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Abstract 

Understanding the electrochemical stability or corrosion behaviour of metallic 

nanoparticles in aqueous environments is of central importance in the fields of 

catalysis, sensing and nano-electronics. The electrochemical stability of silver 

nanoparticles (AgNPs) was investigated as a function of applied potential, pH and 

particle size. The direct voltammetric measurements of the Ag oxidation potential 

indicate that the electrochemical stability of nanoparticles (NPs) is different from 

their bulk metal, suggesting that theoretically derived energy diagrams for a bulk 

material might not always be accurate for NPs. In order to understand interactions of 

nanomaterials (NMs) with biological systems, the cellular environment can be 

considered as an electrochemical cell, since metal ion release is a major pathway 

underlying their potential toxicity. NPs inhaled from the air into the deep lung first 

contact with the lung lining fluid where they have the potential to translocate into 

other organs like the brain, liver, spleen and heart via blood circulation. Here, this 

thesis specifically focuses on the impact of AgNMs on two major organs, the lung 

and brain. 

AgNMs as potential occupational and environmental hazards may raise health and 

safety concerns. For this reason, there is a need to assess the interaction of NMs 

with biological systems for early prediction of their cytotoxicity. The stability of 

AgNPs in dipalmitoylphosphatidylcholine (DPPC), the major component of lung 

surfactant, was investigated as a function of pH. TEM images revealed that the 

AgNPs were coated with a DPPC layer serving as a semi-permeable layer, 

improving their dispersion and delaying ions release in the lung. Furthermore, these 

studies suggested that size, stability and chemical composition of NP have to be 

taken into account in the evaluation of NP cytotoxicity. These observations have 

important implications for predicting the potential reactivity of AgNPs in the lung 

and the environment. 

 

In response to potential neurotoxicity, studies have shown that AgNPs can cross 

the blood brain barrier (BBB) via the systemic blood supply and then localise 

inside the brain, causing neurodegeneration, but much less is known about the 

distribution of AgNMs and their interaction with protein complexes inside the 

brain cells. Interaction of microglia with AgNMs, as well as their uptake, 
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cytotoxicity and processing inside cells were investigated. The findings 

demonstrate that Ag2S formation acts as an ion trap for free Ag
+
, significantly 

limiting short term toxicity effects with important consequences for the neuro safety 

of AgNMs. In order to manipulate particular NPs features with favourable bio-

availability and bio-distribution, not only NP uptake into cells, but also a 

fundamental understanding of the NPs-protein complex is necessary.  
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1.0 Introduction 

The worldwide commercial nanotechnology market is predicted to increase 

tremendously and reach $ 1 trillion by 2015[1]. Currently, silver nanoparticles 

(AgNPs) are one of the types of nanomaterial that are under the most scrutiny. They 

are becoming increasingly popular due to their unique physical and chemical 

properties compared to their bulk analogues.  Since NPs have been widely used in 

various applications in electroanalysis, understanding their corrosion behaviour in 

aqueous environments is vital to retain their useful properties in long-term 

applications. 

Stability against oxidation, or loss of effective surface area of a particular metal in a 

specific environment, can be predicted from an EH-pH diagram, also known as a 

Pourbaix diagram[2].  Marcel Pourbaix produced a series of EH-pH diagrams of 

metal elements and published the ‘Atlas of Electrochemical Equilibria’, first in 

French in 1963 and then in an English translation version in 1966. Pourbaix 

diagrams are thermodynamic charts constructed using the Nernst equation, 

predicting conditions under which corrosion can be prevented by adjusting the 

potential/pH. Thus, these diagrams are extensively used for materials selection or 

corrosion control in the fields of fuel cells, batteries, electroplating and corrosion 

engineering. However, due to the fact that NPs are between a free diffusion atom and 

a bulk metal, the electrochemical stability of these metallic NPs may act differently 

from their bulk analogues[3, 4]. Therefore, the outstanding behaviour of NMs may 

go beyond the scope of conventional thermodynamic theories.  

Fundamental understanding of nano-thermodynamics not only offers us the 

opportunity to tune NMs intrinsic physical properties, but also to provide 

information that goes beyond the expectation and description of the classical 

approaches. For instance, scientists or engineers may extend the suitability range of 

the classic thermodynamic theory by considering the size dependence physical and 

chemical properties of surfaces in the NMs-related theoretical calculation. For the 

case of Pourbaix diagram for NMs, it is necessary to understand the size dependence 

of the electrochemical stability of NPs as a function of pH and potential in order to 

choose the right conditions for their practical applications. Also it will be of 

paramount importance to predict their long term persistence behaviour and assess 

their safety in different environmental conditions.  
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The advantages of nanoparticles, such as the increased solubility of nanosuspensions 

and their low production costs have resulted in their rapid commercialisation for 

medical applications (e.g. drug delivery)[5]. The increasing use and manufacture of 

engineered nanomaterials (ENMs) in biosensing, clothing, sunscreen, paint, 

cosmetics and medical device applications raise concerns regarding their safety for 

human health and the environment[6, 7]. Inhalation of high levels of nanoparticles 

in air pollution has been associated with pulmonary and neurological toxicity[8, 9]. 

Occupational and environmental hazards of NPs must be assessed before their 

production is spread more widely. Understanding the interactions between living 

cells and nanomaterials (NMs) or how NMs are processed by cells also guides the 

development of diagnostics and medicine.  

Several studies have identified the potential cytotoxicity of AgNMs in different 

biological systems, such as fungi, bacteria and mammalian cells.  Their cytotoxicity 

has been attributed to different possible mechanisms, including generation of 

reactive oxygen species (ROS), damage to cell-membrane integrity, proteins and 

DNA[10, 11]. The toxicity mechanism of NPs can be related to the physicochemical 

properties of NPs, such as surface area, shape, surface charge, capping agent and 

particle purity[12, 13]. These properties might affect the ion release rate from NPs 

and the intracellular production of ROS, which are predictors for the toxicity of 

NPs[14]. Upon dispersion in biological media, NPs do not behave as an inert particle 

or as soluble molecules but they can either agglomerate or even aggregate, altering 

the particle size and the available surface area[15, 16]. Moreover, experimental 

parameters such as ionic strength or pH of buffer media and the presence of plasma 

proteins may further modify NMs properties, leading to inaccurate assessment of 

NPs toxicity if compared to in-vivo response. 

Although no clear consensus has yet been reached on the entry pathways for 

nanoparticles into cells, it has been suggested that nanoparticle-cell interactions are 

associated with the protein coating or ‘corona’ on the surface of the NPs[17].  When 

NPs are suspended in biological media (e.g. lung lining fluid (LLF), blood plasma 

and cerebrospinal fluid), they are known to be coated by proteins or associated with 

biomolecules which may decrease their surface energy and also affect their colloidal 

stability in the suspension media[18]. Evidence has suggested that AgNPs lead to 
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neuroinflammation, however much less is known about their interaction with 

proteins which may modify their neurotoxicity by changing the surface chemistry of 

the AgNMs[19, 20]. Furthermore, the interaction of AgNMs with sulphide species, 

including hydrogen sulphide gas (H2S), sulphide (S
2-

) and HS
-
,
 
form very stable 

Ag2S due to its extremely low solubility (ksp= 5.92 x 10
-51

) and could act as a 

potential detoxification mechanism[21].  So far, most of the toxicity studies 

performed on AgNMs have overlooked their possible sulfidation reaction, how they 

are processed by, and transformed, inside cells or cytotoxicity assays. This 

knowledge will shed light on how protein/NP/sulfide species interactions affect the 

cellular response, becoming a key element for interpreting experimental results 

accurately.  

1.1 Research Objectives 

The main aim of this study is to investigate the stability of AgNMs and their in vitro 

toxicity in biologically relevant environments. The specific objectives of this project 

are: 

I. To assess the electrochemical stability of AgNPs as a function of applied 

potential, pH and particle size and compare the experimental studies with 

thermodynamic calculations. 

II. To study the effect of pH, particle size and surface chemistry on the stability 

of AgNPs and their interaction with lung lining fluid (DPPC). 

III. To assess how DPPC disperses the AgNPs and how this may impact their 

bio-availability and lung function under varying pH conditions. 

IV. To investigate the response of microglia cells to silver nanomaterials 

(AgNMs) of two morphologies (spheres and wires), as well as their 

cytotoxicity and uptake in brain cells.  

V. To assess the activation of H2S producing enzymes through interactions with 

AgNMs and investigate the transformation of these materials which may 

affect their impact on human physiology and short-term toxicity in brain 

cells.  

1.2 Organisation of Thesis 

This thesis is organised in seven chapters. Chapter 2 Literature Review discusses 

literature related to this project. Chapters 3 to 6 describe the experimental techniques 

used in the thesis and the results of the project. The results of the electrochemical 
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stability of silver nanoparticles (AgNPs) as a function of applied potential, pH and 

particle size are presented in chapter 3. The effect of size and surface 

functionalization on the stability of AgNPs and their interactions with 

dipalmitoylphosphatidylcholine (DPPC), the main component of pulmonary 

surfactant, is described in chapter 4.   Chapter 5 presents the results from the studies 

on microglial uptake of AgNMs (particles and wires) and their transformation inside 

the brain cells. Chapter 6 Conclusions and Future work highlights the key 

contributions of this research work to the field and proposes some ideas for future 

experiments. Chapter 7.0 References outlines a list of references used in the thesis 

chapter sections.  
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2.0 Literature Review 

2.1 Nanotechnology: An Overview 

The terminology ‘nano’ originates from the Greek word meaning ‘dwarf’. It 

represents one billionth (10
-9

) of a metre, which is as tiny as length of ten hydrogen 

atoms. Physicist Richard Feynman promoted the concepts of nanotechnology with a 

talk entitled “There’s Plenty of Room at the Bottom” at an American Physical 

Society meeting at the California Institute of Technology on 29
th

 December 

1959[22]. He described “a technological vision of extreme miniaturization” and 

invited researchers to explore this relatively new scientific field[23]. The 

terminology ‘nanotechnology’ was first used by Professor Norio Taniguchi in a 1974 

conference paper, “On the Basic Concept of ‘Nanotechnology”[24] to describe 

precision engineering with tolerances of a micron or less[25]. Dr. K Eric Drexler 

developed the concept and the technological significance of nano-scale phenomena 

further[26].  

Nanotechnology began taking off in the 1980s with three major discoveries, the 

invention of the scanning tunnelling microscope (STM) in 1981 and fullerenes in 

1985[27], as well as carbon nanotubes (CNTs) in 1991[28].  In the 2000s, this field 

of research invited growing interest and spurred on many industries to commercialise 

consumer products containing nano-materials. Recent reports suggest that the 

nanotechnology industry will become a one-trillion-dollar market by 2015 and the 

silver nanoparticles (AgNPs) domain is the most commercialised nanomaterials by 

far[29]. 

2.1.1 Silver Nanomaterials: Sources and Toxicity 

Engineered silver nanomaterials (AgNMs) are of great scientific interest due 

to their remarkable properties, including their excellent electrical and thermal 

conductivity, as well as their unique optical and antimicrobial properties[30-34]. 

However, due to the large production volume of manufactured AgNPs, in particular 

in airborne products (e.g. disinfectant sprays) and a wide variety of consumer 

products (e.g. water purification, air filters, nanoAg textiles[35], toothpaste and 

deodorants), Ag may be released into the environment either as soluble ions, 

nanoparticles (NPs) or NPs aggregates, during handling, washing, disposal or 

abrasion[7]. Since AgNPs are prevalent in consumer products, these release routes 
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raise concerns about the potential toxic effects of AgNPs to the environment and 

human health[36]. 

Many recent publications have shown that AgNMs are toxic to bacteria, cause the 

development of deformities in zebra fish, inflammatory response in rats, 

neurotoxicity in mice and cytotoxicity to human lung cells[37-39]. For over a 

decade, researchers have debated the main mechanism of AgNPs toxicity, i.e. 

whether the toxicity is due to the direct particle-specific biological effects or due to 

the release of Ag
+
 ionic species or the combination of these effects. AgNPs have 

high surface energies, given the increase in their surface area per unit volume as their 

particle size decreases. In specific environmental conditions, Ag can be oxidized and 

dissolved to release Ag
+
 ions, which are considered the main active and reactive 

species[40]. For instance, Zong et al. reported that the toxicity or antimicrobial 

activity of AgNPs can be solely attributed to an  Ag
+
 ion dose dependent response 

and that no direct particle-specific effects were observed[41]. Nevertheless, some 

studies have shown that AgNPs exerted higher toxic effects to the organism than the 

Ag
+
 ions released from the corresponding AgNPs in the extracellular media[42-44]. 

Taglietti et al. pointed out that two different processes need to be considered as a 

“long distance mechanism” i.e. the release of Ag
+
 ions from the NPs and a ‘‘short-

distance mechanism’’, involving the nanomechanical action of a particle on the 

bacterial membrane[45]. The “short distance” effect arises when particles close to 

the bacterial surfaces, which have an acidic pH and oxidising environment, 

facilitating AgNPs dissolution and release of Ag
+
 ions[46]. 

Recent studies have provided a new insight into the important role of the particle-cell 

interface in the antibacterial action of AgNPs. A synergistic effect between AgNPs 

and Ag
+
 ions is required where the AgNPs can deliver a localised ionic dose to the 

cell and enhance the amount of internalised Ag
+
 ions released from the particle 

surface[46, 47].  Olesja et al.[48] and Gliga et al.[37] demonstrated that ‘Ag- ion’ 

and ‘particle-specific’ mechanisms are not competing but that they are synergistic. 

They suggested cellular uptake of Ag was significantly higher when cells were 

exposed to NPs rather than ions. AgNPs facilitate Ag
+ 

uptake via endocytosis or a 

‘Trojan horse’ mechanism, which increases the intracellular bioavailability of Ag. 

Moreover, a direct contact between the bacterial cell and AgNPs have been shown to 

enhance the toxicity of AgNPs against bacterial strains due to the increased 
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dissolution of Ag
+
 ions, which could be driven by the proton motive force of the 

bacterial membrane that decreases the local pH to as low as 3[47]. The findings 

provided by the literatures show the importance of membrane interactions of AgNPs, 

as they translocate across, and become internalised, directly through the cytoplasm 

or inside vesicles, leading to high local concentrations of Ag
+
 ions inside the cells. 

2.1.2 Effect of Physicochemical Properties on AgNP Toxicity 

To date, some studies have demonstrated that the physicochemical properties of 

AgNPs (e.g. size, shape, surface functionalisation, surface charge, Ag ions released 

and solution chemistry) could play pivotal roles in affecting the toxicity of AgNPs to 

organisms. Recently, Liu and Hart have shown that the dissolution of AgNPs is a 

cooperative oxidation that involves both protons (H
+
) and dissolved oxygen (O2) 

[49]. In addition,  Zhang et al.[50] developed a kinetic model to describe Ag
+
 

release, based on the hard sphere theory using the Arrhenius equation. The authors 

showed that Ag
+
 ions release rates depended not only on the primary particle size, 

but also on their concentration and environmental factors (e.g. dissolved oxygen and 

pH).  

It is well known that AgNPs can be oxidised in the medium exposure to air by 

reaction with dissolved O2 and mediated by H
+
 as shown in the reaction below: 

Ag(s) +
1

2
𝑂2(𝑎𝑞) + 2𝐻(𝑎𝑞)

+ ↔  𝐴𝑔(𝑎𝑞)
+ +  𝐻2𝑂(𝐼)   (2.1) 

 

AgNPs can be assumed as soluble reactants due to their small size and the oxidation 

reaction can be expressed by first-order reaction kinetics. Using the Arrhenius 

equation, (
𝑑𝑚

𝑑𝑡
)Ag can be described as follows [50]: 

(
𝑑𝑚

𝑑𝑡
)Ag= k [AgNPs] [O2]

1/2
[H

+
]
2

    (2.2) 

    k = A exp(
−𝐸𝑎

𝑅𝑇
 )     (2.3)

 

(
𝑑𝑚

𝑑𝑡
)Ag = A exp( 

−𝐸𝑎

𝑅𝑇
 ) [AgNPs] [O2]

1/2
[H

+
]
2
  (2.4) 

where (
𝑑𝑚

𝑑𝑡
)Ag is the Ag

+ 
release rate (mol/L.h); k is the reaction rate constant (mol/h); 

[AgNP] , [O], [H
+
] are the molar concentrations (mol/L) of AgNPs, dissolved 
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oxygen and protons, respectively; E is the activation energy (J); T is temperature 

(298 K); and A is the frequency factor.  

The molar concentration of AgNPs ([AgNPs]) can be replaced by the mass-based 

concentration ([Ag]): 

[AgNPs] = 
[𝐴𝑔]

𝑁𝐴 𝜌
4

3 
 𝜋𝑟3

     (2.5) 

where 𝜌 is the density of AgNPs (~ 10.5 g/cm
3
), r is the AgNPs radius (nm) and NA 

is the Avogadro constant (~6.023x10
23

 mol
-1

). 

(
𝑑𝑚

𝑑𝑡
)Ag= A exp( 

−𝐸

𝑅𝑇
 ) 

[𝐴𝑔]

𝑁𝐴 𝜌
4

3 
 𝜋𝑟3

 [O2]
1/2

[H
+
]
2

     (2.6) 

Equation (2.6) reveals that (
𝑑𝑚

𝑑𝑡
)Ag increases with increasing [Ag],  [O2], or [H

+
] and 

is inversely proportional to the radius of AgNPs. Furthermore, an increase of 

temperature could significantly increase (
𝑑𝑚

𝑑𝑡
)Ag. 

These equations show that factors such as ionic strength and composition of 

the dispersion medium[51, 52],
 
pH[44, 53],  dissolved organic matter[54], relative 

humidity[55], dissolved oxygen concentration[14] and temperature[56], can lead to 

alterations in the NPs properties and dissolution rates. Therefore, stability assays can 

be used to relate the physicochemical properties of AgNPs to Ag
+
 ion release and 

consequently, to predict their toxicology[57, 58].
 
Therefore, it is of great importance 

to understand and predict how AgNPs behave in the environment and to understand 

the thermodynamics driving their dissolution, which is related to the 

physicochemical properties of AgNPs (e.g. varying size, coating and surface 

properties) and environmental conditions (such as dissolved oxygen and pH). Further 

research is needed to understand the exact physicochemical properties and cellular 

mechanism underlying the induced toxicity and how they can be exploited to design 

safe NMs or therapeutic AgNPs.  

 

2.1.3 Importance of Materials Characterisation  

Characterisation of the physicochemical properties of AgNPs in in vivo and in vitro 

studies at the point of exposure is paramount in order to draw conclusions on their 

biological activity accurately. Inductively coupled plasma sources (ICP-OES and 
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ICP-MS) and atomic absorption spectroscopy (AAS) techniques are generally used 

to correlate the dissolution rate of AgNPs with their toxicity profiles. There are some 

discrepancies in the toxicity data provided by different authors, probably due to the 

use of inconsistent methodologies, an improper NPs characterisation or the lack of 

dose response considerations in in vitro systems. Table 2.1 shows a wide variety of 

experimental setups and analytical methodologies employed in in vitro studies, in 

order to quantify the amount of Ag
+
 ions released from NPs. This might explain, to 

some extent, why inconsistent dissolution rates are observed even the same types of 

AgNPs are used. For example, in the case of 10 nm citrate-AgNPs, the % dissolution 

of Ag provided by UV-vis absorption spectroscopy and AAS (which required a 

previous centrifugation step) were very different. These small size of NPs could not 

be effectively separated from solution using centrifugation and the values obtained 

by AAS were anomalously high[46]. 

 

My research group has recently suggested the limitation of using ICP-OES to 

analyse Ag
+
 ions dissolution in cell culture media[59]. This study demonstrated that 

Ag
+
 ions act differently from other metal ions (e.g. Zn and Fe) and are likely to bind 

with complex protein thiol groups or ligands in the medium such as Cl
-
, PO4

3-
, S

2-
 

and SO4
2-

, and to form insoluble silver compounds, e.g. silver oxide and silver 

chloride (Fig. 2.1 A,B). These compounds would reduce the bioavailability of 

released silver ions to a greater extent than that of AgNPs. This could confound the 

interpretation of Ag
+
 ion released rate via ICP studies. We compared the percentage 

of free Ag
+
 ion that can be measured when AgNO3 is added in DI water to different 

culture media (RPMI, DMEM and DCCM), as shown in Fig. 2.1C. Although 100 % 

of Ag
+
 ions were measured by ICP-OES in DI-water, the recovery of ionic Ag was 

less than 5 % in cell media.  

The same study also investigated how different sources of sulphur in the cellular 

environment can lead to transformations of the surface chemistry of AgNWs, using a 

set of spatially resolved analytical TEM techniques. The formation of silver sulphide 

(Ag2S) crystals on the surface of AgNWs within 1 h of incubation in DCCM-1 was 

easily identified by high resolution TEM (Fig. 2.1D, E). Nevertheless, the incubation 

of AgNWs in RPMI-1640 or DMEM did not lead to sulfidation. These findings 

highlight the need to consider the effects of cell culture media in the analysis of 
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toxicity assays, as well as the potential of high resolution analytical TEM in 

detecting insoluble Ag species, in contrast to ICP-OES[59]. 

 

In the in vitro studies, non-interacting perchlorate buffer solutions are used when 

examining the dissolution rates of Ag, with an understanding that significant 

sequestering of free Ag
+
 ion will occur in the in vivo environment. Prior to the ICP 

analysis, 2 kDa filter tubes (Sartorius Stedim VIVACON 500) were used to filter 

NPs < 20 nm from the supernatant. Whereas, 10kDa filter tubes (Milipore) were 

applied to separate NPs < 50 nm from the solutions. In the study, ICP-OES (Thermo 

Scientific ThermoFlex-900) was chosen to study dissolution of NPs as a function of 

pH due to the machine availability and also its higher sensitivity and detection limits 

compared to the AAS.  

 

Determining the fundamental physicochemical properties of AgNPs in biological 

systems will be vital to understanding their bioreactivity and antibacterial activity. 

When performing biological assays, it is necessary to study the oxidation kinetics of 

AgNPs under the same biological conditions employed in the assay. To achieve this, 

standardized protocols need to be developed, that combine different techniques 

including high resolution imaging, ICP and UV-vis. There is also an urgent need to 

develop methods to quantify the oxidation rates of AgNPs inside cells since the 

effects induced by either AgNPs or Ag
+
 ions is difficult to distinguish. This is 

because NPs dissolution may occur in the extracellular medium before uptake or 

intracellularly following ingestion. Thus, the development of a sensitive and 

selective colorimetric Ag
+
 detection method could provide fundamental insight into 

the mechanism of AgNPs toxicity by deconvoluting the effects of particles and Ag
+
 

ions.  
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Table 2.1: Dissolution studies on Ag
+
 ions release performed using different 

experimental conditions and methodologies. 

Type 

of AgNPs 

Experimental Setup Analytical Methodology 

and Analysis Technique 

Released  

Ag
+
 ions 

Reference 

10.5 ± 4.3 nm  

PVP-AgNPs 

10 µg/ml of AgNPs 

incubated in test media 

(half-strength NaCl-

free lysogeny broth 

(LB)) for 4 h at 30°C 

[pH 7] 

Ultracentrifugation  

(1 h at 390,000 g)  

4.4 %  [47] 

AAS 

14 ± 1.6 nm  

Citrate-AgNPs 

25 µg/ml of AgNPs 

incubated in non-

interacting perchlorate 

(ClO4) buffer solutions 

for 336 h  

[pH 5] 

Ultrafiltration through  

2 kDa filter membranes 

(13,000 rpm)  

 

~2 %  [60] 

ICP-OES 

20 nm  

Citrate-AgNPs 

300 µg/ml of AgNPs 

incubated in quarter-

strength Hoagland 

media for 24 h and 

336 h 

(Contains S
2-

; pH 5.7) 

Ultrafiltration through  

3 kDa filter membranes  

(40 min at 5000 g) 

 

17 % (24 h)  

40%(336 h) 

[50] 

ICP-MS 

20 nm  

Citrate-AgNPs 

 

12.5 µg/ml of AgNPs 

incubated in BEGM 

cell media for 24 h at 

37°C 

Centrifugation  

(1 h at 15,000 rpm)  

~4.3 %  [61] 

ICP-OES 

40 nm  

Citrate-AgNPs 

10 µg/ml of AgNPs 

incubated in BEGM 

cell media at pH 4.5 

for 24 h at 37°C 

Centrifugation 

(1 h at 15,000 rpm)  

~7 %  [37] 

AAS 

PVP-AgNWs 

129±74 nm in 

diameter and a 

bimodal length 

of 2.8± 2.4 µm 

and 7.0±2.0 µm 

10 µg/ml of AgNPs 

incubated in DMEM, 

RPMI1640 and 

DCCM-1[contains S] 

cell media for 168 h at 

37°C 

Ultrafiltration through  

2 KDa filter membranes 

(13,000 rpm) 

 

n.q.  [59] 

ICP-OES 

10 nm  

Citrate-AgNPs 

12.5 µg/ml of AgNPs 

incubated in bacterial 

growth media(Luria-

Bertani, LB, Lennox)  

for 24 h at 37°C 

[contains NaCl; pH 

4.5] 

UV-vis 3.5%  

(DI water) 

7%  

(bacterial 

growth media) 

[46] 

Centrifugation  

(1 h at 21,000 g) 

AAS 

16.1% (DI 

water) 

26% 

(bacterial 

growth media) 

n.q.: not quantified 

ICP-MS: Inductively coupled plasma mass spectrometry 

ICP-OES: Inductively coupled plasma optical emission spectroscopy 

AAS: Atomic absorption spectroscopy 
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Fig. 2.1: (A) HAADF-STEM image of precipitates formed after the incubation of 

17.0 µg/mL AgNO3 in RPMI-1640 at 37˚C for 0.5 h. (B) The corresponding STEM-

EDX spectra 1-2 were collected from area 1-2 marked in A. (C) ICP-OES analysis of 

solubilized silver concentrations of 17.0 µg/mL AgNO3 in different cell culture 

media, incubated at 37˚C for 0.5 h (n = 3). Physicochemical characterization of 

AgNWs incubated for 6 h at 37˚C in small molecule solutes and salts extracted from 

DCCM-1 (D, E). A representative BF-TEM image of the AgNWs. The inset is a 

SAED pattern obtained from the circled area (aperture size ∼550 nm) (D). HAADF-

STEM image obtained from the same area marked in D (E). EDX spectrum collected 

from the edge of the nanowire[59]. 

2.1.4 Fundamental Thermodynamics of Corrosion 

Corrosion is generally defined as the deterioration of metals or the release of metal 

ions when they react with their environment. For decades, there has been 

considerable interest in understanding the electrochemical stability or corrosion 

behaviour of metallic nanoparticles (NPs) and how this behaviour is different from 

their bulk analogues. Early works on the size-dependent electrochemical oxidation of 

metal NPs (e.g. the theoretical calculations of Henglein[62] and Plieth[4]) have 

shown that the standard electrode potential (E°) is size dependent and tends to shift 

to more negative values as the size of particles decrease. According to Henglein[62], 

A B C

D E

200 nm 

1 

2 

2 
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Agn            Ag n-1 + Ag
+
 + e

-                                    
(2.7) 

the standard electrode potential for a free single silver atom (n = 1) is  -1.8 V and the 

standard electrode potential of silver trimer (n = 3)  is predicted to be - 1.0 V versus 

a normal hydrogen electrode (NHE), which are shifted negatively when compared to 

the standard electrode potential of bulk silver (n = ∞) of - 0.799V vs. NHE. This 

implies that AgNPs could act as stronger oxidising agents than zinc metal, which has 

standard electrode potential of + 0.76 V vs. NHE.  

2.1.3.1 The Redox Potential of Small Metal Cluster on Surfaces 

In the following section, the thermodynamic theory behind the redox potential of 

metal particles shifts negatively with decreasing particle size is explained. 

Let us consider an electrochemical cell consisting of two half-cells, one with metal in 

its bulk state (Meb) and the other with metal in its dispersed state (Med). In order to 

obtain the equation for the redox potential of metal clusters, the equation can be 

described as followed [4]: 

Half Cells:  
  zeb solv

zMeMe      (2.8)
 

d

  z MeMe   zesolv     (2.9) 

Overall:   db MeMe        (2.10) 

where z is the number of electrons and solv
zMe   is metal cations in the liquid phase.  

The overall reaction is the transfer of one mole of bulk metal into its dispersed form. 

Then, the voltage of the electrochemical cell, D , can be calculated from the 

overall Gibbs free energy of the dispersion process, ∆GD, which is equal to the 

difference between the free energy of the dispersed species, Gd and free energy of 

the bulk, Gb, in J mol
-1

. 

∆GD   = Gd - Gb    (2.11) 

D =  d -  b = ∆GD / zF    (2.12) 

where D is the difference in equilibrium oxidation potentials between the 

dispersed,  d  and the bulk metal, b in volts. 
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The change of free energy, ∆GD can be determined in terms of the change in free 

energy associated with the change in surface area. Considering the formation of  2D 

metal clusters on surfaces, the change of free energy is given by the following 

expression[4]: 

dG=  dl      (2.13) 

where   is the boundary free energy in J mol
-1

cm
-1

 and l is the boundary length of 

the two dimensional clusters in cm. Assuming two dimensional clusters are disk - 

shaped, a change in boundary length of the cluster, dl is related to a change in the 

differential of the number of moles of metal present as clusters, dn by the 

relationship: 

dl =  rAM /  dn     (2.14) 

where MA  is the molar area of the cluster forming atoms and r  is the mean radius of 

the cluster disk on the surface. 

Substituting equation 2.14 into equation 2.13 and integrating between n = 0 and n = 

1 gives the change of free energy, which can be inserted into equation 2.12 to obtain 

an expression for the redox potential. 

D =  d -  b = - 
zF

AM

r

1

     
(2.15)

 

Then, the redox potential of metal nanoparticles is predicted to become more 

positive as the particles grow. If the surface free energy,   is assumed to be the 

same for both the small metal particles and the bulk metal surfaces, then the equation 

(2.15) predicts that the redox potential of the nanoparticles is shifted negatively from 

the redox potential of the bulk metal[63]. 

For the electrochemical stability of metal NPs, Ng et al. [63] have carried out the 

first experimental work to test a theoretical prediction made by Plieth and Henglein, 

who proposed the decreasing stability of NPs with particle sizes. However, the 

authors observed that the obtained experimental result was different from Plieth and 

Henglein’s theoretical calculations. Fig. 2.2 illustrates that the unexpected persistent 

behaviour of AgNPs on the highly oriented pyrolytic graphite (HOPG) electrode 
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surface and their dissolution required more than an hour at an applied potential of 

+500 mV vs Ag/AgCl. Their analysis showed that a sharp decrease in the oxidation 

rate was observed when silver particles were reduced in diameter to 0.4 nm - 1 nm.  

          

Fig. 2.2: Histogram of the atomic force microscopy (AFM) -  measured height of 

AgNPs following equilibration at +500 mV vs Ag/AgCl for (a) τ+500 = 0 min, (b) 

τ+500 = 10 min, (c) τ+500 = 1 h[63]. The inserts are the enlarged histogram for 

particle sizes ranging between 0 and 4 nm.  

Similarly, Kolb et al. [64, 65] examined the stability of small Cu clusters (typically 

two to four atomic layers in height) on an Au (111) surface, showing remarkable 

stability to potentials up to about + 300 mV above the dissolution potential of a bulk 

Cu electrode. It was suggested that the stability is caused by quantum confinement of 

electrons in the metal cluster. However, several research groups reported that the 

spontaneous formation of a copper gold alloy in the cluster may give an alternative 

explanation for the increased stability of the Cu nanocluster[66-68]. These two 

metals form stable alloys which are electrochemically more stable than pure Cu.  

In another study, the electrochemical stability of single gold nanoparticle was 

examined by Lakbub et al. on a nanometer-sized Pt electrode[69]. The authors 

reported that it becomes more difficult to oxidise a nanoparticle as the particle radius 

becomes smaller. Fig. 2.3 demonstrates that the peak potential is directly related to 

the reciprocal of the radius of gold nanoparticles, which is in disagreement with 

theories developed by Plieth[4] and Henglein[62, 69].  

0 min 

10 min 

1 hour 
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Fig. 2.3: Plot of the potential of gold oxide stripping peak versus the reciprocal of 

the radius of bulk gold (point 1) or gold nanoparticles (point 2, 3, and 4). The radius 

and oxide gold stripping peak position for the gold NPs are measured from CV[69]. 

In contrast, only a small number of experimental studies have been carried out which 

are aimed at examining the electrochemical stability of isolated metal nanoparticles. 

For instance, Tang et al. directly examined the stability of individual nanoparticles 

and presented the results of a combined experimental analysis using a first principles 

study on the electrochemical stability of individual Pt NPs in acidic environments 

[70]. The dissolution behavior of Pt NPs with diameter between 1.2 to 3.0 nm 

confirmed the thermodynamic predictions of Plieth and Henglein as shown in Fig 

2.4. 

