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Chapter 1 

General introduction and review of literature 

1.1: Introduction  

The nanotechnology is defined as a science, which deals with 

materials within a size range of 1–100 nm, including synthetic 

nanoparticles from their precious metal precursors and naturally occurring 

particles like ash and spray. Examples of biological components, which 

present in nanoscale size, include cell wall, Golgi apparatus, cell membrane, 

DNA (about 2.7 nm) and haemoglobin (about 5 nm).1 Knowledge of metal 

nanoparticles have a very long history. The colloidal gold nanoparticles 

(Au NPs) were used historically for decoration purposes and staining of 

glasses and windows due to its optical properties.2 Understanding the 

synthesis, characterisation and application of the precious metal 

nanoparticles has been the driving force for the development of 

nanotechnology research. The unique advantages of nano-sized metals over 

their bulk materials arise from their large surface area to volume ratio 

compared to its bulk materials. It was reported that Michael Faraday was 
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the first to synthesis Au NPs over 150 years ago and he noticed that the 

nanoscale Au NPs have different properties in addition to its metal 

precursors.3 The large surface area leads to higher activity when it is used 

in particular applications.  

1.2: Previous attempts for preparation of metal nanoparticles 

1.2.1: Gold nanoparticles (Au NP) 

During the last decade, the field of nanotechnology has been rapidly 

growing, in particular Au NPs, owing to its precious biological and medical 

applications such as drug delivery system,4-7 biological imaging, 

diagnostics,8-12 and sensors.12-18 Nanoparticles are generally smaller than 

100 nm and contain several metal atoms. Au NPs possess unique physical 

and chemical properties that make it a superior target for biological and 

medical applications and this is attributed primarily to their chemical 

stability, the ability of its modification by many functional molecules and 

their biocompatibility. 

Many methods to synthesize gold nanoparticles have been applied, 

however the preparation of stable, modifiable with size controlled gold 
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nanoparticles that are suitable for biological or medicinal applications, is 

still challenging. The stability of Au NPs are rarely investigated or reported 

and this remains a challenge (particularly in complex media such as those 

used for cell bioassay). Frens’s method19 is a well-known method for the 

synthesis of gold nanoparticles with a simple operation and inexpensive 

chemicals. It involves the reaction of boiling chloroauric acid solution with 

warm sodium citrate solution. Citrate ions act as both a reducing agent and 

capping agent leading to the formation of nearly monodispersed gold 

nanoparticles with sizes ranging from 10–20 nm. Frens's method uses a 

weak capping agent, lacking functional branched groups. Therefore, the 

particles are less stable. The shape of the particles is limited to spherical 

and they are not stable enough for the biological or medicinal applications. 

This is attributed to instability of the particles in solutions with high salts 

concentrations such as phosphate-buffered saline (PBS) or acidic pH that 

are frequently used in biomedical applications. 

Brust’s method20 involves the reaction of a chloroauric acid solution 

in toluene with tetraoctylammonium bromide (TOAB) solution and sodium 

borohydride as a stabilising and a reducing agent, respectively. The Brust 
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method uses a weak stabilizing agent and binds weakly to the surface of 

gold nanoparticles. Therefore, the particles tend to aggregate and 

precipitate gradually within a maximum of two weeks. 

    The sodium borohydride reduction method (NaBH4),21-22 is a 

“one-pot” method that involves the reduction of gold precursors (HAuCl4) 

by sodium borohydride in the presence of various stabilising agents such as 

large organic molecules,23 and peptides.24 NaBH4 is a strong reducing agent 

able to produce small Au NPs at room temperature. The particle size is 

controlled by the amount of stabilising agent used in the reaction. NaBH4 

may have some toxic effect to the cells during biological application of the 

prepared particles. Thus, a modified polyol synthesis of Au NPs was 

established. This method depends on the use of small amount of NaBH4 as 

a reducing agent that is added to polyethylene glycol (PEG600) solution of 

PVP under stirring for 1–2 minutes. Then aqueous solution of hot 

chloroauric acid was added followed by heating of the solution to 125 oC 

leading to obtaining octahedral Au NPs of varying size from 30–60 nm.25  

The use of weak organic acid for the synthesis of Au NPs such as 
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ascorbic acid has been also investigated.26–27 The main interest for this 

weak acid compared with other reducing agent depends on the fact that the 

particles can be synthesised at room temperature and at neutral pH, but the 

particles suffer from lacking of stability. Ma et al.28 synthesised Au NPs 

with trisoctahedral shape and diameter ranged from 100–200 nm. The 

process included the reaction of an aqueous solution of chloroauric acid 

with ascorbic acid as a reducing agent at room temperature and 

cetyltrimethylammonium chloride (CTAC) was used as a capping agent. 

   Liao et al.29 stated the synthesis of star-shaped Au NPs by the 

reduction of chloroauric acid with ascorbic acid in deep eutectic solvents 

(DESs) at room temperature. Au NPs with different shapes can be 

synthesised by controlling the content of water in DESs; if no water is in 

the DES, snow flake-like Au NPs with a size about 300 nm were obtained. 

Au NPs have been synthesised by using poly (o-phenylenediamine) as a 

reducing agent and stabiliser for the particles as well as ammonium per 

sulfate (APS) as an initiator to the reaction system. The size of the prepared 

Au NPs varied from 3–15 nm by changing the concentration of the Au 

precursor.30 Au NPs with polygonal shape were synthesised using a 
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modified citrate reduction, whereas the ferric ammonium citrate (FAC) was 

used for the reduction of chloroauric solution instead of sodium citrate. The 

sizes and morphologies of Au NPs can be varied by variation of the mole 

ratio of FAC to Au salts. The particles were stable for about 6 h and 

precipitation of the particles completed within 24 h.31  

1.2.2: Platinum nanoparticles (Pt NP) 

Chen et al synthesised Pt NPs by the reaction of H2PtCl6 with PEG in the 

presence of poly vinyl pyrolidone (PVP) at 110 oC.32 Faceted Pt NPs were 

prepared by the reduction of H2PtCl6 in an aqueous solution of PVP with a 

little amount of FeCl3.33 Wang et al34 stated the preparation of dendritic Pt 

NPs by sonication whereas K2PtCl4 and formic acid were sonicated in an 

aqueous medium in the presence of non-ionic organic compound. Ascorbic 

acid was used as a reducing agent for a Pt precursor in aqueous medium, 

assisted by block copolymer to produce Pt nanodendrites.35 Bigall et al36 

have produced Pt NPs with an average diameter of 10–100 nm by adding 

aqueous solutions of H2PtCl6, NaBH4, and sodium citrate under reflux 

condition.  
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1.3: Nanoparticles stabilisation in the colloidal solution 

   The nanoparticles are in persistent movement in the colloidal 

solution (Brownian motion). Therefore, there is a need to stabilise the 

nanoparticles in the solution to prevent them from coming together in close 

contact and consequently precipitation under gravity.37 The chemical forces 

used to stabilise the nanoparticles in the colloidal solutions include 

electrostatic repulsion, steric and electrosteric forces. The first force is the 

electrostatic repulsion derived from the double electric layer around the 

particles, which leads to repulsion of the particles from each other and 

keeps them in a separate state in the aqueous medium.38 The main 

peculiarity of electrostatic repulsion force is the high sensitivity to high salt 

concentration where the force is markedly decreased. This is attributed to 

the suppression of the double electric layer at high salt concentration. This 

indicates the instability of Frens's particles (citrate-stabilised gold 

nanoparticles) at high salt concentration.39 

The second force of the nanoparticles is steric stabilisation, which 

originated from the bulky organic materials (stabilising agent or capping 

agent). This force inhibits the close contact of the nanoparticles in the 
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colloidal solution provided by the functional branched chains of the organic 

materials and provides a barrier between the individual particles. The 

capping agents include polymers such as PVP,40–42 PEG,43–46 polyvinyl 

alcohol (PVA),47 chitosan,48 and polymethyl methacrylate (PMMA).49–50 

Surfactants were also used as capping agents.51 Unlike electrostatic 

stabilisation, steric stabilisation is less sensitive to high salt concentration 

and efficient steric power will be achieved by thick and high density 

polymers with functional branched groups.52 This coating reduces the 

sensitivity of the particles to the salting process. The third force is 

electro-steric which combines the electrostatic and steric stabilisation as in 

case of polyoxoanion-coated metal nanoclusters.53–54 

1.4: General characterising methods for metal nanoparticles 

Characterisation of the nanoparticles is very important to know the 

details of the particles such as its formation, morphology, size, stability, 

charges and surface chemical composition as well as the aggregation state. 

The commonly used characterisation techniques include UV-visible 

spectroscopy, transmission electron microscope (TEM), nuclear magnetic 
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resonance spectroscopy (1H NMR), and Fourier transform infrared (FTIR). 

Other techniques are utilised to a lower extent such as atomic force 

microscopy (AFM), high performance liquid chromatography (HPLC), 

TEnergy dispersive spectroscopy (EDS) and ion exchange chromatography.  

1.4.1: UV-visible spectroscopy  

UV-visible spectroscopy is a very useful technique for monitoring 

nanoparticles formation during the time coarse of the reaction of metal 

precursors with the reductive stabilisers. The nanoparticles formation is 

monitored by the formation of absorbance peaks in the visible wavelength 

as in case of Au, Ag, Cd, Hg and Cu nanoparticles.55 These absorbance 

peaks originated from the surface plasmon resonance (SPR) due to the 

oscillation of free excited electrons around the surface of nanoparticles 

caused by the light from the UV-visible spectroscopy.56 In the case of other 

metals like platinum nanoparticles, the formation of the particles is 

monitored by the disappearance of the absorbance peak coming from the Pt 

ions, with an increase in the absorbance towards shorter wavelengths.57 

SPR gives an indication about the size; as the nanoparticle's size decreases, 
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blue shift occurs owing to increasing the gap distance of the smaller 

nanoparticles.58 Wilcoxon et al.59 indicated SPR was also affected by the 

shape of the nanoclusters, relative distance of the particles to each other 

(aggregation state), as well as surface chemistry. 

1.4.2: Transmission electron microscope (TEM) 

TEM is the most useful technique for giving information about 

morphology, size, and dispersion state of the nanoparticles.60 The histogram 

of the particles could be given by measuring the diameter of each particle 

in the obtained TEM images. The sample is prepared by sitting a drop of 

nanoparticles onto a carbon-coated copper grid then the sample is 

well-dried in desiccators and then exposed to the TEM machine to see the 

particles. To a limited range Surface Enhanced Raman Spectroscopy 

(SERS) is used to notify the small particles surfaces by monitoring pyridine 

absorption on Ag and Au solutions,61 where pyridine is used to start the 

agglomeration of nanoclusters.62 The limitation of SERS is that it is only 

utilised for metals with a highly defined plasmon band, which is required to 

give the desired signal enhancement.63 
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1.4.3: Nuclear magnetic resonance (NMR) 

NMR is another useful technique for probing the interactions 

between the organic ligands and the nanoparticle surface. The connection 

of the organic molecules on the nanoparticle surface has an influence on 

the chemical shifts of the signals originated from theses organic molecules 

in NMR spectroscopy. This connection was confirmed by shifting of the 

signals to lower chemical shift and its broading.64,65 The samples are 

prepared by good evaporation and dryness of the colloidal solution in order 

to get a higher resolution of the NMR spectra. Then a small amount of 

dried samples (20–50 mg) was dissolved in dimethyl sulfoxide (DMSOd6) 

or D2O according to the solubility of the used organic ligand.64 

1.5: Biofunctionalisation of gold nanoparticles  

      The nano bio-conjugate can be conducted using different methods 

including thiol-modified biomolecules and electrostatic interaction.  

1.5.1: Biofunctionalisation by thiol-modified biomolecules (covalent 

approach)  

The thiol-modified biomolecules such as DNA, peptides, proteins 

and organic molecules have strong binding ability to the nanoparticle 
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surface through its terminal SH group.64–67 It can substitute the weakly 

attached molecules on the surface of nanoparticles.68-69 For example, the 

modification of DNA with steroid disulfide derivatives leads to higher 

stability of the nanoparticles due to a strong attachment process.70-71  

1.5.2: Biofunctionalisation by electrostatic interaction (ionic approach) 

This approach depends on the electrostatic interaction between the 

oppositely charged nanoparticles and biomolecules. For example, in the 

case of gold nanoparticles prepared by citrate, when the pH is adjusted 

slightly higher than the isoelectric point of citrate, this leads to effective 

binding between negatively charged carboxylic group on the surface of the 

nanoparticles and positively charged proteins or peptides.72,73 

1.6: Application of metal-based nanoparticles  

1.6.1: Anti-cancer drug delivery  

  Cancer is one of the most dangerous diseases facing the world and 

it is causing many drawbacks on the health and economic status of 

countries. Chemotherapeutics and surgical interference are the most 

common current treatment against cancer. These treatments have 

drawbacks for the patients in terms of the killing of the healthy cells and 
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causing acute toxicity. Au NPs modified with thiol-PEG effectively 

delivers doxorubicin (DOX),74–79 anthracycline,80 and paclitaxel81-82 into the 

tumour cells. Many efforts are given to improve the peculiarities of the free 

drugs by using metal nanoparticles, especially Au NPs, for drug delivery 

systems. These peculiarities include solubility, stability and the efficacy of 

the anti-cancer drugs as well as protection of the drugs from degradation.82 

For efficient drug delivery, Au NPs form a complex with the biomolecules, 

then crosses the cell wall of the tumour cells and unloads the anti-cancer 

drugs. The use of DNA-Au NPs for drug delivery leads to improvement of 

cellular uptake of the anticancer drugs in different cell line. This is 

explained by the loading of oligonucleotides on Au NPs surfaces, which 

adsorbs a high amount of extracellular proteins on the particle surface and 

consequently greater uptake by the cells83–85 and gets rid of toxicity to the 

normal cells as well as protects the drugs against enzymatic 

decomposition.84,85 

Multiple drug resistance (MDR) can be diminished by using Au 

NPs as a drug delivery strategy. MDR is a condition where the transporter 

proteins that release the drugs outside the cells are over-expressed on the 
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cell membrane of the tumour cells such as P-glycoprotein, leading to 

lowering the efficacy of the drugs. Overcoming MDR refers to the fact that 

Pgp may identify the drug only on the cell membrane but not when it is 

taken up intracellularly after endocytosis.86,87 After DOX was conjugated to 

Au NPs, Au NPs increased intracellular DOX concentrations through 

endocytic uptake of the Au NPs. Once inside the cell and acidic organelles 

(i.e., lysosomes), DOX would be released and interfere with the normal 

cellular processes after its release in acidic environments.88 There are two 

strategies for crossing the cell membrane; passive and active methods. The 

passive method depends on an enhanced permeability and retention effect 

and it occurs commonly in diseased tissues via extravasation due to its 

disrupted permeability and leakage of blood vessels endothelium. The 

active method relies on specific identification of the bio-ligand by receptors 

on the cell membrane (cell surface receptor-mediated endocytosis). 

