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Abstract
The need for faster and more sensitive diagnostic systems for the early detection of many 

life-threatening diseases is the driving force behind the work in this thesis. A lab-on-a-chip 
prototype device incorporating a sensor and a magnetic barcoded nanowire functionalised 
with biomolecules has the potential to revolutionise the current methods of disease diagnosis. 
The fabrication of metallic nanowires by electrodeposition into templates with nanometre di
ameters (~10 - 200 nm) in the late 1960s has paved the way for their endless applications. 
Electrochemical deposition enables the composition, dimensions and most importantly, the 
properties of thin films and nanowires to be easily controlled and modified. Many groups 
have studied the structural and magnetic properties of single component, alloy and mul
tilayered or multisegmented films and nanowires produced by this method. However, the 
use of barcoded magnetic nanowires as potential nanocarriers of biomolecules had yet to be 
explored.

The fabrication of multisegmented nanowires, consisting of magnetic hard/soft segments 
and non-magnetic segments, is the subject of the first part of this thesis. Barcoded nanowires 
functionalised with biomolecules will have distinctive stray fields enabling their detection 
by a magnetic sensor. Initially, Co nanowires were produced in order to understand the 
principles behind electrodeposition. CoPt thin films and nanowires of varying composition 
were then fabricated in order to determine the appropriate deposition conditions for obtain
ing samples with different coercivities. X-ray diffraction, scanning electron microscopy and 
energy dispersive x-ray analysis indicated the structural properties and elemental compo
sition of these samples. Magnetisation measurements were also carried out to determine 
magnetic properties of CoPt thin films and nanowires. As-deposited samples had a dis
ordered face-centered cubic (fee) structure and were magnetically soft. A post-deposition 
annealing process was required to transform the samples to the face-centered tetragonal (fet) 
Llo ordered structure and develop their magnetic properties. After annealing at 700°C for 
30 min, equiatomic CoPt films, with a thickness of approximately 1.22 pm, had a coercivity 
of 0.69 T. Equiatomic CoPthard nanowires had a coercive field of 0.71 T and 0.68 T parallel 
and perpendicular to the nanowire axis, respectively. CoPtsoft wires with increased Pt content 
had a coercive field of 0.25 T.

Multisegmented barcoded CoPt nanowires with hard and soft magnetic segments were 
then fabricated. The problem of inter-diffusion between segments during the annealing pro
cess was resolved by incorporating a non-magnetic, gold spacer layer. This was carried 
out using a new procedure for electrodepositing gold from a non-aqueous cyanide bath into 
alumina membranes. The gold spacer layer was also found to improve the structural and 
magnetic properties of CoPt nanowires. CoPt - Au nanowires annealed at 800 °C for 30 min 
had a coercivity of 1.43 T and 1.34 T, parallel and perpendicular to the nanowire axis, re
spectively. These are the highest recorded, room temperature coercive field values for CoPt
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nanowires fabricated by electrodeposition to date. Multisegmented nanowires with up to 
three independent CoPt segments and distinctive magnetic properties have been produced 
and are suitable as magnetic barcodes for the detection of disease biomarkers.

The second part of this thesis focuses on investigating the toxicity of ferromagnetic 
nanowires in vitro using high content screening. The biomedical application of nanowires re
quires an initial understanding of their potential toxic effects. Nickel nanowires with lengths 
of 4.3 pm and 24.0 pm and diameters of 200 nm were fabricated by electrochemical tem
plate synthesis. After the complete characterisation of samples, including a novel technique 
to define nanowire concentration, the surface of the wires were coated with a biocompatible 
material of polyethylene glycol (PEG) or silica (Si02). This was carried out in order to deter
mine whether nanowire dimensions, aspect ratio or the material itself was the primary cause 
of cytotoxicity and to establish whether coating can reduce the potential harmful effects of 
nanowires. A time course study up to 72 h, was the basis of the in vitro investigation of 
the influence of nanowires on cellular functioning and inflammatory responses. An in vitro 
model of THP-1 human phagocytic cells was chosen as macrophages represent the first line 
of response to nanomaterials in the human body. High content screening enabled this study 
to be carried out in a fast and high throughput manner.

Nanowire aspect ratio, concentration and surface coatings were found to influence the 
functional and inflammatory responses of THP-1 cells. At high nanowire concentration 
(100/cell), short and long, uncoated nickel nanowires were found to reduce cell viability 
and cause significant cell membrane permeability after just a 3 h exposure period. PEG and 
Si02 coated nanowires were found to help maintain cell viability and membrane integrity, 
with PEG coating proving to be a more effective cytoprotective coating than Si02. Short 
PEG coated wires were not as harmful to THP-1 cells compared to long coated wires, with a 
reduced inflammatory response after 72 h, indicating that low aspect ratio wires did not pose 
a potential toxicity risk. Confocal microscopy provided useful three-dimensional informa
tion on the length dependent interaction of nanowires with the cellular membrane of THP-1 
macrophage cells and their possible internalisation. A Z-stack analysis confirmed that flu
orescent, uncoated nanowires were located inside and not on the surface of cells. THP-1 
cells completely internalised short nickel nanowires while long wires were found protruding 
from the cells, indicating the inability of macrophage cells to completely engulf high aspect 
ratio wires. These studies highlighted the fact that aspect ratio, dosage and surface coatings 
are crucial factors in determining toxicity and inflammatory cellular responses to nanowires. 
The need for a unified screening approach to examine the potential toxicity of nanomaterials 
is also essential due to their large variety. These key factors need to be taken into consider
ation for the diagnostic application of barcoded nanowires in vitro to prevent adverse toxic 
effects.
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Introduction

Chapter 1

Introduction

There is an increasing demand in medical research to improve the diagnostic processes for 
the early detection of many life-threatening diseases such as cancer and cardiovascular dis
ease. Early diagnosis would significantly reduce the long term medical treatment required to 
combat these diseases and as a result improve the quality of life for many people. The driv
ing force behind this work is to develop a new lab-on-a-chip prototype system, enabling the 
multiplexed detection of molecular biomarkers in a high sensitivity and throughput format 
using magnetic barcode nanostructures. Multisegmented magnetic nanowires, consisting of 
magnetic hard/soft segments and non-magnetic segments, will act as barcode type probes 
for the detection of disea.se biomarkers (Figure 1.1, Step 1). These nanowires will then be 
functionalised with antibody based biom.arkers recognising specific molecules of interest 
(antigens) present in biological fluids or on the surface of living cells (Step 2). The num
ber of magnetic segments incorporated in each nanowire and the direction of magnetisation 
and stray field would indicate the nature of the biomarker attached to it. A biological fluid 
would then be incubated with the nanowires where antigens of interest link to the antibody 
labelled barcode nanowires (Step 3). Fluorescent labels will also be introduced and attach 
to the antigen-antibody nanowires (Step 4). Nanowires would then be transferred to mi- 
crofluidic channels incorporated with magnetic sensors (Step 5). Flow orientated barcoded 
nanowires will be detected by the sensor due to the distinctive stray field created by the wires 
and would indicate the type of antibody attached. The fluorescent label will confirm this and 
also determine the concentration of the biomolecules attached to the nanowire. This system 
would aid the detection of diseases in a fast, efficient and cost effective manner. It would 
also allow for the detection of disease biomarkers at extremely low concentrations, thus per
mitting for earlier diagnosis and in low volumes, reducing the invasiveness of the procedure 
for patients. However, the key to achieving this goal involves the successful fabrication of 
multisegmented barcoded nanowires.

The work in this thesis investigates the electrodeposition of magnetic barcoded nanowires 
and the optimisation of the process. The magnetic and structural properties of the nanowires 
will also be studied. The successful application of nanowires in diagnostic systems requires 
an understanding of their possible interaction with biological samples, such as cytotoxicity, 
cell viability and their associated cellular signalling. The toxicity of magnetic nanowires
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in vitro will be investigated along with additional methods for reducing their cytotoxic ef
fects. This initial chapter will introduce the basic concepts of electrodepositing thin films 
and nanowires. A literature review will then be carried out on various electrodeposited, 
non-magnetic and magnetic hlms and nanowires in order to determine the appropriate mate
rial for fabricating magnetic barcoded nanowires. The potential biomedical applications of 
nanowires will also be examined with a comparison between nanoparticles and nanowires as 
magnetic labels for diagnostic purposes. Finally, a literature review on the potential toxicity 
of nanomaterials is conducted along with methods for appropriately reducing their harmful 
effects and determining their toxicity. These studies served as guidelines in this work towards 
the adoption of barcoded nanowires as potential nanocarriers for diagnostic applications.

(11)11)))
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step 1 Step 2
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- ‘^---' t*tm

step 3 Step 4

iilTr

m«i

Step 5

om Barcode Nanowires YY Antibodies Antigens Fiuorescent Labeis Magnetic Sensor

Figure 1.1: Schematic of the application of antigen-antibody barcoded nanowires in a mi
crofluidic channel with an integrated magnetic sensor for diagnostic applications. Step I: 
Fabrication of multisegmented barcode nanowires. Step 2: Functionalisation of antibodies 
to nanowires. Step 3 and 4: Reaction of functionalised wires in a biological fluid with anti
gens of interest and fluorescently labelled antibodies. Step 5: Microfluidic channel with 
nanowires for the detection of disease biomarkers by magnetic sensor.
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1.1 Electrodeposition

Electrodeposition or electroplating is the process where an applied current or potential is used 
to coat or deposit a metallic film from, a solution onto a conductive substrate. It can change 
the chemical, physical, and mechanical properties of the substrate, such as the chemical sta
bility, metallic brightness or nanoscale roughness. Electroplating was initially established as 
a decorative and protective coating on the surface of objects [1]. Since then the possible ap
plications of electrodepositing metals have grown substantially. It has been incorporated into 
many different scientific areas such as fabricating magnetic recording devices and integrated 
circuits as well as micro- and nanofabrication [2, 3, 4].

The production of nanomaterials is currently being carried out by numerous techniques 
involving either a bottom up or a top down approach. The bottom up approach is more com
monly used in nanotechnology where the starting materials are atoms or molecules which 
then form nanomaterials. The techniques used include chemical vapour deposition, atomic 
layer deposition, chemical synthesis and electrodeposition onto conducting substrates or into 
nanoporous templates. A top down approach involves gradually reducing the size of a solid 
material to atomic dimensions using external radiation or chemicals. The fabrication pro
cesses include lithography, thermal methods and high energy milling processes [5]. There 
are disadvantages and advantages to both techniques. The main disadvantage with the top 
down approach is the time taken to produce a nanostructure and the imperfection and crys
tallographic damage caused to the structure. The bottom up approach allows for the pre
cise fabrication of nanostructures with small diameters, less defects and more homogeneous 
chemical compositions. The kinetics involved in the bottom up approach of electrodeposition 
of metals will be discussed in the next section.

1.1.1 Theory and Kinetics of Electron Transfer

Electrodeposition occurs when cations in an electrolyte solution are reduced at the surface of 
an electrode. The cations then form adsorbed atoms and a thin layer of metallic film begins 
to grow. The electrochemical driving force for these reactions can occur with or without the 
application of an external power source. Electroless deposition does not involve an external 
source of electrical power. The spontaneous reduction of a metal from an electrolyte solution 
onto a substrate in this process relies on the presence of a reducing agent in the solution to 
drive the reaction. The electroless plating of nickel-phosphorous is a well known commer
cial process and is commonly used in industrial applications due to the corrosion resistance 
and high degree of hardness of the Ni-P layer. Sodium hypophosphite reduces nickel ions 
in the system and produces highly uniform films [6]. A variety of unique properties can be 
obtained by varying the percentage of phosphorous in the coating deposit. Low phosphorous 
deposits (< 5 %) yield hard films with excellent wear resistance and good corrosion resis
tance in alkaline environments. High phosphorous deposits (> 10 %) yield films that are 
non-magnetic and highly corrosion resistant in acidic environments.
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The majority of electrodeposition processes take place by applying an electric current 
using an external power supply such as a potentiostat. The substrate to be coated is attached 
to the negative pole of a power supply (cathode), which is then immersed in an electrolyte 
solution containing the metal to be deposited. As a result, positively charged metallic ions 
are accelerated towards the negatively charged substrate. Electrons from the substrate then 
reduce the positively charged ions to metallic form. A positively charged anode completes 
the electric circuit in the set-up and acts to charge negatively charged anions. A thermody
namic equilibrium is achieved at the electrode-electrolyte interface when the reduction and 
oxidation reactions are balanced as shown in Equation 1.1.

M'«+ + ne

^solid

^solid

+ ne''

{Reduction)

(Oxidation) (1.1)

The constant current, I (A), passed during an electrochemical reaction can be related 
to the charge, Q (C), and time, t (s), according to Equation 1.2 which in turn is related to 
the amount of metal deposited at the electrode interface according to Faraday’s law. Equa
tion 1.3.

Q =It (1.2)

Q =nFN (1.3)

where n is the chemical valence of the ion, F is Faraday’s constant (96,500 C mol ') and N 
is the number of moles deposited (mol), which can be calculated as:

N = — It 
n F

(1.4)

This equation assumes 100 % efficiency during the deposition of metals. However, in 
practice complete efficiency does not occur due to hydrogen evolution, resulting in a reduced 
amount of metal actually deposited. The mass of the deposit, w (g), can be obtained by 
multiplying Equation 1.4 with the atomic weight, (g mol“'), of the deposited metal.

Mh.
W = M^N = —^It 

n F
(1.5)

The thickness of the deposit, Tdeposit (cm), can then be calculated using the density of the 
metal, p (g cm^^);

w w
y A Tjeposit

(1.6)

where V is the volume of the deposited metal (cm^) and A is the area of the deposit (cm^).
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Thus, giving;

w
Tieposit - ^

n F A p
It (1.7)

This equation allows the thickness of a metallic material deposited onto a substrate to be 
estimated and is dependent on both the deposition current and time. The kinetics enabling 
deposition to occur also needs to be explored.

The Nernst equation can be used to describe the relationship between the concentration of 
oxidised species [Coo(O)], the concentration of reduced species [Coo(R)] in the bulk solution 
and the equilibrium potential (E^^) when there is no net current flowing through the cell and 
the reduction - oxidation, (redox), processes are in equilibrium [7]. It is given by:

£ =£0 + ^lnI^
nF [C„o(/?)]

(1.8)

where F9 is the standard potential (V), R is the gas constant (8.3145 J mol“‘ K“*) and T is 
the absolute temperature (K). The standard potential of the cell is calculated by combining 
the two reduction and oxidation electrode half-cell reactions as shown in Equation 1.9.

pi) _ pO
^cell — cathode - E.0anode (1.9)

The standard potential of a single reduction or oxidation process cannot be measured 
directly, only the potential difference between the electrode potentials of the two half-cell re
actions can be determined. The standard potential indicates the thermodynamic favourability 
of a reaction. A standard hydrogen electrode (SHE) is often used and the electrode reaction 
is 2H'' -I- 2e“ —H2. All conventional electrodes are referenced to this standard to define 
their absolute potential. For example, an Ag/AgCl (saturated KCl) reference electrode has a 
potential of 197 mV versus a SHE. The standard potential (E°) for some reactions in aqueous 
solution are shown in Table 1.1.

Normally for a non-spontaneous reaction to occur in electrodeposition, a potential more 
negative than the equilibrium potential of the metal species is required to force the reaction 
to occur. The overpotential, 77 (V), is the extent to which the potential is driven beyond the 
equilibrium potential for the reaction to proceed.

p = E - E,eq (1.10)

The Butler-Volmer equation can be used to predict the current that results from an over
potential when mass-transfer limitations are eliminated. The overall current, I (A), is the 
difference between the cathodic (reduction) current, 4. (A), and the anodic (oxidation) cur
rent, la (A):
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Reaction £0 versus SHE (V)

Au+ -1- e“ —> Au -hl.83

Co2+ + 2e- Co -0.28

Cu^+ -1- 2e“ —^ Cu -hO.34

Fe^+ -1- 2e~ —>■ Fe -0.44

Ni2+ -1- 2e- —^ Ni -0.26

Pt“+ + 2e- —^ Pt -1-1.19

Zn^+ + 2e- —^ Zn -0.76

Table 1.1: The standard reduction potential for some common reactions [8].

I = Ic - la (1 11)

Each of the currents are proportional to the reaction rate constant, giving:

I = nFA[k,Co{0) - k,Co{R)] (1.12)

where n is the number of electrons transferred per atom, F is Faraday’s constant (C mol~*), 
A is the area of the electrode (cm^), kc is the reaction rate constant of the forward reduc
tion (cm s“*), Co(0) is the concentration of oxidising species at the electrode surface (mol 
cm“-^), ka is the reaction rate constant of the backward oxidation (cm s“'), and Co(R) is 
the concentration of reducing species at the electrode surface (mol cm“^). The forward and 
reverse reaction rate constants can be written as a function of the standard rate constant, ko 
(cm s“*), using the Anhenius formula which describes the dependence of the rate constant 
on the Gibbs free energy of activation [8].

kc — ko exp
-a, nF {E -

Wf (1.13)

ka = koexp
a,, nF {E - E^)

(1.14)

where and (- 1 - a, ) are the cathodic and anodic transfer coefficients which have values 
between zero and unity, and for metals are around 0.5. The current of the electrochemical
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reaction may be described by the complete current-potential characteristic by combining 
Equation 1.13 and 1.14 with Equation 1.12, which gives:

I = n F A ko < Cq{0) exp
— a, n F {E — E 

RT

rON-i
- Cq{R) exp

Ua n F [E — £■*

(1.15)

When the electrochemical cell is at equilibrium, the exchange current, /q, is defined 
as the magnitude of either the forward cathodic current or the backward anodic current at 
equilibrium:

k = Ic = la (1.16)

It can be written as:

k = nf AA:oCoo(6>)““ Coo(/?)“‘' (1.17)

where Coo(O) and Coo(R) are the concentration of the oxidised and reduced species in the bulk 
solution, respectively. From Equation 1.15 and 1.17 an equation for the current-overpotential 
can be obtained:

I = lo
[Co(0)1 f-a, nF ri\ rc,)(/?)i
_Coo(6>).

RT )
C^{R)_

UanFriW
(1.18)

where rf is the overpotential (Equation 1.10). With efficient mass-transfer the concentrations 
of the bulk solution, [Coo], and the solution at the electrode surface, [Cq], are equal and the 
current-overpotential equation (Equation 1.18) reduces to the Butler-Volmer equation:

I = lo < exp
-ttj. n F 7] 

RT
(UauF r]

(1.19)

The Butler-Volmer equation describes the current from the kinetic parameters of the elec
trochemical reaction at low potentials or in a well stirred solution. It can be used to predict 
the current when the mass-transfer limitation is eliminated. In other words, it assumes that 
the reacting metal ions are supplied to the electrode surface faster than they are consumed. 
However, when a large overpotential is applied, the rate of the reaction is faster than the rate 
at which ions arrive at the electrode surface. As a result, the reaction rate is also dependent 
on the mass transport of the metal ions from the bulk solution to the electrode interface re
gion, as well as on the kinetics of the reaction. The total current (I,) incorporating both the 
kinetics and the mass transport is dehned as:

1
4

1 1
k ^ Tl (1.20)
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where 1/^ is the kinetic current and is the mass transport limiting current. The mecha
nisms of mass transport and thus the mass transport limiting current will be discussed in the 
following section.

1.1.1.1 Mass Transport

The movement of metallic ions towards the electrode, the reduction of the ions at the elec
trode surface and the movement of the product away from the electrode surface into the bulk 
of the solution during electrodeposition is demonstrated in Figure 1.2. Metal ions are con
tinuously removed from the electrode-electrolyte interface. However, the concentration of 
ions at the interface does not continuously decrease, due to mass transport mechanisms. It 
can occur by three main processes migration, diffusion and convection. As a result, ions are 
replenished at the electrode by these mechanisms at the same rate at which they are removed.

Electrode Surface Region

Electrode
o
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Reactions 

, <----- O,
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Electron Transfer
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Mass
Transfer

Figure 1.2: Schematic of the process involved in an electrode reaction. Adapted from Bard 
et al [9|.

Migration

The migration of metal ions occurs under the application of an electrical field and as a result 
occurs only for charged species. The electrical force experienced by the ions is given by:

Fm n e E (1.21)

where Fm is the migration force on the ions (N), n is the chemical valence of the ion, e is the 
charge of each ion (C) and E is the electric field (V cm"'). The velocity of migration of the 
ions in solution, v (cm s“*), is defined as:

V = H E (1.22)

where jU is the mobility of the ions in solution (cm^ V * s '). According to the Nemst- 
Planck equation the flux of ions due to migration is given by:
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Ji =
n Di F Coo dV

(1.23)

where /, is the flux of the migration ions (mol cm“^ s '), n is the chemical valence of the 
ion, Di is the proportionality constant known as the diffusion coefficient of the ions in the 
electrolyte (cm^ s“'), F is Faraday’s constant (C mol“*), Coo is the bulk concentration of the 
solution (mol cm^^), R is the gas constant (J mol“* K’'), T is the absolute temperature (K) 
and dV/ dx i?. the gradient of the electrical potential [7],

Normally, conditions are chosen in which migration effects can be neglected. This in
volves the use of a supporting electrolyte which does not interfere with the electrode reaction 
and the conductivity of the solution is such that the contributions to the cell potential are neg
ligible. Consequently, in these conditions migration has a small effect and can be neglected. 
As a result, the mass transport mechanisms of diffusion and convection need only be consid
ered.

Diffusion

The electrochemical reaction which occurs at the electrode-electrolyte interface can result in 
the creation or consumption (i.e. reduction) of ions at the electrode. Diffusion is the natural 
movement of ions in solution, without the effects of the electric field and thus occurs for all 
species. The diffusion force (Fo) acting on these diffusion ions is given by:

■RT\ 3Ci (1.24)

where dCi/ dx is the concentration gradient 110]. The diffusion of ions towards the electrode 
is driven by a concentration gradient between the electrode and the bulk solution due to the 
reduction of ions at the electrode surface, which is known as the diffusion layer. Diffusion 
due to the concentration gradient is described by Pick’s first and second laws (Equation 1.25 
and 1.26, respectively):

dCi
= if (1.25)

d^Q dCi
' dx^ dt

(1.26)

where 7, (mol cm“^ s“') is the flux of ions i of concentration C, in direction x (mol cm“^), 
Di is the diffusion coefficient of the ions in the electrolyte (cm“ s’^') and t is time (s) [8]. The 
concentration gradient may be expressed in terms of the thickness of the Nernst diffusion 
layer, 5/v (m):
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dCi _ (Coo — Co)
dx

(1.27)
ON

where Co is the concentration of the ions at the electrode surface and Coo is the bulk concen
tration of the electrolyte, as shown in Figure 1.3.

Electrode

Figure 1.3; Concentration profile at the electrode surface indicating the Nernst diffusion 
layer thickness, 8n, which is typically 10^"* m. Adapted from Brett et a/ [8].

Therefore the flux of ions toward the electrode surface is:

7, = Di
(Coo C())

:i.28)

The diffusion limited current density is defined as the rate at which the reactant ions 
arrive at the electrode by diffusion. It is the maximum current that can be achieved at a 
given concentration of ions in the electrolyte. It involves the application of a potential step 
at the electrode in solution, from a value where there is no electrode reaction to a value 
where complete reaction of all the ions that reach the electrode surface occurs. For a planar 
electrode the diffusion limited current density is given by:

II = n F ADi
dCi
dx

(1.29)

where Ii - n F A J, and A is the area of the electrode (cm^). Using the Laplace transform 
on Fick’s second law (Equation 1.25) [8J, the concentration gradient varies as a function of 
time as:

dCj
dx

1
{n Di t)

(1.30)

Assuming that the kinetics of the electrode reaction are sufficiently fast, then the reduc
tion at the electrode surface is such that Co ~ 0. Thus, the diffusion limited current density 
is:
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4 =
nFADj Co. 

{nt)'2
(1.31)

This equation is known as the Cottrell equation. Assuming that the concentration gra
dient is linear over the thickness of the diffusion layer and applying Equation 1.28 to the 
Cottrell equation, an expression for the time dependence of the diffusion layer thickness can 
be deduced:

5n = {nDitY (1.32)

This indicates that the diffusion layer thickness varies as t2. Natural convection within 
the solution occurs at large t and the spread of the concentration gradient is halted. At the 
limiting current density Cottrell’s equation is no longer obeyed and the diffusion layer stops 
growing. The diffusion layer thickness is typically 10~"' m, beyond which, the charges in the 

electrolyte solution are uniformly distributed. The variation of the concentration of reactive 
ions close to the electrode surface can be attributed to diffusion only for approximately 10 s. 
For longer times and at the diffusion layer limiting thickness value, convection becomes 
dominant [11].

Convection

In the mass transport mechanism of convection the electrolyte solution as an entire entity 
is transported. There are two forms of convection, natural and forced convection. Forced 
convection is due to mechanical effects such as the stirring of the electrolyte solution which 
considerably increases the transport of species. Natural convection is due to density changes 
which are produced as a result of concentration gradients in the solution. The force of gravity 
causes natural convection and produces hydrostatic pressure gradients in the solution. It can 
be expressed as:

4:,/v = 8 (1.33)

where Ap is the change in density (g cm -^) and g is the acceleration due to gravity (cm s ^). 

The flux of ions due to convection is defined as:

J, = vCi (1.34)

where v is the velocity (cm s '). The Nernst-Planck equation relates the flux of a ion species 

through a solution by diffusion, migration and convection (Equation 1.35) [12].

_ dCi n Di F Coo dV
‘ ~ ‘ dx RT dx ^ ‘ (1.35)
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1.1.2 Electrodeposition of Thin Films

The fabrication of thin hlms by electrodeposition using the bottom up approach, can be 
carried out using a variety of metals in different compositions and arrangements. These 
include the deposition of single metallic thin films, the co-deposition of alloy films and the 
sequential deposition of metallic layered (multilayer) films by pulse plating and repetitive 
cycling. The choice of an appropriate substrate is key for the successful electrodeposition of 
thin films. A substrate pretreatment is also essential to obtain good quality thin films, as this 
ensures good adhesion of coating to the surface of the substrate. Organic and non-metallic 
films on the surface can interfere with bonding, causing poor adhesion and even preventing 
deposition. Substrate cleaning methods to remove contaminants from the surface include 
the use of solvents, alkaline cleaners, acid cleaners and electrocleaning. An ultrasonic bath 
is often used to aid the removal of contaminants. The electrodeposition of thin films on a 
substrate will not conceal surface imperfections such as cracks, scratches or grooves. In fact 
it normally makes them more pronounced and easy to identify, thus it is important to chose 
a good quality substrate and to remove any undesirable surface marks or contaminants prior 
to deposition.

1.1.2.1 Electrodeposition of Metal Films

Due to the wide variety of metals available the deposition of thin films is a well established 
and successful process. The electrolyte bath must contain a soluble metallic salt and can 
be carried out in an aqueous or non-aqueous solution depending on the application and the 
metal being deposited. Aqueous baths are more commonly used for the electrodeposition of 
metals, although the presence of hydrogen in these baths can cause internal stress and result 
in the cracking of films. As a result hydrogen free non-aqueous electrolytes, such as dimethyl 
sulfoxide (DMSO) and methanol, are becoming increasingly popular. However, it is possible 
to suppress hydrogen evolution in aqueous baths by introducing additives into the electrolyte 
solution. Additives such as sodium saccharin salt, ascorbic acid, glucose and boric acid, 
can improve the quality and morphology of the metallic film. They can also reduce the 
internal stress of the film and increase the stability of the bath. A supporting electrolyte 
is also incorporated into the bath to increase the rate of deposition of the metallic ions but 
it is not involved in the reaction itself. There are a wide range of supporting electrolytes 
available and their choice depends on the metallic salt being deposited. Common supporting 
electrolytes include chlorides, sulfates and nitrates of sodium, potassium and lithium. Their 
concentration is generally larger than the metallic salt in the bath and is in the range of 
0.1 M to 1.0 M. Finally, the deposition potential or current for a particular metal is chosen 
in correlation with a table of known standard potentials such as those outlined in Table 1.1. 
Optimised baths for depositing metal films at a given potential are often quite complicated 
and the compositions of industrial baths usually contain proprietary additives. Once all the 
parameters for fabricating a thin metallic film have been established, the electrodeposition 
process is simply carried out as previously described (Section 1.1.1).
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Non-magnetic and magnetic single metallic thin films have been widely studied due to 
their physical and structural properties. Copper (Cu) thin films have been investigated due to 
their favourable electronic properties. Cu is commonly incorporated in micro-components 
in electronic devices in the semiconductor industry due to its low-resistance applications 
[13]. The use of gold thin films on the surface of microelectromechanical systems (MEMS) 
further extends their possible applications due to the low electrical resistivity, high physico
chemical stability, high reflectivity and the biocompatibility of gold. It has been successfully 
electroplated directly onto silicon surfaces without the need of an additional seed layer [14]. 
The most popular electrodeposited metal is possibly nickel due to its magnetic and struc
tural properties. Nickel (Ni) has excellent wear and corrosion resistance on semiconductor 
surfaces for applications in integrated circuits [15]. The magnetic properties of Ni can also 
be controlled by varying the thickness of the films and thus altering the nanocrystallites size 
[16].

1.1.2.2 Electrodeposition of Alloy Films

T he electrodeposition of alloys attracts more attention than single metal deposition due to 
their exciting and tunable physical properties which are not achievable in single metals. 
In the majority of cases, alloy structures can withstand high mechanical and environmental 
demands thus making them more appealing systems. However, the electrodeposition of alloy 
films from a single electrolyte bath is more difficult than the electrodeposition of single metal 
films due to the need for a stable bath with mutually soluble and reducible salts. The co
deposition of an alloy from two or more metals and the content of the metals in the alloy 
depend upon the deposition potential or current of each metal and the concentration of the 
metal salts in the electrolyte. Alloy deposition is influenced by thermodynamics, kinetics, 
diffusion and mass transport.

The simultaneous co-deposition of two or more metals at the electrode surface is deter
mined based on the current-potential curves for individual, single metals (A and B) as shown 
in Figure 1.4. If an electrode is immersed in an electrolyte bath containing both A and B 
metal ions and if the cathode equilibrium potential is at only A ions will be deposited 
from the solution. If the cathode is at a more negative potential co-deposition of both metals 
will occur, forming an alloy. As the potential of the cathode becomes even more negative 
compared to the metals equilibrium potential, the mass transport limiting current is reached, 
denoted I^ and if for metals A and B, respectively. It is proportional to the concentration 
of metal ions in solution and the diffusion of the ions. The equation for the mass transport 
limited current is derived from Equations 1.27 and 1.29 and defined as:

IL = nFAD^ 
On

(1.36)

where n is the chemical valence of the ion, F is Faraday’s constant (C mol '), A is the area of 
the deposit (cm^), D is the diffusion coefficient (cm^ s“'), Cq is the concentration of the ions
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at the electrode surface and 5n is the Nernst diffusion layer thickness, (m). Changes in the 
thickness of the diffusion layer affect the limiting current and thus increase the deposition 
rate. The composition of the alloy can thus be affected in two ways. The first corresponds 
to the region where the more noble metal ion (A) is mass transport limited and the reduction 
of the less noble metal (B) is kinetically controlled. As a result the composition of the alloy 
can be controlled by changing the deposition potential or, at a fixed potential enhancing the 
mass transport of the more noble metal towards the electrode without changing the bath 
composition. The second method corresponds to changing the concentration of the metal 
ions in solution and thus the deposition rate depends on the mass transport limiting current 
(Equation 1.36).

Figure 1.4: Current-potential curve for the ideal co-deposition of an alloy from two individ
ual, single metals A and B. Adapted from Jeerage et al 117).

There are two types of co-deposition of alloys, normal and anomalous. For normal co
deposition the more positive (noble) metal with the smaller reduction potential deposits pref
erentially. For anomalous deposition of alloys the opposite occurs, with the more negative 
(less noble) metal depositing preferentially. This behaviour is typically observed in the co
deposition of iron group metals such as Fe, Co and Ni [18]. In some cases it is also possible 
to deposit an alloy component where at least one metal cannot be electrodeposited alone 
from aqueous electrolytes. This is known as induced co-deposition and examples of this are 
Ni-W and Ni-Mo, where tungsten and molybdenum cannot deposit independently [ 19, 20].

Electrodeposited non-magnetic alloys include Au-Cu and Cu-Ag. Electroformed jewels 
based on nanocrystalline Au-Cu alloys display improved mechanical properties and can be 
plated at lower thicknesses than for the current processes, thus allowing savings in Au con
sumption and reduced costs. The process avoids the use of Cd in the alloy and free cyanide in 
the bath [21]. Cu-Ag alloys are renowned for their good mechanical properties, high electri
cal and thermal conductivity and low electrical resistivity [22], The introduction of Ag in this 
alloy system enhances the properties of Cu and thus the applications of Cu-Ag alloys in inte
grated circuits. The incorporation of at least one magnetic material in an alloy is commonly 
used in order to broaden the possible applications of alloy thin films. Numerous magnetic
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alloy systems exist and their applications are continuously expanding thanks to advances in 
electroplating. Some of these are highlighted in Table 1.2, along with their properties and 
applications. The majority of magnetic alloy thin film applications include MEMS, record
ing head materials in hard disk drives and magnetoresistive sensors. Alloys composed of 
magnetic metals may become non-magnetic in certain alloys depending on their content, for 
example, stainless steels with the addition of nickel and nickel-phosphorous alloys.

Alloy Alloy element Film Thickness Properties Applications Ref

(atomic %) (pm)

Ni-Fe 74 % Ni 3.0 Corrosion resistance. MEMS, [23]

H< = 73 mT recording heads

Ni-Co 90 % Co 56.0 Corrosion resistance. MEMS, [24]

H<. = 22 mT MR sensors

Fe-Pt 50 % Pt 0.005 H<. = 1.5 T, MEMS, [25]

(Anneal 900°C 120 min) recording heads

Co-Fe 65 % Fe 2.0 High tensile stress. MEMS, [26]

= 2.4 T hard disk drives

Co-Pt* 80 % Co 1.0 Hard magnetic properties. MEMS, [27]

H< =0.61 T recording devices

Table 1.2: Examples of some magnetic alloy thin films fabricated by electrodeposition and 
their possible applications. * is discussed in more detail in Section 1.3.1

1.1.2.3 Electrodeposition of Multilayer Films

The fabrication of metallic layered (multilayer) films by electrodeposition can be carried out 
using two general processes, a single or a dual bath technique. For the single bath technique, 
both metal ions are contained within one single electrolyte solution. The composition of indi
vidual layers in the multilayer structure are controlled by modulating the deposition potential 
or current in a pulse plating technique, with a bilayer repeat unit in the form Aj^B i _;c/AjB | _j. 
The technique works on the principle of alloy co-deposition, where varying the deposition 
potential or current controls the amount of each metal in the individual layers and the more 
noble species is deposited under mass-transport control conditions. When the difference in 
the equilibrium potentials of the two metals (A and B) is sufficiently large and the concen
tration of the more noble metal (A) is very low, multilayers of the form A^B i -^/A can be 
deposited [28]. The deposition of a new layer begins when a new potential pulse commences. 
The use of a single electrolyte bath enables the modulation of the potential or current to be 
computer controlled, demonstrating the ease of using a single electrolyte solution. However,
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for the fabrication of multilayers using a single bath, the first layer is always alloyed to some 
extent (80-99 %). This alloying can be minimised by reducing the concentration of the more 
noble metal. However, due to Pick’s Law (Equation 1.25 and 1.26), the deposition time in
creases as the concentration of the more noble metal decreases. For a reasonable deposition 
time the noble metal salt is usually in the millimoles per litre range.

In the dual bath technique, different metal ions are contained in separate electrolyte so
lutions. The concentration of the metal ions are independent of one another and thus are 
not constrained in any way. Individual layers of completely different metallic compositions 
can be fabricated by altering the electrolyte solution and the applied deposition potential or 
current. As a result there is no contamination between the layers. After the electrodeposition 
of a single layer from the first electrolyte solution, the cathode is rinsed and transferred to 
the second solution, where a layer of different composition is deposited. Sample transfer 
between solutions can result in the formation of an oxide layer during the fabrication of the 
multilayer structure. This can be overcome by using an alternating electrolyte flow injection 
system. The cathode is fixed and the composition of the electrolyte is modulated by flow 
streams in a closed atmosphere flow cell. The deposition of miultilayers can be computer 
and software controlled in order to alter both the electrolyte composition and the applied 
potential or current [29].

Thin films consisting of metallic ferromagnetic/non-magnetic (FM/NM) multilayers ex
hibit a giant magnetoresistance (GMR) effect. It is defined as the significant change in the 
electrical resistance of a material in response to an applied magnetic field due to the scatter
ing of conduction electrons between two adjacent FM layers through a non-magnetic spacer 
layer which depends on the orientation of the magnetisation of the adjacent layers. In zero 
magnetic field the magnetic moments in individual ferromagnetic layers face in opposite di
rections due to antiferromagnetic coupling, resulting in a high-resistance state. In an applied 
magnetic field the magnetic moments of the magnetic layers are aligned parallel, resulting in 
a low-resistance state. The difference between the resistances of the two states is known as 
the GMR effect. The GMR effect in sensor devices are the main applications of multilayer 
thin films. A comprehensive review paper by Bakonyi and Peter examines the progress of 
electrodeposited multilayer films with GMR effect and the obstacles which need to be over
come [30]. The GMR values achieved with electrodeposited multilayer films are generally 
poorer than those obtained with the fabrication of multilayer films by physical deposition 
techniques, due to the possible appearance of superparamagnetic regions, pinholes in the 
spacer layers and imperfect interfaces between the FM and NM layers. Despite this, sig
nificant progress has been achieved in electrodeposited multilayer films with their possible 
applications in GMR sensor devices using materials such as Co/Cu and Ni/Cu [31]. Nabiy- 
ouni and Schwarzacher found that the GMR values for Ni-Co/Cu multilayer thin films were 
significantly higher than those in Ni/Cu multilayers which they attributed to the fact that Co 
has a magnetization almost three times greater than Ni [32].
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1.1.3 Electrodeposition of Nanowires

The fabrication of nanowires using the bottom up approach of template based growth is the 
most widely used technique. Metallic nanowires produced by electrodeposition into tem
plates with nanometre diameters was first demonstrated by Possin in the late 1960s, where 
tin, indium and zinc wires were produced by electrochemical deposition [33]. Since then the 
process has dramatically increased in popularity. It provides a method of producing large 
quantities of nanowires with low production costs. The controllability of the process enables 
the dimensions, properties, morphology and material deposited to be easily defined.

The fabrication of nanowires via electrochemical template synthesis is based on the pro
gressive growth and filling of the pores of the template. The process is similar to thin film 
deposition but a few things need to be taken into consideration when fabricating nanowires. 
One side of the template must be coated in a conducting material in order for deposition to 
occur. This can be carried out by plasma or vacuum deposition of a metal layer which results 
in a conductive layer a few hundred nanometres thick. Cracks and defects in the templates 
are detrimental to nanowire growth as deposition will primarily occur in these cracks result
ing in unfilled pores. The current distribution in the pores of the template must be relatively 
even to ensure uniform and simultaneous growth of wires within the pores. The pH of the 
electrolyte bath should also be taken into consideration. The dissolution of alumina mem
brane templates begins at pH < 5.0 and pH > 8.2 and the membrane completely dissolves 
in range pH < 4.2 and pH > 9.9 [34]. As a result, the pH of the bath should be kept in 
the range 5-8. A potentiostatic mode (constant potential) is normally chosen for the depo
sition of nanowires into templates rather than a galvanostatic mode (constant current). The 
diffusion of metal ions within the pores of a template are more restricted than the deposi
tion of thin films, in which a larger surface area of the film is exposed to the electrolyte. 
The concentration of the metal ions change significantly at the surface of the template dur
ing nanowire deposition into pores. There is therefore a dramatic change in mass transport 
conditions during nanowire formation and as a result it is extremely difficult to define a 
fixed current that results in high current efficiency. The effect of stirring the electrolyte bath 
during deposition of metal ions also has little influence on nanowire growth if the length 
of the porous membrane is comparable to the diffusion layer thickness, which is typically 
10“'^ m. As a result, high concentrations of metal ions in the electrolyte solution are used 
for nanowire fabrication to avoid very large deposition times. Another consideration which 
needs to be taken into account during the electrodeposition of nanowires is that if the rate of 
deposition is higher than the rate of mass transport through the pores, the concentration of 
metal ion decreases at the bottom of the pores. As a result, hydrogen evolution becomes the 
main process, preventing the homogeneous deposition of nanowires and reducing the current 
efficiency [35]. This can be overcome to some extent by using a high concentration of metal 
ions in solution and ensuring the deposition potential is not too large. One of the advantages 
of using electrodeposition for fabricating nanowires is that the wires are always continuous. 
Continuity is guaranteed because if any breakage in the nanowire occurs, then conductivity
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will be lost and growth of that particular nanowire will stop.
The templates used for electrodeposition can consist of a wide range of substrates. The 

fabrication of porous alumina templates with micron sized pores was first reported by Tsuya 
et al in 1986 [36J. A two step anodization process to produce a periodic honeycomb pore 
arrangement in porous anodic alumina oxide (AAO) with nanometer sized pores was then 
reported by Masuda and Fukuda in 1995 [37]. The anodisation of a piece of aluminium metal 
in an acid solution results in the formation of hexagonal pores of uniform diameter. The pore 
sizes commercially available range from 0.02 pm to 0.2 pm with a membrane thickness of 
approximately 60 pm, and a pore density up to lO" pores cm“^ (Whatman, U.K.). Other 
templates include track-etched polycarbonate (PC) membranes which involves bombarding a 
sheet of material with nuclear fission fragments to create damage tracks and then chemically 
etching these tracks into cylindrical pores. PC membranes are usually between 10-20 pm 
thick and have randomly distributed pores across the surface. The pore density of PC mem
branes is typically 10^ pores cm“^. The aspect ratio of AAO and PC membranes are very 
high, up to 10“^, which makes it extremely difficult to fill the pores by sputtering or evapora
tion. The use of membrane templates can enable the fabrication of many different types of 
nanomaterials. Nanoparticles have been produced using an AAO membrane which enabled 
their size and uniformity to be easily controlled [38]. Porous nanowires or nanotubes were 
also fabricated using electrochemical template synthesis by chemically treating the pores of 
the membrane or employing surfactants [39]. AAO membranes are the most commonly used 
templates for the electrodeposition of metallic nanowires due to their highly ordered struc
ture, greater membrane thickness and high temperature resistance. Nanowires can easily 
be released from the alumina template structure by dissolving it in sodium hydroxide (I M 
NaOH; pH 14) without compromising the quality of the wires.

Some examples of single component, alloy and multilayer non-magnetic nanowires will 
be highlighted in the proceeding sections. A literature review of magnetic nanowires will be 
covered in Section 1.2.

1.1.3.1 Electrodeposition of Single Component Nanowires

The electrodeposition of single component metallic nanowires is a relatively straightforward 
technique. The process is similar to the deposition of metallic thin films where an aqueous or 
non-aqueous electrolyte bath containing a single soluble metallic salt is used. A supporting 
electrolyte and additives can also be incorporated into the bath. The deposition potential is 
then chosen in conjunction with a table of known standard potentials.

A wide variety of metals can be deposited to form single component nanowires. They can 
be non-magnetic or magnetic depending on the proposed applications, such as electronics, 
optics, information storage, drug delivery, biosensing and many more. Numerous studies 
have been carried out on the fabrication of gold nanowires by electrochemical deposition 
due to their unique optical, electrical and chemical properties [40, 41,42]. The mechanical 
strength of gold nanowires have also been found to be over a hundred times greater than
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bulk gold [43]. Gold nanowires are extremely biocompatible, thus extending their potential 
biological applications [44], Recently, functionalised gold nanowires have been used in 
an electronic protein detection system [45], The wires indicated the presence of prostate 
specific antigens using immunoassay and electrochemical techniques with high sensitivity 
and specificity. Silver and zinc nanowires have also been studied due to their favourable 
optical properties [46, 47]. The potential applications of gold, silver and zinc nanomaterials 
range from fuel cells to optical and electrical devices to chemical and biological sensors [48, 
49, 50, 51]. Copper and platinum nanowires with promising optical and electrical properties 
have also been electrodeposited into membrane templates [52, 53]. Bismuth (Bi) and lead 
(Pb) nanowires fabricated by template synthesis exhibit unique electrical properties and have 
potential magnetotransport applications [54, 55, 56], The growth of single crystal Bi and 
Pb wires requires a larger overpotential to enhance the nucleation rate. A slight change in 
their crystalline structure has a dramatic effect on their properties. Numerous other non
magnetic metals have also been used to synthesise nanowires such as the electrodeposition 
of molybdenum and palladium on graphite surfaces for sensor applications [57].

