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 ABSTRACT 

The world woke up to a deadly pandemic SARS Covid-19 that broke out of Wuhan, China in 

December 2019. Many drugs were proposed to help in treating this disease. However, at the 

time, few drugs showed potential effectiveness in curing covid-19. This research proposed the 

Covid-19 use of ionophores conjugated silver nanoparticle as a potential drug that can 

be effective because of its antiviral activities. Ionophores allow metal ions to enter the 

selective cell membrane of a cell. Once silver ions enter the cell, they start disrupting the 

replication of the virus DNA. Hence, silver plays an important role as a potential ingredient in 

drugs that can stop the spread of viruses. Pulsed laser ablation synthesis of a silver target 

placed in a solution was the method employed in this research to develop relatively 

smaller sized, spherical nanoparticles. In general, pulsed laser ablation synthesis in 

solution is a low environmental impact technique which does not need metal precursors and 

reductants and produces colloids of a relatively high purity as compared to chemical methods.  

The silver nanoparticles were produced by focusing a pulsed laser beam directed on a silver 

metal target in a liquid medium. As the laser beam hit the silver target a plasma plume is 

generated, as the evaporated material expands it then cools and condenses, forming 

nanoparticles. This approach employs the use of a Q-Switched Nd: YAG dual pulsed laser 

operating at fundamental 1064 nm and second harmonic 532 nm with energy densities in the 

range of 34.8 J.cm-2 to 37.3 J.cm-2.  The lens focuses the pulsed laser which irradiate a silver 

target surface that is immersed in deionized water. Silver nanoparticles that were produced had 

comparable sizes, spherical in shape and similar composition. Their nanoparticle surface 

chemistry allowed them to be easily grafted with doxycycline. The period of irradiation was 

varied from 5 minutes to 25 minutes per sample to get different qualities of AgNPs. The average 

diameter of the silver nanoparticles was 10,6 nm. The AgNPs were prepared and used to 

synthesise doxycycline silver nanoparticles. The samples of silver nanoparticles formed were 

characterised using high-resolution transmission electron microscopy (HR-TEM). The 

identification of the elements in the nano-material composition was done using Energy 

dispersive X-ray spectroscopy (EDS or EDX), Raman spectroscopy, and UV-VIS was used to 

confirm the absorption band gap of AgNPs. The silver nanoparticles that were produced was of 

high quality, free from toxic reagents and could be used for further medical (in-vivo tests). 
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1 INTRODUCTION 

1.1 Background 

     The field of nanotechnology has offered new ways to test, explore and apply our scientific 

knowledge across all research fields. This has brought about insights into the workings of 

different materials at the nano scale. The accumulation of innovative scientific techniques has 

improved and propelled us into a better technological era. Studies that have been done on 

nanomaterials have innumerable applications and they play important roles in electronics, 

optoelectronics sensing, energy harvesting, photonics and medicine [1]. Materials like metal 

oxides are of great interest across the field due to their superior chemical and physical properties 

[2]. The effectiveness of these tiny materials when used as biosensors, bio-labels, and cancer 

treatment are recognized to be revolutionary [3].  

     Scientific research reveals the unique nature of nanoparticles like silver oxides in developing 

novel diagnostic and antimicrobial agents. This has increased the attention of scientists towards 

the potential applications of these nano-scale materials for medicinal operations [4]. The studies 

have been extended to silver and gold nanoparticles. These metals have displayed unique 

properties that have been extensively studied for biological and medical applications. Many 

methods are available for nanoparticle synthesis, affording a wide broad spectrum of chemical 

and physical properties to be capitalised.  Typically for gold and silver nanoparticles to give 

specific medical properties that are required, researchers had to employ different physical and 

chemical methods for preparation [5]. These two techniques have got their advantages and 

disadvantages. Mostly, the physical methods are less complicated, the nano properties are easy 

to manipulate, and the processes normally do not require toxics reactants hence they yield high 

purified nanoparticles. However most of the physical methods requires expensive equipment 

that may also require high technical skills for their operation [6].  When it comes to chemical 

methods, they are very cheap and easy to scale however the process requires chemical 

reductants that utilize excess toxic reactants, which need to be removed for biological    

purposes [7]. 
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    In this study, we report on silver nanoparticles (AgNPs) produced by laser ablation synthesis 

in solution and discuss the major features of this approach. Laser ablation synthesis is one of 

the best techniques used to develop nanoparticles of consistent morphology which can be 

applied to different medical applications. This method allows the preparation of stable silver 

colloids in pure solvents without using either capping or stabilizing agents that are normally 

required in wet-chemical methods [8]. Nanoparticles that have been produced in this way are 

said to be more suitable for medical and food-related applications where it is important to use 

non-toxic chemicals. In addition, if you want to achieve nanoparticles with different properties, 

laser ablation allows easy experimental parameters tuning to give the desired physical 

properties. These properties can influence the antiviral mechanisms of the produced 

nanoparticles [9]. In particular, the possibility of fragmenting a metal target without making use 

of capping and reducing agents intrinsically lowers the risk of contamination of the resulting 

colloid from unknown chemical agents and provides nanoparticles with unique surface 

characteristics [10]. One of the draw backs of the laser-generated silver nanoparticles is that it 

is harder to obtain them in higher concentration. Hence, the process is difficult to scale up in 

industry. To achieve higher concentration, it is necessary to use high-energy lasers, which are 

mostly very expensive [11]. 

    Silver nanoparticles that are produced by laser ablation synthesis in solution are said to 

exhibit higher reactivity, antiviral and antimicrobial effects in comparison to their chemically 

synthesized homologous nanoparticles, due to the absence of ligands and/or stabilizers on the 

Ag nanoparticle surface [12]. In addition, when producing AgNPs by laser ablation synthesis 

in solution, it allows in-situ conjugation of nanoparticles with biomolecules, which has proven 

to be more efficient than the ex-situ conjugation required for chemically synthetized 

nanoparticles. As an example, in the quest to eradicate malaria around the globe many solutions 

have been proposed by researchers, but Ag nanoparticles have demonstrated significant activity 

against malarial parasite (P. falciparum) and vector (female Anopheles mosquito) [13]. It is 

believed that AgNPs will play a pivotal role in controlling malaria. 

    In addition, reports indicate that silver ions have been employed as an antimicrobial for 

several millennia [14]. However, with the emergence of nanotechnology, now there is a better 

understanding of these nanoparticles and their chemical properties. This has revived a greater 

interest in silver nanoparticles as potential medication for different illnesses [15]. 
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1.2 Justification 

At the end of 2019 an outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) started and spread from Wuhan, China followed by Iraq, Italy and Spain, there after it 

was a pandemic that crippled the whole world. World leaders enforced lock-down restrictions 

and other drastic measures to control the fast spreading of the deadly virus [16]. Healthcare 

facilities got overwhelmed by the numbers of patients that fell sick. The rush to find a drug or 

a vaccine that can help to treat the virus became important. Many drugs were suggested and 

repurposed but most of them had lower efficacy. Reports of investigated virus inhibition tests 

of AgNPs on human para-influenza virus type 3 resulted in redaction of the viral infectivity, 

via blocking interaction of the virus with the target cell, which was narrowed down to size and 

zeta potential of these nanoparticles [17]. The in-vitro and in-vivo reports showed the 

effectiveness of AgNPs was high on the corona virus family. The smaller-sized nanoparticles 

had better viral inhibition results. They revealed that by tuning the physical properties of the 

nanoparticles they can inhibit covid-19 virus replication effectively. In this research, we go    

in-detail on how to produce pristine AgNPs which have relatively small diameter and high 

antiviral activities. We employed the double pulsed laser ablation in solution to generate AgNp. 

Then doxycycline conjugated silver nanoparticle was synthesised to increase its antivirus 

efficacy in biological systems.  
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1.3 Silver nanoparticles 

      Nanoparticles with diameters smaller than 100 nm have shown promising features in 

pharmaceutical applications, for biomedical imaging and targeted drug delivery. Inhibition of 

bacterial growth was shown to be more effective with silver nanoparticle with an average 

diameter of less than 15 nm [18].  However, biomedical applications require extensive and 

detailed research to gain adequate understanding of interactions between nanoparticles and 

biological systems [19]. The way nanoparticles may interact with biological systems and 

mechanisms that they will employ upon entering the cell, must depend on their size, type of 

material and surface characteristics [20]. The pathways of entry and the subsequent intracellular 

particle distribution influence the biological effects caused by particles. To understand a 

possible relationship between intracellular distribution and induced effects, it is important to 

investigate the processes involved in cellular uptake of nanoparticles and their intracellular 

trafficking [21]. Studies that have been done with different nanoparticles indicate that size, 

shape, and surface charge affects the amount of cellular particle uptake. 

      The proposed mechanisms that these nanoparticles employ include direct contact on 

microbial cells, which disrupts the cell systems operations and the functions of its membrane. 

This normally leads to structural damage on the protective cell membrane hence rendering it 

useless. Generation of reactive oxygen species by nanoparticles can also damage the cell 

membrane [22]. If cell uptake occurs and nanoparticles find their way into the nucleus of the 

cell, they may interfere with DNA (deoxyribonucleic acid) replication. 

      DNA is mostly responsible for the replication process that starts in the cell. Any damage 

done to its structure will cause either mutation or death of the cell or the organism. It was found 

that silver nanoparticles interact with the exocyclic nitrogen present in the adenine, guanine, 

and cytosine bases, which leads to DNA mutation. Ag+ ions and silver nanoparticles possess 

antiviral and antimicrobial activity [23]. However, studies are still going on to further 

understand and to precisely discriminate between the effect of ions and those of silver 

nanoparticles.  
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      Other commonly accepted mechanisms that silver nanoparticles use are silver–amino acid 

and silver–thiolate group interactions which happens on the proteins and DNA. In-vitro lab tests 

have also given clues for further support of inhibition of enzymes and other proteins. Positive 

silver ions (Ag+) are expected to show high affinity to the soft base-like thiolate ligands, which 

are mostly found in bacterial membrane and subcellular structure (for example: sulphur-

containing proteins and enzymes) causing, inhibition of crucial biological cellular functions. 

These multiple, synergic mechanisms of cytotoxic activity reduce the likelihood that the micro-

organisms develop resistance against silver compounds [24].  