Additionally, the Au NPs can be used for the transport of highly sensitive 

biomolecules as RNA, DNA,84-85 peptides, and proteins protecting them 

from decomposition. 
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1.6.2: Application of nanoparticles as a nanocatalytic system 

Nanotechnology is a very important research field that has attracted 

interest in the last few years due to its various applications in 

nanocatalysis.99-101 The use of nanoparticles as catalysts has been 

intensively studied; however, the synthesis of nanocatalytic systems 

possessing high activity and durability remains challenging. Stabiliser-free 

nanoparticles have been used for catalytic processes,102 which focus only 

on the initial catalytic effect and do not consider the durability of the 

particles. A first issue associated with stabiliser-free nanoparticles is that 

they can easily agglomerate due to their high surface energy and lack of 

stabilising agent.103 A second drawback is that the recovery of active 

particles from the reaction medium after catalysis is difficult, thus the 

particles cannot be recycled, causing limitations to their practical use as 

well as toxicity to the environment.104,105 The main challenge of using metal 

nanoparticles in catalysts is that such particles should be reusable 

(recyclability), while remaining active, stable, and dispersed. Therefore, 

there is a need to design and fabricate highly efficient, stable, and durable 

metal-based nanocatalysts. The catalytic efficiency of metal nanoparticles 
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is of great importance for useful using of toxic and less useful compounds 

such as nitrobenzene or p-nitrophenol, which results in contaminants 

entering the wastewater of industrial factories producing pharmaceutical 

compounds.106-107 Different routes of infection can affect the human by 

p-nitrophenol: ingestion, skin contact, and inhalation. Many factors 

determine the health hazard after the exposure to p-nitrophenol like the 

route of infection, health conditions, dose, and genetics. These hazards 

include irritation, nausea, vomiting, and headaches. By contrast, 

p-aminophenol, which is produced by the reduction of p-nitrophenol, is a 

very important material in analgesic preparations.108–110 Nanoparticles were 

found to catalyse a wide range of reactions such as hydrogenations,54 

selective hydrogenation,111 hydrosilyation,112 hydrogenolysis and 

hydropyrolysis, oxidative acetoxylation,113 and oxidation of CO.114  
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Chapter 2 

Spontaneous Preparation, characterisation, and stability 

evaluation of highly stable gold nanoparticle stabilized with 

ω-sulfonylated alkylsulfanylaniline 

2.1: Introduction 

Au NP have been recognised as one of the most common and 

popular nanomaterials, because they are easily modified by using various 

functionalised molecules such as DNAs, proteins, or fluorescent molecules. 

Functionalised Au NP have found many applications in various fields; their 

biological and medicinal applications in particular have been studied most 

intensively.1–12 Functionalised Au NP are usually obtained by a ligand 

exchange reaction of thiol-terminated molecules with desired functional 

groups and pre-prepared nanoparticles. In most cases, citrate-13 or 

ascorbate-14 stabilised Au NP were used as raw materials because they are 

easily prepared from inexpensive chemicals such as citric acid or ascorbic 

acid, and they readily undergo ligand exchange reactions. However, the 

citrate- or ascorbate-stabilized Au NP must be stored as diluted basic 
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solutions, as they are unstable in acidic or neutral media and in saline 

solutions, which are the common conditions in biological and medicinal 

experiments. Many methods were adopted to synthesise Au NP, however 

the preparation of a stable, modifiable with size-controlled Au NP that are 

suitable for biological or medicinal applications, is still challenging. The 

stability of Au NP are rarely investigated or evaluated and this remains a 

challenge (particularly in complex media such as those used for cell 

bioassay). Therefore, much attention should be paid for designing and 

constructing a biocompatible, aggregation-free Au NP in order to meet the 

demand call for its application in nanomedicine.  

  In this study, the preparation and properties of ω-sulfonylated 

alkylsulfanylaniline-stabilized Au NP, which can be an attractive alternative 

for citrate- or ascorbate stabilised Au NP, is described. It includes a novel 

method to synthesise stable Au NP by the chemical reduction method, 

which provides a new approach to construct well-defined hybrid 

organic-inorganic nanomaterials. ω-Sulfonylated alkylsulfanylaniline 1 is a 

newly developed reductive stabiliser (RS) in this research for preparation 

of Au NP. It is a mild reducing reagent, similar to citric acid or ascorbic 
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acid, and was reacted with HAuCl4 and coordinated with Au NP by its 

amino group to form highly stable Au NP spontaneously. It is well known 

that the size and shape of the Au NP can be controlled by the rate of 

reduction of Au3+ and the specific coordination of stabilising agents on the 

surface of the seed crystals (nuclei), respectively. In this research, the effect 

of pH and different ratios of reducing stabilisers to Au3+ during their 

reactions were examined, which may change the rate of the reduction and 

the direction of coordination to give highly stable Au NP by using 

ω-sulfonylated alkylsulfanylaniline 1 as a reductive stabilizer. 

  The optical and physical properties of resulting Au NP were 

characterised by 1H NMR, UV-visible spectroscopy, TEM analysis, and 

FTIR spectra.  

The surface modification of the resulting Au NP was examined with 

a thiol-terminated dye through ligand exchange with thiol molecules. This 

study allows for improving the stability of Au NPs in biologically relevant 

media, including PBS and extremes of pH (3–13) and can be stored in 

powdered form and re-dissolved without aggregation, leading to long term 
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chemical and physical stability, so that it can be applied in biology and 

nanomedicine as a drug delivery system. 
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2.2: Materials and methods 

2.2.1: Materials 

All starting materials were of analytical grade, commercially 

available and used without further purifications. Double distilled water has 

been used in all experiments. UV-visible spectroscopy and FTIR spectra 

were measured using a Hitachi U-2900 spectrophotometer and a Perkin 

Elmer Multiscope FTIR spectrophotomer in a transmission mode, as a KBr 

pellet in a spectral range from 1000-4000 cm-1, respectively. 1H and 13C 

NMR charts were measured by a JEOL GSX-400 spectrophotometer at 

room temperature. TEM images were obtained by JEOL JEM-3010 VII 

operating at 300 kV. The samples for TEM measurements were prepared 

by putting a drop of the diluted colloidal solution of the nanoparticles on a 

carbon-coated copper grid. The solvent was dried by placing the copper 

grid in a desiccator at room temperature for 2 days until the solvent was 

completely evaporated.  
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2.2.2: Preparation of ω-sulfonylated alkylsulfanylanilines 1 and 2 

  Two ω-sulfonylated alkylsulfanylanilines 1 and 2 were prepared as 

shown in Scheme 1. Detailed protocol to prepare 1 was as follows: To a 

solution of 4-aminobenzenethiol (10 mmol in 100 mL of methanol 

(MeOH)), K2CO3 (10 mmol) and 1,6-dibromohexane (20 mmol) was added, 

and the mixture was stirred at room temperature for 12 h. After usual 

extraction procedure (extraction by ethyl acetate (AcOEt) 10 ml/NaOH) 

aqueous 3 mL, evaporation and then silica gel column chromatography for 

the extracted materials was performed using hexane and AcOEt as growing 

solvent 4:1 respectively. The liquids in the tubes containing the target 

material were collected in a large flask, evaporated, and then the product 

(pale yellow oil) was collected in a small flask. This unstable 

ω-bromoalkylsulfanylanilin was obtained as a pale yellow oil, which was 

immediately treated with excess Na2SO3 (15 mmol) in aqueous ethanol 

(EtOH) (20 mL of EtOH and 20 mL of H2O) under reflux conditions. After 

4 h, the reaction mixture was concentrated, the product was frozen for 15 

min to get it as solid material and the resulting white solid was washed with 

AcOEt (2 mL for two times) and H2O (2 mL for two times) to remove 
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excess unreacted p-aminothiobenzene and Na2SO3. The product was dried 

using desiccator overnight at 60 ℃ to remove the remaining water and 

finally to give 1 (yield 87％). Compound 2 was also prepared by the same 

method to give 93％ yield. 

 

Scheme 1. Preparation of compounds 1 and 2. 

2.2.3: Preparation of Au NPs stabilized with ω-sulfonylated 

alkylsulfanylaniline (1-Au NP) 

The typical preparation method for stabilised Au NP using 1 is as 

follows: Freshly prepared aqueous solution of HAuCl4 (1.0 mM, 10 mL) 

was added to an aqueous solution of disodium succinate (10 mM, 10 mL). 

The pH of the solution was controlled by adding a few drops of aqueous 

NaOH (1.0 M) or HCl (1.0×10–2 M). The volume of the solution was 

adjusted to 50 mL by adding distilled water, and the solution was heated 
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until boiling. An aqueous solution of 1 (2.0 mM, 10 mL) was added drop 

wise to the boiled solution, and the whole mixture was left for 48 h at 

90 ℃. The final molar concentration was 0.16 and 0.33 mM for HAuCl4 

and 1, respectively (1:2 molar ratio). After cooling to room temperature, the 

resulting red solution was used as 1-Au NP solution (0.17 mM based on 

Au).  

Powdered 1-Au NP was obtained by concentrating the solution in a 

rotary evaporator, followed by drying using a vacuum pump. The powdered 

1-Au NP was re-dispersed in water (60 mL) or PBS (pH 7.4, 60 mL). The 

1H NMR spectrum of 1-Au NP was measured after purification. Freshly 

prepared aqueous solution of 1-Au NP (60 mL) was concentrated to 

approximately 10 mL that was dialysed using dialysis tube (Spectra/Por 3). 

The dialysis tube was placed in a beaker containing 500 mL of water and 

stirred at room temperature. The water was replaced every 8 hours for a 

total period of 24 h to remove inorganic salts and free ligands. The purified 

solution was concentrated to dryness with a vacuum pump, and the 

resulting 1-Au NP was dissolved in DMSO-d6 (0.7 mL) to measure 1H 

NMR.  



 

 

43 

2.2.4: Stability evaluation 

    For pH dependent stability, 3 samples were prepared by dilution 1: 

4 (l-Au NP and water respectively). The first sample was used as control 

1-Au NP, in the second sample, the pH of the 1-Au NP solution was 

changed to pH 3 by using 1.5 M HCL and, in the third sample, the pH of 

Au NPs solution was changed to pH 13 by using 1 M Na OH. For 

examination of the stability in PBS, the samples were prepared by dilution 

2:2 (1-Au NP and PBS (154 mmol/L NaCl, pH 7.4) respectively. 

Dryness-redispersion stability was evaluated as following: Two 

samples were prepared; the first one was 10 mL of 1-Au NP where it was 

completely dried by evaporator, then re-dispersed immediately and 

monitored by the UV-visible spectra. The second sample was 10 mL of 

1-Au NP where it was completely dried and lyophilised in a freezer for 2 

weeks, then reconstituted and monitored by the UV-visible spectra.  

2.2.5: Ligand exchange reaction with thiol molecules 

An aqueous solution of sodium 2-(3-mercaptopropanamido) 

naphthalene-1-sulfonate (3, 0 to 0.80 mM, 2.0 mL) and aqueous NaOH 
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(1.0×10–2 M, 2.0 mL) were added to an aqueous solution of 1-Au NP (0.40 

mM based on Au, 4.0 mL, pH 8.0) at 50 ℃, and the mixture was stirred for 

1 h at the same temperature. The reaction mixture was cooled to room 

temperature, and poured into a dialysis tube (Spectra/ Por 3) that was put in 

a beaker filled with water (500 mL) at room temperature. The water was 

slowly stirred, and was replaced every 8 h. After 24 h, excess 3 and the free 

ligand were removed, and the resulting solution was diluted with water to 

16 mL to measure its absorption spectrum.  
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2.3: Results and discussion 

2.3.1: Characterization of ω-sulfonylated alkylsulfanylanilines 1 and 2 

Compound 1: 1H NMR（DMSO-d6）δ 7.02（d, J＝8.5 Hz, 2H, 6.49

（d, J＝8.5 Hz, 2H, 5.06（s, 1H), 2.62（t, J＝7.8 Hz, 2H, 2.38（t, J＝7.8 Hz, 

2H), 1.35（m, 8H); 13C NMR (Fig. 1)（DMSO-d6）δ 148.7, 133.9, 115.1, 

87.2, 51.5, 29.1, 28.9, 28.7, 28.3; IR（KBr pellet）3360, 2941, 2855, 1686, 

1604, 1495, 1427, 1257, 1136, 1107, 1041, 979, 621 cm－1 ; HRFABMS 

m/z 311.0624, calcd for M＋: 311.0626.  

Compound 2: 1H NMR（DMSO-d6）δ 7.02（d, J＝8.5 Hz, 2H), 6.49 

(d, J＝8.5 Hz, 2H), 3.33（s, 1H), 2.70（t, J＝7.8 Hz, 2H）, 2.50 (t, J＝7.8 Hz, 

2H), 1.70（tt, J＝7.8 Hz, 7.8 Hz, 2H; 13C NMR (Fig. 2)（DMSO-d6）δ 148.7, 

133.9, 115.2, 87.2, 50.5, 25.4; IR（KBr pellet）3360, 1604, 1495, 1427, 

1191, 1066, 978, 814, 629 cm－1 ; HRFABMS m/z 292.0054, calcd for M＋

Na＋: 292.0049.  
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Figure 1.13 C NMR of compound 1. (400 MHz in DMSO-d6). 

