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Abstract 

 
Since antiquity, silver has been used as a material to reduce spoilage. Over the past 

decades, there has been an increasing scientific and commercial interest in developing 

silver surfaces due to the increasing number of drug resistant microorganisms. In this 

study, the effect of nanostructuring silver films as an antimicrobial against the 

bacteria Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) was 

examined. Films consisting of 3 nm chromium adhesion layers and nominal 20 nm 

silver surfaces (assuming flat deposition) were deposited by thermal evaporation and 

nanostructuring was controlled by varying the incident angle of the silver onto the 

substrate. Four substrate angles were used including 0 °, 18 °, 40 ° and 70 ° to the 

horizontal. Examination by atomic force microscope, Rutherford backscattering and 

ellipsometry showed that as the incident angle of deposition increased, so did the 

nanostructuring and surface roughness. This was coupled with a decrease in film 

thickness. Incubation of the nanostructured thin-films in bacterial broths with E. coli 

and S. aureus showed that as the surface roughness increased the antimicrobial 

activity was enhanced – both in solution and for bacteria adhered to the thin-films. 

Inductively coupled plasma mass spectrometry was used to measure silver leaching 

from the thin-films and showed a negligible loss for all films, with corresponding 

low-levels of antimicrobial activity. Further indicating the enhancing effect of 

nanostructuring as an antimicrobial. All thin-films showed biological fouling after 

prolonged exposure to the bacterial solutions, which reduced antimicrobial activity. 

Cleaning the films with IPA showed that the films could be regenerated but with some 

loss of antimicrobial activity. The mechanism of thin-film antimicrobial activity is at 
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this time unknown but it is speculated that nanostructuring is capable of penetrating 

the cell envelopes of bacteria, which enhances the antimicrobial activity of silver.  
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Chapter 1. Introduction 

 
1.1. Motivation and Aim 

 
As a medical treatment, bulk silver has been used since the ancient Greeks and 

Egyptians, with Hippocrates making mention of its uses to treat ulcers (Hippocrates, 

400 B. C.). The first recorded use of silver as an antimicrobial was in 1884 by the 

German obstetrician, C. S. F. Crede who used a 1 % solution of silver nitrate to 

prevent the disease gonococcal ophthalmia neonatorum caused by the bacteria 

Neisseria gonorrhoeae and Chlamydia trachomatis (Russell and Hugo, 1994). Since 

then, silver has been used widely for the treatment of pathogenic infections, to inhibit 

bacterial growth and to coat medical devices, such as wound dressings (Russell et al, 

1994) and catheters (Silver 2003). In particular, it has been used to hinder the growth 

of bacterial cells or to denature them. The mechanisms of silver activity with bacteria 

are dependent upon the form of silver during the microbial interaction. It is known 

that silver ions (Ag+) interact strongly with electron donors (Brook et al, 2006) and 

that in ionic form it can readily undergo metal-ligand reactions with protein groups 

containing thiols and sulfides (Clement et al, 1994; Fernández et al, 1996; Liau et al, 

1997). Silver is also known to interact with other cellular components such as nucleic 

acids (Jensen et al, 1996) and has been shown to inhibit energy production by 

inhibition of the bacterial respiratory chain (Bragg et al, 1973).  

 

Antimicrobial surface coating systems have predominantly focussed on sharp 

nanostructures (Donaldson et al, 2006; Poland et al, 2008; Warheit et al, 2004; 

Miyawaki et al, 2008), nanoparticles (Kim et al, 2010., Yoksan and Chirachanchai, 
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2010., Das et al, 2011., Yang et al, 2011) or the release of silver salts directly from 

the surface itself  (Williams et al, 1989). Although silver salts are known to be highly 

antimicrobial, they can often react and form complexes with biological fluids. The 

release rates are also difficult to control (Sant et al, 1999). Similarly, silver 

nanoparticles have shown a high antimicrobial activity but have been found to be 

potentially toxic to mammalian cells (Braydich-Stolle et al 2005). It can also be 

difficult to control the release of nanoparticles from surfaces, which can escape and 

accumulate in the environment causing potential problems. It is the consideration of 

the antimicrobial activities of silver and the challenges of using it effectively without 

toxicity, that have led to the antimicrobial activity of thin-film silver nanostructures 

being examined in this work. In the past decade, the suggestion has been made that 

silver nanostructures have great potential in biomedical applications, particularly as 

antimicrobials, due to the interactions that can occur between the nanoscale 

architectures and biological interfaces (Hornebecq et al, 2003; Carja et al, 2009). 

There are however many fundamental issues that need to be addressed in the 

investigation of nanostructured surfaces for antimicrobial films, including; the 

antimicrobial activity against model microorganisms with different cell envelope 

structures; the optimal thickness and film structure; the stability of the films in contact 

with different media; the conditions that foul the surfaces and render them inactive; 

the rate and level of surface oxidation, and the capability to clean and regenerate the 

surfaces. These challenges are not insignificant and have resulted in scientific and 

health drivers to understand the activity of, and produce thin-film silver surfaces that 

have a high antimicrobial activity but are non-toxic to mammalian cells.  
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At this time, the influence of nanoscale structuring and surface roughness of silver 

films at the nanometre scale has not been examined for antimicrobial activity. It is 

with this in mind that the physical vapour deposition (PVD) technique of thermal 

evaporation with oblique angle deposition was used for the production of silver thin-

films. Oblique angle deposition was used as it can produce different nanostructures 

and surface roughnesses based on the angle of incidence of the deposited material 

onto a susbtrate (van Dijken et al, 2000; Park et al, 1995; McMichael et al, 2000; 

Wolfe et al, 2001; Bubendorff et al, 2006; van Dijken et al, 1999; van Dijken et al, 

2000 and van Dijken et al, 2001).  

 

 

1.2. Thesis Outline 

 

Chapter 2. Theory 

This chapter describes the production and characterisation of nanostructured thin-

films by thermal evaporation using oblique angle deposition. Characterisation of thin-

film thickness, surface roughness and post-evaporation surface changes is also 

considered using the analytical techniques of Rutherford Backscattering, ellipsometry, 

atomic force microscopy, quartz crystal rate monitor and scanning electron 

microscopy.  

 

Bacterial interactions with silver surfaces (nanostructured, nanoparticle and ionic) are 

examined alongside antimicrobial mechanisms. Aspects of bacterial cell envelope 

biochemistries are investigated with regard to antimicrobial activity of the silver 

surfaces. 
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Finally, the background theory of cleaning biologically fouled surfaces is 

investigated, as a method of regenerating the surface.  

 

Chapter 3. Materials and Methods 

This chapter details the materials and methods for production and characterisation of 

nanostructured silver thin-films deposited by thermal evaporation. It also describes 

the methods of determining surface roughness, film thickness, post-deposition 

changes and material desorption.  

 

Biological methods are given for growing E. coli and S. aureus in broths, and the 

subsequent determination of solution and surface based antimicrobial activity.  

 

Chapter 4. Results and Discussion: Nanostructured Thin-Films 

This chapter introduces the results from thin-film fabrication and physical 

characterisation, examining surface roughness, film thickness, post-deposition 

changes and material desorption. 

 

Chapter 5. Results and Discussion: Bacterial Interactions with Fabricated Surfaces 

This chapter examines bacterial interactions with the nanostructured thin-film 

surfaces. This is carried out for nanostructured chips incubated in bacterial broths to 

determine solution antimicrobial effects, and by incubating bacteria directly on the 

surfaces to examine the effect of direct contact. Silver losses from the surfaces are 

also measured for antimicrobial activity.  
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Chapter 6. Results and Discussion: Results and Discussion – Surface Cleaning and 

Antimicrobial Activity 

 

The effect of simple and low cost chemical cleaning is examined in this chapter, 

alongside physical changes to the nanostructured surfaces and potential changes in 

antimicrobial activity.  

 

Chapter 7. Conclusions 

This chapter draws together all of the theoretical and experimental work in this thesis 

to show that nanostructuring enhances antimicrobial activity of silver thin-films.  

 

Chapter 8. Future Work 

This chapter recognises the limitations within this study and suggests future work that 

could be carried out to validate conclusions drawn from this study.  

 

References 

 

Appendix 

This section contains experimental biological data where appropriate.  
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Chapter 2. Theory 

 
In this chapter, the theory of thin-film fabrication and characterisation, 

silver as an antimicrobial and thin-film cleaning were examined.  

 

Thermal evaporation as a method of inducing nanostructured thin-films is 

described. This is alongside methods to characterise the surfaces, 

including, atomic force microscopy, Rutherford backscattering, 

ellipsometry and scanning electron microscopy, which showed surface 

roughness, thin-film thickness, and nanoscale topography of the surfaces. 

The theory of inductively coupled plasma mass spectrometry was also 

investigated as a method to determine the loss of ionic or nanostructured 

silver from the thin-films.  

 

The relationship between bacterial cells and their cell envelope structures 

(Gram positive and Gram negative) to disease were examined, with the 

use of optical density and cellular staining methods to measure cell 

population growth and antimicrobial activity, respectively. In particular, 

the use of silver in ionic, thin-films and nanoparticulate forms was 

considered as an antimicrobial against both bacterial cell envelope types.  

 

Surface cleaning of biologically fouled surfaces was investigated, as a 

method to regenerate the surface for continued usage. This was with the 

rationale of simplistic and low-cost cleaning methods that do not require 

skilled operators.  
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2.1. Thin-Film Fabrication and Characterisation  

 
Thin-film technology is based upon the production of sub-nanometre to micrometre 

sized continuous layers. The study and use of thin-film materials has been driven 

largely by the development of new material growth and characterisation techniques 

(Martin et al, 2010). This has allowed thin-films to be used in a myriad of 

technologies, including but not limited to: photovoltaics (Herrero and Guillén, 2004), 

gas sensors (Miyata et al, 2003), transistors (Shin et al, 2008), biosensors (Bai et al, 

2011) and antimicrobials (Ghosh et al, 2010). Commonly perceived advantages of 

thin-films are often technology specific but can be based on increasing the surface to 

volume ratio, creating nano- or micrometre sized structures, coatings and economies 

of scale.  

 

In this study, silver was examined as an antimicrobial thin-film coating on the rigid 

substrate of silicon dioxide. The use of high value metals such as silver can offer great 

economic savings when used as thin-films. When looking at the trend for the 

commodity value of silver, it has risen by over 490 % since 1960 (London Daily, 

2011), which is well above levels of inflation. This issue has the potential to make the 

use of bulk-scale silver prohibitive in comparison to thin-film technology. Taking a 

simple hypothetical example, converting a millimetre coating of silver to a nanometre 

coating approximately reduces the material cost to a millionth of the bulk. 
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2.1.1. Thin-Film Formation 

 
Thin-films can be deposited using a wide variety of chemical and physical techniques. 

The two main approaches to deposition are chemical vapour deposition (CVD) and 

physical vapour deposition (PVD). Many factors need to be examined for the type of 

material to be deposited. Such factors include, the purity of material to be deposited, 

its chemical and physical nature, the interaction between the substrate and the 

material, level of vacuum required (if at all), rate of thin-film formation, desired 

topography, density and thickness of the thin-film. 

 

Three significant thin-film growth modes are recognised, namely: (1) Volmer-Webber 

(island) growth, (2) Frank-Van der Merwe (layer-by-layer) growth, and (3) Stranski-

Krastanov growth (see figure 1). Volmer-Weber island growth occurs as a result of 

the smallest stable clusters nucleating on the susbtrate and growing into three-

dimensional island structures. This type of structure is due to the adsorbing atoms or 

molecules being more strongly bonded to each other than the substrate. Depositing 

materials with a higher surface free energy than the substrate, form these structures to 

minimise the surface energy. The opposite characteristics to Volmer-Weber growth 

are shown in Frank-Van der Merwe growth, where the deposited material has a lower 

surface free energy than the substrate. This growth occurs from deposited material 

growing two-dimensionally, as the deposited material is more strongly bound to the 

substrate than to other deposited atoms or molecules. Ideally planar sheets are formed, 

with each successive layer being less strongly bonded to the layer beneath until the 

bulk bonding strength is reached. The final growth mechanism is termed Stranski-

Krastanov, and can be considered a mixing of Volmer-Weber and Frank-Van der 

Merwe mechanisms, as it contains initial planar growth and island growth. In this type 
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of growth, the depositing material forms one or more monolayers, until further growth 

becomes energetically unfavourable due to layer thickness creating strain and 

resulting in the interface energy increasing (Eastwood, 2010). This leads to island 

growth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Diagrammatic representation of the three methods of thin-film growth, including: 

(I) Volmer-Weber (island) growth, (II) Frank-Van der Merwe (layer-by-layer growth) and 

(III) Stranski-Krastanov, layer then island formation. This diagram was modified from Martin 

et al., 2010.  

 

 

 

2.1.2. Thermal Evaporation 

 
Thermal evaporation (figure 2) is a PVD technique that is relatively simple and can 

produce multi-layered sub-nanometre thin-films. The process is carried out under 

vacuum to reduce thin-film defects and contamination, which is particularly the case 

(I) Volmer-Weber (Island) 

(II) Frank-Van der Merwe (layer-by-layer) 

(III) Stranksi-Krastanov 
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for materials such as silver and chromium, which can easily undergo oxidation in 

ambient and non-vacuum conditions. To evaporate material, a crucible is heated by 

current (used in this study), or an electron beam can be applied locally to create a 

liquid phase with a vapour phase above. Upon atomisation, the material moves freely 

in the high vacuum where it may come into contact with the substrate and be 

deposited. Control over the rate of material atomisation, and thin-film deposition, is 

controlled by altering the heating or electron beam. A quartz crystal rate monitor, 

located in the chamber alongside the substrates, is used for measurement of thin-film 

deposition rate and thickness. In this study, an angled substrate holder was used for all 

depositions. The angled substrate holder was fabricated in house, with a goniometer 

being used to measure the angle of each substrate holder.  

 

 

Figure 2. Diagrammatic representation of a thermal evaporator. Material is shown being 

atomised and forming thin-films on different angled substrates and on a quartz rate monitor.   
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2.1.3. Surface Roughness 

 
‘All surfaces are rough, though perfect crystals are rough only at the very small scale 

of intra-lattice distances’ (Neogi, 2006). The roughness of a sample can be divided 

into surface roughness and internal inhomogeneity (Glover et al, 2009). Of particular 

interest to this study is surface roughness, which is a measure of the variability in 

surface height across a sample and is routinely studied using techniques such as, 

optical profilometry (Poon and Bhushan, 1995), atomic force microscopy (AFM) 

(Bennett, 1992), scanning tunneling microscopy (STM) (Binnig, 1986), transmission 

electron microscopy (TEM) (Chládek et al, 1996), scanning electron microscopy 

(SEM) (Schwander et al, 1995), and X-ray reflectivity (Spiller et al, 1993).  

 

 

2.1.4. Inducing Surface Roughness 

 
The deposition process and growth of thin-films can lead to the formation of 

roughened surfaces. Uncovered substrate and boundaries between islands of growth 

can lead to defects in crystal structure, which as successive atom deposition occurs, 

results in increased roughness. Surface roughness is therefore related to the size of 

material grain formed, with larger grain sizes resulting in higher amplitude surface 

roughness. There are numerous methods of inducing surface roughness, including 

thermal evaporation (Gupta et al, 2009), electron beam lithography (Georgiev et al, 

2004) and sputtering (Wang et al, 2003), amongst others. Of particular interest to this 

study are methods using oblique angle deposition (Hadley et al, 2002; Alameda et al, 

1996; van Dijken et al, 2000). The use of this type of deposition on flat substrates has 

been well studied for the production of nano-scale anisotropic structures and 



 12	
  

roughness (van Dijken et al, 2000; Park et al, 1995; McMichael et al, 2000; Wolfe et 

al, 2001; Bubendorff et al, 2006; van Dijken et al, 1999; van Dijken et al, 2000 and 

van Dijken et al, 2001).  

 

Oblique angle deposition growth results in surface roughness through the formation of 

ripples or elongated islands (Politi et al, 2000), with numerous theoretical studies 

explaining elongated island growth at oblique angle deposition (Bubendorff et al, 

2009). Molecular-dynamics simulations (Luedtke and Landman, 1989) showed that 

deposition at oblique angles created a shadowing and deflective effect for thin-film 

growth, whereby incident atoms/molecules induced columnar structures and increased 

surface roughness. It is believed that shadowing, results in given points in a surface 

receiving fewer adsorbing atoms/molecules due to nucleated structures blocking 

incoming material. Deflection of incident atoms/molecules means that long-ranged 

attractive forces create a redistribution of incoming material over the surface (van 

Dijken et al, 2000; van Dijken et al, 1999; van Dijken et al, 2000; Luedtke and 

Landman, 1989; Amar, 2003) and is highly suited to this work as it is a relatively 

simple single step process that can produce nanoscale structuring over relatively large 

areas.  

 

For thin-film growth, approaching atoms have been found to deposit on the top of 

Volmer islands even at normal incidence (known as steering), which increases at 

oblique incidence (van Dijken et al, 1999 and van Dijken et al, 2000). Therefore the 

thin-film surface has an increased roughness in the direction parallel to the incidence 

of atomic flux (Bubendorff et al, 2009). Theoretical and practical work using copper 

by Amar (2003) and Bubendorff et al (2009) with normal incidence and oblique 
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angles up to 55 degrees from the surface normal has shown that steering has a 

negligible effect on the trajectory of incoming particles. For angles above 55 degrees 

however, steering can become significant. Short-range attraction can also result in 

adsorbing atoms being attracted towards the upper terrace instead of the lower terrace 

(Bubendorff et al, 2009). This also can lead to increased surface roughness, which is 

amplified with oblique angle deposition (Yu et al, 2002). The effect of steering and 

shadowing, both lead to an increased surface roughness, particularly when oblique 

angle deposition is used as a fabrication method.  

