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ANTI-PROLIFERASI SEL 

 

ABSTRAK 

 

Koloid AuNP akan beragregat dan mendak dalam larutan garam di bawah 

kepekatan NaCl terhadap kebanyakan bendalir tubuh dan plasma darah. Penyelidikan 

ini memberi fokus kepada penyediaan nanopartikel emas (AuNP) berkoloid  dengan 

kestabilan dan bioaktiviti tinggi dalam bendalir tubuh tersimulasi (SBF) yang  hampir 

serupa dengan plasma darah yang bebas pencemaran melalui  teknik kos rendah yang 

boleh dilakukan pada suhu bilik dalam  tempoh masa yang singkat. Untuk mencapai 

tujuan ini, tiga objektif spesifik berikut telah dirancang: Pertama, untuk menghasilkan 

ampaian berkoloid AuNP  berkestabilan tinggi dalam media yang hampir sama dengan 

plasma darah dengan menggunakan teknik-teknik sintesis ablasi laser berdenyut. 

Kedua, untuk menggunakan penghasilan in-situ sistem biokonjugat AuNP berkoloid - 

albumin serum bovin untuk ablasi laser berdenyut. Untuk ini, albumin serum bovin 

dijerapkan ke permukaan AuNP untuk memperbaik kestabilan dan mempertingkatkan 

bio-keserasiannya. Ketiga, untuk menilai aktiviti antikanser terhadap titisan sel kanser 

servikal manusia (HeLa). Laser denyat Q-Switch 6 nanosaat digunakan untuk 

menghasilkan ampaian berkoloid AuNPs menerusi ablasi laser. Pencirian sampel yang 

lengkap dan sistematik terhadap struktur, morfologinya (belauan elektron, mikroskop 

elektron transmutasi resolusi tinggi, sifat optik (penyerapan UV-Vis, penyerakan 

cahaya dinamik, dan spektroskopi inframerah jelmaan Fourier) serta sifat elektrik 

(keupayaan zeta) telah dijalankan. Pendekatan ablasi laser membolehkan saiz, taburan 

saiz dan bentuk nanopartikel dikawal. Kesan pelbagai parameter laser terhadap 



 

xvii 

kecekapan ablasi seperti panjang gelombang laser, fluens laser dan bilangan denyutan 

laser dapat dikaji, la berguna dalam kepekatan dan produktiviti. Dengan menggunakan 

panjang gelombang laser asas 1064 nm, satu kepekatan tinggi nanopartikel emas 

berkoloid bersaiz besar lebih kurang 10 nm, iaitu hampir dengan taburan saiz ketat 

8nm, dihasilkan. Spektrum Resonan Plasmon Permukaan (SPR) menunjukkan satu 

puncak tunggal yang tajam sekitar 530 nm. Ini menyatakan penghasilan nanopartikel 

emas tulen berbentuk sfera dengan purata saiz 8 nm menerusi pengukuran UV-Vis 

biasa. Penambahan in-situ BSA ke dalam koloid sampel sebelum teknik ablasi laser 

menghasilkan AuNP yang lebih stabil dan taburan sais yang sempit. Manakala 

penambahan ex-situ BSA pula menghasilkan kluster  nanopatikel. Kesan antikanser 

AuNP berkonjugat dengan albumin serum bovin diletakkan di bawah aktiviti 

sitotoksik dengan menggunakan titisan sel HeLa. AuNP berkonjugat dengan albumin 

serum bovin menunjukkan kesan sitotoksik yang besar menentang sel-sel HeLa 

dengan nilai IC45 (0.10 µg. mL-1)  yang dikira serta ditentukan melalui kaedah TBEA. 

Cerakin perkembangbiakan sel selama 6 hari menunjukkan nanopartikel emas 

berkonjugat dengan albumin serum bovin adalah berkesan. Analisis sitometri aliran 

mengesahkan apoptosis teraruh dalam sel-sel HeLa. 
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FORMATION OF STABLE AuNPs VIA LASER ABLATION CONJUGATED 

IN-SITU BY BSA IN HARSH SALINE CONDITION FOR CELLS ANTI-

PROLIFERATIVE ACTIVITY  

 

ABSTRACT 

 

Colloidal AuNPs is known to aggregate and precipitate in the saline solution 

below the NaCl concentration of many bodily fluids and blood plasma. This research 

focused on the preparation of high stability and bioactivity colloidal gold nanoparticles 

(AuNPs) in simulated body fluid (SBF), which can closely mimic the blood plasma 

that is free from contamination through a low-cost technique that can be done at room 

temperature within a short period of time. To achieve this aim, the following three 

specific objectives were designed; Firstly, to produce a high stability colloidal 

suspension of AuNPs in media close to blood plasma by using pulse laser ablation 

synthesis techniques. Secondly, to use in situ generation of the colloidal AuNPs - 

bovine serum albumin bioconjugated system for pulsed laser ablation. Here, bovine 

serum albumin is adsorbed to the AuNP surface to enhance the stability and to improve 

its biocompatibility. Thirdly, to evaluate the anti-cancer activity towards human 

cervical cancer cell lines (HeLa). Q – Switch laser pulse of 6 nanoseconds was 

employed to produce a colloidal suspension of AuNPs by laser ablation. 