 

Figure 2.13 C NMR (DMSO) of compound 2. (400 MHz in DMSO-d6). 
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2.3.2: pH effect on preparation and peculiarities of stabilized gold 

nanoparticles (1-Au NP) 

Preparation of Au NP in nearly neutral media is favourable, 

particularly in biological applications. The reaction of 1 and HAuCl4 

successfully proceeded in a weak basic solution (pH 8) that is acceptable 

for most of the biological applications, to give a stable 1-Au NP solution in 

48 h. The pH effect (4.5, 6.5, and 8) was checked with different ratios of 

RS to Au3+ in order to establish the most suitable conditions for preparation 

of highly stable Au NPs and size assessment of the as-prepared 1-Au NP. 

The pH of the aqueous solution during preparation of 1-Au NP affected on 

the surface plasmon resonance (SPR) of the particles. The maximum 

absorbance (λmax) of 1-Au NP appeared at a longer wavelength (red shift) 

when the pH values were decreased from 8 to 4.5 together with decreasing 

the intensity of the absorbance peak due to the fact large sized-particles 

were obtained in acidic pH. The λmax of 1-Au NP appeared at 537, 531, 526 

nm at pH 4.5, 6.5, 8, respectively. These changes were monitored using 

UV-visible spectroscopy (Fig. 3) and TEM (Fig. 4). 
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  TEM has been utilised to evaluate the morphology and size 

distribution of the nanoparticles. The TEM image showed the majority of 

the particles were spherical with a diameter of 10–15 nm with an average 

particle size of 11.2±5.9 nm and size distribution of the particles 

(histogram) was performed by systematic analysis of 257 particles from the 

TEM images (Fig. 4A and B). The reaction also proceeded in a neutral 

solution (pH 6.5) or in a weakly acidic solution (pH 4.5), and completed 

much faster (24 h and 8 h, respectively). It is well known that the reaction 

of Au3＋to Au0 accelerates in a weakly acidic solution.15 The reactivity of 

Au3+ decreases and Au3+ solutions changed from the predominance of 

[AuCI4]− to [Au(OH)4]− with increasing the pH value16–20 and our results 

have supported the pH effect. The resulting Au NPs from these reactions at 

pH 6.5 and pH 4.5 were much larger and their shapes were ununiformed 

(Fig. 4C and D). This can be explained by the protonation of the aniline 

moiety in 1. As shown in Scheme 2, the Au3＋ ion is easily reduced by 1 to 

form Au0. The resulting Au0 starts growing into nanoparticles. Since an 

excess of 1 is used for this reaction, the unreacted 1, which is more 

coordinative than the oxidised 1, coordinates to the surface of the 
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nanoparticles. This stops the growth of the gold nanoparticles, thereby 

forming stable 1-Au NP in an alkaline solution. In the acidic or neutral 

medium, a considerable amount of 1 is protonated and is less coordinative; 

thus, the nanoparticles grow to become larger and uneven particles. The 1H 

NMR spectra of 1 and 1-Au NP are shown in Fig. 5. The signals 

corresponding to the aromatic protons (Ha and Hb) and aniline protons (–

NH2) in 1 shifted toward the lower magnetic field by the formation of 1-Au 

NP, whereas the shifting difference in Ha is 0.16, in Hb is 0.23, and in 

aniline protons (–NH2) is 0.60. It is noteworthy that the signals 

corresponding to the protons of –SCH2–(Hc), NaO3SCH2–(Hd), and other 

methylene groups were almost unchanged. This observation strongly 

indicated that 1 binds to the surface of Au NP with its –NH2 group. 
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Figure 3. Absorption spectra of aqueous solutions of 1-Au NP prepared at 

different pH.  
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Figure 4 (A) TEM image of the particles prepared in a solution of pH 8.0. 

(B) Distribution of particle diameters in a solution of pH 8.0. (C) TEM 

image of the particles prepared in a solution of pH 6.5. (D) TEM image of 

the particles prepared in a solution of pH 4.5. 
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Scheme 2. Plausible pathway to form 1-Au NP. 

 

Figure 5. (A) 1H NMR spectrum of 1. (B) 1H NMR spectrum of 1-Au NP. 

(400 MHz in DMSO-d6). 
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2.3.3: Stability evaluation of 1- and 2-Au NP 

2.3.3.1: Dryness-redispersion stability  

     Stability of Au NP plays a vital role in their subsequent potential 

applications. Dry storage condition is most prominent for long term 

stability and robustness of Au NP as compared to aqueous based 

conditions; therefore, the possibility of the dryness-redispersion cycles was 

investigated. The solution of 1-Au NP was stable for a very long time. The 

absorption spectrum showed λmax at 526 nm, which did not change for at 

least six months (Fig. 6A (a)). It is noteworthy that 1-Au NP was stable 

even in its powdered form, and was re-dispersible in water or PBS (pH 7.4), 

and gave an absorption spectra almost identical to that of its freshly 

prepared solution (Fig. 6A (b)). The powdered 1-Au NP could be stored in 

air at room temperature for at least two weeks, and its solution showed the 

same λmax at 526 nm with the freshly prepared solution, although the 

absorbance was slightly smaller (Fig. 6A (c)). TEM images obtained for the 

redispersed solution clearly showed that the size and shape of the 

nanoparticles were almost unchanged by the drying-redispersion process, 

and the average particle size of the redispersed 1-Au NP was 11.6 ± 7.0 nm 
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(Fig. 6C and D).  

The solution of 2-Au NP, prepared by the same method as the 1-Au 

NP solution, was also stable for a long time. Its absorption spectrum 

showed λmax at 523 nm with Abs 0.77, and it did not change for six months 

(Fig. 6B (a)). However, the absorption spectra of the redispersed solutions 

of powdered 2-Au NP were much smaller and broader (Fig. 6B (b)), λmax at 

523 nm with Abs 0.62, and (c), λmax at 552 nm with Abs 0.42) than those of 

the 1-Au NP solutions, indicating that a considerable amount of 2-Au NP 

aggregated during the drying-redispersion process and storage. Therefore, 

only 1-Au NP was studied in detail. On the other hand, Frens’s particles 

completely crashed, precipitated, and loss of SPR either immediately or 2 

weeks after dryness (Fig. 7).  
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Figure 6 (A) Absorption spectra of 1-Au NP; a: freshly prepared solution, 

b: redispersed solution of 1-Au NP powder in water, and c: redispersed 

solution of 1-Au NP powder (stored for two weeks) in water. (B) 

Absorption spectra of 2-Au NP; a: freshly prepared solution, b: redispersed 

solution of 2-Au NP powder in water, and c: redispersed solution of 2-Au 

NP powder (stored for two weeks) in water. (C) TEM image obtained for 

the redispersed solution of 1-Au NP powder in water. (D) Distribution of 

particle diameters of the redispersed 1-Au NP powder in water. 
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Figure 7. Absorption spectra after dryness-redispersion of Frens’s particles. 
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2.3.3.2: The pH dependent stability   

The pH dependent stability is very crucial factor for therapeutic 

applications and biomedical uses of Au NP.21 The solution of 1-Au NP was 

tolerant to a wide range of pH and the particles maintained their robustness. 

The absorption spectrum of a solution of pH 13, prepared by adding 1.0 M 

aqueous NaOH to the freshly prepared 1-Au NP solution, showed the same 

λmax (526 nm) as the original 1-Au NP solution of pH 8 (Fig. 8). In the 

acidic condition of pH 3, achieved by adding 1.0 M aqueous HCl, the 

spectrum was slightly broader and λmax shifted to 531 nm (Fig. 8), although 

the profile did not change for several weeks (Fig. 9). 1-Au NP is protected 

against aggregation by both the electrostatic repulsion force and stable 

steric protection provided by the ligand. The amino group (NH2) is 

coordinated on the surface of 1-Au NP and possibly the aliphatic chain of 

sulfanyl aniline acts as a barrier against intrusion of acidified solution to 

the 1-Au NP core. Therefore, the particles were still viable and did not 

aggregate or precipitate. In the case of Fren's particles (native citrate 

method), the particles were crashed out, aggregated, did not redissolve at 

all with a subsequent loss of SPR, and a black precipitate was observed 
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immediately at pH 3 (Fig. 10). Citrate primarily provides stability for Fren's 

particles by electrostatic repulsion derived from deprotonated carboxyl 

groups. In acidic pH, concurrent protonation of the carboxyl terminal 

coating on the surface of the Au NP occurred, diminishing the electrostatic 

repulsive force between the particles and consequently resulted in a loss of 

stability, aggregation and precipitation.22  

A highly acidic condition was detrimental to the nanoparticles. The 

absorption spectrum of the 1-Au NP solution of pH 2 showed a weak and 

broad signal (Fig. 8), and a black precipitate was formed within a few hours. 

The pH dependent stability can be explained by the pKa of compound 1. 

Since the pKa of protonated anilinium ion is known as 5.2,23 most of the –

NH2 groups are supposed to be protonated at pH 3 or lower. The protonated 

1 is released from the Au NP surface, and the resulting naked Au NP 

aggregate to form larger particles or precipitates. On the other hand, in 

alkali condition the particles are stable where Au3+ become less reactive and 

this is due to the formation of stable hydroxylated complexes, which cause 

neutralisation of H+, leading to an absence of hydrogen bonding with –

NH2,24,25 which occurred in the highly acidic conditions. Therefore, all of 
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the –NH2 groups are not protonated, and 1-Au NP has not been changed at 

all in alkali condition.  
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Figure 8. (A) Absorption spectra of 1-Au NP solutions in different pH. (B) 

Control 1-Au NP sample, (C) 1-Au NP at pH 3 and (D) 1-Au NP at pH 13. 

 

Figure 9. Absorption spectra profile of a solution of 1-Au NPs at pH 3 

with time.  
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Figure 10. (A) UV-visible spectra of Frens's particles at pH 3, (B) Frens's 

Au NP (control), and (C) Black precipitate of Frens's particles (pH 3). 
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2.3.3.3: Salinity stability (stability in physiological saline, PBS): 

    Stability of 1-Au NP in physiological saline (PBS, pH 7.4) was 

evaluated over a period of 3 days suitable to many cell lines bioassays. The 

1-Au NP have been found to be highly stable in PBS (Fig. 11) and no 

concurrent aggregation of the particles has occurred. This is attributed to 

the ligand steric repulsive forces between the particles, which reduces the 

sensitivity to salt; minimises the effect of the salt on the particles, owing to 

the ligand branched molecular structure.26 In contrast, the Frens's particles 

crashed out, aggregated and precipitated just after addition of the PBS (Fig. 

12). This is owing to using a weak stabilizing agent in the case of Frens's 

particles, which makes it highly sensitive to the salts. The electrostatic 

repulsion, which is the only force, stabilizes Frens's particles, decreases 

significantly at high salt concentrations whereas electric double layers 

around the Au NPs were highly suppressed.27    
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Figure 11. (A) Absorption spectra profile of 1-Au NP in PBS. (B) 1-Au 

NP solution (control). (C) 1-Au NP in PBS.  
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Figure 12. (A) UV-visible spectra of Frens's particles in PBS. (B) Standard 

diluted Au NP, and (C) Precipitated Au NP in PBS. 
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2.3.4: Ligand exchange with thiol molecule  

Since 1-Au NP was formed by coordination between the Au NP and 

aniline’s –NH2 group, it can be modified by the ligand exchange reaction 

with a thiol that can firmly bind to the Au NP. A given concentrations of 

thiol 3 (0.050, 0.10, and 0.20 mM) and 1-Au NP were stirred for 1 h at 

50 ℃, and the resulting solution was dialysed to remove excess 3. The 

absorption spectra of the resulting solutions are shown in Fig. 13. Because 

the molar absorption coefficient of 3 is much higher than that of 1 

(compound 3: λmax at 246 nm, ε 3.4×104 M–1 cm–1, compound 1: λmax at 260 

nm, ε 1.2×104 M–1 cm–1), a dose-dependent increase of the characteristic 

absorption peak of 3 has been clearly observed at λmax of 246 nm (Fig. 14), 

which suggests that the expected ligand exchange reaction proceeded well. 
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Figure 13. Absorption spectra of the ligand exchange reaction of 1-Au NP  

and 3. 

  

Figure 14. A Dose-dependent increase of characteristic absorption of 3 at 
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2.4: Conclusion 

Highly stable, long-time storable and modifiable gold nanoparticles 

were obtained by one-pot spontaneous reaction of HAuCl4 and 

ω-sulfonylated alkylsulfanylanilines 1 and 2 in boiling water under stirring. 

The colour of the solution changed from colourless to deep red originated 

from the surface plasmon resonance of the resulting gold nanoparticles. 

The rate of particle formation and its size were pH dependent. Different pH 

values were attempted and pH 8 was found to be the most suitable 

condition, which gives a highly stable Au NPs. Characterisation of 1-Au 

NP has been performed by UV-visible spectroscopy, TEM, 1H NMR, and 

FTIR spectra. Stability evaluation of 1-Au NP under different dispersing 

media, various pH conditions, and after dryness-redispersion cycle has 

been evaluated. Modification of the particle’s surface was achieved by 

adding thiol-terminated molecules to the particle solution. 
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Chapter 3 

Biomedical application of gold nanoparticles for anti-cancer 

drug delivery by conjugation with Paclitaxel through 

DNA-oligonucleotides linker 

3.1: Introduction 

Cancer is considered one of the prominent causes of all deaths 

globally. The item ‘cancer’ refers to unlimited abnormal growths and 

multiplications of the cells causing pressure and impairment to the 

surrounding normal tissues, due to the strain on the nutrient support to the 

healthy tissues.1 

The current methods for cancer treatment principally include surgical 

intervention, radiation and utilisation of chemotherapeutic drugs, including 

paclitaxel, that destroy not only the cancer cells but also the normal cells 

and have limited effectiveness due to low aqueous solubility and 

chemoresistance, which may be developed by the cancer cells.1 

Therefore, an anti-cancer drug delivery system (DDS) is a hopeful 

and promising method for efficient and safe treatment against oncological 
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diseases. Through the drug delivery vehicle, the drug will be directed and 

targeted only to the cancerous cells, thus minimising the toxicity caused by 

the conventional therapy towards the normal cells. As well as enhancing 

the pharmacological aspects of the antineoplastic drugs, such as water 

solubility, stability and effectivity.2 DDS enables many of the biologically 

active compounds, including macromolecular drugs, to be efficiently 

introduced intracellularly to express their therapeutic effect inside the cells. 