Fig. 2.4: Electrochemical Scanning Tunnelling Microscopy (ECSTM) image of five Pt-

black NPs on a gold substrate in 0.1 M H2SO4. (a) The initial set of 5 particles at 0.600 V 

(NHE). (b) Voltage pulsed to 0.650 V showing the dissolution of particles 4 (rm = 0.58 nm) 

and 5 (rm = 0.62 nm). Particles 2 (rm = 0.83 nm) and 3 (rm = 0.81 nm) were stable to 0.700 V 

and dissolved at 0.750 V. (c) Particle 1 (rm = 1.43 nm) was stable at 0.750 V after 600 s at 

this potential. (d) Particle 1 remained stable to 0.900 V and (e) dissolved after 300 s at 0.900 

V. Scan size 95 × 95 nm. (f) Magnified view of particle 1 showing the individual particle 

was ellipsoidal. Scan size (a) – (e) 95 x 95 nm and (f) 10 x 10 nm[70]. 
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To construct an ab-initio Pourbaix diagram, Tang et al. performed computation 

works using more than 50 Pt nanoparticles of radius 0.25, 0.5 and 1 nm. As shown in 

Fig. 2.5, the blue and gray areas indicate the region of O2 and OH
-
 adsorbed on the 

particle surface.  The red area illustrates the region of stable Pt
2+

 dissolution 

(assuming [Pt
2+

] = 10
-6 

M) which is extended as compared to that of bulk Pt (black 

dashed line). For a 1 nm radius Pt NP, the dissolution boundary occurs at 0.93 V, 

whereas for 0.5 nm NPs it is predicted to be 0.7 V. Both sets of experimental and 

calculation data agree well, substantiating the notion that the dissolution potential 

decreases with decreasing particle size.  Furthermore, the author extended his work 

by investigating the dissolution behaviour of Pt NPs as a function of applied 

potential over a larger size range of 1 - 10 nm. Generally, the author observed that 

the particle dissolution rate increased with decreasing particle size for particle 

smaller than 2 nm, while the larger particles were still found stable after ~ 30 min at 

1.2 V.  

 

Fig. 2.5: Ab initio calculated Pourbaix diagram for a Pt particle with a radius of 0.5 

nm. The stability region of Pt
2+

 in solution is shown in red. The regions of hydroxide 

and oxygen surface adsorption are, respectively, in grey and blue. The green 

(orange) dashed line shows the solubility boundary for [Pt
2+

] = 10
-6

 for a Pt particle 

with radius 1 nm (0.25 nm)[70]. 

On the other hand, Holby et al.[71] combined both experimental and theoretical 

techniques to demonstrate the essential role of particle size on the degradation of 

platinum polymer electrolyte membrane fuel cell (PEMFC) cathodes. The authors 

found there is a critical enhancement in stability, from a ~2 nm to ~5 nm particle 

size, due to rapid changes in the Gibbs-Thompson energy (see equation 2.16). Their 
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model demonstrated that particle size effects play almost no role for ~ 5 nm 

particles, but dominate degradation for ~ 2 nm particles.  

The Gibbs-Thomson (GT) equation yields an estimate of the size dependence of 

particle stability, and is generally written as a shift of chemical potential (partial 

molar free energy) of a metal atom in a particle: 

EGT = μ (d) – μ (∞) = - [4γΩ/d]   (2.16) 

where d is the particle diameter, γ is the particle surface free energy, and Ω is the 

molar volume of the particle[72]. This GT equation has been used to study the 

destabilization of NPs, but it only accounts for isotropic surface tension 

destabilization and not further destabilization due to corner and edge sites[72]. 

The description of the GT equation on the stability of NPs is significantly more 

relevant for particles < 5 nm. This suggests that theoretically derived energy 

diagrams for a bulk material might not always be accurate for NPs. The existing GT 

equation may need to consider surface stress and surface energy in the calculation in 

order to predict electrochemical stability of NPs for their long term applications 

accurately. 

2.1.5 Particle Stability at the Nanoscale 

Many studies show that nano-sized particles behave differently from their bulk 

metals and are actually stabilized by their quantum size effects[3, 63]. There are 

several reasons to explain why the solubility of smaller-sized particles is different 

from larger particles. First, smaller particles experience faster dissolution rate 

kinetics due to their greater surface area to volume ratio. According to the Noyes-

Whitney equation, the solubility of particles depends on size as described in equation 

2.17[73]:  

)( cc
h

DA

dt

dm
s    (2.17) 

where 
dt

dm is the dissolution rate, D is the diffusion coefficient, A is the surface area, 

and h is the thickness of diffusion layers, cs is the saturation concentration, and c is 

the bulk concentration.  
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Secondly, the increased curvature (i.e., Kelvin effect) of nanoparticles leads to a 

larger thermodynamic driving force for solubility; i.e., a greater amount of 

dissolution before the equilibrium solubility is reached. Kwon and Messing[74] and 

Mihranyan et al.[75] studied the effect of particle radius on solubility, S, using the 

Ostwald-Freundlich equation: 

 lmol
RTr

V
SS sl /)

2
exp(0


    (2.18) 

where 0S is the solubility of a flat plate (equilibrium solubility), sl  is the solid-

liquid interfacial energy, V is the molecular volume of the solid phase, R is the ideal 

gas constant, and T is the temperature.  

 

As pointed out by Kwon and Messing[74], the particle solubility increases 

significantly as the particle size decreases, given that all the other conditions are 

constant. Similarly, Mihranyan et al.[75] discussed the relationship between the 

solubility of a material and the particle size as shown in Fig. 2.6. In this study, they 

consider the dissolution of hypothetical particles of molecular weight, Vm of 700 

g/mol, with a surface tension of 100 dyn/cm, a surface charge of 200e (e being the 

unit charge equal to 1.6 x 10
-19

 C), a dielectric constant of 10ε0 (ε0 being the 

permittivity of free space equal to 8.85 x 10
-14

 F/cm). The author confirmed that the 

increase in solubility of particles depends crucially on particle sizes. Surface 

properties become increasingly important for the solubility of solids, as the specific 

surface area is increased with the decreasing of particle size. Fig. 2.6 demonstrated 

that the solubility of the examined material reaches its maximum when the critical 

particle radius r* is approximately 21 nm. 



43 
 

 

Fig. 2.6: Particle size effect on the solubility of a material with the different physical 

characteristics[75]. 

Thirdly, if the detailed structure of the particle is considered, smaller diameter 

nanoparticles have a much larger fraction of surface atoms. Such materials exhibit 

physical and chemical properties characteristics of neither the isolated atoms nor the 

bulk material. As a particle size shrinks to approximately 4 nm – 8 nm, a significant 

increasing fraction of atoms (≈ 50%) are exposed on surfaces rather than contained 

in the bulk, as shown in Fig. 2.7.  

 

Fig. 2.7: Fraction of atoms in a particle which are surface atoms, for different 

presumed thicknesses, t, of the surface layer[75]. 

Furthermore, passivation effects on the surface of NPs are more reactive than their 

bulk materials[76]. Therefore, nanoparticles become passivated more rapidly with 

the passivating agents in solutions, for instances oxygen, protons, or hydroxyl groups 
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due to their higher surface energy[77]. This adsorption may change the surface 

chemistry of the particles and the dissolution mechanism. The stability of 

nanoparticles is an area of active fundamental research which is expected to lead 

engineered nanomaterials (ENMs) with novel properties for industrial application.  

Therefore, an improved understanding of the parameters which control dissolution is 

very important to design materials that can be used commercially. 

 

2.2  Health Exposure Concerns of Nanomaterials 

The large production volume of manufactured ENMs raises concerns of their 

environmental, occupational health and safety[36, 78, 79]. An increase in the number 

and production volume of products containing ENMs, however, will inevitably lead 

to a greater release of these materials into the environment[7]. In addition, 

occupational health risks to workers will increase as significant amount of ENMs 

have been released during both wet and dry production processes[80, 81]. Therefore, 

there is a growing concern about the potential adverse effects on human health upon 

exposure to ENMs, which must be assessed to enable the responsible development of 

nanoscale materials. 

According to statistical studies, most consumers are unaware whether their 

purchased items contain NPs[82]. Similarly, employees in manufacturing plants may 

not be advised to wear personal protective equipment (PPE) when they handle NPs, 

to prevent inhalations of the fine particles. As reported by NIOSH, seven workers 

had been found to have hypoxemia and to have developed severe lung disease after 

working with a chemical paste comprising of a mixture of undefined NPs. In terms 

of occupational health exposure risk, data have emerged providing evidence that 

welders exposed to fumes containing Mg NPs may show an early onset of 

neurodegenerative disease[83, 84].  

From a historical perspective, the rapid progress and use of asbestos was seen as a 

breakthrough and widely utilised in various industrial applications before the health 

risks of this material were properly investigated. Their potential risks were ignored 

and the governments failed to create legislation for over two decades, even after 

clear proof of the damaging nature of asbestos to respiratory health. The respiratory 

effects of inhaled asbestos-fibres cause severe diseases such as lung cancer and 

asbestosis[85-87]. The latest surveys have shown that the cost of health care for 
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mesothelioma patients are still increasing, for instance, more than 24,000 patients are 

still receiving treatment today, even after its prohibition 24 years ago. Furthermore, 

buildings containing asbestos such as the ‘Tour Montparnasse’ in Paris have to be 

decontaminated with costs of over 250 million euros. A lack of consideration of 

health and environmental risks of nanomaterials in the early stages of 

nanotechnology development would repeat these failures, and could trigger huge 

future social, health and economic repercussions. 

2.2.1  Portals of Entry of Nanomaterials 

Routes by which substances can enter the human body include ingestion, inhalation, 

injection, and permeation through the skin. The potential of NMs to exhibit toxicity 

at the primary exposure site, namely skin, lungs and gastrointestinal tract (GIT), is of 

great relevance. However, the NMs localisation is not restricted to their portal of 

entry as they are distributed to a number of secondary targets (including the kidneys, 

liver, brain and spleen) which also need to be considered when evaluating the 

toxicity of NMs to human health.  A detailed diagram of routes of exposure, 

translocation and potential fates of NMs within the human body is schematised in 

Fig. 2.8. 

 

*CNS : Central nervous system; PNS: Peripheral nervous system. 

Fig. 2.8: Potential routes of exposure, translocation and deposition of NMs[12]. 
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2.2.1.1 Inhalation 

Inhalation is widely accepted as the main unintentional route of exposure of ENMs. 

The respiratory tract is the portal of entry for the air we breathe, as such lungs will be 

the first point of contact of airborne particles that enter the body. For particulates, 

size is the main factor that influences deposition in the respiratory system. Fig. 2.8 

illustrates the fractional deposition of inhaled particles in the three regions of the 

respiratory tract (including the nasopharyngeal, tracheobronchial and alveolar 

regions) during breathing. Generally, inhaled gas will pass through the nose, 

pharynx, larynx, trachea, and bronchi prior to entering the lungs. Large particles are 

likely to impact on the walls of the nasal cavity or pharynx during respiration, while 

smaller particles typically move by diffusion into the alveoli[11, 88].  

Fig. 2.9 shows that most inhaled NPs (> 1 µm) have the highest deposition efficiency 

in the nasopharyngeal compartment, whereas most 20 nm NPs (~ 50 %) are 

deposited in the alveolar region. Oberdorster et al.[12] demonstrated that the size 

distribution of NPs influences the target deposition in the respiratory tract. In the 

upper airways, particles are efficiently expelled by the mucociliary escalator 

system[89]. On the other hand, smaller-sized NPs are able to penetrate the 

alveoli[90, 91]. The average diameters of human and rat alveolar macrophages is 

between 14 and 21 µm and 10.5 and 13 µm, respectively[92]. Macrophages will 

engulf particles having a diameter of > 1 µm but less effective in recognising 

particles < 0.5 µm in diameter[93]. In some cases, depending on the 

physicochemistry of particles, NPs can impair the alveolar macrophages 

phagocytosis, enter pulmonary interstitial sites, translocate across the lung-epithelial 

barrier into the circulatory and lymphatic systems and eventually distribute to 

different organs (e.g. kidneys, spleen, heart and brain)[90, 94, 95]. 
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Fig. 2.9: The fractional deposition of inhaled particles in the nasopharyngeal, 

tracheobronchial, and alveolar regions of the human respiratory tract under 

conditions of nasal breathing, based on a predictive mathematical data from the 

International Commission on Radiological Protection[95]. 

 

In addition, insoluble particles in the lung will accumulate rapidly upon continued 

exposure as shown in Fig. 2.10, for carbon black, asbestos, multi-walled carbon 

nanotubes (MWCNTs) and grounded CNTs. The lung defence mechanisms will 

become overwhelmed when the macrophage clearance capacity is exceeded, 

resulting in lung tissue injury. Muller et al.[96] reported that MWCNTs were bio-

persistent in the lung when 81% remained in the lung after 60 days. The pulmonary 

persistence and increased accumulation of certain classes of inhaled NPs may induce 

lung inflammation, fibrosis and lung cancer[96, 97].   
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Fig. 2.10: Rat lung lesions induced by (A, F, K) carbon black, (B, G, I; 2mg/rat) 

asbestos, (D, I, N; 2mg/rat) multiwalled carbon nanotubes (MWCNT), and (F, J, O; 

2mg/rat) ground MWCNT compared to (A, F, K) saline solution after 60 days 

instillation[96]. 

2.2.1.2 Skin / Dermal Absorption 

As shown in Fig. 2.11, the skin is composed of three layers, namely epidermis, 

dermis and hypodermis. The outer layer of the epidermis is called stratum corneum, 

which is a 10 µm thick keratinised layer of dead cells, preventing the penetration of 

foreign particles effectively.  To date, dermal penetration of NPs is still 

controversial[98]. Several studies showed that NPs are able to penetrate the stratum 

corneum[98-101]. The general consensus is that NMs are more likely to penetrate 

through the skin at cracks, creases, or hair follicles and enter tissue more effectively 

in a region of a damaged or broken skin[58, 100]. 

 

500 µm 

500 µm 

50 µm 

Saline 
Carbon 

Black 
Asbestos MWCNTs 

Ground 

MWCNTs 



49 
 

  

 

Fig. 2.11: 3D representative of the skin layers and components[102]. 

According to Toll et al.[101], spherical particles with diameter between 0.75 and 6 

µm are able to penetrate the skin at hair follicles up to a penetration depth of > 2.3 

mm. Broken skin facilitates the penetration of larger particles with diameter (0.5 - 7 

µm)[95] . Current in vitro studies have shown that less than 1% of the total amount 

of applied sunscreen is found in a given hair follicle; some reports state that no 

penetration of NPs is observed and TiO2 NMs based sunscreens are safe to use[102, 

103].  The reason why skin is difficult to penetrate is due to a 10 µm thick barrier of 

strongly keratinised stratum corneum. Apart from metal oxide NPs, other metal NPs 

such as AgNPs (70 µg/cm
2
) exposed to intact vs. damaged human skin have shown 

very low skin penetration, suggesting their safe application on intact skin or wound 

dressings on damaged skin[104].  

2.2.1.3 Ingestion 

Nanoparticles used as dietary supplements, food additives and drugs are likely to 

transport through gastro-intestinal (GI) tract[105, 106]. Ingested NMs will be 

expelled if they are unstable in the extreme conditions of the GI tract. Highly acidic 

conditions may trigger NMs to agglomerate inside the intestinal tract, resulting in 

obstruction of GI tract, causing death. In comparison, small agglomerates will be 

removed through the faeces with little absorption. This process was demonstrated by 
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Wang et al.: mice fed with zinc NPs (5 g/kg body weight) developed severe 

diarrhoea, vomiting and anorexia followed by death[107].  Autopsy results revealed 

clumps of NPs blocked in the intestine.  

Several studies have claimed that ingested NPs are eliminated rapidly where 98 % 

are removed in the faeces within 48 h, whereas most of the remainder was cleared in 

the urine and the rest was translocated into the blood circulation[95]. However, some 

studies indicate that NPs can penetrate the GI tract and translocate to organs[108]. 

Oral uptake of 25 nm and 80 nm of TiO2 NPs (5 g/kg body weight) induced more 

severe lesions of liver and kidneys than fine particles (155 nm) in mice after 2 weeks 

exposure[109, 110]. 

2.2.1.4 Translocation to Distant Organs 

The physicochemical properties of NPs (e.g. surface charge, size, surface coating or 

attachment of ligands) affect the site-specific targeting of different regions of the GI 

tract. Studies have shown that NPs can translocate to the liver, bone marrow, blood, 

lymph nodes, kidneys, brain and lung[58, 111]. Jani et al. showed that polystyrene 

microspheres larger than 100 nm were absent from bone marrow, while particles 

larger than 300 nm were not found in the blood[111].  

Besides, Choi et al. investigated the translocation of a series of near –infrared (NIR) 

fluorescent NPs with different chemical composition, size, shape and surface charge 

from the lung airspaces to the body[112]. The authors demonstrated that non-cationic 

NPs with hydrodynamic diameter (HD) ≤ 34 nm can translocate across the epithelial 

barrier, and enter regional lymph nodes. Once lodged in lymph nodes, non-cationic 

NPs (6 nm ≤ HD ≤ 34 nm) could cause inflammation and could contribute to 

carcinogenesis. Nevertheless, when the surface charge on the particle is zwitterionic 

and HD < 6nm, NPs are able to enter the bloodstream rapidly from the alveolar 

spaces and then permit renal clearance of a drug not bound to its target. NPs ≈ 5 nm 

able to traverse from the lung to the blood stream and then reach tissues and organs 

[113]. However, the effect of long-term deposition in organs is still unknown.  

2.2.2 Excretion of Nanomaterials 

Nanoparticles can be expelled through sweat, breast milk, saliva, faeces and kidneys, 

but in vivo experiments have only proved excretion via urine[114] and faeces[115]. 

There is a consensus that the size of particles and adsorption of biomolecules onto 
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particles are related to the ability to clear the particles from the body effectively via 

renal filtration and urinary excretion. Both factors are the key design parameter in 

developing therapeutic and diagnostic agents.  

Choi et al.[116] proposed that the major excretion route of NPs, which do not 

biodegrade into biologically benign components, from the human body is through 

liver, into bile and faeces. However, the liver is designed to excrete NPs > ~ 10 - 20 

nm in hydrodynamic diameter and the elimination of NPs into bile is an extremely 

slow process. Moreover, the long-term retention of NPs in the reticuloendothelial 

system (e.g. liver, spleen and bone marrow) enhances the toxicity[116]. Several 

studies have suggested that NMs alter metabolic functions in the kidney, damage the 

excretory systems, leading to NPs retention, nephrotoxicity and organ failure[117, 

118].  

To date, there is ample evidence that physicochemical properties (e.g. surface 

chemistry, size and shape) influence the biodistribution, clearance and 

biocompatibility of NPs in vivo. It is well established that rod-shaped (non-spherical) 

and negatively charged particles show a longer retention time in the blood stream 

[119, 120]. For instance, Huang et al. studied the effect of fluorescent mesoporous 

silica NPs (MSNs) on their excretion rate and organ distributions[119]. Short-rod 

MSNs were found to trap in the liver, whereas long-rod MSNs were distributed in 

the spleen. Moreover, short-rod MSNs have a higher clearance rate via urine and 

faeces than long-rod MSNs.  The phagocytic activity of macrophages being less 

stimulated by rod-shaped particles compared to spherical ones[121]. In addition, 

neutral or negatively charged NPs have a low rate of nonspecific cellular uptake and 

a marked reduction in the plasma protein adsorption, decreasing early clearance from 

the body, minimising side effects and reducing the total dose required[120]. 

Therefore, targeted NPs functionalised with ligands by modifying physicochemical 

properties of NPs, have been shown to increase their long circulating drug delivery 

system. 

2.2.3 Pulmonary Toxicity of Nanomaterials 

Several studies have compared the colloidal stability of NPs in different suspension 

media, including rat bronchoalveolar lavage (BAL)[122]; phosphate buffered saline 

(BAL fluid mimic containing bovine serum albumin (BSA) and 
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dipalmitoylphosphatidylcholine (DPPC))[18, 123]; semisynthetic lung fluid 

(DPPC/palmitoyl-oleoyl-phosphatidylglycerol/ surfactant protein B (SP-B); 70:30:1 

wt %)[124]. These studies found that NPs were well-dispersed in the presence of 

DPPC and protein and the synthetic lung fluid was as effective as BAL in dispersing 

the NPs.  

It is imperative to emphasize that DPPC-NPs interactions depend on several factors, 

such as particle size[125], surface charge[126] and particle nature (hydrophilic or 

hydrophobic)[127].  Interactions occurring between the biological media and NPs 

are expected to govern the subsequent biological effects of the particles. In the 

context of respirable NPs, the interactions with both lung lining fluid components 

and local cell populations will determine the effects on cell metabolism and lung 

function[128]. The effects of the lung lining fluid on the aggregation state of NPs 

will play an important role in determining the interaction of particles with proteins, 

cells and tissues[129]. An altered aggregation state of the particles will modify 

particle transport, the amount of Ag particles internalised by cells and their 

subsequent interactions within cells[130]. The aggregation state of the particles can 

also alter the surface tension of the lung lining fluid and thus subsequently affect 

innate immune responses by sequestering lipids or proteins[131]. These factors may 

eventually alter the bioavailability of AgNPs, cellular toxicity and even lung 

function[132]. 

The phospholipids coating of AgNPs could lead to serious pulmonary homeostasis 

by interfering with biophysical surfactant function. The detailed mechanisms by 

which AgNPs damage cells and tissues is not fully understood; however, as 

described in section 2.1.1, recent studies have indicated that Ag
+
 ion release is a 

major pathway underlying the biological reactivity and toxicity of AgNPs[133, 134]. 

Ionic silver (Ag
+
) is a well-known oxidation catalyst that has been implicated in 

protein damage by desulphurisation and generation of reactive oxygen species 

(ROS)[135]. In addition, Ag
+
 ions may interfere with NO redox equilibria in the lung 

and in the generation of ROS[10].
 
This oxidative potential may increase the 

permeability of the lung epithelium to AgNPs resulting also in DNA damage, lipid 

membrane damage, chromosomal aberrations, and cell cycle arrest[11, 36]
 . 

Through 

these biochemical pathways, release of Ag
+
 ions is a critical process that will 
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determine the downstream effects of AgNPs on human health[136, 137]. Currently, 

the importance of the AgNP-surfactant interaction and the effect of bound surfactant 

components on the intracellular response of AgNPs have been neglected in the 

literature. For this reason, it is critically important to understand how the interaction 

between lung surfactant components and AgNPs will affect their stability in 

biological media, and ultimately any downstream effects of the particles can be 

predicted.  

2.2.3.1 Pulmonary Surfactant 

The deep lung consists of a layer of lung lining fluid, pulmonary surfactant that is 

composed of 90% phospholipids and 10 % surfactant proteins[138]. The most 

abundant phospholipids are based on phosphatidylcholine (PC) with DPPC 

predominant, making up 41 – 70 % of the PC component. The lung lining fluid plays 

an important role in regulating the innate immunity of the lung[139, 140], and DPPC 

is mainly responsible for reducing surface tension at the alveolar surface[141]. It is 

generally believed that a DPPC enriched monolayer is able to produce the near-zero 

surface tension at the end of exhalation, easing the work of breathing and preventing 

the alveoli from collapsing[142]. 

There are four lamellar phases recognised in saturated phosphatidylcholines (e.g. 

DPPC): a liquid-crystalline phase (Lα) and phases with ordered hydrocarbon chain 

arrangements, namely sub-gel or crystal phase (Lc), gel phase (Lβ) and ripple phase 

(Pβ)[143]. The pre-transition temperature associated with lamellar gel phase (Lβ) to 

ripple phase (Pβ) in aqueous dispersion of DPPC in bilayer is approximately 35 ºC. 

Whereas, the main transition temperature of the gel-to-fluid phase (Tc) is observed at 

42 ºC[144, 145]. Below this transition or melting temperature (Tc), hydrated DPPC 

molecules may be less mobile but may rotate occasionally. At ambient temperature 

or 37 ºC, DPPC monolayers are rigid enough to be compressed to a high surface 

pressure (π > 50 mN/m) or a low surface tension (γ = 0 mN/m) and can be sustained 

at these low values of surface tension for a considerable amount of time, without 

collapsing[146, 147]. Lung surfactant deficiency and dysfunction may lead to the 

severe pulmonary disorders such as acute respiratory distress syndrome (RSD)[148].  

It is well established that lipid vesicles do not rupture to form a bilayer on metal 

surface[149]. To confirm the formation of lipid bilayer on citrate coated AgNPs, 
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McConnell’s group[150] created supported lipid bilayers by spreading the lipid 

vesicles on hydrophilic supports. Sachan et al. visualised the topology of a 

hydrophobic polyorganosiloxane (AmOrSil20) NPs and characterized their 

localization within the compressed pulmonary surfactant film using scanning force 

microscopic and electron microscopy techniques[151].  The authors demonstrated 

that hydrophobic AmOrSil20 NPs neither significantly destabilize the film at the 

interface nor compromise the functioning of the film. In addition, TiO2 NPs have 

been shown to interact with pulmonary surfactant directly, inducing dysfunction of 

the biophysical surfactant or altered toxic particle effects[88].    However, to date, 

high resolution imaging of the lipid-NPs interactions is still scant in the literature. To 

study the detailed morphology of the DPPC layer(s) bound to the NPs surface, 

uranyl acetate negative staining technique was used. 

2.2.3.2 The bio-nano Interface (Protein/ Lung lining fluid) 

Recent nanomedicine research has been undertaken to develop NPs as potential drug 

candidates due to their size-related properties, making them ideally used for a 

specific pathway. In the biological environment, NPs are immediately entrapped by 

proteins, leading to the formation of a ‘protein corona’ surrounding and hiding the 

surface of the NPs. Thus, the NPs will not remain as an inert object but form hybrid 

bio-nanomaterials with different physicochemical properties, including changes of 

aggregation state, effective size and surface charge [152-154]. The interaction of 

NPs with plasma proteins is one of the most prominent factors that should be 

considered to address nanotoxicology issues of NMs and take their medical 

applications into the next level.  

 

There are several factors (e.g. surface charge, hydrophobicity, particle size and 

surface curvature) that play a role in influencing NPs - protein interactions, thus the 

kinetics of protein binding can be manipulated by these factors to increase the 

retention and circulation time of NPs in the body[155-157]. Neutrally - charged 

particles have been shown to have a reduced opsonisation rate in comparison with 

charged particles[157, 158]. Besides, the hydrophobicity of NPs also affects the 

amounts of protein adsorption to their surface. Generally, hydrophobic NPs have a 

higher opsonisation rate than hydrophilic NPs, leading to a large uptake by the liver 

and spleen[159, 160].  



55 
 

 

Apart from surface chemistry, Roiter et al.[125] demonstrated that nearly all smaller 

NPs (< 22 nm) were not covered by the lipid bilayer due to their higher surface 

curvature. The high curvature could not be confirmed by the bending energy of the 

lipid membrane compared to the attractive force pulling the membrane to the surface 

as shown in Fig. 2.12 c. In contrast, their larger counterparts were nearly covered 

with lipid bilayers but holes remained only around smaller-sized NPs as shown in the 

image of the lipid bilayer after subtraction of the particles and the substrate (Fig. 

2.12h). On the other hand, Cedervall et al.[161] have shown that the size and the 

surface curvature of NPs play a main role in determining the amount of bound 

proteins but do not influence identity of bound proteins.  

 

There are some arguments on the advantages and disadvantages of protein 

binding[162]. Exploiting protein binding can be useful to target the NPs to a specific 

area of the body[163-165]. For instance, polysorbate 80-coated 

polybutylcyanoacrylate (PBCA) - NPs preferentially adsorb apolipoprotein E (apoE) 

on their surface, prolonging their circulation in the blood due to the creation of 

hydrophilic surfaces and increasing their ability to deliver various drugs to the 

brain[166]. Nevertheless, binding of these specific proteins has been shown to 

enhance uptake of the coated NPs by cells of the reticuloendothelial system (RES) 

and affect the route of particle internalisation and their eventual fate in the body (e.g. 

rate of clearance from the blood stream and organ disposition)[166, 167]. The 

addition of poly (ethylene glycol) (PEG) has been shown  to ‘mask’ NPs from RES 

recognition and prolong blood circulation[168-170]. PEG coated – gold NPs were 

shown to be targeted and accumulated in the tumor in a tumor-burden mouse model. 

In contrast, colloidal gold NPs (without PEGylation) accumulated in the liver and 

spleen rapidly and did not dissipate out of these organs after 3 months[171].  
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Fig. 2.12: Lipid bilayer formation in the presence of particles larger than the lipid 

bilayer thickness (~5 nm, including the interfacial layer of water). AFM images of 

lipid bilayer formation over a surface with (left; a-d) 5 - 20 nm silica NPs and (right; 

e-h) mixed 5 - 140 nm silica NPs: (a, e) substrate with particles and no lipid, (b, f) 

partial coverage of the surface by lipid bilayer (shown in silver colour), (c, g) lipid 

bilayer formed on the substrate, and (d , h) image of the lipid bilayer after 

“subtraction” of the particles and the substrate. Schematics in the center illustrate 

how the lipid bilayer forms a pore around particles smaller than 22 nm (i) and how it 

may envelope the larger particles (j). The structure of bilayer area encircled in (j) is 

speculative because it cannot be resolved or assumed from AFM experiments[125]. 

Numerous studies have also shown that protein adsorption decreases with increasing 

molecular weight of a PEG coating, subsequently reducing cellular uptake and 

enhancing the particle’s blood circulation half-life[157, 169, 172]. Generally, PEG is 

not the only polysaccharide that can be bound to the NPs surface to affect the protein 

binding or to avoid the immune recognition. Apart from PEG, various other 

polysaccharides and polymers have also been used to achieve the desired targeting 

effect for a particular medical function. A detailed understanding of the NPs - protein 

interactions will help in improving the delivery and the biodistribution of 
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nanomedicines within a biological system and also in increasing the bio-safety of 

NMs. 

 2.2.4  Central Nervous System (CNS) Toxicity 

Neurological diseases affect 24.3 million people worldwide and are one of the most 

severe medical burdens. NPs have been widely exploited for controlled and site-

specific delivery of drugs, which have shown promising results for the treatment of 

various diseases including Alzheimer’s disease (AD) and Parkinson’s disease (PD) 

[173, 174]. Over the past few years, several studies have suggested that AgNPs can 

localise inside the brain and may cause brain diseases (including Alzheimer’s and 

Parkinson’s diseases), if the particles are accidentally inhaled through the nose. 

Hadrup et al.[20] compared the neurotoxic effects of 14 nm AgNPs and ionic Ag in 

vivo and in vitro. The authors found that both the AgNPs and ionic Ag
+
 increased 

dopamine concentrations in the brain following oral administration. Furthermore, 

exposure of PC12 neuronal cells to AgNPs and Ag
+
 ions caused apoptosis which 

was linked to induction of the mitochondrial and death receptor pathways[20].  

A number of in vitro studies have shown that the release of Ag
+
 ions from the NPs 

might cause oxidative stress, damage cellular constituents, and affect DNA 

replication, resulting in cell apoptosis[175-178]. The interaction of Ag
+
 with thiol 

groups of proteins or enzymes may cause interruption of normal cell or enzymatic 

activities, interfere with NO redox equilibria in the lung and trigger the generation 

of reactive oxygen species (ROS)[135]. Moreover, Ag
+
 might perturb mitochondrial 

function through interaction with thiol groups of the mitochondrial inner 

membrane, causing oxidative damage[179-181]. For over a decade, researchers 

have debated the main mechanism of AgNPs toxicity, whether the particles exert 

direct, particle-specific biological effects or whether their effects are due to the 

release of Ag ionic species, or a combination of both. Although these particle-

specific mechanisms are highly debated, there is a consensus that Ag
+
 ion release is 

responsible for biological actions; consequently AgNPs toxicity is mainly 

elucidated by exposing cells to Ag ions (Ag
+
).  

Recent reports have shown potential neuronal uptake and translocation of inhaled 

particles and pathogens to the brain via the olfactory nerve[182-185]. Both in vivo 

and in vitro studies have reported that AgNPs can translocate from entry portals 



58 
 

(e.g. human skins, lungs and the gastro-intestinal tract) through epithelial and 

endothelial cells into blood circulation, accumulating in various tissues or organs, 

including bone marrow, liver, spleen, lymph and heart[186]. Spherical AgNPs 

(Sigma –Aldrich) with a 70 nm ± 20 nm particle diameter, have the ability to cross or 

damage the blood brain barrier (BBB) and reach the central nervous system 

(CNS)[187, 188].  Trickler et al.[187] examined the molecular mechanisms and 

integrity of the BBB in vitro following with the interactions of AgNPs with the 

cerebral microvasculature. The author suggested that cerebral microvascular damage 

and dysfunction were dependent on the size of the NPs, with smaller AgNPs much 

more profound in producing inflammatory responses. Tang et al.[189] also 

confirmed that pure AgNPs (Sigma-Aldrich) with a 50 -100 nm particle diameter 

could cross the BBB and accumulate in the brain in vivo, resulting in BBB 

destruction and astrocyte swelling, inducing neuronal apoptosis. Moreover, a two 

week inhalation exposure of mice to AgNPs has been shown to affect brain gene 

expression associated with motor neuron disorder and immune cell function[19].   

