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Abstract 
Platinum nanoparticles (PtNPs) are the key catalyst of proton exchange membrane fuel cells 

(PEMFC); however, their degradation may pose a potential health risk if they are inhaled and 

translocate across the lungs gaining access to the bloodstream, where they will encounter 

platelets. Platelets are critical to the cardiovascular system where they maintain haemostasis 

(leading to cessation of bleeding). On the other hand, excessive activation of platelets underlies 

a variety of thrombotic diseases including ischaemic stroke and heart attack. Activation of 

platelets has been observed by nanoparticles including diesel exhaust particles in vitro, 

nonetheless, not much is known on how the physicochemical properties of the nanoparticles 

influence platelet activation. This thesis aims to create an array of PtNPs exhibiting negative, 

positive, and neutral charges, and to investigate their ability to induce activation of human 

platelets including aggregation. Citrate capped PtNPs were synthesised and characterised by 

TEM, DLS, zeta potential and XPS for size, surface charge and surface composition. Alkane and 

polyethylene glycol (PEG) thiols and other surface modifying compounds were used to 

functionalise these PtNPs to exhibit negative, positive, and neutral charges via ligand exchange 

and synthesis methods. Following characterisation, functionalisation of PtNPs was met with 

varying degrees of success. It was revealed the negatively and neutrally charged PtNPs were 

only partially functionalised by the alkane and PEGylated thiols. Positively charged PtNPs were 

found to be unstable. Albeit these partially functionalised PtNPs were assessed in platelet 

activation and aggregation. Negatively charged and neutrally charged PtNPs were unable to 

induce platelet aggregation, while platelet aggregation was observed by citrate capped PtNP. 

Platelet aggregation was found to be influenced by the zeta potential of PtNPs. 
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Chapter 1 Introduction 

1.1 Nanotechnology 

Nanotechnology is a rapidly evolving field with a plethora of applications in medicine, biology, 

engineering, chemistry, and physics. It is described as the science, engineering and technology 

executed on the nanoscale. For a particle to be classed as a `nanoparticle’ it must exhibit at 

least one dimension within the 1 – 100 nm range, thus allowing for nanoparticles of different 

geometries.1, 2  The concept of nanotechnology was first introduced by American physicist and 

later Nobel Prize Laurette Richard Feyman in his 1959 lecture `There’s Plenty of Room at the 

Bottom’.3  

 

While nanotechnology seems relatively new, it has been around since the early 4th century. The 

earliest example and most extraordinary piece of nanotechnology is the Roman artefact the 

Lycurgus cup. A remarkable feature of this cup is its colour, the cup consists of 70 nm colloidal 

gold and silver nanoparticles dispersed throughout the glass which contribute to its dichroic 

effect. In scattered light the Lycurgus cup appears green due to the silver nanoparticles (AgNPs) 

and in transmitted light it appears red from the presence of gold nanoparticles (AuNPs).4 

Artisans would often create objects unaware that they were using nanotechnology in their 

work. Another example dating back to 900 AD is Damascus steel. Remnants of cementite or 

iron carbide nanowires encapsulated by carbon nanotubes were discovered in an ancient 

Damascus sabre. It was assumed that these nanomaterials contributed to the mechanical 

properties of the sabre.5 
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1.2 Applications in Nanotechnology  

Today nanotechnology has influenced all aspects of science. The nature of nanoparticles has 

provided fundamental developments in medicine, biology, electronics and hydrogen fuel cells 

to name a few, see Figure 1.1. This is largely due to its attractive feature of large surface area 

to volume ratios compared with bulk materials.6 In the next section, the applications of 

nanotechnology will be discussed in further detail. 

 

Figure 1.1 Applications of nanotechnology. Nanotechnology has been applied in various different fields, 

these include medicine, fuel cells, electronics, industrial, environmental and food agriculture. 

 

1.2.1 Nanomedicine  

As the name suggests, nanomedicine is an application of nanotechnology in biomedicine. The 

most explored nanoparticles in nanomedicine are gold, silver, iron, and platinum. As a result of 

their low toxicity, simple synthesis and high versatility, AuNPs have been heavily explored in 

nanomedicine, especially in drug delivery. Recent work by Salamone et al.7 demonstrated the 

promising potential of AuNPs with the anticancer therapy drug methotrexate (MTX) in 

neuroblastoma cells. AuNPs were synthesised with the hydrophilic thiol 3-mercapto-1-

propanesulfonic acid (3-MPS) to enable the uptake of MTX molecules on the nanoparticle 
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surface to form a AuNP-MTX conjugate. In vitro assessment of cell viability in neuroblastoma 

cells, found AuNP-MTX to be more effective compared to free MTX alone and free AuNPs which 

had no effect at all. Amongst the different metallic nanoparticles, AgNPs have shown 

exceptional antimicrobial activity. In a comparison study of negatively and positively charged 

AgNPs, high bactericidal activity was observed by the positively charged AgNPs on gram-

positive and gram-negative bacteria. The study proposed that the effectiveness of antibacterial 

activity was due to the electrostatic attraction between positively charged AgNPs and the 

negative charge carried by the bacterial cell walls.8   

 

Iron oxide nanoparticles (IONPs) have played a significant role in MRI (magnetic resonance 

imaging) as contrast agents. Superparamagnetic iron oxide nanoparticles (SPIONs) have been 

extensively employed for their diagnostic visualisation of tumours and metastases. 

Intravenously injected SPIONs have demonstrated rapid uptake into the liver, thus, enabling 

the visualisation of lesions on the cancerous livers. SPIONs not only provide a visualisation for 

diagnosis but allows for the staging of the disease.9  

 

Platinum nanoparticles (PtNPs) have been applied in several areas including glucose sensing, 

drug delivery and nanozymes. The development of glucose biosensors is crucial for the 

management and monitoring of patients with diabetes; PtNPs have enhanced the 

electrochemical performance to sense glucose, thus, providing high sensitivity and low 

detection limits. Recently, polyethylene glycol (PEG) modified PtNPs were immobilised on an 

indium tin oxide electrodes for glucose detection at 15 mM.10  
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For anticancer activity, mesoporous PtNPs were surfaced modified by PEG, loaded with the 

chemotherapy drug Doxorubicin, and assessed for their anticancer activity. The mesoporous 

structure of the PtNPs enabled the loading of more Doxorubicin via electrostatic absorption. 

Combined with laser irradiation, these modified PtNPs significantly improved the anticancer 

effect and killed up to 84% of the cancer cells.11    

 

1.2.2 Electronics  

As a result of their high electrical conductivity, metallic nanoparticles including gold, platinum, 

silver and palladium have been utilised as metallic inks for electronic devices.12 Work by Im et 

al.13 found printed gold films produced from AuNP inks experienced microcracks and pores 

from thermal induction, which subsequently led to poor integrity of the printed film. By 

functionalising the AuNPs with the alkanethiol octanethiol (OT) followed by 3-

mercaptopropionate (3-MTP) as a cohesion enhancer to link together the AuNP-OTs. This 

functionalisation prevented microcracks and pores and improved electrical conductivity. 

Similarly, Sels et al.14 demonstrated that functionalisation of PtNPs with dodecanethiol (DDT) 

provided stability to the PtNP inks in use for printing and fabrication of platinum films. The 

PtNP-DDT ink presented high conductivity when dispersed in a toluene/terpineol mix and 

demonstrated a resistive PtNP-DDT heater by inkjet printing.  

 

1.2.3 Hydrogen fuel cells  

Owing to the current climate crisis, much attention has been focused on fuel cells as an 

alternative renewable energy. With low carbon dioxide (CO2) emissions, hydrogen fuel cells are 
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one of key renewable energies that can deliver a clean sustainable energy system; proton 

exchange membrane fuel cells (PEMFC) are promising candidates with their primary application 

in automobiles but also stationary and portable devices. PEMFC are ideal for automobiles as 

they operate at a low temperature range (60 - 120OC) and use hydrogen and oxygen to produce 

electricity and water, Figure 1.2. The electricity generated would power the vehicle, while the 

water would leave the exhaust pipe.15 Nanotechnology plays a pivotal role in PEMFC as 

platinum nanoparticles (PtNPs) are employed as catalysts due to their high catalytic activity 

amongst other transition metals; PtNPs of 3 - 5 nm supported on carbon black are situated on 

the anode and cathode of the PEMFC, where they catalyse the hydrogen oxidation reaction 

(HOR) and the oxygen reduction reaction (ORR), respectively, thus producing electricity and 

water. Challenges still remain in the commercialisation of PEMFC as their components are 

expensive (i.e. the platinum catalyst), poor cathodic reactions and degradation and aggregation 

of the catalyst.16, 17  
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Figure 1.2 Platinum nanoparticles as catalysts for proton exchange membrane fuel cells. PtNPs of 3 – 5 

nm on carbon black are located on the anode and cathode of the PEMFC and catalyse both hydrogen 

oxidation reaction (HOR) and the oxygen reduction reaction (ORR). 

 

1.3 Synthesis and functionalised nanoparticles 

1.3.1 Top down and bottom up 

Metallic nanoparticles can be synthesised to have different physicochemical properties such as 

size, shape, and surface charge. Nanoparticle synthesis methods can be categorised into two 

main groups: 1) top-down approach and 2) bottom-up approach, as illustrated in Figure 1.3. 

Within these categories there are numerous methods that can be utilised for nanoparticle 

synthesis. Top-down approaches are destructive methods where the bulk material is broken 

down or decomposed into smaller units, which are then converted into nanoparticles. Top-

down methods include laser ablation, chemical etching and mechanical milling to name a few. 

An advantage of top-down methods is their largescale production and low impact on the 
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environment. A limitation of these methods is that they require specialist equipment, can be 

energy demanding, can produce a broad particle distribution with varied morphologies, have 

high impurities and waste of raw materials.18-20 

 

Figure 1.3 Illustration of top-down and bottom-up approaches for nanoparticle synthesis. Top-down 

approaches involve physical methods such as laser ablation or chemical etching. Bottom-down 

approaches use chemical synthesis methods such as chemical synthesis or sol-gel. 

 

Conversely, bottom-up approaches involve producing nanoparticles starting from atoms, which 

then form clusters and finally nanoparticles. Bottom-up approaches use constructive methods 

for synthesising nanoparticles. Some of these methods are chemical reduction, green synthesis, 

chemical vapour deposition and sol-gel process. Bottom-up approaches can produce 

nanoparticles with narrow size distribution and consistent morphologies and can lead to large 

scale production. Unfortunately, the disadvantage of bottom-up methods is that they can be 

costly and requires the removal of unwanted by-products.18-20 
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1.3.2 Chemical reduction of metallic nanoparticles  

Chemical reduction methods are frequently used for synthesising metallic nanoparticles such 

as gold, silver and platinum.21-23 The synthesis methods are based on early works by Turkevich 

et al.21 and later Frens,24 where the method for synthesising gold nanoparticles (AuNPs) 

involved the reduction of the gold precursor chloroauric acid by sodium citrate. Sodium citrate 

served as both reducing and capping agents in these experiments. This initial work led the way 

for other modified synthesis methods for other metallic nanoparticles, in particular seed 

mediated synthesis. Seed mediated synthesis, is a nucleation process whereby the metallic 

seeds are utilised as a template to grow larger nanoparticles,25, 26 as illustrated in Figure 1.4. 

Bigall et al.27 adopted this approach to synthesise monodisperse platinum nanoparticles 

(PtNPs) of various sizes. First, platinum seeds were synthesised by the reduction of the platinum 

precursor chloroplatinic acid hexahydrate (H2PtCl6.H2O) by the strong reducing agent sodium 

borohydride (NaBH4). These platinum seeds were stabilised by sodium citrate. Using these 

platinum seeds, larger PtNPs were synthesised by a second reduction of H2PtCl6.H2O but with 

the milder reducing agent, L-ascorbic acid.  
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Figure 1.4 Seed mediated synthesis for metallic nanoparticles. (a) metallic seed synthesis, (b) metallic 

nanoparticle synthesis and (c) capping agents’ sodium citrate and thiols. 

 

The choice of reducing agents is imperative for successful synthesis. NaBH4 is a strong reducing 

agent and facilitates the reduction of metallic precursors instantaneously, by contrast L-

ascorbic acid is a milder reducing agent and works over a longer period of time. Capping agents 

play an equally significant role in metallic nanoparticle synthesis, namely, the capping agents 

influence the controlled growth of nanoparticles. The most common capping agent for metallic 

nanoparticles is sodium citrate. Citrate ions physisorb onto the nanoparticle surface to form an 

electric double layer (EDL) but are non-covalently bound. The citrate ion exhibits a negative 

charge from its carboxylic acid groups, this negative charge produces electrostatic repulsion 

between the neighbouring nanoparticles, thus, stabilising them.21, 24, 28 Surfactants such as 

cetrimethylammonium bromide (CTAB) are also employed as capping agents for metallic 

nanoparticles. Similar to citrate ions, CTAB also physisorbs onto the nanoparticle surface but 

(a) 

(b) 

(c) 
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forms a bilayer, the positive charge from the ammonium group creates electrostatic repulsion 

amongst the neighbouring nanoparticles.29-31 Thus, capping agents not only protect the 

nanoparticle core but they can also provide functionality to the nanoparticle. Table 1.1 provides 

examples of common ligands used to functionalise metallic nanoparticles.  

 

Table 1.1 Common ligands used to coat metallic and metal oxide nanoparticles. 

Nanoparticle composition  Ligands 

Metallic nanoparticles  Thiols (-SH) 
 Amines (-NH2) 
 Carboxyl (-COOH) 
 PEG (-CCO) 
 PEG-thiols  
 Citrate (-COOH 
 Phosphines (-PR3) 

Metal oxide nanoparticles  Carboxyl (-COOH) 
 Amines (-NH2) 
 Hydroxyl (-OH 
 Phosphonyl (-PO(OH)2) 

 

 

1.3.3 Self-assembled monolayers by thiols  

Self-assembled monolayers (SAMs) are described as the ordered assembly of organic molecules 

that have adsorbed onto a surface to create a 2D monolayer.32  Early method development of 

SAMs was pioneered by Nuzzo and Allara,33 their work demonstrated sulphur bonds on gold 

substrates by the adsorption of disulphides (R-S-S-R) in solution. Along with gold substrates, 

SAMs formation by alkanethiols have been observed on other noble metal surfaces including 

silver, copper and platinum films for wettability, corrosion studies and electronic devices.34, 35  

A typical SAM monomer unit comprises of three parts, the head group which directs the 
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process of self-assembly to the substrate, a tail or chain which is the spacer molecule and a 

functional group as illustrated in Figure 1.5 (a). The chain interacts with neighbouring chains via 

Van der Waals interactions to form a well-ordered SAM. The functional group determines it 

surface properties. In the case of alkanethiols, the mercapto group (SH) is the head group which 

forms a thiolate with a metal substrate, a spacer alkane chain and a functional head group such 

as carboxyl group (COOH) or an amino group (NH2),36  as shown in Figure 1.5 (b).  

 

Figure 1.5 Self-assembled monolayer monomer structure on a gold substrate. (a) a typical SAM monomer 

exhibits a head group that binds to the substrate, a chain which is the spacer and a functional group. (b) 

an alkanethiol SAM monomer has a mercapto group which binds to the gold substrate, an alkanethiol 

chain and a functional group with a negative charge. 

 

SAM formation by alkanethiols on gold surfaces is driven by the chemisorption of the thiol 

molecules onto the gold substrate to form a gold-thiol bond.32  The mechanism by which this 

occurs is divided into 3 phases, the first of which is the rapid physisorption of the monomer 

alkanethiol units onto the gold substrate, followed by a slower of chemisorption where the 

gold-thiol bond is formed and the alkanethiols units become ordered,37 as shown in Figure 1.6. 

In the physisorption phase, the monomer alkanethiol units are in a `lying down-position’ where 

(a)           (b) 
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they form Van de Waals interactions. As the surface coverage by the monomer units increases, 

the SAM alkanethiols undergo transition from the lying down position to the `standing up 

position.’ In parallel with forming covalent bonds with the gold substrate, the thiol molecules 

and become densely packed.36, 38  

 

Figure 1.6 Phases of self-assembled monolayer formation by the alkanethiol 6-mercaptohexanoic acid 

(6-MHA) on a gold substrate. (a) Physisorption of 6-MHA, (b) chemisorption of 6-MHA and (c) 

rearrangement of 6-MHA.  

 

Alkanethiols and disulphides form SAMs on curved surfaces i.e. nanoparticles, SAM formation 

on metallic nanoparticles enables them to become functionalised as well as stabilised.39-41 

There are two approaches that can be applied for functionalising metallic nanoparticles, first,  

the direct synthesis of the nanoparticle in the presence of the thiol. Second, post synthesis 

functionalisation via ligand exchange. These will be discussed in more detail in the next section.  

 

(a)                                                   (b)                                                      (c)  
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1.3.4 Thiol functionalisation of nanoparticles in synthesis  

Functionalisation of nanoparticles is largely dependent on the nature of the thiol compounds 

and their tolerance to the reducing conditions used in nanoparticle synthesis. 3- MTP is a water-

soluble thiol compound, AuNPs functionalised by 3-MTP through the reduction of the gold 

precursor chloroauric acid by sodium citrate have resulted in AuNP-3-MTP of sizes ranging from 

2.3 to 10 nm,  this sizing was dependent on the ratio of the thiol:gold precursor.42 More 

recently, Cerra et al.43 synthesised AuNPs with 3-MPS for investigating the interaction 

mechanism between AuNP-3-MPS and melamine. The synthesis involved the reduction of the 

gold precursor tetrachloroauric acid by NaBH4 with 3-MPS as the capping agent, this formed 

AuNP-3-MPS of 5-6 nm. 

 

PtNPs have also been synthesised with an array of thiol compounds, early work by Yee et al.44 

describes the synthesis of thiol functionalised PtNPs with octandecanethiol (ODT) as a capping 

agent. As ODT is a hydrophobic thiol, synthesis was performed in tetrahydrofuran (THF) and 

reduced by lithium triethylborohydride (LiTEBH) to give a hydrophobic functionality to the 

PtNPs. Similar to the AuNPs functionalised by MTP and MPS, these functionalised PtNPs had 

small diameters with an average of 4 nm. Eklund et al.45 continued by synthesising thiol 

functional PtNPs by employing two synthesis methods. For hydrophobic thiol compounds 

hexanethiol, 2-phenylethenthiol and dodecanethiol, PtNPs were synthesised following the 

method by Yee et al.44 with THF and LiTEBH. By contrast, for the water-soluble thiols tiopronin, 

glutathione and mercaptoammonium, PtNPs were synthesised in a similar manner to AuNP-2-

MPS, where NaBH4 was used as a reducing agent. These thiol functionalised PtNPs had 
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diameters ranging from 2 to 3 nm. Collectively from these studies, it is apparent that the 

limitation of this approach is the size of the nanoparticles produced. Additionally, the size of 

the nanoparticles is dependent on the thiol:metal precursor ratio. Direct functionalisation of 

nanoparticle by thiols is a desirable method when nanoparticles of <5 nm are required. 

Conversely, to functionalise larger nanoparticles, a primary capping agent is required which can 

then be exchanged for a thiol compound.  

 

1.3.5 Thiol functionalisation of nanoparticles by ligand exchange  

Ligand exchange is a displacement method whereby existing capping agents are displaced 

enabling the functionalisation of the nanoparticles. This approach is favourable when the thiol 

of interest is not compatible with the reducing conditions in nanoparticle synthesis. Capping 

agents such as sodium citrate, CTAB and phosphines physisorb onto the nanoparticle surface 

and are non-covalently bound which renders them displaceable.39 In a typical ligand exchange 

reaction with citrate capped AuNPs, AuNPs are incubated with free thiols in a large excess from 

30 minutes up to 18 hours depending on the thiol chain length, with longer alkanethiols 

requiring longer incubation periods.46  The non-covalently bound citrate ions are displaced off 

the AuNP surface by the thiol molecules; as the thiols form covalent bonds with gold surfaces, 

this displacement is driven by the gold-sulphur bond formation.39, 41, 47 Stolarczyk and 

colleagues,48 demonstrated a ligand exchange approach to examine the effect of the prostate 

cancer drug abiraterone on epithelial cells derived from prostate cancer (PTN-2). AuNPs were 

conjugated through ligand exchange with a thiolate form of abiraterone, thioabiraterone (S-

AB) to form AuNP-S-AB. Initially, citrate capped AuNPs of 14.5 nm were synthesised using the 
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classic Turkevich method.21 Post-synthesis, AuNPs were incubated with thiobiraterone for 4 

hours to form AuNP-S-AB. Characterisation by nuclear magnetic resonance (NMR) and infrared 

spectroscopy (IR) confirmed the presence of thiobiraterone on the surface of the AuNPs; while 

thermogravimetric analysis (TGA) demonstrated a 40.9% surface coverage by thioabiraterone. 

Cell viability assays on PTN-2 cells indicated AuNP-S-AB was more biocompatible compared to 

thioabiraterone and abiraterone, thus, demonstrating a promising novel treatment for prostate 

cancer. 

 

Chemisorption of some alkanethiols onto nanoparticle surfaces can also lead to nanoparticle 

aggregation. To circumvent this issue, Aslan and Perez,49 used the non-ionic surfactant 

Tween20 to stabilise AuNPs prior to functionalisation by 11-mercaptoundecanoic acid (11-

MUDA) and 16-mercaptohexadecanoic acid (16-MHDA). 20 nm citrate capped AuNPs 

underwent ligand exchange with Tween20 for 20 minutes to allow the physisorption of 

Tween20 and the displacement of the citrate ions off the AuNP surface. In subsquent 

experiments, AuNP-Tween20 were incubated with 11-MUDA and 16-MHDA. Characterisation 

by UV observed a shift in the absorbance of AuNP-16-MHDA suggesting a ligand exchange. 

However, it remains unclear if this is a viable method for ligand exchange as UV absorbance 

was the only characterisation method used; further surface analysis of AuNPs at the different 

ligand stages of ligand exhange is required. XPS would confirm if ligand exchange had taken 

place for both AuNP-11-MUDA and AuNP-16-MHDA.  
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Disulphides are favourable molecules for ligand exchange as they form well ordered SAMs by  

the two thiolates they form. Unlike the typical thiolate SAM formation discussed in section 

1.3.3, the disulphide bond breaks allowing two thiolate bonds.36, 50  Thioctic acid (TA) has been 

a common choice for functionalisation of metallic nanoparticles as an intermediate for further 

functionalisation by proteins and other thiols.40, 51  Recent work published by Guzmàn-Soto et 

al.52 reported the functionalisation of citrated AgNPs by TA, which were subsequently 

functionalised with human serum albumin (HSA) to form a stabile nanoparticle-protein hybrid. 

Covalent bonds were formed through the carboxylic functionality of AgNP-TA and the amides 

of HSA. Early investigations by Lin et al.53 demonstrated the two step method whereby the 

functionalisation of citrated capped AuNPs by TA allows functionalisation by other thiol 

molecules. The displacement rate of citrate ions by TA is much slower compared with a typical 

thiol as the disulphide bond needs to be broken first and this does not occur with thiols, thus, 

there is opportunity for other thiols molecules to assemble and sterically stabilise the 

nanoparticle. Surprisingly, 80% of TA molecules are displaced from the AuNPs in this method.  

 

1.3.6 Mechanism of ligand exchange on nanoparticles 

Although these studies demonstrate methods and characterisations for ligand exchange, the 

mechanism of ligand exchange of citrate capped nanoparticles remains unclear. Work by Dinkel 

et al.39 describes a `fast and slow’ ligand exchange of citrate for 3-MPS on AuNPs using second-

harmonic light scattering (SHS) and 2-photo fluorescence (2-PF). The addition of 3-MPS to 

AuNPs in solution observed a significant decrease in intensities of both SHS and 2-PF. This was 

assigned to displacement of the citrate ions and adsorption of 3-MPS onto the AuNP surface. 
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Surface coverage was correlated with intensity decrease; the eventual saturation of the 

decreased intensity was attributed to the chemisorption of 3-MPS. Displacement and 

adsorption were assigned to the fast phase as this occurred at less than one hundred seconds, 

while the chemisorption and coordination of 3-MPS relates to the slow phase which was 

completed at 23 minutes. Further analysis revealed that 3-MPS had displaced the citrate ions 

by up to 49%. This mechanism is similar to that presented on gold substrates.  

 

Early work by Woehrle et al.46 deduced a three-phase mechanism of ligand exchange with 

triphenylphosphine (PPh3) stabilised AuNPs (AuNP-PPh3) and ODT. Ligand exchange of PPh3 for 

ODT was monitored by analysis using the 31P NMR spectra. The authors describe the ̀ fast phase’ 

where PPh3 was liberated from the AuNP surface as observed by an increase in PPh3 in solution, 

while the free ODT decreased. In the second phase which was over a duration of sixty minutes, 

the concentration of PPh3 increases and finally saturates, indicating that all the PPh3 had been 

displaced. By contrast, the concentration of ODT continued to decrease, thus, indicating the 

thiol had chemisorbed onto the AuNP surface. In the final phase (from sixty minutes to seven 

hours) the NMR signal of ODT broadened out, suggesting that this was due to the 

rearrangement of the chemisorbed ODT. The increased reaction was likely due to the long 

alkanethiol chain length to allow rearrangement. It is important to consider that this 

mechanism applies to non-polar thiols in organic solvents, however, it could be potentially 

applicable for polar thiols in aqueous media. The mechanism of ligand exchange of non-

covalent bound citrate ions and PPh3 on AuNPs are similar, both experience a fast phase with 
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physisorption of the thiol and displacement of the non-covalent bound ligand. This is followed 

by a slow phase where chemisorption and rearrangement of the thiol molecules occur.  

 

1.4 Nanoparticles for biological interactions 

1.4.1 Biocompatibility  

Metallic nanoparticles have demonstrated promising applications in nanomedicine, such as 

drug delivery, the success of these applications are dependent on their biocompatibility. AuNPs 

have been extensively used in nanomedicine due to their biocompatibility. There is a plethora 

of research that focuses on the assessment on biocompatibility and toxicity of nanoparticles.54  

The cytotoxicity evaluation is carried out first followed by biocompatibility assessment. 

Regardless of a nanoparticle presenting no cytotoxic effects, the biocompatibility of the 

nanoparticles must still be assessed. For a nanoparticle to be considered biocompatible it must 

be compatible with living cells/tissue, without causing any toxicity, DNA damage, oxidative 

stress or immune response to the cells or tissues.55 Despite in vitro and in vivo investigations, 

the cytotoxicity of metallic investigations can be contradictory. For example, AuNPs that were 

delivered orally and intraperitoneally presented a high cytotoxicity in comparison to those 

AuNPs that were delivered through intravenous injection.56 The cytotoxicity and 

biocompatibility of metallic nanoparticles is governed by their physicochemical properties 

these include size, shape and surface charge, additionally other factors such as, concentration, 

formulation and cells/tissue type all need to be taken into consideration. The assessment 

method for both cytotoxicity and biocompatibility itself needs to be valid and independently 

verified.  
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1.4.1.1 Nanoparticle physicochemical properties and cytotoxicity 

In a pilot study by Buchtelova et al.57 poly(vinylpyrrolidone) (PVP) capped PtNPs of 10, 29 and 

40 nm demonstrated high haemocompatibility. Cytotoxicity of these PtNP-PVP were assessed 

in vitro on three cancer cells lines: MDA-MB-231 (breast), LNCaP (prostate) and GI-ME-M 

(neuroblastoma). Marginal differences of these nanoparticles altered cell cytotoxicity. 10 nm 

PtNP-PVP presented the highest cytotoxicity in all the cell lines examined. Interestingly changes 

were observed in the cellular structures of these cell lines, however their cell viability was 

unaffected. High concentrations of reactive oxygen species were detected in cells lines that had 

previously been treated with 29 and 40 nm PtNP-PVP; consequently, PtNP-PVP-29 and PtNP-

PVP-40 induced the expression protein and mRNA of metallothionein. Subnanosized PtNPs (less 

than 1 nm) were able to induce hepatotoxicity and nephrotoxicity both in vivo and in vitro in 

mouse models, however the toxicity could be reduce with larger PtNPs.  

 

Nanoparticle shape can also influence cytotoxicity. Recent data published by Steckiewicz et al.58 

investigated how AuNPs of different morphologies impacted cytotoxicity. AuNPs with spherical, 

rod and star morphologies were examined for their potential cytotoxicity against the following 

cell lines: hFOB 1.19 (human foetal osteoblast), hTERT-HPNE (pancreatic duct cells) and MG-63 

(osteosarcoma cells). Additionally, the impact of these various AuNPs on apoptosis was 

assessed by the expression of apoptosis specific proteins Bax and Bcl-2. Overall, the cancer cells 

investigated in this study were prone to the cytotoxic effects of AuNPs of different 

morphologies. MG-63 cells treated with AuNP rods and stars demonstrated an increased 

expression of Bax and conversely a decrease in Bcl-2 expression. Furthermore, these AuNPs 
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were able to absorb through the cell membrane and alter their ultrastructure. A possible 

explanation for this outcome is that the AuNP rods and stars had increased surface areas 

compared to the spherical AuNPs, thus, they were able to interact with the cell membrane to 

a higher degree. Despite, AuNPs stars presenting the highest anti-cancer potential, they proved 

to be the most cytotoxic AuNPs. By contrast, the spherical AuNPs had low cytotoxicity but also 

the lowest anti-cancer potential. It is clear from these findings that shape influences 

cytotoxicity. 

  

In addition to size and shape, surface charge is another important physicochemical property 

that impacts on cell cytotoxicity. AuNPs were fabricated with (11-mercaptoundecyl)-N,N,N-

trimethylammonium (11-MABr) and 11-mercaptoundecanoic acid (11-MUDA) to produce 

positively charged and negatively charged AuNPs, respectively. Positively charged AuNP-11-

MABr were able to induce moderate cytotoxicity on erythrocytes in comparison to the 

negatively charged AuNP-11-MUDA. This cytotoxicity can be explained by the electrostatic  

interaction of the cell membrane and the positive charge of AuNP-11-MABr.59  The evaluation 

of negatively charged PVP capped AuNPs and PtNPs had contradicting results. Both were 

assessed for their inhibition of matrix metalloproteases 1 (MMP-1) in the fibroblastic cell line 

L-929. At the same concentration, both AuNP-PVP and PtNP-PVP demonstrated inhibition of 

MMP-1, this is due to the chelation of Zn2+ from MMP-1 and the negative charges from the PVP 

on nanoparticle surface. Cells treated with various concentrations of AuNP-PVP presented no 

cytotoxic effects; however, PtNP-PVP at 100 and 400 µg/mL caused cytotoxicity. Assessment of 

other inflammatory markers by RT-PCR (real-time polymerase chain reaction) demonstrated no 
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changes in expression. This work demonstrates the potential of AuNP-PVP as an inhibitor for 

MMP-1 with compromising cell cytotoxicity. 60 

 

1.4.2 Protein corona 

Protein corona is the phenomena whereby proteins spontaneously adsorb onto the 

nanoparticle surface when they are exposed to a biological environment.61, 62 The collection of 

proteins that adsorbed onto the nanoparticles was termed `protein corona’ and was conceived 

by Dawson and colleagues in 2007 which was a critical milestone.63 However, early protein 

corona investigations began with Vroman, who found upon contact with biological milieu 

nanoparticles and other materials of a synthetic nature would become engulfed in resident 

proteins.64, 65 The assembly of these proteins is the first interaction that nanoparticles undergo 

when exposed to biological environments. The events of protein corona provides nanoparticles 

with a new biological characteristics that influences its biodistribution, colloidal stability, 

interactions with other cells, clearance and toxicity.62 To date, the proteomic profiling of 

protein coronas has provided valuable data on protein corona patterns, this has led to 

nanoparticles to be engineered with specific physicochemical properties that can selectively 

absorb proteins for diagnostics and therapeutics.  

 

 

1.4.2.1 Protein corona formation  

Owing to the dynamic nature of the protein corona process, the protein corona architecture is 

divided into two parts: `hard’ corona and `soft’ corona, as illustrated in Figure 1.7. These hard 

and soft coronas are dependent on the binding affinities of the proteins. Hard coronas which 
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are bound directly to the nanoparticle core are constituted to proteins that have high binding 

affinity. Their formation occurs within seconds to minutes on exposure to biological milieu, 

which translates to rapid formation of strongly bound protein-nanoparticle interactions with a 

low dissociation constant. Conversely, soft coronas are situated on the exterior surface of the 

nanoparticles, these are constituted to proteins with low binding affinities, and which take 

longer to form. The proteins here are weakly bound and are a result of protein-protein 

interaction with a high dissociation constant.66 It has been reported that the dynamic process 

of protein corona occurs in three phases. First, proteins are irreversibly adsorbed on the 

nanoparticle surface to form the hard corona. In the second phase, these irreversibly bound 

proteins then interact with proteins to constitute the soft corona. Finally, in the third phase, 

proteins in the soft corona region experience reversible binding as they are loosely bound.67  

 

Figure 1.7 Protein corona. Proteins with a high binding affinity bind onto the nanoparticle surface first 

to form a hard corona, this is followed by proteins with a low binding affinity which form a soft corona. 
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1.4.2.2 Protein nanoparticle interactions  

While protein corona is a dynamic process, protein nanoparticle interactions are complex, and 

there are several factors that influence the protein nanoparticle interaction. They include the 

physicochemical properties of the nanoparticles and the actual nature of the protein itself. The 

interaction between proteins and nanoparticles is facilitated by non-covalent interactions, in 

addition to protein binding affinity constants and the proteins thermodynamics. These non-

covalent interactions include Van der Waals forces, electrostatic interactions, hydrophobic and 

hydrophilic interactions. It is important to note that these interactions are also influenced by 

the incubation/exposure time and the nature of the protein. i.e., its maintenance to keep its 

conformation.62, 66  

 

1.4.2.3 Nanoparticle physicochemical properties and protein coronas 

The influence of size on protein corona formation has frequently been investigated. Previous 

experiments by Dobrovolskaia et al.68 focused on citrate capped AuNPs, their mass 

spectrometry data demonstrated protein corona formation when AuNPs of 30 and 50 nm were 

exposed to human plasma. More protein had adsorbed onto the 30 nm AuNPs compared to 

the 50 nm AuNPs. Lundqvist et al.69 presented protein corona formation in 50 and 100 nm 

polystyrene nanoparticles (PSNP) which had been incubated with human plasma. The smaller 

PSNP observed a higher protein adsorption. Similar results were obtained with silica 

nanoparticles (SiNPs) and plasma.70 Collectively these studies show that size is an important 

physicochemical property in protein corona formation. Furthermore, smaller nanoparticles 
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demonstrated higher protein adsorption, and this is likely due to smaller nanoparticles having 

larger surface areas compared with their large counter parts.  

 

Another important physicochemical property is shape, the morphology of a nanoparticle can 

also influence protein adsorption. Titanium oxide nanoparticles (TiONPs) with varying 

morphologies that included nanorods, spheres and nanotubes all presented protein coronas 

when exposed to human plasma. Interestingly, specific proteins were exclusively found on the 

spherical TiONPs, indicating that the shape of the nanoparticles influenced which proteins 

adsorbed onto the surface.71 García-Álvarez et al.72 conducted an in vivo study whereby mice 

were administered with different morphologies and sizes of AuNPs, the recovered 

nanoparticles were analysed by gel electrophoresis and mass spectrometry.  Their data 

observed protein corona formation with all the AuNPs, however the amount of protein 

adsorbed on the nanoparticle did not demonstrate the complex absorption dynamics of protein 

corona.  

 

Surface charge is a key physicochemical property  that can impact on protein corona formation. 

Experiments using positive, negative, and neutrally charged PSNPs of 50 and 100 nm 

demonstrated protein corona formation. Notably, the neutrally charged PSNPs of both sizes 

observed equal protein adsorption irrespective of size. Interestingly, both negatively and 

positively charged 50 nm PSNP showed a higher protein adsorption in comparison to the 100 

nm PSNP with the same charges, which is in accordance with data reported by Dobrovolskaia 
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et al.68, 69 These studies confirm that protein corona formation is not exclusively governed by 

one nanoparticle characteristic but rather all. 

 

1.5 Health risk of nanoparticles  

1.5.1 Nanoparticles  

While nanotechnology is a rapidly emerging field, the health risks of various nanoparticles 

remain largely unknown. A collaborative study by Miller et al.73 performed in healthy human 

volunteers demonstrated the translocation of AuNPs from the lungs into the bloodstream by 

acute inhalation. AuNPs of 5 nm and 30 nm were detected in blood and urine samples at 15 

minutes and up to 24 hours using inductively coupled plasma mass spectrometry (ICP-MS). 

Unexpectedly, at a three month follow up, AuNPs were still detectable in the blood and urine. 

Of the two AuNPs sizes, 5 nm AuNPs were detected at high concentrations in both blood and 

urine. To further understand the fate of these AuNPs in vivo, the study was expanded into a 

murine model of atherosclerosis using apolipoprotein E (ApoE-/-) deficient mice with a broader 

range of AuNPs from 2 to 200 nm. AuNPs of <10 nm were found at high concentrations in blood, 

liver and urine. Visualisation by transmission electron microscopy (TEM) revealed accumulation 

of AuNPs in areas of vascular inflammation. Though this study provides the link between 

translocation of inhaled nanoparticles into the circulatory system and sites of inflammation,  

the study did not address how the physicochemical properties of the nanoparticles enabled the 

translocation and what effect these may have on cells in the bloodstream.  
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PtNPs from PEMFC may pose a potential health risk, as previously discussed in section 1.2.3, 

the PtNPs can degrade within the PEMFC as result of their high voltages and acidic operating 

conditions. There are three mechanisms of degradation, carbon corrosion, platinum dissolution 

and migration and sintering,74, 75 as illustrated in Figure 1.8. From carbon corrosion and 

platinum dissolution PtNPs can come off the carbon support and subsequently these PtNPs can 

enter the water supply of the PEMFC. In turn, the water would later come off the exhaust pipe 

and would emit the PtNPs into the atmosphere, thus, leaving them exposed to be inhaled. 

Which is similar to current nanoparticles coming off exhaust pipes from diesel vehicles. 

However, many studies focus on the catalytic performance of the PtNPs while their fate is 

ignored, thus, the fate of these nanoparticles out of the PEMFC remains unknown. 

 

Figure 1.8. Degradation mechanism of platinum nanoparticles in proton exchange membrane fuel cells. 

(a) carbon corrosion, (b) platinum dissolution and (c) migration and sintering. 

 

1.5.2 Diesel exhaust particles  

Another type of nanoparticle that has been attributed to air pollution are diesel exhaust 

particles (DEP). They have been linked to cardiovascular and respiratory diseases both acutely 

and chronically.76, 77 DEP are complex mixture of carbon, polycyclic hydrocarbons (PAHs), nitro-

PAHs, sulphates, and platinum group metals mainly platinum, palladium and rhodium.78  
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Previous work by Solomon et al.79 found that DEP were able to internalise in platelets as shown 

by electron microscopy analysis. Platelet aggregation was induced by direct physical interaction 

of DEP with human platelets in vitro. DEP induced platelet aggregation in mouse platelets at 

low concentrations in vitro, image analysis of the mouse lungs observed aggregated platelets 

and DEP at sites of aggregation. This work demonstrates a robust insight into how exposure to 

DEP can increase the risk of thrombotic events. 

 

A previous study conducted by Lucking et al.80 found a link between combustion-derived air 

pollution and thrombus formation. Healthy human volunteers were exposed to low 

concentrations of DEP and filtered air via inhalation in a controlled environment. Thrombosis 

formation and platelet activation was measured at two time intervals of 2 and 6 hours. 

Thrombosis formation was measured ex vivo and found to increase at both time points 

compared with filtered air. Post DEP exposure, flow cytometry was used to assess platelet 

function and found that exposure to low concentrations of DEPs was able to induce platelet 

activation. Overall exposure to DEP caused platelet activation which in turn led to increased 

thrombosis formation. While this investigation provides evidence between DEP and thrombosis 

formations, it also stipulates a greater understanding of how DEP exposure can affect those 

with pre-existing conditions, and how they are at increased risk of developing thrombotic 

related diseases.  
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1.6 Platelets  

1.6.1 Platelets physiology  

Platelets (thrombocytes) are small anucleate blood cells that have fragmented from 

megakaryocytes in the bone marrow.81 They are central to a healthy vascular system and are 

primarily involved in haemostasis and thrombosis. The margination of platelets near vessel 

walls allows them to detect vascular injuries. In response to endothelial damage platelets are 

immediately recruited to form a haemostatic plug thereby preventing blood loss, see Figure 

1.9. Formation of the haemostatic plug is dependent on the transformation of the platelets 

from their resting state to their activated state, upon activation they undergo a shape change 

transforming them to have projections on their cell membrane. Platelets express various 

surface receptors; binding of their respective ligands initiates intracellular signalling pathways 

which swiftly activate platelets. Healthy adults have approximately 150 – 400 x 109 platelets/L 

in their blood system with a typical life span of 8 - 9 days. Human platelets measure a diameter 

of 2 – 3 µm and display a biconvex discoid shape in their resting state.82  
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Figure 1.9 Haemostatic plug. At the site of vessel injury, platelets are recruited to exposed collagen and 

endothelial cells to form a haemostatic plug with fibrin. As the platelets become activated, they 

transform from their resting state and change shape, when they are fully aggregated, they form 

projections. 

 

1.6.2 Platelet activation and aggregation 

Platelet activation is a complex dynamic process that leads to platelet aggregation and 

formation of a haemostatic plug. At the onset of vascular injury, the subendothelium becomes 

exposed causing platelet adhesion to subendothelial collagen. The tethering of platelets to von 

Willebrand factor (VWF) brings subendothelial collagen into close proximity with glycoprotein 

VI (GPVI) the major platelet receptor for collagen. The interaction of both GPVI and integrin 

α2β1 by collagen and integrin αIIbβ3 to VWF and fibrinogen leads to platelet activation. These 

events leads to the confirmation change of the integrin α2β1 and αIIbβ3, leading inside out 

signalling and subsequently platelet adhesion.83, 84  The binding of collagen to GPVI, which is 

linked to the FcR-γ chain, leads to the activation of a tyrosine kinase signalling cascade, 
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promoting the activation of PLC-gamma 2 and Ca2+ release. The activation of platelets triggers 

a morphological change whereby the discoid platelets become fully spread. The activation of 

GPVI causes the secretion of dense granules from the platelets, leading to the release of 

adenosine diphosphate (ADP).  In addition,  thromboxane A2 is generated by the action of 

phospholipase A2.  The two feedback agonists promote further activation of platelets which 

ultimately leads to platelet aggregation.85 From this point, circulating platelets are then 

recruited, therefore, leading to the growth of the thrombosis. Thrombin produced via the 

activation of the coagulation cascades strengthens platelet activation. Furthermore, thrombin 

converts fibrinogen into fibrin, which stabilised the thrombosis and effectively occludes the site 

of injury.86 Nevertheless, excessive activation of platelets can lead to thrombotic related 

diseases, the outcome of which can lead to events such as a stroke or heart attack. Charged 

molecules, specifically nanoparticles, can induce platelet activation and aggregation in vitro and 

induce vascular thrombosis.87, 88 

 

1.6.3 Platelet-nanoparticle activation by nanoparticles  

Numerous studies have reported platelet aggregation by nanoparticles, both metallic and non-

metallic, see Table 1.2 and Table 1.3 and Figure 1.10. Many of these studies have investigated 

platelet aggregation in washed platelets to assess the direct effect of nanoparticles and have 

deduced different mechanisms of platelet activation which leads to their aggregation. Of the 

metallic nanoparticles, a large majority of the studies have primarily focused on AuNPs, AgNPs 

and IONPs due to their biocompatibility. Literature suggests that this activation of platelets is 
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governed by the physicochemical properties of the nanoparticles, these include size, shape and 

surface charge. These will be discussed in more detail. 

 

Figure 1.10 Activation of platelets by nanoparticles. Platelets have been shown to be activated by 

numerous nanoparticles of different materials, morphologies and size, these include gold, silver, carbon 

nanotubes and polystyrene nanoparticles. 
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Table 1.2 Metallic nanoparticle platelet interactions. This summary is from an opinion article co-written by the author of this thesis.89 Platelet studies were 

performed in washed platelets (WP) and/or platelet-rich plasma (PRP) and assessed through light transmission aggregometry (LTA) or flow cytometry. 