1.4 Anti-viral properties 

      Recent research has reported on the effectiveness of AgNPs in laboratory tests (in-vitro and 

in-vivo) on corona virus family, especially influenza [25]. More rigorous tests are still going on 

to understand its mechanisms and effectiveness in clinical tests.  

      The interaction of silver nanoparticles with HIV-1 (human immunodeficiency virus) was 

investigated as the AgNPs inhibit the virus from binding to host cells which was demonstrated 

only in in-vitro tests. Another research report has claimed that silver nanoparticle showed anti-

HIV activities at an early stage of viral replication and somehow it prevents CD4-dependent 

virion binding, fusion, and infectivity [26]. Hence, inhibiting the post-entry stages of the HIV-

1 life cycle. Also, the in-vitro and in-vivo study for potential application of AgNPs in controlling 

the infectivity of Rift Valley fever virus (RVFV) and inhibition of monkey-pox virus [27]. 

      Several scientific studies report on the effectiveness and control of influenza by silver 

nanoparticles [28]. These articles proposed that silver nanoparticles could inhibit swine flu 

(H1N1 influenza virus strain, a common member of corona family). Thus, claiming that silver 

nanoparticle have anti-H1N1 influenza A-virus activities [29]. The reports also stated that 

inhibitory effects of silver nanoparticles on influenza A-virus could be a new way for the 

prevention of influenza virus infection [30]. Due to these studies, the scientific community was 

encouraged to try silver nanoparticles on covid-19 to test its effectiveness. 
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1.5 Ionophores 

 

 

       Ionophores are chemical compounds that binds to ions forming lipid-soluble complexes 

that act as vehicles for transporting ions across biological cell membranes. The ionophore is a 

Greek name that directly translates to “ion carrier”. Structurally, an ionophore contains a 

hydrophilic center and a hydrophobic portion that interacts with the lipid bilayers found in 

living cell membranes [31]. These chemical species could be synthetic or biological. Selecting 

between cation and anion ionophores have found applications where ions are to be delivered 

into the cell. These methods have improved the drug delivery techniques.  

 

 

       A virus depends on its DNA replication inside a host cell for it to multiply. Ionophores are 

one of the best ways to transport ions or proteins through the membrane to disrupt the virus 

replication [32]. As shown in the Figure 1.1 below. Reducing the rate of virus replication inside 

the cell using AgNPs has been reported to be effective across different types of viruses.  

The anti-viral action of AgNPs in general is linked to at least known four distinct mechanisms. 

Silver nanoparticles may act via four main routes: 

 

• penetration inside the cell leading to organelle (ribosomes, DNA, RNA) dysfunction. 

• oxidation of proteins, lipids, and DNA bases through oxidative stress. 

• inducing cellular toxicity through the oxidative stress caused by the generation of 

reactive oxygen species and free radicals 

• alteration of cell signalling. 
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Figure 1.1 Schematic representation of the known mechanisms of anti-virial action of silver 

nanoparticles and silver ions. With permission from Elsevier [31].   

     Different chemical ionophores can be chosen to efficiently increase the number of ions 

inside the cell [32]. Doxycycline, hydroxychloroquine, and quercetin can be used as chemical 

ionophores. These three drugs have been reported to have anti-viral activities [37]. Hence, 

combining their virus inhibition properties and those of silver nanoparticles would produce a 

better drug for corona virus diseases.  

 

1.5.1 Coupled silver ionophores 

 

      Conjugating silver nanoparticles with other chemical species enhances its physical and 

chemical properties. AgNPs can easily attach to other chemical compounds to make transition 

complex molecules. Doxycycline is considered a broad-spectrum tetracycline class antibiotic. 

Normally the drag is used to treat infections caused by bacteria and certain parasites [35]. It 

functionally treats bacterial pneumonia, chlamydia infections, Lyme disease, cholera and 

prevent malaria in combination with quinine. Quinine has derivatives drugs like chloroquine 

and hydroxychloroquine [36].  
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     These drugs have been used to treat malaria and auto immune diseases. Chloroquine was 

first synthesized in 1934, but its toxicity prompts the later introduction of hydroxychloroquine, 

and it quickly became favoured because of its superior safety profile. Hydroxychloroquine is 

soluble and less toxic compared to chloroquine, because it is more refined therefore it causes 

fewer side effects, thus it is considered a safer drug [37]. The mechanism of action of these 

drugs against plasmodium parasites is believed to be partly related to its interaction with DNA 

and through inhibition of the polymerization of its proteins. Both drugs are affordable, widely 

available internationally and are generally considered safe for their present US Food and Drug 

(FDA)-approved indications. Quercetin is a plant flavonoid and known to be an antioxidant and 

anti-inflammatory drug that is found in several plants and foods such as onions, red wine, and 

apples. Quercetin is commonly used for heart conditions, blood vessels, controlling blood sugar 

and to prevent cancer [38].  

 

 

     All these drugs can be re-purposed as ionophores if they are coupled with silver 

nanoparticles. Their organic groups allow them to permeate through the selective cell 

membrane to deliver the AgNPs inside the biological cell [39]. Doxycycline silver nanoparticles 

(Do-AgNPs) have been reported to be more effective in inhibiting virus replication, growth of 

E.coli bacteria and can be used in the treatment of cancer [40]. The Do-AgNPs employ a 

mechanism action of interference in the binding of the tRNA (transfer ribonucleic acid) by 

blocking the adhesion of aminoacyl-t-RNA, to the mRNA-ribosome complex, that means a 

portion of the ribosome is impaired to preform protein synthesis. In a similar way, 

hydroxychloroquine inhibits the multiplication of the SARS-CoV-2 virus by invading the 

endosome within which the virus replicates and accumulate in lysosomes, where it may 

interrupt the usual process of lysosome–endosome fusion, thereby inhibiting release of the viral 

contents [41]. Hydroxychloroquine also blocks the generation of interleukin-6 and other pro-

inflammatory cytokines, which are main causes of acute respiratory distress syndrome (ARDS). 
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1.6 Aims and Objectives 

 

 

     The main objective was to study the mechanism of pulsed laser ablation of a silver target in 

a liquid and investigate ways of optimising the synthesis of silver nanoparticles in solution by:  

 

1. designing a portable liquid sealed laser ablation chamber. 

2. producing pristine Ag NPs in suspension in pure distilled water by laser ablation. 

3. studying and characterising silver nanoparticles. 

4. grafting Ag ionophores in solution to produce doxycycline silver nanoparticle. 

 

This research was set out to develop pristine silver nanoparticles in water, which means water 

was used as the medium to develop the nanoparticles. The sizes and shapes of AgNps produced 

was controlled to better suit its virus inhibiting properties. An optimized procedure of pulsed 

laser ablation synthesis in solution was used to develop silver nanoparticles. Doxycycline was 

used as an ionophore. Silver nanoparticles were conjugated with doxycycline to form a complex 

of doxycycline-silver nanoparticles in solution. The shapes and sizes of AgNps generated were 

analysed using HRTEM and UV-vis spectroscopy. 

 

1.7 Hypotheses  

 

     The proposed technique of producing pristine silver nanoparticles will yield highly effective, 

non-toxic particles of specific required sizes and shapes for virus redaction. Pulse laser ablation 

synthesis in solution produces the best quality silver nanoparticle for biological system uptake. 
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1.8 Outline of dissertation / thesis structure 

 

     In Chapter 1, the background to the nature of the dissertation is provided and includes an 

introduction and justification for this research.  

 

     In Chapter 2, pulsed laser ablation of silver nanoparticles is discussed in detail, including 

growth mechanisms, physical properties, and potential applications e.g; its antivirus activities 

when conjugated with doxycycline. Background information on laser and laser-material 

interaction are discussed and the importance for this research is presented.  

 

      In Chapter 3, discussions of the experimental setup used to synthesize silver nanoparticles 

and methods of characterisation are presented. While there are many analytical methods 

employed to investigate silver nanoparticles properties, in this dissertation, high resolution 

transmission electron microscope, UV-VIS spectroscopy and energy dispersive x-ray 

spectroscopy were used to analyse the silver nanoparticles samples. 

 

    In Chapter 4, results and discussions of the data obtained from the silver nanoparticles 

experimental samples are presented.  

 

    In Chapter 5, we conclude the research undertaken and propose future research that could 

extend the scope of the present study. 
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2 AN OVERVIEW OF LASER ABLATED SILVER NANOPARTICLE 

IONOPHORES SYNTHESIS. 

2.1 Introduction 

 

 

       Silver nanoparticles synthesised by physical means results in superior properties when 

compared to other processes like chemical, photochemical, or biological approaches. The latter 

methods may require toxic reagents, caping agent, or unstable catalysts and it is more difficulty 

to tune the physical properties of the nanoparticles [42]. The biological ineffectiveness, high 

cost, and negative environmental impact they pose, have been shown to be not sustainable.      

Physical methods of producing metal nanoparticles generally relying on evaporation and 

condensation, which could use tube furnaces or laser ablation chambers at chosen atmospheric 

pressures. However, there are a few drawbacks such as sizeable laboratory space occupation, 

high energy consumption, vacuum condition that mighty be costly. On the other hand, physical 

synthesis facilitates producing AgNPs with narrow size distribution and controlled quantities 

of particles in one single process. Pulsed laser ablation provides a simple, environmentally 

friendly way to develop tuned nanoparticles [43]. Employing a top to bottom synthesis 

approach, pulsed laser ablation enables size control by varying the incident laser beam 

properties and the medium inside the ablation chamber.  

 

 

      Nanoparticles have shown to have several unique optical, photo catalytic and electronic 

properties. The physical and chemical properties of AgNPs are dependent on the thickness of 

the shell layer. Varying the ratio of core diameter and shell thickness, large shift in the optical 

emission and absorption has been reported [34]. By conjugating the AgNPs with an ionophore, 

enhances antiviral activity which is a better way to treat virus and other drug resistant bacteria 

and parasites. Furthermore, studies have reported hopeful results of treating cancer using 

doxycycline silver nanoparticles [44].  
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2.2 Laser 

 

 

      Laser is an acronym which stands for Light Amplification by Stimulated Emission of 

Radiation. The name was first coined by Gordon Gould in his famous notebook when he was a 

student of Professor Charles Hard of Columbia University in November 1957. Albert Einstein 

suggested that under proper conditions, atoms stimulated by light could spontaneously release 

excess light energy. Laser exhibit some unique characteristics, for example, they are 

monochromatic and they can be used as reliable coherent sources of photon energy. [45].  

