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ABSTRACT 

 

Testicular Cancer (TC) incidence rates are projected to increase. Although contemporary treatment strategies have 

successfully cured patients with TC, they provide significant disadvantages which warrant the development of 

testicular saving treatments with decreased adverse effects. This aligns with the paradigm shift towards 

personalised medicine. The use of biomaterials science in nanomedicine with a focus on targeted delivery can 

advance the field with high impact. This research aimed to develop a magnetically targeted delivery platform 

composed of iron (Fe)/platinum (Pt) composite nanowires (NWs), combining the ferromagnetic behaviour of Fe 

with the cytotoxic activity of Pt against TC cells. In this regard magnetically active NWs for site specific treatment 

of TC were engineered using Pt as the model bioactive and characterized. NWs were chosen as the base archetype 

of this delivery platform due to the effect of the shape anisotropy of NWs on the magnetic properties of the delivery 

platform. Recent studies have shown that Pt is biocompatible, cytotoxic towards various cancerous cells, and has 

the potential to inhibit the growth of chemotherapy-resistant tumours. Pt was selected as the model bioactive due 

to its activity and the known susceptibility of TC to Pt based chemotherapy.  

Four types of NWs viz.; Fe-NWs, Pt-NWs, Fe-coated Pt-NWs, and dual Fe-Pt NWs were synthesised using 

template electro-deposition in which an anodic aluminium oxide (AAO) membrane was employed. The NWs were 

then characterised to analyse the physical, chemical, and structural properties using high-resolution transmission 

electron microscopy (HRTEM), powder X-ray diffraction (XRD), raman spectroscopy, vibrating-sample 

magnetometry VSM, inductively coupled plasma - optical emission spectrometry (ICP-OES), and zeta potential. 

The bioactivity of the synthesised NWs was determined by measuring the cell viability using the XTT assay to 

determine biocompatibility and cytotoxicity, and interaction between the synthesised NWs and cells was 

investigated using phase contrast imagery.   

The synthesised magnetic NWs had a high aspect ratio in terms of morphology with the desired lengths of <4µm 

and minimal diameter of 40-50 nm. All three Pt containing NWs displayed a polycrystalline structure as confirmed 

by powdered-XRD. Interestingly, single crystal Fe-NWs was confirmed by the single powdered-XRD peak at 2 θ 

44.5° with Fe-NWs and Fe-coated Pt-NWs exhibited ferromagnetic behaviour which is conducive for magnetically 

targeted delivery. Fe-NWs displayed a large Ms of 2.2 Χ 106 A/m while Fe-coated Pt-NWs displayed a modest Ms 

of 21.6 Χ 103 A/m. 

The utility of the synthesised NWs was analysed for their potential use as a cytotoxic agent using TC cell line (Tera-

1) and mouse fibroblast (3T3). The single crystal Fe-NWs was found to be toxic to the non-cancerous 3T3 cells 

while the Pt-NWs, Fe-coated Pt-NWs and dual Fe-Pt NWs were found to be non-toxic to 3T3 cells but possessed 

dose-dependent toxicity to Tera-1 cells. The Fe/Pt composite NWs were more potent compared to pure Pt NWs. 

Pt-NWs had a high IC50 of 354 µg/mL while Fe-coated Pt-NWs and dual Fe-Pt NWs displayed an IC50 of 165 µg/mL 

and 207 µg/mL respectively.  

Fe-coated Pt-NWs displayed the most promising results in the development of a magnetically targeted delivery 

system aimed at treating TC. The cytotoxic activity of the platform can be enhanced with the addition of stimulus 

such as high and low frequency alternating magnetic fields to induce hyperthermia or mechanical cell death 

respectively or near IR radiation to induce hyperthermia. Thus, additional in-depth studies are warranted to assess 

a multimodal cell death application of the synthesised NWs in addition to extensive in vivo studies for the 

assessment of the preclinical efficacy for progression of this technology.   
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CHAPTER 1.                                                                                                             

INTRODUCTION AND OVERVIEW OF THE STUDY  

1.1 Introduction   

Testicular cancer (TC) is a common malignancy in reproductively aged men (1). The incident 

rates for TC have increased over the past few years and is likely to continue increasing as 

suggested by Park et al. (2). TC patients have high survival rates, with five-year survival rates 

being ≥95% (2). 

Although there is a high survival rate, there is a need to improve treatment techniques of TC. 

