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“If you thought that science was certain - well, that is just an error on your part..”

Richard Feynman.



Abstract

The work carried out in this thesis investigates the application of Metal-polymer nanocom-

posites in order to find a possible solution of the recurring issue of bacterial infection. For

this thesis, Copper clusters are produced using the magnetron sputtering cluster appa-

ratus (MaSCA) and then are deposited onto quartz and silicon substrates coated by a

Polystyrene (PS) film of desired thickness. Titania nanoparticles are prepared using the

gas aggregation cluster source (GAS) in Prague and are also deposited unto quartz and

silicon substrates coated by a thin film of PS. Thermal annealing, after cluster deposition,

is used to control the immersion depth of clusters into the PS films. Furthermore these pre-

pared samples are then characterized using Atomic Force microscopy (AFM) and Scanning

Electron Microscopy (SEM) and optical measurements before the samples are subjected to

antimicrobial tests. The second part of the project then focuses on the bactericidal effects

of the prepared samples. Herein the techniques used to assess the antimicrobial effects

include Colony Forming Units (CFU) plate counting, as well as Fluorescence microscopy

using molecular probes to observe morphological damage to the bacterial cells. As will be

discussed later, the efficiency of the prepared substrates depends on the different bacteri-

cidal mechanism. Also investigated is the degree to which the substrates can be reused in

order to give an insight to the killing efficiency over time.
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Chapter 1

Introduction

Nanotechnology is one of the scientific fields that promises great opportunities for devel-

oping new and advanced technologies that can improve our way of life and solve a number

of increasing problems in health care, environment, food industry. Since the fundamental

article by [2], nanotechnology has advanced tremendously.

In recent years the growing concern of antibiotic resistance of bacteria has presented a

major problem. This problem continues to grow each year due to widespread use of

antibiotic to treat bacterial infections, which leads to proportional increase in antibiotic

resistance. Because of the selective pressure, these resistant microorganisms have a greater

chance of survival and growth [3, 4]. In addition medical devices are susceptible to bacterial

colonization which in turn leads to implant related infections as well as Urinary Track (UT)

and Respiratory Track Infectionss (RTIs). These infections hinder the long term use of

such medical devices which due to bacterial colonization of the polymer surface leads to

the formation of biofilms. Biofilms, defined as matrix-enclosed microbial accretions [5],

have inherent property to adhere to biological and non-biological surfaces. Furthermore,

their not entirely elucidated development and dynamic behavior makes destroying them

difficult[6].Systematic therapies can be applied to treat these device related infections,

but remain ineffective due to the use of a high concentration of antibiotics whereby these

biofilms are resistant to antibiotic treatment as well as host defense mechanisms. [7] An

alternative approach is exemplified by designing medical device surface properties in order

to moderate interfacial interactions between these devices and host tissue. This will in turn
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curb adhesion of bacteria to human tissue surfaces and implanted biomedical devices [7–9].

In hospital a environment, this problem manifests itself as catheter associated infections

and Urinary Track Infectionss (UTIs) that are, among other things, a result of the presence

of bacterial biofilms catheter surfaces, medical implants and devices [3, 5].

Further understanding in antibacterial properties of nanoparticles has lead to application

of nanoparticles in fighting bacterial infections and contaminations. The antibacterial

property has been linked to the surface to volume ratio of nanoparticles. This Surface

Area (SA) to volume ratio enhances the biological and chemical activity by increasing the

contact area of Nano particles (NPs) with microorganisms [10]. The sizes of NPs is also

a key factor which enables their relatively easy penetration into bacterial cells [11, 12].

The SA to volume ratio of NPs is a useful property in the development of nanocomposites

among include antimicrobial coatings for application in medical devices [13–16].

Studies have also shown that highly reactive metal oxide NPs exhibit biocidal action

against Gram-positive and Gram-negative bacteria [17, 18]. The penetration, characteri-

zation and surface modification of nanosized inorganic particles present the possibility for a

new generation of bactericidal materials that circumvent the growing antibiotic resistance

and cost of using antibiotics [11].

For this report, the antibacterial activity of Copper and Titanium Dioxide NPs will be

investigated using strain a of Escherichia coli. Nanotoxicity will be monitored upon the

exposure of the bacterial strains to NPs embedded in thin Polystyrene (PS) films. The

microorganisms will be cultured in liquid media and once exposed to the NPs, and UV in

the case of TiO2 NP, the growth kinetics will be observed by estimating the number of

Colony Forming Units (CFU) after incubation. Prior to antibacterial tests the polymer

films will be spin coated, on two different substrates, i.e. silicon and quartz, with a

thickness of 50 nm. The Cu NPs and TiO2 NPs will be fabricated and embedded on

the surface of the polymer film using cluster beam technique, in particular Magnetron

Sputtering Cluster Apparatus (MaSCA). The bactericidal experiments are carried out to

test whether or not Polymer nanocomposites are an alternative approach in treating the

problems mentioned above in order to circumvent the use of antibiotics.
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Chapter 2

Metal-polymer Composites and

Bacterial Growth

2.1 Cluster-beam Technique

2.1.1 Cluster Formation

An accepted definition of a cluster that of an aggregate that is made up of a quanti-

fied number of constituents, which can either be atoms or molecules. In this context a

countable number of particles refers to 2-10n, with n being an integer of magnitude 6

or 7. Furthermore when the integral particles are one refers to such a system as being

homo-atomic (or homo-molecular) and in the case when the constituents are not identi-

cal the system is referred to as being hetero-atomic (or hetero-molecular). Clusters have

gained interest as they are considered to constitute a new type of material due to their

characteristic properties which differ from their bulk counterparts [19].

The formation of clusters can be subdivided into four fundamental stages:

• Vaporization – in this stage atoms or molecules are produced in the gas phase. Due

to the rapid cooling of the gas supersaturation occurs which in turn leads to the

formation and growth of the clusters from the excess vapor.
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• Nucleation –Second stage is formation of a cluster nucleus by the condensation of

molecules or atoms.

• Growth – during this stage more molecules or atoms are added to the initially formed

nucleus and the cluster thereby increases in size. Contrary to the growth procedure,

clusters can also shrink as a result of evaporation or fragmentation.

• Coalescence – During this process, smaller clusters merge in order to form even larger

clusters.

[20]. The nucleation probability of a cluster at thermal equilibrium is usually very small

and therefore requires a thermal non-equilibrium that is brought about by the various

cluster sources (Magnetron sputtering, Laser vaporization e.t.c). During this nucleation

process clusters of a stable phase are formed from the metastable state, the supersaturated

vapor of the material, that leads to the formation of a cluster nucleus from initial collision

of atoms. Theoretically if the thermal energy of the beam is less than the binding energy

of the dimer, then a triple atom collision results in the formation of a dimeric nucleus

whereby the excess energy released is removed by the third atom (from an inert gas)

eq. (2.1) and the dimer nucleus acts as a site for further cluster growth.

At first growth is achieved by the addition of individual atoms to the dimer nucleus and

followed by subsequent growth via coalescence. However due to the fact that addition of

more atoms is an exothermic process, there exists a competition between the growth and

decay of the clusters. During this phase clusters can therefore shrink by losing individual

atoms or can undergo fragmentation. Hence to make the nucleation process more favorable

to cluster growth a carrier gas is injected into the nucleation chamber. Cooling is therefore

achieved when the cluster losses energy by colliding with other atoms that possess higher

kinetic energy eq. (2.2).

A+A+A(kE1) → A2 +A(kE2 > kE1) (2.1)

AN (T1) +B(kE1) → AN (T2 < T1) +B(kE2 > kE1) (2.2)

whereB can be an inert carrier gas atom. Clusters, in addition, can also lower their internal

energy by ejecting one or more atoms from the cluster which is known as endothermic

desorption process [20, 21].
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Different cluster sources can be implemented in order to provide a thermal non-equilibrium

that influence the size distribution of clusters generated, these include: the Knudsen

cell, Supersonic (free Jet) Nozzle Sources, Laser Vaporization-Flow Condensation Source,

Pulsed-Arc Cluster Ion Source, Ion Sputtering Source, Magnetron Sputtering Source, Gas-

Aggregation/smoke Source amongst others.

For this project the magnetron sputtering source is used to produce both the copper and

titania clusers .In magnetron sputtering a plasma is first ignited typically using argon over

a target where a D.C or R.F potential is applied and further confined using a magnetic

field. The argon ions are then accelerated onto the desired target resulting in sputtering

and ejection of the target material. Similarly secondary electrons are also emitted and

contribute to the plasma ionization. Confinment of the secondary electrons using the

magnetic field in turn increases the propability that ionization occurs leading to a denser

plasma and higher rate of sputtering [22]. In addition aggregation of atoms is facilitated

by adding an inert gas, for example helium as described previously.

As for the TiO2 NPs, the Gas Aggregation Cluster Source (GAS) is employed where in this

source the target material is heated until the material is at the gas phase. The evaporated

atoms then interact with inflowing inert gas at both low pressure and temperature. This

causes supersaturation of the gas vapour leading to the formation of clusters as described

in the eq. (2.1) and eq. (2.2). The growth of clusters continues in the condensation chamber

until they are forced through a nozzle into the low pressure region [20]. More details on

the cluster apparatus’ used for this thesis can be found in chapter 3.

2.1.2 Cluster-surface Interaction

In order to apply clusters for various practical applications, these clusters need to be

deposited on the surfaces of interest or similarly can be embedded into materials so as to

modify said surfaces/materials and utilize their specific properties. Interaction of a beam

of clusters with a surfaces falls into three different regimes depending on the collision

energy; soft landing, pinning and energetic collisions. Illustration of two of these energy

regimes is given in fig. 2.1 [20, 23].

In the aforementioned cluster apparatuses, the soft landing which is the low energy depo-

sition regime is utilized. In this regime, the kinetic energy per cluster atom (or molecule)
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is lower than the binding energy of the cluster components and does not lead to cluster

fragmentation upon impact of clusters with the surface. Soft landing is therefore used

when the composition of the clusters is to be preserved, however the structure of the clus-

ters may be distorted. This distortion is linked to the physiorption and formation of Van

Der Waals (VDW) bonds with surface atoms, as represented in fig. 2.1(a). Despite the

various applications of this regime, the issue with clusters produced is their high diffusive

mobility that causes large clusters to aggregate into islands or smaller clusters to coalesce

into larger particles [23].

As mentioned previously, particles on the surface interact and as a result can either coa-

lesce leading to the merging of two or more clusters which is the case for smaller clusters.

On the other hand larger clusters can form aggregates and result in islands on the surface

[23]. If however the clusters neither agglomerate nor coalesce then the morphology is a

random paving of clusters as reported in the works of [24]. In the case that there is signifi-

cant diffusion but no coalescence, then clusters form the morphology consistent with large

branching islands that have been represented and explained by the numerical deposition

diffusion aggregation model (diffusion limited aggregation model) [23, 25].

On the other hand, when the kinetic energy per atom is higher than the cohesive energy

then the impact is considered to be of high energy and is termed implantation as seen in

fig. 2.1(b). Deformation of the clusters will occur when the kinetic energy of the clusters

is above the cohesive energy where clusters will then either flatten or spread across the

surface. However if the kinetic energy is sufficient enough and larger than the implantation

energy the clusters will as a result undergo implantation thereby entering the surface

[20, 25].

6
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(a) Cluster Deposition (b) Cluster Implantation

Figure 2.1: Representation of cluster deposition or implantation depending on the en-
ergy regime ; soft landing (a) and hard landing (b) [23]

2.2 Polymer composites with metal nanoparticles

Noble metal NPs have gained interest in the research and industrial sectors due to their

optical, catalytic as well as electronic properties. In addition when these noble NPs are

embedded into a polymer matrix for instance, the aforementioned properties are enhanced

even further due to quantum size effects [26–28]. Nanocomposite materials that are com-

prised of these metal NPs in their matrix display promising technological applications due

to the collective property of their constituents [29–31] and exhibit unique optical proper-

ties arising from their Localized Surface Plasmon Resonance (LSPR). This is the case as

these NPs in a dielectric matrix, in this case polymers, display interesting absorption as

a result of the coherent oscillation of conduction band electrons following excitation by

electromagnetic radiation. The study of said polymer films containing embedded metal

nanoparticles has attracted great interest, with various applications due to their distinc-

tive mechanical, electrical and optical properties. Metal NPs on the surface/embedded in

the polymer have also been shown to posses antimicrobial properties which can be tuned

by adjusting both the size and shape of the nanoparticles [15, 32]. In order to produce

polymers with NPs on polymer surfaces various methods can be employed such as; evapo-

ration, thermal decomposition of organometallic precursors to sputtering of NPs followed

by thermal annealing.
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In addition there exists various surface modifications that are aimed to introduce surface

assisted antibacterial properties. Polymers as well as polymer coatings are a possible route

when interest is in controlling the release of organic molecules, drugs or inorganic antimi-

crobial compounds [33].Covalent immobilization of antibiotic molecules is an alternative

approach that also hinders bacterial adhesion [34]. Lastly as will be the focus of this

report, a different approach, based on either inorganic or hybrid organic-inorganic coat-

ings, which promise the possibility to release antimicrobial compounds as well as intrinsic

antibacterial activity [35]. These different approaches can be seen in fig. 2.2 below.

Figure 2.2: Surface modification approaches that provide for the release of antibacte-
rial agents. Such modified surfaces can be implemented in coating medical

devices. [35]

2.2.1 Optical Properties of Nanoparticles

As a material gradually reduces in size, the percentage of surface atoms on the other

hand increases when compared to their bulk counterparts. In the case for metals as they

approach the nanoscale, the surface-to-volume ratio of the material becomes significantly

large affecting their electronic energy states and give rise to unique optical, chemical and

electrical properties which deviate from the bulk material [36]. These various properties

can be observed as quantum coinfinment in semi-conductor particles, surface plasmon

resonance in nobel metal particles and super paramagnetism in magnetic materials [37].

Upon interaction of electromagnetic waves with metals, the electric field gives rise to a

coherent oscillation of the conduction electrons as seen in fig. 2.3 , this phenomena is known

as Surface Plasmon Resonance (SPR) which as mentioned earlier is unique to nobel metal

8



Polymer Metal Nanocomposites Group. 5.242, Cesarino M. Jeppesen

NPs [38]. This oscillation is the result of the displacement of the electron cloud relative

to the nucleus, with the oscillation frequency dependent on the electron density as well

as the geometry of the charge distribution [39]. The displacement ~D(~r, ω) caused by the

Figure 2.3: Schematic description of electron cloud displacement under the influence of
an electromagnetic wave [39]

oscillation can be written in terms of the electric field ~E(~r, ω), the vacuum permittivity

constant, ε0, and the dielectric function of the metal, εmetal(ω) [38],as:

~D(~r, ω) = ε0εmetal(ω) ~E(~r, ω) (2.3)

where εmetal(ω) is complex given as:

εmetal(ω) = ε1(ω) + iε2(ω) (2.4)

where εmetal(ω) is dominated by its real part [38].

For NPs with radii much smaller than the incident wavelength, the charge oscillation differs

from regular SPR under the assumption that the electron cloud of the particle experiences

the same electric field [38]. Due to the oscillation, surface charges are introduced, making

the surface charge positive where the electron cloud is absent and negative where the elec-

tron cloud is present [40]. This results in a restoring force due to the Coulomb attraction

between electrons and nuclei which is partially damped due to heat formation and light

scattering. This phenomenon can be described as a dipolar oscillator with a resonance fre-

quency ωplasmon, often denoted as LSPR [38]. SPR appears as a sharp absorption at the

9
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resonance frequency ωplasmon. Furthermore LSPR is highly dependent on the surrounding

environment which causes the SPR peak to shift.

Mie theory can be applied In order to relate the particle size and the environment to the

intensity of light scattered or absorbed. When light interacts with metal nanoparticles the

light is absorbed (given as the absorption cross-section σabs) and scattered ( given as scat-

tering cross-section σsca) [38]. This in turn causes the light passing through the particles

to undergo extinction (given by extinction cross-section σext) and is linked through:

σabs = σext − σsca (2.5)

By introducing the polarizability of the sphere as, α, with (εparticle) having same form as

eq. (2.4)

α = 3V ε0
εparticle − εmedium
εparticle + 2εmedium

(2.6)

Where V, is the volume of a sphere (V = 4
3πR

3 ) and using the extinction coefficient given

below as;

σext = 3
2π

λ

√
εmediumIm(α) (2.7)

Rewriting eq. (2.7) using V = 4π
3 R

3 and assuming negligible scattering for very small

particles, this reduces eq. (2.5) to σabs ≈ σext, giving

σabs ≈ σext = 9V
2π

λ
ε
3/2
medium

Im(εparticle)

|εparticle + 2εmedium|2
(2.8)

It is hence possible to obtain an approximate form of the extinction cross section of a NP

using Mie theory under the assumption that the particle is much smaller than the incident

wavelength. This in turn implies that the absorption is the major contributing factor to

the extinction. This condition results in the occurrence of a LSPR peak whose position

and intensity depend on the dielectric environment (and hence the refractive index) of the

medium (εmedium = n2medium) [41].

10
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2.2.2 Stabilization of Nanoparticles by Polymers

Stabilization of NPs is necessary due to NPs being sensitive to impurities that arise during

their synthesis which can bind to the NPs. These processes are often undesirable and

irreversible but can be circumvented by stabilization with high molecular compounds such

as polymers [16].

Nanoparticle solutions are representative of a typical colloidal system comprised of a con-

tinuous phase and a dispersed phase. Herein the continuous phase is the dispersed medium,

which is the solvent and the dispersed phase being the nanoparticles. Such a system is

said to be stable only when its dispersed phase can exist as separate individual particles

for a prolonged period of time.[16].

Colloidal solutions are governed by two forms of stability; kinetic and aggregation stability.

The kinetic stability denotes the stability of the system relative to gravity forces. Here

crucial factors determining the stability of colloids include dispersion forces and viscosity

of the medium. For such a system, the stability decreases with increase in particle size.

The other form of stability is aggregation stability. This type of stability is concerned

with the system’s ability to preserve the degree of particle dispersity. Here NPs create

large aggregates that can adsorb ions on their surface from the solution thereby forming

an adsorbtion layer [16].

The adsorption layer consists of potential determining ions and counter- ions. In addition

aggregation stability of these systems can be described by the formation of solvate shells

of dispersed medium molecules around colloidal particles which prevent particles from

aggregating. These solvate shells act as wedges and hinder particles to aggregate as the

particles cannot come into contact with each other [16]. Hence for this work, the polymer

PS has been used as a dispersive medium to stabilize the nanoparticles as well as present

a surface to which they can adhere to.

The use of polymers in developing nanocomposities does not only provide a supporting

function by stabilizing nanoparticles. The use of polymers in developing nanocomposites

also enhances the antimicrobial performance of such a system that due to three main phe-

nomena: 1; the synergy between the polymer and metal nanoparticle which increases the

antibacterial capacity of the composite as compared to that of separate components; 2,

11
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Figure 2.4: Nanoparticle stabilization by polymer either due to (a) electrostatic stabi-
lization, (b) steric stabilization or (c) high polymer concentration [16]

The long term release of ions, therefore prolonging the bactericidal effect of the nanocom-

posite and 3, the increase in surface area that is associated with the fine dispersion of

the metal nanoparticles in the polymer matrix [42, 43]. The release of ions for elemen-

tal metal particles requires the presence of water and oxygen. It is therefore crucial to

retain these within the polymer. Other properties of the material such as crystallinity

and matrix polarity can influence the rate of ion release as these properties constitute the

diffusion barrier to water molecules and ions during their propagation[43]. In addition ion

release increases with the polarity of the polymer, where the polar nature of the polymer

facilitates the diffusion of water molecules[43]

In order to understand the embedding of these metal NPs one is to consider the chem-

istry/physics of the interface as described by Kovacs et al. where nanoparticles on the

surface are considered to be thermodynamically unstable. These Nanoparticles can then

either by wetting or embedding mechanism undergo transition into the surface of interest

[44]. When considering the surface energies, NPs with surface energies less than the sub-

strate undergo wetting whilst when NPs have surface energies larger than the substrate,

they can become embedded into the material. The process of NP immersion into the sur-

face is driven by surface free Gibbs energy, which for metal NPs decreases when immersed

into a polymer. This thermodynamic driving force originates as a result of the system

reducing its surface energy which in turn allows for the immersion of the NPs [45, 46].