Comprehensive, systematical characterization of the samples, for their structural, 

morphological (electron diffraction, high-resolution transmittance electron 

microscopy, optical properties (UV-Vis absorption, light dynamic scattering, and 

Fourier transform infrared spectroscopy) and electrical (zeta potential) properties, 

have been carried out. The laser ablation approach provides controllable process size, 

size distribution, and shape of NPs. Effects of laser fluence have been examined on the 
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ablation efficiency, which is useful in concentration and productivity. Using the 

fundamental laser wavelength of 1064 nm, a high concentration of colloidal AuNPs 

with a large size of about 10 nm, which is close to the narrow size distribution of 8 

nm, was produced. The Surface Plasmon Resonant (SPR) spectra show a sharp and 

single peak around 530 nm, indicating the production of pure and spherical AuNPs 

with average size 8 nm by regular UV-vis measurements. The in-situ addition of BSA 

in the colloidal samples prior to laser ablation technique generate a more stable and 

narrow size distribution of AuNPs. While the ex-situ addition of the BSA has 

generated nanoparticles cluster. The anti-proliferative effect of the AuNP conjugated 

with bovine serum albumin was subjected to cytotoxic activity using HeLa cell lines. 

The AuNP conjugated with bovine serum albumin displayed significant cytotoxic 

effect against HeLa cells with the IC45 value (0.10 µg. mL-1) calculated, was 

determined with TBEA method. The 6-day cell proliferation assay indicated the AuNP 

conjugated with bovine serum albumin is effective. Flow cytometry analysis 

confirmed induced apoptosis in HeLa cells. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction  

Nanotechnology is an interdisciplinary research field that combines physics, 

chemistry, biology, engineering and medicine that allows for the early detection, 

accurate diagnosis, and personalised treatment of cancer. In essence, nanotechnology 

is the fabrication, design and application of materials at a nanoscale range (1–100 nm). 

Nanomedicine is the application of nanotechnology for the diagnosis, treatment, and 

prevention of diseases [1]. However, NPs were used by the ancient cultures of Egypt 

and Rome to produce works of art [2-4]. Much of today ‘s nanotechnology is focused 

on the systematic synthesis and characterization of new nanomaterials with enhanced 

applications and properties. The synthesis of NPs has attracted considerable interest 

over the last decade owing to their potential applications in medicine, environmental 

remediation, and energy. Nanoparticle (NP) drug carriers can be made from a variety 

of different materials that can be natural, including starches and lipids; synthetic, such 

as polymers; or inorganic, such as AuNPs have been made using substances including 

liposomes, Au nanoshells, carbon nanotubes, and polymeric NPs. A major advantage 

of NP is their high ratio of surface area to volume ratio. The outer surface can be 

modified and functionalised to increase their stability, biocompatibility, and 

biodegradation. They also have a highly controllable shape and size that are easy to 

design and prepare [1]. They are sensitive to external stimuli, and can be designed with 

a wide variety of architectures and material formats [4,5]. Furthermore, the increased 

surface-to-volume ratio of NPs allows various agents to be attached to further 

strengthen their unique properties. NPs are small enough to easily enter cells, which 
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can beneficial for specific cell-targeting therapies. Au nanoparticles (AuNPs) are a 

well-established nanomaterial with an interesting scientific history. AuNPs can be 

more easily programmed with unique physicochemical properties, such as optical or 

catalytic parameters, compared to their bulk counterparts. AuNP colloidal solutions 

come in two colours: intense red and purple or blue. It is noteworthy that the colour of 

the solution is indicative of the size of the particles. The intense red colour indicates 

the presence of particles with a diameter of less than 100 nm, whereas a blue or purple 

solution indicates the presence of larger particles [6,7]. AuNPs can be used to exploit 

a special interaction between light and a metal; exposure to the correct wavelength of 

light can induce its electrons to oscillate at the same frequency through an effect called 

surface plasmon resonance (SPR) [8,9]. AuNPs can be used to identify biomarkers in 

the diagnosis of liver, lung, and breast cancer [10], and are a potential carrier for 

cellular drug delivery. Furthermore, AuNPs have been widely used in research 

focusing on protein–NP interactions. Therefore, the synthesis of gold and silver 

nanomaterials through an efficient, affordable, and environmentally friendly method 

is an important area of research in biomedical nanotechnology. In this context, the 

green chemistry approach for the synthesis of NPs is a more eco-friendly, and therefore 

preferable, approach. 

