of the AuNRs samples were calculated based on the equations gave in 

chapter 3. The thermal energy (Qo) produced by the container and pure water under laser 

irradiation was calculated as 0.06J. Specifically, for regular AuNRs, HCE of 8.3%, 13.4%, 

24.8%, and 28.6% were obtained with increasing aspect ratio, as shown in Figure 4.1.6(a). 

For mini AuNRs, the HCE firstly increased followed by an obvious drop, as shown in 

Figure 4.1.6(b). Specifically, 8.2%, 13.8%, 26.9%, 28.4%, and 26.6% of HCE were 

obtained. Such results show a similar tendency in the temperature increment profile in 

Figure 4.1.5. In general, as the LSPR peak of AuNRs are closer to the 808 nm laser, the 

corresponding photothermal performance became stronger.  

According to the HCE results of regular and mini size AuNRs in Figure 4.1.6, there is no 

obvious difference for the photothermal responses. Therefore, the size of AuNRs may not 

be the dominant factor for the overall heat conversion efficiency. 

Figure 4. 1. 6 The HCE of regular AuNRs (a) and mini AuNRs (b). 
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4.2 Studies of Copper Sulfide Nanostructures  

Au nanostructures, such as nanospheres, NRs, and nanoshells, have been extensively 

studied based on their unique size- and shape-dependent plasmonic behavior. Various 

applications, such as biosensing, 246 bioimaging, 245 and PTT 227 have been proposed and 

modified due to the intriguing features of Au nanostructures. Due to the ever-developing 

chemistry and materials science, various alternative plasmonic materials have been found 

and designed. Among then, copper chalcogenide NCs, 125 which the LSPR effect 

originated from the collective oscillation of valence holes, are emerging in the research 

community.  

Copper sulfide NCs (Cu2-xS NCs), as one type of copper chalcogenide NCs, have attract 

huge attention owing to intense absorption in the NIR region, 100 the abundant resources, 

22 adjusting doping level, 125 limited cytotoxicity, 98 and promising photothermal 

performance. 2 In particular, the plasmonic behavior of Cu2-xS NCs has strong relevance 

to the doping level, crystal phase, and morphology. Hence, comprehensive investigations 

about their nanostructures, synthesis routes, plasmonic properties, and potential 

applications have conducted. For example, Alivisatos and his co-workers 70 have been 

studied the size effect (from 2 to 6 nm) of Cu2-xS NCs on the plasmonic properties. Their 

results indicated that the LSPR peak of Cu2-xS NCs was redshifted with increasing size. 

Juan et al. 254 prepared ultrasmall Cu2-xS NDs for tissue imaging and PTT. Tao et al. 255 

synthesized CuS triangular nanoprisms based on hydrothermal methods. The 

aforementioned studies indicated that Cu2-xS NCs can be prepared with diverse geometries 

and crystal phases. In addition, the potential of Cu2-xS nanostructures have not been fully 

explored.  
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Controlling the size and geometry of Cu2-xS NCs is essential to study the underlying 

plasmonic properties. Few reports have been introduced on the methods for preparing rod-

shaped Cu2-xS NCs. Alivisatos et al. 144 prepared Cu2-xS NRs by performing cation 

exchange on CdSe NRs with copper ions. Marta et al. 256 fabricated Cu2-xS NRs by 

hydrothermal methods with strict requirements on reaction conditions. Our group has 

synthesized rod-shaped Cu2-xS NCs by a millifluidic approach with precise control of flow 

rates and Cu/S ratio. 257 In general, conventional methods for obtaining Cu2-xS NRs require 

an organic phase, sophisticated synthesis steps and precise controls on reaction conditions. 

Such requirements hugely inhibit the development of Cu2-xS NCs-based applications. 

Herein, a facile approach for synthesizing size- and shape-controllable Cu2-xS NCs in 

aqueous environment is proposed, by using highly available copper(II) chloride as copper 

source, sodium sulfide as sulfur source, and low-molecular-weight branched poly-

ethylenimine (PEI) as the reducing agent and capping. The morphology and structure were 

studied by TEM imaging. The size- and shape-dependent plasmonic behavior were studied 

according to UV-Vis-NIR spectroscopy and photothermal response. The cytotoxicity was 

studied by standard MTT assays on human prostate cancer cell (PC3) culturing. 

4.2.1 Preparation and Characterization of Size Tunable Copper Sulfide NCs (Cu2-xS 

NCs) 

Cu2-xS NCs with varying aspect ratios were obtained by applying PEI as a reducing 

and capping agent. By adjusting the concentration of PEI in the reaction solution, 

the morphology of Cu2-xS NCs can be elongated from dot- to rod-shape. Although 

there are numerous reports and mature protocols for producing copper sulfide NPs, 

it is the first time in applying only one agent to achieve rod-shaped Cu2-xS NCs. 
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According to the protocol mentioned in Chapter 3, a series of samples with different 

sizes and shapes were synthesized.  

According to the TEM images in Figure 4.2.1, a concentration-dependent shape 

transformation of Cu2-xS NCs was observed. With PEI starting from 0.032 mg/mL 

(the total concentration in the reaction system), a clear dot morphology of Cu2-xS 

NCs with a size range of 6-13 nm was observed. With the concentration of PEI 

increased to 0.160 mg/mL, the geometry of NPs remained dot-shaped with a similar 

size range. However, a further increase amount of PEI induced elongation of the 

Cu2-xS NCs. Within the range of 0.224 mg/mL to 0.750 mg/mL of PEI, co-existing 

NDs and NRs were found, as shown in Figure 4.2.1(d-f). What is more, the length 

Figure 4. 2. 1 TEM images of Cu2-xS nanostructures synthesized with different 
concentration of PEI solutions.
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of Cu2-xS NCs and the yield of Cu2-xS NRs increased with higher amounts of PEI. 

When the concentration of PEI was above 1.00 mg/mL, homogeneous NRs were 

obtained. Cu2-xS NCs with aspect ratio from 1 to 7.5 ± 0.5 was obtained by the PEI 

mediated approach. Table 4.2 illustrates a summary of our findings. These findings 

have motivated us to further investigate their physical properties.  

To illustrate the relevance of the morphology of Cu2-xS NCs and their physical 

properties, four distinct Cu2-xS NCs with unique aspect ratios were prepared and 

characterized in detail. Similar to previous findings, with low concentration of PEI 

(0.032 mg/mL), nearly spherical Cu2-xS NCs were formed with an average size of 

6.5 nm, as shown in Figure 4.2.2(a). The size and aspect ratio distribution are 

illustrated in Figure 4.2.2(e) and Figure 4.2.2(i). In this case, the size of Cu2-xS NCs 

stayed between 5-10 nm and the aspect ratio was nearly 1. With a higher amount of 

PEI in the synthesis system, in referrance to 0.224 mg/mL in synthesis solution, 

short rod-shaped Cu2-xS NCs were observed in Figure 4.2.2(b). The corresponding 

width and length distribution are demonstrated in Figure 4.2.2(f). However, only a 

Table 4. 2 The design conditions and major findings of Cu2-xS NCs with distinct size 
and shape.
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minor part of width and length overlap, which indicates a short rod formation. 

Moreover, the aspect ratio distribution in Figure 4.2.2(j) indicated the mixture of 

NDs and short NRs. As the PEI concentration increased to 1 mg/mL, and 

homogenous Cu2-xS NRs were obtained, as illustrated in Figure 4.2.2(c). In this 

case, no overlap of width and length was observed. In addition, the corresponding 

aspect ratio was about 6, which is 2 times higher than the situation in the 0.224 

mg/mL PEI. With the concentration of PEI increased to 1.28 mg/mL, even longer 

Figure 4. 2. 2 TEM images of Cu2-xS NCs (a, b, c, d) together with histograms for the 
width and length (e, f, g, h) and aspect ratio (i, j, k, l). HRTEM images of Cu2-xS NCs 
with different morphology (m-p). Fast Fourier transformation of nanostructures (q-
t) in the TEM images shown above respectively.
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Cu2-xS NRs (44.5 nm) were obtained, as indicated in Figure 4.2.2(d). The aspect 

ratios of two rod-shaped Cu2-xS NCs are shown in Figure 4.2.2(k,l). In general, the 

TEM images of these selected four samples clearly indicate the shape transition of 

Cu2-xS dots to rods, with increasing amounts of PEI. By applying higher 

concentrations of PEI, the yield and the length of Cu2-xS NRs were enhanced. 

However, PEI also exhibited a “saturation effect” on the shape control of Cu2-xS 

NRs. With 1.60 mg/mL of PEI in the reaction solution, negligible length increase 

was obtained in the resulting Cu2-xS NRs. PEI may selectively attach on certain 

facet of Cu2-xS nanocrystals and limit the growth direction. With high concentration 

of PEI in the reaction system, Cu2-xS may be fully covered. Hence, with even higher 

concentration of PEI, the Cu2-xS could not be longer.   

Apart from length, PEI can also affect the diameter of the Cu2-xS nanostructures. 

According to the TEM images, the diameters of Cu2-xS NDs were larger than Cu2-

xS NRs. One possible reason for this phenomenon is that the amino group on PEI 

may have strong affinity to certain lattice phases at high concentrations (e.g. 0.75-

1.60 mg/mL), resulting in anisotropic growth of Cu2-xS NCs. However, with low 

concentrations of PEI, such affinity to lattice phase is not obvious, leading to an 

isotropic growth of Cu2-xS NDs. Similar investigation on citrate capped CuS NPs 

were conducted. However, no rod-shaped NCs were formed at any surfactant 

concentration. To examine the crystal structures of the as prepared Cu2-xS 

nanostructures, high-resolution transmission electron microscopy (HRTEM) was 

firstly used to visualize the lattice of the Cu2-xS NPs. As shown in Figure 4.2.2(m), 

the lattice plane spacing of Cu2-xS NDs was 1.98 Å, which refers to (0 0 34) 

crystallographic planes of hexagonal yarrowite (PDF card number 36-0379). The 
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lattice spacing in Figure 4.2.2(n) is 1.88 Å, corresponding to the (1 1 1) plane, one 

of the dominant planes in yarrowite. According to the diffraction patterns in Figure 

4.2.2(q,r), the crystal phase of Cu2-xS dots and short-NRs are dominated by 

yarrowite. By contrast, for Cu2-xS NRs, the HRTEM images are much clearer, as 

shown in Figure 4.2.2(o,p). Lattice place spacing value of 1.890 Å, which refers to 

(1 1 0) of covellite (PDF card number 06-0464), both appeared in two rod-shaped 

samples. In Figure 4.2.2(s), the appearance of the (0 0 19), (1 0 23), and (1 0 25) 

planes indicates the co-existence of hexagonal yarrowite and covellite crystal phase. 

However, in Figure 4.2.2(t), only the (1 1 0), (1 0 2), and (1 0 3) are observed, 

indicated that in this case, Cu2-xS NRs are dominated by hexagonal covellite. In 

general, the amount of PEI could not only affect the morphology of Cu2-xS NCs, 

but also could induce a phase transition from yarrowite to covellite. The difference 

of the crystallographic phase between the Cu2-xS dots and rods may also provide 

evidence that PEI has affinity to a specific crystal phase. It could be attributed to 

the fact that PEI is preferentially bound onto dominant phases of yarrowite at high 

concentration, resulted in anisotropic growth along (1 1 0) or (1 0 0) directions. 

However, at low concentrations of PEI, PEI is not strong enough to bind on specific 

phases and results in the formation of nanosphere. In addition, the actual shape of 

PEI-capped CuS NRs is fusiform, which is quite different to the traditional rod-

shaped nanostructure. 

Based on HRTEM images, the PEI capped Cu2-xS nanostructures were occupied by 

hexagonal yarrowite and covellite. To examine the crystal phase of Cu2-xS 

nanostructures in a straightforward way, X-ray diffraction (XRD) analyses were 

applied. According to Figure 4.2.3, the signal peaks of Cu2-xS NDs (Sample a) had 
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a better match with the XRD pattern of hexagonal yarrowite (Cu9S8, PDF number 

36-0379) than covellite (CuS, PDF number 06-0464). Three distinct peaks of Cu2-

xS NDs represent the (0 0 22), (1 0 13), and (1 1 1) planes of yarrowite. With slightly 

increased amounts of PEI in synthesis step, Sample b did not show any obvious 

difference in the XRD pattern. Considering the information introduced by HRTEM 

images in Figure 4.2.2(m,n,q,r), we can conclude that Cu2-xS nanostructures with 

isotropic geometry are dominated by the yarrowite crystal phase. In contrast, the 

XRD signals of Cu2-xS NRs (Sample c and d) appeared different and had a better 

match with the covellite crystal phase. The typical peaks at 27.68°, 29.27°, 31.78°, 

Figure 4. 2. 3 The XRD patterns of synthesized Cu2-xS NCs with distinct shape with 
the reference pattern of hexagonal yarrowite (PDF number 36-0379) and hexagonal 
covellite (PDF number 06-0646). 
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47.94°, 52.71°, and 59.35° correspond to (1 0 1), (1 02), (1 0 3), (1 1 0), (1 0 8), 

and (1 1 6) planes of hexagonal covellite respectively. What is more, Sample d, 

which had longer length and higher PEI concentration in the synthesis procedure, 

possessed sharper signal peaks at 27.68°, 52.71° and 59.35° than Sample c, 

indicating a higher tendency in covellite. Such finding also explaines the diffraction 

patterns in Figure 4.2.2(s,t). Generally speaking, the existence and concentration of 

PEI can both alter the crystal phase and morphology of Cu2-xS nanostructures. The 

amino group of PEI may be responsible for the binding of certain crystal phases of 

Cu2-xS NCs and reducing the valence state of copper.  

The LSPR effect of Cu2-xS NCs, which originated from the collective oscillation of 

valence-band free carriers (holes), can be affected by morphology effects and the 

valence state of plasmonic NPs. Generally, researchers use UV-Vis-NIR 

Spectroscopy to visualize the absorption of LSPR peaks of plasmonic 

nanostructures. According to some fundamental studies about copper chalcogenide 

NCs, it is well known that with the same morphology, typically spherical, the higher 

the valence state lead to more red-shifted LSPR peaks. This means that CuS 

Figure 4. 2. 4 (a) The UV-Vis-NIR spectrum of CuS NDs, (b) Cu9S8 NDs and CuS 
NRs. 
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nanospheres should have higher band gap energy than Cu9S8 nanospheres. However, 

the plasmonic behaviour of NPs can also be affected by morphology effects. For 

example, with increasing aspect ratios of AuNRs, the longitudinal LSPR peaks 

gradually shift to longer wavelengths. The morphology and composition difference 

of PEI capped Cu2-xS NCs motivated me to investigate their LSPR behavior.  

As illustrated in Figure 4.2.4, the UV-Vis-NIR absorption spectrum of Cu2-xS 

nanostructures with difference shapes and crystal phases are presented. The LSPR 

peak of Cu9S8 nanostructures is located near 1150 nm whereas the LSPR peak of 

CuS NRs is located near 1250 nm. This is contradictory to the previous finding 70 

that the LSPR peak of copper chalcogenide NCs redshifted along with increased 

valence state. Apparently, the geometry of Cu2-xS nanostructures plays a more 

important role in LSPR behavior. Rod-shaped Cu2-xS nanostructures may 

intrinsically reduce the natural frequency of LSPR. To examine this concept, the 

absorption of citrate capped CuS NDs were compared with PEI capped CuS NRs, 

as shown in Figure4.2.4(a), where it is shown that with the same crystal phase, 

elongated geometry produced LSPR peaks at longer wavelength. Although the 

capping agent was different in these two CuS based nanostructures, citrate acid and 

PEI played minor roles in light absorption. Moreover, the reflective index of citrate 

acid and PEI are quite similar and will not induce obvious displacement of the 

LSPR peaks of CuS nanostructures. In Figure 4.2.4, the absorption peak of CuS 

NRs with two different lengths is also presented. It can be seen that with increased 

aspect ratio of CuS NRs, the LSPR peak is redshifted to a longer wavelength, 

similar to the situation for AuNRs. Actually, due to the anisotropic geometry of the 

Cu2-xS nanostructures, there should be two LSPR modes, one for transverse 
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resonance, and the other for longitudinal resonance. Two similar modes of LSPR 

have been reported on Cu2-xS nanoplates with on plate resonance and out of plane 

resonance. However, due to technical issues, only one resonance peak has been 

observed in our measuring range (400-1400 nm). 