This thermodynamic behavior, leading to the the embedding of NPs was postulated by

Kovacs et al., [45] and is given in equation eq. (2.13). At first when considering a metal

NP of surface area σ on the polymer surface, the surface free energy of the NP is then
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given as:

Gs = σγnp (2.9)

Here, γnp, denotes the surface energy of the nanoparticle. In the case when the NP is

considered to be embedded into the surface, the surface energy is then substituted with the

interfacial energy of the NP and the surrounding polymer. Hence the difference between

the surface energies of the particle when it is on the surface and when inside the polymer

represents the net change in the free energy of the system and is given by eq. (2.10) [45, 46]:

∆Gs = σ(γnp/polymer − γnp) (2.10)

Here γnp/polymer represents the interfacial energy between the polymer and NP.

Furthermore the net change in the free energy, ∆Gs, can be derived by measuring the

work done whilst travelling from the surface to inside of the polymer. In this case when

a particle of surface area σ is being embedded in the polymer with a surface energy of

γpolymer, this results in a void with a free energy of σγpolymer and upon filling this void with

a NP then an energy corresponding to σW is regained (here ,W, is the work of adhesion

between the particle and the polymer). Consequently in this case the net change in the

free energy of the system, ∆Gs, would be given as: [45, 46]

∆Gs = σ(γpolymer −W ) (2.11)

Furthermore when taking eqs. (2.10) and (2.11) into account the work of adhesion between

the particle and the polymer becomes;

W = γnp + γpolymer − γnp/polymer (2.12)

where Kovacs et al. then determined that embedding is favorable when ∆Gs < 0 and in

conclusion that complete embedding is possible when:

γnp > γnp/polymer + γpolymer (2.13)

Kovacs et al. also considered from a kinetic point of view, that metal NPs situated on the

surface of the polymer can undergo wetting or dewetting and become embedded into the

polymer as a result of annealing above the glass transition temperature [45, 46].
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2.2.3 Spin Coating of Polymer Films

The earliest report of spin coating can be traced back to the works of Alfred Emslie et

al. [47] where the spreading of a thin axisymmetric film of Newtonian fluid onto a pla-

nar substrate rotating with constant angular velocity was investigated. As a result, spin

coating nowadays is considered a leading technique in producing uniform thin films. Films

produced with this technique are in the range of micrometers to nanometers and is applied

in various fields such as in the manufacture of integrated circuits, optical mirrors and even

color television screens. The viscous force and surface tension causes a thin residual film to

be retained on the flat substrate and centrifugal forces drive the rest of the liquid radially

outwards. The film produced is thus due to the interplay of outward fluid flow as well

as evaporation [48, 49]. In many instances, such as for this report, the coating material

is polymeric and is applied in the form of a solution from which the solvent evaporates [48].

Spin coating procedure can be broken down into four stages which are deposition, spin

up, spin off and finally evaporation of solvents. Amongst the various stages, spin off and

solvent evaporation are considered to have the biggest impact on final coating thickness

[48]. Deposition, fig. 2.5(a), is the stage of delivering an excess of the solution to be coated

unto the surface of the substrate, where a portion of the substrate is wetted. During

deposition, the solution is placed on a substrate that is mounted on a rotating stage and

accelerated to the desired speed. Spreading of the solution takes place on account of

centrifugal forces [48].

Spin-up, fig. 2.5(b), is when the substrate is accelerated up to its final rotation speed with

fluid expulsion from the wafer surface due to the rotational motion. The initial depth of the

solution on the wafer surface causes spiral vortices to be formed. These vortices arise as a

result of the twisting of the top of the fluid as the wafer below rotates rapidly. Eventually

the as the fluid becomes thin enough it begins to rotate with the wafer. Once the wafer

reaches its desired speed the viscous shear drag balances the rotational acceleration [48].

The third stage, spin off/stable fluid flow fig. 2.5(c), is when the substrate spins at a

constant rate and fluid viscous forces dominates the fluid thinning behavior. This stage

is responsible for the gradual fluid thinning characteristic. Generally the fluid thinning

is g uniform; however this is is not the case when considering volatile solutions, where

interference colors are usually observed. Edge effects are also observed in this stage as the
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fluid flows uniformly outward thereby forming droplets (at the edge) that are flung off.

Depending on the surface tension, viscosity and rotation rate, there may be a difference

in coating thickness at the edge of the coated substrate [48].

The final stage is evaporation fig. 2.5(d). At this stage the substrate is spinning at a

constant rate and solvent evaporation dominates the coating thinning behavior. At this

point the film begins to dry. Furthermore the shrinkage of the film layer is due to solvent

loss resulting in the formation of a thin film [48].

Figure 2.5: Spin coating procedure depicted as four stages; (a) deposition, (b) spin-up,
(c) spin-off and (d) evaporation [50]

The film forming process is driven by several parameter such as the angular velocity,

solution viscosity and the dispense volume that are related to the thickness obtained.

Here the major parameters being the the fluid viscosity and the rotating angular frequency.

Whereas the dispense volume should be sufficient in order to wet the entire surface [48].

These parameters can be altered as desired in order to control film thickness. In addition

to controlling the thicknesses, it is also fundamental to control the surface smoothness and

uniformity of the film. As a general consensus the thinner the film, the more uniform the

layer [51] however for thicker films surface roughness can be reduced by heating above the

glass transition temperature of the polymer [52].

When taking into account the solvent and polymer used, the film thickness can be con-

trolled by the polymer concentration and hence the viscosity, as well as the spinning speed

and the rate of solvent evaporation.
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2.3 Bacterial structure and growth

The term microorganism is used to categorize several species such as archaea, some fungi,

algae, as well as bacteria, which can be further subdivided as either being eukaryotic or

prokaryotic depending on the structure of the cell. Prokaryotes are further subdivided into

the domains of Bacteria and Archaea, whilst eukaryotes belong in the domain of Eukarya

[53].

Prokaryotic cells consist of several intracellular components which are not bound to the

membrane bound, this can be seen in fig. 2.6, showing the structure and components of a

rod-like bacteria (E.coli). A general characteristic of prokaryotes is the lack of a cellular

nucleus. Their genome is in the form of a single strand of Deoxyribonucleic acid (DNA)

(circular DNA). Some bacteria also contain DNA plasmids which can be transferred to

other bacteria and often provide drug resistance as well as the ability to produce toxins

[53].

Figure 2.6: The structure of a rodlike bacterial cell that shows the composition of the
cell. Not all components are present in all bacterial cells [53].

The cell envelope that encloses the prokaryotic can contain flagella and axial filaments

that provide for the bacterial cell mobility. In addition there exists external components

attached to the cell envelope known as pilus and fimbriae. These external components
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are responsible for the interaction with the surrounding medium. Furthermore the cell

envelope is also comprised of two primary layers, the cell wall and cell membrane. These

layers are separated slightly by the periplasmic space, which is a vital reaction site for

substances during transport in and out of the cell [53]. The cell wall accounts for the

shape of the bacterium providing structural integrity and keeps the bacterium from col-

lapsing or bursting due to deviations in osmotic pressure. This stability in turn depends

on the macromolecule Peptidoglycan (PG) which is composed of a repeating framework

of extensive glycan chains; N-acetyl muramic acid and N-acetyl glucosamine crosslinked

by short peptide fragments [53]. The cell wall is fundamental to bacterial survival and

without it the bacterium will be prone to lysis. Beneath the cell wall, the cell membrane

can be found which is a thin flexible bilayer mainly composed of phospholipids. This bi-

layer is embedded with nitrate and sulfate rich proteins. Some of these membrane proteins

are found on the surface of the membrane and others spun through the entire membrane,

known as peripheral and integral membrane proteins respectively [53]. Bacterial cell mem-

branes typically consist of 30-40 % phospholipids and 60 – 70 % proteins from the total

membrane mass. However there are some prokaryotes which differ from this model such

as the membranes of mycoplasma and archaea [53].

The cell envelope can include one or two cytoplasmic lipid membranes that classify the

bacterium as either being Gram-negative or Gram-positive bacteria. The Gram-positive

bacteria envelope, depicted in fig. 2.7, consists of a thick PG cell wall that ranges from 20

to 80 nm in thickness as well as a cell membrane. Additionally the Gram-positive bacteria

cell wall is also composed of closely bound acidic polysaccharides (including teichoic acid)

embedded in the framework of the peptidoglycan layer and lipoteichic acid which is at-

tached to lipids in the cell membrane. Typically Gram-positive bacteria have a very thin

periplasmic layer or none at all [53].

In comparison Gram-negative bacteria, as seen in fig. 2.7, consists of a thinner layer, 1-

3 nm , of PG and unlike Gram-positive bacteria , consist of an outer membrane. This

outer membrane is similar to the cell membrane but also contains specialized types of

lipopolysaccharides and lipoproteins. These lipid molecules constitute the top layer matrix

of the membrane where porin proteins are located. These porins act as transport proteins

and regulate the transport of molecules in and out of the cell. The porin proteins therefore

define the selective permeability of the membrane for these bacteria. More importantly
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the thin PG layer means that Gram-negative bacteria are more flexible but in turn more

susceptible to lysis [53]. On the other hand due to the additional membrane layer, the

Gram-negative bacterium is less prone to (some) antimicrobial chemicals and thus makes

infections caused by them intractable.

Figure 2.7: An illustration of the Gram-positive and Gram-negative cell envelope. Here
it is evident that in the case of the Gram-positive bacteria the nature, i.e.
thickness, of the PG layer in comparison to the Gram-negative cell envelope

[53].

As previously mentioned, E.coli will be the main focus when testing the antibacterial

properties of the prepared polymer metal nanocomposites. E.coli is a Gram-negative, rod-

like facultative anaerobe bacterium which ferments lactose but prefers aerobic respiration

given that oxygen is present. The (E. coli) chromosome contains 4288 genes measuring

about 1 mm when unfolded, in comparison to the dimensions of the bacterium itself

which is 1 µm in length [53]. A common habitat of (E. coli) is the digestive tract of

most warm-blooded animals. E.coli lives in symbiosis with the host in the digestive tract,

producing vitamins and acids that are beneficial to the host, as well as proteins toxic

to intestinal pathogens. Nonetheless when (E. coli) exists in large concentrations it can

become pathogenic and hence hazardous to the host leading to food and water poisoning

often resulting in diarrhea [54]. Furthermore 80% of UTI cases can be traced to (E. coli)

[54], which makes E. coli an ideal candidate as a target microorganism.
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Microorganisms subjected to metals in their environment have to coupé and in most in-

stances procure a strategy to withstand metal toxicity. Several mechanisms have been

investigated and although complex and diverse, these resistance and adaptation mecha-

nisms can be categorized functionally fig. 2.8 [55].

Figure 2.8: The various proposed mechanism that microorganism adapt inorder to deal
with various deadly metals [55].

The different mechanisms as depicted in fig. 2.8 include Chemical modification, Efflux,

Extracellular sequestration, intracellular sequestration, metabolic by pass, reduced uptake

and lastly repair.

In chemical modification, toxic metals have undergone specific redox and covalent reac-

tions which alter their chemical reactivity converting toxic metal species to less toxic forms.

Such chemical modifications apart from altering the redox state of the metal can also gen-

erate organometallic (small) molecule compounds or metal crystal precipitates[55].

For Efflux, resistance to toxicity is determined by genetic markers that encode for a range

of membrane transporters responsible for the transport of toxic metals outside the cell. Ex-

pression of these systems is driven by regulators which bind to the metals, whereby activity

of these transporters is regulated either by ATP hydrolysis or chemiosmotic potential[55].

Other microorganisms, through extracellular sequestration, are capable of up-regulating

expression of extracellular polymers or siderophores as a response to metal exposure. These

molecules contain functional groups that can coordinate metal ions which can trap or pre-

cipitate metal ions in the extracellular environment . Furthermore soluble siderophores

bound to toxic metals via membrane transporters are subjected to reduced uptake or even

increased efflux. Metals are also capable of binding to (or precipitating at) the bacterial

cell wall through reactions with lipopolysaccharides [55]..
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Microorganisms are also capable of precipitating metals as metal oxides, -sulphides, -

protein aggregates or elemental metal crystals that become associated with the cytoplas-

mic membrane. These toxic metals thus become isolated in the cytoplasm or periplasmic

space. Cytoplasmic proteins can then be used to isolate, bind or store these metals [55].

Microorganisms can also by-pass metabolic pathways that contain metal disrupted en-

zymes and circumventing toxic metal ligands. This is done by producing alternative pro-

teins with catalytic cores which do not bind to the toxic metal ligands as well as diverting

metabolites towards alternative pathways [55].

Cellular chaperones, enzymes or antioxidants can also be used to repair molecules that

contain redox sensitive functional groups. These functional groups tend to be disrupted

due to oxidation by primary reactions with metals or catalytic by-products of metals, for

instance Reactive Oxygen Species (ROS) [55].

Lastly in order to control the uptake of toxic metals microorganisms have evolved a strict

regulatory mechanism used to control the activity of membrane transporters and there-

fore reduce the uptake of toxic metals. Such regulation, expression and activity of proteins

involved in membrane transporters is vital for metal resistance and adaptation to toxic

metals [55].

2.3.1 Microorganisms Population Growth Dynamics

The growth of microorganisms can be studied by modelling the increase in popopulation

size through a mathematical description. Consider a single cell of a bacteria in a medium

with optimal conditions, then the bacteria will divide (double) according to a specific

generation time(doubling time, tg) given by the equation eq. (2.14) .

n =
t

tg
(2.14)

Considering bacterial growth that begun with one cell, this can be described by the equa-

tion eq. (2.18), where in the beginning there has been no division (n= 0) and hence the

number of cells (N) = 2.

N = 2n
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(2.15)

Accordingly the number of cells after a certain number of divisions, taking into account

the initial number of cells (N0), is then expressed as

N = N0 ∗ 2
t
tg (2.16)

The expression can be described exponentially with the basis e (Eulers number) (where 2

= (eln2)) and the above expression, eq. (2.18), becomes;

N = N0 ∗ (eln2)
t
tg

(2.17)

and simplifies to;

N = N0 ∗ (eµ∗t) (2.18)

Where µ is the specific growth rate. This constant is unambiguous for every bacterial

species growing under optimum conditions. However these conditions cannot be main-

tained indefinitely. For instance in a batch culture, the bacteria are able to reproduce

until all nutrients are consumed or to the point where the environment is not filled with

toxins. In the case of such a system, bacteria growth is described according to four phases

of development; Lag phase, Exponential phase, stationary phase and Death phase [6, 56].

Lag phase; during this initial phase after inoculation of the culture into fresh medium,

there is no growth. Despite the lack of apparent cell division the cells grow in mass, syn-

thesize enzymes, proteins and the metabolic activity increases. The length of this phase
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Figure 2.9: Illustration of the growth phases for bacteria in a batch culture. The viable
count measures the number of cells capable of reproducing. The turbidity

measures the light scattered from the liquid medium [6].

depends on the various factors such as the size of the inoculum, the time necessary for

damage recovery and the time required to synthesize new metabolic enzymes.

The exponential phase is characterized by a balance of growth where at this stage the cells

are dividing regularly by binary fission. The cells divide at an exponential rate depending

on the composition of the growth medium and conditions of the incubation. The growth

at this stage is characterized by the generation time and the doubling time of the bacterial

species as described above eq. (2.18).

The stationary phase occurs as exponential growth cannot be sustained in a batch culture.

At this stage the population growth is limited by the consumption of available nutrients

in the medium and the accumulation of end products or inhibitory metabolites. During

this phase it is hard to determine whether some cells are dying and an equal number are

still dividing.

The Death phase occurs when incubation continues beyond the stationary phase. At this

stage the number of viable cells in the population decline. This condition occurs as a result

of the total depletion of nutrients in the growth medium/environment [6, 56].
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2.3.1.1 Enumerating bacterial cell growth

In microbiology studies there are certain occasions where it is essential for one to be able to

estimate the number of bacterial cells in a broth culture or liquid medium. The determina-

tion of the number of cells can be carried out either directly or indirectly. These methods

include turbidimetric measurements, standard plate count, cell mass determination, direct

microscopic counts and the measurement of cellular activity[6]. The methods presented

for this thesis include turbidimetric measurments as well as standard plate counting in

order to estimate the effects of the polymer nanocomposites prepared.

In viable cell counting, a cell is termed viable if it is able to divide and form a population

(or colony). The number of cells that are capable of forming colonies, once plated, are

usually determined by using a suitable agar medium. One assumes that in the viable

counting procedure each viable cell can grow and further divide to yield a colony, in this

the colony numbers are therefore proportional to the cell numbers [6].

Two commonly used approaches in performing a plate count include the spread plate

method and the pour plate method. For the spread plate method a volume of 100 mL or

less of a diluted culture solution is spread evenly on the surface of an agar plate. This is

done by using a sterile glass spreader or a Dragulska spatula. Following this the plate is

then incubated at the appropriate temperature to allow for colonies to grow before count-

ing the colonies formed. It is important that the surface of the plate is not moist in order

to allow culture solution soaks in so as to ensure the cells remain stationary. In addition

using volumes in excess of 0.1 ml would mean that the excess liquid would not soak in

thereby causing the colonies to overlap(coalesce) as they form. This proves to be an issue

when counting the number of colonies formed[6].

Whereas in the pour plate method a volume of 0.1 mL to 1 mL of the liquid culture is pip-

peted into a sterile petri dish and melted agar medium is then added. The liquid culture

solution and agar medium are then mixed by swirling the plate. As the sample is mixed

with the molten agar medium a larger volume of sample can therefore be used than the

former method. It is important that the microorganisms to be counted must be able to

withstand the temperature of the molten agar. In this method colonies form throughout

the plate and not just on the agar surface. These methods can be seen in the fig. fig. 2.10

below.
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Figure 2.10: methods applied in order to estimate number of CFU [6].

In both methods described above, the number of colonies developing on the plate must

not exceed or fall below a certain threshold. In certain cases when there are crowded

plates, some cells do not form colonies or some colonies tend to fuse which in turn leads

to incorrect measurements. Hence the need to dilute cell suspensions before plating in

order to obtain a statistical valid count. Plates with colonies in the range 30 – 300 are

considered. When and if the number of colonies are to small, the statistical significance

of the calculated colonies will be too low. In any case, to obtain an appropriate colony

number the sample to be counted should be diluted which is done by several 10. Fold

dilutions of the sample. With dense culture a serial dilution can therefore be used to

obtain a suitable dilution for the sample in question fig. 2.11 [6].