AuNPs have a long and interesting scientific history [11]. AuNPs were first 

used over two thousand years ago for aesthetic and medical applications [12]. Their 

colouring properties in ceramics and ruby glass fabrication are still utilised in modern 

times. The scientific approach for studying NPs was introduced in the middle of the 

nineteenth century by Michael Faraday, who created a preparation of disperse gold 

colloids in a solution [12]. Since then, the amount of research into NPs has increased 

exponentially. Currently, one of the primary focuses in nanoscience research is 
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metallic NPs [13,14]. AuNPs are highly stable and are widely employed in 

contemporary nanoscience research [13]. Therefore, many methods have been 

developed to prepare particles with a specific size and purity [2].  

In this study, the biocompatible and inert AuNPs were chosen as a model 

system to test the effects of size in vitro. AuNPs have been widely used in cell imaging 

[3] targeted  drug delivery [4], cancer diagnostics, and therapeutic applications. 

Furthermore, AuNPs are an appropriate candidate for our study since various sizes and 

shapes can be easily synthesised. Because gold is not an intrinsic element in biological 

systems, it can be easily characterised through various analytical chemistry techniques 

such as ultraviolet (UV)-absorption spectroscopy and dark-field microscopy. Hence, 

AuNPs are the most suitable candidate to test the effects of NPs in biomedical 

applications. 

In this study, in vitro studies have shown that AuNPs conjugated with BSA in 

a simulated body fluid (SBF) synthesised by laser ablation with a high stability, narrow 

size distribution, and uniform shape resulted in high rates of cell death. Such structures 

were toxic to cells, activating apoptosis inducers and anti-proliferative agents. The 

exact mechanism of toxicity is still being investigated, though several possible 

mechanisms have been identified. These include cell membrane disruption, reactive 

oxygen species (ROS) production, and the penetration of NPs into cells leading to cell 

death. The induction of apoptosis has been revealed as a causative factor in NP-elicited 

DNA damage. The generation of intracellular ROS has been cited [15] as a major cause 

of toxicity by NPs, where it damages cellular components such as membranes, 

proteins, lipids, RNA, and DNA. If ROS production is low, cells exhibit resistance and 

survive, but higher ROS levels lead to cell death.  
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1.2 The Problem Statement  

The only known cures for the cancer are surgery and/or chemotherapy, both of 

which pose a substantial risk. Currently, the majority of cancers are treated through 

chemical- or radiation-based therapies. There are some disadvantages to these 

conventional treatments; although cancer cells are targeted, healthy cells are also 

affected by such treatments. This can cause major side effects, leading to slow 

recovery along with the social or economic problems that usually arise.  

The traditional physics-based method of NP synthesis requires expensive 

experimental equipment, and stabilizing agents are needed for chemistry-based 

methods, many of which are toxic and can contribute to environmental pollution 

[16,17]. When working with NPs, it is always crucial to quantify their post-synthesis 

morphology, size, uniformity, and dispersal before attempting experiments. However, 

the NPs may aggregate in cell culture media and under physiological conditions upon 

exposure to high ionic strength and proteins, leading to unexpected rapid clearance 

from the blood, as well as nontoxicity [18,19]. This is because AuNPs do not have the 

high colloidal stability required to prevent particle agglomeration in harsh 

environment. In a medical context, particularly when applying NPs in biological fluids, 

it is always crucial to prepare AuNPs in clean environment [20]  and an to ensure the 

synthesized NPs remain stable within harsh environment [21] since particles 

aggregation may potentially have an effect on the biodistribution of the material and 

lead to adverse effects [22]. For that reason, it is also vital to quantify the post-synthesis 

morphology, size, uniformity, and dispersal of NPs before attempting experiments on 

biological samples. 

Thus, the viability of treatments using nanomaterials are increasing in 

popularity and could be described as alternative treatments in a clinical setting. 
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Knowing the properties of certain materials may lead to their development and 

enhancement as alternative treatments. Nanomaterials synthesized using metals such 

as gold [23].  

 

1.3 Objectives of the Study 

The aim of this study was to synthesise a high stability, narrow size 

distribution, and uniformly shaped AuNP conjugated with BSA using pulse laser 

ablation in SBF. The anti-cell proliferative activity of AuNPs may present a 

therapeutic advantage in the treatment of cancer. In spite of abundant evidence at the 

molecular level and extensive preclinical and clinical studies, its therapeutic 

effectiveness remains a challenge owing to its low activity. Therefore, this study is 

focused on synthesis AuNPs in SBF by using pulse laser ablation technique. The 

stability and the biocompatibility are improved by using BSA. The AuNPs colloid in 

SBF was employed as an anti-proliferation activity by using human cervical cancer 

cell line. 

The objectives of this research are as follows: 

1. To synthesise a BSA-conjugated AuNP system in SBF, which simulates 

physiological conditions. 

2. To control the size and uniform shape of AuNPs for improving the 

stability. 

3. To optimize the laser setup in improving the formation rate and 

distribution of AuNPs 

4. To examine the anti-proliferative activity of the AuNPs conjugated with 

BSA in cancer cells. 
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1.4 Scope of Study 

This research proposed laser ablation method to synthesize stable colloidal 

AuNPs that is biocompatible and can potentially be applied for medical application. 