Nanoparticle Size (nm) Shape Charge Concentration WP/PRP Function Proposed Mechanism (s) Reference 

Platinum  7 & 73  Spheres Negative log10 1-4 cm2/mL WP Activatory Surface area and tyrosine kinases 90 

Gold 
 
Gold 
Gold 
 
Gold  
 
 
Gold 

18, 44, 55 & 
68 
30 & 50 
5, 10, 20, 30 
& 60 
12 
28, 45,63 
& 85 
27 
25 

Spheres 
 
Spheres 
Spheres 
 
Sphere 
Rods 
 
Spheres 
Spheres 

Negative 
 

Negative 
Negative 

 
Negative 
Negative 

 
Negative 
Positive 

20 – 40 µM 
 
0.42 & 0.45 mg/mL 
5 – 40 µM 
 
1.2 nM 
1.2 nM 
 
50 – 250 µg/mL 
50 – 250 µg/mL 

WP 
 

PRP 
PRP 

 
PRP 
PRP 

 
PRP 
PRP 

Activatory 
 

No effect 
No effect 
Inhibitory 
No effect 
No effect 

 
No effect 
No effect 

Tyrosine kinases 
 
- 
-  
Size and functional group 
- 
 
 
- 
-  

91 
 

92 
68 
 

93 
 
 

94 

Silver – PVP  
Silver – citrate 
Silver 
Silver 
Silver 

20 
20 
10 – 100 
13 
16 

Spheres 
Spheres 
Spheres 
Spheres 
Spheres 

Negative 
Negative 
Negative 
Positive 
Positive 

1 – 80 µg/mL 
1 – 80 µg/mL 
50 – 250 µg/mL 
50 µM 
5 µg/mL 

PRP 
PRP 
WP 
WP 
PRP 

No effect 
No effect 
Activatory 
Inhibitory 
No effect 

- 
-  
GPIIb/IIIa/ calcium release 
- 
- 

95 
 

96 
97 
98 

Iron oxide – starch 
Iron oxide – citrate 

45 
35 

Oval 
Spheres 

- 
- 

160 µM 
160 µM 

WP/PRP 
WP/PRP 

No effect 
Inhibitory 

- 
Charge 

99 

Iron oxide – 5PAA 
Iron oxide – 5HA 
Iron oxide – 5CS 
Iron oxide – 10PAA 
Iron oxide – 30PAA 

5 - 6  
5 - 6 
5 - 6 
10 
30 

Spheres 
Spheres 
Spheres 
Spheres 
Spheres 

Negative 
Negative 
Positive 

Negative 
Negative 

8 – 1000 µg/mL 
8 – 1000 µg/mL 
8 – 1000 µg/mL 
8 – 1000 µg/mL 
8 – 1000 µg/mL 

PRP 
PRP 
PRP 
PRP 
PRP 

Activatory 
No effect 
No effect 
Activatory 
No effect 

Size and functional group 
- 
- 
Size and functional group 
- 

100 
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Table 1.3 Non-metallic nanoparticle platelet interactions. This summary is from an opinion article co-written by the author of this thesis.89 Platelet studies 

were performed in WP and/or PRP and assessed through light transmission aggregometry (LTA) or flow cytometry. 

Nanoparticle Size (nm) Shape Charge Concentration WP/PRP Function Proposed Mechanism (s) Reference 

Polystyrene latex – 
amine 
Polystyrene latex – 
carboxyl 
Polystyrene latex – 
unmodified 

60  
  
60 
 
60 

Spheres 
 

Positive 
 
Negative 
 
Negative 

12.5 – 100 µg/mL 
 
12.5 – 100 µg/mL 
 
12.5 – 100 µg/mL 

PRP 
 

PRP 
 

PRP 

Activatory 
 

No effect 
 

No effect 
 

Functional group  
 
- 
 
- 

88 

Polystyrene latex – 
amine 
Polystyrene latex – 
carboxyl 
Polystyrene latex – 
unmodified 

50 & 100 
 
50 & 100 
 
50 & 100 

Spheres 
 
Spheres 
 
Spheres 

Positive 
 
Negative 
 
Negative 

8 – 60 µg/mL 
 
8 – 60 µg/mL 
 
8 – 60 µg/mL 

WP/PRP 
 

WP/PRP 
 

WP/PRP 

Activatory 
 

Activatory 
 

Activatory 
 

Size and charge 
 
Size and charge 
 
Size and charge 

87 

Polystyrene 
 

25, 50, 119, 
151 & 201 

Spheres 
 

Negative 
 

log10 1-3 cm2/mL 

 

WP Activatory 
 

Surface area and charge 90 

Diesel exhaust particles 40 – 70  Agglomerates - 0.2 – 12 µg/mL WP Activatory 
 

Receptor dependent signalling 79 

Diesel exhaust particles 35 - - 5 – 50 µg/mL WP Activatory 
 

Charge and tyrosine kinase 101 

Single walled carbon 
nanotubes 
Multi walled carbon 
nanotubes 

- 
 
- 

Tubes 
 
Tubes 

- 
 
- 

0.2 – 300 µg/mL 
 
0.2 – 300 µg/mL 

WP 
 

WP 

Activatory 
 

Activatory 

Receptor dependent signalling 
 
Receptor dependent signalling 

102 

Single walled carbon 
nanotubes 
Multi walled carbon 
nanotubes 

1 – 2 
 
30, 60 & 100 

Tubes 
 
Tubes 
 

- 
 
- 
 

100 µg/mL 
 
10 - 500 µg/mL 
 

PRP 
 

PRP 

Activatory 
 

Activatory 

Calcium influx 
 
Calcium influx 
 

103 

Multi walled carbon 
nanotubes 

1 – 2 Tubes - 25 - 200 µg/mL WP Activatory Receptor dependent signalling 104 

PAMAM G4 – G6 amine 
PAMAM G3 – G6 
carboxyl 
PAMAM G3 – G6 
hydroxyl 

4.2 – 7.5  
3.5 – 7.6 
 
3 – 6.5 

Spheres 
Spheres 
 
Spheres 

Positive 
Negative 
 
Neutral 

1.6 – 100 µg/mL 
1.6 – 100 µg/mL 
 
1.6 – 100 µg/mL 
 

PRP 
PRP 

 
PRP 

Activatory 
Activatory 

 
Activatory 

Functional group 
- 
- 

105 
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1.6.4 Platelet activation influence by nanoparticle size 

Nanoparticle size is a critical factor of nanoparticle-platelet interactions. Platelet activation has 

been observed by nanoparticles of different sizes in washed platelets and platelet rich plasma 

preparations (PRP).87, 90, 100 Previous work by Deb et al.91 found that smaller AuNPs were able 

to induce platelet aggregation, while the larger AuNPs had no effect. A potential explanation 

for this is that smaller nanoparticles exhibit large surface areas compared to their larger 

counterparts. This was supported by work conducted by Zia et al.90 where the surface area of 

PSNPs and PtNPs was a critical factor for platelet activation. Platelet activation was proportional 

to the surface area of the nanoparticles. This allows the nanoparticles to interact with the 

charged residues of the platelet receptors. Some studies were performed in PRP and observed 

no platelet aggregation by nanoparticles of varying sizes. This outcome is likely due to the 

formation of protein corona from proteins present in the platelet rich plasma.  

 

1.6.5 Platelet activation influence by nanoparticle shape 

Nanoparticle shape has also influenced platelet activation. Single walled carbon nanotubes 

(SWCNTs) and multiwalled carbon nanotubes (MWCNTs) are of tubular structures. Early studies 

by Radomski et al.102 and Semberova et al.103 found that SWCNTs and MWCNTs were able to 

induce platelet aggregations in both washed platelets and PRP preparations. Their proposed 

mechanisms involve receptor dependent signalling and calcium influx respectively. It could also 

be possible that SWCNTs and MWCNTs mimic molecular bridges in platelet-platelet 

interactions while spherically shaped nanoparticles are unable to support cell-cell 

communications. Additionally, platelet activation could have also been mediated through the 
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surface charges of the SWCNTs and MWCNTs interacting with the platelet receptors. While 

these studies did not show zeta potentials of these carbon nanotubes, other studies have 

reported that zeta potentials of -28 mV and -55 mV respectively.106, 107  

 

1.6.6 Platelet activation influence by surface charge  

An equally important physicochemical property is surface charge. Platelet activation has been 

observed by metallic nanoparticles that exhibit a negative charge and positive charge in washed 

platelets.90, 91, 96, 99, 100 Investigations by Smyth et al.87 found functionalised polystyrene latex 

nanoparticles (PLNPs) induce platelet activation. Carboxyl terminated PLNPs (cPLNPs) of 50 nm 

demonstrated the highest potency on platelet aggregation compared to amine terminated 

(aPLNPs) and unmodified PLNPs (uPLNPs) of 50 nm. Conversely, 100 nm uPLNPs were more 

potent compared to aPLNPs and cPLNPs. Work by Dobrovolskaia et al.105 in polyamidoamine 

(PANAM) dendrimers showed positively charged PANAM dendrimers induced platelet 

aggregation in PRP in concentration dependent manner, while carboxyl and hydroxyl 

terminated PANAM dendrimers had no effect on platelet aggregation. In a comparison study 

between amine terminated PANAM and triazine dendrimers of similar sizes, the PANAM 

dendrimers where more potent in PRP aggregations. Additionally, large generations of 

dendrimers promote platelet aggregation.108 These studies two identify both surface charge 

and size as two important physicochemical properties that mediate platelet activation. 
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1.6.7 Platelet surface receptors  

Platelets express a range of surface receptors, the major platelet receptors are GPVI, C-type 

lectin 2 (CLEC-2), integrin IIb3 (glycoprotein IIb/IIIa) and G protein-coupled receptors PAR1, 

PAR4, P2Y1 and P2Y12 as illustrated in Figure 1.11. As previously discussed, the interaction of 

the agonist and receptors leads to signalling events within the platelet, causing the platelet to 

change shape from the resting state into the aggregated state.109 Various nanoparticles and 

have been shown to activate and aggregate platelets in vitro.110 GPVI is the key signalling 

receptor for collagen  Findings by Alshehri and colleagues,101 showed that DEP were able to 

stimulate platelet activation through the GPVI receptor.  Zia et al.90 observed that platelet 

activation by PtNPs was mediated by passive agglutination and the activation of integrin IIb3 

via the same pathway as the DEP, potentially through the crosslinking of GPVI receptors.  

 

Figure 1.11 Platelet surface receptors. There are several main platelet receptors expressed on the surface 

of platelets that have differing structures, these include GPVI, integrin IIb3, Clec-2, PEAR-1, and G 

protein-coupled receptors PAR1, PAR4, P2Y1 and P2Y12. 
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1.7 Concluding remarks 

The application of nanotechnology is limitless, their applications play significant roles in 

medicine, biology, electronics, and hydrogen fuel cells. Nanomaterial physicochemical 

properties such as size and surface charge can be modified during synthesis or post synthesis. 

Surface modifications can enhance some the physicochemical properties proving beneficial in 

different applications. While these applications demonstrate the positive aspects of 

nanotechnology, the downside is that they could be a potential health risk. Degradation of 

PtNPs from PEMFC could lead to their release into the atmosphere, the fate of these PtNPs is 

unknown. Their physicochemical properties could potentially undergo modifications thus 

altering their size and surface chemistry and may pose a health risk if these PtNPs are inhaled 

and translocated from the lungs into the bloodstream. Various metallic nanoparticles and DEP 

have been shown to activate platelets in vitro. Excessive activation of platelets can be a 

causative factor for thrombotic diseases which in turn can consequently lead to undesirable 

events such as a stroke or a heart attack. PtNPs are of particular importance as they are the key 

catalyst for PEMFC, how the physicochemical properties of PtNPs can activate platelets is 

poorly understood and warrants further investigation. 

 

1.8 Aims  

This thesis aims to contribute to the growing knowledge of how the physicochemical properties 

of metallic nanoparticles influence human platelet activation. Platelet surface receptors exhibit 

charged residues that can interact with metallic nanoparticles. To address how the 

physicochemical properties of PtNPs can influence platelet activation and aggregation, an array 
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of PtNPs with different surface charges will be created. These will be used to investigate the 

interaction of PtNPs on platelet activation and aggregation. The aims of this PhD are as follows: 

1. Synthesise and characterise  monodispersed c-PtNPs with controlled sizes. 

2. Functionalise c-PtNPs with carboxyl-terminated thiols and characterise to confirm 

whether the thiols have chemisorbed onto the PtNP surface.  

3. Functionalise c-PtNPs with amino-terminated thiols and quaternary ammonium 

compounds and characterise to confirm whether the compounds have chemisorbed 

onto the PtNP surface. 

4. Functionalise c-PtNPs with hydroxyl-terminated thiols and characterise to confirm 

whether the thiols have chemisorbed onto the PtNP surface.  

5. Investigate how these functionalised PtNPs effect platelet activation and aggregation 

using physiological and biochemical analysis techniques. Examine how these 

functionalised PtNPs interact with plasma proteins.  

 

1.9 Hypothesis 

With the aim of synthesising c-PtNPs that will later be functionalised with a negative, positive 

and neutral charges using the ligand exchange method, we hypothesise that, in vitro, the 

functionalised PtNPs exhibiting a negative and positive charge will cause the human platelets 

to become activated leading to their aggregation. Conversely, the neutrally charged PtNPs will 

not have any effect on platelet aggregation. Overall, this study would provide insight on how 

charged PtNPs could potentially interact with platelets if they were to be inhaled and 

translocated into the bloodstream. 
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Chapter 2 Theory of Experimental 
Techniques 

 

Abstract: This chapter provides a general overview of the techniques used to assess the 

physicochemical properties of the platinum nanoparticles (PtNPs). Synthesised PtNPs were 

surface modified to create PtNPs that exhibit different surface charges. The techniques 

selected for the physicochemical characterisation were transmission electron microscopy, 

dynamic light scattering, zeta potential, gel electrophoresis and x-ray photoelectron 

spectroscopy. Following physicochemical characterisation, the interaction of these surface 

modified PtNPs with human platelets was assessed by the physiological and biochemical 

assays, light transmission aggregometry and western blotting. These techniques are 

outlined in Figure 2.1. 
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Figure 2.1 Overview of experimental techniques employed for the physicochemical characterisation of 

PtNPs and the physiological and biochemical assays used to assess the PtNP-platelet interactions. 

 

2.1 Physicochemical characterisation 

2.1.1 Transmission electron microscopy 

Transmission electron microscopy (TEM) is an imaging technique that utilises a high energy 

beam of electrons to visualise a sample and produce high-resolution images; TEM carries an 

advantage over traditional light-based imaging techniques which are limited to the wavelength 

of light. In TEM, the wavelength of electrons is significantly smaller therefore high-resolution 

images are created. TEM is frequently used for the characterisation of nanoparticles and 

provides information on the particle size, morphology, composition, and in some instances the 
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crystalline structure.111 TEM operates by an electron gun emitting a beam of electrons through 

the microscope’s vacuum tube. Electromagnetic lenses are employed to focus the electrons 

into a fine beam, which then passes through the sample and impacts a fluorescent screen, this 

is illustrated in Figure 2.2.  Areas where the sample is less dense the image will appear lighter 

as more electrons will pass through. Conversely, darker areas of the image represent areas 

where the sample is more dense and fewer electrons have transmitted through.   There are a 

couple of considerations when employing TEM, first, the sample thickness, that is the amount 

of electron beam that can pass through the sample. Second, the sample material, heavier 

atoms scatter more electrons compared with lighter atoms. Metallic materials such as gold, 

platinum and silver have significantly high electron densities, thus, metallic nanoparticles are 

ideal for TEM imaging.111, 112  

 

Figure 2.2 A typical transmission electron microscopy set up. The prepared TEM grid sample is placed 

into the instrument, a high energy beam of electrons is fired and then passed through a series of 

electromagnetic lenses, and the images are projected onto a fluorescent screen. 
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2.1.2 Dynamic light scattering 

Dynamic light scattering (DLS) is a technique that measures the Brownian motion of particles 

in an aqueous environment and relates this to the particle size, thus, giving the hydrodynamic 

diameter.  Brownian motion can be defined as the random movement of particles suspended 

in a solution; larger particles diffuse more slowly while smaller particles diffuse more rapidly.113 

The hydrodynamic diameter is determined by the translational diffusion coefficient using the 

Stoke-Einstein equation, see Equation 2.1. 

 

                                                     Equation 2.1 

 

In the Stoke-Einstein equation, dH is the hydrodynamic diameter, D is the translational diffusion 

coefficient, k is the Boltzmann’s constant, T is the absolute temperature and  is the viscosity.   

DLS functions by emitting a laser on colloidal particles which create a scattered light intensity. 

This scattered light intensity is measured over a period, the data is then correlated, and the 

hydrodynamic diameter calculated, Figure 2.3. It is important to note that DLS is a 

complementary technique to other size characterisation techniques mainly TEM, it not only 

provides the hydrodynamic diameter but also the aggregation state of the particles in solution. 

Monodispersed nanoparticles will have a hydrodynamic diameter similar or slightly larger than 

their TEM sizes. However, aggregated particles will have a higher hydrodynamic diameter 

compared to their TEM size. Although DLS is an inexpensive, quick and easy technique, a 

limitation of DLS is that it cannot distinguish between aggregated particles and large 

nanoparticles. An imaging method would be required to determine the state of the particles.113-

115 
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Figure 2.3 A dynamic light scattering set up. The helium laser hits the sample cuvette containing the 

colloidal particles and produces a scattered light intensity profile which then passes through a correlator 

creating a histogram of the data. 

 

2.1.3 Zeta potential 

A fundamental characterisation technique for determining the surface charge and colloidal 

stability of particles in solution is zeta potential.  

 

2.1.3.1 Surface charge  

Zeta potential is the electrical charge on the particle surface, it is a physical property exhibited 

by the particle in an aqueous solution. Nanoparticles are surrounded by two parallel layers 

collectively known as the electric double layer (EDL). The electric double layer comprises of the 

stern layer (inner region) where ions (positive or negative) are strongly bound and the slipping 

plane (diffuse region) where the ions are loosely bound. The slipping plane is the interface 

between the fluid and dispersion medium. The zeta potential itself is the potential difference 

from the surface of the particle to the edge of the slipping plane, as demonstrated in Figure 
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2.4. Furthermore, zeta potential can also determine if there has been a change in the surface 

chemistry.115, 116 

 

Figure 2.4 A zeta potential representation. Zeta potential measures the electric potential difference from 

the nanoparticle surface to the edge of the slipping plane which together make the EDL. 

 

Zeta potential measurements are carried out in a folded capillary cell that has gold electrodes 

on either side. A helium neon laser is emitted and is divided creating an incident and reference 

beam (see Figure 2.5). The incident beam passed through an attenuator to adjust the intensity 

of light; this then passes through the centre of the sample. In the cell, an electric potential is 

applied to the sample causing the charged particles within the cell to migrate through the 

dispersion medium at a rate that is proportional to their zeta potential. Particles with high zeta 

potentials will move at a faster rate compared with particles with a low zeta potential. The 
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incident beam illuminates these particles which indirectly measures the particle speed through 

a frequency shift of scattered light, the scattered light is detected at 13o angle.  The frequency 

shift is then converted to an electrophoretic mobility value, which is utilised to calculate the 

zeta potential.116  

 
Figure 2.5 A typical zeta potential set up. Zeta potential is measured using a helium laser that splits into 

a reference and incident beam, the incident beam continues passing through the attenuator and then 

the folded capillary cell to enable zeta potential measurements. The optics of both beams are combined 

and pass to a detector which relays the data to the digital signal process to give the zeta potential data. 

 

 

2.1.3.2 Colloidal stability 

Zeta potential measurements are also indicative of colloidal stability. Based on the Derjaguin, 

Landau, Verwey and Overbeek (DLVO) theory, colloidal stability is determined by the combined 

attractive Van der Waals forces and the repulsive EDL forces that occur between moving 

particles due to Brownian motion.117, 118 In a colloidal system where nanoparticles have a high 

repulsion, the nanoparticles will be stable and resist flocculation, however if there is low 

repulsion or if repulsion does not exist, flocculation or aggregation will occur.  Zeta potential 
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measurements below -30 mV or above +30 mV suggest particles are stable.115, 119 Figure 2.6 

demonstrates the magnitude colloid stability for both negative and positively charge particles.  

 

Figure 2.6 Zeta potential magnitude. Zeta potential values indicate colloidal stability of particles. 

 

2.1.4 Gel electrophoresis  

Gel electrophoresis is a common technique traditionally used for the separation of 

biomolecules, such as nucleic acids and proteins, based on their size and electrical charge. The 

technique utilises a gel matrix, either agarose or polyacrylamide, for separation. Samples are 

loaded into the gel matrix and an electric current is applied; this enables the migration of the 

biomolecules through the gel matrix as shown in Figure 2.7. Biomolecules with a positive charge 

will migrate towards a negatively charged electrode, conversely negatively charged 

biomolecules will migrate towards a positively charged electrode. Agarose is often used for the 

separation of nucleic acid while polyacrylamide is used for proteins, however polyacrylamide 

can be used for nucleic acid separation as it provides a better resolution.  If we consider the 

similarity between metallic nanoparticles, nucleic acids and proteins all contain charged groups, 

thus a unique application of gel electrophoresis is the separation of metallic nanoparticles by 

their surface chemistry, size and shape.  While this technique is qualitative, it is a relatively fast 

technique that can indicate a change in the surface chemistry from electrostatically stabilised 

to sterically stabilised nanoparticles.120, 121 
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Figure 2.7 A gel electrophoresis set up. The agarose gel matrix and the voltage applied allow the 

separation of nucleic acids at different molecular weights. 

 

2.1.5 X-ray photoelectron spectroscopy 

Characterisation of functionalised nanoparticles in surface chemistry is a major challenge as 

techniques such DLS, zeta potential and gel electrophoresis are not highly sensitive and limited 

conclusions can be made from the data obtained, this can be overcome using X-ray 

photoelectron spectroscopy. XPS is a highly sensitive surface analysis technique that enables 

the identification of elements on a surface of up to 10 nm. The technique employs X-ray 

irradiation to cause ejection of photoelectrons from a sample and analyses the kinetic energies 

of the ejected photoelectrons to determine the elemental composition.122 Figure 2.8 shows a 

basic XPS set up. An XPS set up operates by monochromatic X-ray produced form either a 

magnesium or aluminium proble be applied at a fixed angle to a sample that is situated in a 

vacuum chamber. The X-ray than causes the ejection of photoelectrons which are captured by 

the electron collection lens, these electrons are then detected by a hemispherical electron 

detector and analysed to generate an XPS spectra of the sample.  
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Figure 2.8 A typical X-ray photoelectron spectroscopy set up. A sample is positioned onto a platform 

within an ultra-high vacuum chamber. Monochromatic Kα X-rays produced from either magnesium or 

aluminium probes is directed onto the sample causing an ejection of photoelectrons. These 

photoelectrons are collected by the electron lens and detector to create an XPS spectra of the sample. 

 

In the photoelectron process, when an electron is emitted subsequently a second electron from 

a higher energy level will move position to fill the vacancy causing a release of energy. There 

are two consequences for this energy, either by releasing an X-ray or release of another 

electron known as an auger electron,122, 123 as illustrated in Figure 2.9. Using the kinetic energy 

(EK) released from this process the binding energy of the electron can be calculated using 

equation 2.2: 

                              Equation 2.2 

In this equation, EB is the binding energy, while hv is the photon energy from the X-ray, and W 

is the work function of the spectrometer.  The binding energy of each atom vary depending on 

their environment, i.e., when alone or within a molecule, this will be reflected in the binding 

energies of the XPS spectra. Thus, an XPS spectra will comprise of peaks with characteristic 

binding energies for each atom and the different chemical environments within the sample. 
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Figure 2.9  Photoelectron emission. (a) The sample is bombarded with an X-ray causing the emission of 

a photoelectron from 1s2 orbital. (b) An electron from a higher energy will occupy the vacancy generating 

an energy release. This energy will either be released as an X-ray or an Auger electron. 

 

Binding energies will vary depending on several factors; electrons situated in orbitals further 

away from the nucleus will require less energy to eject them, therefore higher orbitals have 

lower binding energies. Electrons within different subshells i.e. s, p or d orbitals, will have 

different energies. Furthermore, binding energies are also dependent on the chemical 

environment of the atom, that is their chemical bonds, for example if we consider carbon (C-C) 

and carbonyl carbon (C=O) these two carbons will have different binding energies. With this 

information combined a material composition can be confirmed.122, 123  
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2.2 Physiological and biochemical assays  

2.2.1 Light transmission aggregometry  

Light transmission aggregometry (LTA) is a photometric technique used for assessing platelet 

function and is crucial for the diagnosis of patients with bleeding disorders. The original concept 

of LTA was described over 60 years ago and remains the gold standard for measuring platelet 

aggregation in vitro.124 The method detects the changes in turbidity, caused by platelet 

aggregation, by measuring the variation in light transmission. In platelet biology, LTA measures 

the aggregation in either washed platelets or platelet-rich plasma (PRP) by measuring the light 

transmission in the presence of a platelet agonist over a time course, as illustrated in Figure 

2.10. Both washed platelet suspensions and PRP start off almost opaque having 0% aggregation 

and allowing little light to pass through the sample, at this resting state platelets remain in their 

biconvex shape. Upon the addition of a platelet agonist e.g., collagen, the platelets start to 

transform and exhibit projections, during this phase the suspension starts to become clear 

increasing the light transmitting through the sample. As the platelets become completely 

aggregated there is a further increase in light transmission. This is demonstrated in the 

aggregation curve, where the extent of light transmission is proportional to the degree of 

platelet aggregation.125 
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Figure 2.10 Light transmission aggregometry of platelets. An increased light transmission is observed as 

platelets activated and finally aggregated; this is demonstrated by the aggregation trace. 

 

2.2.2 Western blotting 

Western blotting is a biochemical technique routinely used for immunodetection of a protein(s) 

from a mixture of proteins, usually derived from tissue or cells. It is frequently used for 

examining target proteins and their isoforms, protein-protein interactions, nucleic acid-protein 

interactions, antibody characterisation, post-translational modifications, and signalling 

cascades.126 There are 5 main steps in western blotting: (a) sample preparation, (b) gel 

electrophoresis, (c) electroblotting, (d) blocking and antibody incubation and (e) detection; this 

is illustrated in Figure 2.11. More in detail, samples are prepared by the extraction of proteins 

from either tissue or cells using lysis buffers containing detergents that breaks open cell 

membrane and conserves the protein of interest. As previously discussed, proteins can be 

separated by molecular weight using a polyacrylamide gel electrophoresis (PAGE). The 

polyacrylamide creates a porous structure which allow smaller proteins to migrate rapidly 

through the gel matrix compared with larger proteins therefore enabling the physical 

separation of the proteins.  These separated proteins are then transferred to a solid support 
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either a nitrocellulose or polyvinylidene difluoride (PVDF) membrane by electroblotting. Here 

the gel matrix and membrane are sandwiched together with filter paper between two 

electrodes, a voltage is applied to the electrodes eluting the proteins from the gel matrix onto 

the membrane. After transfer, proteins will be immobilised on the membrane, to prevent non-

specific binding the membrane is blocked to reduced high background signal. Primary 

antibodies specific to the protein of interest are incubated with the membrane, the membrane 

is then incubated with a secondary antibody that is specific to the primary antibody. For 

detection, the secondary antibody is conjugated with an enzyme or fluorescent molecule, 

which allows chemiluminescence or fluorescence for imaging the protein of interest either by 

X-ray film or digital imaging.126, 127 
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Figure 2.11 Western blotting overview. (a) Protein lysates are produced from cells ready for 

electrophoresis using lysis buffers, (b) proteins are separated by their molecular weight using 

electrophoresis, (c) separated proteins are transferred to a PVDF membrane by electroblotting, (d) the 

membrane is blocked and incubated with a primary antibody specific to the protein of interest followed 

by a secondary antibody conjugated to enzyme or fluorescent probe and (e) finally an X-ray film is 

exposed onto the PVDF membrane to detect the protein of interest. 
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Chapter 3 Materials and Methods  

3.1 Materials & Chemicals 

All chemicals were purchased from Sigma unless stated otherwise. 

 

3.2 Platinum nanoparticle synthesis  

3.2.1 Glassware preparation 

Prior to synthesis all glassware was cleaned to prevent heterogenous nucleation occurring from 

metallic nanoparticles or dirt. Glassware was soaked overnight in the 1% Liquinox solution 

(anionic detergent) followed by thorough rinsing with tap water and complete drying.  Aqua 

regia was prepared in a molar ratio of 3:1 of hydrochloric acid (Fisher Chemical 37%, Leicester 

UK) and nitric acid (Fisher Chemical 70%, Leicester UK). Synthesis glassware was then soaked 

in aqua regia for a minimum of 3 hours to ensure all traces of metal had dissolved. Aqua regia 

was neutralised by saturated sodium carbonate. Following neutralisation, all glassware was 

thoroughly rinsed with deionised water to remove all traces of the acids, then dried and 

covered with parafilm until synthesis to prevent flocculation sites during synthesis.  

 

3.2.2 Chloroplatinic acid preparation 

To ensure consistency in the PtNP synthesis reactions, chloroplatinic acid hexahydrate 

(H2PtCl6.6H2O), (37.50% platinum basis) was prepared at a 1 M stock solution with dH2O. 1.93 

mL of degassed dH2O was added directly into the H2PtCl6.6H2O stock bottle and left to stand 
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for a day before using. On each use of H2PtCl6.6H2O, the stock bottle was purged with argon 

for 5 minutes to prevent oxidation of H2PtCl6.6H2O. 

 

3.2.3 Platinum seed synthesis 

Pt seeds were synthesised by adding 3.6 mL of 3.86 mM H2PtCl6.6H2O to 46.6 mL of boiling 

dH2O with continuous stirring. After 1 minute, 1.1 mL of 34 mM sodium citrate/2.38 mM citric 

acid was added to the reaction. After 30 seconds, 500 µL of 21 mM sodium borohydride 

(NaBH4) /34 mM sodium citrate/2.38 mM citric acid was injected into the reaction. The reaction 

continued stirring at 100oC for 10 minutes before cooling down to room temperature.  Pt seed 

synthesis was performed on a 5x reaction scale. 

 

3.2.4 Platinum nanoparticle synthesis  

20 nm PtNP were synthesised using the Pt seeds as a template. Under inert conditions, 1 mL of 

Pt seed solution was added to 29 mL of dH2O at room temperature. 45 µL of 0.035 M 

H2PtCl6.6H2O  was added to the reaction followed by 500 µL of 34 mM sodium citrate/71 mM 

L-ascorbic acid. With continuous stirring the temperature was increased 10oC/minute to 

boiling; the total reaction time was 30 minutes. Scaled up PtNP synthesis reactions were also 

performed on a 2x, 5x and 10x reaction scale. PtNPs were centrifuged at 10000 x g, the 

supernatant was discarded and the PtNPs were resuspended in 1.1 mM sodium citrate, this 

process was repeated twice. 60 nm PtNP were synthesised in same way as described above 

using an increased concentration of H2PtCl6.6H2O at 0.4 M to achieve nanoparticles of about 

60 nm at the same reaction scales. In consequent synthesis reactions a new batch of 
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H2PtCl6.6H2O was used, however due to batch-to-batch variation to achieve 20 nm PtNP the 

concentration of H2PtCl6.6H2O was adjusted to 0.2 M.    

 

3.3 Functionalisation of PtNP 

All alkanethiols and PEGylated thiols used in this thesis are listed Table 3.1. 

 

Table 3.1 Alkane and PEGylated thiols used for functionalisation experiments. 

Thiol name Alkane or PEGylated Functional group charge 
6-Mercaptohexanoic acid (6-MHA) Alkane Negative 

8-Mercaptooctanoic acid (8-MOA) Alkane Negative 

Thioctic acid (TA) Alkane Negative 

O-(2-Carboxyethyl)-O'-(2-mercaptoethyl) 
heptaethylene glycol (2-MOHA) 

 
PEGylated 

 
Negative 

Cysteamine hydrochloride (CSH) Alkane Positive 

6-Amino-1-hexanethiol (6-AHT) Alkane Positive 

11-Amino-1-undecanethiol hydrochloride 
(11-AUT) 

 
Alkane 

 
Positive 

6-Mercaptohexanol (6-MCH) Alkane Neutral 

2-{2-[2-(2-
Mercaptoethoxy)ethoxyethoxy}ethanol 
(2-MEE) 

 
 

PEGylated 

 
 

Neutral 

11-Mercaptoundecyl)hexa(ethylene glycol) 
(11-MUHEG) 

 
PEGylated 

 
Neutral 

 

 

3.3.1 Solubility of alkanethiols  

A fresh 2 mM stock of the desired alkanethiols from Table 3.1 were prepared in dH2O and 

ethanol. Solubility was observed at 3 and 24 hours. After solvent solubility was assessed, 

alkanethiol solubility with PtNPs were assessed. Fresh 2 mM alkanethiol stocks were prepared 

in dH2O and ethanol. 2 x 1 mL PtNP aliquots were prepared in clean glass vials per alkanethiol 

tested.  50 µl of 2 mM alkanethiol prepared in dH2O was added to the first PtNP aliquot. 50 µl 
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of 2 mM alkanethiol prepared in ethanol was added to the second PtNP aliquot. Samples were 

left on an orbital shaker and solubility was observed at 3 and 24 hours. 

 

 

3.3.2 Functionalisation of PtNPs by alkanethiols and pegylated thiols 

Using the total surface area of a batch of 20 nm PtNPs, the alkanethiol footprint 0.214 nm2 or 

the pegylated 0.35 nm2 footprint and Avogadro’s number, the number of alkanethiol molecules 

required for surface coverage was calculated, see Appendix for full calculations.128, 129 For 

surface modification with alkanethiols, the total surface area of a 20 nm PtNP was calculated 

to be 1506.74 nm2; with total surface area and the alkanethiol footprint, the number of 

alkanethiol molecules needed to coat each PtNP was 7040.83. Thus, using Avogadro’s number, 

it was calculated that 5.9 µM of the alkanethiol was required for coverage. To ensure complete 

surface coverage, surface modifications were carried out in a 10x excess of alkanethiol.  A fresh 

2 mM alkanethiol stock was prepared on each day of the surface modification experiment.  6 x 

1 mL PtNP aliquots were prepared in clean glass vials; 2 mM of alkanethiol was added to the 

aliquots in the volumes specified in Table 3.2. The reactions were left to incubate on an orbital 

shaker for 3 hours at room temperature. Samples were transferred to 1.5 mL tubes and then 

centrifuged at 10,000 x g for 10 minutes. Supernatants were discarded and each sample was 

resuspended in 1 mL of dH2O and transferred into clean glass vials. The volumes and 

concentrations of the PEGylated thiols used for the functionalisation of the PtNPs are specified 

in Table 3.3. 
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Table 3.2 Final concentration and volume of alkanethiol added to coat platinum nanoparticles. 

Final alkanethiol concentration (µM) Volume of 2 mM alkanethiol (µL) 

5 2.5 

10 5 

30 15 

50 25 

70 30 

100 50 

 

Table 3.3 Final concentration and volume of PEGylated thiols added to coat platinum nanoparticles. 

Final PEG thiol concentration (µM) Volume of 2 mM PEG thiol (µL) 

3 1.5 

5 2.5 

10 5 

30 15 

50 25 

70 35 

 

 

3.3.3 Platinum nanoparticle synthesis with cetrimethylammonium bromide 

Positively charged PtNPs were synthesised with the method described in section 3.2.4 with 

cetrimethylammonium bromide (CTAB, VWR, UK) as the capping agent and L-ascorbic acid as 

the reducing agent. Under the same conditions, 1 mL of platinum seed solution was added to 

29 mL of deionised water at room temperature. 45 µL of 0.2 M H2PtCl6.6H2O was added to the 

reaction followed by 500 µL of 34 mM CTAB/71 mM L-ascorbic acid. Again, with continuous 

stirring the temperature was increased 10oC/minute to boiling, giving a total reaction time of 

30 minutes. CTAB capped PtNPs were centrifuged at 10000 x g, the supernatant was discarded 

and the PtNPs were resuspended in 1.1 mM CTAB. 
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3.3.4 Functionalisation of platinum nanoparticles with (6-aminohexyl)trimethylammonium 

bromide hydrobromide 

Using total surface area of PtNP-CTAB, the approximated footprint of (6-

aminohexyl)trimethylammonium bromide hydrobromide (6-ATA) was 0.145 nm2 (derived from 

Chem3D by measuring the area), the concentration of 6-ATA required for surface coverage was 

calculated to 4.5 µM, see Appendix 11.2 for full calculations. For complete surface coverage, 

surface modifications were carried out in a 10x excess of 6-ATA.  A fresh 2 mM 6-ATA stock was 

prepared on the day of the experiment.  6 x 1 mL PtNP aliquots were prepared in clean glass 

vials; 2 mM of 6-ATA was added to the aliquots in the volumes specified in Table 3.4. The 

reactions were left to incubate on an orbital shaker for 3 hours at room temperature. Samples 

were transferred to 1.5 mL tubes and then centrifuged at 10,000 x g for 10 minutes. 

Supernatants were discarded and each sample was resuspended in 1 mL of dH2O and 

transferred into clean glass vials. 

 

Table 3.4 Final concentration and volume of 6-ATA added to coat PtNP-CTAB. 

Final 6-ATA concentration (µM) Volume of 2 mM 6-ATA (µL) 

3 1.5 

5 2.5 

10 5 

30 15 

50 25 

70 35 
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3.3.5 Platinum nanoparticle synthesis with 2-diethylaminoethanethiol 

2-Diethylaminoethanethiol (DEA) was used as the capping agent to synthesise positively 

charged PtNPs with sodium borohydride as the reducing agent. 0.48 mM H2PtCl6.6H2O was 

prepared in dH2O at pH 2, 10 mL of 0.48 mM H2PtCl6.6H2O and 10 mL of 0.16 mM DEA was 

added to a reaction flask. The reaction was degassed with argon for 10 minutes. 10 mL of 2.4 

mM NaBH4 was added dropwise. The reaction was then left for 20 hours, aliquots of the 

reaction were characterised with and without centrifuging. PtNP-DEA were centrifuged at 

10000 x g, supernatant was discarded, and PtNP-DEA were resuspended in dH2O. The reaction 

was repeated with varying concentrations of DEA. 

 

3.3.6 Platinum nanoparticle synthesis with 6-mercaptohexanol  

Neutrally charged PtNPs were synthesised using the method previously used in section 3.2.4 

with 6-mercaptohexanol (6-MCH) as the capping agent and L-ascorbic acid as the reducing 

agent. Due to the high cost of 6-MCH the reaction was scaled down from 30.55 mL to 10 mL. 

Under inert conditions, 327 µL of Pt seeds were added to 9.49 mL of dH2O. 15 µL of 0.2 M 

H2PtCl6.6H2O was added to the reaction, along with 163.7 µL of 34 mM 6-MCH/71 mM L-

ascorbic acid. Again, with continuous stirring the temperature was increased 10oC/minute to 

boiling. The reaction was repeated under the same conditions with 21 mM NaBH4 as a reducing 

agent and 6-MCH as a capping agent. 
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3.4 Nanoparticle characterisation 

3.4.1 Transmission electron microscopy 

TEM was performed at the Electron Microscopy Facility by Natalie Allcock at the University of 

Leicester, UK. Pt seeds were prepared for TEM imaging by diluting samples in 1:2 with dH2O.  

For the PtNPs, 1 mL of PtNP solution was centrifuged at 10000 x g, the supernatant was 

discarded and the PtNPs were resuspended in 400 µL of deionised water. Samples were briefly 

sonicated and 10 µL of the PtNP suspension was applied to a freshly glow discharged (Quorum 

technologies, UK: Q150TES coating unit, 30 µA for 30 seconds) carbon film copper grid (Agar 

scientific, UK) for 20 minutes. Samples were blotted with filter paper and left to dry before 

imaging.  TEM images were obtained using the JEOL JEM-1400 TEM with an accelerating voltage 

of 120kV; images were captured using a EMSIS Xarosa digital camera with Radius software.  

ImageJ software was used to measure the diameters of 200 individual nanoparticles to obtain 

the average PtNP diameter. The average diameters were then used to determine the frequency 

distribution and to calculate the surface area/mL of the PtNP.  

 

3.4.2 Dynamic light scattering  

DLS measurements were carried out using the Malvern Panalytical Zetasizer Nano ZS 

instrument (Malvern, UK) with Pt refractive index of 1.340 and absorption value 0.000.  1 mL 

of PtNPs were placed in a semi-micro cuvette (Fisherbrand, Leicester UK) with a 1 cm path 

length and placed into the Zetasizer, measurements were taken using a helium-neon laser at 

633 nm and scattering detector at 173 degrees. 5 measurements were taken per sample and 

the average hydrodynamic diameter was reported in nm. 
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3.4.3 Zeta potential  

Zeta potential measurements were also made using the same Malvern Panalytical Zetasizer 

Nano ZS instrument with the same refractive index and absorption values described for DLS 

measurements. 700 µL of PtNP was loaded into a folded capillary cell (Malvern Panalytical, 

DTS1070) using a 1 mL syringe. The cell was placed into the Zetasizer and measurements were 

taken using the red laser light at 633 nm, 5 measurements were taken per sample and the 

average zeta potential was reported in mV. All samples measured by zeta potential had pH 

measurements taken using a Inlab Semi Micro Probe (Mettler Toledo, Leicester UK).  

 

3.4.4 Gel electrophoresis 

PtNPs were surface modified using the lowest and highest concentrations specified in Table 3.2 

and Table 3.3. Reactions were left to incubate for 3 hours at room temperature on an orbital 

shaker. A 1 % agarose gel was prepared by dissolving 0.5 g of agarose with 50 mL of 1x Tris-

acetate-EDTA (TAE) buffer. The mixture was heated in a microwave for 1 -2 minutes at full 

power (950 W) and left to cool for 5 minutes. The agarose solution was poured into the 

electrophoresis cassette and left to solidify. Surface modification reactions were transferred to 

1.5 mL tubes and centrifuged at 10000 x g for 10 minutes, the supernatant was discarded 

leaving the concentrated pellet. 1 µL of the surface modified PtNPs were premixed with 15 µL 

glycerol to assist depositing in the agarose gel wells. The solidified agarose gel was then 

submerged into 1x TAE buffer in the electrophoresis tank. The surface modified PtNPs were 

then deposited into each well and then run at 100 V for 30 – 40 minutes. Images were captured 

were taken with a standard smart phone. 
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3.4.5 X-Ray Photoelectron spectroscopy  

3.4.5.1 XPS sample preparation 

Copper discs (Alfa Aesar, UK) were used as a substrate for the XPS analysis of PtNPs alone and 

functionalised PtNPs. Copper discs were cleaned with chloroform and then ultrasonicated with 

isopropanol. Oxide reduction was performed by Abubakr Siddiq at the Birmingham Centre for 

Fuel Cell and Hydrogen Research, University of Birmingham, UK. The reduction procedure was 

carried out by placing copper discs in a Vecstar Split Tube Furnace and reduced with hydrogen 

and nitrogen gases at a flow rate of 50 mL/min, see Table 3.5 for program settings. 

Functionalised PtNPs were prepared as described in section 3.3.2, after centrifugation, 

supernatant was discarded, and the concentrated pellet was drop cast onto the copper discs 

with a glass pipette. Samples were left to dry and were wrapped in lint free tissue and foil and 

sent for XPS analysis. 

 

Table 3.5 Vecstar Split Tube Furnace settings for oxide reduction. 

Segment Process 

1 Ramp at 1oC/min to 300oC 

2 Dwell 12 hours at 300oC 

3 Ramp cool down at 2oC/min to 25oC 

 

3.4.6 XPS Instrumentation and data analysis  

XPS experiments were conducted by Dr Mark Issacs at the Harwell XPS EPSRC National Facility 

for XPS, Harwell, UK; data was acquired using Kratos Axis SUPRA system.  The instrument used 

a monochromatic Al Ƙα X-ray source of 1486.69 eV at take-off angle of 90o to the surface plane. 

High resolution scans were acquired of Pt (4f), C (1s), O (1s), S (2p), Cu (2p) and Cu (LMM, Auger 
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parameter) with a pass energy of 20 eV at a step size of 0.1 eV. Peak fittings were conducted 

using the CasaXPS software version 2.3.25 all spectra were corrected to C (1s) at 284.6 eV and 

285 eV for pegylated thiols. 

 

3.5 Physiological and biochemical assays 

3.5.1 Chemicals for platelet aggregation and western blotting  

Reagents used in platelet aggregation and western blotting analysis are listed in Tables 3.6, 3.7, 

3.8 and 3.9. 

 

Table 3.6 Agonists used in platelet and platelet-rich plasma aggregations. 

Agonist Target Receptor Concentration Supplier 

Thrombin PAR1, PAR4 1 U/mL Sigma, UK 

Collagen related 
peptide (CRP) 

GPVI 3 µg/mL Dr Richard Farndale, 
University of Cambridge 

PAR1 peptide (SFLLRN) PAR1 50 µM Alta Biosciences, Birmingham 
UK  

 

 
Table 3.7 Inhibitors used in platelet aggregations and phosphorylation experiments. 