 

 

2.1.5. Calculating Surface Roughness 

 
Determination of surface roughness is necessary for understanding how biological 

materials interact with surfaces. This is particularly relevant for understanding 

bacterial adhesion to surfaces and the mechanism of surface antimicrobial activity 

(Méndez-Vilas et al, 2006). Measuring surface roughness is not without challenge, as 

samples can have different amplitudes and spatial variation or wavelength and yet still 

have the same surface roughness. For biological interactions with thin-films, this has 

the potential for two structurally different surfaces to interact in different ways with 

biological materials, but having the same surface roughness. There are numerous 

measures of surface roughness but in biomedical research (Santiago et al, 2005; 

Ungersböck and Rahn, 1994) it is commonly calculated by average roughness (Ra) or 

the root mean square (RMS), as shown in equations 1 and 2.   

€ 

Ra  =  1
N

Zi -  Z
i=1

1

∑                                            (1) 
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€ 

RMS =  
Zi =  Z( )2

i=1

N
∑

N                                  (2) 

Where zi is the height of the ith point with respect to the lowest one in the image and 

N is the total number of points in the image.  

 

Many parameters have been introduced for the quantification of roughness amplitude 

and spatial distribution (Stout et al, 2003 and Valkonen, 1987). For simple 

approximations of roughness, it is generally accepted that most of the traditional 

parameters are related by linear relationships (Stout et al, 2003 and Valkonen, 1987; 

Nowicki, 1985), which means that only a few roughness parameters are required 

(Choi et al, 2007). Difficulties can arise however, from these roughness parameters 

not being influenced by spatial distribution or roughness amplitude (Choi et al, 2007). 

Work by Stoudt and Hubbard (2005), showed that two roughness profiles having 

different spatial roughness patterns can have the same surface roughness, when 

calculated by a technique such as Ra. This finding shows the importance of utilising 

the most appropriate calculation for surface roughness. In this study, RMS roughness 

is used as a method for defining the AFM derived surface roughness. It is not 

suggested as the only method for calculating surface roughness produced by thermal 

evaporation. It is however one of the most widely used calculations used for surface 

roughness (Choi et al, 1997) and is a useful proxy to indicate differences between the 

different surfaces produced in this work, although as shown later the nanostructured 

surfaces resulting from the highest angle deposition do not show simply increased 

roughness.   
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2.1.6. Material Measurements – Analysis Techniques 

 
In this section, the functionality of the analytical techniques used to investigate the 

physical state of the thin-films is described.  

 

 

2.1.7. Atomic Force Microscopy  

 
The AFM (Binnig et al, 1986) is a scanning probe microscope where a sharp tip 

forming part of a cantilever, shown in figure 3 (mounted on a piezoelectric 

transducer) can be moved in the x-y-z dimensions by piezoelectric controllers (as 

shown in figure 4).  

 

 

 

Figure 3. Scanning electron microscope images of AFM cantilevers and tip. (a) Plan view, (b) 

side view images, (c) close-up of the end of the cantilever and (d) side view of the AFM tip 

(Kopycinska-Müller et al., 2006). 
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Figure 4. Schematic of an Atomic Force Microscope. A sample is shown being scanned by an 

AFM tip, which is attached to a micro cantilever, which in turn is mounted on a piezoelectric 

transducer. The resulting force between the tip and sample is measured by deflection of the 

cantilever. Surface topography is produced by plotting cantilever deflection against the 

position of the probe tip.  

 

The sample surface consists of user-defined points for each tip measurement in the x-

y, with each point having a voltage coordinate in the z dimension. An image is created 

by rastering the tip across the sample surface, which results in a voltage for each x-y 

coordinate being obtained as the tip is brought into contact or close contact to the 

surface (Allison et al, 2002). This is achieved by probe-sample interactions creating 

cantilever deflections. Such deflections are commonly monitored by an optical 

detector using the optical lever technique (Meyer & Amer, 1988; Alexander et al, 

1989). This is based upon a diode laser being focused on to the cantilever and the 

reflected beam position is monitored using a four-quadrant position sensitive detector 

(PSD). As force is applied to the tip, the cantilever will bend which in turn will 

change the position where the laser strikes the PSD (Butt et al, 2005), which in turn 

changes the ouput voltage of the PSD. At this point, a feedback loop is employed by 
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application of voltage to the piezoelectric which results in cantilever retraction from 

the surface, cantilever relaxation and re-alignment of the laser to its original position 

on the PSD (Allison et al, 2002). AFM has found wide usage in measuring surface 

roughness, such as in this work, with an example being shown in figure 5.  

 

 

 

 

 

 

Figure 5. AFM scans of surface roughness. In this example study, copper was seeded on 

silicon dioxide over a 200-hour period, and showed increased surface roughness when 

measured in tapping mode (Brunoldi et al, 2005).  

 

Microcantilever properties are of critical importance for surface imaging, with length, 

width, thickness and shape having an effect on the ability to image (Frederix et al., 

2003). Typically cantilevers are in the micrometre range but with the use of smaller 

cantilever dimensions, an increase in cantilever resonance frequency is observed 

which can lead to an increase in force sensitivity.  

 

The resolution of three-dimensional AFM images depends upon both the lateral (x-y) 

and vertical (z) resolutions. Each resolution is limited by AFM machine induced noise 

and thermal fluctuations of the cantilever. However, with the use of damping systems, 

the largest source of noise is thermal and is invariably associated with the cantilever 

noise (Garcia and Pérez, 2002).  
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Image resolution is also affected by the size of the tip, which is often responsible for 

increased apparent width in measurements. Simplistically, the tip used must be 

smaller than the object being measured to obtain sample images closer to the actual 

width (Keller and Franke, 1993). Lateral resolution is also limited by the strength of 

tip-surface attraction forces, which has been shown for high attractive forces and/or 

non-rigid samples, often leading to a reduction in resolution (Garcia and Pérez, 2002). 

The converse of this has also been shown to be true, with the use of low tip-surface 

forces and a rigidly bound sample leading to an increase in resolution (Möller et al., 

1999). For surface roughness measurements, image resolution is of great importance 

as is the requirement to measure surface roughness and not effects such as ringing. 

Ringing related artifacts can result in false surface roughness and can occur due to 

various factors, particularly where sudden height changes occur. For small tips, 

ringing artifacts can occur from tip bending, adhesion and stiction to surfaces (Strus et 

al, 2005). This is more likely to occur at the bottom of high aspect ratio structures, 

where the tip-trench stiction and controller reaction to the resulting force increase is 

measured by the controller as a topography change (Strus et al, 2005). This can be 

particularly problematic at low scan speeds, where ringing can introduce artifacts into 

the image, which may be mistaken for surface roughness (El Rifai and Youcef-Toumi, 

2001). Strus et al (2005) suggested that increasing the driving amplitude, lowering the 

integral gain, can reduce ringing artifacts and ensuring correct tip alignment.  

 

The three main modes of microcantilever operation used to image and manipulate 

surface topography include: contact (C-AFM), non-contact (NC-AFM) and tapping 

mode (T-AFM). The three modes are distinguished by the frequency of 
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microcantilever oscillation, relative distance between tip and surface as well as 

interactive forces that occur between sample and tip.  

 

In C-AFM, the tip is maintained in constant contact with the sample as it raster scans 

across the surface (Fung and Huang, 2002). As the tip scans, the forces between tip 

and sample are predominantly repulsive, and dominated by Van der Waals, which is 

due to electron clouds between atoms in the tip and surface repelling each other.  Van 

der Waals however, are not the only forces that act upon the tip, with two others 

including, the shear force exerted by the microcantilever and the capillary force of any 

contaminant layer over the surface. Under most laboratory conditions a contaminant 

layer will form over the sample, which will have a constant attractive capillary force 

on the tip in a homogenous contaminant layer. The magnitude of microcantilever 

forces however is dictated by the deflection and spring constant of the microcantilever 

(Jalili and Laxminarayana, 2004) but is also affected by the contaminant layer. 

 

Using C-AFM, two scanning modes are available: constant height and constant force 

mode. In constant height, the piezo-controller holds the tip at a known (z) height 

above the surface. This allows, microcantilever deflection to map the surface 

topography based upon tip-sample interactions but has the potential of damaging the 

surface by tip crashes. This is especially the case, where the surface is far from flat 

and/or has irregularities. This problem is addressed in constant force mode, where the 

force between tip and sample is kept constant via piezo-controller feedback. As the tip 

is brought to the surface, piezo-controller feedback is used to keep the tip at and in 

contact with the surface. The microcantilever deflection is monitored by the PSD, 

with deflections in the x-y being converted into a surface topography. A disadvantage 
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of the constant force mode is that resulting shear forces from the microcantilever can 

potentially damaging soft samples and/or distort soft surface features.   

 

In NC-AFM, the tip is brought close to the surface (tens of nanometres away) and the 

microcantilever is oscillated near its natural resonance frequency resulting in tip 

movement a couple of nanometres in the z dimension (Basso et al, 1998). At this 

frequency, tip surface interaction occurs in the Van der Waals regime. As the tip 

rasters across the sample surface the vibrating tip weakly interacts with the surface, 

with resulting changes in oscillation being recorded. The use of this mode enables 

many of the problems encountered with contact mode to be eradicated. In particular, 

this mode of AFM has proved to be very successful for imaging soft samples, 

including: SAMs (Tanaka et al, 2006), liquids (Checco et al, 2006), bacteria 

(Méndez-Vilas et al, 2004), hydrogels (Kim et al, 2001) and biomolecules (Maeda et 

al, 1999). Disadvantages of NC-AFM are often based on a lower resolution of image 

as a consequence of the tip being a greater distance from the sample.  

 

T-AFM can almost be regarded as combining various aspects of C-AFM and NC-

AFM. This is due to the microcantilever being oscillated near its natural resonant 

frequency, which allows the tip to regularly impact the surface for a limited time 

period (Salapaka and Chen, 1998). The force applied to the microcantilever creates a 

vibration that moves the tip between 20-100 nm when not in contact with the surface. 

As the tip is brought closer to the surface, the tip begins to lightly tap the surface 

being imaged. Throughout surface imaging, the tip taps the surface and lifts off 

alternatively at frequencies between 50-500 k cycles/s (Jalili and Laxminarayana, 

2004) with the oscillation amplitude being kept constant via a feedback loop. When 
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the tip contacts the surface, a loss of energy is observed resulting in a reduction in 

amplitude according to surface topography. This is shown upon the tip moving over a 

surface feature with increased height, which leads to a decrease in vibration amplitude 

to a reduction of space for tip vibration. The converse of this effect is shown whereby 

an increase in vibration amplitude occurs when the tip moves over a trough, allowing 

the tip to move to its free amplitude. Changes in amplitude are detected by the PSD 

and are relayed and compared to reference values, using a piezo-controller in a 

feedback loop to regulate the height of the tip from the sample surface. Image 

generation is carried out by differences between the amplitude reference and actual tip 

values, which are then converted into surface topography. Again, the use of this mode 

allows many problems associated with C-AFM to be overcome such as friction and 

adhesion, thus allowing high resolution imaging of soft samples. 
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2.1.8. Rutherford Backscattering  

 
Rutherford Backscattering (RBS) is an ion accelerator technique for compositional 

depth measurements of thin-films (figure 6). It was originally developed by E. 

Rutherford in 1911 and was first described as a technique for thin-film analysis by 

Rubin et al (1957). RBS is quantitative, when used with reference samples and is non-

destructive.  

 

xx  

 

Figure 6. Schematic of a Rutherford Backscatter system, showing ions being accelerated 

towards a sample.  

 

The principle of RBS is that a mono-energetic beam of light ions, such as helium, are 

directed onto a sample where they penetrate the sample and lose kinetic energy, due 

predominantly to interactions with electrons. However, when ions approach the 

atomic nuclei in the sample, the repulsive coulomb forces scatter the ions at large 

angles, (as shown in figure 7). Some of these ions leave the sample and are detected 
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by a silicon solid-state detector and their energies analysed. Backscattered ions create 

electron hole pairs in the detector, which are separated by an applied electric field, 

which in turn creates a charge pulse. The number of electron hole pairs created is 

proportional to the ion energy (Williams and Möller, 1978). Resolution of silicon 

detectors is limited by statistical fluctuations for energy transfer to electrons and 

phonons, as well as statistical fluctuations in the annihilation of electron-hole pairs 

(Williams and Möller, 1978). Detector resolution can be increased by changing the 

detector type to an electrostatic or magnetic analyzer, but they are often much larger 

and more expensive.  

xxxxxxxxxxx  

Figure 7. RBS ion interaction with a surface. Light ions are shown penetrating into a sample 

of atoms and the ions being elastically scattered upon contact with atomic nuclei, where they 

will be detected.  

 

The energy of the backscattered ions is dependent upon the depth of collision in the 

material and on the mass of the scattering nucleus. Simplistically, RBS can be 

considered to be an elastic collision between a high kinetic energy particle from the 

incident beam and a stationary particle (in the atomic nucleus) in the sample. The 

kinematics of the collision shows that the energy of the scattered object is reduced 

from the initial energy 

€ 

E0 to 

€ 

E1, see equation 3 (Williams and Möller, 1978). 
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                                                    E1 = k × Eo                                                                   (3) 

                                                         

Where E1 is the energy of the scattered ion, E0 is the initial energy of the incoming ion 

and k is the kinematic factor. The kinematic factor k (which characterises the target 

atomic nuclei) can be defined as the ratio of energies before and after scattering and is 

shown in equation 4 (Williams and Möller, 1978).  

 

€ 

k =  Escattered

Eincident

1 -  M1 Sin θ( )2( ) + M1 cos θ
M2

1 + M1

M2

2

                        (4)3) 

 
 
Where k is the kinematic factor, θ is the scattering angle, M1 is the incident ion mass, 

M2 is the target nucleus mass and E refers to the energy of the incident ions and 

scattered ions.  

 

Detector resolution, energy straggling, multiple scattering, surface roughness and 

geometrical effects determine the depth resolution of RBS. Considering a standard 

RBS experimental setup using 2 MeV He+ backscattered through a 150 ° solid-state 

detector with an energy resolution of 15 keV, a depth resolution of 300 Å could be 

attained (Williams and Möller, 1978). An example RBS trace is shown in figure 8. 
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Figure 8. RBS spectrum of 1.0 MeV Au+ implanted into amorphous Si film on silicon dioxide 

susbtrate (Wang et al, 1999). Channel refers to incoming ions being aligned with a major 

crystallographic direction, which reduces the backscattered yield, as incoming ions are 

guided into the plane. Information is given on the quality of the crystal and possible defects 

and contaminants.  

 

 

2.1.9. Ellipsometry 

 
The term ellipsometry was first used by Rothen (1945) and is an optical technique that 

is well suited for the measurement of surfaces and coating layers and is based on the 

polarisation transformation that occurs as a beam of polarised light is reflected from 

or transmitted through a film. It is particularly suited to thin-film analysis as it is 

essentially non-perturbing and is sensitive to the formation of sub-monolayer 

thicknesses (Azzam and Bashara, 1977).  

 

The basic set-up of an ellipsometer is shown schematically in figure 9, where a 

monochromatic light source passes through a polariser, to produce a beam of known 

polarisation. The beam subsequently interacts with the sample surface and is reflected, 
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refracted, transmitted or scattered. After interaction with the sample, the state of the 

polarised light beam is analysed with a variable polarisation analyser and 

photodetector.  

 

 

 

Figure 9. Schematic of an ellipsometer, showing the generation of a beam of polarized light, 

the polarization, the interaction with a surface, reflection of the light through an analyser to a 

photo-detector.  

 

Invariably, ellipsometry involves the reflection of light (containing either electric 

fields parallel (p-) or perpendicular (s-) to the plane of incidence) from a surface. 

Contrary to popular belief the technique does not measure the thickness of a sample 

but measures the quantities ∆ and Ψ, that describe the change in polarisation that 

occurs when a measurement beam interacts with a sample.  Upon interaction of the 

measurement beam with the surface, the surface differentiates between the p- and s- 

light, causing a change in the outgoing polarisation. ∆ is the change in phase 

difference that occurs upon reflection and it can have a value between 0 º to 360 º and 

is represented simplistically by equation 5 (Tompkins, 1993): 

 

€ 

Δ =  δ1 -  δ2                                                         (5)       
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Where ∆ is the difference in phase that occurs upon reflection, 

€ 

δ1 is the difference 

between the parallel component and perpendicular component of the incoming wave 

and; 

€ 

δ2  is the difference between the parallel component and perpendicular 

component of the outgoing wave.  

 

Ψ is the angle whose tangent is the ratio of the magnitudes of the total reflection 

coefficients, which can be between 0 º to 90 º and is shown in equation 6 (Tompkins, 

1993): 

 

€ 

tan Ψ =  
Rp

Rs
                                                 (6) 

                                                  
 

Where Rp and Rs are the Fresnel reflection coefficients for the p- and s- polarised 

light, respectively.  

 

The change in polarisation (ρ), in the ellipsometry measurement is shown in equation 

7 (Tompkins, 1993): 

€ 

ρ =  tan Ψ( ) eiΔ                                              (7) 

 

Some of the main advantages of this technique are the non-destructive and simple 

methodology, which allows samples to be rapidly loaded and measured.  
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2.1.10. Piezoelectric Quartz Crystal Mass Measurement 

 
Piezoelectric quartz crystal measurements are used to measure ultra low mass loading 

for applications such as thin-film growth. They have also found use in real-time 

measurements of biological interactions with thin-films deposited onto quartz crystal 

surfaces. 

 

The Rayleigh hypothesis states “resonance in a mechanical system occurs at 

frequencies at which the peak kinetic energy Uk exactly balances the peak potential 

energy Up” (Rayleigh, 1885). This results from the fact that energy is exchanged 

between kinetic and potential forms at resonance. When mass is adsorbed to the 

crystal surface, an increase in kinetic energy occurs, with no change in potential 

energy. To redress the energy change resulting from mass adsorption, the resonant 

frequency of the crystal changes, which acts to rebalance the kinetic and potential 

energies.   