The laser used in the experiments has a fundamental wavelength specifically at 1064 

nm. To ensure the stability of the generated AuNPs, the samples were prepared in 

BSA, protein that is known to assist in the stability of the synthesized AuNPs [24]. In 

this research, we are taking a step ahead by adding (SBF) in our medium, with the 

intention to prepare a medium that is compatible with human blood plasma. It is also 

known that laser fluence showed no influence on the photo-degradation of BSA [25]. 

Putting all these into constant, the focus of this research was then located in controlling 

the size, shape and size distribution as well as optimizing and improving the formation 

rate of AuNPs through varying the laser parameters. Finalising this important finding, 

the synthesized AuNPs was then examined on their toxicity and cells anti-proliferative 

activity, which was conducted on HeLa Cancer cells.  

1.5 Thesis Outline  

The thesis contains five chapters, the preparation, and study of AuNPs 

combined with bovine serum albumin against cells anti-proliferative activity. The first 

chapter presents background information on the cancer therapy, AuNPs (as an 

alternative medicine), and the aim and the objectives of this research. A literature 

review about AuNPs and the uses of pulse laser ablation in liquid (PLAL) in simulated 

body fluid and bovine serum albumin, as well as their applications for cancer therapy, 

will be discussed in the second chapter. This chapter is categorized into seven main 

sections: i) PLA mechanism and perimeter, ii) optical properties of metal NPs, iii) 

Comparison human blood plasma with SBF, iv) Effect high ionic strength to AuNPs, 

v) Interactions of AuNPs with BSA, vi) Interactions of AuNPs with cell, vii)   
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Albumin-Conjugated Cytotoxic Drug NPs, viii) Apoptosis and Cell Cycle. Chapter 

three includes the description of basic theories, chemicals, principles, and instruments 

which used throughout of this research. Chapter four covers the obtained results 

followed by discussion about four main subjects: i) Synthesise AuNPs using PLAL ii) 

improve AuNPs stability in SBF ii) Characterization of AuNPs; ii) the toxicity efficacy 

of bovine serum albumin-combined with AuNPs on HeLa cancer cells. The last 

chapter will cover a summary of the obtained results, some concluding remarks, and 

perspectives for future research. 
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CHAPTER 2 

LITERATURE REVIEW: METAL NANOPARTICLES AND THEIR 

PROPERTIES 

 

This chapter includes the survey of literatures review of interactions between 

lasers and matter (photothermal mechanism and photochemical mechanism), the 

description of approaches to synthesize the nanomaterials, the optical properties of 

metal nanoparticles, the details of the AuNPs aggregation, surface chemistry and 

functionalization and particle stability, the comparative between human blood plasma 

and simulated body fluid based on high ionic, the interactions of AuNPs with bovine 

serum albumin, the interactions of AuNPs with cells, The main information of 

albumin-conjugated cytotoxic drug NPs, mechanism of action in cancer, and apoptosis 

pathway and cell cycle process.  

 

2.1 Interactions between Lasers and Matter 

The interactions of laser radiation with matter is the most important concept 

for understanding the synthesis of nanomaterials using laser beams. The use of pulsed 

laser synthesis (PLS) to manufacture new nanomaterials involves the selection of the 

appropriate laser processing parameters with respect to the photophysical properties 

of the material to which it is applied. In this section, basic concepts regarding the most 

common interactions between laser radiation and matter are presented.  

When a pulse laser beam interacts with a material in a liquid medium, gaseous 

medium, or vacuum, the incident light will be absorbed or reflected. The absorbed 

energy from the laser beam reacts with the matter in the form of a chemical and/or 

thermal process. 
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Generally, two major mechanisms can result from this laser-matter interaction: 

photothermal or photochemical. For interactions between the matter and laser, the 

following factors should be taken into consideration: 

 The physical state of the material, i.e. solid, liquid, or gas. 

 The type of material, i.e. insulator, semiconductor, or conductor. 

 Laser beam parameters: beam diameter, laser fluence, pulse width, and 

excitation wavelength. 

 Impurities, defects, and crystal structure of the solid material in dual-interface 

experiments. 

2.1.1 Photothermal Mechanism 

The photothermal mechanism refers to the thermal activation processes 

induced by a pulsed laser inside a material, where a phase change occurs due to an 

increase in the enthalpy and temperature of the system. An excitation spectrum is 

produced by the absorbed photon energy in the area of the focused pulsed laser. These 

types of excitations are known as the thermal explosion, pyrolytic effect, or 

photothermal effect, and are usually described based on their relaxation times. In 

photothermal processes, the evaporation of materials occurs at a higher laser fluence, 

which in turn creates a heterogeneous nucleation of vapour bubbles leading to normal 

boiling. In this situation, the rapid homogeneous nucleation and expansion of vapour 

bubbles leads to phase explosion or explosive boiling, which carries off the solid or 

liquid material fragments [25,26]. Therefore, PLS can be used to induce major changes 

in the irradiated material, opening new reaction products and chemical reaction 

pathways, and generating novel material microstructures, surface morphologies, 

phases, nanostructures, and evaporation characteristics [27]. 
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2.1.2 Photochemical Mechanism 