Inhibitors Target Concentration Solvent Supplier 

Prostacyclin 
(PGI2) 

Platelet inhibitor 1 µg/mL Tris-buffer 
pH 9.1 

Cayman Chemicals  
(Cambridge, UK 

PP2 Src-family kinase 
inhibitor 

20 µM 1% DMSO TOCRIS  
(Abingdon, UK) 

PRT-060318 Syk inhibitor 3 µM 1% DMSO Caltag Medsystems 
(Buckingham, UK) 

EGTA Calcium chelator 1 mM 100 mM NaOH Sigma, UK 
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Table 3.8 Primary antibodies used in Western blotting. 

 
Antibody 

 
Dilution 

Molecular weight 
(kDa) 

 
Supplier 

Phosphotryrosine (4G10) 1:1000 - Merck Millipore Abingdon, UK 

Phospho Syk pY525/6 1:500 72 Cell Signalling, Leiden, 
The Netherlands 

Phospho-LAT 1:500 37 Abcam, Cambridge, UK 

α- tubulin 1:1000 50 Millipore/Sigma, UK 

Syk 4D10 1:200 72 Insight Biotechnology, UK 

 

Table 3.9 Secondary antibodies used in Western blotting. 

Antibody Dilution Supplier 

Anti-mouse-HRP 1:10000 Cytiva, Amersham, UK 

Anti-rabbit-HRP 1:10000 Cytiva, Amersham, UK 

 

3.5.2 Human washed platelet preparation 

All platelet experiments were conducted at the Birmingham Platelet Research Laboratory, 

University of Birmingham UK. For blood donation by healthy volunteers’ ethical approval was 

granted by Birmingham University Internal Ethical Review (ERN_11_0175). Blood was drawn 

from consenting healthy volunteers, free of anti-platelet drugs (minimum time of 10 days) in 

vacutainers containing 3.2% (w/v) sodium citrate on the day of the experiments for both 

preparations of washed platelets. Following blood collection, acid citrate dextrose (ACD) was 

added to the blood (1:10 v/v) as anticoagulant. The anticoagulated blood was centrifuged at 

200 x g for 20 minutes at room temperature and to obtain the platelet rich plasma (PRP). The 

collected PRP was centrifuged in the presence of 10 µg/mL of prostacyclin (PGI2) at 1000 x g for 

10 minutes at room temperature, PGI2 was added to inhibit platelet activation. The plasma was 

discarded leaving a platelet pellet, the pellet was re-suspended in Tyrodes-HEPES buffer (134 

mM NaCl, 2.90 mM KCl, 0.34 mM Na2HPO4:12H2O, 12 mM NaHCO3, 20 mM HEPES, 1 mM MgCl2 

and 10 mM glucose, pH 7.3) with ACD (1:8 v/v). The platelets were centrifuged again in the 



66 
 

presence of 10 µg/mL PGI2 at 1000 x g for 10 minutes at room temperature. The platelet pellet 

was re-suspended in Tyrodes-HEPES buffer and the washed platelets were quantified on the 

Coulter counter (Beckman Coulter Zcs counter, Beckman Coulter, High Wycombe, UK). The 

washed platelet concentration was adjusted with Tyrodes-HEPES buffer to 2 x 108 platelets/mL 

or 4 x 108 platelets/mL for platelet aggregation and biochemical analysis experiments 

respectively. Washed platelets were left to rest for 30 minutes before proceeding to 

experiments. 

 

3.5.3 Human platelet rich plasma preparation  

Human PRP was prepared in a similar manner to washed platelet, blood was collected in 

vacutainers with 3.2% (w/v) sodium citrate, however, no ACD was added to the blood. The 

blood was centrifuged at 200 x g for 20 minutes at room temperature. PRP was collected and 

retained into a separated tube ready for platelet aggregation experiments. The remaining blood 

was centrifuged at 1000 x g to obtained platelet poor plasma (PPP) which was later used a blank 

control for the LTA experiments.  

 

3.5.4 Light transmission aggregometry  

Platelet function was assessed by LTA using a Chrono-log 460-VS optical aggregometer 

(Labmedics, Manchester UK ) at 37oC.  Aggregation tubes (with stir bars) containing 400 µL of 

washed platelet or PRP was pre-warmed for 2 minutes at 37oC, then stirred for 1 minute at 

1200 rpm before the addition of agonists. Aggregations were then recorded for 5 minutes, see 

Figure 3.1 for experiment timeline. Blank aggregation tubes either contained either Tyrodes-
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HEPES buffer or PPP for experiments with washed platelets or PRP respectively. For platelet 

inhibitor aggregations, inhibitors were added to washed platelets 1 minute prior to agonist 

stimulations, aggregations were then recorded up to 5 minutes. 

 

Figure 3.1 Aggregation stimulation timeline. 

 

3.5.5 Protein phosphorylation  

Washed platelets were pre-treated with (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid) (EGTA) to prevent platelet aggregation; EGTA chelates to intracellular calcium 

which regulates platelet activation. Agonists were added under the same conditions described 

in section 8.6.4. For inhibitor experiments, inhibitors were added 5 minutes prior to agonist 

stimulations. Whole cell lysates (WCL) were prepared from these experiments by terminating 

experiments with 2X Laemmli sample buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol 

and a trace of Brilliant Blue). Samples were then placed on ice and then stored at -20oC for 

western blotting. Baseline aggregations were performed in the absence of EGTA.   

 

3.5.6 Western blotting  

3.5.6.1 Sample preparation and electrophoresis 

Prior to electrophoresis samples were thawed, heated at 100oC for 5 minutes, briefly vortexed 

and centrifuged. 4-12% gradient pre-cast sodium dodecyl sulphate polyacrylamide gel 
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electrophoresis (SDS-PAGE) gels were prepared in mini electrophoresis tanks (NuPAGE, 

ThermoFisher, UK) with 1X MOPS buffer (50 mM 3-(N-morpholino)propanesulphonic acid, 50 

mM, 50 mM Tris base, 0.1% SDS and 1 mM EDTA, pH 7.7, (NuPAGE, ThermoFisher, UK)). 15 µL 

of WCL samples were loaded onto the gel alongside pre-stained molecular weight markers 

(New England Biolabs, UK). SDS-PAGE gels were initially run at 80 V until the samples had passed 

through the stacking gel, then separated on the remaining gel at 120 V for a further 40 minutes 

to 1 hour. 

 

3.5.6.2 Membrane transfer, blocking and antibody incubation 

SDS-PAGE gels were transferred to polyvinylidene fluoride (PVDF) membranes (Trans-Blot 

Turbo kit, LF PVDF Bio-Rad, UK). Membranes were incubated with 4% bovine serum albumin 

(BSA) in Tris-buffered saline with Tween (TBST; 20 mM Tris, 137 mM NaCl, pH 7.6, 0.2% 

Tween20) either for 1 hour at room temperature or overnight 4oC to ensure blocking of non-

specific protein binding sites.  Membranes were incubated with desired primary antibody either 

at 1 hour at room temperature or overnight at 4oC. Following primary antibody incubation, 

membranes were washed with TBST (3 x 10 minutes) and then incubated with the 

corresponding horseradish peroxidase (HRP) conjugated secondary antibody. Membranes 

were washed again with TBST (3 x 10 minutes). 

 

3.5.6.3 Detection 

Membranes were incubated with enhanced chemiluminescence (ECL) substrate (Pierce, 

ThermoFisher, UK) for 1 minute to enable detection of desired proteins. Excess ECL was 
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removed, and membranes were placed into plastic sleeves and secured into X-ray film 

processing cassette(s). Under darkroom conditions X-ray films (Amersham, UK) were exposed 

to membranes, films were processed in developer machine. Images were scanned and 

densitometry was performed using ImageJ software. 

 

3.5.7 Protein corona  

Utilising the method previously described in section 3.3.2 PtNPs were surface modified with 

the highest concentrations of alkane and pegylated thiols specified in Table 3.2 and Table 3.3. 

6 x 2 mL PtNP aliquots were prepared in clean glass vials, 2 mM of alkanethiol and pegylated 

thiols were added to the PtNP aliquots. Samples were left to incubate for 3 hours at room 

temperature on an orbital shaker, following incubation reactions were centrifuged at 10,000 x 

g for 10 minutes. The supernatant for each reaction was discarded and the surface modified 

PtNPs were resuspended in 2 mL of dH2O and then separated into 2 x 1 mL aliquots into clean 

glass vials. The duplicate aliquots were incubated with 1 mL of human plasma (TCS Biosciences 

Ltd, Buckingham UK) for 30 minutes at 37oC. Samples were centrifuged at 10,000 x g for 10 

minutes; supernatants were discarded, and samples were resuspended in 2 mL of PBS. The 

samples were characterised by DLS and zeta potential. 
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Chapter 4 Synthesis and 
Characterisation of Platinum 

Nanoparticles 
 

 

Abstract: This chapter details the synthesis and characterisation of the core material used 

throughout this thesis, monodispersed platinum nanoparticles (PtNPs). In the first instance, 

platinum (Pt) seeds were synthesised; these platinum seeds were then utilised as a template to 

grow (PtNPs) of 20 and 60 nm on different reaction scales to examine if consistent sizes could 

be achieved. Of the two sizes synthesised, the 20 nm PtNPs were selected for reproducibility 

experiments by synthesising four large batches of PtNPs. XPS analysis of the 20 nm PtNPs 

revealed the presence of platinum, carbon and oxygen confirming the presence of the citrate 

ion capping on the PtNP surface. Finally, the physicochemical properties of these 20 nm PtNPs 

were assessed under physiological conditions and found to be unstable, warranting the need for 

sterically stabilised PtNPs for investigating platelet-PtNP interactions. 
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4.1 Introduction 

 Platinum nanoparticles (PtNPs) are widely employed for their catalytic properties in various 

applications including proton exchange membrane fuel cells, gas sensors, glucose sensors and 

bioimaging of cancer cells.17, 130-133 The success of these applications is dependent on the 

physicochemical properties of the nanoparticle, such as size, shape, surface charge, 

composition and crystalline structure to name a few. Obtaining homogenous metallic 

nanoparticles of the same size and shape is challenging. A common synthesis method for 

colloidal metallic nanoparticles such as gold, silver and platinum are the chemical reduction of 

precursor metal salts by reducing agents.22, 28, 134, 135  These methods are based on the early 

work of gold nanoparticles (AuNP) synthesis by Turkevich et al.21 and later Frens in 1973,24 

where chloroauric acid was reduced to AuNPs by sodium citrate in an aqueous solution. In some 

methods, metallic seeds of the desired nanoparticles are first synthesised, these seeds act as 

template by providing a nucleation site for the nanoparticles to grow.27, 28 Another key element 

of these chemical reduction methods are the capping agents; metallic nanoparticle synthesis 

regularly uses capping agents to stabilise the nanoparticles. They prevent nanoparticle 

aggregation absorbing onto the nanoparticle surface via physisorption or chemisorption 

creating repulsive forces between the nanoparticles, therefore stabilising the nanoparticle 

either electrostatically or sterically. In the case of AuNPs, sodium citrate is utilised as both 

reducing and capping agent simultaneously to allow controlled sizing of colloidal AuNPs.21, 24, 28 

Other common capping agents are thiols or polymers such as poly(vinylpyrrolidone) (PVP).35, 45, 

136  
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4.1.1 Objectives: 

1. Synthesise Pt seeds on different reaction scales, characterise the Pt seeds by TEM, DLS 

and zeta potential.  

 

2. Synthesise monodispersed PtNPs of two controlled sizes, on four different reaction 

scales to examine if consistent sizes can be achieved. Characterise these PtNPs by TEM, 

DLS and zeta potential. 

 

3. Synthesise four large batches PtNPs to assess reproducibility of PtNP synthesis reaction.  

Characterise these PtNPs by TEM, DLS zeta potential.  

 

4. Confirm the presence of citrate ion capping on the PtNP surfacing using XPS analysis. 

 

5. Examine the physicochemical properties of the PtNPs in a physiological buffer. 
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4.2 Results and Discussion 

4.2.1 Synthesis of platinum seeds  

Monodispersed PtNPs were synthesised using a seed mediated approach described by Bigall et 

al.27 as illustrated in Figure 4.1.  Pt seeds were first synthesised and used as a template to grow 

larger PtNPs. Pt seeds were synthesised by the reduction of the Pt precursor chloroplatinic acid 

hexahydrate (H2PtCl6.6H2O, 3.86 mM) using the strong reducing agent sodium borohydride (21 

mM) and capping agent sodium citrate/citric (34 mM/2.38 mM) acid at 100oC. Sodium 

borohydride instantaneously reduced the H2PtCl6.6H2O to Pt atoms, observed by the rapid 

colour change of the reaction from pale yellow to brown, see Figure 4.2 (a) &  (b). 

 

Figure 4.1 Overview of PtNP synthesis. (a) Pt seeds are synthesised by the reduction of (H2PtCl6.6H2O) 

with sodium borohydride, (b) the Pt seeds are used as template to grow larger PtNPs using a milder 

reducing agent L-ascorbic acid. 

 

(a) 

(b) 
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H2PtCl6.6H2O was reduced to Pt atoms which flocculated into creating Pt seeds; the citrate ions 

from sodium citrate/citric acid stabilised the Pt seeds by physisorbing onto the surface and 

forming an electric double layer (EDL) of citrate ions around the Pt seeds. The negative charge 

carried by the citrate ions provides stability by creating electrostatic repulsion between 

neighbouring Pt seeds, therefore they are surrounded by a cloud of citrate ions that prevents 

their aggregation.21, 24, 28 These Pt seeds were characterised by TEM, DLS and zeta potential see 

Figure 4.2 (c - g), this experiment was conducted once (n=1). The TEM size of the Pt seeds was 

obtained by measuring the diameters of 200 Pt seeds. Five DLS and zeta potential 

measurements were performed to obtain the mean for each sample, data is presented as 

mean.   

 

TEM revealed the Pt seeds to be monodispersed exhibiting a spherical shape with an average 

diameter of 4.0 nm, this size was comparable to that obtained by Bigall et al.27  DLS 

measurements demonstrated an average hydrodynamic diameter of 15.2 nm with a 

polydispersity index (PDI) of 0.220. The hydrodynamic diameter was significantly larger 

compared to the average TEM diameter. This was expected, the DLS technique measures the 

Brownian motion (or diffusion) of particles in solution and relates this to the particle size; DLS 

measures the particle size but also anything that is on the particle surface while in motion. Thus, 

the hydrodynamic diameter obtained by DLS is larger than TEM.113, 115, 137  
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Figure 4.2 Pt seed characterisation of the 50 mL reaction. (a) synthesis of Pt seeds by the reduction of 

H2PtCl6.6H2O, (b) Pt seeds after synthesis reaction, (c), (d) & (e) TEM images (f), particle size distribution 

from TEM, (g) particle size intensity by DLS, representative of 1 measurement (h) Pt seeds after 

centrifugation. Results presented from 1 synthesis reaction (n=1). 
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These Pt seeds had a zeta potential of -13.7 mV at pH 4.9, the negative charge was a result of 

the citrate ions capping the Pt seeds. Nanoparticles with zeta potentials below 30 mV or above 

-30 mV are considered to have low stability.115, 138  While the zeta potential indicates Pt seeds 

have low stability, these seeds are indeed stable. There are factors that need to be considered 

when interpreting zeta potential data: (1) particle size, if the particle size is too small or too big, 

it can be out of the measurement range of the Zetasizer instrument, (2) surface coating, some 

surface coatings e.g., polyethylene glycol coated nanoparticles can give zeta potentials in low 

stability range as a result of their non-ionic nature but are actually sterically stable.139   

 

The Pt seed synthesis method by Bigall et al.27 did not describe a procedure for the removal of 

excess H2PtCl6.6H2O and sodium borohydride from the reaction. As it is unclear if excess 

H2PtCl6.6H2O and sodium borohydride will interfere with PtNP synthesis reaction, Pt seeds were 

centrifuged at 10000 x g to enable the removal of excess H2PtCl6.6H2O and sodium borohydride. 

However, due to their small size this was unsuccessful as not all the Pt seeds had spun down to 

the bottom of the tube as the reaction colour remained brown rather than colourless as 

demonstrated in Figure 4.2 (h), therefore the Pt seeds were used without centrifuging. 

 

A large batch of Pt seeds were synthesised on a 5x reaction scale using the same method, as 

large quantities of Pt seeds were required for subsequent PtNP synthesis reactions. Again, 

these Pt seeds were characterised by TEM, DLS (Figure 4.3) and zeta potential. The Pt seed 

synthesis at 5x reaction scale had comparable data to that obtained on the 1x reaction scale. 

The average TEM and hydrodynamic diameters were 4.1 nm and 16.3 nm with a PDI of 0.430, 
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respectively, and the average zeta potential was -16.0 mV at pH 4.9. These data demonstrate 

that under the same conditions, Pt seeds could be effectively synthesised on different reaction 

scales with reproducible sizes. It was crucial to have consistent sizes between the two different 

reaction sizes, as large volumes of Pt seeds with uniform sizing are required as a template for 

PtNP synthesis reactions. Following the successful scaled up synthesis of the Pt seeds, these Pt 

seeds were utilised to synthesise PtNPs of 20 and 60 nm which would be later used in platelet 

experiments.  In the next section the synthesis of 20 nm and 60 nm PtNPs will be discussed. 

     

   

Figure 4.3 Pt seed synthesis characterisation of 5x reaction scale. (a) - (c) TEM images (d), particle size 

distribution and (e) particle size intensity by DLS, representative of 1 measurement. Results presented 

from 1 synthesis reaction (n=1).  

 

(d) (e) 

Size (d. nm) 

30 

0 10 1 

In
te

n
si

ty
 

%
 

20 

10 

100 

(a) 

100 nm 

(b) 

100 nm 

(c) 

100 nm 



78 
 

4.2.2 Synthesis of 20 nm platinum nanoparticle  

Citrate capped PtNPs were synthesised with 0.035 M H2PtCl6.6H2O, using the Pt seeds as a 

template, larger PtNPs were grown with a temperature increment of 10oC/min to 100oC. Pt 

cations from the precursor were reduced onto the Pt seed surfaces, allowing growth into PtNPs. 

Growth was facilitated by the milder reducing agent, L-ascorbic acid (71 mM), that was used 

together with sodium citrate as a capping agent (34 mM). Similarly, to the Pt seeds, the citrate 

ions are physisorbed onto the PtNP surface to form the EDL once again; the negative charge 

from the citrate ions creates electrostatic repulsion between the neighbouring PtNPs therefore 

providing electrostatic stability. These citrate capped PtNPs will be referred to as c-PtNPs 

throughout unless stated otherwise.  

 

These reactions were conducted on four different reaction scales to examine if consistent 

nanoparticle sizes could be achieved as subsequent experiments would require large quantities 

of c-PtNPs. From the synthesis method described by Bigall et al.27 the PtNP synthesis had a total 

reaction volume of 30.6 mL, reaction scale 1x relates to this volume, larger reactions were 

scaled up 2x, 5x and 10x accordingly to this volume. For each reaction, excess H2PtCl6.6H2O and 

L-ascorbic acid were removed by washing the c-PtNPs by centrifugation and resuspending into 

1.1 mM sodium citrate, as this was the final concentration of sodium citrate in the synthesis 

reaction. These c-PtNPs were characterised by TEM, DLS and zeta potential as shown in Figure 

4.4. Five DLS and zeta potential measurements were taken 5 times to obtain the mean.  

 



79 
 

Figure 4.4 (a-d) illustrate monodispersed, spherical, and uniform c-PtNPs, the particle size 

distributions ranged from 15 - 30 nm. The average TEM diameters for 1x, 2x, 5x, and 10x 

reaction scales were 21.6, 22.9, 23.3 and 20.1 nm respectively. The average hydrodynamic 

diameters for 1x, 2x, 5x and 10x reactions were 32.3, 31.2, 32.4 and 29.6 nm with PDI of 0.218, 

0.279, 0.254 and 0.252 respectively, see Figure 4.4 (j).  

 

Figure 4.4 Characterisation of 20 nm c-PtNPs. (a-d) TEM images from each reaction scale, (e-h) particle 

size distribution from each reaction scale, (i) average diameters by TEM, (j) average hydrodynamic 

diameters & (k) average zeta potentials. Results presented from 1 synthesis reaction for each reaction 

scale (n=1). 
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Zeta potentials between these scaled up reactions were comparable ranging from -30 mV to -

32 mV at pH 7 to 7.2, indicating good stability and a negative charge from the citrate ion 

capping.  Using the average TEM diameters, the surface area was calculated for each reaction, 

see Table 4.1, for calculations see Appendix 11.1. The surface areas were comparable between 

the different reactions, these data demonstrate 20 nm c-PtNPs synthesis reactions can be 

scaled up at different reaction volumes to give stable negatively charged c-PtNPs with narrow 

size distributions, but more importantly controlled growth can be effectively achieved to give 

uniform PtNPs.  

 

Table 4.1 20 nm c-PtNP scaled up reactions, volumes, diameters, and calculated surface areas/mL. 

Reaction scale Reaction volume (mL) Average TEM diameter (nm) Surface area (nm2/mL) 

1x 30.6 21.6  1.5 x 1014 

2x 61.2 22.9  1.4 x 1014 

5x 153 23.3  1.4 x 1014 

10x 306 20.1  1.6 x 1014 

 

4.2.3 Synthesis of 60 nm platinum nanoparticles  

As the 20 nm c-PtNPs were successfully synthesised with good stability and a narrow particle 

size distribution, 60 nm c-PtNPs were synthesised following the same method with an increased 

concentration of 0.4 M H2PtCl6.6H2O Pt seeds were used as a template, while L-ascorbic acid 

(71 mM) and sodium citrate (34 mM) were used as a reducing and capping agent. Again, to 

demonstrate if consistent sizes could be achieved on a large scale, synthesis reactions were 

performed on different reaction scales as with the 20 nm c-PtNPs, these synthesis reactions 

were performed on a 1x, 2x, 5x and 10x. Excess H2PtCl6.6H2O and L-ascorbic acid were removed 

from each reaction by washing the c-PtNPs by centrifugation and resuspending into 1.1 mM 
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sodium citrate. The c-PtNPs were characterised by TEM, DLS and zeta potential as shown in 

Figure 4.5. Five DLS and zeta potential measurements were taken 5 times to obtain the mean. 

 

The TEM images in Figure 4.5 (a-d) illustrate the c-PtNPs distribution synthesised using 0.4 M 

H2PtCl6.6H2O across different reaction scales, these c-PtNPs were large monodispersed with a 

spherical shape. Experiments conducted on the 1x, 2x, 5x, and 10x produced average 

nanoparticles sizes of 61.1, 70.3, 60.9 and 61.7 nm respectively, see Figure 4.5 (i). The average 

TEM sizes were comparable across the different scaled reactions. The large standard deviations 

were a result of broad particle size distribution. The particle size distribution of these reactions 

ranged from 30 to 110 nm as shown in Figure 4.5 (e-h). The sizes achieved were much greater 

than those observed by Bigall et al.27 using the same concentration. This may be explained by 

the different brand of H2PtCl6.6H2O used in the reactions compared with the original method; 

the amount of Pt present in the precursor can vary from manufacturer to manufacturer.    

 

The average hydrodynamic diameters of the c-PtNPs for 1x, 2x, 5x, and 10x reactions were 92.3, 

102, 87.7 and 93 nm with PDI of 0.078, 0.049, 0.053 and 0.057 accordingly, see Figure 4.5 (j). 

Experiments at 1x, 5x, and 10x reaction scales had similar hydrodynamic diameters while 2x 

was slightly higher. The hydrodynamic diameters were greater than the average TEM 

diameters, again this was to be expected. Zeta potentials measurements of c-PtNPs were 

performed in 1.1 mM sodium citrate as this was the final concentration of sodium citrate in the 

synthesis reactions Figure 4.5 (k) shows the zeta potential of 1x, 2x, 5x, and 10x reaction scales 
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measured at -42.4, -42, -42.7 and -41.7 mV respectively with pH measuring between 7 – 7.2.  

This data demonstrates the c-PtNPs were negatively charged with a good stability.  

 

Figure 4.5 Characterisation of 60 nm c-PtNP. (a-d) TEM images from each reaction scale, (e-h) particle 

size distribution from each reaction scale, (i) average diameters by TEM, (j) average hydrodynamic 

diameters & (k) average zeta potentials.  Results presented from 1 synthesis reaction for each reaction 

scale (n=1).   

 

Utilising the average TEM diameters, the surface area of each reaction was calculated, see 

Table 4.2. The surface areas across all the reactions were similar except for 2x which had a 

smaller surface area; this is a result of 2x reaction having a slight larger average TEM diameter. 

(a) 

200 nm 1x 

(b) 

2x 

(c) 

5x 

(d) 

10x 

(e) 

1x 

(f) 

2x 

(g) 

5x 

(h) 

10x 

(i) (j) (k) 

200 nm 200 nm 200 nm 
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Along with the characterisation data, this data shows that large c-PtNPs were synthesised on 

different reaction scales with large particle distributions, overall, it was more difficult to control 

sizing of large PtNPs. 

 

Table 4.2 60 nm c-PtNP scaled up reactions, volumes, diameters, and calculated surface areas/mL. 

Reaction scale Reaction volume (mL) Average TEM diameter (nm) Surface area (nm2/mL) 

1x 30.6 61.1 5.3 x 1014 

2x 61.2 70.3 4.6 x 1014 

5x 153 60.9 5.3 x 1014 

10x 306 61.7 5.3 x 1014 

 

20 and 60 nm c-PtNPs would be ideal for platelet experiments, as previous studies have 

demonstrated a size effect relationship on platelet activation, 90, 91, 140 however the 20 nm c-

PtNPs were selected for platelet experiments, as they exhibited uniform sizes and narrow 

particle size distribution which was critical for subsequent experiments. Due to their large 

particle size distribution, 60 nm c-PtNPs were not taken forward for platelet experiments. 

Previous nanoparticle platelet experiments with metallic nanoparticles have primarily 

examined how size and shape effects platelet activation,68, 90-93, 96 hence, as the focus of this 

PhD was to investigate how the surface charge of PtNPs can mediate platelet activation, the 20 

nm c-PtNPs were best for platelet experiments. Although alternative methods were not tested, 

there are other possible approaches that could be tested to achieve larger c-PtNPs with narrow 

particle size distribution, either: (1) increase the concentration of both reducing and capping, 

(2) reduce volume of the Pt seeds or (3) increase template size i.e., start with a 20 nm 

template.137, 141 
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4.2.4 Reproducibility of 20 nm PtNP synthesis 

The results in section 4.2.2 demonstrated c-PtNPs could be synthesised on different reaction 

scale to give uniform 20 nm c-PtNPs with good stability and narrow particle size distributions. 

To assess reproducibility of the 20 nm c-PtNPs synthesis reactions, four batches of 20 nm c-

PtNPs were synthesised on the 10x reaction scale; all synthesis reactions were performed 

following the method described in section 4.2.2. The concentration of the precursor 

H2PtCl6.6H2O was adjusted to 0.2 M as new batch of H2PtCl6.6H2O was used for these synthesis 

reactions. Figure 3.6 illustrates the characterisation of these batches of 20 nm c-PtNPs by TEM, 

DLS and zeta potential.  

 

TEM images shown in Figure 4.6 (a – d) revealed monodispersed, spherical, and uniform c-

PtNPs.  the average TEM diameters were similar across all from batches; batches A, B, C and D 

were 21.9, 22.6, 23.3 and 22.7 nm respectively. The particle size distribution between ranged 

from 18 to 25.6 nm as demonstrated in Figure 4.6 (e – f). These sizes were comparable to the 

previous data in section 4.2.2, where 20 nm c-PtNPs were synthesised on 10x reaction scales.  

The average hydrodynamic diameters amongst these batches were alike, for reactions A, B, C 

and D the hydrodynamic diameters were 37, 34, 35 and 36.4 nm with PDIs of 0.140, 0.125, 

0.096 and 0.096 respectively. Zeta potentials measurements demonstrated good stability, all 

batches A, B, C & D exhibited zeta potentials of -44.6, -43.0, -43.6 and -41.6 mV, accordingly, 

these zeta potentials were comparable across the different batches. The average TEM 

diameters were used to calculate the surface area of each batch, see Table 4.3; these surface 

areas were equivalent across all four batches. Interestingly, the surface areas of these batches 
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were significantly larger compared to that previously obtained on the 10x reaction scale in 

section 4.2.2. Albeit the sizes of these c-PtNPs were similar to the previous data, this difference 

was a result of using an increased concentration of H2PtCl6.6H2O thus more particles were 

present in these reactions. Collectively, these data give confidence that 20 nm c-PtNPs can 

reproducibly be synthesised on a large reaction scale. These batches of 20 nm c-PtNPs were 

used for all experiments conducted in this thesis, unless acknowledged otherwise.   

 

Figure 4.6 Characterisation of 20 c-PtNP synthesised from four batches. (a-d) TEM images from each 

reaction batch, (e-h) particle size distribution from each batch, (i) average diameters by TEM, (j) average 

hydrodynamic diameters & (k) average zeta potentials. Results presented from 4 synthesis reactions (n=1 

per batch synthesised).  

(e) (f) (g) (h) 

(a) 

\\\\

\\\\

\\\\ 

(b) (c) (d) 

100 nm 100 nm 100 nm 100 nm 

(i) (j) (k) 
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Table 4.3 20 nm c-PtNP synthesised from four batches, TEM diameters and calculated surface 
areas/mL. 

Batch Reaction scale Average TEM diameter (nm) Surface area (nm2/mL) 

A 10x 21.9 7.6 x 1014 

B 10x 22.6 7.3 x 1014 

C 10x 23.3 7.1 x 1014 

D 10x 22.7 7.3 x 1014 

 

 

4.2.5 XPS of 20 nm platinum nanoparticles 

To confirm the presence of the citrate ion capping on the PtNP surface, c-PtNPs were analysed 

by XPS. A pilot XPS experiment using silicon wafers as substrate caused interference with the 

sulphur (2 p) peaks at starting at 163 eV, hence copper substrates were selected for all XPS 

experiments in this thesis as their main peaks starts from 933 eV. Prior to any XPS analysis of 

the c-PtNPs, all the copper substrates (discs) were subjected to an oxide reduction by hydrogen 

gas. A copper substrate was initially cleaned with chloroform and then ultrasonicated with 

isopropanol. Oxide reduction was performed by Abubakr Siddiq at the Birmingham Centre for 

Fuel Cell and Hydrogen Research at the University of Birmingham. The copper substrate was 

placed in a tube furnace and the oxide layer was reduced by hydrogen and nitrogen gases 

flowing over the copper substrate at a flow rate of 50 mL/min for 12 hours. To ensure the oxide 

layer had been effectively reduced, the reduced copper substrate was submitted for XPS 

analysis. Additionally, an oxidised (non-reduced) copper substrate was also submitted for XPS 

analysis for comparison. The XPS survey scan detected the presence of copper (Cu). 

 

Examination of the high-resolution scans for both the oxidised and reduced blank copper 

substrate revealed a signal from Cu 2p orbitals, these are presented Figure 4.7. The high-
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resolution scan of Cu 2p for the oxidised copper substrate exhibited two main peaks, Cu 2p 3/2 

at 932.5 eV and Cu 2p 1/2 at 952.3 eV with a peak separation of 19.8 eV. However, both peaks 

revealed several CuO peaks as illustrated in Figure 4.7 (a). Conversely, the reduced blank copper 

substrate detected the two main peaks at Cu 2p 3/2 at 932.1 eV and Cu 2p 1/2 at 951.9 eV with 

a peak separation of 19.8 eV; two small CuO were also present with the two main peaks as 

shown in Figure 4.7 (b). This data corresponds with that obtained by Biesinger et al.142 where 

the copper substrate was sputter cleaned to remove the oxide layer. From these XPS spectra it 

was clear that reduction by hydrogen and nitrogen gases effectively reduced the oxide layer on 

the copper substrate. 

 

 

Figure 4.7 High-resolution XPS spectra of a copper substrate. (a) oxidised copper substrate and (b) 

reduced copper substrate using hydrogen and nitrogen gases.  

 

As oxide reduction on the copper substrate was effective, c-PtNPs were further characterised 

by XPS. An aliquot of 20 nm c-PtNPs was concentrated by centrifugation, the supernatant was 

discarded and concentrated c-PtNPs were drop cast onto copper substrate, dried and 

submitted for XPS. For comparison, a clean blank copper substrate was also submitted for XPS 

analysis. Two measurements per sample were performed for each sample in this thesis. The 

Oxidised Cu substrate               Reduced Cu substrate (a) (b) 
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XPS survey scan detected the presence of platinum (Pt), carbon (C), oxygen (O) and copper (Cu) 

elements.  

 

A common artefact of XPS is adventitious carbon and oxygen contamination.  When analysing 

peaks for carbon and oxygen from high-resolution scans XPS, adventitious carbon and oxygen 

must be taken into consideration; although the XPS technique is performed under a vacuum, 

samples exposed to air will normally have a thin layer of contamination by carbon.143 The 

presence of adventitious carbon and oxygen does not permit the quantification of carbon and 

oxygen elemental ratios.  For this reason, the high-resolution scans of carbon and oxygen will 

be used to identify the species present of the surface of the c-PtNPs. Adventitious carbon is 

frequently used for charge correction of high-resolution scans, all scans in this thesis unless 

stated otherwise was charge corrected to 284.8 eV. All peaks were fitted using the CasaXPS 

software version 3.2.25 for all XPS analysis throughout this thesis. 

 

Investigation of the high-resolution scans for the blank copper disc (substrate) and PtNPs on 

the copper substrate revealed the signals from Pt 4f, Cu 2p, C 1s, and O 1s and orbitals, these 

are presented Figure 4.8. The high-resolution scan of Pt 4f for the copper substrate did not 

detect the presence of Pt 4f, this was to be expected as no c-PtNPs were present on the copper 

substrate. However, three Cu 3p peaks were detected, Cu 3p 3/2 at 75.1 eV, CuO at 75.6 eV and 

Cu 3p 1/2 at 77.5 eV, see Figure 4.8 (a). Cu 3p has a spectral overlap with Pt 4f as their binding 

energies are similar, thus Cu 3p was detected in the high-resolution scan of Pt-4f. A recent study 

by Khalakhan et al.144 demonstrated the Cu 3p/Pt 4f spectral overlap from the XPS analysis of 
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Pt-Cu bimetallic alloys. These Cu 3p peaks are attributed to the copper substrate.  By contrast, 

the high-resolution scan of Pt 4f for the c-PtNPs on the copper substrate detected the Pt 4f 

signal, see Figure 4.8 (b). Pt 4f exhibits an asymmetric doublet peak, Pt 4f 7/2 at 70.9 eV and Pt 

4f 5/2 at 74.2 eV with a separation of 3.33 eV, these two main peaks are characteristic of 

platinum metal and are similar to those in literature.145, 146  The high-resolution scans also 

presented broad peaks of PtO at 73.2 eV and CuO at 76.5 eV. The Pt 4f, PtO and CuO peaks are 

attributed to the PtNPs on the copper substrate.  

 

Figure 4.8 (c) and (d) illustrate the high-resolution scan of Cu 2p for the copper substrate and 

the c-PtNPs on the copper substrate. In both samples, Cu 2p were presented as doublet peaks, 

the copper substrate detected Cu 2p 3/2 at 932.5 eV and Cu 2p 1/2 at 952.4 eV with a peak 

separation of 19.9 eV. PtNPs on the copper substrate also detected a doublet peak with 

comparable binding energies to the copper substrate only; Cu 2p 3/2 and Cu 2p 1/2 were 

observed at 932.4 eV and 952.3 eV with a separation of 19.9 eV. These binding energies 

correspond to those in literature.146, 147. Additionally, the PtNPs on the copper substrate 

detected CuO peaks within the Cu 2p peaks, CuO at 934.9 eV and 954.5 eV. As Cu 2p has a 

multitude of species with similar binding energies,147 only the two main large peaks of Cu 2p 

and CuO will be reported. Cu 2p in both samples are ascribed to the copper substrate. 
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Figure 4.8 High-resolution XPS spectra of a copper substrate and c-PtNPs on a copper substrate. (a) Pt 

4f - Cu substrate, (b) Pt 4f – c-PtNPs on Cu substrate, (c) Cu 2p - Cu substrate, (d) Cu 2p – c-PtNPs on Cu 

substrate, (e) C 1s - Cu substrate, (f) C 1s – c-PtNPs on Cu substrate, (g) O 1s - Cu substrate and (h) O 1s 

– c-PtNPs on Cu substrate (n=1). 

 

(a) Pt 4f  (b) Pt 4f  

 

(c) Cu 2p  (d) Cu 2p  

 

(e) C 1s  (f) C 1s  

 

(g) O 1s  (h) O 1s  

 

Blank Cu substrate               c-PtNPs on Cu substrate 
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Examination of the high-resolution scans of C 1s for the copper substrate and the c-PtNPs on 

the copper substrate are demonstrated in Figure 4.8 (e) and (f) respectively. The copper 

substrate revealed four carbon species, C-C, C-H at 284.8 eV followed by C-OH at 286.4 eV, C=O 

at 288.4 eV and O-C=O at 289.3 eV. Interestingly, C-C, C-H, C-OH and O-C=O are found in the 

citrate ion structure, see Figure 4.9. These carbon species are also attributed to adventitious 

carbon contamination as no c-PtNPs were present on the copper substrate. The high-resolution 

scans of C 1s for the PtNPs on the copper substrate also revealed the same for carbon species, 

C-C, C-H at 284.8 eV preceded by C-OH at 286.6 eV, C=O at 288.2 eV and finally O-C=O at 289.6 

eV. The O-C=O specie had a slightly larger peak; this likely due to the presence of the carboxylic 

acid group from the citrate ions capping the PtNPs, however they are also attributed to 

adventitious carbon contamination as these species were present on the blank copper 

substrate.  

 

Figure 4.9 Structure of citrate ion with different carbon and oxygen species. 

 

Deconvolution of the high-resolution scan of O 1s for the copper substrate detected three 

oxygen species, CuO at 530.3 eV, C-OH at 531.6 eV and C=O at 532.7 eV, see Figure 4.8 (g). 

Although, the oxide layer had been reduced by hydrogen gas, these oxygen species were 

detected due to adventitious oxygen contamination. C-OH and C=O are attributed to 

adventitious oxygen while CuO is attributed to the blank copper substrate. The high-resolution 

scan of O 1s for the PtNPs copper substrate detected the same three oxygen species, CuO at 
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530 eV, C-OH at 531.3 eV and C=O at 535.3 eV, as shown in Figure 4.8 (h). These oxygen species 

had comparable binding energies to those found on the blank copper substrate. The presence 

of these oxygen species in both samples confirms contamination by adventitious oxygen. 

Additionally, a sodium (Na) Auger peak was also detected in the high-resolution scan of O 1s 

for the PtNP on the copper substrate; this was a result of sodium citrate used as a capping agent 

on the PtNPs. The Na Auger peak confirms the presence of citrate capped PtNPs in this sample 

as the Na Auger peak was not present on the blank copper substrate.   

 

Collectively, the XPS analysis of the copper substrate alone confirms the absence of c-PtNPs, 

the presence of copper and contamination by adventitious carbon and oxygen contamination. 

XPS analysis of the c-PtNPs on the copper substrate was confirmed by the presence of platinum 

and copper species. The citrate ion capping was verified by presence of carbon and oxygen 

species. The next step is now to understand how these 20 nm c-PtNPs interact with platelet 

physiological buffer. 

 

4.2.6 Interaction of platinum nanoparticles with platelet physiological buffer 

Before any PtNP platelet experiments could be conducted with the 20 nm c-PtNPs; it was crucial 

to understand how the physicochemical properties of the c-PtNPs may change when 

interacting with the platelet physiological buffer Tyrodes-HEPES. This interaction was assessed 

by DLS and zeta potential, 20 nm c-PtNPs were exposed to Tyrodes-HEPES and along with 

phosphate buffered saline (PBS). PBS was selected as it commonly used as a physiological 

buffer. Control samples included 20 nm c-PtNPs resuspended in 1.1 mM sodium citrate and 
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dH20. The experiment was repeated across three batches of 20 nm c-PtNPs, five DLS and zeta 

potential measurements were performed to obtain the mean for each sample, data is 

presented as mean ± SD. 

 

The exposure of 20 nm c-PtNPs to Tyrodes-HEPES and PBS caused the nanoparticles to 

aggregate; the average hydrodynamic diameters of c-PtNPs in 1.1 mM sodium citrate increased 

from 36.4 ± 0.4 nm to 2221.2 ± 245.2 nm and 3183.6 ± 581.2 nm respectively, as shown in 

Figure 4.10 (a).  Aggregation was caused by the high ionic salt concentrations in both Tyrodes-

HEPES and PBS, see Table 4.4 and Table 4.5 for salt concentrations. The citrate ion capping 

provides electrostatic stability for the PtNP core, yet the interaction between the PtNP core 

and citrate ions is relatively weak as citrate ions are non-covalently bound. Under physiological 

conditions the electrostatic forces between the c-PtNPs and citrate ions is disrupted by the high 

ionic salt concentrations and induce irreversibly aggregation triggering them to precipitate out 

of solution as shown in Figure 4.10 (c) and (d). Previous studies with metallic nanoparticles also 

observed nanoparticle aggregation from high ionic salt concentrations. Additionally, these 

studies demonstrated that nanoparticle aggregation was governed by the strength of the ionic 

solution. 137, 148 
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Figure 4.10 c-PtNP physiological buffer interactions. (a) hydrodynamic diameters and (b) zeta potentials 

& (c) c-PtNPs in Tyrodes-HEPES buffer and (d) c-PtNPs in PBS. Results presented from 3 experiments (n=3) 

and presented as mean ± SD. 

 

Table 4.4 Components of Tyrodes-HEPES buffer. 

Compound Concentration (mM) 

Sodium chloride 134 

Potassium chloride 2.9 

Sodium phosphate 0.34 

Sodium bicarbonate 12 

HEPES 20 

Magnesium chloride 1 

Glucose 5 

 

 
Table 4.5 Components of 1x PBS. 

Compound Concentration (mM) 

Sodium chloride 137 

Potassium chloride 2.7 

Sodium phosphate 10  

Potassium phosphate 1.8 
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Zeta potential of c-PtNPs were demonstrated in Figure 4.10 (b), c-PtNPs in 1.1 mM sodium 

citrate and dH2O exhibited zeta potentials of -43.76 ± 1 and -56.0 ± 2.1 mV respectively, 

demonstrating good stability; this stability significantly increased to -22.3 ± 1.3 mV in Tyrodes-

HEPES buffer and -22.3 ± 1.3 mV in PBS. The high salt concentration in both buffers compresses 

the citrate ion capping leading to a low stability. Interestingly, the zeta potential of c-PtNPs in 

dH2O indicated good stability; this was owing to the loss of citrate ion capping during the 

centrifugation and resuspension process causing some aggregation. A caveat of zeta potential 

is that the technique cannot distinguish between measuring monodispersed particles and 

aggregates, hence some aggregates can exhibit good stability. Collectively, this data 

demonstrates that the c-PtNPs need steric stabilisation to investigate PtNP platelet 

interactions. 