 

The peak kinetic energy density in the piezoelectric crystal occurs at the moment 

when particle velocity is maximum and displacement is zero as shown in equation 8 

(Ballentine et al, 1997): 

 

€ 

Uk =  ω
2u2

xo

2
ρs + 

ρqhs
2

 
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                                    (8) 

 

Where ρs is the mass per surface area unit of quartz, ω is the angular frequency, ρq is 

the mass per unit volume of quartz, hs is the thickness of crystal and u is the 

component of displacement.   
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The peak potential energy however occurs at the moment that displacement is at a 

maximum and velocity is zero, as shown in equation 9 (Ballentine et al, 1997): 

 

€ 

Up  =  1
2

 µqk
2u2

xo sin ky( ) dy =  
µqk

2u2
xohs

4o

h
∫             (9) 

 

Where µq is the shear modulus of quartz, k is the electromechanical coupling 

coefficient, u is the component of displacement and hs is the thickness of crystal.   

 

Using the Rayleigh hypothesis, at resonance, a relationship can be derived using 

equations 8 and 9. This shows the relationship between piezoelectric crystal resonant 

frequency and surface mass density - when mass loading on the surface is zero i.e. ρs 

= 0, as shown in equation 10 (Ballentine et al, 1997):  

 

€ 

ω 0

ω

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  =  1 +  2ρs

hsρs
                                                (10)                                                 

                                                   

Where ρs is the mass per surface area unit of quartz, ωo is the unperturbed resonant 

frequency 

€ 

Nπ /hs( ) µq /ρq( )
1
2 , ω is the angular frequency; ρq is the mass per unit 

volume of quartz and hs is the thickness of crystal.  

 

When the surface mass is greater than zero but no more than 2 % of the crystal mass, 

equation 11 can be used as a linear approximation between adsorbed mass and 

resulting frequency shifts (Ballentine et al, 1997).          
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€ 

Δf
fo

 =  -  ρs

hsρs
                                                       (11) 

                                                    
 
Where Δf is the change in resonant frequency, fo is the original resonant frequency of 

the transducer, ρs is the mass per surface area unit of quartz, ρq is the mass per unit 

volume of quartz and hs is the thickness of crystal. 

 

Combining equation 12, with Equations 13, 14 and 15 gives the Sauerbrey equation 

(equation 16), which is commonly used in piezoelectric crystal mass detection 

(Ballentine et al, 1997).  
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Where piezoelectric crystal thickness is determined by: N, an integer and λ is the 

acoustic wavelength. This equation suggests that resonance occurs at half of the 

acoustic wavelength. 

 

                                                               

€ 

fN  =  Nvs
2hs

                                           (13) 

 

Where resonant frequency is related to the Nth mode, N is an integer, vs is the shear 

wave phase velocity and hs is the thickness of crystal (Ballentine et al, 1997).  
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Where shear wave phase velocity: where µq is the shear stiffness and ρq is the mass 

density (Ballentine et al, 1997).   
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Δf =  -  2.3 ×  106. fo
2 ΔMs

A                                  (15) 

                                 

Where Δf is the change in resonant frequency (Hz), fo is the fundamental frequency of 

the piezoelectric crystal in MHz, 

€ 

ΔMs is the mass of material that is deposited or 

adsorbed onto the piezoelectric crystal electrode (g) and is the coating area (cm2) 

(Sauerbrey, 1959). The application of a voltage across a piezoelectric crystal results in 

mechanical strain, causing a vibrational/oscillatory motion of the crystal as shown in 

figure 10 (Tombelli et al, 2005).  

 

 

 

 

 

 

 

Figure 10. Piezoelectric quartz crystal operation. The path of the acoustic wave through the 

quartz and gold electrode is shown, with the electric field also being perpendicular.   

 

Adsorption of any material onto the piezoelectric crystal electrode can be regarded as 

having increased the thickness of the electrode and thus the path length of the acoustic 
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waves, which consequently decreases the resonant frequency. Selectivity is therefore 

entirely dependent on the surface layer. This means that great care must be taken to 

tailor the surface chemistry to reduce the effects of non-specific binding. Soft coatings 

formed on the electrode will lead to viscoelastic coupling between the coating and the 

quartz crystal acoustic waves which means that the determination of the mass 

deposited can be complex. Detection of soft biomolecules can therefore be 

problematic. 

 

Quartz crystal oscillators can be used in liquids, with all measurements in this study 

being carried out in liquid. Continuous liquid-phase operation requires the use of an 

appropriate oscillation circuit (Muramatsu et al, 1987, 1988) with only one side of the 

crystal exposed to the solution, to avoid short-circuiting when both sides were 

exposed. For the analysis of liquid-phase measurement, a number of equations have 

been developed, with the key amongst these being equation 16 (Kanazawa and 

Gordon, 1985a, 1985b). 
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                                            (16) 

 

Where: Δf is the change in piezoelectric crystal frequency (Hz), fo is the fundamental 

frequency of the piezoelectric crystal in MHz, ηl is the viscosity of the liquid 

contacting the piezoelectric crystal, ρl is the liquid density contacting the piezoelectric 

crystal, ρq is the density of quartz and µq is the shear modulus of quartz (Kanazawa 

and Gordon, 1985a, 1985b). 
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Other models have been presented for liquid-based sensing (Bruckenstein and Shay, 

1985) but the model presented by Kanazawa and Gordon (1985a, 1985b) is still the 

most widely used. One of the difficulties with solution-based detection is the 

increased number of factors that must be considered when taking measurements and 

relating frequency shifts to the binding mass. Some of these factors include; solution 

viscosity, viscoelastic properties of the adsorbed materials, solution temperature, 

solution density, interactions at the electrode-solution interface and electrode 

properties  (e.g. roughness and coating uniformity) amongst many others. A further 

complication attributed to both dry- and liquid-phase measurement is that of solvent 

trapping within molecular layers. Using solution phase measurements, biomolecular 

films have been shown to have a mass ten times greater than that observed using 

optical measurements, which has been attributed to the binding and trapping of water 

molecules within the adsorbed biomolecular layer (Cho et al, 2004; Feiler et al, 

2007). Liquid-phase analysis can be advantageous as it is real-time and has lower 

levels of solvent trapping than in the dry-phase. 

 

 

2.1.11. Scanning Electron Microscopy 

 
Scanning electron microscopy (SEM) was used to investigate the silver surfaces 

produced in this work. A diagrammatic representation of an SEM is shown in figure 

11. The SEM produces a sample image by accelerated primary electrons being 

directed on to the sample produced using a tungsten filament, LaB6 Schottky emitter 

or a tungsten field emission tip (‘electron gun’). Electrostatic or magnetic fields are 

applied at right angles to focus and control the electron beam on the sample. When the 

accelerated electrons enter a solid, they undergo both elastic and inelastic scattering. 
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The effect of these interactions creates a pear-shaped interaction volume (shown in 

figure 12). A Monte Carlo simulation of this is shown in figure 13.  

 

xxxxxxx  

Figure 11. Schematic of a scanning electron microscope, showing primary electrons being 

accelerated by an electron gun, where they are focused onto a sample and detected as 

backscattered electrons.  

 

 

 

 

 

 

 

 

 

Figure 12. Schematic representation of the interaction volume and penetration depth as a 

function of incident energy E0 and atomic number Z of the primary electrons.  
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Figure 13. Monte Carlo simulation of electron scattering in carbon and platinum for incident 

beam energies of 1 and 15 keV respectively (Liu, 2000).  

 

Elastic scattering occurs from electrostatic interactions with atomic nuclei and 

inelastic scattering results from interactions with the atomic electron cloud. Most of 

the accelerated electrons undergo forward scattering, which makes them difficult to 

detect, due to backscattering angles of < 90 °. However, a low number of primary 

electrons are elastically scattered at > 90 ° and may leave the sample into the vacuum, 

where they can be collected as backscattered electrons. The process of primary 

electrons leaving the sample as backscattered electrons occurs by the following 

processes: As primary electrons enter the sample and lose energy, this energy will be 

gained by surrounding atoms responsible for inelastic scattering (due to the law of 

conservation of energy). Energy gained by outer-shell electrons in these atoms may 

result in the release of weakly bound electrons being released with a loss of potential 

energy. Retained energy from the primary electrons will allow the escaping electrons 

to move through the sample as secondary electrons. Interactions between the 

secondary electrons and other atomic electrons will result in inelastic scattering, 
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resulting in further kinetic losses from the secondary electrons. The distance travelled 

by the secondary electrons within the material is averaged between 1 – 2 nm (Egerton, 

2005), is a result of kinetic energy losses and can be represented by the probability 

that inelastic scattering depends inversely on kinetic energy, as shown in equation 17 

(Egerton, 2005):  
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Where Pi probability of inelastic scattering, Z is the atomic number, E is the kinetic 

energy lost by the electron and gained by an atom, u is the atomic mass unit, A is the 

atomic mass number, ρt is the mass-thickness of the specimen, α is the scattering 

cross section of nucleus presented to each incident electron. This means that 

secondary electrons near to and traveling toward the surface may escape the surface 

and allow the production of a topographical image of the surface. By collection and 

detection of these secondary electrons at each SEM pixel, these electrons can be 

detected by their interaction with a scintillator/photomultiplier tube (PMT).  
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2.1.12. Inductively Coupled Plasma Mass Spectrometry  

 
The loss of silver into solution by ionic leaching from silver-thin films must be 

quantified in order to understand the potentially competing factors affecting 

antimicrobial effects of the silver thin-films. Here, the concentration of silver in 

solution was investigated using the technique of inductively coupled plasma mass 

spectrometry (ICPMS).  

 

 
ICPMS is one of the most versatile trace elemental analysis techniques available 

(Nelms, 2005) as it is capable of quantifying most elements in a range from pg/mL to 

µg/mL. This sensitivity is coupled with multi-element detection capabilities 

(Montaser and Golightly, 1992; Jarvis et al, 1992). ICPMS can also be used for 

aqueous samples with minimal operation (Ketterer and Szechneyl, 2008). This has led 

to ICPMS being used in a wide variety of industries, including the detection of arsenic 

in wine (Moreira et al, 2011), copper in ancient pottery (Aldrabee and Wriekat, 2011) 

and lead in environmental samples (Cocherie and Robert, 2007), to name a few 

examples. As the name ICPMS suggests, there is the combination of the inductively 

coupled plasma (ICP) and mass spectrometery (MS).  

 

 

2.1.12.1. Inductively Coupled Plasma 

 
The ICP (shown in figure 14) is used to ionise the sample, which can then be analysed 

using MS to separate and detect the ions based upon their mass. The plasma for the 

ICP is produced in the following way: argon gas is passed through a quartz torch 

(located in an induction coil) and to which a radio frequency (RF) field between 750 
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and 1700 W is applied. This creates an alternating current oscillation within this field. 

These oscillations produce electric and magnetic fields at the top of the torch (Nelms, 

2005). The application of a spark to the argon gas via a Tesla coil strips off some of 

the electrons from the argon atoms leading to partial ionisation of the argon atoms (Ar 

→ Ar+ + e-) These electrons become trapped in the magnetic field and are accelerated 

in closed circuit paths, a process known as inductive coupling. Electron collisions 

with argon atoms leads to further electrons stripped from the atoms, creating the high 

temperature of the plasma. Upon contact of the plasma with liquid samples, the liquid 

sample is ionised through the stages of desolvation, vaporisation, atomisation and 

finally ionisation. After passing through the plasma the sample is brought into the 

mass spectrometer for analysis.  

 

xx

 

Figure 14. Schematic illustration of an Inductively Coupled Plasma. Argon gas passes 

through quartz tubes where a radio frequency radiation is applied, creating an alternating 

current oscillation. The application of a spark to the argon gas will strip off electrons, which 

undergo inductive coupling. Upon sample contact with the plasma, the sample is ionised and 

is passed into the mass spectrometer for analysis.  
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2.1.12.2. Mass Spectrometer 

 
The principle for mass spectrometry has always been based upon the separation of an 

ionised sample by a magnetic field using the Lorentz force acting upon the moving 

charges. Figure 15 shows a schematic illustration of a MS. Where the sample ions are 

separated by a steady-state magnetic field, the method is known as ‘static’ MS. The 

alternative to this type of MS, is ‘dynamic’ MS, where electric fields are varied at a 

rate comparable with the transit time of the ions, such as the quadropole mass filter 

(QMF), ion trap and time-of-flight (TOF) mass spectrometer.   

 

 

 

Figure 15. Schematic of a Mass Spectrometer, showing the sample coming from the 

inductively coupled plasma. The sample ions are accelerated, deflected depending on their 

mass and detected. Redrawn from Nelms, 2005.  

 

As shown in figure 15, the main stages of MS are the ion source, mass separator or 

analyser and detector. Upon entrance of the ions into the MS stage of ICPMS, the ions 

are accelerated up to 10 ke V as it passes through the MS entrance slit. After 

acceleration, the positive ions (with uniform kinetic energy) are focused by a series of 
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ion lenses and traverse a curved flight path through the magnetic field according to 

their mass/charge ratio. The separation of charged particles in the magnetic field is 

shown in equations 18 to 22 (Nelms, 2005).  

 

The kinetic energy KE of an ion of mass m and atomic number z is: 
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KE =  zeV =  1
2

 mv 2
                                         (18) 

 

Where e is the electron charge, V is the acceleration voltage and v is the ion speed.  

 

The path taken by ions of a given mass and charge is determined by the magnetic 

force Fm detailed in equation 19 and the centripetal force Fc shown in equation 20.  
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r                                                        (20) 

 

Combining equations 19 and 20 gives the velocity of an ion in a magnetic field after 

acceleration (v), shown in equation 21: 
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Substitution of equation 21 into equation 18 gives the mass/charge ratio with respect 

to field strength (equation 22) and assumes all ions passing through the magnet have 

uniform kinetic energy.  
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2r2e
2V                                                     (22) 

                                              

Where z is the charge of the ion, e is the elementary charge, V is the acceleration 

voltage, m is the mass of the ion, B is the magnetic field strength and r is the radius of 

the magnetic field (Nelms, 2005).  

 

Equation 22 shows that the path an ion takes through the magnet is dependent upon 

the acceleration voltage and the applied magnetic field strength. It is therefore 

possible to direct different ion masses on the detector by changing the field strength. 

The resolution of the MS is based upon the ability of the detector to differentiate 

different mass/charge ratios between ions. Equation 3.7 assumes that all identical ions 

have the same kinetic energy, which is only approximately correct, as the ions will 

have a statistical distribution of kinetic energies, due to electrostatic field fluctuations 

within the MS and increases the spread of the ions moving through the magnet to the 

detector, this limits the resolution of the system. The ability of MS to resolve different 

masses (R) is shown in equation 23:  

  

                                                     

€ 

R =  m
Δm                                                         (23)                                       

Where Δm is the difference between two adjacent peaks and m is the nominal mass of 

the first peak.  
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2.2. Bacterial Interactions with Surfaces  

 
Bacteria are ubiquitous throughout the biosphere and range in size, shape and 

biochemical activity. They are typically rod-like or spherically (cocci) shaped with 

dimensions no more than a few micrometres in length or diameter (Xu and Siedlecki 

2012). Bacteria are commonly used in a wide variety of beneficial sectors, such as 

bioremediation and biotechnologies but are more commonly associated with 

pathogenicity – diseases affecting humans and animals (Watson and Brandly, 1949). 

Pathogenic bacteria are widely distributed in the environment and can be found in the 

soil, food, water and animals (Zoureb et al, 2008) and can be quickly and easily 

transferred between surfaces. One of the greatest current concerns with bacterial 

pathogenicity is that of hospital acquired infections, where a patient contracts a 

bacterial infection (either from a surface, liquid contact or inhalation). Once infected, 

the patient may act as a pathogenic vector and spread the disease to other patients, 

healthcare workers, or throughout the community. It has been stated that hospital 

acquired infections are one of the most common causes of morbidity in patients in the 

developed and developing world (Ponce de Leon, 1991; Richards and Russo, 2007). 

Beyond the loss of life, hospital acquired infections have been shown to have a 

significant economic impact (Ponce de Leon, 1991; Wakefield et al, 1988; Coella et 

al, 1993; Wenzel, 1995). They are also difficult to treat, with a wide variety of 

scientific and medical funding calls being released annually for novel treatments to 

reduce the spread of surface based infection. The interaction between the bacterial 

surface (known as a cell envelope) and a host organism is often of primary importance 

for a disease state. 
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2.2.1. Bacterial Cell Envelope 

 
The bacterial cell envelope is the outermost region of the cell and provides stability to 

the cell, as well as protecting it from various external environments. Different cell 

envelope biochemistries allow different bacterial species to be identified by the cell 

envelope. A simple method often used is that of cell envelope staining, which exploits 

the binding of coloured reagents to cell envelopes depending on their biochemistries. 

The stained bacteria can be viewed with a light microscope and the bacterial species 

or certain biochemical properties can be identified. One of the most commonly used 

methods of envelope staining is the Gram stain (developed by Hans Christian Gram in 

1884), which differentiates cell envelopes into two types. Bacteria that possess a 

bilayered outer membrane consisting of a thin peptidoglycan layer and a bilayered 

plasma membrane (Beveridge and Graham, 1991) are known as Gram-negative 

bacteria. Bacteria that possess a cytoplasmic membrane consisting of many polymer 

layers of peptidoglycan connected by amino acid bridges and a variable outer layer 

called the capsule (Jawets et al, 1987) are known as Gram-positive bacteria. The 

Gram’s stain can also be indicative of different toxicological activities that result from 

different cell envelope chemistries and bacterial defence mechanisms to antimicrobial 

treatments. In this work, two model systems, one Gram-negative (E. coli) and one 

Gram-positive (S. aureus) bacteria were selected for study.  
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2.2.2. Gram-Negative Bacteria 

 
The Gram-negative cell envelope is capable of withstanding extreme environmental 

factors. It has been recorded that it can withstand approximately 3 atmospheres of 

turgor pressure which is the internal pressure exerted from liquid inside a cell  (Koch, 

1998), variable temperatures and large pH shifts (with Thiobacillus ferooxidans being 

capable of growing at a pH of 1.5), and capable of expansion up to several times the 

normal surface area (Koch and Woeste, 1992). Although Gram-negative envelopes 

vary between bacteria, there is a high-level of structural and biochemical similarity 

between bacteria (Beveridge, 1999). The general structure is shown in figure 16. 