4.2.2 Effect of Size and Shape on The Overall Photothermal Response of Cu2-xS NCs 

Cu2-xS NCs, with robust NIR absorption, have been suggested as potential 

photothermal agents with various publications. Herein, this is the first time to 

Figure 4. 2. 5 The infrared thermal image of distilled water and Cu9S8 dots in line. 
(b) Temperature elevation of distilled water and PEI-capped Cu2-xS NCs aqueous 
dispersion under the irradiation of a 1064 nm laser with 1.33 W/cm2 for 10 minutes 
followed by natural cooling. (c) Time constant for heat transfer from the system 
determined by applying the linear time data from cooling period (after 10 minutes) 
versus negative natural logarithm of driving force temperature. (d) Plot of 
temperature change (ΔT) over 10 minutes versus the aqueous dispersions of Cu2-xS 
NCs with different optical density. 
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occupy PEI as reducing and capping agents to produce Cu2-xS nanostructures. The 

unique shape, tuneable band gap, and robust NIR absorption arouse the interest in 

investigating their photothermal performance.  

A simple photothermal evaluation system comprises a 1064 nm laser, a glass 

cuvette, and a thermocouple. To evaluate the photothermal response of Cu2-xS 

nanostructures and deionized water, 2 mL H2O and sample solution was added in 

two in-line glass cuvettes, as shown in Figure 4.2.5(a). By irradiating with laser 

light, the temperature gradient is shown by IR images. Specifically, after 5 minutes 

of irradiation, water only had 2-3 °C of increment from ambient temperature. By 

contrast, the activated Cu2-xS suspension reached 43℃ even with the attenuated 

laser power (by water). Hence, it is clear that Cu2-xS nanostructures can efficiently 

convert NIR irradiation into thermal energy.  

To examine the photothermal performance of Cu2-xS with different shape and 

compositions, the four selected samples were irradiated by NIR laser under the 

same conditions. Specifically, four selected sample suspensions were prepared with 

the same optical density (0.5 absorbance in 1064 nm) and irradiated by 1064 nm 

laser with power density of 1.33 W/cm2 for 10 minutes continuously followed by 

natural cooling. In addition, pure distilled water was assigned as the negative 

control. According to Figure 4.2.5(b), the temperature profiles of selected samples 

appeared differently, with a greater tendency for rod-shapes, and a lower maximum 

temperature. Such finding also appeared in other optical densities, as shown in 

Figure 4.2.5(d).  In detail, temperature increments of 32-42°C were obtained from 

four samples. By contrast, pure water, which had negligible absorption at 1064 nm, 

only had 8°C of temperature elevation under laser irradiation. To quantify the HCE 



135 
 

(HCE) of the Cu2-xS nanostructures, the series of equations given in Chapter 3 were 

applied. 

In a typical photothermal evaluation experiment, NP suspensions firstly reached a steady 

state temperature, followed by a natural cooling process. Herein, the τS of four samples 

were calculated based on the temperature profiles of natural cooling, as shown in Figure 

4.2.5(c). Moreover, due to the limited concentration of the Cu2-xS nanostructures in water, 

the mD and CD of water can be regarded as the values for the sample suspension. Since all 

the samples were set as 0.5 absorption at 1064 nm, the value of Aλ was 0.5. The power 

density of 1064 nm used in this experiment was 1.33 W/cm2. Hence, based on all these 

data, the HCE of four Cu2-xS nanostructures were obtained and are listed in Table 4.3.  

As illustrated in Table 4.3, Cu9S8 NDs had the highest HCE (~49%) among all the 

other PEI capped Cu2-xS nanostructures. With the elongation of Cu2-xS 

nanostructures, the HCE gradually became weaker. For CuS NRs of length of 44.5 

nm, the HCE dropped to ~34.9%. The underlying reasons for the variation in the 

obtained HCE are still not clear and require further investigation. However, there 

are two possible reasons that may explain the difference in HCE. (1) The heavily 

surrounding PEI on the CuS NRs may hinder the phonon-phonon scattering, 

resulting in a limited amount of heat being transferred to the ambient.  (2) Although 

all samples had the same absorption at 1064 nm, the natural frequency of Cu9S8 

NDs was much closer to the irradiated laser than CuS NRs. In this case, the valence 

state holes can be pumped up easily. However, all the mentioned HCEs could only 

be supported under a irradiation of 1064 nm laser, and Cu9S8 NDs had the best 

performance. Due to the location of LSPR peak of CuS, the NRs stayed at longer 
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wavelengths, with the CuS NRs possessing a better photothermal response by laser 

illumination with longer wavelength. 

In addition, copper sulfide NCs with different composition and morphology were 

obtained by other research teams. The corresponding HCE under different laser 

parameters were also calculated. Compared with all the listed data in Table 4.3, a 

top ranking HCE for Cu2-xS nanostructures was achieved. Besides, the HCE of Cu2-

xS nanostructures can be tuned by simply adjusting the concentration of PEI in the 

synthesis approach.  

Table 4. 3 Comparison of HCE of various Cu2-xS nanostructures. a, 1 b, 2 c, 3 d, 4 e 5 
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4.3.3 In Vitro Cytotoxicity and Photothermal Test of Cu2-xS NCs  

To evaluate the cytotoxicity of PEI capped Cu2-xS nanostructures, human prostate cancer 

cells (PC3 cells) were applied. PC3 cells were seeded in 96-well plate for 24 hours with a 

density of 20,000 cells per well. Similar to previous characterizations, four Cu2-xS 

nanostructures with different aspect ratios and different concentrations (1-250 ppm) were 

incubated with PC3 cells for 44 hours before conducting standard MTT assays. As shown 

in Figure 4.2.6, elongated Cu2-xS nanostructures exhibited growing cytotoxicity. Typically, 

to achieve over 80% cell viability after 44 hours incubation, the maximum concentration 

of Cu2-xS nanostructures for PC3 cells to endure was quite different. In this case, PC3 cells 

can tolerate 250 ppm of Cu9S8 NDs, 64 ppm of Cu9S8 short rods, 4 ppm pf CuS NRs (36 

nm), and 0.25 ppm of CuS NRs (44.5 nm). Such severe cytotoxicity may derive from the 

Figure 4. 2. 6 The cell viabilities of PC3 cells treated with four different Cu2-xS NCs 
after 48 hours. 
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condensed PEI in the NRs samples. It has been reported that the positive charges on the 

PEI chain may rupture the cell membrane and induce cell apoptosis. Unfortunately, an 

efficient method to remove or replace the PEI polymer on Cu2-xS nanostructures has not 

been found yet. Further investigation is required to perform efficient ligand exchanges. 

However, Cu9S8 nanodots exhibited limited cytotoxicity, which may attribute to the low 

molecular weight of PEI and low concentration of PEI surfactant.  

The promising results on the cytotoxicity of Cu9S8 NDs creates the interest in investigating 

the efficacy of PTT. Cu9S8 NDs with varying concentration was prepared and incubated 

with PC3 cells. The final total concentrations (taken the cell medium into account) of 

Cu9S8 NDs were 200 ppm, 100 ppm, 50 ppm, and 25 ppm. With the same treatment to the 

PC3 cells by Cu9S8 NDs, after 24 hours of incubation, 5 minutes of laser irradiation was 

applied on diverse cell samples. After the laser treatment, PC3 cells returned to normal 

conditions for 4 hours before conducting standard MTT assays. The resultant cell viability 

Figure 4. 2. 7 The cell viabilities of PC3 cells treated by Cu2-xS NDs with or without 
NIR laser irradiation. 
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is shown in Figure 4.2.7. Specifically, upon laser irradiation, a concentration dependent 

cell death was observed, corresponding to 88%, 70%, 31%, and 8% of cell apoptosis. In 

contrast, untreated PC3 cells (without Cu9S8 NDs) did not exhibit any difference in cell 

viability, with and without laser treatment. Therefore, Cu9S8 NDs possess promising 

photothermal effects and can be utilized as photothermal agents.  

4.3 Studies of AuNR@Cu2-xS NRs 

PTT applying an external light source to trigger hyperthermia effects on pathological sites 

while minimizing collateral damage on surrounding healthy tissue has attracted extensive 

attention for potential clinical applications due to its minimum invasiveness, high spatial 

and temporal controls, relatively high safety, and easy-to-handle properties. 19 In order to 

achieve efficient PTT outcomes, scientists have been doing extensive experiments on 

selecting the optimal nanostructures and operation parameters. Typically, Au 

nanostructures, 204, 205 copper chalcogenide NCs, 24 carbon derivatives, 258 black 

phosphorus, 259 have been well studied in terms of the morphology-dependent 

photothermal response and concentration-dependent cytotoxicity. However, limited HCE 

remains as the major problem to inhibit the development of PTT-based applications.  

The integration of several components into one single unit may greatly enhance the 

chemical and physical properties of heteroNCs due to synergistic effects. 260, 261 Core-shell 

nanostructures, with maximum interaction between two functional components, have 

given birth to fascinating features in catalysis, 262 imaging, 263 solar cells, 238 and 

biotechnology applications. 155 Au-based core-shell nanostructures, with tunable LSPR 

properties, exhibited huge interest in biomedical applications, such as PTT. Copper 

chalcogenide (Cu2-xE, E=S, Se, Te) NCs, 96 with the doping dependent LSPR effects, also 
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exhibited significant potential in light manipulated applications. Although the LSPR of 

Au and Cu2-xE nanostructures are formed by different carriers, specifically conduction 

electrons and valence holes, the integration of plasmonic Au metal and Cu2-xE 

semiconductors may exhibit profound effects on manipulating incident irradiation.  

There are few reports on the preparation and mechanism of Au@Cu2-xS core@shell NPs. 

42, 106, 264 However, the restricted reaction conditions, related to hydrothermal synthesis, 

cation exchange, oxygen-free environment, time consuming process, expensive chemical 

requirements, hindered the studies and applications in practical situation. Moreover, the 

interaction between the Au core and Cu2-xE shell remains vague. Herein, core@shell 

nanostructures composed of AuNRs and Cu2-xS shells were prepared according to the 

Kirkendall effect. The morphology and lattice information of AuNR@Cu2-xS NRs were 

studied by TEM and HRTEM. The optical properties of AuNR@Cu2-xS NRs were 

extensively studied with varying aspect ratios of the inner AuNRs and gap distance 

between the core and shell. The photothermal response was studied by an 808 nm laser, 

with monitoring by thermal camera. The cytotoxicity and PTT efficacy were studied on 

PC3 cells with standard MTT assays.  

4.3.1 Effect of Morphology on The Photothermal Response of AuNR@Cu2-xS NRs 

The AuNR@Cu2-xS NRs were synthesized by a sequential two-step approach. The inner 

AuNRs were firstly prepared by an Ag ions assisted seed-mediated approach. After that, 

copper oxide layer was deposited on the metal core followed by reacting with sodium 

sulfide (Na2S). The Cu2O layer was then converted to a mesoporous Cu2-xS layer via the 

Kirkendall effect. Herein, a series of AuNRs samples with different aspect ratios (2.3, 2.7, 

3.1, 3.9) were prepared as the core materials. The average diameter of AuNRs was about 
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29 nm. Since each core sample has a unique LSPR peak, specifically at 636, 686, 744, and 

815 nm, the as prepared AuNR@Cu2-xS NRs were denoted as AuNR636@Cu2-xS, 

AuNR686@Cu2-xS, AuNR744@Cu2-xS, and AuNR815@Cu2-xS NRs, respectively. With 

increased aspect ratio, the LSPR peak of AuNRs and AuNR@Cu2-xS shifted to longer 

wavelength. 

The structures of a series of AuNR@Cu2-xS NRs were studied by TEM images as in Figure 

4.3.1. According to the TEM images, the dark inner core represents AuNRs, while the 

outer light-color shell represents Cu2-xS shell.  

The shell thickness of the Cu2-xS nanolayer and the gap distance in between the core and 

shell exhibited a morphology dependent difference. For the AuNR636@Cu2-xS NRs sample, 

as shown in Figure 4.3.1(a), a shell thickness of ~3 nm and gap distance of ~1 nm was 

observed. The morphology of AuNR636@Cu2-xS NRs was intact with fully cover of the 

Figure 4. 3. 1 The AuNR@Cu2-xS NRs with different aspect ratios. The inner AuNRs 
has the aspect ratio of 2.3 (a), 2.7 (b), 3.1 (c), and 3.9 (d). 
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Cu2-xS layer. For the AuNR686@Cu2-xS NRs sample, the shell thickness shrunk to ~3nm 

and the gap distance remained as ~1 nm. The morphology of AuNR686@Cu2-xS NRs was 

intact with fully cover of Cu2-xS layer. For AuNR744@Cu2-xS NRs sample, the shell 

thickness remained ~3 nm however the gap distance shrunk to ~1 nm. Based on Figure 

4.3.1(c), AuNRs are not fully covered by the Cu2-xS layer but are partially exposed to the 

surrounding environment. In contrast to AuNR815@Cu2-xS NRs, its structure is not intact, 

only roughly half of the surface was Cu2-xS layer deposits. The remaining shell thickness 

is only ~2 nm and the gap distance can hardly be observed.  Since the reaction conditions 

and chemical utilization for the initial four AuNRs are the same, the morphology 

difference on the AuNR@Cu2-xS NRs may be attributed to the nature of the AuNRs. 

Actually, shorter AuNRs have larger surface areas than longer AuNRs. Following this 

concept, AuNR636@Cu2-xS and AuNR686@Cu2-xS NRs need to occupy more Cu2-xS layers 

to achieve comparable shell thicknesses to AuNR744@Cu2-xS and AuNR815@Cu2-xS NRs. 

However, the actual situation is just the opposite, in which AuNR636@Cu2-xS and 

AuNR686@Cu2-xS NRs have more intact and complete structures than AuNR744@Cu2-xS 

and AuNR815@Cu2-xS NRs. The underlying reason for such a difference may result from 

the AuNRs yields with different aspect ratios. Possibly, Au nanostructures with higher 

tendency in anisotropic morphology have higher yields in synthesis process. Hence, 

during the synthesis steps, the quantity of short AuNRs is less than long AuNRs, resulted 

in mature Cu2-xS shell layer.  

High resolution TEM (HRTEM) was further performed on AuNR@Cu2-xS samples to 

study the lattice and structural information. Nanoparticle samples with thick and intact 

shells were prepared in order to study the composition of the Cu2-xS shell. The 

homogeneous rattle structure of AuNR@Cu2-xS NRs in Figure 4.3.2(a) indicates the 
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mature synthesis protocol. In TEM images with larger magnification (Figure 4.3.2(b)), the 

dimensions of the AuNRs and the thicknesses of the Cu2-xS shell are shown. Typically, 

the inner AuNRs had the length around 90 nm with an aspect ratio near 3.1 and the shell 

thickness of the Cu2-xS shell was about 6 nm. In addition, the pore size on the Cu2-xS shell 

was nearly 10 nm. According to the HRTEM images in Figure 4.3.2(c), a lattice spacing 

of AuNR@Cu2-xS NRs. 0.197 nm of lattice spacing was observed on the shell layer, which 

referred to the (2 0 1) crystal plane of Cu1.96S. In addition, fast Fourier transform (FTT) 

analysis of selected area A on shell layer indicates (2 0 1), (3 1 2), and (2 1 2) planes of 

Cu1.96S. Since TEM images are two-dimensional images of three-dimensional objects, it 

is difficult to capture clear lattice information of the inner Au core with the Cu2-xS layer. 

Hence, a lattice spacing of 0.124 nm, which is represented as a (3 1 2) plane of Cu1.96S is 

Figure 4. 3. 2 he TEM image of collective AuNR@Cu2-xS NRs with low (a) and high 
(b) magnification. The HRTEM image describes the composition of materials in 
selected areas (c). 
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observed on the dark area of the HRTEM image. Fast Fourier Transform (FFT) analysis 

was performed on the selected area B, which contained information on both the inner core 

and outer shell layer, specifically, the (2 1 2) and (3 1 2) planes of Cu1.96S and (3 3 1). 