The current treatments of TC comprise of the removal of the spermatic cord and testicle, 

retroperitoneal lymph node dissection, removal of metastatic lesions surgically, and 

chemotherapy or radiotherapy depending on the tumour (3–5). These treatments are major 

contributors to long and short term sequelae including male infertility (6,7). 

A pertinent area of concern is that although orchiectomy during standard treatment is a viable 

option for most patients with TC, it can be impractical for patients with bilateral testicular 

tumours or in patients with only a singular testis. Orchiectomy creates both psychological and 

physical issues for TC survivors. The testes possess a symbolic nature, the loss of which, 

results in emotional distress and feelings of inadequacy, loss, or shame (8,9). TC survivors 

also have an apparent reduction of masculinity (8). The physical concerns of long-term TC 

survivors experienced include decreased libido, feeling less attractive, erectile dysfunction and 

problems with ejaculation (10).  

To combat this challenge, a multifunctional magnetic nanowire (NW) platform centring on 

magnetically targeted delivery and selective cytotoxicity was developed and characterised. 

NWs were chosen for this study due to their inherent advantages and widespread applications 

of which its use in cancer therapeutics is of particular interest (11–13). Magnetic NWs have 

been studied to enhance magnetic targeted delivery, transportation of chemotherapeutic drugs 

and to induce magnetic hyperthermia (14–16). Compared to nanoparticles, NWs provide larger 

surface areas and greater magnetic moments due to its shape anisotropy which is advantages 

to magnetic targeted delivery (12).  

Pt nanoparticles are comparatively new agents in cancer therapy which have shown intrinsic 

cytotoxicity against cancerous tissue (17). This cytotoxicity of Pt nanoparticles is caused 



2 
 

through strand breaks in the chromosomal DNA ultimately leading to the inhibition of cell 

replication and apoptosis (17).       

This study focuses on improving targeted delivery via iron (Fe)/platinum (Pt) composite NWs 

as a platform for future targeted drug delivery systems to be engineered for patient-centric 

treatment options. The addition of functionalities such Magnetic Resonance Imaging (MRI), 

photothermal therapy, magnetic actuation and magnetic hyperthermia was kept in mind as 

future applications on this novel platform. 

Targeted drug delivery involves the transportation of a drug to the required site of action 

increasing the concentration of the active at the required site. Traditional targeted delivery 

systems include active and passive targeted delivery systems and are instrumental in the 

rapidly developing paradigm shift to personalised medicine (18). Active targeting of tumour 

cells using nanotechnology is achieved by attaching a molecule to a nanoparticle carrying an 

active drug, that has selective interactions to surface structures on the targeted tumour cell. 

This is done to allow for the selective uptake of the targeted delivery system into the target cell 

allowing the target cell direct access to the required drug. The downside of this approach is 

that this selectivity works at a microscale. The targeted delivery system needs to be within 0.5 

nm of the target cell for the attached molecule to interact with the target cell (19). Passive 

targeting of tumour cells involves the use of tumour vasculature. The tumour vasculature is 

comprised of convoluted and immature vessels that are defined by a disordered, irregular 

structure and morphology. Passive targeting takes advantage of the disorder of the tumour 

vessels, compromised integrity of the basement membrane and discontinuous endothelial 

lining to allow for the penetration of large molecules and nanoparticles independent of their 

characteristics through the blood-tissue barrier and accumulate in the tumour tissue. This 

phenomenon is called the Enhanced Permeability and Retention effect (EPR effect) and was 

first described by Y. Matsumura and H.A. Maeda (20). The EPR effect is well manifested in 

fast-growing experimental tumours in animals. However, this has not been successfully 

translated for all human solid tumours (21).  

1.2 Rationale and Motivation  

Magnetic Targeted delivery (MTD) has the potential to improve targeted delivery systems by 

allowing the tumour to be actively targeted, providing a testis-saving treatment option. MTD is 

a physical method of targeting rather than receptor-based and is cantered on transporting 

magnetic nanoparticles with loaded actives to the tumour site utilizing an external magnetic 

field (22). MTD treatment is ideal for localised diseases such as cancerous tumours. In MTD, 

the magnetic platform is injected at an appropriate site in the bloodstream for transportation to 
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the blood supply of the diseased tissue. External magnetic fields are then used to extract the 

MTD platforms from the bloodstream and conducted towards the tumorous tissue. This is 

advantages in the treatment of testicular cancer tumours as direct injection to the testis could 

lead to the production of anti-sperm antibodies and fibrosis leading to a decrease in fertility 

(23). The externally applied magnetic field possesses an advantage when compared to other 

stimuli such as ultrasound for physical targeted delivery systems with regards to its penetration 

depth (22,24). External magnetic fields can be safely applied with field strengths of 8 T for 

adults and 4 T for children (25).             