 

Figure 16. Schematic of a Gram-negative cell envelope. LPS = lipopolysaccharide. The 

thickness of the Gram-negative envelope is approximately 10 nm.  
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As shown in figure 16 the Gram-negative envelope is composed of the plasma 

membrane and the cell wall (outer membrane, peptidoglycan layer and periplasm) 

(Beveridge, 1981; Beveridge and Graham, 1991). The cell membrane is composed of 

an outer membrane, which is situated above a thin peptidoglycan layer. This lipid-

protein bilayer contains phospholipids, proteins and lipopolysaccharides (LPSs). The 

requirement for bacterial nutrition through diffusion means that the outer membrane 

must be porous to certain substances and also capable of transporting others. Between 

the outer membrane and the plasma membrane is the periplasmic space, which 

contains the periplasm and peptidoglycan layer also known as the murein sacculus 

(Beveridge, 1995; Beveridge and Graham, 1991). In this study, E. coli was used as a 

model for Gram-negative bacteria. Examples of E. coli TEM images are shown in 

figure 17. This bacterium is rod shaped, and is approximately 2 µm in length with a 

diameter of 0.5 µm. This cell was chosen as it is has been well studied, with different 

strains such as 0157:H7 also being pathogenic and a source of global disease. 

 
Figure 17. Transmisson electron micrograph of E. coli cells: (a) the cross section across the 

cell and (b) the cross section across and along the cell (Kim et al., 2007). The typical size of 

an E. coli cell is approximately 2 µm in length and 0.5 µm in diameter. The cells shown in 

this figure are of varying ages and thus different sizes.  
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2.2.3. Gram-Positive Bacteria 

 
The Gram-positive cell envelope (figure 18) is substantially different to Gram-

negative cell envelopes, as they do not contain an outer membrane but have a thicker 

and more cross-linked peptidoglycan layer. These differences result in the Gram-

positive cell envelope being thicker (20 – 80 nm) than its Gram-negative counterpart 

(10 nm) and may be one factor for observed differences in antimicrobial activity 

between Gram positive and negative bacteria.  

Figure 18. Schematic of a Gram-positive cell envelope. At the cell envelope surface are 

proteins, linked to the peptidoglycan layer. Techoic acid (TA) and lipotechoic acid (LTA) are 

commonly found at the surface along with proteins. Beneath the peptidoglycan layer is a lipid 

bilayer membrane.  



 47	
  

At the cell envelope surface, Gram-positive bacteria have three classes of surface 

proteins, including: those that bind at their C-terminal ends via an LPXTG motif; 

those that bind via charge or hydrophobic interaction and those that bind through an 

N-terminal region such as lipoproteins. Fischetti et al (2000), have proposed that there 

are at least 25 different protein types on the cell envelope surface, enabling different 

activities and interactions for Gram-positive bacteria. Beneath the surface proteins is a 

relatively thick peptidoglycan layer, with a lipid bilayer membrane beneath it. Gram-

positive cells can have a high-level of difference between membrane structures in 

comparison to Gram-negative bacteria (Beveridge, 1999; Beveridge et al, 1991; 

Giesbrecht et al, 1998; Higgins and Shockman, 1976). In this study, S. aureus was 

used as a model Gram-positive bacterium. TEM images of S. aureus from literature 

are shown in figure 19 S. aureus cells are cocci (spherical) and typically have 

diameters between 0.7 and 1.2 µm. This bacterium is regarded as amongst the hardiest 

of all non-spore forming bacteria (Sonenshein et al, 1993). Like E. coli, this 

bacterium is also of medical relevance as it also causes global pathogenicity through 

the strains called methicillin-resistant staphylococcus aureus (MRSA). 

xxxxxxxxxxxxxxxxxxxxxxxxx  

Figure 19. Transmission electron micrograph of S. aureus cells (Mirzanji et al, 2011). The 

diameter of the cells is approximately 0.7 to 1.2 µm.  
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2.2.4. Bacterial Growth 

 
Bacterial growth is typically carried out in solution or on a surface such as agar. In 

this study, solution based bacterial growth was used. The solution used to support 

bacterial growth is referred to as a broth, which is composed of water, a carbon source 

such as glucose, salts and various additives specific to the bacteria being grown. 

Solution based growth is carried out by the insertion into (inoculation) a broth with a 

known number of the bacterial species under investigation (unless more complex 

experiments are desired and multiple microorganisms are inoculated). The bacterial 

population is monitored by real-time measurements or sampling and follows a 

common time profile that can be split into four different parts as shown in figure 20. 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Theoretical bacterial growth curve; showing the four phases of bacterial growth, 

including a lag, exponential, stationary and death.  
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After bacterial inoculation, there is an initial lag phase as the bacteria are 

metabolically ‘shocked’ by the change of medium. This process often has the affect of 

temporarily stopping bacterial division for a few hours while the bacteria acclimatise 

leading to a period of static population size. After acclimatisation, the bacterial 

population move into a phase of exponential growth multiplying rapidly. This activity 

begins to both exhaust the nutrient supply and leads to a build up of toxic metabolic 

substances, resulting in the stationary phase – where the bacterial population growth 

slows rapidly and the population is large but static. Finally, as the remaining nutrients 

are consumed and the levels of toxic substances from metabolism build up, the 

bacterial population moves into a death phase, where large numbers of bacteria die 

and the population falls rapidly (Black, 2008).  

 

The addition of a biostatic antimicrobial surface during the lag phase would be 

expected to increase the lag phase by inhibiting bacterial growth. Alternatively, if the 

antimicrobial were biocidal, the height of the growth curve would be expected to be 

lower due to bacterial death from the antimicrobial. 

 

Population growth curves are a simplistic, yet highly effective and informative 

methodology for the determination of antimicrobial activity of surfaces. Measurement 

of growth curves can also be carried out in real-time.  
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2.2.5. Quantification of Bacterial Population Growth 

 
There are numerous methods for the quantification of bacterial population growth. 

These methods can be split into the classical approach of light microscopy with 

cellular staining and the more modern methods based on electrochemistry and 

dynamic light scattering (DLS). Although the more modern methods allow a greater 

variety of bacterial growth parameters to be determined, such as real-time 

measurements, live and dead cell counts, and flocculation, they can be difficult to use 

with antimicrobial measurements on surfaces. In the case of electrochemical methods, 

the use of metallic surfaces can interfere with the solution-based conductivity. DLS 

systems can also be unsuitable for the measurement of antimicrobial activity on 

bacterial growth, as many systems are not suited to the introduction of an absorbing or 

reflective surface as it can interfere with light scattering and detection.   

 

On this basis the classical method of light microscopy, bacterial staining and optical 

density were selected for this study. These methods and their use in bacterial 

population growth and antimicrobial detection are described in the following sections. 
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2.2.6. Absorbance Spectrophotometry 

 

Absorbance spectrophotometry for bacterial quantification requires the use of the 

Beer-Lambert law (Wayne and Wayne, 1995), which allows absorption to be treated 

quantitatively and characterises the fraction of monochromatic light transmitted 

through an absorbing medium. It can be expressed by the following equation: 
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Where Io is the incident light intensity, It is the transmitted light intensity, C is the 

concentration of absorber, d is the depth of absorber through which the light beam has 

passed, ε is the decadic absorption coefficient and α is the natural absorption 

coefficient (Wayne and Wayne, 1995).  

 

For liquid measurements, and in particular bacterial detection in solution, the law is 

usually expressed as shown in equation 25 (Wayne and Wayne, 1995): 
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Where A is the absorbance. While for simple biochemical detection, the term 

absorbance is generally acceptable; solutions containing bacteria may undergo greater 

amounts of light scattering, where the term optical density (OD) is preferred. As a 

method of bacterial and biomass quantification, OD measurements have often been 
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used (Bauchop and Elsden, 1960; Rosenberger and Elsden, 1960 and Coultate and 

Sundaram, 1975), as within certain limits OD is proportional to both bacterial quantity 

and biomass (Koch, 1981). Difficulties and limitations of OD measurements can arise, 

with low and high numbers of bacteria that are below the limit-of-detection or block 

light transmission from the monochromator to the detector, respectively.  

 

For this study, a microplate absorbance spectrophotometer was used for OD 

measurements of the bacterial solutions. A simplified schematic of the system is 

shown in figure 21. In this technique, monochromatic light is passed through a quartz 

well containing the bacterial sample, where the intensity of the transmitted light is 

detected. Calibration of the absorbance spectrophotometer was achieved by using 

solutions containing known concentrations of bacteria.  

 

xxxxxxxxxxxxxxxxxx	
    

Figure 21. Absorbance microplate spectrophotometer setup, showing, the generation of a 

beam of light, the direction of the selected wavelength through an aperture, through the 

bacterial sample held in a quartz microplate well and then through a second aperture to a 

photodetector.  
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2.2.7. Light microscopy  

 
Bright field light microscopy is a relatively simple, fast and inexpensive method for 

the examination of bacterial cells. A schematic of a bright field light microscope is 

shown in figure 22. In this system, light is transmitted through the sample and via a 

series of lenses to the eye, with bright areas indicating more transparent regions.  

 

The light microscope allows ambient cellular examination and is more accessible than 

electron microscopy but suffers from more limited spatial resolution. Simplistically, if 

a feature is too small, it cannot be resolved. Resolution is limited in optical 

microscopy by instrument imperfections and vibration, but fundamentally by the 

ability to focus light through an aperture onto a sample (Dedecker, Hofkens and 

Hotta, 2008). In this study, an examination of bacterial cells was carried out using an 

optical microscope with cellular staining methodologies to characterise various 

aspects of cellular morphologies and biochemistries.  

 

 

Figure 22. Schematic of a bright field light microscope, showing) the passage of light from 

the source, through a condenser system, specimen, objective lens system to the viewer’s eye.  



 54	
  

2.2.8. Bacterial Staining – Gram and Trypan Blue 

 
In conjunction with optical microscopy, bacterial staining can be a rapid, low-cost and 

informative method for bacterial identification (Black, 2008). Principally, staining 

works to identify or characterise bacterial cells based upon their cellular envelope 

biochemistry. 

 
Gram-staining:  

 

The Grams stain is routinely used to differentiate bacterial cells into two categories 

based on cell envelope biochemistries (as detailed in section 2.2.2 and 2.2.3). The 

general method for staining bacterial cells by this method is as follows (Davies et al, 

1983): The bacteria are placed on top of a microscope slide and are heat fixed using a 

Bunsen burner to the slide. Crystal violet (shown in figure 23) is then poured over the 

slide, whilst the slide is agitated by hand for 5 minutes.   

 

 

 

 

 

Figure 23. Molecular structure of Crystal violet (Tris(4-(dimethylamino)phenyl)methylium 

chloride), molecular formula: C25N3H30Cl. 

 

Iodine is subsequently added to the slide and the slide is agitated by hand for a further 

5 minutes, before the bacteria are decolourised by the addition of 95 % alcohol. 

Finally, Safranin (figure 24) is then added to stain the cells, so that they can be 

visualised under a light microscope.  
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Figure 24. Molecular structure of Safranin, molecular formula: C20H19N4
+, Cl-. 

 

As introduced earlier, the cellular envelope response falls into two types, which aid 

bacterial identification. Gram-negative bacteria have a lipid outer membrane and a 

peptidoglycan layer, the alcohol step of the Grams stain washes away the crystal 

violet and results in the safranin staining the bacteria red (Salton, 1963). The thicker 

Gram-positive cell membranes are able to hold the crystal violet stain, which colours 

the bacteria purple (Salton, 1963). Beyond the scope of this study, are members of the 

Archaea (regarded as ancient and more complex bacteria), which cannot be easily 

differentiated by Gram staining, as a result of their cell wall composition and structure 

(Beveridge, 1990; Beveridge and Schultze-Lam, 1997).  

 

Trypan Blue Staining 

 

Trypan Blue (C34H28N6O14S4) (shown in figure 25) is a stain process that allows the 

differentiation of live and denatured cells in a liquid or surface sample.  

 

 

 

 

 

Figure 25. Molecular structure of Trypan Blue.  
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The ability to differentiate live and dead bacterial cells with Trypan Blue is based 

upon the ability of bacterial cells to uptake the stain into the cell. Under standard 

growth conditions, Trypan Blue is not up taken by living bacterial cells, as it is 

negatively charged and cannot penetrate the cell envelope or pass through ion 

channels within the cell envelope. Therefore, these cells do not take the stain and 

appear lightly stained under a light microscope. However, if the cell is denatured and 

lysis occurs, through the cell envelope not being able to selectively maintain 

equilibrium, Trypan Blue can enter and stain the cell. This is most likely to occur 

through cell death (Freshney, 1987). Examples of stained cells are shown in figure 26 

where live cells appear lightly stained and denatured cells appear dark blue.  

 

 

 

 

 

 

xxxxxxxxxxxxxxxxx	
         (a)                                    (b) 

Figure 26. Trypan Blue staining. Buffalo preantral cells (mammalian) cells are shown stained 

with Trypan Blue (http://www.scbt.com/pt/datasheet-216028-trypan-blue.html). Lightly 

stained cells (a) were alive and darkly stained cells (b) were denatured.   
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2.2.9. Silver as an Antimicrobial 
 
 
Bulk scale silver has been used as a medical treatment for over 2,000 thousand years 

(Hippocrates, 400 B. C.). It has found wide usage against microorganisms, including 

Gram-positive and Gram-negative bacteria, fungi, protozoa and viruses (Balazs et al, 

2004). Silver has also been found to display antimicrobial activity against antibiotic-

resistant microorganisms (Stobie et al., 2008; Melayie and Youngs, 2005), to reduce 

infections in burned areas (Parikh et al, 2005; Ukur et al, 2005; Panacek et al, 2006), 

colonisation in textiles (Panácek et al, 2006; Imazato et al, 1998), in water (Chou et 

al, 2005) and on medical devices (Panácek et al, 2006; Rupp et al, 2004; Samuel and 

Guggenbichler, 2004; Strathman and Wingender, 2004; Ohashi et al, 2004; Bosetti et 

al, 2002). A driving factor for the use of silver is the variety of forms that silver can 

be used in, including: bulk, thin-film, ionic (Ag+) and nanoparticles. Although there 

are many forms and antimicrobial uses of silver, there are however barriers to the use 

of this metal, including cost of the metal, potential toxicity in the environment and 

higher organisms and interferes with biochemical regulatory control (with the last 

factor being beyond the scope of this study). 
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2.2.10. Ionic silver Antimicrobial Activity 
 
 
Ionic silver can be released from bulk, thin-films, nanoparticles, and composites or 

ionic silver can be obtained directly as a solution. Ionic silver prepared in solution 

form has been most widely examined, in part due to the complexity of measuring 

ionic silver release from surfaces.  

 

Time-release systems typically include silver salt impregnated porous films that, upon 

contact with a solution, allow the diffusion of silver salts into the solution (Williams 

et al, 1989). Systems based on timed ionic release have been shown to be highly 

antimicrobial (Slawson et al, 1992; Russel and Chopra, 1996) and are usually non-

toxic to mammalian cells (Williams et al, 1989; Berger et al, 1976), but the release of 

the ions is finite and the control of ionic concentrations over time is difficult (Sant et 

al, 1999). The situation is complicated by the fact that silver ions can potentially 

forming complexes with biological fluids. These factors have made the long-term use 

of impregnated films with silver salts an unattractive option for antimicrobial usage.  

 

The mode of action of silver ion antimicrobial activity remains to be clarified. It is 

known that silver ions (Ag+) interact strongly with electron donors (Brook et al, 2006) 

and that the ions can readily undergo metal-ligand reactions with protein groups 

containing thiols and sulfides (Clement et al, 1994; Fernández et al, 1996; Liau et al, 

1997). These metal-ligand reactions can act to destabilise three-dimensional folding 

between amino acid residues. Silver is also known to interact with other cellular 

components such as nucleic acids (Jensen et al, 1996), which can interfere with DNA 

replication. Silver ions have been shown to inhibit phosphate uptake and exchange in 

E. coli, which causes an outward movement of accumulated phosphate from the cell, 
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potentially leading to cell death (Schreurs and Rosenberg, 1982). They have also been 

shown to cause a leakage of protons through membranes of V. chloerae, which led to 

the collapse of the proton motive force, through the binding to membrane proteins 

(Dibrov, 2002). Silver also has a high affinity to cysteine residues, which are located 

in NADH reductases, in bacteria such as E. coli, which can reduce the production of 

energy within cells (Bragg et al, 1974; Friedrich, 1998). The binding of silver ions to 

these bacterial respiratory chain enzymes can result in inefficient transportation of 

electrons to oxygen at the terminal oxidase. In turn, this will result in large quantities 

of reactive oxygen species and accounts for the low levels of silver ions required for 

antimicrobial activity in bacteria such as E. coli (Holt and Bard, 2005). Interestingly, 

these reactions are predominantly located inside the bacterial cell envelope, resulting 

in the need for silver ions to penetrate the cellular envelope to produce the 

antimicrobial response.  