The optical properties of AuNR@Cu2-xS NRs were studied by UV-Vis-NIR spectrometry. 

As shown in Figure 4.3.3, with the Cu2-xS layer growth on the metal core, the LSPR peak 

of AuNRs are redshifted to longer wavelengths. Such redshift is obvious on the 

longitudinal LSPR peak, which shifts to 691, 748, 805, and 875 nm from 636, 686, 744, 

and 815 nm. An even ~60 nm redshift of the absorption peak was observed on the 

longitudinal peak. The transverse LSPR peak also endures redshift to a certain degree. For 

AuNR636@Cu2-xS and AuNR686@Cu2-xS NRs, the transverse peaks are located at ~550 

nm, which are nearly 30 nm away from the initial wavelength. However, such redshift of 

the transverse peak is not obvious on AuNR744@Cu2-xS and AuNR815@Cu2-xS NRs. One 

possible explanation for the redshift of the LSPR peak is due to the reflective index 

difference between the AuNRs and Cu2-xS shell. It has been reported that the reflective 

index of the surrounding environment can affect the LSPR frequency of plasmonic NPs. 

Such relevance is reflected in a linear relationship between the LSPR displacement and 

surrounding reflective index (the higher the reflective index, the more redshift of the LSPR 

Figure 4. 3. 3 The absorbance spectra of a series of AuNRs (a) and AuNR@Cu2-xS 
NRs (b) with different aspect ratios. 
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peak). Hence, the redshifted LSPR peaks of AuNR@Cu2-xS NRs may be attributed to the 

higher reflective index of the Cu2-xS shell. Although there was a void layer between the 

AuNRs and Cu2-xS shells, such a gap was too narrow (≤ 3 nm) to exclude the interaction 

between the core and shell. The optical alternation could also be explained by the 

morphology difference in Figure 4.3.1. AuNR@Cu2-xS with smaller aspect ratio has more 

intact structures, whereas AuNR@Cu2-xS with bigger aspect ratios cannot be fully covered 

by the Cu2-xS shell. That is the reason why the transverse LSPR peak of the 

AuNR744@Cu2-xS and AuNR815@Cu2-xS NRs are barely redshifted. In general, the 

longitudinal LSPR peak of AuNRs is more sensitive to the surrounding environment than 

the transverse LSPR peak.  

To further study the optical properties of AuNR@Cu2-xS NRs, the absorbance spectra of 

AuNRs, Cu2-xS NPs, and the mixture of AuNRs and Cu2-xS NPs were compared. Cu2-xS 

NPs were synthesized with the same protocol except without the addition of AuNRs. As 

shown in Figure 4.3.4(a), AuNR@Cu2-xS NRs have much stronger absorption in the NIR 

region than individual AuNRs and Cu2-xS NPs. Such improvement may derive from the 

resonance energy transfer (RET) behavior from the Au nanocore to the Cu2-xS shell. RET 

Figure 4. 3. 4 (a) The absorbance spectra of AuNRs, AuNR@Cu2S NRs, Cu2S NPs, 
and the mixture of AuNRs and Cu2-xS NPs. (b) The absorbance spectra of 
AuNR@Cu2-xS NRs with different concentrations. 
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describes a nonradiative energy transfer mechanism via dipole-dipole interactions, in 

which the intensity of the interaction strongly depends on the gap distance between the 

dipoles and the overlaps of bandgap energy of the core and shell materials. As illustrated 

in Figure 4.3.4(a), after AuNRs were encapsulated by the Cu2-xS shell layer, the intensity 

and frequency of LSPR of the AuNRs were partially quenched. In the meanwhile, a highly 

enhanced NIR absorption was observed. Such absorbance appearance may be attributed 

to the energy transfer behavior from the AuNRs to the Cu2-xS nanoshell. In addition, the 

rattle structure of AuNR@Cu2-xS NRs could not exclude direct contacts between the core 

and shell. Consequently, the valence hole carriers may possibly diffuse into the AuNRs, 

resulting in reduced electron density in the Au domains, and redshifts of the LSPR peaks. 

In contrast, the mixture of AuNRs and Cu2-xS NPs do not induce significant changes on 

the location of the LSPR peak, which means the natural frequency of the surface plasmon 

of AuNRs is not affected. Actually, in the mixture of the two type of NPs, the distance 

between them was random and normally much larger than their dimension. Hence, in this 

case, it is unnecessary to consider the interaction between two types of NPs. In addition, 

according to Figure 4.3.4(b), the intensity of the LSPR peak of AuNR@Cu2-xS NRs is 

linear with the concentration, which indicates the good dispersity of this rattle type 

nanostructure.  

Photothermal response of AuNR@Cu2-xS NRs 

The photothermal responses of this series of AuNR@Cu2-xS NRs are studied using an 808 

nm laser (1W/cm2) and thermal camera. Specifically, 0.5 mL of sample dispersion was 

added in a glass cuvette and subjected to an 808 nm laser until a steady temperature was 

reached. The natural cooling process was recorded for the further calculation of HCE. 
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Pure water was denoted as negative control. According to the equations given in Chapter 

3, the HCEs of a series of AuNR@Cu2-xS NRs were calculated accordingly. As shown in 

Figure 4.3.5, the HCEs of the initial AuNRs samples and resultant AuNR@Cu2-xS NRs 

are illustrated and compared. Generally, with the Cu2-xS shell layer, the new NRs exhibited 

enhanced HCEs from ~8.3, ~13.4, ~24.8, and ~28.6% to ~26.8, ~27.3, ~28.3, and ~39.2%. 

The obtained HCEs followed by the trend of photothermal capability of AuNR with 

increasing aspect ratio. In addition, the HCE enhancements are more obvious on 

AuNR636@Cu2-xS and AuNR686@Cu2-xS than AuNR744@Cu2-xS and AuNR815@Cu2-xS 

NRs. The possible reason may derive from the intact structure of Cu2-xS shell on short 

aspect ratio AuNRs, which give rise to a stronger plasmonic interaction between core and 

shell. A FDTD simulation about the absorption, scattering, and extinction of AuNR and 

AuNR@Cu2-xS was also carried out to provide additional explanation for enhanced 

photothermal response (Appendix I). With the coverage of Cu2-xS shell layer, more light 

Figure 4. 3. 5 The comparison of HCE among Sample A, B, C, and D, which refer as 
AuNR636@Cu2-xS, AuNR686@ Cu2-xS, AuNR744@ Cu2-xS, and AuNR815@ Cu2-xS NRs, 
respectively 
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energy was absorbed. Given that only absorbed light energy can be converted into the heat, 

AuNR@Cu2-xS has higher potential to convert NIR irradiation into thermal energy. 

4.3.2 Effect of Size on The Photothermal Response of AuNR@Cu2-xS NRs. 

To acquire the full potential of nanotechnology, various investigations, in regard to the 

size- and shape-dependent physical and chemical properties of NPs, have been extensively 

studied. Among them, plasmonic nanomaterials have received special attention, due to the 

size- or shape-tunable LSPR behavior. For example, to apply plasmonic NPs into 

biological PTT, the absorption peak is required to be tuned to the biological windows to 

maximize the utilization of the incident irradiation. In addition, the size of NPs is also of 

great importance in interacting with biological systems, such as cellular uptake, renal 

clearance, organ accumulation, and across the blood brain barrier. Hence, the intriguing 

size effect attracts interest in studing the overall performance of AuNR@Cu2-xS NRs with 

smaller size. 

In the first section of this chapter, mini size AuNRs, with 55x smaller dimensions than 

regular AuNRs, have been studied in detail (the calculation is demonstrated in Appendix 

II). Herein, AuNR@Cu2-xS NRs based on mini AuNRs were prepared and characterized, 

in terms of morphology, absorbance, and photothermal response.  

Three mini AuNRs (mAuNRs) with LSPR peaks at 617, 665, and 759 nm were firstly 

prepared. Since mini AuNRs have much smaller (55x) dimensions than regular AuNRs, 

1.5x the amount of CuCl2 and NH3OH was required to fill the need of Cu2O coverage on 

the larger surface area. Moreover, to ensure even growth of the Cu2-xS shell, the reaction 

system needs to be ensured as homogenous. The size and morphology of the resultant 
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mAuNR617@Cu2-xS NRs, mAuNR665@Cu2-xS NRs, and mAuNR759@Cu2-xS NRs are 

shown in Figure 4.3.6 and the major findings of size and morphology parameters of 

mAuNR@Cu2-xS NRs are summarized in Table 4.4. According to these findings, the 

diameters of three resultant NRs samples are nearly the same, and the lengths of the NRs 

followed the trend of the initial mAuNRs. The shell thickness and gap distance of 

mAuNR@Cu2-xS NRs exhibit an interesting phenomenon, in which the shell thickness of 

Figure 4. 3. 6 The morphologies of mAuNR617@Cu2-xS NRs, mAuNR665@Cu2-xS NRs, 
and mAuNR759@Cu2-xS NRs are presented by TEM images (a, c, and e). The 
corresponding lattice information are indicated by HRTEM and FFT analyses, 
respectively (b, d, and f). 
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mAuNR@Cu2-xS NRs decreased with longer initial mAuNRs, however, the gap distance 

followed an opposite trend.   

According to the TEM and HRTEM images, the shell layer of Cu2-xS is not evenly 

distributed on the mAuNRs, however, being thick in the middle while thin at the tip. Such 

circumstances may be attributed to the limited size of mAuNRs. As mentioned previously, 

AuNR@Cu2-xS NRs are synthesized in two-sequential steps, in which AuNRs are firstly 

deposited by Cu2O layer followed by sulfurization by Na2S. Owing to the small 

dimensions of mAuNRs, the shape of mAuNR@Cu2O may be spherical or ellipsoidal, 

rather than following the initial rod shape of the mAuNRs. Hence, the resultant Cu2-xS 

shell is thicker in the middle than the tip end of mAuNRs. It can also be noted that the gap 

between the core and shell is more apparent in the middle part of the NRs. This could also 

be attributed to the spherical or ellipsoidal shape of the mAuNR@Cu2O NPs., and could 

explain the change of shell thickness and gap distance among above three samples. 

The nanostructure and lattice information of mAuNR@Cu2-xS NRs are studied by 

HRTEM. As shown in Figure 4.3.6 (b), the FFT analysis of the selected area (inner of the 

square dash line) indicates a (3 1 2) crystal plane of Cu1.96S, a (2 2 0) plane of Cu1.8S, and 

a (2 2 0) plane of Au. The co-existence of Cu1.96S and Cu1.8S phases makes it difficult to 

identify the value of x in the Cu2-xS shell. In Figure 4.3.6 (d), FFT analysis of 

Table 4. 4 The summary of major finding of size and morphology parameters of 
mAuNR@Cu2-xS NRs. 
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mAuNR665@Cu2-xS NRs is studied. The (2 0 1) and (1 0 4) planes of Cu1.96S and (2 2 2) 

plane of Au are observed. In Figure 4.3.6 (f), the (4 2 0) plane of Au and (3 1 2) plane of 

Cu1.96S are observed. Generally, the crystal phase of the outer Cu2-xS shell layer is 

dominated by Cu1.96S, which is consistent with results obtained from regular size 

AuNR@Cu2-xS NRs. 

The absorbance spectra of mAuNR@Cu2-xS NRs 

The optical properties of mAuNR@Cu2-xS NRs are studied by UV-Vis-NIR spectroscopy. 

The absorbance spectra of mAuNRs are shown in Figure 4.3.7(a). Compared to regular 

AuNRs, the ratio of (transverse LSPR peak/longitudinal LSPR peak) of mAuNRs is 

relatively big. This is attributed to the impurities in the Au nanospheres. For regular size 

AuNRs samples, the size and amount of Au nanospheres only play minor roles in the 

overall spectra. However, in mAuNRs samples, Au nanospheres, as impurities, may have 

an even larger volume than mAuNRs. Such situation could result in an enhanced ratio of 

transverse (LSPR peak/longitudinal LSPR peak). The absorbance of mAuNR@Cu2-xS 

NRs is shown in Figure 4.3.7(b). Similar to regular size AuNR@Cu2-xS NRs, 

mAuNR@Cu2-xS NRs also exhibit a significant redshift of longitudinal LSPR peak, which 

Figure 4. 3. 7 The absorbance of mAuNRs with different aspect ratios (a) and their 
corresponding mAuNR@Cu2-xS NRs (b). 
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shifts from 617, 665, and 759 nm to 682, 762, and 903 nm. However, such redshift is not 

as even as the situation for regular size AuNR@Cu2-xS NRs. Specifically, 65, 97, and 144 

nm of redshift of longitudinal peak are observed. The nonuniform redshifts may originate 

from the different morphology (thickness and gap distance) of the Cu2-xS shell. As 

mentioned earlier, regular size AuNR@Cu2-xS NRs have nearly 60 nm redshift of the 

longitudinal peak from the initial AuNRs. The average shell thickness and gap distance 

are 3 nm and 1 nm, respectively. In the series of mAuNR@Cu2-xS NRs, mAuNR617@Cu2-

xS NRs have 65 nm of redshifts, which is similar to the situation for regular size 

AuNR@Cu2-xS NRs. However, with increasing gap distance, the redshift of the 

longitudinal LSPR peak increases to 97 and 144 nm. Moreover, compared to 

mAuNR759@Cu2-xS NRs with regular size AuNR@Cu2-xS NRs, both of them have nearly 

the same shell thickness, however with different gap distances. The redshifts of the 

longitudinal LSPR appear quite differently. Hence, the gap distance plays a more 

significant role than shell thickness in affecting the optical properties of mAuNR@Cu2-xS 

NRs. The transverse LSPR peak of mAuNR@Cu2-xS NRs are also studied. Unlike the 

situation for regular size AuNR@Cu2-xS NRs, an even ~30 nm of transverse LSPR 

displacement is observed on each of the mAuNR@Cu2-xS NRs. This can be explained by 

the intact nanostructures of mAuNR@Cu2-xS NRs. 

Photothermal response of mAuNR@Cu2-xS NRs 

The complete and intact nanostructure of mAuNR@Cu2-xS NRs generate interest to 

investigate the photothermal performance. Generally, a sample suspension is transferred 

into a glass cuvette and subjected to an 808 nm laser. The temperature profile is recorded 

by thermocouple and thermal camera. Pure water is denoted as the negative control.  
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As shown in Figure 4.3.8, the HCE of the initial mAuNRs samples and resultant 

mAuNR@Cu2-xS NRs are illustrated and compared. Generally, with a Cu2-xS shell layer, 

the new NRs exhibit enhanced HCE from ~8.2, ~13.8, and ~27.4% to ~34.0, ~40.1, and 

~52.5%. The obtained HCE is followed by the trend of photothermal capability of mAuNR 

with increasing aspect ratio. Unlike the situation in regular size AuNR@Cu2-xS NRs, 

which exhibit more obvious HCE enhancement on samples with shorter aspect ratio, 

mAuNR@Cu2-xS NRs have roughly 25% of enhancement in HCE from all the initial 

mAuNRs. This can be explained by the strong plasmonic interaction in the intact rattle 

structure of mAuNR@Cu2-xS NRs  

4.3.3 Effect of Gap Distance on The Photothermal Response of AuNR@Cu2-xS NRs 

According to previous studies on regular and mini sizes of AuNR@Cu2-xS NRs, the 

integrity of the Cu2-xS shell and the distance between the core and shell layer play 

significant roles in the overall optical properties. Specifically, with an intact shell structure, 

Figure 4. 3. 8 The comparison of HCE among Sample E, F, and G, which refer as 
mAuNR617@Cu2-xS, AuNR665@Cu2-xS, and AuNR759@Cu2-xS and the corresponding 
initial mAuNRs. 
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a clear redshift of both transverse and longitudinal LSPR peaks is observed. In addition, 

according to the photothermal performance of mAuNR@Cu2-xS NRs, the sample with the 

biggest gap distance exhibits the highest HCE. However, it is difficult to specify the 

driving force, either from the aspect ratio of the initial mAuNRs or the gap distance 

between core and shell. A detailed study on the gap distance effect on the optical 

properties and photothermal performance, regular size AuNR@Cu2-xS NRs with the same 

Figure 4. 3. 9 The morphology of regular size AuNR@Cu2-xS NRs with gap distance 
of ~3 nm (a), ~5 nm (b), and ~7 nm (c) are shown in TEM images. 
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aspect ratio and shell thickness but varying gap distance were prepared by carefully 

adjusting the reaction protocol.  