Nanowires can also be fabricated in the form of alloys or multilayer systems to enhance 
their properties, thus highlighting the advantages of template synthesis for the deposition of 
nanov.'ires v.4th controllable dimensions and properties for potential applications.

1.1.3.2 Electrodeposition of Alloy Nanowires

The electrodeposition of alloy nanowires has also been widely investigated due to the in
teresting properties they exhibit and the tunability of these properties which can easily be 
achieved by varying the alloy composition. The deposition of alloy nanowires from a single 
electrolyte bath presents the same problems as alloy films, in comparison to single metal 
deposition. Once again, a stable bath with mutually soluble and reducible salts is required. 
The content of the metals in the nanowire alloy depend upon both the deposition potential of 
each metal and the concentration of the metal salts in the electrolyte. Reproducibility is also 
a key factor for the fabrication of alloy nanowires.

Non-magnetic alloy nanowires are commonly used for semiconductor applications due 
to the need for miniaturisation of electronic devices. Some of these include CdS, CdSe, CdTe 
and ZnSe [58]. Bismuth telluride (Bi2Te3) nanowires have also been widely investigated due 
to their enhanced thermoelectric properties in comparison to bulk materials and thus their 
potential applications in thermoelectric devices which require high current densities [59]. 
Pb-Ag nanowires with applications in hydrogen sensors, as an alternative energy source, 
have been successfully fabricated by electrochemical template synthesis [60]. These highly 
sensitive nanowires have the potential to detect hydrogen during operation and if leakage 
occurs.

The majority of alloy nanowires contain magnetic materials in order to take advantage of 
their attractive properties. These will be discussed in Section 1.2.2.
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1.1.3.3 Electrodeposition of Multilayered and Multisegmented Nanowires

The fabrication of multilayered or multisegmented nanowires into nanosized pores of a tem
plate is unique to the electrodeposition technique. Multilayered nanowires are dehned as 
having a section length much smaller than the nanowire diameter whereas, multisegmented 
nanowires have a section length larger than the wire diameter. The technique is similar 
to that for depositing multilayer films where a single or dual electrolyte bath can be em
ployed. In a single bath the deposition potential is modulated in order to produce a repeat 
unit in the form A^B|_v/A, with the noble metal in low concentrations. In some studies, a 
pause or “off-time” (0 V) is applied between potential pulses in the deposition of individual 
nanowire segments. This was suggested to restore equilibrium ion concentration in the pores 
of the membrane and to obtain homogeneous nanowire growth [61]. However, the majority 
of studies do not incorporate this “off-time” and still obtain multisegmented, homogeneous 
nanowires. The dual bath technique has also been successfully used to deposit multilayered 
and multisegmented nanowires.

The fabrication of multisegmented or barcoded nanowires has begun to impact the scien
tific world. The favourable properties of nanowires, the ability to alter individual segments 
within a wire structure and to chemically modify their surface extends their possible applica
tions. The length of each segment in a nanowire can be controlled by monitoring the charge 
passed during deposition, according to Faraday’s Law (Equation 1.2 and 1.7). The sequence 
of the segments is simply controlled by the sequence of the plating steps which defines the 
overall length of the nanowire. By altering the segment length and pattern of these multiseg
mented wires the coding capabilities increase significantly. The coding of these wires is in 
the form n'”, where n is the multisegment compositions and m is the number of segments in 
the nanowire, making them uniquely identifiable.

Numerous studies have been carried out on the electrochemical deposition of Au/Ag 
multisegmented nanowires into porous templates [62]. The optical properties and different 
reflectivities of the segments in these wires have potential applications in electronic devices 
such as optical computing. The different chemical reactivities of the segments means that 
they can be individually tagged with biological molecules for use in biomedical assays and 
biosensors. The ability to fabricate different Au/Ag barcode segments onto a single nanowire 
using a dual bath technique was demonstrated by Walton et al [63]. They synthesised over 
one hundred different striping patterns based on Au and Ag metals with an eight stripe de
sign. The surface of these wires was then chemically modified making them ideal candidates 
for bioanalytical measurements. Bulbarello et al successfully fabricated Au/Ag barcoded 
nanowires with distinct optical reflectance coding patterns from a single plating solution 
[64]. Multisegmented Au/Ag nanowires have also been proposed as barcodes in DNA and 
protein bioassays [65, 66, 67]. Au/Pt multisegmented nanowires have also been successfully 
fabricated with the selective functionalisation of different proteins onto individual segments 
of the wire [68, 69]. Wang and Ozkan fabricated CdTe/Au/CdTe multisegmented nanowires 
for detecting specific single strand DNA sequences [70]. The wires were used to fabricate
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a sensor with a field-effect transistor (FET) configuration for the detection of biomolecules 
at very low concentration which is based on the modulation of nanowire conductance. The 
surface functionalisation capability of the Au segment enables the binding of a single strand 
DNA fragments to the surface which resulted in a significant modulation of the wires con
ductance.

The use of optical or fluorescence based detection methods have some limitations. The 
incorporation of fluorescent labels on nanomaterials are limited by the emission intensity of 
the dyes. They are also restricted by detection sensitivity and dye loading. To increase the 
number of uniquely identifiable nanoparticles or nanowires the number of fluorescent dyes 
must be increased. However, this can lead to a spectral overlap of dyes both for excitation 
and emission wavelengths. The use of additional dyes also requires an additional channel 
for the detection of each individual dye, which can be limited by the microscope being 
used, thus utilising the intrinsic properties of magnetic nanowires can offer an alternative 
to optical detection methods avoiding complex surface chemistry and further enhance the 
possible applications of single component, alloy and multisegmented nanowires.

1.2 Magnetic Nano wires

The previous sections outlined the kinetics and processes involved in the electrodeposition of 
thin films and nanowires. The literature review on thin films fabricated from non-magnetic 
and magnetic materials highlighted the potential of electroplating and the numerous applica
tions of these structures depending on their composition and arrangement. Electrodeposition 
of nanowires was then examined and the factors which need to be taken into consideration 
when depositing into nanoporous templates in comparison to thin films were highlighted. 
The literature review on non-magnetic nanowires identified the numerous applications and 
potential uses of these wires. A section is now devoted to examining the magnetic prop
erties of nanowires fabricated by electrodeposition, thus further expanding their potential 
applications.

Firstly, the different types of magnetic materials will be introduced. A diamagnetic ma
terial has a weak, negative susceptibility to magnetic fields, {%)■ When placed in an exfernal 
magnetic field they can be slightly repelled, however, diamagnetic materials do not retain any 
magnetisation when the external field is removed. In diamagnetic materials all the electrons 
are paired so there is no permanent net magnetic moment per atom. Diamagnetic properties 
arise from the realignment of the electron paths under the influence of an external magnetic 
field. Some diamagnetic materials include gold, silver and copper {x = -10 x 10“^). Param
agnetic materials have a small, positive susceptibility to external magnetic fields. They are 
attracted by a magnetic field and the material does not retain any magnetic properties when 
the external field is removed. The magnetic properties of paramagnetic materials arise due 
to the presence of some unpaired electrons and from the realignment of the electron paths 
caused by the external magnetic field. Some paramagnetic materials include magnesium.
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lithium and platinum {x = 279 x 10“^). Finally, a ferromagnetic material has a large, positive 
susceptibility to an external magnetic field. They are strongly attracted to a magnetic held 
and retain their magnetic properties after the external held has been removed. Ferromagnetic 
materials have some unpaired electrons so their atoms have a net magnetic moment. Their 
strong magnetic properties are due to the presence of magnetic domains. In these domains, a 
large number of the atom’s moments are aligned parallel so that the magnetic force within the 
domain is strong. When a ferromagnetic material is in the unmagnetised state, the domains 
are nearly randomly organized and the net magnetic held for the part as a whole is zero, as 
shown in Figure 1.5. When a magnetising held is applied, the domains become aligned to 
produce a spontaneous magnetisation M^. The hysteresis loop also indicates the remanence 
magnetisation M^, which remains when the applied held is restored to zero and the coercivity 

which is the reverse held needed to reduce the magnetisation to zero. Some ferromagentic 
materials include nickel, cobalt and iron (M., = 1720 kA m“'; He = 70 kA m“').

Figure 1.5: Hysteresis loop of a ferromagnetic material where is the spontaneous mag
netisation, Mr is the remanence magnetisation and He is the coercivity |71 ].

1.2.1 Single Component Magnetic Nanowires

Ferromagnetic nanowires, such as Fe, Co and Ni, can exhibit unique magnetic properties 
which differ greatly from the corresponding bulk material. The deposition of these mate
rials into highly ordered, conhned membrane templates with high pore density can further 
enhance these magnetic properties. A single feiTomagnetic wire exhibits uniaxial shape 
anisotropy with the easy axis along the wire but the nanowire array in the membrane may 
exhibit an in plane magnetic anisotropy with the easy axis of high aspect ratio wires lying 
perpendicular to the wire axis. The coercivity and remanence of nanowire arrays can also be 
influenced within the membranes depending on the pore diameter and the aspect ratio of the 
wires.

Whitney et al first prepared nickel and cobalt ferromagnetic nanowires into track-etched 
membranes by electrodeposition in order to study their potential use in magnetic recording
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[72], The coercivity of the nanowires was found to increase with decreasing wire diameter 
due to the presence of single domains. For Ni and Co wires the coercive field increased 
by a factor of 3.5 and 3.0, respectively, as nanowire diameter decreased from 200 nm to 
30 nm. At this low diameter Ni nanowires had a coercivity of 70 mT while Co wires had a 
coercive field of 45 mT, with the magnetic field applied parallel to the wire axis. The square
ness, which is the ratio of the remanence to the saturation magnetisation, was also found 
to increase for decreasing wire diameter, with 30 nm Ni nanowire arrays retaining 90 % of 
the magnetization in zero field. Similar results were also found by Ounadjela et al, where 
decreasing Ni and Co wire diameter resulted in an increase in the coercive field and square
ness [73]. This demonstrated that simply altering the dimensions of the nanowires greatly 
affected their magnetic properties. A study by Pan et a! also found that the magnetic proper
ties of 50 nm Ni and Co nanowires were dependent on the crystallinity of the samples [74]. 
The electrodeposition conditions were found to effect the structure of the nanowires. At low 
deposition potentials (0.4 V) polycrystals formed, while at high overpotentials (1.0- 4.0 V) 
single crystals grew within the pores of the alumina membrane. This was attributed to the 
fact that crystalline nanowires will grow after the deposit exceeds a critical nucleus size 
(Nc), which is inversely proportional to the deposition overpotential (t]). An increase in the 
temperature of the electrolyte bath also resulted in the growth of polycrystalline nanowires. 
Single-crystalline Ni nanowires exhibited an increased coercivity with increasing overpoten
tials (74 to 100 mT) and a higher magnetization squareness (36 to 94 %). Similarly for Co 
wires the coercive field increased (168 to 180 mT) and the magnetization squareness also 
increased (68 to 81 %) with higher overpotentials. Chaure et al also found that the magnetic 
anisotropy axis and crystallographic texture of Co nanowires could be altered by applying 
an external magnetic field during the electrodeposition of the wires [75]. The relatively re
cent discovery of the giant magnetoimpedance (GMI) effect in Co-based amorphous wires 
by Panina and Mohri in 1994, has had a dramatic impact on the application of nanowires in 
sensor applications [76]. The GMI effect is the large change in the a.c. impedance of a fer
romagnetic conductor with a small a.c. current when subjected to an applied static external 
magnetic field. It is the difference between a.c. complex impedances in the demagnetized 
and saturated state. The ferromagnetic conductor can be fabricated by electrodeposition into 
templates and normally consists of a non-magnetic conducting inner core (e.g. Cu, BeCu 
and W) and a magnetic outer shell layer (e.g. FeNi, FeNi-A^Os and CoP) [77, 78]. These 
structures show excellent GMI characteristics and have potential applications in GMI sensors 
with ultra-high sensitivity.

The magnetic and structural properties of iron nanowires deposited in AAO membranes 
have also been investigated. Haehnel et al recently examined the affect of electrolyte com
position on the structural and magnetic properties of Fe wires electrodeposited into alumina 
membranes [79]. Similar to Ni and Co wires, the deposition potential and thus the mor
phology of Fe nanowires greatly alters their magnetic properties. Peng at al investigated the 
electrodeposition of single-crystalline iron wires and found that 15 nm wires had a coercive
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field of 221 mT and a squareness of 98 % [80], A review paper by Fert and Piraux exam
ined the preparation methods and the structural and magnetic properties of Co, Ni and Fe 
nanowires carried out by various research groups for the potential technological application 
of these ferromagnetic nanowires [81].

1.2.2 Alloy Magnetic Nanowires

The combination of magnetic materials or non-magnetic and magnetic metals means that 
the number of possible magnetic alloy nanowires is almost infinite. Tuning the magnetic 
properties of these wires is extremely benehcial for industrial and biomedical applications. 
A literature review highlighting some magnetic alloy nanowires will now be provided.

Ni-Cu and Co-Cu alloy nanowires with controllable compositions have been success
fully fabricated by electrochemical template synthesis. By controlling the thicknesses of 
the metal layers the wires can be either made up of multilayers or heterogeneous alloys. 
Niv-Cui_;c alloy nanowires are ferromagnetic above x 0.43 with their magnetic moment 
increasing with Ni content. For small layer thicknesses of Ni (0.1 to 0.5 nm), in a Ni-Cu 
alloy nanowire, the saturation magnetic moment of the wire was found to decrease due to the 
increasing number of Ni atoms that have Cu nearest neighbours [82J. The thicknesses of the 
Ni and Cu layers in this instance were calculated assuming the bulk densities of the metals 
and the pore dimensions of the membrane. The nanowires were polycrystalline and as a re
sult due to the existence of multiple grains along the wire the metal layers were not complete 
monolayers. A study on Co-Cu nanowires with potential applications in GMR devices found 
that the coercivity and saturation magnetization of as-deposited Co-Cu wires increased with 
increasing Co content as expected [83]. A higher coercivity for Co-Cu nanowires was ob
served for samples annealed at 700 °C which decreased with increasing Co content due to the 
recrystallization of the alloy wire into separate phases. A similar study was also carried out 
by Wang et al on the dependence of the magnetic properties of 60 nm Co-Cu, Fe-Ag, and 
Co-Ag alloy nanowire arrays on annealing temperature [84]. The perpendicular coercivity 
of the wires increased with increasing annealing temperature due to the formation of single 
domains until a maximum coercive field was reached. These values were 43 mT, 24 mT 
and 18 mT for Co-Cu, Fe-Ag and Co-Ag, at 400 °C, 500 °C and 400 °C, respectively. The 
coercivity then decreased with increasing annealing temperature. There was little change in 
the parallel coercivity of these magnetic alloy wires, which was attributed to the conhning 
structure of the alumina membranes. Numerous studies have also been carried out on the 
fabrication of Fe-Pt nanowires by electrodeposition. FePt alloys are important materials in 
technological applications such as high density perpendicular magnetic recording devices. A 
post-deposition annealing treatment is required to form the ordered face-centered tetragonal 
Llo phase of FePt and develop their magnetic properties. Cagnon et al examined the mag
netic properties of 100 nm Feo,37Pto.63 nanowires [85]. After annealing, a mixture of hard 
and soft FePt phases resulted in a coercivity of 0.85 T, which they believe can be improved 
with equiatomic FePt.
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Ternary alloys such as Ag-Cu-Co, Co-Ni-Cu and Ni-Fe-Co have also been fabricated 
due to their GMR properties [86, 87, 88]. Co-Ni-Cu and Ni-Zn-In alloy nanowires with 
distinct X-ray fluorescence barcode patterns and possible biodetection applications have also 
devised [89, 90].

These studies highlighted the endless capabilities and advantages of electrochemical tem
plate synthesis for fabricating magnetic alloy nanowires and the ability to control their mag
netic properties by altering their composition and annealing temperatures.

1.2.3 Multilayer and Multisegmented Magnetic Nano wires

Many multilayered and multisegmented nanowire structures contain at least one magnetic 
alloy section due to their enhanced magnetic properties, although single component layers 
are also common. Numerous multilayer nanowire systems have been investigated due to 
their CMR properties but more recently multisegmented wires have been fabricated with 
potential biomedical applications.

The electrodeposition of multilayered nanowires were first proposed by Piraux et al and 
Ansermet et al [91, 92]. In these studies, Co/Cu nanowires were fabricated from a single 
electrolyte bath by modulating the deposition potential with promising CMR results. Elec- 
trodeposited wires have been found to exhibit a CMR effect comparable to electrodeposited 
multilayer films or to films prepared by physical deposition techniques [30]. Ni/Cu mul
tilayer nanowires with a diameter of 50 nm have also been successfully fabricated from a 
single electrolyte bath using pulsed electrodeposition [93]. The wires displayed a large co- 
ercivity (49 mT) due to the presence of single domains and a high saturation magnetization 
(54.4 Am^ kg~'), which was close to that found for bulk nickel (55.15 Am^ kg“'). Chen 
et al demonstrated that the magnetic properties, in particular the remanent magnetization, of 
Ni/Cu multilayer wires could be controlled by altering the aspect ratio and shape of the mag
netic segments within a single nanowire [94]. For rod-shaped segments (aspect ratio > 1), 
the easy axis was parallel to the wire axis, and shape anisotropy favours a high-remanence 
state. The segments were single domain and thus exhibit large coercivity. On the other 
hand, for disk-shaped segments (aspect ratio < 1), the easy axis was perpendicular to the 
wire axis resulting in a low remanence state along with a small coercivity due to the dipolar 
interactions between adjacent magnetic segments. The remanent magnetization of the wires 
could also be modified by adjusting the thickness of the Cu segments. As the thickness of 
the Cu segments increased, the dipolar interactions became weaker and the remanence in
creased. The ability to alter the magnetic properties of nanowires is useful for biomagnetic 
applications.

Fe/Au barcoded nanowires have also been successfully fabricated by electrodeposition 
using a single electrolyte bath [95]. The favourable magnetic properties of iron and the 
optical and surface functionalisation of gold demonstrates their possible biological applica
tions. Magnetic alloy multilayered nanowires such as Co-Ni-Cu/Cu with enhanced CMR 
properties have been recorded [96]. Ni-Fe/Cu/Ni-Fe multilayer nanowires have also been
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fabricated for spin transfer devices [97]. An interesting study by Wang et al on FePt/Ag 
multilayer nanowires found that the LIq ordering temperature was reduced from 700°C to 
350°C during post-deposition annealing [98], It was suggested that this reduced ordering 
temperature may be due to the fact that Ag is immiscible with Fe and Pt and as a result may 
serve as nucleation sites for fct FePt. The work in this thesis will also show a similar effect 
for Au.

The biological applications of multilayer nanowires have also been extensively explored. 
Numerous studies have been carried out on multilayered and multisegmented nanowire con
taining Ni which will be discussed in Section 1.4.2.1.

1.3 CoPt Films and Nanowires

Equiatomic CoPt structures have been extensively investigated due to the interesting mag
netic properties they exhibit in the chemically ordered face-centered tetragonal (fct), Llo 
phase. As deposited CoPt alloys have a disordered face-centered cubic (fee) structure and the 
magnetic properties correspond to a soft magnetic material. CoPt samples adopt an ordered 
tetragonal LIq structure after annealing and exhibit hard magnetic properties. The lattice 
structure of CoPt fct Llo is shown in Figure 1.6. The phase diagram of CoPt alloy is shown 
in Figure 1.7. The binary system of Co-Pt alloys is a completely miscible system. The three 
most important structures in the CoPt phase diagram are the disordered face-centered cubic 
(fee), the disordered hexagonal close-packed (hep) and the ordered face-centered tetragonal 
(fct) CoPt phase. In order to form the tetragonal phase for CoPt, the composition of Pt must 
be in the range 41-74 atomic %. To obtain the ordered tetragonal phase the sample is homog
enized in a annealing process. It is carried out at temperatures higher then the melting point 
of the tetragonal LIq phase which is 825 °C for CoPt, as indicated by the phase diagram. The 
magnetic properties of Llo ordered CoPt bulk samples are shown in Table 1.3 [71].

^ Pt

Co

Figure 1.6; Face-centred tetragonal lattice structure of LIq CoPt [71].

43



Introduction

0

'.400 H

Alotnu Pcrceril Plotinum
20 -X> 40 60 ra W m ]00........... . ..

i»)0
im*e

(aCo.Pt)

‘'•fo Tr«na

-Twc\a
"n ,\ \^u •• S

d\ 'W

Figure 1.7: Phase diagram of CoPt with the tetragonal phase in the range 41-74 atomic % Pt 
[99].

Alloy T. PoM, K, PoM,. H, Lattice Parameters

(K) (T) (kj (T) (T) (nm)

CoPt 840 1.01 4900 0.65 1.3 a = 0.3803 ;c = 0.370l

Table 1.3: The magnetic properties of Llo ordered CoPt, where Tc is the Curie temperature, 
/i() is the permeability of free space (4;r x 10“^ T m A“’), is the spontaneous magnetisa
tion, A'l is the anisotropy constant, Mr is the remanence and He is the coercivity.

1.3.1 Properties and Applications of CoPt Films

CoPt films have been widely investigated for a variety of applications including high density 
magnetic recording media, microelectromechanical systems (MEMS), giant magnetoresis
tance (GMR) sensors and biosensors due to their ordered face-centred tetragonal (fet), LIq 
phase at near equiatomic composition (CosoPtso) which shows strong magnetocrystalline 
anisotropy. CoPt can be regarded as a permanent magnet material. The electrodeposition of 
thin CoPt films prepared as alloys or multilayers offers precise control of the film composi
tion and dimensions. However, it is essential to identify and maintain the electrodeposition 
conditions to deposit and reproduce equiatomic alloy films. A post-deposition annealing 
procedure is required to transform the samples from a disordered fee structure to the fet LIq 
ordered structure and it can be carried out in vacuum or in forming gas which is composed 
of 5 vol. % hydrogen and 95 vol. % argon.

A number of groups are currently investigating the structural and magnetic properties 
of CoPt alloy and multilayer films electrodeposited onto a variety of substrates. In 1993, 
Bozzini et al first examined the magnetic properties of 30 nm thick CoPt films on Cu sub
strates and obtained a coercivity of 0.25 T [100]. Zangari et al have been extensively studying

44



Introauction

CoPt films of varying compositions and thicknesses for a number of years. In some cf their 
more recent studies, Co8oPt2o films fabricated by electrodeposition on Ru substrates had a 
high coercivity and a strong perpendicular anisotropy in the as-deposited state. These sam
ples were 1 p,m thick, had a hep structure and a coercivity of 0.4 T [101]. By reducing the 
thickness of the CoPt alloy film to 100 nm and modifying the current density, it was found 
that film composition was only slightly altered but the coercivity varied dramatical!), with 
a maximum coercive field of 0.47 T [102). The electrodeposition of CoPt films on Cu sub
strates was also investigated by Zangari et al [103, 104). Hard magnetic properties could be 
obtained on these substrates but only in films thicker than 100 nm due to the initial growth of 
fee CoPt on Cu( 111) and then the growth of hep CoPt as the film thickness increases. Coer- 
civities up to 0.61 T were achieved for 1 pm CosoPtao films. Cavallotti et al have also carried 
out numerous studies on CoPt alloy films. They also discovered that coercivity depended on 
film thickness and obtained a maximum coercivity of 0.26 T for 700 nm Cogf, sPt^ 5 films 
[105]. The pH of the electrolyte bath was also found to alter sample coercivity with a max
imum coercivity obtained for a pH in the range 5.5 to 6.5. Rhen et al obtained a coercivity 
of 0.15 T for 2 pm, hep Co78Pt22 films on Cu substrates [106]. Fujita et al have produced 
near-equiatomic Co43Pt57 films by electrodeposition [ 107, 108], A post-deposition annealing 
process at 700°C resulted in the formation of the ordered fet LIq structure with a coercivity 
of 1.1 T. A similar study carried out by Rozman et al obtained a coercive field of 1.18 T for 
520 nm, equiatomic LIq CoPt alloy films [ 109]. Thick (16 pm) equiatomic LIq CoPt alloy 
films have also been found to obtain a large coercivity of 0.80 T 1110].

Co/Pt multilayer films have akso been investigated for their potential applications in high 
density magneto-optic recording and magnetoresistive sensor devices. Multilayer structures 
are slightly more complex depending on the thickness of each of the layers and their peri
odicity. As a result, different phases such as fee, hep and fet can be formed. The magnetic 
properties and the GMR effect in Co/Pt multilayers are extremely sensitive to changes in the 
thickness of the Co layer. The GMR and magnetic coupling in LIq Co/Pt multilayers also 
strongly depends on the roughness of the interfaces and structural imperfections such as local 
discontinuities. Jyoko, Schwarzacher et al, have extensively investigated the magnetic prop
erties of Co/Pt multilayers fabricated by electrochemical deposition from dual electrolyte 
baths [111, 112, 113, 1 14]. The perpendicular magnetic anisotropy in these multilayers was 
greatly affected by the deposition potential and thickness of the layers. They mainly ob
tained a polycrystalline fee Co/Pt multilayer structure. An interfacial alloy did however, 
tend to form due to the dissolution of Co during the early stages of Pt deposition. With de
creasing Co layer thickness the multilayer structure exhibited a large remanent perpendicular 
magnetisation and a large coercive field. For [Co(0.5 nm)/Pt(2.() nm)]3o multilayers the co
ercivity was approximately 24 mT. In these studies they also found that the incorporation of 
Ni into the multilayer structure (CoNi/Pt), enhanced the samples’ coercivity up to 0.15 T and 
prevented the dissolution of Co during Pt deposition [113, 114]. This enhanced coercivity 
was attributed to the presence of a Pt-rich phase at the grain boundaries which would pin the
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domain wall motion and inhibit exchange interactions among grains.
Georgescu et al have also carried out a number of studies on Co/Pt multilayer systems 

fabricated by electrodeposition from a single electrolyte bath [115, 116, 117]. The Pt content 
in the Co layer was less than 2 % due to the low concentration of Pt ions in the bath. They 
also found that the magnetic anisotropy and coercivity of the Co/Pt multilayers depended on 
the Co layer thickness. The Pt layer thickness was maintained at 1.0 nm since the interlayer 
exchange coupling between Co layers in the multilayer system is extremely sensitive to Pt 
layer thickness. Perpendicular magnetic anisotropy was only observed for Co layers thinner 
than 1.0 nm. For films with a Co/Pt bilayer thickness greater than 2.5 nm, amorphous Pt 
layers were stacked with polycrystalline hep Co layers. A maximum coercivity of 15.5 mT 
was obtained for a Co layer thickness of 1.1 nm in these non-annealed multilayer films.

1.3.2 Properties and Applications of CoPt Nano wires

CoPt films display some very interesting magnetic properties and as a result CoPt alloy and 
multilayer nanowires have also been widely investigated. The structural and magnetic prop
erties of Co-Pt alloy nanowires will be discussed first. In 2002, Huang et al first fabricated 
Co-Pt alloy nanowires by electrochemical template synthesis [118]. The as-deposited sam
ples were magnetically soft and annealing at 700 °C resulted in the formation of the ordered 
fet structure. The hysteresis loops indicated the presence of both the fee and fet phases 
and the coercivity of the annealed near stoichiometric CoPt alloy nanowire ranged between 
0.04 T and 0.82 T. Yasui et al successfully fabricated L\q Co54Pt46 alloy wires after anneal
ing at 700°C [119]. The hysteresis loops indicated a single fet phase with a large coercivity 
of 0.50 T and 0.74 T parallel and perpendicular to the wire axis, respectively. Mallet et al 
were able to obtain highly coercive 80 nm CoPt alloy nanowires [120]. After annealing at 
700°C, Co47Pt53 wires had a coercivity of 1.01 T. They found that wires deposited into alu
mina membranes had a strong dipolar coupling due to the high close packing density of these 
templates in comparison with polycarbonate membranes. The coercivity of annealed 35 nm 
Co53Pt47 nanowires was found to be lower than 80 nm wires. This was due to the difficulty 
in controlling the alloy composition during deposition of such small wires due to hydrogen 
evolution, resulting in the co-existence of fee and fet phases. A similar study by Gapin et 
al also found fee and fet phases in 20 nm CoPt alloy nanowires annealed at 700°C [121]. 
However, they did manage to achieve a coercivity of 0.77 T, which indicates the composition 
of the wires was more controlled during deposition.

Rhen et al also obtained highly coercive equiatomic CoPt nanowires by electrodeposi
tion into 200 nm alumina membranes [122]. They showed that the coercivity was dependent 
on both the annealing temperature and time. Annealing at 700 °C for 30 min in vacuum re
sulted in a coercive field of 1.15 T, which was further improved to 1.30 T after annealing in 
hydrogen. This study also showed that the concentration of platinum salt in the electrolyte 
bath greatly affects the coercivity of the wires due to the greater amounts of Pt deposited 
in the CoPt alloys. Similar results were found by Cagnon et al for 80 nm equiatomic CoPt
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nanowires, where they achieved a coercivity of 1.1 T after annealing at 700°C [85J. Re
cently, Khurshid et al investigated the affect of electrolyte pH (2 - 6) on the coercivity of 
annealed 180 nm CoPt alloy nanowires [123J. This study showed that increasing the pH, 
decreased the deposition current density and altered the wire composition. At a pH of 2.8 
the coercivity was 0.31 T and 0.32 T parallel and perpendicular to the wire axis, respectively, 
while at a pH of 6 the coercivity was 0.18 T and 0.75 T. However, the nanowire sample at 
a pH of 6 showed the co-existence of fee and fet once again, indicating the deposition con
ditions were not optimised. Similar results examining the affect of pH on coercivity were 
also found in the deposition of CoPt alloy films, demonstrating the significance of electrolyte 
pH [105]. Shamaila et al have recently studied the influence of wire diameter and length on 
the magnetic properties of as-deposited CoPt wires [124]. Increasing the nanowire length 
resulted in a reduced coercivity, while short 40 nm diameter CoPt wires had a larger coer
civity than 200 nm wires. This study could be extended to examine the magnetic properties 
of annealed samples since low diameter wires usually consist of two structural phases unlike 
200 nm diameter wires.

Multilayered and multisegmented CoPt nanowires have also been produced by electro
chemical template synthesis for potential applications in magnetoresistive sensor devices and 
nanoelectromechanical systems. In comparison to CoPt alloy wires, the magnetic properties 
of CoPt/Pt multilayered nanowires can be adjusted by altering the length and spacing of the 
non-magnetic Pt layer. Su et al fabricated bamboo-like CoPt/Pt multilayered nanowires by 
pulsed electrodeposition [125]. The nanowire segment lengths were controlled by varying 
the deposition time and the potential pulse width. The wires had a disordered fee Co55Pt45 

structure and [CoPtdO nm)/Pt(20 nm)]i5o multilayers had a coercivity of 0.18 T. Similar 
multilayer structures were grown by Peng et al [61]. However, only structural and no mag
netic characterisation was carried out on these samples. Liu et al fabricated Co/Pt multilay
ered nanowires from a single electrolyte bath [126]. Alloying of Co-Pt was found to occur 
at the interface between the Co/Pt segments and the diameter of the Co segment was thinner 
than that of the Pt segment, possibly due to the dissolution of Co during Pt deposition as 
observed previously for Co/Pt multilayer films. The temperature-dependent magnetic prop
erties of the as-deposited multilayer nanowires were also investigated. Both the saturation 
magnetisation and the coercivity increased with decreasing temperature. At 300 K, the wires 
were magnetically soft, with a coercivity of 13 mT and 5 mT parallel and perpendicular to 
the nanowire axis, respectively. At 50 K, the coercivity increased to 40 mT and 25 mT par
allel and perpendicular to the wire axis, respectively. They attributed this effect to thermal 
activation, magnetoelastic anisotropy and dipole-dipole interactions within the nanowire.

The affect of annealing Co/Pt multilayered nanowires has also been studied. Choi et al 
fabricated Co/Pt multilayer with various segment lengths [127]. The nanowire had an easy 
axis parallel to wire when the aspect ratio of the Co segment was > 1. The as-deposited 
65 nm nanowire with a multilayer structure of [Co(240 nm)/Pt(40 nm)], had a coercivity of 
67 mT and 38 mT parallel and perpendicular to the wire axis, respectively, whereas, for an
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aspect ratio < 1 the multilayer structure [Co( 18 nm)/Pt( 18 nm)] had a coercivity of 8 mT and 
21 mT parallel and perpendicular to the wire axis, respectively. These results demonstrated 
the tunability of the magnetic properties of a Co/Pt multilayer structure by varying the Co 
segment length. The nanowire samples were then annealed at 650 °C and once again, inter
diffusion occurred between the segments and an alloy Co-Pt nanowire formed with increased 
coercivity. For the [Co(18 nm)/Pt(18 nm)] multilayer structure, the coercivity was found to 
increase to 162 mT and 194 mT parallel and perpendicular to the wire axis, respectively. A 
similar study by Liu et al on the affect of annealing Co/Pt multilayered nanowires in a hydro
gen atmosphere was also carried out [128]. They also discovered that inter-diffusion between 
the Co/Pt segments occurred and the multilayer structure was destroyed with increasing an
nealing temperature. As a result, Co-Pt alloy wires were formed. The as-deposited, 65 nm 
diameter Co/Pt multilayer nanowires had a coercivity of 36 mT and 11 mT parallel and per
pendicular to the nanowire axis, respectively. After annealing at 650 °C, the coercivity was 
found to be 0.45 T ad 0.15 T parallel and perpendicular to the wire axis, respectively. These 
results were greater than those found by Choi et al, however, no indication of the segment 
lengths were given in this study. The aspect ratio of the Co segment was more than likely > 
1 in this case due to the easy axis lying parallel to wire. After annealing at 700 °C, the coer
civity increased to 1,35 T and 0.45 T parallel and perpendicular to the CoPt alloy wire axis. 
Although an extremely large coercivity was observed, the alloy wires were still a mixture of 
fee and fet phases due to incomplete mixing of the Co and Pt multilayer segments during 
annealing. The co-existence of phases may not be ideal for many applications and thus the 
direct electrodeposition of a CoPt alloy into alumina templates appears a more successful 
process for obtaining fet, LIq CoPt alloy nanowires.

1.4 Diagnostic Applications of Nanomaterials

Interest in nanomaterials has been growing over the past few years. Beneficial properties, 
related to their size, shape, composition and ability to be functionalised with various anti
bodies and stimulate immune responses, has resulted in a remarkable growth in their po
tential biomedical applications. Diagnostic systems based upon nanomaterials have offered 
significant advantages over conventional diagnostic methods with regard to sensitivity and 
selectivity. Current protein detection systems, such as western blots and enzyme-linked im
munosorbent assays (ELISA), only enable the detection of proteins after they reach critical 
concentrations. These levels of high protein concentrations are often associated with a pro
gressive or an advanced stage of a disease, thus there is a need for more speciheity and 
sensitivity in current diagnostic assays especially those for detecting cancer and other life- 
threatening diseases.

As previously stated, the motivation behind this work is to develop a multisegmented 
barcode nanowire as novel nanocarriers for bio-diagnostics. Currently, the majority of di
agnostic systems incorporate nanoparticles as magnetic or fluorescent labels. Zhang et al
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developed a bio-barcode DNA assay using gold and magnetic nanoparticles for the detection 
of salmonella [129], Gold nanoparticles were conjugated with a target-specific DNA probe 
and a fluorescein-labelled barcode DNA probe, and the magnetic particles were coated with 
the second target-specihc DNA probe. The nanoparticles were then mixed with the target 
gene and a sandwich structure between the particles and target gene was formed. The ap
plication of a magnetic field separated the sandwich particles from the unreacted materials. 
After heating the mixture, the bio-barcode DNA was released from the gold particles and 
measured by fluorescence with a detection limit of 2 x 10“*^ M. This technique is extremely 
successful and has been used by many groups for the detection of proteins and biomolecules 
[ 130]. However, it does require the use of many particles in order to sufficiently capture and 
quantify the target of interest. One particle must be magnetic in order to separate the loaded 
and unloaded non-magnetic nanoparticles from the target solution. Another particle is then 
used to optically indicate amount of target of interest captured. This process requires several 
procedures and an intensity output signihes the amount of the target of interest captured.

1.4.1 Magnetic Nanoparticles versus Magnetic Nano wires

The magnetic and structural characteristics of some commercially-available superparamag- 
netic nanoparticles were studied and the results are shown in Appendix A. The iron content 
of these particles ranged from 12 to 26 %. The saturation magnetisation varied from 10.5 to 
26.0 Am^ kg~'. Magnetic nanowires, in particular multilayered and multisegmentcd wires, 
offer an alternative to using multiple nanoparticles. Nanowires have several advantages in 
comparison to nanoparticles. As highlighted in Section 1.1.3 and 1.2, the electrochemical 
template synthesis of nanowires enables the properties, morphology and material deposited 
to be easily defined. The aspect ratio of the wires can also be easily controlled by defining 
the template pore size and the deposition time. Their elongated shape means they can be 
visualised under bright field microscopy withouf the need of fluorescent labels since one of 
the wire dimensions is of micron size. Ferromagnetic nanowires with high aspect ratios have 
large remanent magnetisations and as a result can be used in low-field environments where 
superparamagnetic beads do not perform well. The application of nanowires in low-field 
environments can also reduce the stress experienced by cells, thus maximising their possible 
applications. Cell separation studies carried out by Hultgren et al demonstrated that nickel 
nanowires, with an aspect ratio of 100, outperformed superparamagnetic beads of compara
ble volume by a factor of two due to the higher magnetic moment of the nanowires (20 times 
greater than the particles) f 131]. Nanowires can provide significantly larger forces per par
ticle in magnetic separation. Ferromagnetic wires can also form head-to-tail configurations 
and can be used for the organisation of cells which is not possible with spherical particles 
[132]. Functionalised silica-based magnetic nanowires have also been shown to outperform 
magnetic nanoparticles in a flow cytometry immunoassay [133]. Nanowires, with much 
lower concentrations, were found to have better selectivity than nanoparticles in distinguish
ing between unbound and functionally bound THP-1 cells, thus indicating the potential of
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nanowires for efficient diagnostic targeting.
Multilayered and multisegmented nanowires can incorporate non-magnetic and magnetic 

segments of a variety of metals within a single wire. The length of these individual segments 
can be easily controlled by electrodeposition, thus encoding nanowires with a barcode type 
structure. The magnetic properties of these wires can also be modified by the introduction 
of non-magnetic segments, which in turn, can reduce nanowire agglomeration. Magnetic 
nanoparticles simply contain small iron oxide particles embedded in a spherical polymer 
matrix. Multisegmented wires can also enable the selective functionalisation of proteins or 
fluorescent labels onto different segments due to their diverse surface chemistries. The pre
cise localisation of two functionalities onto a single nanoparticle can be difficult to achieve. 
Tok et al fabricated three segmented Au/Ag/Ni barcoded nanowires by electrodeposition for 
the multiplexed immunoassay detection of bio-threat simulants [134]. They demonstrated 
the ease of electrodepositing three metals in a single nanowire with different optical and 
magnetic properties. Optical reflectance images were used to identify the strip pattern, 
the fluorescence images indicated the degree of binding between the antibody-conjugated 
nanowires and a fluorophore-tagged antigen target, while the magnetic segment was used 
to manipulate the wires. This study highlighted the ability to use a single nanowire with 
multiple components for detection applications rather than multiple nanoparticles.

1.4.2 Diagnostic Applications of Nano wires

Nanowires can be incorporated into fabricated biosensors or serve as nanocarriers for the de
tection of diseases in immunoassays or microfluidic channels. The use of single component, 
alloy and multisegmented nanowires in biomedical applications has been highlighted in some 
the previous sections of this chapter. Some other interesting studies involving the biological 
and diagnostic applications of nanowires, with particular emphasis on nickel nanowires, are 
discussed below.

1.4.2.1 Nickel Nanowires

Nickel nanowires have been widely investigated due to their ease of fabrication by electrode
position into templates with controllable diameters and also due to their favourable magnetic 
properties, including their high degree of remanence and saturation magnetisation. As a 
result, the biological applications of single component nickel nanowires and multilayered 
wires containing Ni segments have been widely investigated, which will now be discussed 
in this section.

The ability to functionalise nanowires enhances their biological applications. The na
tive oxide layer on the surface of nickel nanowires enables the binding of carboxylic acid 
groups to the wire. The magnetic alignment of fluorescent nickel nanowires was success
fully demonstrated by Tanase et al [132]. In the absence of an external magnetic field, the 
nanowires were randomly oriented in solution. When a small magnetic field was applied
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(0.1 mT), the Ni wires formed chains in a head-to-tail conhguration. This technique was 
also applied to Pt/Ni/Pt three-segment nanowires and enabled the trapping of wires to speci
fied locations on lithographically patterned micromagnets 1135], These properties are useful 
for the capturing and positioning of nanowires and cells and general cell manipulation using 
magnetic nanowires. Cell separation is an important tool in order to isolate selected cell 
populations in clinical research. In this technique magnetic nanowires are internalised or 
bound to cells in suspension. A magnetic field gradient then creates a force on the wires, 
thus attracting the cells and wires towards the magnet enabling the separation of unbound 
and bound cells. A cell separation study involving non-functionalised nickel nanowires of 
varying lengths was carried out on fibroblast cells [136]. It was discovered that Ni wires 
were internalized by the cells via integrin-mediated phagocytosis. A large separation yield 
was achieved when the length of the nanowire was close to the average diameter of the cells. 
Gao et al used antibody-functionalised Ni nanowires to carry out cell separation techniques 
on mouse endothelial (MSI) cells [137]. Functionalised nanowires bound to the outside of 
the cellular membrane while non-functionalised wires were internalised. At an appropriate 
nanowire concentration the separation yield of cells was 60 %, which was comparable to 
superparamagnetic beads but required a lower volume of nanowires to achieve a high sep
aration efficiency. Prina-Mello et al demonstrated cell manipulation and alignment with Ni 
nanowires for possible tissue regeneration and bone growth. A uniform magnetic field of 
100 mT was applied to marrow stromal cells which had ingested Ni nanowires [138]. The 
cells were found to orientate in this external magnetic held without compromising the con
dition of the cells. Similar results were recently found by Johansson et al for Ni nanowires 
pre-aligned on cover slips in a magnetic held (110-115 mT). Fibroblast cells cultured on 
the slip were then found to align and elongate along the nanowires [139]. Recently, Tanase 
et al demonstrated the organisation and trapping of hbroblast cells using Ni nanowires and 
patterned micromagnet arrays in a microhuidic channel [140]. Cells were expo.sed to the 
Ni nanowires and ingested the wires via integrin-mediated phagocytosis. A external mag
netic held of 2 mT resulted in the head-to-tail conhguration of the wires and thus organised 
the cells in a chain formation. The use permalloy micromagnets and a small, 10 mT external 
held also enabled the localisation and trapping of cells with wires in specihc ordered patterns. 
This was carried out by the cell sedimentation or by huid how which increased trapping ef- 
hciency and the speed at which cell trapping occuired. Nickel nanowires can also serve as 
receptors to induce hyperthermia in cells using radio frequency (RF) electromagnetic helds 
[141]. Only harmful kidney cells which have internalised functionalised Ni nanowires or 
within the proximity of nanowires resulted in cell death after exposure to RF helds.