To the best of my knowledge, most of the attempts to study the neurotoxicity of 

NMs have focused on the ability of AgNMs to cross the BBB and the brain tissues 

uptake of NPs. However, the possible interaction of Ag
+
 ions with thiol groups of 

proteins and their effect on the upregulation of enzymes have not been investigated 

thoroughly in the brain. Considering the existing problems, it is crucial to 

understand how the transformation of Ag will impact their neurotoxicity, and 

subsequently activate the production of enzymes to achieve the chemical 

equilibrium in a biological system. Here, the interactions of Ag
+
 with thiol groups of 

proteins, and the downstream bioactive effects of transformed AgNPs were 

discussed in the study. 

2.3  Biological - Nanomaterials Interaction 

2.3.1 Cellular Uptake  

Nanomaterials are able to enter into the cells and various cellular compartments, 

including the nucleus, cytoplasmic vacuole and mitochondria. The pathway of 

cellular internalisation, subcellular localisation and ability of catalysed oxidative 

products are highly dependent on the physicochemistry of particles [172, 190-193]. 

Upon non-phagocytic uptake, NPs can be found in various locations inside cells. 

NPs can be internalised, not only by professional phagocytes, such as alveolar 
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macrophages but also by various cells, such as red blood cells[90], pulmonary 

epithelium[194, 195], endothelial cells[196, 197], intestinal epithelium[198, 199], 

and neuronal cells [200].  

Ayush et al.[201] suggested that positively-charged NPs more readily cross cell-

membrane barriers than neutral and negatively charged particles, which may increase 

the toxicity. In contrast to the high level of cell interaction and internalisation by 

positively-charged particles, NPs with neutral or negative surface coating (e.g. PEG) 

resist interactions with negatively charged cell-membrane surfaces and display 

minimal internalisation[201]. Liu et al.[202]examined the influence of surface and 

size on the uptake of gold (Au) NPs by both phagocytic and nonphagocytic cells. 

The authors showed that positively-charged AuNPs were internalised more readily 

than those with a negative surface charge, in nonphagocytic HepG2 cells and the 

majority of AuNPs were localised in lysosomes.  In contrast, for a phagocytic 

macrophage cell line (RAW 264.7), internalisation was more efficient for negatively-

charged AuNPs, where most of them were mainly found in phagosomes. This study 

suggested that the cell interaction with NPs is not only affected by NPs’ 

physicochemical properties but also depended on cell types.  There is a consensus 

that phagocytosis of particles is most efficient when particles have dimensions in the 

range between 1 and 2 µm[190, 193, 203].  

Recent studies of the particle shape effect on cellular uptake of NPs suggest that the 

morphological features of NPs play a more dominant role than particle size, surface 

chemistry, and chemical composition in determining the NPs’ cellular translocation 

and their excretion rate[192, 204]. Huang et al.[205] investigated the effects of the 

shape of mesoporous silica NPs with three different aspect ratios on cellular uptake. 

Particles with higher aspect ratios, regardless of their surface charge, particle 

diameter and chemical composition, showed a greater impact on cellular responses 

such as cell proliferation, apoptosis, adhesion and migration and cytoskeleton 

formation. On the other hand, Chu et al.[204] observed the role of morphological 

features in determining their cellular fate (Fig. 2.13). NPs with sharp corners or 

edges were found to penetrate the endosomal membranes easily and remain in 

cytoplasm for a long period of time, decreasing the cellular excretion rate of NPs 

significantly. In contrast, spherical NPs (low sharpness) remained stable in 

endosomes after endocytosis and were involved with endosome maturation and 
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accelerated lysosomal exocytosis[206].  Therefore, the discovery of the role of 

morphology on NPs’ cellular fate is vital for manipulating NPs - cell interaction for 

various applications, including bio-imaging, bio-sensing, drug delivery and etc.. 

Endocytosis has been proposed as a mechanism by which AgNPs (≤ 100 nm in size) 

might enter cells[207]. During endocytosis, the cell membrane forms a saclike 

vesicle, or endosome, to engulf NPs into the cell. There are two kinds of 

endocytosis: phagocytosis and pinocytosis. Phagocytosis is conducted by specialised 

cells in the immune system (e.g. microglial cells or macrophages) by which the 

membrane seal around NPs, forming a phagosome or “food vacuole”. In pinocytosis, 

an infolding of the cell surface or plasma membrane engulfs fluid phase and single 

molecules into large endocytic vesicles, known as macropinosomes[208].  

Fig. 2.13: Schematics showing intracellular trafficking of NPs with different 

morphological features. Left: Spherical NPs with low sharpness reside in the 

endosome after endocytosis, then evolve into the lysosome by endosomal 

maturation, and easily excreted via exocytosis with the lysosome as the vehicle. 

Right: NPs with sharp shapes or edges could pierce the membranes of endosomes 

before the lysosome is formed. NPs has very low excretion rate and will stay in the 

cytoplasm for a long time without a lysosome as the vehicle[204].  

For cellular uptake of NWs, Chen et al.[21] showed that AgNWs could translocate 

across the plasma membrane by “needle-like” mechanism of insertion into cells as 

previously reported for functionalised carbon nanotubes[209]. The uptake 

mechanism of NMs must be known in order to understand the behaviour of NPs in 

biosystems. However, current research does not provide sufficient information to 



61 
 

drawing conclusions on the mechanism of internalisation of AgNWs and their uptake 

kinetics. Here, we have undertaken investigations to determine the cellular uptake of 

AgNPs and AgNWs in the central nervous system which are critical in understanding 

the adverse effects as well as the mechanism of action of the NMs.  

2.3.2 Oxidative Stress and Inflammation 

To date, the exact mechanism underlying nanotoxicity is not known; it has been 

suggested that the overproduction of reactive oxygen species (ROS) induce pro-

inflammatory effects, thereby damaging cells by interfering with cell signalling, 

altering proteins, disrupting DNA and leading to changes in cell motility and 

apoptosis[210, 211]. Nevertheless, there is a consensus that ROS production is a 

‘double edged sword’ in disease prevention and promotion. Studies have shown that 

ROS play beneficial physiological roles in cellular signalling systems, response to 

growth factors and induction of mitogenic responses[212, 213]. During normal 

physiological processes, ROS (e.g. hydrogen peroxide (H2O2), superoxide ions (O2
−
), 

and hydroxide radicals (OH
−
)) are by-products of cellular oxidative mechanism. The 

overproduction of these compounds is able to damage cellular proteins and lipids, 

developing cancer and cardiovascular disease[210].  The oxidative stress induced by 

NPs can be affected by several critical determinants, including NPs size, shape, 

surface chemistry, dissolution or aggregation of NPs and medium pH[214-216].
 
 

 

Nanoparticle – induced oxidative stress may have several sources which relate to the 

chemistry of the particles, cellular type, and the intracellular fate of the NPs: 

 

(i) Transition metals such as copper, chromium, iron, vanadium can act as 

catalysts by participating in one-electron oxidation-reduction reactions 

(Fenton type reactions), leading to the formation of ROS[217]. For 

instance, the reduction of hydrogen peroxide (H2O2) with transition 

metal ions (M
n+

) results in the formation of hydroxyl radicals (
•
OH) 

which is highly reactive in attacking biological macromolecules (e.g. 

lipids, amino acids and nucleic acids[218].   

M*
+
 + H2O2            M*

++ 
+   

•
OH + OH

-
  (2.19) 
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(ii) Activation of inflammatory cells (e.g. neutrophils and alveolar 

macrophages)  generates ROS and reactive nitrogen species[219]. The 

effect of exposing human lung submucosal cells to the amorphous nano-

SiO2 was investigated by McCarthy et al.[220]. SiO2 NPs have been 

shown to induce inflammatory effects in submucosal cells, and generate 

ROS, leading to apoptosis and decreased cell survival.  

(iii) NPs are able to enter mitochondria and alter their functions [221] [222]. 

The effects of PVP-coated AgNPs and Ag
+
 ions in the human alveolar 

cell line A549 were investigated by Foldjerg et al.[223]. A strong 

correlation between mitochondria damage and the ROS production was 

observed. Mitochodria damage severely affects the flow of electrons 

through the electron-transport chain, inducing leakage of electrons and 

an increase in the amount of ROS production[224]. 

(iv) When both oxidants and free radicals piggy-back the NPs surfaces, ROS 

can be generated from their surfaces, leading to oxidative damage (e.g. 

NO2 and O3). 

 

Oxidative stress and ROS have also been linked to many age-related degenerative 

diseases, such as inflammation, Parkinson’s disease, Alzheimer’s disease, arthritis, 

cardiovascular disease and etc.[225-227]. It has been reported that antioxidants, anti-

inflammatory and metal chelators show promising therapy in treating the adverse 

health effects caused by the cytotoxicity of NPs[228, 229]. Antioxidant therapy has 

been shown to offer neuro-protection and to minimise the development of 

cardiomyopathies, coronary heart disease, hypertension, and congestive heart 

failure[228].  

2.3.3 Genotoxicity 

As discussed earlier, NPs are able to generate ROS on their surface or by activation 

of inflammatory cells. The increase of oxidative species may cause mitochondrial 

dysregulation, chromosomal aberrations and DNA damage, which are known to be 

the main factors resulting in cell cycle arrest[177]. Asharani et al.[177] investigated 

the biokinetics of NPs on their toxicity in human cells. AgNPs disrupted the 

mitochondria respiratory chain, causing interruption of ATP synthesis and 

production of ROS, leading to DNA damage. Hackenberg et al.[230] also found that 
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AgNPs, at a high exposure concentration (10 µg/ml), may lead to geno- and 

cytotoxic effects in human mesenchymal stem cells, but the migration activity was 

not affected by AgNPs at non-toxic levels. Taken together, all these studies 

suggested that the interaction of NPs with cells could be associated with increased 

cell injury, genotoxicity and diseases[231, 232]. 

 

2.4  Production and Physiology Effects of Hydrogen Sulfide (H2S) 

2.4.1  Emerging Roles of H2S in Health and Disease 

Studies in biological mammalian systems have shown that H2S equilibrates with 

aqueous sulphides (HS
-
 and S2

-
) and plays vital roles in diverse physiological and 

pathological processes, such as angiogenesis, inflammation, regulation of blood 

pressure, vasorelaxation, metabolic disorders, energy production in mitochondria and 

insulin signalling inhibition[233, 234]. Studies have also demonstrated H2S is an 

universal cytoprotective defence mechanism for biological organisms and a defect in 

its production may be related to a number of diseases, including Alzheimer’s 

disease[235], hyperglycaemia[236], Down’s syndrome[237] and ischaemia[238]. 

Shiau et al.[239] showed that decreasing endogenous H2S levels will significantly 

lower intracellular calcium concentrations, which is an essential element for normal 

cellular functions, suggesting that endogenous H2S may regulate calcium 

homeostasis. These observations suggested H2S may function as a neuromodulator in 

mediating signalling between neurons and microglial cells in the brain. 

2.4.2  H2S Producing Enzymes 

Hydrogen sulphide (H2S), which is generally considered as a toxic gas, has been 

found endogenously produced mainly by the pyridoxal-5’-phosphate (PLP) -

dependent enzymes, cystathionine β-synthase (CBS) and cystathionine γ-lyase 

(CSE) via homocysteine, amino acids cysteine and cystathionine. Recent studies 

have revealed a third potential enzymatic mode of H2S production by 3-

mercaptopyruvate sulfurtransferase (MPST) via the cysteine catabolic pathway in 

the presence of reducing substances such as dithiothreitol (DTT)[240]. Recent 

accumulating evidence suggested that H2S serves as an important endogeneous 

neuromodulator and vasodilator. However, the evidence of its involvement in H2S 

biosynthesis in rodents or humans is still poor.  
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It has been widely suggested that the expression of enzymes in mammals is tissue 

specific. The current consensus in the literature is that CBS is highly expressed in 

the central and peripheral nervous system, while CSE is the predominant source of 

H2S in the vasculature (e.g. smooth muscle and endothelium), heart, kidney and 

liver; MPST can be found in the brain and vasculature[239]. Fig. 2.14 summarises 

the H2S generation and H2S-generating reactions catalysed by CBS, CSE and 

MPST. Despite the evidence suggesting that AgNPs may led to neuroinflammation 

as shown in section 2.2.4, much less is known about their interaction with proteins 

that might affect their impacts on neurotoxicity. Therefore, a link between the effect 

of inhaled AgNPs and the endogeneous production of H2S is vital in understanding 

the response of sulfur metabolism enzymes to NMs in central nervous system.  

So far, there is a lack of research which elucidates cellular uptake of AgNMs and 

any transformation of these materials inside the brain cells. A link between their 

interactions with H2S producing enzymes causing a reduction in H2S production in 

the brain cells remains to be shown. Therefore, the aims of this study are to 

investigate uptake of AgNMs (particles and wires) by microglia cells and their 

transformation inside cells. Regulations and colocalisation of the H2S producing 

enzymes (CBS, CSE and MPST) were monitored using confocal microscopy of 

cells exposed to the NMs. There is a paucity of research which correlates 

transformation of AgNMs to cell viability and oxidative stress, following uptake by 

microglial cells related to expression or the activity of H2S producing enzymes in 

the brain.  Microglial cells have been chosen as these are the primary immune cells 

in the brain and play a central role in inducing oxidative stress response. Microglia 

primarily involved in the macrophagy, surveillance, production of pro-inflammatory 

signals (i.e. cytokines and chemokines) in the brain.  
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2.5  Future Direction of Nanotechnology: Applications or Hazards? 

According to the report entitled ‘Nanoparticles in Biotechnology, Drug development 

and Drug Delivery’ by the BCC research team in USA, the global market for NPs in 

biotechnology and pharmaceuticals has been increased from approximately $ 25 

billion in 2013 to $ 29.6 billion in 2014[241]. This market is projected to grow and 

reach $ 79.8 billion in 2019. The novel features of the NMs offer enormous potential 

for technological progress in the twenty-first century. Currently, NMs are 

increasingly incorporated into various consumer products as discussed in section 2.1.  

To date, the exponential growth of nanotechnology has not been matched by 

investigations of their potential hazards and the risks of these new materials. 

Recently, industries have faced difficulties in assessing and quantifying the safety of 

ENMs during their production. The development of advanced nanometrology 

protocols and the use of a combination of characterisation techniques are crucial to 

elucidate the consequences on the bioreactivity of inhaled AgNMs. Moreover, the 

approach of assessing the toxicity of ENMs with different physicochemical 

properties (e.g. size, shape and surface chemistry) and understanding their possible 

benefit or adverse effects on environment and human health are also crucial to 

minimise their risks and hazards.    

Krug et al.[242] proposed there are contradictions or inconsistencies in toxicity data 

possibly due to a methodology effect, different experimental conditions or the use of 

a completely new material. Furthermore, adequate physicochemical characterisation 

of AgNMs prior to the toxicity assessment and selection of appropriate doses in 

toxicological studies are paramount to correlate biological action with NPs 

properties. Furthermore, regulatory bodies such as the United States environmental 

Protection Agency or the Food Standards Agency (FSA) should  consider the life 

cycle of ENMs, whether the physicochemistry of ENMs changes during their life 

cycle, and also identify the likely exposure pathways as well as the sustainability of 

the product before approval[243].  
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Fig. 2.14: Schematic of H2S production and metabolism. CAT, cysteine aminotransferase; CBS, cystathionine β-synthase; CDO, cysteine 

dioxygenase; CLY, cysteine lyase; CSD, cysteine sulfinate decarboxylase; CSE, cystathionine γ-ligase; MPST, 3-mercaptopyruvate 

sulfurtransferase; R-SH, thiol[244].
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3.0 Size – Dependent Electrochemical Stability of Silver Nanoparticles  

3.1 Aims and Overview 

Silver nanoparticles (AgNPs) have attracted much interest in electrochemical based 

applications, such as fuel cells[245, 246], catalysis[247], sensing[248, 249] and the 

reduction of organic halides[250, 251]. Therefore, stability against oxidation or loss 

of effective surface area is necessary for metallic nanoparticles (NPs) to retain their 

useful properties in long-term applications and to minimise their harmful effects on 

organisms and the environment. According to the literature, findings related to the 

electrochemical stability of nanoparticles have shown contradictory conclusions (See 

Sec. 2.1.3). For instance, Ng et al. investigated the anodic dissolution of silver 

nanoparticles (AgNPs), with dimensions of 1 nm, on highly oriented pyrolytic 

graphite (HOPG) electrode surfaces via ex-situ scanning electron microscopy (SEM) 

[63]. SEM images showed that they were stable at a potential of +500 mV greater 

than the reversible potential of bulk silver. Contrary to this, opposing conclusions on 

the electrochemical stability of nanoparticles suggesting a dissolution potential 

decreases with particle size can also be found (detail see 2.1.3)[4, 252]. 

To investigate the electrochemical stability of silver nanoparticles (AgNPs) as a 

function of applied potential, pH and particle size, electrochemistry techniques have 

been proven as a particularly useful approach for detecting and quantifying AgNPs, 

especially in the liquid phase[253]. Since a large variety of electrochemical 

processes involve the use of Ag as catalysts, nanosensors or the reactive species in 

various applications, the basic issues around their electrochemical stability need to 

be addressed. So far, only a small number of studies have reported an investigation 

of the electrochemical stability of Ag as a function of size, pH and potential. The 

lack of individualised AgNPs with a well-controlled size distribution has also 

resulted in inaccurate predictions on the dissolution behaviour of NPs in solution.  In 

this work, assessment of available NPs deposition methods (namely 

electrodeposition, e-beam evaporation and magnetron sputtering) was done to 

prepare individualised AgNPs with a homogenous distribution.   Among these 

methods, magnetron sputtering with a filtered capability proved the best method in 

preparing well-distributed AgNPs. A magnetron sputtering system NanoSys 500 

(Mantis Deposition Ltd) was used to deposit pristine AgNPs without a 

stabiliser/surface coating on boron-doped diamond (BDD) substrates. The stability, 
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passivation and dissolution behaviour of AgNPs were determined by combining 

experimental studies with thermodynamic calculations.  

3.2  Experimental Methods 

3.2.1 AgNPs Sample Preparation 

Individualised AgNPs were prepared either using electrodeposition methods (e.g. 

potentiostatic step deposition[254] and pulsed galvanostatics methods)[255] or non-

electrochemical methods (e.g. physical vapour deposition - PVD[256] and chemical 

vapour deposition - CVD[257]) . Ideally, well-dispersed and homogeneous NPs 

distributions are favoured in order to improve the electrochemical performance of 

AgNPs on boron-doped diamond (BDD) electrodes. In this study, BDD electrodes 

were chosen as working electrodes due to their desirable electrochemical properties, 

such as a wide potential window, a low signal to background current ratio and a 

robust nature. Furthermore, they are also useful for fundamental chemical studies of 

electrocatalysis since they do not corrode or oxidise, but demonstrate superior 

chemical resistance and bio-compatibility[258].  Besides, BDD electrodes have been 

extensively employed as NPs supports since they do not catalyse the studied 

reactions. Various deposition methods (i.e. electrodeposition, e-beam evaporation 

and magnetron sputtering) were compared in order to optimise the size distribution 

of AgNPs on BDD working electrodes. 

 

Fig. 3.1: BDD substrates and carbon-coated Cu grids (TEM) on the substrate sample 

holder for magnetron sputtering deposition of AgNPs. 
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3.2.1.1 Electrodeposition 

Electrochemical deposition is one of the most attractive methods for the deposition 

of metal NPs. It is a simple, fast and economic method in which metal cations (i.e. 

Ag
+
) from the electrolyte salt are reduced at the working electrode by applying a 

specific potential. The deposition of NPs can be controlled by different deposition 

conditions, including the deposition time, applied potential, scan rate, 

electrochemical method and metal ion concentration[259]. For example, there is a 

consensus that the deposition time is proportional to the mass loading of NPs[260].  

The classical deposition technique from solutions is not practical as it results in an 

inhomogeneous NPs distribution. A better technique is a potentiostatic double-pulse 

technique, introduced by Schedule and Todorova, which can control monodispersity 

of NPs[261].  

In this work, the double – pulse technique was used for depositing AgNPs on BDD 

in a 0.1 M KNO3 solution containing 1.0 mM AgNO3. The procedure was adapted 

from Afsaneh et al. to prepare individualised AgNPs (1- 10 nm in diameter), with 

controlled dimensions[254]. The working electrode was a boron - doped diamond 

substrate (BDD, Element Six Group) with a surface area of 1 cm
2
. A saturated 

Ag/AgCl and a platinum wire served as a reference electrode and a counter 

electrode, respectively. The details of experimental set up were shown in Fig. 3.2. 

The current-time setting was done using IviumSoft
TM

 Electrochemistry Software by 

computer control. The detailed optimised pulse parameters were outlined as follows: 

Nucleation pulse:  E1 = 130 mV vs. Ag/AgCl; t1 = 10 ms 

Growth pulse:   E2 = 240 mV vs. Ag/AgCl; t2 = 50 s, 250 s and 500 s 

The AgNPs-modified working electrodes were washed with distilled water and dried 

with N2 gas after the deposition.  
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Fig. 3.2: Experimental set up of electrodeposition of AgNPs on BDD substrates. 

3.2.1.2 E-beam Evaporation 

E-beam evaporation is a physical vapour deposition (PVD) process in which a source 

material is bombarded by an electron beam drawn from a tungsten filament under 

ultra-high vacuum. The focused electron beam is swept across the surface of the 

target material and causes atoms to vaporise into the chamber. Upon impact, the high 

kinetic energy is converted into thermal energy, causing the evaporation of the target 

material (source). Therefore, these atoms condense on the substrate surfaces with a 

thin layer of the coating or film[262]. The basic principle of the E-beam evaporation 

method is described in Fig. 3.3 (a). In order to get individualised NPs on substrates, 

an annealing treatment is needed to initiate the de-wetting process of the thin film as 

shown in Fig. 3.3 (b). The E-beam evaporation process was carried out using a 

Mantis QPrep Deposition system with the parameters as shown in Table 3.1. 

Table 3.1: The parameters used in the E-beam evaporation method. 

Tooling factor (TF) 175% 

Evaporation rate 0.2 A/s 

HV voltage 2 V 

Substrate Temperature 21 ºC 

Effective mass thickness 8 nm 

Current power 45 kV 

Pressure 5.0 x 10
-7

 mbar 

Thermal annealing 250, 300, 400 ºC 

Annealing time 10 min 
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Fig. 3.3: (a) The working principle of E-beam evaporation of a Ag thin film[276]; 

(b) a schematic diagram of annealing treatment and de-wetting of Ag thin films, 

forming individual Ag islands. 

3.2.1.3 Magnetron Sputtering with Size Filtering Capability 

Magnetron sputtering is a plasma coating process whereby a plasma is generated and 

positively charged Ar
+
 ions from the plasma are accelerated into the negatively 

charged electrode striking the target surface, resulting a layer of sputtered coating on 

the substrates in front of the target. The main difference between this technique and 

the basic Direct Current (DC) sputtering is the addition of magnetic field near the 

target to trap electrons, enhancing the efficiency of the initial ionisation process and 

allowing plasma to be generated at lower pressures. The advantage of the magnetron 

sputtering technique is that magnetic field causes electrons to travel for a longer 
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distance (spiral along the magnetic flux lines), significantly increasing the 

probability of further ionisation.  

AgNPs with a controlled size and size distribution were deposited onto BDD 

electrodes with a sputtering system NanoSys 500 (Mantis Deposition Ltd, UK). The 

AgNPs are formed by gas-phase condensation from a flux of Ag atoms sputtered 

from a 99.99% purity Ag target. As suggested by Haberland et al.[263], the initial 

step of cluster formation involves three-body collisions: two hot metal atoms and a 

cold argon atom. The small clusters will continue to grow by inter-cluster collisions 

or by sticking addition Ag atoms onto the cluster as they travel through the 

aggregation zone. The size distribution of nano-cluster can be controlled by 

determining their residence time within the aggregation zone. By controlling key 

parameters such as sputtering power, the aggregation length and the Ar gas flow, it is 

possible to tune the NPs size by controlling their residence time in the aggregation 

zone. After the particles are formed, they enter a quadrupole mass filter (MesoQ) 

which is located between the NPs source and the main deposition chamber. The mass 

selected particle production can be monitored by a quartz crystal microbalance 

(QCM). The MesoQ is used to filter charged NPs of a particular size (2nm, 5nm and 

12nm) selected from their wide size distribution in the aggregation region, according 

to their mass-to charge ratio.  

 

Fig. 3.4: Picture of the NanoSys 500 sputtering unit and a quadrupole mass filter 

(MesoQ) used in the magnetron sputtering system. 
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3.2.2 Sample Characterisation 

The morphology, purity and size distribution of NPs prepared by these three 

different methods were further characterised by scanning electron microscopy 

(SEM) or transmission electron microscope (TEM).  The afore-mentioned methods 

can be used to prepare individualised AgNPs with controlled size distribution, which 

is important in fundamental studies. Then, these samples will be further 

characterised using Bruker Innova Atomic Force Microscope (AFM, ) to study their 

height profile. The crystalline structure of AgNPs was confirmed using X-ray 

diffraction (XRD). 

SEM images were obtained using a field emission scanning electron microscopy 

(AURIGA40) at an accelerating voltage of 20 kV. The AgNPs has been deposited on 

a carbon carbon coated Copper grid and TEM images were obtained using high 

resolution FETEM (JEOL, JEM 2100F) at an accelerating voltage of 200 kV.  The 

XRD pattern was recorded by X-ray diffractometer (2 PANalytical X’pert) equipped 

with Ni filter and CuKα (λ = 1.54 Å) radiation source. 

3.2.3 Electrochemical Response of AgNPs 

Electrochemical studies were performed and linear sweep (LSW) curves were 

recorded using an Autolab II (Ivium system, UK) unit in a Faraday cage. Each scan 

was performed at 100 mV/s. The potential limits for the LSW were established by 

scanning first from 0 to 1.2 V to determine the oxidation potential of AgNPs at pH 2, 

5, 7, 10 and 12. All solutions were purged with nitrogen gas for 10 min prior to the 

LSW experimentation. Noninteracting perchlorate buffer was used to minimise the 

interaction of anions with the Ag cations and also to avoid the Ag-salts precipitation. 

The pH was adjusted using either 0.1 M perchloric acid (HClO4) or sodium 

perchlorate (NaClO4) solutions. 

In the electrochemistry experiment, a three-electrode cell was employed consisting 

of a Ag/AgCl reference electrode (1M KCl, 0.175 Vvs. NHE), AgNPs on a diamond 

substrate as a working electrode and a Pt wire that acted as a counter electrode. 

Before each deposition, the working electrode was polished with alumina 

micropolish II (Buehler, UK) of decreasing particle size (1 - 0.1 µm) and 

ultrasonically cleaned in water and acetone for 5 min each. Then, each working 

electrode was scanned in 0.1 M nitric acid (HNO3) solution to ensure its surface was 
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cleaned from impurities. Thus, these BDD substrates can be re-used by cleaning their 

surfaces after each CV run.  

3.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS is an ultra-high vacuum (UHV) surface analysis technique and it is based on the 

photoelectric effect, whereby the ejection of the core electrons from the atoms is a 

consequence of the adsorption of the X-ray photon energy. The emitted electron with 

kinetic energy (Ek) is referred to as a photoelectron. The binding energy (Eb) of the 

electron represents the energy required to eject a photoelectron from its core orbital 

to a position at the Fermi level. The binding energy of the core electron relative to 

the Fermi level of the sample is determined by the following Einstein equation: 

hv = Eb + Ek + ϕ    (3.1) 

Eb = hv - Ek – ϕ    (3.2) 

Where hv is the photon energy of soft X-rays such as Al Kα (1486.7 eV) or Mg Kα 

(1253.6 eV); Ek is the kinetic energy of the emitted electron, which can be measured 

by the energy analyser; and the ϕ is the work function of the analyser/spectrometer 

(~ 4 – 5 eV). The work function is the energy required to eject the photoelectron 

from the Fermi level into vacuum. In order to minimise radiation damage to non-

metallic surfaces, soft X-rays are used instead of hard X-rays (i.e. Mo Kα at 17.5 

keV) (see Fig. 3.5). 

X-rays can penetrate up to the depth of 10 µm from the surface to excite electrons 

and generate photoelectrons, but only those electrons within ~ 5 - 10 nm from the 

surface are detected. This is because when photoelectrons travel through the solid, 

they will interact with other electrons in the sample, thus losing some of their energy 

due to inelastic scattering, contributing to the substantial background as seen in XPS 

spectra. Fig 3.6 shows a typical XPS spectrum in which intense and narrow peaks 

can be seen, which are associated with photoelectrons ejected from a core orbital. 

The presence of peaks at particular energies indicates the existence of the specific 

elements in the sample. Moreover, the intensity of the peaks is correlated to the 

concentration of the element within the sample region.  Therefore, XPS provides 

quantitative and chemical states analysis of the surface composition.  Although peaks 
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from other processes (e.g. Auger) can be seen in the XPS spectrum, they are not the 

focus of this study.   

 

Fig. 3.5: A schematic diagram showing the basic principle of XPS emission process 

as a sample is irradiated with photons of energy hv and atoms on the surface emit 

electrons after direct transfer of energy from the photons to the core-level electron; 

(b) Energy levels of core orbitals and spectrometer. Subscripts s and sp refer to 

sample and spectrometer, respectively. 
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Fig. 3.6: A typical XPS survey spectrum taken from a 5.2 ± 2.5 nm AgNPs on BDD 

sample. 

In the experiment, the surface composition of the AgNPs sample (approximately the 

top of 4 nm) was analysed using a X-ray photoelectron spectrometer, maintained at a 

pressure in the 10
-9

 Torr range. The curve fitting was done using XPSpeak41 

software. A Shirley background correction was applied when the background at 

lower BE was larger than at higher BE, with a range of 10 eV or less. In the rare case 

where the assumptions of the Shirley method were not met, a linear background was 

used. Then, each of the characteristic peaks was fitted using a mixture of Gaussian 

and Lorentzian functions. In most peak fitting, constraints were avoided to allow the 

software to fit peaks automatically, but sometimes they were necessary (e.g. spin 

states). XPS peaks were calibrated to the position of C1s (285 eV). Peaks intensities 

were normalised to that of the F1s photoelectron peak by ‘atomic sensitivity factors’ 

(ASF)[264].   

*The XPS testing was carried out by Geoff Nelson at Oxford University, except the data analysis. 

3.2.5 E-pH Theoretical Calculations  

Studying the stability of AgNPs is highly interesting from a fundamental point of 

view. Generally, metal NPs are known to transform quickly into metal ions or 
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oxides, depending on the environment condition (e.g. ion concentration and solution 

pH). Pourbaix diagrams can be used to predict the most stable state of a material in 

aqueous environments as a function of pH and potential. Fig. 3.7 shows the 

potential-pH equilibrium diagram for the silver-water, at 25°C.

Fig. 3.7: (a) The Ag Pourbaix diagram for the system silver-oxygen-hydrogen (Ag-O-H) 

and (b) the theoretical domains of corrosion, immunity and passivation of silver, at 298K 

(25°C). The dotted line (a) and (b) correspond to redox potentials determined by 

hydrogen and oxygen saturation at one standard atmosphere, respectively[265]. 

The thermodynamic information in aqueous corrosion is normally summarised for 

practical purposes in Pourbaix diagram. These diagrams are constructed from the 

standard electrode potential and equilibrium constant for a given metal as a function 

of redox potential and pH, distinguishing the boundary positions between the 

corrosion, passivation and immunity zones[265]. Fig. 3.7 (b) deduces from the Fig. 

3.7 (a), summarising the stability boundaries of the silver-water system. The 

observed two parallel dashed lines indicate the upper and lower stability limits for 

liquid water at 25 °C. 

Let us consider reactions between Ag, H and O and discuss their relationship as 

shown in Fig. 3.7[2]:   

AgAg
+   

+ e
-
        (3.3) 

Ag +
2

1
H2O

2

1
Ag2O+H

+   
+ e

-                                                                                                        
(3.4) 

Ag +  H2O
2

1
Ag2O2 +  2H

+ 
 + 2e

-                                                                                                
(3.5)
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Ag + 
2

3
H2O

2

1
Ag2O3 + 3H

+ 
+ 3e

-                                                                                                
(3.6)

    

Ag + 2H2OAg (OH) 

2 + 2H
+ 

+ e
-                                                                                                    

(3.7)
 

It is well known that silver resides high on the electromotive series, thus it occupies 

much of the stable region as shown in the Pourbaix diagram (Fig. 3.7). In acid 

solutions, Ag dissolves directly to form monovalent silver ions in solution. The 

presented diagram uses 10
-6

 M as the standard concentration to define regions of 

stability. Generally, Ag is stable in alkaline solutions.  The oxides are the only stable 

solids in contact with aqueous solutions at high pH. The stability field for silver 

oxide (Ag2O) lies just within the corrosion boundaries at pH 12. The other silver 

oxides, such as Ag2O2 and Ag2O3 exist in the passivation region of the diagram, but 

these are all relatively unstable at room temperature and standard pressure. In 

addition, anion such as Cl
-
 and S

2- 
are not included in the E-pH diagram. 