The number of colonies observed by use of a viable count experiment depends on many

factors including the inoculum size, the viability of the culture as well as the chosen growth

medium and incubation conditions. These factors influence on the number of colonies

formed. Viable counts may be subject to several errors including pipetting inconsistencies,

inhomogeneity of sample and improper mixing [6]. Henceforth to yield accurate counts

great care and consistency is necessary during sample preparation and pipetting. Data

obtained are expressed as CFU rather than the actual number of viable cells due to a

colony forming unit consisting of one or more cells. Contrast to the difficulties in relation

to viable counting the procedure yields the best estimation of the number of viable cells in
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Figure 2.11: Viable cell counting using the serial dilution technique and pour plate
method [6].

a sample with a high sensitivity. In addition by using highly selective culture media and

growth conditions, one is able to target only a particular species or even a single species

in a mixed population of microorganisms present in a sample [6].

2.3.2 Bacterial Adhesion and biofilm formation

Bacterial adhesion is a process that is governed by various factors from the associated

flow conditions, the presence of serum proteins or antibiotics, the bacterial properties to

the material surface characteristics. The adhesion to a material surface can be described

by two phases an initial, instantaneous and reversible phase followed by an irreversible
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time dependent phase [57] Phase one, fig. 2.12,of bacterial adhesion consists of the initial

attraction of the cells towards the surface due to the effects of physical forces that include

Van der Waals attraction forces, gravitational forces, Brownian motion as well as the effects

of surface electrostatic charge and hydrophobic interactions. These physical interactions

can then be further subdivided as being long range interactions with distances greater than

50 nm between cells and surfaces or short range interactions with distances being less than

50 nm between cell and surface. These short and long range interactions are important

in the initial phase thereby making bacterial adhesion possible [58]. As for the bacterial

properties, such as the hydrophobicity and surface charges, and in addition the material

surface characteristics including chemical composition, roughness and configuration are

also important for bacterial adhesion [57]

Figure 2.12: Physical forces that play a role in the initial attraction of bacterial cells
unto surfaces that constitute phase one of bacterial adhesion[58].

Phase two addresses molecular specific reactions between the bacterial surface structure

and substratum surfaces that are coated or uncoated with the host matrix proteins. The

bacterial surface polymeric structures that include capsules, fimbriae or pili are then re-

sponsible for the firm attachment of the bacteria to a surface. Beyond this phase, certain

bacterial strains can then form a biofilm if appropriate nutrients are available. The biofilm

formation includes various steps where at first planktonic bacteria first attached themselves

on a solid surface that may be unmodified or consist of host plasma proteins. This is then
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followed by cell proliferation, cell-cell interaction and finally the production of an extracel-

lular polymeric matrix where the bacteria accumulate in clusters that eventually form the

biofilm as a whole fig. 2.13. Mature biofilms pose a threat as they are resistant to both the

action of the innate and adaptive immune system and to the action of antimicrobial agents

and disinfections. Furthermore biofilms also contain a large sub population of persister

cells which constitute dormant cells capable of surviving antimicrobial treatment [59].

Figure 2.13: The various stages of biofilm formation that consist of (a) planktonic cell;
(b) reversible attachment to the surface; (c) irreversible attachment; (d)
formation of microcolonies; (e) formation of a mature three-dimensional
biofilm. Lastly cell detachment from the biofilm: (f) an active process
leaving planktonic cell; (g) a passive process that can be shed through

mechanical disruption [58].
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2.4 Antibacterial Action of Metal and Metal Oxide

Nanoparticles

During the years nanotechnology has fashioned a novel route taking advantage of the

antimicrobial behaviour of metals and highly active metal nanoparticles have been synthe-

sised. In particular, metal nanoparticles exhibiting biocidal activity can be immobilised

or coated onto surfaces with potential applications in several fields including water treat-

ment, medical devices and food processing [60]. A way to enhance the applicability of

metal nanoparticles, is their combination with polymers thereby obtaining a composite

materials. Metal nanoparticles can for instance be incorporated on the surface of a poly-

mer or embedded into the matrix depending on both the desired application as well as the

polymer matrix to be used [43].

Use for NPs has emerged in the field of medicine, where their size dependent physical

and chemical properties are being explored extensively. In addition, the sizes of NPs can

be adopted to most biological molecules and structures hence this makes them an ideal

candidate for the in vivo and in vitro biomedical research. They are also used in targeted

drug delivery systems, imaging and sensing. As mentioned earlier in this report interest

lies in their potential antimicrobial application. That is why, in this section we will focus

on hypothetical mechanisms which are attributed to some NPs antibacterial properties

and the factors that govern this properties.

There are several factors that have been proposed that influence metal NPs antibacterial

properties. These include the chemical composition of nanoparticles, the concentration and

size of nanoparticles, the shape of nanoparticles, the target species and photo activation

which are schematically shown in fig. 2.14 [10].

Composition of the NPs is maybe the most important factor from all. Most of the studies

that have been conducted in recent years are concerned with Silver Nanoparticles (Ag

NPs) and Gold Nanoparticles (Au NPs). Cu NPs are also subject to research. From the

metal oxide most studied are ZnO, Ti2O, SiO2, MgO, CuO, etc. The activity of some

of these oxide NPs is attributed to the generation of ROS (see section 2.4.1). Effort has

been also put in creating combined NPs with enhanced physico-chemical and antibacterial
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Figure 2.14: Schematic description of metal nanoparticles toxicity factors [10]

properties. For example, magnesium and aluminium oxides NPs [61] and TiO2 NPs doped

with silver, carbon and sulfur [17].

In relation to concentration NPs, as expected, show increased antibacterial properties in

higher concentrations. Different authors give different values for the Minimum Inhibitory

Concentration (MIC) and polarized. For example, for E.coli treated with Ag NPs authors

are reporting for MIC: [12] - 6.6 nmol L−1, [62] - 10 mg mL−1, [63] - 60 mg mL−1. Similar ex-

periments with Cu NPs are reported. [64] reported the same concentration of 60 mg mL−1

for complete inhibition of growth as they did for Ag NPs. [4] give values of 3.0 µg mL−1 for

MIC and 7.5 µg mL−1 for Mimimum Bactericidal Concentration (MBC). This discrepan-

cies between the authors may be attributed to the different size and structure of the NPs

used. It is also known that, in general, smaller NPs means higher antimicrobial activity.

This is attributed to the increased SA of the smaller NPs, which allows them to interact

more easily with the cells.

The shape-dependent activity is believed to be governed by the percentage of active facets

in the NP. Spherical nanoparticles predominantly had 100 facets with only small percent-

age of 111 facets, rod-shaped nanoparticles (e.g., pentagonal rods) had both 111 facets on
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side surfaces and 100 facets on the ends, truncated triangular nanoparticles had 111 facets

on the top basal planes. High-atom-density facets, such as 111 facets, favour reactivity

of silver, and therefore nanoparticles with high number of 111 facets, such as truncated

triangular nanoparticles, showed higher antimicrobial activity [10].

In regards to the target species number of studies have shown that for Ag NPs antibacterial

action is higher against Gram-negative rather than Gram-positive bacteria. In contrast,

ZnO shows increased activity against Gram-positive.This is belived to be a result of the

unique interaction between the NPs and microorganism’s cell wall, membrane and PGs.

There is also evidence that some NPs (especially those composed of metal oxides - TiO2,

ZnO) show increase activity when photoactivated with Ultraviolet (UV) light. This is

believed to be the result of formation of ROS from this photo activated NPs [10]. These

NPs are known to be effective against both Gram-positive and Gram-negative bacteria,

making them highly efficient as antibacterial agents. Furthermore as a result of the mixed

ionic and covalent bonding in metal oxide systems the surface structure has a greater

influence for the local surface chemistry when compared to pure metals [65].

The size of nanoparticles can influence whether or not they penetrate bacterial cells by

endocytosis or direct diffusion [66]. For nanoparticles which are between 10 and 100 nm

typically cross the membrane by endocytosis . This happens in three stages; at first the

particles adhere to the membrane after which the membrane wraps around the particle and

lastly the lipid-particle complex becomes detached from the membrane. On the other hand

for small nanoparticles with diameters of a few nanometers, endocytosis is not an effective

way for their uptake due to the low adhesion energy and instead is directly diffused.[66].

2.4.1 Main Hypothetical Mechanisms

There are three main hypothetical mechanism about how NPs are able to inhibit bacterial

growth:

• Metal ion absorbtion

• ROS generation

• Accumulation of NPs on bacterial wall and membrane
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In solution most of the known NPs are subject to dissolution. This means that we can find

increased concentrations of Ag+, AgNO3, Cu2+, etc. These metal ions are believed to be

absorbed inside the cell and can bind to various cell constituents leading to inhibition of the

cells function. Depending on the metal property, antibacterial activity can be influenced

by two general aspects; the metal reduction potential and the metal donor atom selectivity.

Metals are reported to be able to catalyse site-specific damage to cellular proteins via an

oxidation process that results in the loss of catalytic activity and triggers an active process

of protein degradation [55]. Furthermore, metal ions bind to atoms of donor ligands such

as O, N and S through strong and selective interactions [55, 67] wherein external metal

ions can replace original metals that were present in biomolecules which in turn causes

cellular dysfunction in a process k.a ionic mimicry or molecular mimicry. The terminology

depends on whether metal ions or metal complexes are involved. Therefore some metals

can promote the destruction of Fe-S clusters whilst other metals can replace non-catalytic

metal binding sites and inhibit enzyme activity. [55]

ROS generation is another mechanism believed to be involved in the antibacterial action of

NPs. It is especially prominent in some metal oxide NPs (as already mentioned TiO2 NPs).

Consequently an oxidative stress can be induced if these ROS exceed the cell antioxidant

capacity and hence lead to the destruction or damage of cellular proteins, lipids and DNA

[68]. In addition to the aforementioned effects, increasing levels of ROS triggers the cells

programmed death due to pro inflammatory signaling cascades.

Finally, NPs are believed to be accumulated on the bacterial membrane and wall. This

lead to increased permeability and disruption in membrane function, which can increase

the effect of the other two proposed mechanisms, because more NPs are able to penetrate

inside the cell. The peptide portion and the glycan strands of the PG are reported to

underwent structural variation and decomposition. This can lead to the creation of ”pits”

inside the wall.

2.4.1.1 Mechanisms of Action of Copper Nanoparticles

Copper being a redox active transition metal can exist between two redox states the re-

duced cuprous state (Cu2O) or oxidized cupric species (CuO)which can dissolve to copper

ions [43]. These oxides in the nanoform have been shown to have antimicrobial activity
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against both Gram positive and negative bacteria [69–72] .

The antibacterial activity of Cu NPs is linked to a decline in cell membrane integrity as

well as the generation of ROS [4]. Cu NPs, thus act on the cell membrane of microorgan-

isms facilitated by the presence of membrane pores in the nanometer size regime. Hence

nanoparticles with the appropriate charge and size are able to penetrate the membrane

and induce cell death either due to the production of ROS or by the disruption of cellular

function which affects the proteins and DNA caused by oxidative stress.

In particular the biocidal action of CuO is mainly due to the direct interaction of Cu

ions with the cell components, whereas Cu2O bacteriostatic action is based on the bind-

ing of cu ions with thiol groups thereby causing disruption of cellular function. [4, 69].

Furthermore Cu(II) ions in bacterial cells are reduced to Cu(I) ions by sulfhydryl, which

are then responsible for causing oxidative stress by production of ROS that leads to lipid

peroxidation, protein damage and DNA degredation [4].

The bactericidal effects of copper-polymer nanocomposites are then based on three phe-

nomena; the release of copper ions, the release of copper nanoparticles from the nanocom-

posite and biofilm inhibition as shown in fig. 2.15 [73].

Figure 2.15: Illustration of the antibacterial effects of copper-polymer nanocomposites
[73].
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During the release of ions, the copper ions reach the outer membrane(or cell wall) of

the bacteria and either interact with sulfhydryl groups thereby causing denaturation of

proteins in the bacterial membrane, or react with Amines and carboxyl groups in N-

acetylglucosamine and N-acetylmuramic acid in the peptidoglycan layer. These interac-

tions destabilize and disintegrate the bacterial cell wall and membrane (the bacteriolytic

effect). Furthermore the ions released in the bacteria bind to DNA and are cross-linked

within and between nucleic acid strands hindering cell replication. Released ions can also

generate ROS and cause lipid peroxidation and protein oxidation [73].

On the other hand released copper nanoparticles can adhere to the bacterial surface

through electrostatic forces and molecular interaction. These nanoparticles can then pen-

etrate the bacteria either by endocytosis or direct diffusion depending on the size of the

nanoparticles. In addition the copper nanoparticles can also release ions and trigger the

aforementioned effects of released ions [73]. Copper nanoparticles that move to the surface

of the nanocomposite can inhibit biofilm formation as surface nanoparticles significantly

reduce the cell surface hydrophobicity hence altering the attachment of bacteria [74]
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2.4.1.2 Titanium Oxide Nanoparticles and their antibacterial mechanism

As mentioned earlier this thesis will apart from the antimicrobial effects of nanocomposites

containing Cu NPs also focus on the application of TiNP used in polymer nanocompasites.

As Titanium dioxide (TiO2) is a semiconductor, the adsorption of a photon with sufficient

energy causes electrons to move from the valence band (evb
− ) to the conduction band

(ecb
− ) which in turn results in a positively charged hole in the valence band(hvb

+) as seen

in fig. 2.16 and represented in eq. (2.19) . Once formed the hole and electron pair(e− −
h+) can then either undergo fast recombination within a time range of pico seconds or

charge trapping if suitable e− or h+ scavengers are available [35]. For instance, in aqueous

environments, electrons react with molecular oxygen whilst the holes on the other hand

react with HO− or H2O thus forming ROS eqs. (2.20) and (2.21). In solution, these

products, can react to yield H2O2 eq. (2.22),or even further to give hydroxyl eq. (2.23)

and hydroperoxyl eq. (2.24) radicals,. In addition further recation of these radicals with

organic compounds results in mineralization eq. (2.25) as illustrated in fig. 2.19 [35].

Figure 2.16: Illustration of the band energetic structure in (a) and the mechanism of
photo-irradiation in a semiconductor(b). [9]

Ti02 + hv→ ecb
− + hvb

+ (2.19)
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02 + ecb
− → 02

−· (2.20)

hvb
+ +H2O → ·OH +H+

aq (2.21)

·OH + ·OH → H2O2 (2.22)

O2
− +H2O2 → ·OH +OH− +O2 (2.23)

O−
2 ·+H

+ → ·OOH (2.24)

·OH + organic+O2 → CO2, H2O (2.25)

When the crystallite diameter of semiconductor particles falls bellow a critical radius,

about 10 nm), each charge carrier appears to have quantum similar to a particle in a box.

Due to this confinment the band gap is increased and the band edges are shifted yielding

in turn larger redox potentials [75].The rate of charge transfer increases for these systems

and as a consequence quantized semiconductor particles show higher photoactivity than

their bulk counter parts [75].

For efficient photocatalytic activity, a strong electron acceptor is required in order to

hinder recombination of ecb
− and hvb

+ [76]. Ti alloys resistance to corrosion and their

biocompatibility are maintained by a surface oxide layer that consists mainly of TiO2. The

surface oxide layer is usually found to exsist in the amorphos state. TiO2 on the other

hand can be found as three main polymorphs; brookite anatase and rutile, which all have

different band gap energies required to excite an electron from the valence band to the

conduction band [9]. The most common studied forms are Anatase and Rutile which have

a band gap energy of 3.2 eV and 3.0 eV which correspond to an excitation wavelength

of 385 and 410 nm respectively. Furthermore anatse is considered as being more photo-

chemically active due to the higher surface adsorptive capacity and higher rate of charge
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trapping[9, 35]. Furthermore TiO2 can be produced through the oxidation of Ti itself [77].

Among the different polymorphs of titania , rutile is the most thermodynamic stable form

in the bulk regime and anatase is the most stable when the size regime is below 14 nm

[78]. For these forms, the basic structure consists of a titanium atom that is surrounded

by six oxygen atoms in an octahedral configuration. Deviations between the different

polymorphs is a result of the sharing of the edges and corners of a basic unit ( tiO6) with

that of the adjacent one. In anatase, the TiO6 octahedral units are connected by sharing

edges, whereas the rutile phase is built by sharing the corners along the a and b indices

as well as sharing the corners along the c direction fig. 2.17. The distortion of the TiO6

octahedral units in anatase is slightly larger and in addition the Ti-Ti bond distance in

anatase is shorter resulting in a more stable form than in rutile. The structural differences

in turn results in different electronic band structures.From a themodynamic view point

the more rapid the crystallisation of anatase is related to the polymorphs lower surface

free energy despite the lower Gibbs free energy for rutile [78, 79]

Of the two forms, anatase has been reported to be more photocatalytically active [80, 81].

The higher activity of anatase is explained by the difference in surface chemistry, where

anatase has a higher capacity to adsorb oxygen in the form of O−
2 and O− and also

the dissociative adsorption of water molecules as H+ and OH− in comparision to the

nondissociative water adsorbtion to rutile faces as H2O [82, 83]. In addition as reported

by Ohtani et al. [84] high photocatalysis activity is achieved when two criteria are fulfilled;

a large surface are for absorbing substrate and a high degree of crystallinity in order to

reduce the fast recombination of photoexcited e−/h+ recombination.

Figure 2.17: Representation of the anatase (a), Rutile(b) and Brookite(c) forms of
titania.[85]
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The photocatalytic properties of TiO2 has been shown to catalyse the oxidation of pol-

lutants by Fujushima and Honda [86] in adittion to the ability of killing microorganisms

Matsunaga et al. [87]. Furthermore photocatalytic surfaces can be superhydrophilic as a

result of UV irradiation , whereupon spreading of water occurs (contact angle is reduced)

on these surfaces so that dirt can be washed off with applications in self-cleaning windows

or glass covers,for highway tunnel lamps [88], in dental implants [89], as well as paint

coatings [90] among other various applications.

The main mode of action of TiO2 NPs is believed to be connected with thier ability to

produced ROS upon UV photo activation. As already mentioned these reactive species

can interact with many of the biomolecules, leading to oxidation of the cell membrane

and disturbing its barrier functions, inactivation of proteins and DNA degradation. It is

reported that in E.coli TiO2 NPs in contact with the constituents of the bacterial cell wall

(PGs, Phosphatidyl-ethanolamines (PEs) and Lipo-polysaccharides (LPSs)) can lead to

there direct degradation [18].

The mechanism of irradiated TiO2 NPs has been studied for both Gram- positive and

Gram negative bacteria. It was originally postulated that the mode of action was the

depletion of Coenzyme A (CoA) by dimerization resulting in the inhibition of respiration

which was shown by Matsunaga et al. [91] on E.coli cells. Matsunaga et al. illustrated that

there was a decrease in coA in relation to increase in exposure time(irradiation time) and

subsequently increase in the dimeric CoA concentration thereby resulting in an inhibition

of respiration. In contrast to Matsunaga et al’s work, it has been proposed that the main

mechanism is due cell wall and membrane damage. This has been shown via Transmis-

sion electron microscopy (TEM),Scanning Electron Microscopy (SEM) and Atomic Force

Microscopy (AFM) studies, used to show membrane damage and subsequent breakdown

of cells upon comparing TiO2 NPs treated and untreated bacterial cells [35]. Microscopic

studies indicated morphological alterations that were indicative of cell wall damage as a

result of UVA irradiated TiO2 NPs surfaces.

Furthermore leakage of intercellular components via detection of lipid peroxidation prod-

ucts has been shown via the release of Malondialdehyde (MDA) by Hu et al,Kambala

et al.[92, 93] resulting from polyunsaturated fatty acids attacked by ROS such as hy-

droxyl radicals and H2O2. These ROS are produced due to irradiation of TiO2 surfaces.