 

 

 

2.2.11. Silver Nanoparticle Antimicrobial Activity 
 
 
Silver nanoparticles have found wide use as antimicrobials. Not only have silver 

nanoparticles been used directly in solution as antimicrobials but have also been 

immobilised onto surfaces including, catheters (Stevens et al, 2009), wound dressings 

(Maneerung et al, 2008), surgical masks (Li et al, 2006) and food packaging 

(Fernández et al, 2010). They have also been incorporated into three-dimensional 

platforms such as; cellulose membranes (Yang et al, 2011), chitosan/starch films 

(Yoksan and Chirachanchai, 2010), graphene oxide (Das et al, 2011), cotton (Kim et 

al, 2010) and ceramics (Lv et al, 2009) to name but a few materials currently being 
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used. The bacterial ‘workhorse’ of E. coli has been well studied to try to elucidate the 

mechanisms of silver nanoparticle based antimicrobial activity (Yang and Pon, 2003). 

Various methods have been suggested, including, the release of silver ions, 

penetration of nanoparticles within the bacterial cell envelope and structural damage 

to the envelope through puncturing.  

 

Silver ions can be released from the large surface area of nanoparticles and therefore 

all ionic mechanisms can result. In addition the penetration of silver nanoparticles 

within the cell envelope can potentially result in any of the disruptive effects 

described in the previous section, if silver ions are released within the cell. It can also 

lead to metal-ligand reactions between nanoparticles and the internal organelles. Other 

effects however may be important. The shape of nanoparticles can play an important 

role in the biological response (Albanese et al, 2010; Liu et al, 2009; Hutter et al, 

2010). Of particular interest is the geometry of the nanoparticle, with needle-shapes 

having been shown capable of impaling entire cells (Donaldson et al, 2006; Poland et 

al, 2008; Warheit et al, 2004; Miyawaki et al, 2008). Studies carried out on carbon 

nanotubes also show that cylindrical nanoscale materials are capable of physically 

puncturing cell membranes (Kang et al, 2007; Kang et al, 2008; Liu et al, 2009). In a 

study by Martinez-Gutierrez et al (2009), the antimicrobial concentrations of silver 

nanoparticles for a range of microorganisms were investigated (shown in table 1). 
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Microorganism Description Antimicrobial 

Concentration (µg/L) 

Bacillus subtilis Gram Positive Bacteria 1.7 ± 0.2 

Mycobacterium bovis Gram Positive Bacteria	
   1.1 ± 0.1 

Mycobacterium smegmatis Gram Positive Bacteria	
   0.5 ± 0.3 

MRSA (methicillin-resistant 

staphylococcus aureus) 

Gram Positive Bacteria	
   0.5 ± 0.2 

Staphylococcus aureus Gram Positive Bacteria	
   0.4 ± 0.1	
  

Actinobacter baumani Gram Negative Bacteria 0.5 ± 0.2	
  

Escherichia coli Gram Negative Bacteria	
   0.5 ± 0.2	
  

Pseudomonas aeruginosa Gram Negative Bacteria	
   0.4 ± 0.1	
  

Aspergillus niger Fungi 25 ± 0.0	
  

Candida albicans Fungi 6 ± 0.4	
  

Cryptococcus neoformans Fungi 3 ± 0.0	
  

 

Table 1. Antimicrobial activity of silver nanoparticles, measured against different 

microorganisms (Martinez-Gutierrez et al, 2009).  

 

The concentration of silver nanoparticles required to cause an antimicrobial effect in 

bacteria has however been found to be much lower than the concentration causing 

mammalian cellular toxicity. Silver nanoparticle toxicity has been linked to cell death 

through the production of reactive oxygen species that have the capability to alter 

protein function or DNA structure, which in turn can alter the state of the cell leading 

to death (Nel et al, 2006). Reactive oxygen species are known to be highly reactive 

and it has been suggested by AshaRani et al (2009) that the oxidation of silver 

nanoparticles from contact with cell culture media or proteins in the cytoplasm may 

liberate Ag+ ions, which could increase the toxicity.  
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Examining the potential toxicity of silver nanoparticles to higher organisms, the study 

by Braydich-Stolle et al (2005) is worth considering. This study exposed a mouse 

spermatological stem cell line to silver nanoparticles, to determine the toxicity. It was 

found that concentrations of silver nanoparticles between 5 µg/L and 10 µg/L were 

capable of inducing cell death. Not surprisingly, this study left many questions 

unanswered, such as the mechanism of cell toxicity, whether ionic silver was present 

and the toxicity of different nanoparticle sizes, crystal structures and reaction 

conditions. 

 

A challenge for determining the antimicrobial activity and toxicity of nanoparticles is 

the variation between nanoparticles based on sizes, shapes and surface chemistries. As 

Albanese et al (2010) stated: “while there have been significant research activities on 

this topic, it has been somewhat frustrating for researchers not to be able to say 

conclusively, nanoparticle parameter(s) x causes effect y”. 
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2.2.12. Nanoscale Structures and Surfaces Antimicrobial Activity 
 
 
As the availability, understanding and demand for the production of structured thin-

films has increased, so has the exploration of different surface structures. Often in the 

production of thin-film patterning for antimicrobial applications, the rationale has 

been towards increasing the surface area of the material in potential contact with 

microorganisms (Sabbani et al, 2010). This is however somewhat of an incomplete 

view, as the architecture of the structures and chemical composition must also be 

considered, alongside whether ionic or molecular release from the thin-film takes 

place.   

 

In contrast to nanoparticles, only a limited amount of work on nanostructures and 

surfaces have been examined for activity as antimicrobials. Silver nanoclusters 

(averaging 50 nm in diameter) patterned onto micrometre-sized zeolite squares 

(Sabbani et al, 2010), showed a high-level of antimicrobial activity at a kill rate of 

over 90 %, within three hours against E. coli. The high-level of activity is not 

surprising due to the micron sized zeolite structures containing silver ions as well as 

being coated with silver clusters. The authors of this study attributed the mode of 

antimicrobial action as being predominantly through the release of silver ions from 

the zeolite. The release of zeolite would be finite and does not take into account 

surface architecture of the silver structures. Nanocrystalline silver has also been 

shown to partially dissolve through release of atomic (Ag0) and ionic (Ag+1) at 

concentrations of up to 70 ppm (Ricketts et al, 1970; Spacciapoli et al, 2001; Hall et 

al, 1987; Maple et al, 1982). Depletion of silver ion concentrations from solution, 

potentially through the uptake into cells, has been shown to further increase ionic 

release from the surface (Dowling et al, 2003).  
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The formation of roughnened silver surfaces has received little attention for 

antimicrobial applications. Known studies have included ion implantation of Ag+ 

(Pham et al, 1998), sputtering (Rönnow et al, 1999; Eisenhammer and Muggenthaler, 

1994), and thermal evaporation, which was used in this study.   

 

The potential mechanisms of antimicrobial activity of silver surfaces with nanoscale 

roughness and features surface can be likened to the antimicrobial activity of 

nanoparticles and ionic silver but provides a more controlled system, which integrates 

ionic and structured effects. Unless atomically smooth and flat, fabricated surfaces 

have potential structures that would puncture bacterial cell envelopes. There is 

however the potential for bacteria to bind to surfaces through bio-fouling, which is the 

process of ‘sludge’ like layers forming on the surface.  

 

 

2.2.13. Chromium Adhesion Layer Toxicity 

 

An area that is often not explored with the formation of thin-films and antimicrobial 

activity is the effect of the adhesion layer on antimicrobial activity. In this study, a 3 

nm chromium layer was deposited onto silicon dioxide, with subsequent silver 

deposition on the silver. Chromium is a transition metal capable of existing in several 

oxidation states, with each oxidation state having a different level of toxicity 

associated with it. Cr (VI) is considered the most toxic form (Cervantes et al, 2001). 

The study by Dreyfuss (1964) showed that chromate could be transported across 

bacterial cell envelopes and once inside cells, is reduced to Cr (III). The transport of 

chromate, with resulting bacterial toxicity has so far been demonstrated with 



 65	
  

Escherichia coli (Karbonowska, Wiater and Hulanicka, 1977; Sirko et al, 1990), 

Pseudomonas fluorescens (Ohtake, Cervantes and Silver, 1987) and Alcaligenes 

eutrophus (Nies, Nies and Silver, 1989). 

 

The mechanism of chromium toxicity has been related to the process of Cr (VI) 

reduction to lower oxidation states (Kawanishi, Inoue and Sano, 1986), where free 

radicals are generated (Kadiiska, Xiang and Mason, 1994). Free radicals have been 

associated with triggering DNA alterations as well as other toxic effects (Shi and 

Dalal, 1990). Oxidative damage to DNA is considered the basis of genotoxic effects 

produced by chromium (Aiyar et al, 1991; Itoh et al, 1995; Luo et al, 1996).  

 

Although a silver layer was fabricated on top of a chromium adhesion layer in this 

study, with the films being very thin, and with cleaning there was a potential for 

bacterial cells to be exposed to the chromium.  

 

 

2.3. Surface Fouling and Cleaning 

 
Surface fouling from contacting materials can result in undesired adsorbed layers, 

particularly from complex biological solutions. It is most likely to occur when the 

surface is chemically reactive to the species present in solution. Fouling is 

problematic for antimicrobial surfaces as it has the potential to cover parts of the 

surface and reduce its antimicrobial activity. Surface roughness and imperfections 

have been shown to increase fouling, due to the increased surface area for attachment 

and nucleation of reactive species on the surface (Yoon and Lund, 1994). For surfaces 

with complex features and architectures, cleaning can be problematic as it may change 
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the structures present on the surface. For commercial applications, there are often 

large drivers to develop simple and cost effective methodologies to clean and 

regenerate fouled surfaces. There is also the possibility of developing antimicrobial 

surfaces that can be disposed or reapplied once fouled, but this is often not possible 

for numerous applications such as medical coatings. These issues also relate to 

nanoscale materials surfaces where functionality is based upon the structuring of the 

surface.  

 

As the silver thin-film surfaces had shown antimicrobial activity against E. coli and S. 

aureus, but had been fouled, the potential for simply cleaning a fouled surface was of 

interest, both commercially and scientifically. The challenge for a cleaning 

methodology with a nanostructured surface would be to remove the adsorbed fouling 

species, with limited damage to the surface. Although many cleaning reagents 

methods are commonly used for removing fouling, there is little literature on 

removing fouling from nanostructures. Indeed, many methods, focussing on heavy 

acids, alkalis and ablation are not only entirely unsuitable for many commercial uses 

but would potentially remove the thin-film from the substrate. A simple, low-cost and 

regularly used cleaning agent in the semi-conductor industry is isopropyl alcohol 

(IPA), which was examined in this study as a method of removing fouling from 

nanostructured surfaces. The use of IPA is lower in cost than alternative methods such 

as plasma cleaning and autoclaving, and also does not require specialist operator 

skills.  
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Chapter 3.  Materials and Methods 

 

In this chapter, the materials and methods used to fabricate silver-thin 

films and their interactions with the bacteria E. coli and S. aureus are 

examined. 

 

The set-up and use of oblique angle thermal evaporation is described for 

producing nanostructured thin-films, alongside AFM, RBS, ellipsometry 

and ICPMS to characterise surface roughness, material thickness and 

material desorption.  

 

Methodologies for bacterial growth and determining antimicrobial 

activity by bacterial staining with light microscopy and absorbance 

spectrophotometry are described. Methods for both surface and solution 

based antimicrobial activity are presented, in conjunction with 

appropriate controls, to indicate the effect of the nanostructuring.  

 

Finally, IPA cleaning methods to remove biological fouling from surfaces 

is presented, along with the examination of the thin-films after cleaning, 

by ellipsometry and AFM.  
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3.1. Thin-Film Sample Preparation 

 
Thin-films of silver with nanoscale surface features were prepared by thermal 

evaporation onto angled silicon dioxide substrates. The substrates were prepared from 

a wafer of thermally oxidised silicon. Each sample substrate was cut into a 5 mm × 5 

mm chip before being cleaned prior to deposition. The first stage of cleaning was 

carried out by chip immersion in 99 % acetone, with sonication for 30 seconds. The 

chips were subsequently nitrogen dried before being immersed in 99 % 

isopropylalcohol (IPA) for 30 seconds with sonication. After nitrogen drying, the 

chips were considered clean and were immediately attached to the sample holder 

(figure 27) to the holding angles of 0 °, 18 °, 40 ° and 70 ° to the horizontal by poly-

methyl methacrylate (PMMA). The sample holder was then attached to the thermal 

evaporator ready for evaporation. The angled substrate holder was made in house, 

with a goniometer being used to measure the fabricated angles.  

 

xxxxxx  

Figure 27. Thermal evaporator sample holder - that can hold samples between the angles of 0 

° and 70 °. The four angles used throughout this study are highlighted on the sample holder. 

The sample holder is held at the top of the thermal evaporator chamber.  
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Once the samples were attached to the thermal evaporator, the crucibles at the bottom 

of the evaporator were filled individually with 99.99 % pure silver and 99.99 % pure 

chromium. A rotary pump and turbo pump were then used to create a high vacuum 

inside the evaporator chamber (between 10-6 – 10-8 Torr). Passing a high current 

through the conducting crucibles resulted in the metals evaporating onto the 

substrates. A piezoelectric quartz rate monitor measured the rate and mass of metal 

during deposition. The first layer deposited was 3 nm of chromium. This was 

followed by a 20 nm deposition of silver, without breaking vacuum. The chromium 

layer was used to form an adhesive layer between the silver and silicon dioxide. 

 

Immediately after thin-film deposition on the silicon dioxide substrates and thermal 

evaporator cooling, the substrates were removed from the thermal evaporator by 

tweezers and were stored in sealed plastic boxes. The boxes were not purged and were 

not altered from ambient conditions.  

 

 

 

3.1.1. Scanning Electron Microscopy 

 

To more clearly understand the thin-film surfaces, a Hitachi SU-70 FEG scanning 

electron microscope, was used to image the surfaces at a magnification of × 100,000 

within one hour of thin-film deposition, at an accelerating voltage of 1.5 - 3.00 kV. 
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3.1.2. Material Thickness 

 

Film thickness measurements were carried out using an Ellipsometer (single-beam 

Sentech SE500 operated in a class 100 fume hood) and an RBS (5SDH Pelletron Ion 

Beam Accelerator made by National Electrostatics Corporation). Before thin-film 

measurement, a silicon dioxide chip was used to calibrate the ellipsometer and RBS 

for a chip without metal deposition. Prior to the chip measurement, the chip was 

cleaned by immersion in 99 % acetone with sonication for 30 seconds. The chip was 

subsequently nitrogen dried before being immersed in 99 % IPA for 30 seconds with 

sonication. After nitrogen drying, the chips were considered clean and were measured 

by ellipsometer and RBS.  

 

Initial thin-film measurements were taken within 30 minutes of removal from the 

thermal evaporator. These measurements were compared to the values taken from the 

Quartz Rate Monitor in the thermal evaporator, which had measured metal deposition 

at a quartz substrate at 0 °. Due to the design of the thermal evaporator, all 

measurements of metal deposition are taken with the quartz rate monitor being at an 

angle of 0 °. It was unknown whether an increasing angle of substrate would alter the 

deposition thickness of the film as only substrates at an angle of 0 ° could be 

measured.  
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3.1.3. Post Deposition Changes 

 

To examine post deposition changes through oxidation and ambient contamination, 

the thin-films were moved into a Class 100 Clean Room environment within 30 

minutes of deposition. Ellipsometry measurements were repeated over a 16-week 

period to measure any changes in the film thickness. 

 

3.1.4. Metal Desorption 

 

The loss of silver and chromium from the thin-films was measured using a NexION 

300S ICP-MS. The nanostructured thin-films were incubated in deionised water at 37 

°C (± 1 °C) for 48 hours with measurements being taken at 0, 0.5, 1, 2, 4, 8, 16, 24 

and 48 hours. All measurements were taken in triplicate.   

 

 

 

 

 

 

 



 72	
  

3.2. Biological Experimental Methods 

 

In this section, the details of biological stocks, their preparation and experimental 

details of bacterial growth and antimicrobial testing will be detailed  

 

3.2.1. Biological and Biochemical Stocks 

 
The bacteria Escherichia coli ATCC 10536 and Staphylococcus aureus ATCC 6538 

were purchased from ATCC Laboratories (USA) and were individually stored on 

refrigerated nutrient agar slopes at 4 ºC.  

 

Sterile nutrient agar and nutrient broth were purchased from Fisher Scientific (UK) in 

agar plates and 250 ml shake flasks respectively and were refrigerated at 4 °C.  

 
Phosphate buffered saline (PBS) was used to prepare bacteria for antimicrobial testing 

and to wash bacterial samples after centrifugation. PBS  (137 mM NaCl; 2.7 mM 

KCl; 10 mM Na2HPO4; 2 mM KH2PO4) was made up from the following (Sambrook 

and Russell, 2001): 

 

NaCl        8.0 g 

KCl        0.2 g 

Na2HPO4                11.5 g 

KH2PO4       0.2 g 

 

The buffer was made up using 1 litre of distilled water. The pH was adjusted to 7.0 

using 1 M NaOH (prepared from 99.998 % NaOH pellets).  
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3.2.2. Bacterial growth Methodology 

 

All bright field microscopy measurements were taken with a Fisher Brand FB7048 

microscope at × 100 magnification.  

 
All absorbance measurements were carried out using a PowerWave HT Microplate 

Spectrophotometer. The Microplate Spectrophotometer was attached to a 2 GHz 

processor powered PC and used BioTek’s Gen 5 software. An 8-well quartz plate (2 

cm diameter well) was used for all bacterial measurements, with a single beam of 

monochromatic light at 600 nm.   

 
All autoclaving was carried out using an Astell Scientific ASB260BT+AVC001 

autoclave. Glassware was sterilised by heating the autoclave to 100 °C at 1 

atmosphere pressure for 15 minutes. Biological samples were sterilised by heating the 

autoclave to 121 °C at 1 atmosphere pressure for 30 minutes.  

 

 
E. coli and S. aureus were both grown separately by the following method. Separate 

bacterial colonies were removed from refrigerated slopes and were streaked out over 

nutrient agar plates. The plates were subsequently incubated at 37 °C for 24 hours. 