The photochemical mechanism is used for non-thermal reactions induced by 

photons strong enough to break the bonds between atoms and molecules to generate 

electrons and ions. When non-thermal processes are the most dominant, the system is 

described as photolytic or photochemical. Laser irradiation generates broad excitation 

spectra in intermediary states, which induces the decomposition of chemical bonds 

between the molecules of the material. In nanosecond- and femtosecond-pulsed lasers, 

direct ionisation and the formation of dense electron-hole plasmas lead to direct bond-

breaking, multi-photon ionisation, tunnel ionisation, and explosive disintegration of 

the lattice through electronic repulsion, also known as the Coulomb explosion [28- 

32]. 

When both thermal and non-thermal processes contribute directly to the overall 

processing rate of the PLA system, the mechanism is referred to as photophysical [29-

30,33]. 

 

2.2 Approaches to Synthesize the Nanomaterials 

There are two major approaches for nanomaterial synthesis: top-down or 

bottom-up. The structure and properties of the synthesised NPs can be controlled, 

depending on the experimental conditions employed. Different elements during the 

synthesis of NPs allow for the control of particle geometry, particle size, the degree of 

particle agglomeration, and the doping ratio. These parameters give the synthesised 

material new chemical and physical properties for different applications. A deep 

understanding of the required approach is critical for the manufacture of new structures 

with unique properties. Many techniques have been reported for both approaches, such 

as chemical vapour deposition, sol-gel, PLS, sputtering, and mechanical milling. In 
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this chapter, we will focus on techniques using pulsed lasers. The difference between 

each approach is described in Figure 2.1. 

 

2.2.1 Bottom-Up Approach 

Many nanomaterials are synthesised through the interaction of atoms and/or 

certain molecular species through a set of chemical reactions [34]. The precursor is 

typically a liquid or gas that is ionised, dissociated, sublimated, or evaporated and then 

condensed to form an amorphous or crystalline NP. This approach produces NPs with 

a homogeneous chemical composition, fewer defects, particles with a narrow size 

distribution, and less contamination.  

 

2.2.2 Top-Down Approach 

This approach begins with a large bulk quantity of the material to be 

synthesised, which is then broken into smaller and smaller fragments or particles when 

a source of energy is applied. The energy applied can be mechanical, chemical, or 

thermal; other forms of energy can also be used, such as laser irradiation. Using pulsed 

laser ablation (PLA) and pulsed laser deposition (PLD), the energy is absorbed by the 

material and transformed into chemical and/or thermal energy to break the 

intermolecular bonds within the bulk material  
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Figure 2.1: Bottom-up and the top-down approaches in synthesis of carbon-based 

nano materials [28]. 
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2.3 Pulse Laser Ablation 

Pulse Laser Ablation (PLA) is used for the top-down synthesis of 

nanomaterials such as nanotubes [34], nanowires [35], nanoribbons [36], quantum dots 

[37,38], and even nano-flakes of the material [38] . The technique is widely used by 

many researchers for the high-yield synthesis of both inorganic and carbon-based 

nanomaterials with varying particle sizes. PLA was first reported by Patil et al. in 1987 

[38], who used PLA to form iron oxides with metastable phases from a pure iron target 

placed in water. Since then, many researchers have developed synthesis methods using 

liquid phase PLA (PLAL) and gas phase PLA (GP-PLA). A laser beam with a specific 

wavelength is focused by a lens through a transparent window of a reactor containing 

gas-solid or liquid-solid interfaces. When the laser beam hits the surface of the solid 

target (i.e. bulk or powder), the light interacts with the matter and generates a plume 

of NPs, which subsequently react with the gas or liquid. It is possible to dope the 

synthesised material by choosing a precursor containing the dopant element as a 

reactant during laser irradiation [39]. 

 

2.4 Mechanisms of Pulse Laser Ablation in Liquid  

Although the processes involved in PLAL have been under investigation for 

several decades, the exact mechanism is still not well understood owing to the 

complexity of the technique in two primary stages: (1) the explosive ejection 

mechanism, in which a high-speed ejection of nanodroplets occurs and; and (2) the 

thermal evaporation mechanism, which is based on the formation of a plasma plume.  

Focusing the intense laser beam onto the bulk target material results in the delivery of 

a high-energy beam (absorption of photons) over a small region of the target material. 