The different surface chemistries between segments in multilayered nanowires can be 
manipulated to selectively bind different biomolecules to the segments. Ni/Au multiseg- 
mented nanowires have been widely studied due to the combination of their magnetic and 
optical properties. While carboxylic acids are known to attach to nickel oxide surfaces, 
thiols are selective to gold surfaces. Fond et al funtionalised Ni/Au two segment wires
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with immunoglobulin G (IgG) [142]. Individual segments could be hydrophobic or hy
drophilic, (protein resistant), by treating the wires with methyl-terminated or ethylene glycol- 
terminated alkanethiol monolayers, respectively. The wires were then exposed to goat anti
rabbit IgG antibody for fluorescent microscopy. Selective adsorption of the IgG protein to 
the hydrophobic segment was observed. The other hydrophilic segment was resistant to 
IgG adsorption. The different surface chemistries of the nickel and gold segments enable 
two functional groups to be attached to different segments of the nanowire. This selective 
functionalisation can thus be extended to other proteins and biomolecules for in-vitro and 
possibly in-vivo applications. Lee et al demonstrated the efficient separation and purification 
of proteins using Ni/Au segmented nanowires [143]. The Ni segment was used for the bind
ing of a polyhistidine-tag protein and its magnetic properties enabled the removal of proteins 
from solution. The gold segments were used to chemically protect Ni during removal from 
the template but can also serve as a second platform for introducing another chemical func
tionality. Two segment Ni/Au nanowires functionalised with biomolecules have also been 
used as gene-delivery systems [144]. The nickel segment was bound with DNA plasmids 
containing fluorescent proteins and the gold segment was bound with transferrin which is 
a cell-targeting protein. Transfection experiments performed in-vitro and in-vivo showed 
the successful delivery of segmented nanowires within kidney cells and in skin and muscle 
tissues of mice indicating their potential use in genetic vaccination applications.

The detection and identification of biomolecules is also a key area for the biomedical 
application of nanowires. Anguelouch et al successfully detected 5 pm Ni nanowires using 
a GMR sensor for possible use in magnetic biosensing [145]. The sensor signal was propor
tional to the number of wires on the sensor and the sensitivity and magnitude of the signal 
increased with increasing nanowire length to a maximum of 15 pm. Numerous studies have 
been carried out on the detection of functionalised superparamagnetic beads for biosensor 
applications [146]. This technique could also be applied to single component or multiseg- 
mented magnetic nanowires since they can be selectively functionalised with biomolecules. 
Magnetic nanowires, such as nickel, can be functionalised with antibodies and transferred to 
microfluidic channels with integrated GMR sensors functionalised with a target analyte of 
interest. The wires presence can then be detected by the response of the sensor, when the 
functionalised wire binds to the surface of the sensor, thus expanding the biological applica
tions of magnetic nickel nanowires.

1.4.2.2 Nanowire Detection Systems

Lieber et al have carried out numerous studies on nanowire based detection techniques. Sil
icon nanowire field effect transistors (NWFETs) have been used as bioelectronic interfaces 
for chemical and biological detection due to their sensitivity in measuring electrical signals 
at a subcellular level [147]. The binding of a single virus particle to a receptor on the sur
face of a NWFET detector resulted in a change in nanowire surface charge and therefore a 
change in conductance, enabling single particle detection and attomolar (10“'** M) detection
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in virus solutions [148]. They also carried out studies on the detection of cancer markers at 
femtomolar (10“'^ M) concentrations in these systems [149], These studies highlighted the 
potential application of nanowires in diagnostic systems.

In a recent study, Tao et al used CoPt nanowire arrays to determine morphine in various 
solutions using chronoamperometry [150]. Morphine is often used for severe pain relief 
but can disrupt the central nervous system and influence immune response functions. CoPt 
alloy nanowires were attached to a carbon electrode and placed in morphine solutions. The 
CoPt nanowire electrode exhibited a sensitive and linear amperometric response to different 
morphine concentrations, with a detection limit of 8 pM and a low signal to noise ratio. 
Although this system is not ideal for lab-on-a-chip diagnostic applications, it does show the 
feasibility of using CoPt nanowire arrays for the detection of potentially harmful drugs or 
toxins and biomolecules.

1.4.3 Toxicity of Nanomaterials

Despite the expanding biomedical and industrial applications of nanomaterials very little is 
known of their possible toxic effects, and specihcally whether the cytotoxicity of nanoparti
cles and nanowires is caused by the material itself or by their shape and aspect ratio. Recent 
studies have indicated that the size and aspect ratio of nanomaterials are one of the main 
concerns in toxicology research. The World Health Organisation has defined a hazardous 
fibre as one with a diameter less than 3 pm and a length greater than 5 pm [151].

Asbestos fibres were the first nanomaterials for which toxicity was clearly established 
[152, 153]. Previously, asbestos (silicate) fibres were widely used for insulation and rein
forcement. Poland et al have recently investigated the asbestos-like behaviour of carbon 
nanotubes (CNTs) [154]. In this study, they examined the exposure of the mesothelial lining 
of the body cavity of mice to CNTs of varying aspect ratios. They found that high aspect 
ratio CNTs (length > 20 pm) resulted in frustrated phagocytosis and the formation of inflam
matory granulomas and foreign body giant cells, similar to those caused by asbe.stos fibres. 
However, short CNTs with low aspect ratios, were successfully scavenged by phagocytes 
and did not induce any significant inflammation. Ti02 nanoparticles (diameter typically 
10—200 nm), are widely used in cosmetics and sunscreens show little sign of toxicity, how
ever this is not the case for Ti02-based nanofilaments [155, 156, 157]. Ti02-based nanotubes 
and nanowires with an average length of less then 5 pm demonstrated signs of significant 
cytotoxicity when exposed to H596 human lung carcinoma cells [157]. Increasing concen
trations of the nanofilaments led to a reduction in cell proliferation and metabolic activity. 
However, the toxicity of Ti02-based nanofilaments was shown not to be as severe as that of 
CNTs of comparable dimensions.

The cytotoxicity of iron nanowires at various concentrations and different time points 
have recently been investigated [158]. HeLa cells were exposed to Fe wires with a diameter 
of 50 nm and lengths of 2 pm (short) and 5 pm (long) for 24 h and 72 h. Cell viability 
studies showed that short Fe nanowires resulted in a slightly higher toxicity than long Fe
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wires at the same concentration after 72 h. However, only a 10 % decrease in viability was 
observed for short wires at high concentrations (10^ wires per cell). This reduction in cell 
viability was attributed to the increased cellular interactions with smaller sized particles. 
TEM images showed that internalized short Fe nanowires were located in cell vesicles while 
long Fe wires were located in the cytoplasm of cells. A 24 h and 72 h study was carried out 
for HeLa cells exposed to long Fe wires at concentrations ranging from 10 - 10^ wires per 

cell. After 24 h, long Fe nanowires demonstrated no reduction in cell viability regardless of 
wire concentration. For longer incubation periods of 72 h, a clear reduction in cell viability 
was observed with increasing concentration of nanowires. However, a high cell viability of 
approximately 80 % was observed at high nanowire concentration, indicating that long Fe 
wires had no significant affect on the cell viability. These studies established that both aspect 
ratio and dosage were important factors in assessing the toxicity of particular nanomaterials.

It is also essential to develop methods for improving and reducing the potentially harmful 
effects of nanomaterials. The chemical modification of nanoparticle and nanowire surfaces 
can often help to improve biocompatibility. Surface coatings and the charge on nanomateri
als have been found to influence their uptake by cells and to reduce their cytotoxic effects. 
Polyethylene glycol (PEG) is commonly used as a biocompatible coating on nanomateri
als. PEG coating can reduce the immunogenicity and non-specific uptake of nanomaterials 
by cells. This in turn reduces phagocytosis by cells leading to improved biocompatibility. 
Gupta et al found that magnetic iron oxide (Fe304) nanoparticles coated with PEG were 
less toxic to fibroblast cells than uncoated Fe304 nanoparticles [159]. Cells expo.sed to PEG 
coated nanoparticles were 99 % viable whereas uncoated nanoparticles resulted in 25-50 % 
decrease in viability with increasing particle concentration. The hydrophilic nature of PEG 
may have prevented their uptake by cells, thus reducing nanoparticle internalisation. PEG 
coated nanoparticles also demonstrated increased colloidal stability and reduced aggregation 
for potential in vivo applications. Similar results were also found by Ghosh et al [160]. Ni- 
idome et al demonstrated that gold nanorods prepared using hexadecyltrimethylammonium 
bromide (CTAB) solution can result in bilayers of CTAB on the surface of the nanorods, 
which is highly toxic [161]. The toxicity of CTAB coated gold nanowires could be reduced 
by coating the wires in PEG. PEG-modified gold nanowires showed a nearly neutral surface 
charge and had little cytotoxicity in vitro, with 90 % cell viability after 24 h. Similar to PEG 
coated iron oxide nanoparticles, this high viability was attributed to the reduced unspecific 
binding of nanorods to the cellular membrane.

Silica (Si02) surface coatings have also been found to be very effective in the prevention 
of nanoparticle aggregation and subsequently improve the biocompatibility of nanoparticles 
[162]. However, there are conflicting reports with regards the potential toxicity of silica 
nanowires [163, 164, 165]. For the short-term application of Si02 coated nanowires in vitro, 
no studies have reported on their toxic effects and thus these may not be significant. Sil
ica coating has also been shown to improve the bioassay performance of Au/Ag barcoded 
nanowires compared to uncoated wires [67].
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These studies highlighted that both PEG and Si02 surface modihcations are possible 
solutions for improving the biocompatibility of nanomaterials and increasing their potential 
applications for diagnostic assays.

1.4.4 Screening the Toxicity of Nanomaterials

It is known that different nanomaterials induce diverse functional responses in cells and due 
to their variations in size, shape and composition, studying their effects is a challenging mul
tifactorial task. Recent reviews have highlighted the varying characteristics of nanomaterials 
and the need to establish reliable screening methods to determine their potential toxicity 
[166, 167]. Numerous cell-nanomaterial interactions can take place and can have adverse 
affects on cells. These include membrane perturbations, cell signalling, the production of 
cytokines and reactive oxygen species (ROS), gene regulation, cell necrosis or apoptosis and 
many more. A large variety of toxicity assays are currently being used to assess the harm
ful effects of nanomaterials in vitro [167, 168]. Some cell viability and protein expression 
assays include Live/Dead™, mitochondrial membrane potential (MMP), lactate dehydro
genase (LDH), enzyme-linked immunosorbant assay (ELISA), fluorescence-activated cell 
sorting (FACS), polymerase chain reaction (PCR) and western blotting. The most com
monly used and adopted technique to evaluate cell viability and cell proliferation is the MTT 
assay, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). However, due to the 
different preparation methods of nanomaterials these assays can lead to very selective infor
mation or false positive/negative when investigating the affect of multiple nanomaterials on 
different cell lines.

High content screening or analysis (HCS or HCA) has proven to be an invaluable tool for 
obtaining comprehensive multiparametric information on the biological effects of nanoma
terials. It is a relatively new technology where cellular signalling and morphology are auto
matically analysed using fluorescent-based reagents. It was developed in 1996 by D. Lansing 
Taylor and colleagues at Cellomics Inc. It is defined as “platform and methods, including in
struments, bio-application software, reagents and informatics software used to automatically 
screen and analyse arrays of cells to define the temporal and spatial activities and functions 
of cells and their constituents” [169]. It is an extremely useful tool for early drug discovery 
and the quantification of possible toxic nanomaterials in a fast and high-throughput manner. 
HCS enables the simultaneous investigation of various nanomaterials at different concentra
tions with multiple cell lines in a quantitative and qualitative manner. This platform has been 
shown to be very effective once appropriately established and designed to identify both the 
variation in the nature of the nanomaterial and the cell type.

Recently, HCS has been employed to study the cellular effects of quantum dots (QDs). 
The use of this tool enabled a comprehensive analysis of the multiple cellular features in
dicating the possible cytotoxicity of QDs. Zhang et al were the first to utilise high content 
image analysis to investigate the possible toxicity of QDs [170]. In this study, they reported 
that poly(ethylene glycol) silanized QDs (PEG-silane-QDs) had a negligible toxic effect on
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both human lung and skin epithelial cells. Byrne et al examined the affect of gelatin coated 
QDs and thioglycolic acid (TGA) coated CdTe QDs on macrophage cells [171], Cell vi
ability, membrane permeability and lysosomal pH were assessed and statistically analysed 
by monitoring changes in luminescence intensity after exposure to QDs. Gelatin-QDs were 
found to be less toxic than TGA-QDs to cells after a 6 h incubation period. Jan et al carried 
out an extensive high content screening study of CdTe QDs and Au nanoparticles on differ
ent cell lines [172]. CdTe QDs were found to induce an apoptotic response in neuroblastoma 
cells in a time and dose dependent manner and Au nanoparticles were found to inhibit the 
cell proliferation. They established the benefits of using high content screening assays for 
improved accuracy of toxicity results and in a high-throughput manner. Nabiev et al also 
demonstrated the need to understand not only the possible toxic effects of QDs but also the 
mechanisms of their interaction with cells [173]. With the aid of HCS a detailed study of 
different QDs with various cell lineages provided a quantitative analysis of their toxic effects 
and localisation within cellular compartments. These screening methods can also be applied 
to other types of nanomaterials in order to develop a standard assessment tool to evaluate the 
possible toxicity of nanomaterials in vitro [174].

1.5 Concluding Remarks

The literature review carried out on the fabrication of thin films and nanowires by electrode
position highlighted the ease of this process for modifying sample composition and structure. 
The favourable magnetic properties of CoPt and nickel nanowires have resulted in their ex
tensive research for potential biomedical and industrial applications. In this review it has 
been reported that the coercivity of CoPt nanowires can be easily modified by varying the 
amount of cobalt and platinum present in the wire. A post-deposition annealing process en
hances this coercivity due to the transformation from a disordered to an ordered structure. 
Once optimised, these properties are ideal for fabricating multisegmented barcoded magnetic 
nanowires for diagnostic applications. Nickel nanowires have also been reported to outper
form magnetic nanopaidicles in cell manipulation and separation studies and have been used 
for numerous biological and diagnostic applications. The toxicity of nanomaterials have 
also been investigated, along with methods for reducing their cytotoxic effects. However, 
a unified screening approach for nanomaterials has yet to be developed. If the toxicity of 
nanowires are found not to modify the cellular behaviour for a short exposure period then it 
demonstrates they are ideal nanocarriers for biodiagnostic applications.
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Chapter 2

Experimental Techniques

2.1 Electrodeposition of Nanowires

2.1.1 The Electrochemical Cell

A standard three electrode electrochemical cell was used for all electrochemistry experiments 
as shown in Figure 2.1. It is comprised of a working electrode, a reference electrode, a 
counter electrode and an electrolyte solution.

Reference Electrode

Set-up Holder: Top -

Set-up Holder: Bottom

Counter Electrode

Electrolyte Solution

Working Electrode

Figure 2.1: Schematic of a three electrode electrochemical cell.

The working electrode can be either cathodic or anodic depending on whether the reac
tion taking place on the electrode is a reduction or an oxidation. For these studies, the elec
trode was always cathodic. The working electrode must be able to conduct electrons in order 
for the reduction and deposition of metal ions from solution to occur. Therefore, deposition 
on insulating materials is not possible. In order to coat the working electrode in a conducting 
material, DC sputtering is used (Balzers Sputtering System, U.K.). Argon (Ar) gas is flushed 
through the vacuum system and a gaseous plasma is created. Ar ions are accelerated towards 
a target material composed of either a single element or an alloy. The ions collide and eject 
atoms via energy transfer from the target. Only a small number of collisions between the 
Ar ions and the target result in ejected particles, which then coat the surface of the working 
electrode in a thin him of the source material. The majority of collisions result in heating and
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therefore the surface of the working electrode is not coated in a continuous him. The work
ing electrodes for these studies were either a pre-cleaned piece of silver foil with dimensions 
of 3 X 3 mm and a thickness of 0.050 mm or an anodic aluminium oxide membrane (An
odise 25, Whatman, U.K.) with an average pore diameter of 200 nm. The membrane was 
20 mm in diameter, 66 p.m thick and had a pore density of 1x10^ pores cm^^. Alumina 
membranes were coated in Ag, Au or Pt, a few hundred nanometres in thickness, by DC 
sputtering. Sputtering was carried out at a pressure of 5 x 10“^ bar and a current of 20 mA 
for approximately 900 s.

The reference electrode provides a constant potential against which the working elec
trode potential may be measured. A silver/silver-chloride (Ag/AgCl) reference electrode, in 
a solution containing a high concentration of chloride ions, was used in this work. The elec
trode set-up is enclosed in a glass tube containing a silver wire and a porous Vycor frit which 
provides the electrical conducting pathway between the inside of the reference electrode and 
the bulk of the cell. The potential of an Ag/AgCl reference electrode with respect to the 
standard hydrogen electrode (SHE) is 0.22249 V ±0.13 mV at 25°C [1]. The potential of 
an Ag/AgCl (saturated KCl) reference electrode versus a SHE is 0.197 V.

The counter or auxiliary electrode is used in a three electrode electrochemical cell to 
pass a current through the system. It acts to source or sink electrons in the electrochemical 
circuit formed with the working electrode. The surface area of the counter electrode should 
be relatively large in comparison to the working electrode. This prevents inaccuracies which 
may arise due to the additional resistance imposed by the counter electrode and thus keeps 
a uniform potential at the working electrode. The counter electrode should also be made of 
an electrochemically inert material. A platinum wire or a platinum wire mesh, with areas of 
approximately 0.95 cm^ or 1.90 cm^, respectively, were used as counter electrodes in these 
studies.

The electrochemical set-up used in these experiments is shown in Figure 2.2. The photo
graph shows a black clamp holder which ensures the glass cell remains in place and prevents 
leaking of the electrolyte solution from the cell. A silver foil working electrode is placed 
inside the black holder at the bottom of the glass cell and thus cannot be observed. A silver 
wire connecting the working electrode can just be seen in this instance. A section of the wire 
is protected with Kapton tape to prevent deposition on the wire when it is immersed in the 
electrolyte solution. An Ag/AgCl (sat KCl) reference electrode and a platinum wire mesh 
counter electrode have also been highlighted which complete the entire electrodeposition 
set-up.

Thin film and nanowire electrodeposition can be performed by two basic methods; po- 
tentiostatic and galvanostatic. Potentiostatic deposition involves maintaining a constant po
tential between the working and the reference electrodes while the current at the counter 
electrode is allowed to vary. Galvanostatic deposition maintains a constant current between 
the working and counter electrodes and the potential is allowed to vary. The majority of the 
experiments in this w'ork were carried out potentiostatically. The potentiostats used for these
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Reference Electrode

Working Electrode

Figure 2.2: Photograph of the electrochemical set-up used in these studies.

experiments were an EG&G model 273A (Princeton Applied Research) and a CHI model 
660 with IR drop compensation (CHI Instruments).

A schematic of the entire experimental set-up for the deposition of nanowires into an 
alumina membrane is shown in Figure 2.3 (a). For the potentiostatic deposition of nanowires 
the current is monitored as a function of time in order to ensure the uniform growth of wires 
(Figure 2.3 (b)). After an initial settling period three distinct growth regions of the nanowires 
are observed. The electrodeposition of metal ions into the pores of the membrane results in 
the formation of metallic nanowires and is indicated by a steady current with respect to time. 
A rapid increase in current is then observed due to the growth of wires outside the filled pores 
and the increase in the deposition area. This growth continues until a thin film is formed 
on the top of the membrane surface and the current stabilises once again. The nanowire 
length can be controlled by defining either the deposition time or charge as discussed in 
Section 2.1.3.

Electrolyte Solution-

Alumina Membrane-
with deposited nanowires

Sputtered Contact— 
on Working Eiectrode

Potentiostat 

RE CE WE

(a) (b)

Figure 2.3: (a) Schematic of the entire experimental set-up for the deposition of nanowires 
where WE: working electrode, CE: counter electrode, RE: reference electrode, (b) The de
position of nanowires within the pores of the membrane as a function of current and time. 
Adapted from Chien et al [2].
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2.1.2 Cyclic Voltammetry

Cyclic voltammetry is an electrochemical analytical technique in which current is monitored 
as a function of electrical potential. It can provide information about the thermodynamics 
and kinetics of electron transfer across the electrode-electrolyte interface. It is particularly 
useful when reducing two different metals from a single electrolyte solution in order to deter
mine the potentials at which they individually deposit and the potential where co-deposition 
occurs. The set-up involves using a three-electrode cell with a working electrode substrate, 
an Ag/AgCl (sat KCl) reference electrode and a platinum counter electrode. The working 
electrode substrate is usually a pre-cleaned piece of silver foil. The potential is measured be
tween the reference electrode and the working electrode while current is measured between 
the working electrode and the counter electrode.

For the deposition of a single metal from a solution, the potential is swept through a 
defined region and the change in current is measured with respect to the change in potential. 
The current (1^,^) increases as the potential reaches the reduction potential (Ey,^.) and then 
falls off as the concentration of analyte is depleted (Equation 2.1). As the applied potential 
is reversed, the product is re-oxidised. An oxidation peak (E/,u), similar in shape to the 
reduction peak can be seen (Figure 2.4). With clearly dehned reduction and oxidation peaks 
produced, the point at which the metallic ion deposits could be determined. The deposition 
of an alloy works on the same principle. If the reduction peaks of the two metals are clearly 
separated the more noble metal is generally deposited at a less negative potential, while both 
metals can be reduced at a more negative potential. The ratio between the amount of each 
metal deposited can be controlled by their relative concentrations in the electrolyte bath and 
the deposition potential.

Ox + ne i—> Red (2.1)

Figure 2.4: Cyclic Voltammogram curve indicating reduction (cathodic) potential peak at 
Epc and oxidation (anodic) potential peak at Epa- The reduction and oxidation currents are 
indicated by and I pa, respectively.
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2.1.3 Nanowire Length: Faraday’s Law

Using Faraday’s Law, shown in Equation 2.2, which relates the quantity of material deposited 
to the charge passed, it is possible to determine the length of nanowires and also define the 
length of segments within an individual nanowire [3, 4],

Qrotal = nF N (2.2)

where n is the chemical valence of the ion, F is Faraday’s constant (96,500 C mol“') and N is 
the number of moles deposited (mol). Thus, Faraday’s Law for the deposition of nanowires, 
adapted from Equation 1.7 (Chapter 1), is:

Qnw =
n F I Seff

Vrr.
(2.3)

where / is the nanowire length (qm), V„, is the molar volume (cm^ mol ') and s^ff is the 
effective area (cm^) given by:

/d s2 s 

^ (2) ° ^ (2.4)

where d is the pore diameter (nm), 5 is the pore density (cm“^), and .9 is the membrane 

area exposed to the electrolyte solution. For a pore diameter of 200 nm, a pore density of 
1 X 10‘^ cm“^ and a membrane area of 1.7 cm^, the effective area s^// is 0.534 cm^.

However, Equation 2.3 does not account for hydrogen evolution during deposition. As a 
result, the value of charge required to deposit a desired nanowire length may be greater than 
that given by Equation 2.3. The current efficiency for electrodeposition, U (Equation 2.5), 
which is a factor less than 1, must be taken into consideration for all experiments.

fc =
Qnw 
Qe,

(2.5)
exp

where Qnw is the calculated value of charge passed during pore tilling and Qexp is the ex
perimental value of charge passed.

2.1.4 Differential Interference Contrast Microscopy

A novel technique using differential interference contrast microscopy (DIG) was developed 
in order to determine the concentration of nanowires defined as number of nanowires per mL 
(NW mL“') rather then conventional method of mass of nanowire per mL (ng mL“*). This 

was performed in order to quantify the number of nanowires affecting cellular response in 
later experiments.

DIG microscopy, also known as Nomarski imaging, is a type of phase microscopy where 
a contrast image is produced from refractive index inhomogeneities in the sample rather than 
from light absorption inhomogeneities. Within the microscope set-up polarised light enters
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the first Nomarski-modified Wollaston prism and produces two beams of light polarised at 
right angles to one another, as shown in Figure 2.5. The beams are focused by a condenser 
before passing through two adjacent points in the sample. As the beams pass through the 
sample, they experience different optical path lengths due to the varying refractive indexes 
of the sample. As a result, the phases of the wavefronts are altered. The beams travel 
through the objective lens and are focused through the second Nomarski-modified Wollaston 
prism. The second prism recombines the two beams of light where the phase changes are 
converted into amplitude changes producing a contrast image [5]. Although DIC microscopy 
is widely used for transparent specimens, it was found to be an extremely effective technique 
for determining nanowire concentration.

Light Detector

Analyzer -------►

Wollaston Prism

Objective Lens 

Stage - Sample

Condenser Lens

Wollaston Prism

Polariser

Light Source

Figure 2.5: Illustration of the set-up of a differential interference contrast microscope and 
the route of light through a DIC microscope.

In order to determine the concentration of nanowires per mL in each sample, a stock so
lution of nanowires was appropriately diluted in deionised water and sonicated for 1 h in an 
ultrasonic bath (Grant XB3, U.K.). A diamond scribe was then used to etch ten sections on 
a Si/Si02 wafer with perpendicular crosses in each as shown in Figure 2.6. A 1 pL drop was 
carefully pipetted onto the centre of each of the crosses and allowed to dry. The wafer was 
visualised under a microscope (Nikon Eclipse LV series, U.K.) containing a DIC prism posi
tioned between two crossed polarisers. The dispersed nickel nanowires on the SL/Si02 wafer 
were counted using either a tally counter or a defined algorithm on the Image-Pro software 
(Media Cybernetics, U.K.). Data from the Image-Pro software, within a predefined object 
range, demonstrated the accuracy of nanowire measurement using a tally counter. Both 
methods enabled the total number of nanowires per millilitre (NW mL“*) to be determined.
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Figure 2.6: Illustration of the set-up used for determining nanowire concentration using DlC 
microscopy.

2.2 Scanning Electron Microscopy and Energy Dispersive 
X-Ray Analysis

Scanning electron microscopy (SEM) is an extremely valuable tool for examining the mor
phology of samples. The beam generator is a thermal field emission (FE) tip, known as a 
Schottky-emitter (ZrOAV cathode). The Schottky FE tip which consists of a tungsten crys
tal tip with a sintered reservoir of zirconium oxide, is heated and accelerates electrons to 
a pre-defined accelerating voltage in the range between 100 V and 30 kV. The ZrO reser
voir reduces the emission energy of the electrons from 4.6 eV to 2.48 eV and also restricts 
the electron emission to the tip axis. The high-energy electrons are then focused by mag
netic lenses to a beam which direct and position the focused beam onto the sample surface. 
The electron beam is scanned across the sample surface in a raster pattern for imaging and 
can also be focused at a single point or scanned along a line for X-ray analysis. The inci
dent electrons interact with atoms in the sample resulting in elastic and inelastic scattering. 
A number of signals are generated including secondary electrons, backscattered electrons. 
Auger electrons and X-rays. The signals are produced from different electron interaction 
volumes within the sample, as shown in Figure 2.7, and depend on several factors including 
the energy of the incident beam and the atomic weight of the sample [6].

Secondary electrons are ejected from near the sample’s surface by inelastic scattering 
with an energy of typically 50 eV or less. They provide high-resolution images of the sur
face morphology. The topography of surface features influences the number of electrons that 
reach the secondary electron detector. Variation in structural features on the surface results in 
different electron intensity creating image contrast and thus revealing the surface morphol
ogy. Backscattered electrons are produced by elastic scattering. They possess more energy 
than secondary electrons and can escape from much deeper within the interaction volume. 
As a result the surface topography is not as accurately resolved as for secondary electron 
imaging. The intensity of the backscattered electron signal is strongly related to the atomic 
number of the sample, which results in image contrast as a function of composition. A higher 
atomic number material appears bright while a low atomic number material appears dark in 
a backscattered electron image.
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5 |am

Figure 2.7: The electron interaction volume within a sample.

Energy dispersive X-ray analysis (EDA.X) enables the elemental composition of samples 
to be determined. The sample is bombarded by an electron beam from the SEM, ejecting 
electrons from atoms on the surface of the sample. X-rays are emitted as electrons from 
a higher energy state fill electron vacancies. The EDAX detector measures the amount of 
energy released by the X-ray which corresponds to a particular element with a unique atomic 
structure. The X-ray energy values from the EDAX spectrum are compared with known 
characteristic X-ray energy values to determine the presence of an element in the sample. 
The abundance of X-rays emitted indicates the quantity of the element present. Elemental 
mapping and line prohle analysis examine particular areas or positions along a line in order 
to determine the relative concentration for each element in that region.

All SEM and EDAX imaging and analysis were preformed on a Carl Zeiss Ultra plus 
system with an image resolution of 1 nm in the Advanced Microscopy Laboratory, Trinity 
College (Figure 2.8). This system also has a charge compensation mode which allows non- 
conductive samples to be examined.

2.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a technique used to image materials at atomic 
resolution. Samples are placed on copper grids and allowed to dry before positioning them on 
a TEM sample holder. This holder is inserted into a high vacuum column through an airlock 
system. High energy electrons (200 kV) are emitted from a lanthanum hexahoride (LaB^) 
field emission source and accelerated down the column. The beam of electrons interacts 
with the sample before passing through it. A magnified image is formed using a series 
of electromagnetic lenses and is projected onto a fluorescent screen or a CCD camera. A 
contrast image is produced due to the interaction of the electron beam with different elements
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Figure 2.8: Carl Zeiss Ultra plus SEM and EDAX system in the Advanced Microscopy 
Laboratory.

in the sample. Denser areas and areas containing heavier elements appear darker due to the 
scattering of the electrons in the sample. Scattering from crystal planes can also result in 
diffraction contrast. This contrast depends on the orientation of a crystalline area in the 
sample with respect to the electron beam. This enables different materials in the sample to 
be distinguished as well as the arrangement of crystalline structures.

TEM imaging was performed on a Jeol 2100 Transmission Electron Microscope system 
in the Centre for Microscopy and Analysis (CMA), Trinity College. This work was carried 
out by Gemma-Louise Davies in collaboration with the School of Chemistry, Trinity College 
Dublin.

2.4 Magnetisation Characterisation

2.4.1 Vibrating Sample Magnetometer

Vibrating sample magnetometry (VSM) was used to characterise the magnetic properties 
of samples. The sample is placed in a hexagonal PVC holder and positioned between two 
rotating Hallbach cylinders. The sample is then vibrated between a series of coils, thus, 
generating a changing magnetic flux <!>, which induces a voltage in the pick-up coils. The 
amplitude of the sinusoidal voltage, V, is given by Earaday’s Law:

dt

This voltage is therefore proportional to the magnetic moment of the sample:

(2.6)

V = m c <J (2.7)
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where m is the sample mass (Kg) and a is the specific magnetisation (Am^ Kg“'). The con
stant is determined by calibrating a known sample. In this case a nickel sphere with a specific 
magnetisation a = 55.4 Am^ kg“' was measured at 1.1 Tesla at room temperature. The sen
sitivity of the VSM is 4 X 10“^ Am^. Figure 2.9 shows the set-up of the vibrating sample 
magnetometer used in these studies, located in the Physics Department, Trinity College [7].
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Figure 2.9: Schematic of the set-up of a vibrating sample magnetometer.

2.4.2 SQUID Magnetometer

A superconducting quantum interference device (SQUID) magnetometer was also used to 
characterise the magnetic properties of samples. It has the added advantage over VSM of a 
sensitivity of 10^" Am^ and can be operated over a broad temperature range (2 - 300 K). 
It consists of two superconductors separated by thin insulating layers to form two parallel 
Josephson junctions which enables the detection of extremely small changes in magnetic 
flux. Liquid helium is required for the refrigeration of the superconducting elements and for 
low temperature measurements. Magnetisation measurements were carried out at room tem
perature on a Quantum Design MPMS XL SQUID in the SNIAM Building, Trinity College, 
with fields applied up to 5 T.
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2.5 X-ray Diffraction

X-ray diffraction (XRD) is an essential technique for determining the chemical composi
tion and crystallographic structure of samples in a non-destructive manner. The technique 
is based on the interference pattern produced as X-rays pass through repeating patterns of 
atoms within a crystal lattice. In order for X-ray diffraction to occur the wavelength of radia
tion used should be comparable to the interatomic distances within a crystal lattice. A Philips 
X’Pert Pro Diffractometer system located in the Centre for Research on Adaptive Nanostruc
tures and Nanodevices (CRANN), Trinity College, was used in these studies. It has a Cu-K^ 
radiation of wavelength A = 1.54056 A and a corresponding energy of 8.04778 keV.

X-rays irradiate the sample at an angle d, and are diffracted from crystal lattice planes 
separated by the interplanar distance, d, as illustrated in Figure 2.10. When constructive 
interference occurs a diffraction pattern can be obtained by measuring the intensity of the 
scattered waves when Bragg’s Law is satisfied:

n X — 2 d sinO (2.8)

where n is an integer indicating the diffraction order. The diffraction pattern is then anal
ysed by comparing the peak positions and relative intensities with a large set of “standard” 
data provided by the International Centre for Diffraction Data (ICDD), thus identifying the 
underlying crystal structure of the sample.

2d sin 6

c o o o o o o
o o o o o o o

Figure 2.10: Schematic of the principle of X-ray diffraction and Bragg scattering.

In addition to examining the crystallographic structure of samples, XRD can be used to 
determine the size of crystallites within the sample using the Scherrer equation:

D =
K X 

)3 cosO
(2.9)

where D is the crystallite size, K is the shape factor usually taken as 0.9, /3 is the full width 
at half maximum of a reflection located at a Bragg angle 29.
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2.6 Zeta Potential

Zeta potential (^-potential) is the electrical potential that exists across the interface in col
loidal systems. A charge develops at the surface of a solid particle when it is placed in a 
liquid. This can arise by several different mechanisms including processes such as the disso
ciation of functional surface groups and adsorption of ions. The net charge which develops 
at the particle surface affects the distribution of ions in the neighbouring interfacial region, 
resulting in an increased concentration of counterions. As a result a double layer is formed 
at the particle-liquid interface. This electrical double layer consists of two parallel layers of 
charge as shown in Figure 2.11.

Electrical Double Layer

Figure 2.11; Schematic of the zeta potential in a colloidal system.

The inner region where ions are strongly bound to the surface is known as the Stern 
layer, which describes the charge distribution. The outer or diffuse layer is the region where 
ions are less firmly attached. The ion distribution in this diffuse region is determined by 
electrostatic forces and random thermal motion. The potential decays exponentially with 
distance from the particle surface. Within this layer there is a boundary, inside which the 
ions and particles form a stable entity. When the colloidal system is subjected to an electric 
field, each particle and its closely associated ions move through the liquid, but any ions 
beyond the boundary do not move with the particle. This boundary is called the surface 
of hydrodynamic shear or slipping plane. The potential at this boundary is known as the 
zeta potential. The addition of chemical groups onto the surface of the particle can alter the 
zeta potential due to a shift in the slipping plane, locating it further away from the particle 
surface. Therefore, zeta potential is a function of the surface charge of a particle as well as 
any adsorbed layer at the interface.

Zeta potential measurements were carried out on Zetasizer Nano ZS (Malvern Instru-
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ments, U.K.) located in the Chemistry Department, Trinity College. Sample concentrations 
were prepared according to the Zetasizer’s specihcations and measurements were performed 
on a 1 mL solution. The sample is placed in a transparent disposable capillary cell with 
electrodes at either end to which the potential is applied (Malvern, DTS1060, U.K.). Due 
to the presence of electrical charges on the surface of particles, they interact with an applied 
electric field. Particles move towards the electrode of opposite charge and their velocity 
moving through the liquid, also known as electrophoretic mobility, is measured. The tech
nique used to measure this velocity is laser Doppler velocimetry (LDV). The frequency or 
phase shift of an incident laser beam caused by these moving particles is proportional to the 
particle mobility. The zeta potential, can be calculated from the mobility using the Henry 
equation:

Ue =
2 e C f{ka)

3 T]
(2.10)

where Ue is the electrophoretic mobility, e is the dielectric constant, r] is the viscosity and 
f(ka) is Henry’s function, usually taken as 1.5 for particles larger than about 0.2 um and in 
aqueous media [8]. By calculating the zeta potential the surface charge density of nanowires 
can be determined.

2.7 High Content Screening

High content screening and analysis (HCS) is a relatively new technology where cellular 
signalling and morphology are automatically analysed using fluorescent-based reagents. It 
has proven to be an invaluable tool for early drug discovery and the quantification of cy
totoxic materials. HCS has many advantages over conventional confocal and fluorescence 
microscopy, which are labour intensive for a large number of experiments and result only in 
image acquisition. It is a fully automated system that allows for a quantitative and qualitative 
study of cellular and sub-cellular properties in a fast and high-throughput manner. It also al
lows for the multiparamteric analysis of individual cellular populations unlike standard plate 
readers [9].

The HCS platform contains an automated fluorescence microscope and a high resolution 
charge-coupled device (CCD) camera combined with image analysis software. Excitatory 
light of a particular wavelength is passed through an objective lens and onto the specimen. 
The fluorescence in the specimen gives rise to emitted light of a different wavelength which 
is focused onto a CCD camera. A filter cube containing a dichroic mirror is used to separate 
the excitation and emission light paths. Three main wavelengths were used; 4’,6-diamidino- 
2-phenylindole (DAPI) which is excited by ultraviolet light around 350 nm and emits a blue 
fluorescence around 461 nm, fluorescein isothiocyanate (FITC) which has an absorption 
peak around 491 nm and emits a bright green fluorescence around 509 nm and tetramethyl- 
rhodamine isothiocyanate (TRITC) which has an absorption peak at 577 nm and emits a red
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fluorescence around 599 nm.
The most important components of a HCS system are the reagents containing fluorescent 

dyes used to label the area of interest within the cell. These are essential in order to obtain 
the correct information about cellular response. For cytotoxicity studies a multiparametric 
fluorescent dye kit is used to allow multiple intensities and shape-based outputs to be in
vestigated. The Multiparameter Cytotoxicity HitKit 1 (Thermo Fisher Scientific, USA) was 
used in these studies which contained lOOX MPCTl HitKit Fluor solution and lOX Wash 
Buffer and was prepared as instructed by the protocol with slight modifications [10]. One 
vial of lOOX MPCTl HitKit was placed in a water bath and covered in aluminium foil as it is 
extremely light sensitive. Once thawed it was centrifuged at maximum speed for 15 seconds. 
The kit was diluted appropriately in RPMI 1640 media to obtain IX MPCTl HitKit and in
cubated until required. IX Wash Buffer was then prepared by diluting lOX Wash Buffer in 
deionised water which was also incubated. A 4 % fixation solution was prepared by diluting 
37% formaldehyde in IX Wash Buffer and heated to 37 °C.

After the desired exposure time of nickel nanowires to THP-1 cells, 50 pL IX MPCTl 
HitKit was added to each well. The plate was then covered in aluminium foil and incubated 
at 37 °C and 5% CO2 for 30 min. The HitKit and media were completely removed from 
each well and 100 pL of the fixation solution was added. The plate was recovered in alu
minium foil and placed in a sterilised hood at room temperature. After 15 min, the fixation 
solution was removed and the wells were gently washed twice with 100 pL IX Wash Buffer 
to remove any excess staining. Finally, 200 pL IX Wash Buffer was added to each well 
and the plates were read on the HCS system. The fluorescence intensity raw data from three 
main wavelengths; 350 nm (DAPI), 491 nm (FITC) and 577 nm (TRITC) were then analysed 
using informatics and image analysis software, which contain algorithms that measure and 
report information on cellular properties.

High content screening was carried out on two systems, a KineticScan Reader (Thermo 
Fisher Scientific, USA) and an InCell Analyser (GE Healthcare, USA) in the Department of 
Clinical Medicine, Trinity College, as shown in Figure 2.12.

Figure 2.12: HCS KineticScan Reader and HCS InCell Analyser systems in the Department 
of Clinical Medicine.
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2.8 Confocal Microscopy

Confocal microscopy is an optical imaging technique which produces high resolution images 
and three dimensional reconstructions of thick specimens in a non-destructive manner. In 
conventional fluorescent microscopy the entire area of a fluorescently labelled specimen is 
illuminated with light of a specific wavelength from a light source. The emitted fluorescence, 
which is of a longer wavelength, is detected by a photodetector including a large out-of- 
focus background region. The principle behind confocal imaging is the use of a coherent 
light source and point illumination by placing a pinhole in front of the photodetector to 
remove unfocused light. Only light from within the focal plane can be detected so the image 
resolution is improved. However, since the majority of light from the sample is blocked at 
the pinhole, imaging requires long exposure times and regular rastering as only one point in 
the sample is illuminated.

In order to observe the interaction of THP-1 cells with nickel nanowires confocal mi
croscopy was employed. Phorbol 12-myristate 13-acetate (PMA) treated THP-1 phagocytic 
cells and fluorescently labelled nickel nanowires were incubated in a Lab-Tek 8 well cham
bered coverglass slide (Nunc, USA) for 3 h at 37°C and 5 % CO2. The cytoskeleton of 
THP-1 cells, which is comprised of F-actin, was stained with Alexa Fluor 488 phalloidin 
(Invitrogen, U.K.) for 20 min and the nuclei were stained with Hoechst 33342 dye (Invit- 
rogen, U.K.) for 5 min. Each well of the chamber slide was washed twice with phosphate 
buffered saline (PBS) to remove the excess staining and fixed with 2 % paraformaldehyde 
(PFA) for 20 min to maintain the condition of THP-1 cells. Wells were then washed once 
with PBS before imaging. Confocal imaging was carried out on a Zeiss LSM 510 microscope 
using a 63X oil immersion objective with a pinhole diameter of 0.9 pm, in the Department of 
Clinical Medicine, Trinity College (Figure 2.13). The laser excitation wavelengths used were 
405 nm, 488 nm and 561 nm for DAPI, FITC and TRITC fluorescence detection respectively.

Figure 2.13: Carl Zeiss LSM 510 Confocal Microscope in the Department of Clinical 
Medicine.
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2.9 ELISA Assay

Enzyme-linked immunosorbent assay (ELISA) is a quantitative sandwich enzyme immunoas
say technique used to detect the presence of an antibody or an antigen in a sample. A capture 
antibody specific to the antigen of interest is pre-coated onto a microplate (Step 1). Samples 
are pipetted into wells on the plate and any antigen present is bound by the immobilized 
antibody. The plate is washed to remove any unbound substances (Step 2). An enzyme- 
linked detection antibody conjugate is then added to the well and the antibody part of the 
conjugate binds to any antigen molecules that were bound previously, completing the sand
wich (Step 3). Following a wash to remove any unbound detection antibody, a detection 
reagent such as streptavidin horseradish peroxidase (HRP) is added (Step 4). The plate is 
washed once again and a substrate solution such as tetramethylbenzidine (TMB) is added 
and a colour develops in proportion to the amount of bound antigen (Step 5). The colour 
development is stopped using sulfuric acid (H2SO4) and the intensity is measured (Step 6). 
The optical fluorescent density in these studies was measured using a VersaMax Plus mi
croplate reader (Molecular Devices, USA), in the Department of Clinical Medicine. The 
concentration of bound antigen in the sample is determined in relation to a standard curve. 
This curve is produced by plotting the optical density for known standards of the antigen be
ing investigated versus the concentration of the standards and determining the linear fit. The 
assay results are calculated by averaging the duplicate optical density (O.D.) readings from 
the samples and subtracting the zero standard O.D. This value is then divided by the slope of 
the standard curve in order to determine the concentration of antigen present in the sample. 
If the samples are diluted, the concentration read from the standard curve is multiplied by 
the dilution factor. A standard curve should be generated for each set of samples assayed.