 

2.3 Laser applications. 

 

 

      In 1960, Maiman built-up the first functional red laser pulses from excited chromium atoms 

in a synthetic ruby rod. Lasers immediately caught the public imagination, because of their 

similarity to science fiction “heat rays” from fictional books and cinema. In no time lasers 

proved to be versatile and robust as they were starting to be used in all fields with great success 

in ground-breaking applications [46]. Helium-neon lasers were the first to be utilised in 

commercial use with numerous applications. They could be easily tuned so that they can give 

off a distinct red light. They quickly started to find use in projecting straight lines for alignment 

in manufacturing, surveying, and construction. Their large-scale application was as laser 

scanning for automated checkout in supermarkets. Few years later they were being used in 

compact disc audio players. 

 

 

      Laser ablation has been used in the production of nano materials and thin film deposition. 

This technology has been favoured in fabrication of third generation solar cells and 

micromachining of micro-electromechanical systems (MEMS), because laser ablation enables 

an easy way to tune the particle sizes and surface area [47].  The thin film layers can be 

determined precisely by the duration of deposition. Generally, this procedure is used to develop 

devices that are small, inexpensive, and efficient when it comes to energy use.  
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     Laser ablation has also been used in chemical analysis. When a beam is focused on the 

sample, the energy from the laser is absorbed by the atoms and they get to be excited as they 

acquire enough energy to break free from the bonds on the sample surface, this produces a 

bright plasma as the particles expand [48]. The light emitted from this plasma can be analysed 

to determine the atomic elements presence and concentration levels of chemical compounds 

that are found in that sample. Sample optical properties and Laser parameters (energy, 

wavelength, pulse duration) are also used in these analytical techniques, hence a proper 

selection of appropriate laser parameters based on the sound understanding of laser ablation 

fundamentals is a critical prerequisite for achieving precise and accurate measurements [49].  

 

 

      Laser ablation is also used in a variety of medical specialties including ophthalmology, 

general surgery, neurosurgery, dentistry and veterinary. Several types of lasers, like argon, 

carbon dioxide, dye, erbium, excimer, Nd:YAG and others are employed depending on the 

requirement of the surgery or treatment at hand. It has been used to ablate tumours to cure 

prostate cancer, killing unwanted cells as the embryo grows and skull-base surgery in 

neurosurgery. The use of lasers has revolutionised the medical fraternity, providing safe surgery 

practice and allowing integration of new technology. 
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2.4 Operating principles of a laser  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 A schematic diagram to show a simple Bohr model of the atom [50].  

 

      The simple Bohr model of the atom, proposed by Niels Bohr in 1913 consists of a positive 

nucleus surrounded by negative electrons arranged in distinct energy shells. In Figure 2.1 the 

shells are designated from K to O as shown. The notation K(2) indicates that the K-shell is 

complete when it has 2 electrons. Similarly, L(8) indicates that 8 electrons complete the              

L-shell, and M(18) indicates that 18 electrons complete the M-shell [50]. This simple structure 

shows electrons orbit the nucleus of an atom and they can move from ground state having lowest 

energy to a higher (excited) state. Then electrons can decay from a higher state to a lower state, 

but it cannot be found between these states. The allowed energy states are called quantum states. 

The atom must absorb energy from an external source, for an electron to jump to a higher 

quantum state. This can happen through absorption of energy in the form of electromagnetic 

radiation (e.g., light). Light is made up of packets of energy called photons. Each photon has 

an intrinsic energy determined by the equation.  
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𝐸𝑛𝑒𝑟𝑔𝑦:   𝐸 =  
ℎ𝑐

𝜆
 

 

[2.4.1] 

 

      Where the energy (E) of each photon is be given by the product of the Planck constant (h), 

the constant speed of light (c) and the wavelength (λ). Since the absorb energy is quantised and 

no electron can be found between two quantum states, the energy of a single photon received 

must equal, the energy difference between the two states. 

 

 

  ∆𝐸 =  𝐸𝑚 − 𝐸𝑛 [2.4.2] 

 

      Where (∆𝐸) is the released photon energy, (m and n) are energy levels. When an electron 

decays from a higher energy state the photon of light given off by the atom must have an energy 

equal to the energy difference between the two states. 
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2.4.1 Population Inversion and light amplification by stimulated emission of radiation  

 

 

 

 

Figure 2.2 diagram showing the excited electron transition. 

 

      After an atom gets excited, it must eventually decay to its normal state where its electrons 

are in their lowest possible energy states. Since electrons are fermions, they will occupy all 

possible states while obeying the Pauli’s exclusion principle. As the electron transitions to the 

ground state, it releases energy in the form of a photon. The de-excited energy of the electron 

is equal to the photon energy that it gives off. In the case of a Nd:YAG laser the atoms give off  

photon energy that corresponds to 1064 nm wavelength. This is its fundamental wavelength 

which can be doubled to its first harmonic, 532 nm wavelength. 
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Figure 2.3 A schematic showing the processes involved in a lasing medium when excited by an external 

source [51]. 

 

      When all excited atoms release photons in all directions, the event is called spontaneous 

emission. However, there is a chance that before spontaneously decay of an electron, a passing 

photon stimulates the electron to decay in such a manner that a photon is emitted at the same 

wavelength. The second emitted photon will also have the same direction and the same phase 

as the prior passing photon. This process is called stimulated emission. It is this stimulated 

emission that lies at the heart of the amplification of light by laser action. 
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Figure 2.4 Three radiative processes that involve photons and atoms [50].  

  

     Now consider a group of atoms within the stimulation range of a passing photon. The 

probability for stimulated emission is quite small for the whole population of atoms [52]. Thus, 

to say not all the atoms are usually in an excited state, Boltzmann’s principle states that, when 

a collection of atoms is at thermal equilibrium, the relative population of any two energy levels 

is given by: 

 

   
𝑁2

𝑁1
= 𝑒𝑥𝑝 [ 

∆𝐸

𝑘𝑇 
 ] 

 

[2.4.3] 

   Where N2 and N1 are the populations of the upper and lower energy states, respectively, T, is 

the equilibrium temperature, and, k, is Boltzmann’s constant. 
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Figure 2.5 stimulated excitation of atoms between the optical cavities. 

 

    Although with a population inversion we can amplify a signal via stimulated emission, the 

overall single-pass gain is quite small, and most of the excited atoms in the population emit 

spontaneously and do not contribute to the overall output. To turn this system into a laser, we 

need a positive feedback mechanism that will cause most of the atoms in the population to 

contribute to the coherent output. This is the resonator, a system of mirrors that reflects 

undesirable (off-axis) photons out of the system and reflects the desirable (on-axis) photons 

back into the excited population where they can continue to be amplified [52]. 
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Figure 2.6 diagram showing the Laser mechanism. 

 

     In lasers the population inversion is achieved with the optical cavity resonator when photons 

bounce back between mirrors and a cascading emission is induce and amplification will be 

possible. Then  output coupler being partially reflective permits the laser to exit the cavity [53].  

 

    Nano thin-film materials can be made by pulsed laser deposition (PLD) using excimer lasers. 

This process produces materials that have high quality and superior properties than those 

obtainable with conventional manufacturing techniques [54].  The synthesis technology that 

uses pulsed laser ablation in solution/liquid is gradually becoming an attractive approach 

because it is a chemically simple and a clean method with high product quality. 
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2.5 Laser Ablation  

 

     Laser ablation is a physical process of removing materials from the irradiated zone by 

focusing the laser beam on the target surface. At low laser flux, the material gains heat energy 

by absorbing the energy from the laser [55]. The material will then sublimate and condense on 

the surface of a substrate as a thin film. At high laser flux, the material is normally converted 

to a plasma then as it cools down nucleation takes place to produce nanoparticles [56].  

 

 

    When a laser is irradiated on to a sample the ablation depth corresponds to the material used. 

The absorption of the material is directly depended on its ability to absorb the laser energy [57]. 

The energy absorbed may cause a phase transformation as the material vaporises or it will 

simple heat up and melt. The depth of ablation on a material is a function of beam energy 

density, the repetition rate of the pulse (frequency), the laser pulse duration, and the laser 

wavelength. Laser energy per unit area is the energy fluence and it is very important when 

developing nanoparticles [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Influence of process parameters on the energy delivered onto the substrate surface [58]. 
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     Several key parameters are important when considering laser ablation in micromachining or 

nanoparticle synthesis. To understand how pulse duration and fluence play a role. The concept 

of thermal and optical penetration depths should be understood. When a laser pulse is irradiated  

on a target, the electromagnetic energy penetrates to a depth of,  𝑙𝛼 = 1 𝛼⁄ , where, 𝛼, is the 

attenuation coefficient and the thermal depth penetration is given by,  𝑙𝑇 = √𝐷𝑇𝜏𝐿 , where, 𝐷𝑇, 

is the thermal diffusivity, 𝜏𝐿, is the duration of the pulse, k, is the electron thermal conductivity,  

𝜌, is density, 𝐻𝑣 , heat of vaporization and, 𝑐𝑝, is the heat capacity of the material [59].     

 

𝐷𝑇 =  
𝑘

𝜌𝑐
𝑝

 

 

[2.5.1] 

    Threshold fluence is the energy needed to be deposited per unit volume onto the material to 

achieve ablation. Where the characteristic time scales are, 𝜏𝑝, is lattice heating time                   

and, 𝜏𝑒 , electron cooling time.   
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2.5.1 Laser Wavelength 

 

 

      Lasers normally have a particular narrow frequency bandwidth, at which the photon energy 

it produces will correspond to a particular wavelength and it is given by the equation: 

 

 

  𝜆 =  
ℎ𝑐

∆𝐸
      𝑤ℎ𝑒𝑟𝑒    ∆𝐸 =  𝐸𝑚 − 𝐸𝑛  

 

[2.5.3] 

 

 

     The energy (E) of each photon will be given by the product of the Planck constant (h), the 

constant speed of light (c) and the wavelength (λ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 A schematic of the Bohr model of the atom to aid in the understanding of excitation and 

emission of radiation. Figure adapted from Ref [51]. 
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      How deep the laser penetrates the metal target is mostly dependent on the wavelength of 

the incident pulse. The ablation depth on the surface of a target may decrease with the laser 

wavelength [63]. However, several laser parameters influence the nano-properties of the 

material that is produced the laser ablation process, e.g., laser wavelength, liquid medium, 

energy, and pulse duration. It is very important to choose a laser type, considering the work at 

hand. Different types of lasers are used for different jobs according to their output energy and 

how easy they are to operate. Nd:YAG laser are stable solid state lasers and they are capable of 

producing reliable constant pulse laser for micromachining. Nd:YAG lasers can be easily 

tunned to separately  produce higher harmonic wavelengths. Hence, they are preferred lasers in 

most laboratory settings for experimental purposes.  