The Fe/Pt composite NWs were fabricated employing electrodeposition and an anodic 

aluminium oxide template to control the shape, growth, and composition of the NWs. The NWs 

are simple to manufacture and easily reproducible using this method. The NWs were then 

characterised to determine their magnetic properties for their applicability as an MTD system, 

composition, morphology, and crystallite structure. The cytotoxicity of the NWs was analysed 

during in vitro studies using mouse embryonic fibroblasts (3T3) to simulate the effect of the 

NWs in noncancerous tissue and epithelial-like human testicular cells derived from germ cells 

(Tera-1) to simulate the cytotoxicity of the NWs against the most common histology of testicular 

cancer, Germ Cell Tumours.   

1.3 Novelty of the Study  

The novelty of this study is evident by the following points: 

• Modification of the formulation of the electrolyte used in the synthesis of Fe NWs resulting 

in tailored composition and structural properties.  

• A new method developed utilising modified template electrodeposition protocols for the 

fabrication of Fe coated Pt NWs and Fe-Pt NWs. 

• First report on cytotoxicity studies tested on Tera-1 cells by Fe NWs, Pt NWs, Fe coated 

Pt NWs and Fe-Pt NWs. 

•  First report on cytotoxicity studies tested on 3T3 cells by Pt NWs, Fe coated Pt NWs and 

Fe-Pt NWs. 

• New knowledge generation on the physicochemical properties of the synthesised Fe NWs, 

Pt NWs; and the Fe/Pt composite NWs:  Fe coated Pt NWs and Fe-Pt NWs. 
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1.4 Aims and Objectives 

This research sought to engineer and synthesise Fe/Pt composite NWs that will combine the 

ferromagnetic behaviour of Fe with the cytotoxic activity of Pt against testicular cancer cells 

(Tera-1). NWs of various compositions and morphologies was synthesised and evaluated to 

produce NWs that was suitable for MTD and possesses selective activity against testicular 

cancer cells while leaving the option open for the addition of multiple functionalities when 

tailoring the NWs to the treatment of other cancers. The research objectives were: 

1) Synthesized Fe NWs, Pt NWs; and the Fe/Pt composite NWs, Fe coated Pt NW, and an 

alloy of Fe and Pt NW using templated assisted electrodeposition for the development of 

reproducible synthetic protocols. 

2) Characterised the morphological structure of the NWs using high-resolution transmission 

electron microscopy (HRTEM) and transmission electron microscopy (TEM), and to 

determine the crystallographic structure of the synthesised NW platforms using powder X-

ray diffraction (XRD) to establish that the NWs obtained were of expected size, shape, and 

structural composition. 

3) Assessed the degree of oxide formation on the synthesised NWs surface employing 

HRTEM and Raman spectroscopy respectively to ensure that magnetism was maintained.  

4) Determined the composition of the NW platforms using energy-dispersive X-ray 

spectroscopy (EDX) and inductively coupled plasma - optical emission spectrometry (ICP-

OES) to confirm the successful synthesis and ascertain the exact concentration of the 

synthesised NWs for in vitro studies.   

5) Performed in vitro studies with the NW platforms to determine cellular internalisation and 

cell cytotoxicity against 3T3 and Tera-1 to establish the effectiveness of the systems as 

cytotoxic agents in the treatment of TC.  
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1.5 Overview of the Dissertation 

Chapter 1 of this dissertation presents a succinct introduction and background to the 

challenges faced in the treatment of testicular cancer. An innovative solution addressing the 

identified challenges using MTD, namely, the Fe/Pt composite NWs, is then defined, and 

expounded upon. To conclude the chapter, the aims and objectives of this research are 

summarised and elucidated.  

Chapter 2 of this dissertation presents a comprehensive examination of multifunctional 

magnetic NWs in the use of biomedical applications. This review explores the approaches 

taken by researchers to combat the challenges experienced in cancer therapeutics with a focus 

on magnetic NWs and the functionalities added to them conforming with the paradigm shift 

towards patient-centric precision medicine.  

Chapter 3 of this dissertation presents a background and pre-formulation study. A basic 

background of important magnetic concepts in this research is provided. Then template 

electrodeposition, the technique chosen to synthesise the NW platforms is explained and 

justified. The design of the experimental setup is explained and presented. Lastly, the chapter 

focuses on the design, synthesis, and characterisation of Fe NWs and Pt NWs. The 

composition, morphology, crystalline structure, and magnetic properties are explored in detail. 