 

4.3 Conclusion 

The preparation of monodispersed c-PtNPs was successfully carried out using a seed mediated 

synthesis. Pt seeds were reproducibly synthesised on 2 different reactions scales, using these 

Pt seeds, electrostatically stabilised negatively charged c-PtNPs of 20 nm and 60 nm were 

synthesised on 4 different reaction scales with reproducible sizes. 20 nm c-PtNPs had good 

stability with a narrow particle size distribution range, again this was shown across all reaction 

scales. The 60 nm c-PtNPs had good stability albeit a broad particle size distribution range, this 

was demonstrated across all reaction scales. Large quantities of the 20 nm c-PtNPs were 

synthesised with reproducible sizing. High-resolution XPS scan of the 20 nm c-PtNPs revealed 

the elemental composition attributing to both platinum and the citrate ion capping. In the 

physiological buffers Tyrodes-HEPES and PBS, the 20 nm c-PtNPs were unstable and 
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aggregated; to utilise these c-PtNPs for later platelet studies, the c-PtNPs will need to undergo 

steric stabilisation.  
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Chapter 5 Functionalisation of Platinum 
Nanoparticles with Negatively Charged 

Thiol Compounds 
 

Abstract: This chapter examines the functionalisation of 20 nm citrate capped platinum 

nanoparticles (c-PtNPs) synthesised in Chapter 4. Owing to their citrate ion capping, these c-

PtNPs were negatively charged but lacking a stable covalent bond, thus making them unsuitable 

for platelets studies. To enable platelet investigations, PtNPs were sterically 

stabilised/functionalised with thiols via a ligand exchange method. First, three carboxyl-

terminated alkanethiols, 6-mercaptohexanoic acid (6-MHA), 8-mercaptooctanoic acid (8-MOA) 

and thioctic acid (TA), were investigated for functionalising 20 nm c-PtNPs. Utilising various 

surface characterisation techniques, it was confirmed their functionalisation with the 

alkanethiol molecules to produce sterically stable negatively charged 20 nm PtNPs via ligand 

exchange. In addition to previous alkanethiols, a polyethylene glycol (PEG) thiol O-(2-

carboxyethyl)-O'-(2-mercaptoethyl) heptaethylene glycol (2-MOHA) was also investigated for 

functionalising c-PtNPs using the same method. The surface characterisation techniques 

confirmed that 20 nm functionalised PtNPs possessed negatively stable charges. This study is 

the first to report the functionalisation of c-PtNPs by alkane and pegylated thiols 6-MHA, 8-

MOA, TA and 2-MOHA to create sterically stable negatively charged nanoparticles. 
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5.1 Introduction  

Nanoparticles have been extensively used in a wide variety of applications including 

biomedicine, sensing, electronics and energy. These applications are dependent on the 

functionalisation/synthesis of the nanoparticle, chemical reduction methods are often 

employed to synthesise metallic nanoparticles, as they enable controlled sizes. Capping agents 

such as sodium citrate provide nanoparticles with a negative charge,21, 22, 90 and electrostatic 

stabilisation which in turn prevents their aggregation. Sterically stabilised nanoparticles can be 

achieved by modifying the surface of the nanoparticles with ligand molecules; the nature of 

ligand can influence the functionality, solubility, and colloidal stability of the nanoparticle.  Thiol 

linkage is frequently used to functionalise/stabilise nanoparticles during synthesis or post-

synthesis via ligand exchange methods.42, 46, 149 Thiol molecules can suppress nanoparticle 

aggregation by chemisorbing onto the nanoparticle surface via covalent interactions to form a 

self-assembled monolayer (SAM).150 The functional head group can bear groups such as 

carboxylic acid, amine, or hydroxyl that that enable hydrophobic and hydrophilic moieties, thus 

providing repulsive forces between neighbouring nanoparticles and enabling functionalisation 

and stabilisation at the same time.40, 49, 151  Previous studies have primarily focused on the 

functionalisation of AuNPs by negatively charged and hydrophobic alkanethiols.42, 46, 49 By 

contrast, there has only been one report on the functionalisation of PtNPs by the negatively 

charged alkanethiol 3-mercapto-1-propanesulfonic acid (3-MPS) with the hydrophobic 

alkanethiols to form a mixed SAM on PtNPs.152  Nonetheless, SAM formation by 3-MPS is limited 

as short-chain alkanethiol such as 3-MPS do not form well-ordered SAMs.153 Thus, with an 

increasing number of applications using PtNPs, 10, 11, 17, 18, 154 the functionalisation of PtNPs by 

negatively charged alkanethiols and PEGylated thiols warrants further investigation.   
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5.1.1 Objectives  

1. Functionalise 20 nm c-PtNPs with 6-MHA. Characterise by DLS, zeta potential, gel 

electrophoresis and XPS.  

 

2. Functionalise 20 nm c-PtNPs with 8-MOA. Characterise by DLS, zeta potential, gel 

electrophoresis and XPS.  

 

3. Functionalise 20 nm c-PtNPs with TA. Characterise by DLS, zeta potential, gel electrophoresis 

and XPS. 

 

4. Functionalise 20 nm c-PtNPs with 2-MOHA. Characterise by DLS, zeta potential, gel 

electrophoresis and XPS.  
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5.2 Results and Discussion 

5.2.1 Solubility of alkanethiols  

In the previous chapter, it was demonstrated that 20 nm c-PtNPs were electrostatically 

stabilised through the physisorption of citrate ions onto the PtNP surface. It was revealed, that 

under physiological conditions these c-PtNPs were unstable and aggregated immediately. To 

enable the PtNPs to withstand such conditions, capping the PtNPs with alkanethiol molecules 

via chemisorption methods were investigated. Herein, we explored different alkanethiol 

compounds to make the sterically stable negatively charged PtNPs. Three negatively charged 

alkanethiols compounds, 6-MHA, 8-MOA and TA were selected for sterically stabilising the c-

PtNPs, their structures are illustrated in Figure 5.1.  

 

Figure 5.1 Negatively charged carboxyl-terminated alkanethiols. (a) 6-mercaptohexanoic acid (6-MHA), 

(b) 8-mercaptooctanoic acid (8-MOA) and (c) thioctic acid (TA). 

 

These alkanethiol compounds exhibit a terminal carboxylic acid (COOH) functional group, while 

6-MHA and 8-MOA are more similar in structure as both have a mercapto group (SH) head 

(a) 6-mercaptohexanoic acid  

 

 

(b) 8-mercaptooctanoic acid 

 

 

(c) Thioctic acid 
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group. 6-MHA has a 6-carbon alkane chain while 8-MOA has an 8-carbon alkane chain. To assess 

if there was a difference by a slight increase in the alkanethiol chain length 6-MHA and 8-MOA 

were selected, an increase in alkanethiol chain length enables well-ordered SAM formation via 

Van der Waals interactions.155  Like 6-MHA; TA also has a 6-carbon alkane chain but more 

interestingly it has a disulphide group (R-S-S-R), thus allowing two sulphur-metal bonds to form 

on the nanoparticle surface. These alkanethiols have medium alkane chain lengths, a caveat of 

using long chain alkanethiols (≥ 9 carbons) is their non-polar tendency and their water solubility 

decreases.156  As c-PtNPs were synthesised in aqueous solution and will be tested under 

physiological conditions, it is essential that the surface modifying compounds are water soluble. 

 

Prior to thiol exchange, the solubility of 6-MHA, 8-MOA and TA was tested by preparing the 

alkanethiols in dH2O and ethanol, their solubility was observed at 3 hours and 24 hours. Both 

6-MHA and 8-MOA were soluble in dH2O and ethanol at 3 and 24 hours; TA was only soluble in 

ethanol. Based on this observation, all 3 alkanethiols were prepared in ethanol for 

functionalisation experiments. The next part of this chapter will focus of the functionalisation 

of PtNPs by 6-MHA, 8-MOA and TA. 

 

5.2.2 Functionalisation of 20 nm platinum nanoparticles by 6-mercaptohexanoic acid 

Based on previous functionalisation methods with AuNPs 46, 49 20 nm c-PtNPs were 

functionalised with 6-MHA by ligand exchange. In this method, a ligand exchange occurs 

between the citrate ion capping of the nanoparticles and the alkanethiol molecule. Citrate ions 

are non-covalently bound to the nanoparticle surface and can be easily displaced by thiol 



102 
 

molecules to form a strong covalent interaction, thus forming a SAM providing steric 

stabilisation and functionality.39 Figure 5.2 illustrates the ligand exchange of citrate ions with 6-

MHA to create sterically stable negatively charged PtNP. The concentration of 6-MHA required 

for surface coverage was calculated to be 5.9 µM, using the alkanethiol footprint 0.214 nm2,128 

see Appendix 11.2 for calculations. c-PtNPs surface modified by 6-MHA will be referred to as 

PtNP-6-MHA throughout this thesis. 

 

Figure 5.2 Ligand exchange of citrate ions on the 20 nm c-PtNP by 6-MHA. Note figure not to scale. 

 

 

20 nm c-PtNPs were incubated with 6-MHA at concentrations ranging from 5 – 100 µM for 3 

hours at room temperature. Excess 6-MHA and citrate ions were removed by centrifugation at 

10000 x g for 10 minutes. The supernatant was discarded, and the PtNP-6-MHA were 

resuspended in dH2O and then characterised by DLS, zeta potential and pH. Although pH is not 

a characterisation technique per say, they were reported as zeta potential measurements are 

dependent on pH, hence they were reported throughout this thesis. The control samples 

included 20 nm c-PtNPs in 1.1 mM sodium citrate and dH2O (referred to as the dH2O control). 

The c-PtNPs control was selected to assess if there was a difference between the capping 
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agents, dH2O was used as a control as all PtNP-6-MHA were resuspended in dH2O. For gel 

electrophoresis, 20 nm PtNPs were surface modified with 5 µM and 100 µM 6-MHA only 

following the method above up to the discarding step as concentrated functionalised PtNPs 

were required for this technique. Unconcentrated nanoparticles would not be visible on the 

agarose gel. Gel electrophoresis was only used qualitatively manner. 1 µL of concentrated 5 µM 

and 100 µM PtNP-6-MHA were then premixed with 15 µL glycerol and separated on a 1% 

agarose gel submerged in Tris-acetate-EDTA (TAE) buffer and concentrated c-PtNPs were used 

as a control. For full procedure see materials and methods section. DLS and zeta potential 

experiments were repeated across three batches of 20 nm PtNPs, five DLS and zeta potential 

measurements were performed to obtain the mean for each sample, data is presented as mean 

± standard deviation (SD).  

 

Figure 5.3 (a) demonstrates the hydrodynamic diameters of PtNP-6-MHA, the c-PtNPs control 

and dH2O controls were similar at 30.9 ± 1.0 and 31.4 ± 1.1 nm respectively. The PtNP-6-MHA 

had comparable hydrodynamic diameters to the control samples, their hydrodynamic 

diameters ranged from 29.7 to 31.9 nm.  There were no differences amongst the different 

concentrations of 6-MHA used. Looking at the zeta potentials in Figure 5.3 (b) the c-PtNPs 

control and dH2O controls exhibited negative charges of -32.9 ± 3.7 and -37.2 ± 3.6 mV 

respectively; the zeta potential of PtNP-6-MHA exhibited negative charges, ranging from -19.3 

to -34.6 mV. Interestingly, as the concentration of 6-MHA increased, the zeta potential 

increased, indicating low stability. This trend suggests a ligand exchange between the citrate 

ions and 6-MHA has taken place on the PtNP surface.   
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Figure 5.3 Characterisation of PtNP-6-MHA. (a) hydrodynamic diameters, (b) zeta potentials (c) pH and 

(d) gel electrophoresis. Results (except electrophoresis) are representative of 3 experiments (n=3) and 

presented as mean ± SD. 

 

Additionally, the pH of PtNP-6-MHA solutions after purification decreased with increasing 

concentrations of 6-MHA from pH 6.9 to 3.7; the pH of the citrate control and dH2O controls 

remained in the neutral range at pH 7.2 and 7.1 respectively, as shown in Figure 5.3 (c). Thus, 

indicating a ligand exchange has occurred. The decrease in pH could be as result of 6-MHA 

having a lower pH than the sodium citrate, therefore, as the concentration of 6-MHA increased 

the pH decreased. Furthermore, the decrease in pH suggests a change in the protonation 

equilibrium of 6-MHA. It is presumed, at high acidic conditions the COOH group of 6-MHA is 

deprotonated and negatively charged; by contrast in low acidic conditions the COOH group 

(a) (b) 

(c) (d) 

   Cit      5 µM   100 µM 
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would be in a protonated state and positively charged. This fact is related to the increase in 

zeta potential as a decrease in pH is observed, which is in accordance with literature.157 

 

Gel electrophoresis was also used to assess ligand exchange; this technique was only used 

qualitatively. 5 µM and 100 µM of PtNP-6-MHA were selected for gel electrophoresis to 

examine if there was a difference in surface coverage in comparison to the c-PtNPs.  The 20 nm 

c-PtNPs control sample aggregated within the well see Figure 5.3 (d). Due to their electrostatic 

stabilisation by citrate ions, these c-PtNPs are unprotected from the TAE buffer and the applied 

charge.  Conversely, both 5 µM and 100 µM PtNP-6-MHA migrated through the agarose gel as 

they had become sterically stable with a negative charge. 5 µM PtNP-6-MHA had a fainter band 

compared with 100 µM PtNP-6-MHA which had a denser band; one reason for this difference 

could be that at the lower concentration, fewer 6-MHA molecules had bound to the PtNP 

surface, hence only a fewer c-PtNPs had become sterically stable and were able to migrate the 

through the agarose gel.  At 100 µM of 6-MHA, more PtNPs had become sterically stabilised, 

therefore more sterically stable PtNP-6-MHA migrated through the agarose gel. This data 

further supports that a ligand exchange has occurred between 6-MHA and the citrate ions on 

the PtNP surface. Although, the zeta potential, pH and gel electrophoresis data provide 

evidence of ligand exchange of the citrate ions for 6-MHA, further investigation is required to 

confirm the platinum-thiol bond, therefore the next step is to conduct XPS analysis of 20 nm 

PtNP-6-MHA. 
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5.2.3 XPS of 20 nm PtNP-6-MHA   

To further confirm if 6-MHA had bound onto the PtNP surface, XPS was employed to assess the 

elemental composition of PtNP-6-MHA. 6-MHA was selected as a control sample, the control 

sample was prepared by directly drop casting 6-MHA onto the copper substrate and air dried. 

Following the method described in 5.2.2, c-PtNPs were surface modified with 100 µM of 6-MHA 

for 3 hours at room temperature. 100 µM 6-MHA was used for XPS analysis as this 

concentration demonstrated the greatest increase in zeta potential as shown in Figure 5.3 (b). 

The excess 6-MHA and citrate ions were removed by centrifuging the sample at 10000 x g for 

10 minutes, the supernatant was then discarded, and the concentrated PtNP-6-MHA were drop 

cast onto copper disc (substrate), air dried and submitted for XPS analysis.  

 

Survey scans of the control sample 6-MHA detected the presence of copper (Cu), carbon (C), 

oxygen (O) and sulphur (S), while PtNP-6-MHA detected platinum (Pt) in addition to Cu, C, O 

and S. Examination of the high-resolution scans of 6-MHA detected signals from Pt 4f, Cu 2p, C 

1s, O 1s and S p orbitals, these are presented in Figure 5.4. These high-resolution scans were 

charge corrected to the adventitious carbon peak at 284.8 eV. As previously discussed in 

section 4.2.5, contamination by adventitious carbon and oxygen are common artefacts found 

in XPS and are presented in high-resolution scans, therefore the high-resolutions scans will only 

be used to determine the species present on the surface of modified PtNPs. 
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As expected, the high-resolution scans of 6-MHA did not detect a signal for Pt 4f as no c-PtNPs 

were present on the copper substrate, see Figure 5.4 (a). However, three Cu 3p peaks were 

detected, Cu 3p 3/2 at 74.9 eV, CuO at 75.4 eV and Cu 3p 1/2 at 77.4 eV. These peaks were 

comparable to those obtained on the blank copper substrate in section 3.2.5. Cu 3p and Pt 4f 

have similar binding energies, thus there is a spectral overlap, this has been previously reported 

in the XPS analysis of Pt-Cu bimetallic alloys.144 Investigation of the high-resolution scans of 

PtNP-6-MHA detected Pt 4f as typical asymmetric doublet peak, Pt 4f 7/2 at 71.1 eV and Pt 4f 5/2 

at 74.4 eV with a separation of 3.33 eV, see Figure 5.4 (b). These peaks are attributed to the c-

PtNPs and are characteristic of platinum metals and PtNPs.145, 146, 158 In addition, the spectral 

overlap of Cu 3p 3/2 and Pt 4f 5/2 is clearly evident. Again, three peaks of Cu 3p were detected, 

Cu 3p 3/2 at 74.9 eV, CuO at 75.4 eV and Cu 3p 1/2 at 77.3 eV, which had similar binding energies 

to those found in the 6-MHA control sample. Cu 3p is attributed to the copper substrate. 

 

Examination of the high-resolution scans Cu 2p for both 6-MHA and PtNP-6-MHA are illustrated 

in Figure 5.4 (c) & (d). Cu 2p revealed a doublet peak in both samples, 6-MHA exhibited Cu 2p 

3/2 at 932.7 eV preceded by Cu 2p 1/2 at 952.5 eV, while PtNP-6-MHA exhibited Cu 2p 3/2 at 932.7 

eV and Cu 2p 1/2 at 952.6 eV. Both 6-MHA and PtNP-6-MHA had a separation of 19.8 eV,  these 

spectra were almost identical and the peaks found were in accordance with literature.146, 147  

Like Cu 3p, Cu 2p is also attributed to the copper substrate used in XPS analysis. 
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Figure 5.4 High resolution XPS spectra of 6-MHA and PtNP-6-MHA on a copper substrate. (a) Pt 4f - 6-

MHA, (b) Pt 4f - PtNP-6-MHA, (c) Cu 2p - 6-MHA, (d) Cu 2p – PtNP-6-MHA, (e) C 1s – 6-MHA, (f) C 1s – 

PtNP-6-MHA, (g) O 1s – 6-MHA, (h) O 1s – PtNP-6-MHA (i) S 2p – 6-MHA and (j) S 2p – PtNP-6-MHA 

(n=1). 

(a) Pt 4f  (b) Pt 4f  

(c) Cu 2p  (d) Cu 2p  

(e) C 1s  (f) C 1s  

(g) O 1s  (h) O 1s  

(i) S 2p (j) S 2p   

6-MHA PtNP-6-MHA 
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Interpretation of the C 1s high resolution scans for 6-MHA revealed five carbon species as 

presented in Figure 5.4 (e). C-C, C-H at 284.8 eV corresponds to the main alkanethiol chain of 

6-MHA however adventitious carbon is also presented 284.8 eV; this was previously observed 

in the XPS of the blank copper substrate in section 3.2.5.  The next peaks were C-S, C-OH at 

285.9 eV, C=O at 287.9 eV and O-C=O at 289.2 eV. C-S is attributed to the carbon-thiol bond of 

the 6-MHA, while C-OH, C=O and O-C=O are attributed to the COOH group of 6-MHA but also 

to adventitious carbon. The high-resolution scan of C 1s for PtNP-6-MHA also detected five 

species, C-C, C-H at 284.7 eV, this was proceeded by smaller peaks, C-S, C-OH at 286.8 eV, C=O 

at 288.3 eV and O-C=O at 289.7 eV. The C-C, C-H peak relates to the alkanethiol chain and 

adventitious carbon, C-S corresponds to presence of the thiol and C-OH, C=O and O-C=O 

correspond to the COOH group of 6-MHA and but again also adventitious carbon. Interestingly, 

the C=O peak was more pronounced suggesting more oxidation of the sample. The carbon 

species in both 6-MHA and PtNP-6-MHA are in accordance with literature.146, 159   

 

Deconvolution of the high-resolution scans of O 1s for 6-MHA found three chemical species, 

CuO at 531.5 eV, followed by C-OH at 532.2 eV and SO2,C=O at 533.6 eV, these binding energies 

are those found in literature.146 CuO corresponds to the copper substrate, both C-OH and C=O 

species correspond with COOH group, nonetheless these two species were present on the 

blank copper substrate (see section 4.2.5), thus confirming adventitious oxygen contamination. 

SO2 is attributed to oxidised sulphur from 6-MHA.  The examination of the O 1s high-resolution 

scans of PtNP-6-MHA found six oxygen species, PtO and CuO at 530.8 eV, which ascribes to the 

PtNPs and the copper substrate. Next, C-O at 531.7 eV, C=O at 532.7 eV, again C-O and C=O 
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relate to adventitious oxygen and the COOH group of PtNP-6-MHA. These peaks were preceded 

by SO2 at 534 eV, H2O at 535.6 eV and a sodium (Na) Auger peak at 536.9 eV; SO2 corresponds 

with the oxidised sulphur. A possible explanation for the presence of the H2O and Na Auger 

peaks is that not all the citrate ions had been displaced by 6-MHA on the PtNP surface, dH2O 

was used to prepare the sodium citrate, thus the H2O and Na Auger peaks were detected. 

 

The high-resolution scans of S 2p for 6-MHA on the copper substrate observed two integrated 

doublets with a 2:1 area ratio, with a separation of 1.18 eV, as illustrated in Figure 5.4 (i). Bound 

S 2p 3/2 and S 2p 1/2 were present at 162.2 eV and 163.4 eV respectively, demonstrating a 

copper-thiol bond. The second doublet was present at 163.5 eV and 164.7 eV and is ascribed 

to the unbound thiol, these data were similar to those obtained using gold surfaces.160  Sulphur 

binding to the copper substrate was expected, early studies investigated SAM formation by 

various alkanethiols on copper substrates for their wetting properties and for their ability to 

inhibit corrosion of the underlying copper substrate.34, 161, 162 The unbound thiol could possibly 

due to physisorbed 6-MHA. Conversely, the high-resolution scans of S 2p for PtNP-6-MHA 

displayed high background with one S 2p doublet with a 2:1 area ratio, with a separation of 

1.18 eV was observed, see Figure 5.4 (j). Bound S 2p was present at 162.4 eV while the unbound 

S 2p ½ was present at 163.7 eV.  The difference of S 2p peaks is due to the sample preparation, 

6-MHA was directly deposited onto the copper substrate without incubation and rinsing, by 

contrast PtNPs were first incubated for 3 hours with 6-MHA, thus, allowing more time for a 

platinum-thiol bound to form, then centrifuged to remove excess 6-MHA and citrate ions and 

then deposited on the copper substrate.  
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The % of bound and unbound S 2p was derived from the area of the peak fittings from the 

CasaXPS software from two scans, this is shown Table 5.1. The bound and unbound S 2 p of 6-

MHA on the copper substrate was 65.5% and 34.5% respectively, confirming 6-MHA had bound 

to the copper substrate. The unbound S 2p could be due to bond formation between the 

mercapto groups of 6-MHA and or the physisorption of 6-MHA on the copper substrate. In the 

PtNP-6-MHA, the % of bound and unbound S 2p was 66.7% and 33.3% respectively, this was 

comparable to 6-MHA on the copper substrate. Again, the unbound S 2p is likely due to the 

physisorption of 6-MHA on the c-PtNPs.  

 

Table 5.1 - % of bound and unbound S 2 p in 6-MHA and PtNP-6-MHA. 

 6-MHA PtNP-6-MHA 

% of S 2p bound  65.5 66.7 

% of S 2p unbound  34.5 33.3 

 

This XPS data demonstrated PtNP-6-MHA were present on the copper substrate. However, the 

carbon and oxygen species, attributed to the structure 6-MHA in both high-resolution scans of 

6-MHA and PtNP-6-MHA, were masked by adventitious carbon and oxygen. Na Auger peaks 

indicated citrate ions were still present on the PtNP surface after ligand exchange, thus, PtNP-

6-MHA was only partially functionalised by 6-MHA via chemisorption. Partial functionalisation 

has previously been observed with the ligand exchange of citrate ions on AuNPs for 3-MPS.39 
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5.2.4 Functionalisation of 20 nm platinum nanoparticles with 8-mercaptooctanoic acid  

Using the same chemisorption method described in section 5.2.2, 20 nm c-PtNPs were surface 

modified by the 8-MOA, the ligand exchange is illustrated in Figure 5.5. The same alkanethiol 

footprint of 0.214 nm2 was utilised for the surface coverage calculations for 8-MOA, hence the 

concentrations used to functionalise the c-PtNPs are the same as 6-MHA. c-PtNPs 

functionalised by 8-MOA will be referred to as PtNP-8-MOA throughout this thesis. 

 

Figure 5.5 Ligand exchange of citrate ions on the 20 nm c-PtNP by 8-MOA. Note figure not to scale. 

 

In brief, 20 nm c-PtNPs were incubated with 8-MOA for with concentrations from 5 – 100 µM 

for 3 hours at room temperature. Excess 8-MOA and citrate ions were removed by 

centrifugation at 10000 x g for 10 minutes. The supernatant was discarded, and the PtNP-8-

MOA were resuspended in dH2O and then characterised by DLS, zeta potential and pH.  Again, 

the 20 nm c-PtNPs in 1.1 mM sodium citrate and dH2O were utilised as control samples. For gel 

electrophoresis characterisation, 20 nm c-PtNPs were surface modified with 5 µM and 100 µM 

8-MOA only following the method above, until the discarding step. 1 µL of concentrated 5 µM 

and 100 µM PtNP-8-MOA were then premixed with 15 µL glycerol and separated on a 1% 

agarose gel submerged in TAE buffer and concentrated c-PtNPs were used as a control. PtNP-
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8-MOA were characterised by DLS, zeta potential and gel electrophoresis. All DLS and zeta 

potential experiments were repeated across three batches of 20 nm c-PtNPs, five DLS and zeta 

potential measurements were performed to obtain the mean for each sample, data is 

presented as mean ± SD.  

    

                     

Figure 5.6 Characterisation of PtNP-8-MOA, (a) hydrodynamic diameters, (b) zeta potentials (c) pH and 

(d) gel electrophoresis. Results (except electrophoresis) are representative of 3 experiments (n=3) and 

presented as mean ± SD.  

 

Figure 5.6 (a) displays the hydrodynamic diameter of PtNP-8-MOA, the citrate and dH2O control 

had hydrodynamic diameters of 34.7 ± 1.4 nm and 43.3 ± 2.9 nm respectively. The 

hydrodynamic diameters of PtNP-8-MOA increased at 5 µM and 10 µM of 8-MOA, while the 

remaining concentrations 30 to 100 µM had similar hydrodynamic diameters ranging from 33.7 

(a) (b) 

(c) (d) 

   Cit     5 µM   100 µM 
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to 36.8 nm. It is unclear why 5 µM and 10 µM 8-MOA gave larger hydrodynamic diameters of 

82.4 ± 11.2 and 119.8 ± 11.8 nm respectively, this was previously not observed with 6-MHA. A 

possible explanation could be that c-PtNPs have aggregated during the ligand exchange 

process. As the citrate ions are being displaced by 8-MOA, the c-PtNPs surface can be exposed 

if there are not enough thiol molecules to bind to the PtNP surface, forming aggregates with 

neighbouring nanoparticles. Thus, when the nanoparticles form aggregates, they exhibit larger 

hydrodynamic diameters compared with individual nanoparticles. Moreover, these aggregates 

are not necessarily spherical in shape, the DLS technique measures everything on the particle 

surface and it assumes all particles measured are spherical. Therefore, the hydrodynamic 

diameter of these particles appears larger than expected.  

 

The zeta potential of PtNP-8-MOA demonstrated a negative charge which ranged from -24.5 to 

-32.6 mV, in comparison to the citrate and dH2O controls which had zeta potentials of -38.6 ± 

3.2 mV and -47.9 ± 2 mV respectively. The reduced zeta potential of dH2O control sample is 

due to the loss of the citrate ion capping during the resuspension step in dH2O, therefore some 

of the c-PtNPs aggregate forming a larger particle which the Zetasizer instrument translates to 

large stable nanoparticle. The zeta potential of PtNP-8-MOA followed a similar trend to that of 

PtNP-6-MHA, as the concentration of 8-MOA increased the zeta potential of PtNP-8-MOA 

shown in Figure 5.6 (b), suggesting a ligand exchange had occurred between the citrate ions 

and 8-MOA. Albeit the increase in zeta potential indicates low stability, it is indicative of more 

8-MOA molecules binding to the PtNP surface, therefore more citrate ion capping has been 

exchanged for 8-MOA. Ligand exchange was further supported by the change in pH of purified 
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surface modified PtNPs solutions after the procedure, see Figure 5.6 (c). The increasing 

concentration of 8-MOA decreased the pH from pH 6.9 to pH 3.7, indicating more 8-MOA had 

bound to the PtNP surface as it was indicated in the previous section. Similar to 6-MHA, the 

decrease in pH could be due to 8-MOA having a lower pH than the sodium citrate, thus, as the 

concentration of 8-MOA increased the pH decreased. The decrease also indicates a change in 

the protonation equilibrium of 8-MOA; at high acidic conditions the COOH group of 8-MOA 

would be deprotonated and negatively charged. At low acidic conditions the COOH group 

would stay protonated and positively charged. Again, this fact is corresponds to the increase in 

zeta potential as a decrease in pH is observed, which is in accordance with literature.157 

 

Figure 5.6 (d) shows the gel electrophoresis of PtNP-8-MOA, the 20 nm c-PtNPs control sample 

once again aggregated due to its citrate ion capping; 5 µM and 100 µM PtNP-8-MOA migrated 

through the sample, confirming a thiol exchange had taken place. 5 µM PtNP-8-MOA appeared 

as faint band, by contrast 100 µM PtNP-8-MOA appeared as a darker band, indicating more 8-

MOA had bound to the PtNPs. Thus, making the PtNPs more sterically stable, in turn more PtNP-

8-MOA migrated through the agarose gel. These gel electrophoresis results support a ligand 

exchange has taken place. Together, the DLS, zeta potential, pH and gel electrophoresis data 

provided evidence that 8-MOA has chemisorbed onto the PtNP surface. To confirm if 8-MOA 

has bound to the c-PtNPs to form a thiol bond, XPS analysis was performed on 8-MOA and 

PtNP-8-MOA.  
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5.2.5 XPS of 20 nm PtNP-8-MOA 

XPS was used to investigate the elemental composition of 8-MOA and PtNP-8-MOA. 8-MOA 

was used a control sample and was prepared by directly drop casting onto the copper substrate 

and air dried. Following the method described in section 5.2.2, PtNP-8-MOA was prepared by 

surface modifying c-PtNPs with 100 µM of 8-MOA for 3 hours at room temperature; the excess 

8-MOA and citrate ions were removed by centrifuging the sample at 10000 x g for 10 minutes. 

The supernatant was discarded, and the concentrated PtNP-8-MOA were drop cast onto 

copper substrate, air dried and submitted for XPS analysis. 

 

Survey scans of 8-MOA and PtNP-8-MOA revealed the presence of Pt, Cu, C, O and S elements. 

Investigation of high-resolution scans of Pt 4f found for 8-MOA detected no signal from the Pt 

4f orbital as no c-PtNPs was present in the sample, however three Cu 3p species were detected, 

Cu 3p 3/2 at 74.9 eV, CuO at 75.3 eV and Cu 3p 1/2 at 77.3 eV as shown in Figure 5.7 (a). This was 

to be expected as Cu 3p and Pt 4f have similar binding energies.144 Although Cu 3p was 

previously found in the blank copper substrate (section 4.2.5), 6-MHA and PtNP-6-MHA,  Cu 3p 

was not detected in the high-resolution scans of Pt 4f for PtNP-8-MOA as illustrated Figure 5.7 

(b). Potentially more PtNP-8-MOA had covered the surface of the copper substrate. The 

asymmetric peaks of Pt 4f were detected, Pt 4f 7/2 at 70.8 eV and Pt 4f 5/2 at 74.2 eV, with a 

separation of 3.33 eV. These binding energies are in accordance with those found in 

literature.145, 146, 158 The presence of Pt 4f is ascribed to the PtNPs.   
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The high-resolution scans of Cu 2p for 8-MOA and PtNP-8-MOA displayed the typical doublet 

peaks, see Figure 5.7 (c) & (d); 8-MOA presented Cu 2p 3/2 932.5 eV and Cu 2p 1/2 952.4 eV. 

PtNP-8-MOA found Cu 2p at comparable binding energies, Cu 2p 3/2 932.1 eV and Cu 2p 1/2 954 

eV. Both 8-MOA and PtNP-8-MOA had a separation of 19.9 eV. CuO peaks were also detected 

in each of the main two Cu 2p peaks of PtNP-8-MOA, CuO at 933.7 eV and 954.2 eV, indicating 

some oxidation. Both Cu 2p peaks in 8-MOA and PtNP-8-MOA are attributed to the copper 

substrate and are similar to those in literature.146, 147 

 

Interpretation of the high-resolution scans of C 1s for 8-MOA revealed five carbon species, see 

Figure 5.7 (e), a large C-C, C-H peak at 284.8 eV followed by smaller peaks, C-S, C-OH at 286.7 

eV, C=O at 288.4 eV and 289.9 eV, these binding energies are agreement with literature.146, 159  

C-C, C-H ascribes to the alkanethiol chain and adventitious carbon, while C-S relates to the 

presence carbon-thiol bond on the alkanethiol chain, C-OH, C=O and O-C=O are attributed to 

the COOH group of 8-MOA and adventitious carbon as these peaks were found on the blank 

copper substrate (section 4.2.5). Examination of the high-resolution C 1s scans of PtNP-8-MOA 

also displayed the same four carbon species with similar binding energies. C-C, C-H was found 

284.8 eV, C-S at 286.7 eV, C=O at 288.4 eV and O-C=O 289.9 eV, again these binding energies 

are agreement with literature.146, 159  C-C, C-H relates to the alkanethiol chain and adventitious 

carbon, while C-S is due to the carbon-thiol bond on the alkanethiol chain. C-OH, C=O and O-

C=O are attributed to the carboxylic acid group of 8-MOA and adventitious carbon.  
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Figure 5.7 High resolution XPS spectra of 8-MOA and PtNP-8-MOA on a copper substrate. (a) Pt 4f - 8-

MOA, (b) Pt 4f - PtNP-8-MOA, (c) Cu 2p - 8-MOA, (d) Cu 2p – PtNP-8-MOA, (e) C 1s – 8-MOA, (f) C 1sPtNP-

8-MOA, (g) O 1s – 8-MOA, (h) O 1s – PtNP-8-MOA, (i) S 2p – 8-MOA and (j) S 2p – PtNP-8-MOA (n=1). 

8-MOA PtNP-8-MOA 
(a) Pt 4f  (b) Pt 4f  

(c) Cu 2p  (d) Cu 2p  

(e) C 1s  (f) C 1s  

(g) O 1s  (h) O 1s  

(i) S 2p (j) S 2p   
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The examination of O 1s high resolution scans revealed three chemical species, as displayed in 

Figure 5.7 (g), CuO at 531 eV, C-OH at 532.3 eV and SO2, C=O at 533.6 eV. CuO corresponds to 

the copper substrate, while C-OH and C=O correspond with the COOH group of 8-MOA, 

however these two species were found on the blank copper substrate, thus these peaks are 

also attributed to adventitious oxygen contamination. The high-resolution scans of PtNP-8-

MOA revealed six oxygen species, the metal oxide peaks (PtO, CuO) were overlayed with and 

C-OH at 531.4 eV; both metal oxide species attributed to the PtNPs and the copper substrate. 

These were preceded by C=O at 532.5 eV, SO2 at 533.5 eV and H2O at 535.5 eV and a Na Auger 

peak at 536.6 eV. Again, C-OH and C=O are attributed to both COOH and adventitious oxygen 

and the carboxylic acid group of 8-MOA. The H2O and Na Auger peaks attributed to the citrate 

ion capping, indicating citrate ions were still present on the surface of PtNP-8-MOA. 

 

Investigation of the high-resolution scans of S 2p of 8-MOA and PtNP-8-MOA, revealed the 

presence of two intercalated doublets with 2:1 area ratio and 1.18 eV separations, these peaks 

correspond with bound and unbound S 2p, as shown in Figure 5.7 (i) and (j). As observed with 

6-MHA, 8-MOA also formed a sulphur-copper bond, the bound S 2p species were S 2p 3/2 at 

162 eV and S 2p 1/2 at 163.2 eV and the unbound species were S 2p 3/2 at 163.5 eV and S 2p 1/2 

at 164.6 eV. SAM formation by alkanethiols thiols on copper substrates have previously 

demonstrated the copper-thiol bond.34, 161, 162 The examination of PtNP-8-MOA high resolution 

scans had comparable S 2p peaks to that of 8-MOA. Two bound S 2p peaks were detected at 

162.2 eV and 163.3 eV, while the unbound S 2p peaks were detected at 164.1 and 165.3 eV. 

Both 8-MOA and PtNP-8-MOA revealed S 2p species that were similar to those found on gold 
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substrates.160 Using the areas from the peak fitting using CasaXPS,  the % of bound and unbound 

S 2p was calculated and shown in Table 5.2.  

 

Table 5.2 - % of bound and unbound S 2p in 8-MOA and PtNP-8-MOA. 

 8-MOA PtNP-8-MOA 

% S 2p bound 38.4 65.7 

%S 2p unbound 61.6 33.4 

 

The % of S 2p bound and unbound from 8-MOA on the copper substrate was 38.4% and 61.6% 

respectively. Conversely, PtNP-8-MOA had 65.7% bound S 2p and 33.4% unbound. A possible 

explanation for this difference is the preparation of both samples; 8-MOA was drop cast on the 

copper substrate and was air dried immediately, therefore, only a few 8-MOA molecules were 

chemisorbed onto the copper substrate. PtNP-8-MOA was prepared by incubating PtNPs with 

8-MOA for 3 hours, hence more 8-MOA molecules were able form a platinum-thiol bound.  The 

unbound sulphur of 8-MOA is likely due to physisorption on the copper substrate. In the case 

of PtNP-8-MOA, citrate ions were still present on the PtNP surface this was confirmed by the 

Na Auger peak. Herein, this XPS data revealed that PtNPs were present on the copper substrate. 

Carbon and oxygen species ascribed to the structure of 8-MOA were detected in both 8-MOA 

and PtNP-8-MOA samples but could not be distinguished from adventitious carbon and oxygen. 

Comparison of sulphur species for 8-MOA and PtNP-8-MOA demonstrated 65.7% of 8-MOA has 

bound to the PtNP surface via chemisorption to give a platinum-thiol bound. Similar to PtNP-6-

MHA, PtNP-8-MOA was partially functionalised by  8-MOA.  
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5.2.6 Functionalisation of platinum nanoparticles with Thioctic acid  

TA was used to functionalise the 20 nm c-PtNPs, see Figure 5.8 overall for ligand exchange. The 

alkanethiol footprint of 0.214 nm2 could not be applied for the TA surface coverage calculations 

as the TA molecule exhibits a disulphide bond (R-S-S-R).  The TA footprint of 0.428 nm2 was 

approximated using Chem3D by calculating the area of the molecule; using this footprint the 

concentration of TA required for surface coverage was calculated to 2.9 µM, see Appendix 11.2 

for calculations. c-PtNPs surface modified by TA will be referred to as PtNP-TA throughout this 

thesis. 

 

Figure 5.8 Ligand exchange of citrate ions on the 20 nm c-PtNP by TA. Note figure not to scale. 

 

Following the method previously used in section 5.2.2, 20 nm c-PtNPs were incubated with TA 

at concentrations from 2 – 70 µM for 3 hours at room temperature. Excess TA and citrate ions 

were removed by centrifugation at 10000 x g for 10 minutes. The supernatant was discarded, 

and the PtNP-TA were resuspended in dH2O and then characterised by DLS zeta potential and 

pH. As before, 20 nm c-PtNPs in 1.1 mM sodium citrate and dH2O were selected as controls to 

assess if there was a difference between the capping agents, dH2O was as a control as all PtNP-

TA were resuspended in dH2O. For gel electrophoresis characterisation, 20 nm PtNPs were 
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surface modified with 2 µM and 70 µM TA following the method above, until the discarding 

step. 1 µL of concentrated 2 µM and 70 µM PtNP-TA were then premixed with 15 µL glycerol 

and separated on a 1% agarose gel submerged in TAE buffer and concentrated PtNP were used 

as a control. All DLS and zeta potential experiments were repeated across three batches of 20 

nm PtNPs. Five DLS and zeta potential measurements were performed to obtain the mean for 

each sample, data is presented as mean ± SD.  

    

                     

Figure 5.9 Characterisation of PtNP-TA. (a) hydrodynamic diameters, (b) zeta potentials (c) pH and (d) 

gel electrophoresis. Results (except electrophoresis) are representative of 3 experiments (n=3) and 

presented as mean ± SD. 

 

The hydrodynamic dynamic of PtNP-TA is shown in Figure 5.9 (a). As before, controls samples 

in citrate and dH2O demonstrated hydrodynamic diameters of 32.2 ± 1.2 and 38.6 ± 4.8 nm 

(a) (b) 

(c) (d) 

   Cit     2 µM  70 µM 
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respectively. The hydrodynamic diameters of PtNP-TA were similar across the different 

concentrations ranging from 34.4 to 44.7 nm. These results were comparable those obtained 

with PtNP-6-MHA where no differences in hydrodynamic diameters were observed. Zeta 

potentials are displayed in Figure 5.9 (c), the control samples in citrate and dH2O exhibited zeta 

potentials of -40.5 ± 9.0 and -51.1 ± 1.8 mV. Compared with the control samples, there was an 

increase in the zeta potential in the PtNP-TA samples ranging from -34.1 to -38.6 mV, indicating 

good stability. However, no difference in zeta potentials was observed between the PtNP-TA 

samples, this was not the case with PtNP-6-MHA and PtNP-8-MOA. A possible explanation for 

this for these results, is that more TA molecules were bound to the PtNP surface. As TA exhibits 

a R-S-S-R group, two sulphur atoms are available to form two covalent bonds with the PtNPs. 

Consequently, more citrate ions would be displaced by the TA molecules, therefore, the 

nanoparticle surface would be exposed allowing more TA molecules to bind onto the c-PtNPs 

compared with 6-MHA and 8-MOA, which was reflected by the zeta potential.   

 

Ligand exchange was further supported by the change in pH of purified PtNPs solutions after 

exchange, see Figure 5.9 (c). The c-PtNPs and dH2O controls had pH’s of 6.9 and 6.6 

respectively, by contrast the pH of PtNP-TA decreased with increasing concentrations of TA 

from pH 6.9 to 3.8. Presumably, TA has a lower pH than sodium citrate, thus, the pH of PtNP-

TA decreased. Additionally, the decrease in pH indicates a change in the protonation 

equilibrium of TA. At low acidic conditions (low TA concentration), the COOH group of TA would 

remain protonated and positively charged. By contrast, at high acidic conditions the COOH 

group would be protonated and negatively charged.  
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Gel electrophoresis of PtNP-TA is shown in Figure 5.9 (d). 2 µM and 70 µM of TA were selected 

for gel electrophoresis to assess if there was a difference in surface coverage. The c-PtNPs 

control sample aggregated as the electrostatic stabilisation of PtNP by citrate ions did not 

withstand the TAE buffer environment. Both 2 µM and 70 µM PtNP-TA migrated through the 

agarose gel, the 2 µM PtNP-TA had a fainter band in comparison to 70 µM PtNP-TA which had 

a denser band. At 2 µM of TA fewer molecules were available to bind to the c-PtNPs surface, 

therefore fewer PtNP were sterically stabilised by TA, in turn fewer PtNP-TA were able to 

migrate through the agarose gel. By contrast, at 70 µM more TA molecules were bound to the 

c-PtNPs surface, hence more PtNP had become sterically stabilised and able were to migrate 

through the agarose gel. This data further implies that a ligand exchange has occurred. 

Collectively, the zeta potential, pH and gel electrophoresis data suggest TA has chemisorbed 

onto the PtNP surface, however further investigation by XPS is required to confirm the 

platinum-thiol bond.  

 

5.2.7  XPS of 20 nm PtNP-TA  

XPS was used to investigate the elemental composition of TA and PtNP-TA. TA was used as a 

control sample and was prepared by directly drop casting onto the copper substrate and air 

dried. Following the method described in 5.2.2, PtNP-TA was prepared by surface modifying c-

PtNPs with 70 µM of TA for 3 hours at room temperature; the excess TA and citrate ions were 

removed by centrifuging the sample at 10000 x g for 10 minutes. The supernatant was 

discarded, and the concentrated PtNP-TA were drop cast onto copper substrate, air dried and 

submitted for XPS analysis. 
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The survey scans of TA and PtNP-TA detected the Pt, Cu, C, O and S elements. Examination of 

the high-resolution scans of Pt 4f for TA did not detect Pt 4f peaks, as no c-PtNPs were present 

on the samples. As expected, three Cu 3p species were found, Cu 3p 3/2 at 75 eV, CuO at 75.5 

eV and Cu 3p 1/2 at 77.4 eV , see Figure 5.10 (a) & (b); as mentioned before the Cu 3p species 

were due to the binding energies of Pt 4f and Cu 3p overlapping.144  The high resolution scans 

of PtNP-TA detected two Pt 4f species, Pt 4f at 70.9 eV and Pt 4f at 74.2 eV, with a separation 

of 3.33 eV. These Pt 4f peaks are attributed to the PtNPs. Additionally, three Cu 3p species were 

detected, Cu 3p 3/2 at 74.9 eV, CuO 75.4 at eV and Cu 3p 1/2 77.3 at eV.  For both TA and PtNP-

TA, Cu 3p is attributed to the copper substrate.  

 

The high-resolution scans Cu 2p for TA and PtNP-TA are displayed in Figure 5.10 (c) & (d). Both 

samples revealed a Cu 2p doublet peak, TA exhibited Cu 2p 3/2 at 932.7 eV followed by Cu 2p 

1/2 at 952.6 eV with a separation of 19.9 eV. PtNP-TA exhibited identical binding energies to TA 

alone, Cu 2p 3/2 at 932.7 eV and Cu 2p 1/2 at 952.6 eV with a separation of 19.9 eV; these peaks 

are in accordance with those found in accordance with literature.146 Like Cu 3p, Cu 2p is also 

attributed to the copper substrate use in XPS analysis. 
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Figure 5.10 High resolution XPS spectra of TA and PtNP-TA on a copper substrate. (a) Pt 4f - TA, (b) Pt 

4f - PtNP-TA, (c) Cu 2p - TA, (d) Cu 2p – PtNP-TA, (e) C 1s – TA, (f) C 1s – PtNP-TA, (g) O 1s – TA, (h) O 1s 

– PtNP-TA (i) S 2p – TA and (j) S 2p – PtNP-TA, (n=1). 