 

2.5.2 Nd: YAG lasers 

 

 

     The most common types of solid-state lasers use the crystal rods of neodymium (Nd3+)-

doped yttrium aluminium garnett, (Nd3+ Y3Al5O12). It is commonly known as Nd: YAG. Its 

operation was first demonstrated by J.E. Geusic et al. at Bell Laboratories in 1964. The dopant 

(Nd3+) ions typically substitute a small fraction of the yttrium ions in the crystal. This is possible 

since they have comparable sizes. The crystal laser medium has excellent thermal conductivity 

properties suitable for short-pulse laser. Nd: YAG laser are optically pumped using arc lamps, 

such as krypton or xenon lamps, or diode lasers [64]. The output of the Nd: YAG laser is 

relatively independent from temperature changes, lending itself to different uses for medium- 

to high-power applications. Most of the solid-state lasers have several devices such as                  

Q-switches, mode lockers, and frequency doublers in the cavity. These devices enable a better 

manipulation of the output beam. Solid-state lasers require very little maintenance since the 

crystals remain unchanged over many years. 

 

 

 

 

 

 

 



27 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Schematic diagram of a Nd:YAG laser [65]. 

 

     The near-infrared emission is the dominant fundamental frequency produced by a Nd: YAG 

laser and the photons emitted has a wavelength of 1064 nm and the pulse duration is normally 

about 7-10 ns with typical mean power that ranges from 10 mJ to about 1 J. First, second and 

third harmonics can be generated using nonlinear crystals, to produce photons with wavelength 

of 532 nm, 355 nm, and 266 nm, respectively. However, higher harmonics have less efficiency 

when it comes to the lasing process, they tend to decrease rapidly. While the pulse-to-pulse 

stability also deteriorates.  

 

 

     Pulse frequency of 10 Hz is normally recommended for ablation since it can be used when 

operating at various wavelength. With a fixed duration, the ablation rate normally increases 

with pulse energy, and this can also increase the concentration of the nanoparticles produced. 

However, it is necessary to extract the already formed nanoparticles to avoid the attenuation of 

the incident radiation that may cause a scattering phenomenon.   

 





29 

Diagrams in Figure 2.10 show two design options for stainless steel ablation chambers. The two 

chambers must be water and air-tight to avoid liquid leakage. The transparent quartz windows 

are chosen to allow 1064 nm and 532 nm wavelengths to pass through with minimum 

attenuation. The quartz window must be strong enough to with-stand the chamber liquid and 

air pressure during ablation. The cylindrical chamber Figure 2.10 (A) was chosen for the 

experiments conducted in this research.  

 

 

     A pulsed laser focused on a solid target (often metal) immersed in liquid producing 

nanoparticles with various sizes, shapes, compositions, and surface chemistry is known as the 

laser ablation synthesis in solution (LASIS) method [66]. The nanoparticles are produced by an 

incident laser beam directed on a metal target in a liquid medium. As the laser beam hit the 

metal target a plasma plume is generated as the evaporated materials expand. The plume would 

start to cool down changing its phase, condensing to form nanoparticles. The higher 

temperatures, pressure and density in the solution enables the creation of a plume, allows a 

controlled refinement of smaller nanoparticles. It is considered a ‘’green” approach of 

developing nanoparticles due to absence of toxic chemical precursors involved in the process.  

 

 

     Beside using water, many different solutions can be used as ablation liquid media to produce 

colloidal nanoparticles in solution. The produced nanoparticles are found to be highly stable, 

monodispersed, chemical contamination free particles that can be used for different applications 

[67]. To have the required nano properties from a colloidal solution a careful selection of the 

liquid media is important to resizing and reshaping of nanoparticles produced by other 

conventional routes. 
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Figure 2.11 A schematic diagram for laser ablation synthesis in solution with optical spectroscopy.  

    In the laser ablation process, an extremely high energy is concentrated at a specific point on 

a solid target, to remove the material from a surface. When a laser pulse irradiates the surface 

of a bulk material, electromagnetic radiation is adsorbed by the target electrons and energy 

transfers to material vibrational lattice. As a result, the material is ablated from the surface in 

the form of a plasma plume (in which nanoparticles are formed) [68]. 

 

   The most relevant parameters that distinguishes between laser ablation of solid in a vacuum 

and in a liquid medium is the strong confinement of species in the laser produced plasma by the 

liquid. Therefore, a series of mechanisms including generation, transformation and 

condensation of plasma plume produced laser ablation of solid in liquid environment takes 

place in the condition of the liquid confinement [69]. The mechanism of pulsed laser ablation 

in solution is very complex for it depends also on the width of the pulsed laser and the energy 

that is delivered by each pulse to ablate the sample. The confinement of plume formed in liquid 

medium greatly influences the thermodynamic and kinetic properties of the species inside the 

bubble [70]. The evolution of the plasma plume creates a different environment to allow 

material phase changes.  
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Figure 2.12 A diagram indicating various phenomena involved in the pulsed laser induced ablation of 

absorbing liquids [71]. 

 

The plasma plume is confined, because of the intense pressure exerted by the surrounding liquid 

inside the chamber.  The cavitation bubbles produced by the expanding plasma plume would 

have to uniformly cool all the species inside it in a very short period. As the cooling takes place, 

the plasma decays and its energy is transferred to the surrounding liquid medium producing a 

layer of vapor whose volume would be approximately equal to that of the plasma. The bubbles 

undergo a periodic evolution of further expansion and shrinkage until they finally collapses 

[72]. This will allow nucleation to take place before it bursts and releases the nanoparticles into 

the solution. Thus, the cavitation bubbles play a crucial part in the nanoparticle synthesis as it 

would be a container for the nanomaterial reaction. Picosecond lasers and femtosecond lasers 

have shown to produce pulses with better direct photoionization in liquid medium hence the 

sizes of the nanomaterials are easily tuned to the required shape and diameter.   
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The ablation rate is generally determined by laser parameters such as: wavelength, fluence, 

pulse duration and repetition rate, light absorption efficiency of the target material, 

transmission, and chemical composition of the liquid [73]. Consequently, NP features depend 

on laser parameters as well as on the liquid medium. Typical requirements for laser ablation are 

a wavelength from UV-Vis to near infrared (NIR-IR), a laser fluence approximately comprised 

between 0.1 and 100 J/cm2, pulse durations from nanosecond (ns) to picosecond (ps) and 

femtosecond (fs). A significant amount of energy is required to deliver a good ablation 

efficiency, but it decreases with long ablation time because of significant number of newly 

developed nanoparticles deflecting the laser beam inside the chamber. This inconvenience can 

be solved through a careful choice of fluids to be used and by removing the nanoparticles from 

the optical path by using a flow-through system[74]. Such a technical solution allows to 

spatially avoid the laser-induced bubbles that prevent higher ablation rates due to the shielding 

effect. Therefore, pulsed laser synthesis in solution represents a very interesting and versatile 

way to produce technologically relevant silver nanoparticles [75].  

 

2.6.1 Spherical bubble dynamics  

 

 

The rapid formation and dynamic collapse of a vapour bubble in a liquid is called cavitation. 

Cavitation occurs mainly when the static pressure becomes smaller than the liquid vapour 

pressure. Normally when water boils it forms vapour bubbles. The boiling of water takes place 

when heat energy increases isothermally while pressure remains relatively constant [76]. 

Evaporation of water is not only possible when temperature is increased at constant pressure. 

Reducing the pressure below the vapour pressure isothermally also causes evaporation to occur. 

Both evaporation and condensation can occur below 100 °C if static pressure is low enough and 

that’s when cavitation occurs [73]. Cavitation generates mechanical, thermal, and chemical 

effects, affecting everything from the micro scale to the atomic scale. 
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Figure 2.13 Schematic of a spherical bubble in an infinite liquid [79]. 

 

The radius of the bubble, R(t), is one of the primary results of the analysis. As indicated in 

Figure 2.10, radial position within the liquid will be denoted by the distance, r, from the centre 

of the bubble; the pressure, p(r, t), radial outward velocity, u(r, t), force, F, and temperature, 

T(r, t), within the liquid will be so designated. Conservation of mass requires that: 

 

 

  𝑢(𝑟, 𝑡)  =  
𝐹(𝑡)

𝑟2
 

 

[2.6.1] 

where F(t) is related to R(t) by a kinematic boundary condition at the bubble surface. In the 

idealized case of zero mass transport across the bubble surface. The velocity of the interface is 

𝑢(𝑅, 𝑡) = 𝑑𝑅 𝑑𝑡⁄  and hence: 

 

 

  𝐹(𝑡)  =  𝑅2
 
𝑑𝑅

𝑑𝑡
 

 

 

 

[2.6.2] 
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But this is often a good approximation even when evaporation or condensation is occurring on 

the target surface. The sudden drop below the critical pressure of the liquid, facilitates cavitation 

to occur. The liquid cavitation parameters can be deduced based on the Rayleigh-Plesset (RP) 

equation that describes the evolution of the bubble and its physical properties [79]. The equation 

is an ordinary differential equation which describes the dynamics of a spherical bubble in an 

incompressible fluid. The general form is usually written as: 

 

 

  𝑅
𝑑2𝑅

𝑑𝑡2
+

3

2
(

𝑑𝑅

𝑑𝑡
)

2

+  
4𝜈𝐿

𝑅

𝑑𝑅

𝑑𝑡
+  

2𝑆

𝜌𝐿𝑅
+   

Δ𝑃(𝑡)

𝜌𝐿
= 0  

 

[2.6.3] 

Where, R, is the bubble radius, p, is the surrounding pressure, 𝜌𝐿, is the liquid density,                  

𝑣𝐿 is the viscosity of the liquid and S, is the surface tension of the bubble-liquid interface. 