IXXXXJ
step 1

Uf 1 jfJ
Step 2 Step 3

Step 4 Step 5 Step 6

Y Capture Antibody ©Analyte Y Detection Antibody ^ Streptavidin-HRP

Figure 2.14: Schematic of the enzyme immunoassay technique.
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The concentration of interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-a) 
were investigated in these studies at room temperature (20 ± 2°C) using DuoSet ELISA 
Development Kit protocols (R&D Systems, U.K.). 100 luL of capture antibody specific 
to the antigen of interest was pipetted into each well of a flat bottom 96-well Nunc plate, 
(Nunc, USA) and incubated overnight at room temperature (RT). The wells were washed 
three times using a wash buffer which consisted of 0.05 % Tween-20 in phosphate buffered 
saline (PBS). The plate was then blocked to prevent non-specific reactions using reagent 
diluent which comprised of 1 % bovine serum albumin (BSA) in PBS for a minimum of 1 h 
at RT. The wells were washed once again and the supernatants of the samples and standards 
to be investigated were added to each well in duplicate (n = 2) for 2 h at RT. After a washing 
procedure, 100 pL of detection antibody was added to the wells for 2 h at RT. The plate was 
washed and 100 pL streptavidin-HRP was added and covered with aluminium foil, as it was 
light sensitive, for 20 min at RT. A blue colour began to develop at this point indicating the 
successful binding of the capture and detection antibodies to antigens in the supernatants, 
completing the sandwich assay. After a washing procedure, the wells were developed using 
100 pL TMB substrate solution for 20 min at RT. The reaction was stopped with 2 M H2SO4, 
resulting in the formation of a yellow colour. Plates were gently tapped to ensure thorough 
mixing was achieved and were read on a microplate reader at 450 nm and 540 nm. Sample 
concentration of IL-6 and TNF-a was then determined using the standard curve.
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Chapter 3

Barcoded Nanowires

3.1 Introduction

Binary alloys of cobalt - platinum with an LIq ordered structure have been widely investi
gated for applications such as permanent magnets, high density magnetic recording media, 
microelectromechanical systems (MEMS), giant magnetoresistance (GMR) sensors and bio
sensors, as discussed in Chapter 1: Section 1.3. CoPt alloys, with their composition close to 
equiatomic, can undergo a phase transformation from a disordered face-centered cubic (fee) 
to the ordered face-centered tetragonal (fet), Llo structure at annealing temperatures above 
825°C [1], As a result they have remarkable intrinsic properties of very high magnetocrys
talline anisotropy (in the order of 5 x 10^ J m“-^), large coercivity (1.3 T), high saturation 
magnetization (810 kA m“*) and a high Curie temperature (840 K) [2, 3, 4]. Electrodeposi
tion of CoPt alloy films offers an alternative to sputter deposition which is commonly used 
to produce near-stoichiometric CoPt films. Electrochemical template synthesis can enable 
the fabrication of equiatomic CoPt nanowires with controllable dimensions. The magnetic 
properties of these nanowires are dependent on their size, shape and composition which can 
be easily modified by the deposition conditions. Anodic aluminium oxide (AAO) templates 
can also restrain the grain growth of deposited CoPt nanowires during the annealing pro
cess. Multisegmented barcoded nanowires which incorporate different material components 
within a single wire are extremely interesting due to their enhanced magnetic properties and 
potential biomedical applications.

In this study, cobalt nanowires were initially fabricated by electrochemical template syn
thesis to understand the principles behind electrodeposition. CoPt films and nanowires with 
hard (CoPthard) and soft (CoPtsoft) magnetic properties were then electrodeposited from a 
single electrolyte bath onto Ag substrates or in alumina membranes. Their structural and 
magnetic properties were investigated for various annealing temperatures and times. These 
results then lead the way to fabricating CoPt multisegmented barcoded nanowires.
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3.2 Fabrication of Cobalt Nanowires

3.2.1 Electrodeposition

Cobalt nanowires (Co NWs) were fabricated by electrochemical deposition into commer
cially available alumina membranes (Anodise 25, Whatman, U.K.) with an average pore 
diameter of 200 nm. The membrane was 20 mm in diameter, 66 p.m thick and had a pore 
density of 1x10^ pores cm“^, which was approximately 50 % of the membrane area. Fig
ure 3.1 shows SEM images of an Anodise 25 alumina membrane. It can be seen that the two 
sides of the membrane are not symmetric due to the two-step electrochemical anodisation 
process involved in producing these membranes. In the hrst anodisation step, the aluminium 
foil is normally placed in a solution of oxalic acid and a constant voltage is applied which 
controls the pore diameter and pore density. In the second step, the aluminium oxide film 
is placed in a mixture of phosphoric and chromic acid and a constant voltage is applied for 
a specific time which defines the pore length. The non-anodised aluminium foil is then re
moved resulting in free standing AAO films [5, 6|. In Figure 3.1 (a) the top of the membrane 
shows a regular honeycomb pore structure with no overlapping of the pores and a uniform 
pore diameter. However, in Figure 3.1 (b) the back of the membrane, which is the surface 
originally in contact with the aluminium metal, shows irregular pore structures and overlap
ping of the pores. This side of the membrane can easily be identified due to the addition of 
a polypropylene support ring on these membranes. An Ag layer, a few hundred nanometres 
in thickness, was sputtered onto the back of the membrane with the polypropylene ring to 
provide a conducting substrate. SEM images of the Ag sputtered membranes are shown in 
Figure 3.2. From these images it was discovered that Ag was not sputtered over the entire 
membrane surface and some exposed pores could be seen. As a result, electroplating would 
form a metallic layer on the underside of the membrane before nanowires grew within the 
pores. This under-layer could easily be removed by appropriate polishing. Increasing the 
sputtering time from 15 min to 45 min resulted in the sufficient covering of the pores of 
the membrane fV]. However, with this extended sputtering time large volumes of the Ag 
sputtering target were consumed and thus complete coverage of the pores was not entirely 
necessary for these studies.

The aqueous electrolyte bath used for cobalt deposition is outlined in Table 3.1 [8]. The 
supporting electrolyte sodium chloride increased the rate of cobalt deposition while boric 
acid was used to adjust the pH of the bath to 3.2. The reference electrode and counter 
electrodes were Ag/AgCl (saturated KCl) and a Pt wire, respectively. The reduction of cobalt 
takes place via Equation 3.1 at a potential of -0.28 V relative to a standard hydrogen electrode 
(SHE) [9]. Cobalt was deposited at a high overpotential of -1.0 V relative to the Ag/AgCl 
(sat KCl) reference electrode into the pores of the membrane. Deposition was carried out 
for a couple of hours to obtain cobalt nanowires approximately 20 pm in length. The thin 
Ag layer on the back of the membrane was removed by gently polishing it with 6 micron 
diamond lapping film (662XW, Farnell). Cobalt nanowires were then released from the
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Figure 3.1: SEM images of commercially available Anodise 25 alumina membranes where 
(a) is the top of the membrane and (b) is the back of the membrane with the polypropylene 
support ring. Scale bar 200 nm.

Figure 3.2: SEM images of Anodise 25 alumina membranes after sputtering a layer Ag onto 
the back of the membrane to provide a conducting substrate. Scale bar (a) 1 pm and (b) 
200 nm.

alumina membrane by dissolving it in 1 M NaOFl. The solution was heated to 40 °C and 
.sonicated in an ultrasonic bath (Grant XB3, U.K.) for a maximum of 10 min. If the nanowires 
were left in sodium hydroxide solution for a longer time period, they began to degrade and 
a cobalt hydroxide complex formed. After 10 min the NaOH solution was removed and the 
cobalt nanowires were washed multiple times and resuspended in deionised water.

Chemical Name Formula Concentration (M)

Cobalt Sulfate Heptahydrate C0SO4.7H2O 0.9

Sodium Chloride NaCl 0.11

Boric Acid H3BO3 0.8

Table 3.1: Bath composition for the electrodeposition of cobalt nanowires.

+ 2e- —> Co
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3.2.2 Sample Characterisation

SEM images of cobalt nanowires are shown in Figure 3.3. Nanowires had a diameter of 
200 nm and an average length of 24.8 ± 6.2 tim and were completely liberated from the 
membrane (Figure 3.3 (a)). Figure 3.3 (b) shows a cobalt nanowire suspended in 1 M NaOH 
solution for longer than 10 min. It can be seen that the nanowire was beginning to degrade 
due to its non uniform diameter and fragments of nanowires appear in the image.

Figure 3.3: SEM images of cobalt nanowires (a) removed from the alumina membrane after 
10 min dissolution in NaOH and (b) nanowire degradation after suspension in NaOH for 
longer than 10 min. Scale bar 2 |j,m.

Magnetisation measurements were carried out in a 1.1 T VSM magnetometer at room 
temperature. A piece of alumina membrane with cobalt nanowires deposited inside was 
placed in a hexagonal PVC holder and measured. The nanowires remained inside the mem
brane to retain their alignment. Figure 3.4 shows the ferromagnetic curve of the cobalt 
nanowire sample with the magnetic field applied parallel and perpendicular to the nanowire 
axis. The nanowires exhibited a coercive field of 8.4 mT and 12.6 inT parallel and perpen
dicular to the nanowire axis, respectively. The easy direction of magnetisation, the c-axis, 
tends to lie perpendicular to the wire and in the plane of the membrane. For rod-shaped ferro
magnetic nanowires, the demagnetizing factors for fields applied parallel and perpendicular 
to the nanowire’s axis are Ny = 0 and Nj^ = respectively. This shape anisotropy tends to 
favour the direction of magnetisation along the nanowire’s axis. The shape anisotropy energy 
is given by [3]:

Ksh sin^ 6 (3.2)

where 6 is the angle between the nanowire axis and the magnetisation direction and the 
shape anisotropy is:

(3.3)

For cobalt, M^ = 1.44 MA m ' so K^/, = 651 kJ m for Ny =0, which is the case 
for an isolated wire. Since this is greater than the magnetocrystalline anisotropy constant
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for cobalt, Ki = 410 kJ m“'^, the magnetisation of a single wire would lie along the axis, 
even if the easy c-axis lay perpendicular to the wire. In fact, N > 0, because there are 
dipolar interactions between the wires in the membrane. Furthermore, the c-axes are dis
tributed in the plane normal to the nanowires axis. For these reasons, the magnetisation of 
the membrane lies neither in-plane nor perpendicular, as shown by the magnetisation curves 
in Figure 3.4. Other groups studying cobalt nanowires attributed this to the large diameter 
of these wires (> 50 nm) and the competition between the crystal anisotropy and the shape 
anisotropy, which frustrated the magnetization direction and energetically favoured an easy 
axis perpendicular to the wire [10, 11, 12].

(T)

Figure 3.4: VSM magnetisation curve for cobalt nanowires deposited into an alumina mem
brane.

X-ray diffraction (XRD) was used to determine the crystallographic structure of the 
cobalt nanowire sample in an Ag sputtered alumina membrane. A Philips X’Pert Diffrac
tometer system was used with a copper X-ray tube operating at 40 kV and 40 mA. Data was 
collected in a step scan mode from 30° to 100° at a step size of 0.04 and a rate of 2500 s per 
step overnight using an X’Celerator detector. The scan data were then analysed by compar
ing the peak positions and relative intensities with standard data on cobalt (JCPDS 05-0727) 
provided by the International Centre for Diffraction Data (ICDD). The diffraction peaks 
(100), (110) and (112) corresponding to the hexagonal close-packed (hep) cobalt structure 
are shown in the XRD pattern of the cobalt nanowires (Figure 3.5). They had a preferential 
growth along the (110) direction indicating that the magnetocrystalline easy axis was per
pendicular to the nanowire length corresponding to the results found in Figure 3.4. There 
was evidence of Ag (JCPDS 04-0783) in the diffraction pattern as this was the back contact 
of the alumina membrane.
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26 (degrees)

Figure 3.5: X-ray diffraction pattern of cobalt nanowire in an alumina membrane.

3.3 Fabrication of CoPt Films

With the fundamental knowledge of fabricating Co nanowires into alumina templates and 
the conditions for releasing the wires from the template without comprising their properties 
established, it was then possible to fabricate more complex systems such as CoPt hlms and 
nanowires electrodeposited from a single electrolyte bath.

3.3.1 Electrodeposition

CoPt films were deposited from a single aqueous bath outlined in Table 3.2 |4]. The platinum 
source in the bath was diamminedinitritoplatinum also known as platinum p-salt and the 
supporting electrolyte used was diammonium hydrogen citrate. The pH of the bath was 
adjusted to 6.5 - 6.7 using a solution of 1 M NaOH. It was essential to maintain the pH in this 
range for film reproducibility. The lifetime of the bath was approximately 3-5 days before 
cobalt began to precipitate out of solution. Deposition was carried out potentiostatically on 
Ag substrates. The rate of deposition was quite slow due to the presence of platinum p-salt in 
the electrochemical bath which was the least soluble salt and the more noble metal present, 
which limited the maximum deposition rate. The reference electrode and counter electrodes 
were Ag/AgCl (sat KCl) and a Pt wire, respectively. It was also crucial for the position of the 
reference electrode to remain fixed while the potential was varied. If this was not the case, 
the composition of the films would vary at a defined potential.

A cyclic voltammogram was initially set-up to examine the potentials at which cobalt 
and platinum ions deposited. The working electrode was a piece of Ag foil with a thickness 
of 0.050 mm which was sonicated in acetone to remove any impurities from the surface. 
The potential was swept through a defined region and the change in current was measured 
with respect to the change in potential. Figure 3.6 shows a magnified graph of the cyclic
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Chemical Name Formula Concentration (M)

Cobalt Sulfamate Tetrahydrate Co(NH2S03)2.4H20 0.1

Platinum p-Salt Pt(N02)2(NH3)2 0.025 - 0.040

Diammonium Hydrogen Citrate (NHata.CftHftOy 0.1

Table 3.2: Bath composition for the electrodeposition of CoPt films.

voltammogram from the CoPt bath containing 40 mM Pt p-salt. The current increased as the 
potential reached the reduction potential of platinum at -0.30 V. Cobalt began to deposit with 
Pt at a potential of -0.65 V along with hydrogen evolution and thus a clearly-defined reduc
tion peak cannot be seen for cobalt. Equiatomic CoPt was deposited at potentials greater than 
-0.65 V and thus, deposition was carried out on Ag substrates in the range -0.80 V to -0.92 V. 
All films were grown to a charge of 15 C, with a nominal thickness of approximately 3.6 pm 
(calculated from Faraday’s Law), and the deposition time varied from 8-15 min depending 
on the amount of cobalt and platinum present which, altered the deposition current. After 
deposition was complete the CoPt films appeared shiny and smooth, with a minor colour 
difference depending on the amount of Co and Pt deposited.

Figure 3.6: Cyclic voltammogram curve indicating deposition potential (Edep) of Co and Pt 
ions. Inset shows complete cyclic voltammogram curve.

3.3.2 Sample Characterisation

The morphology and composition of CoPt films deposited on Ag substrates at different po
tentials were examined by SEM and EDAX. SEM images of CoPt films grown at a potential
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of -0.88 V from a bath containing 40 mM Pt p-salt can be seen in Figure 3.7. The films 
were smooth and had a uniform deposition of CoPt on the surface of the Ag substrate. The 
grain size of the deposits was also quite small which led to a smoother surface and a uni
form deposit of CoPt. The ratio of Co:Pt for films grown at potentials ranging from -0.80 V 
to -0.92 V were examined by EDAX in order to determine the correct potential to obtain 
equiatomic CoPt. Table 3.3 indicates that at lower potentials more platinum deposited while 
at higher potentials more cobalt deposited corresponding to the cyclic voltammogram seen 
previously. It was found that a potential of -0.88 V resulted in the growth of 50:50 Co:Pt.

200nin FvS''' ■■ ■■

Figure 3.7: SEM images of CoPt films grown at a potential of -0.88 V. Scale bar (a) 20 p.m 
and (b) 200 nm.

Potential (V) Ratio Co Ratio Pt

-0.80 43 57

-0.84 45 55

-0.85 47 53

-0.87 48 52

-0.88 50 50

-0.90 52 48

-0.92 56 44

Table 3.3: The ratio of Co:Pt for films grown at different potentials.

In order to obtain CoPthard and CoPtsoft coercive films it was necessary to carry out a 
post deposition annealing process on the samples. The as-deposited films have a disordered 
face-centered cubic phase with little or no coercivity. This heat treatment process forms a 
homogeneous tetragonal LIq ordered phase and thus develops coercivity. Samples were po
sitioned in a ceramic crucible, which can withstand high temperatures, placed in a quartz
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tube and inserted inside a furnace. Forming gas, composed of 5 vol. % H2 and 95 vol. % Ar, 
was flowed at a constant flow rate of 0.6 mL s“' through the quartz tube set-up for approx
imately 4 h to remove any oxygen present. The furnace was then heated to the annealing 
temperature at a constant rate of 80 °C min“* until the desired temperature was reached. The 
samples were annealed for a specific time period, after which they were allowed to cool to 
room temperature overnight. Forming gas was continuously flowed through the quartz tube 
during the entire process.

Magnetisation measurements were carried out in a 5 T SQUID magnetometer at room 
temperature. CoPt films were placed in a diamagnetic gel cap holder and placed within 
the SQUID sample space. All magnetization curves were corrected for the diamagnetic 
contribution from both the Ag substrate and the diamagnetic gel cap holder. Figure 3.8 
shows the magnetisation curve of an as-deposited CoPt film grown at a potential of -0.88 V 
with the magnetic field applied parallel and perpendicular to the film. These samples were 
not annealed and thus were magnetically soft and had a coercivity of 6 mT and 29 mT parallel 
and perpendicular to the film, respectively. This CoPt film had a composition of 50:50 Co:Pt 
and thus after annealing at 700°C for 30 min a magnetically hard film formed as shown in 
Figure 3.9. The film had a coercivity of 0.57 T and 0.51 T parallel and perpendicular to the 
film, respectively. The sample was isotropic with no preferential direction of magnetisation. 
The error in the coercive fields shown in the graphs was calculated from multiple samples 
grown in same conditions. Figure 3.10 shows a CoPt film grown at a potential of -0.90 V and 
annealed as above. From EDAX analysis it was found that there was a 2 % increase m cobalt 
deposition at this potential and as a result the coercivity was reduced to 0.44 T parallel to the 
film axis. This highlighted the importance of ensuring that equiatomic CoPt was grown to 
obtain CoPthard films.

(T)

Figure 3.8: SQUID magnetisation curve for an as-deposited CoPt film grown at a potential 
of -0.88 V.
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Figure 3.9: SQUID magnetisation curve for a CoPt film grown at a potential of-0.88 V and 
annealed at 700 °C for 30 min.

(T)

Figure 3.10: SQUID magnetisation curve for a CoPt film grown at a potential of -0.90 V and 
annealed at 700 °C for 30 min.

The effect of annealing temperature and time on the coercivity of CoPt films were inves
tigated. Films were deposited at a potential of -0.88 V and the annealing temperature was 
varied from 500°C to 800°C, while the annealing time ranged from 10 min to 2 h. Fig
ure 3.1 1 indicates that there was no significant increa.se in coercivity for samples annealed 
at 500°C for 30 min compared to the as-deposited samples. It was not until an annealing 
temperature of 650 °C that a large increase in coercivity was observed, with a maximum at 
700°C indicating the complete formation of the LIq phase. Above this temperature the co
ercivity drastically decreased. Figure 3.12 demonstrates that a minimum annealing time of 
30 min at 700°C was required to form the LIq phase. There was a marginal increase in co
ercivity after 50 min, with no significant change in coercivity up to 2 h. This study indicated
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that an annealing temperature of 700°C and an annealing time of 30 min were sufficient to 
form CoPthard films with high coercivity.

Figure 3.11: Coercivity dependence of equiatomic CoPt films annealed at various tempera
tures for 30 min.

Figure 3.12; Coercivity dependence of equiatomic CoPt films annealed at 700°C for various 
annealing times.

The crystallographic structure of equiatomic CoPt films on Ag substrates was also inves
tigated in relation to annealing temperature and time. The ICDD diffraction patterns used 
were cubic CoPts (JCPDS 29-0499), tetragonal CoPt (JCPDS 29-0498) and Ag (JCPDS 
04-0783). Samples annealed at 500°C for 30 min did not show any change in structure com
pared to as-deposited films as shown in Figure 3.13. At 600°C there was a slight change in 
the structure of the CoPt films but the main structure still present was the disordered cubic 
CoPt phase. However, the formation of the LIq ordered phase could be seen at an annealing 
temperature of 700 °C with the appearance of the (100) peak at 33° and the splitting of peaks
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at around 48°, 70° and 86°. The (100) and (110) diffraction peaks indicate the complete 
phase transformation of CoPt from disordered fee to ordered LIq fet, with the c-axis weakly 
orientated in the (110) direction due to the use of an Ag substrate. At an annealing tempera
ture of 800 °C the splitting of these peaks was less pronounced indicating that the LIq ordered 
phase was being converted into the disordered cubic phase once again. For an annealing time 
of 10 min at 700°C the samples were already beginning to be converted into the LIq ordered 
phase with the appearance of the diffraction peak at 33° and the splitting of peaks at around 
48° and 86° (Figure 3.13). This corresponded to the large increase in the coercivity of the 
CoPt film after an annealing time of just 10 min (Figure 3.12). A longer annealing time of 
2 h resulted in the reduction in the sharpness of diffraction peaks in comparison to 30 min 
which corresponded to a slight reduction in coercivity as observed previously.
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Figure 3.13: X-ray diffraction pattern of equiatomic CoPt films annealed at various temper
atures for 30 min.

Thin CoPthard films were also grown to determine if the coercivity could be enhanced. 
Films were deposited on an Ag substrate at a potential of -0.88 V as previously described, 
however, the deposition charge was reduced to 5 C in this case in order to produce a thin 
CoPt film, with a nominal thickness of approximately 1.22 pm. The sample was then an
nealed in forming gas at a temperature of 700°C for 30 min. Figure 3.15 shows the SQUID 
magnetisation curve of the thin equiatomic CoPt film which had a coercive field of 0.69 T 
and 0.68 T parallel and perpendicular to the film, respectively. There was almost a 20 % in
crease in coercivity for thin films in comparison with thick CoPt films deposited to a charge 
of 15 C (Figure 3.9). A study by Liou et al attributed the reduction in coercivity of 175 nm 
thick CoPt films in comparison to 5 nm films to the increa.sed size of the crystallites and the 
increased magnetic interaction between them [13J. Using Faraday’s Law the thickness of 
the films were roughly calculated to be approximately 1.22 pm and 3.6 pm for a deposition
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Figure 3.14: X-ray diffraction pattern of equiatomic CoPt films annealed at 700°C for vari
ous annealing times.

charge of 5 C and 15 C, respectively. The coercive field for thin CoPt hlms was slightly less 
than some reported studies [14, 15]. Thus, the coercive field might be further enhanced by 
reducing film thickness.

(T)

Figure 3.15: SQUID magnetisation curve for a thin CoPt film grown at a potential of-0.88 V 
to a deposition charge of 5 C and annealed at 700 °C for 30 min.
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3.4 Fabrication of CoPt Nanowires

The knowledge of depositing CoPt films was then transferred to growing CoPtharj nanowires. 
A few eonditions had to be optimised sinee depositing on a flat surface was different to 
deposition within alumina membranes as discussed in Chapter I: Section 1.1.3.

3.4.1 Electrodeposition

CoPt nanowires were electrochemically deposited into alumina membranes (Anodise 25) 
with an average pore diameter of 200 nm. An Au layer, a few hundred nanometres in thick
ness, was sputtered onto the back of the membrane to provide a conducting substrate. An 
Ag/AgCl (sat KCl) was used as the reference electrode and a Pt wire, with an area of approx
imately 0.95 cm^, was used as the counter electrode. The electrolyte bath was the same as 
that used to grow CoPt films, outlined in Table 3.2, with pH maintained in the range 6.5 - 6.7. 
CoPt was potentiostatically deposited into the pores of the membrane at a different potentials 
from -0.80 to -0.85 V relative to the Ag/AgCl (sat KCl) reference electrode in order to obtain 
high coercivity nanowires. The height of the reference electrode was once again crucial for 
obtaining reproducible CoPthard nanowire samples. Due to the non-uniform sputtering of the 
Au layer on the back of the membrane and the presence of Pt p-salt in the bath, deposition 
was carried out overnight. To examine nanowires and determine their composition in SEM 
and EDAX, they were removed from the alumina template by the same process as as out
lined previously. The Au layer was removed by polishing and the membrane was dissolved 
in 1 M NaOH for 10 min so as not to degrade the sample. The CoPt nanowires were then 
washed and resuspended in deionised water.

3.4.2 Sample Characterisation

SEM images of CoPt nanowires on a Si/Si02 wafer are shown in Eigure 3.16. Nanowires had 
a diameter of 200 nm and an average length of 4.5 ± 0.7 p.m. EDAX analysis was carried out 
at partieular points along the nanowire’s length to determine the relative atomic percentage 
of cobalt and platinum in the sample grown at a potential of -0.85 V. Eigure 3.17 shows 
the EDAX spectrum and point analysis canied out on the CoPt nanowire. The presence of 
silicon and oxygen in the spectrum were due to the imaging of the nanowire sample on a 
Si/Si02 wafer. It was found that the Co:Pt ratio for this particular spectrum was 49.7:50.3 
and thus equiatomic CoPthard nanowires were grown at a potential of -0.85 V. EDAX analysis 
was also carried out on nanowire samples grown at different potentials. CoPtsoft nanowires 
were fabricated at a potential of -0.80 V and had a ratio of 47:53 Co:Pt.
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Figure 3.16: SEM images of CoPt nanowires grown at a potential of -0.85 V. Scale bar (a) 
2 |j.m and (b) 1 [am.
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Figure 3.17: EDAX analysis of CoPt nanowires grown at a potential of -0.85 V, where (a) is 
the SEM image of the nanowires and the point at which the elements were analysed and (b) 
is the EDAX spectrum and atomic percentage of elemients present. Scale bar (a) 10 pm.

CoPthard and CoPtsoft nanowires deposited in alumina membranes at potentials of -0.85 V 
and -0.80 V respectively were annealed to form the tetragonal L\q ordered phase. This was 
carried out in forming gas at 700 °C for 30 min, as described previously. Magnetisation 
measurements were then carried out in a 5 T SQUID magnetometer and a 1.1 T VSM mag
netometer at room temperature. The nanowires remained inside the alumina membrane to 
retain their alignment. The SQUID magnetisation curve of as-deposited CoPt nanowires 
grown at a potential of -0.85 V is shown in Figure 3.18. This sample was not annealed and 
thus magnetically soft with a coercivity of 8 mT. Figure 3.19 shows the SQUID magnetisa
tion curve for annealed CoPthard nanowires. The nanowires exhibited a large coercive field 
of 0.68 T and 0.71 T parallel and perpendicular to the nanowire axis, respectively and the 
sample was isotropic. The VSM magnetisation curve for CoPCoft nanowires is shown in 
Figure 3.20. Although the sample was not completely saturated due to the magnetic field 
limitations of the VSM, a reduced coercivity was observed. A 3 % increase in Pt in these 
nanowires resulted in coercive field of 0.25 T. There was a slight shoulder in the hysteresis 
curve which was possibly due to fitting of the magnetisation data to remove noise, due to 
reduced sensitivity of the VSM. Since the sample was annealed at 700°C for 30 min it is 
unlikely the shoulder in the hysteresis curve is due to the presence of a mixture of disordered 
fee and ordered fet phases.
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m„h (T)

Figure 3.18: SQUID magnetisation curve for as-deposited CoPt nanowires grown at a po
tential of -0.85 V. Magnetisation curve was corrected for the diamagnetic contribution from 
both the alumina membrane and the diamagnetic gel cap holder.

(T)

Figure 3.19: SQUID magnetisation curve for CoPthard nanowires grown at a potential of 
-0.85 V and annealed at 700°C for 30 min. Magnetisation curve was corrected for the dia
magnetic contribution from both the alumina membrane and the diamagnetic gel cap holder.

The variation in the coercivity of CoPthard nanowires with respect to annealing temper
ature and time were investigated. The annealing temperature examined ranged from 500 °C 
to 800°C while the annealing time varied from 10 min to 2 h. Figure 3.21 indicates a slight 
increase in coercivity for nanowires annealed at 600 °C for 30 min with a coercive field of 
0.2 T. Below this temperature samples appeared similar to the as-deposited nanowires. At 
650 °C a drastic increase in coercivity was observed, with a maximum coercivity of 0.68 T 
and 0.71 T parallel and perpendicular to the nanowire axis, respectively at 700°C demon
strating the complete transition from the disordered to the ordered L\q phase at this temper
ature. Above this temperature the coercivity decreased marginally to 0.66 T indicating that
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Figure 3.20: VSM magnetisation curve for CoPtsoft nanowires grown at a potential of -0.80 V 
and annealed at 700 °C for 30 min. Magnetisation curves were fitted to remove noise due to 
reduced sensitivity of the VSM.

the L\q phase was perhaps becoming slightly disordered once again. Figure 3.22 demon
strated that a minimum annealing time of 30 min at 700°C was required to achieve CoPthard 
nanowires with a large coercivity. For longer annealing times there was a marginal increase 
in coercivity up to 2 h. These results for annealing temperature and time dependence on 
the coercivity of CoPthard nanowires were similar to those found for CoPt films (Figure 3.11 
and 3.12) and demonstrated that an annealing temperature of 700°C and an annealing time 
of 30 min were sufficient to form CoPthard nanowires with large coercivity.

Figure 3.21; Coercivity dependence of CoPthard nanowires annealed at various temperatures 
for 30 min.
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Annealing Time (min)

Figure 3.22: Coercivity dependence of CoPthard nanowires annealed at 700°C for various 
annealing times.

X-ray diffraction patterns examining the crystallographic structure of CoPthard nanowires 
in relation to annealing temperature and time were also investigated. The ICDD diffraction 
patterns used were cubic CoPt3 (JCPDS 29-0499) and tetragonal CoPt (JCPDS 29-0498). 
Nanowire samples annealed at 500°C and 600°C for 30 min did not show any alteration 
in structure compared to as-deposited samples as shown in Figure 3.23. At 650°C there 
was evidence that the disordered cubic phase was starting to transform into the LIq ordered 
phase with the splitting of diffraction peaks at 48°, 70° and 86°. This splitting was more pro
nounced for CoPthard nanowircs annealed at 700°C, along with the appearance of the (100) 
peak at 33° indicating the complete transition to the LIq ordered phase had occurred. At 
an annealing temperature of 800 °C the diffraction peaks were even more defined, however, 
the corresponding SQUID data demonstrated a reduced coercivity at this annealing temper
ature. The c-axis of LIq ordered CoPt nanowires appeared to be randomly orientated with a 
slight preferential orientation in the (101) direction. This was possibly due to the Ag sput
tered underlayer on the aluminium membrane. Yasui et al observed preferential orientation 
of the c-axis for CoPt nanowires when a Pt(OOl) underlayer was used in comparison to a W 
underlayer.[16] Figure 3.23 indicated that an annealing time of 10 min at 700°C was not suf
ficient to form the ordered LIq phase. An annealing time of 2 h resulted in sharper diffraction 
peaks in comparison to 30 min but no significant difference in coercivity was observed with 
longer annealing times.

103



Barcoded Nanowires

v>
c
n
(0

(0c
0)

— • — As Deposited
— • Anneal 500°C 30mins
— ■ — Anneal 600°C 30mins
— ■ - Anneal 650°C 30nnins

— ■ - Anneal 700°C 30mins
— ■ — Anneal 800°C 30mins 
 Cubic CoPtj
----- Tetragonal CoPt

' n;
TcT

o
o

j i 1 1 I—
3

<N ^ ^ ^
St- O X-

1 ^ ^
_____Ajk . _̂_

CO c7 '
T- (N o o
3 CM T- CM

*

■- iJl' ' -----■------- “—■--------------------------- ' '—^
■ -JL ^ ^ :

■ —U—|ll , 111, 11, 1,1 , III ,1 1 1 1 M ,1—^
30 40 50 60 70 80 90 100

26(degrees)

Figure 3,23: X-ray diffraction pattern of CoPthard nanowires annealed at various tempera
tures for 30 min.

Figure 3.24: X-ray diffraction pattern of CoPthard nanowires annealed at 700°C for various 
annealing times.
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3.5 Fabrication of Barcoded CoPt Nano wires

The previous section outlined the conditions for electrochemically depositing individual 
CoPthard and CoPtsoft nanowiies. These techniques and experimental conditions could then 
allow the fabrication of CoPthard - CoPtsoft segmented nanowires with different coercivities 
within a single wire.

3.5.1 Electrodeposition

Gold sputtered alumina membranes with a pore diameter of 200 nm were used once again to 
fabricate CoPt segmented nanowires. The three-electrode cell and electrolyte bath used were 
the same outlined in the previous sections (Section 3.3 and 3.4). CoPthard nanowires were po- 
tentiostatically deposited into the pores of the membrane at a potential of -0.85 V overnight. 
Once deposition was complete the electrolyte bath was replaced with fresh CoPt solution. A 
potential of -0.80 V was then applied to grow CoPtsott nanowires on top of CoPthard wires. 
The deposition rate of the second CoPt segment was approximately 0.5 - 1 p.m h~' and was 
mass transport limited due to the presence of platinum p-salt.

3.5.2 Sample Characterisation

Samples were visualised under an optical micro.scope, (Nikon Eclipse LV series, U.K.), to 
ensure nanowires were deposited into the membrane, as shown in Figure 3.25. From these 
images it can be seen that two different segments of nanowires were deposited with an overall 
length of approximately 9 pm. CoPthard - CoPtsofi segmented nanowires were then annealed 
in forming gas at 700°C for 30 min, as described previously, to form the tetragonal LIq or
dered phase and to develop different coercive helds in the nanowire. Magnetisation measure
ments were carried out in the FIT VSM magnetometer at room temperature. Figure 3.26 
shows the magnetisation curve of the segmented nanowires within the alumina membrane. 
The nanow'ires exhibited a single soft coercive field of 0.19 T and 0.16 T parallel and perpen
dicular to the nanowire axis, respectively. A step in the magnetisation curve was expected 
since these previous deposition and annealing conditions for individual CoPthard ^md CoPtsoft 
nanowires resulted in wires with hard and soft coercive fields. The growth of segmented 
nanowires was repeated several times to rule out the possibility of variations in depositing 
and annealing conditions. However, each time the segmented nanowire exhibited a soft coer
cive field. It was determined that inter-diffusion between the CoPthard and CoPtsoft nanowire 
segments at the interface was occurring during the annealing process. Previous studies in
dicated that a minimum annealing time of 30 min was required to obtain nanowires with a 
large coercive field so reducing the annealing time was not possible (Figure 3.22). As a result 
it was concluded that a spacer layer, of length 1 pm or less, was required in order to pre
vent this inter-diffusion at the interface between segments and obtain CoPthard and CoPtsoft 
segmented nanowires with different coercive fields.
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Figure 3.25: Microscope image of CoPthard - CoPtsou segmented nanowires grown at a po
tential of -0.85 and -0.8 V, respectively. Scale bar 20 pm.
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Figure 3.26: VSM magnetisation curve for CoPthard - CoPtsoU nanowires grown at a potential 
of -0.85 V and -0.80 V, respectively and annealed at 700 °C for 30 min.
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3.6 Barcoded CoPt Nanowires with Platinum Spacer Layer

A platinum spacer layer was initially examined to avoid the diffusion of CoPt segments 
during the post annealing process. CoPt - Pt multilayer nanowires have been widely in
vestigated due the extraordinary giant magnetoresistance (GMR) effect they exhibit. This 
large GMR effect can be easily controlled by modifying the dimensions of the non-magnetic 
Pt layer fl7]. The large perpendicular magnetic anisotropy in these wires has also been 
attributed to the reduced symmetry at the interface between magnetic and non-magnetic 
segments [18]. As a result of these studies and previous knowledge of electrochemically 
depositing platinum, it was chosen as an appropriate spacer layer to prevent inter-diffusion 
of CoPt nanowires segments.

3.6.1 Electrodeposition of CoPt - Pt Nanowires

The three-electrode cell set-up for fabricating platinum nanowires by electrochemical tem
plate synthesis included an Ag sputtered alumina membrane with a pore diameter of 200 nm 
(Anodise 25), an Ag/AgCl (sat KCl) reference electrode and a Pt wire counter electrode. 
Although an electrolyte bath for the successful deposition of CoPt nanowires had already 
been established. Table 3.2, the low molarity of Pt p-salt in this bath and the low potential 
necessary for depositing Pt and not CoPt nanowires limited the growth rate of these wires. 
Thus, an alternative electrolyte bath for platinum nanowire deposition is outlined in Table 3.4 
[17, 19]. The reduction of platinum from the complex ion [PtCl^“ ] takes place via two con

secutive reactions as shown in Equation 3.4 and 3.5. The reduction potentials are 0.68 V 
and 0.76 V with respect to the standard hydrogen electrode (SHE), for Equation 3.4 and 3.5, 
respectively [9]. Platinum was potentiostatically deposited into the pores of the alumina 
membrane at a high overpotential of -0.80 V for 30 min. Figure 3.27 shows the cross section 
of Pt nanowires in the alumina membrane. Since the deposition time was relatively short the 
length of Pt wires was approximately 800 nm. However, this length was sufficient for the 
purpose of a spacer layer and could be increased with longer deposition times.

Chemical Name Formula Concentration (M)

Potassium Hexachloroplatinate K2PtCl6 0.015

Boric Acid H3B03 0.485

Table 3.4: Bath composition for the electrodeposition of platinum nanowires.

PtCdl- + 2e- 

PtCll- +2e'

ptcil-+2cr
Pt + 4Cl-

(3.4)

(3.5)
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Pt NW

Figure 3.27: SEM image of the cross section of platinum nanowires in an alumina membrane. 
Scale bar 2 pm.

CoPthard - Pt nanowires were fabricated using the electrolyte baths outlined in Table 3.2 
and 3.4, respectively. The experimental set-up was the same as above with Ag sputtered 
alumina membranes used as templates for the deposition of segmented nanowires. CoPthard 
nanowires were deposited into the pores of the membrane at a potential of -0.85 V overnight. 
When deposition had ceased the CoPt electrolyte bath was removed and the membrane 
within the glass cell was rinsed several times with deionised water ensuring not to crack 
the fragile membrane. The Pt electrolyte bath was then placed in the glass cell and a poten
tial of -0.80 V was applied in order to deposit Pt nanowires on top of CoPthard wires. SEM 
images of CoPthard - Pt nanowires in alumina membranes are shown in Figure 3.28. The de
position of CoPt resulted in the growth of uniform nanowires with a Co:Pt ratio of 51 ;49, as 
confirmed by EDAX. However, the deposition of Pt nanowires appeared unsuccessful. While 
the deposition time had been extended large amounts of hydrogen evolution were observed 
and resulted in the random deposition of Pt atoms in the alumina template, as shown in the 
SEM images. The potential was then lowered to -0.70 V which reduced hydrogen evolution 
but the deposition of Pt nanowires was still unsuccessful at this low potential. As a result an 
alternative spacer layer was required.

(a) I

5 jjfn

'll!-

Figure 3.28: SEM images of CoPt - Pt nanowires in an alumina membrane. Scale bar (a) 
5 |j.m and (b) 2 pm.
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3.7 Barcoded CoPt Nanowires with Zinc Spacer Layer

A spacer layer of zinc was then proposed to prevent the inter-diffusion of CoPthard - CoPtsoft 
segments in nanowires. Previous studies on the electroplating of CoPt(P) alloys with the 
addition of tungsten (W) or zinc (Zn) found that the magnetic properties of these alloys could 
be enhanced at thickness greater than 1 pm [20|. This study also found that a high coercivity 
for CoPt(P) alloys with decreasing platinum content was maintained due to the presence of 
W or Zn. This property was particularity appealing for the fabrication of CoPthard nanowires 
since producing equiatomic CoPt can be a difficult process.

3.7.1 Electrodepositon of CoPt - Zn Nanowires

The aqueous electrolyte bath u.sed for depositing zinc nanowires is outlined in Table 3.5 [21 ]. 
The set-up included an Ag sputtered alumina membrane with a pore diameter of 200 nm 
(Anodise 25), an Ag/AgCl (sat KCl) reference electrode and a Pt wire counter electrode. The 
reduction of zinc takes place via Equation 3.6 at a potential of -0.76 V relative to a SHE [9]. 
Zinc was potentiostatically deposited into the membrane at a potential of -1.1 V relative to the 
Ag/AgCl (sat KCl) reference electrode. An SEM image of the cross section of Zn nanowires 
in an alumina membrane can be seen in Figure 3.29. Nanowires had an approximate length 
of 25 pm. The growth of the nanowires appeared discontinuous, however, this was due to 
the breaking of the membrane to view the cross section of the nanowires. Continuity of 
nanowires is guaranteed during electrodeposition because if any breakage in the nanowire 
occurs, then conductivity will be lost and growth of wires ceases.

Chemical Name Formula Concentration (M)

Zinc Sulfate Monohydrate ZnS04.H20 0.45

Boric Acid H3BO3 0.33

Table 3.5; Bath composition for the electrodeposition of zinc nanowires.

+2e~ Zn (3.6)

With the conditions for growing Zn nanowires optimised, it was then possible to fabricate 
CoPthard - Zn nanowires. The electrolyte baths for CoPt and Zn deposition were the same 
as outlined in Table 3.2 and 3.5. CoPthard nanowires were potentiostatically deposited into 
an Au sputtered alumina membrane at a potential of -0.85 V overnight. Once deposition 
was complete the CoPt electrolyte bath was removed, the membrane within the glass cell 
was rinsed with deionised water and the electrolyte bath for Zn deposition was placed in 
the glass cell. A potential of -1.1 V was then applied to grow Zn nanowires above CoPthard
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Zn NW

Figure 3.29: SEM image of the cross section of zinc nanowires in an alumina membrane. 
Scale bar 20 |am.

wires. Figure 3.30 shows SEM images of the cross section of CoPthard - Zn nanowires. CoPt 
nanowires displayed a homogeneous growth with nanowire length approximately 4.5 pm. 
Zn nanowires had an irregular growth with nanowire length ranging from 20 - 30 pm. This 
was possibly due to the extended deposition time of Zn which could be reduced in order to 
obtain more homogeneous Zn nanowires with a shorter wire length. Figure 3.30 (b) indicated 
that the interface between CoPt and Zn was well defined and good adhesion between the 
segments had been achieved.

(a)

•.

20 pm

Figure 3.30: SEM images of CoPt - Zn nanowires in an alumina membrane. Scale bar (a) 
20 pm and (b) 2 pm.

In order to produce coercive CoPthard - Zn nanowires the samples were annealed in form
ing gas at 700 °C for 30 min. It was at this stage that it was discovered that a Zn spacer layer 
to prevent the inter-diffusion of CoPthard - CoPtsoft segmented nanowires was not appro
priate. This was due to the low melting point of zinc just above 400°C (692.7 K) [22]. 
From previous studies it was found that an annealing temperature of 500 °C resulted in CoPt 
nanowires with a low coercive held and appeared structurally similar to as-deposited samples 
with a disordered cubic phase (Figure 3.21 and 3.23). A minimum annealing temperature of 
700 °C was required to obtain highly coercive nanowires and as a result a zinc spacer layer 
was not suitable.
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3.8 Barcoded CoPt Nanowires with Copper Spacer Layer

An alternative spacer layer of copper (Cu) was then investigated. A study by Zangari et al 
found that the electrochemical deposition of I pm thick CoPt films on Cu(l 1 1) substrates 
produced coercivities up to 0.61 T at high current densities. The close lattice matching of 
CoPt and Cu( 111) resulted in the growth of a hexagonal close packed (hep) CoPt phase, 
which contributed to the hard magnetic properties of these films without requiring a post 
annealing process [23]. The doping of CoPt nanowires with Cu was also found to have a 
significant influence on the magnetic properties of these nanowires [24]. This study showed 
that undoped CoPt nanowires had a coercivity of 60 mT at 500 °C while Cu doping increased 
coercivity to 85 mT at this low annealing temperature. This was attributed to the addition of 
copper atoms causing a shrinkage of the lattice spacing. In our previous work it was found 
that equiatomic CoPt nanowires annealed at 500 °C resulted in a coercivity of 51 mT and 
thus the addition of a copper spacer layer could enhance this coercivity further, especially at 
higher annealing temperatures (Figure 3.21).

3.8.1 Electrodepositon of CoPt - Cu Nano wires

Copper nanowires were fabricated using the electrolyte bath outlined in Table 3.6 [25]. The 
set-up included an Ag sputtered alumina membrane with an average pore diameter of 200 nm 
(Anodise 25), an Ag/AgCl (sat KCl) reference electrode and a Pt wire counter electrode. The 
reduction of copper took place as shown in Equation 3.7 at a potential of -0.34 V relative to a 
SHE [9|. Copper was deposited into the pores of the membrane at a potential of -0.5 V. SEM 
images of copper nanowires can be seen in Figure 3.31 where (a) is the cross section of the 
nanowires within an alumina membrane and (b) is the wires released from the template using 
a solution of 1 M NaOH. The growth of Cu nanowires was quite inhomogeneous and wire 
length ranged from 4-12 p-m. Despite this irregular growth, the advantageous properties of 
Cu on the coercivity of CoPt nanowires indicated it was a favourable spacer layer.

Chemical Name Formula Concentration (M)

Copper Sulfate Pentahydrate CUSO4.5H2O 0.02 - 0.2

Boric Acid H3BO3 0.485

Table 3.6: Bath composition for the electrodeposition of copper nanowires.