According to Figure 4.3.9, the TEM images indicate the nanostructure of AuNR799@Cu2-

xS NRs, in which all these three samples share the same shell thickness, ~8 nm. In addition, 

different average gap distances (from the outer surface of AuNR to the inner surface of 

Cu2-xS shell layer), specifically, ~3 nm, ~5 nm, and ~7 nm, are observed on individual 

samples. Hence, these three samples are denoted as AuNR799@Cu2-xS(3) NRs, 

AuNR799@Cu2-xS(5) NRs, and AuNR799@Cu2-xS(7) NRs, respectively.  

The optical properties were studied by UV-Vis-NIR spectroscopy. As shown in Figure 

4.3.10, the absorbance spectra of AuNRs799, and AuNR799@Cu2-xS(3) NRs, 

AuNR799@Cu2-xS(5) NRs, and AuNR799@Cu2-xS(7) NRs are given. Compared to AuNRs799, 

AuNR799@Cu2-xS NRs exhibit a gap distance dependent redshift of the longitudinal LSPR 

Figure 4. 3. 10 The optical properties of AuNRs799, AuNR799@Cu2-xS(3) NRs, 
AuNR799@Cu2-xS(5) NRs, and AuNR799@Cu2-xS(7) NRs. 
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peak. In detail, 57, 66, and 81 nm of displacements were observed, respectively. However, 

although the AuNR799@Cu2-xS(7) NRs have a much bigger gap distance than 

mAuNR759@Cu2-xS NRs (~4 nm gap distance), the wavelength displacement is much 

smaller (81 versus 144 nm). This may be attributed to the relative proportion of the core 

and shell materials. Although regular size AuNRs@Cu2-xS NRs have larger wavelength 

displacement and shell thickness, the volume of the shell materials is limited. In contrast, 

mAuNR@Cu2-xS NRs have larger proportion of shell materials and may induce stronger 

SPR coupling and result in unique optical properties. The transverse LSPR peak of 

AuNR799@Cu2-xS NRs were also studied. An even ~30 nm of transverse LSPR 

displacement was observed on each AuNR799@Cu2-xS NRs. In general, the gap distance 

plays a major role in affecting the longitudinal LSPR peak of AuNRs, whereas the shell 

thickness or shell material integrity play a major role in affecting the transverse LSPR 

peak.  

Photothermal response of AuNR799@Cu2-xS NRs with varying gap distance 

To evaluate the photothermal response of AuNR799@Cu2-xS NRs, a sample suspension 

was transferred into a glass cuvette and subjected to an 808 nm laser. The temperature 

profile was recorded by thermocouple and thermal camera. Pure water was denoted as 

negative control.  

As shown in Figure 4.3.11, the HCE of the initial AuNRs799 samples and resultant 

AuNR799@Cu2-xS NRs are demonstrated and compared. HCEs of ~28.6, ~48.3, ~51.3, and 

~35.4% were obtained from AuNRs799, and AuNR799@Cu2-xS(3) NRs, AuNR799@Cu2-xS(5) 

NRs, and AuNR799@Cu2-xS(7) NRs., respectively. According to previous studies, the 

existence of the Cu2-xS shell layer has a positive effect on promoting the overall 
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photothermal response. Herein, a non-linear relation between HCE and gap distance is 

observed. Typically, when the distance is below 5 nm, the HCE of AuNR799@Cu2-xS NRs 

is increased, with an enlarging gap. However, when the distance is higher than 5 nm, the 

enhancement on photothermal performance becomes weaker. Hence, it should have an 

optimal gap distance to maximize the plasmon interaction between metal core and 

semiconductor shell. In this work, the optimal gap distance is ~5 nm.  

4.3.4 In Vitro Cytotoxicity and Photothermal test of AuNR@Cu2-xS NRs 

To investigate the cytotoxicity of AuNR@Cu2-xS NRs, PC3 cells were used. PC3 cells 

were pre-seeded in 96-well plates for 24 hours with a density of 20,000 cells per well. A 

large range of concentrations (5 to 6400 ppm) of AuNR@Cu2-xS NRs were prepared and 

incubated with cells for 44 hours before conducting standard MTT assays. As shown in 

Figure 4.3.12(a), no significant cytotoxicity was observed up to 200 ppm of AuNR@Cu2-

xS NRs. Moreover, the IC50 of the NRs samples was located between 1600 ppm and 3200 

ppm, which indicated a low cytotoxicity property. To further evaluate the viability of the 

treated cells, AuNR@Cu2-xS NRs with concentrations ranging from 5 to 200 ppm were 

prepared for cell culturing. The standard MTT assays were carried out after 12, 24, and 

48 hours of cell cultures. According to Figure 4.3.12(b), a concentration- and time-

Figure 4. 3. 11 The HCE of AuNRs799 (H), AuNRs799@Cu2-xS(3) NRs (I), 
AuNRs799@Cu2-xS(5) NRs (J), and AuNRs799@Cu2-xS(7) NRs (K).  
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dependent cytotoxicity was observed. Concentrated NRs and prolonged incubation time 

would lead to higher cell death. However, with 200ppm of NRs, nearly 80% of PC3 cells 

survived after 48 hours of incubation.  

The photothermal cytotoxicity of AuNR@Cu2-xS NRs was further investigated by 

exposing PC3 cells to 808 nm laser irradiation. Shortly after the PC3 cells were cultured 

with nanostructures for 24 hours, 5 minutes of laser exposure was performed, followed by 

another 2 hours of incubation and standard MTT assay. To examine the enhanced PTT 

effects of AuNR@Cu2-xS NRs, the performance of AuNRs was also studied. Herein, 

AuNR@Cu2-xS NRs and AuNRs with four concentrations (25, 50, 75, and 100 ppm) were 

prepared and precultured in the same conditions. The overall cell viabilities with regard 

to different situations are summarized in Figure 4.3.13. Without laser irradiation, slight 

dosage-dependent cytotoxicity is observed on both the AuNRs and AuNR@Cu2-xS NRs 

samples. After applying laser treatment, cell viabilities of 88, 84, 67, and 33% are obtained 

on the PC3 cells, treated with 25, 50, 75, and 100 ppm of AuNRs. In contrast, 84, 73, 30, 

and 2% of cell survival rates were obtained by PC3 cells, treated with the same 

Figure 4. 3. 12 (a) The cell viabilities of PC3 cells treated by AuNR@Cu2S NRs with 
concentration ranges from 0 to 6400 ppm for 48 hours. (b) The cell viabilities of PC 
cells treated by AuNR@Cu2S NRs with concentration ranges from 5 to 200 ppm for 
12 hours, 24 hours, and 48 hours.  
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concentration gradients. Although the irradiation duration was merely 5 minutes, 

enhanced cell apoptosis was achieved by AuNR@Cu2-xS NRs. This is attributed to the 

unique rattle structure of AuNR@Cu2-xS NRs, which give rise to a strong surface plasmon 

interaction and enhanced photothermal response. In this case, the concentration of 

photothermal agents and applied laser power can be both reduced, hence diminish the 

acute and long-term cytotoxicity of PTT. 

  

Figure 4. 3. 13 The cell viability of PC3 cells treated with AuNRs and AuNR@Cu2-

xS NRs under or not under laser irradiation.  



160 
 

Chapter 5 Dual- and Multi-Modal Synergistic Therapeutic 

Treatments Based on PTT 

In the last chapter, the morphological and compositional photothermal effects of three 

types of plasmonic nanomaterials are studied and demonstrated. In addition, the 

cytotoxicity and PTT of Cu2-xS NCs and AuNR@Cu2-xS NRs are evaluated on PC3 cells.  

The limited toxicity and treatment efficacy of nanomaterials provided the motivation to 

perform further investigations on biological responses. In this chapter, the light-to-heat 

feature of photothermal agents is integrated with other modalities, including drug release, 

gene therapy, and chemotherapy. Such combinations provide unprecedent potential to 

enhance the overall treatment efficacy of cancer therapy. 

5.1 Combination of Drug Release and Photothermal Response 

To overcome the nonideal features (such as poor drug solubility, fast clearance, and over-

dosages uses) of conventional drug administration, various types of nanoscale drug 

reservoirs, composed of liposome, polymer, vial, or inorganic materials, have been 

proposed in the past two decades. Among then, mesoporous silica (MS), with its robust 

structure stability, well-defined surface properties, tunable pore size, and excellent 

biocompatibility, has attracted huge attention in the field of drug delivery. However, the 

limited drug loading capacities remain as the biggest challenge in delivering therapeutics 

into pathological sites. It is of great importance to develop MS-based drug reservoirs with 

larger drug loading capacities.  

In addition, to boost the treatment efficacy of nanomedicine and provide a fine control 

over drug release, supplementary therapy with stimuli-responsive drug release properties 
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is required. PTT, as an emerging therapeutic strategy exhibits excellent potential in 

combination with chemotherapy. On the one hand, the cytotoxic heat generated by 

photothermal agents can eliminate pathological cells to a certain degree. On the other hand, 

the generated high temperature is also able to trigger drug release from a drug reservoir as 

external stimuli. Moreover, a localized high temperature is beneficial for enhancing 

cellular uptakes of NPs and sensitizing cancer cells to specific drugs.  

To address the aforementioned problems, a dual-functional nanocomposite, composed of 

hollow mesoporous silica nanoparticles (HMS NPs) and citrate-capped CuS NCs was 

fabricated in this work. The large inner cavity of HMSN provides sufficient space for drug 

encapsulation while the surrounding CuS NCs provides the ability to respond the NIR 

irradiation and generate heat. Moreover, the PAH polymer reduces the overall cytotoxicity 

and avoids premature drug release. In general, the cooperation and integration of HMSN, 

CuS NCs, and PAH polymer offers a comprehensive strategy to enhance the drug release 

kinetics and therapeutic potential. 

5.1.1 Preparation and Characterization of HMS@CuS@PAH NPs 

The dual functional nanocomposite was fabricated according to the method described in 

Chapter 3. The morphology evolution is indicated by TEM images. As shown in Figure 

5.1.1(a), monodisperse lead sulfide NPs (PbS NPs) with average size of ~80 nm is firstly 

prepared as the sacrificial template. Then, the positively charged SiO2 layer is further 

deposited on PbS NPs, as shown in Figure 5.1.1(b). After acid etching of PbS with 

concentrated HCl, HMSNs are achieved and the morphologies are illustrated in Figure 

5.1.1(c). The average shell thickness of SiO2 is nearly ~18 nm. In addition, due to the 

positive charges on HMSNs, negatively charged citrate capped CuS NCs can be easily 
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bound via electrostatic force. To ensure the structural stability of HMS@CuS NPs and 

reduce the overall cytotoxicity, PAH is applied as an additional layer to compact the 

nanostructure. The morphology of HMS@CuS@PAH NPs is demonstrated in Figure 

5.1.1(d). 

The ζ potential of nanocomposites in each stage is examined by a DLS machine, and is 

shown in Figure 5.1.2. In the first stage, PbS NPs with ζ potential of ~33.4 mV was firstly 

synthesized. The high positive charges were derived from the surrounding CTAB capping 

Figure 5. 1. 1 The TEM images of (a) PbS NPs, (b) PbS@SiO2 NPs, (c) HMS NPs, 
and (d) HMS@CuS@PAH NPs. 
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agents. This was followed by silica layer deposition and PbS core etching, and positively 

charged HMS NPs were prepared with ζ potential of ~20.1 mV. Citrate capped CuS NCs 

(negatively charged) were further synthesized and attached on HMS NPs via electrostatic 

force. The overall ζ potential of HMS@CuS NPs were measured as ~-16.7 mV. In the 

final step, a PAH (positively charged polymer) layer was applied to cover on 

nanocomposites and formed HMS@CuS@PAH NPs. A ζ potential of ~31.2 mV was 

obtained.  

The optical response of HMS@CuS@PAH NPs and its components were measured by 

UV-Vis-NIR spectroscopy. As shown in Figure 5.1.3, Dox (Dox) has a distinctive peak at 

485 nm; HMS NPs do not have obvious absorbance peak in this measuring range; and 

CuS NCs have a strong LSPR peak at 928 nm. The integration of HMS NPs and CuS NCs 

induce optical property changes, as illustrated in Figure 5.1.3. Compared to CuS NCs, the 

absorbance peak of HMS@CuS@PAH NPs is redshifted to longer wavelengths with 

reduced intensity. Moreover, after loading the Dox into HMS@CuS@PAH NPs, the 

absorption peak of Dox is shown as the purple line in the absorbance spectra.  Such high 

intensity of absorption peak indicates the efficient drug loading of Dox in nanocomposites.  

Figure 5. 1. 2 The ζ potential of nanocomposites in each stage. 
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5.1.2 Photothermal Response of HMS@CuS@PAH NPs under 808 nm Laser 

Irradiaation 

Due to the concentrated CuS NCs on HMS NPs, the photothermal response is of great 

importance and affects the consequent PTT efficacy and controlled drug release kinetics. 

To evaluate the photothermal response of HMS@CuS@PAH NPs, 2 mL of sample 

dispersion was irradiated by a NIR laser (1.33W/cm2, 1064 nm) until a steady temperature 

was reached. As shown in Figure 5.1.4, within the 10 minutes of irradiation, the 

temperature of dispersion was increased significantly from ambient temperature. However, 

distilled water, as the negative control, only had a limited temperature increment (8℃) 

under the same condition. The enhanced temperature elevation originated from the LSPR 

behavior of CuS NCs in HMS@CuS@PAH NPs. To further illustrate the photothermal 

performance of HMS@CuS@PAH NPs, sample suspensions with different dilutions were 

prepared. The concentration dependent photothermal responses are indicated in Figure 

5.1.4. 

Figure 5. 1. 3 The absorbance spectra of Doxorubicin (Dox), HMS NPs, CuS NCs, 
HMS@CuS@PAH NPs, and HMS@CuS@PAH loaded with Dox. 
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5.1.2 The Stimuli-Responsive Drug Release Kinetics under Low pH and Heat 

Drug release kinetics is one of the essential features for dual functional chemo-

photothermal nanocomposites. Herein, Dox was loaded in HMS@CuS@PAH NPs by 

diffusion with a loading content of 5% and entrapment efficiency of 45%. The drug release 

behavior is examined by the absorption of drug release medium at 485 nm. Generally, 

HMS@CuS@PAH NPs are responsive to pH values and the surrounding temperature. 

According to Figure 5.1.5, negligible drug release was detected at the pH=7.4 environment 

within 500 minutes. However, nearly 17% of drug was released in a pH=5.6 environment 

with the same time duration. The pH-responsive modality of drug release is attributed to 

the protonation of the PAH coating and amine group of Dox, resulting in the enhanced 

solubility of Dox. 265 Since a tumor microenvironment is weakly acidic, drug loaded 

SiO2@CuS nanocomposites can be responsive to the tumor environment and induce 

enhanced drug release. Due to the photothermal effects of CuS NCs, the NIR-triggered 

drug release behavior of SiO2@CuS nanocomposites were further investigated. The 

Figure 5. 1. 4 The temperature profile of HMS@CuS@PAH NPs with different 
concentrations under the irradiation of 1064 nm laser. 
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released drug concentration was recorded before and after 10 minutes of laser irradiation 

(1064 nm, 1.33 W/cm2) at the desired time point. A sudden increase in drug concentration 

was observed after each 10 minutes event for laser irradiation. This indicated that the 

generated thermal energy accelerates the drug release from HMS@CuS@PAH NPs. The 

enhanced drug release behavior may result from improved molecular diffusion of Dox. 

The combined acidic environment and thermal treatment on drug release behavior was 

further investigated. Based on Figure 5.1.5, a highly enhanced drug release profile is 

observed in pH=5.6 under NIR-irradiation, compared to individual external stimulus. 