The activity of TiO2 on the disruption of the phospholipid bilayers was checked via X-Ray
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Diffraction (XRD), laser kinetic spectroscopy and Fourier Transform Infrared Spectroscopy

(FTIR). The free radicals ·OH and H2O2 are responsible for killing the bacteria which are

close to the TiO2 surface however direct oxidation of bacterial components is also possible

upon direct contact with TiO2 surfaces. This occurs directly on membrane components

without the ROS as intermediates. The fig. below fig fig. 2.18 represents the mechanism

of photocatalytic disinfection with TiO2 irradiated by UV light.

Figure 2.18: A schematic diagram illustrating the mechanism of photocatalytic disin-
fection of TiO2 irradiated by UV light on a bacterial cell. [94]
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Furthermore hydrogen peroxide can also act at a distance if there are ferrous ions present,

thus producing the hydroxyl radical via the fenton reactioneqs. (2.26) and (2.27), [35].

Fe3+ +O2−· → Fe2+ +O2 (2.26)

Fe2+ +H2O2 → Fe3+ +OH− + ·OH (2.27)

Sunada et al. [95] suggested a three step mechanism in which irradiated TiO2 surfaces

killed bacteria. The first step occurs when the outer membrane is partially damaged,

although this does not affect cell vitality but it however alters the permeability of the

bacterium making it susceptible to reactive species. The change in permeability enables

reactive species to enter the cell thereby attacking the cytoplasmic membrane by lipid

peroxidation, that of which Sunada et al. considered to be the second step/stage. Within

this second stage, the structural and functional disordering of the inner membrane leads

to cell lysis. The last step occurs as a result of longer reaction times, where dead bacteria

are completely mineralized mainly to CO2 and H2O fig. 2.19 [35].

Figure 2.19: A schematic diagram illustrating the mechanism of photocatalytic disin-
fection of TiO 2 on Bacteria. [35]

The oxidizing species that are generated at irradiated tio2 surfaces are important for the

photocatalytic activity, that include either trapped or free holes, •OH radicals, O•−
2 and
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. Holes are thought to be the primary oxidizing species, which are then trapped within

picoseconds at the photocatalyst surface. By aid of Transient Absorption, two holes are

thought to exist which exhibit absorption at different wavelengths; the deep hole at 520

nm and the shallow at 1200 nm. Shallow trapped holes react rapidly with chemisorbed

substances whereas, deep trapped holes on the other hand react with mobile physiosorbed

substances due to the localized nature. [86]

•OH radicals that are a result of oxidation of surface hydroxyl or adsorbed water are

important in starting oxidation reactions for substances that adsorb weakly on these tio2

surfaces. [86] it is also thought that •OH radicals are produced due to a nucleophilic

attack of water on a trapped hole at a surface lattice oxygen.

In addition there are also several reactions of H2O2 which is produced by either the

reduction of molecular oxygen or the disproportionation of superoxides that could both

produce •OH that can either be surface absorbed or free [86]. Superoxide, O•−
2 , plays a role

in the complete mineralization of organic substances but more interestingly as reported

by Nosaka et al. [96] the reaction between a superoxide and a trapped hole lead to the

formation of a singlet oxygen, 1O2, of which is a strong oxidant. However this oxidant

has a short lifetime in comparison to •OH radicals and trapped holes thought to be a

result of rapid deactivation of the singlet oxygen at TiO2 surfaces. Molecular oxygen is

also an essential in that it generates the active species 1O2, H2O2 and O•−
2 that are part

of the catalytic reactions described above. In addition molecular oxygen also accelerates

the mineralization of organic substances as postulated by Sundua et al. [95]. Furthermore

Berger et al. [97] showed that molecular oxygen not only captures photogenerated electrons

thus suppressing charge recombination, but also improves the charge separation thereby

making it possible to trap more photogenerated holes. Molecular oxygen is also vital in

maintain the stoichiometry of TiO2, where under O2 deficient conditions, oxygen atoms

at the surface of TiO2 would be lost during photocatalytic reactions due to hole trapping

resulting in loss of the photocatalytic activity [86, 98]

Studies carried out by Yoshihiko et al. [99] showed that the photocatalytic reactions could

occur at remote distances away from the TiO2 surface. The different oxidizing species

produced could act at several impact distances from the TiO2 surface in different reaction

media.
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Figure 2.20: Illustration of the active oxygen species related to the photocatalytic tio2
surfaces and their diffusion away from the irradiated tio2 surface. [86]
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Chapter 3

Materials and Methods

3.1 Deposition of Nanoparticles into Polystyrene film

3.1.1 Copper cluster deposition using Magnetron Sputtering

For this thesis, Cu NPs are produced using the cluster-beam technique with the advantage

of specifically controlling the size regime of the NPs to be produced.

For experimental purposes, a MaSCA is utilized to produce size selected Cu clusters. The

schematic picture of the apparatus can be seen in fig. 3.1 and detailed description can be

found in [100]. The experiments are carried out under vacuum, where first the copper

target is sputtered by a plasma and the clusters are then nucleated in the aggregation

chamber, from which they are expanded through the nozzle. Following this, the clusters

are collimated into a beam using a skimmer. The beam then passes through an Einzel and

two pairs of deflectors, by which it can be focused and the direction can be adjusted in

order for the beam to enter the Quadrupole Mass Selector (QMS), where the clusters can

be size selected and deflected at an angle of 90◦ into the deposition chamber. All chambers

are evacuated by turbomolecular pumps that are backed by rotary vane pumps, where a

background pressure of 1× 10−7 mbar is necessary prior deposition.

A copper target of 99.999 % purity purchased from Goodfellow Ltd is applied for cluster

formation. Size-selected Cun clusters are then deposited on clean quartz, Si, as well as
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Figure 3.1: Schematic representation of magnetron sputtering cluster apparatus [100].

Si and quartz spin coated with 50 nm thick PS films. For the size-selection a quadrupole

voltage, UQ = ± 500 V is applied, furthermore the deposition time is varied in order to

obtain differnt cluster surface coverage.

The magnetron source NC200U-B nanoclustersource, used in this experiment is purchased

from Oxford Applied Research. The source consists of a planar magnetron coupled with

water cooling behind the target so as to keep the temperature in the thermal regime in order

to facilitate cluster formation. The target cathode distance can also be adjusted, which in

this experiment is set to 0.3 mm. Furthermore the source has a line for the sputtering gas

and an additional two lines to supply for different carrier gases. In this report Ar is used

as the sputtering gas whereas He is supplied as the carrier/aggregation gas. The source is

then externally supplied with the necessary voltage to ignite the plasma; it also consists

of a linear drive that can be used to vary the distance between the sputtering source and

nozzle. This linear drive can be used to control the path length in the aggregation tube.

Moreover the aggregation tube itself is cooled using liquid nitrogen that flow around coils

wrapped around the aggregation tube [101].

Another vital component is the electrostatic quadrupole mass spectrometer (QMS) that

consists of four equally separated cylindrical electrodes surrounded by a grounded shield.
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These electrodes are separated into pairs with bias voltage and opposite polarity. Ap-

proximating the electrodes as hyperbolic entails then the voltage which is applied UQ,

will result in an electric field consisting of hyperbolic equipotential lines. Hence a particle

having a kinetic energy of, Ekinetic = mv2

2 , with mass m and velocity v is then equal to

the electrostatic energy/pass energy of the quadrupole:

E = UQP × q (3.1)

where q is the particle charge. This energy in turn should balance the kinetic energy of a

particle and thus the relation;

m

q
=

2× UQP
v2

(3.2)

Consequently one can size select for the clusters size by manipulating the voltage applied

under the assumption that all the particles have the same charge and velocity. An image

of the quadrupole mass selector along with a schematic representation of the beam path

through a QMS can be seen in the fig. 3.2. When an electrical potential is applied, the

electrodes produce a hyperbolic equipotential field that will in turn deflect the clusters in

opposite directions as a result of their charge as illustrated in fig. 3.2(b) and hence by

tuning the potential the clusters of a certain mass can be selected.

The parameters used for Copper cluster deposition can be seen in section 3.1.1.

Sample Ar(sccm) He,(sccm) Cluster current(pA) temperature(◦C) Deposition time(mins.)

Sample 1 69 6 26 -22 20
Sample 2 71 2 27 -22 22
Sample 3 71 2 25 -23 22
Sample 4 70 6 18 -23 21
Sample 5 70 2 31 -22 30
Sample 6 70 2 28 -22 25

Table 3.1: The experimental parameters used for Cu NP deposition. Samples 1-4 were
deposited on quartz, whereas sample 5 & 6 were deposited on Si. The samples

contained 50 nm PS that was spun prior deposition of clusters.
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(a) (b)

Figure 3.2: Illustration of (a) the QMS applied for the size selection of clusters and (b)
shows a cross section of the QMS with trajectory of the particles [102].

3.1.2 Titanium Dioxide Clusters prepared by Gas Aggregation

Cluster Source

Furthermore the TiO2 NPs used in this report are produced in collaboration with Prague

univeristy. Si and Quartz substrates with and without 50 nm thick PS films were first

prepared in house, before cluster deposition in Prague. The TiO2s clusters were prepared

using GAS, were for this deposition technique, the magnetron is located inside a cooled

aggregation chamber. Meaning in this case the magnetron is separated from the rest of

the deposition chamber by a small orifice. Since the magnetron is separated from the rest

of the deposition chamber, sufficiently high pressure that is needed to produce and drag

the NPs through the output orifice can be obtained before deposition unto the desired

substrate in the deposition chamber . The TiO2 cluster deposition is shown infig. 3.3

which consists of a gas aggregation source, attached onto a deposition chamber that is

pumped by rotary and diffusion pumps to a pressure of 10−4 pascal. The GAS. The

source of material for nanoclusters production is a DC, water-cooled magnetron equipped

with a Titanium target (purity 99.99
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Figure 3.3: Illustration of the Gas Aggregation Cluster source . [103]

Furthermore the prepared TiO2 NP nanocomposites have either, not been oxidized after

deposition, oxidized after deposition or oxidized during flight mode and are designated

respectively as type 1,2 or 3 fig. 3.4in this thesis.
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(a) (b)

(c)

Figure 3.4: Illustration the different types of clusters that were produced for this thesis
which include; (a) that were deposited on the substrates with no treatment
during or after deposition. The second type (b) that were oxidized after
deposition onto substrates with oxygen plasma treatment. Lastly type 3,

(c), that were oxidized in flight during cluster formation.
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3.2 Lauria Bertini Medium and E.coli culture preparation

At first Luria Bertani (LB) medium for E.coli and for agar platting is prepared, for this a

500 mm blue cap flask as well as a 250 mL Erlenmeyer flask is used. In the blue cap flask

250 mL LB medium is prepared and for the main culture agar plates 40 ml LB medium

(20 ml per plate) is prepared. For the 250 mL LBmedium the following ingredients are

weighed out; 2.5 g Tryptone (91079-40-2), 1.25g Yeast extract(8013-01-2) and 2.5 g NaCl

are mixed in 100 mL mili-Q water before filling to a final volume of 250 mL of which the

ingredients are represented in the table below 3.2. Whereas for the main culture Agar

plates 0.4 g Tryptone, 0.2 g Yeast extract, 0.28 g NaCl and 0.375 g Agar (9002-18-0) are

weighed out and mixed in 40 mL mili-Q water.

Table 3.2: Ingredients used for preparation of LB medium

Compound Amount needed CAS # Supplier

Tryptone 5.0 g 91079-40-2 AppliChem. GMBH
Yeast extract 2.5 g 8013-01-2 Merck Industries
Agar 3.75 9002-18-0 AppliChem. GMBH
NaCl 2.5 7647-14-5 . . .

Following this the solutions are allowed to mix on a magnetic stirrer for approximately

20 mins. before being autoclaved at 121 ◦C and 1 bar in order to ensure sterility. After

autoclaving the agar solution is then allowed to cool (to approximately 50 ◦C) whilst being

stirred before pouring into sterile petri dishes. For each petri dish 20 ml of the LB agar is

poured and allowed to cool. After the agar is hardened the petri dishes are inverted and

stored in the refrigerator at 4 ◦C, Over Night (ON).

In order to prepare the E.coli culture for platting, E.coli cells from (company and batch

no) are used. Two separate liquid cultures are prepared. The first where 4 µL of the E.coli

cells are mixed in 4ml of LB medium whilst for the other 8 µL of E. coli are mixed in

a separate 12ml sterile tube also containing 4 ml LB medium. This is done to obtain a

1:1000 and 1:500 solution for the pre culture growth respectively. The solutions are then

placed in the incubator shaker set at 230 rpm and 37 ◦C and are grown ON.
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3.2.1 Streaking of E.coli culture onto Agar plates

Following the pre culture growth, a sterile inoculum loop of 10 µL volume is used to streak

the ON culture, fig. 3.5, to the already prepared agar plates after which the edges of the

agar plates were sealed with parafilm. The plates were then inverted and placed in the

incubator set at 37 ◦C and allowed to grow ON.

Figure 3.5: The streak plate isolation method used to obtain single colonies of bacterial
cells [104].

The following day a colony is selected and placed into a sterile flask containing 4 mlof LB

media in order to produce a liquid pre-culture. The4 ml of LB media is extracted from

the stock solution in the presence of a lit bursen burner in order to create an upward

airflow thus preventing contamination of the stock LB media. The sterile flask is then

placed in the incubator set at 30 ◦C so as to extend the lag phase and allowed to grown

for 14 hours. Subsequently 240 ml of fresh LB media is also prepared and The3.6 g agar

is added to the solution before being autoclaved. This LB agar solution is then allowed to

cool to approximately 50 ◦C before being poured unto sterile petri dishes. This procedure

produces 12 LB agar petri dishes of which 6 are to be used for plating the dilution series to

be carried out the following day. Henceforth the petri dishes are then inverted and stored

in the refrigerator set at 4 ◦C.
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3.2.2 Main culture, dilution series and OD measurements

After having grown the pre culture ON, 1ml aliquot is extracted and placed into a 200 ml

Erlenmeyer flask containing 49 ml LB media. The inoculum is then sealed with a sterile

cap and placed into the incubator set at 37 ◦C and 230 rpm, whilst the pre culture is placed

in an ice bath to stop cell growth and 2ml is used to measure the Optical Density (OD)

using the UV 1800 spectrophotometer.

The inoculum is then allowed to grow and the OD is measured periodically after 20 mins.

Once the OD has reached between 2 to 2.5, a volume of 225 µL of the inoculum is extracted

and placed into a 12ml sterile flask containing 2.25ml LB media (that is placed in an ice

bath). This solution then represents the 1:10 dilution, the procedure is repeated where

225 µL is extracted from the 1:10 dilution and added to another sterile flask with 2.25ml

LB media to produce dilutions of 1:100 and henceforth up to a solution of dilution 1:106

. Prior to extracting the aliquot the flask is shaken to ensure proper mixture of the solution.

After carrying out the serial dilutions the OD is also measured with the UV-1800 spec-

trophotometer, a blank is also measured using the LB media. Following the OD measure-

ments the different dilutions are then plated onto the pre prepared agar plates. For this

procedure 50 µL of the different solutions are pipetted onto six different LB agar plates

representing the different dilutions of 1:10 to 1:106. The pipetted volume is spread onto

the plates using a Drigalski Spatula. The Drigalski Spatula is first immersed in ethanol

and then quickly passed through a Bunsen burner to ignite the alcohol thereby sterilizing

it. Once cooled, it can then be used to evenly spread the pipetted bacterial solution on

the agar plates. The LB agar plates representing the different dilutions are then placed in

an incubator set at 37 ◦C and allowed to grow ON. These agar plates can then be used to

count the number of CFU and additionally for plotting OD vs. cell number.

To measure the OD, the photometric mode is chosen in the UV 1800 spectrophotometer.

The wavelength of 600 nm is selected for this purpose, additional wavelengths of 480 nm

and 540 nm can also be selected. After creating the measurement mode, the spectropho-

tometer is slewed and auto zeroed(when measuring blank) by choosing the appropriate

commands on the user interface. Following this the samples are loaded into the spec-

trophotometer and the OD measurements of the micro cuvettes containing the different

dilutions (1:10 to 1:106) of the E.coli solutions are carried out.

50



Materials & Methods Group. 5.242, Cesarino M. Jeppesen

Additionally the growth curve of the inoculum is obtained by measuring the OD of the

solution periodically after 20 mins. The flask is shaken prior to extracting 2ml of the

solution and placing in the 1mm cuvette.
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3.2.3 Estimating Bacterial colonies using ImageJ

For analyzing the colonies as well as to count them the software image j version 4.0.5 is

applied. An image of the agar plate is first uploaded to the software. The software is used

to analyze images that contain many cells on the agar plates, where automated counting

is easier. The image is first opened by selecting open image on the user interface. As

the image is a coloured image (RGB) it is first converted to a grey scale image before

proceeding. This is done under the option image then type and convert to greyscale

is chosen (either 8 or 16 bit). Once done, the background is then subtracted from the

image. Following this, the threshold is then adjusted in order to highlight the structures

of interest, which are the cells to be counted. The threshold is set under the image option

→ Adjust → threshold. Upon completion the image will be converted to a binary image

with only two pixel intensities, i.e black = 0 and white = 255.

In order to avoid any difficulties with the threshold, one can also prior to converting the

image to a binary image, select the area of interest. This is done by chosing the circle/oval

selection tab on the user interface and highlighting the area of interest after which the rest

of the area can be cleared under the Edit → clear outside option on the user interface.

Once completed the binary image can be produced under the option process → binary→
make binary. In adittion if the cells/colonies appear to overlap then under the option

Process → Binary → watershed, one can separate colonies. This is done by adding a 1

pixel thick line where the division should be.

Lastly after obtaining the 8/16 bit binary image of the colonies to be counted, the Analyze

option is chosen thereafter Analyze Particles(in this case the colonies). Various parameters

for the colonies can then be set, such as the size by either and/or adjusting the pixel

size. This is useful if many small ‘noise’ pixels are counted as pixels or when interest

is in excluding certain sized colonies. Furthermore the circularity parameter excludes

colonies/particles based on their circular configuration. The default range is between

0.00-1.00, where perfect circles are 1.00 and 0.00 is a straight line.
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Colonies are then outlined (or by choosing mask count, the counted colonies are displayed)

and the results window will then display the corresponding data for individual colonies

whilst the summary table shows the total count of colonies fig. 3.8 [105].

Figure 3.6: ImageJ user interface and colony counter application used to estimate num-
ber of bacterial cells [106].

53



Materials & Methods Group. 5.242, Cesarino M. Jeppesen

3.3 Experimental set up Antibacterial Effect of Polymer-

metal Nanocomposities

3.3.1 Photocatalysis of Titania nanocomposites on E.coli

In order to test the antibacterial effects of the prepared titania nanocomposites, the same

procedure for preparing a main culture as presented in section 3.2.2 is carried out once

again.

At first having grown the ON culture, see section section 3.2.2, 200 µL is extracted and

placed in a sterilized Erlenmeyer flask containing 9 ml LB media. The aliquot is then

placed in the incubator shaker set at 37 ◦C and allowed to grow to an OD of 0.248, which

is measured using the UV-1800 shimadzu spectrophotometer, as expressed section 3.2.2.