TA PtNP-TA 
(a) Pt 4f  (b) Pt 4f  

(c) Cu 2p  (d) Cu 2p  

(e) C 1s  (f) C 1s  

(g) O 1s  (h) O 1s  

(i) S 2p (j) S 2p   
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Next, the high-resolution scans of C 1s for TA were examined. Five carbon species, C-C, C-H at 

284.8 eV followed by C-S, C-OH at 286.3 eV, C=O at 287.8 eV and O-C=O at 288.9 eV as shown 

in Figure 5.10 (e). C-C, C-H is attributed to the alkane-disulphide and adventitious carbon. C-S 

correspond to the presence of carbon-thiol bond on the alkane-disulphide chain. The remaining 

species C-OH, C=O and O-C=O are ascribed to the COOH group of TA and adventitious carbon. 

Adventitious carbon peaks were found on the blank copper substrate in section 4.2.5. The high-

resolution C 1s scans of PtNP-TA also displayed the same five carbon species with similar 

binding energies, Figure 5.10 (f). C-C, C-H was found 284.9 eV, C-S at 286.3 eV, C=O at 288.4 eV 

and O-C=O 290 eV. C-C, C-H relates to the alkane-disulphide chain and adventitious carbon, 

while C-S is due to the carbon-thiol bond on the alkane-disulphide chain. C-OH, C=O and O-C=O 

are attributed to the carboxylic acid group of TA and adventitious carbon. The carbon species 

observed in TA and PtNP-TA are in accordance with those in literature.146, 159 

 

Figure 5.10 (g) & (h) illustrates the high-resolution spectra of O 1s for TA and PtNP-TA. 

Deconvolution of the high-resolution peaks of O 1s for TA revealed three oxygen species, CuO 

at 531.5 eV, SO2, C-OH at 532.2 eV and C=O at 533.3 eV. CuO is attributed to the copper 

substrate, C-OH and C=O are attributed with the COOH group of TA and adventitious oxygen 

contamination. By contrast, five oxygen species were detected from the high-resolution O 1s 

scans of PtNP-TA. The metal oxide PtO, CuO were found at 529.3 eV, preceded by C-OH at 530.5 

eV, C=O at 531.6 eV, SO2 at 532.4 eV and H2O at 533.5 eV. Again, C-OH and C=O are attributed 

to both COOH and adventitious oxygen and the carboxylic acid group of TA. Interestingly there 

was no Na Auger peak detected indicating the citrate ions had been exchanged for TA 
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molecules. This was further support by the increase of the bound S 2 p peak shown in Figure 

5.10 (j). 

 

Investigation of the high-resolution scans of S 2p for TA revealed two intercalated doublet 

peaks with a 2:1 area ratio, with a separation of 1.18 eV as shown in Figure 4.10 (i). The bound 

S 2p peaks were detected at 162.1 eV and 163.3 eV and the unbound S 2p peaks were detected 

at 163.4 eV and 164.5 eV, this result was comparable to those observed on gold surfaces.160 

Thiol binding to the copper substrate was anticipated with TA as both 6-MHA and 8-MOA 

demonstrated a copper-thiol bond. Previous studies investigating SAM formation by 

alkanethiols on copper substrates for wettability properties and inhibition of corrosion also 

observed thiols binding to copper.34, 161, 162 The unbound S 2p is likely due to physisorbed TA on 

the copper substrate. PtNP-TA revealed one doublet with a 2:1 area ratio, with a separation of 

1.18 eV, bound at 162.2 eV and 163.4 eV as illustrated in Figure 5.10 (j). Comparing both high-

resolution scans, it is clearly evident that more TA molecules were bound to the PtNPs. The % 

of bound and unbound S 2p was derived from the area of the peak fittings from CasaXPS from 

two scans, see Table 5.3. 

 

Table 5.3 % of bound and unbound S 2 p in TA and PtNP-TA. 

 TA PtNP-TA 

% of S 2p bound 23.6 66.7 

% of S 2p unbound 76.4 33.3 
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XPS analysis of TA demonstrated 23.6% of bound S 2p on the copper substrate and 76.4% of 

unbound S 2p. In comparison to TA, the % of bound S 2p increased to 66.7 % in the PtNP-TA 

sample, this increase can be explained by sample preparation. TA was directly drop cast on the 

copper substrate and was air dried, while the PtNP-TA was prepared by incubating the PtNPs 

with TA for 3 hours, then removing the excess TA, followed by drop casting on the copper 

substrate. Furthermore, TA exhibits a disulphide bond, allowing two platinum-sulphur bonds to 

form, with an incubation period of 3 hours the PtNPs were able to form more platinum-sulphur 

bonds via covalent interactions and displaced the citrate ions. This was reflected by the absence 

of the Na Auger peak in the O 1s high resolution scan in Figure 5.10 (h). Contrarily, both PtNP-

6-MHA and PtNP-8-MOA detected Na Auger peaks in their O 1s high resolution scans. 

Remarkably, PtNP-TA had a comparable % of bound S 2p to 8-MOA at 65.7%, this could be 

explained by 8-MOA exhibiting a longer alkanethiol chain than TA. 8-MOA would form more 

Van der Waals interactions between the alkanethiol chains allowing more dense packing of the 

SAM. TA can form two sulphide bonds with metallic surface,51 therefore more TA molecules are 

able to bind to the PtNP surface. These XPS results found PtNPs were present on the copper 

substrate, carbon and oxygen species ascribe to the structure of TA in both TA and PtNP-TA 

samples, however they also correspond with adventitious carbon and oxygen. The sulphur XPS 

spectra of TA and PtNP-TA confirms TA has bound to the PtNP surface via chemisorption, thus 

a platinum-sulphur bond was formed. Lasty, this is the first report of PtNP functionalised by TA. 
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5.2.8 Functionalisation of PtNP with O-(2-carboxyethyl)-O'-(2-mercaptoethyl)heptaethylene 

glycol 

Although three carboxyl-terminated alkanethiols with medium alkane chains have been used 

to functionalise c-PtNPs s to give sterically stable negatively charged PtNPs, it would be ideal to 

have a long chain alkanethiol to functionalise the c-PtNPs for comparison. Long chain 

alkanethiols provide more stability by forming well-ordered SAMs owing to Van der Waals 

forces.163, 164 A limitation of using long chain alkanethiols is their non-polar tendencies,156 to 

overcome this boundary PEG molecules can be utilised. As PEGylated molecules are 

hydrophilic, they enhance the water solubility of the overall nanoparticle.165, 166 PEGylated 

thiols have previously been employed to stabilise and functionalise metallic nanoparticles.167, 

168  The PEG-thiol compound O-(2-carboxyethyl)-O'-(2-mercaptoethyl)heptaethylene glycol (2-

MOHA) was selected for functionalising PtNPs as it exhibits a terminal COOH functional group 

as well as the -C-O-C PEG group, its structure is shown in Figure 5.11. 

 

Figure 5.11 Structure of O-(2-carboxyethyl)-O'-(2-mercaptoethyl)heptaethylene glycol (2-MOHA). 

 

Following the method described in section 5.2.2, c-PtNPs were surface modified by 2-MOHA, 

the overall ligand exchange is illustrated in Figure 5.12. The concentration of 2-MOHA required 

for surface coverage was determined using the PEGylated thiol footprint of 0.35 nm2 from 

literature. 169 Using the PEGylated thiol footprint, the concentration of 2-MOHA for surface 

coverage was calculated to 3.9 µM, see Appendix 11.2 for calculations. 20 nm c-PtNPs were 

incubated with 2-MOHA from 2 – 70 µM for 3 hours at room temperature. Excess 2-MOHA and 

citrate ions were removed by centrifugation at 10000 x g for 10 minutes. The supernatant was 
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discarded, and the 2-MOHA were resuspended in dH2O and then characterised by DLS, zeta 

potential and pH. The control samples included 20 nm c-PtNPs in 1.1 mM sodium citrate and 

dH2O.  Again, the c-PtNPs was selected to assess if there was a difference between the capping 

agents, while dH2O was as a control as all PtNP-2-MOHA were resuspended in dH2O. For gel 

electrophoresis characterisation, 20 nm c-PtNPs were surface modified with 3 µM and 70 µM 

of 2-MOHA only following the method above, until the discarding step. 1 µL of concentrated 3 

µM and 70 µM PtNP-2-MOHA were then premixed with 15 µL glycerol and separated on a 1% 

agarose gel submerged in TAE buffer and concentrated PtNP were used as a control. DLS and 

zeta potential experiments were repeated across three batches of 20 nm c-PtNPs, five DLS and 

zeta potential measurements were performed to obtain the mean for each sample, data is 

presented as mean ± SD.  

 

Figure 5.12 Ligand exchange of citrate ions on the 20 nm c-PtNP by 2-MOHA. Note figure not to scale. 
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Figure 5.13 Characterisation of PtNP-2-MOHA. (a) hydrodynamic diameters, (b) zeta potentials (c) pH 

and (d) gel electrophoresis. Results (except electrophoresis) are representative of 3 experiments (n=3) 

and presented as mean ± SD. Note *: overspill 

 

Figure 5.13 (a) demonstrates the hydrodynamic diameters of PtNP-2-MOHA, the c-PtNPs and 

dH2O controls had similar hydrodynamic diameters of 31.1 ± 1.3 nm and 32.5 ± 0.8 nm 

respectively. The hydrodynamic diameters of PtNP-2-MOHA ranged from 30.8 to 36.7 nm, 

which were comparable to the control samples. Following the DLS the measurements, the zeta 

potentials of PtNP-2-MOHA were examined. The c-PtNPs and dH2O controls had zeta potentials 

of -44.3 ± 3.0 and -55.6 ± 9.4 mV, the zeta potentials of PtNP-2-MOHA increased with increasing 

concentrations of 2-MOHA from -19.8 to -36.6 mV as shown in Figure 5.13 (b) indicating a ligand 

exchange has occurred. This trend was also observed with PtNP-6-MHA and PtNP-8-MOA.  As 

(a) (b) 

(c)                      (d)                    

  Cit*     3 µM   70 µM 
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2-MOHA is PEGylated molecule, the zeta potential was expected to be close to 0 mV in the 

range of -2.7 to -4.6 mV.170 This difference could be due to citrate ions still present on the PtNP 

surface, thus the zeta potential of PtNP-2-MOHA appear in the same range. XPS analysis would 

confirm if there were still citrate ions and 2-MOHA were both present on the PtNP surface.  

 

Ligand exchange was further supported by pH measurements of purified surface modified 

PtNPs solutions after reaction, see Figure 5.13 (c), the pH of PtNP-2-MOHA decreased with 

increasing concentrations of 2-MOHA. As more 2-MOHA molecules bind to the surface of the 

c-PtNPs, the environment becomes more acid, thus a decrease in pH is observed. Furthermore, 

the decrease in pH indicates the COOH group has a different protonation behaviour; the 

decrease in pH was observed with PtNP-6-MHA, PtNP-8-MOA and PtNP-TA.  The gel 

electrophoresis of PtNP-2-MOHA in Figure 5.13 (c) further confirmed the ligand exchange. 

PtNPs exchanged with 3 µM and 70 µM of MOHA were selected for gel electrophoresis to 

assess if there was a difference in surface coverage. The c-PtNPs aggregated in the well due to 

their electrostatic stabilisation by the citrate ions, however, a small amount of control PtNPs 

migrated through the gel as demonstrated by the faint band, this is a result of an overspill from 

3 µM PtNP-2-MOHA sample into the control well. Both 3 µM and 70 µM PtNP-2-MOHA 

migrated through the agarose gel, the 3 µM PtNP-2-MOHA had a faint band, indicating fewer 

2-MOHA molecules had bound to the PtNP surface, therefore fewer molecules had migrated 

through the agarose gel. In comparison, the 70 µM PtNP-2-MOHA had a denser band as more 

2-MOHA molecules had bound to the PtNP surface, hence more c-PtNPs had become sterically 

stabilised and able were to migrate through the agarose gel. Collectively, the DLS, zeta 
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potential, pH and gel electrophoresis data indicate a ligand exchange has occur. Next, to 

confirm 2-MOHA has bound to the PtNP, the platinum-sulphur bond was investigated by XPS. 

 

5.2.9 XPS of 20 nm PtNP-2-MOHA 

XPS was employed to investigate the elemental composition of 2-MOHA and PtNP-2-MOHA. 2-

MOHA was used a control sample and was prepared by directly drop casting onto the copper 

substrate and air dried. Following the method described in 5.2.2, PtNP-2-MOHA was prepared 

by surface modifying c-PtNPs with 70 µM of 2-MOHA for 3 hours at room temperature; the 

excess 2-MOHA and citrate ions were removed by centrifuging the sample at 10000 x g for 10 

minutes. The supernatant was discarded, and the concentrated PtNP-2-MOHA were drop cast 

onto copper substrate, air dried and submitted for XPS analysis. 2-MOHA and PtNP-2-MOHA 

were charged corrected to 285 eV rather than 284.8 eV as polymers generally have their 

aliphatic component at 285 eV. Additionally, this allows comparison with polymer handbook.171 

 

Survey scans of both 2-MOHA and PtNP-2-MOHA revealed the presence of Pt, Cu, C, O and S 

elements. The high-resolution scan of 2-MOHA detected no signal for Pt 4f as presented in 

Figure 5.14 (a), however as result of overlaying binding energies with Pt 4f, three Cu 3p peaks 

were detected, Cu 3p 3/2 at 73.8 eV, CuO at 74.2 eV and Cu 3p 1/2 at 76.2 eV. By contrast, the 

high-resolution scan of PtNP-2-MOHA detected both Pt 4f and Cu 3p, Figure 5.14 (b). The 

asymmetric peaks of Pt 4f were observed, Pt 4f 7/2 at 71 eV and Pt 4f 5/2 at 74.3 eV with a 

separation of 3.33 eV. Three Cu 3p peaks were observed, Cu 3p 3/2 at 74.7 eV, CuO at 75.2 eV 
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and Cu 3p 1/2 at 77.1 eV. Cu 3p is attributed to copper substrate in both samples. The Pt 4f and 

Cu 3p were similar to those found in literature.144 

 

The high resolutions scans of Cu 2p for 2-MOHA detected two Cu 2p peaks, Cu 2p 3/2 at 932.7 

eV and Cu 2p 1/2 at 952.6 eV as shown in Figure 5.14 (c).  These Cu 2p peaks were comparable 

to those detected in the high-resolution scans for PtNP-2-MOHA see Figure 5.14 (d). Cu 2p 3/2 

was detected at 932.7 eV and Cu 2p 1/2 at 952.6 eV. Both samples had separations of 19.9 eV, 

these binding energies are in accordance with literature.146 Additionally, PtNP-2-MOHA 

exhibited two CuO peaks at 934.5 eV and 954.8 eV. Cu 2p peaks from 2-MOHA and PtNP-2-

MOHA are attributed to the copper substrate.  

 

The examination of the high-resolution of C 1s for 2-MOHA detected six carbon species, as 

shown in Figure 5.14 (e); C-C, C-H at 285 eV preceded by C-S, C-OH, C-O-C at 286.3 eV, C=O at 

287.8 eV and O-C=O at 289.1 eV, these binding energies, correspond with those in literature146, 

172   All species correspond with the structure of 2-MOHA, C-C, C-H and C-S ascribes to the 

PEGylated thiol chain and the carbon-thiol bond respectively.  C-O-C is attributed to polar 

regions of the PEG thiol, while C-OH, C=O and O-C=O correspond with carboxyl functional head 

group. However, C-C, C-H, C-OH, C=O and O-C=O are also attributed to adventitious carbon 

contamination. The same six carbon species were detected in the high-resolution scan of PtNP-

2-MOHA. C-C, C-H was detected at 285 eV, C-S, C-OH, C-O-C at 286.5 eV, C=O at 288.3 eV and 

O-C=O at 289.4 eV. All species correlate with structure of 2-MOHA, nonetheless, C-C, C-H, C-

OH, C=O and O-C=O are attributed to adventitious carbon contamination as all four species 
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were detected on the blank copper substrate in section 4.2.5, thus, carbon species of 2-MOHA 

are masked by adventitious carbon.  

 

Examination of the high-resolution scans of O 1s for 2-MOHA revealed three oxygen species, 

CuO at 530.5 eV, C-O-C at 532.2 eV and SO2, C=O at 533.4 eV, see Figure 5.14 (g). CuO 

corresponds to the copper substrate and C-O-C is attributed to the PEGylated thiol. SO2 

corresponds to sulphur atom from the thiol, while C=O is attributed to COOH and adventitious 

oxygen. These peaks correspond to those in literature.146  The high-resolution scans of O 1s for 

PtNP-2-MOHA detected five oxygen species, Figure 5.14 (h), PtO, CuO at 530.7 eV preceded by 

C-O-C at 531.6 eV, SO2, C=O at 533.6 eV and a Na Auger peak at 535.8 eV.  PtO and CuO are 

attributed to the PtNPs and copper substrate; C-O-C is attributed to the PEGylated thiol. SO2 

ascribes to sulphur atom of the thiol, C=O is again attributed to COOH and adventitious oxygen. 

The Na Auger peaks indicates the presence of citrate ions on the PtNP surface which was 

previously observed with PtNP-6-MHA and PtNP-8-MOA. 
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Figure 5.14 High resolution XPS spectra of 2-MOHA and PtNP-2-MOHA on a copper substrate. (a) Pt 4f – 

2-MOHA, (b) Pt 4f - PtNP-2-MOHA, (c) Cu 2p - 2-MOHA, (d) Cu 2p – PtNP-2-MOHA, (e) C 1s – 2-MOHA, 

(f) C 1s – PtNP-2-MOHA, (g) O 1s – 2-MOHA, (h) O 1s – PtNP-2-MOHA, (i) S 2p – 2-MOHA and (j) S 2p – 

PtNP-2-MOHA, (n=1). 

2-MOHA PtNP-2-MOHA 
(b) Pt 4f  (a) Pt 4f  

(c) Cu 2p  (d) Cu 2p  

(e) C 1s  (f) C 1s  

(g) O 1s  (h) O 1s  

(i) S 2p (j) S 2p   
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Interpretation of the high-resolution scans of S 2p for 2-MOHA demonstrated two intercalated 

doublets with 2:1 area ratio with a separation of 1.18 eV as illustrated in Figure 5.14 (i). Bound 

S 2p was observed at 160.9 eV and 162.1 eV and the unbound S 2p were observed at 162.1 eV 

and 163.3 eV, these binding energies are similar to those in literature.160 The bound S 2p is 

ascribed to the copper-thiol bound, thus, 2-MOHA had chemisorbed onto the copper substrate, 

while the unbound S 2p suggests 2-MOHA physisorbed onto the copper substrate. The copper-

thiol bond was previously observed in early investigations of SAM formations of copper 

substrates in wettability and corrosion studies.34, 161, 162  Bound and unbound S 2p species were 

not detected in high-resolution scan of S 2p for PtNP-2-MOHA, see Figure 5.14 (j), it is unlikely 

2-MOHA has not bound to the PtNP surface, a possible explanation for this occurrence amount 

of S 2p was too low to be detected. If there was not sufficient ligand exchange between the 

citrate ions and 2-MOHA on the PtNP surface the XPS may not be to detect the S 2p signal, this 

was reflected by the zeta potential which indicated citrate ions were still present on the PtNP 

surface. Moreover, as each 2-MOHA molecule only has one sulphur atom, it can be difficult to 

detect S 2p; this was evident by the low signal to noise ratios found in all the XPS high-resolution 

scans for PtNP-6-MHA, PtNP-8-MOA, PtNP-TA. 

 

These XPS data confirms the PtNPs were present on the copper substrate, carbon and oxygen 

species attributed to 2-MOHA, however they could all be attributed to adventitious carbon and 

oxygen. High-resolutions scans of 2-MOHA revealed that 2-MOHA had chemisorbed onto the 

copper substrate forming a thiolate, conversely, S 2p signal on the PtNP was too low to be 

detected by XPS, indicating ligand exchange was not sufficient.  
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5.3 Conclusion 

In the current study, 20 nm c-PtNPs were partially functionalised by the carboxyl-terminated 

alkanethiols 6-MHA, 8-MOA, TA via a chemisorption approach. For PtNP-6-MHA, PtNP-TA and 

PtNP-2-MOHA, characterisation by DLS did not show changes in hydrodynamic diameters for 

each of these functionalised PtNPs. Interestingly, at low thiol concentrations both PtNP-8-MOA 

and PtNP-2-MOHA exhibited increased hydrodynamic diameters indicating nanoparticle 

aggregation during ligand exchange. The zeta potential and pH demonstrated  the citrate ions 

capping the PtNPs were ligand exchanged for PtNP-6-MHA, PtNP-TA, PtNP-8-MOA, thus 

creating sterically stable negatively charged PtNPs. By contrast the zeta potential of PtNP-2-

MOHA did reflect the zeta potential expected from PEGylated nanoparticles. XPS analysis 

confirmed the platinum-thiol bond in PtNP-6-MHA, PtNP-8-MOA, PtNP-TA but PtNP-2-MOHA. 

Gel electrophoresis demonstrated the largest physical differences between citrate capped 

PtNPs and functionalised PtNPs, further confirming ligand exchange between the citrate ion 

capping on the PtNP surface and the thiol molecules. Importantly, this is the first study to report 

the partial functionalisation of PtNPs by 6-MHA, 8-MOA and TA by ligand exchange. 

 

5.4 Further work 

Though ligand exchange was performed at 3 hours, extending the incubation time with alkane 

and PEGylated thiols at the maximum concentration of 100 µM and 70 µM respectively would 

potentially characterising the ligand exchange at different incubations time would provide 

insight on how the surface charge changes along with the % of bound thiol on the PtNP surface. 

allow more chemisorption on to the PtNP surface. Characterising ligand exchange at different 
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incubations time would ascertain how the surface charge changes the % of bound thiol on the 

PtNP surface. Additionally, the functionalised PtNP in this chapter could also be examined for 

stability by assessing the hydrodynamic diameter and zeta potential over several weeks and 

months. 
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Chapter 6 Synthesis and 
Functionalisation of Positively Charged 

Platinum Nanoparticles 
 

Abstract: This chapter describes the functionalisation and synthesis approaches used to create 

sterically stable positively charged PtNPs. Preliminary experiments of 20 nm c-PtNPs in the 

presence of amino-terminated alkanethiols resulted in aggregation of PtNPs. Two alternative 

methods were assessed for creating positively charged PtNPs. First, the cationic surfactant 

cetrimethylammonium bromide (CTAB) was employed as a capping agent to synthesise 

positively charged PtNP; to make PtNP-CTAB sterically stable, the CTAB capping was ligand 

exchanged for the quaternary ammonium compound (6-aminohexyl)trimethylammonium 

bromide hydrobromide (6-ATA). In the second approach, positively charged PtNPs were 

synthesised using the amino-terminated alkanethiol 2-diethylaminoethanethiol hydrochloride 

(DEA). Both methods resulted in positively charged PtNPs, albeit the stability of these 

nanoparticles were short-lived and hence excluded from platelet functional studies. 
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6.1 Introduction 

Positively charged nanoparticles many been used in a variety of applications in biomedicine. 

Previous work by Cao et al.173 synthesised positively charged AuNPs with the alkanethiol 

cysteamine hydrochloride (CSH) for the colorimetric detection of heparin based on the optical 

properties of AuNPs. The positive charge exhibited by these AuNPs electrostatically interacted 

with the negatively-charge heparin molecule causing their the AuNPs to aggregate; in turn this 

led to the colour change of the AuNP solution from red to blue, where blue indicated the AuNPs 

in an aggregated state. Experiments by Stewart et al. 174 demonstrated the synthesis of 

positively charged AgNPs by the reduction hydroxylamine hydrochloride followed by 

functionalisation by thiocholine. These functionalised AgNPs served as a surface enhancer for 

Raman spectroscopy (SERS) substrates, thus, allowing for the recognition of anionics targets. 

While most studies have focused on AuNPs and AgNPs.  However, a limitation of using thiols to 

functional metallic nanoparticles is the results in small sized nanoparticles. Cationic surfactants 

such as CTAB have frequently been utilised for synthesising AuNPs, AgNPs and PtNPs. 29, 175-178 

The use of cationic surfactants enables the growth of larger nanoparticles in comparison to 

thiols. Furthermore, they protect the nanoparticle core by adsorbing onto the surface,  the 

positive charge from cationic surfactant creates electrostatic repulsion between neighbouring 

nanoparticles and prevents their aggregation. Similar to citrate ions, cationic surfactants only 

provide electrostatic stabilisation, therefore, nanoparticles need to undergo ligand exchange 

with alkanethiols to create sterically stable nanoparticles. However, few studies have focused 

on creating sterically stable positively charged PtNPs via ligand exchange with thiols, thus this 

warrants further investigation. 
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6.1.1 Objectives  

1. Assess the solubility of positively charged amino-terminated alkanethiols with PtNPs.  

 

2. Synthesise monodispersed positively charged PtNPs with a cationic surfactant and characterise 

by TEM, DLS and zeta potential. 

 

3. Assess if the positively charged PtNPs capped with a cationic surfactant can be surface modified 

with a quaternary ammonia compound to produce sterically stable positively charged PtNPs 

and characterise by DLS and zeta potential. 

 

4. Synthesise sterically stable positively charged PtNPs with an alkanethiol as a capping agent, 

characterise these PtNPs by TEM, DLS and zeta potential. 
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6.2 Results and Discussion  

6.2.1  Solubility of positively charged alkanethiols  

In Chapter 4, 20 nm c-PtNPs were synthesised with good stability and narrow particle 

distribution, these were used to functionalise the PtNPs to exhibit a positive charge.  Three 

positively charged alkanethiols compounds were selected for functionalising the c-PtNPs, CSH, 

6-amino-1-hexanethiol (6-AHT) and 11-amino-1-undecanethiol hydrochloride (11-AUT), see 

Figure 6.1. All three alkanethiols possess an amino (NH2) terminated functional group and a 

mercapto group (SH) head group. They differ by their alkane chain length, CSH has a 2-carbon 

alkane chain, while 6-AHT and 11-AUT have a 6-carbon and 11-carbon alkane chain, 

respectively.  

 

 

 

 

 

 

 

Figure 6.1 Amino terminated alkanethiols. (a) cysteamine hydrochloride, (b) 6-amino-1-hexamethiol and 

(c) 11-amino-1-undecanethiol hydrochloride 

 

Before thiol exchange, the solubility of all 3 alkanethiols was tested by preparing each thiol in 

dH2O or ethanol, followed by directly adding directly to 20 nm c-PtNPs aliquots at a final 

concentration of 100 µM and observation at 3 and 24 hours. All 3 alkanethiols were soluble in 

(a) Cysteamine hydrochloride 

 

 

(b) 6-amino-1-hexanethiol 

 

 

(c) 11-amino-1-undecanethiol hydrochloride 
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dH2O and ethanol, however, the addition of these thiols caused the c-PtNPs to immediately 

aggregate. One possible explanation for aggregation could be due to both SH and NH2 groups 

simultaneously binding to the c-PtNPs surface as illustrated in Figure 6.2. The NH2 group is 

positively charged and is known to have a high binding affinity to platinum group complexes; a 

common example of the platinum-amino complex is the chemotherapy drug Cisplatin. 179, 180  

Together with the SH group also binding to the PtNP this could explain why aggregation 

occurred.  

 

Figure 6.2 Simultaneous binding of 6-AHT to 20 nm c-PtNPs. 

 

Additionally, these c-PtNPs were surrounded with a cloud of citrate ions for electrostatic 

stabilisation; the negative charge from the citrate ions are able to electrostatically interact with 

the positively charged NH2 groups of the alkanethiols, providing a second mechanism of 

aggregation. However, as this solubility experiment was purely qualitative, to confirm the PtNPs 

had aggregated, the DLS of the 20 nm c-PtNPs was measured before and after a 3-hour 

incubation with one of the alkanethiols. 100 µM 6-AHT was selected for this experiment as it 

has a medium alkane chain length and 100 µM would be the maximum concentration used for 

ligand exchange experiments, these results are illustrated in Figure 6.3. 
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Figure 6.3 c-PtNP with 6-AHT. (a) c-PtNP particle size distribution, (b) c-PtNP with 6-AHT particle size 

distribution, (c) c-PtNPs (left vial), c-PtNPs with 6-AHT (right vial), (d) c-PtNP aggregation by 6-AHT. 

Results are from 1 experiment (n=1). 

 

In the literature, 6-AHT has been reported to form self-assembled monolayers (SAMs) on gold 

electrode surfaces,181 but not on metallic nanoparticles. In our case, the addition of 6-AHT 

caused the c-PtNPs to aggregate.  The hydrodynamic diameter of 20 nm c-PtNPs was 31.9 nm, 

and upon the addition of 6-AHT this significantly increased to 625.4 nm, see Figure 6.3 (a) & 

(b). This is supported by the images in Figure 6.3 (c) & (d). c-PtNPs alone are a brown solution 

with which became clear on addition of 6-AHT with visible aggregates. These results show that 

addition of amino terminated alkanethiols cause the c-PtNPs to aggregate.  As a similar result 

was seen with all three alkane thiols, alkanethiol chain length has no effect on causing this 

instability. Therefore, amino terminated alkanethiols were considered unsuitable compounds 

for functionalising c-PtNPs into positively charged sterically stable PtNPs.  

  

30 

10 

0 

20 

1 10 100 1000 

Size (d. nm) 

In
te

n
si

ty
 %

 

(a) 30 

10 

0 

20 

1 10 100 1000 

Size (d. nm) 

In
te

n
si

ty
 %

 

(b) 

(c) (d)   



147 
 

To create sterically stable positively charged PtNPs two further approaches were assessed: (1) 

synthesis with a cationic surfactant, followed by a ligand exchange with a quaternary 

ammonium compound, (2) synthesis with a positively charged alkanethiol. In the next section, 

the synthesis of positively charged PtNPs with a cationic surfactant will be discussed. 

 

6.2.2 Synthesis of positively charged platinum nanoparticles with a cationic surfactant  

The cationic surfactant CTAB has been employed as a capping agent for gold, silver and 

platinum nanoparticles.29, 175-178 CTAB is an amphiphilic quaternary ammonium compound 

consisting of a positively charged hydrophilic functional group from the ammonium and neutral 

hydrophobic tail made of a 16-carbon alkane chain, see Figure 6.4. The high toxicity of CTAB 

prevents nanoparticles capped with CTAB to be directly tested in biological applications, as it 

well established that CTAB dissolves cell membranes (hence it is used in DNA isolation 

protocols).182-184  Thus, nanoparticles capped with CTAB would require a surface modification 

with an alternative compound to reduce toxicity and stabilise the nanoparticle. A benefit of 

CTAB is that it is non covalently bound to nanoparticle surface during synthesis and can 

subsequently be ligand exchanged for another compound that can covalently bond to the 

nanoparticle surface.185 

 

Figure 6.4 Structure of cetrimethylammonium bromide (CTAB). 

 



148 
 

In a pilot experiment, CTAB capped PtNPs (PtNP-CTAB) were synthesised using same the seed 

mediated synthesis method described in section 4.2.4, with a modification of 34 mM sodium 

citrate replaced by 34 mM CTAB. Pt seeds remained as the template to grow the PtNPs, 0.2 M 

H2PtCl6.6H2O remained as the precursor with 71 mM L-ascorbic acid as the reducing agent. 

Growth was controlled by L-ascorbic acid and a temperature increment of 10oC/min to 100oC. 

It has been proposed that CTAB adsorbs onto the nanoparticle surface forming a bilayer.29-31  

The positive charge carried by the quaternary ammonia group of CTAB creates stability by 

causing electrostatic repulsion amongst neighbouring nanoparticles; this repulsion therefore 

prevents the nanoparticles from aggregation.29, 186  The addition of CTAB caused the reaction 

to go first go cloudy and then to black, with the black colour change indicating that H2PtCl6.6H2O 

had been reduced to Pt, see Figure 6.5 (a) & (b). The reaction was centrifuged at 10000 x g and 

resuspended in 1.1 mM CTAB to remove excess H2PtCl6.6H2O and L-ascorbic acid. 

 

A control synthesis reaction also was performed directly after the PtNP-CTAB synthesis using 

34 mM sodium citrate as a capping agent and the same working solutions of 0.2 M H2PtCl6.6H2O 

and 71 mM L-ascorbic acid to confirm the H2PtCl6.6H2O and L-ascorbic acid were working as 

expected. These PtNPs, were also centrifuged 10000 x g and resuspended in 1.1 mM sodium 

citrate to remove excess H2PtCl6.6H2O and L-ascorbic acid. PtNP-CTAB and c-PtNPs were 

characterised by TEM, DLS and zeta potential. The TEM size of both sets of PtNP was obtained 

by measuring 200 diameters. Five DLS and zeta potential measurements were 5 times 

performed to obtain the mean. Figure 6.5 (c) to (h) displays the TEM images and particle 

distribution. Figure 6.6 shows the DLS and zeta potential measurements, which were 

performed with 1.1 mM CTAB and dH2O as these were the solvents used for resuspending the 
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PtNP-CTAB. Both PtNP synthesis reactions with CTAB and citrate were conducted once as the 

experiment was a pilot.  

   

       

       

Figure 6.5 Synthesis and characterisation of PtNP-CTAB and c-PtNPs. (a) addition of CTAB, (b) reduction 

of H2PtCl6.6H2O, (c & d) TEM images of PtNP-CTAB, (e) particle size distribution of PtNP-CTAB, (f & g) 

TEM images of citrate PtNPs, (h) particle size distribution of citrate PtNPs. Results are from 1 experiment 

(n=1). 

 

 

(a) (b) 

(c) (d) (e) 

(f) (g) (h) 

200 nm 

200 nm 100 nm 

100 nm 
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The results in Figure 6.5 (c) & (d) demonstrated that PtNP-CTAB had a large particle distribution. 

This could be due to CTAB not having as good size control as citrate ions have for the negatively 

charged PtNPs which exhibit a uniform shape. Recent work by Wei et al.187 demonstrated that 

gold nanorods (AuNRs) could be synthesised with a control shape using low concentrations of 

CTAB, therefore CTAB may be better suited for control size of nanorods than spherical 

nanoparticles. 

 

Additionally, the negative charge carried by the Pt seed and L-ascorbic acid could be potentially 

binding to the positively charged functional group of CTAB during synthesis and affect the 

nanoparticle growth.  The PtNP-CTAB had an average TEM diameter of 50.2 nm and the particle 

size distribution ranged from 34 to 69 nm, as shown in Figure 6.5 (e). The control experiment 

with 34 mM sodium citrate as a capping agent demonstrated PtNPs with a more uniform size 

(Figure 6.5 (f) & (g)), the average TEM diameter was 22.9 nm with a particle size distribution of 

18.6 to 26.8 nm, as shown in Figure 6.5 (h). This size and particle distribution was similar to the 

sizes obtained in sections 4.2.2 and 4.2.4 using sodium citrate as a capping agent.  
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Figure 6.6 PtNP-CTAB and c-PtNP characterisation by DLS and zeta potential. (a) average hydrodynamic 

diameters & (b) average zeta potentials. Results are respresentitive of 1 experiment (n=1).  

 

Looking at the hydrodynamic diameter in Figure 6.6 (a), PtNP-CTAB centrifuged and 

resuspended in 1.1 mM CTAB had an average hydrodynamic diameter of 73.2 nm, this 

significantly increased to 433.2 nm when the PtNP-CTAB was centrifuged and resuspend in 

dH2O. These data suggest CTAB capping was lost during the centrifugation and resuspension 

step of PtNP-CTAB into dH2O, hence they aggregated. As CTAB is non-covalently bound to the 

nanoparticle surface it can be easily displaced, He et al.188 showed the removal of CTAB on 

AuNRs by centrifugation: without a capping agent the AuNRs aggregated and required a thiol 

or polymer for stabilisation. The loss of the CTAB capping was supported by the zeta potential 

data, PtNP-CTAB had a zeta potential of 52.7 mV at pH 7.9 when the resuspended in 1.1 mM 

CTAB (Figure 6.6 (b)), indicating good stability, but this was reduced to 7.7 mV at pH 6 by the 

centrifugation and resuspension step into dH2O, further supporting the CTAB capping had come 

off the nanoparticle surface.  

(a) (b) 
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In the control experiment with sodium citrate, the hydrodynamic diameter of c-PtNP was 45.1 

nm, this slightly increased when the c-PtNP were centrifuged and resuspended in dH2O to 52.1 

nm. This difference indicates the citrate ion capping was still present on the c-PtNP surface but 

that some of the PtNPs had aggregated, hence the hydrodynamic diameter increased. A 

limitation of the DLS technique is that it is unable to distinguish between monodispersed 

nanoparticles and aggregated nanoparticles. The zeta potential of these c-PtNPs were -31 mV 

at pH 7.1 in 1.1 mM sodium citrate, while in dH2O the zeta potential decreased to -49.5 mV at 

pH 7.2; the pH’s were similar in both cases. Although the zeta potential of the c-PtNPs 

resuspended in dH2O indicates good stability they are likely to have aggregated.  As with the 

DLS measurements, the zeta potential technique cannot distinguish between measuring the 

monodispersed particles and aggregates, hence some aggregates can exhibit good stability.  

 

Interestingly, both PtNP-CTAB and c-PtNP were synthesised with the same concentration of 

H2PtCl6.6H2O and L-ascorbic acid from the same stock solutions, yet at the same concentration 

of 34 mM, CTAB gave PtNPs with varied sizing while the citrate allowed controlled uniform sizes 

as demonstrated by TEM and hydrodynamic diameters. This difference can be explained by the 

nature of different capping agents, CTAB is amphiphilic and carries a positive charge from the 

NR4
+ functional group, and a has 16-carbon alkane chain, which forms  an intercalated bilayer 

on the nanoparticle surface; 29,30, 31 By contrast citrate ions are negatively charged arising from 

their three COOH groups, and much smaller in size compared to CTAB, they known to physisorb 

onto the nanoparticle surface, thus, the small size of citrate ions allows controlled sizes of 

PtNPs. 21, 24, 28  These data establish that positively charged PtNPs can be synthesised using the 
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cationic surfactant CTAB, however size control and stability are still challenging; citrate ions as 

a capping agent produces negatively charged c-PtNPs with good, controlled sizes, stability, and 

narrow particle distribution. Nonetheless, it’s important to remember that these two capping 

agents, have different functional groups and structures.  

 

6.2.3 Functionalisation of platinum nanoparticles with (6-aminohexyl)trimethylammonium 

bromide hydrobromide 

Although the PtNP-CTAB did not exhibit a uniform shape, they were utilised to examine if they 

could be functionalised by ligand exchange to create sterically stable positively charged PtNPs. 

As previously found in section 6.2.1, amino-terminated alkanethiols were unsuitable for 

functionalising PtNPs. An ideal compound would be (6-mercaptohexyl)trimethylammonium 

bromide (6-MTAB) shown in Figure 6.7. 6-MTAB comprises of an SH group, a 6-carbon alkane 

chain, and an ammonium (NR4
+) functional group that carries positive charge.  

 

Figure 6.7 Structure of (6-mercaptohexyl)trimethylammonium bromide (6-MTAB). 

 

Although the NR4
+ carries a positive charge it is unable to form a bond, as the -NR4

+ is 

protonated, the non-bonding electrons are unavailable to interact, unlike amino-terminated 

alkanethiols where the non-bonding electrons of NH2 are available. Moreover, the methyl (CH3) 

groups of the NR4
+ would sterically prevent the N+ from binding to the PtNP core, thus, only SH 

would bind the PtNP core. Unfortunately, the 6-MTAB compound was not commercially 
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available; an alternative compound was the quaternary ammonium 6-ATA, as illustrated in 

Figure 6.8. 6-ATA consists of an NH2, 6 carbon hydrocarbon chain and an ammonium group 

NH3
+. 6-ATA was selected for functionalising the PtNP as -NH2 have shown to form complexes 

with platinum.179, 180 In this instance NH2 would be the head group binding to the PtNP core 

while the NH3
+ would be the functional group.  

 

Figure 6.8 Structure of (6-aminohexyl)trimethylammonium bromide hydrobromide (6-ATA). 

 

Utilising the average TEM diameter of 50.2 nm, the surface area of the PtNP-CTAB was 

calculated to 3.28 X 1015 nm2/mL; using the approximated footprint of 6-ATA 0.145 nm2 

(derived from Chem3D by measuring the area), the concentration of 6-ATA required for surface 

coverage was calculated to 4.5 µM. To ensure full surface coverage, PtNP-CTAB were surface 

modified with concentrations of 6-ATA ranging from 3 to 70 µM for 3 hours at room 

temperature; the overall ligand exchange is illustrated in Figure 6.9. Excess 6-ATA and CTAB 

were removed by centrifuging the samples at 10000 x g. The supernatant was discarded and 

resuspended and in dH2O and then characterised by DLS, zeta potential and pH, as shown below 

Figure 6.10. Five DLS and zeta potential measurements were 5 times performed to obtain the 

mean. PtNP-CTAB were used as a control and referred to as CTAB in Figure 5.9 to demonstrate 

the surface coating of the PtNP.    
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Figure 6.9 PtNP-CTAB ligand exchange with 6-ATA. Note figure not to scale. 

 

The average hydrodynamic diameters did not change from the PtNP-CTAB of 75 nm to PtNP-6-

ATA that ranged between 70.9 to 76.9 nm as shown in Figure 6.10 (a). Although CTAB and 6-

ATA have two different alkane chain lengths, the DLS technique is not sensitive enough to 

detect these changes. Interestingly, the zeta potential decreased from 46.2 mV to between 

14.9 and 23.9 mV with the 6-ATA surface coating (Figure 6.10 (b)); demonstrating low stability 

and suggesting less molecules were present on the PtNP surface, hence less charge. 

Interestingly, between 3 – 10 µM of 6-ATA a decreasing trend was observed in the zeta 

potential; however, at the higher concentrations of 30 – 70 µM the zeta potentials began to 

increase, indicating more 6-ATA molecules were present on the PtNP surface, thus an increased 

surface charge.  
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Figure 6.10 6-ATA characterisation by (a) DLS (b) zeta potential and (c) pH. Results are respresentitive of 

1 experiment (n=1). 

 

The pH measurements in Figure 6.10 (c) showed the pH of PtNP-CTAB decreased from pH 7.9 

to a range of 5.4 to 5.8 between PtNP-6-ATA samples indicating that the CTAB capping had 

been ligand exchanged for 6-ATA. The zeta potential also indicated that CTAB had been 

exchanged for 6-ATA, however further investigation was required; specifically, XPS would be 

required to confirm if CTAB had been exchanged for 6-ATA on the PtNP surface by observing 

the platinum-nitrogen bond. Unfortunately, a day after the reaction, all PtNP-6-ATA had 

aggregated to the bottom of the glass vial, leaving a clear solution, see Figure 6.11. 

 

 

 

 

 

(a) (b) (c) 
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Figure 6.11 PtNP surface modified with 70 µM 6-ATA. (a & b) PtNP + 70 µM 6-ATA post surface 

modification and (c & d) PtNP + 70 µM 6-ATA day after surface modification. Results are representative 

of 1 experiment (n=1). 

 

Collectively, this data confirms the quaternary ammonium compound 6-ATA is unstable on the 

PtNP surface, however why 6-ATA is unstable on the PtNP surface remains unclear. There are 

no reports of 6-ATA functionalising platinum or other metallic surfaces. A possible explanation 

is there was not enough 6-ATA bound to the PtNP or the amino-platinum was not as strong 

enough to keep the 6-ATA molecule bound to the PtNP surface, leaving the PtNP unprotected, 

such that they precipitated out of solution. A previous study by Wand et al.189 found amine 

functionalised PtNPs to have weak bond in comparison to thiol functionalised PtNPs. 

Furthermore, the amino-functionalised PtNPs aggregated, which was what we observed in our 

experiments.  

(c) (d) 

(a) (b) 
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Since, the ligand exchange between PtNP-CTAB for 6-ATA was unsuccessful, the next step was 

to synthesise positively charged PtNPs with an alkanethiol as a capping agent, thereby forming 

a covalent bond between the PtNP and thiol molecule. 

 

6.2.4  Synthesis of positively charged PtNP with 2-diethylaminoethanethiol hydrochloride 

In the second approach, positively charged PtNPs were synthesised following a method 

described by Testa et al.190 whereby the alkanethiol 2-diethylaminoethanethiol hydrochloride 

(DEA) was used as a capping agent to synthesis positively charged PtNPs. DEA was selected as 

a capping agent as it is hydrophilic and was previously reported to stabilise both AuNPs and 

PtNPs. 190, 191  DEA is a short chain alkanethiol with only 2 carbons on the alkane chain, a SH 

group and a NH3
+, as shown in Figure 6.12. 