+le Cu (3.7)
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Figure 3.31: SEM images of copper nanowires (a) deposited in an alumina membrane and 
(b) removed from the membrane. Scale bar (a) 10 p,m and (b) 20 pm.

In order to understand the structural and magnetic properties of CoPthard nanowires 
grown above other metallic nanowires, Cu was initially deposited into the pores of an Ag 
sputtered alumina membrane at a potential of -0.5 V from the electrolyte bath in Table 3.6. 
Once deposition was complete the Cu bath was removed and the membrane within the glass 
cell was rinsed with deionised water. The electrolyte bath for CoPt was then placed in the 
glass cell and a potential of -0.85 V was applied to grow CoPthard nanowires above Cu wires. 
Figure 3.32 shows SEM images of the cross section of Cu - CoPthard nanowires deposited 
into an alumina membrane. From (a) it can be seen that there was inhomogeneous growth 
for both Cu and CoPt nanowires. On closer inspection it was also discovered that the quality 
of the copper nanowires was extremely poor with uneven and etched growth along the length 
of the wire (Figure 3.32 (b)). This may be due to hydrogen evolution which occurred during 
copper deposition and the large potential applied during CoPt nanowire deposition, which 
could have distorted the already deposited Cu nanowires. Although the interface between 
Cu and CoPt was well defined, the poor quality of the Cu nanowires implied that it was not 
an appropriate spacer layer.

Figure 3.32: SEM images of Cu - CoPt nanowires in an alumina membrane. Scale bar (a) 
5 pm and (b) 2 pm.
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3.9 Barcoded CoPt Nanowires with Gold Spacer Layer

A gold spacer layer was then proposed to prevent the inter-diffusion of CoPthard and CoPtsoft 
segments during the annealing process. With the potential biomedical and diagnostic ap
plications of barcoded CoPt nanowires, a gold segment within these nanowires has numer
ous additional advantages as well as separating the CoPthard and CoPCoft segments. Gold 
nanowires have been widely investigated because of their unique optical, electrical and chem
ical properties along with their biocompatibility |26, 27, 28]. The potential applications of 
gold nanomaterials range from fuel cells to optical and electrical devices to chemical and 
biological sensors [29, 30, 31, 32]. Au - Ni and Au - Pt segmented nanowires have been 
successfully fabricated with the selective functionalisation of different proteins onto individ
ual segments of the wire [33, 34]. Multilayered Au - Ag nanowires have also been proposed 
as barcodes in DNA and protein bioassays due to the different optical reflectivity of the seg
ments and the surface chemistry of the metallic nanowires [35, 36]. The introduction of 
an Au layer in CoPt films was also found to reduce the annealing temperature required to 
convert the disordered cubic phase to the tetragonal Llo ordered structure and obtain highly 
coercive films [37]. Thus, Au was considered an appropriate spacer layer for fabricating 
CoPt barcoded nanowires.

3.9.1 Electrodepositon of CoPt - Au Nanowires from a Chloride Bath

The deposition of gold nanowires involved a three-electrode cell including an Ag substrate 
or an Au sputtered alumina membrane with a pore diameter of 200 nm (Anodise 25) as 
the working electrodes, an Ag/AgCl (sat KCl) reference electrode and a Pt wire counter 
electrode. The electrolyte bath for the deposition of gold (Au) nanowires is outlined in 
Table 3.7 and had a pH of 2.6 [38]. The reduction potential of gold from the complex ion 
[AuCU]^ is -1.0 V relative to a SHE [9]. Figure 3.33 shows a cyclic voltammogram of 
the bath carried out on an Ag substrate. Au ions were deposited at a potential of -0.9 V 
along with hydrogen evolution. Au was then potentiostatically deposited into an alumina 
membrane at a potential of -1.2 V relative to the Ag/AgCl (sat KCl) reference electrode. 
The sample was checked under an optical microscope to ensure nanowires deposited into the 
membrane as shown in Figure 3.34. Au nanowires had an approximate length of 4 pm.

Chemical Name Formula Concentration (M)

Gold Chloride Trihydrate HAUCI4.3H2O 0.002

Boric Acid H3BO3 0.485

Table 3.7: Bath composition for the electrodeposition of gold nanowires from a HAuCU 
solution.
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Figure 3.33: Cyclic voltammogram curve indicating deposition potential (E^ep) of Au ions 
from a HAuCU bath.

Au NW-

Figure 3.34: Microscope images of Au nanowires grown at a potential of -1.2 V from a gold 
chloride trihydrate bath. Scale bar (a) 50 jam and (b) 10 |a.m.

CoPthard - A.U nanowircs were then fabricated using the experimental set-up described 
previously and the electrolyte baths in Table 3.2 and 3.7. CoPthard nanowires were poten- 
tiostatically deposited into an Au sputtered alumina membrane at a potential of -0.85 V 
overnight. The membrane within the glass cell was rinsed with deionised water and the 
Au electrolyte bath was placed in the glass cell. Au nanowires were deposited at a poten
tial of -1.2 V. However, a large degree of hydrogen evolution was observed and sufficient 
stress caused the alumina membrane to crack. As a result CoPt nanowire deposition was 
repeated in a new membrane and Au nanowires were grown at a lower potential of -0.6 V 
overnight. Figure 3.35 shows an SEM image of the cross section of CoPthard - Au nanowires. 
CoPt nanowires had a homogeneous growth with nanowire length approximately 8 pm. Au 
nanowires on the other hand where of extremely poor quality with poor adhesion at the CoPt 
- Au interface. Although hydrogen evolution had been reduced at this lower deposition po
tential it was not sufficient to obtain good quality wires. Deposition of Au nanowires was 
carried out overnight due to the low deposition current observed and lowering the potential
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further to reduce hydrogen evolution was not practical. Numerous supporting electrolytes 
were investigated to try and improve the quality of Au nanowires. Initially it was assumed 
that the presence of boric acid in the electrolyte bath caused the large degree of hydrogen 
evolution. However, the removal of boric acid from the bath resulted in the cracking of 
membranes due to stress at the surface and hydrogen evolution was still observed. In the 
end it was attributed to the reduction of hydrogen from the gold complex in water as shown 
in Equation 3.8 [39, 40]. A previous study on the doping of CoPt nanowires with Au from 
a HAuCU bath also showed SEM images of poor quality nanowires [41]. The nanowires 
appeared to have been etched at the surface which they attributed to the deposition process 
or the removal from the alumina membrane. From our studies we found that the excess hy
drogen evolution during deposition of Au nanowires resulted in poor quality nanowires. As 
a result an alternative electrolyte bath for Au nanowire deposition was required.

CoPt.

Figure 3.35: An SEM image of CoPt - Au nanowires deposited from a HAUCI4 bath into an 
alumina membrane. Scale bar 5 pm.

HAuCU
AuClT + 3e~

■ AiiCl^ -|- M 

■Au + ACr (3.8)

Due to the poor quality of gold nanowires deposited from an aqueous electrolyte bath 
containing HAuCU as a consequence of hydrogen evolution an alternative non-aqueous bath 
was investigated. Table 3.8 outlines the electrolyte bath for fabricating gold nanowires from 
a different KAuCU solution. It was prepared in an organic solvent, dimethyl sulfoxide 
(DMSO) anhydrous. The experimental set-up for electrochemical deposition included an Ag 
substrate or an Ag sputtered alumina membrane as the working electrodes, a non-aqueous 
Ag/Ag+ (sat KCIO4 in DMSO) reference electrode and a Pt mesh counter electrode. A 
cyclic voltammogram was initially carried out on an Ag substrates to examine the potential 
at which Au deposited. From Figure 3.36 it can be seen that the reduction of [AuCU]” in an 
organic electrolyte is different to that in an aqueous bath with the formation of an intermedi
ate [AuCU]^, as shown by PI and P2 corresponding to Equation 3.9 and 3.10, respectively 
[40, 42]. Gold nanowires were potentiostatically deposited into an Ag sputtered alumina 
membrane at a potential of -0.6 V. Figure 3.37 shows an SEM image of Au nanowires with a
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length of approximately 6 p.m grown from a non-aqueous bath. The quality of the wires ap
peared to be improved with little etching along the surface. However, bubbles were observed 
at the surface of the membrane indicating that there was still some water present in the set-up 
and in the open atmosphere, which in some samples caused the membrane to crack.

Chemical Name Formula Concentration (M)

Potassium Gold Chloride KAuCU 0.01 -0.05

Potassium Perchlorate KCIO4 0.1 -0.5

Table 3.8: Bath composition for the electrodeposition of gold nanowires from a KAuCU 
solution.

-1.8 -1.5 -1.2 -0.9 -0.6 -0.3
Potential (V)

0.0 0.3 0.6

Figure 3.36: Cyclic voltammogram curve indicating deposition potential of Au ions from a 
KAuCU bath, where PI and P2 correspond to the two reduction states of AUCI4.

AuCl^ “1“ 2c AuCIj T 2C/

AUCI2 "F c —^ Au + 2C/

(3.9)

(3.10)

CoPt - Au nanowires were then fabricated using the experimental set-up described pre
viously and the electrolyte baths in Table 3.2 and 3.8. CoPthard nanowires were deposited 
into an Ag sputtered alumina membrane at a potential of -0.85 V relative to an Ag/AgCl 
(sat KCl) reference electrode overnight. The set-up was rinsed with deionised water and 
dried with a nitrogen (N2) gun. The Au electrolyte bath was then placed in the set-up and 
nanowires were deposited at a potential of -0.6 V with respect to a non-aqueous Ag/Ag * (sat 
KCIO4 in DMSO) reference electrode. Bubbles were once again observed at the surface of 
the membrane. Figure 3.38 shows SEM images of CoPthard - Au nanowires in an alumina
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Figure 3.37: SEM image of Au nanowires grown at a potential of -0.6 V from a non-aqueous 
KAuCU bath. Scale bar 1 pm.

membrane. CoPt nanowires had a homogeneous growth with nanowires approximately 5 pm 
long. However, Au nanowires were once again of extremely poor quality with no adhesion 
at the interface between CoPt - Au. This was more than likely due to the presence of water 
within the pores of the membrane after CoPt nanowire deposition and drying with a N2 gun 
was not sufficient to completely remove the water. It was also possibly due to the deposi
tion of Au in open atmosphere and thus it was decided to try deposit Au from this bath in a 
glovebox to rule out the possibility of water affecting the quality of these wires.

— Au

- CoPt,

Figure 3.38: SEM images of CoPt - Au nanowires deposited from a non-aqueous KAuCU 
bath into an alumina membrane. Scale bar (a) 2 pm and (b) 1 pm.

Electrodeposition of Au nanowires took place in a MBraun 130 glovebox with an O2 

level < 1 ppm and H2O 3-4 ppm. The electrolyte bath was the same as above, Table 3.8, 
however to ensure no water was present the salts and solvents were dried. KAUCI4 and 
KCIO4 were dried in a rotary evaporator at 70 °C under vacuum. DMSO was dried with 
activated molecular sieves, 4 A. The molecular sieves were activated in a furnace at 350°C 
for 24 h and added to the DMSO for 1 day before use. Au was deposited into an Ag sputtered 
membrane at a potential of -0.6 V relative to a non-aqueous Ag/Ag^ (sat KCIO4 in DMSO) 
reference electrode. No bubbles were observed during deposition indicating the environment 
was indeed free from water. Au nanowires were then released from the alumina membrane 
by dissolving it in 1 M NaOH. SEM images of nanowires within an alumina template and
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liberated from the membrane can be seen in Figure 3.39. The quality of the Au nanowires 
once again appeared to be extremely poor. The surface was very porous and after removal 
from the alumina membrane the nanowires were extremely fragile and broke easily. Since 
the deposition took place in a glovebox it was established that hydrogen evolution could not 
be the cause of the poor quality of the wires and perhaps the chloride ions were etching the 
surface. It is unclear as to why in Figure 3.37 the nanowires appeared good quality and 
perhaps a closer inspection of the surface was required to observe etching in the surface also. 
As a result an alternative Au bath was necessary in order to fabricate CoPt - Au nanowires.

Figure 3.39; SEM images of Au nanowires grown at a potential of-0.6 V from a non-aqueous 
KAuCU bath in a glovebox. Images (a) and (b) are nanowires within the alumina template 
and images (c) and (d) are Au wires released from the membrane. Scale bar (a),(c) 1 pm and 
(b),(d) 200 nm.

3.9.2 Electrodepositon of CoPt - Au Nanowires from a Cyanide Bath

Due to the favourable properties of gold nanowires an alternative electrolyte bath of gold 
cyanide was chosen. Conventionally Au nanowires are deposited from gold plating solutions 
containing cyanide, however, these are generally quite expensive. The electrolyte bath for 
the deposition of Au nanowires prepared in DMSO is outlined in Table 3.9. All experiments 
took place in a glovebox under Ar in order to produce good quality gold nanowires and pre
vent the formation of hydrogen cyanide and the release of toxic cyanide. Figure 3.40 shows a 
cyclic voltammogram carried out on an Ag substrate with respect to a non-aqueous Ag/Ag' 
(sat KCIO4 in DMSO) reference electrode. The electrochemical reduction of Au(CN)2 in 
water is proposed to take place by two different mechanisms. Equation 3.11 occurs at low
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overpotentials with the formation of an intermediate adsorbed species, AuCCN)^,^,., which 
then reduces to metallic Au. Whereas, at high overpotentials the reduction of Au is carried 
out in one direct step as shown in Equation 3.12 [43, 44], Figure 3.40 indicates that the re
duction of Au(CN)2 takes place in one direct process at potentials around -1.9 V. The large 
overpotential is required due to the stability of the complex. Au was then potentiostatically 
deposited into an alumina membrane at a potential of -1.9 V with an Ag/Ag^ (sat KCIO4 in 
DM SO) reference electrode and a Pt mesh counter electrode. SEM images of Au nanowires 
can be seen in Figure 3.41 where (a) is nanowires protruding from the partially etched mem
brane, (b) is the cross section of the nanowires within the alumina membrane and (c) and (d) 
is an Au wire released from the template using a solution of 1 M NaOH. The nanowires in 
Figure 3.41 (b) appeared broken but this was due to the cracking of the membrane to view the 
wires within the template. Au nanowires had an approximate length of 7.5 p.m and appeared 
to be of very good quality which confirms the possibility of chloride ions etching the surface 
of the wires as shown previously (Figure 3.39).

Chemical Name Formula Concentration (M)

Potassium Dicyanoaurate KAu(CN)2 0.01 -0.05

Potassium Perchlorate KCIO4 0.1 -0.5

Table 3.9: Bath composition for the electrodeposition of gold nanowires from a cyanide 
solution.

Potential (V)

Figure 3.40: Cyclic voltammogram curve indicating deposition potential (Ejep) of Au ions 
from a cyanide bath.
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Au{CN)2 —> AuCNads + CN 

AuCN^ds A e —^ An ~1” (ZN (3.11)

Au[CN)2Ae- —>AuA1{CN-) (3.12)

Figure 3.41: SEM images of Au nanowires grown at a potential of -1.9 V from a gold cyanide 
bath where (a) and (b) are the nanowires in the alumina membrane and (c) and (d) are the 
wires released from the template. Scale bar (a) - (c) 1 [am and (d) 200 nm.

With the conditions for producing good quality Au nanowires optimised it was then pos
sible to fabricate CoPt - Au barcoded nanowires. CoPt nanowires were deposited into an 
Ag sputtered alumina membrane at a potential of -0.85 V relative to an Ag/AgCl (sat KCl) 
reference electrode overnight from the electrolyte bath outlined in Table 3.2. This deposition 
took place outside the glovebox since it was an aqueous bath. The membrane within the 
glass cell was rinsed with deionised water several times and dried with a N2 gun. A solu
tion of ethanol (EtOH) was then placed in the glass cell for 30 min and the membrane was 
dried with a N2 gun once again to try and completely remove water from inside the pores. 
Once the membrane within the glass cell was completely dry it then placed in the glovebox 
to deposit Au nanowires above CoPt wires. The gold cyanide electrolyte bath. Table 3.9, 
was placed in the set-up and a potential of -1.9 V relative to a non-aqueous Ag/Ag" (sat 
KCIO4 in DMSO) reference electrode was applied to deposit Au wires. Some bubbles were 
once again observed at the surface of the membrane indicating that water was still present 
within the pores. The potential was reduced to -1.7 V which appeared to stop the forma-
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tion of bubbles. Once deposition was complete the sample was then examined by SEM as 
shown in Figure 3.42. The growth of CoPt wires was extremely homogeneous with nanowire 
length approximately 10 |a.m. They were examined by EDAX and found to have a ratio of 
64:36 Co:Pt which explains the extended length of nanowires in this case and indicates the 
positioning of the reference electrode was not correct to obtain equiatomic CoPt. High qual
ity Au nanowires were observed once again. The deposition was slightly irregular with an 
average wire length of 5 p-m. On closer inspection of the CoPt - Au nanowire interface, Fig
ure 3.42 (b), it was discovered that there was no adhesion at the interface. This was attributed 
to the formation of bubbles at the surface of the membrane observed at high overpotentials 
indicating the presence of water in the pores of the membrane.

Figure 3.42: SEM images of CoPt - Au nanowires deposited into an alumina membrane 
from a gold cyanide bath with poor adhesion at the nanowire interface. Scale bar (a) 2 pm 
and (b) 100 nm.

In order to improve the adhesion at the CoPt - Au nanowire interface and completely 
remove water from inside the pores an alternative rinsing method was established. After 
the deposition of CoPt nanowires the membrane was rinsed with deionised water and dried 
with a N2 gun as before. The membrane within the glass cell was then placed inside the 
glovebox and EtOH dried with activated molecular sieves was poured into the glass cell for 
30 min. The membrane was then rinsed with dried DMSO and suspended in DMSO for 
90 min. Au nanowires were deposited from the cyanide bath at a lower overpotential of 
-1.65 V. Figure 3.43 shows an SEM image examining the interface of CoPt - Au nanowires. 
The adhesion at the interface was extremely good with no gap or offset observed between 
the wires. Rinsing with both EtOH and DMSO before the deposition of Au nanowires was 
essential to obtain good adhesion at the nanowire interface. This was an important step 
before segmented nanowires could be released from the alumina membrane.

With the conditions optimised for fabricating good quality CoPthard - Au nanowires with 
good adhesion at the interface it was then possible to examine their structural and magnetic 
properties with respect to annealing temperature and time. Although this was examined 
previously for CoPthard nanowires, the addition of the Au spacer layer may alter the wires’ 
properties and thus the influence of Au needed to be investigated. CoPthard wires were grown 
at a potential of -0.85 V overnight. The membrane within the glass cell was placed inside
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CoPt

Figure 3.43: An SEM image of CoPt - Au nanowires deposited into an alumina membrane 
from a gold cyanide bath with good adhesion at the nanowire interface. Scale bar 100 nm.

the glovebox and rinsed with EtOH and DMSO as described previously. Au nanowires 
were then deposited at a potential of -1.65 V. The length of Au nanowires was controlled 
by monitoring the charge passed during deposition into the pores, given by Faraday’s Law 
(Chapter 2: Section 2.1.3). Since the deposition of Au took place in a glovebox under 
Ar with no hydrogen evolution the calculation for wire length was valid, with a charge of 
1 C corresponding to Au nanowire length of 1 pm. SEM images of CoPt - Au nanow'ires 
released from the alumina membrane by dissolving it in 1 M NaOH are shown in Figure 3.44. 
CoPt wires had a length of 5.5 pm while Au wires were 2 pm long. EDAX analysis was 
then earned out to determine the ratio of Co:Pt and to examine the elemental prohle of the 
nanowire along a line scan. CoPthard nanowires had a ratio of 49:51 Co:Pt and Figure 3.45 
indicates the transition from CoPt to Au within a single nanowire. There is a slight reduction 
in the intensity of counts for CoPt at a length of approximately 2 pm along the \^'ire. This 
was due to the nanowire not being entirely straight when placed on the Si/Si02 wafer for 
imaging and thus the the line scan was unable to be positioned in the centre of the nanowire.

CoPL,

Figure 3.44: SEM images of CoPt - Au nanowires deposited from a gold cyanide bath and 
released from the alumina membrane using 1 M NaOH. Scale bar 1 pm.

122



Barcoded Nanowires

2 3 5 8 7
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Figure 3.45: EDAX elemental line profile of CoPt - Au nanowires deposited from a gold 
cyanide bath. Scale bar (a) 2 p,m.

CoPthard - Au nanowires were then annealed in forming gas at 700 °C for 30 min to form 
the tetragonal LIq ordered phase. Magnetisation measurements were carried out in a 5 T 
SQUID magnetometer at room temperature. The nanowires remained inside the alumina 
membrane to retain their alignment. Figure 3.46 shows the SQUID magnetisation curve 
of as-deposited, magnetically soft, CoPt - Au nanowires with a coercivity of 8 mT. The 
magnetisation curve for CoPthard - Au nanowires annealed at 700 °C for 30 min is shown 
in Figure 3.47. The nanowires exhibited an extremely large coercive field of 1.18 T and 
1.15 T parallel and perpendicular to the nanowire axis, respectively and the sample was 
isotropic. Yakota et al attributed this large coercivity to the diffusion of Au in CoPt hlms 
which promoted the ordering process of CoPt [45]. The incorporation of an Au spacer layer 
resulted in a 60 % increase in coercivity compared to CoPthard nanowires (Figure 3.19). The 
introduction of an appropriate spacer layer can significantly improve the ordering of the LIq 
CoPt phase as discussed below. A previous study by Yuan et al also achieved a coercive field 
of 1.2 T in CoPt - Au thin films [46]. They found that magnetic hardening of CoPt - Au 
films and the formation of the LIq phase occurred at lower temperatures than a single CoPt 
layer and thus this was investigated for CoPt - Au nanowires.

The influence of an Au spacer layer on the coercivity of CoPthard nanowires with respect 
to annealing temperatures ranging from 500 °C to 850 °C for a period of 30 min was inves
tigated. Figure 3.48 indicates that at 500°C there was already an increase in coercivity in 
CoPthard - Au wires. At this temperature the incorporation of Au doubled the coercivity from 
0.05 T to 0.13 T in comparison to CoPthard nanowires. Figure 3.49 shows the comparative 
coercivities for CoPthard and CoPthard “ Au nanowires for the magnetic field applied parallel 
to the wire axis. The coercivity of CoPthard - Au wires continued to increase with anneal
ing temperature and at 650°C the coercive held was 0.83 T. This was greater than CoPthard 
wires annealed at 700°C which had a coercivity of 0.68 T parallel to the nanowire axis. At 
700°C CoPthard - Au nanowires had a coercivity of 1.18 T parallel to the nanowires axis. 
For CoPthard wires at annealing temperatures greater than 700 °C the coercivity decreased 
indicating that the structure of the wires was becoming disordered once again. However, 
for CoPthard - Au nanowires an annealing temperature of 800 °C resulted in a coercivity of
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(T)

Figure 3.46: SQUID magnetisation curve for as-deposited CoPt - Au nanowires. Magnetisa
tion curve was coirected for the diamagnetic contribution from both the alumina membrane 
and the diamagnetic gel cap holder.

Figure 3.47: SQUID magnetisation curve for CoPthard - Au nanowires annealed at 700°C 
for 30 min. Magnetisation curve was corrected for the diamagnetic contribution from both 
the alumina membrane and the diamagnetic gel cap holder.

1.43 T and 1.34 T parallel and perpendicular to the wire axis, respectively and had exhibited 
an increased squareness in the hysteresis loop as shown in Figure 3.50. This was a dramatic 
increase in coercivity which has not been observed previously in CoPt films or nanowires. 
It could also be seen from Figure 3.48 that CoPthard - Au nanowires were magnetically 
isotropic at all annealing temperatures with a slight preferential direction of magnetisation 
parallel to the nanowires axis. The addition of an Au spacer layer significantly increased 
the coercivity of CoPthard nanowires. Flighly coercive CoPt nanowires could be obtained at 
annealing temperature as low as 600 °C with the addition of an Au spacer layer.
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Figure 3.48: Coercivity dependence of CoPthard - Au nanowires annealed at various temper
atures for 30 min.

Figure 3.49; Comparison of the coercivity of CoPthard CoPthard - A.u nanowires annealed 
at various temperatures for 30 min with the magnetic field applied parallel to the wire axis.

The variation in the coercivity of CoPthard - Au nanowires with respect to annealing 
time was also investigated as shown in Figure 3.51. At 700°C an annealing time of just 
10 min resulted in a coercive held of 0.7 T. This once again highlighted the influence of 
an Au spacer layer and reducing either the annealing temperature or time still resulted in 
highly coercive CoPt nanowires. The coercivity increased slightly after annealing for 20 min 
and after 30 min the coercive held was almost i .2 T. There was no significant change in 
coercivity for longer annealing periods with a marginal increase in coercivity after 2 h with 
CoPthard - Au nanowires demonstrating a coercive held of 1.3 T observed.
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MoH (T)

Figure 3.50; SQUID magnetisation curve for CoPthard - Au nanowires annealed at 800°C 
for 30 min. Magnetisation curve was corrected for the diamagnetic contribution from both 
the alumina membrane and the diamagnetic gel cap holder.

Annealing Time (min)

Figure 3.51: Coercivity dependence of CoPthard - Au nanowires annealed at 700°C for var
ious annealing times.

To understand the influence of Au on the coercivity and magnetic ordering in CoPt 
nanowires at different annealing temperatures and times, the crystallographic structure of 
these nanowires was investigated by X-ray diffraction. The ICDD diffraction patterns used 
were cubic CoPU (JCPDS 29-0499), tetragonal CoPt (JCPDS 29-0498) and Au (JCPDS 
04-0784). At an annealing temperature of 500°C a weak (110) diffraction peak could be 
seen at 48° along with a splitting of diffraction peaks at approximately 78° and 99° corre
sponding to the beginning of the formation of the ordered LIq CoPt phase. This corresponded 
to the increase in coercivity to 0.1 T in comparison to as-deposited samples. Splitting of the 
(200) peak at 47° began at 600°C for CoPt - Au nanowires whereas for CoPt nanowires it
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began at 650°C (Figure 3.23). This indicated that Au improved the crystallization of CoPt 
and magnetic hardening occurred 50 °C lower in CoPt - Au nanowires. At an annealing 
temperature of 700°C the diffraction peaks of the ordered phase were more defined with the 
appearance of the (100) peak at 33° and the splitting of peaks at 70° indieating the complete 
formation of the tetragonal LIq ordered phase. These peaks were even more pronounced 
at 800°C corresponding to the very large coercive field shown in Figure 3.50. At 38° and 
100° the diffraction peaks were beginning to shift back towards the disordered eubie phase. 
Above 800°C the LIq CoPt ordered phase was found to transform into the cubic structure 
again, with the broadening of diffraction peaks resulting in the magnetic softening and re
duced coercivity of CoPt - Au nanowires as observed previously (Figure 3.48). The study 
by Yuan et al also showed that grain growth occurred as annealing temperatures increased 
above 500°C and that grain size increased from 110 nm at 700 °C to 250 nm at 800°C. The 
internal stress caused by this grain growth resulted in the formation of the cubic phase onee 
again [46]. The shift in diffraction peaks around 98° toward higher angles was associated 
with the chemical ordering of the LIq tetragonal structure [37].
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Figure 3.52: X-ray diffraction pattern of CoPthard - Au nanowires annealed at various tem
peratures for 30 min.

The affect of annealing time on the crystallographie structure of CoPthard - Au nanowires 
was also investigated. Figure 3.53 shows the formation of the LIq ordered phase for nano
wires annealed at 700 °C. After annealing for just 10 min there was obvious splitting of 
numerous diffraction peaks such as at 38°, 48°, 79° and 99°, indicating the conversion of the 
disordered cubic phase to an ordered tetragonal strueture. This conhrmed the development of 
a large coercive field of 0.7 T after such a short annealing time. After 30 min the diffraction
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peaks were more defined with the complete splitting of peaks indicating the entire transition 
to the Llo ordered phase. For an annealing time of 2 h the diffraction peaks were slightly 
more defined, however, a shift in the peaks at 38° and 100° in comparison to 30 min indicated 
that the structure of the nanowires was becoming disordered once again.
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Figure 3.53: X-ray diffraction pattern of CoPthard - Au nanowires annealed at 700°C for 
various annealing times.

The study of the magnetic and structural properties of CoPthard “ Au nanowires high
lighted the advantage of introducing an Au spacer layer. Not only was it beneficial for pre
venting the inter-diffusion of CoPthard - CoPtsoU nanowires but it also drastically improved 
the coercivity of the samples. Both the annealing temperature and time could also be re
duced and still produce highly coercive nanowires. The formation of the ordered Llo CoPt 
phase began at temperatures as low as 500 °C and after annealing times of just 10 min at a 
temperature of 700°C.

Au - CoPt nanowires were then fabricated in order to ensure CoPtsoti could be success
fully deposited on top of Au wires. Au nanowires were deposited in Ag sputtered alumina 
membrane at a potential of -1.65 V relative to a non-aqueous Ag/Ag+ (sat KCIO4 in DMSO) 
and a Pt mesh counter electrode inside the glovebox. CoPt nanowires were then deposited 
in open atmosphere above Au wires at a potential of -0.82 V relative to an Ag/AgCl (sat 
KCl) reference electrode overnight. Once deposition was complete the membrane was dis
solved in 1 M NaOH to release the nanowires. Figure 3.54 shows SEM images of Au - 
CoPt nanowires. Au wires had a length of approximately 1 |j.m, while CoPt nanowires were 
5 |j.m in length. Good adhesion at interface of the wires was also observed. CoPt wires were 
examined by EDAX and found to have a ratio of 48:52 Co:Pt. Au - CoPt nanowires were 
then annealed at 700 °C for 30 min in forming gas to convert the disordered cubic phase to 
the tetragonal LIq ordered structure. Magnetisation measurements of Au - CoPt nanowires
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inside the alumina membrane were carried out in a 5 T SQUID magnetometer at room tem
perature. Nanowires had a coercive held of 0.87 T and 0.82 T parallel and perpendicular to 
the nanowire axis, respectively, as shown in Figure 3.55. The coercivity was slightly larger 
than desired for the fabrication of CoPtsoU wires due to the high percentage of Co present. 
However, this could easily be modihed by reducing the deposition potential to -0.80 V as 
demonstrated for single CoPt nanowires (Figure 3.20). These results indicated that CoPt 
wires could be successfully deposited above Au wires with good adhesion.

— Au

— CoPt

Figure 3.54: SEM images of Au - CoPt nanowires deposited into an alumina membrane. 
Scale bar (a) 1 |j.m and (b) 2 |j.m.

(T)

Figure 3.55: SQUID magnetisation curve for Au - CoPtsoU nanowires grown at a poten
tial of -0.82 V and annealed at 700°C for 30 min. Magnetisation curve was corrected for 
the diamagnetic contribution from both the alumina membrane and the diamagnetic gel cap 
holder.
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3.9.3 Influence of Saccharin Sodium Salt on the quality of Au Nanowires
deposited from Chloride and Cyanide Baths

Good quality gold nanowires were successfully fabricated from a cyanide bath. Experiments 
were then carried out to examine if the quality of Au nanowires deposited from a chloride 
bath could be improved. Saccharin sodium salt has been found to alter the surface morphol
ogy and reduce the internal stress of electrodeposited materials [47]. For pure Ni deposits the 
grain size was reduced by a factor of more than 16 with the addition of 3 g Na-saccharin 
which was attributed to the blocking of the surface by the formation of complex compounds 
which decreased surface diffusion of nickel ions adsorbed on the cathode surface and thus 
slowed grain growth [48]. In Ni-Co alloy deposits Na-saccharin limited the growth of pyra
midal grains and decreased the grain size which reduced the roughness of the films [49, 50]. 
At a concentration of 0.5 g Na-saccharin the films appeared extremely smooth with no 
significant change in surface topography above this concentration. Natter and Hempelmann 
examined the influence of butanediamine, diammonium-EDTA and saccharin on the nanos
tructure of gold deposits from a commercial gold sulfite bath [51]. In this study they found 
that 0.1 g L“* butanediamine caused the greatest decrease in crystallite size from 100 nm 
to 30 nm whereas diammonium-EDTA and saccharin resulted in a grain size of 40 nm and 
54 nm, respectively, at a concentration of just 0.17 g L“ *. For Au nanowires deposited from a 
chloride bath increasing the concentration of Na-saccharin may reduce the grain size further 
and thus improve the surface morphology and quality of the wires. Therefore, the influence 
of Na-saccharin was investigated for Au wires deposited from both chloride and cyanide 
baths for comparison.

All experiments took place in a glovebox under Ar to prevent hydrogen evolution. The 
electrolyte bath for fabricating gold nanowires from a KAuCU solution containing saccharin 
sodium salt is outlined Table 3.10 and was prepared in dried DMSO. Na-saccharin was dried 
in a rotary evaporator at 100°C under vacuum. The experimental set-up included an Ag 
substrate or an Ag sputtered alumina membrane as the working electrode, a non-aqueous 
Ag/Ag ’ (sat KCIO4 in DMSO) reference electrode and a Pt mesh counter electrode. A cyclic 
voltammogram was carried out on an Ag substrate to examine the effect of Na-saccharin on 
the deposition potential of Au ions. From Figure 3.56 it can be seen that there was a shift 
in the deposition peaks to more negative potentials in comparison to Figure 3.36. This was 
possibly due to the adsorption of Na-saccharin onto the surface on the Ag substrate [52]. 
However, this did not prevent the reduction of [AuCU]” to metallic Au(o) on the Ag substrate 
which once again took place via two reactions shown by PI and P2.

In order to compare the quality of Au nanowires with the addition Na-saccharin, wires 
were deposited into an Ag sputtered alumina membrane at a potential of -0.6 V as before. 
Once deposition was complete Au nanowires were released from the membrane by dissolv
ing it in 1 M NaOH. The morphology of Au wires were examined by SEM as shown in 
Figure 3.57. The quality of the wires had improved considerably with the addition of Na- 
saccharin to the electrolyte bath, with an overall wire length of 5 pm. On closer inspection.
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Chemical Name Formula Concentration (M)

Potassium Gold Chloride KAuCU 0.01

Potassium Perchlorate KCIO4 0.1

Saccharin Sodium Salt C7H4N03SNa 0.003

Table 3.10: Bath composition for the electrodeposition of gold nanowires from a KAuCU 
solution containing saccharin sodium salt.
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Figure 3.56: Cyclic voltammogram curve indicating deposition potential of Au ions from 
a KAuCU bath containing saccharin sodium salt where PI and P2 correspond to the two 
reduction states of AuCU.

Figure 3.57 (b), no etching or porous features could be seen on the surface of the wire 
unlike the previous deposition of Au wires from a chloride bath without Na-saccharin (Fig
ure 3.39). This indicated that the addition of saccharin could greatly improve the quality of 
Au nanowires deposited from a gold chloride bath.

Next, the influence of saccharin on the morphology of Au wires grown from a cyanide 
bath was investigated as a comparison. The cyanide electrolyte bath containing Na-saccharin 
and prepared in DMSO is outlined in Table 3.11. The experimental set-up is the same as 
above and once again deposition took place in the glovebox. The cyclic voltammogram 
of a KAu(CN)2 and Na-saccharin bath is shown in Figure 3.58. There was no shift in the 
deposition potential of Au ions in comparison with Figure 3.40. This was due to the stability 
of this complex and at large overpotentials the anionic property of Na-saccharin indicates it 
should be repelled from the surface of the Ag substrate and have no chemical interaction with 
Au(CN)2 . Thus, the morphology of Au nanowires should be unchanged with the addition of 
Na-saccharin to the bath.
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Figure 3.57: SEM image of Au nanowires grown at a potential of -0.6 V from a KAUCI4 
bath containing saccharin sodium salt. Scale bar (a) 1 pm and (b) 200 nm.

Chemical Name Formula Concentration (M)

Potassium Dicyanoaurate KAu(CN)2 0.01

Potassium Perchlorate KCIO4 0.1

Saccharin Sodium Salt C7H4N03SNa 0.003

Table 3.11: Bath composition for the electrodeposition of gold nanowires from a KAu(CN)2 
solution containing saccharin sodium salt.

Potential (V)

Figure 3.58: Cyclic voltammogram curve indicating deposition potential (Edep) of Au ions 
from a KAu(CN)2 bath containing saccharin sodium salt.

Au nanowires were then deposited from the cyanide and Na-Saccharin bath into an Ag 
sputtered alumina membrane at a potential of -1.9 V. Nanowires were liberated from the 
membrane by dissolving it in 1 M NaOH. Figure 3.59 shows SEM images of the surface 
topography of Au wires. There was no difference in the quality of the wires with the addition
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of Na-saccharin and Au wires appeared as before (Figure 3.41). This supported the evidence 
from the cyclic voltammogram that Na-saccharin was not involved in the reduction of Au 
ions from a cyanide bath.

Figure 3.59: SEM image of Au nanowires grown at a potential of -1.9 V from a KAu(CN)2 
bath containing saccharin sodium salt. Scale bar (a) 1 pm and (b) 200 nm.

Saccharin sodium salt was found to improve the quality of Au nanowires deposited from 
a chloride bath whereas, it had no influence on the quality of wires from a gold cyanide bath. 
Since the magnetic and structural characterisation of CoPt - Au nanowires had been carried 
out with Au wires deposited from a cyanide solution it was decided to continue using this 
bath for the fabrication of CoPt - Au barcoded nanowires.

3.10 Barcoded Nanowires

The previous sections outlined the conditions for fabricating CoPthard ‘ind CoPToft nanowires 
including optimising the deposition potential, determining the annealing temperature and 
time and examining the magnetic and structural properties of these wires. A gold spacer layer 
deposited from a gold cyanide bath was also found to be extremely beneficial for biomedical 
applications. By optimising the conditions for the deposition of Au and the removal of water 
from within the pores of the membrane, good quality, homogeneous Au nanowires with good 
adhesion at the CoPt - Au interface were produced. Au was found to dramatically improve 
the coercivity and crystallisation of CoPt wires. An Au spacer layer also had the ability 
to prevent the inter-diffusion of CoPthard ‘tnd CoPtsoft nanowires and thus multisegmented 
barcoded CoPt wires could now be fabricated.

3.10.1 CoPtsoft - Au - CoPtsoft Nanowires

In an initial attempt to produce CoPt - Au - CoPt barcoded nanowires, CoPt was deposited 
into an Ag sputtered alumina membrane at a potential of -0.80 V with respect to an Ag/AgCl 
(sat KCl) reference electrode and a Pt wire counter electrode overnight from the electrolyte 
bath outlined in Table 3.2. The membrane within the glass cell was then dried with a N2 gun 
and placed inside the glovebox under Ar. The glass cell containing the alumina membrane
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was suspended in dried EtOH for 30 min and was then rinsed with dried DMSO and left in 
DMSO for 90 min. Au nanowires were then deposited from the electrolyte bath shown in 
Table 3.9 at a potential of -1.70 V relative to a non-aqueous Ag/Ag^ (sat KCIO4 in DMSO) 
for approximately 30 min. CoPt wires were then deposited above Au nanowires at a poten
tial of -0.80 V relative to an Ag/AgCl (sat KCl) reference electrode overnight. Once the 
barcoded nanowires had been fabricated the membrane was dissolved in 1 M NaOH to lib
erate the wires. SEM images of CoPt - Au - CoPt nanowires can be seen in Figure 3.60. A 
clear distinction between the metallic segments was observed using the backscattered elec
tron detector. CoPt nanowire segments had a length of approximately 1 qm since they were 
deposited at the same potential overnight. The Au spacer layer was 2 pm in length which cor
responded to the chosen deposition charge of 2 C. Good adhesion at the interfaces between 
nanowire segments was also achieved. CoPt wires were examined by EDAX and found to 
be either cobalt or platinum rich in the segments with a ratio ranging from 53:47 to 44:56 
Co:Pt. An elemental line profile of the barcoded nanowires is shown in Figure 3.61. From 
the line scan it could be seen that there was a clear transition from CoPt to Au to CoPt once 
again, indicating a two segmented nanowire had been successfully fabricated.

(a) I

/
Figure 3.60: SEM images of CoPtsoft - Au - CoPtsoft barcoded nanowires deposited at a 
potential of -0.80 V, -1.70 V and -0.80 V, respectively. Scale bar (a) and (b) 1 pm.

Figure 3.61: EDAX elemental line profile of CoPtsoft - Au - CoPtsoft barcoded nanowires. 
Scale bar (a) 2 pm.

CoPt - Au - CoPt barcoded nanowires were then annealed in the alumina membrane at 
700 °C for 30 min in forming gas. This annealing temperature and time were chosen since
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they were sufficient to convert the disordered cubic phase to the tetragonal LIq ordered phase 
and produce highly coercive wires. Higher annealing temperatures or extended annealing 
times could resulted in the inter-diffusion of the CoPt segments despite the presence of the 
Au spacer layer. Figure 3.62 shows the SQUID magnetisation curve of the nanowire sample 
carried out at room temperature. From this graph it was confirmed that the sample was cobalt 
rich in one segment of the barcoded nanowire. A coercive field of 0.46 T was observed with 
a dramatic drop to 0 T. This was due to the low overpotential used during the deposition of 
the first CoPt segment and could be easily modified by increasing the potential to produce 
CoPthard - Au - CoPtsoft nanowires. The presence of two coercive fields in the magnetisation 
curve indicated that Au did in fact prevent the inter-diffusion of the CoPt segments.

(T)

Figure 3.62: SQUID magnetisation curve for CoPtsoft - Au - CoPUoft barcoded nanowires 
annealed at 700°C for 30 min. Magnetisation curve was corrected for the diamagnetic con
tribution from both the alumina membrane and the diamagnetic gel cap holder.

3.10.2 CoPthard - Au - CoPtsoft Nauowires

In order to fabricate CoPthard - Au - CoPtsoft nanowires, the first CoPt segment was deposited 
into an Ag sputtered alumina membrane at a potential of -0.85 V overnight. The membrane 
within the glass cell was dried and rinsed as outlined above and placed in the glovebox. Au 
nanowires were then deposited at a potential of -1.70 V to a deposition charge of 1.5 C. The 
final CoPt segment was deposited at a potential of -0.82 V overnight. Nanowires were once 
again released from the membrane by dissolving it in I M NaOH. Figure 3.63 shows SEM 
images of the two segmented CoPt nanowires which had an overall length of almost 10 pm. 
The initial CoPthard segment was 6 pm in length, the Au spacer layer was approximately 1.4 
pm long and the final CoPtsoft segment had a length of 2.5 pm. The elemental line scan of 
the nanowire can be seen in Figure 3.64 identifying the individual CoPt and Au segments 
within a single nanowire. EDAX analysis also determined that equiatomic CoPt was grown
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for the first CoPt wire and a platinum rich segment was deposited for the second CoPt wire 
with a ratio of 46:54 Co:Pt.

Figure 3.63: SEM images of CoPthard - Au - CoPtsoft barcoded nanowires deposited at a 
potential of -0.85 V, -1.70 V and -0.82 V, respectively. Scale bar (a) and (b) 1 |.rm.

Cobalt Platinum Gold

Figure 3.64: EDAX elemental line profile of CoPthard - Au - CoPtsoft barcoded nanowires. 
Scale bar (a) 2 pm.

CoPthard - Au - CoPtsoft nanowires in the alumina membrane were then annealed in 
forming gas at 700°C for 30 min. SQUID magnetisation curves of CoPthard - Au - CoPtsoft 
nanowires are shown in Figure 3.65. A clear distinction between the CoPthard ‘ind CoPtsoft 
segments can be seen from these graphs with the development of a shoulder in the hysteresis 
loop, particularly for the magnetic field applied perpendicular to the nanowire axis. From 
Figure 3.65 (a), with the magnetic field applied parallel to the nanowires, the coercivity of 
the CoPthard and CoPtsoft segments were 0.91 T and 0.21 T, respectively. In Figure 3.65 
(b) the coercive held of CoPthard was 0.90 T and 0.10 T for CoPtsoft for fhe held applied 
perpendicular. The magnetic remanence of the CoPtsoft and CoPthard segments are not of 
the same proportion due to the different length of the CoPt segments in the nanowire. The 
coercivity of the CoPthard segment was slightly lower than expected in comparison to a co
ercive held of 1.2 T for CoPthard - Au nanowires (Figure 3.47). It is unclear why this was 
the case as EDAX analysis indicated that equiatomic CoPt had been deposited at a potential 
of -0.85 V. It may be due to certain areas within the CoPthard segment not being completely 
equiatomic. However, good quality CoPthard - Au - CoPtsoft nanowires with two distinctive 
coercive helds were successfully fabricated.
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Figure 3.65: SQUID magnetisation curve for CoPthard - Au - CoPtsoU barcoded nanowires 
annealed at 700°C for 30 min with the magnetic field applied (a) parallel and (b) perpendicu
lar to the nanowire axis. Magnetisation curve was corrected for the diamagnetic contribution 
from both the alumina membrane and the diamagnetic gel cap holder.