The size of nanoparticles is very small (1–100 nm) compared with large 

biomolecules such as antibodies, enzymes, and cell receptors. Therefore, it 

gives a chance for the nanoparticles to integrate with biomolecules either 

on the cell surface or inside the cell, which, in turn, causes a revolution in 

nanomedicine.  

Recently, the applications of oligonucleotides loaded-Au NPs 

(DNA-Au NPs) in biology and medicine have received much attention.3 

The bio-conjugate of DNA-Au NPs composed of Au NPs in the centre, and 

covalently loaded DNA-oligonucleotides on the surface of Au NPs.4,5 The 

unique characteristics of DNA-Au NPs make it a highly promising 

candidates for therapeutic and biomedical uses.6–11 These peculiarities 
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involve the uptake of DNA-Au NPs by different cell types after addition 

directly to the cell culture media and are subsequently up-taken by the cells 

in high numbers without the need for transfection reagents.12,13 The stability 

and biocompatibility of Au NPs before and after loading of the 

biomolecules make it highly applicable in a drug delivery system and as 

diagnostics at the molecular level.13,14 Moreover, Au NPs are chemically 

inert with reliable surface biofunctionalisation by a variety of 

biomolecules.15,16 Furthermore, Au NPs have been found to be less or 

non-toxic compared to other inorganic nanoparticles.17 The DDS includes 

drug targeting of difficult, unstable molecules (proteins, siRNA, DNA), 

delivery to the difficult sites (brain, retina, tumours, intracellular 

organelles) and drugs with serious side effects (e.g. anti-cancer agents). 

Another critical feature of DNA-Au NPs is resistance to enzymatic 

degradation as DNase.18 This resistance is attributed to the steric inhibition 

of enzymatic cleavage owing to the dense packing of DNA on the 

nanoparticle surface, thereby hindering the enzymatic attack. Another 

hypothesis is that the high concentration of Na+ ions together with densely 

loaded DNA hinders the enzymatic activity of DNase.19,20 This 
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withstanding ability of DNA-Au NPs against nuclease degradation is of 

great importance for entrance of nucleic acids into the cells, protecting 

oligonucleotides from enzymatic degradation.  
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3.2: Materials and Methods 

3.2.1: Synthesis of anticancer-Au NPs bioconjugate using DNA 

oligonucleotides as a linker (nano bio-conjugate) 

3.2.1.1: Preparation of succinyltaxol (ST)  

Succinic anhydride (0.75 mmol) was added to a paclitaxel solution 

(0.049 mmol in 1mL pyridine) and the reaction was carried out at room 

temperature for 3 h under magnetic stirring. Then the reaction mixture was 

evaporated and the resulting residues were stirred in 1.6 mL water for 20 

min, and then filtered. The precipitate was dissolved in acetone (2 mL), 

water was slowly added (total 2 mL) and the final crystals (ST) were 

collected. The product was characterised by liquid chromatography mass 

spectrometry (LCMS). 

3.2.1.2: Preparation of succinyltaxol-DNA (thymine oligonucleotides, 5' 

NH2-TTTTT-SH-'3)  

     ST was reacted with 1-ehyl-3-[3-dimehylaminopropyl] carbodiimide 

(EDC) and N- hydroxysuccinimide (NHS) in HEPES buffer for 15 min 

under gentle stirring at room temperature as an activator, and then DNA 
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oligonucleotides were added to the solution. The reaction mixture was 

shaken gently at room temperature for 3 days. Table 1 shows the different 

concentrations and solvents used for every biomolecule. The ST-DNA 

oligonucleotides conjugate was characterised by LCMS.  

Table 1. The different reactants used for preparation of succinyl taxol-DNA 

oligonucleotides. 

Final concentration 

(mM) 
Amount (nmol) The reactant 

0.176 mM 30.0 nmol/ 48.5 µL (acetonitrile) Succinyltaxol 

1.76 mM 
300 nmol/ 120 µL (HEPES buffer, 

0.1 M, pH 7) 
EDC/NHS 

0.088 mM 15 nmol/ 1.5 µL (TE buffer) 

DNA oligonucleotides 

(5'- NH2-TTTTT-SH-3') 
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3.2.1.3: Preparation of ST-DNA-Au NPs (nano bio-conjugate) 

      The nano bio-conjugates were prepared as follows: ST-DNA (0.176 

mM, 20.0 µL) was added to ω-sulfonylated alkylsulfanylaniline Au NPs 

(1-Au NP) (see chapter 2) (0.500 mL) after its purification by 

centrifugation to remove excess reductive stabilisers. The reaction was 

carried out at room temperature under gentile shaking for 20 h. Then 

sodium dodecyl sulfate (10.0% SDS, 1.00 µL) was added to reach the final 

concentration of 0.010% and the reaction mixture was incubated at room 

temperature for 30 min. NaCl was added gradually using 1.0 M NaCl to 

reach the final concentration of 0.70 M and, after this salting process, the 

reaction mixture was incubated overnight at room temperature under 

gentile shaking. The final nano bio-conjugate was centrifuged at 18000 rpm 

for 15 min to remove excess, unbound ST-DNA until there was no DNA 

detected by UV- visible spectroscopy in the supernatant. The nano 

bio-conjugate was stored at 4 ºC in a solution state. 

3.2.2: Cancerous cell line bioassay  

The cancer cells were incubated in a 96-well tissue culture plate for 

48 h before the assay in a density of 3.2×104 cells/well. Cell density was 
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calculated using a haemocytometer and it was carried out before the 

experiments. During the experimental work, the cells were kept in ice at 4 

ºC. Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 

10% foetal bovine serum, l-glutamine and sodium bicarbonate, was used 

for growth of the cells. Cells were cultured at 37 ºC in a humidified 

atmosphere containing 5% CO2 in air for 48 h to form cell sheets. The 

cancerous cells were divided into 4 groups as follows: 

a. Control group, the cancerous cells were treated with sterile distilled        

water (SDW) as a control. 

b. The SK-BR3 cells were treated with anti-cancer drug (paclitaxel only). 

c. The SK-BR3 cells were treated with modified anti-cancer drug (succinyl       

taxol, ST).  

d. The SK-BR3 cells were treated with Au NPs conjugated with the 

anticancer drug for drug delivery (nano bio-conjugate, ST-DNA-Au NPs).   

The following steps were then performed: 

1. The SK-BR3 cells were seeded in six wells for each group and incubated 

with different agents regarding the previous groups for 48 h. The estimation 

of the cell viability of each group was carried out in comparison with the 
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control group. 

2. At the end of each exposure, the evaluation of cell viability % was 

assessed by 3-(4,5-dimethylazol-2-yl)-2,5-diphenyl-tetrazolium bromide 

(MTT) assay (10 µL) for 4 h. The MTT assay helps in cell-viability 

assessment by measuring the enzymatic reduction of yellow tetrazolium 

MTT to a purple formazan product. The formazan was dissolved by 

formazan solubilising solution 100 µl in each well and incubation for 4 h 

until the crystal dissolved completely, following the manufacture's protocol. 

The absorbance was measured at 570 nm using UV–vis micro plate 

reader.21-22 

3. All experiments were performed in sex replicate, and the average of all 

of the experiments has been shown as cell-viability percentage in 

comparison with the control experiment, which was considered as 100% 

viable. The same steps previously identified were carried out for the neuro 

2a brain cancer cells. 
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Statistical analysis  

Statistical analysis was done using Student's t test with p ≤ 0.05 was 

considered as significantly different. The results were expressed in the 

format of mean ± SD with *p ≤ 0.05, **p ≤ 0.04~0.009, and ***p ≤ 0.008 

or less. 

3.2.3: Liquid chromatograph mass spectrometry (LCMS) measuring 

conditions 

    LCMS analysis was performed using a Polymer-based reverse-phase 

chromatography column (ODP column (2.0 mm x 150 mm). The gradient 

solvent was (A: 0.01M TEAA/H2O (pH 6.0), B: acetonitrile (100%), 

gradient 0→7 min, and %B 2%→100%). The flow rate was 200 µL /min 

and the column temperature was 50 ºC. The wave length was 250 nm.  

 

 

 

 

  

https://www.shodex.com/ja/da1/02/03.html
https://www.shodex.com/ja/da1/02/03.html
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3.3: Results and discussion 

3.3.1: Synthesis of anticancer-oligonucleotide Au NPs bioconjugate 

(nano-bioconjugate) 

  As shown in scheme 1, Paclitaxel was modified by succinic 

anhydride to give ST terminated with carboxylic group. The successful 

formation of succinyltaxol was confirmed by LCMS (Fig. 1); where the 

signals from succinic acid and paclitaxel disappeared and a new signal 

appeared at a retention time of 26 min, which is attributed to the formation 

of ST (1). Fig. 2 displays the mass spectrometry results, which confirmed 

the formation of succinyltaxol (cald 953.97, found 954.2).  

     As shown in scheme 2, the DNA oligonucleotides 

(5'-NH2-TTTTT-SH-3') terminated with amino group at 5' terminal and ST 

terminated with carboxylic group were coupled together via amide linkage 

using sulfo-NHS/EDC coupling chemistry as an activator. This reaction 

gives an unstable ester bond (active ester) by reaction with carboxyl 

terminal of succinylaxol. Then this active ester reacts with amino 

terminated DNA forming amide bond to give ST-DNA (2). ST-DNA was 
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characterised by LCMS, where the signals coming from ST and 

oligonucleotides depleted with the appearance of a new signal at a retention 

time of 27 min, which was attributed to ST-DNA (Fig. 3). In Fig. 4, mass 

spectrometry indicated the formation of ST-DNA (cald trimer 940.78, 

found 941.7). Then ST-DNA reacted with 1-Au NP, where thiolated DNA 

substituted the NH2-terminal of the reductive stabiliser of 1-Au NP. The 

SH group strongly coordinates on the nanoparticle surfaces more than on 

NH2 through the ligand exchange reaction with thiol-terminated 

molecules,16 yielding the nano bio-conjugate. The product was purified by 

centrifugation (18000 rpm, 15 min) to remove excess, free ST-DNA. The 

product was characterised by UV-visible spectroscopy through the 

characteristic absorbance peak of DNA oligonucleotides at 260 nm (Fig. 5). 

It is noteworthy that, the SPR of Au NPs remained almost unchanged after 

loading of the bio conjugate, which indicates no aggregation of the 

particles has occurred. The use of surfactant molecules as SDS is essential 

before loading of DNA on the surface of Au NPs. These molecules hinder 

the possibility of Au NPs to aggregate and prevent their close contact, as 

well as maintain their stability, especially at high salt concentrations.4 The 
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DNA loading on the surface of Au NPs was enhanced by the salting 

process; higher salt concentration in between 0.7 to 1.0 M as a final 

concentration resulted in higher DNA loading on Au NPs surfaces. This is 

attributed to the inhibition of the repulsive forces between DNA strands by 

the salting process,4, 23 and thereby, large amount of DNA oligonucleotides 

will be adsorbed on the Au NPs surface. 

 

 

Scheme1. Preparation of succinyltaxol (1). 
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Scheme 2. Preparation of ST-DNA (2) and nano bioconjugate.  
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Figure 1. Chromatograph of paclitaxel and succinic anhydride (a) 0 min 

after the reaction and (b) 3 h after the reaction, ST formation. 

 

 

 

 

 

 

Figure 2. Mass spectrometry results confirmed the formation of ST. 
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Figure 3. Chromatograph of ST-DNA formation, the peak of ST-DNA 

appeared with retention time of 27.25 min (black color) together with the 

disappearance of the peaks (red color) from ST and DNA oligonucleotides. 
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Figure 4. Mass spectrometry of ST-DNA. 

 

 

 

 

(M+ 3H)3+ 



 

 

89 

 

 

Figure 5. Absorption spectra of ligand exchange reaction of 1-Au NPs and 

nano bio-conjugate, displaying the strong absorbance peak of 

oligonucleotides at 260 nm. 
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3.3.2: Cytotoxicity evaluation 

The efficacy of the nano bio-conjugate over the free drugs was 

evaluated. The cytotoxic effect of the nano bio-conjugate was tested against 

cancer cells of various origins and the activity was compared with that of 

the free drugs. The adenocarcinoma breast cancer cell, SK-BR3 was 

cultured with Paclitaxel, ST, and nano bio-conjugate at various 

concentrations (5, 50, 500, 5000 × 10-9 M based on paclitaxel 

concentration). The absorbance was measured at 570 nm for different 

reagents using UV–vis micro plate reader. After a 48 h treatment with 

different concentrations of paclitaxel, ST and nano bio-conjugate under the 

same experimental conditions, the anticancer activity of paclitaxel against 

SK-BR3 cancer cells was more enhanced than that of the free drugs when 

conjugated on the surface of Au NPs through DNA linker as shown in Fig. 