Taking,  𝑃∞(𝑡) to be external pressure surrounding the bubble and 𝑃𝐵(𝑡) is the pressure inside the 

bubble. Then the pressure difference is given by: 

 

 

   ∆𝑃(𝑡) =  𝑃∞(𝑡) −  𝑃𝐵(𝑡) 

 

[2.6.4] 

The Rayleigh-Plesset equation can be used to solve the time-varying bubble radius R(t), for a 

special case where simple approximation can be done to get a simplified solution.   

  

                 

   𝑅̇  = √
2

3

𝑃𝐵 − 𝑃∞

𝜌𝐿
 

 [2.6.5] 

 

Where 𝑃∞(𝑡) and 𝑃𝐵(𝑡) values inside and outside the bubble are known. The surface tension and 

viscosity would be neglected, together with the second order term in the equation. The over-dot 

denotes 𝑑 𝑑𝑡⁄ .    
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2.6.1 Bubble contents 

 

Cavitation bubbles that contain chemical species or plasma can be governed by the Rayleigh-

Plesset equation. To be general, it would be assumed that the bubble contains some quantity of 

contaminant gas whose partial pressure is 𝑃𝐺𝑜 at some reference size, 𝑅𝑜, and temperature, 𝑇∞. 

Then, if there is no mass transfer of gas to or from the liquid across the bubble boundary, it 

follows that: 

 

   𝑃𝐵(𝑡) =  𝑃𝑉(𝑇𝐵) +  𝑃𝐺𝑜 (
𝑇𝐵

𝑇∞
) (

𝑅𝑜

𝑅
)

3

  [2.6.6] 

 

   There are circumstances in which the temperature difference, (𝑇𝐵(𝑡) −  𝑇∞), is important and 

the effects caused by this difference dominate the bubble dynamics. Then the temperature 

difference, (𝑇𝐵(𝑡) −  𝑇∞), leads to a different vapor pressure, 𝑃𝑉(𝑇𝐵), and this alters the growth 

or collapse rate of the bubble. When cavitation occurs accurate evaluation of the gas or plasma 

in the bubble requires the solution of the mass, momentum, and energy equations. The bubble 

contents combined with appropriate thermal boundary conditions at the bubble wall are also 

required and such an analysis would probably assume spherical symmetry [80]. However, it is 

appropriate to observe non-spherically symmetric internal motion that tend to mix the contents, 

producing different chemical species eg: nanoparticles. 
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   The best liquid medium in most ablation processes is water because it is cheap, safe, it has a 

high thermal capacity, and does not absorb laser light. Organic solvents have been considered 

for quite a while as solvents medium, and the most used ones are methanol, ethanol, 

isopropanol, acetonitrile, and ethylene glycol [85]. When using organic solvents, the higher 

dipole moment of the solvent gives a higher ablation efficiency and produces smaller particles. 

This effect thought to be as a result of electrostatic interactions induced by higher molecular 

dipolar moment of the solvent, which produces a stronger electric double layer on the metal 

nanoparticle surface. The dipolar moment of a solvent and its viscosity plays a fundamental 

role in avoiding nanoparticle agglomeration [86]. When using homologous solvents, such as 

alcohols with different chain lengths, it has been shown that short-chain alcohols produce 

unstable silver nanoparticles with different shapes. This is because solvents like ethanol 

decompose during the ablation process, promoting the formation of permanent gas bubbles. 

The cavitation transitions in the solvent medium affect the ablated plasma plume and the formed 

nanoparticles, and with time these may act as obstacles within the laser path, thus reducing the 

energy reaching the target [87]. Ethanol and acetone solvents can be good stabilizing media to 

keep metal nanoparticles from precipitation and oxidation; however, organic liquids resulted in 

very low yields and a larger mean particle size compared to water. 

 

2.7 Silver target ablation in water 

 

   Distilled or deionized water is the most used for the laser ablation synthesis in solution of 

AgNPs. Using water, it is easy for pyrolysis reaction to occur. Free hydrogen and hydroxyl 

radicals are produced that will facilitate the reaction to produce several oxide or hydroxide 

species [88]. These reactions will continue to occur between the target material and dissolved 

oxygen, or oxidizing reactions caused by the plasma-induced decomposition of water. 

Molecules like hydroxyl groups can go on to attach on the forming silver nanoparticles surface, 

which can lead to highly charged surfaces that contribute to the electrostatic stabilization of the 

synthetized nanoparticles [89].  
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The energy produced by the laser pulse after ablating the silver target will cause a plasma bubble 

to expand. Inside the bubble containing all the reacting molecules as its temperature cools down 

in it will break down into smaller pocket bubbles [90]. Inertial confinement occurs in this newly 

formed small cavitation with a very small volume that tends to heat up to extremely high 

temperature and pressures. Pyrolysis of water occurs to produce free + H and - OH radicals that 

are highly reactive chemically and they are important especially for silver ions reduction [91]. 

 

 The reported mechanisms for silver nanoparticles formation occurs in the following three steps:  

• Generation of high temperature and high-pressure plasma after the interaction of laser 

beam with matter forming cavitation in the medium. 

• Ultrasonic and adiabatic expansion of the plasma plume against the liquid environment, 

cooling of the plasma and formation of cold clusters. 

• With the extinguishment of the plasma, the produced clusters encounter the solvent and 

surfactant molecules in the solution, which induces some chemical reactions and 

capping effects.  

• There is a competitive mechanism between aqueous oxidation of silver clusters to form 

Ag(OH) molecules, which can easily dissociate to form Ag2O molecules and AgNPs. 

 

 

    The depth of ablation cavities on the target gives a measure of nanoparticle productivity [92]. 

Moreover, the cavity depth increases with the number of laser pulses, but this also causes 

saturation to occur. Hence, it would be difficult to obtain great improvement of the nanomaterial 

productivity just by prolonging the laser irradiation times. To avoid this, it is better to change 

the focus area on the target after an appropriate laser irradiation time by rastering the target. 
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2.8 Doxycycline conjugated silver nanoparticles 

 

 

 

 

Figure 2.15  (A) UV-VIS spectra of conjugated doxycycline (DO) with AgNPs (red curve) and the 

mathematical combination of the doxycycline and nano-silver pure spectra. (B) Chemical structure of 

doxycycline. [32]  printed with permission of the Royal Society of Chemistry. 

   The conjugation of doxycycline silver nanoparticles yields quite a potent agent for the 

inhibition of several virus replication and their combination culminated in an increased in 

bactericidal activity [93]. Doxycycline silver nanoparticle also prohibits matrix 

metalloproteinase (MMP) activation and cellular proliferation. Thus interfering with protein 

synthesis in cancer cells [94]. Biological membranes have selective permeability and 

doxycycline-AgNPs assist the transportation of the nanoparticle across the cell barrier. Thus, it 

works as a better efficient ionophore with less side effects [95]. The coupled doxycycline silver 

nanoparticle is affordable, accessible and has been applied in clinical tests of cases with 

advanced cancer. However, every technology has benefits and its own drawbacks, the use of 

doxycycline AgNPs is not the exception. Reports have pointed out towards the toxicity 

associated with the use of AgNPs which is said to depends upon the shape, size, and 

concentration of the nanoparticles. Studies have proved that spherical nanoparticles are non-

toxic compared to nanomaterials of other shapes, like nanorods [96]. All these were reasons 

chosen for this research to employ the use of pulsed laser synthesis in water solution, to have 

the ability to produce spherical AgNPs with required nano-size. Moreover, the approach allows: 

to avoid using toxic capping agents, inedible solvents and to easily control the concentration by 

varying the laser parameters [97].  
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2.9 Importance of the Research 

 

 

    This research was caried out to investigate the method of developing ionophore silver 

nanoparticles. The procedure allows a careful optimisation of this process and finding a better 

way of tuning the sizes of the silver nanoparticles by using a combination of the fundamental 

and first harmonic pulsed laser beams. The use of the Q-switched pulsed laser enables a 

controlled, physical top to bottom approach of creating nanoparticles without the use of any 

toxic capping agents [98]. The relatively small diameter of the AgNPs that are produced by the 

combination of the fundamental and first harmonic wavelengths of a Nd:YAG pulsed laser were 

collected and used to make doxycycline silver nanoparticles. With further tests this could prove 

to be the much-needed drug to be used in the fight against the covid-19 virus. Several research 

has been done focusing on ways to treat and prevent the disease. Despite that most of the 

countries in the world were caught un-aware at first. A good number of promising outcomes 

have emerged out of these drug and vaccines research.  

 

2.10 Research Limitations 

 

 

    This research was limited to the production of the conjugated silver nanoparticles. The 

conditions and parameters followed were based on previously experiments [78]. However, most 

of these were not conclusive and they also required further investigations to come up with the 

best product. The process of knowing the effectiveness of the ionophore silver nanoparticles in 

the cell of a human being is long and it requires a lot of contributions from different fields. 

Clinical tests that give quicky positive feedback are necessary for rapid changes to take effect 

as soon as possible, tailoring the product to the fore known requirements to reduce serious side 

effects. This research requires a large group of dedicated experts and a big budget to fund it 

through. Long periods of time are also required after clinical tests to assess how the whole body 

is responding with time.   
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3 METHODOLOGY AND ANALYTICAL TECHNIQUES 

3.1 Introduction 

In this chapter we are introduced to various analytical techniques that were employed in the 

study and synthesis of silver nanoparticles. The data and results obtained are discussed in the 

next chapter.  

3.2 Experimental layout 

 

    The laser that was used for this research was a Q-switched pulsed laser operated at a pulse 

repetition frequency of 5.2 Hz. The laser unit model was a Nd: YAG: Spectra-Physics Quanta-

Ray Laser GCR series. The laser unit produced two different wavelength pulses: an ultra-violet, 

1064 nm pulse and a 532 nm green laser pulse. The fundamental wavelength was 1064 nm. The 

frequency is doubled to produce 532 nm pulses separated temporarily by about 50 ns from the 

fundamental operating wavelength.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The pulsed laser ablation in solution experimental setup.  
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    Laser mirrors with dielectric coatings were used to combine 532 nm and 1064 nm beams 

from different optical paths. The mirrors coating was  designed to optimally reflect 1064 nm or 

532 nm wavelength at 45° angle [99]. This made the alignment of the beam easier over the 

optical breadboard. After the two beams were aligned a lens was placed 0.5 m away to focus 

the laser onto the silver target that was placed inside the ablation chamber. 