Corrosion processes involve mixed potential systems where the anodic reaction 

occurs at the anode (M      M
n+

 + ne
-
) and reduction reactions occur at the cathode.  

The most significant reduction reactions which occur during aqueous corrosion are 

the oxygen reduction and hydrogen reduction reactions: 

Oxygen reduction:    O2 + 2H2O + 4e
-
 → 4OH

-  
(3.8) 

Hydrogen reduction (evolution):  2H
+
 + 2e

-
 → H2   (3.9) 

These cathodic reactions will increase the local pH at the cathode site. As mentioned 

earlier, Pourbaix diagrams are potential-pH diagrams illustrating those domains in 

which a metal is immune and protected from corrosion, the area in which corrosion 

occurs, and also the area in which a protective passivating oxide layer could form on 

the metal. Pourbaix or potential-pH diagrams are constructed using the relevant 

Nerst Equations as shown below[252]:  

(i) Direct electrodissolution:   M
n+ 

+ ne
-  ↔ 

M  (3.10) 

  

                     𝐸M/𝑀n+ = 𝐸º M/𝑀n+ +
2.303 𝑅𝑇

𝑛𝐹
log (M𝑛+)                 (3.11) 

 

(ii) Oxide formation:   MaOn + 2nH
+
 + 2ne

-
 ↔ aM + nH2O    (3.12) 
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                         E𝑀/𝑀𝑎𝑂𝑛
= Eº𝑀/𝑀𝑎𝑂𝑛

+
2.303 𝑅𝑇

𝐹
 pH   (3.13) 

 

(iii) Chemical dissolution of the oxide:  

MaOn + 2nH
+
 ↔ aM

n+
 + nH2O                         (3.14) 

 

                          log K = - 2n pH – a log (M
n+

)                 (3.15) 

The Nernst equation is derived entirely from thermodynamics, the Pourbaix diagram 

can be used to determine which species is thermodynamically stable at a specific 

potential, E and pH, which is valid for the bulk material.  However, it provides no 

information about the kinetics of the oxidation process by which surface energy (ϒ) 

term is not included in the classic model.  Since metal nanoparticles behave 

differently from their bulk metal due to their high surface energy and larger fraction 

of atoms at the vertex and edge, their interfacial free energy and surface stress 

become increasingly important and should be included in the thermodynamic 

calculations.  

Assuming isotropic surface stress and surface energy, the Gibb-Thomson relation of 

each of these electrochemical and chemical equilibria for spherical NPs can be 

developed. Considering a reaction involves the reversible electro-dissolution and 

deposition of metal M, the chemical potential (𝜇) of the metal cation in the liquid 

phase at concentration M
n+

 surrounding a finite size particle is[252]: 

𝜇𝑙 = 𝜇̅𝑙(𝑀̅n+) + 𝑅𝑇 ln(𝑀𝑛+ /𝑀̅𝑛+)     
     (3.16)

 

where 𝑀̅n+ 
= saturation concentration for a planar surface 

The chemical potential of the metal in the NPs is: 

𝜇𝑠 = 𝜇̅𝑙(𝑀̅n+) + 𝑓𝑀Ω𝑀(2 𝑟⁄ )        
       (3.17) 

where 𝑓=surface stress;  Ω = molar volume of the solid and r is radius of NPs. 

By applying the equilibrium condition, the chemical potential of metal cation in the 

liquid phase (𝜇̅𝑙(M̅n+
)) in equilibrium with the planar solid surface (µ𝑠̅(M̅)): 

𝜇̅𝑠(𝑀̅) = 𝜇̅𝑙(𝑀̅n+)           (3.18) 
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For a finite-size solid immersed in a fluid containing a single soluble component of 

the solid, there is a difference in the Laplace pressure for a finite-size solid and a 

liquid, thus the chemical potential of the component in the solid and fluid phases: 

𝜇𝑠  − 𝜇𝑙 = (𝑓 − 𝛾)Ω(2/𝑟)           (3.19) 

Subtracting Eqn (3.17) from Eqn (3.16):  

𝜇̅𝑙(𝑀̅n+) + 𝑓𝑀Ω𝑀(2 𝑟⁄ ) − 
 𝜇̅𝑙(𝑀̅n+) − 𝑅𝑇 ln(𝑀𝑛+ /𝑀̅𝑛+)    

=
 𝑓𝑀Ω𝑀(2 𝑟⁄ )     

-  𝛾𝑀Ω𝑀(2/𝑟)        (3.20) 

Therefore, 

𝑅𝑇 ln(𝑀𝑛+ /M̅𝑛+) =  𝛾𝑀Ω𝑀(2/𝑟)         
(3.21)

 

Since Δ G = - nFEcell and the Δ G = Δ G° + RT ln (Q) 

𝐸𝑀 𝑀𝑛+⁄ (r) − 𝐸𝑀 𝑀𝑛+⁄ = −
 𝛾𝑀Ω𝑀

𝑛𝐹
(2/𝑟)               (3.22)

 

Thus, eq (3.22) gives the surface energy corrected form of potential, E. By using the 

equation, the potential at which AgNPs oxidise and dissolve into Ag
+
 ions can be 

determined (assuming accurate values of  𝛾𝑀 and  Ω𝑀 can be found). 

3.3 Results and Discussions 

3.3.1 Characterisation of As-prepared AgNPs   

Individual AgNPs (without surface coatings) were prepared using three different 

techniques, namely electrodeposition, e-beam evaporation and magnetron sputtering 

with size filtering capability. After sample preparation, the morphology of the NPs 

was observed using either the JEOL2000 TEM or the Auriga40 SEM. The method 

able to produce individualised spherical AgNPs with the best homogeneity was 

chosen for size - dependent electrochemical studies. The results obtained from these 

three different methods are shown in sub-section 3.3.1 and the comparison of the 

techniques is summarised in Table 3.2.                                                                                                                            

3.3.1.1 Electrodeposition 

The electrodeposition method has been reported as an extremely powerful technique 

in the development of macroelectronics devices such as photovoltaic (PV) solar 

panels and also produces excellent quality thin film devices. It has been cited with 
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advantages such as ease of implementation, low energy consumption, little capital 

investment and ability to achieve conformal coverage of complex surfaces. 

In order to deposit small electroactive NPs of Ag on diamond with a homogeneous 

size distribution, the potentiostatic double pulsed method was chosen. This double 

pulse technique is a simple and fast method for controlling the size of AgNPs 

electrodeposited on BDD surface. This technique was introduced by Scheludko and 

Todorova [266] based on an extremely short first pulse, which is more negative than 

the critical potential for nucleation (Ecrit), to initiate nucleation at the high cathodic 

polarisation, followed by a much longer second pulse at a lower overpotential to 

inhibit the generation of new nuclei and promote the growth of existing nuclei [261, 

267]. The ideal situation is where nucleation only occurs in the first pulse and the 

growth of nuclei is controlled by the second pulse, having a potential more positive 

than Ecrit but more negative than the reduction potential[268].  

Fig. 3.8 illustrates the cyclic voltammograms of AgNO3 in 0.1 M KNO3 when the 

potential was swept from +0.7 V to -0.2 V and then back to +0.7 V versus Ag/AgCl. 

This set up is a general phenomenon to electrodeposit and strip a metal from a 

graphite electrode, modified from the work published by Afsaneh et al. [254].  

 

Fig. 3.8: Cyclic voltammograms of 1.0 mM AgNO3 in 0.1M KNO3 on BBD surface. 

Scan rate 0.1 V/s. 

E
1
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Cyclic voltammetry (CV) was used to characterise the system and the appropriate 

deposition potentials were chosen for the nucleation and growth of NPs. As seen in 

Fig. 3.8, the cyclic voltammogram of AgNO3 showed a reduction peak at 0.2 V (vs. 

Ag/AgCl), consistent with Ag
+
 ions being reduced and deposited onto the electrode 

surface[254]. In the first cycle (blue line), the oxidation of Ag
0
 at the surface of the 

BDD substrate to Ag
+
 occurred at 0.45 V. The second cycle (red) shows a cathodic 

peak at ca. + 0.32 V which is different from the first cycle, suggesting that not all 

Ag
0
 was stripped at the first cycle and that deposition of Ag

+
 on pre-existing Ag

0
 

nuclei occurred at the second cycle[63]. This is due to the activation overpotential of 

Ag for diamond. Therefore, to deposit Ag, a nucleation pulse of 0.13 V (vs. 

Ag/AgCl) with a duration time of 10 ms was applied to initiate nucleation of Ag on 

BDD. Then, the growth of Ag nuclei was promoted by holding the potential at 0.28 

V (vs. Ag/AgCl) for varying deposition time (50s, 250s and 500s). These three steps 

are summarised as below: 

Mode (1): E=0.130V for 0.01s 

Mode (2): Potential held for 5 s 

Mode (3): E=0.280 V for 50 s to 500 s 

After the electrodeposition process, the samples were dried in a desiccator and then 

were analysed by the SEM.  

Figure 3.9 shows SEM images of AgNPs on BDD electrode surfaces following the 

cyclic voltametry experiments either aerated or non-aerated by N2 gas prior to 

analysis. By using an aerated electrolyte solution, CV curves were produced that 

followed the pattern with clear redox couple for Ag         Ag
+
 + e

- 
  as seen in Fig. 

3.9(c). Nevertheless, unexpected behaviour was observed for samples with de-

aerated electrolyte solutions. As shown in Fig. 3.9 (d), peak A and peak B reduce 

intensities, with a new peak (peak C) on the second scan growing during the 

subsequent scans. This might be due to the role of O2 in the non-aerated solution 

which seems to alter the growth of particles on BDD. Thus, each system was 

thoroughly de-gassed with N2 gas for 10 min prior to the deposition process to 

minimise the agglomeration of the NPs. 

As shown in Fig. 3.10, an increasing of growth time influences the structure of the 

AgNPs and leads to NPs aggregation. Electrodeposition of NPs was taken at 
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different pulses and the narrower NPs distribution was found under the optimum 

nucleation pulse (E=0.130 V for 0.01 s) and followed with growth pulse at E=0.280 

V for 250 s. However, irregular shaped and larger-sized of NPs were found at growth 

time 500 s.  

Fig. 3.9: SEM morphologies of AgNPs on BDD after cyclic voltammetry (CV) 

experiments at which (a) the system was throughly degassed with N2 gas for (a) 10 min 

and (b) 0 min prior to analysis. Their  cyclic voltammograms (5 cycles) in 1mM AgNO3 

in 0.1M KNO3 at a scan rate of 10 mV.s-1 are shown in (c) and (d), respectively. 

 

To obtain the average diameter of the NPs at different growth time, 300 particles 

were randomly selected from SEM images and measured using Image J software.  

The average size of the NPs was affected by growth time, increasing from 28.9 nm 

to 98.1 nm as the growth time rose from 50 s to 500 s. The observed agglomeration 

of NPs might be due to the re-deposition of Ag ions onto the nuclei or particles on 

the substrate in order to reduce the total energy in a system. Cluster aggregation 

increased with the increasing of growth time. Moreover, a large amount of AgNPs 

were deposited on grain boundaries with a non-uniform size distribution as shown in 

Fig. 3.10

1 um 1 um 

(a) (b) 

(c) (d) 

Peak A 

Peak C 

Peak B 

(a) (b) 

(c) (d) 

2 µm 2 µm 
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Fig. 3.10: SEM images of AgNPs on BDD at different deposition conditions: E1= 0.13V vs. Ag/AgCl, t1= 10 ms; E2= 0.24 V vs. Ag/AgCl, t2= 

50 s, 250 s, 500 s. 

Growth 

time 

Low 

Mag 

High Mag 

50 s 250 s 500 s 

1 um 

1 um 

2 um 1 um 

500 nm 500 nm 

Average 

Diameter 
28.9 ± 18.4 nm 69.5 ± 31.6 nm 98.1 ± 31.6 nm 
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Regarding the deposition of NPs, most of them were deposited as spheres or 

nanocubes with an average size larger than 50 nm. Non-spherical or irregularly 

shaped NPs and the difficulties in depositing smaller-sized NPs (e.g. diameter of 

NPs < 10 nm) mean this method is less suitable for fundamental electrochemical 

studies, such as size-dependent redox potential of elemental NPs which is of major 

interest in this study. Moreover, boron sites on diamond substrates are electroactive 

and also their grain boundaries may affect the homogenous distribution of NPs.  

3.3.1.2 E-beam Evaporation 

E-beam evaporation is a popular method to deposit metal NPs on a diamond surface. 

Uniform NPs deposition can often be obtained by E-beam evaporation followed with 

heat treatment, as the deposition is unaffected by inhomogeneous distribution of 

boron at BDD or by the grain boundary. In this experiment, AgNPs were deposited 

as a thin layer by thermal evaporation and then annealed. Annealing is needed to 

initiate the de-wetting of the thin film in order to get individualised NPs. 

In this work, the size of the NPs was tuned by thermal annealing at temperature from 

150 °C to 400 °C, well below the melting point of Ag. During annealing, the 

particles merged together to form islands due to their surface tension. In this 

technique, NPs were distributed evenly with more homogeneous NPs size 

distributions as compared to the afore-mentioned electrodeposition method.  To 

investigate the morphological variation of Ag islands, 200 NPs were randomly 

chosen from SEM images and their diameters were analysed using Image J 

processing software. As seen in the size distribution histogram (Fig. 3.11), the 

average NP size was found to increase from 8 nm to 14.2 nm when the annealing 

temperature increased from 150 ºC to 400 ºC. Uniformly distributed spherical 

AgNPs were deposited on BDD with no distribution of NPs at grain boundaries.  
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Fig. 3.11: SEM images of AgNPs on BDD resulting from annealing of Ag thin films 

as a function of annealing temperature for 10 min and their size distribution 

histograms. 

The greatest advantage of the application of an ultra-high vacuum condition in 

sample preparation chamber is to reduce unwanted physicochemical effects, such as 

water, oxidation on NPs due to ambient or solution conditions. However, NPs with 

an average size < 5 nm were difficult to obtain because of the annealing treatment 

process, which reduced its application to nanosized electrochemical studies. 

150 °C  

250 °C  

400 °C  

Average = 9.4 ± 3.6 nm 

Average = 14.2 ± 3.4 nm 

Average = 8.0 ± 2.8 nm 

Annealing 

Temperature 
SEM Histogram 

100 nm 

100 nm 

100 nm 
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3.3.1.3 Magnetron Sputtering with Size Filtering Capability 

A new generation of a Mantis Deposition System (Nanosys500) has been developed 

which allows deposition of NPs with a controlled size ranging from 20 atoms up to 

20 nm[269]. It also enables stoichiometric NPs with controlled shapes and sizes to 

be obtained. In this work, NPs with a narrow size distribution were successively 

prepared by magnetron sputtering with size filtering capability (Nanoparticle High-

Mass Filter MesoQ). Fig. 3.12 shows the TEM images of AgNPs and their size 

distribution histogram. The average NPs sizes were larger than the selected mass 

from the quadrupole mass filter as seen from the histogram. For instance, NPs as 

large as 15 nm could be found on the substrate with a 2 nm-sized filter used in the 

magnetron sputtering process. This might be due to the diffusion of NPs which have 

a high reactive surface energy when they travel along the aggregation zone before 

reaching the diamond substrate during the sputtering process. Generally, naked 

metallic NPs without an organic stabiliser tend to form agglomerates to reduce the 

energy associated with their high surface area to volume ratio. Moreover, a fraction 

of the particles produced may have neutral charges that cannot be filtered by the 

quadrupole. However, this fraction will decrease significantly when they pass 

through the mass filter and the einzel lens, due to the focusing of charged particles 

before entering the sample preparation chamber. Therefore, the very large particles 

observed on BDD are believed to be neutral particles that may have reached the 

substrates.  

From Fig. 3.13, SEM images demonstrated that the measured average size of NPs 

was not significantly different from the TEM measurement when the samples with 

the same filter size (e.g. 2 nm) were compared. SEM images (Fig. 3.14 (c)) also 

showed that the NPs were distributed evenly on BDD surfaces with a homogeneous 

distribution. However, more aggregation of NPs was observed when a larger filter 

size was used (e.g.MesoQ filter at 12 nm). Therefore, larger mass filters are 

unsuitable for the controlled NP deposition of < 10 nm size. For a size filter < 12 nm, 

the magnetron sputtering deposition method is ideal to prepare pristine NPs with an 

average size smaller than 10 nm with controlled size distribution. 
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Fig. 3.12: TEM images of AgNPs deposited on BDD via the magnetron sputtering 

method with different filter sizes and their size distribution histograms. 

Filter size: 1.4 nm 

20 nm 

TEM Histogram 

Filter size: 2.0 nm 

Filter size: 5.0 nm 

20 nm 

20 nm Avg Size = 8.5 ± 3.1 nm 
Avg Height = 7.0 ± 1.9 nm 

Avg Size = 3.1 ± 1.2 nm 

Avg Size = 5.2 ± 2.5 nm 
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Fig. 3.13: SEM images and size distribution histograms of AgNPs deposited on 

BDD via magnetron sputtering method with different filter sizes (a) 2 nm and (b) 12 

nm. (c) AgNPs were distributed on the BDD surface homogenously. 

Filter size: 2.0 nm 

200 nm 

100 nm 

(c) 

100 nm 

Avg Size = 6.4 ± 2.8 nm 

Avg Size = 21.2 ± 7.5 nm 

SEM Histogram 

Filter size: 12.0 nm 

(a) 

(b) 
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3.3.1.4 Comparison of Deposition Methods 

Production of AgNPs with a homogenous size distribution is a key factor in studying 

the fundamental electrochemistry of NPs. As described earlier, AgNPs were 

prepared using different deposition methods and these sample preparation techniques 

are summarised in Table 3.2. Among these techniques, magnetron sputtering with a 

size filtering capability was chosen as the most ideal sample preparation method 

since the controlled size distribution of NPs with an average size < 10 nm were 

required for the subsequent electrochemical studies. Therefore, samples prepared by 

magnetron sputtering method were further characterised using XRD and AFM prior 

to the E-pH studies.   

 

Table 3.2: Sample preparation techniques of AgNPs on BDD for E-pH studies. 

 

 

 

 

 

 

 

 

1 um 100 nm  200 nm 

Electrodeposition E-beam Evaporation Magnetron Sputtering 

• NPs were found in 

spherical form and as 

nanocubes 

• Inhomogeneous   

distribution 

• NPs > 50 nm 

• Lower cost 

• Less complex 

• Uniform distribution 

• Homogeneous 

distribution 

• Not ideal for 

     NPs < 5 nm due to     

     annealing treatment. 

• Uniform distribution 

• Homogeneous 

distribution 

• Not ideal to deposit 

larger-sized NPs  

• Ideally used to 

prepare NPs < 10nm. 
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3.3.1.4 XRD 

Fig. 3.14 showed the XRD pattern of as-prepared AgNPs via the magnetron 

sputtering method. The XRD peaks were dominated by a diamond layer but the inset 

showed the small Ag peak, consistent with FCC crystal structure of Ag (111) plane. 

For noble metal as Ag, the (111) facets have the lowest energies and thus dominate 

the surface area of NPs[270].  The height of the NPs was measured by AFM but this 

technique was not ideal for smaller-sizes of NPs (< 5 nm) especially on the rough 

surface of BDD. AFM is prone to overestimate the NPs diameter due to its tip-

convolution effects but it provides a good estimation of the NPs height.  The average 

height of NPs for the MesoQ filter size 5 nm is 7.0 ± 1.9 nm, showing that the NPs 

were not in a perfect spherical shape as first noted from SEM/TEM evidence but 

rather that some of them had the shape of an ellipse (see Fig. S1). 

 

 

Fig. 3.14: (a) XRD peaks of the carbon substrate and (b) the insert shows the XRD 

pattern of AgNPs on a diamond substrate.   

  

C (111) 

C (220) 

C (311) 

Ag (111) 

(a) (b) 
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3.3.2 Electrochemical Response of AgNPs (Linear Sweep) 

Individualised AgNPs were successively prepared by the magnetron sputtering 

deposition process and then samples were characterised as shown in 3.3.1. To 

investigate the electrochemical stability of AgNPs as a function of size and pH, 

anodic potentials of NPs were determined by the linear polarisation sweep technique. 

Fig. 3.15 shows a familiar phenomenon associated with the stripping of 5.2 nm 

AgNPs from BDD electrode surface by linear sweep voltammetry. The potential was 

swept from open circuit potential (OCP) to 1.0 V vs. Ag/AgCl at different pH. The 

data in Fig. 3.15 suggested that the oxidation potential of the Ag was influenced by 

the solutions pH. An anodic peak of Ag was observed for all pH solutions where the 

Ag       Ag
+
+ e

-
 reaction taken place, except pH 12 buffer solution. There were two 

anodic peaks observed at pH 12 solutions, which might be due to the oxidation of Ag 

and further oxidation of Ag
+
. At the highly alkaline pH 12 buffers, the overpotential 

(at ≈ 0.85 V) was high enough to oxidise Ag
+
 to form Ag

2+
. As seen in Fig. 3.16, the 

current density (y-axis) was obtained by normalising the current with the surface 

area of the particles involved in the anodic reaction as determined by use of TEM 

images. 

 

Fig. 3.15: Anodic linear polarisation sweep of AgNPs on BDD substrates in 

perchlorate buffer solutions as a function of pH at a scan rate of 100 mV s
-1

.  

Scan rate: 100 mV.s
-1
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Note that the intensity of the oxidation peak is dependent on the total electroactive 

surface area of the NPs found within the O-ring in the LSW experiment.  The real 

surface area can be calculated as shown below: 

 

From the TEM images, the number of particles (n) can be found in a 1 x 10
-10

 cm
2
 (= 

100 nm * 100 nm) area, a.  Thus the surface density (ρA) = 
n

a
 particles/cm

2
 

The radius of the O-ring (r) is 0.149cm, therefore the surface area of the electrode 

(A) is: 

A = πr
2
    (3.23) 

Thus, the number of particles involved in the redox reaction is: 

N = ρA * A   (3.24) 

and the electroactive surface area (AE) is:  

       AE = N * 4 π ravg
2   

(3.25)
 

where ravg is the average particle radius obtained from TEM particle size distribution 

studies.  

In applying the equation to these results, several assumptions need to be included: 

- NPs are spherical and whole NP surface areas are electrochemically active in 

the reaction. 

- NPs have ideally smooth surfaces with no defects. 

- NPs are monodisperse with a uniform size. 
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Table 3.3: Electroactive surface area of NPs involved in the anodic reaction for 

different filter sizes.  

Average Diameter of NPs 

(nm)  

Surface area in Echem 

experiment (TEM), AE 

(cm
2
) 

3.1 0.0101 

5.2 0.0326 

8.5 0.0397 

12.8 0.0431 

21.2 0.0879 

 

The electroactive surface area of NPs on BDD substrates can be calculated from the 

integration of CV experimental curves and this area gives the charge (Q). Dividing 

by the number of electrons (per atoms) involved in the redox reaction gives the 

number of metal atoms, each of which is assumed to be an electroactive adsorption 

site: 

𝑄

𝑒
 = number of Ag atoms involved in reaction 

 

Table 3.4 summarised the results of the number of Ag atoms involved in the reaction 

as a function of pH and NPs size. For smaller - sized NPs, the surface loading of the 

NPs in acidic solutions was found to be higher compared to basic solutions, 

suggesting that NPs have a higher tendency to oxidise to Ag
+
 ions in a lower pH 

environment. However, larger-sized of NPs (e.g. average diameter = 11.2 nm) at pH 

10 and 12 did not follow the mentioned trend. This may be due to the 

nonhomogeneous distribution of NPs especially at grain boundaries of BDD. 

Moreover, Toh et al.[271] suggested that the diffusion layers of the formed Ag
+
 ions 

of individual AgNPs will strongly overlap at a high surface coverage. In contrast, at 

a relatively lower surface coverage, the diffusion layers of the neighbouring NPs do 

not overlap and their peak potentials become relatively insensitive to the surface 

coverage being governed by radial diffusion, which is dependent upon the size of 

NPs. In this work, the active surface area of larger-sized NPs might be influenced by 

the surface coverage of the samples, resulting in a higher area at pH 12 compared to 

pH 2.  
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Table 3.4: Surface loading of AgNPs on BDD substrate as a function of pH and 

sizes. 

Average diameter of NPs 

(nm) 

pH Charge, Q 

(µC) 

N(Ag), 

( x 10
13 

atoms) 

D= 5.2 nm 

2 14.2 8.90 

5 14.3 8.94 

7 12.2 7.62 

10 16.7 10.41 

12 12.5 7.79 

D= 8.6 nm 

2 24.5 15.30 

5 23.8 14.93 

7 8.8 5.51 

10 14.1 8.82 

12 8.4 5.26 

D= 11.2 nm 

2 13.6 8.48 

5 16.2 10.10 

7 17.6 11.01 

10 12.0 7.48 

12 20.1 12.64 

 

3.3.3 Potential – pH Relationship 

The potential vs. pH diagrams are useful tools for materials selection, which can be 

used to predict conditions under which corrosion will be thermodynamically possible 

so that it is possible to control or prevent corrosion by adjusting the parameters (i.e. 

potential or pH). In this work, the stability of the NPs can be studied by determining 

the anodic potential of NPs in an aqueous environment as a function of particle sizes 

and solution pH. As shown by the current vs. potential plot (e.g. Fig. 3.15), the 

definition of anodic potential for the E-pH studies is somewhat ambiguous. Here, 

both the potential at anodic peak maxima (Emax) and the onset anodic potential were 

compared and tested to identify the ideal anodic potential used for the further studies.  

Fig. 3.16 demonstrates the influence of particle sizes and pH on the dissolution 

potential at anodic peak maximum, Emax. By comparing Fig. 3.16 and Fig. 3.18, a 

specific trend on the relationship between Emax and pH is difficult to identify.  Emax is 
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not ideally used as a redox potential in the E-pH fundamental study because a redox 

reaction might be taken place or in the middle of a redox reaction. By contrast, the 

onset anodic potential can be defined as the potential where the NPs begin to oxidise 

or dissolve into ions. Fig. 3.18 showed the size dependent anodic potential of NPs in 

different solution pH and the measurements were more sensible than Fig. 3.16, 

showing the expected dependence of E on pH and particle sizes. 

Fig.  3.16: Potential at oxidation peak maximum (Emax) – pH curve for AgNPs with 

different sizes.  

From the current density - potential curve (Fig. 3.15), the onset anodic potential can 

be determined from the intersection of the tangent between the baseline and the 

signal current as shown in Fig. 3.17.  We chose to define the potential at the 

intersection point of two tangents drawn to the linear parts of the curve. Using the 

definition of onset potential in Fig. 3.17, potential (E) vs. pH diagram of AgNPs as a 

function of particle sizes can be plotted as shown in Fig. 3.18.   
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Fig. 3.17: The onset potential of oxidation was determined from the intersection of 

the tangent between the baseline and the signal current. The arrow represents the 

onset oxidation potential. 

Fig. 3.18: Onset anodic potential (Eonset) vs. pH curve for different sizes of AgNPs 

on BDD substrate. 

 

As seen in Fig 3.18, the Eonset increased with the reduction of the NPs sizes, 

suggesting that larger-sized of particles have a higher tendency to dissolve compared 
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to smaller particles. This finding agreed with Lakbub et al.[69] and Kolb et al.[64, 

65].  In Fig. 3.18, smaller-sized of NPs (D= 5.2.nm) followed the Pourbaix diagrams 

for bulk Ag suggesting the equilibrium condition is not pH-dependent in acidic 

conditions. Nevertheless, larger NPs showed the shift in anodic potentials when the 

solution pH increased.  For the relationship between potential and pH at higher pH 

(≥ 10), all particles follow that of bulk Ag for alkaline solutions (i.e. onset at lower 

overpotential). 

In addition to Fig. 3.18, the onset anodic potential of the smallest NPs with average 

diameter of 3.1 nm was examined in different solution pH to compare with other 

NPs sizes. In the E-pH studies, the smallest-sized of AgNPs demonstrated a sharp 

drop of E when the pH increased from 7 to 12 or decreased from 7 to 5. The 

extremely high surface energy of these NPs could cause them instability especially in 

the highly acidic or basic solutions.  Moreover, no oxidation peak of these smaller 

sized of NPs (3.1 nm) was observed at pH < 4, suggesting their oxidation reaction 

was too quick to be observed or these NPs were oxidised during the sample 

preparation process. Besides, electrochemistry errors with respect to the onset 

potential may occur while determining the potential from the I-E graphs.  

Fig. 3.19: Onset anodic potential vs. pH curve of AgNps as a function of particle 

size. Smallest NPs with an average size of 3.1 nm showed different E-pH trend 

compared to other NPs sizes.  
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Liu et al. found that dissolution of Ag is a cooperative effect of both dissolved 

oxygen and protons[49]. The Pourbaix diagram for bulk Ag suggests that the anodic 

potential of Ag is not affected by pH in acidic conditions, however it is clear from 

these data that the kinetic of oxidation is effected by pH. Protons in the fluid phase 

serves as a mediator and dissolution of NPs increases with higher [H
+
], agreeing the 

surface loading data as shown in Table 3.4.  In basic solutions, smaller particles are 

more reactive than larger particles, thus they will compensate their additional energy 

by bonding strongly with the passivating agents. This suggests a mechanism by 

which smaller particles are actually stabilised more than larger-sized particles.  

3.3.4 Thermodynamic Theoretical Calculations  

Thermodynamic analysis was used to predict the electrochemical stability of 

elemental AgNPs as a function of potential and pH. The analogues of equation (i) - 

(iii) for the case of bulk Ag are derived in this work: 

(i) Direct electrodissolution:   Ag
+ 

+ e
-  ↔ 

Ag         (3.26) 

E(Ag/Ag
+
) = 0.6 + 0.0591 log [Ag

+
]        (3.27) 

 

(ii) Oxide formation:   Ag2O + 2H
+
 + 2e

-
 ↔ 2Ag + H2O         (3.28) 

E (Ag/Ag2O) = 1.173 - 0.0591 pH        (3.29) 

(iii) Chemical dissolution of the oxide: Ag2O + 2H
+
 ↔ 2Ag

+
 + H2O       (3.30) 

log K = - 2n pH – a log [M
n+

]              (3.31) 

 

A Pourbaix diagram (E-pH) of bulk Ag can be plotted by using the above Nerst and 

equilibrium constant equations. However, theoretically derived energy diagrams for 

a bulk material might not always be accurate for NPs since surface stress and surface 

energy are absent in the classical thermodynamic equations. By applying the 

equilibrium condition as shown in methodology[252]: 

RT ln(Mn+ /M̅n+) =   γMΩM(2/r)    (3.32) 

Thus, cell potential of AgNPs is:   

EAg Ag+⁄ − E°Ag Ag+⁄ = −
 γMΩM

nF
(2/r)                   

(3.33)
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Assume the interfacial free energy of the liquid vapour,  𝛾𝑀 =  𝛾𝑠𝑣 = 1.14 J m
-2

 and 

substituting the molar volume of the solid, Ω𝑀 = 10.27 cm
3
/mol = 10.27 * 10

-6
 m

3
 

mol
-1

; Faraday constant, F= 96485.3 sA mol
-1 

and the number of electrons involved 

in the reaction, n =1. Assuming the NPs have the equilibrium shape, the particle-

size-dependence anodic potential of Ag is: 

                                                EAg Ag+⁄ = 246 −
(1.14)(10.27∗10−6)

(1)(96485.3)
(2/r)                       (3.34)

 

                                                              EAg Ag+⁄ = 246 − 121 (2/r)                                                
(3.35)

   

where r = radius of particles  

If we consider the thin film as a bulk metal and assume [Ag
+
] = 10

-6
, the anodic 

potential of bulk Ag is: 

                                              EAg Ag+⁄ = 0.6 + 0.0591 log [Ag+]                                   (3.36)
   

The thermodynamic theoretical calculation of AgNPs as a function of particle size 

and pH is summarised in Table 3.5 and is plotted in Fig. 3.21.  

 

Table 3.5: Theoretical calculations of anodic potential of AgNPs with different 

sizes. 

Average diameter of NPs (nm) Anodic potential of Ag (V) 

5.2 0.15 

8.5 0.19 

22.6 0.23 

Thin film 0.25 
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Fig. 3.20: E – pH of AgNPs as a function of particle size plots based on 

thermodynamic theoretical calculation. 

As seen in Fig. 3.20, E-pH data showed that the anodic potential is predicted to 

increase with particle size, demonstrating that the smaller-sized NPs are less stable. 

This would suggest they tend to dissolve with a higher dissolution rate compared to 

larger particles. This theoretical finding showed a specific size dependent behaviour 

which opposed the experimental results as discussed in previous section. As 

mentioned, information on the reaction rate, passivation effect of NPs and their 

interactions with diamond substrates were not considered in the theoretical analysis.  

According to the Butler-Volmer equation, overpotentials are exponentially 

dependent on the current density: 


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


 






RT

nF

RT

nF
ii CA expexp0   (3.37) 

where net current at the electrode, i, is the sum of the exchange current densities (io) 

for the anodic and cathodic reactions, α is the symmetry factor or charge transfer 

coefficient dimensionless, n is the number of electrons involved in the electrode 

reaction, F is the Faraday constant, R is the universal constant, T is the absolute 

temperature, K and ƞ is the overpotential. Passivation of the NPs by passivating 

agents (e.g. oxygen, proton or hydroxyl groups) will affect the electrode kinetics and 
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is detrimental to performance as it causes additional resistances to a reaction. 