Separate bacterial colonies were taken from the nutrient agar plates and were placed 

into two separate nutrient agar shake flasks, containing 100 ml of nutrient broth. The 

shake flasks were incubated in an orbital incubator at 37 °C under agitation at 50 rpm 

for 24 hours. Two separate sub-cultures (2 ml each) were taken at the end of the 24-

hour period and were inoculated into two new nutrient broth shake flasks (containing 

100 ml of fresh nutrient broth) and were incubated overnight at 37 °C under agitation 
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at 50 rpm. All bacterial work was undertaken using aseptic techniques in a Category 2 

laboratory.  

 

 

3.2.3. Solution Based Antimicrobial Activity 
 
All of the antimicrobial testing was carried out in conjunction with the Molecular 

Workstation Ltd in Newcastle (UK).  

 

E. coli and S. aureus were grown as detailed in section 3.2.2 with separate bacterial 

solutions concentrations of 1.0 × 108 bacteria being inoculated into 10 ml tubes 

containing 2 ml of nutrient broth. The tubes were prepared with negative and positive 

controls and with the addition of 5 mm x 5 mm coated silicon dioxide chips, as 

detailed in table 2. Negative controls included the measurement of nutrient broth 

without bacteria, and positive controls included the use of silicon dioxide chips not 

coated with silver.          
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Bacteria  

Test Name E. coli S. aureus 

Control 1 2 ml nutrient broth 2 ml nutrient broth 

Control 2 2 ml nutrient broth, 1.0 × 108 

bacteria, uncoated 5 mm × 5 

mm chip	
  

2 ml nutrient broth, 1.0 × 108 

bacteria, uncoated 5 mm × 5 mm 

chip	
  

Control 3 2 ml nutrient broth, 1.0 × 108 

bacteria 

2 ml nutrient broth, 1.0 × 108 

bacteria 

Evaporated 

sample 0 ° 

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

Evaporated 

sample 18 °	
  

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

Evaporated 

sample 40 °	
  

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

Evaporated 

sample 70 °	
  

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

2 ml nutrient broth, 1.0 × 108 

bacteria, coated 5 mm × 5 mm 

chip 

 
Table 2. Table of controls and experimental procedures for determining antimicrobial 

activity.  

 

The growth tubes were subsequently incubated at 37 °C in an orbital incubator at 50 

rpm for 48 hours.  At the time points of 0, 0.5, 1, 2, 4, 8, 12, 16, 24 and 48 hours, 50 

µl samples of nutrient broth containing bacteria were removed from the tubes and 

analysed for absorbance, at 600 nm. All measurements were taken in triplicate.  

Antimicrobial activity was calculated according to: 
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€ 

Antimicrobial Activity =  Bacterial Growth with Cr Coated SiO2 -  Control 1
Control 2 + Control 3

2
⎛ 

⎝ 
⎜ 
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⎠ 
⎟ 

⎛ 

⎝ 

⎜ 
⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ ⎟ 

 ×  100      (26) 

 

 

 

3.2.4. Surface Bound Antimicrobial Activity  

 
All of the antimicrobial testing was carried out in conjunction with the Molecular 

Workstation Ltd in Newcastle (UK).  

 

E. coli and S. aureus were grown as detailed in section 3.2.1. with separate bacterial 

solutions concentrations of 1.0 × 108 bacteria being pipetted into 10 ml growth tubes 

containing 2 ml of nutrient broth. Each growth tube also contained chromium and 

silver deposited films for the four different surface structures. The growth tubes were 

subsequently incubated at 37 °C in an orbital incubator at 50 rpm for 48 hours. At the 

time points of 0, 0.5, 1, 2, 4, 8, 12, 16, 24 and 48 hours, 50 µl samples of broth 

containing bacteria were removed from the tubes, and rinsed in 0.1 M PBS for 30 

seconds to remove unbound cells from the surfaces. The surfaces were then covered 

with a 0.1 ml solution of 0.4 % Trypan Blue Stain. The slides were allowed to stand 

for 3 minutes before being examined with optical microscopy under 100 × 

magnification. Three areas of 100 µm2 were examined using a graticule for live and 

dead cells. The determination of live and dead cells was carried out is in accordance 

with Freshney (1987). 

 



 77	
  

3.2.5. Bacterial Adsorption on Surfaces 

 

To allow real-time measurement of potential bacterial adsorption and build up on the 

thin-films, quartz crystals were coated with 3nm chromium and 20 nm silver in the 

thermal evaporator at the angles of the four different surface structures. Each silver 

coated quartz crystal mounted into the rate monitor assembly was subsequently 

immersed in a bacterial broth of E. coli or S. aureus, under agitation at 37 ° C for 48 

hours. The quartz rate monitor was used to continuously record the mass loading over 

a 48-hour period, thus allowing measurement of the rate of deposition and the total 

mass of bacterial binding to the surfaces. The quartz crystals were mounted vertically 

to avoid producing a false-positive effect from gravitational accumulation.  

 

 

 

3.3. Thin-Film Cleaning 
 

To determine the effect of surface cleaning on non-fouled silver thin-film surfaces 

100 % isopropyl alcohol (IPA) was poured over each surface for 30 seconds before 

being wiped with a 6200 polyester wipe, followed by drying for 30 seconds with dry 

nitrogen gas. The cleaning procedure was repeated up to a maximum of three times 

for each surface. After cleaning the surfaces, physical examination was carried out by 

RBS to determine material thickness and by AFM to determine surface roughness 

after each cleaning procedure.  
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Chapter 4. Results and Discussion: 

Nanostructured Thin-Films 

 

In this chapter, silver nanostructured thin-films formed by thermal 

evaporation were physically examined by AFM, RBS, ellipsometry and 

ICPMS. AFM data showed that as the angle of thin-film deposition 

increased, the RMS surface roughness increased, along with an increase 

in x, y and z-nanostructure sizes. This trend was coupled with a decrease 

in thin-film thickness, when examined by RBS and ellipsometry. Island 

formation, measured by SEM also indicated an increase in nanostructure 

size, with increasing angle of deposition. Storage of the thin-films in class 

100 clean room conditions showed post-deposition increases in thin-film 

thickness, over a 16-week period of approximately 10 %.  Stability of the 

thin-films in aqueous conditions was tested by ICPMS and showed 

negligible desorption of silver and chromium over a 48-hour period.   
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4.1. Surface Structuring Thin-Film Island Formation 

 

SEM images of the thin-films were taken to examine visual differences between the 

surfaces, based on the deposition angle during thermal evaporation (as shown in 

figure 28). The lower angles of deposition show smaller island sizes and 

nanostructuring, which increases with deposition angle. This is in agreement with 

AFM data discussed later (shown in figures 29 and 30). Interestingly, all thin-film 

surfaces appear to show a lack of continuity (with voids and defects between 

crystallites) within the film and are potentially showing the chromium adhesion layer 

and silicon dioxide substrate. The largest defects within the films are shown at the 

highest angle of deposition. It is speculated that these observations are not only a 

consequence of oblique angle deposition but also of the maximum deposition of a 

film being 23 nm.  
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       0 °                                                                        18 °                                    

              40 °                                                    70 ° 

Figure 28. Scanning electron microscopy images of the thin-film silver-chromium surfaces. 

The four thin-films deposited at angles of 0 °, 18 °, 40 ° and 70 ° were imaged within 1 hour 

of being deposited.  

 
Tapping mode AFM measurements of 5 µm × 5 µm sections of the fabricated thin-

films showed that the surface topography has increased roughness for films deposited 

at higher angles. Three-dimensional surface plots and two-dimensional line scans are 

shown in figure 29 and figure 30 respectively. No measurement was taken to assess 

the effect of deposition angle on exposed chromium.  
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    0 °          18 ° 

 

                 40 °                    70 ° 

 

Figure 29. Examples of tapping AFM images of 5 µm × 5 µm silicon dioxide chips coated 

with 3 nm chromium and 20 nm silver deposited at 0 °, 18 °, 40 ° and 70 °. The images were 

taken randomly from the AFM scans.  
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  Silicon Dioxide                (x)     (y) 

 

 

 

 

  0 °   (x)     (y)   

xxxx  

  18 °    (x)     (y) 

 

 

 

 

 

  40 °    (x)     (y) 

        

  70 °     (x)     (y) 

Figure 30. AFM line profiles, along the x and y-axes of silicon dioxide, 0 °, 18 °, 40 ° and 70 

° silver deposition (20 nm) on top of chromium (3nm). The images were taken randomly from 

AFM scans. 
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Both figures 29 and 30 show an increase in surface structures with an increase in 

deposition angle. At the lower angles few features are shown, but as the angle of 

deposition increases, relatively large lateral structures occur. Some of these features 

are more than 10 nm high for the 40 ° sample and exceed the nominal film thickness 

for the samples deposited at 70 °. There is no obvious structural anisotropy apparent 

throughout any of the samples. Using the VEECO V613r1 software, the RMS surface 

roughness was calculated and is shown in figure 31. 

 

xxxxxxxx  

Figure 31. RMS silver surface roughness (nm) by angle of deposition. 3 nm chromium and 20 

nm silver were deposited onto silicon dioxide (5 mm x 5 mm) chips, at angles of 0 °, 18 °, 40 ° 

and 70 °. 

 

Observation of the line profiles indicates that formation of a small number of sharp 

high amplitude peaks, particularly at the highest deposition angle. Furthermore, as 

mentioned previously there is no apparent structural anisotropy in the appearance of 

the peaks, in contrast to expectation from other work on angle dependent deposition, 

which shows anisotropic structuring. In light of this the use of RMS roughness could 
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be limiting, so analysis of the peak structuring was also undertaken. The average peak 

widths were calculated for both x and y-axes and are shown in figure 32. Examining 

nanostructure peak widths along both x and y-axes showed an increase in peak widths 

with angle of deposition. The peak widths along x and y-directions are very similar for 

films deposited at angles up to 40 ° and diverge somewhat for films deposited at 70  ° 

supporting the earlier observation of little or no structural anisotropy being induced in 

thin-films of the order of 20 nm by oblique incidence deposition. The effect of 

deposition angle on silver coverage of the chromium adhesion layer is unknown, as is 

the potential chromium component of surface roughness and nanostructures.  

 

xxxxxxxx  

Figure 32. The average width of the large intermittent peaks measured at the half maximum (FWHM). 

Measurements were taken along the slope of deposition for x      and y-axes for 

20 nm silver deposited on 3 nm chromium at the angles of 0 °, 18 °, 40 ° and 70 °. 
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4.2. As-Deposited Film Thickness 

 
The theoretical total nominal thickness of all films was 23 nm. This was subsequently 

measured by RBS and ellipsometry, with results shown in figure 33. Measurements 

by RBS and ellipsometry are in reasonable agreement for all films measured. Both 

showed a near linear decrease in film thickness with increasing angle of deposition. It 

is clear from SEM and AFM analysis that the surface topography is strongly 

dependent upon the angle of deposition and this may lead to the effective change in 

film thickness that is obtained by RBS and ellipsometry at this scale of deposition.  

xxxxx  

Figure 33. Total film thickness (nm) of chromium and silver deposited onto silicon dioxide 

measured by RBS and ellipsometry        , with a theoretical total thickness of 23 

nm (3 nm chromium and 20 nm silver) determined by a quartz crystal  rate monitor     
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4.3. Post Deposition Surface Changes 

 
Silver and chromium may undergo various chemical reactions in non-vacuum and 

ambient conditions. These reactions range from the oxidation of the surfaces, through 

to the fouling of the surface by commonly occurring biochemical molecules via 

metal-ligand reactions such as thiols (R-SH) and amines (R-NH2). Beyond such 

reactions, the surface may foul from bulk-scale contamination such as grease from 

human contact – which can often be a great problem for commercialisation of thin-

film technology for antimicrobial usage. To examine oxidation and other surface 

changes due to ambient environmental exposure of the thin-films, the thin-films were 

removed directly to a Class 100 Clean Room environment within 30 minutes of 

deposition. Ellipsometry measurements were repeated over a 16-week period to 

measure the film thickness (as shown in figure 34).  

 

xxxxxxxxxx  

Figure 34. Total film thickness (nm) over a 16-week period. The four substrates (evaporated 3 

nm chromium and 20 nm silver on silicon dioxide at the angles of 0 °          , 18 °            ,  40 °         

and 70 °           ) were stored in a class 100 environment immediately after 

evaporation and had the total film thickness measured over the 16-week period.  
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Changes to all thin-film thicknesses were plotted in figure 35 and in all cases, the 

thickness increased over a 16-week period. The increase of film-thicknesses was not 

uniform, although similar trends were observed for all films. The increase was 

attributed to oxidation of the silver, exposed chromium and ambient contamination 

from the class 100 environment. The growth mechanism and topography of these 

thin-film growth mechanisms is at this time unknown. Interestingly, a difference in 

film thickness was measured between all films, most pronounced between the highest 

and lowest deposition angles. This may be attributable to less material being present 

at higher deposition angles, or changing ratios of surface silver and chromium, which 

undergo different post-deposition growth.  

 

In the antimicrobial testing, the time from deposition of a thin-film to immersion in an 

active broth was typically 1 day, suggesting an oxidation coating of less than 1 nm.  

 

 

Figure 35. Rate of film growth (nm) on top of the silver surfaces over a 16-week period. The 

four surfaces deposited at angles of 0 °          , 18 °            ,  40 °         and 70 °            

were stored in a class 100 environment immediately after thermal evaporation.  
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4.4. Desorbed Silver and Chromium from Nanostructured Surfaces 

 

In order to understand the potential role of ionic/atomic loss from the films in 

antimicrobial activity, ICPMS was used to quantify the desorption of chromium 

(figure 36)  and silver (figure 37)  in deionised water over a 48-hour period. 

xxxxxxxxx  

Figure 36. Loss of chromium from thin-films. ICPMS, was used to measure chromium from 0 

°       , 18 °            ,  40 °         and 70 °            angled films. Measurements were taken 

from 5 mm × 5 mm chips stored at 37 °C over a 48-hour period.  
 

xxxxxxxxx  

Figure 37. Loss of silver from thin-films. ICPMS, was used to measure silver from 0 °          

, 18 °            ,  40 °         and 70 °            angled films. Measurements were taken from 5 mm 

× 5 mm chips stored at 37 °C over a 48-hour period. 
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ICPMS data showed an increase in the levels of chromium and silver lost from the 

surface over a 48-hour period for all surfaces. For both metals, the losses from the 

surfaces were similar with the thin-films deposited at 70 ° showing the greatest losses. 

Although the material thickness of metal varied between chromium (3 nm) and silver 

(20 nm), the losses of silver were far higher than for chromium, with the highest loss 

of silver being measured at 1563 pg (± 3 pg) in comparison to 77 pg (± 2 pg) of 

chromium. Measuring silver and chromium losses from the thin-films did not provide 

any further information on the exposed surface composition of silver and chromium.  
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Chapter 5. Results and Discussion: Bacterial 

Interactions with Fabricated Surfaces 

 

This chapter examines the interactions of the thin-films with E. coli and S. 

aureus. Incubation of these bacteria with the thin-films showed that all 

nanostructured thin-films had an antimicrobial effect against solution and 

surface bound bacteria. The highest levels of antimicrobial activity were 

observed for the thin-films with the greatest surface roughness. Using 

silver and chromium thin-film coated quartz crystal rate monitor, 

incubation of the thin-films in the bacterial solutions showed that over a 

48-hour period, surface fouling increased. This was correlated to a 

decrease in antimicrobial activity of the thin-films. To determine that the 

antimicrobial effect of the thin-films was not a consequence of silver or 

chromium desorption, ICPMS values of desorbed metals were tested for 

antimicrobial activity. No antimicrobial activity was observed for 

chromium and a limited amount of activity was observed for silver. No 

measurement was carried out for the effect of exposed surface bound 

chromium and potential subsequent antimicrobial activity.  
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5.1. Biological Reproducibility 

 

For experimental rigour each series of biological measurements was carried out in 

triplicate, for each of the nanostructured surfaces, with both E. coli and S. aureus. 

Data points were analysed and averaged with standard deviations (sd) calculated 

using the formula (Miller and Miller, 1993): 

 

€ 

sd =  
xi -  x( )i

∑
2

n -  1( )                                       (27) 

 
Where xi is each value within the sample, n is the number of values in the sample and 

€ 

x  is the averaged mean of the sample.  

 

 

5.2. Solution Based Antimicrobial Activity 

 
The antimicrobial effect of the silver coated silicon dioxide chips was examined by 

incubating the chips in a broth inoculated with either E. coli and S. aureus over a 48 

hour-period. Figure 38 shows raw optical density data for the E. coli growth broth 

growth with no thin-film coated chips present. This data showed the consistency in 

population growth behaviour observed across all normalised bacterial growth plots. It 

also showed the lag, exponential and stationary stages associated with bacterial 

growth.  
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Figure 38. Raw data optical density of E. coli growth at 37 ° C over a 48 hour-period. Three 

readings were taken at 600 nm  - reading 1 reading 2 and reading 3 

that were averaged  

 
 
 

Normalised solution based optical density measurements were collected for both 

bacterial samples over this time period and are shown in figures 39 and 40. The data 

was analysed by normalisation using the respective raw data growth curves for E. coli 

and S. aureus without chips and with uncoated chips. This produced maximum 

growth curves, with silver structured chips producing reduced growth curves. The 

percentage reduction in growth for the nanostructured surfaces was attributed to 

antimicrobial activity, shown in figures 41 and 42. 
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xxxxxxxxx  

Figure 39. Normalised E. coli growth curves. E. coli cells were incubated at 37 ° over a 48 

hour-period, with angled silver surfaces of 0 °          , 18 °            ,  40 °         and 70 °            

. Optical Density measurements at 600 nm were taken over this period, with all results being 

recorded in triplicate. A positive control (averaged growth of bacteria with uncoated silicon 

dioxide chips present and with no chips) is also shown . Measurements were carried 

out in triplicate.   

xxxxxx   

Figure 40. Normalised S. aureus growth curves. E. coli cells were incubated at 37 ° over a 48 

hour-period, with an angled silver surface of 0 °          , 18 °            ,  40 °         

and 70 ° . Optical Density measurements at 600 nm were taken over this period, with 

all results being recorded in triplicate. A positive control (averaged growth of bacteria with 

uncoated silicon dioxide chips present and with no chips) is also shown  . Measurements 

were carried out in triplicate.    
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The optical density measurements showed that both E. coli and S. aureus populations 

displayed sigmoidal growth for all samples with clear lag, exponential and stationary 

phases observed in with the typical behaviour described earlier in chapter 2. The 

positive controls (i.e. no antimicrobial material to inhibit bacterial growth) showed the 

highest optical density over the 48-hour period, indicating the largest bacterial 

population both types of bacteria.  