However, compared to thermal-triggered drug release in pH=7.4, drug release in pH=5.6 

with lasering only has mild enhancement in each irradiation interval. We supposed that 

acidity accelerated the drug releases in the whole release time hence reduced the 

concentration difference in each NIR-irradiation interval. 

Figure 5. 1. 5 The cumulative drug release from drug loaded HMS@CuS@PAH NPs 
under different conditions, including pH=7.4, pH=5.8, pH=7.4+NIR laser, and 
pH=5.8+NIR laser. 
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In general, the integration of the photothermal effect and drug release provides a 

comprehensive way to manipulate the drug release kinetics. Under such controls, 

therapeutic drugs can be utilized in an efficient way by avoiding the overdosage situation, 

side effects on healthy normal tissues, and premature drug release in un-desired sites. 

Moreover, the combination of chemotherapy and PTT may hugely promote therapeutic 

potential via the synergistic effects of drugs and heat. 

5.2 Combinational Effects of Gene Therapy and PTT 

In a previous chapter, PEI capped Cu2-xS NCs were proven to have a morphological 

dependent cytotoxicity. The spherical Cu9S8 NDs (Cu9S8 NDs) was biocompatible with 

PC3 cells even with a high concentration of 250 ppm, whereas, rod-shaped CuS 

nanostructures with the unavoidable PEI polymer exhibited intense toxicity in PC3 cells. 

Considering the positive charges of PEI polymer, PEI capped Cu9S8 NDs exhibit good 

potential in combining gene therapy and PTT.  

5.2.1 Characterization of Cu9S8 NDs (NDs) 

Hence, Cu9S8 NDs were synthesized and characterized by a series of approaches. 

According to Figure 5.2.1(a), Cu9S8 NDs are well dispersed with average core size of 10 

nm. The absorbance spectrum of Cu9S8 NDs were measured by UV-Vis-NIR spectroscopy. 

As illustrated in Figure 5.2.1(b), Cu9S8 NDs has an intensive absorption peak in the NIR 

region (λ=650-1200 nm), which is attributed to the collective oscillation of the valence 

holes. In biomedical applications, the hydrodynamic size of NPs is more practical and 

significant to consider than the core size, as shown in TEM images. To characterize the 

hydrodynamic size and surface ζ potentials of nanostructures in an aqueous solution, DLS 
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analysis is required. As shown in Figure 5.2.1(c), the average hydrodynamic size of 

Cu9S8NDs is nearly 40 nm, which is quite suitable for cellular uptakes. In addition, due to 

the PEI capping agents, high positive ζ-potentials of +87 mV on Cu9S8 NDs was observed 

by DLS, as shown in Figure 5.2.1(d). Considering all the main features of Cu9S8 NDs, 

including limited nanoparticle size, promising photothermal effect, and high positive 

surface ζ-potential, it is feasible to integrate gene therapy and PTT in this single unit.  

5.2.2 Photothermal Performance of Cu9S8 NDs under 808 nm Laser Irradiation 

The photothermal response of Cu2-xS NCs with different morphologies and compositions 

were studied in previous chapters under the irradiation of a 1064 nm laser. Herein, Cu9S8 

NDs were subjected to an 808 nm laser (1 W/cm2) to investigate the photothermal 

performance. Deionized water was assigned as the negative control sample. Similar to the 

previous setup, 2 mL of sample suspension (100 ppm of Cu9S8 NDs or pure water) was 

added in a glass cuvette and irradiated by NIR laser for 10 minutes. An IR camera was 

Figure 5. 2. 1  (a) The TEM image of PEI-capped Cu9S8 NDs. (b) UV-Vis-NIR 
absorption spectrum of the as-prepared Cu9S8 NDs. The hydrodynamic size (c) and 
ζ-potentials (d) of Cu9S8 NDs. 



169 
 

used to monitor the temperature change of the irradiated samples. According to Figure 

5.2.2(a), a high temperature of 50℃ was achieved by the Cu9S8 suspension within the 

irradiated period. However, the water sample, irradiated in the same conditions, could 

only reach 28℃ eventually. Moreover, according to the temperature profile of the Cu9S8 

suspensions, based on equation 1-4, an HCE of 34.9% was obtained. Such result indicates 

the promising photothermal response of PEI capped Cu9S8 NDs. In addition, according to 

Figure 5.2.2(b), the temperature gradient is demonstrated by the IR images. After laser 

irradiation for 10 minutes, Cu9S8 NDs exhibited a distinct temperature elevation and the 

highest temperature of 50℃ was observed. However, the temperature increment of the 

pure water sample was barely noticeable.  

5.2.3 Gel Electrophoresis Assay and Cellular Uptakes of Cu9S8 NPs 

The positive charges of PEI endow Cu9S8 NDs with good potential to be non-viral gene 

vectors in performing gene therapy. To testify the condensation and complexation ability 

of Cu9S8 NDs toward siRNA, gel electrophoresis assay was applied, with pure Cu9S8 NDs 

and siRNA as negative controls. The nanocomplexes of Cu9S8 NDs and siRNA with 

varying weight ratios were prepared, including 3:32, 3:16, 3:8, 3:4, 3:2, and 3:1. 

Figure 5. 2. 2 (a) The temperature elevation of Cu9S8 NCs dispersion and H2O under 
808nm irradiation with 1 W/cm2 for 10 min. (b) The IR image indicated the 
temperature distribution of water sample and Cu9S8 NCs sample. 
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According to Figure 5.2.3 (a), Sample F-H achieved overall retardation of siRNA, whereas 

nanocomplexes with lower weight ratios were unable to avoid the detachment of siRNA 

under an external electric field. In addition, the ζ-potentials of Cu9S8/siRNA 

nanocomplexes with different weight ratios were also measured. As shown in Figure 

5.2.3(b), when the weight ratio was higher than 3:8, positive ζ-potentials were achieved, 

which explains the efficient siRNA binding in the gel retardation assays. Moreover, with 

increasing weight ratio of Cu9S8/siRNA, increased ζ-potentials of the nanocomplexes 

were achieved.  

Although various reports have mentioned that the PEI polymer has good potential in 

carrying genetic materials, the potential cytotoxicity limits its application in gene delivery. 

For example, PEI may translocate the lipid bilayer without the assistance of membrane 

Figure 5. 2. 3 (a) The gel retardation electrophoresis of Cu9S8 NDs/siRNA, with pure 
siRNA and Cu9S8 NDs as control. (b) The ζ potential of the corresponding 
nanocomplexes. 
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proteins. PEI exhibits a robust affinity with certain proteins, including shock proteins, 

glutathione-S-transferases, and protein disulfide isomerase, which are highly related to the 

apoptosis process in cells. Herein, PEI was applied as a reducing and capping agent to 

synthesize Cu9S8 NDs and support siRNA binding. Two rounds of centrifugation were 

undertaken to remove excess PEI before bio-applications, for reducing the cytotoxicity 

induced by free PEI. According to the ζ-potentials tests by DLS, the resultant Cu9S8 NDs 

still had high enough positive charges which can support siRNA binding. To further 

investigate the cytotoxicity of Cu9S8 NDs, cell culture and MTT assays were applied. 

The detailed cytotoxicity study on PEI capped Cu2-xS NCs is mentioned in Chapter 4. The 

Cu9S8 NDs with concentrations ranging from 5 to 200 ppm exhibited limited toxicity on 

PC3 cells. Such results indicate the great promise of Cu9S8 NDs in bio-applications. The 

efficiency of gene therapy is highly correlated with gene binding, nanoparticle 

internalization, and cytoplasmic release of selected genes. To evaluate the cellular uptakes 

of Cu9S8/siRNA nanocomposites in PC3 cells, fluorescent-labeled siRNA (Alexa Fluor™ 

555 siRNA) was applied as the model gene to illustrate the location of the nanocomposites. 

PC3 cells were seeded in 6-well plates for 24 hours before use. After incubating the 

Cu9S8/siRNA nanocomposites for another 4 hours, the treated cells were washed by a PBS 

medium and stained by DAPI dye. According to the microscopy images in Figure 5.2.4(a), 

the size and morphology of the PC3 cells are shown in a bright field image. The red 

fluorescent signals from siRNA and blue fluorescent signals from DAPI dye are illustrated 

in Figure 5.2.4(b,c). According to the merged image in Figure 5.2.4(d), the location of the 

fluorescent signals and PC3 cell are well matched, which indicates the efficient cellular 

uptakes of Cu9S8/siRNA nanocomposites. Moreover, due to the negatively charged and 

easily degraded nature of siRNA, it is difficult for siRNA to be internalized into cells 
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without carriers. In this study, siRNA was bound by PEI capped Cu9S8 NDs. On the one 

hand, siRNA was protected from degradation by avoiding the contacts with nuclease. On 

the other hand, siRNA was more accessible to cells due to the electrostatic interaction 

between nanocomposites and cell membrane. 

5.2.4 Down Regulation Efficiency of (Interleukin-8) IL-8 mRNA via Gene Delivery 

by Cu9S8/siRNA Nanocomplexes 

According to the performance of Cu9S8 NDs in gel electrophoresis, cytotoxicity tests, and 

cellular uptakes, qPCR tests were performed to further measure the efficacy of gene 

therapy. Briefly, siRNA is aimed at interrupting the expression of targeted mRNA, and 

such process is also known as gene silencing. To evaluate the efficacy of Cu9S8/siRNA 

nanocomplexes in PC3 cells, it is straightforward to measure the content of the targeted 

 

Figure 5. 2. 4 (a) The shape and size of PC3 cells were shown in bright field image. 
The red fluorescence for Alexa Fluor™ 555 siRNA (b) and blue fluorescence for 
DAPI-stained nucleuses (c) were shown in fluorescent image. The merged image (d) 
overlapped the bright field image with fluorescent images. (Scale bar: 200 μm) 
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mRNA. Herein, IL-8 siRNA was selected to demonstrate the efficacy of gene therapy. IL-

8 is a validated gene in prostate cancer and plays a major role in angiogenesis in prostate 

cancer. The down regulation of the IL-8 gene can hugely reduce the cell proliferation of 

prostate cancer. To examine the gene silencing efficiency of the IL-8 gene, Cu9S8/siRNA 

nanocomplexes with varied weight ratios, including 3:8, 3:4, 3:2, 3:1, were prepared and 

cultured with PC3 cells. In addition, Cu9S8 NDs and IL-8 siRNA alone were assigned as 

negative controls while lipofectamine RNAIMAX/IL-8 siRNA nanocomplexes were 

considered as the positive control. According to the qPCR analyses in Figure 5.2.5, a 

weight ratio dependent gene silencing performance is observed.  

In Figure 5.2.5, as the weight ratio of nanocomposites increases, the relative expression 

of IL-8 mRNA is firstly decreased, followed by a huge elevation. Such results may be 

 

Figure 5. 2. 5 The qPCR analysis of CuS NDs/siRNA with different weight ratios 
(fixed siRNA amount). Pure siRNA and CuS NCs were regarded as negative control. 
Untreated PC3 cells were regarded as blank control. PC3 cells treated with 
RNAiMAX/siRNA were considered as positive controls. 
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attributed to the variation of surface ζ-potential of Cu9S8 NDs. Specifically, as the weight 

ratio increased from 3:8 to 3:4, the higher ζ-potential of Cu9S8 NDs induced stronger 

cellular uptakes, which resulted in higher knock down efficiency of IL-8 mRNA. With the 

further increases of weight ratio, although stronger ζ-potential was achieved and resulted 

in stronger siRNA binding, the excessive positively charges hindered siRNA release from 

nanocomplexes, thus reducing the efficacy of gene therapy. In the control groups, there 

was no big difference in IL-8 mRNA expression among cell samples treated by pure 

siRNA, 50 ppm of Cu9S8 NDs, and water. However, when PC3 cells were treated with 

200 ppm of Cu9S8 NDs, a huge increment of relative expression of IL-8 mRNA was 

achieved. This can be explained by an induced inflammation process by over-dosages of 

Cu9S8 NDs. Since IL-8 is also involved with the inflammation process in cancer, the 

occurrence of inflammation can induce extensive expression of IL-8 mRNA. The 

abnormal behavior in the first column of Figure 5.2.5 can also be explained by this concept. 

On the one hand, the delivered siRNA was able to reduce the expression level of IL-8 

mRNA. On the other hand, the overdosage of Cu9S8 NDs may induce inflammation in the 

PC3 cells. Thus, considering all the data mentioned in this part, a weight ratio of 3:4 was 

the most suitable one for efficient gene silencing. Compared to the positive control group, 

RNAiMAX achieved nearly 80% of gene silencing, which was better than Cu9S8 naodots. 

However, Cu9S8/siRNA nanocomposites, which provided dual-modal therapy, exhibited 

greater potential in cancer treatment. 

5.2.5 In Vitro Level of Combined Gene Therapy and PTT 

The combined therapy of Cu9S8/siRNA nanocomplexes were evaluated by culturing PC3 

cells with external stimulus. Cu9S8/siRNA nanocomplexes with optimized weight ratios 
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were prepared and incubated with cells with four concentration, 25, 50, 100, and 200 ppm. 

According to Figure 5.2.6, the cell viabilities of the PC3 cells exhibit a concentration 

dependent manner, which with higher concentration of nanocomplexes, lower cell 

viabilities are obtained. Compared with Cu9S8 NDs alone, Cu9S8/siRNA nanocomplexes 

exhibited a higher anti-proliferation rate on PC3 cells. This can be attributed to the anti-

proliferation effect of IL-8 siRNA. The internalization of nanocomplexes successfully 

reduced the expression of IL-8 gene, and hence slowed down the progress of cell division. 

With NIR laser irradiation, severe cell damages were obtained by the localized heat 

generated by plasmonic nanostructures. Specifically, 8%, 31%, 70%, and 88% of cell 

viabilities, corresponding to 200ppm, 100ppm, 50ppm, and 25ppm of Cu9S8 NDs, were 

obtained by laser treated cells continuously over 10 minutes. A further promoted cell 

apoptosis was obtained by treating cells with Cu9S8/siRNA nanocomplexes under NIR 

illumination. In this case, 6%, 33%, and 16% of enhanced cell killing were obtained, 

compared to 100ppm, 50ppm, and 25ppm of Cu9S8 NDs treated cells with laser irradiation. 

The enhanced efficacy was originated from the anti-proliferation effect of IL-8 siRNA. 

However, there was no big difference between the survival rates of PC3 cells, which were 

treated with 200 ppm of Cu9S8 NDs and Cu9S8/siRNA nanocomplexes using laser. The 

possible reason may result from the dominant effect of photothermal performance in this 

concentration. Hence, the efficacy of gene silencing is negligible in this case.  

Based on the qPCR results mentioned previously, the maximum knockdown efficiency of 

IL-8 mRNA was nearly 50%. Theoretically, lower expression of IL-8 chemokine could 

result in lower cell proliferation rate. To confirm this idea, PC3 cells were incubated with 

50ppm of Cu9S8 NDs and RNAiMAX/siRNA nanocomplexes simultaneously. According 

to Figure 5.2.6(b), more than 80% of cell viability was observed from PC3 cells treated 
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with a mixture of Cu9S8 NDs and RNAiMAX/siRNA nanocomplexes, which indicated 

their limited cytotoxicity. However, a slight but significant decrease of cell viability was 

observed, compared to Cu9S8/siRNA nanocomplexes treated cells. Such a result may be 

attributed to the higher knock down efficiency of RNAiMAX/siRNA nanocomplexes.  

Moreover, when the NIR laser was applied, enhanced PC3 cell damage (~78%) was also 

observed, which was 15% higher than the Cu9S8/siRNA nanocomplexes treated cells in 

the same condition. In general, photothermal effects and gene silencing both played 

significant roles in the final therapeutic outcomes. Taking all the mentioned results 

together, the combination of PTT and gene therapy exhibited a synergistic effect in curing 

prostate cancer cells. 