The cytotoxic activity is evaluated against a cell line derived from human TC germ cell tumour 

and a non-cancerous cell line.  

Chapter 4 of this dissertation presents the design, synthesis, and characterisation of two 

versions of Fe/Pt composite NWs. The novel synthesis method of a core-shell Pt NW enclosed 

in a Fe nanotube employing a modification of the well-studied, cost-effective template 

electrodeposition is described. The composition, morphology, and crystalline structure of the 

Fe/Pt composite NWs are explored. The cytotoxic activity and magnetic properties of the Fe/Pt 

composite NWs are evaluated for its potential application as a selectively active MTD platform 

for the treatment of TC.   

Chapter 5 of this dissertation examines the suitability of the synthesised Fe/Pt composite NW 

platforms developed in the treatment of TC. Future recommendations on additional 

functionalities incorporated into the synthesised NW platforms are discussed for the potential 

application in localised diseases. 
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CHAPTER 2.                                                                                                      

Multifunctional Magnetic Nanowires: Design, Fabrication, and Future 

Prospects as Cancer Therapeutics 

2.1 Introduction  

Cancer is amongst the most pernicious diseases known, due to the high mortality and 

incidence rates reported (26).Traditional treatment such as chemotherapy, radiation therapy, 

and surgery has provided successful treatment and control of cancer to a certain extent (27). 

However, each approach comes with its own difficulties, notably being invasive or unspecific 

in its killing effect leading to grave adverse effects. Alternative therapies such as carbon ion 

therapy and proton therapy are more specific and carries a lower side effect risk when 

compared to X-ray radiotherapy. The limitation of these therapies is that they require 

specialized equipment and personnel, thus resulting in high cost and constrained treatment 

accessibility (28). Chemotherapy, when looked at in isolation, has further shortcomings such 

as short half-life, acquired drug resistance, nonspecific bio-distribution in cells and tissues, 

rapid metabolism, and excretion. This leads to a low therapeutic index due to the destruction 

of healthy cells and potent toxicity (26). 

Multifunctional nanosystems has been of recent interest in anti-cancer-therapy for the purpose 

of developing safe, effective, and efficacious drug delivery systems, due to the potential of 

overcoming the disadvantages of traditional strategies. Amongst the most promising 

multifunctional nanosystems include the use of magnetic drug targeting, actuation, or 

hyperthermia in amalgamation with triggered drug release strategies as well as their 

combination with diagnostic methods such as MRI and fluorescence imaging. This can lead 

to a theragnostic approach personalizing cancer treatment for patients. Amongst the various 

nanoparticles and nanocarriers that multifunctional nanosystems are comprised of, nanowires 

(NWs) are of key interest due to their shape anisotropy and large surface area. Figure 2.1 

shows a NW system, in which stimuli release the drug in the presence of a decreased pH after 

cellular internalization. 
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Figure 2.1: Schematic showing doxorubicin loaded nanowires being internalized into the 

cytoplasm and releasing the drug from the pH stimuli from the endo/lysosome. Where P-gp is 

P-glycoprotein. Adapted with permission from Peng et al. (4). 

NWs have widespread applications in various fields including drug delivery (29), sensors (30), 

biomedicine (31), water purification (32), magnetic storage (33), and electronics (34). NW 

application in drug delivery includes the use in both targeted drug delivery systems such as 

magnetically responsive platforms (13,22) and triggered release systems such as pH 

responsive systems (35). NWs are also used to induce non-chemotoxic cell death by using 

magnetic actuation and induced localized hyperthermia in the presence of an alternating 

magnetic field. 

NW are structurally characterized as one-dimensional geometry, involving large lengths 

reaching micrometre range and small diameters in the nano-range (~10–200 nm). Their 

length-to-diameter ratio (aspect ratio) is usually large (36), which differentiates them from 

nanorods. 

These intrinsic properties of NW provide specific advantages in terms of drug delivery, which 

is of particular interest with regards to cancer therapeutics, such as a large surface-area-to-

volume ratio and increased biocompatibility by its ability to camouflage and be coated with 

various biocompatible and biodegradable coatings (biopolymers and semi-synthetic polymers) 

increasing its solubility, stability, and its ability to be functionalized. NWs therefore provide an 

efficient platform for drug delivery systems to be based on. The large surface-area-to-volume 

ratio allows for greater drug loading and attachment of targeting molecules while the small 
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diameters provide the ability to pass through narrow capillaries (37). With regards to 

magnetically responsive NW, the elongated shape brings inherent advantages that can be 

exploited. Their anisotropic magnetic and physical properties allow for easy magnetization, 

greater magnetic moments when compared to spherical particles, and NWs also have large 

remnant magnetization. The large remnant magnetization intensifies the effectiveness and 

range of the magnetic interactions due to its favourable energy configuration (38), which 

results in magnetic navigation being able to be carried out at deeper locations inside the body 

(14). 