This causes the ejection of solid fragments, highly excited species, and neutrals for 
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example, atoms, droplets, clusters, and ions (impact ionisation) from the surface, and 

a rapidly expanding plasma plume is formed. The amount of material removed from 

the target and the phase of the ejected material both depend on the absorbed energy E, 

as described by Momma et al. [40] To describe these processes, they use one-

dimensional approximation and introduce the following notations: I, E are the 

absorbed laser intensity and energy, T, is the time dependent electron temperature, vei 

α Te- 3/2 is the electron-ion collision frequency. they intentionally omit all constants in 

our formulas to make them more transparent. When the intense short-pulse laser 

radiation is focused onto the surface of a solid target, the plasma is produced on a very 

short time scale. Electrons are very rapidly heated by the short laser pulse, but ions 

remain cold, so that Te >> Ti. The growth of the electron temperature then can be found 

from the energy conservation law:   

                   Te α It/l (t < τɭ),                                                                                                        (2.1) 

Te α E/l (t ≥ τɭ),                                                                                                        (2.2) 

where 1 is the time dependent heat penetration depth inside the target. where 1 is the 

time dependent heat penetration depth inside the target. When t > l/vei the heat 

conduction into the target has a diffusion nature and is determined by the diffusion 

coefficient D α v2/vei α Te
5/2, where v α Te

1/2 is the electron velocity. The heat 

penetration depth is in this case given by 

                 1 α (Dt) 1/2 α Te
5/4 t1/2                                                                                                                                              (2.3) 

From equations ((1), (3) and (2), (3)) the following scaling laws can be derived 

              1 α I 5/9 t 7/9, Te α I 
4/9 t 1/2 (t < τɭ)                                                                          (2.4) 

            l α E 5/9 t 2/9, Te  α E 4/9 t -2/9 (t ≥ τɭ)                                                                           (2.5) 
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As can be seen from (4) and (5), during the laser pulse the front of the electron thermal 

wave propagates faster (with the velocity vh α dl/dt α t -2/9) than after the laser pulse (vh 

α t 
-7/9).  

The ablation depth per pulse is given by La α va τᵅ α Te
1/2 τᵅ. Using this relation and 

equation (5) with t = τᵅ and 1 = La we get a system of three “equations” for three 

unknown quantities. The solution of this system offers the following scaling laws 

τᵅ >> τɭ, La∝ E2/3, τᵅ∝ E1/2, Te∝ E1/3
                                                  (2.6) 

where La is the ablation depth, τᵅ is the ablation duration, Te is the electronic 

temperature during ablation, and τɭ is the laser pulse length. 

The explosive ejection model was initially proposed to explain nanostructure 

formation of metal oxides and sulfides, in which the thermal evaporation model does 

not adequately describe their formation during PLAL, predominantly because 

millisecond pulsed lasers are used for synthesis. This deposits substantially lower 

power densities onto the target compared to nanosecond or femtosecond lasers. 

Explosive ejection occurs because the laser–target interaction causes the high-speed 

ejection of nanodroplets into the surrounding medium [41]. However, nanodroplet 

formation is not restricted to the use of millisecond lasers, but also depends on the 

target material. Nanodroplet formation was first observed by Tsuji et al [42], who 

irradiated Ag, Au, or Si targets in water with a nanosecond pulsed laser. They observed 

two distinct types of ejections at the target–water interface: (1) a straight jet emanating 

from the centre 100 μs after the laser pulse, consisting of clusters and nanodroplets; 

and (2) a bubble confining the gas plasma that developed before 1 μs and expanded 

until 200 μs, which subsequently collapsed, leading to nucleation and particle growth. 

Phuoc et al. [43] proposed that the laser causes local melting, forming a molten drop, 
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and a high-pressure vapour or plasma is formed in the adjacent liquid. The explosive 

expansion of the vapour/plasma subsequently causes the molten drop to disintegrate 

into nanodroplets. These findings were confirmed by Yoo et al. [43], who observed 

that vapour formed near a superheated silicon mass during PLAL, which nucleated as 

bubbles. Upon reaching a critical size, rapid unlike the explosive ejection model, the 

thermal evaporation model proposes the formation of a plasma plume from the target 

plate material, because heating of the target material by the laser beam causes a phase 

transition in the target. A dense and highly energetic plasma plume that is at non-

equilibrium is then formed. This plasma expands at a supersonic velocity and produces 

a shockwave that induces further increases in temperature and pressure within the 

plume and propagates through the target plate[44]. The plasma pressure and 

shockwave intensity depend on the laser wavelength, the thickness of the liquid layer, 

and the focusing conditions in water [45- 47].  In PLAL, the expansion of the plasma 

is confined by the liquid. This high-pressure plasma directly interacts with the target 

surface, causing additional ablation of the material (secondary ablation) during the first 

100 ns; thereafter, the plasma pressure decreases [48]. After approximately 1 μs, 

vaporisation of the liquid induces the formation of a cavitation bubble, which expands 

for 300 μs and subsequently collapses, and releasing large amounts of energy at same 

time, which again causes ablation of the target (tertiary ablation) [48,49]. However, 

because the pressure after the collapse of the cavitation bubble is three to four orders 

of magnitude smaller than the pressure during the initial expansion of the plasma, the 

contribution of the tertiary ablation is substantially smaller than the primary and 

secondary ablation processes. In practice, thermal evaporation and explosive ejection 

are likely to occur at same time, or at least some features will overlap. Overall, NP 

formation follows a numberof steps based on nucleation and subsequent growth 
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mechanisms during plasma plume cooling. As shown in Figure Figure 2.2, the ablation 

process starts with an incoming pulse of laser light that deposits energy onto the target, 

which induces local heating and melting of the target material (1). This causes 

evaporation and ejection of the target material, which forms a plasma plume (2) that 

expands adiabatically (3). As the plasma plume starts to cool, supersaturation-driven 

nucleation occurs (4). Formation of the cavitation bubble is a result of the vaporisation 

of the liquid, which is in close contact with the hot plasma and spatially confines the 

plasma. The embryonic particle grows by attracting emitted materials such as atoms, 

clusters, and droplets (5) released from the target during PLAL (diffusion limited) as 

the cavitation bubble and plasma plume collapse (6) to yield the final product (7) [49- 