5.3 Combinational Effects of Gene Therapy, PTT, and Chemotherapy 

In Chapter 4, the materials characterization and photothermal efficacy of AuNR@Cu2-xS 

NRs were in detail described. Herein, the therapeutic effect of multimodal therapy, which 

Figure 5. 2. 6 (a) The cell viability of PC3 Cells treated by Cu9S8 NDs and 
Cu9S8/siRNA nanocomplexes with or without NIR laser irradiation. (b) The 
comparison of induced cell apoptosis between Cu9S8/siRNA nanocomplexes and the 
mixture of Cu9S8 NDs with RNAiMAX/siRNA. 
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was composed of AuNR@Cu2-xS/siRNA nanocomplexes and quercetin, is demonstrated 

and discussed.  

5.3.1 Gel Electrophoresis Assay and Cellular Uptakes of AuNR@Cu2-xS/siRNA 

Nanocomplexes 

A capping agent is essential for nanostructures in order to maintain their structural and 

functional stability in an aqueous environment. During the synthesis process, 

AuNR@Cu2-xS NRs were stabilized by CTAB and SDS. Although these chemical 

substances can ensure excellent stability of NPs, their intrinsic cytotoxicity (even with low 

dosages) hinder NPs for bio-application uses. To achieve the full potential of nanoparticles 

in the bio-medication field, ligand exchange is required to replace the initial capping agent 

with a biosafe one. Among them, PEGylated polymers are well-known as safe and 

efficient capping agents. In this work, in order to integrate the photothermal effect of 

AuNR@Cu2-xS NRs with gene therapy, mPEG-PEI polymer was applied as a new capping 

agent to replace CTAB and SDS on the nanostructures. On the one hand, the PEG moiety 

can maintain the dispersity of AuNR@Cu2-xS NRs in aqueous manner. On the other hand, 

the PEI moiety can provide positive charges, which support siRNA binding and delivery. 

The typical ligand exchange protocol is mentioned in Chapter 3.  

The ζ potential of mPEG-PEI capped AuNR@Cu2-xS NRs was investigated by DLS 

measurement. The as prepared AuNR@Cu2-xS NRs exhibits a high ζ potential of ~45mV. 

Such a promising result triggers a huge motivation in gel retardation assays so as to 

examine the capability of siRNA binding. Hence, AuNR@Cu2-xS/siRNA nanocomplexes 

with varied mole ratios were prepared for gel electrophoresis. Pure AuNR@Cu2-xS NRs 

and siRNA were assigned as negative controls. As shown in Figure 5.3.1(a), mole ratio 
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dependent results were observed. Specifically, with high molar ratios, such as 1:100 and 

1:200, efficient siRNA binding was achieved. However, with lower molar ratios, the 

siRNA binding efficiency was gradually weakened. In addition, there was no signal 

observed in the pure nanostructure lane and all the siRNA was detached from the sample 

well without gene carriers. In general, after the ligand exchange by mPEG-PEI, 

AuNR@Cu2-xS NRs were capable in carrying siRNA with certain molar ratios. The 

corresponding ζ potential of AuNR@Cu2-xS/siRNA nanocomposites are also measured 

and shown in Figure 5.3.1(b). According to the ζ potential results, only nanocomplexes 

with molar ratios of 1:100 and 1:200 had positive values, which was well matched with 

the situation in Figure 5.3.1(a).  

To evaluate the cellular uptakes of AuNR@Cu2-xS NRs, fluorescent-labeled siRNA 

(Alexa Fluor™ 555 siRNA) was bound on AuNR@Cu2-xS NRs and incubated with PC3 

cells for 4 hours. Then, the treated cells were washed with PBS and stained by DAPI dye. 

According to the bright field and fluorescent images in Figure 5.3.2, the fluorescent 

signals from siRNA (red) and DAPI dye (blue) were very clear and the locations are well 

matched with the PC3 cells. Such results indicated the successful cellular uptakes of 

Figure 5. 3. 1 Gel electrophoresis assay of AuNR@Cu2-xS/siRNA nanocomplexes 
with various mole ratios ranging from 1:100 to 1:3.2k. (a) AuNR@Cu2-xS NRs and 
pure siRNA represented negative controls. (b) The ζ potential of AuNR@Cu2-

xS/siRNA nanocomplexes with various mole ratios. (Scale bar: 200 μm) 
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nanocomposites. Moreover, according to the merged pictures in Figure 5.3.2(d), 

AuNR@Cu2-xS NRs were not only bound on cellular membranes, but also internalized 

into PC3 cells. The internalization condition played a major role in subsequent siRNA 

release and reducing the mRNA.   

Figure 5. 3. 2 The cellular uptakes of AuNR@Cu2-xS NRs by PC3 cells was captured 
after 4 h incubation. (a) The bright field, (b, c) fluorescent, and (d)merged optical 
images of the treated PC3 cells indicated the localization of NRs. The siRNA was 
labeled with red fluorescent dye (b) and nuclei were stained blue with DAPI (c). 
(Scale bar: 200 μm) 
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5.3.2 Down Regulation Efficiency of IL8 mRNA via Gene Delivery by AuNR@Cu2-

xS/siRNA Nanocomplexes 

To evaluate the knock down efficiency of IL-8 siRNA by AuNR@Cu2-xS NRs, the 

corresponding nanocomplexes were incubated with PC3 cells for 48 hours. In this case, 

un-treated cells, AuNR@Cu2-xS NRs, and IL-8 siRNA were treated as negative controls, 

while Lipofectamine RNAiMAX/siRNA was treated as positive control. According to 

Figure 5.3.3, the negative controls do not exhibit obvious change on the expression level 

of IL-8 mRNA. However, AuNR@Cu2-xS NRs/siRNA nanocomplexes with a molar ratio 

of 1:200, achieved more than 70% of knock down efficiency. In the positive control group, 

RNAiMAX/siRNA have achieved 90% of down regulation of IL-8 mRNA. Compared to 

the commercial product (lipofectamine RNAiMAX), AuNR@Cu2-xS NRs exhibited lower 

capability in interrupting the expression of IL-8 genes. One possible reason may have 

 

Figure 5. 3. 3 Relative mRNA expression of IL-8 chemokine for 48 h. Blank, carriers, 
and siRNA alone was assigned as negative control. RNAiMAX/siRNA represented 
positive control. 
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originated from the strong binding of the PEI moiety on the capping agent, which at least 

partially hindered the siRNA release from the nanocomposites. However, gene 

transfection and interference of AuNR@Cu2-xS NRs was better than the PEI capped Cu9S8 

NDs and may have better performance in combined therapy. 

5.3.3 Heat Shock Response of PC3 Cells Treated with Heat and/or Quercetin 

When applying external stressful conditions (such as heat, cold, and UV light) to cells, 

shock proteins may be secreted immediately toward against the cell function changes 

induced by the stress. Similarly, when ascertain amount of extra thermal energy was 

applied to the cells, heat shock proteins may be immediately generated to weaken the cell 

damage. In this case, when applying PTT on PC3 cells, the corresponding heat shock 

defense should be considered. However, not all types of cells are capable of secreting heat 

shock proteins. To examine such ability in PC3 cells, qPCR analysis was performed on 

heat treated cells to examine the HSP expression level of mRNA. According to Figure 

Figure 5. 3. 4 The relative expression of mRNA of HSP70&90 under different 
conditions. 
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5.3.4, with heat treatment, over 50x higher amount of mRNA of HSP70 can be observed 

compared to untreated PC3 cells. However, only 4x higher levels of HSP90 mRNA are 

observed on heat treated cell samples. Such findings indicated that HSP70 may play a 

dominant role in the heat shock response of PC3 cells. 

Immunolabeling was further performed on PC3 cells to visualize HSP70&90 in a semi-

quantified way. PC3 cells were cultured under different conditions, including 37℃, 45℃ 

for 20 min, 37℃ with quercetin first and then incubated at 45℃ for 20 min. Quercetin, as 

a naturally occurring flavone, can target more than one heat shock protein, specifically 

HSP70 and HSP90, and is a good candidate to render the cancer cells susceptible to heat. 

After treatment to the PC3 cells, HSP70 was immunolabeled by fluorescent dye and 

locations and existence were indicated by fluorescent microscopy. According to Figure 

5.3.5(a and b), under normal conditions (37℃ with 5% CO2), a moderate level of HSP70 

is observed in PC3 cells. However, with the heat treatment on PC3 cells, intense red 

fluorescent signals, referred to as HSP70, are shown in PC3 cells, as illustrated in Figure 

Figure 5. 3. 5 The HSP70 levels are indicated by the fluorescent merged pictures. (a) 
(b)Untreated sample, (c) (d) heat-treated sample, and (e) (f) quercetin-treated 
sample are shown. Herein, HSP70 are immunolabeled with red fluorescent dye and 
cell nucleuses are stained by blue fluorescent dye. (g) The expression of HSP70, 
HSP90, and β-Actin are analyzed by western blots. (Scale bar: 200 μm) 
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5.3.5(c and d). This phenomenon is attributed to the defense behavior of PC3 cells in 

responding to external heat. When applying quercetin first on PC3 cells, followed by heat 

treatment, the fluorescent signals of HSP70 decreased, as shown in Figure 5.3.5(e and f). 

Consequently all the fluorescent images in this part, PC3 cells are capable of secreting 

HSP70 under heat treatment and quercetin was able to reduce and even inhibit the 

generation of HSP70.  

To further examine the protein level of HSP, western blotting was performed with β-actin 

as the reference. According to Figure 5.3.5(g), in the first lane, which refers to untreated 

cells, moderate expression levels of HSP70 and HSP90 are exhibited. In the second lane, 

which corresponded to heat treated cells, slightly increased protein level of HSP70 and 

HSP90 are exhibited. However, in the third lane, which represents quercetin and heat-

treated cells, the expression of HSP70 almost faded away and the expression of HSP90 

was also noticeably decreased. The findings in western blotting are well matched with the 

data from fluorescent imaging.  

Figure 5. 3. 6 The HSP90 levels are indicated by the fluorescent merged pictures. (a) 
(b)Untreated sample, (c) (d) heat-treated sample, and (e) (f) quercetin-treated 
sample is shown. Herein, HSP90 is immunolabeled with red fluorescent dye and cell 
nucleuses are stained by blue fluorescent dye. (Scale bar: 200 μm) 
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Similar experiments on HSP90 for fluorescent imaging were also conducted, as shown in 

Figure 5.3.6. However, the expression of HSP90 was not as obvious as HSP70 after heat 

treatment. This indicates that HSP70 plays a dominant role in heat shock response. 

5.3.4 In vitro Level of Combined Gene Therapy, PTT, and Chemotherapy 

The efficacy of PTT by AuNR@Cu2-xS NRs is described in Chapter 4. Herein, the 

combined therapy involved with AuNR@Cu2-xS NRs is introduced. As mentioned earlier, 

quercetin is capable to reduce or even inhibit the expression of heat shock proteins. By 

combining AuNR@Cu2-xS NRs and quercetin in cancer treatment, the overall therapeutic 

outcomes may be obviously enhanced. To confirm this concept, PC3 cells were incubated 

with AuNR@Cu2-xS NRs and quercetin, with or without NIR laser irradiation. The 

treatment efficacies of such combined therapy are summarized in Figure 5.3.7(a). 

AuNR@Cu2-xS NRs with concentrations of 25ppm, 50ppm, and 75ppm were prepared. 

Quercetin was dissolved in DMSO and diluted by a cell medium with concentration of 30 

uM. Without laser illumination, only slight cytotoxicity was observed on PC3 cells treated 

by AuNR@Cu2-xS NRs and quercetin. However, with laser irradiation, concentration 

dependent cell damage was observed, as shown in Figure 5.3.7(a). Specifically, when cells 

were treated with 50ppm and 75ppm of AuNR@Cu2-xS NRs, significant cell death was 

achieved. However, at a concentration of 25 ppm of AuNR@Cu2-xS NRs, PC3 cells can 

almost tolerate the treatment and only slight cytotoxicity was observed. When the cells 

were treated with AuNR@Cu2-xS NRs and quercetin, even higher cell death was achieved 

under laser irradiation. Such different effects originated from the reduced HSP in the PC3 

cells, and resulted in weakened cellular defense to thermal energy. In general, the 
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participation of quercetin reduced the HSP in the PC3 cells, hence enhanced the overall 

PTT performance.  

As described earlier, IL-8 siRNA plays a significant role in prostate cell proliferation. 

Hence, down regulation of IL-8 mRNA can slow down the reproduction process of PC3 

cells, and hence achieved enhanced therapeutic effect. The combinational therapy of 

AuNR@Cu2-xS/siRNA nanocomplexes and quercetin was further investigated. According 

to Figure 5.3.7(b), without laser treatment, all treated cells samples exhibited limited 

cytotoxicity. Compared to the AuNR@Cu2-xS NRs treated sample, a slight but significant 

drop in cell viability was observed on AuNR@Cu2-xS NRs/siRNA nanocomplexes treated 

cells. This can be explained by the knock down of IL-8 mRNA, which resulted in lower 

cell proliferation. Under laser irradiation, a huge decrease of cell viability was observed 

on all treated cell samples. According to Figure 5.3.7(b), by integrating PTT with gene 

therapy, slightly higher cell apoptosis was achieved, compared to PTT alone. With the 

Figure 5. 3. 7 (a) Cell viability of PC3 cells after culturing AuNR@Cu2-xS NRs of 
different concentration (25ppm, 50ppm, 75ppm) with or without quercetin and laser 
for 24 h. (b) Cell viability results from an MTT assay performed on PC3 cells under 
control conditions and combination of therapies. 
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combination of quercetin and PTT, an even higher cell apoptosis was achieved. Moreover, 

the integration of PTT, gene therapy, and quercetin resulted in the highest cell death, 

which was attributed to the synergistic effect of combined therapy. 
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Chapter 6 Solar Driven Vapor Generation by Plasmonic 

Nanostructures 

Fresh water shortage is considering as one of the most serious global issues. 51 Various 

countries are suffering from water crises due to the ever-growing needs of water supplies 

in agriculture, industrial activities, and population growth. Paradoxically, over 71% of the 

earth’s surface is covered by water with an estimated amount of 1.4×109 km3. 52 Hence, 

refining drinkable water from the oceans is one of the most reliable and sustainable 

approaches to overcome the freshwater shortage. However, the cost of seawater 

desalination is still very high. 

Seawater reverse osmosis (SWRO) as the current dominant desalination method, has been 

applyed in numerous countries. 266 Nowadays, the unit water cost is stabilized in 0.5 

U.S.dollor m-3 with the large-scale energy consumption ranges within the range of 3-4 kW 

h m-3. Moreover, due to the technical limitation in osmotic pressure, SWRO can only 

purify nearly 50% water from seawater. In recent years, solar water desalination, which 

relies on an economically sustainable energy source, solar irradiation, has attracted huge 

attention for purifying water. 56 Briefly, by shining solar-thermal generators on bulk water 

using sunlight, water can be evaporated continuously at a promising rate without 

additional energy input and consumption. 

A variety of materials, such as graphene oxide, 58 plasmonic nanostructures, 63 and 

carbonized plants tissues, 59, 267 have been integrated with floating supporting materials to 

enhance the solar vapor conversion efficiency. However, the low efficiency in water 

transportation and insufficient thermal energy utilization hindered the development of 

solar-vapor-based freshwater generation. Heat localization, which confines thermal 
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energy into small amounts of water on the evaporation surface, has been proven to be 

effective in allocating more heat to water vaporization. Although, according to previous 

reports, the efficiency for solar vapor generation can be elevated by concentrated solar 

power, obtaining high efficiency under normal daylight conditions that are ideal and 

practical. 63 

In this work, we report an integrative gel comprising copper sulfide NRs 268 (CuS NRs) 

as the solar absorber and PVA as the structural components. Copper chalcogenide 

semiconductor NCs are considered as the most promising green and sustainable 

photothermal agents, due to low cost, low cytotoxicity, and excellent photo-stability. CuS 

NRs, with excellent photothermal efficiency and high scattering cross section, can 

efficiently convert solar energy into heat. The hierarchical structure in PVA hydrogel, 

which consists of big channels, capillary channels, and micro holes, can efficiently 

replenish and transport water into confined areas for localized heating. In addition, with 

the low heat conduction rate, light density, and good hydrophilicity of PVA, the hydrogel 

showed reduced unwanted heat loss. A high vapor evaporation rate (~87%) was achieved 

under simulated 1 sun irradiation and a high purity of evaporated water was obtained by 

natural sunlight and verified by resistance measurement. These results indicated a great 

potential of CuS NRs-PVA gel for future practical seawater desalination. 