There are multiple fabrication methods for synthesizing NWs. These include chemical 

methods, physical methods, electrodeposition, and electroless deposition (39), which use both 

the bottom-up and top-down approaches. In the top-down approach, which is a subtractive 

technique, material is carved of a larger starting material block, revealing the NW. On the other 

hand, the bottom-up approach is an additive-type synthesis in which smaller particles are 

bound together to synthesize the NW (40). 

This chapter focused on design of multifunctional systems of magnetic NWs, including the 

fabrication methods of magnetic NWs; strategies and application of magnetic NW-based 

nanosystems for cancer therapeutics; characterization of the magnetic NW nanosystems 

including toxicity, cell internalization, drug loading, and release; and critical evaluation of the 

performance for NW-based multifunctional nanosystems, for improved therapeutic outcomes. 

2.2 Considerations and Applications of Magnetic Nanowires for Cancer Therapeutics 

In order to design effective cancer therapeutic systems, the applications of the magnetic NWs 

must be tailored to achieve in the appropriate microenvironment of the targeted cancer, which 

the therapeutic system is designed for. Thereafter, the most appropriate applications of 

magnetic NWs must be synergistically combined to validate the rationale of incorporating the 

NW into a multifunctional system. Below, the general considerations of tumour 

microenvironment will be discussed as well as the applications of magnetic NWs in a 

therapeutic system. 
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2.2.1 Considerations of the Microenvironment of Cancerous Tissue for the Design of 

Magnetic Nanowire Therapeutic Systems 

Tumour microenvironments play an important role in the biological impact of nanosystems as 

well their distribution (41). For nanosystems to be efficacious for cancer therapeutics, it needs 

to attain a homogenous distribution intratumorally, however nanosystems need to overcome 

the tumour microenvironment’s barriers, which are summarized by Fernandez and co-workers 

(42). Although the enhanced permeability and retention effect promotes extravasation of 

nanosystems intratumorally, they must first overcome the high interstitial pressure, abnormal 

tumour vasculature, and dense stroma, so that they may be efficacious. Explicit 

pathophysiological conditions of the targeted tumour, such as functional proteins and levels of 

amino acids, as well as endogenous factors of the tumour microenvironment must be 

considered in the design of optimal-nanosystems. These factors include acidosis, hypoxia, 

hyperthermia, oxidative stress, enzyme activity, redox potential, and high interstitial fluid 

pressure. However, these factors can also be exploited in the drug delivery design of 

nanosystems. For instance, nanosystems can be designed to take advantage of the tumour 

acidic environment, which differs from physiological pH to initiate drug release. This can be 

achieved by bonding the drug to the nanosystems using acid hydrolysis sensitive covalent 

bonds (43). Active targeting can also be achieved using pathophysiological conditions of the 

targeted tumour. This is accomplished by binding specific antibodies that bind to receptors 

expressed on the tumour cell such as attaching anti-Her2/neu antibody to the nanosystem, 

which binds to Her2/neu receptors on the tumour cell membrane. Aptamers and ligands can 

also be used in a similar regard (44). A promising potential application of magnetic NW drug 

delivery systems is the attachment of Wnt inhibitors. Traditionally, Wnt inhibitors are restricted 

by high toxicity and inefficient drug delivery systems (45). However, these limitations can be 

overcome by a targeted and stimuli-release drug delivery system, which nanotechnology, and 

in particular magnetic NWs, can achieve (45). 

2.2.2 Cancer Therapeutic Applications Employing Magnetic Nanowires 

Nanocarriers have been greatly reviewed and have shown to have great therapeutic benefits. 

These advantages include the ability to increase the permeation of drugs across the epithelial 

lining of the gut wall, half-life, and solubility of hydrophobic drugs (46,47). Nanosystems, on 

the other hand, are favoured due to its ability to overcome the limitations of conventional 

therapy. For example, being able to selectively release drug, increase accumulation in the 

target organ, and design a targeting ability within the nanosystems. Nanosystems also have 
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the capability to perform multiple roles, such as theragnostics, measuring dose response, and 

drug efficacy. 