 

Growth of the bacterial populations was detrimentally affected in all cases when a 

silver coated chromium surface was present. The effect was smallest for the 

smoothest surfaces and increased with increasing roughness of the surfaces, indicating 

that increasing surface roughness enhances antimicrobial activity.  

 

 

xxxxxxxx  

Figure 41. Reduction in E. coli growth. Data from figure 39 was used to calculate the 

reduction in growth. The effect of silver angled surface deposition of 0 °          , 18 °            

,  40 °         and 70 °            and percentage reduction in E. coli growth are shown over a 

48-hour period, measured by Optical Density at 600 nm. All results were recorded in 

triplicate.   
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Figure 42. Reduction in S. aureus growth. Data from figure 40 was used to calculate 

reduction in growth. The effect of silver angled deposition of 0 °          , 18 °            ,  40 °         

and 70 °            and percentage reduction in S. aureus growth are shown over a 48-

hour period, measured by Optical Density at 600 nm. All results were recorded in triplicate.   

 

Antimicrobial activity was measured as the reduction in bacterial growth over this 

time period with the presence of the silver coated chips in comparison to the positive 

controls. For both E. coli and S. aureus, the highest reduction in bacterial was attained 

with the silver structured surfaces deposited at the highest angle of incidence. The 

reduction in bacterial density was highest with the roughest surfaces and decreased as 

surface roughness decreased. For both bacteria, an increase in antimicrobial activity 

was observed over the first 24 hours for E. coli and 18 hours for S. aureus. After these 

times, reductions in antimicrobial activity were measured. This suggests two possible 

mechanisms, first the surface was fouled by biological material or second the surface 

effect was ‘exhausted’ through loss of material from the surface into solution. The 

silver surfaces showed the highest antimicrobial at an earlier time with S. aureus, in 

comparison to E. coli but the antimicrobial effect reduced at an earlier time with S. 

aureus. The greater antimicrobial activity was observed against E. coli.  
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5.3. Desorbed Silver and Chromium Antimicrobial Activity 
 

To ascertain whether these levels of chromium and silver in solution were responsible 

for the antimicrobial activity, previous measurements of desorbed chromium and 

silver were used in tests of antimicrobial activity. The highest recorded levels of 

chromium (77 pg ± 2 pg) and silver (1563 pg ± 3 pg) were added to bacterial broths 

containing E. coli and S. aureus over a 48-hour period. Figure 43 shows the 

percentage reduction bacterial growth resulting from the addition of chromium and 

silver at the start of the 48-hour period.  

 

xxxxxxxx  

Figure 43. Solution based chromium and silver reduction in bacterial growth. E. coli and S. 

aureus were grown over a 48-hour period, at 37 °C under agitation. The highest cumulative 

concentration of chromium (77 pg) and silver (1563 pg) were pipetted into the bacterial 

solutions at time zero, with reductions in bacterial growth being recorded by optical density 

at 600 nm. The four following solutions were tested: E. coli with 77 pg chromium  , E. 

coli with 1563 pg silver , S. aureus with 77 pg chromium and S. aureus with 

1563 pg silver . All measurements were carried out in triplicate.  
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The addition of 77 pg of chromium to bacterial solutions of E. coli and S. aureus 

showed no antimicrobial activity. This suggests that the very small loss of chromium 

from the thin-films was not significant in the antimicrobial behaviour. The addition of 

1563 pg of silver did however show reductions in both E. coli and S. aureus activity. 

For both bacteria, the silver had an antimicrobial effect throughout the 48-hour period, 

with the highest reduction in bacterial growth being observed at 12 hours. It is 

interesting to note that the antimicrobial effect increased up to the 12-hour period and 

reduced after this time. Importantly the ionic silver loss from all of the surfaces was 

very similar indicating that the enhanced antimicrobial activity from rough surfaces is 

not due to increased release of ionic silver. Importantly, the percentage reduction in 

bacterial growth due to ionic silver also aids in understanding the mechanisms of 

antimicrobial activity.  

 

 

5.4. Surface Binding of Bacteria and Antimicrobial Activity 

 
The addition of silver and chromium coated chips into the bacterial broths had the 

potential of producing antimicrobial activity not only by the release of silver and 

chromium into solution, contact between the cells and the surfaces, but also with 

surface bound bacteria. To determine the antimicrobial activity and the percentage of 

live and dead bacteria on the surfaces, the silver and chromium coated chips were 

incubated with E. coli and S. aureus and were examined using Trypan Blue staining 

and light microscopy on samples taken after over a 48-hour period (figures 44 and 

45). In each microscopy count, three areas of 100 µm2 were recorded for live and 

dead cells. No fewer than 200 cells were counted for each sample.  
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Figure 44. Percentage of denatured E. coli cells bound to the silver surfaces analysed by 

Trypan Blue staining. The four surfaces of 0 °          , 18 °            ,  40 °         and 70 °            

on 5 mm × 5 mm chips were used in broth at  37 ° C over a 48-hour period. All measurements 

were carried out in triplicate, with error bars showing the standard deviation.  
 

xxxxxxxx  

Figure 45. Percentage of denatured S. aureus cells bound to the silver surfaces analysed by 

Trypan Blue staining. The four surfaces of 0 °          , 18 °            ,  40 °         and 70 °            

on 5 mm × 5 mm chips were used in broth at 37 ° C over a 48-hour period. All measurements 

were carried out in triplicate, with error bars showing the standard deviation. 
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Examination of all structured silver surfaces showed that numbers of denatured ‘dead’ 

cells of both E. coli and S. aureus increased over the 48-hour period. For both E. coli 

and S. aureus, the surfaces with the greatest roughness showed the highest levels of 

antimicrobial activity (> 75 %). It was observed that after 8 hours, the percentage of 

denatured cells on the surface began to reach a plateau. Comparing the antimicrobial 

levels between bacteria, the thin-films showed a slightly higher denaturing rate 

against S. aureus. The data suggests that direct interaction with the surface is an 

important process in the antimicrobial activity of these structured surfaces and that 

enhanced surface structures increase the antimicrobial activity. One effect of this 

surface interaction is the trend in both sets of data suggests a fouling of the surface 

with denatured bacteria. No account was made for potential chromium antimicrobial 

behaviour by this method.  

 

 

5.5. Surface Fouling 

 
To determine the level of potential surface fouling from the bacterial broths, silver 

thin-films were deposited at oblique incidence onto a chromium adhesion layer on top 

of quartz crystals, used as the sensor in a quartz crystal rate monitor. Frequency shifts 

(Hz) observed from immersing the thin-film coated quartz crystals in both E. coli 

(figure 46) and S. aureus (figure 47) broths over a 48-hour period were used to 

measure bacterial adsorption. It is worth noting that the original surface of the quartz 

crystal is not likely to be as smooth as the silicon dioxide used elsewhere in this work.  
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xxxxxxxxxxxxx  

Figure 46. Frequency shifts observed on quartz crystals coated with silver deposition angles 

of 0 °          , 18 °            ,  40 °         and 70 °   , incubated at 37 °C for 48 hours 

with E. coli. Quartz crystal frequencies were recorded throughout, with measurements being 

taken in triplicate. Error bars are not large enough to be visible.  

 

xxxxxxxxxxxxx   
 

Figure 47. Frequency shifts observed on quartz crystals coated with silver deposition angles 

of 0 °          , 18 °            ,  40 °         and 70 °  , incubated at 37 °C for 48 hours 

with S. aureus. Quartz crystal frequencies were recorded throughout, with measurements 

being taken in triplicate. Error bars are not large enough to be visible.  
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Both E. coli and S. aureus broth solutions fouled the silver coated quartz crystals. 

Noticeable fouling and adsorption to the surfaces was recorded after 10-12 hours for 

both. Exponential mass adsorption occurred over the next several hours, before the 

surfaces appeared to saturate with bacterial cells at approximately 20 hours. After this 

time, negligible frequency shifts attributable to adsorption were noted.  No difference 

in adsorption was recorded between the surfaces based on the surface roughness of 

the silver thin-films. The greatest frequency shifts were observed for E. coli cells with 

over 5 Hz difference between E. coli and S. aureus.  

 

From the recorded frequency shifts, the effective bound mass was determined using 

the Kanazawa-Sauerbrey equation. The effective bound mass for both bacterial 

samples are shown as a function of time in figures 48 and 49.  
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xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx  

Figure 48. E. coli mass adsorption to silver coated quartz crystal oscillators, calculated from 

the Sauerbrey-Kanazawa equation. Bacteria were grown in broth and were incubated at 37 

°C for 50 hours with an silver coated quartz crystal at the following deposition angles:  0 °          

, 18 °            ,  40 °         and 70 °   . Measurements were taken in triplicate. 

Error bars are not large enough to be visible. 
 

xxxxxxxxxxxxx  
 

Figure 49. S. aureus mass adsorption to silver coated quartz crystal oscillators, calculated 

from the Sauerbrey-Kanazawa equation. Bacteria were grown in broth and were incubated at 

37 °C for 50 hours with an silver coated quartz crystal at the following depositions angles:  0 

°          , 18 °            ,  40 °         and 70 °   . Measurements were taken in 

triplicate. Error bars are not large enough to be visible.
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Chapter 6. Results and Discussion: Surface 

Cleaning and Antimicrobial Activity 

 
 

In this chapter, the effect of cleaning the thin-film surfaces was 

examined as a method of increasing the longevity of the surfaces after 

biological fouling. The thin-films were cleaned three times with IPA, 

with subsequent antimicrobial activity measurements being recorded 

alongside changes in thin-film roughness and thickness. After each 

clean, a minor loss of antimicrobial activity was observed alongside a 

reduction in film thickness, a reduction in nanostructure size and 

surface roughness. No account was made for changing the exposed 

silver and chromium ratios due to cleaning.  

 
 
 
 

6.1. Thin-Film Cleaning and Antimicrobial Activity 
 
 

Surface fouling from biological materials is problematic for antimicrobial activity 

and potentially reduces the active area contacting the microorganisms. 

Commercially and medically, this often results in disposal of a thin-film, cleaning 

or the re-application of a new surface layer. As disposal and re-application can be 

costly and not suited to unskilled personnel, a simple cleaning method using IPA 

was examined to regenerate a fouled surface. The thin-films were examined for 

loss of nanostructuring and film thickness.  
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6.2. Surface Structure 
 

 
Before and after cleaning with IPA, surface roughness (RMS) measurements were 

taken using a Veeco Nanoscope IV Probe Microscope in a Class 100 clean room. 

Tapping mode was used to raster scan 5 µm x 5 µm sections of the four fabricated 

thin-films. These measurements showed that the surface roughness and nano-

structures changed after each clean. Two-dimensional line scans are shown in 

figure 50.  

 

 

 

 

 

 

 

 

                   

       
                      
 

                   0  ° Deposition 
 

Figure 50. AFM line profiles along the x-axes of 0  °, 18 °, 40 ° and 70 ° silver deposition 

(20 nm) on top of chromium (3nm), before and after cleaning with 100 % IPA. The 

images were taken randomly from the AFM scans.  
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                              40  ° Deposition 
 

Figure 50. AFM line profiles along the x-axes of 0  °, 18 °, 40 ° and 70 ° silver deposition 

(20 nm) on top of chromium (3nm), before and after cleaning with 100 % IPA. The 

images were taken randomly from the AFM scans.  
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                               70  ° Deposition 

Figure 50. AFM line profiles along the x-axes of 0  °, 18 °, 40 ° and 70 ° silver deposition 

(20 nm) on top of chromium (3nm), before and after cleaning with 100 % IPA. The 

images were taken randomly from the AFM scans.  

 

                               

With changes to thin-film thickness and nanostructuring due to cleaning, it is 

possible that more of the chromium adhesion layer was exposed, which in turn 

could affect the antimicrobial activity of the thin-films.  

 

Using the VEECO V613r1 software, the RMS surface roughness was calculated 

from 100 µm2 areas and is shown in figure 51. 
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xxxxx  

Figure 51. The effect of cleaning on RMS surface roughness. The four silver surfaces 

deposited at angles of 0 ° , 18 ° , 40 ° and 70 ° , had their RMS 

surface roughness before and after cleaning with 100 % IPA and wiping. This procedure 

was carried out a total of three times. Error bars were calculated but are not large 

enough to be visible.  

 

This figure alongside the line scans shown in figure 50 show that the surface 

roughness for each nanostructured thin-film decreased after each cleaning stage 

(with only three cleaning stages being carried out). The greatest decreases in 

surface roughness were observed for the thin-films deposited at angles of 40 ° and 

70 °, which had the largest initial surface roughness before cleaning. With three 

stages of cleaning, the surface roughness of these two films decreased to levels 

close to the thin-films deposited at lower angles (18 ° and 40 °). The two thin-

films deposited at the lower angles, surface had a negligible surface decrease after 

cleaning. Using the AFM data, the average peak widths of the nanostructured 

surfaces were examined (table 3). 
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0 ° Surface RMS Surface 

Roughness  (nm) 

Average peak width 

along x axis (nm) 

Average peak width 

along y axis (nm) 

As Prepared 1.7 152 ± 4 159  ± 5 

Clean 1 1.6 136 ± 5 140 ± 5 

Clean 2 1.6 133 ± 4 135 ± 4	
  

Clean 3 1.6 134 ± 3 132 ± 4	
  
 

18 ° Surface RMS Surface 

Roughness  (nm) 

Average peak width 

along x axis (nm) 

Average peak width 

along y axis (nm) 

As Prepared 1.8 197 ± 7  188  ± 8  

Clean 1 1.7 162 ± 7  159 ± 9  

Clean 2 1.7 147 ± 6  140 ± 6 

Clean 3 1.6 144 ± 7  137 ± 7  
 

40 ° Surface RMS Surface 

Roughness  (nm) 

Average peak width 

along x axis (nm) 

Average peak width 

along y axis (nm) 

As Prepared 2.8 216 ± 3  222  ± 4  

Clean 1 2.1 202 ± 8 206 ± 5 

Clean 2 1.8 182 ± 6  176 ± 3  

Clean 3 1.8 155 ± 3  159 ± 6  
 

70 ° Surface RMS Surface 

Roughness  (nm) 

Average peak width 

along x axis (nm) 

Average peak width 

along y axis (nm) 

As Prepared 3.2 341 ± 5  313  ± 5  

Clean 1 2.9 288 ± 5  270 ± 4  

Clean 2 2.5 215 ± 4 	
   191 ± 3  

Clean 3 2.0 184 ± 6 	
   169 ± 5  
 

Table 3. The RMS and average peak width of the large intermittent peaks measured at the 

half maximum (FWHM) across the AFM profiles. Measurements were taken along the 

slope of deposition for x-axes for 20 nm silver deposited on 3 nm chromium at the angles 

of 0 °, 18°, 40 ° and 70 °, before and after cleaning with 100 % IPA and wiping. 
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Figure 52. Average width of the large intermittent surface peaks measured at the half 

maximum (FWHM) from AFM profiles measured after cleaning, up to three times with 

100 % IPA. The four deposited silver surfaces, were measured in both x: 0 °,       18 °, 

40 °, 70 °, and y-dimensions: 0 °, 18 °, 40 °, 70 °  

 

Examination of figure 52 shows a decrease in the large intermittent peak half 

maximum measurements for nanostructures in both x and y-axes, with cleaning. 

This trend was observed for all deposition angles and with subsequent decreases 

in FWHM after each of the three cleaning stages. 
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6.3. Material Thickness after Cleaning 
 

To determine whether the cleaning process to remove fouling was reducing the 

thin-film thickness, measurements were carried out using RBS and an 

ellipsometer. Measurements were taken on unmodified silver thin-films taken 

from the thermal evaporator, within 30 minutes of evaporation. After initial 

measurements of the unmodified surfaces the surfaces were cleaned three times as 

detailed in section 4.2, with ellipsometer, RBS and quartz crystal rate monitor 

measurements being taken after each cleaning stage (figure 53). All three 

measurements showed that cleaning reduced the thin-film thickness. The greatest 

reduction in film thickness was observed with the lower deposition angles of 0 ° 

and 18 °. Interestingly, even after three cleaning procedures, the thin-film 

thickness was not measured below 4 nm. It is speculated that reducing the film 

thickness, has a potential to increase the exposure of the chromium adhesion layer 

to bacterial cells.  
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Xx
xx                     0 ° Deposition                       18 ° Deposition 
 

 
      40 ° Deposition                    70 ° Deposition 

 
Figure 53. Total film thickness (nm) of a 23 nm film (3 nm chromium and 20 nm silver) deposited 

onto silicon dioxide, (defined as bare) with three IPA cleaning steps. The film thickness was 

measured by RBS and  ellipsometry  after each cleaning step.  
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6.4. Effect of Cleaning on Fouled Thin-Films 
 

Prior to the cleaning procedures, the nanostructured silver thin-films had shown 

the following antimicrobial trends for both E. coli and S. aureus and 70 ° > 40 ° > 

18 ° > 0 °. Although the surface roughness decreased for each thin-film surface 

after each cleaning procedure, these trends were maintained and are shown with E. 

coli and S. aureus in figure 54 and 55 respectively. The shape of the antimicrobial 

curves showed little variation other than a reduction in antimicrobial activity after 

each subsequent cleaning stage. Each cleaning procedure was shown to reduce the 

antimicrobial activity of all the thin-films against E. coli and S. aureus, which led 

to a total reduction in activity between 50 – 80 %, by the end of the third clean.   
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                               0 ° Deposition                                          18 ° Deposition 

 

                          40 ° Deposition                                           70 ° Deposition 

 
Figure 54. Effect of IPA cleaning on silver mediated, E. coli antimicrobial activity. E. coli was 

incubated at 37 °C for 50 hours with 5 mm x 5 mm silver coated chips deposited at different 

angles. Three IPA cleaning procedures were carried out, with antimicrobial activity being 

measured for a bare surface, after one two and three 

cleaning procedures. All measurements were carried out in triplicate.    
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          0 ° Deposition                                    18 ° Deposition 

 

 

    40 ° Deposition                         70 ° Deposition 

 

Figure 55. Effect of IPA cleaning on silver mediated, S. aureus antimicrobial activity. S. aureus 

was incubated at 37 °C for 50 hours with 5 mm x 5 mm silver coated chips deposited at different 

angles. Three IPA cleaning procedures were carried out, with antimicrobial activity being 

measured for a bare surface, after one two and three cleaning 

procedures. All measurements were carried out in triplicate.  
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Chapter 7. Conclusions  

 
In this chapter, an overview of this work is carried out, with 

consideration of main findings and limitations that will be used to 

suggest future work in Chapter 8.  