6. This was ascertained by decreasing the viability of the SK-BR3 cells 

significantly to 12 ± 4.2% in case of nano bio-conjugate at 5000 × 10-9 M 

comparing to 23 ± 5.9%, and 26 ± 6.5% in the case of free paclitaxel, and 

ST respectively at the same concentration.  
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In the case of brain cancer cells, neuro 2a, the absorbance was 

measured at 570 nm for different reagents using a UV–vis micro plate 

reader. The anticancer activity of free paclitaxel is insignificant at its 

various concentrations compared with the control experiments except at 

5000 × 10-9 M whereas the cell viability significantly decreased to 61 ± 

12%. A similar trend was found with ST but the cell viability significantly 

decreased to 59 ± 13% at × 10-9 M. On the other side, the nano 

bio-conjugate displayed a significant anticancer activity at concentrations 

of 500 and 5000 × 10-9 M where the cell viability significantly decreased to 

54 ± 10% and 38 ± 7.4%, respectively (Fig. 7). The IC50 values of the free 

paclitaxel, ST and the nano bio-conjugate were shown in Table 2 for both 

of the SK-BR3 and neuro 2a. Paclitaxel is acting by stabilising and 

polymerization of tubulin through binding to N-terminal of ß-tubulin, 

disrupting the cell division, and thus causing cell death.24-25 

These findings magnify the importance of using Au NPs-mediated 

drug delivery of paclitaxel to fight the cancer cells. The use of DNA-Au 

NPs for drug delivery is due to the ability of DNA-Au NPs to enter the 

cells efficiently, compared to other types of Au NPs without other 

https://www.sciencedirect.com/science/article/pii/S0142961206010313#tbl2
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reagents.26 For example, Hela cells uptake few thousands of 

citrate-stabilized Au NPs,27 compared to more than 1 million of DNA-Au 

NPs under almost the same experimental conditions.12 The cellular 

internalisation of DNA-Au NPs was 3 folds higher than that of PEG 

functionalised Au NPs.12 The uptake of Au NPs by cancer cells could be 

done by either a passive or active strategy or a combination of both 

strategies for tumour- targeting drug delivery. The passive strategy depends 

on the enhanced permeability and retention effect (EPR),28-30 In this 

strategy, due to the leaky, defective and irregular vasculatures of the tumour 

cells, the cell membrane permeability for Au NPs is enhanced which, in 

turn, allows for the entrance and accumulation of Au NPs inside the cancer 

cells (extravasation). Moreover, Au NPs is retained inside the cells due to 

impaired lymphatic drainage of the tumour cells. Principally, this attributed 

to defective vascular formation owing to the higher growth rate and the 

collapse of blood and lymph vessels of the tumour tissues. The active 

strategy (cell surface receptor-mediated endocytosis) depends on the 

biofuncionalisation of the surface of Au NPs with biomolecules such as 

aptamers (DNA oligonucleotides),31 peptides,32 polysaccharides,33 
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antibodies,34 and viamines.35 These biomolecules have a high affinity and 

engage to the receptors on the surface of the tumour cells. DNA-Au NPs 

have been successively taken up by more than 40 various cell lines 

involving neuron cells and primary cells after direct addition of DNA-Au 

NPs to the cell culture medium.26 This is attributed to the dense loading of 

DNA oligonucleotides on the surface of Au NPs, which resulted in 

adsorption of a large amount of the extracellular protein on the particles 

surfaces which, in turn, enhances recognition and endocytosis.36 The acidic 

pH inside the cancerous cells especially in endosomes (pH 5.5–6) and 

lysosomes (pH 4.5–5.0)37 caused the release of the drug from the 

nanoparticles surface.38–40 Besides pH, the intracellular glutathione (GSH) 

plays a role in drug release as a reducing agent for thiol linkage due to the 

higher intracellular GSH (thiol-having peptides) concentration and thereby, 

passive drug release.40,41 

Our results are in agreement with a study performed by Lippard and 

co-workers, where they used cisplatin tethered to DNA-Au NPs with amino 

terminal.42 They found that this nano conjugate exerted a significant 

improvement in cytotoxicity of cisplatin against neoplastic cells more than 
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free cisplatin. Their results were indicative of the crucial role of DNA-Au 

NPs in the drug delivery system where the efficiency of the antineoplastic 

agent was much improved than the free one.  

    In multiple drug resistance (MDR), P-glycoprotein (Pgp) is 

overexpressed on the cell surface of the cancer cells, which causes efflux of 

the drugs from the cells. Au NPs could minimise the chemoresistance of 

many antitumor drugs including paclitaxel by enhancing the internalisation 

of the drug, protecting the drugs from P-glycoprotein recognition43, 44 and 

thereby hindering its efflux from the cells caused by P-glycoprotein.45 

Therefore, the anti-cancer activity of paclitaxel was enhanced in the case of 

nano bio-conjugate. Consequently, this approach provides a 

biomolecules-inorganic hybrid complex, which is a possible strategy for 

curing of the neoplastic diseases such as breast adenocarcinoma and brain 

cancer. These results suggest that Paclitaxel-loaded Au NPs could minimise 

the effective dose of paclitaxel given to the patients during treatment of 

breast and brain neoplasms. 
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Figure 6. Cytotoxicity profiles of paclitaxel, ST and nanoconjugate against 

SK-BR3, breast cancer cells (n = 6). Cytotoxicity was evaluated by MTT 

assay. *p ≤ 0.05, **p ≤ 0.04~0.009, and ***p ≤ 0.008 or less.  
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Figure 7. Cytotoxicity profiles of free paclitaxel, ST, and nanoconjugate 

against neuro 2a, brain cancer cells (n = 6). Cytotoxicity was evaluated by 

MTT assay. *P ≤ 0.05, **p ≤ 0.04~0.009, and ***p ≤ 0.008 or less. 

Table 2. Displaying IC50 of nano-bioconjugate, Paclitaxel, and 

succinylaxol. 

Entry Cancer cells Nano bio-conjugae Paclitaxel Succinyltaxol 

1 SK-BR3 <0.005 µM 0.028 µM < 0.005 µM 

2 Neuro2a 1.750 µM >5 µM >5 µM 
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3.4: Conclusion 

In this study, we synthesised and characterised a novel 

paclitaxel-DNA-Au NPs bio-conjugate for targeted drug delivery of 

paclitaxel. The drug-loaded NPs have significant anti-cancer effects against 

SK-BR3 breast cancer cells and neuro 2a brain tumour cells, which resulted 

in higher cancer cell cytotoxicity suggesting enhanced cellular uptake in 

comparison with the free drug. Our results imply that the 

paclitaxel-DNA-Au NPs bio-conjugate could have high potentials to be 

used for targeted chemotherapy for treating neoplastic diseases. 
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Chapter 4 

Preparation and characterization of platinum nanoparticles 

stabilised by a polymer modified with sulfonyl aniline and 

their application as a highly efficient, recyclable, 

chemo-selective, and broad spectrum nanocatalyst 

4.1: Introduction 

Different metal nanoparticles have been utilised in the catalytic 

reduction of nitrobenzene derivatives. In principal, catalyst recovery and 

re-using are very crucial issues when noble, precious and costly 

metal-based nanocatalysts are used, but these issues remain challenging. 

Silver nanoparticles were previously used as catalyst in the reduction of 

p-nitrophenol to p-aminophenol.1 The catalytic efficiency of different metal 

nanoparticles can be affected not only by their size, but also their stability 

as well as the preparation method.2,3 Gold and copper nanoparticles were 

also utilised for the catalytic hydrogenation of p-nitrophenol.4–6 Platinum 

nanoparticles are generally prepared by a chemical reduction method. This 

method depends on the reduction of metallic ions to metal atoms 
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(nucleation phase), which act as a nucleation centre for other metal atoms 

to form the nanoparticles (growth phase). These nanoparticles are coated 

with a support or stabilising agent to prevent further aggregation and 

provide their easy isolation.7 Platinum nanoparticles were utilised in the 

catalytic reduction of p-nitrophenol and aromatic ketones with various 

activities and apparent rate constants.5,8 These metals are precious with 

high production costs, and thus it is desirable to decrease their consumption 

by developing durable metal-based nanocatalysts; active, recyclable with 

chemo-selective properties.  

Principally, small-sized nanoparticles have good catalytic properties, 

however these particles easily agglomerate together owing to their high 

surface energy, leading to significant reduction of their catalytic 

efficiency.9,10 To get rid of this drawback, it is desirable to use suitable 

coating agents as organic molecules, surfactants and polymers to adjust the 

nucleation/growth phases and prevent the aggregation of the nanoparticles 

together during their preparation, without blocking most of the active sites 

on the surfaces of the metal nanoparticles.9–20   
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p-Nitrophenol is commonly used as model compound for 

hydrogenation reactions to evaluate the catalytic efficiency of metal 

based-nanocatalysts as the reduction can be easily monitored by UV-visible 

spectroscopy. Considerable interest has also focused on the 

chemo-selective reduction of halonitrobenzenes to haloanilines, and indeed 

an effective catalytic process has been achieved for the reduction of 

p-chloronitrobenzene to p-chloroaniline,21–28 however not 

p-bromonitrobenzene, which remains challenging owing to the concurrent 

occurrence of hydrodebromination reaction. 

In this study, we described a new chemical method for the 

preparation of an efficient, stable, and recyclable platinum-based 

nanocatalyst stabilised with a polymer acting as a reductive stabiliser. The 

polymer (PVA–ATB) was prepared from acrylated polyvinyl alcohol 

modified with 4-aminothiobenzene. The method was simple, safe, and used 

inexpensive chemicals. The nanoparticles were spontaneously prepared by 

addition of the polymer solution into a boiling fresh solution of H2PtCl6 

under stirring. The resulting particles were coordinated by the amino 

terminals of the polymer and coated with the polymer chains leading to an 



 

 

108 

improvement of stability, recyclability, and dispersion. The characterisation 

of the prepared Pt NPs was carried out by UV-visible spectroscopy and 

TEM. The average particle size of the prepared Pt NPs was 12.6 ± 5.7 nm. 

The resulting platinum nanoparticles have a broad spectrum nanocatalytic 

activity for various reactions. The prepared platinum-based nanocatalyst 

exhibited a high catalytic efficiency with a high apparent rate constant 

(kapp) in the reduction of p-nitrophenol at a concentration higher than were 

those reported in the literature.1–4,29 Furthermore, the active particles could 

be recovered from the reaction media and reused for at least six successive 

catalytic cycles owing to their stability. Moreover, the prepared Pt NPs 

could catalyse the reduction of p-bromonitrobenzene to p-bromoaniline 

successively without any additives and no concurrent hydrodebromination 

reaction occurred. 
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4.2: Materials and Methods 

4.2.1: Preparation of the PVA–ATB polymer  

The polymer used in this study was prepared as shown in Scheme 1. 

Polyvinyl alcohol (PVA, average MW 1500, 0.36 g) was dissolved in 20 

mL of pyridine and reacted with acryloyl chloride (1.35 g) under magnetic 

stirring at 0 ºC for 1 h. The reaction mixture was filtered to remove the 

excess of acryloyl chloride, and the resulting residue was washed with 

ethyl acetate (2×10 mL). In the second step, an aqueous solution of the 

resulting residue (0.27 g in 20 mL of water) was heated at 95 ºC for 2 h, 

and then it was treated with a p-aminothiobenzene solution (0.23 g in 5 mL 

of ethyl acetate) under magnetic stirring at room temperature for 12 h to 

give the desired PVA–ATB polymer. The product was purified by 

extraction using water and ethyl acetate; the aqueous layer was collected 

and evaporated to obtain the pure polymer. Such polymer was dried under 

vacuum and its structure was confirmed by 1H NMR. The yield of the 

product was 87%. 
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 Scheme 1. Preparation of PVA-ATB. 

4.2.2: Preparation of polymer-stabilised Pt NPs (PVA–ATB–Pt NPs, 

nanocatalyst) 

The typical method for the preparation of PVA–ATB–Pt NPs is 

described below. An aqueous solution of disodium succinate (10 mM, 10 

mL) was added to a freshly prepared aqueous solution of H2PtCl6 (1.0 mM, 

10 mL). The pH of the solution was controlled by adding a few drops of 

aqueous NaOH (1.0 M) to pH 8 or HCl (10 mM) to pH 4.5. The volume of 

the solution was adjusted to 50 mL by adding water, and the mixture was 

then heated to reflux. An aqueous solution of the polymer (10 mM based on 

acrylated polymer unit (83% modified), 4.43 mg in 2 mL of H2O) was 

added dropwise to the boiling solution under stirring. The colour of the 

solution started to change from faint yellow to dark brown within 4 h, and 

the reaction was completed within 48 h. The final molar concentration was 

0.19 mM and 0.38 mM for H2PtCl6 and the polymer respectively (1:2 molar 
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ratio). After the synthesis of PVA–ATB–Pt NPs, the colloidal solution was 

purified using a dialysis tube (Spectra/Por 3), which was placed in a beaker 

containing 500 mL of water and stirred at room temperature. The water was 

replaced every 8 h for a total period of 24 h in order to remove the 

unreacted free Pt4+ ions and polymer. The characterisation of the prepared 

PVA–ATB–Pt NPs was carried out by UV-visible spectroscopy and TEM. 

The particle solution was stored at room temperature. 

4.2.3: Application of the prepared nanocatalyst in nanocatalysis and its 

broad spectrum activity 

4.2.3.1: Nanocatalytic reduction of p-nitrophenol and chemo-selective 

reduction of p-bromonitrobenzene to p-bromoaniline 

The catalytic reduction activity of PVA–ATB–Pt NPs was studied 

using the standard hydrogenation reaction of p-nitrophenol. The reaction 

involved the sequential addition of aqueous NaOH (10 mM, 1.0 mL) and 

NaBH4 (3.0 mg, 8.0 ×10-5 mol) to p-nitrophenol (30 mM, 1.0 mL). Then, 

PVA–ATB–Pt NPs (0.19 mM, 0.50 mL) were added as a catalyst to start 

the reaction at approximately pH 9. The reaction was carried out under 
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magnetic stirring at room temperature. The concentration of p-nitrophenol 

used in this reaction was higher than the concentration range commonly 

reported in the literature.1–4,29 Pure Pt black was also used as a catalyst 

under the same reaction conditions of the PVA–ATB–Pt NPs nanocatalyst. 

The catalytic reduction of p-nitrophenol to p-aminophenol was monitored 

by the UV-visible spectroscopy.  