 

3.2.1 Ablation chamber  

 

  A stainless-steel chamber was used. It was made to be air and liquid tight. After it was filled 

with water, the chamber was positioned parallel and adjacent to the laser unit. This was done 

to align the laser beam with the silver target inside the chamber. The ablation chamber was 

rotated slightly to reduce energy loss by laser refraction as the beam passes through different 

refractive index mediums. 

 

 

 

 

Figure 3.2 The stainless-steel ablation chamber. 
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    The experimental layout employed to synthesize silver nanoparticles is shown in Figure 3.1.    

The laser was installed on purpose-built tables to accommodate an optical breadboard. The 

optical tables used were firm enough to minimize vibrations. This is an important feature in any 

laser-optical experiment.  These breadboards were supplied with holes threaded for M6 bolts 

and which were spaced 25 mm apart. This made it easier to bolt down opto-mechanical 

components to ensure that the laser optical beam path was kept always aligned and focused on 

the surface of the silver target [99]. 

Note:  A slight vertical adjustment was done on the mirrors to avoid secondary laser reflection 

directed back into the laser unit that may cause saturation into the optical gain medium and this 

may break the laser unit. 

3.4 Experimental procedure 

 

    The laser was switched on, with only the flash lamps being fired. It was left to run in free 

mode for 30 minutes. This was to get the lamps and Nd:YAG laser rods warmed up to operating 

temperature. Once the system was ready to start ablating the target, the alignment of the laser 

entering the ablation chamber was double-checked by operating the laser at reduced energy.  

Then these steps were followed to synthesize silver nanoparticles:  

 

1. A clean silver target was placed inside the ablation chamber.  

2. The ablation chamber was filled with 120 ml of distilled water.  

3. The pulse repetition frequency was kept at 5.2 Hz and the laser was switched on.  

4. The silver target was ablated for 5 minutes. Ablation time was changed for every sample 

that was produced.  

5. The samples were collected and were clearly labelled e.g: sample A1, B1, C1, … 

 

     

    The collected samples were characterized using a high-resolution transmission electron 

microscope (HR-TEM, model: Japanese electro-optic laboratory JEM-2100). The identification 

of the elements inside the solution was done using energy dispersive x-ray spectroscopy (EDS 

or EDX), and the ultraviolet-visible (UV-VIS) spectroscopy was used to confirm the optical 

band gap of silver nanoparticles. After characterization was done, the results obtained were 

used to choose the right wavelength and the ablation time that produced high quality AgNPs.  
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3.5 Measurement of laser parameters 

    Before the synthesis experiments started, the laser parameters which play an important role 

in the laser ablation process were measured and are shown in Table 3.4. 

• Average power (W) was measured with a Newport 818E-20-50F power head coupled 

to a Fieldmax 2 laser power / energy meter. 

• Pulse width (ns) for the 532 nm and the 1064 nm pulsed beams, were measured with a 

New Focus model 1621 VIS and model 1623 IR photodetectors respectively and was 

connected to a Hewlett Packard 54502A 400 MHz oscilloscope. 

• Pulse laser energy (mJ) was measured with a Newport 818E-20-50F energy head 

coupled to a Fieldmax 2 laser power / energy meter. 

3.6 Laser Pulse duration measurement 

 

 

 

 

 

 

 

 

Figure 3.4  The diagram shows the image of the Hewlett Packard model 54502A oscilloscope used for 

the Nd:YAG pulse width measurement. 
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Figure 3.5  Shows the diagrams laser pulse profile 

𝑃𝑜𝑤𝑒𝑟:   𝑃 =  
𝐸𝑛𝑒𝑟𝑔𝑦 (𝐸)

𝐴𝑟𝑒𝑎 
  

 

[3.6.1] 

   The average power will be the total energy of all pulses emitted in 1 second, thus:                      

average Power = Energy per pulse × pulses rate. The pulse rate is the repetition rate of the laser 

pulse which can be referred to as the laser Frequency (f).  The pulse rate was kept at 5.2 Hz.  

 

 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟 =  𝐸𝑛𝑒𝑟𝑔𝑦 ×  𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  

 

 

[3.6.2] 

 

     The fluence of a laser is the energy of a laser pulse incident onto a given area. This quantity 

is typically measured in J.m-2 or J.cm-2 which is more commonly used. 

 

 

𝐹𝑙𝑢𝑒𝑛𝑐𝑒 =  
𝐸𝑛𝑒𝑟𝑔𝑦 (𝐸)

𝐴𝑟𝑒𝑎
 [3.6.3] 
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Table 3.5 Experimental conditions for pulsed laser ablation of a silver target.  

 

 Sample 
Wavelength 

(nm) 
Ablation time 

(minutes) 
Energy 
(m J) 

Fluence 
(J. cm-2) 

mean Power 
(W) 

beam Spot size 
(mm) liquid 

volume 
(ml) 

          

 A1 1064 + 532 5 293 37.3 1.52 1.0 H2O 120 

 B1 1064 + 532 10 293 37.3 1.52 1.0 H2O 120 
Test 1 C1 1064 + 532 15 293 37.3 1.52 1.0 H2O 120 

 D1 1064 + 532 20 293 37.3 1.52 1.0 H2O 120 

 E1 1064 + 532 25 293 37.3 1.52 1.0 H2O 120 
          

          

 A2 1064 5 273 34.8 1.42 1.0 H2O 120 
Test 2 B2 1064 15 273 34.8 1.42 1.0 H2O 120 

 C2 1064 25 273 34.8 1.42 1.0 H2O 120 
          

          

 A3 532 5 285 36.3 1.48 1.0 H2O 120 
Test 3 B3 532 15 285 36.3 1.48 1.0 H2O 120 

 C3 532 25 285 36.3 1.48 1.0 H2O 120 
          

          

 A4 1064 + 532 5 293 37.3 1.52 1.0 H2O 120 

Test 4 B4 1064 + 532 15 293 37.3 1.52 1.0 H2O 120 

 C4 1064 + 532 25 293 37.3 1.52 1.0 H2O 120 

          

          

 A2A 1064 5 273 34.8 1.42 1.0 H2O 120 

Test 5 B2A 532 5 285 36.3 1.48 1.0 H2O 120 

 C2A 1064 + 532 5 293 37.3 1.52 1.0 H2O 120 

          

          

 A2B 1064 15 273 34.8 1.42 1.0 H2O 120 

Test 6 B2B 532 15 285 36.3 1.48 1.0 H2O 120 

 C2B 1064 + 532 15 293 37.3 1.52 1.0 H2O 120 

          

          
 A2C 1064 25 273 34.8 1.42 1.0 H2O 120 

Test 7 B2C 532 25 285 36.3 1.48 1.0 H2O 120 
 C2C 1064 + 532 25 293 37.3 1.52 1.0 H2O 120 
          

          

Test A E 1064 + 532 25 293 37.3 1.52 1.0 H2O 120 
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All the other parameters used in this experiment are shown in the Table 3.5. above. Test 1 was 

done following all the fore-mentioned steps and method. Five samples were collected, and a 

distinct colour change was noticed among these samples. A dual pulsed laser of 1064 nm and 

532 nm laser pulses were used for first tests. The second tests were caried out allowing only the 

1064 nm wavelength pulse to pass through. The silver target was irradiated for Test 2 

experiment samples, then Test 3 samples were synthesised using the 532 nm wavelength pulse. 

The silver nanoparticles were synthesised inside the chamber filled with distilled water by 

following the previously stated procedure while varying the target ablation time as the table 

above illustrate.  

 

 

Doxycycline-Silver nanoparticles synthesis procedure. 

 

 

 

 

 

Figure 3.6  A schematic diagram to show the reaction procedure of doxycycline silver nanoparticles[40].  

 

     The preparation of doxycycline silver nanoparticles was done using monohydrate 

doxycycline. A powder form of doxycycline was required because of its large surface area 

makes it easy to dissolve. Sample E that was synthesised using a dual pulse laser for 25 mins 

ablation duration was used to synthesise DO-AgNPs. These were the steps used to prepare a 

sample of DO-AgNPs:  
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3.7 UV-Vis Spectroscopy 

 

 

 

 

 

 

 

 

 

Figure 3.7 A schematic diagram of a UV-VIS spectrometry [100].  

UV-visible (UV-vis) absorption spectrometry is an analytical technique that uses the 

interaction of ultraviolet and visible light to determine the absorbance characteristics of a 

material. It can be used to determine both chemical composition as well as the physical 

properties of mater.  It typically utilises the measure of the electromagnetic radiation intensity 

as a function of the wavelength of the radiation [101]. The Beer-Lambert law is a linear 

relationship between the absorbance, 𝐴, and the concentration, 𝑐, molar absorption coefficient, 

𝜀,  and optical coefficient, 𝑙, of a solution: 

 

𝐴 =   𝜀𝑐𝑙     
[3.7.1] 
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    UV-visible spectra explain the radiation absorbance region of a compound. The molar 

absorption coefficient is a sample dependent property and is a measure of how strong an 

absorber the sample is at a particular wavelength of light. When UV-visible light strikes the 

matter, some of the light is absorbed within the molecules of the compound while the rest will 

be transmitted through it [100]. This technique gives an easy way to characterise silver 

nanoparticles. Silver nanoparticles absorb at the far UV band and near visible light band. 

Quantum size effect can cause a shift of the absorption edge towards high energy side. Purely 

ionic silver may show a contribution in the near UV range of the UV-VIS spectrum close to 

300 nm wavelength and the absorption of more than 500 nm wavelength shows the precipitation 

of silver without the formation of nanoparticles. The concentration can be determined by the 

absorbance intensity of the sample  [102]. 

 

UV-VIS absorption spectroscopy is normally preferred for quick tests on synthesized 

nanoparticles. By analysing the UV-VIS spectra graph you can quickly determine the 

qualitative and quantitative characteristics of the nanoparticles. Experimental parameters can 

be adjusted according to the shape and size of the nanoparticles required.  
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3.8 High Resolution Transmission Electron Microscopy  

 

 

 

 

 

Figure 3.8 diagram showing a high-resolution transmission electron microscope [103] [100]. 