Once at this OD, a volume of 225 µL is extracted and a serial dilution is performed up to

the dilution factor of 1:105 using 2.25 ml LB media. The diluted solution is then used to

carry out the antibacterial tests of the prepared nanocomposite materials. Here a volume

of 200 µL of the diluted solution is extracted and deposited on a substrates containing the

titania nanocomposite, i.e Si wafer with 50 nm spin coated PS film and TiO2 NP, as well

as substrates without spin coated PS film, i.e. Si wafer with TiO2 NPs deposited on the

surface. One of each sample is used as the control whilst another is exposed to Ultraviolet

light using a UV lamp see fig fig. 3.7below.
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(a)

(b)

Figure 3.7: Illustration of the Titania photocatalysis experiment on E.coli bacterial
suspension; (a) that shows the control experiment setup. Also shown is the
UVA experiment (b) utilizing a fluoresecent uva lamp to photoactivate the

TiO2 NPs on the substrate used.

The experiment is carried out for 1,5,10,20 and 120 mins before extracting 50 µLs and

depositing unto already prepared agar plates. The deposited solution is then spread using

the spread plate method described in section 2.3.1.1. Once allowed to dry, the plates are

sealed, inverted and then placed in the incubator set at 37 ◦C and allowed to grow ON.

After 24 hrs has elapsed the number of cells are estimated using ImageJ as described in

section 3.2.3 before plotting the number of cells from the control sample vs the UVA irra-

diated sample for each substrate.

3.3.2 Copper nanocomposites antibacterial effect on E.coli.

Similarly when testing the effects of Cu NPs a bacterial culture is grown as described

above. However in this case a UV lamp is not utilized and the control depicts the bacteria

suspension deposited on bare substrate without any Cu NPs. Once again the experiment

is carried out for 1,5,10,20 and 120 mins before extracting 50 µLs and depositing unto

already prepared agar plates. The deposited solution is then spread using the spread plate
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method described in section 2.3.1.1. Once allowed to dry, the plates are sealed, inverted

and then placed in the incubator set at 37 ◦C and allowed to grow ON. Following this the

number of colonies are then estimated using ImageJ.

Figure 3.8: Illustration of the experimental setup on bacterial effect of Cu NPs on
E.coli [106].

3.4 Investigation of prepared nanocomposite samples.

Ellipsometry was used in order to study the prepared films prior to any deposition of

clusters. Whereas Both AFM and SEM techniques were employed in order to investigate

the samples prepared for this work; TiO2 NPs were mainly studied with SEM and images

were used to obtain the height distributions. Whereas Cu NPs were investigated mainly

with AFM. Optical spectroscopy on the other hand was used to study the embodiment of

clusters into the polymer films and any effects arising therein.

3.4.1 Ellipsometry

Film measurements are carried out using the Sentech SE850 ellipsometer on silicon spin

coated by PS films (50 to 90 nm thickness). A model of the sample is constructed using

the User interface of the sotware to include the Si/PS/Air layers. The experimental data

obtained for each measurement is then compared to the model and subsequently adjusted

to fit with the experimental data see fig. fig. 3.10. As for the quartz substrates thickness

measurements are not carried out due to the transparent property of quartz. Thickness

of the quartz substrates are assumed to be similar to silicon substrates as they are spun

with the same parameters.
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Figure 3.9: Ellipsometry data analysis flow chart. [107]

The Sentech SE850 ellipsometer consists of two compartments. The left compartment is

the input box which consists of the source alternator, the compensator the polarizer and

the aperture control. The right compartment is the output box with an aperture control,

analyzer, detector alternator and NIR detector [108]. The sentech SE 850 is a nulling

ellipsometer which minimizes the intensity of the light wave at the detector by adjusting

the rotational azimuth angle of the polarizer, the compensator and analyzer. The unpo-

larized light emitted from the source is linearly polarized by the polarizer. Furthermore

by adjusting the azimuth angle of the polarizer and compensator the light can be linearly

polarized after reflection from the sample surface and nullified by adjusting the azimuth

angle of the analyzer thereby minimizing the light intensity at the detector (i.e can be

detected at the sub monolayer precision).

3.4.2 Atomic Force Microscopy

In Atomic force microscopy a cantilever with a sharp tip is used to scan over a samples sur-

face. Once the tip approaches the samples surface close range attractive forces causes the

cantilever to be deflected towards the surface. As the cantilever approaches even closer to

the sample repulsive forces become stronger and the cantilever is then deflected away from

the surface as depicted in fig. fig. 3.11 [110] there are various AFM operating modes as

indicated in fig. fig. 3.11 with the most common ones being contact, tapping(semicontact)

and noncontact.
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Figure 3.10: Schematic representation of the ellipsometer components. [109]

Deflection of the cantilever either towards or away from the surface is measured using a

Figure 3.11: Chemical structure of propipium iodide. [111]

laser beam. Therefore by reflecting an incident beam off the cantilever any slight changes

in the direction of the reflected beam will signify changes in the cantilever deflection. Us-

ing a position sensitive photo-diode (PSPD) the changes in the direction of the reflected

beam and thus cantilever position can be traced [110].
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AFM images are then acquired by scanning the cantilever of over a region of interest. Due

to the lowered and raised features on the sample surface the subsequent deflection of the

cantilever monitored by the PSPD is then used to map the topography of the samples sur-

face. In addition a feedback loop is used to control the height of the tip above a surface thus

maintains a constant laser position in order to acquire an image of the surface features[110].

AFM measurements of the prepared substrates are carried out using the NT-MDT Ntegra

Aura AFM, using the semi contact mode. In this mode, the force of pressure exerted on

the cantilever towards the surface is less and allows the possibility to work with softer

or materials susceptible to damage such as polymers. HA-FM AFM tips purchased from

ScanSense are used to carry out the measurements. The frequency range is set to include

the nominal value of the cantilevers before carrying out the measurements. The set-point,

scan size and scan frequency are then defined and an image is acquired as described above.

3.4.3 Optical spectroscopy

Optical spectroscopy is a non-destructive measurement that uses the propagation of light

through matter in order to acquire various properties regarding the material being studied.

Optical measurments are thus concerned with the absorbtion, transmittance and reflec-

tion of UV-, IR as well as visible light through the medium being measured [112]. Optical

measurements are carried out using the LAMBDA 1050 UV/Vis Perkin Elmer spectropho-

tometer and UV-WinLab software. The spectrophotometer applies two identical beams of

light in order to determine the absorbance of a given sample; one beam is the test beam

whilst the other is the reference beam. In the case of the test beam, the beam passes

through the sample to a photodetector which then measures the irradiance at specific

wavelengths. As for the reference beam, the irradiance passes unobstructed to the pho-

todetector. Subsequently the transmittance of the sample is then given as the difference

in irradiance between the sample and reference beam at the specified wavelength range.

Prior to any measurements the optical spectrometer is set to measure the transmission

and the 100% transmission(reference beam) is carried out after which the sample is loaded

and transmission is measured from 350 to 800 nms with 1 nm intervals. The measured

data is then exported as .csv files and plotted using MATLAB R2016a software, where the

transmission spectra are converted to extinction spectra. This conversion is possible as
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the change of transmittance for the case of LSPR is caused by a combination of absorption

and scattering of light.

3.4.4 Fluorescence Microscopy

The absorption and subsequent re-radiation of incident light from an organic or inorganic

specimen results from the phenomena known as fluorescence or phosphorescence, depend-

ing on the nature of the excited state and time between photon absorption and emission.

The emission of light during the fluorescence process occurs from the singlet excited states

and is simultaneous with the absorption of the excitation due to a relatively short time

between photon absorption and emission. The emission rates of fluorescence are typically

around 108 s−1 that correspond to fluorescence lifetime close to 10 ns. When emission

occurs from the triplet excited state and persists longer after the excitation light then the

process is termed as phosphorescence. Here the emission rates are much slower (103 to

100 s−1) since direct transition to the ground state are forbidden. As a consequence, the

phosphorescence lifetimes are in the range of milliseconds to seconds [113]. Such processes

are depicted in a Jablonski diagram, where the absorption of light results in the formation

of an excited molecule that can in turn dissipate the energy through various processes

[114].

In the Jablonski diagram the singlet grount, first and second electronic states are depicted

by S0, S1 and S2 respectively. At each of these electronic energy levels the fluorophores

can exist in a number of vibrational energy levels depicted as 0, 1, 2 and so forth where

transitions between the various states are depicted as vertical lines as seen in fig. 3.12.

Most molecules only absorb light at specific wavelengths and when a molecule absorbs a

photon with one of these wavelengths, the electrons are raised to a higher electronic energy

state, S1, S2, as well as a higher vibrational excited state, in particular pi-electron systems

that are require less energy to excite. This process occurs at a relatively high speed, taking

only a fs (10−15 s) [113][p.3-5].

To be more precise, upon absorbing photons, a fluorophore is excited to a higher electronic

excitation energy level before emitting photons. It is here that processes such as static

quenching, collisional quenching, and Fluorescence Resonance Energy Transfer (FRET)

take place. These processes are named ”internal conversion”, which consequently reduce
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Figure 3.12: A Jablonski diagram showing the excited states S0, S1 and the vibrational
states. The vibrational states are the lines close to each other. Phospho-
rescence, which is a long duration light emitting process, is not examined

in this report. Taken from[113]

the electronic energy level to the lowest vibrational level of the first excited state (S1).

This is known as vibrational relaxation, and it takes about a ps (10−12 s) for the process

to take place, which is what describes the fluorophores lifetime, which is in the range

of 1 · 10−12 to 1 · 10−9 seconds. Fluorophores have a constant rate of emitting photons,

during their emission lifetime. The internal conversion processes all occur faster than the

fluorescence emission lifetime, which is why it emits photons from the electronic energy

state S1. When the fluorophore emits photons, it falls to the lowest vibrational state of

S0, returning back to its initial stable condition.[113][p.3-5]

Internal conversion is a non-radiative deactivation process where excess energy is consumed

as kinetic energy or heat. Internal conversion occurs at a rate of 10 ps or less. Compared

to the fluorescence emission lifetime of an excited molecule, it is much faster and occurs

prior to emission. This explains why the fluorescence of a fluorophore is dependent on the

lowest energy and vibrational state of S1.
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However vibrational energy is lost when electrons relax from the excited to the ground

state. Due to this energy loss the emission spectrum of an excited fluorophore is shifted

towards longer wavelengths. This change in emission wavelengths is termed as Stokes

shift [113]. When this shift increases in value, it becomes easier to separate excitation

from emission by using florescence filters [115] as these filters aid in blocking or passing

specific wavelength bands. The efficiency that a certain fluorophore can absorb a photon

is based on the excitation coefficient. Flouorophores with larger excitation coefficients

means that absorption of a photon in a specific wavelength is more probable to occur.

Another important component is the quantum yield, which denotes the ratio the number of

quanta emitted to those absorbed with a value between 0.1 and 1. Non-radiative processes

such as photochemical reaction or heat result in quntum yield values less than 1. These

factors; excitation coefficient, quantum yield and fluorescence lifetimes, contribute to the

intensity of measured fluorescence and therefore any imaging carried out using fluorescence

microscopy [113].

Fluorescence microscopy has become an important instrument in various biological sci-

ences due to the application of fluorophores that make it possible to identify cells and sub

microscopic cellular components with high specificity. The basic function of fluorescence

microscopy is to irradiate a sample with specific and a desired band of wavelengths and

subsequently separate the emitted fluorescence from the excitation light. This results in

only the emitted light reaching the detector so that the fluorescent sample are superim-

posed with high contrast against a dark background [116]
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3.4.5 LIVE/DEAD Assay of Bacterial suspension

Another method employed in this thesis to evaluate the activity of prepared nanocompos-

ites is the widely used LIVE/DEAD Baclight viability test purchased from ThermoFisher.

In general bacterial viability assays are applied in various aspects such as in this case to

evaluate antimicrobial properties or in other instances to perform microbial monitoring of

water. Their application is widespread in areas such as medicine, biotechnology, environ-

mental monitoring and also the food industry [117].

Bacterial viability is assessed indirectly based on the state of the cells by using nucleic

acid stains(molecular probes), the membrane potential, redox indicators or reporter gene

systems. Cellular and membrane integrity is one of the criterion in distinguishing live and

dead bacteria. In the case of viable cells, these cells have intact and tight cell membranes

of which are impenetrable by some staining compounds. Dead cells on the other hand have

damaged membranes that are susceptible to these staining compounds. For this thesis the

bacterial viability kit, Live/Dead Bacterial Viability Kit L-7007, is used to distinguish

between live and dead bacterial cells. The kit is composed of two fluorophores STYO9

and propidium iodide (PI) [117].

Propidium Iodide, a red-fluorescent nucleic acid stain, intercalates to DNA and when

bound its fluorescence intensity is enhanced resulting in an excitation maximum at 535 nm

and fluorescence emission maximum at 617 nm. PI is used to stain dead cells as it only

penetrates cells that have disrupted membranes. STYO9 on the contrary is a green flu-

orescent nucleic acid stain that binds to both live and dead cells. Its intensity is also

enhanced when bound to nucleic acid with an excitation maximum at 483 nm and fluores-

cence emission maximum at 503 nm. In the case of LIVE/DEAD cell staining when both

stains are used, STYO9 is displaced by PI as PI has a stronger affinity for nucleic acids

and can therefore be used to label damaged (dead) cells [117].

In the case of TiO2 NP, the live cells are represented as the control experiment without

any UV exposure whilst dead cells are taken from the substrate exposed to UV light. Both

control and UVA irradiated experiments are carried out for 20 mins and 120 mins.
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Prior to illumination experiments, the inocculum is grown to an OD600nm of 0.270 repre-

senting the 500 cells ml−1. Following this 1 mL is extracted and diluted in 9 mL LB media.

After a short incubation, the sample is centrifuged at 3000 rpm at 4 ◦C for 5 minutes. After

which the supernatant is extracted and the pellet is re-suspended in PBS buffer(pH 7.4)

solution. A volume of 100 µL of the bacteria solution is then deposited on the substrates.

Once the indicated exposure times have elapsed, the same volume is extracted and mixed

with the staining dye (1.5 µL ml−1 of bacteria solution) and allowed to react in the dark

at room temperature for 20 mins.

Fluorescence images of bacteria subjected to Cu NPs are also acquired in the same manner,

however as mentioned in the previous section section 3.3.2 illumination with UV light is not

used for Cu NPs and the control samples designate bacteria suspended on bare substrate

for the indicated times of 20 mins and 120 mins prior fluorescence imaging. Fluorescence

microscopy measurements are then carried out using the OLYMPUSI71 microscope. The

OLYMPUS IX71, fig. 3.13 is an example of an inverted epifluorescence microscope used

primarily for tissue culture applications. The microscope consists of a xenon/ mercury

lamp-house stationed at the rear of the microscope frame. Fluorescence illumination from

the arc discharge lamp travels to a collector lens and into a cube which contains a set of

interference filters that include a barrier filter, excitation filter and a dichroic mirror. The

excitation filter allows light of a particular wavelength to pass through to the dichroic mir-

ror where it is reflected into the objective and towards the sample. Secondary fluorescence

emitted by the sample passes through the dichroic mirror and emission filter and on to

the detector. [115] and [116] Images are then captured using the DP71 camera attached

to the microscope.

After initialization of the microscope, the sample is loaded onto a glass slide by trapping

5 µL of the bacterial solution. Once loaded unto the sample holder, the desired optical

zoom is chosen and the focus is corrected. For this experiment the 60/40X optical zoom

is applied. In order to image the LIVE/DEAD cells the FITC filter is applied for Styo9

(emission/excitation:498 nm/485 nm ) and the DAPI filter for PI(emission/excitation:617 nm/535 nm

) to visualize the live and dead cells respectively.
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Figure 3.13: The Olympus IX71 inverted microscope used for fluorescence imaging of
the Live/Dead Bacterial assay[118]

3.5 List of Chemicals and Equipment Used for Experiments

Listed below in table 3.3 and 3.4 are the chemicals as well as the equipment respectively,

that were used to carry out the experiments for this report.

Table 3.3: List of chemicals used for experiments

Compound CAS # Supplier

Polystyrene (Mw 192,000 g/mol) 9003-53-6 Sigma Aldrich
Toluene 108-88-3 Sigma Aldrich
Acetone 67-64-1 Sigma Aldrich
Isopropanol 67-63-0 Sigma Aldrich
Yeast extract 8013-01-2 Merck Industries
Tryptone 91079-40-2 AppliChem. GMBH
Agar 9002-18-0 AppliChem. GMBH
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Table 3.4: List of equipments used for experiments

Brand Model

Ultrasonic bath
Martin Walter Ultraschalltechnik AG
Spin coater
Laurell WS-650S 23NPP/C2/IND
Ellipsometer
Sentech instruments GMBH SE850
Atomic force microscopy
NT-MDT Ntegra Aura
AFM cantilever
Optical transmitance spectroscopy
Perkin Elmer High Performance Lambda 1050 spectrometer
Spectrophotometer
UV Spectrophotometer UV - 1800 shimadzu
UV Lamp
UVA lamp F15T8/BLB
Flourescence Microscope
OLYMPUS I71
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Chapter 4

Results and discussion

4.1 Characterization of Polystyrene Composites with Metal

Nanoparticles

4.1.1 Scanning Electron Microscopy Images of Titania

Metal Composites

Using the SEM images the TiNPs diameter are then estimated by the software ImageJ.

At first the scale is set by measuring the one given on the SEM image. This is done using

the measure tool on the user interface using the straight line selection tool to make a line

selection that corresponds to a known distance.

This is used to define the spatial scale of the active image so measurement results can

be presented in calibrated units, such as nm. The measurement is calibrated under the

option Analyze. The Known Distance and unit of measurement are then entered. Once

the scale is set the individual particles can then be measured.

In order to measure a particle is outlined using the oval/elliptical/brush selection

tool, once measured a result table is displayed with the parameters; Area, perimeter, major

and minor axis, and shape descriptors.
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(a) (b)

Figure 4.1: An example of an image used to analyze particle size distribution; (a) here
the background has been subtracted and scale set. The second image dis-
plays the results obtained upon measuring the distribution of the particles

(b) with parameters such as the area, shape descriptors etc.

As the particle size of a spherical object can be defined by its diameter, using the Area

from the particles analysed one can then proceed to estimate the diameter. Here the

diameter of the sphere is calculated using the expression below eq. (4.1).

r =

√
A

Π
(4.1)

Once the diameter is calculated, the size distribution of the analyzed particles is plotted as

a histogram in MATLAB R2016a [119] using the hisfit(data,bins,’distributionfit’) option

that also includes a distribution fit of the data. Using the data obtained for the particle

size, Matlab is also used to give the mean particle size as well as the standard deviation.

The SEM fig below fig. 4.2, shows the type 1 substrate were the TiO2s were not treated

neither during or after deposition as illustrated in fig. 3.4(a) section 3.1.2 . The first

image fig. 4.2(a) is taken at a viewing field of 2 µm showing a large number of TiNPs that

appear to cover most of the Si wafer surface. At some instances one can see clusters having

being deposited on other clusters thereby forming aggregates. Upon close examination of
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the figure as shown in fig. 4.2(b) where the view field is 554 nm, one is able to see the

before mentioned aggregate of clusters formed during deposition. Furthermore the TiNPs

deposited represent the different polyhedral packing structure of atoms when forming

clusters [120].

(a) (b)

Figure 4.2: SEM images showing the TiNP prepared for this thesis where (a) is type 1
substrate with TiNPs on bare Si and (b) is a high magnification of (a) .

Furthermore using the image (b) the diameter of the particles deposited were estimated as

described previously using imageJ and Matlab R2016a, where the distribution of nanopar-

ticle diameter is given in fig. 4.3. On the figure the mean distribution of the particles was

calculated to be 18.9 nm with a corresponding standard deviation of 1 nm. The distribu-

tion shown in fig. 4.3 also includes both smaller and larger particles that occur at a much

lower frequencies.