54].  
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Figure 2.2: General mechanism of nanoparticle formation and growth during laser 

ablation synthesis in solution. Me, metal; L, liquid; * denotes excited and 

ionized states (reconstructed and modified from [55]. 
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2.5 Influence of Laser Parameters on the Outcome 

PLAL is a versatile technique that allows high diversity in the synthesis of 

nanostructures without the need for chemicals that might negatively affect the 

properties (e.g., surface fouling, loss of eclectic stability) and toxicity profile of the 

product, even in trace amounts. Various environmental parameters directly affect 

nanostructure formation by influencing the initial ablation, nucleation, and/or particle 

growth, including laser parameters, the properties of the liquid environment, the 

presence of additives, and finally the bulk target itself. Overall, these parameters can 

be divided into two categories [55] : (1) material parameters and (2) laser parameters. 

Furthermore, PLAL strategies, such as repetitive irradiation (with the appropriate laser 

settings) of the colloidal solution, allowing cluster fragmentation (size distribution 

narrowing), reshaping, or further growth of the nanostructures, may cause the liquid 

environment to react with the nanostructure to produce surface-modified products. 

Alternatively, the presence of biocompatible additives may result in 

biocompatibilisation and/or biofunctionalisation of the product. 

 

2.5.1 Material Parameters 

The PLAL technique depends on the target material, solvent and solutes, which 

affect the size, shape, and size distribution of NPs. 

 

2.5.1(a) Target Material 

 The bulk target material is a major parameter that determines many of the 

structural features of the produced nanostructure. Amendola and Meneghetti [51]. 

justifiably pointed out that, because of the complex sequential physicochemical 

phenomena involved in PLAL, the produced nanostructures do not necessarily have 
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the same phase and composition of the bulk target material. Furthermore, under the 

same experimental conditions, different materials have been reported to show 

distinctly different reactivities and yield different products. As stated previously, it 

should also be kept in mind that nanoscale properties can be quite different from the 

properties observed in the bulk material. 

 

2.5.1(b) Solvent 

The solvent strongly influences the composition of the produced nanostructures 

through confinement effects on the plasma plume, reactions with the nanostructure 

surface, and other physicochemical properties. PLAL of gold in pure water has been 

extensively investigated and yields relatively stable spherical colloids, which is a direct 

result of the presence of Au‒O bonds on the surface [56,57] . However, these results 

also show that the conditions must have been oxidizing because of the reaction with 

oxygen from H2O, or dissolved O2 and CO2. This example illustrates the impact of 

impurities on the solvent, which change the formation circumstances or induce 

reactions, especially with the nanostructure’s surface. In organic solvents, such as 

tetrahydrofuran, 

ethanol, dimethyl sulfoxide, or acetonitrile, similar gold nanostructures are formed, 

albeit with lower average sizes and a higher propensity to agglomerate. The lower size 

might be a direct result of interference with nuclei coalescence due to the surrounding 

solvent (capping). Recently, a number of groups have shown that solvent degradation 

products absorb on the surface, such as polyyas, enolates, and alcoholates, depending 

on the solvent used [58,60]. 
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2.5.1(c) Solutes 

Solutes (additives) generally change the physicochemical properties of the 

liquid solution, or physically and/or chemically interact with the ablated material. The 

addition of solutes to the liquid in which PLAL is performed has a direct impact on 

the cavitation bubble [61] and the confinement of the plasma plume [62]. The presence 

of the solute influences the viscosity, density, and surface tension of the solvent. This 

was clearly demonstrated by Yan et al. [61], who showed that nanoclusters from the 

target and bubbles from the liquid were formed during excimer PLAL, resulting in the 

formation of hollow nanospheres (the bubble interfaces trapped the nanoclusters). 

Recently, biological materials such as long-chain fatty acids (stearic, palmitic, and 

lauric acid), lauryl amine [63], chitosan [64], and starch [64] have been used as 

stabilisers in the synthesis of NPs. These stabilising agents prevent particle 

agglomeration by physically surrounding the NPs (capping), which results in charge 

and/or steric stabilisation.  

 

2.5.2 Laser Parameters 

The laser parameters are the most important parameters in PLA, and not only 

determines the ablation efficacy but also affords some control over the NP size. 

 

2.5.2(a) Laser Wavelength 

Laser wavelength is one of the most important parameters in PLAL, and not 

only determines the ablation efficacy, but also allows some control over the NP size. 