    High-resolution transmission electron microscopy (HRTEM) was used to determine the 

morphology and distribution of the sizes of the synthesized nanoparticles. Ernst Ruska, a nobel 

lauruate, invented the TEM in 1933 [104]. The high voltages used in the TEM have to the tunnel 

through the sample and come out of the other side. The area under review is illuminated by a 

parallel beam of electrons. The beam is focussed and controlled using condenser lens which 

depends on, how large is the magnification area scanned [103].  This depends on the amplitudes 

and phases that form the electron diffraction pattern in the back focal plane of the objective 

lens. The function is governed by equation 3.8.1 
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𝑇(𝑘) =  − sin [
𝜋

2
𝐶𝑠𝜆3𝑘4 +  𝜋∆𝑓𝜆𝑘2]      [3.8.1] 

where, 𝐶𝑠, is the spherical aberration coefficient, T, is the electron relativistic kinetic energy, 𝜆, 

the wavelength of the beam, ∆𝑓, the defocus value and, k, is the spatial frequency. 

The lower magnifications are utilized to determine the distribution of the sizes of the 

nanoparticles and the higher resolutions is used to determine the morphology and internal 

structure of the nanoparticles. The most common mode of operation is when the electrons are 

forward scattered or transmitted when they encounter the sample [105]. The transmitted 

electrons form the bright field image and the region that are thicker have a higher atomic 

number, or higher density would appear darker [106]. The image obtained is like a cross 

sectional 2D projection of the sample.   

The nanoparticle samples that that were synthesised were drop-cast on Cu grids for 

observations on transmission electron microscopy. After ultra-sonicating the sample solution 

further test was carried out on EDX to identify the elements presences. The data that was 

collected came in form of numerical values or graphs and the findings were discussed in the 

following chapter. 
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3.9 Raman spectroscopy 

Raman spectroscopy was discovered by two physicists, C.V. Raman, and K.S. Krishnan in 

the year 1928. The instrument has been widely used to characterize material composition, 

sample temperature and strain from the material phonon mode analysis. Characterization is 

done using two different processes which are Raleigh scattering and Raman scattering, of which 

the Raman scattering is the most useful. When a visible light laser beam is incident through a 

translucent substance and a small amount of radiation would be scattered and its output 

signature is recorded [107].  

Figure 3.9 Figure Rayleigh and Raman scattering [50]. 

Raleigh scattering is obtained when a narrow frequency range radiation is used, and the 

scattered energy signature returned is the same as the incident frequency. But when the beam 

energy scatter certain discrete frequencies above and below that of the incident, then the process 

is referred as Raman scattering [108]. Raman scattering is an example of inelastic scattering 

because of the energy transfer between the photons and the molecules during their interaction. 

These transitions are depicted graphically in Jablonski energy diagram in  

Figure 3.10. of The Raman scattering depends on the chemical properties of a particular 

molecule; hence it gets to be used for both qualitative and quantitative analysis. 
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Figure 3.10 Jablonkski energy diagram depicting electronic transitions of several processes in an excited 

atom resulting in the emission of photons of deferent energies [99]. 

A change in the molecular polarization potential or amount of deformation of the electron 

cloud with respect to the vibrational coordinate is required for a molecule to exhibit a Raman 

effect. The amount of the polarizability change will determine the Raman scattering intensity. 

The pattern of shifted frequencies is determined by the rotational and vibrational states of the 

sample [99]. 
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3.10 Precautions 

Safety when operating the laser was of paramount importance for caution need to be taken 

from dangers of electric shocks, fires outbreaks, and high energy laser beam radiation. It is 

important to use a well-equipped laboratory, with safety requirements in place such as fire 

extinguishers, protective clothes. Ultra-violet (UV) certified laser protection goggles were worn 

as your eye protection whenever the laser machine was in use.  

 

3.11 Cleaning and preparation  

The cleaning was done thoroughly to ensure that all micro and nanoparticles that might be 

in the pulsed laser ablation chamber was removed. All the experimental equipment that was to 

be used had to be cleaned first using ethanol, followed by 5 mins ultrasonication bath at 60⁰C. 

The water bath was replaced by distilled water and placed back for another 5 minutes 

ultrasonication procedure. Lastly, the wet apparatus would have to be placed in a 60⁰C 

temperature oven for a quick dry. The optical lens and mirrors used had to be cleaned regularly 

using ethanol alcohol, then wiped them using a soft lens cleaning tissue. 
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4.2.1 UV-VIS absorption spectroscopic analysis of AgNPs  

 

 

Silver nanoparticles that have diameter less than 100 nm normally absorb wavelengths in the 

range of 380-470 nm. Smaller wavelengths are absorbed by smaller sized particles. Spherical 

silver nanoparticles with diameter of 10 nm absorb wavelength between 400-410 nm. Lager 

particles would show a red-shift while smaller AgNPs shows a blue-shift on the spectra graph.  

The dominant shape of the nanoparticles can shift the absorbance peak of the spectrum. 

Agglomeration of the nanoparticles would cause a sensible broadening of the plasmonic band 

towards larger wavelengths [101].   
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     Pulsed laser wavelength of 1064 nm and 532 nm was used to synthesis silver nanoparticle 

while varying the ablation time from 5 mins to 25 mins for Test 1. The synthesised AgNPs in 

Figure 4.1 image showing different colours as particles sizes changes from sample A1 to sample 

E1. Ablation time was increased with a difference of 5 mins per sample. Test 1 was done to get 

the optimum duration for ablating a silver target. The absorbance spectrum from the UV-VIS 

in Figure 4.2 shows absorption plots of AgNPs developed over different ablation duration. From 

the spectrum it was deduced that all the nanoparticles’ samples were resonating at band of 380- 

430nm wavelength. Thus, they had slightly different nanoparticles sizes cross all the samples. 

Agglomeration of the nanoparticles started to occur with time as samples had broadened base 

curves at the higher wavelength e.g sample C1 that was ablated for 15 mins. The expected 

diameter was between the range of 9-20 nm and the nanoparticles we produced had an average 

diameter of 10.6 nm.  

 

 

     The UV-VIS absorbance spectroscopy in Figure 4.3 was collected from three samples from 

Test 2. The silver nanoparticles were synthesised by ablating a silver target in water for three 

different ablation times using the 1064 nm laser pulse. Wavelength 532 nm was used for 

samples in Test 3 and Test 4 used a combination of both wavelengths. The sample B4 from Test 

4 had AgNPs that were synthesised using the combination of laser pulse 1064 nm and 532 nm 

and had a spectrum graph that was slightly blue shifted. Its resonance band was between                    

385-415 nm.  Sample B4 and B3 that have silver nanoparticles that had a smaller distribution 

diameter size. There was prominent evidence of dissociation of the silver nanoparticle across 

all the chosen best samples as there was a significant absorption in the near ultra-violet 

wavelength range.  

 

 

     The shapes of the silver nanoparticles produced were generally spherical in shape across all 

the sample tests. Confirming reports from other research that laser pulse ablation in solution 

produce one constant structural shape across the board [43]. The same deduction was also 

backed-up by the results obtained from the UV-Vis absorption spectrometer that showed that 

for all the spectra were resonating at the 390-420 nm wavelength range.  
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      Agglomeration occurred especially in most of the samples from Test 5, 6, and 7, that were 

ablated using the 1064 nm and 532 nm wavelength pulses only. The evidence of larger 

nanoparticles was noticed on the unlikely broadening peaks at far visible light wavelength 

ranges. This appears to almost flattened spectral peak. This could be due to the presence of high 

concentration of silver nanoparticles.   

 

 

     Dissociation occurs when the nanoparticles shrink in size with time, and this is due to ionic 

particles detaching themselves from the surface of the nanoparticle into the solution. This may 

increase the rate of agglomeration for those shrinking nanoparticles. This can be seen on the 

broadening of the base curve for all the spectrum at the higher wavelength bands, signifying 

the increase in size of AgNPs in the solution. To reduce the rate of dissociation a silver oxide 

outer shell could stabilize the nanoparticles better for longer period. 

 

 

    The UV-VIS absorption spectrum for Test A was synthesised using 1064 nm and 532 nm and 

the silver target was ablated for 25 minutes as shown in Table 4.8  Test A: experimental 

conditions under which AgNPs samples were synthesised.  and Figure 4.9 (B). Sample E 

absorbed light at the 400 nm wavelength band and that was its peak absorbance. Its expected 

particle size was in the range for 9 nm to 12 nm. To confirm the results further tests were to be 

done on HRTEM spectroscopy. 
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       The absorption spectrum in Figure 4.12 (D), (E) and (F) were irradiated using a 

combination of 1064 and 532 nm. A 1064 nm and a 532 nm wavelength pulses laser 

respectively. In each wavelength three ablation periods were chosen. Which were 5 minutes, 

15 minutes, and 25 minutes. The HRTEM images gave clear structure morphology of silver 

nanoparticles. All the nanoparticles were spherical in shape. Using the raw image pictures from 

the HRTEM the cross-sectional area and the diameter of the nanoparticles was easily deduced.  

The data obtained was used to plot the frequency histogram bar graph to clearly elaborate the 

size distribution of the AgNPs. The diameter of the Figure 4.12 (D1), (E1) and (F1) were 20.1 

nm, 16.8 nm, and 9.2 nm respectively.  

 

     The HRTEM images shows several secondary formed smaller nanoparticles due to 

dissociation of silver nanoparticles with diameter less than 5 nm in size. This explains the blue 

shift in the absorption spectrum of some samples, eg sample C2A and Figure 4.14 (F).  

 

       The results analysis done showed clearly the best samples were those produced by the 

combination of both 1064 nm and 532 nm wavelength pulse laser. These samples had desirable 

properties, monodispersed spherical nanoparticles, smaller sized nanoparticle distribution and 

reduced agglomeration. The frequency histogram in Figure 4.13 (G1) was plotted to show the 

distribution of the particle size. The diameter of the silver nanoparticles was 10.6 nm with a 

standard deviation of 5,4 nm.  