NWs can be integrated into such multifaceted drug delivery systems coalescing the inherent 

properties of NW and the efficacy of nanosystems, producing an advanced, modifiable, and 

functionalisable platform for drug delivery. These platforms are most commonly in a hybrid 

inorganic-polymer NW orientation or synthesized as a silicon core. The NW being the 

inorganic core while the surface coatings bring about a variety of biomedical properties. These 

surface coatings use various stimuli to illicit responses in a way that allows the systems to 

become targeted, selective, and stimulate drug release in order to increase therapeutic 

outcomes and decrease adverse effects of therapy. 

This combination is effective in the development of drug delivery platforms for cancer 

treatment due to the unique merits it provides. It can enhance therapeutic effects by combating 

multiple drug resistance in cancers or provide a synergistic combination of therapeutic effects. 

This combination also allows for the accumulation of drug at the targeted tumour sites, thus 

reducing adverse effects of treatment (48–51). 

2.2.2.1 The Application of Magnetic Nanowires as Magnetic Drug Targeting Agents in 

Cancer Therapeutics 

Drug accumulation at specific tumour sites can be achieved when an external magnetic field 

is used to draw out and trap magnetically active, drug-loaded nanoparticles from the 

circulatory system. It is promising for its potential of increasing the saturation of drug at the 

required site while decreasing the saturation in healthy tissue. Thus, reducing adverse effects 

and increasing therapeutic outcomes. Magnetic targeting is thus dependent on two factors, a 

nanocarrier that is magnetically responsive and a magnetic field gradient (52). Magnet 

systems employed in magnetic targeting fall into two classes, the use of an external magnet 

and the combination of an external magnet with an implanted magnet near the target area 

(52). Magnetic NW systems that are delivered into the blood stream must overcome the 

viscous drag force of the blood stream. Therefore, the magnetic NW systems will potentially 

be captured from the capillary blood flow by the external magnet to the target area. The large 

magnetic moments of magnetic NWs reduce the field gradient required to capture the NW 

(14). To provide the magnetic field and magnetic field gradient, there are currently two 

categories of magnet systems: static field magnet systems and varying field magnet systems. 

Static field magnet systems are low cost, convenient, and simple but lack targeting accuracy, 
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while varying field magnet systems have high targeting accuracy, which make it possible for 

employing three dimensional (3-D) precise targeting but are energy consuming and require 

complex hardware systems and exact calculations (53). 

Magnetic NWs have an inherent advantage over spherical nanoparticles such as 

superparamagnetic iron oxide nanoparticles, as the anisotropy of NW allow for deeper 

tumours to be targeted and have a higher drug loading capacity(22,54). Pondman et al. 

created an iron-palladium (FePd) NW system functionalized with oleic acid. This resulted in 

non-immunotoxic, non-cytotoxic delivery platform granted, unsuccessful in accumulating the 

NW at the target site in pilot studies. Their FePd NW dimensions were 1.9 ± 0.3 µm in length 

and 88 ± 15 nm in diameter resulting in an aspect ratio of 22. When a magnetic field was 

applied to the NW inside the template in three different directions, 0°, 45°, and 90° to the NW 

direction, the wires showed remanence in all three directions and when tested in random 

orientations, provided a saturation magnetization (Ms) ± 80 A.m2/kg and a remnant 

magnetization (MR) ± 25 A.m2/kg (14). Pondman and co-workers performed in vivo studies 

using Their FePd NW on rats. No negative reactions were shown after intravenous 

administration with no FePd NW found in the kidneys and liver. The studies suggested a high 

circulation time due to the immune response and first pass filtration of the kidneys not 

removing the FePd NW system. However, they were not able to prove significant localization 

of their NW system at target site. This was likely caused by the removal of blood from the rat 

in the fixation process (14). Alsharif et al. iron (Fe) NW with an aspect ratio of 75 had a 

Fe2O3 layer surrounding the Fe NW and provided much larger Ms and MR of 427 A.m2/kg and 

388 A.m2/kg, respectively. This confirmed its permanent magnetic properties and is indicative 

of its greater potential as a magnetic targeting agent when compared to the FePd NW. 