The recyclability of the PVA–ATB–Pt NPs was also evaluated. After 

completion of the reaction, the mixture was evaporated to dryness. Then, 

ethyl acetate was added to dissolve p-aminophenol and separate it from the 

nanoparticle catalyst. The residue, containing PVA–ATB–Pt NPs, was 

washed with ethyl acetate (2 mL). The purified nanoparticles were 

re-dispersed in water (0.5 mL) and reused for at least six successive 

catalytic cycles. The same reaction conditions were used in all catalytic 

cycles. Moreover, the catalytic reduction activity of the prepared Pt NPs 

was examined for the reduction of p-bromonitrobenzene to p-bromoaniline 

under the same reaction conditions as p-nitrophenol, but the 

p-bromonitrobenzene was dissolved in MeOH. 
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4.2.3.2: Reduction potassium hexacyanoferrate reaction (redox 

reaction) 

       In this reaction, aqueous solution of sodium thiosulphate Na2 

S2O3.5H2O (2 mL, 1 mM) was added to aqueous solution potassium 

hexacyanoferrate K3 [Fe(CN)6] (2 mL, 10 mM) at approximately pH 8. 

Then Pt NPs were added as a nanocatalyst to the mixed reactants (1 mL). 

The reaction was carried out under stirring at 45 ºC. The reaction was 

monitored by UV-visible spectroscopy. 

4.2.3.3: Carbon-carbon double bond reduction  

a. Reduction of cinnamyl alcohol to hydrocinnamyl alcohol 

  The typical reaction conditions include the addition of NaBH4 (3 

mg) to an aqueous solution of cinnamyl alcohol (0.1 mmol, 1.5 mL) 

followed by the addition of PVA-ATB-Pt NPs (2 mL) as a nanocatalyst. 

The reaction was carried out at approximately pH 8 under stirring at room 

temperature. The experiment was monitored by GCMS. 
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b. Reduction of polyaromatic hydrocarbons (anthracene) 

The reaction includes NaBH4 (3 mg) was added to anthracene 

solution in MeOH (1.5 mM, I.5 mL), and then the nanocatalyst was added 

(6.0 mL). The reaction was carried out at approximately pH 8 at 50 ºC 

under magnetic stirring. The purity of anthracene used in the reaction was 

94%. The experiment was monitored by UV-visible spectroscopy. 

4.2.3.4: Nanocatalytic reduction of organic dyes 

a. Methyl orange (MO) 

     The catalytic reaction was performed by sequential addition of 

NaBH4 (5.0 mg) and PVA-ATB-Pt NPs as a catalyst (1.0 mL) to an 

aqueous solution of MO (3.0 mM, 1.0 mL). The pH was adjusted to pH 8 

by the addition of 10 µL of 1.0 mM of NaOH and the experiment was 

carried out at room temperature under magnetic stirring. The experiment 

was monitored by the UV-visible spectroscopy.  

b. Methylene blue (MB) 

The catalytic reaction was performed through the addition of 

NaBH4 (5.0 mg) to a freshly prepared aqueous solution of MB (10 mM, 1.0 
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mL), then the PVA-ATB-Pt NPs was added (0.8 mL) to the mixture. The 

experiment was carried out at 40 ºC under magnetic stirring at 

approximately pH 8. The experiment was monitored using the UV-visible 

spectroscopy. 

4.2.4: Gas chromatography mass spectrometry (GCMS) conditions 

 GCMS analysis was performed using a capillary column (Agilent 

Technologies, HP-5MS, 60 m length, 0.25 mm diameter, and 0.25 µm film 

thicknesses); the initial temperature was 40 °C for 2 min, then it was 

increased at a rate of 20 °C/min up to 110 °C. Then, the temperature was 

further increased at a rate of 25 °C/min to reach the final temperature of 

250 °C and the injection volume was 1µL.  
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4.3: Results and discussion 

4.3.1: Characterisation of the PVA–ATB polymer 

      The 1H NMR spectrum shown in Fig. 1 indicates the successive 

coupling of the acrylated PVA with 4-aminothiobenzene to form PVA–ATB. 

The assignment of the signals originating from the aromatic protons (Ha 

and Hb) and methylene (Hc) protons of PVA is also displayed. The 

percentage of coupling of the acrylated PVA unit with 4-aminothiobenzene 

was found to be 83%. 

 

Figure 1. 1H NMR spectrum of PVA-ATB (400 MHz in DMSO-d6). 
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4.3.2: Characterisation and peculiarities of PVA–ATB–Pt NPs 

4.3.2.1: Preparation and properties of PVA–ATB–Pt NPs 

As shown in Scheme 2, the PVA–ATB polymer easily reduced the 

Pt4+ ions to Pt0 by receiving the electrons provided by the sulphur atoms. 

The resulting Pt0 (nucleation phase) started the growth phase to generate the 

nanoparticles. The polymer that did not participate in the reduction of Pt4+ 

to Pt0 was more strongly coordinated to the surface of the Pt NPs than the 

oxidized polymer. This is because the amino groups of the oxidised 

polymer possess a lower electron density than those of the unreacted 

polymer owing to an electron withdrawing effect of the oxidised sulphur. 
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Scheme 2. Plausible pathway to form PVA-ATB-Pt NPs 

4.3.2.1.1: UV- visible spectroscopy 

UV-visible spectroscopy was used to monitor the reduction of the 

Pt4+ ions to Pt0 by PVA–ATB. An aqueous solution of Pt4+ showed a 

characteristic absorbance peak at 265 nm. Fig. 2 shows the decrease of the 

intensity of this peak over time, suggesting the reduction of Pt4+ to Pt0 and 

the formation of platinum nanoparticles (PVA–ATB–Pt NPs).30 The 

complete disappearance of this peak together with an increase in the 

absorbance towards shorter wavelengths implied the completion of the 

platinum nanoparticle synthesis.31–34 
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Figure 2. UV-visible spectra of the reaction mixture of PVA-ATB and 

H2PtCl6 at pH 8. 
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4.3.2.1.2: Transmission electron microscope (TEM) analysis 

A TEM analysis of the PVA–ATB–Pt NPs was performed. The TEM 

images revealed that the majority of the PVA–ATB–Pt NPs had a spherical 

shape and were nearly mono-dispersed. In alkaline medium (pH 8), the 

diameter ranged from 10 to 15 nm and the average particle size was 12.6 ± 

5.7 nm (Fig. 3a and b). In the case of an acidic medium (pH 4.5), the 

diameter of the particles ranged from 10 to over 30 nm with an average size 

of 20.3 ± 7.9 (Fig. 3c and d). 
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Figure 3. TEM images and histograms of PVA-ATB-Pt NPs at pH 8 (a & 

b) and pH 4.5 (c & d). 
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4.3.2.2: pH-dependence of the properties and peculiarities of PVA–

ATB–Pt NPs 

The stability and size of the PVA–ATB–Pt NPs were found to be 

dependent on the pH of the reaction mixture. Stable nanoparticles with a 

small size were produced at pH 8. The effect of the pH can be explained by 

the protonation of the aniline moieties of PVA–ATB, since the pKa of 

aniline is 5.2.35 Under alkaline conditions (pH 8), the amino group are free 

and can coordinate the surface of the particles leading to highly stable 

nanoparticles. The free (unprotonated) polymer remained coordinated to 

the surface of the nanoparticles; the growth stopped and small stable 

nanoparticles were formed.   

In contrast, under acidic conditions (pH 4.5) there are more 

protonated amino groups than free ones, thus a considerable amount of the 

polymer was protonated and less coordinative. This means that the polymer, 

to a lesser extent, can coordinate the surface of the nanoparticles. The 

protonated polymer was released from the surface of the Pt NPs; thus, the 

particles became naked, grew larger and unstable, leading to the formation 

of a black precipitate. 
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The pH also affected the rate of the reaction for the preparation of 

PVA–ATB–Pt NPs; the reaction proceeded faster under acidic conditions 

(pH 4.5) than alkaline (pH 8). The reaction in the alkaline solution (pH 8) 

required a longer time to go to completion (48 h); however, the prepared 

particles were stable and smaller. The reaction at pH 4.5 proceeded faster, 

and it was completed within 10 h, but the particles were not stable and the 

formation of a precipitate was observed. As shown in Fig. 4, the peaks 

deriving from the Pt4+ ions at pH 4.5 disappeared faster than at pH 8. These 

results indicate that the pH affects the reactivity of the Pt4+ions. Pt4+ions are 

more reactive in an acidic medium, and a similar trend has been found with 

Au3+.36-37 
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Figure 4. UV-visible spectra of the reaction mixture of H2PtCl6 and the 

PVA-ATB. 
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4.3.3: Application of PVA–ATB–Pt NPs as a highly efficient and broad 

spectrum nanocatalyst (nanocatalytic system) 

4.3.3.1: Reductive hydrogenation of p-nitrophenol 

 The prepared PVA–ATB–Pt NPs effectively catalysed the reduction 

of p-nitrophenol in the presence of NaBH4. The p-nitrophenolate, formed 

by the addition of NaBH4 to p-nitrophenol, showed a characteristic 

absorption peak at 400 nm. After the addition of the PVA–ATB–Pt NPs to 

the reaction mixture as a nanocatalyst, a new peak appeared at 300 nm due 

to the reduction of p-nitrophenol to p-aminophenol (Fig. 5a).1,38 This new 

peak increased with time, while the peak at 400 nm, due to 

p-nitrophenolate, disappeared corresponding to the reduction of 

p-nitrophenol to p-aminophenol. The reaction proceeded with an obvious 

isosbestic point at 325 nm, indicating that no side products of the reaction 

were formed.39-40 The yellow colour of the reaction mixture due to 

p-nitrophenol completely disappeared.  
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The kinetic equation for the p-nitrophenol reduction can be expressed as Eq. 

(1)  

ln (At/A0) = - kapp. T                       (1) 

where At is the absorbance of p-nitrophenol at time (t), A0 is the absorbance 

of p-nitrophenol at time (0), kapp is the final apparent rate constant42- 44 that 

can be calculated from the decrease in the intensity of the peak at 400 nm 

over time. Fig. 5b shows a linear relationship between ln (At/A0) and the 

reaction time at room temperature, thus the reaction followed pseudo 

first-order kinetics. In the control experiments (under the same conditions 

except for water being used instead of PVA–ATB–Pt NPs), no reduction of 

p-nitrophenol was observed (Fig. 6). Pt black (powder, WAKO chemicals) 

was used as a catalyst under the same reaction conditions of PVA–ATB–Pt 

NPs, however the reduction did no proceed completely even after 24 h (Fig 

7). As shown in table 1, in case of using Pt black as a catalyst the 

conversion rate of the reaction was 54% after 24 h. By contrast, in the case 

of the prepared nanocatalyst, it was 100% within 10 minutes, indicating the 

higher activity and effectiveness of the nanocatalyst. The polymer coating 

made the nanoparticles stable, viable, and conserved their activity after 
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catalysis; therefore, they could be reused for several cycles without further 

treatment (Fig. 8). 

As shown is Scheme 3, the PVA–ATB–Pt NPs served as bridge for 

the hydride transfer from BH4
ˉ to p-nitrophenol, while BH4

ˉ was oxidised to 

BO2
-. The catalytic reaction followed the Langmuir-Hinshelwood model.41 

According to this model, the reduction occurred on the surface of the PVA–

ATB–Pt NPs where both reactants were adsorbed. The hydrides were 

transferred from BH4
ˉ to p-nitrophenol through the PVA–ATB–Pt NPs, 

which resulted in the formation of p-aminophenol. Then, the 

p-aminophenol dissociated from the surface of the PVA–ATB–Pt NPs. The 

nanoparticles catalysed the conversion of p-nitrophenol to p-aminophenol 

successively in the presence of a high concentration of p-nitrophenol and a 

low catalyst mol%, suggesting that they possess a higher catalytic 

efficiency compared to other nanocatalysts (Table 2). The kapp of the 

reaction was calculated to be 7.9×10-3 s-1 for the basic reaction, which was 

found to be higher than that of other nanocatalysts (Table 3). After six 

catalytic cycles, the kapp was found to be 5.7×10-3 s-1.  
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Figure 5. (a) UV-visible spectra showing the catalytic reduction of 

p-nitrophenol to p-aminophenol and (b) Plot of ln (At/A0) vs time for the 

reaction using freshly prepared nanocatalyst and  recycled (6th) 

nanocatalyst of PVA-ATB-Pt NPs for catalysis of p-nitrophenol reduction.  
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Figure 6. UV-visible spectra of the control experiment employed NaBH4 

only without involvement of the nanocatalyst.  

 

Figure 7. UV-visible spectra of catalytic reduction of p-nitrophenol used Pt 

salts.  
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Table 1. The conversion rate of p-nitrophenol to p-aminophenol by 

PVA-ATB-Pt NPs and Pt black catalysts. 

Catalyst p-Nitrophenol conc. Conversion  rate % Time 

Pt NPs 0.03 M 100% 10 min 

Pt black 0.03 M 53.6% 24 h 

Water (control 

experiment) 

0.03 M 0% 1 h 
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Figure 8. UV-visible spectra showing the catalytic reduction of 

p-nitrophenol to p-aminophenol  for the 6th recycling of PVA-ATB-Pt 

NPs. 

             

Scheme 3. The mechanism of hydride transfer for catalytic reduction of 

p-nitrophenol by PVA-ATB-Pt NPs as a nanocatalyst. 
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Table 2. Nanocatalytic reduction activity of the PVA-ATB-Pt NPs in 

comparison with literature. 

Entry Catalyst p-Nitrophenol 

(mol) 

Nanocatalyst 

(mol %) 

Turnover 

number 

Recycling 

 

Reference 

1 
Pt NPs 3.0 ×10-5 0. 0030 310 

Successive 

recycling 

This work 

2 Pt NPs 2.0 ×10-7 0.94 1.1 No recycling [45] 

3 Pt NPs 1.0 ×10-7 1.25 0.80 No recycling [46] 

4 Ag NPs 2.8 ×10-7 0.18 5.6 No recycling [47] 

5 Ni NPs 0.10 ×10-3 0.019 53 No recycling [48] 

6 Pt-amino 

clay thin 

film 

3.4 ×10-7 0.013 79 No recycling 

[49] 

7 Pt NPs 0.10×10-3 0. 0070 150 No recycling [44] 
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Table 3. Comparison of the kapp of the PVA-ATB-Pt NPs with different 

nanocatalytic systems using p-nitrophenol as a substrate.  