A study by Zhang et al attributed the shoulder in the hysteresis loops of CoPt - C multi
layer films to the formation two kinds of CoPt crystals, an ordered fee CoPt3 and an ordered 
fet CoPt, which were separated by C [53]. They found that when the thickness of C is low, 
the two phases interact and appear as a single phase. As C increases the distance between 
the CoPt crystallites increases and a shoulder in the hysteresis loop begins to develop along 
with a large coercive field. At a C thickness of 1.2 nm the shoulder begins to disappear 
slightly and H, decreases marginally, indicating the reduction in the exchange coupling be
tween the CoPt phases. However, since the samples were grown in the same conditions and 
annealed at 700 °C for 1 h, it is highly unlikely that two phases of CoPt formed. From our 
studies tetragonal LIq ordered CoPt phase was always formed at an annealing temperature 
of 700°C and for an annealing time of 30 min up to 1 h (Figure 3.12 and 3.14). The different 
CoPthard and CoPtsoft Segments were formed by modifying the Co or Pt content. They also
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found a maximum coercivity for Pt rich samples (Co^iPt^g) in comparison to equiatomic 
CoPt which contradicts our hndings as well as that of others [54, 55, 56], Panagiotopoulos et 
al attributed the shoulder in the hysteresis loop to the formation of a soft ordered CoPt phase 
in samples with a higher Pt content. Thus, the soft and hard phases were exchange-spring 
coupled [57, 58],

In a recent study by Yu et al, they investigated the influence of Au layer thickness in 
Fe/Pt/Au multilayer films on sample coercivity [59], For samples annealed at 500°C a shoul
der in the hysteresis loops was observed indicating the coexistence of soft and hard magnetic 
phases. With increasing thicknesses of Au from 0.5 nm to 3.5 nm the coercivity of the films 
increased and the shoulder in the loop became more evident. This was attributed to thicker 
Au layers restraining the grain growth of fct FePt and as the thickness of Au increased the 
stress in the lattice also increased. In order to release the stress in the films during annealing, 
the strain energy in the fee FePt lattice accelerated the transformation from disordered to 
ordered, thus increasing the coercivity of the films with increasing Au thickness. On closer 
inspection of the XRD patterns it can be seen that at an annealing temperature of 500 °C the 
complete transformation from the disordered fee phase to the ordered LIq phase had not yet 
been achieved. At 600°C the diffraction peaks were more defined and complete splitting of 
the peaks had been achieved indicating the complete formation of the tetragonal Llo ordered 
phase. Thus, hysteresis loops of FePt - Au multilayers annealed at 600°C may not show 
a shoulder in the loop. This hypothesis was supported in a study by Feng et al on FePt - 
Au multilayers. In their initial work they also observed shoulders in the hysteresis loops for 
samples annealed at 450°C corresponding to the existence of both soft and hard phases [60]. 
When they examined the hysteresis loops of FePt - Au multilayers annealed at 600°C, in 
their most recent work, no shoulder in the curve was apparent [61]. These studies indicated 
that an appropriate annealing temperature is essential to completely form the tetragonal LIq 
ordered phase of either FePt or CoPt in multilayer systems.

3.10.3 CoPthard - Au - CoPtsoft - Au - CoPthard Nauowires

Three segmented CoPthard - Au - CoPtsoft - Au - CoPthard barcoded nanowires were then 
fabricated. The procedure for fabricating these wires was the same as a two segment nanowire 
with the additional deposition of an Au spacer layer and a CoPthard segment. The first 
CoPthard segment was deposited into an Au sputtered alumina membrane at a potential of 
-0.85 V overnight. The membrane within the glass cell was dried and rinsed using EtOH 

and DMSO as outlined previously and placed in the glovebox. Au nanowires were then de
posited at a potential of -1.65 V to a deposition charge of 1.5 C for approximately 20 min. 
The deposition of the CoPtsoft segment was carried out at a potential of -0.82 V overnight. 
The deposition current was only -3 mA whereas for the deposition of CoPthard it was ap
proximately -6 mA indicating more platinum was being deposited. The membrane was once 
again dried and rinsed to remove water from within the pores. The deposition of an Au 
spacer layer was repeated as above at a potential of -1.65 V. The final CoPthard segment was
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deposited at a potential of -0.825 V overnight with the deposition current similar to the hrst 
CoPthard segment. Once the fabrication of the three segmented nanowire was complete the 
membrane was dissolved in 1 M NaOH.

The nanowires were then examined by SEM and EDAX as shown in Figure 3.66 and 3.67, 
respectively. The backscattered electron detector was used in order to distinguish between 
the CoPt and Au segments due to the limited imaging resolution at the different segment 
interfaces. Three segmented barcoded nanowires could be clearly visualised with an overall 
wire length of approximately 8 pm. Elemental line profiling was also carried out to help 
identify the individual segments. From examining numerous nanowires each Au spacer layer 
had a length of 1.3 pm which was proportional to the deposition charge. The hrst CoPthard 
segment was approximately 3 pm in length, while the second CoPthard segment had a length 
of approximately 2 pm. The reduced length of this second CoPthard segment, despite the 
deposition current being the same as hrst segment, may be due to depositing of CoPt above an 
Au layer whereas the hrst segment was directly deposited into an empty alumina membrane. 
The middle CoPtsoU segment was just 1 pm in length which was due to the low deposition 
cuirent observed previously and also possibly due to deposition on an Au segment. EDAX 
analysis was also carried out to determine the ratio of Co:Pt in each of the segments. The 
hrst and second CoPthard segment had a ratio of 50:50 and 49:51 Co:Pt. respectively. The 
CoPtsoft segment had a ratio of 46:54 Co:Pt.

Figure 3.66: SEM images of CoPthard - Au - CoPtsou - Au - CoPthard three segmented 
barcoded nanowires. Scale bar (a) - (d) 1 pm.
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Figure 3.67: EDAX elemental line profile of CoPthard - Au - CoPtsoft - Au - CoPthard three 
.segmented barcoded nanowires. Scale bar (a) and (c) 2 p-m.

CoPthard - Au - CoPtsoft - Au - CoPthard barcoded nanowires within the alumina mem
brane were then annealed at 700 °C for 30 min in forming gas. SQUID magnetisation curves 
of three segmented CoPt nanowires with three different coercive fields are shown in Fig
ure 3.68. The CoPtsoft segment had a coercivity of 0.20 T and 0.10 T with the magnetic 
parallel and perpendicular to the nanowire axis, respectively. These results were the same 
as for the CoPtsoft segment in the two segmented CoPt - Au nanowires (Figure 3.65). The 
first CoPthard Segment had a coercive field of 1.33 T. The coercivity of the second CoPthard 
segment was deduced from the shoulder in the hysteresis loops in the parallel and perpendic
ular direction and was found to be approximately 0.84 T. The coercivity of the first CoPthard 
segment was greater then expected as previously for CoPthard - Au nanowires a maximum 
coercivity of 1.18 T was found for samples annealed at 700°C for 30 min (Figure 3.47). 
This enhanced coercivity and the lack of a step in the hysteresis loop for the second CoPthard 
segment may be due to exchange interactions between the CoPt segments. The magnetic 
remanence of the CoPt segments are not of the same proportion due to the different length of 
the segments in the nanowire, as seen previously with the two segmented wires. Three seg
mented CoPthard - Au - CoPtsoft - Au - CoPthard barcoded nanowires with different coercive 
fields were successfully fabricated.

The SQUID magnetisation curves comparing two and three segmented CoPt nanowires 
are shown in Figure 3.69. From these hysteresis curves it can be seen that the coercivity of the 
CoPtsoft segments are similar for both two and three segmented nanowires. The first CoPthard 
segments in two and three segmented wires are different as explained previously. There was
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Figure 3.68: SQUID magnetisation curve for CoPthard - Au - CoPtsoft barcoded nanowires 
annealed at 700 °C for 30 min with the magnetic field applied (a) parallel and (b) perpendicu
lar to the nanowire axis. Magnetisation curve was corrected for the diamagnetic contribution 
from both the alumina membrane and the diamagnetic gel cap holder.

clear evidence of a shoulder in the hysteresis curve, in particular with the magnetic held 
applied perpendicular to the nanowire axis, for the three segmented CoPt nanowire which 
corresponded to the second CoPt^ard segment. This indicated that three segmented CoPthard 
- Au - CoPtsoft - Au - CoPthard barcoded nanowires with different coercive helds were 
successfully fabricated.

The direction of magnetisation of the CoPthard and CoPtsoft segments can also be adjusted 
in barcoded nanowires (Figure 3.70). This might be possible by applying a magnetic held 
larger than the coercivity of the CoPthard segments in one direction (Happhed > H^.bard) and 
then applying a magnetic held greater than the CoPtsoft segments in the opposite direction 
(Hc.soft < Happiied < H^.bard)- This could result in distinctive stray helds produced by the 
multisegmented nanowires which can be detected by a sensor for biomedical applications.
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Figure 3.69: SQUID magnetisation curve comparing two and three segmented barcoded 
nanowires annealed at 700°C for 30 min with the magnetic field applied (a) parallel and (b) 
perpendicular to the nanowire axis. Magnetisation curve was corrected for the diamagnetic 
contribution from both the alumina membrane and the diamagnetic gel cap holder.
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Figure 3.70; Schematic of the orientation of magnetisation in a three segmented CoPt 
nanowire. It can be altered by applying Happiied > Hc.hard and then applying Hc.soft < HappUed 
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3.11 Conclusions

In conclusion, multisegmented CoPt - Au barcoded nanowires were successfully fabricated. 
Cobalt nanowires were initially produced by electrodeposition into alumina membrane tem
plates. It was discovered that a 10 min period was sufficient to dissolve the membrane in 1 M 
NaOH. Longer dissolution periods resulted in the degradation of the wires due to the forma
tion of the cobalt hydroxide. CoPt films and nanowires were then fabricated from a single 
electrolyte bath. By varying the deposition potential it was possible to control the compo
sition of the samples as shown in Figure 3.71. Equiatomic CoPt hlms were deposited at a 
potential of -0.88 V, while Co5oPt5o nanowires were grown at -0.85 V relative to an Ag/AgCl 
(sat KCl) reference electrode. The as-deposited samples were magnetically soft and had a 
disordered cubic structure. In order to transform the samples into the tetragonal LIq ordered 
phase a post deposition annealing process in forming gas (5 vol. % H2 and 95 vol. % Ar) 
was required. A minimum annealing temperature and time of 700 °C and 30 min were re
quired to completely transform the samples from a disordered to an ordered structure and 
obtain highly coercive samples. Above 700 °C the samples became disordered once again 
and coercivity decreased. CoPt films grown to a charge of 15 C, with a thickness of ap
proximately 3.6 pm (Faraday’s Law with a 70 % current efficiency), and annealed at 700°C 
for 30 min, had a coercivity of 0.57 T and 0.51 T with the magnetic held applied parallel 
and perpendicular to the him, respectively. By reducing the deposition charge to 5 C and 
producing thinner hlms, with a thickness of approximately 1.22 pm, an enhanced coercivity 
of 0.69 T was recorded, possibly due to the decreased size of the crystallites and the reduced 
magnetic interaction between them. Equiatomic CoPthard nanowires had a coercive held of 
0.71 T and 0.68 T parallel and perpendicular to the nanowire axis, respectively. By altering 
the deposition potential and increasing the amount of Pt in the nanowire it was possible to 
fabricate CoPtsoft wires with a coercivity of 0.25 T.

56 .2

Oo
£o<
E

Figure 3.71: Composition of CoPt films deposited at various potentials.
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In fabricating barcoded CoPthard - CoPtsoft nanowires it was discovered that inter-diff
usion between the segments occurred during the annealing process and wires appeared mag
netically soft. In order to prevent diffusion and obtain CoPt segments with different coercive 
fields a spacer layer was introduced. Numerous spacer layers were investigated with gold 
found to be the most suitable. Good quality Au nanowires deposited from a chloride bath 
could be fabricated with the addition of sodium saccharin salt. Au wires deposited from a 
cyanide bath did not require the incorporation of Na-saccharin into the electrolyte bath in 
order to produce high quality wires and thus this bath was used to fabricate the gold spacer 
layer. Deposition took place in a glovebox under Ar which enabled the length of the spacer 
layer to be easily controlled. Since the deposition of CoPt nanowires took place in an aque
ous bath in open atmosphere a rinsing procedure in EtOH and DMSO inside the glovebox 
was necessary. This was carried out in order to completely remove water from inside the 
pores of the membrane before Au deposition took place and enabled good adhesion the CoPt 
- Au wire interface. The addition of Au greatly improved the structural and magnetic prop
erties of CoPt nanowires. For CoPt - Au samples annealed at 700 °C for 30 min a high 
coercivity of 1.18 T and 1.15 T parallel and perpendicular to the nanowire axis, respectively 
was discovered. The incorporation of an Au spacer layer resulted in a 60 % increase in co
ercivity compared to CoPthard nanowires. At an annealing temperature of 800°C for 30 min 
the coercivity increased even further with a coercive field of 1.43 T and 1.34 T, parallel and 
perpendicular to the nanowire axis, respectively. This is the highest reported value of coer
civity for CoPt - Au nanowires and was attributed to the diffusion of Au into CoPt nanowires 
which promoted the ordering process of CoPt. Rhen et at achieved a coercivity of 1.3 T for 
CoPt nanowires, while Liu et al obtained a coercive field of 1.35 T and 0.45 T parallel and 
perpendicular to the wire axis, respectively [4, 62]. However, Liu et al initially fabricated 
Co/Pt multilayered nanowires and after annealing formed CoPt alloy wires. This resulted in 
the formation of a mixture of fee and fet phases due to incomplete mixing of the Co and Pt 
multilayer segments during annealing and thus highly ordered LIq CoPt nanowires were not 
produced. In this study highly coercive, tetragonally ordered LIq CoPthard - Au nanowires 
were obtained at an annealing temperature as low as 500°C (0.13 T) or 600°C (0.34 T) and 
after annealing times of just 10 min at a temperature of 700 °C (0.7 T). Reducing the anneal
ing temperature to produce LIq CoPt samples with high coercivity has been a challenge for 
magnetic recording manufacturing. Thus, the inclusion of an appropriate spacer layer such 
as gold can reduce this ordering temperature for future applications.

Finally, two and three segmented CoPt - Au barcoded nanowires were successfully fab
ricated. SEM imaging and EDAX analysis enabled the individual segments to be clearly 
identified and distinguished. Inter-diffusion during annealing at 700 °C for 30 min did not 
occur between CoPthard and CoPt^oft segments with the incorporation of a Au spacer layer. 
The different coercive fields of the CoPthard and CoPtsoft segments in the nanowires were also 
identified from the magnetisation curves. These multisegmented barcoded CoPt nanowires 
have numerous potential applications in biomedicine. For instance, by functionalising the
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surface of the wires with antibodies or proteins and applying them into a microfluidic GMR 
sensor set-up, the different stray fields of the barcoded nanowires can be detected and thus 
quantify of the amount of biological material present in the sample.
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Chapter 4

Ni Nanowires: Electrodeposition and Toxicity

4.1 Introduction

The advances in fabrication and functionalisation of nanomaterials over the past few years 
have resulted in a remarkable growth of their biomedical and industrial applications. An un
derstanding of the potential toxicity of nanomaterials and methods for reducing their harmful 
effects is required before they can be successfully used in biological applications. Magnetic 
nickel nanowires have been widely investigated due to their favourable magnetic properties 
for cell separation and manipulation. Nickel is ferromagnetic at room temperature with a 
saturation magnetisation of 55.4 Am^ kg“‘. The crystal structure of nickel is face-centered 
cubic with a lattice parameter ao = 0.3523(8) nm and a Curie temperature of 628 K. Nickel 
also has high melting and boiling points of 1728 K and 3186 K, respectively [1]. The native 
oxide layer that forms on the outside of nickel nanowires can also aid the functionalisation 
of organic molecules to the wire surface [2, 3].

Previous studies have been carried out to examine the toxicity of nickel nanowires in 
vitro. Hultgren et al incubated a low number of nickel nanowires with fibroblast cells (ratio 
1:3) [4]. After a 24 h exposure period, wires were found to have a non-toxic effect on the 
cells after the internalisation of the wires. This may have been due to the low number of 
nanowires binding to individual cells. Prina-Mello et al demonstrated the internalisation 
of nickel nanowires by rat marrow stromal cells (MSC), MC3T3-E1 osteoblast cells and 
UMR-106 osteosarcoma cells [5J. It was reported that the cell survival rate was greater than 
95 % up to 5 days after internalisation. This indicated that, nickel nanowires could be used 
for various biological applications with no disruption to the cellular growth cycle.

The World Health Organisation has defined a hazardous fibre as one with a diameter less 
than 3 pm and a length greater than 5 pm [6]. This criterion was investigated in this study 
by fabricating magnetic nickel nanowires of different lengths by electrochemical deposition. 
The structural and magnetic properties of the wires were fully characterised by numerous 
techniques. The possible toxic effects of nickel nanowires exposed to THP-1 human phago
cytic cells were then investigated using high content analysis. The in vitro model of human 
phagocytic cells differentiated from the THP-1 cell line was chosen as macrophages repre-

150



Ni Nanowires: Electrodeposition and Toxicity

sent the first line of response to nanomaterials in the human body. The typical phagocytic 
behaviour of macrophage cells is shown in Figure 4.1. Integrins which are receptors on the 
surface of the cell detect foreign objects, such as nanowires, within their environment. The 
cytoskeleton enables cellular motion towards these foreign objects. A phagoytic cup then 
surrounds the object and if possible it is engulfed within the cellular membrane. Lysosomes, 
which contain digestive enzymes, neutralise and break down the object and the waste ma
terial is expelled from the cell. If the macrophage is unable to completely ingest the object 
frustrated phagocytosis may occur resulting in cell death.

Waste expelled

Foreign Object

Lysosomes

Figure 4.1: Schematic of the phagocytic behaviour of macrophage cells.

The functional and inflammatory response of THP-1 cells will provide an indication of 
the degree of toxicity of nickel nanowires in relation to their aspect ratio, surface coating and 
concentration. Our aim was to reduce their toxicity by coating the surface of the nanowires 
with a biocompatible material of polyethylene glycol (PEG) or silica (SiOa). Previous stud
ies have found that surface coatings and the charge on nanomaterials can influence their 
uptake by cells and modify their cytotoxic effects. Both PEG and Si02 surface coatings 
have been found to enhance the colloidal stability of nanomaterials, prevent aggregation and 
reduce their immunogenicity, resulting in the overall improved biocompatibility of the nano
materials [7, 8, 9, 10]. We also investigated critical factors affecting cellular responses such 
as aspect ratio, the concentration of nanomaterial in relation to cell population density and 
the secretion of inflammatory cytokines in the presence of foreign objects. The results from 
the in vitro experiments can then guide expectations on potentially feasible nanomaterials 
[11].
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4.2 Fabrication of Nickel Nanowires

4.2.1 Electrodeposition

Nickel nanowires (Ni NWs) were fabricated by electrochemical template synthesis using alu
mina membranes (Anodise 25, Whatman, U.K.) with an average pore diameter of 200 nm. 
The pore density was 1x10^ pores cm“^, which was approximately 50 % of the membrane 
area. The membrane diameter was 20 mm with a thickness of 66 jam. An Ag or Au layer, a 
few hundred nanometres in thickness, was sputtered onto the back of the membrane to pro
vide a conducting substrate. The reference electrode and counter electrodes were Ag/AgCl 
(saturated KCl) and a Pt wire, with an area of approximately 0.95 cm^, respectively. The 
aqueous electrolyte bath used is specified in Table 4.1. Boric acid was used as it acts as a 
catalyst for nickel deposition by accelerating growth rates and suppressing hydrogen evo
lution [12]. The reduction of nickel takes place via Equation 4.1 at a potential of -0.26 V 
relative to a SHE [13].

Chemical Name Formula Concentration (M)

Nickel Sulfate Hexahydrate NiS04.6H20 2.0

Boric Acid H3BO3 0.6

Table 4.1: Bath composition for the electrodeposition of nickel nanowires.

A/2+ + 2e- ■Ni (4.1)

Nickel was potentiostatically deposited into the pores of the membrane at a potential in 
the range -0.9 to -1.0 V relative to the reference electrode. Nanowire length was deduced 
from the charge passed during pore filling (Chapter 2: Equation 2.3). Once a specific charge, 
corresponding to a desired nanowire length, had been reached the deposition was stopped. 
The deposition charges differed substantially from those calculated, particularly in relation 
to the growth of long nanowires (Table 4.2). This was due to the occurrence of a large degree 
of hydrogen evolution and as a result a low current efficiency. Numerous experiments were 
carried out in order to determine the experimental value of charge passed during pore filling 
(Qnw) in comparison to the calculated value of total charge passed (Qt„tai)- For nanowire 
lengths of 5 p-m and 20 pm the current efficiencies were approximately 0.45 and 0.21, re
spectively (Chapter 2: Equation 2.5). The thin Ag or Au layer on the back of the membrane, 
which provided the conducting substrate, was removed by gently polishing it with 6 micron 
diamond lapping film (662XW, Farnell). Nickel nanowires were then liberated from the alu
mina membrane by dissolving it in 1 M NaOH. The solution was heated to 40°C for 10 min 
and sonicated in an ultrasonic bath (Grant XB3, U.K.) for 2 h. The NaOH solution was re-
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moved and the nickel nanowire stock sample was washed multiple times and resuspended in 
deionised water. The pH was checked to confirm NaOH had been completely removed.

1 (pm) Qnw (C) Qexp (C)

3 5 1 1 0.46

5 8 17 0.47

20 31 150 0.21

40 63 400 0.16

Table 4.2: Comparison between the calculated value of charge passed during pore filling 
(Qnw) iind the experimental value of charge passed (Qexp), where / is the desired nanowires 
length. The current efficiency, C- = Qnw/Qcxp-

4.2.2 Sample Characterisation

Scanning electron microscope (SEM) images of nickel nanowires can be seen in Figure 4.2. 
From these images it can be seen that the nanowires were completely removed from the 
alumina membrane. Samples had a diameter of 200 nm corresponding to the pore diameter 
of the membrane. Short and long nickel nanowires with average lengths of 4.3 ± 1.0 pm 
and 24.0 ± 7.0 pm and aspect ratios of 21.5 and 120.0, respectively, were grown for our 
experiments. SEM images of uncoated nanowire samples were also used in order to deter
mine the size distribution of the samples. One hundred nanowires were examined and their 
length was determined using ImageJ software (Research Services Branch, National Institute 
of Mental Health, Maryland, USA.). Size distribution data for short nickel nanowires in
dicated that 77 % had a length less than 5 pm while for long nanowires 73 % were above 
20 pm (Figure 4.3).

Magnetisation measurements were carried out in a 5 T SQUID magnetometer at room 
temperature. A few milligrams of dried nickel nanowire sample was placed in a diamagnetic 
gel cap holder and placed within the SQUID sample space. Figure 4.4 shows the magneti
sation curve of the nanowire sample and indicated the nickel sample was ferromagnetic. 
The saturation magnetisation was found to be 40 Am^ kg“', which is significantly less than 
the expected value for bulk nickel (55.4 Am^ kg“'). A likely source of this discrepancy 
is due to the oxidation of the surface layer of nickel when exposed to NaOH during re
moval of the nanowires from the alumina template. A surface coating of antifeiTomagnetic 
NiO, calculated to be approximately 15 nm thick, can explain this reduced magnetisation. 
The nanowires also exhibited a coercive field of 48 mT and a remnant magnetisation of 
0.26 Am^ kg~'. The average magnetic moment per wire was 2.2 x 10“'^ Am^.
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Figure 4.2: SEM images of (a) Short, 4.3 ± 1.0 [am and (b) Long, 24.0 ± 7.0 |am uncoated 
nickel nanowires. Scale bar (a) 3 |j.m and (b) 20 |am.

(a) Short Nickel Nanowires

(b) Long Nickel Nanowires

Length (pm)

Figure 4.3; Size distribution of (a) Short, and (b) Long, uncoated nickel nanowires carried 
out on one hundred wires using SEM images.
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Figure 4.4: SQUID magnetisation curve for nickel nanowires where (b) shows the coercive 
field of wires. Magnetisation curve was corrected for the diamagnetic contribution from the 
diamagnetic gel cap holder.

X-ray diffraction (XRD) was used to determine the crystallographic structure of the 
nickel nanowire sample. A Philips X’Pert Diffractometer system was used with a copper 
X-ray tube operating at 40 kV and 40 mA. A few milligrams of dried nanowire sample was 
placed on a PW3064 sample spinner and data were collected in a step scan mode from 30° 
to 100° at a step size of 0.008 and a rate of 120 s per step using an X’Celerator detector. The 
scan data were then analysed by comparing the peak positions and relative intensities with 
standard data on nickel (JCPDS 04-0850) provided by the International Centre for Diffrac
tion Data (ICDD). The XRD pattern of the nickel nanowires is shown in Figure 4.5. The 
sample had a face-centered cubic (FCC) structure with a lattice parameter ao of 0.353 nm. 
There was some evidence of (111) texture.

The concentration of the nanowire sample was determined in nanowires per millilitre 
(NW mL“') using differential interference contrast microscopy (DIC) in order to quan
tify the number of nanowires affecting cellular response. Each individual nanowire can 
be clearly visualised using DIC imaging. Figure 4.6 shows the comparative analysis be
tween counting the dispersed nickel nanowires on the Si/SiOi wafer using a tally counter
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Figure 4.5: X-ray diffraction pattern of nickel nanowire sample.

versus using a defined algorithm on the Image-Pro software (Media Cybernetics, UK). Data 
from the Image-Pro software, within a predefined object range, demonstrated the accuracy of 
nanowire measurement using a tally counter. Both methods enabled the concentration of the 
nanowire samples to be determined. All nanowire samples had a concentration in the range 
of 0.5 - 9 X 10* NW mL~'. An example of the determination of nanowire concentration, 
NW mL“', can be seen in Table 4.3.

Figure 4.6: DIC microscopy images of nickel nanowires used to determine sample concen
tration with (a) a tally counter and (b) a defined algorithm on Image-Pro software. Scale bar 
50 p.m.

Average No. NWs No. NWs Concentration

Sample Drop Size in 10 sections per mL Dilution Factor of Sample

(pL) (NW) (NW mL ')

Long Ni NW 1 264 2.64 X 10'^ 3000 7.92 X 10*

Table 4.3: Determination of nanowire concentration.

156



Ni Nanowires: Electrodeposition and Toxicity

4.2.3 Surface Coating

Nanowires were then coated with either PEG or Si02 in order to aid their dispersion in solu
tion and determine if toxicity was due to the nanowire m.aterial itself or if it was aspect ratio 
dependent. A suspension of nickel nanowires in deionised water was sonicated for 60 min 
to obtain a uniform dispersion. In the hrst ca.se, the sample was mixed with a solution of 
5.5x10“"^ M 0,0’-Bis-(3-aminopropyl)-polyethylene glycol-1,500 and sonicated for 60 min 
at room temperature. In the second case, a solution of 0.04 M tetraethyl orthosilicate (TEOS) 
was prepared by mixing 10 pL TEOS, 990 pL isopropanol and 10 pL ammonium hydrox
ide. 200 pL TEOS solution was added to the Ni NWs and sonicated at room temperature for 
90 min. The nanowire solutions were then allowed to react overnight before washing several 
times with deionised water to remove any unreacted excess material.'

Uncoated and coated nickel nanowires were examined by transmission electron micro
scopy (TEM, Jeol JEM-2100, Japan) (Eigure 4.7). From these images, it can be seen that 
the uncoated wires display an uneven surface, possibly due to an oxide layer, while both 
PEG and Si02 coated wires show a smooth, uniform 30 nm layer on the surface. The oxide 
layer on the uncoated nanowires can account for the reduced saturation magnetisation of this 
sample seen previously Figure 4.4. TEM also revealed that individual nanowires were coated 
in either PEG or Si02 and not clusters of wires.

Figure 4.7: TEM images of (a) Uncoated (b) PEG coated and (c) Si02 coated nickel 
nanowires. Inset shows uniformity of surface coating. Low electron density on outer part of 
nanowire indicates surface coating. Scale bar 200 nm (Inset 50 nm).

'Thi.s work was carried out in collaboration with Gemma-Loui.se Davies. Prof. Yurii Gun'ko’s Laboratory, 
School of Chemistry, Trinity College Dublin.
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Zeta potential measurements of uncoated, PEG or Si02 coated nickel nanowires, with a 
pH of approximately 7.5, were carried out on a Zetasizer Nano ZS (Malvern Instruments, 
U.K.). Diluted samples were placed in a transparent capillary cell and measured. Uncoated 
nickel nanowires had a surface charge (^-potential) of -8.7 ± 0.8 mV. PEG coating sig
nificantly increased the ^-potential to -0.5 ± 0.3 mV, while Si02 coating decrea.sed the 
^-potential of the nanowires to -16.5 ± 1.2 mV (Figure 4.8). These zeta potential mea
surements will give an indication if the toxicity of nickel nanowires can be reduced by ap
propriate surface coating and if the surface charge on nanowires influences their uptake by 
phagocytic cells.

Figure 4.8: Zeta potential measurement of uncoated, PEG or Si02 coated nickel nanowires.

4.3 Toxicity of Ni Nanowires

4.3.1 THP-1 Cell Line

THP-1 human monocytic leukemia cell line, with a mean diameter of 20 [am, from the Amer
ican Type Culture Collection (ATCC) were used for the following experiments. Cells were 
cultured in RPMI 1640 media supplemented with 10 % fetal bovine serum (FBS), 2 mM L“' 
L-Glutamine and 100 pg mL“' penicillin-.streptomycin to inhibit bacterial contamination. 
Cells were grown in T75 flasks and stored in an incubator at 37 °C and 5 % CO2 until highly 
confluent. The doubling time for THP-1 cells under these conditions is approximately 48 
h [14]. In order to seed THP-1 cells in 96-well, flat bottom Nunc plates (Nunc, USA), 
they were first treated with phorbol 12-myristate 13-acetate (PMA). This chemical induces 
cells to differentiate into adherent macrophages and stop their natural proliferation. Fig
ure 4.9 shows a confocal microscopy images of THP-1 cells treated with PMA. The nucleus 
of THP-1 phagocytes was stained with Hoechst 33342 dye (DAPI) and the F-actin in the 
cytoskeleton was stained with Alexa Fluor 488 phalloidin (FITC).
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Cytoskeleton

Nucleus

Figure 4.9: Confocal microscopy images of THP-1 cells treated with PMA where (a) is the 
bright held image and (b) is the fluorescent image. Scale bar 10 pm.

THP-1 cells and 25 ng mL“' PMA in RPMI media were dispensed at a concentration 
of 1 X lO'^ cells per well at a volume of 200 pL per well in 96-well plates using a Matrix 
WellMate (Thermo Fisher Scientihc, USA). This improved the accuracy of cell plating and 
ensured cell viability due to quick dispensing speed. The dispensing speed of 100 pL into 
a 96-well plate using the Matrix WellMate is 13.2 s [15]. Figure 4.10 shows the increased 
cell viability and the accuracy of plating using the Matrix Wellmatrix at various dispensing 
speeds in comparison with manual cell plating using a multichannel pipettor. Wells were 
repeated in duplicates (n = 2). All cell plating was carried out at a high dispensing speed 
(S-1) in these studies. RPMI 1640 media was also dispensed into the outer wells of the plate 
to prevent edge effects occurring and the undesirable evaporation of media from experimental 
wells [16]. Plates were incubated for 72 h at 37 °C and 5 % CO2 to allow THP-1 cells to 
differentiate from monocytes to macrophages and adhere to the bottom of the wells.

10000

High Speed Medium Speed Low Speed Manual 

S-1 S-2 S-3

Figure 4.10: Accuracy of cell plating using a Matrix WellMate at various plating speeds in 
comparison with manual cell plating.
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4.3.2 Plating THP-1 Cells and Ni NWs

In a time course study, short (4.3 ± 1.0 (xm) and long (24.0 ± 7.0 |j.m), uncoated and PEG 
or Si02 coated nickel nanowire samples were incubated with THP-1 phagocytic cells up to 
72 h. Conventionally, the concentration of material examined in toxicity studies is defined 
in terms of mass per mL (mg mL“* or p-g mL“') [17]. However, to study the effect of 
short and long nickel nanowires on THP-1 cells a concentration in terms of mass would 
not be accurate since the mass of a long wire (approximately 6.71 x 10“^ ng) is over five 
times greater than a short wire (approximately 1.20 x 10“^ ng). As a result, to quantify 
the number of nanowires affecting cellular response, the sample concentrations were defined 
as the number of nanowires per mL (NW mL“*) and thus, the number of nanowires per 
cell (NW/cell). The initial cell seeding density per well (t = 0) was determined in order to 
define an accurate nanowire to cell ratio. This was achieved by incubating THP-1 cells with 
1 mg mL~' Hoechst 33342 fluorescent dye (DAPI) for 30 min which stained and labelled 
DNA and in turn made it possible to visualise the nuclei of the viable cells. Plates were 
then read on a HCS InCell Analyser and the number of viable cells were determined using a 
predefined algorithm. The nanowire concentrations chosen ranged from a low concentration 
of ten nanowires per single cell (10/cell), to a high concentration of five hundred nanowires 
per cell (500/cell). This allowed the functional responses of THP-1 cells to be examined 
with respect to the nanowires’ aspect ratio, nature of surface coating and concentration. Each 
nanowire sample was sonicated in an ultrasonic bath for 1 h to obtain a uniform solution and 
10 pL was added to each well by precise micropipetting. Bright field images of short and 
long nickel nanowires plated at different concentrations can be seen in Figure 4.11.

Neg Control 10/cell

Short NWs

Long NWs

- l’-! -

20 pm

100/cell 500/cell

>■

♦ * i 'V

♦ ' ^ I 50 pm
i -jL:A .H

Figure 4.11: Bright field microscopy images of short and long nickel nanowires plated with 
THP-1 cells at different concentrations. Scale bar short NWs 50 pm and long NWs 20 pm.

Each designed experiment with nanowire samples of all concentrations, lengths and sur
face coatings were carried out in triplicate wells (n = 3) with corresponding negative and 
positive controls. Negative controls or untreated cells consisted of THP-1 cells without 
nickel nanowire samples. Positive controls were the soluble compounds from which nickel
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nanowires were fabricated (NiS04) and coated (PEG and TEOS). The dosage for these chem
icals was chosen on the basis of their available toxic characteristics, the lethal dose (LD^o), 
which is the dose of a toxic substance required to kill 50 % of the treated organisms. For 
nickel sulfate hexahydrate the LD50 for a rat is 264 mg Kg“‘ and thus a positive control 
dosage of 1 M NiS04 was chosen. For polyethylene glycol-1,500 the LD50 for a rat is 
44,200 mg Kg ' and a dosage of 0.5 mM PEG was chosen. Finally, for tetraethyl orthosili
cate the LD50 for a rat is 6,270 mg Kg“ ‘ and a positive control dosage of 0.4 M TEOS was 
chosen. A typical 96-well plate design in shown in Figure 4.12. A maximum of 60 wells 
were used per experiment. The outer wells of the plate were not seeded with cells to prevent 
edge effects altering the results.

Figure 4.12; Representative schematic of a 96-well plate with THP-1 cells exposed to nickel 
nanowires. Only 27 wells are shown in this figure for clarity purposes.

4.3.3 High Content Screening (HCS)

A Multiparameter Cytotoxicity 1 HitKit (K02-0002-1, Thermo Fisher Scientihc, USA) was 
used for the in vitro high content screening and analysis of THP-1 cellular response to fully 
characterised nanowires. This kit contained a number of fluorescent dyes, which allowed 
cellular properties of interest to be examined simultaneously. These properties included; cell 
viability, nuclear morphology and size, cell membrane permeability and lysosomal mass-pH.

Hoechst 33342 dye (DAPI) is often used to detect changes in nuclear size/morphology. 
The fluorescence of these dyes is extremely sensitive to DNA conformation and chromatin 
state in cells. As a result, they can detect nuclear damage [18]. The viability of cells is mea
sured by monitoring the emission intensity of this dye. Apoptosis, induced by toxicity is also 
indicated by change in nuclear size or cell structure. Loss of cell membrane integrity is a phe
notypic feature of toxicity experienced by macrophage cells due to their natural phagocytic
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behaviour in the presence of foreign objects such as nanowires. The cell membrane is a semi- 
permeable lipid bilayer which holds the constituents of the cell together and separates them 
from the extracellular environment. It provides a mechanism for the controlled exchange of 
nutrients with the surroundings. Certain toxins and foreign objects can affect the functioning 
of the cellular membrane leading to permeablisation resulting in cell death. A fluorescent 
marker in the green wavelength (FITC) is normally used to indicate cell membrane perme
ability. Membrane permeability was examined by monitoring the intensity of this fluorescent 
dye entering the cytosol. Some toxins and foreign objects can also interfere with the cell’s 
functionality by affecting the pH of organelles such as lysosomes and endosomes, which 
contain digestive enzymes, or by causing an increase in the number of lysosomes present. 
Lysosomes must maintain an internal acidic pH for the cell to function normally. A flu
orescent marker which emits in the red wavelength (TRITC) is commonly used to signify 
lysosomal mass-pH changes. Toxicity can be indicated by this dye in two ways. A decrease 
in pH of these organelles or an increase in the number of lysosomes present, will result in 
an increase in the amount of dye within these organelles and thus results in an increase in 
fluorescence intensity. Alternatively, an increase in the pH or a decrease in the number of 
lysosomes results in a decrease in intensity of this dye.

After the desired exposure time of THP-1 phagocytic cells w'ith nickel nanowires of var
ious lengths, surface coatings and concentrations each well in the 96-well plate was stained 
accordingly with the HitKit, as described in the protocol (Chapter 2: High Content Screen
ing). The fluorescent intensity raw data was analysed using a predefined algorithm in order to 
obtain information about the effect of nickel nanowires on THP-1 cellular properties. A typi
cal HCS output image of THP-1 cells exposed to long (24.0 pm), uncoated nickel nanowires 
can be seen in Figure 4.13. Cell viability and nuclear size/morphology are indicated by the 
blue fluorescence marker, cell membrane permeability by the green fluorescence marker and 
lysosomal mass-pH with the red fluorescence marker. An increase in cell membrane perme
ability (green) can be seen with increasing concentration of nanowires. This is accompanied 
by a decrease in both blue and red fluorescence, indicating cell viability and the number of 
lysosomes present, respectively. These changes in fluorescence intensity are indicative of 
cell death.

4.3.4 Short-term HCS Toxicity Study: 3 h

The first incubation period of THP-1 cells exposed to uncoated and coated nickel nanowires 
of different concentrations and lengths examined was 3 h. This time point was chosen in 
order to give an indication of the initial response of macrophages to nanowires. It can be 
seen from Figure 4.14 that, uncoated and coated, short (4.3 pm) and long (24.0 pm) nickel 
nanowires had no significant effect on cell viability at low nanowire concentrations (10/cell). 
At higher concentration (100/cell,) the exposure of THP-1 cells to short, uncoated and long, 
PEG coated nickel nanowires caused a 10 % reduction in their viability. These results, al
though considered to be statistically significant in comparison to untreated controls, may
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(a) Negative Control (b) 100/cell (c) 500/cell

Healthy Cell 

Permeabilised Cell

Figure 4.13: HCS images of long (24.0 fim), uncoated nickel nanowires plated with THP-1 
cells for 24 h. THP-1 cells were plated with (a) no nickel nanowires i.e. negative control, (b) 
100 nanowires per cell and (c) 500 nanowires per cell.

have been due to natural cell death and will require the examination of other key parame
ters to determine if this effect was caused by the nanowires themselves. Long, SiOa coated 
nanowires at this concentration resulted in a 20 % reduction in viability and these results 
were shown to be statistically significant with regards to both untreated controls and short 
SIOt coated wires (p < 0.001). The complete tables of the statistical signihcance of length- 
dependent cytotoxicity compared to negative controls and aspect ratio-dependent cytotox
icity can be found in Appendix B.l and B.2 (GraphPad Prism 5, GraphPad Software Inc. 
USA).

Cellular membrane permeability was also examined as a key parameter to investigate 
the interaction of uncoated and coated nickel nanowires of different lengths with the sur
face of THP-1 cells. Figure 4.15 shows the intensity of fluorescent dye entering the cytosol 
reflecting membrane permeability after a 3 h exposure period to nanowires. For uncoated 
and coated nickel nanowires of both aspect ratios and at low concentrations (10/cell), THP-1 
macrophages remained intact with no effect on the integrity of the cellular membrane. How
ever, at the higher concentration (100/cell), depending on the nanowire length and surface 
coating, a large variance in the condition of the cellular membrane was observed. For short, 
uncoated nickel nanowires there was a minor, but significant, increase in membrane perme
ability with the majority of cells found to be intact (***p < 0.001, statistical significance of 
lengfh-dependenf cytotoxicity as compared to the negative control). This data corresponds 
to the 10 % reduction in cell viability seen previously. Long, uncoated nickel nanowires 
induced the highest degree of membrane permeability, almost 10 times greater than that 
of untreated cells after just a 3 h exposure, (***p < 0.001) and results were found to be 
statistically significant with regards to aspect ratio cytotoxicity (t t tp < 0.001, statisti
cal significance of aspect ratio-dependent cytotoxicity). THP-1 cells may have attempted 
to interact with numerous uncoated nanowires simultaneously and subsequently due to the
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3hrs ■■ Short Ni NW 
■■ Long Ni NW 
■H Short Ni+PEG NW 
■■ Long Ni+PEG NW 
IXXXJ Short Ni+Silica NW 

Long Ni+Silica NW|
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Figure 4.14: THP-1 cell viability after 3 h exposure to uncoated and coated nickel nanowires 
of different lengths and concentrations. Data were normalised to the negative controls. The 
symbol (*) above the bars indicates the statistical significance of length-dependent cytotox
icity as compared to the negative control (two-way ANOVA, p<0.05), while the symbol (t) 
indicates statistical signihcance of aspect ratio-dependent cytotoxicity (two-way ANOVA, 
p<0.05). Statistical signihcance of short or long nanowires vs. negative controls is indi
cated by **p<0.01, ***p<0.001, and statistical signihcance of short vs. long aspect ratio by 
tttp<0.001.

nanowires’ high aspect ratio and the large number of wires present, the cellular membrane 
was exposed to persistent stress resulting in frustrated phagocytosis [19]. Such a possibility 
was also supported by the fact that while live cell counts remained high, the cellular mem
brane had in fact been dramatically compromised. Confocal microscopy was also carried 
out to examine the possibility of frustrated phagocytosis and is discussed in Section 4.5.2. 
The affect of coating the surface of nickel nanowires with PEG and Si02 on cell membrane 
integrity was also investigated. Short PEG and Si02 coated wires, at higher concentration 
had no inhuence on the integrity of the cellular membrane after 3 h and were not statisti
cally signihcant. For long PEG and Si02 coated nickel nanowires, at 100/cell there was a 
4-fold increase in cell membrane permeability after 3 h, in comparison to negative controls 
(***p < 0.001). This increase in membrane permeability was also statistically signihcant in 
comparison to short coated wires (t t tp < 0.001). Although an increase in cell membrane 
permeability was seen with long coated wires, it was not to the same degree as with uncoated 
nanowires. This may be due to the surface charge of coated nanowires affecting the interac
tion of THP-1 macrophages with both PEG (^-potential = -0.5 mV) and Si02 ((^-potential 
= -16.5 mV) coated wires, but will require further examination over longer incubation pe
riods [20]. These results indicated that surface coating, as well as aspect ratio, played an 
important role in the interaction of macrophages with nanowires after a 3 h exposure pe
riod. It is interesting to point out that the process involved in the uptake of nanomaterials is 
completely different from that of the soluble compounds used as positive controls (NiS04,
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PEG and TEOS). This was confirmed by THP-1 cells not demonstrating the same degree of 
membrane permeabilisation as that with nanowires (Eigure 4.15).
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Eigure 4.15: Cellular membrane permeability after 3 h exposure to uncoated and coated 
nickel nanowires of different lengths and concentrations. Data were normalised to the neg
ative controls. The symbol (*) above the bars indicates the statistical significance of length- 
dependent cytotoxicity as compared to the negative control (two-way ANOVA, p<0.05), 
while the symbol (t) indicates statistical significance of aspect ratio-dependent cytotoxicity 
(two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. negative 
controls is indicated by ***p<0.001, and statistical significance of short vs. long aspect ratio 
by tttp<0.001.