Type 2 substrates were also investigated with SEM and is shown below in fig fig. 4.4. As

was the case in the previous image, one is able to observe cluster aggregates that formed

during deposition. Furthermore upon close examination of the figure as shown in fig. 4.4(b)

where the view field is 500 nm, one is able to see the aggregate of clusters formed during

deposition.

Using the image, fig. 4.4(b), the diameter of the particles were estimated as described

previously using imageJ and Matlab R2016a, where the distribution of the nanoparticle
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Figure 4.3: The diameter distribution of TiNPs on type 1 substrate shown in fig. 4.2.
The mean diameter of TiNPs is calculated to be 18.9 nm with a standard

deviation of ± 1 nm.

(a) (b)

Figure 4.4: SEM images of type 2 substrate where (a) is of low magnification and (b)
is of high magnification.
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diameter is given in fig. 4.5. On the figure the mean distribution of the particles was

calculated to be 20.3 nm with a corresponding standard deviation of ± 1 nm. The deviation

in the shape of the histogram plot shown is due to the amount of particles that were chosen

for the analysis. Where in this case they were fewer to choose from due to a large number

of aggregates as seen in fig. 4.4(b).

Figure 4.5: The diameter distribution of TiNPs on type 2 substrate shown in fig. 4.4.
Where the TiNPs were oxidized after deposition. The mean diameter of

TiNPs is calculated to be 20.3 nm with a standard deviation of ± 1 nm.

Type 3 substrates were also characterized using SEM, where the images produced can

be seen in fig. 4.6. When examining the fig. 4.6(a) there is a larger number of cluster

aggregates that formed during deposition due to in-flight oxidation, nonetheless the surface

coverage of TiNPs is similar in the other types of substrates figs. 4.2 and 4.4. When

examining the image even closer, as seen in fig. 4.6(b), the TiNPs seem to have retained

their spherical/circular shape after deposition onto the surface which was not the case in

figs. 4.2(b) and 4.4(b). However as seen there are larger aggregates that formed during

the deposition process.

Once again using the high magnification image, fig. 4.6(b), the size distribution of the type

3 TiNPs could be estimated. The size distribution showing the diameter of the particles

calculated as a function of the area can be seen in fig. 4.7. For these particles the mean

diameter of the TiNPs was found to be 21.4 nm with a corresponding standard deviation

of ± 1 nm. The histogram appears different than the case in fig. 4.5 due to the fewer
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(a) (b)

Figure 4.6: SEM images of type 3 substrate where (a) is of low magnification and (b)
is of high magnification.

number of particles chosen for the statistical analysis. The tail observed in the figure is

due to larger particles measured that occur at lower counts.

Figure 4.7: The diameter distribution of TiNPs on type 3 substrate shown in fig. 4.6.
The mean diameter of TiNPs is calculated to be 20.4 nm with a standard

deviation of ± 1 nm.

Lastly when comparing the TiNP that were deposited unto substrate with or without PS

film as shown in fig. 4.8, where fig. 4.8(a) is TiNPs on bare silicon and fig. 4.8(b) is TiNPs
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embedded in PS film. There is no direct difference in the morphology of the TiNPs.

(a) (b)

Figure 4.8: SEM images comparing the TiNP where (a) is TiNPs on bare silicon and
(b) shows TiNPs deposited on PS film.

In addition when comparing the size distribution as seen in fig. 4.9 apart from a slight de-

viation in the particle size; 20 nm for TiNPs on bare SI and 21.1 nm for those on substrates

with PS film, then there is no difference between the two substrates. That is there is no

effect of substrate on the size of the TiNPs deposited. The difference in the histogram

arises due to the number of particles taken into consideration during the analysis of the

size distribution.
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(a)

(b)

Figure 4.9: Comparison of diameter distribution for TiNPs deposited onto bare Si (a)
and those TiNPs deposited on PS film (b). In the former case the diameter
is20 nm with a standard deviation and in the latter case the diameter is

21.1 nm, both with a standard deviation of ± 1 nm

4.1.2 Atomic Force Microscopy Images of Copper

Metal Composites

The Cu NPs polymer nanocomposites prepared in house where investigated using AFM

prior any antibacterial experiments were performed. Cu NPs were produced by Magnetron

sputtering as described previously in chapter 3.

The image shown in fig. 4.10(a) depicts Cun clusters that were produced using a QMS

voltage of UQ = ± 500 V deposited for a total of 20 mins. In addition, their corresponding

height analysis, fig. 4.10(b), is also included. As can be seen in fig. 4.10(a) there is a

significant amount of clusters on the surface with evidence of a few monolayers as shown

74



Results & discussion Group. 5.242, Cesarino M. Jeppesen

from the height scale bar on the AFM image, as well as the wide distribution on the height

analysis. The corresponding height analysis produced using the matlab [119] shows the

height of this multi-layer film to be 33.6 nm with a standard deviation of ± 6 nm as seen

in fig. 4.10(b). The QMS voltage applied for this deposition should have produced clusters

in the size regime of 21 nm.

The samples were then annealed for 1 and later 3 mins at 120 ◦C. The annealing temper-

ature is above the glass transition temperature for PS in order to facilitate the embedding

of the particles by making the polymer chains more flexible. The effect of annealing can

then be seen in the figures figs. 4.11(a) and 4.12(a) where the corresponding height analy-

sisfig. 4.11(b) shows that for 1 min annealing the mean height has decreased from 31.8 nm

to 28.1 nm. Similarly the mean height is also affected for the samples annealed for 3 min

at 120 ◦C, fig. 4.12(b), where the mean height has decreased even further to 21.8 nm. This

additional decrease in height shows that the particles are embedded even deeper into the

polymer film. Furthermore as can be seen in fig. 4.12(b), the annealing of the samples

resulted in the distribution starting from much smaller values that were not detected prior

annealing due to the presence of larger clusters.

These annealing tests were carried out to show the embedding of the Cu NP into the par-

ticle and were also used as a reference for how long the sample to be used for antibacterial

tests should be annealed. From the height analysis the 1 min annealing was then chosen

for subsequent annealing of sample 6 prior bactericidal tests.
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(a)

(b)

Figure 4.10: 3.5 µm by 3.5 µm AFM scan of sample 5 that was taken for Cu NPs de-
posited onto Si spun with 50 nm PS can be seen in (a) and the correspond-

ing height distribution for the cluster film is given in (b).
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(a)

(b)

Figure 4.11: The Second AFM scan of sample 5, fig. 4.12 and the corresponding height
distribution, following annealing at 120 ◦C for 1 min. The Cu NPs film is

found to have a height of 28.1 nm ± 9 nm after annealing.
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(a)

(b)

Figure 4.12: The third AFM scan of sample 5 fig. 4.12 and the corresponding height
distribution, following annealing at 120 ◦C for 3 mins. The Cu NPs film is

found to have a height of 21.1 nm ± 6 nm
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4.1.3 Investigation of Copper clusters embedment

using optical microscopy

Optic measurements were also carried out on Cu NP deposited on quartz substrates (sam-

ple 1 to 4) to investigate the embedding of clusters into the prepared polymer nanocom-

posities.

The extinction spectra shown in fig. 4.13, is that of the prepared samples before annealing

was carried out. All samples show a LSPR peak in the range of 580 nm for Cun clusters.

The sample was then annealed for 1 min at 120 ◦C to facilitate embedding. As can be seen

in figure fig. 4.14 the relative extinction significantly increases from 12% to close to 20 %.

The change in plasmonic properties is evident of the clusters being embedded in a medium

that has a higher dielectric constant than air, where in this case they are embedded in

PS (ε ;2.5-2.9). Afm images of the same sample were also taken in order to show whether

or not the clusters did become embedded and can be seen in the fig. 4.15 and fig. 4.16

with the corresponding height distribution in fig. 4.17. As a result of their embedding, the

extinction as well as the LSPR peak position changes due to the higher dielectric constant

of PS, as depicted in the equation eq. (2.8) in section 2.2.1.

Figure 4.13: Cu NPs extinction spectra of sample 4 before annealing.
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Figure 4.14: Cu NP Extinction spectra for sample 4 before annealing and after anneal-
ing at 1 min.

Figure 4.15: Afm image of sample 4 prior annealing.
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Figure 4.16: Afm image of sample 4 after annealing.

Figure 4.17: Corresponding height analysis before and after annealing of sample 4.
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4.2 Investigation of Antibacterial aspects of prepared

Nanocomposities on E.coli

For the bacterial assays, the growth curve for E.coli was first determined as described in

section section 3.2.2, where the OD was measured periodically every 20 mins in order to

obtain the growth curve displayed in figure 4.18. Furthermore after carrying the dilution

series and measuring the OD as described in section 3.2.2 the appropriate dilution (1:105)

was used to obtain the number of cells in the inoculum and used to plot the OD vs.

cell number as shown in fig. 4.19. The following images were generated using MATLAB

R2016a [119].

Figure 4.18: The growth curve of the E.coli inoculum that was used for the serial di-
lution in order to plate the 1:105 dilution for comparison of OD vs. cell
number. The OD was measured at the various wavelengths indicated;

OD480nm, OD540nm and OD600nm
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In order to obtain the cell number for the 1:105 dilution the procedure mentioned in

section 3.2.3 was carried out. The fig. 4.19 is then used to estimate the cell number of

forthcoming experiments by measuring the OD of a particular E.coli inoculum. . The

following images were generated using MATLAB R2016a [119].

Figure 4.19: The 1:105 serial dilution comparison of OD vs. cell number. Where number
of cells was estimated using the ImageJ software and the graph obtained

using MATLAB R2016a
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4.2.1 Effect of titania nanocomposites on E.coli growth

Prior to any antibacterial test a culture of bacteria is prepared as described in section 3.3.1.

Once the inoculum is prepared and diluted, a volume of 200 µL is extracted and deposited

on the different substrates. The distance between the UV lamp and the sample surface

is 30 cm and is kept constant throughout the experiment. Furthermore in order to take

into account the bactericidal effect of the UV lamp itself, the tests were conducted using

titanium coated samples and uncoated reference samples to avoid any false positive results.

Two of each substrate (Type 1-3) are used where one is used as the control(unexposed to

UV) and the other is exposed to illumination by a fluorescent UVA lamp( λ = 320-380

nm) fig. 3.7. The substrates used for the antibacterial experiments are all annealed for 5

mins at 120 ◦C in order to embed the TiO2 NPs into the polymer.
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Once deposited the bacterial solution are left on for 1, 5, 10, 20 and 120 mins before 50 µL

is extracted and spread on to already prepared agar plates. The results obtained after

plating the bacterial solutions for over night and counting the number of viable cells are

represented in the following figs. 4.20 and 4.22 to 4.24

In fig. 4.20, the effect of the type 1 TiNPs deposited on bare Si against E.coli can be seen.

For this substrate the TiNPs were not treated during/after deposition. From fig. 4.20 one

can observe a decrease in the number of viable cells for the control substrate( TiNP no

UV) without any UV illumination(control). The number of viable cells for the control is

initially 667 which slightly decreases after 5 mins (to 584) and even further to 540 cells

after 20 mins. When the substrate is irradiated with UV for a minute, the cell number

decreases from 667 (initial control value) to 422(TiO2 NPwith UV). The cell number then

decreases further after 10 minutes of illumination from 584(control) to 267(TiO2 NPwith

UV). Lastly upon further photo-activation, the cell number decreases from 540 to 228.

Overall after 20 minutes of illumination the viable cell number decreases to 228 from an

initial number of 667 cells ( at 0 mins) signifying a decrease of 34% in cell viability.

Figure 4.20: Type 1 substrate of TiO2s deposited on bare Si, where the number of cells
between the control and UVA sample are compared.
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The effect of Type 2 substrates containing TiO2 NPs deposited on bare Si on E.coli is shown

in fig. 4.21. For these substrates, type 2, the TiNPs were oxidized after the deposition.

For this sample apart from a higher cell density in the beginning there is also a slight

decrease in the control cell number which is seen to decrease from 771 to 530 after 20

mins. Similarly as was the case before, the number of viable cells decreases even further

after photoactivation of the substrate with UV. It can be seen that after 1 minute of

illumination the number of cells decreases from 700(control) to 409 cells. There is an even

further decrease after 10 mins. where the cell number has decreased to 314 cells. Lastly

after 20 mins. irradiation, the cell number decrease to 282 from a control number of 530

cells. In this case the overall decrease in the number of viable cells for the photoactivated

subsbtrate decreases from a control value of 771 signifying a 37% loss in cell viability after

20 mins of UV irradiation.

Upon comparison with the previous graph fig. 4.20 there is a higher density of cells in

the beginning, which could be a result of pipetting inconsistencies during plating. The

decrease seen in both instances for the control cell number can be a result of the direct

contact of bacterial cell with TIOx nanparticles [121]. Furthermore in both cases upon

exposure of the TiO2 NP to UV the valence band electrons are excited to the conduction

band. The electron-hole pair that is formed can then react with the aqueous environment

and oxygen in order to generate the ROS responsible for the photo-induced activity of

TiO2 NPs. Upon further exposure more ROS are generated and cause more damage to

the cells leading to the significant decrease in viable cells.
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Figure 4.21: Comparison of cell number for Type 2 substrate.

For the other substrates,i.e Si with TiNPs embedded in 50 nm PS the samples were first

annealed for 5 mins. at 120 ◦C before any experiments were carried out. A longer expo-

sure time of 120 mins was also implemented to observe any further decrease in E.coli cell

number(viable cells). The prolonged exposure time is carried out to test the self-cleansing

effect of TiO2 NP as well as the possible generation of more ROS on cell viability. Fur-

thermore for these substrates the effect of UV on bacteria deposited on bare Si substrate

(no TiO2 NP) was also tested to show the effect of UV itself on E.coli.

Upon observing fig. 4.22, there is a slight decrease in viable cells when comparing the Si

substrate(with UV) and that of the TiO2 NP without photo-activation, i.e 443 compared to

440 cells, showing that bacteria cell number is decreased due to direct contact of bacteria

with TiO2 NPs. However this decrease in cell number is even more pronounced after

photo-activation of TiO2 NP with UV, where after 1 min the cell number has dropped to

395.

Furthermore a significant decrease in cell viability is first observed after 20 mins of exposure

to UV. At this point the number of viable cells has reduced from 470( control;TiO2 NP

no UV) to 343 (TiO2 NP with UV). Upon further exposure to UV, the cell number is

reduced significantly to 196. There is a 42% drop in the number of viable cells following
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activation of TiO2 NPs with UV light when compared to the initial control value of 470

cells. These results further prove that a prolonged exposure time leads to a higher decline

in viable cell number.

Figure 4.22: The bactericidal effect of Si/PS/TiNP type 1 substrate on bacterial via-
bility with and without UV illumination.
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In the fig. 4.23, type 2 substrates were used, which also contained TiO2 NPs embedded

in 50 nm PS film on a Si wafer. However for these substrates ( Type 2) the TiNPs were

treated after deposition with an oxygen plasma. Once again apart from starting with a

higher cell number between control samples ( 468 for type 1 and 486 for type 2) that

there is only a slight difference between the control sample(TiO2 NP no UV), Si with UV

and UVA sample(TiO2 NP with UV) for the times 1, 5 and 10 mins and 20 mins as was

observed previously. At these indicated times the decrease in viable cell number for the

different substrates remains constant. However as was the case before, a significant drop

in cell viability is observed after 120 mins for the photo-activated substrate. At this point

the number of viable E.coli cells is seen to decrease to 217 cells signifying a 45% drop in

the number of viable cells after photo activation of the TiO2 NP. In comparison to fig. 4.22

there seems to be no effect of treating the TiNPs with oxygen plasma after deposition as

the antibacterial effect seems to be similar for these Type 2 substrates.

Figure 4.23: The bactericidal effect of Si/PS/TiOx type 2 substrate on bacterial via-
bility.
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Lastly In the fig. 4.24, type 3 substrates were used, in which the TiNPs were oxidized

in flight before being embedded in the PS film. For this type of substrates, the cell

number between control(TiO2 NP no UV) samples and UV irradiated samples(TiO2 NP

with UV) has already decreased significantly within the first minute of exposure, 445 cells

(control) to 281 cells(UV irradiated) and remain constant up to an exposure time of 10

mins. Additionally the number of viable cells then further declines from 440 cells (control)

to 217 cells(TiO2 NP with UV). Once again as was shown for the previous substrates, the

number of viable cells drops even further after 120 mins. of exposure. In this case the

number of viable cells after 120 mins is 169 cells. When compared to the other substrates,

figs. 4.22 and 4.23, the number of viable cells after 20 mins of uv exposure is 217 cells for

this substrate. This value is much lower than that for type 1 and type 2 substrates for

the same condition; 343 and 390 cells respectively. The same tendency is observed after

120 mins exposure to UV, where for type 3 the number of viable cells is 169 compared to

196(type 1) and 217(type 2) figs. 4.22 and 4.23. Overall the type 3 substrate seems to be

more efficient in killing the E.coli cells. The in-flight oxidation during the synthesis of this

substrate has an effect on the bactericidal nature for these polymer nanocomposites.

In the previous cases figs. 4.22 and 4.23 the low bactericidal effect in the initial stages

(1 to 10 mins) can be explained by the preliminary attack of the outer membrane of the

E.coli cells by the ROSs. At this stage, the bacteria can recover from the damage and

re-grow once plated in agar media, meaning that the damage on the outer membrane is

insufficient in killing the bacteria as reported by Dunlop et al. [122] and Sundua et al.

[95]. In addition, due to the elongated exposure time (120 mins.) the damage of the outer

membrane increases as more ROS are generated and are able to penetrate the bacteria

membrane and cause more damage, as is seen by the apparent decrease in viable cells

seen in figs. 4.22 to 4.24. Consequently the longer exposure times is then adequate for

the photoinduced hydrophilicity to take effect thus removing any layer of dead bacteria,

enabling mobility of the generated ROS [86].

Error bars are also included which show the deviation in cell number for the Control

samples and UV irradiated samples, these deviations could be due to an error during

pipetting as well as during spreading the solutions on the agar plates. The figure and

corresponding error bars were generated using MATLAB [119]
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Figure 4.24: The bactericidal effect of Si/PS/TiOx type 3 substrate on bacterial via-
bility.

The antibacterial effects of the TiNPs were tested further by repeating for a total of seven

cycles.The graphs for the different TiO2 NP substrates after the seventh cycle can be

observed in fig. 4.25 and ????. For type 1 substrate there is a step-wise decrease in viable

cells for the bare Si exposed to UV as bacterial cells are also damaged by UV. For the

TiNP that was not photo-activated, the viable cell number does not seem to be affected

with a slight change from 513 to 500 nonetheless there is still slight damage to the cells.

This however can also be due to pipetting inconsistencies during platting. What is of

interest is the decrease in viable cells once the substrate containg TiNP is photo-activated.

After the first minute the number of cells is at 364 which then gradually decrease to 292

cells at 120 mins. Furthermore at 180 mins the number of viable cells after the TiNP are

photo-activated falls further to 279.