The catalyst Kapp (s-1) Reference 

Polymer stabilized Pt NPs 

7.90×10-3 (first) 

5.70 ×10-3 (6th recycling) 

This work 

Fe3O4@SiO2-Ag 7.67 ×10-3 [43] 

GG-s-Pt NPs 7.00 ×10-3 [46] 

Au NPs@MWCNT 0.110 ×10-3 [42] 

PAMAM dendrimer(G4)-Pd NPs 1.79 ×10-3 [50] 

Pt-aminoclay thin film 3.84 ×10-3 [49] 

Pt-PVP thin film 2.14 ×10-3 [49] 

Pt-no stabilizer thin film 1.98 ×10-3 [49] 

Bimetallic Ni-Pt nanoparticles ( 64:36) 

Ni-Pt (96:4) 

0.49×10-3 

1.93 ×10-3 

[51] 

[51] 

Au NPs-glucan bioconjugates 0.33 ×10-3 [52] 

Au NPs 0.83 ×10-3 [53] 

γ-Alumina Films supported Pt NPs 

0.53 ×10-3 (first) 

0.36 ×10-3 (4th recycling) 

[54] 

Carbon nitride (C3N4) supported Pd-Pt 

NPs 

2.33 ×10-3 (first) 

1.45 ×10-3 (4th recycling) 

[55] 
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Table 3. Comparison of the kapp of the PVA-ATB-Pt NPs with different 

nanocatalytic systems using p-nitrophenol as a substrate (continue). 

The catalyst Kapp (s-1) Reference 

TAC-Ag-1.0 5.19×10-3 [56] 

AuNP/CeO2 (Au: 0.031 mg) 2.25 ×10-3 [57] 

RGO/PtNi (25:75) 1.12 ×10-3 [58] 

Dendritic Pt NPs 0.75 ×10-3 [59] 

230 nm Ni/SiO2 MHMs (Ni: 14.6 

wt %) 
4.50 ×10-3 [60] 
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4.3.3.2: Chemo-selective reduction of p-bromonitrobenzene to 

p-bromoaniline 

 The experimental conditions used for the reduction of 

4-bromonitrobenzene were similar to those employed for p-nitrophenol, 

with the exception that 4-bromonitrobenzene was dissolved in MeOH. The 

catalytic reduction of p-bromonitrobenzene to p-bromoaniline was 

monitored by the UV-visible spectroscopy and (GCMS). 

p-Bromonitrobenzene exhibited a characteristic absorbance peak at 277 nm, 

which disappeared within 15 min of the reaction after reduction with 

NaBH4 in the presence of PVA–ATB–Pt NPs as a nanocatalyst. At the 

same time, a new absorbance peak appeared at 238 nm, which is 

characteristic for p-bromoaniline as compared with the absorption spectra 

of a standard solution of p-bromoaniline. These spectral changes confirmed 

the reduction of p-bromonitrobenzene to p-bromoaniline (Fig. 9).  

The control experiment employed the same reaction conditions of the 

nanocatalytic experiment without the use of the nanocatalyst and it was 

performed to evaluate the catalytic efficiency in the absence of the 
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nanocatalyst. It is obvious that the reaction did not proceed without the 

nanocatalyst incorporation and the absorption peak of 4-bromonitrobenzene 

at 277 nm did not display any changes due to the lack of the mediator for 

electron transfer from the donor to the acceptor (Fig. 10). This signifies the 

crucial role of the nanocatalyst for concurrent occurrence of the reduction 

process as shown in scheme 4. GCMS was also utilised to confirm the 

successive nanocatalytic reduction of p-bromonitrobenzene to 

p-bromoaniline without hydrodebromination reaction. The signal of 

p-bromonitrobenzene appeared with a retention time of 11.61 min (Fig. 

11a). This signal completely disappeared after the nanocatalytic reduction 

catalysed by PVA–ATB–Pt NPs together with the appearance of a new 

signal with a retention time of 11.40 min, which could be attributed to the 

highly chemo-selective formation of p-bromoaniline (Fig. 11b). Mass 

spectrometry results confirmed the molecular weight of the product coming 

from the peak at a retention time of 11.40 min. It is noteworthy that, no 

peak coming from debrominated product by mass spectroscopy, only one 

clear peak coming from p-bromoaniline (Fig. 11c). Therefore, the 

successful transformation of p-bromonitrobenzene to p-bromoaniline using 
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PVA–ATB–Pt NPs as the nanocatalyst has been achieved. Table 4 displays 

the start and end retention time of the signals. From the integration of the 

signal of the product (p-bromoaniline), the conversion rate of 

p-bromonitrobenzene to p-bromoaniline was found to be ˃ 99%.  
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Figure 9. UV-vis iblespectra show the reduction of p-bromonitrobenzene to 

p-bromoaniline with PVA-ATB-Pt NPs as a catalyst (a) 15 minutes 

reduction, (b) absorbance of p-bromonitrobenzene before reduction, and (c) 

absorbance of p-bromoaniline solution. 
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Figure 10. UV-visible spectra of the control experiment of 

p-bromonitrobenzene, no reduction was performed; (a) absorbance of 

p-bromonitrobenzene before reduction, and (b) absorbance of 

p-bromonitrobenzene after 40 min of performing the control experiment. 

 

Scheme 4. The mechanism of hydride transfer for catalytic reduction of 

p-bromonitrobenzene by PVA-ATB-Pt NPs as a nanocatalyst. 
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Figure 11. GCMS chromatographs after the catalytic reduction of 

p-bromonitrobenzene to p-bromoaniline by PVA-ATB-Pt NPs. (a) 

Chromatogram of p-bromonitrobenzene, (b) Chromatogram of the resulting 

product of the reaction (p-bromoaniline), and (c) Mass spectrometry of the 

peak at 11.4 min in (b). 

c 
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Table 4. Displays the start and end retention time of the signals. 

Molecules Retention 

time (min) 

Start time of the signal 

(min) 

End time of the signal 

(min) 

4-Bromonitrobenzene 11.61 11.58 11.69 

4-Bromoaniline (the product) 11.40 11.36 11.44 

      

      Little efforts have been paid to the reduction of 

p-bromonitrobenzene to p-bromoaniline, partly due to the difficulty to 

suppress the hydrodebromination reaction since the Br―C bond is more 

sensitive to reduction than the Cl―C bond.61-64 In practice, some additives, 

either inhibitors or promoters, are added to the reaction in order to inhibit 

the hydrodehalogenation reaction.22,65–68 The prepared Pt NPs could 

catalyse the reduction of 4-bromonitrobenzene to p-bromoaniline without 

any additives. To the best of our knowledge, this is a rare example of the 

successive hydrogenation of p-bromonitrobenzene to p-bromoaniline with 

no concurrent hydrodebromination reaction (chemo-selective nanocatalyst) 

and without using any additives. This catalytic transformation of 

p-bromonitrobenzene to p-bromoaniline could be very beneficial in 
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pharmaceutical preparations. p-Bromoaniline is an essential compound for 

the preparation of biologically and medicinally active compounds such as 

anti-tumour, antimicrobial, and antimalarial agents as well as 

antihypertensive drugs.69–72 

4.3.3.3: Nanocatalytic reduction of hexacyanoferrate 

(oxidation-reduction reaction, redox reaction) 

The catalytic efficiency of the polymer stabilised Pt NP was also 

examined for inorganic nanocatalytic performance. The redox reaction 

between Na2 S2O3 and K3 [Fe (CN)6] was successively carried out using the 

prepared Pt NPs as a nanocatalytic system. The thiosulphate was oxidised 

and hexacyanoferrate was reduced by the transfer of electrons from S2O3
2- 

to Fe (CN)6
3- in the presence of PVA-ATB-Pt NPs as a nanocatalyst for the 

mediation of this transfer as shown in scheme 5. From the results in Fig. 12, 

it is obvious that, the characteristic absorption peaks coming from K3 

[Fe(CN)6] at 420 nm and 303 nm depleted with time due to reduction of K3 

[Fe(CN)6] by accepting the electrons from S2O3
2-. The Pt NPs, which was 

used as a nanocatalyst, catalysed the transfer of electrons from S2O3
2- to Fe 

(CN)6
3-. In the control experiment, the same experimental conditions were 
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utilised except instead of Pt NPs, water was used and almost no concurrent 

change was observed for the characteristic absorption peaks of K3 

[Fe(CN)6] at 420 nm and 303 nm (Fig. 13). The depletion of the 

characteristic absorbance peak at 420 nm was used to study the kapp of this 

redox reaction. The plot of ln (At/A0) versus the reaction time was shown in 

the Fig. 14 and it was a linear relationship, which indicates that the reaction 

followed pseudo-first order kinetic. The kapp for this catalysed reaction was 

determined from the slope of the linear relationship between ln (At/A0) and 

time. To the best of our knowledge, this is the second study for using of Pt 

NPs in catalysis of this oxidation-reduction reaction.54 The Kapp is 8.0 x 10-4 

s-1. This Kapp is more than 4 folds than that of first study employed Pt NPs 

loaded on mesoporous alumina films with a Kapp = 1.4 x 10-4 s-1.54 It is 

noteworthy that our prepared nanocatalyst is more active and effective than 

Pt NPs loaded on mesoporous alumina films in the term of this catalysed 

redox reaction:   

 

Scheme 5. The redox reaction between Na2 S2O3 and K3 [Fe (CN)6] 

PVA-ATB-Pt NPs as a nanocatalyst. 
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Figure 12. UV-visible spectra of the redox reaction display the depletion of 

the characteristic absorbance peaks of K3 [Fe (CN)6] due to the reduction of  

Fe (CN)6
3- to Fe (CN)6

4- by the nanocatalyst. 
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Figure 13. UV-visible spectra display the characteristic absorption peaks 

coming from K3 [Fe (CN)6] at 420 nm and 303 nm. These peaks did not 

change in the control experiment (same conditions except water was used 

instead of Pt NPs). 

 

Figure 14. The plot of ln (At/A0) at 420 nm versus the reaction time. 
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4.3.3.4: Carbon-carbon double bond reduction  

4.3.3.4.1: Reduction of cinnamyl alcohol to hydrocinnamyl alcohol 

GCMS was used to evaluate the hydrogenation of unsaturated 

cinnamyl alcohol to hydrocinnamyl alcohol. As shown in Fig. 15a, the 

signal coming from unsaturated cinnamyl alcohol appeared with a retention 

time of 12.1 min. Fig. 15b displays the appearance of a new signal with a 

retention time of 11.1 min, which is attributed to the hydrocinnamyl 

alcohol (reduced cinamyl alcohol), at the same time, the signal coming 

from cinnamyl alcohol completely disappeared. These GCMS spectral 

changes attributed to the addition of hydrogen to carbon-carbon double 

bond of unsaturated cinnamyl alcohol by NaBH4, which is mediated by the 

nanocatalyst, and finally gave hydrocinnamyl alcohol. These GCMS results 

imply the successive reduction of cinnamyl alcohol to hydrocinnamyl 

alcohol. Fig. 16 shows mass spectroscopy of the resulted reduced cinnamyl 

alcohol, which confirms its molecular weight. To the best of our knowledge, 

this is the only work that uses monometallic nanoparticles (Pt NPs only), 

without alloy nanoparticles complex as a nanocatalyst, and successively 

hydrogenates cinnamyl alcohol to hydrocinnamyl alcohol. This confirms 
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the broad spectrum of activity the prepared nanocatalyst. 

 

Figure 15. (a) Chromatogram of cinnamayl alcohol displays the retention 

time at 12.11min. (b) Chromatogram of reduced cinnamayl alcohol (the 

product) displays the retention time at 11.17 min.  
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Figure 16. The mass spectroscopy of the resulted reduced cinnamyl alcohol 

which confirms its molecular weight. 
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4.3.3.4.2: Reductions of polyaromatic hydrocarbons (PAHS)  

The evaluation of the nanocatalytic activity of Pt NPs for 

hydrogenation of anthracene as an example of PAHS was monitored by 

UV-visible spectroscopy. The anthracene solution has 3 characteristic 

absorbance peaks at 375 nm, 356 nm, and 339 nm, which completely 

depleted with time owing to the reduction of anthracene to its partially 

hydrogenated products where the absorbencies decreased gradually with 

time (Fig. 17). Fig. 18 indicates the time dependent absorbance of 

anthracene at 375 nm. 

Fig. 19 displays the absence of any change in the anthracene peaks 

even after 30 min in the control experiments, which employed the same 

experimental conditions except that water was used instead of the 

nanocatalyst. It is noteworthy that the nanocatalyst was active under harsh 

reaction conditions. The nanocatalyst is not supported by other 

nanocomposites, as it comprises of only Pt NPs. The nanocatalyst could 

catalyse the nanocatalytic reduction of anthracene in a high amount (2.25 

mmol, 1.50 M×1.50 mL) with the nanocatalyst amount of 0.47 mg and the 
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reaction completed within 30 min at 50 ºC. Our results are in agreement 

with the results obtained by Jacinto et al73 where they utilized Pt NPs 

supported by 12 nm magnetite nanocomposites coated with silica 

(Fe3O4@SiO2-Pt) for the reduction of anthracene. However, they used a 

lower amount of anthracene (0.028 mmol, 0.0056 M×5.00 mL) compared 

with ours, catalyst amount was 100 mg, which is much higher than our 

prepared nanocatalyst and the reaction completed within 4 h at 75 ºC. It is 

obvious that, our prepared nanocatalyst is more active and effective than 

the catalyst obtained by Jacinto et al.   

PAHs are highly resistant to hydrogenation under mild experimental 

conditions same as the most of fused aromatic rings. Therefore, this 

nanocatalytic hydrogenation done by Pt NPs, as a nanocatalyst is very 

crucial for important conversion of toxic and carcinogenic PAHs into safe 

and less toxic materials, which can be used in pharmaceutical preparations.  
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Figure 17. UV-visible spectra display the successive depletion of 

characteristic absorbance peaks of anthracene by using the prepared 

nanocatalyst. 