Next, the effect of nanowires on THP-1 cell’s functionality after 3 h was investigated 
(Eigure 4.16). An increase or a decrease in lysosomal mass can indicate that these nano
materials have an adverse effect on cells. At low concentration, short uncoated nickel 
nanowires resulted in a 20 % decrease in lysosomal mass-pH and were statistically sig
nificant (***p < 0.001). Short, PEG and Si02 coated nanowires once again had no effect 
on THP-1 cells at 10/cell. Long, PEG coated wires caused a 20 % increase in lysosomal 
mass-pH but were not seen to be statistically significant. The digestive enzymes in THP-1 
cells may have attempted to break down both short uncoated and long PEG coated wires 
in this situation. However, due to the high cell count and the cellular membrane remaining 
intact for both these samples, it is safe to conclude that these nanowires were not toxic at this 
concentration and exposure time. At higher concentration (100/cell), the lysosomal mass 
of THP-1 cells exposed to short, uncoated nickel wires decreased even further which corre
sponded to a reduction in cell viability and an increase in membrane penneability observed 
previously. This was seen to be statistically significant in comparison to long, uncoated wires 
(ttp < 0.01). All other samples demonstrated no significant effect on the cell’s functioning.
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Figure 4.16: Lysosomal mass after 3 h exposure to uncoated and coated nickel nanowires 
of different lengths and concentrations. Data were normalised to the negative controls. The 
data point for the positive control, 0.4 M TEOS, is not shown due to experimental error. The 
symbol (*) above the bars indicates the statistical significance of length-dependent cytotox
icity as compared to the negative control (two-way ANOVA, p<0.05), while the symbol (t) 
indicates statistical signihcance of aspect ratio-dependent cytotoxicity (two-way ANOVA, 
p<0.05). Statistical significance of short or long nanowires vs. negative controls is indicated 
by ***p<0.001, and statistical significance of short vs. long a.spect ratio by ttp<0 01.

It was also important to determine if coating the surface of nickel nanowires did in fact 
aid cell viability, reduce membrane permeability and affect the overall functioning of THP-1 
macrophages after 3 h. This would give an immediate indication to whether surface coating 
was beneficial. A two-way ANOVA followed by a Bonferroni post-test analysis was car
ried out on all nanowire samples to compare the statistical significance of surface coating 
at different nanowire concentrations and aspect ratios. From Table 4.4 it can be seen that 
for cell viability data there was some statistical difference between samples but this was 
due to greater cell counts for uncoated and coated nickel nanowires compared to normalised 
untreated controls and as a result it can be assumed that there was no real statistical sig
nificance in these cases. For membrane permeability data .short and long, PEG and Si02 
coated nanowires were found to be statistically significant and less toxic in comparison to 
uncoated wires at 100/cell (p < 0.001). A comparison between the affects of surface coated 
nanowires indicated that the changes induced by short PEG coated wires were statistically 
significant and more favourable than those induced by Si02 coated wires at this concentra
tion (p < 0.001). However, long coated nanowires showed no statistical difference. This 
corresponds to the data plots shown in Figure 4.15. Lysosomal mass-pH data also indicated 
that surface coatings were statistically significant in comparison to uncoated short nanowires. 
The complete statistieal analysis table for surface coating dependency can be found in Ap
pendix B.3.

166



Ni Nanowires: Electrodeposition and Toxicity

Coating Dependency
Cell Viability Celi Membrane Permeability Lysosomal Mass-pH

Short Long Short Long Short Long

10/cell

Urcoated vs PEG ns ns ns ns ns p<0.01

Uncoaled vs Si02 ns p<aooi ns p<0.01 ns ns

PEG vs Si02 p<0.05 ns ns ns ns ns

lOO/cell

Uncoated vs PEG ns ns p<0.001 p<0.001 p<0.001 ns

Uncoaled vs Si02 fXO.OI p<0.05 p<0.001 p<0.001 p<0.01 ns

PEG vs Si02 ns ns p<0.001 ns ns ns

Table 4.4: Statistical analysis of surface coating dependency on cell viability, membrane 
permeability and lysosomal mass-pH after 3 h for nanowires of different concentrations and 
aspect ratios (two-way ANOVA, p<0.05). Statistical significance of surface coating is indi
cated by p<0.05, p<0.01, p<0.00l and not significant (ns).

A higher concentration (500/cell) of uncoated and coated nanowires of different lengths 
was also investigated after a 3 h exposure period to THP-1 cells. It was discovered that at 
such a high concentration of nanowires there was a 25 % decrease in cell viability for un
coated and coated nanowires, with short uncoated wires demonstrating the greatest decrease 
in viability (45 %) after just three hours exposure (Figure 4.17). At this concentration the 
integrity of THP-1 cells was dramatically comprised after a 3 h exposure period to both short 
and long, uncoated and coated nanowires with a three and six fold increase in membrane per
meability, respectively. These results indicated that there was a threshold to the concentration 
of nanowires which could be used before the condition of THP-1 cells became drastically al
tered. Thus, a maximum concentration of one hundred nanowires per cell (100/cell) was 
examined for the remaining toxicity studies.

Short Ni NW 
Long Ni NW 
Short Ni-«-PEG NW 
Long Ni-^PEG NW 
Short Ni+Silica NW 
Long Ni+Silica NW

1M 0.5mM0.4M 
NiSO.PEG TEOS

Figure 4.17: THP-1 cell viability and membrane permeability after 3 h exposure to a high 
concentration of uncoated and coated nickel nanowires (500/cell) of different lengths. Data 
were normalised to the negative controls.
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4.3.5 Medium-term HCS Toxicity Study: 6 h

A 6 h exposure period of THP-1 cells to uncoated and coated nickel nanowires of varying 
concentration and length was also examined. This would give a further indication of the ini
tial response of phagocytic cells to the presence of foreign objects within their environment. 
Figure 4.18 illustrates that there was still no signihcant effect of all nanowire samples on cell 
viability at low nanowire concentration (10/cell), as seen previously after 3 h (Figure 4.14). 
At higher concentration (100/cell), differences depending on the nanowire’s surface coating 
and aspect ratio began to emerge. Short and long, uncoated nickel nanowires caused a 15 % 
decrease in cell viability, indicating that uncoated nanowires were having adverse effects on 
THP-1 macrophages. Long, PEG and Si02 coated wires caused a 20 % reduction in viabil
ity and were shown to have a low statistical significance with regards to untreated controls 
(*p < 0.05). Interestingly, short coated nanowires were better tolerated by cells as confirmed 
by cell viability at this concentration (100/cell). Short, SiOa coated wires caused a 10 % de
crease in cell viability which was not considered to be statistically significant in comparison 
to untreated controls. Short, PEG coated wires demonstrated the most significant result with 
no affect or reduction in THP-1 cell viability, which may be due to both their low aspect 
ratio and low (^-potential. However, this will require further studies over longer incubation 
periods to determine if short PEG coated wires did in fact aid cell viability. Cell viability 
results after 6 h indicated that at high nanowire concentration surface coating and especially 
aspect ratio are key factors in maintaining viable cells.

6hrs

100/cell O.SitiM 0.4M 
PEG TEOS

Figure 4.18; THP-1 cell viability after 6 h exposure to uncoated and coated nickel nanowires 
of different lengths and concentrations. Data were normalised to the negative controls. The 
6 h data point for the positive control, a solution of 1 M NiS04, was excluded as significant 
nuclear fragmentation was observed indicating 100 % cytotoxicity. The symbol (*) above 
the bars indicates the statistical significance of length-dependent cytotoxicity as compared 
to the negative control (two-way ANOVA, p<0.05). Statistical significance of short or long 
nanowires vs. negative controls is indicated by *p<0.05, **p<0.01.
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The effect of uncoated and coated nanowires on THP-1 membrane permeability was then 
examined. The data presented in Figure 4.19 is similar to that found after 3 h (Figure 4.13), 
with a marginal increase in cellular permeability for most of the nanowire samples after 6 h. 
At low concentration (10/cell), short uncoated and coated wires had no significant effect on 
the integrity of THP-1 macrophages. Long, uncoated nanowires were found to be statistically 
significant in comparison to both untreated cells (**p < 0.01) and short, uncoated wires 
(t t tp < 0.001). Long PEG and Si02 coated nanowires caused a slight increase in membrane 
permeability and were found to be marginally significant compared to short coated wires at 
low concentration (tp < 0.05). Long, Si02 coated wires were also found to be significant in 
comparison to untreated cells (**p < 0.01). At high nanowire concentration (100/cell) a large 
variance between samples was observed, as seen previously for the 3 h time point. THP-1 
membrane permeability doubled when exposed to short, uncoated wires in comparison to 
untreated cells (***p < 0.001). Short Si02 coated wires were also found to be significant in 
comparison to untreated cells (**p < 0.01), while short PEG coated wires demonstrated no 
effect on membrane integrity at high concentration. Long, uncoated and coated nanowires 
caused the greatest degree of membrane permeability in comparison to untreated cells and 
short wires and were statistically significant (***p < 0.001 and 11 tp < 0.001, respectively). 
The difference in the effect of nanowire surface coating on THP-1 cells was beginning to 
become evident with both long and short, Si02 coated wires causing a greater degree of 
membrane permeability than PEG coated wires. However, surface coating was still found to 
be more beneficial with both short and long, uncoated nanowires causing greater membrane 
permeability.
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Figure 4.19: Cellular membrane permeability after 6 h exposure to uncoated and coated 
nickel nanowires of different lengths and concentrations. Data were normalised to the neg
ative controls. The symbol (*) above the bars indicates the statistical significance of length- 
dependent cytotoxicity as compared to the negative control (two-way ANOVA, p<0.05), 
while the symbol (t) indicates statistical significance of aspect ratio-dependent cytotoxicity 
(two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. negative 
controls is indicated by *p<0.05, **p<0.01, and statistical significance of short vs. long 
aspect ratio by tp<0.05 and 14 tp<0.001.
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THP-1 lysosomal mass-pH was also investigated after 6 h exposure to nanowires (Fig
ure 4.20). Short, uncoated nickel nanowires resulted in a 30 % decrease in lysosomal mass at 
10/cell and were statistically significant in comparison to long uncoated wires (ttp<0.01), 
which had no affect on THP-1 cell’s functionality. These results are similar to those seen 
after 3 h exposure. However, due to the high cell viability for THP-1 cells exposed to short 
uncoated nanowires perhaps a greater number of digestive enzymes were released in re
sponse to short, uncoated wires without them having an affect on the cells. Short, PEG 
coated wires caused a 10 % decrease in lysosomal mass but were not seen as statistically 
significant. The remaining nanowire samples had no affect on the functioning of THP-1 
cells at low concentration (10/cell). At higher concentration (100/cell), short uncoated wires 
caused a 50 % reduction in lysosomal mass and were statistically significant in comparison 
to untreated controls and long uncoated wires (**p < 0.01 and ttp<0.01, respectively). The 
corresponding cell viability and membrane permeability data indicated that these wires had 
a marginal effect on cells but did not alter the overall condition of THP-1 cells. Long, un
coated nanowires resulted in a 10 % reduction in lysosomal mass but were not statistically 
significant. Short and long PEG coated wires caused a 30 % increase and a 20 % decrease in 
lysosomal mass, respectively. Short Si02 coated wires caused a 20 % decrease in lysosomal 
mass while long Si02 coated nanowires had no effect on the the functioning of THP-1 cells 
within experimental error. Although lysosomal mass-pH is an important factor in examin
ing the toxicity of nanowires it is important to compare the results with cell viability and 
membrane permeability data to determine if wires are indeed toxic.

6hrs

1M O.SmM 
NiSO, PEG

Figure 4.20: Lysosomal mass after 6 h exposure to uncoated and coated nickel nanowires 
of different lengths and concentrations. Data were normalised to the negative controls. The 
data point for positive control, 0.4 M TEOS, is not shown due to experimental error. The 
symbol (*) above the bars indicates the statistical significance of length-dependent cytotox
icity as compared to the negative control (two-way ANOVA, p<0.05), while the symbol (t) 
indicates statistical significance of aspect ratio-dependent cytotoxicity (two-way ANOVA, 
p<0.05). Statistical significance of short or long nanowires vs. negative controls is indicated 
by **p<0.0l, and statistical significance of short vs. long aspect ratio by ttp<0.01.
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The statistical significance of nanowire surface coating at different concentrations and 
aspect ratios after 6 h exposure to THP-1 cells was also investigated (Table 4.5). At this 
exposure period no distinct significance was observed between samples. PEG coating was 
found to be more beneficial than uncoated nanowires at maintaining cell viability at high 
nanowire concentration (p < 0.05). No significant difference was found between uncoated 
and coated wires in maintaining the integrity of THP-1 cells, as previously observed in Fig
ure 4.19. Lysosomal mass-pH statistical data indicated that coating short nanowires in PEG 
was more effective than Si02 coating (p < 0.01) at high nanowire concentration.

Coating Dependency
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

Stiort Long Short Long Short Long

10/cell

Uncoated vs PEG ns ns ns ns ns ns

Uncoated vs Si02 ns ns ns ns p<0.05 ns

PEG vs Si02 ns ns ns ns ns ns

100/cell

Uncoated vs PEG p<0.05 ns p<0.001 p<0.001 p<0.001 ns

Uncoated vs Si02 ns ns ns p<0.001 ns ns

PEG vs Si02 ns ns p<0.001 p<0.001 p<0.01 ns

Table 4.5: Statistical analysis of surface coating dependency on cell viability, membrane per
meability and lysosomal mass after 6 h for nanowires of different concentrations and aspect 
ratios (two-way ANOVA, p<0.05). Statistical significance of surface coating is indicated by 
p<0.05, p<0.01, p<0.001 and not significant (ns).

4.3.6 Long-term HCS Toxicity Study: 24 h

Although 3 h and 6 h exposure periods provide an initial indication of the possible toxic 
effects of uncoated nickel nanowires and the significance of surface coating and aspect ra
tio, it is also important to establish their influence over longer incubation times. Thus, a 
24 h incubation period was chosen to further examine the influence of nanomaterials on 
THP-1 cells. At low nanowire concentrations (10/eell), cell viability data indicated that 
uncoated, PEG and SiOa coated wires only had a subtle impact on THP-1 cells and were 
not statistically significant in comparison to untreated controls (Figure 4.21). PEG coated 
wires had a marginal statistical difference in aspect ratio dependency (tp < 0.05). At higher 
concentrations (100/cell), a large variance between nanowire samples was observed. For 
short, uncoated nickel nanowires there was a large decrease in cell viability, possibly due 
to the excessive uptake of a large number of nanowires via phagocytosis. This was found 
to be statistically significant compared to negative controls (**p < 0.01). This decrease 
in viability could be due to the compromising of the cellular membrane by short uncoated 
wires which will be discussed later in the text. For long uncoated and PEG coated nickel 
nanowires and also for short SiOa coated wires there was a 20 % decrease in cell count af
ter 24 h at 100/cell. These nanowire samples were all found to be statistically significant
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to some degree. Long Si02 coated nanowires resulted in a 30 % decrease in cell viabil
ity and also demonstrated a large statistical significance in comparison to untreated controls 
(***p < 0.001). The most intriguing result was registered when THP-1 cells were exposed 
to short PEG coated nanowires at high concentration after 24 h. In this case there was no 
decrease in cell viability which confirms the initial prediction after a 6 h exposure period, 
that a more favourable cell-nanowire interaction took place due to the low aspect ratio and 
the low ^-potential of PEG coated wires (Eigure 4.18). A statistical difference between the 
effects of short and long PEG coated wires further supported this aspect ratio hypothesis 
(ftp <0.01).

24hrs
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Figure 4.21: THP-l cell viability after 24 h exposure to uncoated and coated nickel 
nanowires of different lengths and concentrations. Data were normalised to the negative con
trols. The 24 h data point for the positive control (1 M NiS04), was excluded due to 100 % 
cytotoxicity. The symbol (*) above the bars indicates the statistical significance of length- 
dependent cytotoxicity as compared to the negative control (two-way ANOVA, p<0.05), 
while the symbol (t) indicates statistical significance of aspect ratio-dependent cytotoxicity 
(two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. nega
tive controls is indicated by *p<0.05, **p<0.01, ***p<0.001, and statistical significance of 
short vs. long aspect ratio by tp<0.05, ttp<0.01.

THP-1 membrane permeability was also examined after a 24 h exposure period to deter
mine the significance of surface coating and aspect ratio on the interaction of macrophages 
with nanowires (Figure 4.22). At low concentration, the majority of nanowire samples 
showed no alteration to the surface of cells which corresponded to the high cell counts ob
served previously (Figure 4.21). Short Si02 coated wires showed a minor statistical differ
ence compared to untreated controls (*p < 0.05) and were statistically significant compared 
to long Si02 coated wires (t t tp < 0.001). However, they were not considered potentially 
hazardous at this concentration due to the high cell viability observed. At high nanowire 
concentration the significance of surface coating as well as aspect ratio became even more 
evident. There was a considerable increase in the permeabilisation of the cellular membrane 
after exposure to short uncoated nickel nanowires, almost 8 times greater than untreated
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controls after 24 h. This corresponded to the decrease in THP-1 cell viability as seen pre
viously (Figure 4.21). A minor increase in membrane permeability was observed for long 
uncoated nanowires after 24 h but it appears that most of the damage had already been 
caused during the initial few hours of exposure (Figure 4.15). The data obtained with both 
short and long uncoated nanowire samples were considered to be statistically significant in 
comparison to negative controls (***p < 0.001), with high aspect ratio wires demonstrating 
increased permeability (t t tp < 0.001). TFlP-1 cells interacting with coated wires appeared 
to maintain a greater membrane integrity than uncoated wires after 24 h. Short PEG and 
Si02 coated nanowires caused a slight increase in membrane permeability compared to the 
initial exposure period (3 h) and were considered statistically significant (*p < 0.05 and 
***p < 0.001, respectively). Long PEG and Si02 coated nanowires also caused an increase 
in membrane permeabilisation which were statistically significant (***p < 0.001). However, 
for both short and long PEG coated nanowires the degree of permeability was not as high 
as Si02 coated wires indicating that, Si02 coating was not as cytoprotective as PEG at high 
nanowire concentration. PEG coated nickel nanowires did in fact aid viability and help to 
maintain the integrity of THP-l cells. This may be associated with the low i^-potential of 
the PEG coated nanowires and the decreased ability of THP-1 phagocytes to ingest them, as 
observed in other studies for PEG coated nanoparticles [21, 22, 23]. All statistical data in
dicated that long nanowires had a more pronounced effect on permeability in comparison to 
short nanowires confirming the significance of aspect ratio in cytotoxicity (t t tp < 0.001). 
It is interesting to note that there was a significant increase in THP-1 membrane permeability 
after exposure to the positive control, 0.4 M TEOS (***p < 0.001). This conesponded to 
a decrease in cell viability as seen in Figure 4.21. Although previously suggested that the 
uptake of nanomaterials is completely different from that of soluble compounds, this may 
still be the case due to the high cell viability of 0.5 mM PEG and no evidence of membrane 
permeability for 1 M NiS04 and 0.5 mM PEG. The positive control, 0.4 M TEOS may have 
entered the cytoplasm via ion-exchange and disrupted the functioning of THP-1 cells result
ing in membrane permeability and thus necrosis, whereas nanowires physically ruptured the 
cellular membrane.

THP-1 lysosomal mass-pH was also investigated after 24 h exposure to uncoated and 
coated nanowires (Figure 4.23). As previously indicated this data must be taken into con
sideration along with cell viability and membrane permeability data to determine its signif
icance. At low concentration (10/cell), the lysosomal mass for short uncoated nanowires 
increased in comparison to 3 h and 6 h exposure periods indicating that THP-1 cells were 
unaffected by their presence and were undergoing a neutralisation response previously. Long 
uncoated wires caused a 10 % decrease in lysosomal mass and although considered statisti
cally significant (**p < 0.01), cell viability and membrane permeability data indicated the 
condition of THP-1 cells were unaltered by these nanowires. PEG coated wires of both as
pect ratios had no affect on THP-1 cells. Although, short and long Si02 coated wires caused 
a 15 % decrease and a 30% increase in lysosomal mass respectively, they did not affect
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Figure 4.22: Cellular membrane permeability after 24 h exposure to uncoated and coated 
nickel nanowires of different lengths and concentrations. Data were normalised to the neg
ative controls. The symbol (*) above the bars indicates the statistical significance of length- 
dependent cytotoxicity as compared to the negative control (two-way ANOVA, p<0.05), 
while the symbol (t) indicates statistical significance of aspect ratio-dependent cytotoxicity 
(two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. negative 
controls is indicated by *p<0.05, ***p<0.001, and statistical significance of short vs. long 
aspect ratio by 11 tp<0.001.

the viability and integrity of THP-1 cells. At higher concentrations (100/cell), short and 
long uncoated nanowires caused a 10 % and 30 % decrease in lysosomal mass respectively, 
corresponding to the reduced cell count and increased membrane permeability observed for 
these samples. Short PEG and SiOa coated nanowires also caused a 30 % decrease in lyso
somal mass whereas THP-1 cells appeared unaffected by only long PEG and Si02 coated 
wires. However, cell viability and membrane permeability data contradicted these findings 
indicating that long coated wires were in fact more harmful to macrophages and perhaps 
an increased number of lysosomes were released in response to short coated wires without 
affecting the overall condition of THP-1 cells.

The significance of nanowire surface coating was also investigated in THP-1 cells fol
lowing their 24 h exposure as shown in Table 4.6. PEG coating was determined to be more 
beneficial in comparison to uncoated nanowires in terms of maintaining cell viability at high 
nanowire concentration (p < 0.01), confirming the results found previously in Figure 4.21. 
For sustaining THP-1 membrane integrity both PEG and Si02 coated nanowires were con
sidered more favourable than uncoated wires (p < 0.001), with PEG coating proving more 
statistically significant than Si02 coating for both short (p < 0.01) and long (p < 0.001) 
nanowires. Lysosomal mass-pH statistical data was not as informative in this case, with 
membrane permeability proving to be the key parameter in determining the influence of sur
face coating and nanowires aspect ratio.
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Figure 4.23: Lysosomal mass after 24 h exposure to uncoated and coated nickel nanowires 
of different lengths and concentrations. Data were normalised to the negative controls. The 
symbol (*) above the bars indicates the statistical significance of length-dependent cytotox
icity as compared to the negative control (two-way ANOVA, p<0.05), while the symbol (t) 
indicates statistical significance of aspect ratio-dependent cytotoxicity (two-way ANOVA, 
p<0.05). Statistical significance of short or long nanowires vs. negative controls is indi
cated by **p<0.01, ***p<0.001, and statistical significance of short vs. long aspect ratio by 
ttp<0.01.

Coatinq Dependency
Cell Viability Celi Membrane Permeability Lysosomal Mass-pH

Short Long Short Long Short Long

10/cell

Uncoated vs PEG ns (XO.OI ns ns ns ns

Uncoated vs Si02 ns ns ns ns ns p<0.001

PEG vs Si02 ns ns ns ns ns p<0.01

100/C8II

Uncoated vs PEG fXO.OI ns p<0.001 p<0.001 ns p<0.001

Uncoated vs Si02 ns ns p<0.001 p<0.001 ns p<0.01

PEG vs Si02 ns ns p<0.01 p<0.001 ns ns

Table 4.6: Statistical analysis of surface coating dependency on cell viability, membrane per
meability and lysosomal mass after 24 h for nanowires of different concentrations and aspect 
ratios (two-way ANOVA, p<0.05). Statistical significance of surface coating is indicated by 
p<0.05, p<0.01, p<0.001 and not significant (ns).

4.3.7 Long-term HCS Toxicity Study: 72 h

In a final study of the possible cytotoxicity of nickel nanowires in THP-1 cells an expo
sure period of 72 h was chosen. Although a 24 h time frame was sufficient to determine 
the influence of nanowire dosage, surface coating and aspect ratio for potential biomedical 
applications, this extended exposure period will provide further evidence for the feasibility 
of nanowires as possible nanocarriers in diagnostic systems. At low concentration (10/cell), 
short PEG coated nanowires maintained a higher cell viability compared to all other samples
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with long uncoated wires causing a 25 % reduction in cell count as shown in Figure 4.24. At 
high nanowire concentrations (100/cell), short PEG coated wires once again demonstrated 
the least affect on THP-1 viability with only a 15 % decrease in cell count after 72 h. All 
remaining nanowires samples caused a 50 % or greater decrease in cell viability and were 
found to be statistically significant in causing sufficient harm to THP-1 cells (**p < 0.01 and
***p < 0.001).

1.50
72hrs

Short Ni NW 
■■ Long Ni NW

Short Ni+PEG NW 
■■ Long Ni+PEG NW 
ESa Short Ni+Silica NW 
I I Long Ni+Siiica NW

100/cell

Figure 4.24: THP-1 cell viability after 72 h exposure to uncoated and coated nickel 
nanowires of different lengths and concentrations. Data were normalised to the negative con
trols. The 72 h data point for the positive control (1 M NiS04), was excluded due to 100 % 
cytotoxicity. The symbol (*) above the bars indicates the statistical significance of length- 
dependent cytotoxicity as compared to the negative control (two-way ANOVA, p<0.05), 
while the symbol (t) indicates statistical significance of aspect ratio-dependent cytotoxicity 
(two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. negative 
controls is indicated by **p<0.01, ***p<0.001, and statistical significance of short vs. long 
aspect ratio by ttp<0.01.

The effect of uncoated and coated nanowires on the membrane integrity of THP-1 cells 
was also examined after 72 h (Figure 4.25). At low concentration, short uncoated nickel 
nanowires resulted in a two fold increase in membrane permeability and were statistically 
significant in comparison to untreated controls (***p < 0.001). The high cell viability regis
tered for this sample indicated that while the majority of cells remained viable, the integrity 
of the cells had been slightly compromised at this concentration after 72 h. All remaining 
nanowire samples maintained a high level of membrane integrity at 10/cell. At higher con
centration (100/cell), there was a dramatic increase in membrane permeability for THP-1 
cells exposed to short uncoated nanowires, 12 times greater than the negative controls and 
were statistically significant (***p < 0.001). THP-1 macrophages may have attempted to 
engulf these nanowires due to their low aspect ratio but an unfavourable cell-nanowire inter
action occurred and the cellular membrane was dramatically compromised, possibly due to 
the fact that the surface of the wires was uncoated. A lower membrane permeability was ob
served for macrophages exposed to long uncoated nanowires, only 4 times higher than the un-
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treated control, which was associated with the reduced cell count seen in Figure 4.24 and thus 
less permeabilised cells. A high level of membrane permeability was previously observed 
for long uncoated nanowires after 24 h (Figure 4.22). Short PEG coated nanowires had the 
least affect on the integrity of the cellular membrane, correlating with the high cell counts 
seen previously. Long PEG coated wires caused membrane permeability to increase further 
after 72 h and were statistically significant compared to untreated controls (***p < 0.001). 
This result highlighted the significance of aspect ratio in maintaining both cell viability and 
membrane integrity as well as surface coating. Short Si02 coated nanowires resulted in a 
large and significant increase in membrane permeability in comparison to negative controls 
(***p < 0.001), further demonstrating that Si02 coating was not as cytoprotective as PEG 
at high nanowire concentration. Long Si02 coated wires showed no significant increase in 
membrane permeability compared to that observed after 24 h, which was due to the decrease 
in cell count after 72 h. These results confirmed that both surface coating and aspect ratio 
are key characteristics in maintaining a high cell viability and sustaining the integrity of the 
cellular membrane at high nanowire concentrations.

72hrs
■■ Short Ni NW 

Long Ni NW 
Short Ni+PEG NW 

■■ Long Ni+PEG NW 
PWj Short Ni+Silica NW 

Long Ni+Silica NW

1M 0.5mM0.4M 
NiSO. peg TEOS

Figure 4.25: Cellular membrane permeability after 72 h exposure to uncoated and coated 
nickel nanowires of different lengths and concentrations. Data were normalised to the neg
ative controls. The symbol (*) above the bars indicates the statistical significance of length- 
dependenf cytotoxicity as compared to the negative control (two-way ANOVA, p<0.05), 
while the symbol (t) indicates statistical significance of aspect ratio-dependent cytotoxicity 
(two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. negative 
controls is indicated by ***p<0.001, and statistical significance of short vs. long aspect ratio 
by ttp<0.01, tttp<0.00L

The effect of nanowires on THP-1 cell’s functionality after an extended exposure period 
of 72 h was also examined. At low concentration, short uncoated nickel nanowires caused 
a decrease in lysosomal mass while long uncoated and long PEG coated wires induced an 
increase in lysosomal mass reflecting THP-1 cellular response to uncoated and high aspect 
ratio wires. All other nanowire samples did not cause a significant alteration to the func-
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tional state of THP-1 cells. At higher concentration, short uncoated and Si02 coated nickel 
nanowires caused a large and statistically significant decrease in lysosomal mass, which cor
responded to the reduced cell viability and increased membrane permeability of THP-1 cells 
exposed to these nanowires. Short PEG coated wires did not interfere with the functioning 
of THP-1 cells. Long uncoated, PEG and Si02 coated nanowires showed a slight change in 
lysosomal mass compared to the 24 h study but this was due to the low cell counts observed 
after 72 h.

72hrs
Short Ni NW 
Long Ni NW 
Short Ni+PEG NW 

IH Long Ni+PEG NW 
ixx>;i Short Ni+Silica NW 
I I Lorx) Ni+Silica NWr

1M 0.5mM0.4M 
NiSO, PEG TEOS

Figure 4.26: Lysosomal mass after 72 h exposure to uncoated and coated nickel nanowires 
of different lengths and concentrations. Data were normalised to the negative controls. The 
symbol (*) above the bars indicates the statistical significance of length-dependent cytotox
icity as compared to the negative control (two-way ANOVA, p<0.05), while the symbol (t) 
indicates statistical significance of aspect ratio-dependent cytotoxicity (two-way ANOVA, 
p<0.05). Statistical significance of short or long nanowires vs. negative controls is indicated 
by *p<0.05, **p<0.01, ***p<0.00l, and statistical significance of short vs. long aspect 
ratio by tp<0.()5, ttp<0.01.

The statistical significance of nanowire surface coating after a 72 h exposure to THP-1 
cells was also investigated (Table 4.7). These results confirmed that coating the surface of 
short nickel nanowires with PEG maintained a higher cell viability and was more significant 
than Si02 coating at low and high nanowire concentrations. PEG and Si02 coating also 
resulted in a more favourable cell-nanowire interaction and did not cause membrane per- 
meabilisation to the same degree as uncoated wires, with PEG coating proving to be more 
cytoprotective than Si02 at high nanowire concentration (p < 0.001). Lysosomal mass-pH 
also demonstrated the significance of PEG coating in maintaining the healthy functioning of 
THP-1 cells after exposure to nickel nanowires.
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Coating Dependency
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

Short Long Short Long Short Long

10/cell

Uncoated vs PEG ns ns p<0.001 ns ns ns

Uncoated vs SiOj ns ns p<0.001 ns ns ns

PEG vs Si02 p<0.05 ns p<0.05 ns ns ns

100/C8II

Uncoated vs PEG fXO.OI ns p<0.CI01 pKO.OOl p<0.01 ns

Uncoated vs Si02 ns ns p<0.001 p<0.001 ns ns

PEG vs Si02 fXO.OOl ns p<0.001 fXO.OOl p<0.05 ns

Table 4.7: Statistical analysis of surface coating dependency on cell viability, membrane per
meability and lysosomal mass after 72 h for nanowires of different concentrations and aspect 
ratios (two-way ANOVA, p<0.05). Statistical significance of surface coating is indicated by 
p<0.05, p<0.01, p<0.001 and not significant (ns).

4.3.8 Effect of Nickel Nanowire Supernatants on THP-1 Cell Viability.

It was important to determine if uncoated nickel nanowires did in fact reduce THP-1 cell 
viability or whether it was perhaps due to the degradation of nanowires, or the presence of 
nickel ions within solution and the release of their chemical constituents. Short and long un
coated nickel nanowire samples suspended in deionised water, for approximately one month, 
were centrifuged at 5000 rpm for 10 min in order to separate nanowires from solution and 
extract the supernatants from the vial. PMA treated THP-1 macrophages in a 96-well plate 
were incubated with 10 pL of each supernatant sample for 24 h. Cell viability was deter
mined by staining the nucleus with 1 pg mL“' Hoechst 33342 fluorescent dye for 30 min 
at 37°C and 5 % CO2. Plates were then read on HCS InCell Analyzer and the cell viabil
ity of THP-1 phagocytes was determined. From the results shown in Figure 4.27, it can be 
seen that that both short and long nickel nanowire supernatants had no significant effect on 
THP-1 viability. Cell viability remained high for both untreated cells and those exposed to 
the nanowire extracts. This indicated that nickel nanowires remained intact without any in
dication of sample degradation within solution and the results in the toxicity study were in 
fact due to the presence of nanowires. It is important for future biomedical applications of 
nanowires to ensure they do not degrade and alter the condition of cells in vitro.

4.3.9 Role of Well Position in Toxicity Results.

In order to confirm that the toxic effects of uncoated nickel nanowires on THP-1 cells were 
not well-position dependent in a 96-well plate, a test plate was devised. THP-1 cells were 
exposed to short (4.3 pm), uncoated nickel nanowires at higher concentration for 24 h. 
Cells were plated in rows B-D and columns 2-11 (Figure 4.12). Each well was treated 
with the cytotoxicity HitKit and plates were read on the HCS system. THP-1 mean cell 
count, membrane permeability and lysosomal mass-pH were analysed for negative controls 
plated without nickel nanowires (columns 2-6) and cells plated with 100 nanowires per cell
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Figure 4.27: Cell viability of THP-1 phagocytes exposed to the supernantants of (a) Short,
4.3 pm and (b) Long, 24.0 pm uncoated nickel nanowires. Data were normalised to the 
untreated controls.

(columns 7-11), as shown in Figure 4.28. In a general overview of these graphs it can be 
seen that untreated cells displayed similar results regardless of well position on the plate. 
THP-1 cells exposed to 100 nanowires per cell also showed similar results between wells. 
Cell viability data was obtained from 10 fields per well at a magnification of lOx. As a result 
the mean cell count displayed in Figure 4.28 (a) is approximately one hfth of the total cell 
count per well. Although the mean cell count for the untreated cells varied to some extent 
between wells, within experimental error there was no signihcant difference between wells. 
For THP-1 cells exposed to 100 nanowires per cell there was no variation between wells. A 
30 % reduction in cell count in comparison to the negative controls after a 24 h exposure 
period was found, corresponding to those results shown previously (Figure 4.21). Cell mem
brane permeability and lysosomal mass-pH data also showed no difference between well 
position for untreated and treated cells. There was an increase in membrane permeability 
for THP-1 cells exposed to short, uncoated nickel nanowires at a concentration of 100/cell 
indicating once again that uncoated nanowires altered the condition of THP-1 cells. There 
was also a large decrease in lysosomal mass-pH for THP-1 cells in this situation indicating 
that uncoated nanowires interfered with the functioning of lysosomes, reducing their number 
and also altering the pH of their environment. In conclusion, from this test plate experiment 
it can be seen that the toxicity results are independent of the position of each well on the 
plate.

4.4 Cytokine Studies

4.4.1 Interleukin-6 and Ttimour Necrosis Factor-Alpha

To further investigate the influence of concentration, surface coatings and nanowire aspect 
ratio on macrophages, the cytokine production capabilities of THP-1 phagocytes were ex
amined. Cytokines are protein molecules secreted by cells in the immune system that have
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(c)

Figure 4.28: Role of well position in HCS toxicity results of THP-1 cells exposed to short 
(4.3 |J.m), uncoated nickel nanowires for 24 h. Graphs indicate (a) Mean cell count (b) 
Membrane permeability and (c) Lysosomal mass-pH.

a specific effect on the interactions between cells, on signalling and communication be
tween cells or on the behaviour of cells. There are a large number of cytokines including 
interleukins, colony-stimulating factors, interferons, tumor necrosis factor, growth factors 
and chemokines. In this study two inflammatory cytokines, interleukin-6 (IL-6) and tu
mour necrosis factor-alpha (TNF-a) were investigated. IL-6 is an interleukin secreted by 
macrophages that acts as both a pro-inflammatory and anti-inflammatory cytokine to stimu
late immune response. TNF-a is a pro-inflammatory cytokine and is secreted by activated 
macrophages with increased phagocytic activity. It is an acute-phase inflammatory response. 
TNF-a fluorophore could be chosen as an indicator of primary response of the immune 
system to nanomaterials whereas IL-6 secretion reflects a secondary inflammatory response 
[24].

In the presence of a foreign object such as a nanoparticle, nanofibre or nanotube, macro
phages have previously been found to release inflammatory cytokines and their levels are 
clearly associated with cell-based inflammatory reactions [25, 26, 27]. A previous study by 
Ainslie et al, found that human monocytes, peripheral blood mononuclear cell (PBMCs), had 
a reduced inflammation response for nanostructured materials in comparison to flat surfaces 
[28]. Polycaprolactone (PCL) nanowires with a diameter of 200 nm and lengths of 2.6 pm
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(short) and 27.0 |j.m (long) and silicon oxide nanowires 40 nm in diameter with lengths of 
6-8 jam (short) and 30-40 |.im (long) were investigated. Short PCL nanowires were found to 
cause a slightly greater IL-6 and TNF-a inflammatory response than long nanowires. Short 
silicon oxide nanowires triggered the production of these cytokines to the same degree as 
short PCL wires. However, long silicon oxide nanowires were found to cause a significantly 
greater inflammatory response compared to long PCL wires, particularly with regards to 
IL-6 production (573 %), which may be due to their relatively large aspect ratio. These 
studies highlighted that the inflammatory response of cells to nanomaterials and the degree 
of inflammation is dependent on both material and aspect ratio.

Enzyme-linked immunosorbent assay (ELISA) was used to determine the concentration 
of IL-6 and TNF-a secreted by THP-I phagocytes exposed to uncoated and PEG coated 
nickel nanowires of different lengths and concentrations after 24 h and 72 h. PEG coated 
nickel nanowires were chosen since they demonstrated the least effect on cell viability and 
membrane integrity, and were more cytoprotective than SiOa coated wires. The 24 h and 
72 h time points were chosen as the greatest difference in cell viability and membrane per
meability data between uncoated and PEG coated nickel nanowires was observed after these 
exposure periods. The concentration of IL-6 and TNF-a cytokine production was carried 
out according to both DuoSet ELISA Development Kit protocols (R&D Systems, U.K.) by 
examining the supernatants of THP-1 phagocytes exposed to nanowires (Chapter 2: ELISA 
Assay). The assays were repeated in duplicate (n = 2) and the optical fluorescent density 
was measured using a VersaMax Plus microplate reader (Molecular Devices, USA). The 
concentration of cytokine produced by THP-1 cells exposed to the nanowire samples was 
determined in relation to the standard curve as shown in Figure 4.29. The cytokine pro
duction, expressed as nanogram per cell (ng/cell), was quantihed from the full cell count of 
each individual well, from where the supernatant was removed for the ELISA assays. These 
results would then give a better indication of the inflammatory response of cells in relation 
to dosage, aspect ratio and surface coatings of nanowires.
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Figure 4.29: Typical standard curves for (a) 11-6 and (b) TNF-a in order to determine the 
concentration of cytokine produced.
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PMA stimulated both IL-6 and TNF-a cytokine production in THP-1 cells, as previously 
reported (Figure 4.30) [29], The exposure of these cells to short (4.3 pm), uncoated and PEG 
coated nickel nanowires resulted in a linear increase of IL-6 and TNF-a cytokine production 
dependent on nanowire concentrations. The production of IL-6 and TNF-a was greater for 
short, uncoated nickel nanowires than PEG coated NWs at 10 nanowires per cell (10/cell) and 
100 nanowires per cell (100/cell). Uncoated wires induced an inflammatory response three 
times larger than PEG coated wires especially in the case of TNF-a production, indicating 
that uncoated wires were particularly harmful to THP-1 cells and required a higher immune 
response. Short, PEG coated nickel nanowires may have produced an initial inflammatory 
response but did not have any prolonged effect on THP-1 cells, with less IL-6 produced. 
This indicates that short, PEG coated wires were not as damaging to THP-1 cells as uncoated 
nanowires, corresponding to the results found in the toxicity study after 24 h.

Long (24.0 pm), uncoated nickel nanowires induced a higher production of IL-6 com
pared to short uncoated wires, which increased with increasing concentration of nanowires. 
This was also true for TNF-a expression at low nanowire concentration (10/cell). However, 
at higher concentrations (100/cell), THP-1 phagocytes produced less TNF-a for cells ex
posed to long, uncoated nanowires compared to short wires. This correlates with the reduced 
cell viability after exposure to short, uncoated nickel nanowires as shown in Figure 4.21. Cell 
membrane permeability data indicated that short uncoated nickel nanowires were in fact less 
harmful to THP-1 cells than long wires after 24 h (Figure 4.22), with a reduced secondary 
inflammatory response shown in Figure 4.30 (a).

There was a remarkable inflammatory response of THP-1 phagocytes to long PEG coated 
nickel nanowires at 10 nanowires per cell, with a lower response observed at 100 nanowires 
per cell for both IL-6 and TNF-a cytokines. This may be due to the extended period of 
unsuccessful or frustrated phagocytosis demonstrated by THP-1 cells, which could have 
adversely influenced macrophage secretion capabilities, resulting in a different type of in
flammatory response and cytokine secretion. Although a greater inflammatory response was 
seen for PEG coated nanowires after 24 h, cell viability and membrane permeability data 
indicated that PEG coated nanowires were less toxic to THP-1 phagocytes than uncoated 
nickel nanowires. The absolute levels of IL-6 expression for long and short nickel nanowires 
(Figure 4.30 (a)) were one order of magnitude lower than the corresponding expression mea
sured for TNF-a (Figure 4.30 (b)). This may be attributed to the fact that the TNF family 
is largely involved as a mediator of inflammatory and immune functions. TNF-a is secreted 
initially by the cells of the immune system in response to foreign objects, thus explaining 
its higher secretion than that of IL-6 which is related mostly to a secondary inflammatory 
response.

lL-6 and TNF-a cytokine production of THP-1 macrophages exposed to uncoated and 
PEG coated nickel nanowires of different aspect ratios and concentrations were also inves
tigated over a longer incubation period of 72 h (Eigure 4.31). The absolute levels of both 
lL-6 and TNF-a increased after a 72 h exposure period to nanowires. Once again it was
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Figure 4.30: Concentration of (a) IL-6 and (b) TNF-a inflammatory cytokines secreted by 
TFIP-1 phagocytes after 24 h incubation with uncoated and PEG coated nickel nanowires.

detected that short, uncoated and PEG coated nickel nanowires resulted in an increase of 
IL-6 and TNE-a cytokine secretion at low (10/cell) and high (100/cell) nanowire concen
tration. Note that the data point for short, uncoated nickel nanowires at 100/cell is not seen 
due to the lack of available sample to carry out experiment. The exposure of THP-1 cells to 
short, uncoated nickel nanowires resulted in a greater inflammatory response in comparison 
to PEG coated wires after 72 h, demonstrating that they were not as harmful to macrophages 
as uncoated wires. Long, uncoated nickel nanowires produced a higher release of both IL-6 
and TNE-a cytokines compared to short uncoated wires indicating that aspect ratio is a fac
tor in cytokine secretion. Long, PEG coated nanowires demonstrated a linear increase in 
TNF-a secretion with increasing concentration of nanowires. At this time point there was a 
four-fold increase in TNE-a secretion at 100 nanowires per cell in comparison to 24 h data. 
This indicated that the immune response of TFIP-1 macrophages to long, PEG coated wires 
significantly increased over time with increasing concentration. A large IL-6 inflammatory
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response to long, PEG coated wires was observed at 10 nanowires per cell with a lower re
sponse observed at 100 nanowires per cell. Cell viability and membrane permeability data 
at this exposure period indicated that PEG coated nickel nanowires were not as harmful to 
THP-1 cells as uncoated wires (Eigure 4.24 and 4.25).
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Figure 4.31: Concentration of (a) IL-6 and (b) TNF-a inflammatory cytokines secreted by 
THP-1 phagocytes after 72 h incubation with uncoated and PEG coated nickel nanowires.

lL-6 and TNF-a cytokine studies were also carried out on soluble compounds used as 
positive controls (1 M NiS04 and 0.5 mM PEG) after 24 h and 72 h exposure. Once again 
it was seen that the process involved in the uptake of nanowires is completely different from 
that of the soluble compounds with little or no inflammatory response seen for the positive 
controls, as shown in Figure 4.32.