 

Figure 6.12 Structure of 2-diethylaminoethanethiol hydrochloride (DEA). 

 

In this experiment, PtNPs capped with DEA (referred to as PtNP-DEA) were synthesised by 

reduction of H2PtCl6.6H2O with the strong reducing agent sodium borohydride at room 

temperature for 20 hours, the overall reaction is illustrated in the schematic in Figure 6.13. As 

specified by Testa et al.190 H2PtCl6.6H2O, DEA, and sodium borohydride were prepared in molar 

ratios of 1:0.33:0.5, respectively, see Table 6.1 for ratios and concentrations; with the precursor 

prepared in dH2O specifically at pH 2 (reaction A) as specified by Testa et al.190 Initially, 

H2PtCl6.6H2O and DEA were combined and degassed by argon, followed by the dropwise 

addition of sodium borohydride. To examine how the role of pH affects PtNP synthesis method, 
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a parallel experiment was conducted, where H2PtCl6.6H2O was prepared in just dH2O, i.e., a 

neutral pH (reaction B) Figure 6.14 (a) & (b). These PtNP-DEA were characterised by TEM, DLS 

and zeta potential, see Figure 6.14 and Figure 6.15. The TEM size of the PtNP-DEA was obtained 

by measuring the diameters of 200 PtNP-DEA. Five DLS and zeta potential measurements were 

5 times performed to obtain the mean. DLS and zeta potential measurements were performed 

directly from the synthesis reaction and after centrifuging and resuspending in dH2O.  

 

Figure 6.13 Schematic of synthesis of positively charged PtNPs by reduction of sodium borohydride with 

DEA as a capping agent. Note figure not to scale. 

 

Table 6.1 PtNP-DEA synthesis reaction ratios of precursor, capping and reducing agent. 

 H2PtCl6.6H2O DEA NaBH4 

Ratio 1 0.33 5 

Concentration (mM) 0.48 0.16 2.4 

 

Figure 6.14 (a) & (b) show reactions A and B before the addition of the strong reducing agent 

sodium borohydride and after 20 hours. The dropwise addition of sodium borohydride caused 

both reactions to slowly change colour from a pale-yellow to a black/brown solution, indicating 

the sodium borohydride had reduced the H2PtCl6.6H2O to platinum. The TEM images in Figure 
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6.14 (c) & (d) of reaction A showed spherical PtNP-DEA of varied sizes with a large particle size 

distribution, see Figure 6.14 (e). 

   
 

     
 

   
 

Figure 6.14 Synthesis of positively charged PtNPs with DEA as a capping agent. (a) reaction A with 

H2PtCl6.6H2O prepared in dH2O at pH 2 and reaction B H2PtCl6.6H2O prepared in just dH2O, (b) reactions 

A and B after 20 hours, (c) & (d) TEM images of reaction A, (e) frequency distribution of reaction A and 

(f) & (g) TEM images of reaction B. Results are representative of 1 experiment (n=1). 

 

100nm  50 nm 

100nm  50 nm 

(b) 

(c) (d) (e) 

(f) (g) 

A A 
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In contrast, the TEM images of reaction B shown in Figure 6.14 (f) & (g) display large 

agglomerates of PtNP-DEA with a non-spherical shape, this indicates the DEA was unable to 

adsorb on the PtNP surface. As result, the individual nanoparticles could not be distinguished, 

and the nanoparticle diameters could not be measured hence no particle size distribution was 

displayed. The TEM images of both reactions A & B revealed that PtNP-DEA synthesis was highly 

dependent on acidic conditions at pH 2. 

 

How pH affects PtNP-DEA synthesis is not fully understood, it is thought that the highly acidic 

conditions enable protonation of the ammonium group. Therefore, the highly charged DEA 

exhibits a greater surface charge and repels deprotonated DEA molecules on the nanoparticle 

surface, thereby maintaining the colloidal stability of PtNP-DEA. Experiments by Venditti et 

al.192 using AuNP-DEA, hypothesised that at pH 2 the protonated DEA is chemisorbed on the 

nanoparticle surface as result of the highly charged DEA. Conversely, at pH 7 where there is a 

mixture of protonated and deprotonated DEA on the nanoparticle surface, the deprotonated 

DEA is physisorbed and as there is less charge coming from the protonated DEA molecule this 

leads to nanoparticle aggregation. This theory supports the results obtained in our 

experiments, at pH 2 spherical PtNP-DEA were observed as shown in Figure 6.14 (c) & (d) while 

PtNP-DEA aggregates were observed at the higher pH, Figure 6.14 (f) & (g). 
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Figure 6.15 PtNP-DEA synthesis and characterisation by (a) DLS, (b) zeta potential and (c) reaction A 

and B the day after synthesis. Results are representative of 1 experiment (n=1).  

 

Figure 6.15 (a) demonstrates the hydrodynamic diameters of reactions A & B after synthesis 

and after centrifugation. The hydrodynamic reaction A after synthesis was 109 nm, however 

after centrifugation this significantly increased to 309 nm suggesting the PtNP-DEA had 

aggregated. Reaction B showed a hydrodynamic diameter of 423.7 nm after synthesis, this was 

expected as the TEM data in Figure 6.14 (f) & (g) showed large agglomerates; after 

centrifugation the hydrodynamic diameter only slightly increased to 460.3 nm.  

 

The zeta potential of the PtNP-DEA from reaction A were 35.2 mV after synthesis indicating 

good stability however this was reduced to -41.9 mV (Figure 6.15 (b)) after centrifugation, 

demonstrating the PtNP-DEA had become unstable and DEA capping was lost during the 

centrifugation step. The aggregation of PtNP-DEA suggests that the DEA had oxidised, XPS 

analysis would be required to confirm this. Though reaction B showed PtNP-DEA agglomerates, 

the zeta potential was still measured after synthesis and was 17.2 mV suggesting some DEA 

(a) (b) (c) 

A B 



163 
 

was present on the PtNP surface. Again, the DEA capping was also lost after centrifugation as 

the zeta reduced to -38.9 mV.  

 

The data from these experiments demonstrate pH 2 is crucial for creating monodispersed 

positively charged PtNP with a DEA capping. Experiments conducted by Testa et al.190 claimed 

the PtNP-DEA to be stable, however the stability of these PtNP-DEA was lost after 

centrifugation. As previously discussed, this aggregation could be due to the oxidation of thiol. 

Nonetheless, DEA was an unstable capping agent, this could be due to 2 possible factors: (1) 

both SH and NH groups were both forming bonds with PtNP core, Figure 6.16 illustrates a 

hypothetical arrangement of DEA on the PtNP surface but note the actual orientation of DEA 

on the PtNP surface is unknown, investigation by XPS could confirm the presence of the 

platinum-sulphur and platinum-nitrogen bonds but not the orientation. (2) Successful SAM 

formation is dependent on the hydrocarbon chain lengths, longer alkanethiol can sufficiently 

pack onto noble metal surfaces, 156 as DEA is a short alkanethiol, it could be that it was not 

sufficiently packed onto the PtNPs. The combination of these two factors makes DEA an 

unstable capping agent, if the NH group of DEA is bound to the PtNP core, this would sterically 

hinder the SAM formation with the SH group binding to the PtNP surface.   

 

 

 

 

 

  

 



164 
 

 

Figure 6.16 Hypothetical arrangement of DEA on the PtNP surface, not to scale. 

 

6.3 Conclusion  

6-AHT was confirmed to be an unsuitable compound for functionalising citrate capped PtNPs. 

Positively charged PtNPs were created using 2 different methodologies. The first method 

employed cationic surfactant CTAB to synthesise positively charged PtNPs; characterisation 

revealed the PtNP-CTAB to be positively charged with good stability, however their shape was 

non-uniform. These PtNP-CTAB were taken forward by surface modifying via ligand exchange 

with 6-ATA, however stability was significantly reduced. The second method utilised 2-DEA as 

a capping agent to synthesise positively charged PtNPs, it was evident that PtNP synthesis at 

pH 2 was a vital factor to achieve spherical nanoparticles, more importantly it indicated surface 

coverage was a function of pH. Unfortunately, though positively charged PtNP were created via 

these 2 different methods, both methods resulted in unstable positively charged PtNPs. For this 

reason, they were not included in later functional platelet studies. 
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6.3.1 Further work 

Though short chain alkanethiols were utilised in these experiments, they do not sufficiently 

pack onto the nanoparticle surface as well as long chain alkanethiols. An alternative alkanethiol 

thiol that could be used as a capping agent could be (11-mercaptoundecyl)-N,N,N-

trimethylammonium bromide (11-MABr), see Figure 6.17 for structure. 11-MABr is analogous 

to 6-MTAB, with a SH head group and NR4
+ group, the main difference is the spacer molecule 

which has an 11-carbon alkane chain.  The -CH3 groups of the ammonium group would sterically 

prevent the N+ from binding to the PtNP core.  

 

Figure 6.17 Structure of (11-mercaptoundecyl)-N,N,N-trimethylammonium bromide (11-MABr). 

 

A second alternative compound is the polymer polyethyleneimine (PEI), see Figure 6.18 for its 

structure. PEI is a synthetic cationic polymer with repeating units of the amine group spaced by 

2 carbon atoms, PEI can be either linear or branched with differing molecular weights. Using 

PEI would be advantageous over 11-MABr as it exhibits several NH2 groups, thus it has multiple 

valences available to bind the nanoparticle surface.  Previous work by Nagao et al.193 used PEI 

is to synthesise positively charged PtNPs to exhibit a positive charge with different 

morphologies. The use of PEI has also been extended to other metallic nanoparticles, 

experiments conducted by Sharonova et al.194 demonstrated positively charged AgNPs of 70 ± 

20 nm with a zeta potential of 55 mV demonstrating good stability with PEI as the capping 

agent. 
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Figure 6.18 Structure of polyethyleneimine (PEI). 
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Chapter 7 Functionalisation of Platinum 
Nanoparticles with Neutrally Charged 

Thiol Compounds 
 

Abstract: This chapter examines the functionalisation and synthesis approaches used to create 

sterically stable neutrally charged PtNPs to be later utilised in platelet investigations. 20 nm c-

PtNPs synthesised in Chapter 4 were assessed for functionalisation with the neutrally charged 

alkanethiol 6-mercaptohexanol (6-MCH) via ligand exchange. Various surface characterisation 

techniques confirmed 6-MCH was unable to ligand exchange with the citrate ions capping the 

PtNP surface. In a second approach, 6-MCH was employed as a capping agent to synthesise 

neutrally charged PtNPs, unfortunately this approach was unsuccessful. In a third approach, the 

neutrally charged PEGylated thiols 2-[2-[2-(2-mercaptoethoxy)ethoxy]ethoxy]ethanol (2-MEE) 

and 11-(mercaptoundecyl)hexa(ethylene glycol) (11-MUHEG) were used to functionalise the 20 

nm c-PtNP via the ligand exchange method. Using various surface characterisation techniques, 

it was successfully confirmed their functionalisation with the PEGylated thiol molecules to 

produce sterically stable neutrally charged 20 nm PtNPs via ligand exchange. This study is the 

first to report the functionalisation of PtNPs by the PEGylated thiols 2-MEE and 11-MUHEG. 
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7.1 Introduction 

Thiols molecules are common ligands that have been frequently used to functionalise 

nanoparticles, this has been this has been established either chemisorption methods by ligand 

exchange post-synthesis or during synthesis.42, 46, 49 Thiol molecules can chemisorb onto the 

nanoparticle surface to form self-assembled monolayers (SAMs).150 Although several studies 

have reported SAM formation on PtNPs by the hydrophobic alkanethiols octandecanethiol, 1-

decanethiol (DT) and 1-dodecanethiol (DTT), their applications are limited and unsuitable for 

biological studies, as hazardous reagents such as tetrahydrofuran and lithium 

triethylborohydride are utilised to synthesis them.45, 195-197 Alternatively, neutrally charged 

thiols which do not require hazardous reagents could be used to synthesis/functionalise 

neutrally charged nanoparticles. Neutrally charged nanoparticles such as polymeric, lipid and 

metallic nanoparticles are favourable in drug delivery as they can circulate in the bloodstream 

without electrostatically interacting with cell membranes or membrane proteins.198 Of the 

metallic nanoparticles, it is predominately gold nanoparticles that have been functionalised 

with a neutral charge.199-201 To date, there are currently no studies reporting the 

functionalisation of PtNPs by neutrally charged alkanethiols and PEGylated thiols and warrants 

further investigations.  
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7.1.1 Objectives  

 

1. Functionalise 20 nm c-PtNPs with 6-mercaptohexanol. Characterise by DLS and zeta 

potential. 

 

2. Synthesise neutrally charged 20 nm PtNPs with 6-mercaptohexanol. Characterise by DLS 

and zeta potential. 

 

3. Functionalise 20 nm c-PtNPs with 2-[2-[2-(2-mercaptoethoxy)ethoxyethoxy}ethanol. 

Characterise by DLS, zeta potential, gel electrophoresis and XPS. 

 

4. Functionalise 20 nm c-PtNPs with 11-(169mercaptoundecyl)hexa(ethylene glycol). 

Characterise by DLS, zeta potential, gel electrophoresis and XPS. 
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7.2 Results and Discussion  

7.2.1 Functionalisation of 20 nm platinum nanoparticles by 6-mercaptohexanol 

In Chapter 4, carboxyl-terminated alkane and PEGylated thiols were used to functionalise the 

20 nm c-PtNP via ligand exchange to create to sterically stable negatively charged PtNPs. 

Following the same ligand exchange method, 20 nm c-PtNPs (synthesised in Chapter 3) were 

functionalised by hydroxyl-terminated alkane and PEGylated thiols to produce neutrally 

charged PtNPs.  The neutrally charged alkanethiol 6-mercaptohexanol (6-MCH) was selected of 

functionalising the c-PtNP as it is analogous to 6-mercaptohexanoic and water soluble. 6-MCH 

exhibits a terminal hydroxyl group (OH) functional group, a mercapto group (SH) and a 6-carbon 

alkane chain, as illustrated in Figure 7.1. 

 

Figure 7.1 Structure of 6-mercaptohexanol (6-MCH). 

 

Using the method described in section 4.2.2, 20 nm c-PtNPs were functionalised by ligand 

exchange where the citrate ions capping the PtNPs were exchanged for a thiol molecule. Citrate 

ions are non-covalently bound to the nanoparticle surface and provide electrostatic 

stabilisation for the core nanoparticle. As the citrate ions are non-covalently bound, they can 

be displaced by thiol molecules to form strong covalent bonds, therefore forming a SAM and 

providing steric stabilisation in addition to functionality.46, 49 Figure 7.2 illustrates the overall 

ligand exchange to produce neutrally charged PtNPs. The concentration of 6-MCH required for 

surface coverage was calculated using the alkanethiol footprint of 0.214 nm2 from literature,128 

see Appendix 11.2 for calculations. c-PtNP surface modified by 6-MCH will be referred to as 

PtNP-6-MCH throughout this thesis.  
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Figure 7.2 Ligand exchange of citrate ions on 20 nm c-PtNP by 6-MCH. Note figure not to scale. 

 

20 nm c-PtNPs were incubated with 6-MCH at concentrations from 5 – 100 µM for 3 hours at 

room temperature. Excess 6-MCH and citrate ions were removed by centrifugation at 10000 x 

g for 10 minutes. The supernatant was discarded, and the PtNP-6-MCH were resuspended in 

dH2O and then characterised by DLS, zeta potential and pH. Though pH is not a characterisation 

technique per say, they were reported as zeta potential measurements are dependent on pH; 

changes in pH of the nanoparticle solution can occur indicate when a ligand exchange has 

occurred. The control samples were 20 nm c-PtNPs in 1.1 mM sodium citrate and dH2O 

(referred to as the dH2O control). c-PtNPs was chosen as a control to assess if there was a 

difference between the capping agents, the dH2O control was selected as all PtNP-6-MCH 

samples were resuspended in dH2O. DLS and zeta potential were repeated across three batches 

of 20 nm, Figure 7.3 represents the characterisation of PtNP-6-MCH. Five DLS and zeta potential 

measurements were performed to obtain the mean for each sample, data is presented as mean 

± SD.  
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Figure 7.3 Characterisation of PtNP-6-MCH. (a) hydrodynamic diameters, (b) zeta potentials and (c) pH. 

Results are representative of 3 experiments (n=3) and presented as mean ± SD. 

  

Figure 7.3 (a) represents the hydrodynamic diameters of PtNP-6-MCH, the c-PtNPs and dH2O 

controls had hydrodynamic diameters of 30.3 ± 1.1 nm and 32.4 ± 1.2 nm respectively. The 

PtNP-6-MCH had comparable hydrodynamic diameters to the control samples, these 

hydrodynamic diameters ranged from 32.5 to 33.1 nm. With increasing concentrations of 6-

MCH no differences in hydrodynamic diameter were observed. The zeta potentials of PtNP-6-

MCH ranged from -39.9 to -54.8 mV as shown in Figure 7.3 (b); no differences were observed 

between the PtNP-6-MCH samples. These zeta potentials were comparable to the citrate and 

dH2O controls which had zeta potentials of -39.9 ± 3 mV and -50.1 mV ± 6.2 mV respectively, 

this data indicates no ligand exchange has taken place. The pH of PtNP-6-MCH also 

demonstrated no difference between the PtNP-6-MCH samples compared the citrate and dH2O 

(a) (b) 

(c) 
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control samples. Both control samples exhibited pH of 7.6, the pH PtNP-6-MCH ranged from 

pH 7.4 to pH 7.6, this suggests ligand exchange had not taken place. As the zeta potential and 

pH data indicated no ligand exchange had occurred, further characterisation by gel 

electrophoresis and XPS was not undertaken.  

 

It is unclear why 6-MCH was unable to undergo ligand exchange with citrate ions, citrate ions 

are non-covalently bound with metallic nanoparticle surface and should be displaced by thiol 

molecules to form a covalent metal-thiol bond. This was previously observed with alkane and 

PEGylated thiols in Chapter 5. The mechanism of ligand exchange by 6-MCH on metallic 

nanoparticles remains unknown. Previous literature depicts 6-MCH as a blocker or spacer 

molecule on AuNPs. Work by Bi et al.202 describes the bi-functionalisation of  citrate capped 

AuNPs by the negatively charged alkanethiol 11-mercaptoundecanoic acid (11-MUA) and 6-

MCH for the colourimetric detection of heavy metal ions. Here, 6-MCH was utilised as a blocker 

to prevent non-specific binding of macromolecules. The bi-functionalisation of 11-MUA/6-MCH 

involved the ligand exchange of the citrate ions from the AuNP surface. In this instance, 11-

MUA would be able to displace the citrate ions from the AuNP surface, thus allowing 

opportunity for 6-MCH to then bind to the AuNP surface, thus providing bifunctionality.  In a 

more recent study by Lai et al.203 6-MCH was utilised as a spacer molecule for AuNPs conjugated 

with thiolated DNA. Citrate capped AuNP were first conjugated with thiolated DNA. 

Characterisation by TEM and UV absorbance demonstrated successful conjugation, the AuNP-

DNA conjugate was mixed with 6-MCH to allow spacing on the AuNP surface. In the studies 

described, 6-MCH is utilised in the presence of a charged ligand rather than 6-MCH alone.  
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Previously, AuNPs have been directly functionalised with 6-MCH in synthesis to use for 

subsequent functionalisation with other ligands. 1.5 nm AuNP-6-MCH were prepared by the 

reduction of tetrachloroaurate with an excess of tetraoctylammonium bromide in a water 

toluene mixture with sodium borohydride.204 However, a limitation of this method is the size 

of the AuNPs are very small and the reagents used in synthesis are harmful. To ascertain, if 

PtNPs can be directly functionalised with 6-MCH, PtNP will be synthesised with 6-MCH as the 

capping agent following the methods used in chapter 4. 

 

7.2.2 Platinum nanoparticle synthesis with 6-mercaptohexnol 

To assess if 6-MCH can chemisorb onto the PtNP surface in the absence of citrate ions, PtNPs 

were synthesised with 6-MCH as the capping agent. In this preliminary experiment, PtNPs were 

synthesised following the same seed mediated synthesis method described in section 4.2.4, 

with a modification of 34 mM sodium citrate was replaced by 34 mM 6-MCH, see Figure 7.4. 

 

Figure 7.4 Schematic of synthesis of neutrally charged PtNPs with 6-MCH as a capping agent. Note Figure 

to scale. 
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Pt seeds from chapter 4 were used as the template to grow PtNPs, 0.2 M H2PtCl6.6H2O 

remained as the precursor with 71 mM L-ascorbic acid as the reducing agent. PtNP growth was 

controlled by L-ascorbic acid and a temperature increment of 10oC/min to 100oC. The reduction 

of H2PtCl6.6H2O performed in section 4.2.4 was observed by a change in reaction colour from 

yellow to a brown/black. However, in this case, the addition of L-ascorbic acid did not cause the 

H2PtCl6.6H2O to reduce to platinum, the reaction turned cloudy as shown in Figure 7.5 (a). 

     

Figure 7.5 Synthesis of PtNP with 6-MCH as a capping agent. (a) with L-ascorbic acid, (b) with sodium 

borohydride and (c) with sodium citrate and L-ascorbic acid. Results are from 1 experiment (n=1). 

 

As L-ascorbic acid is a mild reducing agent, the experiment was repeated under the same 

conditions using the stronger reducing agent sodium borohydride at the same concentration 

of 71 mM. Unfortunately, the H2PtCl6.6H2O  failed to reduce to platinum as no colour change 

was observed, see Figure 7.5 (b). To confirm if the precursor and reducing reagents were 

working, a control synthesis reaction using 34 mM sodium citrate as the capping agent was 

performed. As previously used in Chapter 4, Pt seeds were used the template to grow the c-

PtNPs, the same working solutions of 0.2 M H2PtCl6.6H2O  and 71 mM L-ascorbic acid were 

used. PtNP growth was controlled by L-ascorbic acid and a temperature increment of 10oC/min 

(a) (b) (c) 
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to 100oC. As expected, the H2PtCl6.6H2O reduced to platinum, this was demonstrated by the 

colour change of the reaction from a yellow colour to brown/black as shown in Figure 7.5 (c). 

The data suggests 6-MCH is blocking the reduction of H2PtCl6.6H2O to platinum, however the 

mechanism remains unknown. The non-reduction of these reactions is likely be due to the 

neutral charge of 6-MCH; if we compare 6-MCH to the common capping agent sodium citrate, 

the citrate ions exhibit three carboxylic acid groups and is able to physisorb onto the PtNP 

surface. Mudunkotuwa et al.205 reported that deprotonated citric acid absorbs onto the surface 

of titanium oxide nanoparticles. It could be that for 6-MCH to adsorb onto the PtNP surface it 

needs to be in a deprotonated state. Thus, the protonation state of the capping agent not only 

aids absorption but is fundamental for functionalising the nanoparticle surfaces. These findings 

suggest that 6-MCH is an unsuitable capping agent for PtNPs. An alternative molecule that 

could be used to functionalise the PtNPs with a neutral charge would be a PEGylated thiol with 

a OH group functional head group. As PEGylated molecules are comprised of both polar and 

non-polar regions. The next section with examine the functionalisation of 20 nm PtNPs by 

neutrally charged PEGylated thiols. 

 

7.2.3 Functionalisation of 20 nm PtNP with 2-[2-[2-(2-mercaptoethoxy)ethoxy]ethoxy]ethanol 

Although the functionalisation of PtNP by 6-MCH was unsuccessful via ligand exchange and 

synthesis, to achieve neutrally charged PtNP, functionalisation was assessed using the 

PEGylated thiol 2-[2-[2-(2-mercaptoethoxy)ethoxy]ethoxy]ethanol (2-MEE), see Figure 7.6 for 

its structure. 2-MEE consists of SH group, OH functional head group and three PEG units (C-C-

O).  PtNP surface modified by 2-MEE will be referred to as PtNP-2-MEE throughout this thesis.  
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Figure 7.6 Structure of 2-[2-[2-(2-mercaptoethoxy)ethoxy]ethoxy]ethanol (2-MEE). 

 

Using the method described in section 4.2.2, c-PtNPs were surface modified by 2-MEE, the 

overall ligand exchange is illustrated in Figure 7.7. The PEGylated thiol footprint of 0.35 nm2 

from literature169 was used to determine the concentration of 2-MEE required for surface 

coverage which was 3.5 µM, see Appendix 11.2 for calculations.  

 

20 nm c-PtNPs were incubated with 2-MEE at concentrations from 3 – 70 µM for 3 hours at 

room temperature. Excess 2-MEE and citrate ions were removed by centrifugation at 10000 x 

g for 10 minutes. The supernatant was discarded, and PtNP-2-MEE were resuspended in dH2O 

and then characterised by DLS and zeta potential. pH was reported as zeta potential 

measurements are dependent on pH. Once again, c-PtNPs was selected as a control to assess 

if there was a difference between the capping agents, dH2O (referred to as the dH2O control) 

as all PtNP-2-MEE were resuspended in dH2O.  
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Figure 7.7 Ligand exchange of citrate ions on 20 nm c-PtNP by 2-[2-[2-(2-

mercaptoethoxy)ethoxy]ethoxy]ethanol. 

 

For gel electrophoresis, 20 nm c-PtNPs were surface modified with 3 µM and 70 µM 2-MEE 

only up to the discarding step as concentrated functionalised PtNPs were required for this 

technique. Unconcentrated nanoparticles would not be visible on the agarose gel. 1 µL of 

concentrated 3 µM and 70 µM PtNP-2-MEE were then premixed with 15 µL glycerol and 

separated on a 1% agarose gel submerged in Tris-acetate-EDTA (TAE) buffer, concentrated 

PtNP were used as a control. Gel electrophoresis was only used qualitatively manner. All DLS, 

zeta potential and pH experiments were repeated across three batches of 20 nm c-PtNPs, five 

DLS and zeta potential measurements were performed to obtain the mean for each sample, 

data is presented as mean ± SD.  
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Figure 7.8 Characterisation of PtNP-2-MEE. (a) hydrodynamic diameters, (b) zeta potentials (c) pH and 

(d) gel electrophoresis. Results (except electrophoresis) are representative of 3 experiments (n=3) and 

presented as mean ± SD. Note *: overspill 

 

The hydrodynamic diameters of PtNP-2-MEE are displayed in Figure 7.8 (a). The c-PtNP and 

dH2O controls had hydrodynamic diameters of 29.4 ± 0.4 and 32.1 ± 0.8 nm respectively. PtNP-

2-MEE had comparable hydrodynamic diameters to the control samples ranging from 29.4 to 

30.1 nm.  There was no difference in hydrodynamic diameters amongst the different PtNP-2-

MEE samples.  The zeta potentials of PtNP-2-MEE are shown in Figure 7.8 (b), as expected the 

citrate control and dH2O control exhibited negatives charge of -35.7 ± 2.2 and -44.3 ± 3.7 mV 

respectively. As the concentration of 2-MEE increased, the zeta potential increased, indicating 

more 2-MEE molecules has bound to the PtNP surface. This trend was previously observed in 

Chapter 5 with PtNP-6-MHA, PtNP-8-MOA, PtNP-TA and PtNP-2-MOHA. Although, the 

(a) (b) 

(c) (d) 

Cit*    3 µM   70 µM 
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functional head group of 2-MEE is neutrally charged, the zeta potential of PtNP-2-MEE 

demonstrated negative charges, ranging from -15.4 to -30.4 mV; PEGylated nanoparticles have 

been shown to exhibit zeta potentials close to 0 mV in the range of -2.7 to -4.6 mV.121 It is likely 

there are still citrate ions present on the surface of PtNP-2-MEE, hence, the zeta potential of 

PtNP-2-MEE does not fall into the same range. XPS analysis would be required to verify the 

presence of the citrate ions on the PtNP surface.  

 

Ligand exchange was further supported by the pH of PtNP-2-MEE as shown in Figure 7.8 (c). 

The pH of PtNP-2-MEE decreased with increasing concentrations of 2-MEE from pH 7.4 to 4.2; 

the pH of the citrate control and dH2O controls remained in the neutral range at pH 7.8 and 7.5 

respectively, therefore, demonstrating ligand exchange had taken place.  The decrease in pH 

could possibly be due to 2-MEE having a lower pH than the sodium citrate, thus, as the 

concentration of 2-MEE increased the pH decreased. 

 

In addition, gel electrophoresis of PtNP-2-MEE also confirmed ligand exchange as shown in 

Figure 6.8 (d). 3 µM and 70 µM of 2-MEE were selected for gel electrophoresis to examine if 

there was a difference in surface coverage. As the c-PtNPs are only electrostatically stabilised 

they were not protected to withstand the TAE buffer, hence they aggregated in the well. 

Unfortunately, a small amount of the c-PtNP migrated through the gel, this was due to an 

overspill from the neighbouring well with 3 µM PtNP-2-MEE. 3 µM and 70 µM PtNP-2-MEE 

migrated through the agarose gel, 3 µM PtNP-2-MEE had a faint band indicating fewer 2-MEE 

molecules had bound to the PtNP surface. Conversely, 70 µM PtNP-2-MEE had a denser band 
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demonstrating more 2-MEE molecules had bound to the PtNP surface. Interestingly, 70 µM 

PtNP-2-MEE did not migrate to the same distance compared with 3 µM PtNP-2-MEE. Gel 

electrophoresis separates molecules/particles based on charge; in this instance, 2-MEE possess 

a neutral charge from the OH group and only a partial charge from the PEG units, therefore at 

higher concentrations of 2-MEE, more OH and PEG units were present on the PtNP surface, 

thus less charge, therefore at 70 µM PtNP-2-MEE was unable to migrate to the same distance 

as 3 µM PtNP-2-MEE. Altogether, the DLS, zeta potential, pH and gel electrophoresis data 

indicate a ligand exchange has occur. Next, to confirm 2-MEE has bound to the PtNP surface, 

the platinum-thiol bond was investigated by XPS. 

 

7.2.4 XPS of 20 nm PtNP-2-MEE 

To confirm if the 2-MEE had bound to the PtNP surface, XPS was performed to assess the 

elemental composition of PtNP-2-MEE. 2-MEE was selected as control sample, the control 

sample was prepared by directly drop casting 2-MEE onto the copper substrate and air dried. 

Following the method described in 5.2.2, c-PtNPs were surface modified with 70 µM of 2-MEE 

for 3 hours at room temperature. 70 µM 2-MEE was used for XPS analysis as this concentration 

demonstrated the greatest increase in zeta potential as displayed in Figure 7.8 (b). The excess 

2-MEE and citrate ions were removed by centrifuging the sample at 10000 x g for 10 minutes, 

the supernatant was discarded, and the concentrated PtNP-2-MEE were drop cast onto the 

copper substrate, air dried and submitted for XPS analysis. 2-MEE and PtNP-2-MEE were 

charged corrected to 285 eV rather than 284.8 eV as polymers generally have their aliphatic 

component at 285 eV. Additionally, this allows comparison with polymer handbook.171 As 
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previously discussed in section 4.2.5, common artefacts of XPS are contamination by 

adventitious carbon and oxygen contamination which are found in high-resolution scans, thus 

the high-resolutions scan only be used to identify species on the surface of the PtNPs.  

 

Surveys scans of the control sample of 2-MEE and PtNP-2-MEE detected the presence of 

platinum (Pt), copper (Cu), carbon (C), oxygen (O) and sulphur (S). Examination of the high-

resolution scans of 2-MEE and PtNP-2-MEE detected signals from Pt 4f, Cu 2p, C 1s, O 1s and S 

2p orbitals, these are presented in Figure 7.9. As no PtNPs were present on the copper 

substrate, the high-resolutions scans of 2-MEE did not detect a signal for Pt 4f shown in Figure 

7.9 (a). However, three Cu 3p peaks were detected, Cu 3p 3/2 at 74.9 eV, CuO at 75.4 eV and Cu 

3p 1/2 at 77.4 eV, these peaks were also present on the blank copper substrate in section 4.2.5. 

XPS experiments in Chapter 5 also detected Cu 3p on the copper substrates with thiol directly 

deposited. Cu 3p and Pt 4f have similar binding energies as they have a spectral overlap; this 

was observed in the XPS analysis of Pt-Cu bimetallic alloys.144 Additionally, this spectral overlap 

was observed in XPS experiments in Chapter 5 with PtNP-6-MHA, PtNP-TA and PtNP-2-MOHA. 

The high-resolution scans of PtNP-2-MEE detected the Pt 4f signal. Pt 4f was presented as an 

asymmetric peak, Pt 4f 7/2 at 71 eV and Pt 4f 5/2 at 74.3 eV, with a separation of 3.33 eV, these 

binding energies were comparable to those in literature.144, 146  A CuO peak was also detected 

at 74.5 eV, see Figure 7.9 (b). Pt 4f ascribes to the PtNPs and CuO ascribes to the copper 

substrate.  
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Figure 7.9 High resolution XPS spectra of 2-MEE and PtNP-2-MEE on a copper substrate. (a) Pt 4f –2-

MEE, (b) Pt 4f - PtNP-2-MEE, (c) Cu 2p - 2-MEE, (d) Cu 2p – PtNP-2-MEE, (e) C 1s – 2-MEE, (f) C 1s – PtNP-

2-MEE, (g) O 1s – 2-MEE, (h) O 1s – PtNP-2-MEE, (i) S 2p – 2-MEE and (j) S 2p – PtNP-2-MEE, (n=1). 

(a) Pt 4f  (b) Pt 4f  

(c) Cu 2p  (d) Cu 2p  

(e) C 1s  (f) C 1s  

(g) O 1s  (h) O 1s  

(i) S 2p (j) S 2p   

2-MEE PtNP-2-MEE 
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The high-resolutions scans of Cu 2p for 2-MEE detected two Cu 2p peaks, Cu 2p 3/2 at 932.5 eV 

and Cu 2p 1/2 at 952.3 at eV with a separation of 19.8 eV, as illustrated in Figure 7.9 (c). 

Comparable binding energies were observed in the Cu 2p high-resolution scans of PtNP-2-MEE 

as shown in Figure 7.9 (d); Cu 2p 3/2 at 932.8 eV and Cu 2p 1/2 at 952.6 eV with a separation of 

19.8 eV. Within the Cu 2p peaks, CuO peaks were also detected with at 935.2 eV and 955 eV. 

The binding energies of Cu 2p peak from both 2-MEE and PtNP-2-MEE accordance with 

literature,146, 147  and are attributed to the copper substrate.  

 

Deconvolution of the high-resolution scan of C 1s for 2-MEE revealed six carbon species as 

shown in Figure 7.9 (e); C-C, C-H at 285 eV, this was preceded by C-S, C-OH, C-O-C at 286.5 eV, 

C=O at 288 eV and O-C=O 289 eV.  C-C, C-H, C-O-C and C-S ascribes to the PEGylated thiol chain 

and the carbon-thiol bond respectively, while C-OH ascribed to the hydroxyl functional head 

group. These carbon species have similar binding energies to those in literature.146, 159, 171  The 

carbon species C-C, C-H, C-OH, C=O and O-C=O are also attributed to adventitious carbon 

contamination as these carbon species were also detected on the blank copper substrate in 

section 4.2.5.  The high-resolution scan of C 1s for PtNP-2-MEE also revealed the same six 

carbon species, as shown in Figure 7.9 (f), C-C, C-H at 285 eV, followed by C-S, C-OH, C-O-C at 

286.7 eV, C=O at 288.7 eV and O-C=O 290.4 eV. Again, these species carbon have similar 

binding energies to those in literature.146, 159, 171  These binding energies were comparable to 

those detected in 2-MEE. The carbon species C-C, C-H, C-O-C and C-S are attributed to the PEG 

thiol chain and the carbon-thiol bond respectively and C-OH is attributed to the hydroxyl 

functional head group. The C-C, C-H, C-OH, C=O and O-C=O carbon species are presumed to be 
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a result of the citrate ion capping of the PtNPs and adventitious carbon. This suggests citrate 

ions were still present on the PtNP surface, this was confirmed by the Na Auger peak in Figure 

7.9 (f). Furthermore, these carbon species were also detected on the blank copper substrate 

on the copper substrate in section 4.2.5, thus these species are result of both citrate ions and 

adventitious carbon.  

 

Examination of the high-resolution scans of O 1s for 2-MEE detected five oxygen species, CuO, 

C-OH at 532.5.7 eV, C-O-C at 531.4 eV and SO2, C=O at 535.6 eV, as illustrated in Figure 7.9 (g). 

CuO ascribes to the copper substrate, C-OH and C-O-C are attributed to the PEGylated thiol. 

SO2 corresponds to an oxidised sulphur specie from the thiol, see Figure 7.9 (i). The remaining 

oxygen species C=O is attributed to adventitious oxygen contamination. These peaks 

correspond to those in literature.146  The high-resolution scans of O 1s for PtNP-2-MEE detected 

seven oxygen species, see Figure 7.9 (h). PtO, CuO and C-OH at 531.1 eV preceded by C-O-C at 

533.1 eV, SO2, C=O at 534.3 eV, H2O at 536.1 eV and a Na Auger peak at 537.6 eV. These oxygen 

species have comparable binding energies to those found in literature.145, 146 PtO and CuO are 

attributed to the PtNPs and copper substrate; C-OH and C-O-C corresponds to the PEGylated 

thiol. SO2 ascribes to oxidised sulphur specie from the thiol, see Figure 7.9 (j). Again, C=O is 

attributed to adventitious oxygen contamination, however a Na Auger peaks indicates the 

presence of citrate ions from the PtNPs. Citrate ions possess C=O in their carboxylic acid groups, 

thus the C=O is a result of both citrate ions still present on the PtNP surface and adventitious 

oxygen.  
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Upon examination, the high-resolution scan of S 2p for PtNP-2-MEE revealed two integrated 

doublets with a 2:1 area ratio, with a separation of 1.18 eV as presented in Figure 7.9 (i). The 

first doublet observed bound S 2p 3/2 at 161.5 eV and S 2p 1/2 162.7 eV demonstrating a thiol-

copper bond. Unbound S 2p was detected at S 2p 3/2 at 162.7 eV and S 2p 1/2 at 163.9 eV and 

these data were similar to those obtained using gold surfaces.160 The bound sulphur is ascribed 

to the platinum-thiol bond, while unbound sulphur is likely a result of physisorbed 2-MEE; 

sulphur binding to the copper substrate was observed in chapter 4 with 6-MHA, 8-MOA, TA and 

2-MOHA. Additionally, SAM formation by alkanethiols on copper substrates for corrosion and 

wettability studies also observed copper-thiol binding. 34, 161, 162 Two small sulphur oxide species 

were found at 166.3 eV and 167.7 eV.  

 

The high-resolution scan of S 2p presented in Figure 7.9 (j) demonstrates a low signal to noise 

ratio, therefore, was fitted with one doublet peak with a 2:1 area ratio as shown in Figure 7.9 

(j). Single doublet fitting of S 2p have previously been presented by Castner160, where thiols  

and disulphides were investigated on gold substrates using XPS. Bound S 2p 3/2 was detected at 

162.7 eV while the unbound S 2p 1/2 was detected 163.9 eV. The bound sulphur is ascribed to 

the platinum-thiol bond, while unbound is likely due to physisorbed 2-MEE. However, two large 

sulphur oxide species were also detected at 166.9 eV and 168.2 eV. A possible explanation for 

these sulphur oxide species is that oxide although 2-MEE and PtNP-2-MEE were prepared and 

submitted for XPS at the same, they were not subjected to XPS within a short time of its 

preparation, therefore, the samples may be oxidised. Furthermore, prior to sample deposition, 

all copper substrates used for XPS analysis were treated with hydrogen gas to reduce oxide 
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layer, see chapter 3, Materials and Methods section 3.4.5.1. The % of bound and unbound S 2p 

was derived from the area of the peak fittings using the CasaXPS software from two scans, this 

is presented in Table 7.1.  The % of bound and unbound S 2p for 2-MEE on the copper substrate 

was 39.6% and 55.6% respectively, thus, 2-MEE had bound to the copper substrate via 

chemisorption. Conversely, PtNP-2-MEE had 26.5% the unbound S 2p and 16.3% bound S 2p, 

therefore demonstrating 2-MEE had chemisorbed onto the PtNP surface. The % of bound S 2p 

decreased compared to PtNP-8-MOA and PtNP-TA in chapter where an increase in bound S 2p 

was observed. This difference is due to the presence of the two sulphur oxide species. 

Furthermore, the % of bound and unbound S 2p could be disputed as not reliable as the high-

resolution scan of S 2p for PtNP-2-MEE demonstrates a low signal to noise ratio, thus, the % of 

bound sulphur in this sample does not reliably reflect the % of bound and unbound S 2p.  

 

Table 7.1 -% of bound and unbound S 2p in 2-MEE and PtNP-2-MEE. 

 2-MEE PtNP-2-MEE 

% of S 2p bound  39.6 26.5 

% of S 2p unbound  55.6 16.3 

 

This XPS data confirms the PtNPs were present on the copper substrate, the presence of carbon 

and oxygen species attributed to the structure 2-MEE in both samples, however these were 

masked by the presence adventitious carbon and oxygen. The sulphur XPS spectra of 2-MEE 

confirmed a copper-thiol bond via chemisorption of 2-MEE onto the copper substrate. Though 

the XPS spectra of PtNP-2-MEE demonstrates a platinum-thiol, the S 2p XPS shows a low signal 

to noise ratio, additionally, there are two sulphur oxide species detected. Furthermore, the 

presence of the Na Auger peak indicated citrate ions were still present on the PtNP surface, 
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which supports the zeta potential data where the surface charge of PtNP-2-MEE was not near 

neutral, therefore, PtNP-2-MEE is only partially functionalised. This data supports previous data 

reported by Dinkel et al.39 where the ligand exchange of citrate capped AuNPs for 3-MPS was 

found to be a 49% displacement. Thus, this study reports the partial functionalisation 2-MEE 

on c-PtNPs.  

 

7.2.5 PtNP functionalisation with 11-(Mercaptoundecyl)hexa(ethylene glycol) 

In addition to 2-MEE, 20 nm c-PtNPs were also functionalised with the neutrally charged 

PEGylated thiol 11-(Mercaptoundecyl)hexa(ethylene glycol) (11-MUHEG). 11-MUHEG was 

selected to assess if there was any difference using longer PEGylated thiols molecule. The 

structure of 11-MUHEG is illustrated in Figure 7.10, 11-MUHEG exhibits a terminal hydroxyl 

group (-OH) functional group, a mercapto group (-SH), an 11-carbon alkane chain and eight PEG 

units (-C-C-O). PtNP surface modified by 11-MUHEG will be referred to as PtNP-11-MUHEG 

throughout this thesis. 

 

Figure 7.10 Structure of 11-(mercaptoundecyl)hexa(ethylene glycol) (11-MUHEG). 

 

Following the method described in section 5.2.2, 20 nm c-PtNPs were functionalised by ligand 

exchange where the citrate ion capping of the PtNPs are exchanged for 11-MUHEG, the overall 

ligand exchange is displayed in Figure 7.11. The concentration of 11-MUHEG required for 

surface coverage was determined using the PEGylated thiol footprint of 0.35 nm2 from 

literature,169 which was 3.5 µM, see Appendix 11.2 for calculations.  
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Figure 7.11 Ligand exchange of citrate ions on 20 nm c-PtNPs by 11-MUHEG. Note figure not to scale. 

 

For gel electrophoresis, 20 nm c-PtNPs were surface modified with 3 µM and 70 µM 11-MUHEG 

following the method above up to the discarding step. 1 µL of concentrated 3 µM and 70 µM 

PtNP-11-MUHEG were then premixed with 15 µL glycerol and separated on a 1% agarose gel 

submerged in TAE buffer and concentrated c-PtNPs were used as a control. The DLS, zeta 

potential and pH experiments were repeated across three batches of 20 nm c-PtNPs. Five DLS 

and zeta potential measurements were performed to obtain the mean for each sample, data is 

presented as mean ± SD. 
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Figure 7.12 Characterisation of PtNP-11-MUHEG. (a) hydrodynamic diameters, (b) zeta potentials (c) 

pH and (d) gel electrophoresis. Results (except electrophoresis) are representative of 3 experiments 

(n=3) and presented as mean ± SD. Note *: overspill 

 

Figure 7.12 (a) displays the hydrodynamic diameters of PtNP-11-MUHEG, the citrate and dH2O 

controls had hydrodynamic diameters of 30.1 ± 0.9 and 32.9 ± 1.0 nm respectively. The 

hydrodynamic diameters of PtNP-11-MUHEG increased at 3 µM and 5 µM of 11-MUHEG to 

51.6 ± 16.1 nm and 45.9 ± 10.8 nm respectively. However, the remaining concentrations had 

similar hydrodynamic diameters ranging from 32 to 33.7 nm. This increase in hydrodynamic 

diameter was previously observed with 5 µM and 10 µM PtNP-8-MOA in section 5.2.4. This 

increase in hydrodynamic diameter could be a result of the PtNP aggregating during ligand 

exchange, when the citrate ions are being displaced by 11-MUHEG the PtNP core surface is 

exposed, aggregates can form with neighbouring nanoparticles if the thiol molecule does not 

(a) (b) 

(c) (d) 

Cit*    3 µM   70 µM 
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bind to PtNP surface. These aggregates give large hydrodynamic diameters compared with 

individual nanoparticles, furthermore they may project a non-spherical shape and the DLS 

technique assumes all particles measured are spherical. Thus, the hydrodynamic diameter of 

these particles will appear larger than expected.  