However, the Fe NWs will have a greater degree of aggregation, which will need to be 

overcome in order to be effective and safe as a drug delivery system (11). The magnetic 

properties of the cobalt (Co) NW and functionalized Co NW of Zhu et al. was not characterized 

by a magnetometer. However, its potential for providing targeted chemotherapy was shown 

by suspending the Co NW, GO-Co NW, and GO-PEG-Co NW in polyvinyl alcohol (PVA) 

solution (where GO is graphene oxide and PEG is polyethylene glycol) and placed near an 

external magnet. This resulted in each group being attracted to the external magnet within one 

minute (55) 
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2.2.2.2 The Application of Magnetic Nanowires as Hyperthermic Agents in Cancer 

Therapeutics 

The use of NW as hyperthermic agents is promising due to its ability to be optimally structured 

to provide thermal response to stimuli such as low-frequency alternating magnetic fields and 

of near-infrared irradiation (56). Hyperthermia involves the energy insertion into malignant 

tumours resulting in the death of the cancer cells. It can be characterized into three states: 

diathermy (greater than 41 °C), apoptosis (between 42 °C and 46 °C), and thermoablation 

(greater than 46 °C). Diathermy stimulates tumour growth, apoptosis is the ideal range for 

cancer cell destruction, while thermoablation stimulates heat-induced necrosis (16). 

There are two modes of inducing magnetic hyperthermia in the presence of an alternating 

magnetic field. These are the Brownian relaxation mechanism and the Néel relaxation 

mechanism (57). The Brownian mechanism involves the NW rotation-vibration towards the 

direction of the external magnetic field. This results in a mechanical friction caused by the 

magnetic NW in its suspended medium, inducing the hyperthermia. The Néel mechanism 

involves the rotation of the magnetic moment within the NW in an external magnetic field. 

Néel’s mechanism therefore induces hyperthermia by the “internal friction” caused by the 

magnetic moment movement. The Néel mechanism provides a more specific cell death 

mechanism as it induces minor mechanical damage to cells when compared to the Brownian 

mechanism, which is non-selective in its mechanical damage of cell membranes. In addition, 

heat induced in terms of hysteresis losses is dependent on the particular reversal mechanism. 

This is usually mediated by the nucleation and propagation of a magnetic domain wall. The 

domain wall is dependent on both the specific materials and geometry and can be of two types, 

vortex, or transverse domain wall. The domain wall dynamics influences the heating 

performance of the NW and creates a certain maximum frequency in which a heating response 

is elicited (58). Magnetic heating has strong dependence on the magnetic properties of the 

magnetic NWs (59). Specific absorption rate, which is used to quantify the heating efficiency, 

is increased when an alternating magnetic field equal to or lower than the coercive field is 

applied. Therefore, metallic NWs such as Nickel (Ni) and Fe have greater heating power when 

compared to Co due to their coercivity. The coercive field is also influenced by the geometry 

of the NW. Consequently, the heating efficiency of thicker NW will be greater than that of 

thinner NW and longer NW will be greater than shorter NW (59,60). 

The recommended frequencies of electromagnetic fields lie between 50 kHz < f < 1 MHz as 

physiological responses such as muscle (skeletal and peripheral) and cardiac stimulation 
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occur with increasing frequencies (61). Choi et al. produced Ni NWs and successfully induced 

hyperthermia in HEK-293 cells. This was achieved using radio frequency (RF) electromagnetic 

fields. The Ni NW was internalized by the cells and after the application of a RF of 810 MHz 

(62). Lin and co-workers fabricated Fe NW with a coercive force of about 9.7 Oe. This provided 

a high saturated heating temperature of 73.8 °C at a concentration of 500 ppm. During their 

cytotoxicity studies investigating hyperthermia derived from Fe NW, they revealed a mortality 

rate of 80% for EMT-6 cells. This highlights the feasibility of using Fe NW in hyperthermia 

therapy (57). Alonso et al. synthesized FeCo NW to study their potential in magnetic 

hyperthermia. They found that the Specific absorption rate increased with an increase in length 

and obtained remarkable specific absorption rate values of ∼1500 W/g (60). Hopkins et al. 

produced Ni-gold (Au) core-shell NW and for RF initiated hyperthermia for thermotherapy (63). 

During in vivo, the NiAu core-shell NW was intratumorally injected into the mice. A RF of 950 

MHz and power of 10 W was then applied for 30 min with the mice under injectable 

anaesthesia with a second and third treatment carried out at day 20 and day 30, respectively, 

after the first treatment. This resulted in significant damage to the malignant solid tumour on 

the mice.  