Therefore, a higher overpotential is required to increase currents moving across the 

interface when the exchange current density is really low. 

3.3.5 Theoretical Calculations vs. Experimental Results  

By comparing the theoretical calculation data and experimental results as shown in 

Fig. 3.22, theoretically calculated onset potentials are lower compared to most NPs 

systems, except for thin films. Moreover, anodic potentials from both theoretical and 

experimental techniques show a similar magnitude. However, the experimental data 

were found to be opposite to the computation calculations, suggesting that the 

electrochemical stability of the NPs increased with the decreasing of particle size. 

This is mainly due to the enhanced stability of smaller - sized NPs, which may 

interact more strongly with the diamond substrate. In addition, there are several 

factors that may also contribute to the findings: 

 In the theoretical calculation, several assumptions were proposed such as 

equilibrium shape of NPs which may rarely take place on real particles.  

 The potential-pH diagrams plotted using the thermodynamic theoretical 

calculations provide no kinetic information. 

 Since NPs have a higher surface energy, they may compensate their 

additional energy by bonding strongly with passivating agents in solutions. 

However, passivation effects on the surface of NPs may be neglected by the 

theoretical analysis. 

 Divergent concentrations of boron at different sites of diamond or diamond 

structure (i.e. grain boundary). Also, only electroactive AgNPs participate in 

the reactions (i.e. not all particles). 

 Apart from the NPs size, the voltammetry stripping behaviour of NPs is also 

sensitive to the surface coverage of the electrode.  As mentioned in section 

3.3.2, surface loading of NPs could be affected by the higher surface 

coverage due to the overlapping diffusion layers of each NPs. Similarly, the 

variation in the surface coverage of the metal NPs may also influence the 

shifting of the anodic stripping potential[271]. Thus, the observed ‘size 

effect’ upon the anodic stripping potential maybe due to the surface coverage 

of the metal NPs instead of their altered nanoscale thermodynamics.   
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Fig. 3.21: Combined experimental and thermodynamic theoretical calculations of the 

electrochemical stability of AgNPs as a function of NPs size, potential and solution 

pH. 

3.3.6 XPS Analysis of AgNPs as a function of Size and pH 

By analysing the surface chemistry of AgNPs after electrochemistry (LSW), the 

chemical changes at the interface of the NPs caused by the anodic reaction can be 

inferred. The focus of the XPS analysis is to monitor the effect of solution pH on 

surface chemistry of AgNPs after anodic polarisation sweeps in aqueous 

environments. The comparison of the Ag3d and the O1s XPS spectra between 5.2 

nm and 21.2 nm AgNPs is shown in sections 3.3.6.1 and 3.3.6.2, respectively.    

 

3.3.6.1 Ag3d – 5.2nm vs. 21.2 nm AgNPs 

Fig. 3.24 shows the XPS spectra of the Ag3d5/2 region for 5.2 nm vs. 21.2 nm AgNPs 

in different pH solutions. As shown in the XPS spectrum, the core level of each 

element has a unique binding energy (BE) from which each photoelectron is 

generated, thus the changes of surface chemistry of elements of interest can be 

identified. 
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Fig. 3.22: High resolution XPS data of the Ag3d5/2 region (symbols) for AgNPs 

with (a) 2 nm and (b) 12 nm sized filters in different pH solutions. Fitted peaks 

(Lorentzian-Gaussian functions) are shown as think solid blue lines; the fitted peak 

sums are shown as thick red lines.  

Fig. 3.22 shows the XPS spectra after correcting the peak position by calibrating 

spectra using the adventitious Cls peak (the internal standard is the C1s 

photoelectron peaks at 285 eV). This is because photoelectron peaks normally shift 

to a higher BE due to positive surface charge, causing outgoing photoelectron to lose 

kinetic energy. The chemical shifting of a photoelectron peak from its expected BE 

may also be caused by the post-photoemission processes or the chemical 

environment of the element. Higher oxidation states or an increased number of 

electronegative or positive neighbouring atoms may shift photoelectron peaks to 

higher BE, and vice versa. Tables of the BE of each elements can be found in XPS 

handbooks, manuals and the National Institute of Standard Databases (NIST)[272-

274]. 

(a) 5.2 nm AgNPs (b) 21.2 nm AgNPs 
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For NPs with average size of 5.2 nm,  the binding energy (BE) of Ag 3d
5/2

 was to 

shifted to lower BE as pH increased from 2 to 10, indicating changes of the Ag 

oxidation state from 0 to +1 (Ag2O). Larger-sized of NPs with average diameter 21.2 

nm showed similar trend as 5.2 nm AgNPs, where BE decreased with increasing of 

pH (except for pH 2). At highly acidic solutions, dissolution of AgNPs occurs via 

direct electro-oxidation to Ag
+
 ions where the oxidation strength of the solutions are 

not strong enough to form surface oxides or hydroxides, and no passivation is 

achieved. Therefore, the photoelectron peak of Ag did not shift to the lower BE.  

 

Table 3.6 summarised the BE of Ag3d5/2 peak position and Ag3d5/2 / C1s ratio as a 

function of solution pH and NPs size. Ag3d5/2 / C1s ratio in acidic solutions was 

found to be higher than the basic solutions, suggesting that direct dissolution of Ag 

to Ag
+
 occurred in the acidic solution. Whereas, oxygen or hydroxyl covering the 

surface layer of AgNPs may cause the shifting of photoemission peaks and the 

varying data of surface loading as a function of pH (Table 3.3).  

 

Table 3.6: Ag3d5/2 peak position and Ag3d5/2 / C1s ratio as a function of pH for 5.2 

nm and 21.2 nm AgNPs.  

  

5.2 nm AgNPs 21.2 nm AgNPs 

Ag3d5/2 peak Ag3d5/2/C1s ratio Ag3d5/2 peak Ag3d5/2/C1s ratio 

Control 368.8 0.071 368.5 0.115 

pH 2 368.7 0.027 368.9 0.012 

pH 5 368.6 0.043 368.5 0.042 

pH 7 368.6 0.076 368.3 0.068 

pH 10 368.4 0.078 368.2 0.052 

pH 12 368.5 0.075 368.0 0.103 



 
  

106 
 

3.3.6.2 O1s - 2nm vs. 12 nm AgNPs 

To identify the surface chemistry changes of AgNPs after the stripping process at 

different solution pH, XPS data of the O1s region for oxidised 5.2 nm vs. 21.2 nm 

AgNPs was plotted as shown in Fig. 3.23. The binding energy (BE) of the O1s peak 

from Ag (I) was found to be 531.7 eV[272-274]. Fig. 3.23 shows that the integrated 

intensity of the area underneath the Ag2O peak was increased with pH for both 5.2 

nm and 21.2 nm AgNPs. 

Fig. 3.23: High resolution XPS data of the O 1s region (symbols) for oxidised 

AgNPs (a) 5.2 nm and (b) 21.2 nm in different pH solutions. Fitted peaks 

(Lorentzian-Gaussian functions) are shown as thick solid blue lines; the fitted peak 

sums are shown as thick red lines. 

As summarised in Table 3.7, the O1s (Ag) / C1s ratio increased with pH, suggesting 

that AgNPs have a higher concentration of oxide layer on the AgNPs surface in basic 

solution. As shown in the XPS spectra (Fig. 3.23), another two O1s peaks were due 

to oxide layers (i.e. C-O-Ag and H2O). For 21.2 nm AgNPs, the O1s peak was found 

from the control sample, meaning that the oxidation of Ag may occur in ambient air 

during the transportation of sample for XPS analysis. If AgNPs were oxidised before 

(a) 5.2 nm AgNPs (b) 21.2 nm AgNPs 
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the LSW experiment, no reduction or oxidation peaks could be observed in the LSW 

spectra (Fig. 3.15) due to the thick oxide layer that might hinder the redox reaction. 

However, the O1s (Ag) / C1s ratio was found to be diminished in an acidic solution 

and it then increased gradually with pH as shown in Table 3.7. The ratio of O1s 

(Ag)/ C1s showed the expected oxidation trend of AgNPs where they tend to oxidise 

and form Ag2O at a higher pH.       

 

Table 3.7: O1s (Ag)/ C1s ratio for 21.2 nm AgNPs on BDD as a function of pH.  

 

 

 

 

 

 

 

 

Collectively, XPS analyses suggest the changes of NPs surface chemistry by 

showing the shifting of a photoelectron peak from its expected BE. The Ag3d XPS 

spectra indicate the changes of the Ag oxidation state from 0 to +1 as the pH 

increased from 2 to 12. This observation was consistent with the O1s XPS data, 

confirming an increased density of oxygen at NPs surface at higher pH.  

3.3.7 SEM Observation of NPs Stability  

To examine the effect of the redox reaction on the morphology of the NPs, the 

stability of NPs in water and after CV analysis was examined by SEM 

characterisation. As observed in Fig. 3.24, AgNPs were stable in DI water and no 

aggregation of NPs was found after 30 mins. Fig. 3.24 (c) demonstrated that as-

prepared AgNPs were well-distributed at all surfaces of BDD. However, NPs tend to 

diffuse in solutions or dissolve followed with re-precipitation to form larger 

aggregates after CV run (3 cycles) at pH 5 perchlorate buffer solutions, as shown in 

schematic Fig. 3.24 (e). AgNPs were no longer maintained as single or 

individualised particles.  

 

5.2 nm AgNPs 21.2 nm AgNPs 

O1s (Ag) / C1s ratio O1s (Ag) / C1s ratio 

Control 0.001 0.040 

pH 2 0.005 0.032 

pH 5 0.029 0.067 

pH 7 0.035 0.086 

pH 10 0.033 0.113 

pH 12 0.050 0.109 
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Fig. 3.24: SEM images of (a) as-prepared AgNPs, (b) their stability in DI water, (c) 

before and (d) after cyclic voltammetry (CV) run at pH 5 (3 cycles) perchlorate 

buffer solutions; (e) Schematic representation of the diffusion and aggregation of 

particles on the substrate: (i) deposition, (ii) diffusion, (iii) aggregation, (iv) island 

diffusion and (v) dissolution – precipitation, (vi) diffuse to an existing island.  

 

(a) Before immersing in DI 
water 

 (b) After immersing in DI water 
for 30 minutes 

100 nm 100 nm 

20nm 20nm 

(c) Before CV run (d) After CV run 

(e) Particles aggregation 

 

     
(i) 

(ii) (iii) 

  

  

(iv) 

 
 

(v) 
 

(vi) 
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These results might be useful to predict the decreasing efficiency of catalysts or fuel 

cells/battery due to the reduced active surface area of NPs over the long term during 

applications. These SEM results suggested that NPs may tend to diffuse to form 

larger-sized aggregates in solutions with the applied potential, leading to 

inconsistency of experimental results compared with theoretical calculations. For a 

better understanding of the electrochemical stability of NPs, further SEM studies are 

required by analysing the morphology of NPs after the reduction or oxidation 

process.  

 

3.4 Summary  

In the 21
st
 century, technology incorporates nanomaterials in a variety of 

applications, such as nanoscale sensors, inter-connects and coatings. The recent 

development of electrodes has focused on various nanoscale objects, including 

nanodots, nanotubes, and in particular nanoparticles[275]. The intense interest on 

AgNPs is due to their unique electronic, chemical and optical properties, which 

differ greatly from the bulk metal[276]. Nanoparticles normally produce a higher 

signal-to-noise ratio due to their larger effective surface area. Therefore, the cost of 

producing an expensive metal electrode can be reduced. The aim of this work is to 

examine the electrochemical stability of AgNPs as a function of applied potential, 

particle size and solution pH. Here, AgNPs with controlled size and size distribution 

were deposited on to boron-doped diamond electrodes via magnetron sputtering, 

with size-filtering capability.  The magnetron sputtering method was chosen after 

comparing it to other methods carefully. The anodic behavior of AgNPs in 

perchlorate buffer pH solutions (ranging from pH 2-12) were examined by linear 

sweep voltammetry. The surface chemistry and oxidation state of Ag after each 

treatment were characterized using X-ray photoelectron spectroscopy (XPS). The 

size distribution of AgNPs in response to electrochemical polarization was examined 

using atomic force microscopy (AFM). Pourbaix diagrams for bulk Ag suggest that 

their electrochemical stability is not pH-dependent in acidic conditions. However, we 

observe that, for nanoparticles with the average size of 5.2 ± 2.5 nm, the oxidation 

potential deviates from that expected in acidic conditions by approximately 0.015 V / 

pH.  By contrast, the relationship between the potential and the pH follows that of 

bulk Ag for alkaline solutions. XPS confirmed the expected electrochemical changes 

in the surface chemistry, with binding energy (BE) of Ag3d5/2 photoelectron signal 
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and O1s/C1s ratio correlating with the observed changes in the silver oxidation state. 

These direct voltammetric measurements of the Ag oxidation potential, as a function 

of size and pH, indicate that the electrochemical stability of NPs is different from 

their bulk metal. Theoretically derived energy diagrams for a bulk material might not 

always be accurate for NPs, especially AgNPs as has been shown in the study and 

reasons why this may be the case were discussed. 
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4.0 The Stability of AgNPs in Pulmonary Surfactants 

4.1 Aims and Overview 

The large production volume of manufactured silver nanoparticles (AgNPs) has 

raised concerns of the increasing exposure toxicology and environmental issues. 

Inhalation of airborne NPs is one of the main exposure routes by which NPs can 

enter the human body. After inhalation, relatively large particles or agglomerates 

(diameter > 1 µm) are likely trapped in the mucus of the upper airways and are 

removed by the mucociliary escalator. However, NPs with a diameter < 20 nm are 

likely to escape the mucus trapping and enter the deepest zone of lung: the alveolar 

region[6, 186]. The deep lung is comprised of a monolayer of type I and type II 

epithelial cells which allow gas exchange and also directed transmigration of cells 

such as macrophages that form part of the lung’s immune system. Lung lining fluid 

(LLF) is the first line of alveolar defence towards inhaled nanomaterials and has not 

been well investigated. In the context of respirable NPs, the interactions with both 

LLF components and local cell populations will determine the effects on cell 

metabolism and lung function. For this reason, it is critically important to understand 

how the particles behave in different biological media to predict any downstream 

effects of the particles. 

The objective of this study is to investigate the impact of 

dipalmitoylphosphatidylcholine (DPPC), the main component of pulmonary 

surfactant, on the stability of AgNPs, with well-controlled physicochemical 

properties. Here, how the characteristic of size and surface functionalization of 

AgNPs affect their interaction with pulmonary surfactants were also investigated. 

The influence of phospholipids on the aggregation state and release of Ag
+
 ions at 

various pH conditions, representative of environments found in the lung, have been 

investigated. Under in vivo conditions, AgNP dissolution has the potential to cause 

mitochondrial damage and ROS-induced lipid peroxidation and DNA 

oxidation[177]. Thus, consideration of any feedback processes (i.e. how components 

of the LLF affect the physicochemical properties and reactivity of NPs) in such 

systems is an important aspect of understanding the impact of engineered 

nanomaterials on cell toxicity. 
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4.2  Experimental Methods 

4.2.1 Synthesis of AgNPs Suspension 

AgNPs were synthesised by chemical bath reduction process using sodium 

borohydride as the reductant and citrate as the stabiliser. 
[277]

 Briefly, AgNO3 (~ 1.0 

x 10
-3 

M) solution and Na3C6H5O7 (~ 1.0 x 10
-3 

M) solution were added to boiling 

water (250 mL). Then, NaBH4 solution (~ 1.0 x 10
-3 

M) was added drop-wise to the 

mixture over a period of 10 seconds. The colour of the suspension immediately 

turned to yellow, indicating the formation of silver nanoparticles. Heating was 

continued for an additional 30 min, and then the solution was cooled to room 

temperature. The AgNPs suspensions were washed with DI water and centrifuged at 

a relative centrifugal force maximum value (RCFmax) of 13,000 x g. The washing 

process was repeated three times to remove impurities and unbound citrate. The final 

silver concentration after three times washing with DI water was 23.5 ppm and all 

citrate was expected has been removed by the washing process. Then, these purified 

particles were sealed, stored in the dark and kept in a refrigerator. They were used 

within two weeks of sample preparation before diluting to 25 mg/L in the DPPC pH 

solutions. The batch to batch variability of the AgNPs systhesis products was very 

low and all batches were routinely tested using TEM and UV-vis measurements. The 

cleanliness of synthesised particles was confirmed with EDS to ensure that 

sulphidation of AgNPs had not occurred[278] and impurities, such as Na
+
, Cl

-
 were 

removed by washing. 

4.2.2 Effect of pH and DPPC on the Stability of AgNPs 

DPPC was purchased from Sigma Aldrich, UK (catalogue number P0763). The 

effect of pH on the stability of AgNPs (25 mg L
-1

) was studied for 0 and 100 mg L
-1 

 

DPPC, in perchlorate acid solutions (pH 3, 5 and 7) by bath sonication for 10 

minutes. Samples were incubated at 37°C with reaction times between 1 and 336 

hours (2 weeks) in a dri-block heater. 

To minimise the impact of anions on the stability of the AgNPs, non-interacting 

buffers were used and perchloric acid (Sigma-Aldrich), was used to adjust the pH. 

The pH was adjusted using either 0.1 M sodium perchlorate (NaClO4) or perchloric 

acid (HClO4) solutions. pH 5 and 7 were chosen to correspond approximately to 

lysosomal and extracellular media pH, respectively;  pH 3 was chosen as a positive 

control. 
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4.2.2.1 TEM and SAXS 

TEM was performed using a JEOL 2010 instrument operated at an accelerating 

voltage of 200 kV. The morphology and size distribution of AgNPs were 

characterised by bright field TEM. At least 200 particles were counted and measured 

to determine the size distribution (using Image J software). Two axes of particles (x 

and y) were calculated using Image J software as shown in Fig. 4.1. The particle size 

reported was estimated by averaging the shortest (x) and longest (y) dimension of 

200 particles, i.e.    [
𝑥𝑘+𝑦𝑘

2
], k = 0 to 200. TEM samples were prepared by depositing 

a single drop of the suspension on to a 300 Cu Mesh holey support film and were left 

to dry at room temperature and stored under vacuum. To assess the effects of DPPC 

on the stability of the NPs, the samples were washed three times to remove excess 

organic surfactant, prior to TEM analysis. The samples were then negatively stained 

using 1% uranyl acetate in DI water to identify the phospholipid layer around AgNPs 

[279].
 

 

Fig. 4.1: Schematic diagram showing the procedure used to measuring the particle 

size. The particle size reported was estimated by averaging the shortest (X) and 

longest (Y) dimension of 200 selected particles, i.e.    [
𝑥𝑘+𝑦𝑘

2
], k=1 to 200. 

4.2.2.2 SAXS 

Small Angle X-ray Scattering (SAXS) was performed on the I22 beamline at the 

Diamond Light Source to provide an in-situ correlative measure of particle size and 

aggregation state. SAXS measurements were performed on the I22 beamline at the 

Diamond Light Source. A beam energy of 13 keV and a low noise Pilatus 2M 

detector were used.  A camera length of 4.3 m gave an accessible q-range of 0.0437 

to 0.3913 Å. The scattering vector q describes the difference between the 

wavevectors of the incident and diffracted beams. The detector was calibrated using 

Silver Behenate before the 2D detector image was integrated over 360
o
 with a fixed 
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radius and then normalised to give 1D data which were then adjusted for background 

scattering. Data reduction was performed using the Non-Crystalline Diffraction 

toolbox within Dawn Science (Dawn Science, http://www.dawnscience.org). Data 

modelling and fitting was carried out using SasView (ref. SasView, 

http://www.sasview.org). Data were fitted using a unified Guinier-Porod fit allowing 

the radius of gyration (Rg) to be extracted as well as information about the particle 

dimensionality[280]. Fits with a dimension < 0.25 were assumed to be spherical and 

the particle diameter was calculated using the equation: 

𝐷 = 2𝑅𝑔 (
3

5
)

−
1

2
    (4.1) 

AgNP were diluted to a concentration of 10 μg/ml. As-prepared NPs were measured 

in 1 mm quartz capillaries using a 120 s exposure time. DPPC at 10 μg/ml was added 

to each pH solution. Samples were then incubated in a water bath at 37 
o
C for 560 

minutes (~9.5 hours) before being measured in the X-ray beam. 

4.2.2.3 SAED and EDS 

The crystallinity of particles in different media was studied using selected area 

electron diffraction (SAED), in order to determine which phases were produced. In 

particular the possible presence of Ag, AgCl, Ag2O or Ag2S were determined by 

calculating the (111), (200) and (220) interplanar lattices and by comparing these to 

standard reference structures (Ag: Ref. # 01-087-0597; AgCl: Ref. # 00-031-1238; 

Ag2O: Ref. # 00-041-1104; Ag2S: Ref. # 00-014-0072). 

The presence of DPPC was examined using energy dispersive X-ray Spectroscopy 

(EDX) in the JEOL 2010. The cleanliness of synthesised particles was also 

confirmed with EDX to ensure that sulfidation of AgNPs had not occurred[278] and 

all impurities, such as Na
+
, Cl

-
 were removed after the washing process. 

4.2.2.4 ICP-OES 

ICP-OES was used to determine the amount of dissolved Ag in the presence, or 

absence, of lung surfactant (DPPC) at different pHs (3, 5 and 7). Each AgNP 

suspension (pH 3, 5, 7) was incubated in a temperature controller at 37 °C and then 

centrifuged at high speed (13,000 rpm) with 2 kDa (< 4 nm) filter tubes (Sartorius 

Stedim VIVACON 500) to separate the NPs from the solution. The concentration of 

released Ag
+
 ions was measured after the particles had been removed at different 

http://www.sasview.org/
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time intervals of 1, 6, 24, 72, 168 and 336 hours (n = 3). For the control experiment, 

clean water (no AgNPs) and supernatant from which the AgNPs had been removed 

were analysed to ensure that any residual AgNPs were removed by centrifugation 

and filtering. 

4.2.2.5 Zeta potential ξ measurements 

The surface charge (zeta potential) of AgNPs/citrate and AgNPs/citrate wrapped 

with a DPPC lipid layer were characterised with a ZetaPALS (Brookhaven 

Instruments Corporation, USA) as a function of pH and at 25 ºC. The zeta potential 

measurements were calculated based on the electrophoretic mobility of charged 

particles in the dispersion (µ), viscosity (ɳ) and permittivity (ɛ) of the solvent using 

the Smoluchowski equation: 𝜁 =
µɳ

ɛ
, which determines the magnitude of the 

electrostatic repulsive force. The pH of the suspension was adjusted to the required 

value. The samples were sonicated for 2 minutes before making a measurement. The 

measurement was made in triplicate and the arithmetic mean reported. 

4.2.3 Effect of Size and Surface Functionalisation of AgNPs on the Colloidal 

Stability in Lung Lining Fluid. 

Four different types of AgNPs with combinations of two diameters (20 nm vs. 110 

nm) and two capping agents (citrate and PVP) were manufactured by 

nanoComposix, Inc (San Diego, CA) via base-catalyzed reduction of silver nitrate 

using 5-7 nm gold seed as nucleation centers (i.e. the resultant particles have a small 

Au core). The   particles were characterized using transmission electron microscopy 

(TEM), energy dispersive X-ray spectroscopy (EDX) and zeta potential ζ 

measurements. 110 nm Ag particles were further characterized using high angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM). 

HAADF-STEM combined with EDX analysis were carried out using an FEI Titan 

80/300 fitted with a Cs (image) corrector, monochromator and EDX detector 

(EDAX, Leicester UK) operated at an accelerating voltage of 80 kV. For STEM 

experiments, a convergence semi-angle of 14 mrad was used, with an inner and outer 

HAADF collection angle of 49 and 239 mrad, respectively. The probe diameter was 

<0.5 nm. The interaction between each type of AgNP and a model surfactant was 

measured in vitro, either using 100 µg/ml DPPC.  
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4.3 Results and Discussions 

4.3.1 Characterisation of As-synthesised AgNPs 

A bright-field TEM image of as-prepared AgNPs is shown in Fig. 4.2a. The particles 

were spherical in morphology with an average diameter of 14 ± 1.6 nm (n=200) as 

characterized by TEM. SAED patterns (Fig. 4.2c) revealed that as-synthesised NPs 

have characteristic lattice spacings 0.236 nm, 0.204 nm, and 0.145 nm, 

corresponding to the (111), (200) and (220) planes of metallic silver (Ref.#01-087-

0597). EDS analysis confirmed that sulfidation of AgNPs had not occurred and all 

impurities had been removed after 3x washing with DI water.  The ξ value of the as-

synthesised AgNPs/citrate was -17.9 ± 3.0 mV. This negative surface charge is 

consistent with the electrostatic stabilisation against aggregation. 

Fig. 4.2: (a) Bright-field TEM image of as-prepared AgNPs and (b) their 

corresponding size distribution (n=200); (c) HRTEM image of the boxed area in (a), 

showing a lattice spacing of 0.23 nm (d) SAED pattern (camera length=30 cm)  and 

(e) EDS spectrum taken from AgNPs prepared by NaBH4 reduction. 

  

50 nm 

  

2 nm 

(a) (b) 

(c) (d) (e) 

0.234 ± 0.006 nm 
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4.3.2 pH and DPPC: The Effect on Stability of AgNPs 

The overall goal of this study was to assess the effect of pH on the stability and 

aggregation state of AgNPs, and to determine how the presence of DPPC modifies 

these processes. In the secretory pathway, the pH decreases progressively from the 

endoplasmic reticulum (ER) lumen, (pH~7.1), early endosomes (pH~6.5) to late 

endosomes (pH<6.0) and, ultimately, lysosomes (pH<5.5)[281]. A DPPC 

concentration of 100 mg.L
-1 

was chosen to mimic the concentration range of  

phospholipid in bronchoalveolar lavage fluid obtained from healthy adults[140]. In 

this work, we have studied the interaction of AgNPs with DPPC and isolated the 

effects of DPPC – the majority component of the lung lining fluid. We specifically 

chose not to include other proteins present in the lung fluid as some of these 

components (e.g. SP-A, SP-B and SP-D) contain sulphur. This may lead to 

desulfurisation of proteins by AgNPs and formation of Ag2S particles. The 

sulfidation process would confound the accuracy analysis of ICP and TEM and make 

it difficult to draw accurate conclusions about the mechanisms by which the pH 

affects the stability of the particles. 

4.3.2.1 TEM 

The stability of AgNPs in the presence, or absence, of DPPC, at pH 3, 5 and 7 was 

monitored by measuring both the production of Ag
+
 ions in solution and by assessing 

the morphological evolution of the AgNPs as a function of incubation time. The 

primary particle and aggregate sizes of AgNPs in their dry state were characterized 

using TEM (Fig. 4.3 (a-n)). The particle size distribution (PSD) became multimodal 

after t=168 hours, as AgNP dissolution and coarsening occurred (Fig. 4.3 (o-r)). 

 

TEM imaging showed that AgNPs associated more rapidly with decreasing pH. 

AgNP aggregate sizes in pH 3 were larger than in pH 5 and pH 7 (Fig. 4.3). This 

implies that the pH will affect the aggregation state of NPs in different cell culture 

media. Negligible changes in the aggregate sizes were measured at extracellular pH 

(~7.2) whereas the NPs tended to aggregate in lysosomal pH (~5.5). The PSD 

histograms (Fig. 4.3(p-r)) illustrate a significant shift in the position of the peak 

maxima, i.e. from 16 nm at pH 7 to 32 nm at pH 5, and 44 nm at pH 3 after 7 days 

incubation, indicating that the particles aggregated, fused and coarsened significantly 

at lower pH. 
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TEM images also show that DPPC addition results in smaller clusters of NPs or 

isolated primary particles, which are redispersed within the DPPC. In DPPC, NP 

aggregation was strongly pH-dependent, with the size of aggregates increasing as pH 

decreases. In particular, Fig. 4.3 (q) and (r) showed a shift in the peak maxima of the 

PSD to smaller sizes in the presence of DPPC at pH 5 and 3, respectively. After 7 

days incubation, the position of peak maxima shifted from 44 nm (without DPPC) to 

24 nm (with DPPC) at pH 3, and from 32 nm (without DPPC) to 20 nm (with DPPC) 

at pH 5. This trend indicates that the phospholipid DPPC provides a more stable 

barrier between NPs, reducing NP interactions and inhibiting coarsening. At pH 7.0, 

there is no significant shift in size distribution between the samples with and without 

DPPC, indicating that DPPC stabilises the NPs dispersion, but does not affect the 

size distribution at neutral pH. This nano-bio interface is important in shaping the 

surface properties, charges, resistance to aggregation and hydrodynamic size of 

NPs.
[282]
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Fig. 4.3: TEM images of AgNPs incubating in water suspension (a-b) and aqueous suspension at pH 7 (c-f), pH 5 (g-j), and pH 3 (k-n) with 

magnification of 20k and their particle size distribution (N=200) histograms (o-r) were measured from TEM images in the presence, and 

absence, of DPPC after 7 days incubation. 
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In order to study further the influence of pH and DPPC on particle aggregation state 

and morphology, TEM images of AgNPs incubated in solutions in the presence of 

DPPC were acquired at low (x 50 k) and high (x 100 k)  magnification as shown in 

Fig. 4.4(c) and Fig. 4.4(d), respectively. Fig. 4.4(a) shows the as-prepared citrate - 

stabilised AgNPs. The NPs were wrapped by a thin layer of stabilising agent 

(citrate), approximately 1.4 ± 0.3 nm in thickness. By comparison, when NPs were 

incubated in solutions containing DPPC, there was a significant increase of capping 

layer thickness, which implies formation of DPPC layer(s) outside AgNPs/citrate, as 

shown in Fig. 4.4 c-d. The thickness difference of 4.2 ± 1.8 nm is close to a DPPC 

bilayer thickness of 5.5 nm, as determined by atomic force microscopy (AFM)[283]. 

Leonenko et al. imaged a DPPC-supported bilayer using temperature-controlled 

AFM and demonstrated that thickness of DPPC bilayer varied as a function of 

temperature or analysis technique[283]. 

 

The detailed morphology of the DPPC layer(s) was further revealed using a uranyl 

acetate negative staining technique, which takes advantage of the high affinity of 

electron dense, uranyl ions, to the carboxyl groups of citrate and phosphate groups of 

DPPC, resulting in dark contrast[284]. The outside layer of NPs, which shows dark 

contrast, is likely to be the polar groups of the outer DPPC layer facing the aqueous 

environment (Fig. 4.4e-f). The hydrophilic heads of the inner layer of DPPC likely 

interact with the citrate layer; however, it is difficult to absolutely define the 

boundary of the two layers (Fig. 4.4f). The thickness of the bilayer of DPPC 

hydrocarbon tails, not stained with uranium, show a bright contrast layer in between; 

this was determined to be 4.3 ± 0.6  nm (Fig. 4.4f), close to the calculated 

hydrocarbon bilayer thickness of 4.16 nm. The molecular structure of DPPC contains 

a hydrophilic and a hydrophobic end (Fig. 4.5).  
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 Fig. 4.4: TEM images for AgNPs incubated in pH 3 solution) in the absence (a and 

b), and in the presence (c and d) of DPPC, for 1 day.  Samples negatively stained 

with uranyl acetate (e and f) to enhance contrast of lipid coating. 
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A schematic model of the DPPC bilayer structure on AgNPs/citrate is illustrated in 

Fig. 4.5. The zwitterionic trimethyl ammonium and acidic phosphate head of the 

molecule is hydrophilic, while the two long chain fatty acid tails esterified to the 

glycerol are lipophilic and hydrophobic.  The formation of hydrogen bonding and 

electrostatic interactions initiate the interaction between AgNPs/citrate and DPPC 

lipid. Further evidence for the existence of a lipid layer around AgNPs is provided 

by EDS analysis which shows the presence of phosphorus in samples immersed in 

DPPC. 

 

Fig. 4.5: A schematic illustration of a model of DPPC bilayer structure coated 

outside citrate stabilized AgNPs. The DPPC surfactant molecule consists of a 

trimethyl ammonium bounded to an acidic phosphate, providing a hydrophilic 

zwitterionic head group and two hydrophobic fatty acid tails comprised by 16 

hydrocarbons. There is likely formation of a lipid bilayer structure on the surface of 

citrate coated AgNPs, with hydrophobic tails associating with each other, whereas 

hydrophilic groups of two layers oriented toward to aqueous environment and citrate 

layer respectively. The hydrocarbon bilayer thickness was determined by TEM 

analysis through negative staining.    
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Fig. 4.6: EDS spectra taken from AgNPs incubated in pH 3 solution (a) in the 

absence, and (b) in the presence of DPPC after 1 week. 

The aggregation state of NPs is an important consideration in controlling their 

reactivity in biological systems. A number of factors, including ionic strength, pH 

and surface chemistry, control both the propensity of NPs to aggregate and the 

aggregate size[136], [285]. For any colloidal suspension an equilibrium is set up 

between the NP and solution, so even a simple Ag colloid will consist of three 

forms: AgNPs, free Ag
+ 

(including complexes), and surface-adsorbed silver Agads. 