 

The zeta potentials of PtNP-11-MUHEG are demonstrated in Figure 7.12 (b), the c-PtNPs and 

dH2O control which had zeta potentials of -38.2 ± 2.7 mV and -48.9 ± 2.6 mV respectively. The 

zeta potential of PtNP-11-MUHEG followed a similar trend to that of PtNP-2-MEE; The 

concentration of 11-MUHEG increased the zeta potential of PtNP-11-MUHEG from -35 to -23.6 

mV, thus indicating a ligand exchange has occurred between the citrate ions and 11-MUHEG. 

Albeit the functional head group is neutrally charged, the zeta potential of PtNP-11-MUHEG 

exhibits a negative charge. Normally PEGylated nanoparticles exhibit zeta potentials in the 

range of -2.7 to -4.6 mV.121 This difference suggests there are still citrate ions present on the 

surface of the PtNPs with 11-MUHEG, therefore, this would explain why the zeta potential of 

PtNP-11-MUHEG does not fall into the same range as other PEGylated molecules on 

nanoparticles. XPS analysis would be required to verify the presence of the citrate ions on the 

PtNP surface.  

 

Additionally, ligand exchange was taking place was also confirmed by the pH of the PtNP-11-

MUHEG solutions after purification, see Figure 7.12 (c). The pH of PtNP-11-MUHEG decreased 

with increasing concentrations of 11-MUHEG from pH 6.9 to 4.4 in comparison to the pH of the 

citrate control and dH2O control which both remained at pH 7.8. This difference in pH could 
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possibly be due to 11-MUHEG having a lower pH than the sodium citrate, therefore, as the 

concentration of 11-MUHEG increased the pH decreased. 

 

Gel electrophoresis of PtNP-11-MUHEG further confirmed ligand exchange had taken place, as 

presented in Figure 7.12 (d). 3 µM and 70 µM of 11-MUHEG were selected for gel 

electrophoresis to examine if there was a difference in surface coverage. The c-PtNPs control 

aggregated in the well due to their electro stabilisation by the citrate ions. The c-PtNPs also 

shows a faint band migrated through the agarose gel; this is due to a small overspill from the 

neighbouring well with 3 µM PtNP-11-MUHEG. Both 3 µM and 70 µM PtNP-11-MUHEG 

migrated through the agarose gel. 3 µM PtNP-11-MUHEG had a smaller dark band, indicating 

fewer 2-MUHEG molecules had bound to the PtNP surface compared with 70 µM PtNP-11-

MUHEG which had a larger dark band. Thus, at 70 µM 11-MUHEG more molecules of 11-

MUHEG had bound to the PtNP surface. As observed with 70 µM PtNP-2-MEE, 70 µM PtNP-11-

MUHEG also did not migrate to the same distance compared with 3 µM PtNP-11-MUHEG. As 

11-MUHEG exhibits a neutral charge from the OH group and only a partial charge from the PEG 

units, at higher concentrations of 11-MUHEG, more OH and PEG units present on the PtNP 

surface. Hence, less charge was present from 70 µM 11-MUHEG and effected the migration on 

the agarose gel. Collectively, the DLS, zeta potential, pH and gel electrophoresis data indicate a 

ligand exchange has occur. Next, to confirm 11-MUHEG has bound to the PtNP, the platinum-

thiol bond was investigated by XPS. 
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7.2.6  XPS of 20 nm PtNP-11-MUHEG 

To confirm if 11-MUHEG had bound to the PtNP surface, XPS was performed to examine the 

elemental composition of PtNP-11-MUHEG. 11-MUHEG was selected as control sample, the 

control sample was prepared by directly drop casting 11-MUHEG onto the copper substrate 

and air dried. Following the method described in 5.2.2, 20 nm c-PtNPs were surface modified 

with 70 µM of 11-MUHEG for 3 hours at room temperature. 70 µM 11-MUHEG was used for 

XPS analysis as this concentration demonstrated the greatest increase in zeta potential as 

displayed in Figure 7.12 (b). The excess 11-MUHEG and citrate ions were removed by 

centrifuging the sample at 10000 x g for 10 minutes, the supernatant was discarded, and the 

concentrated PtNP-11-MUHEG were drop cast onto the copper substrate, air dried and 

submitted for XPS analysis. 11-MUHEG and PtNP-11-MUHEG were charge corrected to 285 eV 

to enable comparison with the polymer handbook.171  As adventitious carbon and oxygen 

contamination are common artefacts of XPS found in high-resolution scans, the high-

resolutions scan only be used to identify species on the surface of the PtNPs. 

 

Survey scans of 11-MUHEG and PtNP-11-MUHEG detected the presence of Pt, Cu, C, O and S 

elements. Investigation of the high-resolution scans of 11-MUHEG and PtNP-11-MUHEG 

detected signals from Pt 4f, Cu 2p, C 1s, O 1s and S 2p orbitals, these are presented in Figure 

6.13. As expected, the high-resolution scans of Pt 4f for 11-MUHEG did not detect the presence 

of Pt 4f. Three Cu 3p peaks were detected, Cu 3p 3/2 at 74.3 eV, Cu 3p 1/2 at 75.6 eV and CuO at 

75.6 eV, see Figure 7.13 (a). Previously in section 3.2.5, Cu 3p peaks ascribed to the blank 

copper substrate were detected in the Pt 4f region , as they have similar binding energies.144 
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PtNP-11-MUHEG exhibited the typical asymmetric doublet peak attributed to the PtNPs, Pt 4f 

7/2 at 70.9 eV and Pt 4f 5/2 at 74.2 eV with a separation of 3.33 eV as shown in Figure 7.13 (b). 

These peaks are characteristic for platinum and are comparable to those in literature.146 145 

CuO peak attributed to the copper substrate was present at 74.6 eV. 

 

The high-resolution scans of Cu 2p for both 11-MUHEG and PtNP-11-MUHEG are illustrated in 

Figure 7.13 (c) and (d) respectively. 11-MUHEG exhibited a doublet peak, Cu 2p 3/2 at 931.7 eV 

and Cu 2p 1/2 at 951.5 eV, these peaks had a separation of 19.8 eV. CuO was also detected 

within the doublet peak, at 933. eV and 952.8 eV. PtNP-11-MUHEG also presented a doublet 

with comparable binding energies, Cu 2p 3/2 at 932 eV and Cu 2p 1/2 951.8 eV with a separation 

of 19.8 eV. Again, CuO was also detected within the Cu 2p peaks at 935 eV and 954.1 eV. The 

Cu 2p and CuO peaks are attributed to the copper substrate. 

 

Examination of the high-resolution scans of C 1s for 11-MUHEG revealed six carbon species as 

demonstrated in Figure 7.13 (e); C-C, C-H at 285 eV, preceded by C-S, C-OH, C-O-C at 286.5 eV, 

C=O at 287.8 eV and O-C=O 289 eV.  The C-C, C-H, C-O-C and C-S species are attributed to the 

PEGylated thiol chain and the carbon-thiol bond respectively, while C-OH ascribes to the 

hydroxyl functional head group. C-C, C-H, C-OH, C=O and O-C=O are also detected on the blank 

copper substrate in section 3.2.5; hence these species are also attributed adventitious carbon. 

The same six species were presented in the high-resolution scans of C 1s for PtNP-11-MUHEG 

see Figure 7.13 (f). As follows, C-C, C-H at 285 eV, followed by C-S, C-OH, C-O-C at 286.8 eV, 

C=O at 288.8 eV and O-C=O 290.4 eV. These carbon species had comparable binding energies 
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to those detected in 11-MUHEG. C-C, C-H, C-O-C and C-S attributed to the PEGylated thiol chain 

and the carbon-thiol bond respectively and C-OH is attributed to the hydroxyl functional head 

group. However, the C-C, C-H, C-OH, C=O and O-C=O species correspond with adventitious 

carbon contamination. The carbon species present in 11-MUHEG and PtNP-11-MUHEG are 

comparable to those in literature.146, 159, 171  

 

Devolution of the high-resolution scans of O 1s for 11-MUHEG revealed five oxygen species, 

CuO, C-OH at 531 eV, 533.1 eV and C-O-C, C=O, SO2 at 534.5 eV, as shown in Figure 6.13 (g). 

CuO is attributed to the copper substrate, C-OH and C-O-C are attributed to the PEGylated thiol, 

and SO2 corresponds to an oxidised sulphur species from the thiol. The oxygen specie C=O is 

attributed to adventitious oxygen contamination. These oxygen peaks are comparable to those 

reported in literature.146  The high-resolution scans of O 1s for PtNP-11-MUHEG detected seven 

oxygen species, see Figure 7.13 (h); PtO, CuO and C-OH at 530.1 eV preceded by C-O-C at 533.2 

eV, SO2, C=O at 534.9 eV, H2O at 536.7 eV and a Na Auger peak at 537.9 eV.  PtO and CuO are 

attributed to the PtNPs and copper substrate; C-OH and C-O-C corresponds to the PEGylated 

thiol. SO2 ascribes to oxidised sulphur species from the thiol. Again, C=O is attributed to 

adventitious oxygen contamination, however a Na Auger peaks indicates the presence of 

citrate ions from the PtNPs. Citrate ions possess C=O in their carboxylic acid groups, thus the 

C=O is a result of both citrate ions still present on the PtNP surface and adventitious oxygen.  
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Figure 7.13 High resolution XPS spectra of 11-MUHEG and PtNP-11-MUHEG on a copper substrate. (a) 

Pt 4f –11-MUHEG, (b) Pt 4f - PtNP-11-MUHEG, (c) Cu 2p - 11-MUHEG, (d) Cu 2p – PtNP-11-MUHEG, (e) 

C 1s – 11-MUHEG (f) C 1s – PtNP-11-MUHEG, (g) O 1s – 11-MUHEG, (h) O 1s – PtNP-11-MUHEG, (i) S 2p 

– 11-MUHEG and (j) S 2p – PtNP-11-MUHEG, (n=1). 

(a) Pt 4f  (b) Pt 4f  

(c) Cu 2p  (d) Cu 2p  

(e) C 1s  (f) C 1s  

(g) O 1s  (h) O 1s  

(i) S 2p (j) S 2p   

11-MUHEG PtNP-11-MUHEG 
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Interpretation of the high-resolution scans of S 2p for 11-MUHEG observed two intercalated 

doublets with a 2:1 area ratio, with a separation of 1.18 eV, as illustrated in Figure 7.13 (i). 

Bound S 2p was present at 161.5 eV and 162.7 eV, while the unbound S 2p was present at 163.4 

eV and 164.6 eV, these binding energies are in accordance with literature.146, 160  The bound 

sulphur is ascribed to the copper-thiol bond, while unbound is likely due to physisorbed 11-

MUHEG. The copper-thiol bond was also observed with 2-MEE, 6-MHA, 8-MOA and TA, 

furthermore these results are similar to those in early work investigation SAM formation by 

alkanethiols on copper substrates for wettability and corrosion studies.34, 161, 162 Additionally, 

two sulphur oxide species at 166.4 eV and 168.4 eV, these are likely due to the oxidation of the 

sample.  The high-resolution scan of S 2p for PtNP-11-MUHEG revealed a single doublet peak 

with a 2:1 area ratio, with a separation of 1.18 eV, as shown in Figure 7.13 (j). This was similar 

to the high-resolution scan of S 2p for PtNP-2-MEE, as there was a low signal to noise ratio and 

sulphur oxide species only one doublet could be fitted. Bound S 2p was detected at 161.1 eV 

and unbound S 2p was detected at 164.7 eV, these binding energies are in accordance with 

literature.146, 160 The bound S 2p is attributed to the platinum-thiol, therefore 11-MUHEG bound 

to the surface of the PtNPs via chemisorption, while the unbound S 2p suggests 11-MUHEG 

physisorbed onto the surface. Two sulphur oxide species were also detected 166.9 eV and 

168.2 eV, these sulphur oxide species are similar to those found in literature.145, 160, 206  The 

presence of these sulphur oxide species is likely due to the oxidation of samples. Both 11-

MUHEG and PtNP-11-MUHEG were prepared and submitted for XPS at the same, they were 

not subjected to XPS within a short time of its preparation, hence the samples may be oxidised, 

and sulphur oxide species were detected in the high-resolution scan for 11-MUHEG and PtNP-

11-MUHEG. As previously mentioned, prior to sample deposition, all copper substrates used 
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for XPS analysis were treated with hydrogen gas to reduce oxide layer, see chapter 3, Materials 

and Methods section 3.4.5.1.  

 

Although sulphur oxide species were detected in both 11-MUHEG and PtNP-11-MUHEG, the % 

bound and unbound S 2p was calculated. The % of bound and unbound S 2p was obtained from 

the area of the peak fittings using the CasaXPS software from two scans, this is presented in 

Table 7.2.  The % of bound and unbound S 2p for 11-MUHEG on the copper substrate was 59.9% 

and 30.6% respectively, thus, 11-MUHEG had bound to the copper substrate via chemisorption 

forming a copper-thiol bound. Contrarily, in the PtNP-11-MUHEG sample, % of bound S 2p 

decreased to 33.9% and the unbound further decreased to 17%, as observed with PtNP-2-MEE. 

A possible explanation for the decrease in bound S 2p is the oxidation of the sample which is 

evident by the sulphur oxide species at higher binding energies. Although, some this data 

indicates some 11-MUHEG has bound to the PtNP, the low signal to noise ratio does not give 

confidence that this the true % of bound S 2p.  

 

Table 7.2 -% of bound and unbound S 2p in 11-MUHEG and PtNP-11-MUHEG. 

 11-MUHEG PtNP-11-MUHEG 

% of S 2p bound  59.9 33.9 

% of S 2p unbound  30.6 17 

 

These XPS data confirm the PtNP were present on the copper substrate, carbon and oxygen 

species attributing to 11-MUHEG were detected but also masked due to the presence 

adventitious carbon and oxygen. The sulphur XPS spectra of 11-MUHEG and PtNP-11-MUHEG 
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supports that 11-MUHEG has bound to the PtNP surface via chemisorption, thus a platinum-

thiol bond was formed via covalent interactions. However, the Na Auger peak indicated citrate 

ions were still present on the PtNP surface, which is also supported by the zeta potential data 

in Figure 7.12 (b). Thus, this study demonstrates the partial functionalisation of c-PtNPs by 11-

MUHEG. Partial functionalisation of citrated capped AuNPs have previously been reported with 

3-MPS via the ligand exchange method.39  

 

7.3 Conclusion 

The present study demonstrated that the hydroxyl-terminated neutrally charged alkanethiol 6-

MCH was unable to functionalise 20 nm c-PtNPs by ligand exchange or nanoparticle synthesis, 

potentially due to the lack of deprotonation of the 6-MCH molecule. 20 nm c-PtNPs were 

partially functionalised by the hydroxyl-terminated neutrally charged PEGylated thiols 2-MEE 

and 11-MUHEG via ligand exchange. DLS did not show changes in hydrodynamic diameter for 

PtNP-2-MEE, while PtNP-11-MUHEG demonstrated some aggregated nanoparticles. The zeta 

potential and pH demonstrated ligand exchange had taken place in both PtNP-2-MEE and PtNP-

11-MUHEG, but was not completely displaced, thus, some citrate ions remained on the PtNP 

surface. Gel electrophoresis demonstrated the largest physical differences between c-PtNPs 

and PtNP-2-MEE and PtNP-11-MUHEG, this additionally supported a ligand exchange had taken 

place between the citrate and the PEGylated thiol molecules. The XPS analysis confirmed the 

platinum-thiol bound in both PtNP-2-MEE and PtNP-11-MUHEG, but some citrate was still 

present on the surface of the PtNP.  Moreover, the presence of the oxidised sulphur species in 

both samples does not give confidence the amount of thiol bound on the PtNP surface. Finally, 
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this study is the first to report the partially functionalisation of c-PtNPs by PEGylated thiols 2-

MEE and 11-MUHEG via ligand exchange. 

  

7.4 Further work  

Despite 6-MCH not demonstrating ligand exchange by DLS and zeta potential, XPS would 

demonstrate if any 6-MCH had bound to the PtNP surface by assessing the platinum-thiol 

bound. Gel electrophoresis would also confirm if a ligand exchange had occurred; if no ligand 

exchange took place the PtNPs would aggregate in the wells. While ligand exchange was 

performed at 3 hours with 2-MEE and 11-MUHEG, extending the incubation time with these 

PEGylated thiols would potentially allowing more displacement of citrate ions and 

chemisorption onto the PtNP surface. By characterising the ligand exchange by at different 

incubations time would provide insight on how the surface charge changes along with the % of 

bound thiol on the PtNP surface. Finally, both PtNP-2-MEE and PtNP-11-MUHEG could also be 

assessed for stability by measuring the hydrodynamic diameter and zeta potential over several 

weeks and months. 
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Chapter 8 Platinum Nanoparticle 
Human Platelet Interactions  

 
Abstract: This chapter examines the effect of the platinum nanoparticles (PtNPs) functionalised 

with a negative charge and neutral charge on human platelets. To investigate whether the 

functionalised PtNPs are suitable for platelet investigations, their hydrodynamic diameter and 

surface charge was assessed directly in the platelet physiological buffer with Tyrodes-HEPES 

buffer. PtNPs functionalised by the alkanethiols were found to be unstable in Tyrodes-HEPES 

buffer resulting in increased hydrodynamic diameters and surface charges. Conversely, PtNPs 

functionalised by PEGylated thiols O-(2-carboxyethyl)-O'-(2-mercaptoethyl) heptaethylene 

glycol (2-MOHA), 2-[2-[2-(2-mercaptoethoxy)ethoxyethoxy}ethanol (2-MEE), and 11-

(mercaptoundecyl)hexa(ethylene glycol) (11-MUHEG) were found to be stable in Tyrodes-HEPES 

buffer. c-PtNPs (negatively charged), PtNP-2-MOHA (negatively charged) and PtNP-11-MUHEG 

(neutrally charged) were assessed for platelet function by light transmission aggregometry 

(LTA). PtNPs stimulated platelet aggregation in washed platelets, however, PtNP-2-MOHA and 

PtNP-11-MUHEG did not stimulate platelet aggregation. Platelet activation by the PtNPs was 

found not to be mediated through the platelet surface receptor glycoprotein VI (GPVI). The 

mechanism of platelet activation could not be fully elucidated. PtNPs also did not stimulate 

platelet aggregation in platelet rich plasma (PRP), presumably due to plasma binding to the 

PtNPs.  Pre-incubation of PtNPs (including functionalised PtNPs) with commercial human mixed 

plasma demonstrated an increase in hydrodynamic diameters and zeta potentials, thus, 

indicating the formation of a protein corona.  
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8.1 Introduction  

Nanoparticles can be engineered to exhibit different physicochemical properties such as size, 

shape, and surface charge to enable a plethora of applications.207-210 PtNPs are of particular 

importance, they demonstrate high catalytic properties and are utilised in catalytic converters, 

they are also the main catalyst for proton exchange membrane fuel cells (PEMFC) in 

automotives.17, 78 However, their degradation may pose a health risk if they come off the PEMFC 

and are able gain access to the blood stream via inhalation.16, 73, 211 Once in the blood stream, 

they can encounter the complex environment of plasma proteins and blood cells, which include 

platelets. Platelets are crucial for vascular health, their primary role is to maintain haemostasis 

and thrombosis; nevertheless, excessive activation of platelets, which results in their 

aggregation, can be instrumental for thrombotic diseases which in turn can lead to a stroke or 

heart attack. Various nanoparticles including gold, silver, platinum, polystyrene, and diesel 

exhaust particles (DEP) have all been shown to stimulate platelet aggregation in isolated human 

platelets.79, 87, 90, 91, 96, 101, 140 A common physicochemical property between these nanoparticles 

is surface charge, nanoparticles exhibiting different surface charges (negative and positive) 

have been shown to mediated platelet aggregation to varying degrees.87, 105, 212 How these 

different surface charges on the nanoparticles surface interact with platelet surface receptors 

is poorly understood. Attention should be drawn specifically to PtNPs as they have imperative 

roles in catalytic converters and PEMFC,17, 78 which could pose potential health risk. To date, 

only one study has investigated the effects of PtNPs on human platelets. Zia et al.90 

demonstrated platelet activation by PtNPs (citrated) was dependent on their surface area and 

not size of the nanoparticles. The effect of surface charge on PtNPs has not been investigated 
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and warrants further investigation to elucidate how different surface charges can mediate 

platelet activation which results in platelet aggregation.  

 

8.1.1 Objectives: 

1. Examine the functionalised PtNPs (negatively charged and neutrally charged)  with 

Tyrodes-HEPES buffer. Characterise by DLS and zeta potential.  

 

2. Assess platelet aggregation using human washed platelets with functionalised PtNPs 

using LTA. 

 

3. Investigate the mechanism of platelet activation by inhibitory studies using LTA and 

western blotting. 

 

4. Assess platelet aggregation in platelet rich plasma with functionalised PtNPs using LTA. 

 

5. Examine protein corona of functionalised PtNPs with human plasma. Characterise by 

DLS and zeta potential. 
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8.2 Results and Discussion 

8.2.1 Interaction of functionalised 20 nm platinum nanoparticles in Tyrodes-HEPES buffer 

In chapter 4, DLS and zeta potential confirmed that the electrostatically stabilised negatively 

charged 20 nm c-PtNP aggregated when exposed to the platelet physiological buffer Tyrodes-

HEPES. To render these 20 nm c-PtNPs suitable for platelet experiments, they were 

functionalised/stabilised by alkane and PEGylated thiols to create sterically stable negatively 

charged PtNPs (carboxyl terminated, chapter 5) and neutrally PtNPs (hydroxyl terminated, 

charged chapter 7) see Table 8.1. Although XPS confirmed the presence of citrate ions on the 

PtNP surface after ligand exchange, these functionalised PtNPs were still utilised. By exhibiting 

different surface charges either negative or neutral, the effect of surface charge of 20 nm PtNP 

on platelet activation and aggregation can be investigated.  Positively charged PtNPs (chapter 

6) were not included as the functionalisation and synthesis methods produced unstable 

nanoparticles.  

 

Table 8.1 Functionalised platinum nanoparticles. 

Functionalised 
PtNP 

 
Thiol name 

Alkane or 
PEGylated 

thiol 

Functional 
group  

Surface 
charge 

Zeta  
Potential  

(mV) 
 
PtNP-6-MHA 

 
6-mercaptohexanoic acid (6-MHA) 

 
Alkane 

 
COOH 

 
Negative 

 
-21.8  

 
PtNP-8-MOA 

 
8-mercaptooctanoic acid (8-MOA) 

 
Alkane 

 
COOH 

 
Negative 

 
-17  

 
PtNP-TA  

 
Thioctic acid (TA)  

 
Alkane 

COOH  
Negative 

 
-27.3  

 
PtNP-2-MOHA 

O-(2-carboxyethyl)-O'-(2-
mercaptoethyl) heptaethylene glycol 
(2-MOHA) 

 
PEGylated 

 
COOH 

 
Negative 

 
-21.1  

 
PtNP-2-MEE 

2-[2-[2-(2-
Mercaptoethoxy)ethoxyethoxy}ethanol 
(2-MEE) 

 
PEGylated 

 
OH 

 
Negative 

 
-23  

PtNP-11-
MUHEG 

11-(Mercaptoundecyl)hexa(ethylene 
glycol) (11-MUHEG) 

 
PEGylated 

 
OH 

 
Negative 

 
-23.1  
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Prior to platelet function testing, the hydrodynamic diameter and surface charge of these 

functionalised PtNPs were examined in Tyrodes-HEPES buffer (see Table 3.4 in section 3.2.7 for 

its chemical constituents). Tyrodes-HEPES buffer is crucial for platelets ex vivo as the buffer 

enables osmotic buffering to the platelets. The DLS and zeta potential of the functionalised 

PtNPs (in dH2O) were measured before and after exposure to the platelet physiological buffer 

Tyrodes-HEPES, as shown in Figure 8.1. As previously mentioned, although pH is not a 

characterisation technique per say, they were reported as zeta potential measurements are 

dependent on pH; changes in the pH of the nanoparticle solution can determine changes in the 

nanoparticle environment. 20 nm c-PtNP in 1.1 mM sodium citrate were used as control 

sample. For this experiment DLS and zeta potential measurements were performed once as the 

high salt concentration from the Tyrodes-HEPES buffer degraded the electrodes on the capillary 

cells used for zeta potential measurements. Five DLS and zeta potential measurements were 

performed to obtain the mean for each sample, data is presented as mean.  

 

Figure 8.1 (a) demonstrates the hydrodynamic diameter of functionalised PtNPs, as expected 

the citrate coated PtNPs aggregated upon exposure to Tyrodes-HEPES buffer. The 

hydrodynamic diameter increased from 31.3 nm to 593.8 nm, this was similar to data previously 

obtained in section 4.2.6. During PtNP synthesis, the citrate ions physisorb onto the 

nanoparticle surface to form the electric double layer (EDL). The citrate ions in the Stern layer 

(inner layer) are strongly bound in comparison to those in the slipping layer (outer layer). These 

citrate ions are non-covalently bound to the PtNPs surface, though interaction is relatively 

weak, when exposed to Tyrodes-HEPES buffer, the electrostatic forces between the core PtNP 
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and citrate ions are disrupted by the high ionic salt concentrations and induces irreversible 

aggregation, thus, the aggregates exhibit large hydrodynamic diameters. 

    

 

Figure 8.1 Functionalised PtNP with Tyrodes-HEPES buffer. (a) hydrodynamic diameters with Tyrodes-

HEPES buffer, (b) zeta potentials with Tyrodes-HEPES buffer and (c) pH with Tyrodes-HEPES buffer. 

Results presented from 1 experiment (n=1). 

 

Under exposure to the Tyrodes-HEPES buffer, the hydrodynamic diameters of PtNP-6-MHA, 

PtNP-8-MOA and PtNP-TA also increased. A possible explanation for this result is that the citrate 

ions that are still present on the surface of these functionalised PtNPs have been disrupted by 

the high salt concentration of the Tyrodes-HEPES buffer. The non covalently bound citrate ions 

would be displaced leaving the PtNP core exposed and prone to aggregation, hence, these 

(a) (b) 

(c) 



207 
 

functionalised PtNPs aggregated. Interestingly, after exposure to Tyrodes-HEPES buffer the 

hydrodynamic diameters of PtNP-2-MOHA, PtNP-2-MEE and PtNP-11-MUHEG remained the 

same. This was expected as these PtNPs were functionalised by PEGylated thiols, PEG 

molecules are hydrophilic polymers that provide steric stability and can withstand high salt 

concentrations.167, 168, 213  

  

The zeta potentials of the functionalised PtNPs before and after exposure to Tyrodes-HEPES 

buffer is presented in Figure 8.1 (b). As expected, the citrated PtNPs demonstrated an increase 

in zeta potential from -38.9 mV to -23.5 mV; this was comparable to the previous results in 

chapter 3, section 3.2.6. Additionally, previous work by Zia et al.90 reported changes in zeta 

potential of PtNPs after exposure to Tyrodes buffer, PtNPs of 7 and 73 nm had zeta potentials 

of -59.3 and -52.3 mV in water respectively. In Tyrodes-HEPES buffer their zeta potentials 

increased to -20.8 and -22.4 mV. This difference is due the high ionic salt concentration of the 

Tyrodes-HEPEs buffer, as the citrate ions are non-covalently bound, high salt buffers can 

displace the citrate ions on the PtNP surface, therefore, reducing the citrate ions surrounding 

the PtNP surface, thus, leading to an increased the zeta potential. 

 

Interestingly, of the functionalised PtNPs, PtNP-6-MHA, PtNP-TA and PtNP-2-MOHA had 

comparable zeta potentials before and after exposure to Tyrodes-HEPES buffer. A possible 

explanation for this occurrence could be that more thiol molecules had chemisorbed on the 

PtNP surface and the negatively charge from the carboxylic acid functional head group of these 

thiol molecules have created repulsive forces with the negatively charged ions from the 
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Tyrodes-HEPES. For PtNP-8-MOA the zeta potential decreased from -17 mV to -25.4 mV. In this 

instance, there could be more citrate ions present on the PtNP surface; these citrate ions were 

displaced by the Tyrodes-HEPES buffer, leading to aggregation, and therefore increasing the 

hydrodynamic diameter and a decrease in zeta potential.  

 

By contrast, the zeta potential of the PtNPs functionalised by the neutrally charged PEGylated 

thiols 2-MEE and 11-MUHEG showed an increase in zeta potential in Tyrodes-HEPES buffer 

from -23 mV to -17.7 mV and -23.1 to -8 mV respectively. From the XPS analysis in chapter 7, it 

was confirmed that citrate ions were still present on the PtNPs after ligand exchange.  When 

these neutrally charged PtNPs were exposed to the Tyrodes-HEPES buffer, the remain citrate 

ions on the PtNP surface were disrupted, this leads to a displacement of citrate ions, therefore 

the surface charge is reduced, this translates to an increased zeta potential.  

 

The pH of the functionalised PtNPs are displayed in Figure 8.1 (c). The citrated PtNPs suspended 

in 1.1 mM sodium citrate buffer exhibited a pH of 7.1, in Tyrodes-HEPES buffer, the pH 

increased to pH 7.3 as the Tyrodes-HEPES buffer itself has a pH of 7.3. The pH of the PtNPs 

functionalised by negatively charged and neutrally charged thiols demonstrated a reduced pH 

in the acidic range after ligand exchange. The pH of all the functionalised PtNPs increased to 

physiological range pH 7.2 – 7.4 when measured in Tyrodes-HEPES buffer. From the results 

presented in Figure 8.1, the hydrodynamic diameters of the PtNPs functionalised by PEGylated 

thiols were able to withstand the high ionic salt concentration of the Tyrodes-HEPES buffer. 

PtNP-2-MOHA and PtNP-11-MUHEG were selected for platelet investigations as PtNP-2-MOHA 
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was negatively charged and PtNP-11-MUHEG was neutrally charged. Additionally, they had 

similar chain lengths, see Figure 8.2 for their chemical structures. A 10 mL aliquot of 20 nm 

PtNPs, PtNP-2-MOHA and PtNP-11-MUHEG were concentrated to 100 µL by centrifugation at 

10000 x g to give a stock concentration of 5.9 mg/mL and final concentration of 59.2 µg/mL in 

the subsequent platelet experiments, Appendix 11.3. 

 

 

Figure 8.2 Structure of PEGylated thiols used to functionalise PtNPs. (a) O-(2-carboxyethyl)-O'-(2-

mercaptoethyl) heptaethylene glycol (2-MOHA) and (b) 11-mercaptoundecyl)hexa(ethylene glycol) (11-

MUHEG). 

 

8.2.2 Human platelet aggregations with functionalised platinum nanoparticles 

Platelet function was examined with PtNP-2-MOHA (negatively charged) and PtNP-11-MUHEG 

(neutrally charged) using conventional LTA on human isolated washed platelets. 20 nm c-PtNPs 

were used as controls, capping agent controls included sodium citrate, 2-MOHA and 11-

MUHEG alone. Washed platelets were prepared from fresh whole blood donated by healthy 

volunteers on each day of the experiments. Whole blood was collected with 3.2% (w/v) sodium 

citrate, the anticoagulant acid citrate dextrose (ACD) was added to the blood in a 1:10 v/v ratio 

and centrifuged at 200 x g for 20 minutes at room temperature to obtain the platelet rich 

plasma (PRP). The PRP was centrifuged in the presence of 10 µg/mL prostacyclin (PGI2) at 1000 

x g for 10 minutes at room temperature. PGI2 inhibits platelet activation, hence, it was added 

during centrifugation. The plasma was discarded leaving a platelet pellet; the pellet was re-

(b) 

(a) -ve  

O 
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suspended in Tyrodes-HEPES buffer with ACD at a 1:8 v/v ratio. The platelets were centrifuged 

for a further 10 minutes at room temperature at 1000 x g with 10 µg/mL PGI2. The supernatant 

was discarded, and the remaining platelet pellet was re-suspended in Tyrodes-HEPES buffer. 

These washed platelets were quantified on a Coulter counter and platelet concentration was 

adjusted with Tyrodes-HEPES buffer to either 2 x 108 platelets/mL for platelet aggregations or 

4 x 108 platelets/mL for biochemical analysis by western blotting.  

 

Platelet function was assessed by LTA, washed platelets were pre-warmed for 2 minutes at 37oC 

in aggregation tubes with stir bars, platelets were then stirred for 1 minute at 1200 rpm before 

the addition of agonists/nanoparticles. Aggregations were then recorded for 5 minutes. The % 

aggregation was determined by measuring the height difference of the aggregation trace 

against the baseline and then calculating the % difference. Experiments were performed using 

3 human donors, data was expressed as mean ± standard error of the mean (SEM). Platelet 

aggregation data was analysed using a one-way ANOVA with Bonferroni’s post-hoc test or a 

Student T-test, a P value less than 0.05 was considered significant.  

 

Initial platelet function was assessed with the control platelet agonist thrombin at final 

concentration 1U/mL. Thrombin is a serine protease that primarily catalyses fibrinogen to 

fibrin.214 Additionally, thrombin activates platelets through the protease activated receptors 

(PAR1) and PAR4, thus it was used to assess platelet function.214 Stimulation of washed platelets 

by 1 U/mL of thrombin gave 80.8 ± 5.4% aggregation as illustrated in Figure 8.3 (a), 

demonstrating the platelets had a strong response to thrombin.  
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Prior to stimulation by the c-PtNP, the baseline on the aggregometer was adjusted as c-PtNPs 

can absorb light from the aggregometer during measurements. Upon stimulation by the control 

c-PtNPs, an increase in light transmission was observed, demonstrating the platelets had 

aggregated, as shown in Figure 8.2 (b). By increasing the concentration of c-PtNP in a dose-

dependent manner, more c-PtNP were available to interact with the platelets, thus, the % of 

platelet aggregation increased in a dose-dependent manner. At the highest concentration of 

59.2 µg/mL of c-PtNPs the washed platelets aggregated to an average of 58.8  ± 14.3%. When 

interpreting this data, it is important to consider that c-PtNPs can absorb light from the 

aggregometer which can then be deflected, if this is the case, the aggregation observed may 

not be a true reflection of platelet aggregation by c-PtNPs. Previous experiments by Zia et al. 

2018,1 also observed platelet aggregation in washed platelets by c-PtNPs of 7 and 73 nm; an 

important finding of this study was that platelet aggregation was governed by the surface area 

of the nanoparticles. Additionally, these results are similar to those by Alshehri et al. 2015,101 

whereby aggregation was induced by DEP in dose-dependent manner in washed platelets. The 

concentration of DEP were similar to those used in this experiment. To assess if the citrate 

capping alone could cause aggregation, 11 µM of sodium citrate was tested on the washed 

platelets. This concentration was selected as this was final concentration of sodium citrate 

diluted with the platelets. Sodium citrate did not cause platelet aggregation, this was expected 

as sodium citrate is used as anticoagulant and can chelate with calcium ions (Ca2+).   
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Figure 8.3 Human platelet aggregations with c-PtNPs. (a) representative control aggregation trace to 

1U/mL Thrombin, (b) representative aggregation traces to c-PtNPs (4.1 – 59.2 µg/mL), (c) representative 

aggregation trace to sodium citrate 11 µM, (d) quantification of dose-response aggregations to c-PtNPs 

(4.1 – 59.2 µg/mL) presented as mean ± SEM. Results are representative of 3 experiments (n=3). 

 

Although, the zeta potential data in section 8.2.1 demonstrated an increased surface charge 

from -34.8 to -23.5 mV, based on these values, it is indicated that citrates are still present on 

the PtNP surface and not all citrate ions were displaced. The degree of how much citrate ion 

capping was is displaced by the Tyrodes-HEPES buffer cannot be determined, it is likely that the 

citrate ions in the stern layer remain on the PtNP surface. It is presumed that platelet 

(c) (d) 

(a) (b) 
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aggregation could be a result of electrostatic interactions between the negatively charged 

citrate ions capping the PtNPs and the platelet surface receptors. Previous work by Alshehri et 

al.101 revealed that washed platelets were activated by DEP through the transmembrane 

receptor glycoprotein VI (GPVI). It is well established that GPVI is the major signalling receptor 

for collagen on the surface of platelets and more recently fibrin.215 216, 217 The structure of GPVI 

is shown in Figure 8.4. GPVI has two immunoglobulin (Ig) domains (D1, D2) which have a mixed 

surface charge, a mucin-like stalk which is rich in O-glycosylation site that has a negative surface 

charge. This is linked with the dimeric Fc receptor γ-chain (FcRγ) which includes the 

immunoreceptor tyrosine-based activation motif (ITAM) which is involved in the GPVI signalling 

cascade, which will be discussed later.89, 216, 217 It is thought that the negative charge of the 

PtNPs has interacted with positive charges on the mixed surface charge of the D1 and D2 

domain of the GPVI receptor. 

 

Figure 8.4 Structure of glycoprotein VI (GPVI). 

 

Next, platelet function was assessed with PtNP-2-MOHA (negatively charged) and PtNP-11-

MUHEG (neutrally charged). Stimulation by PtNP-2-MOHA at the maximum concentration of 
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59.2 µg/mL resulted in no change in light transmission, as shown in Figure 8.5 (a). One 

explanation for this could be the zeta potential, PtNP-2-MOHA had a zeta potential of 21.1 mV, 

see Table 8.1. If we compare this with c-PtNPs, the c-PtNPs had a higher (reduced) zeta 

potential of -34.9 mV. This difference suggests that PtNPs with high zeta potentials can interact 

with platelets causing them to activate and the aggregate. Conversely, PtNPs with low 

(increased) zeta potentials may not be able to interact with the platelets as there is not enough 

charge on the nanoparticle surface to interact with the platelets, therefore, no platelet 

activation and aggregation would occur.  

Platelet aggregation could also be determined by measuring platelet aggregation in the 

presence of the GPIIb/IIIa antagonist eptifibatide. Additionally, P-selectin expression could be 

measured using flow cytometry and intracellular calcium release with the fluorescent dye fura-

2-AM. 

 

To test whether PtNP-2-MOHA is able to potentially block platelet aggregation, 1 U/mL of 

thrombin was added to the platelets and found to have a robust response, as shown in Figure 

8.5 (a). The aggregation was repeated with 2-MOHA to ascertain whether the PEG thiol alone 

could cause platelet aggregation, however no platelet aggregation was observed. Potentially, 

the negative charge from the carboxylic acid functional head group of 2-MOHA and the polar 

charge from the PEG molecules is causing repulsion with the negatively charged ions 

constituting the Tyrodes-HEPES buffer. 
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Figure 8.5 Human platelet aggregations with functionalised PtNP-2-MOHA and PtNP-11-MUHEG. (a) 

representative aggregation traces to PtNP-2-MOHA (59.2 µg/mL), (b) representative aggregation traces 

to 2-MOHA (70 µM), (c) representative aggregation traces to PtNP-11-MUHEG (59.2 µg/mL) and (d) 

representative aggregation traces to 11-MUHEG (59.2 µg/mL). Results are representative of 3 

experiments (n=3). 

 

Platelet function was also assessed with PtNP-11-MUHEG, as shown in Figure 8.5 (b). PtNP-11-

MUHEG did not cause platelet aggregation. This was to be expected as the 11-MUHEG 

molecules carries a neutral charge from its hydroxyl functional head group, thus, it would not 

interact with the platelets. The zeta potential and XPS analysis of PtNP-11-MUHEG confirmed 

that citrate ions were still on the PtNP surface after ligand exchange, however the zeta potential 

(a) (b) 

(c) (d) 
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of PtNP-11-MUHEG was low at -23.1, as demonstrated by PtNP-2-MOHA, this would not be 

enough surface charge to induce platelet aggregation. To assess whether PtNP-11-MUHEG was 

not inhibiting platelet aggregation, platelets were treated with 1 U/mL thrombin in the 

presence of PtNP-11-MUHEG and were found to have a good response, as shown in Figure 8.5 

(c). 11-MUHEG was also tested alone to confirm there was no platelet aggregation, as shown 

in Figure 8.5 (d). As the c-PtNPs demonstrated platelet aggregation, these nanoparticles were 

taken forward to elucidate the mechanism of platelet activation. 

 

8.2.3 Mechanism of platelet activation by platinum nanoparticles 

Previous work by Alshehri et al 101 revealed that washed platelets were activated by DEP 

through the GPVI receptor. The GPVI signalling pathway is illustrated in Figure 8.6. Upon ligand 

interaction, GPVI activates the phosphorylation of the Src family kinases (SKF) leading to the 

phosphorylation ITAM of the GPVI-FcRγ complex. In turn, this initiates the recruitment of Syk 

(spleen tyrosine kinase) which auto phosphorylates and induces the phosphorylation of linker 

for activation of cells (LAT) and leads to the recruitment of various adapter and effector 

proteins. Subsequently, 1-phosphatidylinositol-4,5-bisphosphate phosphodiesterase 

gamma2(PLCγ2) becomes activated and phosphorylated leading the final events where 

intracellular calcium (Ca2+) is increased causing platelet aggregation. To deduce whether 

platelet activation by c-PtNPs was mediated by GPVI, the GPVI signalling pathway was 

investigated through a series of inhibitory and phosphorylation experiments. As tyrosine 

kinases Src and Syk are attributed to GPVI signalling, platelet aggregations were performed 

using the Src and Syk inhibitors PP2 and PRT-060318 respectively. PP2 is a selective inhibitor 

for Src, while PRT-060318 is selective inhibitor for Syk. 
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Figure 8.6 GPVI signalling pathway.  

 

Collagen binding to GPVI is mediated via the glycine, L-proline and 3-hydroxy-L-proline (GPO) 

repeat units of collagen, thus, a control aggregation was first performed with the synthetic 

collagen-related peptide (CRP), which  consists of repeat units of GPO.218 Washed platelets 

were pre-incubated with 1% dimethyl sulfoxide (DMSO) prior to stimulation with 3 µg/mL CRP; 

DMSO was selected as vehicle reagent as the stock solutions of PP2 and PRT-060318 were 

prepared in DMSO. Next, washed platelets were pre-incubated with 20 µM PP2 followed by 

stimulation by 3 µg/mL CRP. The experiment was repeated with 3 µM PRT-060318. For c-PtNPs, 

washed platelets were pre-incubated with DMSO followed by stimulation by 59.2 µg/mL of c-

PtNPs. To ascertain if platelet aggregation by the c-PtNPs was mediated by GPVI activation, 

inhibitory aggregations were conducted with the PP2 and PRT-060318. A control aggregation 

was conducted with the maximum c-PtNPs concentration of 59.2 µg/mL; again, washed 
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platelets were pre-incubated with 1% DMSO for 1 minute prior to stimulation with c-PtNPs. 

Subsequent aggregations involved pre-incubation with 20 µM PP2 and stimulation by 59.2 

µg/mL of c-PtNPs, again this experiment was repeated with 3 µM PRT060318 and c-PtNP. 

Experiments were performed using 3 human donors, data was expressed as mean ± SEM. 

 

 

 

Figure 8.7 Human platelet aggregations with c-PtNPs and Src and Syk inhibitors. (a) representative 

control aggregation trace to 3 µg/mL CRP following pre-incubation with 20 µM PP2 and 3 µM PRT-

060318, (b) representative trace to 59.2 µg/mL c-PtNP following pre-incubation with 20 µM PP2 and 3 

µM PRT-060318, (c) quantification of maximal aggregation by CRP and c-PtNP with pre-incubation of 

with 20 µM PP2 and 3 µM PRT-060318 presented as mean ± SEM, (P<0.001). Results are representative 

of 3 experiments (n=3). 

(b) (a) 

(c) 

*** 
*** 

*** 
n.s

. 

*** 
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Upon stimulation by 3 µg/mL CRP, the washed platelets gave 81.5 ± 2.7% aggregation as 

illustrated in Figure 8.7 (a). Pre-incubation with the Src and Syk inhibitors completely blocked 

the light transmission, thus, no platelet aggregation was observed. These results give 

confidence that both inhibitors PP2 and PRT-060318 affectively blocked GPVI activation. Upon 

stimulation by the c-PtNPs, aggregation was observed at 56% ± 14.3. This was comparable to 

the previous result in section 8.2.1. No light transmission was observed in the presence of the 

Src and Syk inhibitors PtNPs, thus, no platelet aggregation was observed as shown in Figure 8.7 

(b). The quantification of these aggregations are shown in Figure 8.7 (c), this data clearly 

demonstrates that the Src and Syk inhibitors effectively blocked GPVI activation and potentially 

c-PtNPs activate platelets through the GPVI receptor.   