For the type 2 substrate the same tendencies are observed as for type 1 in the seventh

cycle. The number of viable cells for the bare substrate with no TiNP decreases in the

same fashion as type 1, due to the sole effect of UV radiation. The number of viable cells

at the first minute then decreases from 513 cells to 362 once the TiNP are photo-activated

as was observed in fig. 4.25 . The number of viable cells then gradually decreases and
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Figure 4.25: The bactericidal effect of Si/PS/TiOx type 1 substrate on bacterial via-
bility after the seventh cycle.

after 180 mins of exposure to UV the number of viable cells is 275. The decrease in viable

cells follows the same pattern as in fig. 4.25, further showing that there was no significant

difference between the bactericidal effects of the type 1 and type 2 substrates. Upon

comparision of these results to the first cycle fig. 4.22 and ??, there is a better bactericidal

efficiency after photo-activation of the substrate for 1 to 20 mins. This is due to the better

production of ROS for these substrates after the seventh cycle. For the first cycle, the

initial accumulation of ROS until a lethal concentration occurs at a lower rate than in the

seventh cycle and therefore leads to a slower decline in viable cell number. However in

contrast to the first cycle there are a higher number of viable cells after 120 mins of UV

exposure. The reduced bactericidal efficiency for these substrates (type 1 and type 2) after

120 mins can be due to layers of dead bacteria that would hinder the amount of UV light

transferred to the TiO2 NP substrate and consequently affect the production of ROSs.

Similarly the graph for type 3 substrate after the seventh cycle can be observed in fig. 4.27.

Once again there is an effect of UV on viable cells deposited on bare si substrate as bacteria

are also susceptible to damage by UV irradiation. On the other hand there is no decrease

in cell number for the control TiNP substrate (TiNP no UV) . There is a much higher
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Figure 4.26: The bactericidal effect of Si/PS/TiOx type 2 substrate on bacterial via-
bility after the seventh cycle.

mortality rate for this substrate once photo-activated, as was the case for the first cycle.

Within the first minute the number of viable cells is decreased to 243 cells and then

gradually decreases even further to 192 cells after 180 mins. For this substrate the amount

of ROS produced from the first minute is sufficient to cause a significant decrease in viable

cells. The release of ROS from this substrate then remain sufficiently high in order to cause

further decline in the number of viable cells after prolonged exposure to UV. The decline in

cell number for this substrate after the seventh cycle is more pronounced for 1 to 10 mins

than in the first cycle. However after 120 mins the number of viable cells is 200 compared to

169 cells in the first cycle. This could be due to pipetting inconsistencies, error in counting

or more probable the accumulation of a layer of bacteria on the TiO2 NP substrate surface.

Nonetheless the bactericidal efficiency for this substrate still remains high given the higher

cell density for this cycle (initial number of viable cells is 513 compared to 470 for cycle1).

In addition as was the case in the first cycle, this type of substrate is seen to have a greater

bactericidal effect when compared to type 1 and type 2 substrates.

The survivability ratio of the bacteria was tested for the different substrates and can be

seen in section 4.2.2. Here the number of live cells at the beginning are compared to the
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Figure 4.27: The bactericidal effect of Si/PS/TiOx type 3 substrate on bacterial via-
bility after the seventh cycle.

number of live cells after 120 mins. As can be seen in the table, the survivability of cells

for type 1 and type 2 are relatively similar. After the first cycle 42% of cells are still alive

after 120 mins whereas for type 2 45% are still alive. On the other hand only 37% of the

cells are alive for type 3 substrate. The survivability ratio and hence the efficiency for type

1 and 2 then gradually decreases to 57% and 56% for type 1 and 2 respectively after the

seventh cycle. For type 3 the survivability ratio is at 39% after the seventh cycle indicating

the efficiency of this type of substrate. The production ofROS for this substrate(type 3)

over repeated cycles remains sufficiently high in order to kill the bacteria, whereas the

other two substrates (type 1 and 2) loose this efficiency over repeated cycles. However,

despite the loss in efficiency after 120 mins for type 1 and 2 substrates, the graphs shown

in fig:t1c7,fig:t2c7 showed that there was a higher production of ROS for 1 to 20 mins of

exposure leading to a faster decline in the number of viable cells.

For the type 3 substrate, there was a higher cell density in the third cycle and the obtained

results can be seen in fig. 4.27. Here the higher cell density is seen to affect the reduction

of viable cell numbers were presumably not enough ROS are produced to effectively re-

duce the cell count. Nonetheless, there is still a reduction in cell number within the first
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SUBSTRATE TYPE 1 TYPE 2 TYPE 3

1st Cycle 0.42 0.45 0.37
2nd Cycle 0.56 0.58 0.24
3rd Cycle 0.55 0.56 0.27
4th Cycle 0.48 0.45 0.30
5th Cycle 0.55 0.60 0.32
6th Cycle 0.59 0.56 0.38
7th Cycle 0.57 0.56 0.39

Table 4.1: Survival Ratio of E.coli after 120 minutes tested against the
different substrates during various cycles.

minute of exposure where the decline in viable cells then decreases further after 20 mins

of exposure. The higher density in comparison to the first cycle fig. 4.24 adversely affect

the photocatalytic effect within the first 20 mins. This is likely a result of what is termed

’shadowing-effect’ [123] which decreases the light transferred to the TiNP coated surface.

This in turn would cause the production of less ROS responsible for the bactericidal effect.

However after 120 mins of exposure the cell viability is significantly diminished following

increased production of ROS after prolonged exposure of the TiNP coated surface to UV.

The different TiNP coated surfaces used for these test have been shown to have a bacte-

ricidal effect especially after activation of these substrates with UV. The photocatalysis is

based on the absorption of photons by the crystal structure of the TIOx species that leads

to the transfer of electrons from the conduction band to the valence band. Consequently

as a result of this process, free electrons and holes generated react with adsorbed bacteria

on the surface. The decomposition of the bacteria then follows from the intermediate

production of radicals as a result of the reaction of the e−/h+ couple produced by TIOx

NPs which in turn react with the aqueous environment and oxygen to generate ROS. The

typical reaction products include superoxide radicals, hydroxyl radicals and hydrogen per-

oxide that have been shown to induce bacterial lysis [95, 124–128]. According to kuhn

et al. and Mitoraj et al. [126, 129] hydroxyl radicals are the main agent responsible for

the bactericidal effect due to their high oxidation potential. As shown by Muranyi et al.

[123] and increase in relative humidity can aid in the production of more hydroxyl radicals

thereby enhancing the bactericidal effect of TiNP polymer composities. This is the case as

hydroxyl radicals arise from the the reaction of the electron hole in the crystal structure
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with water molecules present in the air [123].

Additionally another positive effect of using TiNP coated surfaces is the formation of the

photo-induced super-hydrophilic surface due to metastable hydroxyl groups [130]. This

phenomena is characterized by the formation of a thin film liquid layer due to a very

small contact angle between the water molecule and the TiO2 NP film surface. This water

film supports the self sterilizing effect of these substrates and enables fast evaporation of

the formed film. In doing so the growth of microorganisms can be prohibited as water

(essential for microbial growth) is removed. Of interest is the work by Ohko et al. [125]

were they showed a decrease of E.coli viability for TiOx coated catheter surfaces. They

inoculated the surface with 100 µL of 2 ∗ 105CFUml−1 and observed a decrease in E.coli

viability after 60 min exposure to UVA.

4.2.2 Effect of Copper nanocomposites on E.coli.

Similarly the effect of the Cu NPs on E.coli is also tested and the experiment was carried

out as described in section 3.3.2. The antimicrobial effect is tested by depositing a volume

of 200 µL on the Cu NP substrate. For these experiments bare Si with no Cu NPs are used

for the control substrates. Following exposure to the samples at times ranging from 1 to

180 mins a volume of 50 µL is extracted and spread unto pre-prepared agar plates. The

plates are then stored in an incubator and the cells are allowed to grow over night before

counting the number of viable cells.

The results obtained for the first cycle are shown in fig. 4.28. The number of viable cells

after exposure to Cu NP is seen to drop from 104 cells to 60 cells signifying a 58% drop in

viable cells. The number of viable cells after contact with Cu NP remains constant until

10 mins of exposure where it drops to 52 cells. After 20 mins the viable cell count is then

decreased to 47 cells before further dropping to 35 cells after 120 mins. As seen from the

figure, there is a steady release of copper ions during the contact of bacteria with the Cu

NP substrate. This leads to the eventual decline in viable cells as observed in fig. 4.28.

A second test was carried out after washing the substrate with deionized water. Following

this 200 µL is deposited on the substrate and the experiment is repeated. The results
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Figure 4.28: Graph depicting the viability of the bacterial cells after incubation on Cu
NPs in PS compared to deposition on Si without NPs.

obtained in the second cycle can be seen in fig. 4.29.Furthermore a longer exposure time

of 180 mins was also tested to quantify any further decrease in cell viability. For this

experiment there was a higher cell density with the control number counted to be 227

cells. Unlike in the previous case fig. 4.28, the number of viable cells after 1 min of contact

with Cu NP is slightly decreased to 222 cells. A gradual drop in viable cell number is then

observed for 5, 10, 20 and 120 mins. For theses indicated times the cell number drops to

189 at 5 mins, 172 at 10 mins, 143 at 20 mins and lastly to 106 at 120 mins following

prolonged contact between bacteria and Cu NP. After 180 mins the viable cell number is

then decreased to 83 cells following longer contact between the bacterial cells and hence

adequate time for the release of copper ions. There is still evidence of bactericidal effect

for the Cu NP substrate, however the efficiency is not as dominant as in the first cycle.

Unlike TiO2 NPs, Cu NPs lack the self cleansing photo-induced mechanism [130].

Further cycles were also carried out as was the case for TiO2 NP in order to test for the

killing efficiency over repeated cycles. For the Cu NP substrtes the third cycle can be

seen in fig. 4.30 and the forth cycle in fig. 4.31. The same tendencies are evident in the

third cycle as in the second, where there is still a high percentage of viable cells after 1
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Figure 4.29: Graph depicting the viability of the bacterial cells after the second cycle.

min contact with the Cu NP in contrast to the drop observed for the first cycle fig. 4.28.

Similarly as in the second cycle, the cell number slightly decreases to 166 cells after 5

mins of contact from 181 cells at 1 min contact. The number of viable cells then remains

constant for the other contact times (10-120 mins) before decreasing slightly to 119 cell

after 180 mins. In this case after 180 mins the number of viable cells is at 119 compared

to 83 in the previous cycle further showing the decline in efficiency for the Cu NP where

an even longer exposure time is needed for the bactericidal effect of the Cu NP substrate

to manifest. It is clear that there is still a bactericidal effect, however as in the case for

the second cycle the efficiency is declining.

In the forth cycle, fig. 4.31, a similar decrease in viable cell number is also observed (from

258 to 218 cells) from the first minute. This value then gradually falls to 174 cells after

120 mins of bacteria and substrate contact. In addition as was in the case for the third

cycle, the number of viable cells falls to 119 after 180 mins. Hence as observed for cycle,

the number of cells is significantly reduced only after 180 mins as less ions are released

from the Cu NP substrate (or released slower) and require longer period of time to have

any adverse effect on the bacteria.
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Figure 4.30: Graph depicting the viability of the bacterial cells after the third cycle.

Figure 4.31: Graph depicting the viability of the bacterial cells after the fourth cycle.
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A table of the survival ratio after 120 mins is also shown in section 4.2.2, where a clear

reduction in efficiency is evident as more bacteria are able to survive after 120 mins. As

seen in the tabel, 57%, of bacteria are still alive after the third cycle. The efficiency of

killing the bacteria further decreases where after the seventh cycle 70% of the bacteria are

still alive.

When compared to TiO2 NP substrates, the killing efficiency is much lower for Cu NP

substrates. The TiO2 NP substrates maintain a better killing efficiency due to the produc-

tion of ROS and the ability to self sterilize the surface [130]. As observed for the seventh

cycle 70% of bacteria are still alive for for Cu NP substrates compared to 57% for type 1,

56% for type 2 and 43% for type 3 TiOx substrates after the seventh cycle.

The decrease in bactericidal efficiency for the Cu NP polymer nanocomposites could be a

consequence of the degradation of Cu NP after subsequent usage during the bactericidal

tests. Upon examination of the Cu NP substrate after the first (fig. 4.33(a)) and seventh

cycle (fig. 4.33(b)) using AFM, the Cu NPs are still present but agglomerate. A probable

cause for the agglomeration is the repeated exposure of the substrates to solutions during

the bactericidal experiment and cleansing of the substrate. In addition since the substrates

have more than one mono-layer, fig. 4.10(a), the clusters situated at the top layer are more

mobile and can therefore form agglomerates as a result of repeated washing and usage.

Optical measurements were also carried out, on a different sample (sample 4) to check for

any plasmon peak after the antibacterial tests, as seen in fig. 4.32 the plasmon peak is no

longer present serving gas a probable indication that the Cu NP have been degraded.

Consequently once the Cu NP become oxidized, copper ions are not released as efficiently

and the contact killing efficiency is diminished.
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SUBSTRATE Cu NPs

1st Cycle 0.32
2nd Cycle 0.47
3rd Cycle 0.57
4th Cycle 0.62
5th Cycle 0.63
6th Cycle 0.68
7th Cycle 0.70

Table 4.2: Survival Ratio of E.coli after 120 minutes tested against the
different substrates during various cycles.

Figure 4.32: Cu NP relative extinction of sample 4 after bactericidal tests.

4.3 LIVE/DEAD Baclight and polymer metal composites

As stated previously the LIVE/DEAD Baclight assay was used as an alternative means to

investigate the antibacterial effect of the prepared metal polymer nanocomposites.A loss

of membrane integrity for the bacteria can be shown as a consequence of Propidium iodide

(PI) to penetrate damaged cells as discussed in section 3.4.5. These tests were all carried

out after the seven cycles comparing the efficiency of the Cu NP and TiO2 NP substrates.

The procedure for this analysis is given in section 3.4.5. The image shown in fig. 4.34 is

that of Live cells on bare Si without any NP showing no effect on cell viability.
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(a)

(b)

Figure 4.33: AFM images of sample 6 after the first cycle, fig. 4.33(a), and the seventh
cyclefig. 4.33(b).
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Figure 4.34: Live E.coli bacterial cells on bare Si substrate.

4.3.1 Fluorescence experiments with TiO2 NP substrates

Fluorescence images of the live and dead cells after 20 mins exposure to type 2 TiO2 NP

are represented in fig. 4.35 . The number of live cells without any UV illumination is seen

in fig. 4.35(a), whereas the number of cells after UV illumination is seen in fig. 4.35(b)

whereas the number of dead cells after uv illumination is seen in fig. 4.35(c). Apart from

the slight deviation in cell density in fig. 4.35(a) and fig. 4.35(b), there is a greater number

of live cells than that of dead cells fig. 4.35(c). This case was also observed in fig. 4.23

with the probable cause being insufficient time for significant damage to the bacterial cells

and hence in this case PI cannot bind.
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(a) (b)

(c)

Figure 4.35: Flourescence images of live and dead cells taken after exposure to type 2
TiNP substrate for a period of 20 mins. Live cells without UV exposure
are shown in ??, live cells after UV exposure in fig. 4.35(b) and dead cells

after uv exposure in fig. 4.35(c).

Furthermore as was the case in the efficiency tests, the effect of a longer exposure time to

type 2 TiO2 NPs was also investigated. The fluorescence images are shown in fig. 4.36.

Upon comparison of the live cells without UV exposure,fig. 4.36(a), to the live cells ex-

posed to UV fig. 4.36(b) there is a slight decrease in viable cells with the presence of a few

dead cells. The effect of UV illumination is more pronounced when observing the number

of dead cells seen in, fig. 4.36(c).It is evident that there are higher number of dead cells.

When comparing fig. 4.35(c) to fig. 4.36(c) there is an increase in the number of dead cells

after 120 mins of UV illumination. This is in accordance to the previous results obtained

in fig. 4.23 showing a decrease in viable cells after 120 mins exposure.
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(a) (b)

(c)

Figure 4.36: Images shown are those of live and dead cells taken after exposure to type
2 TiNP substrate for a period of 120 mins.

Using the Fluorescence images shown in fig. 4.35 and fig. 4.36, the number of live cells

and dead cells were counted and plotted using matlab (codes provided in the appendix)

[119]. At first the images were converted from rgb to grey-scale before a binary image is

produced and the number of objects displayed for the different images counted.
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Figure 4.37: Plot showing the contrast between live and dead cells from 4.35 and 4.36
after 20 mins and 120 mins exposure for type 2 substrate.

There is a larger decrease in live cells after exposure to UV at a time of 120 min. The

number of dead cells after 120 mins exposure is also higher than the case after 20 mins.

The number of live cells with UV exposure decreases from 99 (at 20 mins) to 82 after 120

mins UV exposure. On the contrary as observed the number of dead cells increases from

36(20 mins) to 90 after 120 mins of UV illumination.
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Type 3 substrates were also tested and the fluorescence images acquired in the same

manner. The images in fig. 4.38 represent those obtained after 20 mins of exposure. The

number of live cells without any UV illumination is seen in fig. 4.38(a), whereas the number

of viable cells after UV illumination is seen in fig. 4.38(b). IN addition the number of dead

cells after UV illumination is seen in fig. 4.38(c). There is a decrease in live cell density as

seen in fig. 4.38(b)and furthermore there are already a number of dead cells in fig. 4.38(b).

In addition the number of dead cells,fig. 4.38(c), is slightly higher than in the case for the

type 2 substrates(fig. 4.35(c)) after 20 mins exposure. These results are in parallel to those

presented in fig. 4.24 where for this type of substrate there is already a higher decrease of

viable cells after 20 mins exposure to UV.

(a) (b)

(c)

Figure 4.38: Images shown are those of live and dead cells taken after exposure to type
3 TiNP substrate for a period of 120 mins.
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Similarly the live/dead assay using type 3 substrates was also carried out for 120 mins, and

the fluorescence images can be seen in fig. 4.39. The live cells without any UV exposure

are seen in fig. 4.39(a) and live cells after UV exposure are seen in fig. 4.39(b). Upon

comparison there is a significant decrease in live cells after exposure to UV. Similarly the

dead cells after UV exposure,fig. 4.39(c), are greater in number than the live cells. These

results for this TiO2 NP substrates conquer with those presented in section 4.2.1,fig. 4.24

where there is a higher mortality rate for the cells after 120 mins exposure for this substrate

compared to both type 1 and 2 substrates.

(a) (b)

(c)

Figure 4.39: Images shown are those of live and dead cells taken after exposure to type
3 TiNP substrate for a period of 120 mins.

Once again the fluorescence images presented in fig. 4.38 and fig. 4.39 were used to plot

the number of live and dead cells and can be seen in 4.40. For this substrate the number
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of dead cells after 20 mins exposure (50 cells) is already higher than for type 2 substrate

(36) after 20 mins exposure. Furthermore the ratio between live and dead cells at 120

mins is also significantly higher when compared to the type 2 substrate, i.e 133 dead cells

for type 3 compared to 90 dead cells for type 2. These results for the TiO2 NP type

3 substrates conquer with those presented in section 4.2.1,fig. 4.24. It was shown that

even after repeated cycles thus type of substrate still maintained its bactericidal efficiency,

where there is a higher mortality rate for the cells after 120 mins exposure compared to

both type 1 and 2 substrates.

Figure 4.40: Plot showing the contrast between live and dead cells from fig. 4.38 and
fig. 4.39 after 20 mins and 120 mins exposure to type 3 substrate.

4.3.2 Fluorescence experiments with Cu NP substrates

For comparative reasons the Cu NPs containing substrates were also tested. The images

shown in 4.41 are fluorescence images of E.coli bacteria stained after 20 mins exposure to

Cu NPs. The 4.41(a) is that of live cells in contrast to the image shown in fig. 4.41(b) that

is of the dead cells obtained as stated in section 3.4.5. It is seen that there is a greater ratio

of live cells as compared to dead cells. These results are in accordance to those presented

in section 4.2.2 where the loss in bactericidal efficiency results in a higher number of live

cells than dead cells.