 

 

7.1. Thin-Film Fabrication and Characterisation 

 
This is a complex interdisciplinary study, which has some clear results and has led 

to a number of open questions for future work. The aim of this study was to 

understand the influence of nanoscale structuring to enhance the antimicrobial 

activity of silver thin-films that could be reused after biological fouling. Oblique 

angle thermal evaporation is a low cost and potentially simple method for 

nanostructuring surfaces and was used throughout this study. The structure of the 

thin-films were measured using a variety of techniques to obtain thickness, surface 

roughness, ambient contamination and antimicrobial activity against two model 

bacteria – E. coli (Gram negative) and S. aureus (Gram positive). 

 

The use of oblique angle deposition at increasing angles was expected to produce 

different surface topographies, based on the angle of deposition, and in this study 

was measured by AFM. This showed that the surface roughness increased with an 

increase in deposition angle. Interestingly, above 40 ° sharp peaked features were 

observed, with the most pronounced nanostructuring being observed at 70 °. At 

this angle of deposition, the nanostructuring was almost three times greater than at 
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any lower angle. It is likely that the increase in peak height of nanostructures at 

higher deposition angles is due to the effect of shadowing during the thermal 

evaporation process. SEM of the thin-films also showed an increase in 

nanostructuring with deposition angle.  

 

Further examination of the thin-films by RBS and ellipsometry showed that as the 

angle of material deposition increased, thin-film thickness decreased. It is 

speculated that the film thickness decreased as a consequence of shadowing and 

steering, which resulted in less material being uniformly deposited but would lead 

to increased nanostructuring. Further to this, measurements of rough surfaces can 

become more complex for RBS and ellipsometry, particularly with such low level 

of material deposition. It is also possible that at higher angles of deposition, a 

greater number of atoms missed the target surface, which led to the films being of 

reduced thickness. Although the increased nanostructuring and surface roughness 

was coupled with thinner films, it was not believed to be a detriment to the 

antimicrobial activity of the thin-films. The concerns for reduced thickness are 

potentially problematic for cleaning the surfaces, which removes part of the thin-

film.  

 

In ambient conditions, silver is capable of undergoing various chemical reactions, 

with some of the most common being oxidation and fouling with reactive 

molecules via metal-ligand reactions. To assess the changes to the thin-films from 

these effects, post thin-film deposition growth was measured by ellipsometry over 

a 16-week period and for each nanostructured thin-film showed an increase in the 

thickness in all thin-films over this period. Using ellipsometry, it was not possible 
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to ascertain the topography of the metal oxidation. Interestingly, the greatest 

increase in post-evaporation thin-film growth was observed with the films 

deposited at the lowest angles and had the thickest films before ambient growth. 

This may be attributable to the thickest films having more material to undergo 

oxidation and bind incoming contaminating molecules. Although, measurements 

were carried out to assess the rate and thickness of ambient condition thin-film 

growth, no measurement was carried out on the subsequent effect on antimicrobial 

activity, film stability and cleaning. This was coupled with no work being carried 

out to assess the ratio of exposed silver and chromium with subsequent 

antimicrobial effects.  

 

 

7.2. Bacterial Interactions with Thin-Films 

 

Silver surfaces have the potential to denature bacterial cells in solution by the 

release of ionic silver (Williams et al, 1989), release of nanoparticles (Maneerung 

et al, 2008; Stevens et al, 2009), through surfaces structures that act as spikes (Liu 

et al., 2009) and by adsorbing the cells onto the surface. The chromium adhesion 

layer also has a potential antimicrobial effect (Dreyfuss, 1964).  

 

Measurement of E. coli and S. aureus optical density for 48 hours with the thin-

films was used to produce bacterial growth curves over this time, including the 

lag, exponential and stationary phases. Using the growth curves, the percentage 

reduction in solution antimicrobial activity for each thin-film was calculated. This 

showed that as the surface roughness increased, the percentage reduction in 
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antimicrobial activity for both bacteria increased. The highest level of 

antimicrobial activity was observed with E. coli, which has a thinner cell envelope 

than S. aureus. For both bacteria though, the antimicrobial activity was not 

uniform over the 48-hour period, with reductions taking place after 24 hours for E. 

coli and 18 hours for S. aureus. A limitation of using optical density, as a method 

of determining antimicrobial activity via growth curves is that the information 

shows only a reduction in the growth of cells and not the number of live and 

denatured bacteria. Further work, would see samples of bacteria being removed 

from the broth, with Trypan Blue being added, to determine the live and denatured 

ratios for each thin-film.  

 

As the antimicrobial activity of the thin-films reduced after 24 hours for E. coli 

and 18 hours for S. aureus, quartz crystals had silver thin-films deposited on them 

to measure potential surface fouling by bacteria. The quartz crystals were 

incubated with both bacteria for 48 hours and showed fouling for all thin-films, 

with fouling increasing with surface roughness. Considering the small size of the 

nanostructures in comparison to the size of the bacterial cells, it is not believed 

that the increased surface area from the nanostructures created a larger surface 

area for adsorption. It is speculated however that the surfaces with the greatest 

number of nanostructured fouled most easily due to their higher level of 

antimicrobial activity, due to an increased number of denatured cells and debris. 

This has not been tested, but using an environmental SEM, or Trypan Blue with a 

light microscope, it would be possible to determine if this is the case.  
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Comparing the surface fouling with the percentage of thin-film antimicrobial 

activity it was observed that after the highest levels of antimicrobial activity had 

occurred, surface fouling reached a maximum. This suggests that fouling is a 

limiting factor in silver nanostructured antimicrobial activity.  

 

Although the thin-films had shown antimicrobial activity against E. coli and S. 

aureus in solution, it was not known what effect if any, desorbing chromium and 

silver ions had on the bacteria. The release of chromium and silver into solution 

was measured by ICPMS over a 48-hour period. This data showed increasing 

losses of chromium and silver from the thin-films, which were higher as the 

surface roughness increased. The highest cumulative losses from the films were 

measured from the 70 ° films, at 77 pg for chromium and 1563 pg for silver. To 

determine the antimicrobial effect of these metals, they were incubated with E. 

coli and S. aureus for 48 hours. Exposure of the bacteria to chromium showed no 

antimicrobial activity, whereas silver showed the following antimicrobial rates: 

8.5 % with E. coli and 8 % with S. aureus. Interestingly, a reduction in 

antimicrobial activity was observed with both bacteria after 18 hours, suggesting 

an exhaustion of silver ions. This could be verified by ICPMS. 

 

The addition of silver coated chips into the bacterial broths had the potential of 

producing antimicrobial activity not only by the release of silver into solution, 

contact between cell and surface but also through cellular adsorption. To 

determine the antimicrobial activity and the percentage of live and dead bacteria 

on the surfaces, the silver coated chips were incubated with E. coli and S. aureus 

and were examined with Trypan Blue using a light microscope over a 48-hour 
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period. All thin-films showed a high denaturing rate of both bacterial cells, with 

the roughest surfaces producing the highest denaturing rates at over 75 %. The 

increased denaturing rates observed at the higher surface roughness suggest that 

the nanostructuring on the surfaces enhanced the antimicrobial activity of silver. It 

would be of great benefit to this study to be able to determine the percentage of 

denatured cells that were in direct contact with the silver surfaces. It would also 

show if multiple cell layer binding inhibited the uppermost layers from being 

denatured. No account was made for potential exposure of chromium, which 

could vary as a consequence of angled deposition.  

 

 

7.3. Thin-Film Cleaning and Antimicrobial Activity 

 

Surface fouling from complex biological species can result in adsorbed biological 

layers that reduce the activity of the surface. For nanostructured surfaces produced 

under vacuum conditions, it is often not a simple or cost effective task to reapply a 

layer, when fouling has occurred. Many cleaning regimes would also damage the 

nanostructuring and also be problematic for non-skilled operators to use, thus 

reducing the commercial potential. The challenge for a cleaning procedure is to 

remove the fouled layer but maintain the antimicrobial activity of the surface. 

With this remit, IPA surface wiping was examined for removal of biological 

fouling and to understand the effect of cleaning on the thin-film surface and 

antimicrobial activity. To showcase multiple cleaning regimes each surface was 

cleaned three times.   
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AFM imaging of the thin-films showed a decrease not only in surface roughness 

after each clean but also peak width. The greatest reductions in surface roughness 

and peak width were observed with the thin-films that had the greatest surface 

roughness and peak widths before cleaning. These reductions suggest the loss of 

material from the thin-films. To determine if material had been lost during 

cleaning, the films were examined using RBS and an ellipsometer between 

cleaning. For all surfaces examined, the cleaning process was shown to reduce the 

film thickness after each clean. The greatest losses of film thickness were shown 

with the thin-films deposited at the lower angles of 0 ° and 18 °, which were the 

films with the greatest thicknesses before cleaning.  

 

As the characterisation of the thin-films showed a reduction in surface roughness, 

peak nanostructure widths and a loss of material from the films, the antimicrobial 

behaviour of the films after cleaning also needed to be examined. Incubation of 

the thin-films with E. coli and S. aureus subsequent cleaning showed a reduction 

in antimicrobial behaviour for all thin-films with both bacteria. The reduction of 

antimicrobial activity was observed after each clean for each thin-film. The most 

pronounced decreases were observed for the thin-films with the greatest levels of 

nanostructuring, with the thin-film deposited at 70 ° having its antimicrobial 

activity reduced from 27 % to 11 % by the third clean against E. coli. The thin-

films deposited at lower angles showed proportionally lower reductions but had 

little antimicrobial activity left by the third clean. This was shown from the film 

deposited at 0 ° which had could produce only a 3 % reduction by the third clean 

against E. coli. Interestingly, although the percentage reduction in antimicrobial 

activity fell, the shape of the antimicrobial curves over the 48-hour periods varied 
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little. This suggests that the process of fouling still occurred for each film after 

cleaning. No assessment was made of cleaning and antimicrobial behaviour for 

bacteria adsorbing directly onto the thin-film surfaces.  

 

Even through the surface nanostructuring was reduced after each clean, it still 

showed enhanced activity in comparison to lower structured/smoother surfaces. 

The use of IPA wiping may not be the optimal method for cleaning but suggests 

that simple chemical and mechanical cleaning is a viable method for removal of 

biological fouling, with a nanostructured surface.  
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Chapter 8. Future Work 

 

Limitations often lie within material constraints for nanostructure fabrication and 

their use with biological systems. Such constraints include, the antimicrobial 

properties of the material, ability to be fouled, cleaned, toxicity to higher 

organisms and economic considerations. In this study, only silver was examined 

against the relatively non-pathogenic bacterial species of E. coli ATCC 10536 and 

S. aureus ATCC 6538. One of the most pertinent expansions of this work would 

be the testing of silver nanostructured surfaces against more pathogenic strains of 

these bacteria, potentially including E. coli 0157:H7 and methiciliin resistant S. 

aureus (MRSA). Such work would have great clinical relevance as bacteria such 

as E. coli 0157:H7 and MRSA, are of great concern due to their high 

pathogenicity and resistance to many clinical antimicrobial agents.  

 

The claim made in this study that nanostructured surfaces enhance antimicrobial 

activity must be more deeply interrogated. Results from within this study have 

shown that nanostructuring is capable of enhancing antimicrobial activity, but the 

questions that follow are: what is it about nanostructuring that enhances 

antimicrobial activity, and by what mechanism? Looking at the work of (Liu et 

al., 2009), surface spikes are capable of puncturing and denaturing bacterial cells 

and it is suggested that this is the mechanism by which the antimicrobial activity 

occurs. It is however unknown if the silver nanostructures denature the cells 

simply by irreparably puncturing the bacterial cell envelopes or whether more 

complex mechanisms are in place, such as ionic release from the nanostructures 

into the cells, which results in the cells denaturing. It would be interesting to 
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remove denatured cells from solution after exposure to the thin-films and examine 

the level of silver bound externally and internally to the cells by elemental 

analysis or ICPMS. Likewise the use of UV-visible spectroscopy could be of great 

use to determine if the cells are being punctured. Current literature suggests that if 

punctured, the cells would lyse and release their cytoplasmic constituents 

(including DNA and RNA), which absorb strongly at an absorbance of 260 nm 

(Liu et al., 2009). 

 

The use of ICPMS in this study has confirmed that it is not simply silver release 

from the thin-films that are denaturing the bacterial cells, but these results indicate 

that part of the antimicrobial activity is linked to this release. This raises the 

further question of what percentage of antimicrobial activity can be attributed to 

nanostructuring. To answer this more fully, other factors not examined in this 

study must be taken into account. The first is surface area and which it can be 

assumed that increasing the area of an antimicrobial film in contact with bacteria 

would increase the antimicrobial effect. Due to the size of the nanostructures and 

the bacterial cells (less than 27 nm in height for the nanostructures and 

micrometre dimensions for the bacteria), it is speculated that this had little effect 

due to steric hindrance from the larger size of the bacteria. ICPMS data also 

showed little difference between the thin-film nanostructures and the release of 

silver, indicating this factor was negligible. To examine this further though, it 

would be interesting to calculate the different surface areas of the nanostructured 

thin-films. The second factor of great interest is the form of silver desorbing from 

the thin-films in solution. Using ICPMS, it was not possible to determine if the 

silver was ionic or if the nanostructures had also desorbed. It is suggested that the 
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use of DLS would be able to determine if nanostructures had been released from 

the surface, which could mimic nanoparticles. Perhaps one of the most pertinent 

tests for nanostructures enhancing antimicrobial activity would be the use of a 

non-antimicrobial material that could be nanostructured and exposed to bacteria.  

 

Perhaps beyond the scope of this study, but of great interest commercially and 

medically is the issue of toxicity, particularly for higher organisms. The 

incubation of the nanostructured thin-films with mammalian cells as a model for 

higher organism toxicity would determine the applicability of nanostructured thin-

films for medical and commercial usage. It would be of interest to examine the 

effect of IPA cleaning on changing the surface area of exposed chromium, due to 

chromium being antimicrobial.  
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Appendices 

 

Appendix A. Raw data optical density of E. coli growth 
 

This data was presented in section 5.2 in figure 38 and was used to calculate 

antimicrobial activity throughout this study.  

 

Optical Density Readings (600 nm) Time (Hours) 

Reading 1 Reading 2 Reading 3 

0 0 0 0 

0.5 0.0018 ± 0.0002 0.0017 ± 0.0001 0.0018 ± 0.0001 

1 0.0017 ± 0.0001 0.0019 ± 0.0002 0.0020 ± 0.0002 

2 0.0041 ± 0.0002 0.0025 ± 0.0002 0.0032 ± 0.0001 

4 0.0513 ± 0.0003 0.0496 ± 0.0004 0.0441 ± 0.0002 

8 0.1355 ± 0.0006 0.1395 ± 0.0003 0.1254 ± 0.0005 

12 0.3479 ± 0.0009 0.3522 ± 0.0014 0.3356 ± 0.0008 

16 1.7712 ± 0.0011 1.7986 ± 0.0019 1.7595 ± 0.0010 

24 2.2057 ± 0.0013 2.1666 ± 0.0017 2.1920 ± 0.0016 

48 2.2774 ± 0.0013 2.2547 ± 0.0020 2.3054 ± 0.0015 
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Appendix B. Raw data optical density of S. aureus growth 
 

This data was used to calculate antimicrobial activity throughout this study.  

 

Optical Density Readings (600 nm) Time (Hours) 

Reading 1 Reading 2 Reading 3 

0 0 0 0 

0.5 0.0019 ± 0.0002 0.0018 ± 0.0002 0.0020 ± 0.0001 

1 0.0020 ± 0.0003 0.0021 ± 0.0001 0.0023 ± 0.0002  

2 0.0038 ± 0.0002 0.0042 ± 0.0002 0.0032 ± 0.0002 

4 0.0654 ± 0.0006 0.0721 ± 0.0004 0.0688 ± 0.0009 

8 0.1572 ± 0.0010 0.1395 ± 0.0012 0.1401 ± 0.0007 

12 0.4319 ± 0.0011 0.4432 ± 0.0011 0.5066 ± 0.0018 

16 1.9650 ± 0.0018 2.0031 ± 0.0017 1.9870 ± 0.0020 

24 2.2317 ± 0.0015 2.2216 ± 0.0023 2.2408 ± 0.0022 

48 2.4556 ± 0.0022 2.5457 ± 0.0019 2.3182 ± 0.0017 

 