6.1 Preparation and Characterization of CuS NRs-PVA gel 

Copper sulfide nanocrystal with extensive absorption in the visible and near infrared 

region have attracted huge interest for plasmonic heating. 257 Due to its LSPR effect, light 

can be converted into thermal energy with promising efficiency. By far, copper sulfide 

NCs with varies morphologies and compositions have been reported, such as Cu9S5 
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nanospheres, 1 CuS nanoflowers, 65 and CuS NPs. 5 However, rod shaped CuS NCs were 

seldom introduced before. Actually, due to the unique rod-shape structure, CuS NRs 

possess broader absorption in the NIR region than Cu2-xS NCs with other shapes. Herein, 

PEI capped CuS NRs were synthesized by a facile one-step approach with PEI as the 

reducing and capping agent, copper chloride as the copper source, and the sodium sulfide 

as sulfur source. The synthesis protocol is described in previous chapters. To demonstrate 

the morphology of CuS NRs, a TEM image was captured and shown in Figure 6.1(a). A 

uniform rod shape of CuS with surrounding PEI was observed in the TEM image. 

Moreover, the diffraction pattern indicates the lattice information of the hexagonal 

covellite, as shown in Figure 6.1(b). 

To fabricate a solar driven vapor generation system, scaffold materials which can support 

photothermal agents and water transportation are required. In this work, PVA was applied 

to fabricate a gel-based vapor generator. The in-situ polymerization method was used for 

preparing the interconnecting structured gels. Since PVA contains numerous hydroxyl 

groups, which endows excellent hydrophilicity and negative charges, CuS NRs/PVA 

clusters can be formed due to electrostatic force interaction. A typical process for 

fabrication of CuS NRs/PVA gel is given in Chapter 3. After the gelation process, all the 

Figure 6. 1 (a) The morphology of CuS NRs are indicated by TEM image. (b) The 
polycrystal situation is indicated by the refractive pattern.  
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CuS NRs/PVA clusters were interconnected to form the gel structure and the remaining 

spacings between clusters became holes, gaps, and channels for water transportation.  

CuS NRs/PVA gel with different photothermal agent loadings (0 mg, 1 mg, 2 mg, 4 mg, 

8 mg, 12 mg) were prepared, as shown in Figure 6.2(a). As the amount of CuS NRs 

increased, the color of the composite gels became dark green from transparent. To 

investigate the inner structure of the composite gel, SEM imaging was applied. According 

to Figure 6.2(b-d), the hierarchical gel structures, composed of channels, micro holes, and 

mesh-typed walls were observed. Specifically, the channel diameter was nearly 100 µm, 

the average diameter of the micro holes was about 10 µm, and the distance between two 

wrinkles on the internal surface was roughly 1 µm. Owing to the unique hierarchical inner 

structures of the composite gel, water can be transported in an efficient way. Moreover, 

Figure 6. 2 (a) CuS NRs-PVA gel with different CuS NRs loading (i.e. 0 mg, 1 mg, 2 
mg, 4 mg, 8 mg, 12 mg). The SEM images demonstrated the inner structure of CuS 
NRs-PVA gel, (b) containing the big channel (scale bar: 150 μm); (c) micro holes 
(scale bar: 5 μm) and (d) the mesh-typed inner wall of CuS NRs-PVA gel (scale bar: 
8 μm). 
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the wrinkled type of inner surface wall provided a big surface area, which may greatly 

enhance the heating efficiency for loaded water.  

Since visible and near infrared irradiation occupies more than 95% of solar energy, an 

excellent solar driven evaporator should absorb light in this range as much as possible. To 

evaluate the light absorption properties, CuS NRs/PVA gel with different CuS NRs 

loading was prepared for light (300 to 1700 nm) absorbance testing. According to Figure 

6.3, with an increasing amount of CuS NRs in composite gel, an enhanced amount of light 

energy was absorbed. Specifically, with only 1 mg loading of CuS NRs in the gel, nearly 

50% of light energy was absorbed, which indicated the high utilization of incident 

irradiation. In addition, with more CuS NRs in the gel, a gradually enhance light 

absorbance was observed. In the most heavily loaded sample, which occupied 12 mg of 

CuS NRs, almost no light was transmitted through composite gel. Such results 

demonstrated the good potential of CuS NRs/PVA gel for solar vapor generation.  

Figure 6. 3 The light transmission spectra of CuS NRs-PVA gel with different CuS 
NRs loading. 
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6.2 The Solar Light Triggered Photothermal Response of CuS NRs-PVA Gel 

When considering the phase transfer from liquid water to vapor, thermal energy plays a 

significant role in this process. Hence, the photothermal response of CuS NRs-PVA gel is 

of great importance in deciding on the overall performance of solar driven evaporation.  

To study the performance of solar vapor generation, six CuS NRs/PVA gels with different 

CuS NRs loadings (0, 1, 2, 4, 8, and 12 mg per gel) were prepared, and abbreviated as 

Samples A-F. Since the water evaporation rate is highly related to the surrounding 

temperature, it was necessary to investigate the temperature change of CuS NRs/PVA gels 

under simulated solar light. The room temperature for this experiment was about 23℃. 

All the gel samples were irradiated under the same condition (1 sun irradiation for 30 

minutes). According to Figure 6.4(a), a CuS-dependent temperature elevation was 

achieved. Specifically, 32℃, 34℃, 36℃, 39℃, 42℃, and 41℃ surface temperatures 

were achieved in Samples A-F. Interestingly, although Sample F possessed more 

photothermal agents than Sample E, its final temperature was slightly lower than Sample 

Figure 6. 4 (a) The temperature profile of CuS NRs-PVA gels with different CuS 
NRs loadings. Specifically, Sample A-F corresponding to sample gels with 0, 1, 2, 4, 
8, and 12 mg of CuS NRs loading. (b) The thermal picture of Sample F under 
simulated solar irradiation for 30 minutes. 
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E. This could be attributed to the full utilization of solar energy. In addition, the 

temperature profile of Sample E was measured by IR camera and is shown in Figure 6.4(b).  

As mentioned in the previous chapter, the LSPR effect was induced by the coherent light 

with the same natural frequency as the plasmonic nanostructures. Although solar light 

contains a wavelength range which can trigger the photothermal effect, the minor 

proportion of in-phase light hinders the maximum accessible temperature. To evaluate the 

photothermal response of CuS NRs/PVA gels, a sample piece of gel, with 12 mg of CuS 

NRs loading, was subjected to a 808 nm laser (1 W/cm2). Dramatically, within few 

minutes, a huge temperature elevation was observed, according to the IR camera. As 

shown in Figure 6.5, after a mere 3 minutes, the temperature of the irradiated area on the 

composite gel reached more than 400℃, which is much higher than the temperature 

obtained under simulated solar light. During this process, the distinct odor of CuS material 

spread out. Such high temperature is attributed to the intense LSPR effect in the composite 

gel, resulting a temperature of more than 400℃. 

Figure 6. 5 A small piece of CuS NRs-PVA gel shined by 808 nm laser (1 W/cm2) for 
3 minutes. The final temperature is indicated by thermal photo. 
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6.3 Solar Vapor Generation of CuS NRs-PVA gel by Simulated Solar Irradiation  

In the next stage, the performance of solar vapor generation was studied. Briefly, an 

individual gel sample (Sample A-F) was floated on a 20 mL of water in a weighing bottle. 

Then, the weighing bottle was placed on a digital balance and subjected to simulated solar 

irradiation. The weight loss of water was measured by the digital balance over time. In 

addition, water without the gel sample was also irradiated by solar light as the negative 

control group. The mass loss curves of the evaporated water are summarized in Figure 6.6. 

According to Figure 6.6, the slope of the water evaporation curve increased with more 

CuS NRs loading. Specifically, 0.326, 0.453, 0.551, 0.635, and 0.607 kg m-2 weight 

changes of evaporated water, which corresponding to Sample B-F, was recorded by digital 

balance. Without the existence of the composite gel, in a dark environment, pure water 

only had 0.071 kg m-2 of weight loss. However, under 1 sun irradiation, pure water had 

0.171 kg m-2 of weight loss. The performance of vapor generation from pure water was 

far below the gel covered water. What is more, the basic PVA gel also enhanced the vapor 

generation rate under 1 sun irradiation, with the value of 0.242 kg m-2. In general, the 

Figure 6. 6 The as prepared samples for solar vapor generation. Weight changes (a) 
and water evaporation rates (b) of pure water with and without 1 sun irradiation, 
pure water covered by PVA gel and CuS NRs/PVA gels under 1 sun irradiation. 
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weight loss of evaporated water increased with higher amounts of CuS NRs. However, 

Sample E, which possessed 8 mg of CuS NRs, had a similar performance to Sample F, 

which had 12 mg of CuS NRs. Hence, to consider both the vapor generation efficiency 

and economical sustainability, composite gel with 8 mg of CuS NRs was the best 

candidate in this work.  

When considering the performance of water evaporation, time is a significant factor that 

needs to be included. Hence, the water evaporation rates (ν) were further calculated by 

using the following equation (equ (1)) 

 ν =
Wloss

π(
D

2
)2t

 5 

where Wloss refers to the weight losses of evaporated water, D corresponds to the diameter 

of CuS NRs-PVA gel, and t indicates the overall irradiation time. To validate the actual 

performance of CuS NRs/PVA gels in the generation of vapor steam, the natural water 

evaporation rate of pure water was required to be subtracted from all the treated samples. 

Figure 4b illustrates the water evaporation rates of all samples, which increased in the 

sequence of Sample A (0.484 kg m-2 h-2) < Sample B (0.652 kg m-2 h-2) < Sample C (0.907 

kg m-2 h-2) < Sample D (0.1.101 kg m-2 h-2) < Sample E (1.270 kg m-2 h-2) < Sample F 

(1.215 kg m-2 h-2). In summary, Sample E with 8 mg CuS NRs was the best candidate for 

solar vapor generation and ensured both high vapor generation rate and economical 

sustainability. 

Water evaporation efficiency is another important factor to indicate the performance of 

solar vapor generation. Specifically, the water evaporation efficiency can be calculated by 

equation 2 as follows: 
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 η = ν
C×∆T+∆vapHm

Coptqi
 6 

where ν indicates the evaporation rate, C refers to the heat capacity of water (4.18 J g-1 

K-1), ∆T is the temperature increment from initial stage (23℃), ∆vapHm represents the 

enthalpy change from liquid to vapor, Copt denotes to the optical concentration and qi is 

the power density of simulated solar irradiation. Hence, taking all the mentioned data 

together, the efficiencies of the gel samples were calculated and lined up in the order of 

Sample A (~33%), Sample B (~44%), Sample C (~62%), Sample D (~75%), Sample F 

(~83%), and Sample E (~87%). By contrast, the pure water evaporation efficiency was 

only about 23%, which is far below that of any CuS NRs/PVA gels. The excellent 

performance of the CuS NRs-PVA gel originated from the synergistic effect of PVA gel 

and CuS NRs. On the one hand, the structures of PVA gel enhance water replenishment 

and heating efficiency; on the other hand, CuS NRs can convert solar energy into thermal 

energy efficiently.  

To evaluate the performance of solar vapor generation of CuS NRs/PVA gels in a practical 

situation, a small piece of Sample E was floated on brine water and subjected to solar light, 

as shown in Figure 6.7. Specifically, 5 mL of brine water was added in a vial and covered 

Figure 6. 7 (a) The setup of homemade solar vapor generator. (b) The enlarge 
photos indicate bubbles on sample gels and water drops on vial wall. 



197 
 

by Sample E. A bigger beaker was capped on the vial to avoid dust and to condense water 

vapor. After 4 hours (10am to 2pm) of solar light illumination, water droplets appeared 

on the inner wall of the vial. Moreover, according to Figure 6b, small air bubbles appeared 

on the surface of Sample E gel. Such findings indicate the occurrence of vapor generation 

from the composite gel. In addition, to examine the purity of evaporated water, the 

resistance of the condensed water, brine water, and distilled water were measured and 

compared. A water drop was dipped on a glass slide and the resistance was measured by 

a multimeter. Due to limited amount of evaporated water, the gap between the two 

electrodes was adjusted to 3 mm. Specifically, a resistance of 5.56 MΩ for evaporated 

water, 0.36 MΩ for brine, and 4.46 MΩ for distilled water were obtained. According to 

the resistance data, evaporated water contained the least electrolytes composed of brine 

and distilled water. Moreover, evaporated water had a slightly higher resistance than 

distilled water, which indicated at least comparable purity with distilled water. 

In general, the high efficiency of solar vapor generation originated from the photothermal 

effect of the CuS NRs and the hierarchical structures of the PVA gel. The synergistic 

effect of the CuS NRs and PVA structure resulted in a high-water evaporation efficiency 

of ~87%, with a solar vapor generation rate of 1.270 kg m-2 h-1 under 1 sun irradiation. 

Moreover, in a practical situation, brine was purified by CuS NRs/PVA gel under sunlight. 

The purity of the evaporated water was evaluated by measuring the corresponding 

resistance. With the simple fabrication steps, abundant chemical sources, and high-water 

evaporation efficiency, CuS NRs/PVA gels exhibited great potential in seawater 

desalination, and possibly other applications, including environmental cooling, pollution 

abatement and moisture management.  
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Chapter 7 Overall Results and Discussions, Conclusions, and 

Suggestions for Future Research 

7.1 Overall Results and Discussions 

Nanoscience as an emerging discipline has been burgeoning in recent decades. A myriad 

of applications, such as quantum dot-based imaging, ultrahigh detection sensing, drug 

delivery, and plasmonic PTT, have been proposed due to the unique size and shape 

properties of nanoscale structures. Among various types of nanostructures, plasmonic NPs 

have attracted huge attention due to the tunable optical properties and light-to-heat feature. 

Conventionally, scientists have devoted significant effort in studying the physical 

properties of noble metal NPs, with regard to their size- and shape-features. However, the 

limitation in production costs, optical absorbance ranges, and HCE hinders the 

development of practical applications. To address these challenges, my PhD work has 

aimed at studying photothermal behavior in plasmonic nanomaterials and improving the 

HCE by (i) investigating the effect of size and morphology of nanoparticles on the overall 

optical properties and light-to-heat performances; (ii) developing hybrid nanostructures to 

enhance the efficiency of the photothermal effect.  

Cu2-xS NCs, which possess abundant chemical resources, limited particle sizes, and wider 

wavelength dynamics in the NIR region, are suggested for a new generation of plasmonic 

nanostructures. However, the fabrication process and morphological controls remain as 

the major obstacles to be overcome. Generally, the organic reaction environment, tedious 

synthesis procedure, restrictive reaction conditions, and highly toxic chemicals are 

involved in the preparation of plasmonic semiconductor NCs. Moreover, morphological 
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controls are difficult to be achieved in facile methods. To broaden the knowledge and 

practicality of Cu2-xS NCs, it is of great importance to develop a facile approach to 

fabricate Cu2-xS NCs with controllable geometry. 

An aqueous phase synthetic route is proposed in this research work. By inducing reaction 

among the CuCl2, Na2S, and PEI polymer with adjusted ratios in the aqueous environment, 

shape-controllable Cu2-xS NCs (from dots to rods) have been achieved. It is the first trial 

to utilize the reducing ability of a PEI polymer to construct the nanostructures of Cu2-xS 

NCs. Generally, with increasing concentrations of PEI, a dot to rod transition of Cu2-xS 

NCs occurs with the composition changing from Cu9S8 to CuS. The morphological 

transition can be attributed to the affinity of PEI on certain lattice planes of the Cu2-xS 

NCs. Owing to the strong affinity, under high concentrations of PEI, Cu2-xS NCs grow in 

the direction of the uncapped lattice plane, resulting in an anisotropic nanostructure. In 

addition, morphology- and composition-dependent optical properties of Cu2-xS NCs are 

observed. With the same composition of CuS, larger lengths (8-44.5 nm) of Cu2-xS NCs 

induce a redshift of the LSPR peak (920-1323 nm). This is quite similar to the situation 

for AuNRs, in which the longitudinal LSPR peak redshifts with increasing aspect ratio. 