The relationship between the laser wavelength and particle size of metal NPs was 

extensively studied by Tsuji et al. [65]. They found that particle size and size 

distribution are directly proportional to the laser wavelength. Furthermore, the NP 
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formation efficiency increased with increasing wavelengths as a result of self-

absorption and/or scattering by already formed NPs in the solution as PLAL 

progressed. 

 

2.5.2(b) Laser Fluence and Beam Spot Size 

  The effect of laser fluence and beam size on the NPs produced during PLAL 

has been extensively studied, and numerous studies have shown that the laser fluence 

and beam size is directly proportional to the particle diameter and size distribution 

[40,66]. This effect occurs because both parameters directly affect the thermodynamic 

properties of the cavitation bubble and the produced plasma. An increase in these 

parameters not only increases the NP production rate and concentration at a near-linear 

rate, but also results in a considerably higher temperature and pressure in the plasma 

plume. Consequently, a longer cavitation bubble lifetime is obtained, and larger 

particles are formed. 

 

2.5.2(c) Laser Pulse Duration 

The pulse duration (τl) strongly influences NP structure, composition, and size 

distribution. Femtosecond lasers (10–15 fs) allow enhanced control over the particle 

size and offer high ablation efficiency. In contrast to picosecond (10–12 ps) and 

nanosecond (9–10 ns) lasers, substantially smaller particle sizes can be achieved with 

femtosecond lasers because the energy is transferred to electrons in the target over a 

time scale faster than electron–phonon thermalisation processes. Conversely, 

picosecond and nanosecond laser pulses transfer energy on a time scale comparable to 

that of thermal relaxation processes in the target. The plasma plume has a lifetime of 

10–100 ns, [40,67]; thus, for nanosecond pulses, the plasma is present for nearly twice 
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the pulse duration [51]. The effect of pulse duration can be clearly observed when 

examining the craters formed at the target focal point. Femtosecond laser pulses form 

shallower craters with sharper borders compared to nanosecond laser pulses. This is 

indicative of ultra-fast localised heating and direct photoionisation processes. When 

the pulse length is 10 ps or more, the craters are less well defined, which points to the 

co-occurrence of direct photoionisation and thermal ablation processes (boiling, 

vaporisation, and rejection of melted material) [67]. As stated previously, with 

nanosecond pulses, the ablated material and the laser pulse coincide, resulting in an 

increase in plasma plume temperature, pressure, and lifetime. Under these conditions, 

melted drops ejected from the target plate into the plume are further vaporised. The 

craters formed by nanosecond laser pulses are deeper and have outer rims, which 

would be consistent with higher temperatures and increased formation efficiency. 

 

2.5.2(d) Laser Irradiation Time 

The laser irradiation time affects the size distribution of the NPs, since particle 

fragmentation as a result of a longer irradiation time decreases the average NP size, 

but increases the overall size distribution [68,69]. This effect was well illustrated by 

Takami et al. [70], who who performed PLAL on AuNPs in an aqueous solution with 

a ns pulsed laser at 532 nm (210 mJ.cm-2; 10 min). The authors observed both a 

reduction in the particle size and a change in their shape: pre-irradiation, 19‒47 nm; 

irregular and spheroid vs. post-irradiation, 5‒21 nm; all spherical. These size reduction 

and shape-changing phenomena were likely due to heating from photon absorption via 

SPR on the particle surface. The energy was subsequently transferred to the lattice 

phonon, the temperature of the particle increased until the melting point was reached, 

and the particle melted to form a liquid droplet that eventually cooled to form a perfect 
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spherical NP with a reduced size. The size reduction itself was likely a result of surface 

vaporisation when the temperature exceeded the boiling point, causing atoms and 

small particles to be ejected. 

 

2.5.2(e) Laser Repetition Rate 

An important parameter that allows some control over the average NP size is 

the laser repetition rate, which defines the time interval (ΔtP) between consecutive 

laser pulses. The rate of NP formation per unit time increases at a near-linear rate as 

the repetition rate increases (this only applies when ΔtP > cavitation bubble lifetime). 

For AuNPs, a linear relationship can be observed with repetition rates of 100–2,500 

Hz (60 s laser ablation time) and a constant ablation efficiency [70]. At repetition rates 

reach the kHz range, the NP production rate deviates from linearity and the ablation 

efficiency decreases. This effect may be due to an increased local NP concentration, 

which results in the scattering of incoming laser pulses and negatively affects the 

ablation yield. Additionally, an increased local concentration and concomitant slow 

diffusion of the NPs promotes particle aggregation and coalescence. Overall, the laser 

repetition rate is an important parameter that can be used to steer the polydispersity of 

the colloidal solution and the final average particle size. However, a fundamental 

understanding of the impact of the laser repetition rate on NP formation, especially in 

terms of shielding, mass transport, focal residency time, and local temperatures, is still 

lacking explanations. especially when additives were used, contradictory results have 

been obtained. 
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