Here, TEM images show that NPs preferentially aggregate at pH 3 compared to pH 7 

(Fig. 4.3). This effect is related to the high [H
+
] which causes charge screening (thus 

reducing electrostatic repulsion), and decreased intramolecular repulsion resulting in 

molecular shrinkage[286]. 

TEM analysis showed that the measured size distribution was biased towards small 

particles with the addition of DPPC, indicating that DPPC improved the stability of 

the particles. This finding is in agreement with the result reported by Sager[141], 

who found that diluted alveolar lining fluid obtained through bronchoalveolar lavage 

improved the dispersion of ultrafine carbon black and TiO2-NPs. Since the TEM 

preparation method may cause drying-induced aggregation of the particles; measures 

have been taken to minimise such effects by placing a small drop of solution on to a 

Cu grid and drying under vacuum. Moreover, exactly the same protocol was used to 

dry all the samples, so if observed aggregation was related to such artefacts it would 

be expected for all the conditions studied. This gives confidence that the observed 

differences can only be attributed to the effects of the environmental test conditions. 
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Although drying artefacts may create a systematic error, it cannot be disputed that 

significant differences between the aggregation states of AgNPs +/- DPPC, are 

observed.  Furthermore; the in-situ SAXS measurement are consistent with the TEM 

data suggesting that such an approach (with appropriate care) is valid. 

 

4.3.2.2 ICP-OES 

Aliquots of Ag solutions were taken for ICP-OES analysis at various time points 

from 1 hour up to 14 days (336 hours). Dissolved silver appeared over the course of 

several hours up to two weeks. In the reaction, the dissolved silver was Ag
+
 or Ag

+
 

complexed with anions (i.e. citrate), which can undergo dynamic exchange between 

surface bound and soluble forms. 

Fig. 4.7 shows that the Ag
+
 release rate was strongly pH-dependent: increasing ion 

release rates were observed with decreasing pH. Negligible Ag
+
 release (~ 0.4 %) 

was measured at pH 7, and ~ 2 % Ag
+
 was released at pH 5, after 14 days (336 

hours) incubation. At pH 3, considerable Ag
+ 

release was measured initially after 1 

hour incubation; ~ 5 % of available Ag
+
 ions had dissolved. The dissolution rate of 

the AgNPs subsequently decreased, and the amount of Ag
+
 ions released gradually 

increased up to ~10 %, at 14 days.  

For AgNPs incubated in DPPC, a similar dissolution behaviour was observed 

compared to those incubated without DPPC (Fig. 4.7). However, the DPPC appears 

to form a protective membrane, increasing the AgNP chemical stability. At pH 3, < 1 

% of AgNPs had dissolved after 1 hour incubation, compared to ~ 5 % released Ag
+
 

without DPPC. However, after 72 hours incubation at 37 °C (pH 3), the amount of 

dissolution was not significantly different from the samples without DPPC (Figure 2l 

and 2n). A similar trend was also observed at pH 5.  Overall, DPPC imparted an 

initial retarding effect on the dissolution of AgNPs but the effect became less 

significant after two weeks of incubation at a given pH. 
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Fig. 4.7: Ag
+
 ion release study of AgNPs incubated in perchlorate acid solutions (pH 

3, 5, and 7), in the presence, and absence of DPPC. 

In this study, the ICP results (Fig. 4.7) show that NP dissolution rate increases with 

decreasing pH. Liu[49] found that dissolution of AgNPs is a cooperative effect of 

both dissolved oxygen and protons. In this study, dissolution was carried out in an 

ambient atmosphere, and therefore dissolved oxygen was a possible factor in the 

dissolution of AgNPs. Specifically, in a heterogeneous oxidation reaction, ion 

release is initiated by oxygen chemisorption accompanied by electron transfer. The 

Pourbaix diagram for Ag suggests that the equilibrium condition is not pH-

dependent for acidic conditions, however it is clear from these data that the kinetics 

of dissolution are effected[287].   Protons in the fluid phase serve as a mediator and 

dissolution of NPs increases with higher [H
+
][49]. The global reaction stoichiometry 

is: 

2Ag + ½ O+2H
+
 ↔ 2Ag

+
 +H2O      (4.2) 

 

For surfactant-coated NPs, the DPPC layer may act as a diffusion barrier to 

molecular oxygen, and thus decreases ion release kinetics and toxicity[288]
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4.3.2.3 SAXS 

Background-subtracted SAXS data are shown in Fig. 4.8 along with fits to the data 

and extracted parameters.  A good agreement between the data and fit was achieved 

for all the samples as indicated by the low χ
2
 values.  The extracted values for 

diameter D represent the average size of the scattering object: there is a dramatic 

increase in D for particles suspended in pH 3 and 5 solutions for a period of 9.5 

hours: from 18.6 nm to 39.1 nm and 55 nm for pH 5 and 3 respectively. Little 

change was observed for particles suspended in pH 7 solutions, in agreement with 

TEM analysis. Addition of DPPC to the solutions reduced the observed changes in 

D, although measurable differences were seen for both pH 5 and 3 (D = 26.8 nm and 

28.0 nm).  This suggested that DPPC inhibits particle aggregation and coarsening, 

but may not fully prevent it. At pH 7, with DPPC there is no change in the SAXS 

analysis compared to as-prepared samples. 

The larger particle size observed at lower pH arises due to increased charge 

screening, which allows particles to agglomerate and then fuse by diffusion 

controlled coarsening, forming larger-sized particles. When particles are coated by 

citrate (pKa1=3.13, pKa2=4.76, pKa3=6.40), they are electrostatically-stabilised by the 

negatively-charged anions. However, when the pH of the colloidal dispersion is 

decreased, protonation of citrate anions occurs, and the AgNPs are no longer 

electrostatically stabilised.  Without their negative shell, the particles are not 

prevented from coming into close proximity, which allows aggregation of the 

particles. This effect can also be seen in Fig. 4.3 (TEM) and 4.8 (SAXS), where the 

average particle diameter increases as the pH decreases. 
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Fig. 4.8: In-situ small angle X-ray scattering of NPs suspended in various pH 

solutions with and without DPPC; data (symbols) and fits (lines) along with 

extracted data. Y axis shows the total scattered intensity of particles and X-axis 

refers to the length of the scattering vector, q = 
4𝜋

𝜆
 . sin(𝜃). 

Several reports have indicated that the cytotoxicity of nanosilver is decreased by the 

aggregation of AgNPs[49, 289]. Generally, NPs tend to aggregate into larger 

particles, decreasing the available surface area and decreasing reactivity[290]. The 

present results show that the presence of DPPC maintains dispersion of NPs without 

significantly increasing the dissolution rates compared to those without DPPC (Fig. 

4.7); however DPPC did delay the release of silver ions. In principle, the ion release 

rate may also be inhibited by an increase in pH, oxygen depletion and high 

concentrations of free silver and free citrate[291].
 

This study of the interaction of AgNPs with DPPC has provided an insight into the 

colloidal stability of these NPs in biologically relevant media under varying pH 
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conditions. DPPC surfactant is the first line of defence against inhaled particles and 

helps to maintain homeostasis of the airways. Over the range of pH values 

investigated, the results indicate that decreasing pH resulted in increased Ag
+
 ion 

release and induced a much greater extent of aggregation and coarsening of the 

particles. TEM and in situ SAXS analysis showed that AgNPs did not aggregate or 

coarsen at extracellular pH; maintenance of their small size may allow them to enter 

cells (where NP dissolution and aggregation may subsequently occur). This may lead 

to a greater formation of ROS within cells, reduced cell viability, and increased 

DNA damage. 

4.3.2.4 SAED and EDS 

Comparisons of SAED patterns (Fig. 4.9) in different media identified only the 

characteristic spacing of metallic silver. 

 

 

 

 

Fig. 4.9: SAED patterns taken from aggregates of AgNPs incubated for 1 week in (a) 

DI water, (b) pH 3 solution without DPPC, and (c) with DPPC. The selective area 

aperture size used was 100 nm in diameter. (Indexed patterns are shown in S1, S2 

and S3). 

Table 4.1: The lattice parameter of samples as a function of pH and incubating 

medium (with and without DPPC). 

h k l 

Ag 

(Standard) 

AgNPs        

20 nm 

with DPPC without DPPC 

pH3 pH5 pH7 pH3 pH5 pH7 

1 1 1 0.236 0.230 0.235 0.235 0.231 0.241 0.232 0.234 

2 0 0 0.204 0.202 0.199 0.202 0.203 0.208 0.201 0.201 

2 2 0 0.145 0.142 0.121 0.143 0.142 0.149 0.143 0.144 

Lattice 

constant 

(nm) 

0.409 0.402 0.402 0.406 0.401 0.410 0.403 0.403 

      DI Water                 pH 3 (w/o DPPC)       pH 3 (with DPPC) 

(a) (b) (c) 

5 1/nm 5 1/nm 5 1/nm 
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4.3.2.5. Zeta potential ξ measurements 

The dispersion surface charge of particles can be altered by changing the solution pH 

as shown in Fig. 4.10. At the higher pH studied, the AgNPs suspension indicates a 

high ξ-magnitude of - 32.5 mV, corresponding to a stable suspension.  At lower pH, 

the magnitude decreases to -22.5 and -18.2 mV at pH 5 and 3, respectively, 

indicating weaker repulsive forces and a less stable suspension. 

The ξ of AgNPs/citrate and DPPC-wrapped AgNPs were also investigated at 

different pH. Fig. 4.10 shows that the ξ of AgNP/DPPC were smaller in magnitude 

compared to AgNPs without DPPC. ξ continued to decrease with pH, approaching 

isoelectric point (pI).  However, despite the lower surface charge, the NPs are now 

stabilised by steric factors leading to more stable suspensions. At any given pH, 

increasing the ionic strength compresses the diffuse layer and decreases ξ of particles 

(Fig. 4.10), thereby reducing intermolecular repulsion, leading to an increased 

aggregation (Fig. 4.11)[43, 292, 293].
  

 

Fig. 4.10: Surface charge of AgNPs incubated in the suspension (with and without 

DPPC) as a function of pH. 

The aggregation of extremely reactive NPs is driven by high surface energy and 

resultant thermodynamic instability of the NPs surface[294]. In suspension, 

adsorbates (e.g. Agads) will tend to diffuse between adjacent adsorption sites on a 
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surface, forming bonds with nearest-neighbor atoms via Brownian diffusion[295]. In 

this reaction, the coarsening kinetics of the NPs are controlled by surface diffusion. 

As the system tends to lower its overall energy, smaller-sized particles will first 

agglomerate, then irreversibly fuse and coarsen to form large particles, decreasing 

the total energy of the system[296].
 

 

Fig. 4.11: Schematic representation of the aggregation process for citrate-stabilised 

AgNPs. AgNPs are stabilised by an electrostatic repulsive force between particles. 

Aggregation occurs with the increasing of pH due to the protonation of citrate 

anions, which can be elucidated by Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory[297, 298]. 

In contrast, stable NPs dispersion requires a dominant interparticle repulsive force to 

prevent the adhesion of particles. The decreasing magnitude of ξ with pH agrees well 

with the effects seen in TEM morphology studies. This supports the suggestion that 

larger aggregates found at lower pH may be due to the low surface charge and weak 

repulsive force when pH approaches the isoelectric point (pI)[299]. The ‘hard’ bonds 

of aggregates are difficult to break apart with agitation or ultrasonication due to a 

high energy barrier that hinders the separation of particles. When the pH is far from 

the pI, the electrostatic repulsive force is high enough to counter the van der Waals 

force and prevent the aggregation of NPs, and vice versa[300, 301]. 

The ξ of AgNPs/citrate was reduced after lipid adsorption (Fig. 4.10). This may be 

due to the positive charge of the hydrophilic headgroup of DPPC molecule - 

N
(+)

(CH3)3 interacting with the negatively charged citrate coated AgNPs. Since 

DPPC is a zwitterion, the positive charge of ammonium group is favourable for 

electrostatic interaction with the AgNPs/citrate. Therefore, the presence of negative -

PO3
− 

in the zwitterion may cause the relatively small decrease of surface charge 

which remains negative[302]. 
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The DPPC hydrophilic head group contains two oppositely charged groups[303]: a 

positively charged phosphate (P) group (1.8 nm) and a negatively charged choline 

(N) group (2 nm) as illustrated in Fig. 4.5. The zwitterionic head group of DPPC 

with neutral charge over a wide pH range approximately from 4 to 10.[304] Despite 

its neutrality, DPPC carries a significant electric dipole moment and surface 

potential. Mashaghi[305] reported that the lipid headgroups of DPPC tightly bound 

to interfacial water molecules facilitates energy transfer across membranes[306].  

This might explain the antifouling property of DPPC and the dispersion of NPs in 

DPPC suspension[306]. Moreover, when NPs interact with DPPC, the hydrophilic 

trimethyl ammonium and phosphate head group of the molecule is oriented outwards 

to the surrounding medium; this surface modification of a hydrophilic outer coating 

also allows the dispersion of the surfactant-coated AgNPs in aqueous media[307].
 

4.3.3. Effect of Size and Surface Functionalization on the Colloidal Stability of 

AgNPs 

AgNPs (Citrate20, PVP20, Citrate110 and PVP110) were manufactured by 

nanoComposix, Inc (San Diego, CA) via  base-catalyzed reduction of silver nitrate 

using 5 - 7 nm gold seed as nucleation centers (i.e. the resultant particles have a 

small Au core). The size of the particles was initially characterized by the 

Nanotechnology Characterization Laboratory, National Cancer Institute at Frederick 

using TEM and zeta potential ζ measurements. The AgNPs were subsequently 

provided for study by the Consortium of NIEHS Centers for Nanotechnology Health 

Implications Research (NCNHIR). The particles were further characterized using 

transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy 

(EDX) and used for Ag
+
 dissolution studies. 110 nm AgNPs were characterized 

using high angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM). 

4.3.3.1 Characterisation of the As-received AgNPs 

The primary size distribution and aggregation state of the citrate and PVP-stabilized 

Ag20 and Ag110 in water (Fig. 4.12 (a-d)) and pH 7 solution (Fig. 12 (e-h)) were 

compared by TEM which confirmed that physicochemical properties of the as -

received AgNP (dispersed in DI water) were consistent with specifications from the 

provider (NCL).  After incubation at pH 7 in perchlorate buffer solutions for 24 

hours, Ag20-citrate NP formed large aggregates which could not be separated by the 



 
  

132 
 

sonication process (Fig. 4.12 (e)).  In comparison, the Ag20-PVP NP formed smaller 

aggregates (Fig. 4.12 (f)) and fused together within the aggregates in some areas 

(Fig. 4.12 (f)).  No significant changes in the aggregation state and morphology of 

the 110 nm AgNP (either PVP or citrate-capped) before, (Fig. 4.12 (c, d)) and after, 

the incubation at pH 7 (Fig. 4.12 (g, h)) were noted. As mentioned in section 4.3.2.1, 

TEM sample preparation may cause drying artefact of NPs. Thus, this technique was 

used as a comparative method in studying the effect of size and surface coating on 

the colloidal stability of NPs since exactly the same protocol was used to prepare 

these samples. 

 

Fig. 4.12:  Characterization of AgNP by TEM.  Panel (a) Ag20-cit, (b) Ag20-PVP, (c) 

Ag110-citrate and (d) Ag110-PVP in DI water.  Panel (e) Ag20-cit, (f) Ag20-PVP, (g) 

Ag110-citrate and (h) Ag110-PVP incubated in pH7 solutions (37 ºC) for 1 day. 

Table 4.2:  Physicochemical Properties of AgNPs in Mili-Q water (~ pH 6.7). 

Samples 
Primary Diameter 

(nm) 

Zeta potential 

(mV) 

20 nm, Citrate-stabilized Ag 22.2 ± 0.4 -39.4 ± 0.5 

20 nm, PVP-stabilized Ag 22.8 ± 0.6 -33.5 ± 0.6 

110 nm, Citrate-stabilized Ag 113.1 ± 5.5 -43.7± 0.6 

110 nm, PVP-stabilized Ag 127.6 ± 5.6 -28.7± 1.2 
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In-house characterization analysis confirmed that as-received AgNPs had the 

physicochemical properties shown in Table 2; the zeta potentials are more similar 

than would be expected (the citrate capping may have surface-exchanged reducing 

the effective charge for these particles): all show a negative potential consistent with 

the manufacturers specification. EDX spectra (Fig. 4.13) showed that consortium 

particles (20 nm) were gold-silver core-shell NPs. As expected the Au core could not 

be detected for 110 nm NPs using EDX or high-angle annular dark-field (HAADF) 

in a scanning transmission electron microscopy (STEM) as it is below the 

concentration limit for detection, buried in the Ag shell (Fig. 4.14 and 4.15). 

However, the manufacturers MSDS sheet states that the Au core is present, 

confirmed by ICP-MS at NCNHIR. 

 

 

Fig. 4.13: Bright field TEM images and Energy Dispersive X-Ray Spectroscopy 

(EDX) Particle Analysis: Citrate AgNPs (20nm) incubated in pH 7 (A) without 

DPPC (B) with DPPC for 24 hours. Au was detected in both the 20 nm citrate and 

PVP coated AgNPs. 

    

(A) (B) 
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Fig. 4.14: (A) High Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) images of the citrate coated 110 nm AgNPs and (B1-

3) EDX spectra from which only shows the presence of Ag. 

 

Fig. 4.15: (A) High Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) image of PVP coated 110 nm AgNPs and (B1-2) 

EDX spectra taken from region 1 and 2 in (A). Au cannot be detected from the 110 

nm AgNPs (both PVP and citrate coating).  

4.3.2.2. Effect of size and capping agent on dissolution kinetics and morphology 

evolution of AgNPs  

The dissolution rates of the four types of AgNPs was examined at both pH 5 & 7 

(inorganic buffers) by ICP. The dissolution rates were higher at pH 5 than at pH 7 

A 

A 

B1 

B1 

B2 

B2 

B3 
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(Fig. 15 and 16). All particles, with the exception of the 20 nm citrate-capped 

particles, displayed less than 1% total release of silver to the solution over a three-

day incubation period (Fig. 4.16 and 4.17). The 20 nm citrate-capped particles 

displayed greater dissolution than the other particles at both pH 5 & 7; > 4 % Ag was 

released into the solution after three days of incubation (Fig. 4.16).  Both the 110 nm 

particles (citrate- and PVP-capped Ag 25 µg/mL, pH 7) showed negligible 

dissolution in H2O over a 72 hour period (Fig. 4.17), while dissolution of the 20 nm 

particles was dependent on the type of capping agent and the presence of DPPC.  

Ag20PVP NPs showed less dissolution than the Ag20citrate NPs with the % of Ag
+
 

at 72 hours being 1.1 vs 3.9 % for the PVP- and citrate-coated 20 nm NPs 

respectively. Addition of DPPC lowered the dissolution rate of both citrate and PVP-

20nm NPs to 0.05 (PVP) and 1.1 (citrate) % of the total mass of silver.     

 

 

Fig. 4.16: Ag
+
 Ion Release Study: 20nm AgNPs incubated in perchlorate 

acid/perchlorate buffer solutions (pH 5 and 7) over the course of 72 hours. The 

citrate stabilized particles demonstrated the greatest percent Ag dissolved at pH 5 

over the time course. 
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Fig. 4.17: Ag
+
 Ion Release Study with DPPC: 110 nm AgNPs incubated in 

perchlorate acid/perchlorate buffer solutions (pH 5 and 7) over the course of 72 

hours with and without DPPC. Citrate stabilized particles demonstrated the highest 

% Ag dissolved over the entire time course. Dissolution from the 110nm citrate and 

PVP-stabilized AgNPs in pH 7 (with or without DPPC) was below the detection 

limit showing that negligible dissolution had occurred. 

Having established that the particles were relatively stable against dissolution in 

perchlorate buffer solution (pH 7), their morphology and the effect of surfactant 

addition were assessed by TEM (Fig. 4.18).  Regardless of stabilization, or the 

presence of the model surfactant DPPC, 20 nm AgNPs displayed a greater tendency 

to aggregate than the 110 nm particles, as expected due to surface energy 

considerations. Evidence of particle aggregation and significant coarsening was also 

observed for the 20 nm particles with both capping agents (Fig. 4.18 C&G). The 

limited aggregation of 110 nm AgNPs observed in buffer (Fig. 4.18 A&E) was 

completely lost upon addition of DPPC (Fig. 4.18 B&F). DPPC also had a dramatic 

effect on the 20 nm AgNPs with only small clusters of the AgNPs formed and no 

coarsening was observed (Fig. 4.18 D&H). In the lung, smaller-sized citrate- or PVP 

– AgNPs (20 nm) may form less stable agglomerates, potentially increasing the 

surface area available for biological interaction with proteins, lipids and inorganic 

ions in the lung fluid milieu, as well as for oxidative reactions[216, 308].   
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Fig. 4.18: AgNP Morphology and the Effect of Surfactant Addition by Transmission 

Electron Microscopy: TEM images of citrate vs. PVP stabilized AgNPs (20 and 

110nm) incubated in pH 5 solution with, and without, DPPC at 37C for 24 hours 

(magnification at 20 x). The addition of DPPC decreased particle aggregation in all 

instances; however, NPs size was the predominant factor in particle aggregation. 

In comparison, the Ag20-PVP NP formed smaller aggregates and in some areas, the 

Ag20-PVP within the aggregates had fused together (Fig. 4.18G). The citrate-coated 

AgNP were stabilized by electrostatic repulsion attributed to the deprotonation of 

citrate carboxylic acid groups[309-311]. PVP is a non-ionic polymer, which 

stabilizes the AgNP by steric hindrance. The PVP-stabilized AgNP were less 

affected by electrolytes, therefore they had higher dispersion stability in biological 

media (Fig. 4.18H)[312].  

Size, charge, solubility and surface modifications of metallic NPs have been linked 

to NPs toxicity[57, 313].  In vitro studies in this work could be used to predict 

differences between the bio-reactivity of AgNMs with different sizes and surface 

coatings in the lung in vivo. Smaller AgNP (15-30 nm) have been reported to be 

more toxic than larger ones (55 nm) in murine and human models due to their high 

reactivity with biological systems resulting from their larger specific surface 

areas[95, 314, 315].  In vitro dissolution studies in this work showed higher rates of 

dissolution for the 20 nm particles in perchlorate buffers with a reduced dissolution 
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rate in DPPC, suggesting that surfactant interaction stabilised the surface conditions, 

preventing oxidation, which would otherwise lead to the release of Ag
+
.  The rate of 

dissolution for the 110 nm particle was negligible, indicating that the release of Ag
+
 

ions may play an important role in the increased toxicity of the 20 nm nanoparticles.  

Thus, size, surface charge, chemical composition of NPs have to be considered in the 

understanding of NP cytotoxicity, which has important implications for the safe use 

of coated silver nanoparticles in commercial and consumer preparations[316, 317].  

4.4 Summary 

In summary, TEM images and in situ SAXS showed that AgNPs suspended in media 

containing DPPC, the primary lipid constituent of LLF were stabilised against 

coarsening and aggregation. Nevertheless, the presence of DPPC surfactant did not 

significantly affect the total amount of silver released over the pH range 3.0-7.0 after 

two weeks. These results enhance the understanding of the stability of NPs in the 

deep lung, and may be utilised for making predictions of how the aggregation state 

and stability of AgNPs changes in the LLF, thereby affecting the pulmonary system 

with regard to both respiratory physiology and host immunity. Furthermore, these 

studies also suggest that stabilisation of the AgNPs by coatings, prior to interaction 

with surfactant molecules in the lung lining fluid, is an important consideration. 

More generally, these results highlight the need to consider NPs size, surface 

coatings and their interaction with biological molecules (in this case lipids) in order 

to understand the downstream effects in humans and the environment.  In particular, 

detailed characterisation of whether, and how, engineered nanomaterials (ENMs) 

change in their physicochemical properties within a biological system or the 

environment will be essential to make informed predictions about the mechanisms 

toxicity of ENMs. 
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5.0 Neurotoxicology: Microglia Response to AgNMs and Their Interaction 

with Enzymes in the Central Nervous System (CNS) 

5.1 Overview 

The extensive use of silver nanomaterials (AgNMs) in various emerging markets 

will lead to their significant release into the environment during industrial 

manufacturing, washing, use and product disposal. AgNMs as potential 

occupational and environmental hazards may raise health and safety concerns. For 

this reason, there is a need to assess the interaction of NMs with biological systems 

precisely for early prediction of NMs cytotoxicity. In relation to neurotoxicity, 

studies have shown that silver nanoparticles (AgNPs) can cross the blood brain 

barrier (BBB) via the systemic blood supply and localise inside the brain, causing 

neurodegeneration.  However, much less is known about the distribution of 

AgNMs and their interaction with protein complexes inside brain cells. Here, 

interaction of microglia with AgNMs of two morphologies, spheres and wires, as 

well as their uptake and cytotoxicity were investigated. TEM analysis identified 

cellular uptake of both Ag formats, but neither increased production of reactive 

oxygen species (ROS) nor affected cell viability or mitochondrial activity.  STEM - 

EDX analysis demonstrated the formation of silver sulphide (Ag2S) within the 

cells, possibly facilitating metal detoxification and limiting cell death by protection 

against free radicals. In comparison between these two morphologies of AgNMs, 

NPs showed a significant anti-inflammatory effect, reducing ROS, nitrite 

generation and pro-inflammatory cytokine synthesis, which might be due to their 

higher Ag
+
 ions release in the cellular environment. Confocal microscopy revealed 

that AgNM-treated microglia upregulated the expression of cystathionine γ-lyase 

(CSE), a major hydrogen sulphide (H2S)-producing enzyme in the central nervous 

system (CNS), suggesting enhanced Ag
+ 

- induced liberation of cofactors which may 

increase the enzymatic activity. This may also occur due to the insufficient 

concentration of H2S available to interact with Ag
+
 ions, inducing upregulation of 

H2S producing enzymes to achieve chemical equilibrium condition in the CNS. 

These findings demonstrate that Ag2S formation regulated by CSE in the CNS acts 

as an ion trap for free Ag
+
, significantly limiting short term toxicity effects – with 

important consequences for the neuro-safety of AgNMs. Therefore, not only NPs 

uptake into cells, but also fundamental understanding of the NPs-protein complex is 
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necessary for optimizing particular NPs features for favourable bioavailability and 

biodistribution. 

 

5.2 Experimental Methods 

5.2.1 Nanomaterials Synthesis and Characterisation 

Silver nanoparticles (AgNPs) were synthesised via a chemical bath reduction method 

in which trisodium citrate (Na3C6H5O7) (Fisher Scientific, UK) served a dual role as 

both reductant and stabilizer. Briefly, AgNO3 (1.0 x 10
-3 

M) (Sigma-Aldrich, UK) 

solution was added into the preheated DI-water (180 mL). Then, Na3C6H5O7 (1.0 x 

10
-3 

M) solution was added dropwise to the AgNO3 solution as soon as the boiling 

commenced. The colour of the solution slowly turned into grayish yellow, indicating 

the reduction of the Ag
+
 ions. The solution was heated continuously for an additional 

20 minutes, and then cooled to room temperature. In order to remove impurities and 

excess citrate, the AgNPs suspensions were washed with DI water and centrifuged at 

a relative centrifugal force maximum value (RCFmax) of 10,000 g. This washing 

process was repeated three times to ensure no citrate remained in the solutions. 

Finally, citrate-coated AgNPs were suspended in DI water based on the desired 

concentration of nanoparticles in the suspension. These purified particles were 

sealed, stored in the dark and kept in a refrigerator. The cleanliness of synthesised 

particles was confirmed with Energy Dispersive X-ray Spectroscopy (EDS) to ensure 

that sulphidation of AgNPs had not occurred [278] and impurities, such as Na
+
and 

Cl
-
 were removed by the washing process. Silver nanowires (AgNWs) were prepared 

via a modified polyol pathway through the reduction of AgNO3 with ethylene glycol 

in the presence of poly(vinyl pyrrolodone), PVP (Sigma-Aldrich, UK). Full 

characterisation of the physicochemical properties of the PVP- coated AgNWs used 

in this study was previously reported by Chen et al.[21].  

5.2.2 Cell Culture and Treatments 

Microglia experiments were carried out on the immortalized embryonic mouse 

microglia N9 cell line, first developed by Dr. Ricciardi-Castagnoli et al. [318] and 

given as a kind gift by Dr. Deanna Taylor, Imperial College London.  N9 microglia 

reliably replicate cultured primary microglia with respect to NO production, cytokine 

synthesis and expression of cell surface markers[319-321].  N9 microglia were 

cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Sigma) with 5% Fetal 
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Calf Serum (FCS, Sigma), 8 mM L-glutamine (Sigma) and 50 U/mL Penicillin and 

50 µg/mL streptomycin (Sigma) (termed full DMEM) at 37
o
C in a humidified 

atmosphere with 5 % CO2.   

Microglia cells were plated either in 96-well plates or onto glass coverslips in 24-

well plates (at 10,000 or 50,000 cells per well, respectively) and incubated for 24 hr 

before experimentation began to allow them to readopt a resting phenotype.  

Microglia were then washed with serum-free RPMI (Sigma) (with 8mM L-glutamine 

and 50 U/mL Penicillin and 50 µg/mL streptomycin; termed SF-RPMI) and 

incubated with AgNPs or AgNWs in SF-RPMI for 1 h (pulse) at 37 
o
C with or 

without lipopolysaccharide (LPS) (500 ng/mL). The cells were then washed with SF-

RPMI and incubated in SF-RPMI for a further hour.  Then, they were incubated in 

full DMEM for 4 or 24 h (chase) before analysis (i.e. experimental end-point). 

5.2.3 Cell Viability Assays 

5.2.3.1 MTS Assay 

MTS is a chromogenic assay which involves the bioreduction of the tetrazolium 

compound 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium by NADH in viable cells into a colored formazan 

product. Therefore, the cellular metabolic activity can be quantified 

spectrophotometrically by measuring the absorbance of the formazan product. 

At the experimental end-point, cells plated in 96 well plates were washed and 

incubated at 37
o
C with fresh full DMEM (100 L) containing MTS reagent 

(Promega, UK) (10 L) for 2-3 h before the optical density (at 490 nm) was 

quantified with a plate reader.  Cell viability was determined by comparing the 

optical density of compound-treated cells vs. control cells.  

5.2.3.2 LDH Assay 

Lactate dehydrogenase (LDH) is a soluble cytosolic enzyme which catalyses the 

oxidation of lactate to pyruvate. Once cells lose their membrane integrity due to 

stress or injury, LDH is rapidly released into the extracellular medium. Thus, 

membrane damage and cytotoxicity can be assessed by the quantification of released 

LDH from cells.  
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At the experimental end-point, extracellular medium (50 µL) from cells plated in 24 

well plates was transferred to a 96-well plates and incubated with LDH reaction 

mixture (50 µL) (Promega, UK).  Following 10-20 minutes incubation (at 37
o
C), the 

optical density (at 490 nm) was quantified with a plate reader to determine LDH 

concentration in the extracellular medium.  To control for lower LDH release due to 

a sparser cell population following cytotoxicity, total LDH (i.e. intracellular plus 

released LDH) was also quantified by lysing cells in the original culture medium 

(with 10 L lysing buffer, Promega, UK) and the cell medium incubated with LDH 

reaction mixture as before.  The amount of released LDH was then normalized 

against the total amount of LDH in the culture well.   

5.2.4 Cytokine Release 

Tumor necrosis factor alpha (TNFα) and interleukin-6 (IL-6) are pro-inflammatory 

cytokines produced by activated microglia cells, therefore indicate a microglial 

inflammatory phenotype. At the experimental end-point, TNF and IL-6 release was 

measured in the cell culture medium using commercially available ELISA kits 

(Peprotech, UK) according to the manufacturer’s instruction.   

5.2.5 Intracellular ROS Release 

Intracellular ROS levels were detected using the 2′,7′-Dichlorofluorescin diacetate 

(DCFH-DA) assay (Sigma, UK). DCFH-DA is a lipophilic cell permeable 

compound that is deacetylated in the cytoplasm by cellular esterases to DCF, which 

is then oxidised by free radicals, including hydroxyl, alkoxyl, peroxyl, carbonate and 

nitrate radicals to produce a fluorescence signal.  

For ROS quantification, N9 microglia cells were seeded in dark, flat transparent 

bottomed 96 well plates (10,000 cells per well) as above (see ‘cell culture and 

treatment section’). At the experimental end-point,   cell media was removed and 

replaced with 25 µM DCFDA diluted in full DMEM without phenol red for 45min at 

37 
o
C protected from light. Cells were then washed twice with PBS before 

measurement of fluorescence (at emission 485 nm and excitation 535 nm) in a 

microplate reader.  

5.2.6 Mitochondria Membrane Potential Quantification 

Mitochondrial membrane potential (MMP) was determined using the red-orange 

fluorescent dye tetramethylrhodamine ethyl ester perchlorate (TMRE)  (Sigma, UK).  
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This lipophilic, positively-charged dye enters cells and is sequestered by healthy 

mitochondria with a negative charge.  Conversely, depolarized or inactive 

mitochondria lose their membrane potential, leading to a loss of their negative 

charge and ability to sequester TMRE.  Therefore, the polarization state of 

mitochondria can be assessed by the amount of orange-red fluorescence inside cells.   