Such redshifting of the absorption peak originates from the reduced resonance energy on 

the prolonged nanostructures. The optical properties of Cu9S8 NDs are also compared. 

With similar size and morphology, an LSPR peak of 1148 nm is observed on Cu9S8 NDs, 

which is 228 nm redshifted to CuS NDs. The results indicate that the morphology plays a 

more significant role than the size on the plasmonic properties of Cu2-xS NCs.  

This method not only provides a facile approach to fabricate Cu2-xS NCs with tunable 

shapes but is also beneficial in specific applications. Due to the positive charge of the PEI 
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polymer, the as prepared Cu9S8 NDs exhibit huge potential as a dual-modal therapeutic 

agent, which integrates gene therapy and PTT. On the one hand, the positive surface 

charges of Cu9S8 NDs are capable of binding genetic materials for gene therapy, and on 

the other hand, the photothermal nature of Cu9S8 NDs are potent in generating cytotoxic 

heat in cancer cells. The combination of gene therapy and PTT was high potential to 

promote the therapeutic efficacy for cancer treatment. Conventionally, the design and 

preparation of dual-modal nanocomposites always suffered from tedious and complex 

procedures, which hugely compromised the fabrication costs and stability of the overall 

performance. Under this raw method, the fabrication of dual-modal nanocomposites can 

be finished within one hour, which is far more efficient than in conventional trials. To 

examine the efficacy of the combined therapy, IL-8 siRNA was attached to Cu9S8 NDs to 

perform combined treatment on PC3 cells, as IL-8 is highly related to the proliferation 

rate of prostate cancer cells. Due to the synergistic effect of gene therapy and PTT, 

enhanced cell apoptosis rate was obtained, compared to individual treatment alone. In 

addition to biomedical applications, the as prepared Cu2-xS NCs exhibit great potential in 

solar vapor generation. To address the global issue of freshwater shortage, scientists have 

suggested a promising way to generate freshwater by solar energy, which would be much 

more cost-efficient than the current strategy-SWRO. Solar vapor generation refers to 

absorbing solar energy for heat generation and accelerating the phase change from liquid 

to vapor. Various materials and structures have been studied to promote the water 

evaporation rate. However, the limited HCE, insufficient thermal utilization, and low 

efficiency of the water transportation rate remain as major obstacles in this area. Herein, 

CuS NRs incorporating with PVA gel is feasible to address the above problems. On the 

one hand, the inner hierarchical structures of PVA ensure efficient water transportation 
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and thermal utilization. On the other hand, the high HCE and low fabrication costs of CuS 

NRs offer the capability of large-scale production. By carefully adjusting the fabrication 

process, the highest water evaporation efficiency of ~87% was achieved in this work, 

which is superior to most published works. Moreover, the purity of the evaporated water 

was examined by resistance measurement, resulting in a comparable or even higher purity 

than tap water.  

As mentioned earlier, HCE is the fundamental parameter on the overall performance of 

all photothermal based applications, and insufficient HCE of NPs may induce a series of 

problems. For instance, in biomedical applications, a high concentration of NPs and high-

power laser should be used to compromise the low HCE. However, higher risks of long-

term side effects and collateral damage may be induced in this case. Hence it is of great 

importance to develop photothermal agents with enhanced HCE. In recent years, 

plasmonic resonant energy transfer (PRET) behavior has been reported between the Au 

nanocore and the Cu2O semiconductor shell layer. The enhanced solar-light harvesting 

and energy-conversion efficiency in this core@shell structures motivates the developing 

of a new generation of photothermal agents. To enhance the HCE of designed 

nanostructures, AuNRs and Cu2-xS NCs were chosen and assigned as core and shell 

materials. A series of experiments were conducted to investigate the effects of overall size, 

aspect ratio of AuNR core, gap distance between core and shell, and shell thickness on the 

optical and photothermal performance. We found that the overall size of AuNR@Cu2-xS 

NRs plays a minor role on HCE. Although there are some reports that claim that a smaller 

size of AuNRs may be beneficial for absorption-based applications, the experimental 

results involved with photothermal response did not show any difference between mini 

and regular size AuNRs. In contrast, the shell integrity and gap distance can significantly 
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affect the photothermal response and HCE. The highest HCE (~52%) was achieved with 

gap distances between 4-5 nm and integral shell thickness. With such high an HCE, 

efficient hyperthermia effects in pathological sites can be achieved even with moderate 

amount of photothermal agents. Moreover, enhanced irradiation responsive thermal 

generation is expected for deep tissue PTT in this case. 

In addition, multimodal therapy, which involved gene therapy, PTT, and chemotherapy, 

is proposed in this thesis work. Indeed, a biological system will activate a defense 

mechanism to against unnatural stress, such as heat, UV irradiation, and tissue remodeling. 

Similarly, the PTT treated cells would activate HSP to attenuate the thermal effects on 

cellular behavior, resulting in higher cell survival rate. To reverse this situation, gene 

silencing was suggested to inhibit the expression of HSP. However, a family of HSP 

contains diverse types of proteins, such as HSP60, HSP70, HSP90, and HSP100 (the 

number denotes the molecular weight of proteins (kDa)), so it is not feasible to reduce or 

inhibit the expression of all types via gene silencing. To overcome this obstacle, quercetin, 

as a naturally occurring flavone which can target more than one heat shock proteins, was 

applied herein to reduce the expression of HSPs. Due to the softened defense mechanism 

of cancer cells, AuNR@Cu2-xS NRs achieved an even higher cell apoptosis rate than the 

same treatment without quercetin. Gene delivery of IL-8 siRNA was further introduced to 

reduce the proliferation rate of cancer cells. An improved treatment efficacy was achieved 

with a lower concentration of AuNR@Cu2-xS NRs. With high concentration of 

AuNR@Cu2-xS NRs, the temperature increment was high enough to induce irreversible 

damage to cancer cells. In this case, the cancer cells were not able to resist the heat and 

generate HSPs. Hence, the efficacy of gene therapy is not obvious at high concentrations 

of photothermal agents. However, such high temperature may also bring collateral damage 
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to surrounding healthy tissue. To minimize the unexpected side effects from NPs, lower 

concentrations of photothermal agents are suggested. Generally, photothermal agents with 

enhanced HCE and cooperation with supplementary therapeutic methods shed new lights 

on treating cancer cells in a less invasive and more accurate manner. 

7.2 Overall Conclusions 

Fundamental studies on the fabrication and photothermal generation of plasmonic 

nanostructures and their applications were conducted in this thesis work. Firstly, by 

applying the PEI polymer as the reducing and capping agent, Cu2-xS NCs with morphology 

and composition controls was successfully achieved via a facile aqueous route. This 

method provides a straightforward way to control the shape and crystal phases of Cu2-xS 

NCs by simply adjusting the concentration of PEI in the reaction system. In addition, the 

morphology and composition of Cu2-xS NCs were found to greatly influence the resultant 

LSPR and photothermal effects. Tunable LSPR peaks from 920-1323 nm and adjustable 

HCEs from 34.9-49.0% were obtained in this scheme. The findings and synthetic routes 

in this part of the research clearly broadens the knowledge of p-typed plasmonic 

nanostructures. Moreover, the developed synthetic method exhibits an unprecedented 

potential for fabricating dual-modal therapeutic agents. Due to the positive charge nature 

of PEI and the photothermal capability of Cu2-xS NCs, the dual-modal nanosystem has the 

ability in both PTT and gene therapy. Specifically, 33% higher cell apoptosis was 

achieved by combined therapy by PTT alone. These findings offer new possibilities to 

promote the therapeutic effects of nanomedicine. PEI capped CuS NRs, and were also 

applied in solar vapor generation, due to its easy-to-fabricate, low-cost, promising 

photothermal effects, and broad absorption band features. With the cooperation of PVA 
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gels, the solar vapor generator (CuS NRs-PVA gel) exhibited an excellent water 

evaporation efficiency of ~87%. 

Great effort has been devoted in developing a new generation of photothermal agents with 

enhanced HCE. AuNR@Cu2-xS NRs were designed and studied for their plasmonic 

behaviors. By carefully adjusting the overall size, aspect ratio of the inner core, shell 

thickness, and gap distance between the core and shell, the highest HCE of 52.5% was 

obtained. In this case, it is possible to reduce the dosage of NPs for efficient PTT, which 

may also ameliorate the long-term side effects in biological systems. To further promote 

the efficacy of individual PTTs, multimodal therapy composed of PTT, gene therapy, and 

chemotherapy is suggested in this thesis work. Generally, with the aid of gene therapy and 

chemotherapy, cancer cells exhibited a lower proliferation rate with a softened heat shock 

defense. Nearly 80% of cancer cells died with moderate dosages of agents and around 5 

minutes of laser irradiation. Photothermal agents with enhanced HCE and the strategy of 

combined therapy may open up further opportunities for efficient cancer treatments.  

7.3 Originality and Contributions of the Research Work 

The work undertaken contributes to developing a facile aqueous method to fabricate Cu2-

xS NCs with controllable morphology and composition. The shape and crystal-dependent 

optical and plasmonic properties can provide vital knowledge in designing Cu2-xS NCs 

based nanostructures or nanosystems.  

Based on this method, the as-prepared PEI-capped Cu9S8 NDs have been applied for gene 

delivery and PTT. The synergistic effects between gene silencing of IL-8 and cytotoxic 

heat achieved much enhanced treatment efficacy on prostate cancer cells. This strategy 
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can contribute to knowledge on developing nanomedicine with high efficacy and low side 

effects. 

The integration of CuS NRs and PVA gel exhibited good performance in solar water 

generation due to the promising HCE of CuS NRs, efficient water transportation and the 

hierarchical inner structures of PVA gel. Moreover, the low fabrication costs and robust 

thermal stability of CuS NRs lead to the ability to meet the requirements in practical 

situations. This combination can contribute to knowledge on designing solar vapor 

generators with enhanced performance. 

The nanostructure of AuNR@Cu2-xS NRs was fabricated via the aqueous route. The 

effects of overall size, aspect ratio of the inner core, shell thickness, and gap distance of 

NPs on the resultant optical and photothermal agents were studied. This fundamental 

study can contribute to the design of plasmonic hetero-nanostructures and nanosystems 

which are composed of two closed neighboring plasmonic domains. The integration of 

AuNR@Cu2-xS NRs with siRNA and quercetin demonstrated enhanced treatment efficacy 

due to the better understanding of biological responses. This treatment strategy can 

contribute to promote the treatment efficacy of nanomedicine with reduced long-term side 

effects. 



219 
 

7.4 Research Outputs 

Some findings from this study gave rise to the following research outputs: 

Journal papers: 

1. Wing-cheung Law, Zhourui Xu, Ken-tye Yong, Xin Liu, Mark T. Swihart, Mukund 

Seshadri, and Paras N. Prasad, "Manganese-doped near-infrared emitting NCs for in 

vivo biomedical imaging," Opt. Express 24, 17553-17561 (2016) 

2. Zhourui Xu, Nanxi Rao, Chak-Yin Tang, Ching-Hsiang Cheng, Wing-Cheung Law, 

Aqueous Phase Synthesis of Cu2-xS NRs and their Photothermal Generation Study, 

ACS Omega 2019, 4, 14655−14662. 

3. Zhourui Xu, Ravikumar Aalinkeel, Supriya D. Mahajan, Katherine Cwiklinski, 

Donald E. Sykes, Jessica L. Reynolds, Nanxi Rao, Chak-Yin Tang, Ching-Hsiang 

Cheng, Stanley A. Schwartz, Wing-Cheung Law, An Enhanced Photothermal 

Therapeutic Strategy Based on Hybrid AuNR@Cu2-xS Nano-plasmonic Structures and 

the Inhibition of Thermo-Resistance and Angiogenesis of Cancer Cells, Journal of 

Materials Chemistry B, submitted. 

4. Zhourui Xu, Nanxi Rao, Chak-Yin Tang, Ching-Hsiang Cheng, Wing-Cheung Law, 

Seawater Desalination by Interfacial Solar Vapor Generation Method Using 

Plasmonic Heating Nanocomposites, Composites Part B, submitted. 

5. Zhourui Xu, Ravikumar Aalinkeel, Supriya D. Mahajan, Katherine Cwiklinski, 

Donald E. Sykes, Jessica L. Reynolds, Nanxi Rao, Chak-Yin Tang, Ching-Hsiang 

Cheng, Stanley A. Schwartz, Wing-Cheung Law, Enhanced Prostate Cancer Cell 

Apoptosis by Synergistic Effects of PTT and gene therapy Using Polyethyleneimine-
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capped Copper sulfide NCs with Interleukin-8 (IL-8) siRNA Loading, under 

preparation. 

Conference Papers: 

1. Zhourui Xu, Nanxi Rao, Tai-lok Cheung, Chak-yin Tang, Chi-pong Tsui, Wing-

cheung Law, Preparation of Thermal-Responsive Polymeric Nanocapsules for 

Controlled Release of Therapeutic, ICCE-24, Haikou, Hainan Island, China, July 17-

23, 2016 

2. Nanxi Rao, Wing-cheung Law, Guimiao Lin, Zhourui Xu, Ling Chen, Chak-yin Tang 

and Xiaomei Wang, Toxicity Studies of Cu2-XS Quantum Dots with Different Surface 

Passivations, ICCE-25, Rome, Italy, July 16-22, 2017 

3. Wing-cheung Law, Nanxi Rao, Zhourui Xu, Plasmonic Semiconductor NCs: 

Nanotheranostics and Toxicity. IEEE-NANOMED 2017, Shenzhen, China, December 

01-04, 2017 

4. Zhourui Xu, Nanxi Rao, Wing-Cheung Law, Chak Yin Tang, Plasmon Resonance 

Energy Transfer in Au-Semiconductor Nanocomposites for Improving Light-to-HCE, 

ICCE-26, Paris, France, July 15-21, 2018 

5. Zhou-Rui Xu, Nan-Xi Rao, Wing-Cheung Law, Synthesis of Ag:Cu2-xS Hetero-

structured NCs For Enhancing the Sensitivity of Plasmonic Nanosensors, ICCE-27, 

Granada, Spain, July 14-20, 2019 
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7.5 Suggestions for Future Work 

This study provides an extensive investigation on Cu2-xS NCs and AuNR@Cu2-xS NRs in 

terms of their morphology dependent photothermal properties and proposed biomedical 

and solar vapor applications. However, further experiments would result in aspects not 

fully clear at this stage. Moreover, envisioning of the huge potential of HMS@CuS@PAH 

NPs and AuNR@Cu2-xS NRs gives motivation to pursue more applications. Some 

recommendations for future research work are outlined below: 

i. Perform FDTD simulation on AuNR@Cu2-xS NRs to study the underlying science 

behind the plasmon interaction between the core and shell materials; 

ii. Investigate the therapeutic effects of drug- or gene-loaded HMS@CuS@PAH NPs 

in animal model, due to its combinational effects of chemotherapy, PTT, and gene 

therapy. The large inner cavity for drug storage may give rise to long-term 

controlled drug release. 

iii. Exploit the full potential of AuNR@Cu2-xS NRs due to its unique rattle type 

nanostructures and excellent photothermal effects. Photoacoustic imaging and 

drug loading can also be achieved through this structure, resulting in a 

multifunctional theranostic nanoplatform; 

iv. In order to acquire a deeper understanding of the biological response to PTT, in 

vivo tests should be planned in the next stage. Specifically, the biodistributions, 

long-term side effects, and treatment efficacy should be carefully considered. 
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Appendix I 

The simulation of AuNR and AuNR@Cu2-xS nanostructure 

 

According to the absorbance simulation results of AuNR and AuNR@Cu2-xS 
nanostructure, with the coverage of Cu2-xS shell layer, the extent of scattering is reduced, 
and the absorption is increased. In this case, more light energy can be absorbed by 
AuNR@Cu2-xS for thermal generation. 
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Appendix II 

The Volume difference between regular-size AuNRs and mini-size AuNRs 

To simply the calculation, let us assume the morphology of AuNR as cylinder. 

 

 

 