 

     The UV-Vis absorption spectrum in Figure 4.9 (B) confirm the size destitution of the silver 

nanoparticles. These AgNPs resonate at the 400 nm wavelength band and that was its peak 

absorbance. This spectrum results shows clearly that the silver nanoparticle that were 

synthesised were spherical in shape and their cross-sectional area was 1.1 nm2 and the standard 

deviation was 0.6 nm2. These results were shown to be consistent with the HRTEM data.  
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Figure 4.16  Shows the EDS/EDX spectrum of a silver nanoparticle sample 

 

 

     The confirmation of silver nanoparticles formation was done using EDX analysis. The 

measurement at different areas focused and corresponding peaks as shown in Figure 4.16.  

AgNPs can be seen in the EDX spectrum, which the quantity of silver was 96% and the 

measured atomic percentage was 95%. Details of the elemental EDX spectra was measured in 

atomic and weight percentage were listed in Table 4.10: 
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4.3 Doxycycline silver nanoparticle results. 

 

    The UV-VIS spectroscopy and Raman spectroscopy were used to confirm the synthesis of         

doxycycline silver nanoparticles in solution. Pristine silver nanoparticles in solution of      

sample E were prepared. This sample was reacted with doxycycline to from doxycycline silver 

nanoparticle complex sample E1B. Characterisation was done on sample E and sample E1B. 

The spectrum produced was consistent with the reports from other research papers [40].  

 

4.3.1 Raman spectroscopic analysis of doxycycline silver nanoparticles.  

 

 

 

 
 

 

Figure 4.17 The image for the Raman spectrum produced by AgNPS. 

 

 

 

 

                            

                   

   

   

   

    

    

    

    

    

    

 
 
 

 
 
  
 
  

 
 
  
 
  
 
  

  

270 

627 

1203 



81 

 

 

 

 
 

 

Figure 4.18 the image for the Raman spectrum produced by doxycycline silver nanoparticles. 

 

     Figure 4.9 (A) shows the image of the synthesised silver nanoparticles in solution. Raman 

shift for Ag lattice vibrational modes of silver nanoparticles are observed at 270 cm-1. The 

Raman spectroscopy confirm that we had successfully produced pristine silver nanoparticles in 

water solution. Figure 4.17 shows the image of the synthetised doxycycline silver nanoparticles 

in solution. The complex solution formed was yellow in colour. The Raman spectroscopy was 

consistent with the reported Raman shift for doxycycline silver nanoparticles [109]. Raman 

peaks were observed at 559, 594. 874 and 1153 cm-1 from spectrum. From these the peaks at 

559 and 594 cm-1 are considered as SERS (surface- enhanced Raman spectroscopy) which is a 

vibrational spectroscopy technique with sensitivity that provides a fine molecular fingerprint to 

allow direct identification of target analytes [108]. Hence this feature gives strong indication of         

DO-AgNPs complex.  
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5  CONCLUSIONS AND RECOMMENDATIONS 

FOR FURTHER RESEARCH 

5.1 Conclusion  

 

     This research project was set to study the synthesise and optimise the production of 

doxycycline silver nanoparticles using pulsed laser ablation synthesis in solution. Doxycycline 

was used as an ionophore as its complex formation with silver nanoparticles was reported to 

have the best antivirus inhibition activities. To harness the silver nanoparticles’ virus replication 

inhibiting properties which are mainly derived from its physical and surface chemical properties 

prompt the using of combined 1064 nm and 532 nm pulse laser ablation in water as the preferred 

approach. This method was chosen because of its simplicity in terms of tuning the properties of 

silver nanoparticles. Pulsed laser ablation synthesis in solution is one of the best 

environmentally friendly approaches. Meaning, no toxic precursor, reducing agents, or harmful 

capping agents are required for AgNPs synthesis. This is an advantage if the AgNPs are to be 

used in biological organisms.  

 

     The outcome of the research was to develop doxycycline silver nanoparticles and all the 

forementioned procedural steps were critically followed. All the test analysis that was carried 

out on the samples gave results that were insightful and consistent with the previously reported 

research of similar kind [40]. Carrying out the experiment for this research allows new inputs 

and further advancement in scientific research. This research helped to shed light onto topic 

like water cavitation that have yet to be understood very well. However, its mechanism is very 

important in the formation of nanoparticles in solution. 

 

     Many other drug compounds could have been chosen to be used as the ionophore conjugated 

for AgNPs, like hydroxychloroquine, quercetin or ivermectin. But reports on SERS 2 covid-19 

virus efficacy for hydroxychloroquine and quercetin were not convincingly high to be 

considered for drug repurpose. However, these drugs can be developed and conjugated with 

silver nanoparticles using the same method. There is optimism on the efficacy of these drugs 

against malaria, drug resistant bacteria and cancer diseases. The advantages that doxycycline 

had was its cost effectiveness, its virus inhibition to covid-19 and its ability to form a stable 

complex ionophore with AgNPs.  
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5.2 Revisiting the aims and objectives 

 

This research was set out to synthesis pristine silver nanoparticles in water using pulsed laser 

ablation. This method was followed and optimised. Distilled water was used as the medium.  

The silver nanoparticles sizes that range between 9 nm to 12 nm were obtained.  The shapes for 

AgNPs produced was spherical in all samples. A combination of 1064 nm and 532 nm 

wavelength pulse prove to have enough energy to ablate a silver target and the best ablation 

time was 25 minutes. Doxycycline was used to graft AgNPs to form ionophore of doxycycline 

silver nanoparticles. This research was a success.  

 

5.3 Challenges 

 

Challenges that were faced while carrying out this research were more to do with the covid-19 

restrictions. This caused long queues, as students had limited time to use the HRTEM 

spectroscopy and the UV-VIS spectroscopy to analyse their samples. Other challenges were on 

the unavailability of drugs that could be repurposed as silver ionophores. Most of pharmacies 

were out of stock of drugs like hydroxychloroquine and ivermectin so we could not use these 

drugs in this research. 

 

5.4 Future possibilities 

 

 

Pulsed laser ablation synthesis in solution is an efficient method to synthesise silver 

nanoparticles. The synthesised doxycycline silver nanoparticles can be used to test their 

effectiveness in viral replication inhibition. Questions like the required concentration and 

dosage of do-AgNPs in both laboratory and clinical tests are still yet to be answered. It will be 

interesting to expand this study by testing other liquid medium apart from distilled water.  
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5.5 Summary conclusions 

    In 2020 the world woke up to a deadly pandemic SARS Covid-19 that broke out of Wuhan, 

China. Many drugs were proposed to help in treating this disease. However few drugs showed 

potential effectiveness in curing covid-19. This research proposed the use of ionophores 

conjugated silver nanoparticle as potential drugs that can be effective because of its antiviral 

activities. Ionophores allow metal ions to enter the selective cell membrane of a cell. Once 

silver ions enter the cell, they start disrupting the replication of the virus DNA. Hence silver 

plays an important role as a potential ingredient in drugs that can stop the spread of viruses. 

Pulsed laser synthesis in solution was method employed in this research to develop relatively 

smaller sized, spherical nanoparticles. 

   Silver nanoparticles (AgNPs) developed by pulsed laser ablation in solution enables the 

preparation of stable silver colloids in pure water without capping or stabilizing agents. This 

process has proved to produce silver nanoparticles that are more suitable for biomedical 

applications. These research goes on to conjugate the pristine silver nanoparticles with 

doxycycline to enhance its antivirus activity. To develop the required size and shape of pristine 

silver nanoparticles a Nd: YAG, Q-switch combined 1064 nm and 532 nm wavelength pulsed 

laser was used. The pulsed laser was irradiated onto a silver target placed in a tailored ablation 

chamber filled with distilled water. Water was the best liquid medium chosen for no 

contaminates were required in the end products and the water enables the formation of smaller 

spherical silver nanoparticles. The energy density range incident by the laser ranged between 

34.8 J.cm-2 and 37.3 J.cm-2. The ablation was done for 25 mins to produce the AgNPs.  

    The silver nanoparticle that was produced had an averaged diameter of 10. 6 nm which has 

been shown in previous works to be the most effective size for antiviral activities in biological 

systems. Therefore, by conjugating AgNPs with doxycycline was in effort to enhance its 

inhibition properties against Covid-19 virus, when used as a drug. The pristine solution of 

AgNPs was found to be stable in colloidal form for long time that made them easy to work with. 

The synthesis of doxycycline silver nanoparticle was done successfully reacting monohydrate 

doxycycline dissolved in water with drops of NaOH as an activator and pristine silver 

nanoparticles. The produced doxycycline silver nanoparticle in solution was yellowish colour.  
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   The samples of silver nanoparticles collected were characterized by UV-visible absorption, 

high resolution transmission electron microscopy (HRTEM), and Raman spectroscopic 

techniques. UV-visible absorption spectrum was used to quickly test the properties of the new 

synthesised silver nanoparticles and the results was used to quickly optimise the production 

process. The HRTEM images were analysed and from the data obtained frequency histogram 

was plotted to clearly display the distribution of sizes and surface area of the nanoparticles 

formed. The identification of the elements in the nano material composition was done using an 

Energy dispersive X-ray spectroscopy (EDS or EDX), and the (UV-VIS) was be used to 

confirm the absorption band gap of AgNPs. The silver nanoparticle that was produced was of 

high quality, free from toxic reagents and could be used for further medical tests (in-vivo test). 

    All the results obtained and recorded were consistent with the reported results in the literature 

review. Finally, the outcome was a synthesise doxycycline silver nanoparticle sample 

successfully produced using the proposed optimised method of using pulsed laser ablation 

solution. Therefore, this research project was successfully completed.  
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APPENDIX A: INFORMATION ON APPENDICES 

5.1 Chemometric procedure 

Preparations for all reagents and samples were done using stoichiometric quantitative measures 

stated below: 

𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 ∶    𝑀 =  
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑒

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
[5.1.1] 

Molarity:    M = (
𝑀𝑎𝑠𝑠

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 
×

1

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑒
) [5.1.2] 

𝑀𝑜𝑙𝑢𝑐𝑢𝑟𝑒 𝑚𝑎𝑠𝑠:   𝑀𝑟 = 𝐶22𝐻24𝑁2𝑂8  =  444.4𝑔 
[5.1.3] 

The data results obtained for the analytical instruments was recorded. The MATLAB 

programme version R2021b from MathWorks U.S. and ImageJ software was used to 

systematically interrogate the data and visually display the results obtained. The ImageJ 

software was used to analyse the HRTEM images to extract out the particle size distribution 

data. The results data obtained was visually represented as tables and graphs for clarity.  
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