 

At the experimental end-point, cells in 96 well plates were rinsed twice in PBS and 

incubated in 500 nM TMRE for 20 mins at 37 
o
C in the dark, followed by rinsing 

with 0.2 % bovine serum albumin (BSA) in PBS prior to fluorescence measurement 

with excitation at 549 nm and emission at 575 nm using a microplate reader.  

5.2.7 Western Blotting 

Protein expression was quantified through immunostaining of Western blots (WB) 

from N9 lysates.  Cells seeded in 6 well plates (at 500,000 cells per well) were lysed 

with RIPA buffer (Sigma, UK) with 10% protein inhibitor cocktail (Aprotinin, 

Bestatin, E-64, Leupeptin, Pepstatin, AEBSF) (Sigma, UK) at the experimental end-

point.  The lysates (20 g) were resolved by SDS-PAGE (10 % gel) and transferred 

to PVDF membranes.  After blocking with 5 % BSA in TBS-T (2 h at room 

temperature), the WB were stained with anti-CBS (1:5000, SantaCruz, USA), anti-

CSE (1:5000, SantaCruz, USA), anti-MPST (1:1000, SantaCruz, USA) or anti-β-

actin (1:20000, Abcam, UK) (all in 1 % BSA/TBS-T) overnight at 4 
o
C.  The WB 

was then incubated with horse radish peroxidase (HRP)-anti-mouse secondary 

antibody (1:2000 in 1 % BSA/TBS-T, Sigma, UK) for 2 h at room temperature. 

Immunodetection was visualized through enhanced chemiluminescence.   

5.2.8 Cellular Uptake of AgNMs  

5.2.8.1 Transmission electron microscopy 

N9 Microglia cells were seeded in 24 well plates and exposed to 50 µg/ml 

AgNPs/AgNWs for 24 h. After 24 h exposure, the cells were rinsed with HEPES 

buffer and fixed in freshly prepared 2.5 % glutaraldehyde for 1 h at 4 ºC. Each 

sample was dehydrated in a graded ethanol series (50 %, 70 %, 90 % and 100 % 

volume ratio of ethanol to DI water) for 5 min x 3 times each, followed by 

acetronitrile (Sigma) for an additional 10 min each, all at room temperature. After 

dehydration, samples were progressively infiltrated with 50 % and 75 % Quetol-

based araldite resin/ethanol solution (Agar scientific, UK) overnight and finally 
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100 % resin for 4 days with fresh resin replaced daily. The specimens were then 

cured at 60 ºC for 24 h before cutting by an ultramicrotome (Leica ultracut UCT, 

Wien, Austria). Ultrathin cell monolayers (approximately 50 – 100 nm) were cut 

directly with a 35º glass knife and each section was examined in a JEOL 2000 

transmission electron microscopy (TEM) at an accelerating voltage of 80 kV.  

 

Multiple cells (> 100 per sample) from each sample were surveyed using an FEI 

Titan 80-300 scanning transmission electron microscopy (STEM) operated at 80 kV, 

fitted with a Cs (image corrector and a SiLi Energy Dispersive X-Ray (EDX) 

spectrometer (EDAX, Leicester UK). STEM – high angle annular dark field 

(HAADF)/ EDX analyses were performed on non-stained samples. STEM 

experiments were performed with a convergence semi-angle of 14 mrad and inner 

and outer HAADF collection angles of 49 and 239 mrad, respectively. The probe 

diameter was < 0.5 nm.  

5.2.8.2 Focused Ion Beam (FIB) - Secondary Electron Microscopy (SEM) - EDX  

To confirm the uptake and the intracellular location of AgNMs, a search of NMs 

inside the cells was performed by milling into the cell at the inspection region for 

SEM analysis. Before beginning the focused ion beam (FIB) milling, the sample was 

coated by a metallic layer to protect against unwanted beam-damage. Specimen 

milling and imaging was accomplished using a FIB 200 TEM (FEI Company, USA) 

equipped with a Ga
+
 ion source. After the FIB process, samples were transferred and 

analysed using the SEM-EDS system (Auriga 40) equipped with in-lens and 

backscattered (BSE) detectors as well as an X-ray analyser for EDS sensitive to 

carbon and other higher atomic weight elements. 

5.2.8.3 Confocal microscopy  

To assess expression of H2S-producing enzymes (CBS, CSE and MPST) in 

microglia N9 cells following AgNMs treatment, cells seeded on cover slips in 24 

well-plates were washed with freshly prepared Dulbecco’s phosphate buffer saline 

(PBS) at the experimental end-point, followed by fixation using ice cold methanol. 

The cells were blocked (1% BSA in PBS, pH 7.4) for 30 minutes at room 

temperature and incubated with primary antibodies (1:200 dilution) in blocking 

solution at 4 °C overnight. Following washing with PBS (x3) cells were incubated 

with the fluorescently-labelled secondary antibodies diluted in blocking solution 
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(1:200 dilution) for 1 h at the room temperature. Following further washings, the 

nuclei were counter stained with Hoechst 33342 (blue). The glass cover slips were 

mounted onto the microscope slides with SlowFade® antifade reagent and 

visualized using Leica SP5 inverted confocal microscope (Leica, Germany). To 

quantify the amount of the enzymes, the fluorescent intensity of the enzyme in the 

cells was measured using Fiji (Image J) analysis software, and the data were 

expressed as mean fluorescent intensity (MFI) with the standard deviation (± SD). 

Cells (40 cells) were observed for each sample and three separate experiments were 

performed with a total number of 120 observed cells.  

5.2.9 TOF-SIMS Analysis of AgNMs Uptake in Microglial Cells 

Prior to SIMS analysis the microglia cells (S1- controlled sample), AgNWs (70 nm 

in diameter) + microglia cells (S2) and AgNPs (110 nm in diameter) + microglia 

cells (S3) were seeded on 13 mm diameter glass cover slips. The samples were 

critical point dried to preserve their surface structure. The spectra and imaging data 

were acquired using a TOF-SIMS 5 instrument (ION-TOF, Germany) equipped with 

a bismuth primary ion source and a C60
+
 sputter ion source. Sputtering by C60

+
 was 

performed on a 500 µm x 500 µm area at energy of 10 keV. The current on the target 

was 0.6 nA. The timing scheme consisted of a sputter cycle of 0.5 s before 

acquisition, followed with pausing of 1 s for each scan in imaging mode. Sample 

imaging was performed within an area of 300 µm x 300 µm at 25 keV using Bi3
+
 

cluster ions.  Each scan provides an image with 256 x 256 pixels. The target current 

was 0.59 pA.  

5.2.10 Statistical Analysis 

The data were analysed by One-way Anova with Tukey’s post-hoc test using SPSS 

package software. Differences between different samples were considered 

statistically significant at p < 0.05.  Data are presented as means ± SD. 

* The cell culture and cell viability assays experiments were led by Gonzalez Carter, Daniel at 

Hammersmith hospital campus, Imperial College. Whereas, the confocal imaging was led by 

Ruenraroengsak, Pakatip at South Kensington campus, Imperial College. 

5.3 Results and Discussion 

5.3.1 Characterisation of AgNMs 

Both AgNPs and AgNWs used in this analysis were synthesised in-house and 

characterised using TEM, STEM-EDS, SAED and zeta potential. Fig. 5.1 showed 
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the morphology of AgNPs/  AgNWs and their size ditributions characterised by 

TEM or SEM techniques.  SAED patterns (Fig. S2) revealed that as-synthesised NPs 

have characteristic lattice spacings 0.236 nm, 0.204 nm, and 0.145 nm, 

corresponding to the (111), (200) and (220) planes of metallic silver (Ref.#01-087-

0597). EDX analysis taken from the AgNPs (Fig. S3) confirmed that all impurities 

had been removed after washing with DI water and no sulfidation had occurred on 

as-synthesised AgNPs.  Whereas, PVP-capped AgNWs were synthesized via a 

polyol process and their physicochemical characteristics were thoroughly 

characterised as shown in Table 1.  

Fig. 5.1: Characterization of the as-synthesised AgNMs. (a) TEM image of as-synthesised 

AgNPs, and (b) their size distributions. (c) SEM image of the AgNWs prepared by a 

modified polyol pathway through the reduction of AgNO3 with ethylene glycol in the 

presence of PVP and their (d) diameter and (e) length distribution. 

Table 5.1: Summary of the physicochemical characteristics of AgNPs and AgNWs. 

Material Silver Nanopaticles (AgNPs) Silver Nanowires (AgNWs) 

Average Size 59 nm (40 – 100 nm) in diameter 72 nm (36 - 108 nm) in diameter 

 1.5 μm (0.1 - 3.1μm) in length 

Capping Agent Citrate PVP (poly(vinyl pyrrolidone)) 

average molecular weight Mw ≈ 360k 

Surface Charge - 27.8 ± 0.1 mV - 14.8 ± 0.1 mV 
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5.3.2 Cellular Uptake of AgNMs  

To investigate the consequences of exposure of N9 microglia to AgNMs, cells 

treated with AgNPs/NWs (50 µg/mL) were subjected to SEM and TEM.  SEM 

backscattered images demonstrated that a large amount of Ag was found in 

microglia (Fig. 5.2b). Similarly, TEM showed AgNPs were found in microglia cells 

after an hour pulse chased then incubate for a further 24 h. NPs were observed 

within the cytoplasm and also found within endosome and lysosome-like vesicles. 

As observed in Fig. 5.2d, most of NPs agglomerated and formed larger-sized 

particles, probably due to the lower intracellular pH and thermodynamic driving 

force to minimise its total surface energy[60]. Furthermore, the interaction of NPs 

with salts in the RPMI cell culture medium may also affect their colloidal stability. 

The distribution of AgNWs was similar to that found for the AgNPs. Translocation 

of NWs across the plasma membrane after a 1 h pulse has been previously reported 

by Chen et al.[21]. The mechanism of ‘needle-like’ piercing into cells has been 

demonstrated for functionalised carbon nanotubes (CNTs)[209, 322]. However, 24 

h after the exposure pulse, the ‘needle-like’ morphology of AgNWs was not 

retained but dissolved forming spherical-shaped particles in the cells (Fig. 5.2f).  

The intracellular changes in the chemistry and morphology of both NPs and NWs 

were analysed using HAADF STEM – EDS after pulse chased for 1 h prior to a 

further 24 h exposure.  The Cs - corrected STEM in conjunction with HAADF and 

EDX detector has dramatically improved the capability of atomic scale analysis 

(chemical and morphological features of AgNMs in microglia) with better resolution 

and quality than the conventional techniques.  Fig. 5.2 shows the HAADF STEM 

images and EDX spectra of AgNPs and AgNWs-treated microglia. AgNMs were 

stored in vacuum prior to STEM-EDX characterisation and precautions were taken 

to ensure that the AgNMs were not sulphidised in the ambient air during TEM 

imaging nor interact with cell culture media[59]. Furthermore, we also avoided the 

use of heavy metal staining techniques which may affect the observed morphology 

of AgNMs and accelerate oxidation of AgNMs.    
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Fig. 5.2: AgNP/NW uptake by N9 microglia following 1hr pulse AgNP/NW treatment 

(50 µg/mL) with 24 hr chase.  SEM images of AgNPs in N9 microglia cells in lens (a) and 

EBS (b) mode showing intense uptake of AgNPs; TEM images showing the cellular uptake 

of  AgNPs (c - d) and AgNWs(e - f) by microglia cells using unstained cell sections; 

HAADF - STEM images showing the cellular distribution of AgNPs (g) and a 

corresponding higher resolution HAADF-STEM image (h) taken from the boxed area in 

(g). STEM-EDX spectra (i) taken from corresponding areas 1-2 marked in (g). HAADF-

STEM image of  AgNWs in microglia cells (j) and a high magnification image (k) of the 

selected area in (j). STEM-EDX spectra (l) collected from areas 3-5 marked in (k).  (N: 

nucleus; C: cytoplasm; E/L: endosome/lysosome; ES: extracellular space).   
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The STEM-EDX spectrum (Fig. 5.2i) taken from the precipitates surrounding the 

AgNPs detected  Ag(L) peaks and S(K) peaks, further confirming the interaction 

between Ag and S and the re-precipitation of highly insoluble Ag2S (ksp= 5.92 x 10
 

51
). In contrast, the bulk of the AgNPs was pure Ag (Fig. 5.2h). Similarly to the 

AgNPs, changes in composition of AgNWs were also observed after their uptake by 

microglia cells. Substantial dissolution of diffuse Ag was seen at the two ends of 

AgNWs (Fig. 5.2k). Particles had coalesced with each other to form a shell coating 

around some of the AgNWs and were also found sulfurized by S-species inside the 

cells over the 1 day post- exposure. The observed greater dissolution at the tips of 

NWs might due to the close-packed surface structure that has higher surface energy 

and surface defects density compared to the bulk or longitudinal axis of NWs. In this 

study, STEM-EDS confirmed AgNPs/AgNWs uptake by microglia cells, where the 

composition of Ag was transformed to Ag2S. The binding of Ag to organic ligands 

forming complexes, such as silver sulphide and silver thiosulphate inside the cellular 

environment may support the observed TEM results[323].  

5.3.3 Effect of AgNMs on Microglia Cell Viability and Reactivity 

The cytotoxicity of AgNMs on microglia cells was assessed using the MTS (Fig. 

5.3a) and LDH assays (Fig. 5.3b). Neither AgNP nor AgNWs showed a clear dose 

dependent toxicity at concentration 6.25 – 50 µg/ml after a 1 h pulse exposure and 

24 h chase. NPs were observed to affect the cells much more by depositing around 

them and causing cells to aggregate (data not shown). Furthermore, a similar 

AgNPs/NWs treatment did not significantly affect the mitochondria membrane 

potential (see SI), echoing cell viability results. The cellular internalisation of 

AgNMs, followed by their dissolution and transformation to Ag2S can be correlated 

with the insignificant changes in microglia cell viability. 

 

The effect of AgNMs-treatment on microglia inflammation was assessed under 

resting and LPS-activated conditions.  AgNM by themselves did not affect pro-

inflammatory cytokine (TNFα and IL-6) release or mitochondrial membrane 

potential (Fig. S5).  Furthermore, on their own, AgNM slightly decreased the basal 

production of ROS (Fig. S5).  In contrast, simultaneous treatment of microglia with 

LPS (500 ng/mL) and AgNMs led to a reduction of inflammatory markers compared 

to LPS treatment alone.  However, the anti-inflammatory effect varied between 
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AgNPs and AgNWs.  Accordingly, AgNPs were able to reduce the LPS-induced 

production of ROS, TNFα and nitric oxide (Fig. 5.3d-f), while AgNW were only 

able to reduce TNFα production (Fig. 5.3e).   

 

From these data, we chose to study the cellular uptake of AgNMs (NWs vs. NPs) at 

the highest non-cytotoxicity concentration, 50 µg/ml (i.e. in the absence of overt 

inflammation/toxicity) for further microscopic analysis. Thus, the cellular uptake of 

the NPs/NPs and their interaction with enzymes can be detected using TEM, SEM 

and confocal fluorescence microscopy studies. 
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Fig. 5.3: Modulation of microglial cell viability and reactivity following AgNP/NW 

treatment. N9 microglia cells were treated with AgNPs/AgNWs with or without LPS (500 

ng/mL) for a 1 h pulse followed by a 24 h chase.   Cell viability was assessed through MTS 

assay (a) and LDH release assay.  Microglial pro-inflammatory response was assessed 

through quantification of ROS production (d), TNFα release (e) and nitric oxide production 

(f).   Data is presented as mean ± SEM of three independent experiments; ##, ### indicate p 

< 0.01, 0.005, respectively, vs. control; ** and *** indicate p < 0.01, 0.005, respectively, vs. 

LPS treatment as assessed by a one-way ANOVA with Tukey’s post-hoc test.    
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5.3.4 TOF-SIMS Analysis of AgNMs Uptake in Microglial Cells 

Time – of – flight secondary ion mass spectrometry (TOF-SIMS) is a surface 

analysis technique that is increasingly being used to investigate a wide range of 

biologically relevant samples, such as lipids[324, 325], cells and tissues[326, 327], 

DNA[328] and organisms[329]. In this technique, the sample surface is bombarded 

by a focused primary ion beam (1 – 40 keV), leading to the ejection of secondary 

ions which are accelerated by a potential of 2000 V into the flight tube. The ions 

which all now possess the same kinetic energy (KE) are allowed to drift through a 

field-free flight tube, of length L, until striking a detector. As the ions all have the 

same kinetic energy, the time taken for the ions to strike the detector determines their 

mass, and the mass to charge ratio (m/z) can be accurately determined. 

TOF-SIMS spectra are calibrated internally using low mass fragment ions with a 

mass accuracy below 10 ppm. Mass spectra with high mass resolution and chemical 

maps with sub-micron spatial resolution are produced by rastering an ion beam 

across the sample surface. Unlike confocal microscopy, SIMS can be regarded as a 

‘discovery’ technique as it is possible to obtain the full chemical composition of 

analytes without prior knowledge.  Furthermore, it allows both organic and inorganic 

species to be investigated at the same time, with high spatial resolution capability up 

to 200 nm. By analysing the same microglia area using TOF-SIMS, FIB-SEM-EDS 

and fluorescence techniques, it was possible to map the spatial localisation of Ag and 

amino acids in the glial cells.  

In this study, TOF-SIMS analysis was used to study the cellular uptake of AgNMs 

and their interaction with H2S producing enzymes in microglia cells. SIMS is an 

ultrahigh vacuum (UHV) technique, therefore sample preparation is vital to maintain 

the native cellular chemical distribution and morphology of biological samples. 

Microglia cells were critical point dried (CPD) with liquid carbon dioxide after 

dehydrating with ethanol. To preserve sample morphology using CPD method, water 

was replaced by exchange fluids (e.g. ethanol or acetone) and in turn replacing the 

exchange fluid with liquid CO2. Then, the liquid CO2 converted to the gaseous phase 

at critical point (31 ºC; 74 bars) without changing density. Therefore, surface tension 

effects which may distort morphology and ultra-structure can be eliminated.   The 

aim of this work was to understand which enzymes are responsible for sulphidising 

AgNMs in microglia cells. Few techniques are available to provide spatiality 
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resolved information about the chemistry of nanoparticles and their ion intensity in 

the cells.    

5.3.4.1 Setting optimisation  

The microglial uptake of AgNMs and their possible interaction with protein 

fragments were studied using ToF-SIMS analysis. In order to assess the capability of 

ToF-SIMS in detecting and imaging both organic and inorganic compounds in cells, 

samples prepared by critical point dry (CPD) method, were analysed.  Fig. 5.4  

illustrates the TOF-SIMS ion images of (a) total ion signals, (b) amino acid, C4H8N
+ 

signal and (c) Ag
+
 signals originating from N9 microglia cells after the uptake of 

AgNWs (25 µg/ml, 24 h) using the 25 keV Bi3
+
 ion beam. Microglia cells were 

identified in the TOF-SIMS images and C4H8N
+ 

ion (m/z 70) was mapped to 

represent the amino acid. This signal was obtained mainly from those areas where 

the cells were visible. However, the Ag
+
 signal could not be detected because the 

concentration of Ag was too low or because the samples surfaces were covered with 

contaminants.  

 

Fig. 5.4: TOF-SIMS images of (a) total, (b) amino acid and (c) Ag
+
 ion signal from 

AgNWs in the N9 microglia cells samples.  

In order to examine the distribution of AgNWs inside the microglia cells, the cells 

were ion beam milled using the Ga
+
 ion beam and then secondary ions were analysed 

using the SIMS detector installed on the FIB instrument (FIB 200TEM). FIB-SIMS 

analysis confirmed the presence of Ag inside cells by ion beam milling 14 cells from 

the samples, to expose to the cross section of the cells as shown in Fig. 5.5. Using 

FIB-SIMS, a ratio which should correspond to the natural abundance for the Ag 

isotope, 
107

Ag, i.e. 0.518 was plotted (Fig. 5.5d).  The data were smoothed using a 5-
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point moving average method and the result was within the error of 5 %. Using this 

method, Ag
+
 was successfully detected in the cells[330]. 

 

Fig. 5.5: Secondary electron mode (SEM) images of microglial cells exposed (25 

µg/ml, 24 h)  (a) before and (b) after sputtering with Ga
+
 ion beam; (c) Mass 

spectrum of Ag
+
 ions and (d) the depth profile data taken from the total signal from 

Ag
+
 after sputtering 14 cells using a FIB –SIMS instrument. 

  

(a) (b) 

(c) (d) 
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Using the FIB-SIMS imaging, Ag signals were confirmed by milling through the 

critically point dried cells. The factors contributing to difficulties in detecting Ag 

signals above the signal to noise ratio using TOF-SIMS were investigated. There are 

several hypotheses regarding the undetectable signal of Ag: 

(i) Ag has a low satiation probability (i.e. the ionisation probability is very 

low). 

(ii) In SIMS surface analysis, only 0.01 % of the sputtered material is ionised 

and the volume of Ag to be detected is too low. Thus, small volumes of 

material and low ionisation probabilities might be the factor of 

undetectable Ag signal.  

(iii) Ag may be embedded inside the cells since SIMS is a surface analysis 

technique with a depth resolution < 1 nm.  FIB cross-sectioning is 

required to enhance the Ag signal intensity.  

5.3.4.2 C60 sputtering prior to SIMS analysis  

The introduction of polyatomic ion beams, C60
+ 

has been associated with relatively 

lower surface damage, improving detection limits, and enhanced efficiency of the 

analysis[331]. The increase in sputtered secondary ion species is because each atom 

within the C60 cluster carries a fraction of the total energy when an ion is accelerated 

and impacts the surface. For instance, in the case of C60
+
, there will be up to 60 

separate collisions of approximately 250 eV, instead of a single particle with 15 keV 

bombarding the surface. This energy is deposited much closer to the surface and thus 

increases the sputter yield, leading to an increase in secondary ion yield[331]. Fig. 

5.6 compares the yields of amino acids or protein fragments before and after the use 

of C60
+ 

sputtering on the surface with repeated sputter cycles that erode the sample 

surface layer-by-layer. The localised signal of Cys was clearly seen in Fig. 5.6b after 

C60
+ 

sputtering process.  The signals of organic materials were significantly 

improved by the C60
+  

ion beam, eliminating poly (dimethylsiloxane) (PDMS) or 

impurities which are commonly found during the SIMS analysis.  
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Fig. 5.6: TOF-SIMS images of control microglia cells (a) before and (b) after C60
+
 

sputtering. C4H8N
+
 and C5H12N

+
 were used for identification of cells, originating 

from fragmentation of amino acids and the C7H13SN2O4
+
 fragment was used for 

identification of cystathionine (Cys) (Resolution: 256 pixels x 256 pixels). 

 

5.3.4.3 SEM-FIB-SIMS-EDS Analysis of the Cellular uptake of AgNWs 

Cellular uptake of AgNMs by N9 cells was examined by TOF-SIMS and then 

correlated to the FIB-SEM morphology images. ToF-SIMS analysis was performed 

in both spectral and imaging modes. The ability of ToF-SIMS analysis to detect the 

PC, S, Ag and enzymes fragments signals is confirmed and their individual signals 

are shown in Fig. 5.8. Detection limit of Ag in cells is unknown and Ag is well-

known for its low ionisation yield. Therefore, a high concentration of AgNWs (50 

µg/ml) was chosen for the SIMS study 

The amino acid (C4H8N
+
) signal (blue) illustrated the morphology of the cells (Fig. 

5.7). AgNWs with a diameter of 70 nm and lengths of 1 - 4 µm were identified as 

red signals in SIMS, agreeing well with AgNWs areas in SEM images. Fig. 5.7(b) 

(a) Before C60
+
 

sputtering 

(b) After C
60

+
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shows a SIMS image of 256 pixels x 256 pixels over a surface of 100 µm x 100 µm 

with a primary ion beam current of 0.5 pA; the lateral resolution of the SIMS image 

= 100 µm / 256 pixels = 390 nm per pixel. Therefore, AgNWs with lengths larger 

than a pixel size (~ 390 nm) can be detected by SIMS. However, the increasing ion 

beam doses causes the sample begin to charge when the images were zoomed in as 

shown in Fig. 5.7(c).  Thereby, the Ag signals were not localised in the cell areas and 

interfere with the background signals. Furthermore, cellular uptake of individual 

AgNPs (diameter 50 nm) couldn’t be analysed by the ToF-SIMS technique due to 

the lateral resolution limitation.  

The presence of Ag and enzymes was clearly identified in overlay of the SIMS 

images of Ag
+
 and enzyme (CBE, CSE and MPST) fragment signal ions (Fig. 5.8g 

& h). All these images were normalised to the total ion counts for the given pixel. 

For the interaction between Ag and enzymes, it is challenging to differentiate the 

secondary ions signals from the CSE and MPST fragments since they have similar 

ligands (see Table S2 and S3). Although SIMS can detect certain groups of 

molecules, such as lipids[325] at the nanometer scale and at attomolar concentration 

[332], it is less sensitive to large molecules with high mass: charge ratio (m/z). 

Moreover, the matrix effect and varying ionisation probabilities of different 

molecules can be complicated, leading to difficulties in absolute quantifications 

using current TOF-SIMS instrumentation[333, 334].  
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Fig. 5.7: (a) SEM and (b) SIMS images of silver nanowires (D=70 nm, L= 1 - 4 um, 

C=50µg/ml) uptake in microglial cells, (c) magnified areas (40 um x 40 um
2
) of the 

boxed area and (d) control samples - microglia cells. Amino acid fragment 

(C4H8N
+
): Blue; Cys fragment (C6H13N2O4S

+
): Green; Ag signal: Red  (256 pixels x 

256 pixels). 

 

 

 

  

(a) (b) 

(c) (d) 
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Fig. 5.8: TOF-SIMS imaging (positive ion mode) of (a) microglia cells (24 h), 

pooled signals of (b) amino acid fragment ions, (c) S
+
 ions, (d) CSE or MPST 

enzymes fragment ions, (e) CBS enzyme fragment ions and (f) sum of Ag
+
 ions; 

Overlay images of Ag ions (red) and (g) CSE or MPST enzymes fragment, C2H6OS
+
 

and (h) CBS enzyme fragment, C2H6O2
+
 (Green). Colour scale bars, with amplitude 

as number of counts are indicated to the right of each ion image. The amplitude of 

the colour scale corresponding to the maximum number of count (mc) and the total 

number of counts (tc) recorded for the specified m/z (it is the sum of counts in all 

pixels). Field of view: 100 µm x 100 µm.  

Overlay of Ag+, C2H6OS+ (CSE/MPST), total Overlay of Ag
+
, C2H6O2

+ (CBS), total 

(d) 

(a) (b) (c) 

(e) (f) 

(g) (h) 
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 Fig. 5.9: Secondary-ion spectrum (positive polarity) obtained from control 

microglial cells after sputtering with C60
+
. 

Fig. 5.9 and 5.10 show typical mass spectra recorded after C60
+
 sputtering and the 

mass spectrum verifies that the C60
+ 

sputtering does not destroy all molecular 

information on the sample surface. All peak assignments were confirmed by 

comparison with reference spectra recorded with the pure substance. Ag
+
 ions peaks 

were clearly seen in the ion spectrum of AgNWs in microglia cells samples (Fig. 

5.10) but none of the Ag peaks could be observed in controlled samples (Fig. 5.9). In 
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order to compare the Ag and S signals in microglia cells between these two samples, 

the ion intensities were normalised to the total ion intensity as shown in Table 5.2.  

 

Fig. 5.10: Secondary-ion spectrum (positive polarity) recorded from AgNWs in 

microglia cells after sputtering with C60
+. 
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Table 5.2: Comparison of Ag, 
109

Ag and S ion intensity between control cells and 

microglia cells exposed to AgNWs (1 h pulsed + 24 h exposure) after normalising to 

total ion intensity.  

Positive secondary ions 

(Normalised with total ion 

intensity) 

Control microglia cells 

(Counts) 

 

AgNWs in microglia cells 

(Counts) 

  

Ag
+
 5.47E-5 5.21E-4 

109
Ag

+
 3.69E-5 2.94E-4 

S
+
 3.59E-6 6.59E-5 

 

The intensity counts of Ag
+ 

and 
109

Ag
+
 in control cells were significantly lower 

compared to AgNWs in microglia cells. The Ag counts in control cell samples might 

be due to the mass interference. In contrast, the intensity count of S
+
 ions was found 

to be higher when the microglia cells were treated with AgNWs. It has previously 

been demonstrated that metallisation of the organic samples will help to improve the 

secondary ion yields of intact molecular ions in SIMS, which is named as metal 

assisted (MetA) SIMS[335, 336]. Adriaensen, L. et al.[337] found a considerable 

increase in secondary ion yield by metal deposition in TOF-SIMS measurements.  

Several hypotheses have been proposed to verify the increase of S species with the 

cellular uptake of AgNWs in the microglia:  

 Mobile analytes may migrate onto AgNWs[338]. 

 Molecular dynamics simulations have shown that metal increases ionisation 

or desorption by cooperative elevation of analyte molecules and metal 

atoms[339]. 

 Ag is a noble metal and is an electron donor, acting as a good cationizing 

agent to improve ion yields[340, 341].  

 

In this work, the sample surface was bombarded with a Bi3
+ 

primary ion beam
 
rather 

than a conventional mono-atomic ion source (e.g. Cs
+
 or Ga

+
) to enhance the 

molecular signal. Moreover, polyatomic ion beams generate relatively low surface or 

sub-surface damage compared to mono-atomic ion beams, improving the efficiency 

of the SIMS analysis and its detection limits[342, 343].   Whereas,  Cs
+
 or Ga

+
 have 

been shown not to be an ideal ion to sputter tissues or biological samples due to the 

amount of surface damage and fragmentation of large molecular ions.  
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FIB cross-sectioning is required to expose AgNMs which were embedded inside the 

cells.  The FIB is equipped with a FEG - SEM detector, therefore slice and view 

cross-sectioning images were performed before and after FIB cross-sectioning. As 

illustrated in Fig. 5.11, the FIB cross –sectioned area was marked and an SEM image 

taken from the same cell. Approximately 20 cells were randomly selected for FIB 

prior to the SEM-EDS analysis. The cell morphology was captured using a SEM 

detector installed in FIB 200TEM to ensure that the top of the cells had been 

removed to reveal the AgNWs embedded inside the cells for further analysis. 

Although a thin layer of carbon coating was deposited before FIB milling, carbon 

coating on the topside of cells were removed during the milling process, thus the 

surface would be free of carbon and not affect the SIMS surface analysis.  

Five cells were selected for FIB cross-sectioning (Fig. 5.12) and SIMS ion image 

overlay of Ag (red), CSE/MPST enzymes (green) and the amino acid fragment 

(blue) signals were found in the cells. The sum of the Ag ion signals from SIMS 

analysis (see Fig. 5.12d) was correlated with the SEM-EBS image (Fig. 5.12e). The 

protein and enzymes signals couldn’t be detected from the cells, possibly because 

they were destroyed by the high energy focused Ga
+
 ion beam during FIB. This was 

further confirmed by taking measurements from several other cells which had been 

FIB-cross-sectioned as shown in Fig. 5.12. Apart from Ag signal (red), other 

localised signals of PC (blue) and enzymes (green) couldn’t be found in the cells. 

However, these protein signals were detected from cells without the FIB cross-

sectioning process. Again, these results demonstrated that FIB is not suitable for 

analysing protein or PC signals before the SIMS analysis, but it may be used to 

characterise inorganic samples.   
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Fig. 5.11: SEM images of microglial cells exposed to AgNWs at (a) lower and (b) 

higher magnification, (c) before FIB and (d) after FIB (side view) and (e) after FIB 

(top view). 

 

50 µm 500 µm 

5 µm 5 µm 

10 µm 

(a) (b) 

(c) 

(d) (e) 
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Fig. 5.12: (a) Secondary ion image acquired in high current branched mode, showing 

AgNWs on the surface of microglia cells; SEM (SE mode) images of microglia (b) 

before and (c) after the FIB cross-sectioning process, (d) overlay image showing the 

signal intensities of Ag
+
 (red), a CSE/MPST enzymes fragment (green) and amino 

acid fragment (blue) and (e) a SEM image taken from the same region as the SIMS 

image. 

 

Fig. 5.13 illustrated the SEM images and EDS spectra of AgNPs and AgNWs in 

microglia cells after 1 h pulse chase + 24 h exposure. The interaction of AgNMs 

with S species inside the cellular environment was also confirmed by FIB-SEM-EDS 

analysis. As shown in Fig. 5.11, the FIB cross - sectioning area was marked and their 

associated SEM image was captured to identify the inspection area. Approximately 

20 cells were randomly selected for the FIB cross-sectioning process prior to the 

SEM-EDS analysis and the side view of the cell is shown in Fig. 5.13 (d). After FIB 

operation, cellular uptake of AgNWs was analysed by SEM-EBS imaging and their 

(d) (e) 
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chemical composition were further examined by EDS.  As shown in EDS analysis, a 

higher intensity counts of S was found within the Ag areas as compared to the 

background signals inside cells. This might be due to the binding of Ag to S species 

forming complexes, such as silver sulphide and silver thiosulphate inside the cellular 

environment[323], supporting the observed TEM results. In this study, the 

intracellular internalisation of AgNMs, followed with their dissolution and 

transformation to Ag2S can be correlated with the cell viability and oxidative stress 

results.  