In conclusion, IL-6 and TNF-a cytokine production were not as evident for short, un
coated and PEG coated nanowires in comparison to long wires after 24 h and 72 h exposure 
periods. Short, PEG coated wires demonstrated the least inflammatory response after 24 h 
and 72 h indicating that surface coating also plays an important role in the response of the
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Figure 4.32: Concentration of (a) lL-6 and (b) TNF-a inflammatory cytokines secreted by 
THP-1 cells after 24 h and 72 h exposure to positive controls, 0.1 M NiS04 and 0.5 mM 
PEG.

immune system to nanomaterials. Pro-inflammatory and anti-inflammatory responses are 
dose-, surface coating- and aspect ratio-dependent which must be taken into consideration 
for biomedical applications. A two-way ANOVA followed by a Bonferroni post-test analysis 
was also carried out on IL-6 and TNF-a cytokine data after 24 h and 72 h to examine the 
statistical significance of these results (Appendix B.13 and B.15).

4.5 Confocal Microscopy

4.5.1 Fluorescent Coating of Nickel Nanowires

Confocal microscopy was used to directly observe the length dependent interaction of nickel 
nanowires with the cellular membrane of TFIP-1 cells and their possible internalisation. In 
order to visualise uncoated nickel nanowires by confocal microscopy, nanowires were fluo- 
rescently labelled with rabbit anti-mouse (RAM) primary immunoglobulin G (IgG - TRITC, 
Invitrogen, U.K.). Both short (4.3 |j.m) and long (24.0 pm) uncoated nickel nanowires were 
sonicated for approximately 1 h in order to obtain a uniform dispersion. The samples were 
initially treated with 0.5 M l-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in phos
phate buffered saline (PBS) in order to aid binding of RAM IgG to the nanowires. The 
samples were vortexed for 20 min and then stored at 4°C for 3 days until complete uniform 
binding of EDC to the nanowires was achieved. Nanowires were once again sonicated for 1 h 
before adding 4 pL of RAM IgG to each sample and the solutions were vortexed for 1 h to 
ensure nanowires were completely fluorescently labelled. Samples were then centrifuged at 
5000 rpm for 5 min and washed with deionised water. This washing procedure was repeated 
several times in order to eliminate a non-specific auto-fluorescence signal during confocal 
microscopy and a possible background fluorescence induced by unbound IgG. Eigure 4.33 
shows confocal images of fluorescently labelled short and long nickel nanowires. There was 
uniform binding of RAM IgG to the surface of the nanowires. Each individual nanowire can 
be clearly identified and no auto-fluorescence signal was observed.
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Figure 4.33: Confocal microscopy images of RAM IgG fluorescently labelled (TRITC) (a) 
Short, 4.3 |j.m and (b) Long, 24.0 p.m uncoated nickel nanowires. Scale bar 10 |j,m.

4.5.2 Interaction of Long and Short Ni Nanowires

Once nickel nanowires had been successfully fluorescently labelled with RAM IgG, it was 
possible to visualise them under confocal microscopy and observe their interaction with 
macrophage cells. PMA treated THP-1 phagocytic cells were plated in a Lab-Tek 8 well 
chambered coverglass slide (Nunc, USA) and allowed to differentiate for 72 h at 37 °C and 
5 % COa- Fluorescent short and long nickel nanowires were then added to different wells of 
the chamber slide and incubated for up to 3 h in the above conditions. In order to visualise 
the interaction of the cellular membrane with nanowires, the F-actin in cells was fluores
cently stained as described in the protocol (Chapter 2: Confocal Microscopy). F-actin is an 
organi.sed form of actin protein supporting thin filaments which make up the essential part of 
the cytoskeleton of a cell. They are involved in many cellular processes including cell motil
ity, division and signalling. The nuclei of THP-1 cells were stained with Hoechst 33342 dye. 
Confocal images were obtained using a 63X oil immersion objective on a Zeiss LSM 510 
Microscope using the following laser excitation wavelengths; 405 nm, 488 nm and 561 nm 
for DAPI, FITC and TRITC fluorescence detection respectively with a pinhole diameter of 
0.9 p.m. A Z-stack composed of 6 slices, at an interval of 0.45 p.m, was generated from the 
bottom of the glass slide where the cell was located to the top of the cell. It produced a 3-D 
image of a THP-1 cell dehning the location of nanowires and determining if the nanowires 
were located outside or inside the cellular membrane.

Confocal images show THP-1 phagocytes incubated with (a) short, 4.3 p.m and (b) long, 
24.0 fim nickel nanowires (Figure 4.34). F-actin is indicated by a green fluorescent dye 
(FITC), nuclei are labelled with a blue fluorescent dye (DAPI) and nanowires are indicated 
by a red fluorescent dye (TRITC). For short nickel nanowires it eould be clearly seen that 
F-actin containing structures were involved in the uptake of these foreign objects (Figure 4.34 
(a)). The THP-1 cell is elongated in the direction of the nanowire indicating that its recep
tors identified a foreign object in the culture media and the eytoskeleton was redistributed 
towards the nanowire. Phagocytic cups rich in F-actin appear to be surrounding and engulf-
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ing the short nanowire. Similar studies have shown that F-actin is also involved in the uptake 
of biological materials and microparticles of similar size [30, 31]. Figure 4.34 (b) shows a 
long nickel nanowire within the cytoplasm of the THP-1 cell. This was confirmed by a Z- 
stack analysis of individual slices of the cell at different heights within the chamber slide. It 
indicated that phagocytosis was indeed also involved in the uptake of long nickel nanowires. 
This study confirmed that THP-1 macrophages used their natural phagocytic process to in
gest nanowires and that cells completely internalised short nickel nanowires while long wires 
were internalised to some degree.

(a)

» V' . *

Short Ni NW

Phagocytic Cup

Figure 4.34: Confocal microscopy Z-stack images of THP-1 phagocytes and lluorescently 
labelled uncoated (a) Short, 4.3 p.m and (b) Long, 24.0 p.m nickel nanowires. Nucleus of 
THP-1 phagocytes stained with Hoechst 33342 dye (DAPI), F-actin stained with Alexa Fluor 
488 phalloidin (FITC) and Ni NWs are labelled with RAM IgG (TRITC). Scale bar 10 |j.m.
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Figure 4.35 shows confocal images of THP-1 cells incubated with a high concentration 
of (a) short, 4.3 |j.m and (b) long, 24.0 ^m fluorescently labelled nickel nanowires. These 
images show short nickel wires within the cytoplasm of THP-1 cells and long nanowires 
being partially engulfed by THP-1 macrophages, confirming that F-actin is involved in the 
uptake of both short and long nanowires.

Figure 4.35: Confocal microscopy images of THP-1 phagocytes and fluorescently labelled 
uncoated (a) Short, 4.3 pm and (b) Long, 24.0 pm nickel nanowires at high concentration. 
Scale bar 10 pm.

Frustrated phagocytosis was previously predicted as the possible cause for the dramatic 
increase in THP-1 membrane permeability after an incubation period of 3 h with a high 
concentration of long, uncoated nickel nanowires (Figure 4.15). From the confocal image 
in Figure 4.36 it could be seen that the majority of THP-1 cells appeared elongated with 
two or more macrophages sharing a “single” wire. A number of long nickel nanowires were 
protruding from the cells indicating the failure of cells to completely enclose the high aspect 
ratio wires. A large degree of F-actin staining was also observed indicating that numerous 
cells were attempting to engulf and neutralise the nanowires. This confocal image conhrmed 
that frustrated phagocytosis occurred after THP-1 cells were incubated with long, uncoated 
nickel nanowires.

Figure 4.36: Confocal microscopy of THP-1 phagocytes and fluorescently labelled long, 
24.0 pm, uncoated nickel nanowires at high coneentration. Scale bar 20 pm.
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4.6 Conclusions

In conclusion, magnetic nickel nanowires of specified dimensions and controllable length 
could be readily fabricated by electrochemical template synthesis. Fully characterised short 
(4.3 pm) and long (24.0 pm), uncoated and PEG or Si02 coated nanowires were then ex
posed to THP-1 macrophage cells to determine their potential toxicity using high content 
screening. HCS proved to be an invaluable tool for examining the interaction of THP-1 cells 
with nickel nanowires of different characteristics in a fast and high throughput manner. The 
relationship between concentration, aspect ratio and surface coatings had a significant influ
ence on the toxic responses of cells to nanowires. At low concentration (10/cell), the toxic 
effects of short and long, uncoated and coated nanowires were subtle up to a 72 h exposure 
period. However, at higher concentrations (100/cell), the significance of both aspect ratio 
and surface coating became evident after just a 3 h exposure period. Cell membrane per
meability was the most conclusive data in indicating the toxicity of nanowires. Short and 
long, uncoated nickel nanowires were found to reduce cell viability and cause significant 
cell membrane permeability. Short PEG and Si02 coated wires maintained the integrity of 
THP-1 cellular membrane to a greater degree than uncoated wires. After 24 h, the cellu
lar damage was even more pronounced for uncoated nanowires but it could be reduced by 
appropriate surface coating. PEG was found to be a more effective cytoprotective coating 
than Si02. The low ^-potential of PEG coated wires suggests that surface charge plays a 
significant role in determining the toxic response of cells and may have prevented their cel
lular uptake. Short PEG coated nanowires maintained a greater cell viability and membrane 
integrity than long PEG coated wires, highlighting the significance of aspect ratio in cyto
toxicity. This was further supported by the toxicity results found after 72 h, with short PEG 
coated wires once again having little or no effect on the viability and membrane integrity of 
THP-1 cells. The cytokine production of 11-6 and TNF-a by THP-1 cells also indicated that 
high aspect ratio nanowires produced a greater inflammatory response than low aspect ratio 
wires, with PEG coating short wires further reducing this inflammation.

Confocal microscopy was also employed to directly visualise the length dependent in
teraction of nickel nanowires with cells and their possible internalisation. Uncoated nickel 
nanowires were fluorescently labelled with RAM IgG and incubated with THP-1 macrophage 
cells for 3 h. Short and long nanowires were ingested by macrophages via phagocytosis, as 
confirmed by the presence of phagocytic cups rich in F-actin. A Z-stack analysis confirmed 
that nanowires were located inside the cellular membrane. THP-1 cells completely inter
nalised short nickel nanowires while long wires were found protruding from the cells, indi
cating the inability of macrophages to completely engulf high aspect ratio wires. Frustrated 
phagocytosis also occurred when THP-1 cells were exposed to high concentrations of long, 
uncoated nickel nanowires, with numerous macrophages attempting to engulf a single wire.

These studies highlighted the significance of nanowire aspect ratio, concentration and 
surface coating, and not the material itself, as the crucial factors determining cytotoxicity 
and inflammatory response. Long nickel nanowires fitted the World Health Organisation’s
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criterion for a hazardous fibre, along with demonstrating the need to extend this criterion 
to include nanowire dosage. Appropriately selected nanowires with optimal aspect ratios, 
concentration and surface coatings could subsequently be used as nanocarriers for diagnos
tic applications and possess less of a concern from a potentially hazardous point of view. 
Another precaution which should also be taken into consideration when handling and dis
posing of these nanomaterials is to ensure the nanowires are always in solution form. This 
will prevent the airborne release of nanomaterial which can cause lung disease as previously 
observed for asbestos fibres and carbon nanotubes.
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Chapter 5

Conclusions and Future Work

5.1 CoPt Films and Barcoded Nano wires

Electrodeposition has been shown to be a successful technique for fabricating CoPt thin films 
and nanowires. This process enabled the composition, the film thickness and nanowire length 
to be easily controlled by modifying the deposition conditions. This in turn altered the struc
tural and magnetic properties of the samples. Ordered fct, LIq CoPt films and nanowires 
were achieved after a post-deposition annealing process was earned out in forming gas 
(5 vol. % H2 and 95 vol. % Ar), in order to develop their magnetic properties. A minimum 
annealing temperature of 700 °C and an annealing time of 30 min were required in order 
to crystalli.se the ordered phase. Equiatomic CoPt films, with a thickness of approximately 
3.6 qm, had a coercivity of 0.57 T and 0.51 T when the magnetic field was applied parallel 
and perpendicular to the him, respectively. Thinner CoPt hlms, with a thickness of approx
imately 1.22 qm, had an increased coercive held of 0.69 T. CoPt nanowires with hard and 
soft magnetic properties were successfully fabricated by electrochemical template synthesis 
using AAO membranes. Equiatomic CoPthard wires had a coercive held of 0.71 T and 0.68 T 
parallel and perpendicular to the nanowire axis, respectively. Increasing the Pt content in the 
wires resulted in CoPtsoft wires with a coercivity of 0.25 T.

Multisegmented barcoded CoPt nanowires were also successfully fabricated by elec
trodeposition. A spacer layer was essential to prevent the inter-diffusion between CoPthard 
and CoPtsoft segments in the nanowires during the annealing process. A gold spacer layer 
was chosen due to its properties and biocompatibility. A process for producing high quality 
gold nanowires from a cyanide bath inside a glovebox under Ar was developed, which en
abled the segment length to be easily controlled. CoPt - Au nanowires annealed at 700 °C for 
30 min had a coercive held of 1.18 T and 1.15 T parallel and perpendicular to the nanowire 
axis, respectively. This was a 60 % increase in coercivity compared to CoPthard wires, indi
cating that the incorporation of Au greatly improved the structural and magnetic properties 
of CoPt nanowires. The coercivity of CoPt - Au wires increased even further at an annealing 
temperature of 800 °C for 30 min, with coercive helds reaching 1.43 T and 1.34 T, parallel 
and perpendicular to the nanowire axis, respectively. These are the highest recorded val-
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ues for CoPt nanowires fabricated by electrodeposition. Two and three segmented CoPt - 
Au barcoded nanowires were then produced with CoPt segments having different coercive 
fields, as identified from the magnetisation curves. SEM imaging and EDAX analysis also 
clearly identified the individual segments within a single wire. Two segmented CoPthard - 
Au - CoPtsoft nanowires had segment lengths of 6 p.m, 1.4 pm and 2.5 pm, respectively. 
Three segmented CoPthard - Au - CoPtsofi - Au - CoPthard nanowires had segment lengths 
of 3 pm, 1.3 pm, 1 pm, 1.3 pm and 2.5 pm, respectively.

In order to improve the magnetisation data for barcoded nanowires, equal lengths of 
the CoPthard and CoPtsoft segments need to be grown. This will enable a step in the hys
teresis curve to be achieved and will clearly indicate the different coercivities of the CoPt 
segments. Longer and more complex barcoded nanowires also need to be fabricated by 
electrodeposition in order to establish the maximum number of segments that can be repro- 
ducibly achieved. By altering the segment length and pattern of CoPt - Au multisegmented 
wires the coding capabilities, n"*, will increase significantly. This will increase the number 
of disease biomarkers which can be functionalised to the nanowires for sensor detection. 
The stray fields produced by the multisegmented wires can also be adjusted by applying a 
magnetic field larger than the coercivity of the CoPthard segments in one direction (Happiied > 
Hc.hard) ^nd then applying a magnetic held greater than the CoPtsoft segments in the opposite 
direction (Ho.soft < Happiied < Ho.hard)- The sensor can then detect a distinctive stray held 
corresponding to a particular nanowire code and thus, a particular biomolecule.

Preliminary results of the detection of barcoded CoPt nanowires in a microhuidic chan
nel have been carried out as part of a multidisciplinary research project within CRANN, 
School of Physics, School of Chemistry and Institute of Molecular Medicine, (SFI funded 
MANSE and CRANN-CSET Barcode project). Figure 5.1 shows an optical microscope im
age of a spin valve GMR sensor fabricated by lithography and the detection of barcoded CoPt 
nanowires by the sensor in a microhuidic channel.' The baseline corresponds to the injection 
of CoPt nanowires in a water suspension and the change in voltage corresponds to barcoded 
nanowires passing over the sensor. Currently the sensors are yoke-type spin valve sensors. 
To enable the detection of functionalised barcoded CoPt nanowires with a low signal to noise 
ratio, the use of magnetic tunnel junction (MTJ) sensors with a segmented, yoke-type free 
layer should be explored.

The continued studies on the fabrication of multisegmented barcoded CoPt nanowires 
and the improvement of the sensor design for the detection of diseases will be carried out 
as part of a newly funded EU FP7 NMP project, “Nanotechnology toolkits for multi-modal 
disease diagnostics and treatment monitoring”, NAMDIATREAM.

This work was carried out by Nigel Carroll, School of Physics, Trinity College Dublin.
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Figure 5.1: (a) Optical microscope image of a spin value GMR sensor fabricated by lithogra
phy (b) Detection of barcoded CoPt nanowires by the sensor in a microfluidic channel. Data 
courtesy of Nigel Carroll, School of Physics, Trinity College Dublin.

5.2 Nanowire Toxicity

The biomedical application of nanowires required an understanding of their potential toxic 
effects and specifically whether the cytotoxicity of nanowires was caused by the material 
itself or by the wires shape and aspect ratio. The World Health Organisation (WHO) has 
defined a hazardous fibre as one with a diameter less than 3 pm and a length greater than 
5 pm. This criterion was checked by fabricating magnetic nickel nanowires of specified 
dimensions and controllable length by electrochemical template synthesis. Short (4.3 pm) 
and long (24.0 pm), uncoated and PEG or Si02 coated nanowires were exposed to THP-1 
macrophage cells to determine their possible toxicity using high content screening. HCS 
proved to be an invaluable tool for examining the interaction of THP-1 cells with nickel 
nanowires. The incorporation of a multiparametric cytotoxicity assay kit along with HCS 
enabled the potential toxicity of uncoated and coated nanowires of varying length and con
centration to be examined in fast and high throughput manner. The findings of this study 
demonstrated that long nickel nanowires did fit the WHO criterion for a hazardous fibre. 
Nanowire concentration and surface coatings also had a significant influence on the response 
of cells to nanowires. Cell membrane permeability was the most conclusive data in indicating 
the potential toxicity of nanomaterials.

The toxicity effects of short and long, uncoated and coated nickel wires were subtle up 
to a 72 h exposure period, at low nanowire concentration (10/cell). However, at higher con
centrations (100/cell), a large variance on THP-1 cellular response to both aspect ratio and 
surface coating became evident. Both short and long, uncoated nickel nanowires were found 
to reduce cell viability and cause significant cell membrane permeability after just a 3 b ex
posure period, and the effects became even more pronounced after 24 h and 72 h. Coating 
the surface of nickel nanowires in PEG or Si02 was found to help maintain cell viability 
and membrane integrity. Short coated wires were not as harmful to THP-1 cells compared 
to long coated wires after 24 h, indicating that high aspect ratio wires did in fact pose a 
potential toxicity risk. PEG coating was found to be a more effective cytoprotective coating 
than Si02, particularly after a 72 h exposure period. At this time point, the use of short
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PEG coated nanowires helped to maintain a greater cell viability and membrane integrity 
than any other nanowire sample at high concentration. This was attributed to their low as
pect ratio and low ^-potential which may have impeded their cellular uptake, as seen in 
other studies for PEG coated nanoparticles. The cytokine production of 11-6 and TNE-a by 
THP-1 cells also indicated that high aspect ratio nanowires produced a greater inflammatory 
response than low aspect ratio wires. PEG coating short wires was found to further reduce 
the inflammatory response of THP-1 cells to nanowires. Confocal microscopy provided 
useful three-dimensional information on the length dependent interaction of fluorescent, un
coated nickel nanowires with the cellular membrane of THP-1 macrophage cells and their 
possible internalisation. Phagocytic cups rich in E-actin were observed surrounding short 
nickel nanowires prior to their internalisation by the cells. A Z-stack analysis confirmed that 
nanowires were located inside and not on the surface of cells. THP-1 cells completely inter
nalised short nickel nanowires while long wires were internalised to some degree. Confocal 
microscopy imaging also confirmed that frustrated phagocytosis occurred when THP-1 cells 
were exposed to high concentrations of long, uncoated nickel nanowires. The cells appeared 
elongated with two or more macrophages “sharing” a single wire. Nanowires were also 
found protruding from the cells indicating the inability of macrophage cells to completely 
engulf high aspect ratio wires. These studies htted the World Health Organisation’s criterion 
for a hazardous fibre and also highlighted the fact that dosage and surface coatings are crucial 
factors in determining toxicity and inflammatory cellular responses to nanomaterials.

In order to further develop fundamental knowledge is this area, the diameter of the 
nanowires should be modified by electrochemical template deposition while maintaining 
wire length. This will provide further evidence to what extent aspect ratio, length or both 
these factors contribute to nanowire induced cytotoxicity. An alternative nanowire material, 
such as gold, should be considered as it is known for its biocompatibility and will further 
indicate if nanowire aspect ratio or length causes toxicity. High content screening is an ideal 
method for these studies and can provide the basis for establishing guidelines in determining 
the potential toxicity of nanomaterials.
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Appendix A

Appendix: Magnetic Nanoparticles

A.l Magnetic Nanoparticles

A. 1.1 Characterisation of Magnetic Nanoparticles

The magnetic and structural characterisation of commercially available nanoparticles was 
carried out. The samples investigated were coated in a protein called streptavidin and in
cluded particles from Estapor (0.86 |.im), Dynabead M-450 (4.40 pm) particles, Dynabead 
M-280 (2.80 pm) particles, particles from Roche Applied Science (1.00 pm) and Dynabead 
Myone (1.00 pm) beads. Magnetisation measurements were carried out in a 5 T SQUID 
magnetometer at room temperature. A few milligrams of each sample was placed in a dia
magnetic gel cap holder and placed within the SQUID set-up. All samples were found to be 
superparamagnetic with hysteresis loops showing no coercivity. The saturation magnetisa
tion ranged from 10.5 Am^ Kg“' (Dynabead M-280) to 26.0 Am^ Kg“' (Estapor and Roche) 
as shown in Figure A.l to A.5. The initial magnetic susceptibility was also determined from 
the hysteresis loops in the field range ± 6 mT (Table A.2).

X-ray diffraction (XRD) was used to determine the crystallographic structure of the 
nanoparticle samples. A Philips X’Pert Diffractometer system was used with a copper X-ray 
tube operating at 40 kV and 30 mA. A few milligrams of each sample was placed on a 
PW3064 sample spinner and data were collected in a step scan mode from 25° to 95° for 
2.5 h using an X’Celerator detector. The scan data were then analysed by comparing the 
peak positions and relative intensities with standard data on maghemite, 7-Fe203, (JCPDS 
39-1346) and magnetite, Fe304, (JCPDS 19-0629) provided by the International Centre for 
Diffraction Data (ICDD). Figure A.l to A.5 .show the diffraction patterns of the nanoparticle 
samples. Samples were a mixture of both maghemite and magnetite, with maghemite being 
the predominant crystalline phase, as determined from the line positions in the diffraction 
patterns. The crystal sizes of each of the samples were called using the Scherrer equation 
and ranged from 6.9 nm (Dynabead M-280) to 8.3 nm (Estapor). Table A.l outlines the 
characteristics of the commercially available nanoparticle samples as supplied by the com
panies and literature reviews. Table A.2 shows the experimental data obtained from SQUID 
magnetisation curves and x-ray diffraction patterns. These results were also supported by
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Fonnum et al who studied Dynabead M-450, M-280 and Myone particles [ 1 ]
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Figure A. I; (a) SQUID magnetisation curve for Estapor particles. Magnetisation curve was 
corrected for the diamagnetic contribution from the diamagnetic gel cap holder, (b) X-ray 
diffraction pattern of Estapor particles.
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Figure A.2: (a) SQUID magnetisation curve for Dynabeads M-450 particles. Magnetisation 
curve was corrected for the diamagnetic contribution from the diamagnetic gel cap holder, 
(b) X-ray diffraction pattern of Dynabeads M-450 particles.
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(a) Dynabead M-280 Particles (b) Dynabead M-280 Particles
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Figure A.3: (a) SQUID magnetisation curve for Dynabeads M-280 particles. Magnetisation 
curve was corrected for the diamagnetic contribution from the diamagnetic gel cap holder, 
(b) X-ray diffraction pattern of Dynabeads M-280 particles.
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Figure A.4: (a) SQUID magnetisation curve for Roche particles. Magnetisation curve was 
corrected for the diamagnetic contribution from the diamagnetic gel cap holder, (b) X-ray 
diffraction pattern of Roche particles.
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Figure A.5: (a) SQUID magnetisation curve for Dynabeads Myone particles. Magnetisation 
curve was corrected for the diamagnetic contribution from the diamagnetic gel cap holder, 
(b) X-ray diffraction pattern of Dynabeads Myone particles.
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Particle Diameter Concentration Density Ferrite Iron Oxide Ref

(pm) (beads/ml) (g cm") Content (%) Content (%)

Estapor 0.86 1.61 X 10'“ 1.85 55 22 [2]

Dynabead M-450 4.40 4.00 x 10" 1.60 - 20 [1,3]

Dynabead M-280 2.80 6-7 x 10" 1.40 17 12 [1,4]

Roche 1.00 5.02 X 10“^ 1.25 40 - [3]

Dynabead Myone 1.05 7- lOx 10“ 1.70 37 26 [1,4]

Table A.l: Characteristics of commercially available nanoparticle samples.

Particle

Saturation

Magnetisation

M, (Am" Kg ')

Initial Magnetic

Susceptibility

(m" Kg“')

Sample Composition

Determined by XRD

Particle Size

Determined by XRD

Mx (nm)

Estapor 26.0 8.622 x 10-^ FC2O3, Fe304 8.3

Dynabead M-450 18.0 6.549 X 10-^ Fe203, Fe304 7.6

Dynabead M-280 10.5 4.754 X 10-4 Fe203, Fe304 6.9

Roche 26.0 5.983X 10-4 Fe203, Fe304 7.0

Dynabead Myone 20.2 4.044 X 10-4 Fe203, Fe304 7.2

Table A.2: Nanoparticle sample data determined experimentally from the SQUID magneti
sation curves and x-ray diffraction patterns.
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Appendix B

Appendix: Statistical Analysis

B.l Toxicity of Nickel Nanowires

B.1.1 HCS Toxicity Study: 3 h

Two-way ANOVA followed by a Bonferroni post-test analysis was carried out using Graph- 
Pad Prism 5, (GraphPad Software Inc. USA), on all nanowire samples and positive controls 
to examine the statistical significance of length-dependent cytotoxicity compared to nega
tive controls after 3 h as shown in Table B.l. Note that the statistical data for lysosomal 
mass-pH positive controls is not shown due to experimental error for 0.4 M TEOS posi
tive control. The statistical significance of aspect ratio-dependent cytotoxicity after 3 h is 
shown in Table B.2, while the statistical significance of surface coating at different nanowire 
concentration and length is shown in Table B.3.

Nanowire Length and Concentraton Dependency
Cell Viability Cell Membrane Peimeabilty Lysosomal Mass-pH

Short Long Short Long Short Long

Uncoated NW

10/cell ns p<0.01 ns p<0.01 ns ns

100/cell p<0.01 ns p<0.001 p<0.001 p<0.001 ns

Positive control fxO.OOl p<0.001 p<0.001 p<0.001 - -

PEG Coated NW

10/cell ns ns ns ns ns p<0.05

100/cell ns ns p<0.05 p<0.001 ns ns

Positive control ns ns p<0.05 ns - -

Si02 Coated NW

10/cell p<0.05 ns ns ns ns ns

100/cell ns p<0.001 ns p<0.001 ns ns

Positive control p<0.001 p<0.001 ns ns - -

Table B.l: Statistical analysis of length-dependent cytotoxicity on cell viability, membrane 
permeability and lysosomal mass-pH after 3 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. 
negative controls is indicated by p<0.05, p<0.01, p<0.001 and not significant (ns).
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Aspect Ratio Dependencv
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

10/cell

Uncoated NW ns p<0.01 ns

PEG Coated NW p<0.01 ns ns

Si02 Coated NW ns ns ns

100/cell

Uncoated NW ns p<0.001 p<0.01

PEG Coated NW ns p<0.001 ns

Si02 Coated NW p<0.001 p<0.001 ns

Positive Control

Uncoated NW ns ns ns

PEG Coated NW ns ns ns

Si02 Coated NW ns ns -

Table B.2: Statistical analysis of aspect ratio-dependent cytotoxicity on cell viability, mem
brane permeability and lysosomal mass-pH after 3 h, for nanowires of different concentration 
and length (two-way ANOVA, p<0.05). Statistical significance of short vs. long aspect ratio 
is indicated by p<0.05, p<0.01, p<0.001 and not significant (ns).

Coating Dependencv
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

Short Long Short Long Short Long

10/cell

Uncoated vs PEG ns ns ns ns ns p<0.01

Uncoated vs Si02 ns p<0.001 ns p<0.01 ns ns

PEG vs Si02 p<0.05 ns ns ns ns ns

100/cell

Un coated vs PEG ns ns p<0.001 p<0.001 p<0.001 ns

Uncoated vs SiOj p<0.01 p<0.05 p<0.001 p<0.001 p<0.01 ns

PEG vs Si02 ns ns p<0.001 ns ns ns

Positive Control

Uncoated vs PEG p<0.001 p<0.001 p<0.001 p<0.001 - -

Uncoated vs Si02 p<0.001 p<0.001 p<0.001 p<0.CI01 - -

PEG vs Si02 p<0.001 p<0.001 ns ns - -

Table B.3: Statistical analysis of surface coating dependency on cell viability, membrane 
permeability and lysosomal mass-pH after 3 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical signihcance of surface coating is indicated 
by p<0.05, p<0.01, p<0.001 and not significant (ns).
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B.1.2 HCS Toxicity Study: 6 h

The statistical significance of length-dependent cytotoxicity compared to negative controls 
after 6 h as shown in Table B.4. Note that the statistical data for cell viability and lysosomal 
mass-pH positive controls are not shown due to the nuclear fragmentation of cells exposed 
to 1 M NiS04 and the experimental error in carrying out the study for 0.4 M TEOS posi
tive control. The statistical significance of aspect ratio-dependent cytotoxicity after 6 h is 
shown in Table B.5 and the statistical significance of surface coating at different nanowire 
concentration and length is shown in Table B.6.

Nanowire Length and Concentraton Deoendencv
Cell Viability Ceil Membrane Pemneabiity Lysosomal Mass-pH

Short Long Short Long Short Long

Uncoated NW

10/oell ns ns ns p<0.01 ns ns

100/cell p<0.01 ns pxo.ooi p<0.001 p<0.01 ns

Positive control - - ns p<0.05 - -

PEG Coated NW

10/cell ns ns ns ns ns ns

100/cell ns p<0.05 ns p<0.001 ns ns

Positive control - - ns ns - -

Si02 Coated NW

10/cell ns ns ns p<0.01 ns ns

100/cell ns pxO.OS p<0.01 p<0.001 ns ns

Positive control - - p<0.001 p<0.001 - -

Table B.4: Statistical analysis of length-dependent cytotoxicity on cell viability, membrane 
permeability and lysosomal mass-pH after 6 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. 
negative controls is indicated by p<0.05, p<0.01, p<0.001 and not significant (ns).

Aspect Ratio Dependencv
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

10/cell

Uncoated NW ns p<0.001 p<0.01

PEG Coated NW ns p<0.05 ns

Si02 Coated NW ns p<0.05 ns

100/cell

Uncoated NW ns p<0.001 p<0.01

PEG Coated NW ns p<0.001 p<0.01

Si02 Coated NW ns p<0.001 ns

Positive Control

Uncoated NW - ns ns

PEG Coated NW ns ns ns

Si02 Coated NW ns ns -

Table B.5; Statistical analysis of aspect ratio-dependent cytotoxicity on cell viability, mem
brane permeability and lysosomal mass-pH after 6 h, for nanowires of different concentration 
and length (two-way ANOVA, p<0.05). Statistical significance of short vs. long aspect ratio 
indicated is by p<0.05, p<0.01, p<0.001 and not significant (ns).
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Coatinq Dependency
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

Short Long Short Long Short Long

10/cell

Uncoated vs PEG ns ns ns ns ns ns

Uncoated vs Si02 ns ns ns ns p<0.05 ns

PEG vs Si02 ns ns ns ns ns ns

lOO/cell

Uncoated vs PEG p<0.05 ns p<0.001 p<0.001 p<0.001 ns

Uncoated vs Si02 ns ns ns p<0.001 ns ns

PEG vs Si02 ns ns p<0.001 p<0.001 p<0.01 ns

Positive Controi

Uncoated vs PEG - - ns ns - -

Uncoated vs Si02 - - p<0.001 p<0.(X)1 - -

PEG vs Si02 - - p<0.001 p<0.001 - -

Table B.6: Statistical analysis of surface coating dependency on cell viability, membrane 
permeability and lysosomal mass-pH after 6 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical significance of surface coating is indicated 
by p<0.05, p<0.01, p<0.001 and not significant (ns).

B.1.3 HCS Toxicity Study: 24 h

The statistical significance of length-dependent cytotoxicity compared to negative controls 
after 24 h as shown in Table B.7. Note that the statistical data for cell viability positive 
controls are not shown due to the nuclear fragmentation of cells exposed to 1 M NiS04. The 
statistical significance of aspect ratio-dependent cytotoxicity after 24 h is shown in Table B.8 
and the statistical signihcance of surface coating at different nanowire concentration and 
length is shown in Table B.9.

Nanowire Length and Concentraton Dependency
Cell Viability Cell Membrane Pemneability Lysosomal Mass-pH

Short Long Short Long Short Long

Uncoated NW

10/cell ns ns ns ns ns ns

100/cell p<0.01 p<0.01 p<0.001 p<0.001 ns p<0.01

Positive control - - ns ns p<0.001 p<0.001

PEG Coated NW

10/cell ns ns ns ns ns ns

100/cell ns p<0.05 p<0.05 p<0.001 ns ns

Positive control - - ns ns ns p<0.001

Si02 Coated NW

10/cell ns ns p<0.01 ns ns p<0.01

100/cell ns p<0.001 p<0.001 p<0.001 ns ns

Positive control - - p<0.001 p<0.001 p<0.01 p<0.001

Table B.7: Statistical analysis of length-dependent cytotoxicity on cell viability, membrane 
permeability and lysosomal mass-pH after 24 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. 
negative controls is indicated by p<0.05, p<0.01, p<0.001 and not significant (ns).
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Aspect Ratio Dependency
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

10/cell

Uncoated NW ns ns ns

PEG Coated NW p<0.05 ns ns

Si02 Coated NW ns p<0.001 ns

100/cell

Uncoated NW ns p<0.001 ns

PEG Coated NW p<0.01 p<0.001 p<0.01

Si02 Coated NW ns p<0.001 ns

Positive Control

Uncoated NW - ns ns

PEG Coated NW ns ns ns

Si02 Coated NW ns ns ns

Table B.8; Statistical analysis of aspect ratio-dependent cytotoxicity on cell viability, mem
brane permeability and lysosomal mass-pH after 24 h, for nanowires of different concentra
tion and length (two-way ANOVA, p<0.05). Statistical significance of short vs. long aspect 
ratio is indicated by p<0.05, p<0.01, p<0.001 and not significant (ns).

Coating Dependency
Cell Viability Ceii Membrane Permeabiiity Lysosomai Mass-pH

Short Long Short Long Short Long

10/cell

Uncoated vs PEG ns p<0.01 ns ns ns ns

Uncoated vs Si02 ns ns ns ns ns p<0.001

PEG vs Si02 ns ns ns ns ns p<0.01

100/cell

Uncoated vs PEG p<0.01 ns p<0.001 p<0.001 ns p<0.001

Uncoated vs Si02 ns ns p<0.001 p<0.001 ns p<0.01

PEG vs Si02 ns ns p<0.01 p<0.001 ns ns

Positive Control

Uncoated vs PEG - - ns ns p<0.01 p<0.001

Uncoated vs Si02 - - p<0.001 p<0.001 p<0.001 p<0.001

PEG vs Si02 - - p<0.001 p<0.001 p<0.001 p<0.001

Table B.9; Statistical analysis of surface coating dependency on cell viability, membrane 
permeability and lysosomal mass-pH after 24 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical significance of surface coating is indicated 
by p<0.05, p<0.01, p<0.001 and not significant (ns).
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B.1.4 HCS Toxicity Study: 72 h

The statistical signiticance of length-dependent cytotoxicity compared to negative controls 
after 72 h as shown in Table B. 10. The statistical data for cell viability positive controls are 
not shown due to the nuclear fragmentation of cells exposed to 1 M NiS04. The statistical 
significance of aspect ratio-dependent cytotoxicity after 72 h is shown in Table B. 11 and the 
statistical signiticance of surface coating at different nanowire concentration and length is 
shown in Table B.12.

Nanowire Length and Concentraton Dependency
Cell Viability Cell Membrane Penneability Lysosomal Mass-pH

Short Long Short Long Short Long

Uncoated NW

10/cell ns ns fXO.OOl ns ns ns

100/cell fXO.OOl [XO.OI p<0.001 p<0.001 p<0.01 ns

Positive conirol - - pxO.OOl p<0.001 fXO.OOl p<0.001

PEG Coated NW

10/cell ns ns ns ns ns ns

100/cell ns pxO.OI ns p<0.001 ns ns

Positive control - - fXO.OOl p<0.001 p<0.01 p<0.001

Si02 Coated NW

10/cell ns ns ns ns ns ns

100/cell [XO.OOI fXO.OI [XO.OOl p<0.001 p<0.05 ns

Positive control - - fXO.OOl p<0.001 p<0.01 p<0.001

Table B. 10: Statistical analysis of length-dependent cytotoxicity on cell viability, membrane 
permeability and lysosomal mass-pH after 72 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical significance of short or long nanowires vs. 
negative controls is indicated by p<0.05, p<0.0l, p<0.001 and not significant (ns).

Aspect Ratio Dependency
Cell Viability Cell Membrane Penneability Lysosomai Mass-pH

10/cell

Uncoated NW ns p<0.001 p<0.05

PEG Coated NW ns p<0.01 ns

Si02 Coated NW ns ns ns

100/cell

Uncoated NW ns fXO.OOl p<0.01

PEG Coated NW p<0.01 p<0.001 ns

Si02 Coated NW ns p<0.001 p<0.01

Positive Control

Uncoated NW - ns ns

PEG Coated NW ns ns ns

Si02 Coated NW ns ns ns

Table B. 11: Statistical analysis of aspect ratio-dependent cytotoxicity on cell viability, mem
brane permeability and lysosomal mass-pH after 72 h, for nanowires of different concentra
tion and length (two-way ANOVA, p<0.05). Statistical significance of short vs. long aspect 
ratio is indicated by p<0.05, p<0.01, p<0.001 and not significant (ns).
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Coatinq Dependency
Cell Viability Cell Membrane Permeability Lysosomal Mass-pH

Short Long Short Long Short Long

10/cell

Uncoated vs PEG ns ns p<0.001 ns ns ns

Uncoated vs Si02 ns ns p<0.001 ns ns ns

PEG vs Si02 pxO.OS ns p<0.CI5 ns ns ns

lOO/cell

Uncoated vs PEG (XO.OI ns p<0.001 p<0.001 p<0.01 ns

Uncoated vs Si02 ns ns p<0.001 p<0.001 ns ns

PEG vs SO2 fxO.OOl ns p<0.001 p<0.001 p<0.05 ns

Positive Control

Uncoated vs PEG - - p<0.001 p<0.001 ns ns

Uncoated vs Si02 - - p<0.05 p<0.05 ns ns

PEG vs Si02 - - p<0.01 p<0.01 ns ns

Table B.12: Statistical analysis of surface coating dependency on cell viability, membrane 
permeability and lysosomal mass-pH after 72 h, for nanowires of different concentration and 
length (two-way ANOVA, p<0.05). Statistical significance of surface coating is indicated 
by p<0.05, p<0.01, p<0.001 and not significant (ns).
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B.1.5 Cytokine Study: 24 h

The statistical significance of length-dependent IL-6 and TNF-a cytokine secretion com
pared to negative controls of THP-1 cells treated with PMA after 24 h is shown in Table B. 13. 
The statistical data for TNF-a secretion after exposure to short nanowires are not shown due 
to experimental error with the sample of THP-1 cells treated with PMA in the short uncoated 
nanowire study. The statistical significance of aspect ratio-dependent IL-6 and TNF-a cy
tokine secretion after 24 h is shown in Table B. 14.

Nanowire Length and Concentraton Dependency
IL-6 TNF-a

Short 1 Long Short Long

Uncoated NW
10/cell p<0.01 pxO.OI - p<0.001

100/cell p<0.001 p<0.001 - p<0.001

PEG Coated NW
10/cell ns p<0.001 - p<0.001

100/cell p<0.001 I p<0.001 - p<0.001

Table B. 13: Statistical analysis of length-dependent IL-6 and TNF-a cytokine secretion after 
24 h, for uncoated and PEG coated nanowires of different concentration and length (two-way 
ANOVA, p<0.05). Statistical significance of short or long nanowires vs. negative controls 
is indicated by p<0.05, p<0.01, p<0.001 and not significant (ns).

Aspect Ratio Dependency
IL-6 TNF-o

10/cell
Uncoated NW p<0.001 p<0.001

PEG Coated NW p<0.001 p<0.001

100/cell
Uncoated NW p<0.001 p<0.001

PEG Coated NW p<0.001 p<0,001

Table B. 14: Statistical analysis of aspect ratio-dependent IL-6 and TNF-a cytokine secretion 
after 24 h, for uncoated and PEG coated nanowires of different concentration and length 
(two-way ANOVA, p<0.05). Statistical significance of short vs. long aspect ratio is indicated 
by p<0.05, p<0.01, p<0.001 and not significant (ns).
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B.1.6 Cytokine Study: 72 h

The statistical significance of length-dependent IL-6 and TNF-a cytokine secretion com
pared to negative controls of THP-1 cells treated with PMA after 72 h is shown in Table B. 15. 
The statistical significance of aspect ratio-dependent IL-6 and TNF-a cytokine secretion af
ter 72 h is shown in Table B.16. The statistical data for length-dependent and aspect ratio- 
dependent TNF-a secretion after exposure to nanowires at 100/cell are not shown due to the 
lack of available short, uncoated nickel nanowire sample to carry out experiment.

Nanowire Lenqth and Concentraton Dependency
IL-6 TNF-a

1
Short 1 Long Short Long

Uncoated NW
10/cell p<0.01 p<0.01 p<0.001 p<0.05

100/cell p<0.001 p<0.001 - p<0.05

PEG Coated NW
10/cell ns 1 p<0.001 p<0.001 p<0.001

100/cell p<0.001 j p<0.001 - p<0.001

Table B. 15: Statistical analysis of length-dependent IL-6 and TNF-a cytokine secretion after 
72 h, for uncoated and PEG coated nanowires of different concentration and length (two-way 
ANOVA, p<0.05). Statistical significance of short or long nanowires vs. negative controls 
is indicated by p<0.05, p<0.0L p<0.001 and not significant (ns).

Aspect Ratio Dependency
IL-6 TNF-a

10/cell
Uncoated NW p<0.001 p<0.001

PEG Coated NW p<0.001 p<0.001

100/cell
Uncoated NW p<0.001 -

PEG Coated NW p<0.001 p<0.001

Table B.16: Statistical analysis of aspect ratio-dependent IL-6 and TNF-a cytokine secretion 
after 72 h, for uncoated and PEG coated nanowires of different concentration and length two- 
way ANOVA, p<0.05). Statistical significance of short vs. long a.spect ratio is indicated by 
p<0.05, p<0.01, p<0.001 and not significant (ns).
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