In addition a longer exposure time of 120 mins was tested in order to see if the ratio

between live and dead cells would change as seen in fig. 4.28 . The fluorescence images
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(a) (b)

Figure 4.41: Fluorescence images of the live and dead cells taken
after exposure to Cu NPs for a period of 20 minutes.

obtained can be seen in 4.42 where due to a longer contact time between the Cu NPs and

the bacteria, the number of dead cells,fig. 4.42(b) is seen to be significantly larger than

the amount of live cells fig. 4.42(a). This is the case as more damage has occurred to the

cells making it possible for PI to stain the damaged cells. After 120 mins exposure to Cu

NP more copper ions are able to penetrate the damaged cell wall and cause cell lysis as

described in 2.4.1.1.

(a) (b)

Figure 4.42: Fluorescence images of the live and dead cells that were taken after expo-
sure to Cu NPs for a period of 120 minutes.
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Using the Fluorescence images shown in fig. 4.41 and fig. 4.42, the number of live cells

and dead cells were counted and plotted. There is a difference between both the number

of live and dead cells after 20 mins and 120 mins exposure to Cu NP. The number of live

cells decreases from 110 at 20 mins to 74 at 120 mins. Furthermore the number of dead

cells increases from 43 at 20 mins to 69 at 120 mins. This result is in accordance to those

presented in 4.28, which also showed a decline in cell number after 120 mins.

Figure 4.43: Plot showing the contrast between live and dead cells from 4.41 and 4.42
after 20 mins and 120 mins exposure.

There is a difference between the volumes pipetted for the flourescence microscopy tests

and the viable tests. For flourescence measurements a volume of 5 µL is pippeted on the

glass slide after the contact/exposure with the substrates. For the viable tests, 50 µL is

used for plating. Despite the differnce when comparing the data presented in the tables,

sections 4.3.2 and 4.3.2, there is a greater decrease in viable cells for the TiNP substrates

than for the Cu NP. These results are consistent with those observed for the substrates

same substrates in sections 4.2.1 and 4.2.2 where the efficiency for Cu NP substrates was

shown to decrease after repeated cycles due to Cu NP degredation as was shown in fig. 4.32.

SUBSTRATE Control(20 mins) Live cells(20 mins) Control(120mins) Live(120mins)

glsCunp 140 110 112 74
Type 2 TiNP 125 99 122 82
Type 3 TiNP 120 89 126 75

Table 4.3: The number of viable E.coli cells after 20 mins and 120 minutes contact/-
exposure to the Cu NP substrate and TiNP substrate for the fluorescence

experiments.

111



Conclusion & Outlook Group. 5.242, Cesarino M. Jeppesen

The control substrate for Cu NP experiments is bare Si without any deposited copper

clusters. The control for TiNP experiments are substrates containing TiNP, however

these substrates are not exposed to UVA.

SUBSTRATE Control(0 mins) Viable cells(20 mins) Viable(120mins)

glsCunp 200 143 174
Type 1 TiNP 515 324 292
Type 2 TiNP 513 300 274
Type 3 TiNP 513 212 200

Table 4.4: The number of viable E.coli cells after contact/exposure to the Cu NP and
TiNP substrates after the seventh cycle.

In addition when comparing the TiNP bactericidal efficiency to Cu NPs, TiNP substrates

shows a higher antibacterial activity due to the production of ROS after photoactivation

and does not require direct contact with the bacteria as with Cu NPs. Bacteria once

exposed to the photoactivated TiO2 NPs are damaged and are unable to repair their cell

wall making it possible for ROS to penetrate and cause further damage [86, 122].
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Chapter 5

Conclusion and Outlook

The TiNP and Cu NP clusters for the polymer nanocomposites were produced using mag-

netron sputtering for this thesis and characterised by SEM and AFM respectively. TiNPs

were found to be in the size regime of 19 to 20 nms whereas copper nanoparticles were

found to be 33.6 nm ± 1 nm. During Cu NP deposition formation of monolayers was ob-

served using AFM height analysis thereby causing a larger diameter distribution during

particle analysis.Apart from height analysis, the AFM measurements gave an indication

of a significant coverage of the deposited cluster on the PS film. Any variations for surface

coverage was then done by altering the deposition time of the clusters. Subsequent anneal-

ing of the samples was used to control the immersion of the NP into the polymer matrix.

The effect of annealing on Cu NP was then proven by AFM and optical measurements,

that showed a decrease in height distribution and the improved plasmon peak for Cu

NPs respectively. Apart from the characterization of prepared polymer nanocomposities,

antibacterial experiments were also performed using the prepared substrates. Using the

viable count method the antibacterial effect of the prepared substrates were quantified.

The number of viable cells were counted after exposure to the different substrates under

the same conditions. For TiNP the effect of photo-activating the substrate is compared

to control experiments where the substrate is not activated with UV light. It is seen that

there is a greater bactericidal efficiency for the TiNP substrates that are photo activated

which is in accordance to the theory presented. Furthermore it is shown that the type 3

substrate is more effective than the type 1 and type 2 substrates. Repeated cycles using
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the same substrates were also carried out to investigate the bactericidal efficiency over re-

peated tests . The bactericidal efficiency for type 1 and 2 substrates is seen to be slightly

higher at exposure times of 1 to 20 mins and then declines at 120 minutes. Additionally

For type 3 substrates, the bactericidal efficiency is maintained over repeated cycles regard-

less of exposure time.

The antimicrobial effects of Cu NPs are also investigated in the same manner and are

shown to initially have an adverse effect on the viability of bacterial cells, however this

effect is reported to diminish after subsequent tests. The degradation of Cu NP is then

reported using optical measurements in order to account for the loss of bactericidal effi-

ciency. A significant advantage of the self sterilizing effect of TiNP coated surfaces also

plays an important role for the lasting functionality of these TiNP coated surfaces in com-

parison to Cu NP coated surfaces that lose their bactericidal effect from oxidation.

Live/Dead assays were also performed after the efficiency tests. The results therein were

used to show any membrane damage after exposure to Cu NP and TiNP substrates. In

addition, using the fluorescence tests, the dead cells were visualized in contrast to the

viable count method where only viable cells were considered. The results from these tests

were also in agreement with those presented in the viable count method, showing that the

TiNP substrates were more effective in killing the bacteria.

For future work the bactericidal efficiency of the prepared polymenr nanocomposities can

be investigated. It has been shown that for the photocatalytic TiNPs, the efficiency can

be enhanced by doping the NP with metal ions which can in turn improve the trap-

ping to recombination ratio. Furthermore doping of these semiconductors would induce

a bathochromic shift where the band gap would decrease resulting in photoactivation of

these substrates in the visible light spectrum [80]. The release of copper ions can also

be monitored to see if there is any decrease over repeated cycles. This can be done by

using the metallochromic dye Alizarin Red S (ARS) which can bind to released copper

ions forming a complex that absorbs at 510 nm [131]. SEM could also be implemented as

an additional method to show any disruption in membrane integrity.
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ANALYSIS OF CLUSTER HEIGHT DISTRIBUTION

clear global;
clear variables;

% Reading data from wsxm software (AFM images) that have been saved as
 text
% files
image_orig = dlmread('text_files/Cu35_center__NOTannealed Image
 3.5um.txt');  % Reading height text file
image = mat2gray(image_orig);    % convert image to gray-scale image
 (normalizes it)
%image_max = max(image_orig(:));
phase_orig = dlmread('text_files/
Cu35_center__NOTannealed_Phase3.5um.txt'); %reads the phase file saved
 as text as well
phase = mat2gray(phase_orig);

% Adjusting fg and bg here you will be able to adjust the treshold of
 the fore- and background
% The output image mybinaryimage(before,threshold range) replaces
% all pixels in the input image with luminance greater than level with
 the
% value 1 (white) and replaces all other pixels with the value 0
 (black).
% Specify level in the range [0,1].This range is relative to the
 signal levels.
[image_fg,image_bg] = mybinaryimage(image,0.5,0.8);

saveas(gcf,'binary_radius_Cu35','epsc');
saveas(gcf,'binary_radius_Cu35','png');

% this is only if you want to crop your image
I = imread('binary_radius.png');
[I2, rect] = imcrop(I);

% Get points at this point you will chose what you consider to be
 clusters ( a hole in the analysis since
% you will be a bit bias :) left click to select then when selecting
 your last cluster right click )
blending(image_fg+0,phase);
[x, y] = getpts;
close;
working_fg = bwselect(image_fg,x,y,1);

% Plotting
figure;
plotting(image_orig(working_fg));

figure;
plotting(image_orig(image_bg));
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% At this point one can then plot cluster height after having defined
 the
% background and foreground
figure;
plotting(image_orig(working_fg)-mean(image_orig(image_bg)));
%this is your figure  showing the foreground(clusters minus the
 background
%polymer film)

box,'on';

set(gca,'TickDir','out')
set(gca,'TickLength',[0.02 0.025])
set(gca,'FontSize',18)

%set(gcf,'Units','normalized','Position',...
%[0.00 0.0322 1.00 0.92])

set(gcf,'Units','normalized','Position',...
[0.00 0.0322 0.75 0.82])

title( '\bfHeight distribution of Cu_N
 clusters','FontSize',14,'Color','k');
legend( 'Diameter of particles', 'Distribution
 fit','Location', 'Northeast');
set(legend,'FontSize',14);
% Label axes
xlabel ('Height distribution
 (nm)','FontSize',14,'FontWeight','bold','Color','k')
ylabel ('\bfFrequency', 'FontSize',14,'FontWeight','bold','Color','k')
ylim([0 20])
xlim([10 60])

box,'on';
rez=500; %resolution (dpi) of final graphic
b1=gcf; %f is the handle of the figure you want to export
figpos=getpixelposition(b1); %dont need to change anything here
resolution=get(0,'ScreenPixelsPerInch'); %dont need to change anything
 here
%set(b1,'paperunits','inches','papersize',figpos(3:4)/
resolution,'paperposition',[0 0 figpos(3:4)/resolution]); %dont need
 to change anything here
set(b1,'paperunits','inches','papersize',figpos(3:4)/
resolution,'paperposition',[0 0 figpos(3:4)/resolution]); %dont need
 to change anything here
path='C:\Users\00jambazi\Desktop\NB3\particleanalysis\AFMmatlab
\CuNPs'; %the folder where you want to put the file
 name='HeightAFM_cu35'; %what you want the file to be called
print(b1,fullfile(path,name),'-dtiff',['-r',num2str(rez)],'-opengl')

Published with MATLAB® R2016a



1

ANALLYSIS OF CLUSTER HEIGHT DISTRIBUTION BEFORE AND AFTER ANNEALING
This will enable you to compare the height distribution before and after annealing your clusters

% Read Files where 'text_files/Cu_PS_Q.txt' looks for the text files
 saved from the wsxm program
% and converts them to matgrey scale
image_before = dlmread('text_files/Cu35_center__NOTannealed Image
 3.5um.txt');
image_after = dlmread('text_files/Cu35_center__annealed(3min)Image
 3.5um.txt');
before = mat2gray(image_before);
after = mat2gray(image_after);

% Binary Image Processing, where you can adjust the threshold of the
 images
% to select what u want to check the height of  by setting a range of
 the
% threshold.  The output image mybinaryimage(before,threshold range)
 replaces
% all pixels in the input image with luminance greater than level with
 the
% value 1 (white) and replaces all other pixels with the value 0
 (black).
% Specify level in the range [0,1].This range is relative to the
 signal levels.

%[before_fg,before_bg] = mybinaryimage(before,0.7,0.94); %for 1 min
%[after_fg,after_bg] = mybinaryimage(after,0.9,0.83);     %for 1 min

[before_fg,before_bg] = mybinaryimage(before,0.69,0.9); %for 3min
 analysis
[after_fg,after_bg] = mybinaryimage(after,0.9,0.8); %for 3 min
 analysis
before_max = max(image_before(:));
after_max = max(image_after(:));

% Plotting
figure;
plotting(image_before(before_fg));
figure;
plotting(image_before(before_bg));
figure;
plotting(image_after(after_fg));
figure;
plotting(image_after(after_bg));

% At this point the difference in mean for the foreground and
 background  before annealing are computed
%  and represents the height before Annealing. As for after annealing
 mean
%  values for the foreground and background are also subtracted to
 give the
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%  height.
before_h = image_before(before_fg)- mean(image_before(before_bg));
after_h = image_after(after_fg) - mean(image_after(after_bg));
figure;
hold on;
box,'on';
plotting(before_h);
%str1 = {'Mean:28.1 nm','Std. Deviation: ','(\pm)' , '9.7'};
%annotation('textbox',...
  %  [0.766471449487555 0.601374570446735 0.129575402635432
 0.0927936787845888],...
  %  'Color',[1 0 0],...
  %  'String',{'Mean:31.8nm','Std. Deviation: (\pm) 7.4'},...
  %  'LineWidth',1.5,...
  %  'FontSize',11,...
  %  'FitBoxToText','off',...
  %  'EdgeColor',[1 0 0]);

plotting(after_h);
%str2 = {'Mean:28.1 nm','Std. Deviation: ','(\pm)' , '9.7'};
%annotation('textbox',...
  %  [0.766471449487555 0.506584601433329 0.129575402635432
 0.0859106508726927],...
  %  'Color',[0 0 1],...
  %  'LineWidth',1.5,...
  %  'FontSize',11,...
  %  'FitBoxToText','off',...
   % 'EdgeColor',[0 0 1]);
hold off;

box,'on';

set(gca,'TickDir','out')
set(gca,'TickLength',[0.02 0.025])
set(gca,'FontSize',18)
set(gcf,'Units','normalized','Position',...
[0.00 0.0322 0.75 0.82])
legend('Prior Annealing','Gaussian fit','Post Annealing, 3
 min','Gaussian fit','Location','NorthEast');
set(legend,'FontSize',14);
ylabel('Counts','FontWeight','bold','Color','k','FontSize',15)
xlabel('Height [nm]','FontWeight','bold','Color','k','FontSize',15)
xlim([-10 100])

title('Height distribution of Cu_N clusters before and after
 Annealing','FontWeight','bold','Color','k','FontSize',15)
box,'on';

rez=500; %resolution (dpi) of final graphic
b1=gcf; %f is the handle of the figure you want to export
figpos=getpixelposition(b1); %dont need to change anything here
resolution=get(0,'ScreenPixelsPerInch'); %dont need to change anything
 here
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%set(b1,'paperunits','inches','papersize',figpos(3:4)/
resolution,'paperposition',[0 0 figpos(3:4)/resolution]); %dont need
 to change anything here
set(b1,'paperunits','inches','papersize',figpos(3:4)/
resolution,'paperposition',[0 0 figpos(3:4)/resolution]); %dont need
 to change anything here
%path='C:\Users\00jambazi\Desktop\NB3\particleanalysis\AFMmatlab
\CuNPs'; %the folder where you want to put the file
% name='Type1'; %what you want the file to be called
%print(b1,fullfile(path,name),'-dtiff',['-r',num2str(rez)],'-opengl')

Published with MATLAB® R2016a
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ANALYSIS OF FLUORESCENCE CELLS WITH MATLAB

folder = 'G:\LIVEDEAD\Matlab Analysis\images analyzed'; % location
 specifier
baseFileName1 = 'Image13.png'; %Reads the individual image, of live or
 dead cells.

% Get the full filename, with path prepended.
fullFileName1 = fullfile(folder, baseFileName1);
if ~exist(fullFileName1, 'file')
 % Didn't find it there.  Check the search path for it.
 fullFileName1 = baseFileName1; % No path this time.
 if ~exist(fullFileName1, 'file')
  % Still didn't find it.  Alert user.
  errorMessage = sprintf('Error: %s does not exist.', fullFileName1);
  uiwait(warndlg(errorMessage));
  return;
 end
end

rgbImage1 = imread(fullFileName1);
% Get the dimensions of the image.  numberOfColorBands should be = 3.
[rows columns numberOfColorBands] = size(rgbImage1);
% Display the original color image.
%subplot(2, 4, 1);

%figure;
imshow(rgbImage1);

I = rgb2gray(rgbImage1);
%figure
%imshow(I)

%BW = imbinarize(I,0.09);
% BW = imbinarize(I) creates a binary image from image I by replacing
 all values above a globally...
...determined threshold with 1s and setting all other values to 0s. By
 default, imbinarize uses...
...Otsu's method, which chooses the threshold value to minimize the
 intraclass variance of the...
...thresholded black and white pixels. imbinarize uses a 256-bin image
 histogram to compute Otsu's threshold.

BW =
 imbinarize(I,'adaptive','ForegroundPolarity','bright','Sensitivity',0.1);
% Convert the image to a binary image using adaptive thresholding. Use
 the ForegroundPolarity..
...parameter to indicate that the foreground is darker/brighter than
 the background.
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figure
imshow(BW)
%figure
%imshowpair(rgbImage1,BW,'montage')

%set(gcf,'Units','normalized','Position',...
%[0.00 0.0322 0.75 0.82])   code sets the position and size of image
%produced

cc = bwconncomp(BW);
number  = cc.NumObjects;

% CC = bwconncomp(BW) returns the connected components CC found in
 the...
...binary image BW. bwconncomp uses a default connectivity of 8 for
 two dimensions,...
    ...26 for three dimensions, and conndef(ndims(BW),'maximal') for
 higher dimensions.

%  PLOTING

y = [130 43 ; 119 63]; % CUNP test values for 20 and 120 mins live and
 dead cells
%y = [110 36 ; 132 88]; % TINP type 2
%y = [120 55 ; 115 108]; % TINP type 3

time = [20 120];
x = time ;
%xplot = 1:numel(time); %// Define modified x values

%b1 = bar(x,y);

set(b1(2),'FaceColor',[1 0 0],'EdgeColor',[0 0 0],'LineWidth',1.0);
set(b1(1),'FaceColor',[0 1 0],...
    'EdgeColor',[0 0 0],'LineWidth',1.0);
ylim([0 200])

title( '\bfComparison Live vs. Dead cells, CuNP
 substrate','FontWeight','bold','FontSize',12,'Color','k','FontName','Javanese
 Text');
legend( 'Live cells', 'Dead cells','Location', 'Northeast');
set(legend,'FontSize',14);
% Label axes
xlabel ('Time
 (mins)','FontSize',10,'FontWeight','bold','Color','k','FontName','Javanese
 Text')
ylabel ('Object
 count', 'FontSize',10,'FontWeight','bold','Color','k','FontName','Javanese
 Text')



3

box,'on';

set(gca,'TickDir','out')
set(gca,'TickLength',[0.02 0.025])
set(gca,'FontSize',18)

%set(gcf,'Units','normalized','Position',...
%[0.00 0.0322 1.00 0.92])

set(gcf,'Units','normalized','Position',...
[0.00 0.0322 0.75 0.82])

%set(gca,'plotboxaspectratio',[100 1 100]) % 4Length and 1 height

box,'on';
rez=500; %resolution (dpi) of final graphic
b1=gcf; %f is the handle of the figure you want to export
figpos=getpixelposition(b1); %dont need to change anything here
resolution=get(0,'ScreenPixelsPerInch'); %dont need to change anything
 here
%set(b1,'paperunits','inches','papersize',figpos(3:4)/
resolution,'paperposition',[0 0 figpos(3:4)/resolution]); %dont need
 to change anything here
set(b1,'paperunits','inches','papersize',figpos(3:4)/
resolution,'paperposition',[0 0 figpos(3:4)/resolution]); %dont need
 to change anything here
path='G:\LIVEDEAD\Matlab Analysis\images analyzed\plots'; %the folder
 where you want to put the file
 name='CuNPtest'; %what you want the file to be called
print(b1,fullfile(path,name),'-dtiff',['-r',num2str(rez)],'-opengl')

Published with MATLAB® R2016a
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