Even though correlation between Ag and protein inside microglia cells couldn’t be 

analysed using the FIB-SIMS analysis, the chemical composition of Ag and S were 

determined using the SEM-EDS technique as shown in Fig. 5.13.  The EDS data 

confirmed the interaction between Ag and S species in the cells, which is highly 

insoluble and limits their short-term toxicology effects[21]. The comparison between 

these analysing techniques is summarised in Table 5.3. It can be concluded that the 

combination of ToF-SIMS/confocal/ FIB-SEM-EDX analysis is an extremely 

powerful approach for analysing the uptake of NPs and their transformation in 

biological samples.   
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Fig. 5.13: SEM images of AgNPs in microglial cells (a) before and (b) after being FIB 

crossed section; (c) cellular uptake of AgNWs was imaged using SEM - BSE mode; (d) 

overlay SIMS image show signal intensities of Ag+ (red), CSE/MPST enzymes fragment 

(green) and amino acid (blue); (e) SEM- BSE image of AgNWs (D= 70 nm; L= 1-4 µm) 

in microglial cells and the EDS mapping of (f) Ag La1, (g) S Ka1 and (h) C Ka1. 

(a) 

1 
2 

  

  

 20 µm 

    
  

  

1 

2 
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(c) (d) 
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(g) (h) 
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Table 5.3: Comparison between ToF-SIMS, confocal and TEM microscopy techniques. 

Techniques ToF- SIMS Confocal TEM 

Sample preparation 
Critical point dry 

(no washing steps) 

Bind with primary antibodies  

then fluorescent-labelled with  

secondary antibodies 

Glutaraldehyde fixation, 

dehydrate with ethanol, acetone 

and then infiltrate with resin. 

Cross-sectioning 
FIB cross section to expose Ag 

in cells with Ga ion beam 
Adjust the depth with focus 

Microtome to 90 nm thickness so 

they are electron transparent 

Analytes identification 

The full chemical composition 

of analytes can be obtained 

without prior knowledge. The 

ion fragments can be identified 

by mass spectrum ranged from 

1 to 10000 m/z. 

Need to specify the examined 

analytes for choosing the primary 

antibodies 

NPs can be identified at specific 

location in cells (nucleus, 

cytoplasm, endosome/lysosome) 

by EDS 

Enzyme + Ag analysis 

The specific type of enzymes 

with similar ligands is hard to 

differentiate; SIMS less 

sensitive to large protein 

molecules or fragments 

Good correlation of Ag + enzyme 

signals 

Only Ag can be identified; 

negative staining is required to 

examine the protein structures of 

biological complexes. 

Depth (D) / 

Spatial (S) Resolution 

D < 1nm 

S > 200 nm 

D ≤ 200 µm 

S: 300 – 400 nm 

D ~ 90 nm 

S : atomic scale  
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5.3.5 Regulation of Enzyme Activity through Interactions with AgNMs  

5.3.5.1 Confocal Analysis  

The expression of enzymes and their colocalisation with AgNPs/NWs were 

observed using confocal microscopy. Since AgNMs have the capacity to scatter 

light, their uptake in cells can be monitored directly using confocal microscopy. Fig. 

5.14 and 5.15 illustrate the upregulation of H2S producing enzymes in microglia 

following 4 and 24 h treatment with AgNMs, respectively. Results show that the 

baseline signal of CSE was stronger than that of CBS and MPST within the non-

treated control cells following 4 and 24 h exposures, suggesting the CSE enzyme 

could be a major H2S producer in microglia cells. At 4 h, although the signal of the 

CSE was not affected by the presence of AgNMs, its signal did increase following 

24 h exposure (Fig. 5.15). While CBS signal was more diffuse at 4 h, with the small 

amount of the AgNP interaction and this appeared to be confined with negligible 

interaction after 24 h exposure.  For MPST, the enzyme was weakly detected in 

both NPs/NWs-treated and non-treated cells.  

As shown in Fig. 5.16k, quantitative confocal analysis revealed that CSE level was 

upregulated by the AgNPs, with a threefold increase observed compared to the 

control non-treated cells. On the other hand, AgNWs did not cause a significant 

upregulation of CSE protein level in microglial cells. In the case of CBS (Fig. 

5.16j), neither AgNPs nor AgNWs significantly affected the enzyme levels. Unlike 

CBS and CSE, the MPST signal was hardly seen in the microglial cells. To confirm 

the qualitative results obtained with the confocal analysis, the upregulation of 

enzyme expression was quantified through Western blot immunostaining. 
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Fig. 5.14: The cellular uptake and distribution of AgNPs and AgNWs (50 

µg/ml) together with CBS, CSE and MPST enzymes  in microglia cells after 4 h 

exposure: confocal analysis on CBS enzymes (red) in (a) controlled microglia cells 

and (b-c) microglia uptake of AgNMs (blue – DAPI-stained nuclei, red – CBS 

enzymes, green -  AgNPs/ AgNWs); CSE enzymes (green) in (d) controlled cells 

and (e-f) microglia uptake of AgNMs. ; MPST enzymes (green) in (g) controlled 

cells and (h-i) microglia uptake of AgNMs. (blue – DAPI-stained nuclei, green - 

florescent labelled enzymes and magenta – AgNPs/AgNWs ).    
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Fig. 5.15: The cellular uptake and distribution of AgNPs and AgNWs (50 

µg/ml) together with CBS, CSE and MPST enzymes in microglia cells after 24 

h exposure: confocal analysis on CBS enzymes (red) in (a) controlled microglia 

cells and (b-c) microglia uptake of AgNMs (blue – DAPI-stained nuclei, red – CBS 

enzymes, green -  AgNPs/ AgNWs); CSE enzymes (green) in (d) controlled cells 

and (e-f) microglia uptake of AgNMs; MPST enzymes (green) in (g) controlled 

cells and (h-i) microglia uptake of AgNMs. (blue – DAPI-stained nuclei, green - 

florescent labelled enzymes and magenta – AgNPs/AgNWs ).    
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Fig. 5.16: The mean fluorescent intensity of the CBS (a), CSE (b) and MPST (c) 

enzymes measured in control non-treated N9 cells and the N9 cells exposed to 

AgNPs and AgNWs for 24 h. A significant increase of the mean fluorescent 

intensity of the CSE enzyme was detected within cell exposed to AgNPs after a 1 h 

pulse exposure and 24 h chase (n = 3 with 120 total observed cells, *p < 0.05). 

5.3.5.2 Western Blot immunodetection 

 

As shown in Fig. 5.17, the quantitative Western blot data result was consistent with 

the confocal analysis data, showing the expression of CBS does not change with 

either LPS or AgNM treatment but CSE is increased with LPS and AgNPs, 

demonstrating the reliability of confocal analysis data. Also, the increasing of the 

CSE enzyme protein level by AgNPs was correlated with the decreased in LPS-

induced microglia activity after exposing to 50 µg/ml AgNPs (1 h pulse followed 

with 24 h chase) (Fig. 5.2)  

(a) (b) 

(c) 
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Fig. 5.17: Effect of AgNMs on the expression of (a) CBS and (b) CSE compared to 

beta-actin (loading control) by Western blot analysis, n=3; (c) representative 

Western blots showing AgNPs upregulated the CSE protein levels in microglia cells 

(1 h pulse followed with 24 h chase). 

 

5.4 Discussion 

Recently, researchers have reported that exposure to severe air pollutants with high 

levels of NPs is associated with human brain inflammation and Aβ42 accumulation, 

causing neuronal dysfunction[20, 344] and potentially Parkinson’s disease[345].  

For example, TiO2 NPs  can  directly  enter  the  brain  of  mice  through  the  

olfactory  bulb  following  intranasal administration, causing increased lipid 

peroxidation, inflammation and pathological changes to the tissues[185]. An et al. 

[346] found that CuO-NPs impaired hippocampal long-term potentiation, as well as 

causing decreased memory and learning abilities of Wistar rats when they were 

treated with CuO-NPs via intraperitoneal injection for 2 weeks. Furthermore, 

AgNPs have been shown to induce cell death through apoptosis when exposed to 

cerebellum granule cells with contaminant oxidative stress[347]. Since apoptosis 

and changes in dopamine concentrations play a role in neurodegenerative diseases, 

there is a strong evidence to suggest that AgNPs may cause neurodegeneration[348]. 
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In our study, the cellular uptake of AgNMs inside microglia cells and their chemical 

transformation into Ag2S was investigated using TEM imaging analysis.  

The HAADF STEM-EDX analysis demonstrates that AgNMs can be transformed 

into Ag2S by S-containing salts and protein components, which may affect their 

neurotoxicity and also upregulate the major H2S producing enzyme (CSE) levels to 

achieve the equilibrium in the system. From TEM, the localisation of AgNMs as 

large clusters was mainly found in cellular vesicles suggesting that endocytic 

pathways are involved in the internalisation of AgNMs into microglia cells[349]. 

Once AgNMs enter cells, they are not thermodynamically stable in the intracellular 

environment and tend to dissolve into Ag
+ 

ions that interact with natural organic 

macromolecules or inorganic ligands. Ag acts differently from other metal ions (e.g. 

Zn and Fe) and is likely to bind with complex protein thiol groups or ligands in the 

medium such as Cl
-
, PO4

3-
, S

2-
 and SO4

2-
, forming insoluble silver compounds, e.g. 

silver sulphide, silver oxide and silver chloride. Since the solubility of Ag2S (pKsp 

= 50.83) is extremely low, this highly stable Ag compound strongly affects the 

surface properties of AgNMs and inhibits further oxidation of Ag[21].  

The sulfidation of AgNMs is a complex process and may occur via two chemical 

pathways, depending on the sulfide concentration in the cellular environment. 

According to Liu et al., the Ag sulfidation is dominated by the indirect reaction if 

sulfide concentration < 0.025 µg/ml. At higher sulfide concentration (> 0.025 

µg/ml), the mechanism switches to the direct sulfidation reaction where the reaction 

rate increases with the increasing of sulfide concentration. The below reactions show 

the competing of these two chemical and transport pathways of AgNMs sulfidation 

before transforming into the thermodynamically stable sulfide phases: 

(1) Direct route (particle-fluid heterogeneous reaction – equation (5.1a - c)) - 

AgNMs direct oxysulfidation reaction rate increases with the increasing of 

sulfide concentration. 

4Ag + O2 + 2H2S             2Ag2S + H2O   (5.1a) 

4Ag + O2 + 2HS
-
              2Ag2S + 2OH

-   
(5.1b) 

      4Ag + O2 + 4H
+
 + 2S2

- 
              2Ag2S + 2H2O   (5.1c) 
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(2) Indirect route (oxidative dissolution (equation 5.2a) and precipitation 

(equation 5.2b - d)) - dissolution of AgNMs is initiated by oxygen 

chemisorption accompanied by electron transfer[60]. The cooperative effect 

of both dissolved oxygen and protons by thermodynamic analysis can be 

representing in following heterogeneous oxidation reaction stoichiometry: 

2Ag + ½ O+2H
+
 ↔ 2Ag

+
 +H2O   (5.2a)  

While Ag ions are released from AgNPs or AgNWs, they diffuse into cellular 

environment rapidly and form sulfide precipitation:  

  2Ag
+
 + H2S             Ag2S + 2H

+   
(5.2b) 

2Ag
+
 + HS

-
              Ag2S + H

+   
(5.2c) 

             2Ag
+
 + S

2- 
              Ag2S     (5.2d) 

So far, it has been established that Ag ions (Ag
+
) are a key determinant of 

toxicity[41], thus sequestering Ag as nontoxic Ag-protein complexes or Ag2S 

species could act as a detoxification mechanism. As shown in STEM-EDS analysis, 

Ag2S-NPs could be produced by either the direct route (particle-fluid reaction) or by 

the indirect route (oxidative dissolution followed by sulphide precipitation). At the 

early stage, Ag ions dissolve from the AgNMs, and then diffuse into the cellular 

environment before precipitating as Ag2S particles. Therefore, initial stage of 

AgNMs transformation is mainly dominated by the indirect pathway.  

Since dissolution of Ag ions increases with time, Ag
+
 ions will either grow on the 

existing Ag2S nuclei to grow larger-sized Ag2S particles or precipitate as new Ag2S 

NPs. In addition, sulphide species (e.g. H2S, HS
-
 and S2

-
) may attack the outer layer 

of AgNMs surface via the direct particle-fluid reaction, leading to the formation of 

small Ag2S particle surrounding NWs surface as shown in Fig. 5.2k. This can 

explain why no significant effect of either AgNPs or AgNWs was seen on microglia 

cell viability even up to the concentration of 50 µg/mL. Our studies also 

demonstrated no significant reduction in mitochondrial function nor a rise in ROS 

concentration exerted by the AgNMs on microglia cells. Recent studies showed that 

AgNPs may induce toxicity in neurons and cause neurotoxicity[350]. Although 

AgNPs can traverse into the brain and induce toxicity in neurons, our studies 

showed that neither AgNPs nor AgNWs activate the microglia. Nevertheless, a 

significant decrease in LPS-induced microglia reactivity was observed in AgNP-

treated cells, as evidenced by decreased production of pro-inflammatory cytokines 
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and a significant reduction in ROS and nitrite production compared to NWs. The 

discrepancy between the two nanomaterials might be due to the larger surface area 

to volume ratio of NP, leading to higher dissolution rates than NWs, as shown in 

ICP dissolution data (Fig. S4, SI).  

In previous studies Ag ions have been shown to be toxic to neurons.  However, our 

study shows that AgNM could decrease local neuroinflammation by damping down 

microglia activation, thereby reducing inflammatory injury to neighbouring neuronal 

cells. In addition, our study also indicates AgNPs may upregulate the enzymatic 

activity responsible for producing H2S, which has been shown to exert 

neuroprotection through its anti-inflammatory[351, 352], antioxidant[353, 354] and 

anti-apoptotic[355] effects. H2S producing enzymes (CBS, CSE and MPST) have 

different types of ligands (shown in Table S1-3, SI).  Mammalian CBS is the only 

pyridoxal-5’-phosphate (PLP)-dependent enzyme containing a heme cofactor which 

has been suggested to serve some type of allosteric function and regulate enzymatic 

activity via the hema redox state. The heme cofactor acts as a weak redox sensor, 

mildly increasing activity under oxidizing conditions.  If the AgNMs cause an 

increase in oxidative stress when they are exposed to the cells (at a time point< 24 h 

or > 24 h), this will increase the activity of the enzyme[356].  

Unlike CBS, the other two H2S producing enzymes do not have metal binding 

ligands but contain S- group in their ligand. In the confocal microscopy studies, the 

increased florescence intensity of CSE enzymes (24 h) were observed in microglia 

cells exposed to Ag, but negligible enhanced signal was observed for CBS. The 

increased fluorescence intensity of the CSE enzymes could be a consequence of the 

potential binding of Ag to the S - groups of the enzymes. Nevertheless, the MPST 

signal was not clearly observed in the microglial cells if compared to the CBS and 

CSE, 

 

The higher enzymatic levels may also link with the enhanced Ag-induced liberation 

of Zn
2+

 ion cofactors. Recent studies have claimed that Ag
+
 ions have a much higher 

affinity to metallothionine (MTs) and displace Zn
2+ 

which has a multifunctional role 

in cell metabolism and wound healing[357]. It is well established that released Zn
2+

 

ions act as cofactors in essential metalloenzymes[358, 359]. Metal ion cofactors 

catalyse thousands of enzymatic reactions ranging from Lewis acid catalysis to 
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electron transfer and redox catalysis. Zinc can easily adopt three or four amino acid 

side chains and substrates in a variety of coordination geometries. Moreover, Zn
2+

 

ions serve as actual catalytic centre of enzymes, contributing directly to the catalytic 

mechanism or maintaining the structural integrity of the enzyme. Nevertheless, they 

may not participate directly in the catalysis step, but act as co-catalysts by binding in 

proximity to each other, where one plays a catalytic role and the other metal ions 

enhance the activity of the catalytic site of the enzyme. Like Zn, Ag or released Ag
+
 

ions are able to interact and bind with metallothionine (MT) which has a unique 

structure and is present in all living cells[360]. MT, a powerful cysteine-rich protein, 

regulates cellular metal homeostasis by binding to toxic metals and plays a 

cytoprotective role. There are 4 different types of MTs (MT-1, MT-2, MT-3 and MT-

4) that have affinities in different organ systems. MT-1 and MT-2 are widely 

expressed isoforms in mammals and MT-4 is concentrated in epithelial tissues, upper 

stomach and GI tract. While, MT-3 is mainly expressed in the brain and it has a 

specific neuronal growth inhibitory activity.  

 

To date, it is known that MT-3 is significantly decreased in Alzheimer’s disease 

(AD) brains, indicating its role in AD pathology[361]. MT was found as an inducible 

antioxidant protein that assisted in reducing cytokine-induced ROS production, 

protecting DNA breakage and depletion of NAD
+ 

[362]. These studies showed no 

significant increase of cellular ROS production in AgNMs-treated microglia which is 

in agreement to previous studies[363]. Saydam et al. [364, 365] and Heuchel et al. 

[364, 365] suggested that metal responsive element-binding transcription factor 1 

(MTF-1), also known as metal – regulator transcription factor 1 plays a vital role in 

the response to heavy or transition metal induced stress by regulating the expression 

of MT genes and inducing MT synthesis. An increase in MTs is associated with the 

scavenging of metal ions, thereby limiting the excess ROS generated by metals and 

preventing cell damage[84, 366].  Furthermore, AgNPs exposure has been reported 

to strongly upregulate the expression of MT in astrocytes and no significant 

increases of cellular ROS production or in the GSSG content[363]. This may also 

support the explanation why microglial cells are able to internalise the AgNMs with 

no sign of acute cytotoxicity.  
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According to Le Chatelier’s principle, a system normally readjusts itself to 

counteract internal or external factors such as changes in concentration, pressure or 

volume and establishes a new equilibrium system. Considering the concentration of 

Ag
+
 ions

 
is

 
increasing with time, insoluble Ag2S may settle out of the reaction as a 

precipitate and reduction of H2S levels occur. There is a scientific consensus on the 

key function of H2S in protecting neurons in neurodegenerative diseases[367, 368]. 

H2S has also been recognised as a novel gaseous mediator, acting as neuromodulator 

and neuroprotective agent in the central nervous system. Therefore, H2S synthesizing 

enzymes become activated in order to maintain the chemical equilibrium of H2S in 

the brain for signalling, neurotransmitter or relaxation functions as the amount of 

gasotransmitter H2S is reduced and reached insufficient levels in brain tissues. This 

equilibrium mechanism demonstrates how reducing levels of H2S induce the 

upregulation of specific enzymes. Consistent with this idea, the confocal imaging 

and Western blots analysis data show enhanced fluorescence intensity of these 

enzymes in microglia cells treated with AgNPs.  

In summary, microglia plays a prominent role in regulating metal homeostasis and 

in protecting the brain against potentially toxic metals. Although a large quantity of 

silver was found in cultured N9 microglia cells treated with AgNMs, these studies 

showed that both AgNPs and AgNWs neither alter mitochondria potential nor 

compromise microglia cell viability or induce oxidative stress even at high doses. 

Furthermore, AgNPs are able to decrease the LPS-induced microglia reactivity, 

reducing ROS and nitrite production, as well as pro-inflammatory cytokine release. 

This suggests nanoparticle-derived silver ions may not release from microglia but 

are likely to bind with proteins, such as cellular sulfur species and MTs to prevent 

AgNP-induced neurotoxicity even at high doses. A similar observation was also 

seen by Tambuyzer et al.[369] and Oshiro et al.[370], showing glial cells can 

accumulate inorganic metals and protect neurons from oxidative stress by 

suppressing Tf-IU and proliferating. In contrast, Trickler et al.[187] demonstrated 

exposure of primary rat brain microvessel endothelial cells to AgNPs results in 

cerebral microvascular dysfunction, inducing brain inflammation. Therefore, it 

appears that the disparities might result from exposure of different cell types (species 

differences or tissue origin of the cells) to different surface coating or dimensions of 

AgNMs and differences in exposure time.  In-depth studies are clearly needed to 
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assess the potential advantageous properties of AgNP as well as their toxicity in 

order to safely commercialise nano-Ag in various applications. Importantly, 

neurotoxicity of NPs is necessary to consider in the occupational health exposure 

risk assessment since there is strong evidence to suggest that inhaled NPs can reach 

the brain and may impair neurological function[20, 176, 344, 347]. The outcomes of 

this study can be used to inform regulators about which classes of commercially 

available AgNPs are safe to handle and to make informed decisions about how to 

design future classes of “safe” AgNPs. 
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6.0 Conclusions and Recommendations for Future Study 

The aim of the work presented in the thesis is to address some of the controversies 

regarding the effect of the physicochemical properties of AgNPs on their 

electrochemical stability as well as their toxicity in two major organs, the lung and 

brain. The development of new nanometrology methods to measure elements in cells 

and the interactions between nanoparticles and surfactants were also discussed in the 

work. This chapter highlights the key contributions of the study and proposes some 

ideas for future work.  

6.1 Conclusions 

The widespread use of silver nanomaterials (AgNMs) in various consumer products, 

ranging from electronic and photonic devices to textiles, food storage containers, and 

antiseptic and antibacterial sprays, has raised concerns about their long-term stability 

and potential adverse effects on human health.  

In this work, the effects of NPs size, solution pH and applied potential on the AgNPs 

electrochemical stability were examined and the changes to their surface chemistry 

or oxidation states were studied in different media (varied pH, potential, particle 

size). Dispersed silver nanoparticles with a controlled size distribution were prepared 

on boron-doped diamond substrates via magnetron sputtering with size-filtering 

capability.  Particles synthesised via magnetron sputtering were compared to those 

produced by electrodeposition and e-beam evaporation. The potential (E) vs. pH 

experimental data showed that smaller-sized NPs were more stable than larger 

particles, contradicting the theoretical calculations. This might be affected by the 

interaction of NPs with the substrate, passivation effects on NPs surface, the 

variation in the surface coverage of AgNPs, and variable boron concentrations at 

substrates. However, smaller-sized NPs (e.g. 5.2 nm in diameter) followed the same 

E-pH relationship of bulk Ag, where their anodic potentials (E) were not pH-

dependent in acidic solutions, but decreasing E was found at higher pH (≥ 10).   XPS 

confirmed the expected changes of Ag oxidation state as a function of solution pH. 

These fundamental studies on the dissolution behaviour of AgNPs can be correlated 

with the chemical reaction involved in cellular environments (i.e. oxygenated 

aqueous media with pH ranges from 1.5 to 7.5). 

Whether AgNPs dissolve and release Ag
+
 ions, or coarsen to form large aggregates, 

is critical in determining their potential toxicity. The stability of AgNPs in 
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dipalmitoylphosphatidylcholine (DPPC), the major component of pulmonary 

surfactant, was investigated as a function of pH. The kinetics of Ag
+  

ion release was 

found strongly dependent on pH. A decrease in pH promoted particle aggregation 

and coarsening but the addition of DPPC delayed the release of Ag
+
 ions and 

improved the dispersion of the AgNPs. The direct attachment of a DPPC to a particle 

surface as a semi-permeable layer was confirmed using TEM. Furthermore, these in 

vitro studies showed that the release rate of Ag
+
 ions and the aggregation of NPs 

were affected by the NPs sizes, surface charges and chemical coating of NPs, 

suggesting these factors may affect their cellular uptake, translocation, clearance and 

toxic effects in the pulmonary system. These observations of nanoparticle - lipid 

interactions may be used to predict the biocompatibility, biodistribution and 

therapeutic efficacy of this class of NPs in the lung. Understanding the nature of the 

stability of NPs in lung lining fluids (LLF) could allow researchers to manipulate 

NPs to achieve a specific medical function and have important implications for 

predicting the potential reactivity of AgNPs in the lung and the environment.  

There are some controversies in the literature about whether interactions of AgNMs 

with cellular components may affect their biological activity. In this work, NP 

transformation, following internalisation into cells, was investigated using different 

techniques, including TEM-EDX, SIMS, FIB-SEM-EDX and confocal microscopy. 

AgNPs may interact with sulphur containing salts or proteins (e.g. MTs), forming 

highly insoluble Ag2S. Therefore, no significant increase in ROS production or 

reduction in cell viability was observed in AgNMs-treated microglia, up to the 

highest dose of 50 µg/ml. Moreover, AgNMs activated the H2S producing enzymes 

(CSE and MPST) to achieve the chemical equilibrium condition of H2S in the central 

nervous system. Investigating the interaction of AgNMs with proteins, enzymes or 

gaseous transmitter (e.g. H2S) and their possible transformation within the cellular 

environment provides a better understanding of the mechanisms involved in AgNMs 

toxicity. The data gathered from the in vitro works can be used as a complementary 

method to in vivo studies, enabling the design of safe consumer products without 

jeopardising human health and the environment.  
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6.2 Future Work 

The in vitro studies presented in this thesis have shown that the interaction of 

AgNMs with LLF, sulphide species or proteins may alter their surface chemistry.  

There are several open questions that still need to be addressed, with respect to 

stability and toxicity of AgNMs.  These proposed avenues for future research are 

described below: 

 For the complete theoretical calculation of the electrochemical stability of 

AgNPs as a function of size and pH, surface stress (𝑓AgO/Ag), molar volume 

of the solid ( ΩAgO/Ag) and surface free energy per unit area (γAgO/Ag) of 

silver oxides are required in the evaluation of EAgO/Ag. To date, these 

important parameters, i.e. 𝑓AgO/Ag   and γAgO/Ag could not be found in the 

literature, but they can be obtained by using first-principle calculations, as 

shown in Tang et al.[252].   

 Stability of AgNPs in pulmonary surfactant as presented in Chapter 4 can be 

extended by examining how physicochemical properties of NPs (e.g. size, 

shape, surface chemistry and surface reactivity) alter their bioreactivity. 

Furthermore, how the binding of lung lining fluid composition (both 

phospholipid and surfactant protein content) on in-house prepared AgNPs 

affect their toxicity can also be investigated.  

 The organ (lung) effects (e.g. pulmonary elastance) of size, surface chemistry 

and shape of AgNMs can be assessed to determine the ability of AgNPs in 

disrupting the pulmonary function. Moreover, it is important to develop 

methods to track different form of Ag that has reached each organ (i.e. 

distinguish between ionic Ag
+
, metallic AgNPs or Ag compounds) and their 

transformation in vivo. 

 As observed, AgNMs were localised inside the brain microglia cells, 

however, the pathways by which the AgNMs enter the brain, i.e. whether this 

occurs by transport across the olfactory nerve or through from the vasculature 

into the brain via the BBB and its dependence on the physicochemistry of the 

particles is not fully understood. This line of research can be extended by 

investigating whether, and by which route, AgNPs with different 

physicochemical properties (such as surface coatings, particle sizes and 

morphology), access the brain tissue, and whether localisation in the brain 
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can be linked to brain disease following nasal inhalation. Animal studies 

should also be performed to validate which classes of AgNPs can translocate 

into the brain. 

 The H2S concentration in microglia cells couldn’t be measured using Lazar 

Micro Sulfide/Hydrogen Sulfide Electrode measurement system (Lazarlab) 

due to a calibration error. Therefore, the effect of AgNPs vs. AgNWs in 

altering the Ag
+
 ions and H2S in microglia cells can be studied by using Ag

+
 

and H2S sensitive dyes if they become available. 

 The beam size of the TOF-SIMS is > 1 um and each pixel size (imaging) is > 

100 nm. NanoSIMS may be an ideal option to study the nano-Ag inside the 

cells due to its high sensitivity and high lateral resolution (< 50 nm). The co-

linear optics of the NanoSIMS allows the primary ion beam focus to a very 

small spot down to less than 50 nm spot size, providing very high lateral 

resolution analysis. It also helps in collecting most of the sputtered secondary 

ions, increasing secondary ion yield. Besides, the high mass resolution of the 

mass analyser allows the separation of the isotope (mass) of interest from 

interfering isotopes or molecular clusters with very close masses.  The high 

mass molecules (e.g. cholesterol or enzymes fragments), which are 

commonly found in biological samples can be detected with nanoSIMS. A 

new set of samples (AgNWs and AgNPs in microglia) can be prepared via 

resin embedded and microtome methods for the nanoSIMS analysis to 

increase the signals of Ag and S
-
. 

 

Ultimately, the information generated through this study will be used to inform 

regulators and the government about which classes of AgNPs are safe to produce 

and how they might be designed to reduce any hazard associated with their handling. 

These data can be useful for researchers designing nanodrugs informing them of 

their potential hazards and risks in order that they can develop safe nanomaterials.    
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Appendices 

 

Fig. S1: AFM and height profile of AgNPs synthesised via magnetron sputtering 

with size-filtering at 5 nm. The average height of NPs is 7.0 ±1.9 nm calculated 

using Image J (n= 30). 

 

Fig. S2: Indexed selected area electron diffraction (SAED) patterns of AgNPs 

incubated in DI water. The selective aperture size used was 100 nm in diameter. 
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Fig. S3: EDS spectrum of as – synthesised 20 nm AgNPs. 

 

Fig. S4: ICP-OES analysis to assess the amount of free Ag
+
 ions released from 

AgNMs in non-interacting perchlorate buffer solution (pH 5). 
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Fig. S5: (a) Mitochondria membrane potential (MMP), (b) ROS generation and (c) 

release of TNF-α in microglia cells after treated with AgNPs/AgNWs for 1 h, 

followed with rinsing and then left cells for 24 h before assessing the toxicity (n = 3 

replicates). 
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Table S1: List of ligands which are found in the CBS enzyme structures (source: European Protein Data Bank) 

 

Cystathionine-β-synthase (CBS) (Enzyme Commission number, EC 4.2.1.22) 

 

LIGAND FORMULA  SYSTEMATIC NAME 

PLP  C8 H10 N O6 P  PYRIDOXAL-5'-PHOSPHATE  

HEM  C34 H32 Fe N4 O4  PROTOPORPHYRIN IX CONTAINING FE  

NA  Na   SODIUM ION  

MPD  C6 H14 O2  (4S)-2-METHYL-2, 4-PENTANEDIOL  

ACT  C2 H3 O2   ACETATE ION  

PE4  C16 H34 O8  2-(2-[2-(2-(2-[2-(2-ETHOXY-ETHOXY)-ETHOXY]-ETHOXY-ETHOXY)-ETHOXY]- 

                                                                            ETHOXY)-ETHANOL  

KOU  C11 H15 N2 O8 P  (E)-N-((3-hydroxy-2-methyl-5-[(phosphonooxy)methyl]pyridin-4-yl)methylidene)-L-serine  

SEP  C3 H8 N O6 P  PHOSPHOSERINE  

P1T  C11 H15 N2 O7 P  2-[((3-HYDROXY-2-METHYL-5-[(PHOSPHONOOXY)METHYL]PYRIDIN-4- 

                                                                            YL)METHYL)AMINO]ACRYLIC ACID  

EDO  C2 H6 O2   1,2-ETHANEDIOL  

OAS  C5 H9 N O4  O-ACETYLSERINE  
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Table S2: List of ligands which are found in the CSE enzyme structures (source: European Protein Data Bank). 

 

Cystathionine ϒ-lyase (CSE) (EC 4.4.1.1) 

 

LIGAND FORMULA  SYSTEMATIC_NAME  

GOL  C3 H8 O3   GLYCEROL  

PLP  C8 H10 N O6 P  PYRIDOXAL-5'-PHOSPHATE  

0JO  C11 H13 N2 O7 P  2-{[(E)-{3-hydroxy-2-methyl-5-[(phosphonooxy)methyl]pyridin-4-yl}methylidene]amino}prop- 

                                                                            2-enoic acid  

SO4  O4 S   SULFATE ION  

SER  C3 H7 N O3  SERINE  

PYR  C3 H4 O3   PYRUVIC ACID  

NAK  C3 H5 N O2  AMINO-ACRYLATE  

KOU  C11 H15 N2 O8 P  (E)-N-({3-hydroxy-2-methyl-5-[(phosphonooxy)methyl]pyridin-4-yl}methylidene)-L-serine  

2AG  C5 H9 N O2  (2S)-2-aminopent-4-enoic acid  

NO3  N O3   NITRATE ION  

PEG  C4 H10 O3  DI(HYDROXYETHYL)ETHER  

BCT  C H O3   BICARBONATE ION  

BME  C2 H6 O S  BETA-MERCAPTOETHANOL  

CO3  C O3   CARBONATE ION 

 

Table S3: List of ligands which are found in the MPST enzyme structures (source: European Protein Data Bank). 

3-mercaptopyruvate sulfurtransferase (MPST) (EC 2.8.2.1) 

LIGAND FORMULA  SYSTEMATIC_NAME  

GOL  C3 H8 O3  GLYCEROL   

SO4  O4 S   SULFATE ION  

PYR        C3 H4 O3       PYRUVIC ACID 