 

To further deduce whether the mechanism of platelet activation by the c-PtNPs is mediated by 

GPVI activation, phosphorylation of tyrosine, Syk and LAT in the GPVI signalling cascade were 

investigated by western blotting. Washed platelets were initially pretreated with EGTA 

(ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid) for 5 minutes prior to 

preincubation with inhibitors. EGTA chelates to Ca2+ preventing integrin activation and platelet 

aggregation which hinders protein solubilisation which is required  for separation by SDS-PAGE. 

After pretreatment with EGTA, washed platelets were pre-incubated for 5 minutes with PP2 

and PRT-060318 inhibitors followed by stimulation with c-PtNPs (59.2 µg/mL) for 5 minutes. 

Aggregations were terminated with 2X Laemmli sample buffer to produced whole cell lysates 

(WCL) for western blot investigations. Additionally, control WCL were prepared without 
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inhibitors with stimulation by DMSO, c-PtNP, CRP. Baseline control WCL were prepared without 

EGTA pre-treatment, followed by stimulations with DMSO, c-PtNP, CRP. 

 

WCL were separated on 4-12% sodium dodecyl sulphate polyacrylamide (SDS) gels and 

transferred to a polyvinylidene fluoride (PVDF) membrane. Non-specific binding was blocked 

by incubation with 4% bovine serum albumin (BSA) prepared in tris-buffered saline with Tween 

20 (TBST). Primary antibodies were diluted in 4% BSA with TBST (dilutions: phosphotyrosine 

(4G10), 1:1000, phospho Syk pY525/6, 1:500 and phosphor LAT, 1:500) and membranes were 

incubated overnight at 4oC. Following primary antibody incubation, membranes were washed 

with TBST (3 x 10 minutes) and then incubated with the corresponding horseradish peroxidase 

(HRP) conjugated secondary antibody at 1:10000 dilution. Membranes were washed again with 

TBST (3 x 10 minutes) and developed on X-ray films with an enhanced chemiluminescence (ECL) 

substrate. Protein loading was assessed with antibodies for α-tubulin (1:1000) for 4G10 and 

total Syk 4D10 (1:200 dilution) for phospho Syk and phospho LAT. Results are demonstrated in 

Figure 7.8, experiments were performed using 3 human donors.  

 

From the results presented in Figure 8.8, compared to the baseline controls, it is clearly evident 

that phosphotyrosine was highly expressed when platelets were pre-treated with EGTA and 

stimulated by CRP. Very faint phosphotyrosine expression was observed in the vehicle DMSO 

and PtNPs samples, with EGTA pre-treatment phosphotyrosine increased but not as much CRP. 

Platelets pre-incubated with the Src and Syk inhibitors had very faint phosphotyrosine 

expression. Phospho-Syk expression was not detected in the vehicle treated samples, by 
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contrast, phospho-Syk expression was detected at 72 kDa only in the CRP stimulated platelets. 

Faint phospho-LAT expression was observed in the baseline DMSO, c-PtNP and CRP samples, 

while EGTA treated samples demonstrated an increased phospho-LAT expression at 37 kDa for 

DMSO and PtNP but was dominate in the CRP stimulated platelets. The Src and Syk inhibitors 

blocked phospho-LAT expression when the platelets stimulated by with c-PtNPs.  

 

Figure 8.8 Expression of phospho-tyrosine, phospho-Syk and phospho-LAT from platelet whole cell lysates 

treated with EGTA, pre-incubated with Src and Syk inhibitors with PtNP stimulation. Results are 

representative of 3 experiments (n=3). 

 

Overall, this data demonstrates that c-PtNPs did not stimulate tyrosine phosphorylation, thus, 

platelet activation was not mediated by GPVI. It could be that the zeta potential of c-PtNP was 

not high enough to activate platelets through the GPVI receptor. Alshehri et al.101 

demonstrated that platelet activation and aggregation by DEP in washed platelets was 



222 
 

mediated by through the GPVI receptor, however, the study did not focus on the how the 

physicochemical properties of DEP caused platelet activation. If we compare the citrated PtNPs 

to DEP, DEP are comprised of a mixture of carbon, polycyclic aromatic hydrogens (PAHs) and 

nitro-PAH and other metals and was reported to exhibit a surface charge of -39.1.219 In the 

present study, the zeta potential of DEP standard reference material 2975 which was used by 

Alshehri et al.101 was measured at -44.7 mV. This surface charge was greater than the c-PtNPs 

in this study. Thus, DEP with higher zeta potentials were able to induce platelet activation and 

aggregation by the GPVI receptor. 

 

8.2.4 Platinum nanoparticle human platelet rich plasma aggregations  

To understand how the PtNPs will interact with the platelets in a physiologically setting, platelet 

function with citrate capped PtNPs at its maximal concentration of 59.2 µg/mL were assessed 

in PRP as they were the only PtNPs from the functionalised PtNPs that demonstrated platelet 

aggregation in washed platelets. PRP is constituted with plethora of growth factors, clotting 

factors and proteins including albumin, fibrinogen and globulins.220 Human PRP was prepared 

in a similar manner to washed platelet described in section 8.2.2. Whole blood was collected in 

with 3.2% (w/v) sodium citrate; ACD was not added to the blood as this would decrease the pH 

and the ACD can chelate with Ca2+, thus, weakening the aggregation. The blood was centrifuged 

at 200 x g for 20 minutes at room temperature; the PRP was collected for LTA experiments. 

Platelet aggregations in PRP were undertaken in the same manner as the washed platelets. 

However, the PAR1 peptide was used as control agonist to assess platelet function in the PRP 

rather than thrombin, as thrombin is able to form fibrin214 which is also an agonist for GPVI.215, 

221  
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PRP was pre-warmed for 2 minutes at 37oC in aggregation tubes with stir bars, PRP was then 

stirred for 1 minute at 1200 rpm before the addition of agonists/nanoparticles. Aggregations 

were then recorded for 5 minutes. As before, the % aggregation was determined by measuring 

the height difference of the aggregation trace against the baseline and then calculating the % 

difference. Experiments were performed using 3 human donors, data was expressed as mean 

± SEM. 

        

Figure 8.9 Human platelet rich plasma aggregations with PtNPs (a) representative aggregation traces to 

PAR1 peptide 50 µM, (b) representative aggregation traces to PtNP 59.2 µg/mL, (c) quantification of 

platelet aggregation in PRP with PtNPs. Results are representative of 3 experiments (n=3) and presented 

as  mean ± SEM (P<0.001). 

 

Figure 8.9 demonstrates the platelet aggregation stimulated by PtNPs in PRP. At a final 

concentration of 50 µM, the PAR1 peptide had a moderate response by 60% aggregation. Upon 

stimulation by the PtNPs, no aggregation was observed, presumably, the proteins in the PRP 

adsorbed onto the PtNP surface forming a protein corona. It is likely, that the negative charge 

(b) (a) (c) 

*** 
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the c-PtNPs have interacted with proteins in the PRP via Van der Waals forces, electrostatic 

interactions, hydrophobic and hydrophilic interactions, leading to the formation of a protein 

corona. Thus, the c-PtNPs did not cause platelet aggregation in the PRP. This corresponds with 

previous platelet aggregations performed in PRP with charged nanoparticles including DEP, 

gold and silver nanoparticles.93, 98, 101  To confirm protein corona formation by the PtNPs further 

investigation is required. 

 

8.2.5 Protein corona of functionalised platinum nanoparticles  

Functionalised PtNPs in Table 8.1 were examined for protein corona formation with human 

plasma. Although PtNP-2-MOHA and PtNP-11-MUHEG were the only two functionalised PtNPs 

selected for platelet function studies, all negatively charged carboxyl-terminated PtNPs and 

neutrally charged hydroxyl terminated PtNPs were utilised to assess if protein corona formation 

occurred. Utilising the method previously described in section 5.2.2 PtNPs were surface 

modified with alkanethiol and PEGylated thiols at the highest concentrations of 100 µM and 70 

µM respectively for 3 hours at room temperature. Excess thiol and citrate ions were removed 

by centrifugation at 10000 x g for 10 minutes. The supernatant was discarded, and the 

functionalised PtNPs were resuspended in dH2O and then characterised by DLS, zeta potential 

and pH.   

 

Following characterisation, the functionalised PtNPs were incubated with commercial human 

plasma (mixed pool, TCS Biosciences Ltd, UK) for 30 minutes at 37oC. Citrated capped PtNPs 

were used as control sample. All samples were centrifuged at 10,000 x g for 10 minutes; 
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supernatants were discarded and resuspended in phosphate buffered (PBS). For this 

experiment, DLS and zeta potential experiments were performed once as the high salt 

concentration from the PBS buffer degrades the electrodes on the capillary cells used for zeta 

potential measurements. Five DLS and zeta potential measurements were performed to obtain 

the mean for each sample, data is presented as mean. 

   

 

Figure 8.10 Protein corona of functionalised PtNPs. (a) hydrodynamic diameters with human plasma and 

(b) zeta potentials with human plasma. Results presented from 1 experiment (n=1). 

 

 

The hydrodynamic dynamic diameters of the functionalised PtNPs before and after incubation 

are displayed in Figure 8.10 (a). The hydrodynamic diameters of c-PtNPs and all the 

functionalised PtNPs dramatically increased from about 30 nm to over 190 nm after incubation 

(a) (b) 

(c) 
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with the human mixed plasma indicating the proteins had adsorbed onto the PtNP surface. 

Presumably, the proteins interacted with functionalised PtNPs to form a protein corona 

through Van der Waals forces, hydrogen bonds,  electrostatic interaction and hydrophobic and 

hydrophilic interactions.62, 66 Additionally, there may also be a sulphur-platinum interaction 

from the cysteine residues of the proteins and the PtNP core.222 Interestingly, the 

hydrodynamic diameters of both neutrally charged PtNP-2-MEE and PtNP-11-MUHEG also 

observed increases in hydrodynamic diameters.  A possible explanation for this, is that PtNP-2-

MEE and PtNP-11-MUHEG were only partially functionalised, XPS analysis in chapter 7 indicated 

citrate ions were still present on the PtNP surface after ligand exchange. This would allow 

plasma proteins to bind to the functionalised PtNPs, thereby, increasing the hydrodynamic 

diameter.  

 

Figure 8.10 (b) demonstrates the zeta potentials of the functionalised PtNPs. The citrated PtNPs 

(control) exhibited a zeta potential of -36.4 mV, after incubation with human mixed plasma, 

this increased to -5.3 mV. Similar results were observed with the negatively charged PtNPs, 

following incubation with human mixed plasma PtNP-6-MHA, PtNP-8-MOA, PtNP-TA and PtNP-

2-MOHA all exhibited increased zeta potentials ranging from -5.2 to 5.7 mV. It is likely that the 

negatively charged PtNPs attracted positively charged protein residues first leading to the 

formation of a protein corona. The neutrally charged PtNP-2-MEE and PtNP-11-MUHEG also 

had demonstrated increased zeta potentials of -5.7 mV and -5.6 mV respectively. It is assumed 

the plasma proteins have  interacted with the remaining citrate ions on the surface of PtNP-2-

MEE and PtNP-11-MUHEG. The zeta potential of all the functionalised PtNPs assessed 
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demonstrated near a neutral charge, this was due to the charge of the human mixed plasma 

itself which measured a zeta potential of -5.5 mV at pH 7.3.  

 

The pH of the functionalised PtNPs before and after incubation with human mixed plasma is 

presented in Figure 8.10 (c). The pH of the citrated PtNP solution was pH 7.2, this was 

comparable to the pH after incubation with human mixed plasma which was pH 7.3. After 

functionalisation by the alkane and PEGylated thiols the pH of these nanoparticle solutions  

decreased, which was previously observed in chapters 4 and 6, this is possibly a result of the 

thiol compounds having an acidic pH. This was similar to the data previously observed in 

chapters 4 and 6. By contrast, the pH of all the functionalised PtNPs solutions increased from a 

pH range of 3.3 to 3.4 to pH 7.3 to 7.4. This difference is a result of the pH of the PBS solution, 

PBS solution was utilised to resuspend the functionalised PtNPs after incubation with human 

mixed plasma to maintain protein structure. Collectively, the hydrodynamic diameters, zeta 

potential and pH data, provide evidence that the functionalised PtNPs bound with plasma 

proteins, thus, leading to protein corona formation. Furthermore, this data offers insight on the 

how functionalised PtNPs would interact with plasma proteins in a physiologically setting. 

 

8.1 Conclusions 

In the current study, the behaviour of the functionalised PtNPs were assessed in the platelet 

Tyrodes-HEPES buffer and demonstrated the PtNPs functionalised by PEGylated thiols were 

stable in Tyrodes-HEPES buffer. Of these PtNPs, citrated PtNPs (control, negative charge), PtNP-

2-MOHA (negatively charged) and PtNP-11-MUHEG (neutrally charged)  were taken forward in 
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platelet investigations.  Platelet aggregation was observed by c-PtNPs in a dose-dependent 

manner in washed platelets, while PtNP-2-MOHA and PtNP-11-MUHEG had no effect on 

platelet aggregations. It was found that c-PtNPs exhibited a higher zeta potential of -38.9 mV 

compared to PtNP-2-MOHA at -21.1 mV, thus, platelets aggregation was induced by PtNPs with 

higher zeta potentials. The c-PtNPs were utilised to elucidate the mechanism of platelet 

aggregation in washed platelets by investigating the GPVI signalling pathway. Firstly, it was 

demonstrated that the pre-incubation of Src and Syk inhibitors PP2 and PRT-060318 blocked 

platelet aggregation by the c-PtNPs. However, c-PtNPs did not stimulate  phosphotyrosine, Syk 

or LAT expression by western blotting to the same extent observed by CRP, thus, c-PtNPs they 

did not activate the platelets through the GPVI signalling pathway. 

 

 In a physiological setting with PRP, the PtNPs demonstrated no platelet aggregation indicating 

a possible protein corona formation. Lastly, all the functionalised PtNPs in this study formed a  

protein corona , this was confirmed by an increased hydrodynamic diameter and zeta potential 

when the PtNPs were pre-incubated with human mixed plasma. 

 

8.2 Further work 

Although PtNPs demonstrate platelet aggregation, it remains unclear if the c-PtNPs are binding 

to the platelet surface and causing their activation. To verify whether the PtNPs were binding 

to the platelet surface, field emission gun scanning electron microscopy (FEG-SEM) could be 

utilised. FEG-SEM provides high resolution images over traditional SEM, the technique would 

provide a high-resolution image of the platelet surface with the c-PtNPs. The technique does 
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not require contrast agents for observing the platelets. Previous work by Havrdova et al.223 

captured images of superparamagnetic iron oxide nanoparticle (SPIONs) within endosomes 

without the need for contrast agents and altering the morphology of the organelle. If c-PtNPs 

are confirmed to have adhered onto the platelet surface this would warrant further 

investigation to deduce which platelet surface receptors are involved in platelet activation and 

aggregation. Additionally, FEG-SEM could also be used to visual protein corona formation on 

the c-PtNP surface.  

 

Further experiments to examine the cytotoxicity of PtNPs on human platelets could be tested 

by in vitro methods to measure lactate dehydrogenase (LDH), cell viability or cell proliferation 

using LDH, MTT or MTS assays respectively. The in vivo effects of the PtNPs on platelet 

aggregation could be examined by utilising mouse models of cardiovascular and inflammatory 

diseases. Platelets can be isolated and radiolabelled with 111Indium oxine and infused back into 

the mice, where PtNPs can be intratracheally instilled, this would enable tracking of 

thromboembolism. The employment of cardiovascular and inflammatory mouse models would 

provide a wider insight on how charged PtNPs could potentially affect people with underlying 

conditions. In turn, raising public awareness to the health risks associated with nanoparticle 

exposure and the necessary health and safety management of nanomaterials.   
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Chapter 9 Conclusions  

and Future Work 
 

9.1 Conclusions 

The work presented in this thesis describes the synthesis and functionalisation used to prepare 

functionalised PtNPs and the characterisation methods employed to determine their 

physicochemical properties. Within this study, we assessed the functionalisation of various 

alkane and PEGylated thiols on c-PtNPs to create an array of PtNPs that exhibited a negative, 

positive, and neutral charge. Functionalisation was assessed by a selection of techniques, 

including zeta potential, DLS, TEM and XPS which are specific to surface analysis.  

 

Initially, the core c-PtNPs were synthesised using a seed mediated synthesis approach. c-PtNP 

were grown from platinum seeds of 4 nm. Characterisation by TEM, DLS and zeta potential 

revealed c-PtNPs of 20 nm and 60 nm. Both 20 nm and 60 nm c-PtNPs exhibited a negative 

charge with good stability, the 20 nm c-PtNP had TEM diameters ranging from 20 to 23.4 nm 

with narrow particle distribution, while the larger 60 nm c-PtNPs had TEM diameters from 87.7 

to 102 nm with a broad particle distribution. The 20 nm c-PtNPs were selected for subsequent 

experiments due to their narrow particle distribution. Large scale synthesis demonstrated that 

these 20 nm could be synthesised with reproducible sizes, surface charge and narrow particle 

distribution.   
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Using the newly synthesised 20 nm c-PtNPs, ligand exchange was attempted with carboxyl  

terminated alkanethiols 6-MHA, 8-MOA, and TA to functionalise the c-PtNPs to create sterically 

stable negatively charged PtNPs. Characterisation by zeta potential, pH and gel electrophoresis 

indicated that the citrate ions had been ligand exchanged for the alkanethiols. XPS analysis of 

PtNP-6-MHA and PtNP-8-MOA confirmed the presence of the platinum-thiol bond, thus, the 

thiols had chemisorbed onto the PtNP surface. However, the presence of the Na Auger peak 

revealed that citrate ions were still present on the PtNP surface after ligand exchange. Thus, 

the PtNPs were only partially functionalised by 6-MHA and 8-MOA. XPS analysis of PtNP-TA 

confirmed a platinum-sulphur bond, therefore, TA had chemisorbed on to the PtNP surface.  

Conversely, the Na Auger was not detected by XPS, indicating the citrate ions had been 

displaced by the TA molecules. The disulphide nature of TA enables two sulphur bonds with the 

platinum surface, therefore, more displacement of citrate ions allowing the more 

chemisorption by TA. Long alkanethiols pose the challenge of non-polar tendencies, to 

overcome this issue, the PEGylated thiol 2-MOHA was employed to functionalise the PtNPs 

using the same ligand exchange method. Again, characterisation by zeta potential, pH and gel 

electrophoresis indicated that the citrate ions had been ligand exchanged for 2-MOHA. 

Unfortunately, the XPS analysis of PtNP-2-MOHA was unable to confirm the platinum-thiol 

bond due to low signal, indicating ligand exchange was not sufficient. These findings provide 

insight into the ligand exchange of c-PtNPs with carboxyl terminated alkane and PEG thiols. 

Citrate ions were not fully displaced by the thiol molecules, thus, the PtNPs were partially 

functionalised by the alkane and PEG thiols.  
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Amino-terminated alkanethiols CSH, 6-AHT and 11-AUT were found to be unsuitable to 

functionalise the c-PtNPs through the ligand exchange method. Both SH and NH2 groups could 

bind simultaneously to the PtNP core and citrate on capping respectively. The positive charge 

of the NH2 group can electrostatically interact with negative charge of carboxylic acid groups of 

the citrate ions, thus, leading to aggregation. To functionalise the PtNPs to with a positive 

charge, two approaches were examined. First, positively charged PtNPs were synthesised with 

the cationic surfactant CTAB. TEM, DLS and zeta potential demonstrated PtNP-CTAB with 50.2 

nm diameter and a positive charge. Ligand exchange of the CTAB capping for the quaternary 

ammonium compound 6-ATA proved to be successful by zeta potential and pH. However, this 

success was limited as the PtNP-6-ATA aggregated the following day rendering the 6-ATA 

unsuitable for functionalised PtNPs. In a second attempt, the alkanethiol DEA was used to 

synthesise positively charged PtNPs. Characterisation of PtNP-DEA by TEM, DLS and zeta 

potential revealed that successful synthesis was on the reaction taking place at pH 2. Although 

positively charge PtNPs were synthesised using DEA as a capping agent, the PtNP-DEA were 

found to be unstable as they also aggregated the following day. These studies demonstrated 

that positively charged PtNPs cannot be created in the same manner as the negatively charge 

PtNPs. This work demonstrates that ligand exchange and synthesis methods of positively 

charged PtNPs is challenging. 

 

Neutrally charged PtNPs were functionalised in a similar manner to the negatively charged 

PtNPs. Ligand exchange of c-PtNPs with the hydroxyl-terminated alkanethiol 6-MCH was 

attempted. Characterisation by zeta potential and pH demonstrated 6-MCH was unable to the 
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PtNPs to exhibit a neutral charge. 6-MCH was also directly tested to functionalise the PtNPs in 

synthesis, however, this approach proved to be unsuccessful. Literature indicated that 6-MCH 

would need to be in a deprotonated state in optimal synthesis conditions to adsorb onto the 

PtNP surface. To overcome this challenge, the hydroxyl-terminated PEGylated thiols 2-MEE and 

11-MUHEG were utilised for ligand exchange with c-PtNPs. Zeta potential, pH and gel 

electrophoresis characterisation indicated that ligand exchange had occurred, however, the 

zeta potentials exhibited by PtNP-2-MEE and PtNP-11-MUHEG were not near neutral as 

expected, therefore, indicating citrate ions were still present on the PtNP surface after ligand 

exchange. This was further supported by XPS analysis by the presence of the Na Auger peaks. 

Nonetheless, XPS analysis did reveal platinum-thiol bonds for both PtNP-2-MEE and PtNP-11-

MUHEG, thus, the PEGylated thiols had chemisorbed onto the PtNP surface. Overall, the ligand 

exchange method only partially functionalised PtNP-2-MEE and PtNP-11-MUHEG. This work 

provides insight into ligand exchange of c-PtNPs with hydroxyl-terminated alkane and PEG 

thiols. Similar to negatively charged PtNPs, the citrate ions were not fully displaced by the 

PEGylated thiols, thus, the PtNPs were partially functionalised by the PEGylated thiols.  

 

Though the negatively and neutrally charged PtNPs were only partially functionalised, they 

were examined for platelet studies with the platelet physiological buffer Tyrodes-HEPES. PtNPs 

functionalised by PEGylated thiols were found to be the most stable. Consequently, c-PtNPs 

(control, negatively charged), PtNP-2-MOHA (negatively charged) and PtNP-11-MUHEG 

(neutrally charged) were carried forward for platelet investigations. c-PtNPs induced platelet 

aggregation in a dose-dependent manner in washed platelets while PtNP-2-MOHA and PtNP-
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11-MUHEG had no effect on platelet aggregation. Although both c-PtNPs and PtNP-2-MOHA 

were a negative charged, c-PtNPs exhibited a higher zeta potential compared to 2-MOHA, 

therefore, was able to induce platelet aggregation. Although PtNP-11-MUHEG demonstrated a  

negative charge from the citrate ions remaining on the surface of after ligand exchange, the 

zeta potential was not high enough to induce platelet aggregation. c-PtNP platelet activation 

was found not to be mediated through the GPVI receptor as key proteins in the GPVI signalling 

cascade phospho Syk and LAT were not activated. Protein corona formation was observed DLS, 

zeta potential and pH with all the functionalised PtNPs, regardless of their partial 

functionalisation. These experiments provide novel insights on how the zeta potential and not 

the surface charge of PtNPs influences platelet aggregation.  

 

9.2 Further work  

For the negatively charged PtNPs, the ligand exchange incubation times for 6-MHA, 8-MOA, TA, 

and 2-MOHA could be extended to multiple time point up to 24 hours to assess if surface charge 

and % of bound sulphur on PtNP surface varies. This would provide a novel insight into the 

mechanism of ligand exchange on c-PtNPs, as currently all work on the mechanism of ligand 

exchange on metallic nanoparticles is focused on AuNPs.   

 

Albeit PtNPs were synthesised/functionalised to produce positively charged PtNPs these were 

rendered unstable. The quaternary ammonium thiol 11-MABr could be assessed for 

functionalisation with 20 nm c-PtNPs. In theory, the ammonium group would sterically not be 

able to interact with citrate ion capping, therefore, the thiol head group could chemisorb on 
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the PtNP surface. If this was successful after a 3-hour ligand exchange, the incubation time 

could be extended up to 24 hours.  An alternative capping agent which has been used for 

functionalising AgNPs is the cationic polymer PEI. Its multiple NH2 groups therefore allowing 

more PEI bind  on the PtNP surface. 

 

For neutrally charged PtNPs, perform ligand exchange of c-PtNPs with 6-MCH under basic 

conditions to assist with deprotonation of the hydroxyl group. The ligand exchange incubation 

times for 2-MEE and 11-MUHEG could be extended to multiple time point up to 24 hours to 

assess if surface charge and % of bound sulphur on PtNP surface varies. Again, this would 

provide a novel insight into the ligand exchange mechanism of c-PtNPs by PEGylated hydroxy-

terminated thiols.  

 

For PtNP-platelet interactions, it is unclear what is causing platelet activation. To deduce the 

mechanism of platelet activation, first the c-PtNPs need to be examined to see if they are 

indeed binding to the platelet surface. This can be confirmed by FEG-SEM, where the platelets 

can be visualised together with the PtNPs on the surface. If the PtNPs have adhered to the 

surface than further mechanistic investigations can be carried out. Additionally, in vitro 

cytotoxicity assays such as MTT, MTS and LDH should be performed to assess the direct impact 

of the PtNPs on human platelets . Platelet aggregation experiments should also be in vivo by 

expanding the experiments to murine models of cardiovascular and inflammatory diseases. 
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Chapter 11  Appendix 

11.1 Platinum nanoparticles surface area calculations 

The total surface area/mL of the PtNPs were calculated for surface modification and platelet 

experiments. The example below shows the calculations of 20 nm PtNPs on 10x reaction scale 

(reaction volume 305.5 mL) using 0.2 M H2PtCl6.6H2O. Calculations were made in the following 

sequence. 

Moles of platinum seeds 

The moles of the Pt seeds were first calculated and included into the PtNP surface area 

calculations. 4 nm Pt seeds were synthesized using 17.42 mL of 0.2% (w/v) H2PtCl6, total 

reaction volume was 250 mL. The molar concentration of H2PtCl6 was calculated as follows:  

H2PtCl6.6H2O was converted molar concentration. 

0.2 𝑔

100 𝑚𝐿
×

10

10
=

2 𝑔

1𝐿
 

The moles of H2PtCl6.6H2O stock solution were calculated using the weight of and molar mass 

of H2PtCl6.6H2O 517.90 g/mol using Equation 11.1. 

  𝑚𝑜𝑙𝑒𝑠 =
𝑚𝑎𝑠𝑠

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
   Equation 11.1 

𝑚𝑜𝑙𝑒𝑠 =
2 𝑔

517.90 𝑔/𝑚𝑜𝑙
= 0.00386 𝑚𝑜𝑙𝑒𝑠 

 

The molar concentration was calculated as follows:  

         𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑚𝑜𝑙𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒
→

0.00386

1 𝐿
= 0.00386 𝑀 𝑜𝑟 3.86 𝑚𝑀      Equation 11.2 
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In the reaction, the moles of H2PtCl6.6H2O were calculated using Equation 11.3 as follows: 

𝑚𝑜𝑙𝑒𝑠 = 𝑠𝑡𝑜𝑐𝑘 𝑚𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ×  𝑣𝑜𝑙𝑢𝑚𝑒                Equation 11.3 

𝑚𝑜𝑙𝑒𝑠 = 3.86 𝑚𝑀 ×  17.42 𝑚𝐿  

𝑚𝑜𝑙𝑒𝑠 =  3.86 ×  10−3 (𝑚𝑜𝑙/𝐿)  × 1.74 ×  10−2 (𝐿) 

𝑚𝑜𝑙𝑒𝑠 =  6.73 ×  10−5 (𝑚𝑜𝑙) 

The moles of platinum (Pt) can be calculated using the moles of H2PtCl6.6H2O, as the moles of 

H2PtCl6.6H2O is equal to the moles of platinum, see Equation 7.4 below: 

H2PtCl6.6H2O + 2 NaBH4 + 6H2O → Pt + 2B(OH)3 + 6H2 + 4HCl + 2NaCl      Equation 11.4  

The moles of H2PtCl6.6H2O are equal to the moles of platinum (Pt): 

6.73 ×  10−5moles 𝐻2𝑃𝑡𝐶𝑙6. 6𝐻2O =  6.73 ×  10−5moles 𝑃𝑡 

 

As 10 mL of Pt seeds was used for the PtNP synthesis reaction, the moles of 1 mL of Pt seeds 

were calculated using Equation 11.3, see below: 

𝑚𝑜𝑙𝑒𝑠 =  
10 𝑚𝐿

 250 𝑚𝑙
 × 6.73 ×  10−5 𝑚𝑜𝑙 

𝑚𝑜𝑙𝑒𝑠 =  2.69 ×  10−6 

Moles of platinum nanoparticles 

20 nm PtNPs were synthesized using 10 mL of 4 nm Pt seeds (template) with 450 µL of 0.2 M 

H2PtCl6.6H2O, the total reaction volume was 305.5 mL. Equation 11.3 to calculate the moles 

of Pt.  

𝑚𝑜𝑙𝑒𝑠 = 0.2 𝑀 ×  450 µ𝐿  

 𝑚𝑜𝑙𝑒𝑠 =  0.2 (𝑚𝑜𝑙/𝐿)  ×  4.50 ×  10−4 (𝐿) 

     𝑚𝑜𝑙𝑒𝑠 =  9.00 × 10−5 (𝑚𝑜𝑙)  
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The concentration of H2PtCl6.6H2O  is equal to the Pt concentration: 

9.00 ×  10−5moles 𝐻2𝑃𝑡𝐶𝑙6. 6𝐻2O =  9.00 ×  10−5moles 𝑃𝑡 

Total moles of Pt from both reactions were calculated with Equation 11.5: 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 =  𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑃𝑡 𝑠𝑒𝑒𝑑𝑠 +  𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑃𝑡 𝑓𝑟𝑜𝑚 𝑃𝑡𝑁𝑃 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠  Equation 11.5 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 =  2.69 × 10−6 + 9.00 ×  10−5 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 = 9.27 ×  10−5 

Number of platinum atoms 

The total number of atoms of platinum were calculated using Equation 11.6: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑥 𝐴𝑣𝑜𝑔𝑟𝑎𝑑𝑟𝑜′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟       Equation 11.6 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑡 𝑎𝑡𝑜𝑚𝑠 = 9.27 ×  10−5 𝑚𝑜𝑙𝑒𝑠 ×  6.023 ×  1023 (
1

𝑚𝑜𝑙
) 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑡 𝑎𝑡𝑜𝑚𝑠 = 5.58 ×  1019 𝑚𝑜𝑙  

 

Average platinum nanoparticle volume  

The mean diameter of the PtNP was determined by TEM as 21.9 nm, the volume was 

calculated using the volume of a sphere, see Equation 11.7. 

𝑉 =  
4

3
𝜋𝑟3 =  

1

6
𝜋𝑑3                                        Equation 11.7 

𝑉 is the volume,  is Pi,  is the radius and  is the diameter. 

𝑉 =  
1

6
× 𝜋 × (21.9 𝑛𝑚)3 

 𝑉 =  5.50 × 103 𝑛𝑚3 
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Average nanoparticle mass 

Using the density of Pt and the average volume of a PtNP calculated above, the average 

particle mass was calculated using the density equation:                                                                                  

𝜌 =  
𝑚

𝑉
                                                       Equation 11.8 

𝜌 is the density, 𝑚 is the mass and 𝑉 is the volume.  The equation was rearranged to find the 

mass: 

𝑚 =  𝜌 ×  𝑉 

 

The density of Pt is 21.45 g/cm3,227 this was converted from g/cm3 to g/nm3  

𝑑𝑃𝑡  =
21.45 𝑔/𝑐𝑚3

1 × 10 21𝑛𝑚3/𝑐𝑚3
  

𝑑𝑃𝑡  = 2.145 × −20𝑔/𝑛𝑚3 

Then 

𝑚𝑁𝑃 =  2.145 ×  10−20 𝑔/𝑛𝑚3  × 5.50 × 103 𝑛𝑚3 

𝑚𝑁𝑃 =  1.18 ×  10−16 𝑔 

  

Moles of platinum moles per nanoparticle and number of atoms per nanoparticle 

With the average mass of the PtNPs, the moles of Pt per nanoparticle was calculated with 

Equation 11.1 the Pt moles per NP was calculated as follows: 

𝑚𝑜𝑙𝑒𝑠𝑃𝑡 𝑝𝑒𝑟 𝑁𝑃 =
1.18 ×  10 −16 𝑔

195.08 𝑔/𝑚𝑜𝑙
 

𝑚𝑜𝑙𝑒𝑠𝑃𝑡 𝑝𝑒𝑟 𝑁𝑃 =  6.05 ×  10 −19 𝑚𝑜𝑙 

 

Using the Pt moles per NP, the number of atoms per platinum nanoparticle was calculated 

using Avogadro’s number. 
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑃𝑡𝑁𝑃 =  6.05 × 10−19𝑚𝑜𝑙𝑒𝑠 × 6.023 ×  1023(
1

𝑚𝑜𝑙𝑒𝑠
) 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑃𝑡𝑁𝑃 =  3.64 ×  105 

 

Number of nanoparticles in the reaction  

The number of NP in the reaction was calculated using the number of atoms per PtNP 

nanoparticle and platinum moles, see equation: 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝑃𝑠 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑡 𝑎𝑡𝑜𝑚𝑠  𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑡 𝑎𝑡𝑚𝑜𝑠 𝑝𝑒𝑟 𝑁𝑃 
          Equation 11.9 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  
5.58 ×  1019 𝑚𝑜𝑙

 3.64 ×  105 𝑚𝑜𝑙
 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  1.53 ×  1014 

 

Surface area of nanoparticle  

The surface area of the nanoparticles (was calculated from the average TEM diameter 21.9 

nm and the equation for the area of a sphere, Equation 11.10                                              

𝐴 = 4𝜋𝑟2 = 𝜋𝑑2                                             Equation 11.10  

 is the area,  is Pi and  is the radius, the diameter was 21.9 nm  

𝐴 =  𝜋 ×  (21.9 𝑛𝑚)2 

𝐴 = 𝑆𝑁𝑃 = 1506.74 𝑛𝑚2 

 

Total surface area of nanoparticle 

The total surface area of the platinum nanoparticle was calculated as with Equation 11.11: 

                                       𝑆𝑇 =  𝑆𝑁𝑃  ×  𝑁𝑜𝑁𝑃                                       Equation 11.11 
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Where:  is the total surface area,  is the average surface area of a nanoparticle and  is the 

number of nanoparticles in the reaction. 

𝑆𝑇 =  𝑆𝑁𝑃  ×  𝑁𝑜𝑁𝑃 

𝑆𝑇 =  1506.74 𝑛𝑚2  ×  1.53 × 1014  

𝑆𝑇 =  2.31 ×  1017 𝑛𝑚2  

Surface area per mL 

The surface area per mL was calculated using the total reaction volume of 305.50 mL as 
follows: 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎/𝑚𝐿 =  
2.31 ×  1017 𝑛𝑚2

305.50 𝑚𝐿
  

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎/𝑚𝐿 =  7.56 ×  1014 𝑛𝑚2/𝑚𝐿 

 

11.2 Surface coverage of nanoparticles by alkanethiols calculations  

For surface modification experiments, the surface coverage by alkanethiols was calculated 

using the total surface area of a batch 20 nm PtNP, the alkanethiol footprint 0.214 nm2 and 

Avogadro’s number. The alkanethiol footprint was obtained by experimental data from Strong 

and Whitesides 1988.158   

 

The total surface previously calculated to be 1506.74 nm2, the number of alkanethiol molecules 

occupying each PtNP was calculated as shown below in Equation 11.12: 

𝐴𝑙𝑘𝑎𝑛𝑒𝑡ℎ𝑖𝑜𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑛 𝑒𝑎𝑐ℎ 𝑃𝑡𝑁𝑃 =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑛𝑚2

𝐴𝑙𝑘𝑎𝑛𝑒𝑡ℎ𝑖𝑜𝑙 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑛𝑚2         Equation 11.12 

𝐴𝑙𝑘𝑎𝑛𝑒𝑡ℎ𝑖𝑜𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑛 𝑒𝑎𝑐ℎ 𝑃𝑡𝑁𝑃 =
1506.74 𝑛𝑚2

0.214 𝑛𝑚2
 

                                    𝐴𝑙𝑘𝑎𝑛𝑒𝑡ℎ𝑖𝑜𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑜𝑛 𝑒𝑎𝑐ℎ 𝑃𝑡𝑁𝑃 = 7041                                     
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Thus, 7041 molecules will occupy each 20 nm PtNP. The molar concentration of alkanethiol 

required for surface coverage was determined using the previously calculated number of 

nanoparticles per reaction, Avogadro’s constant and the number of alkanethiol molecules on 

each PtNP. First, the number of nanoparticles per reaction was calculated nanoparticles per mL 

using total reaction volume of 305.50 mL, see Equation 11.13.  

𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚𝐿 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝑃 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
                               Equation 11.13 

 

𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚𝐿 =
1.53 ×  1014

305.50 𝑚𝐿
 

 
𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚𝐿 = 5.02 × 1011  

𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝐿 = 5.02 × 1011 ×  1000 

𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝐿 = 5.02 × 1014  

 

The molar concentration was calculated using equation 11.14 as follows: 

                        𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝐿 ×𝐴𝑣𝑜𝑔𝑟𝑎𝑑𝑜′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑘𝑎𝑛𝑒𝑡ℎ𝑖𝑜𝑙 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
       Equation 11.14 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
5.02 × 1014  × 6.02 × 1023

7041
 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 5.9 𝜇𝑀 

 

For surface modification experiments, a 10x was used to ensure full surface coverage.  

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 5.9 𝜇𝑀 × 10 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 59 𝜇𝑀 
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For experiments with PEGylated thiols the PEG footprint of 0.35 nm2 was obtained from Qian 

et al 2008.129  TA and 6-ATA footprints were derived using Chem3D, where the approximate 

width of both molecules was found, the square of the value was taken to get an approximate 

footprint. The footprint of TA and 6-ATA were approximated at 0.428 nm2 and 0.145 nm2 

respectively. Surface coverage calculations of alkane and pegylated thiols are shown in Table 

11.1 to Table 11.8 

 

Table 11.1 Surface coverage calculations for PtNP with 6-mercaptohexanoic acid (6-MHA) 

Average PtNP diameter (nm) 21.9 

Pi 3.14 

Total surface area (nm2) 1506.74 

Thiol footprint of 6-MHA (nm2) 0.214 

Molecules of 6-MHA on each PtNP 7040.84 

Number of nanoparticles/mL 5.02 x 1011 

Number of nanoparticles/L 5.02 x 1014 

Avogadro’s number  6.02 x 1023 

Molar concentration (M) 5.9 x 10-6 

Molar concentration 10x excess 5.9 x 10-5 

 

Table 11.2 Surface coverage calculations for PtNP with 8-mercaptooctanoic acid (8-MOA) 

Average PtNP diameter (nm) 21.9 

Pi 3.14 

Total surface area (nm2) 1506.74 

Thiol footprint of 6-MHA (nm2) 0.214 

Molecules of 6-MHA on each PtNP 7040.84 

Number of nanoparticles/mL 5.02 x 1011 

Number of nanoparticles/L 5.02 x 1014 

Avogadro’s number  6.02 x 1023 

Molar concentration (M) 5.9 x 10-6 

Molar concentration 10x excess 5.9 x 10-5 
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Table 11.3 Surface coverage calculations for PtNP with thioctic acid (TA) 

Average PtNP diameter (nm) 21.9 

Pi 3.141592654 

Total surface area (nm2) 1506.74 

Thiol footprint of TA (nm2) 0.428 

Molecules of TA on each PtNP 3520.419 

Number of nanoparticles/mL 5.02 x 1011 

Number of nanoparticles/L 5.02 x 1014 

Avogadro’s number  6.023 x 1023 

Molar concentration (M) 2.9 x 10-6 

Molar concentration 10x excess 2.9 x 10-5 

 

Table 11.4 Surface coverage calculations for PtNP with O-(2-carboxyethyl)-O'-(2-
mercaptoethyl)heptaethylene glycol (2-MOHA) 

Average PtNP diameter (nm) 21.9 

Pi 3.141592654 

Total surface area (nm2) 1506.74 

Thiol footprint of EG7-COOH (nm2) 0.35 

Molecules of EG6-OH on each PtNP 4304.969 

Number of nanoparticles/mL 5.02 x 1011 

Number of nanoparticles/L 5.02 x 1014 

Avogadro’s number  6.023 x 1023 

Molar concentration (M) 3.59 x 10-6 

Molar concentration 10x excess 3.59 x 10-5 

 

Table 11.5 Surface coverage calculations for PtNP with (6-aminohexyl)trimethylammonium bromide 
hydrobromide (6-ATA) 

Average PtNP diameter (nm) 50.2 

Pi 3.141592654 

Total surface area (nm2) 7916.94 

Theoretical footprint of 6-ATA (nm2) 0.147 

Molecules of 6-ATA on each PtNP 53856.729 

Number of nanoparticles/mL 5.02 x 1011 

Number of nanoparticles/L 5.02 x 1014 

Avogadro’s number  6.023 x 1023 

Molar concentration (M) 4.5 x 10-5 

Molar concentration 10x excess 4.5 x 10-4 
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Table 11.6 Surface coverage calculations for PtNP with 6-mercaptohexanol 

Average PtNP diameter (nm) 21.9 

Pi 3.141592654 

Total surface area (nm2) 1506.74 

Thiol footprint of 6-MHA (nm2) 0.214 

Molecules of 6-MHA on each PtNP 7040.838 

Number of nanoparticles/mL 5.02 x 1011 

Number of nanoparticles/L 5.02 x 1014 

Avogadro’s number  6.023 x 1023 

Molar concentration (M) 5.9 x 10-6 

Molar concentration 10x excess 5.9 x 10-5 

 

Table 11.7 Surface coverage calculations for PtNP with 2-{2-[2-(2-
mercaptoethoxy)ethoxy]ethoxy}ethanol (2-MEE) 

Average PtNP diameter (nm) 22.6 

Pi 3.141592654 

Total surface area (nm2) 1604.60 

Thiol footprint of EG6-OH (nm2) 0.35 

Molecules of EG6-OH on each PtNP 4584.571 

Number of nanoparticles/mL 4.57 x 1011 

Number of nanoparticles/L 4.57 x 1014 

Avogadro’s number  6.023 x 1023 

Molar concentration (M) 3.48 x 10-6 

Molar concentration 10x excess 3.48 x 10-5 

 

Table 11.8 Surface coverage calculations for PtNP with 11-mercaptoundecyl)hexa(ethylene glycol) (11-
MUHEG) 

Average PtNP diameter (nm) 22.6 

Pi 3.141592654 

Total surface area (nm2) 1604.60 

Thiol footprint of EG7-COOH (nm2) 0.35 

Molecules of EG6-OH on each PtNP 4584.571 

Number of nanoparticles/mL 4.57 x 1011 

Number of nanoparticles/L 4.57 x 1014 

Avogadro’s number  6.023 x 1023 

Molar concentration (M) 3.48 x 10-6 

Molar concentration 10x excess 3.48 x 10-5 
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11.3 PtNP preparation for platelet experiments  

For platelet aggregation experiments, the concentration of the PtNPs were calculated as 

follows: 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = (9.27 ×  10−5/305.5)/1000 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 3.03 ×  10−4 

𝑀𝑎𝑠𝑠 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑔) = 9.27 ×  10−5  ×  195.1 

𝑀𝑎𝑠𝑠 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑔) = 1.81 ×  10−2 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔/𝑚𝐿) =
1.81 ×  10−2

305.5
 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔/𝑚𝐿) = 5.92 ×  10−5 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑔/𝑚𝐿) = 5.92 ×  10−5  × 1000      

                𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔/𝑚𝐿) = 5.92 ×  10−2 

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝜇𝑔/𝑚𝐿) = 5.92 × 101 

A 10 mL aliquot of 20 nm PtNPs was concentrated by centrifugation. The supernatant was 

discarded, and the remaining nanoparticles were resuspended in 100 µL.  

𝑀𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔/𝑚𝐿) = 5.92 

For PtNP-platelet experiments the stock concentration of c-PtNPs and the functionalised PtNPs 

was 5.92 mg/mL, PtNPs were diluted down to 1/100 for platelet aggregations and western 

blots, bringing the final concentration to 59.2 µg/mL. 
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