 

Figure 18. Time dependent absorbance of anthracene at 375 nm. 
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Figure 19. UV-visible spectra display the control experiment of anthracene 

reduction. 
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4.3.3.5: Nanocatalytic reduction of organic dyes 

a. Methyl orange (MO) 

     The reduction of dyes is a purely irreversible catalytic process, and it 

was used to highlight the broad-spectrum catalytic activity of the prepared 

nanocatalyst. The reduction of MO was monitored by UV-visible 

spectroscopy. The aqueous solution of methyl orange dye has a 

characteristic absorbance peak at 464 nm. This peak completely 

disappeared after reaction of MO with NaBH4 in the presence of Pt NPs as 

a nanocatalytic system, together with the disappearance of the orange 

colour of MO due to the reduction of azo group of methyl orange. 

Concurrently, a new peak appeared at 248 nm, which could be attributed to 

sulfanilic acid as a result of the breakdown of the azo bond. Therefore, we 

expected that sulfanilic acid is surely one of the resulting products of 

methyl orange reduction74-75 as it matched with the absorption spectrum of 

a standard solution sulfanilic acid (Fig. 20a). The control experiment was 

carried out to evaluate the reducing ability of NaBH4 alone. Subsequently, 

the characteristic absorbance peak of MO at 464 nm had no absolute 

concurrent change. This was attributed to the fact the reduction did not 
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proceed without involvement of the nanocatalyst (control experiment used 

the same conditions, except water was used instead of the nanocatalyst) as 

indicated in Fig. 20b. The nanocatalytic process occurred on the surface of 

the Pt NPs, where both reactants are adsorbed and the electron transferred 

from the donor (NaBH4) to the acceptor (MO) mediated by the 

nanoparticles, suggesting the reduction of azo group (–N N–) of MO as 

shown in scheme 6. Therefore, the effective catalyst as platinum, silver, or 

gold nanoparticles should have a redox potential value located in between 

the electron donor and electron acceptor values to mediate the electron 

transfer. Thereby, the electron relay system will be facilitated by 

overcoming the kinetic barrier.76  
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Figure 20. UV-visible spectra of organic dyes (MO) reduction, a: 

Degradation of the dye (nanocatalyst incorporation), b: No degradation of 

the dye without using the nanocatalyst (control experiment). 
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Scheme 6. Mechanism of catalytic reduction of methyl orange by 

PVA-ATB-Pt NPs as a nanocatalyst. 

As known, the organic dyes are soluble in water, organic solvent 

and it was revealed to be potentially toxic, carcinogenic with mutagenic 

effects.77,78 The organic dyes induce serious problems for the environment, 

ecosystem and aquatic organisms by interfering with the entrance of 

sunlight into the water79,80 due to its presence in the waste water of 

pharmaceutical plants. Therefore, there is a need to remove these dyes by 

introducing efficient, green and inexpensive methods to get rid of their 

serious effects. Waste water treatment includes physical-chemical, 

adsorption, and biological methods, however these methods are not green, 

and are ineffective because of aromatic structural stability of the dyes, and 

are expensive and time consuming as well.81,82 Recently, the breakdown of 

organic dyes by metal-based nanoparticles as a nanocatalyst has attracted 

attention. The metal nanoparticles catalyse the reduction by enhancing the 
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electron relaying system from the electron donor (NaBH4) to the electron 

acceptor (organic dyes).83 This method is an efficient degradation method, 

which is a green, rapid method for degradation of the pollutants and it gives 

degradable products such as aromatic amines, which are easily breakdown 

by microorganisms.84,85  

b. Methylene blue (MB) 

     Methylene blue is an aromatic heterocyclic chemical compound 

(3,7-bis(dimethylamino)-phenothiazin-5-iumchloride). The nanocatalytic 

experiment was monitored by the UV-visible spectroscopy. A freshly 

prepared aqueous solution of methylene blue (MB) has two characteristic 

absorbance peaks, the first peak appeared at 664 nm with a shoulder at 614 

nm and the second peak appeared at 292 nm.86 It is noteworthy that, in the 

absence of the nanocatalyst (control experiment), almost no concurrent 

changes occurred to the characteristic absorbance peaks of MB even after 3 

h (Fig. 21) and it maintained its blue colour without change. These signs 

indicate that no concurrent reduction of MB occurred by utilising NaBH4 

only, without involvement of the nanocatalyst (control experiment). By the 
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contrast, after incorporation of the nanocatalyst in the reduction process as 

a nanocatalytic experiment, the two characteristic absorbance peaks 

completely depleted within 1 min after addition of the nanocatalyst as 

demonstrated by the UV-visible spectroscopy (Fig. 22) and visual notice of 

fading the characteristic blue colour of MB. These observations were 

suggesting the reduction of MB to leuco-methylene blue (LMB)87,88 and 

indicate the ability of the prepared nanocatalyst to catalyse the reduction of 

MB successively and effectively. The nanocatalyst acted as electron 

transport mediator from NaBH4 to MB where the redox potential of the 

nanocatalyst was allocated in between the electron donor (NaBH4) and 

electron acceptor (MB). Additionally, the nanocatalyst has decreased the 

activation energy of the reaction and thus, facilitate the transformation 

process.89 This catalytic reduction of MB is a very crucial process as MB 

has harmful health hazards such as nausea, vomiting, diarrhoea, and 

breathing insufficiency,90 therefore, it should be degraded by its reduction 

to avoid these hazards during the manipulation of the dye in pharmaceutical 

preparation. Table 5 indicates the comparative study of nanocatalytic 

efficiency between the as-prepared nanocatalyst and other nanocatalysts in 
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the reported literature in terms of the reductive hydrogenation of MO and 

MB organic molecules. This nanocatalytic difference indicates the high 

activity and affectivity of our prepared nanocatalyst. 
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Figure 21. UV-vis absorption spectra of control experiment of MB 

reduction indicate no concurrent reduction in the absence of the 

nanocatalyst. 

 

Figure 22. UV-vis absorption spectra of MB indicate successful reduction 

after addition of the nanocatalyst. The color of MB did not change in 

control experiment (a), while it faded in nanocatalytic experiment (b).  
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Table 5 indicates the comparative study of nanocatalytic efficiency 

between the as-prepared nanocatalyst and other nanocatalysts in the 

reported literature in terms of reductive hydrogenation of MO and MB 

organic molecules 

 

 

  

Nanoatalyst Substrate Conc. 

(mM) 

Moles of 

substrate 

Moles of 

nanocatalyst 

Nanocat. 

mole% 

Turnover 

number 

(TON) 

Time of 

reduction 

Reference 

Ag NPs Methyl 

orange 

3.05×10-2 3.05×10-7 5.88×10-6 0.192 0.0518 24 h 91 

Ag NPs Methylene 

blue 

3.12×10-2 3.12×10-7 5.88×10-6 0.188 0.0530 24 h 91 

 

Pt NPs Methyl 

orange 

3.00 3.00×10-6 0.190×10-6 0.000633 15.7 5 min This 

work 

Pt NPs Methylene 

blue 

10.0 10.0×10-6 0.152×10-6 0.000152 65.7 1 min This 

work 

Ag NPs Methylene 

blue 

10.0 10.0×10-5 2.99×10-6 0.000299 33.4 10 min 92 
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Table 5 (Continue)  

     

Nanoatalyst 

Substrate Conc. 

(mM) 

Moles of 

substrate 

Moles of 

nanocatalyst 

Nanocat. 

mole% 

Turnover 

number 

(TON) 

Time of 

reduction 

Reference 

Ag NPs and 

graphine oxide 

Ag NPs 

MB 1.00×10-3 1.50×10-9 0.475×10-6 3.16 0.00315 

15 min 

(Ag 

NPs) 

and 30 

min 

(GO-Ag 

NPs) 

93 

Biosynhesized 

Ag NPs 

MO, 

MB 
1.00 1.00×10-6 5.81×10-7 0.00581 1.72 

7 min 

(MO) 

and 9 

min 

(MB) 

94 

Ag NPs MB 0.100 1.00×10-6 1.71×10-6 0.0171 0.583 20 min 95 

β-Cyclodextrin 

coated Au 

nanochains 

MB 3.00×10-2 7.50×10-8 1.20×10-7 0.0160 0.625 12 min 96 

Cu NPs loaded 

mesoporous 

silica SBA-15 

(Cu@SBA-15) 

MO 

2.8×10-2 63.0×10-8 5.86×10-6 0.0930 0.107 5.0 min  97 

Cu@SBA-15 MB 9.00×10-2 202×10-8 5.86×10-6 0.0290 0.344 8 min  
97 
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4.4: Conclusion 

   In this study, an efficient, robust, chemo-selective, broad-spectrum, 

and recyclable Pt NPs catalyst was prepared. The PVA–ATB polymer was 

synthesised from acrylated PVA modified with p-aminothiobenzene. This 

polymer was used as a reductive stabiliser for the synthesis of the Pt NPs. 

This nanocatalyst was synthesised by a chemical reduction method formed 

of an organic (PVA–ATB polymer)-inorganic hybrid (Pt) system with an 

average particle size of 12.6 ± 5.7 nm. The nanocatalytic activity of the 

prepared nanocatalyst was evaluated in various experiments for 

nanocatalytic performance of these experiments and all of them returned 

with positive achievements with high efficiency and chemo-selectivity. All 

of the catalysed experiments are of great importance in pharmaceutical 

preparations, which indicates the potentiality and the promising 

applicability of the prepared nanocatalyst. 
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Chapter 5: Summary of the results  

 In chapter 1, an overview on the historical aspects, preparation 

methods, characterising techniques and stabilisation of metal nanoparticles 

in the colloidal solutions has been discussed. Also, the principals of 

biomedical and chemical applications of noble meal nanoparticles have 

been clarified.  

In chapter 2, new reductive stabilisers 1 and 2 have been developed. 

Au NPs can be synthesised and stabilised by ω-Sulfonylated 

Alkylsulfanylaniline 1 and 2 by the spontaneous reaction of HAuCl4 and 1 

or 2 in an aqueous solution of pH 8. The reaction yielded spherical 1-Au 

NPs with an average size of 11.2 ± 5.9. The 1-Au NP, which have been 

prepared by this method, are stable in adverse conditions such as highly 

acidic conditions, highly basic conditions and in high salt concentrations 

such as PBS, which is commonly used in biological media. The 1-Au NP 

were successfully re-dispersed after the dryness-redispertion cycle either 

directly after dryness or after keeping in air at room temperature for at least 

2 weeks, which confirms the stability of the particles. Surface modification 
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of the 1-Au NP can occur through ligand exchange reaction with thiol 

molecules. Ligand exchange was monitored by the strong absorbance peak 

of thiol molecule rather than that of ω-sulfonylated alkylsulfanylaniline, 

which is very faint. These advantages suggested that 1-Au NP can be an 

attractive alternative for citrate- or ascorbate-stabilised Au NPs, particularly 

in biological and biomedical applications 

In Chapter 3, we synthesised and characterised a novel 

paclitaxel-DNA-Au NPs bio-conjugate for targeted drug delivery of 

paclitaxel. Paclitaxel was modified by succinic anhydride to give 

succinyltaxol terminated with carboxylic group. Then, succinyltaxol was 

loaded on the surface of ω-sulfonylated alkylsulfanylaniline Au NPs 

through DNA oligonucleotides linker. The synthesis of the bio-conjugate 

was characterised by a LCMS and UV-visible spectroscopy. The 

drug-loaded NPs showed a significant anticancer activity against SK-BR3 

breast cancer cells and neuro 2a brain tumour cells. Therefore, this drug 

delivery strategy suggested enhanced cellular uptake in comparison with 

the free drug and subsequently, efficient antineoplastic action. Our results 

imply that the paclitaxel-DNA-Au NPs bio-conjugate could have high 
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potentials to be used for targeted chemotherapy for treating neoplastic 

diseases. 

In chapter 4, a stable PVA–ATB–Pt NPs with an efficient catalytic 

reduction activity, recyclability, and chemo-selectivity were prepared. The 

PVA–ATB polymer was synthesised from acrylated PVA modified with 

p-aminothiobenzene. This polymer was used as a reductive stabiliser to 

form PVA–ATB–Pt NPs (organic-inorganic hybrid system) in a one-step 

reaction. The Pt NPs solution was obtained by the reaction of H2PtCl6 with 

the polymer in boiling water under stirring. The colour of the solution 

changed from faint yellow to dark brown owing to the formation of the Pt 

NPs. The formation of the Pt NPs was pH dependent; small and stable 

nanoparticles were formed at pH 8. The as-prepared Pt NPs were 

characterised by UV-visible spectra and TEM. The average particle size of 

the prepared Pt NPs was 12.6 ± 5.7 nm. The synthesised nanoparticles 

showed a good catalytic reduction activity as demonstrated by the standard 

hydrogenation of p-nitrophenol. It was found that the PVA–ATB–Pt NPs 

exhibited a higher turnover number and apparent rate constant when 

compared to other nanocatalysts in the literature. Furthermore, the 
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nanocatalyst could be reused for at least six successive catalytic cycles. The 

PVA–ATB–Pt NPs also possessed the ability to catalyse the conversion of 

p-bromonitrobenzene to p-bromoaniline with high chemo-selectivity and 

no concurrent hydrodebromination reaction without using any additives. In 

addition, the nanocatalyst possessed a broad spectrum and wide scope 

nanocatalytic activity where it could catalyse the reduction of 

hexacyanoferrate (oxidation reduction reaction). Moreover, the wide scope 

nanocatalytic activity includes the hydrogenation of carbon-carbon double 

bond; where it could catalyse the reduction of cinnamayl alcohol to 

hydrocinnamyl alcohol and antharacene reduction to its partially 

hydrogenated products as well. Furthermore, the nanocatalyst could 

catalyse organic dyes degradation to less toxic and beneficial compounds. 
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