2.2.2.3 The Application of Magnetic Nanowires as Magnetic Actuation Agents in 

Cancer Therapeutics 

Magnetic NWs can induce cell death without a heat dependent mechanism in a magneto-

mechanical process as depicted in Figure 2.2  (64,65). The first study of magnetic actuation 

induced cytotoxic effects arising from alternating magnetic fields at low frequencies was 

studied by Zablotskii and colleagues (66). They applied a high-gradient magnetic field with a 

low frequency (1–10 Hz) as well as mechanical vibration on incubated mesenchymal stem 

cells. Their results suggested that both the mechanical vibration and alternating magnetic field 

played an active role in the F-actin remodelling and succeeding down-regulation of the 

audiogenic genes adiponectin AP2 and PPARγ. 
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Figure 2.2: Diagram showing proposed mechanism of action for magnetic actuation 

stimulating a magneto-mechanical cell death in the presence of an alternating magnetic field. 

Adapted with permission from (67). 

This mechanism was later applied to a more cancer therapeutic approach by researchers. The 

exemplary study of Contreras and co-workers exhibited the use of Ni NW for a non-chemotoxic 

approach to cancer cell death. They fabricated Ni NWs with a length 4.1 ± 1.4 µm and a 

diameter of 30 to 40 nm. The MS value measured was 46.7 A.m2/kg, which is lower than the 

reported literature value for bulk Ni, which is 54.3 A.m2/kg (68). This phenomenon was 

associated with the surface oxidation of the Ni NW according to Contreras and co-workers. 

When comparing the array Ni NW to a single Ni NW, the MS increased to 47.4 A.m2/kg as the 

single Ni NW acts as a permanent magnet and is free from magnetostatic interactions, which 

the array experiences and thus show single domain properties (69). The behaviour of 

magnetic NWs is administrated by its magnetization in the presence of an alternating magnetic 
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field. In the case of Ni NW, it is determined by the shape anisotropy and the NW axis (magnetic 

easy axis) (65,70). This results in the Ni NW producing a torque when trying to align their 

magnetic moment with the alternating magnetic field. This mechanism is applicable for all 

magnetic NWs with the same characteristic. Therefore, when the NWs are exposed to an 

alternating magnetic field, they will experience torque, while trying to align the magnetic 

moment with the field. This torque results in a force being applied on the cell, which leads to 

its death in the presence of an alternating magnetic field as shown in Figure 2.2. Serrà et al. 

fabricated a multi-component Au/Ni–nickel oxide (NiO) NW using pulsed potentiostatic 

electrodeposition. They incubated the NW with HeLa cells for 24 h, after which 70% of the NW 

were internalized. They observed 24% cell death after an alternating magnetic field of 14 and 

35 mT and 20 Hz was applied for 15 min. The segmentation of the NW assisted in tailoring 

the MR, which in turn decreased the NW agglomeration, and the observed cell death was not 

induced by magneto-mechanical effect due to the lower MR, but rather it was associated with 

the NW vibration, which further highlights the association of magnetization and NW behaviour 

(67). 

Specific loss power (heat produced) frequency dependence is linear for ferromagnetic 

particles (71). Therefore, in order to produce the heat required for thermoablation, the 

amplitude of the alternating magnetic field necessary is ~10 kA/m and around 100 kHz 

frequency is required (72,73). Magnetic actuation cell deaths were induced at ranges largely 

below those thresholds. The Fe NW systems of Martínez-Banderas and co-workers used a 1 

mT, 10 Hz alternating magnetic field to induce cell death while Contreras and co-workers used 

alternating magnetic fields of 0.5 mT and 0.1, 1, and 10 Hz to induce cell death. This low 

amplitude and frequency requirement translate into lower cost of magnetic actuation cancer 

treatment and increased safety of patients by reducing the risk of thermoablation (64). 

This principle of inducing magneto-mechanical cell death by magnetic actuation can be 

applied to cancer therapeutics to induce non-chemotoxic destruction to a malignant tumour. 

The advantage of this is that it not only can reduce or eliminate chemotherapeutic side effects, 

but it can also be used as an alternative cell killing mechanism in multi-drug resistant cancer. 
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2.2.3 Magnetic Multifunctional Nanowire Systems in Cancer Therapeutics 

The core principle behind formulating NW systems using a magnetic core is magnetic 

navigation (14,74,75). The ability to localize a delivery system using a non-invasive and 

relatively safe force is highly remunerative in cancer therapy, as it allows the progression from 

the limitations of traditional cancer chemotherapy by allowing therapeutic effects to be directly 

targeted at the tumour site, thus reducing secondary effects. In addition to magnetic 

navigation, magnetic NWs are used for inducing cell death by magneto-mechanical means 

using magnetic actuation (64) and induced local hyperthermia (76) by applying a low- and 

high-frequency alternating magnetic field, respectively. 

Magnetic NW cores are functionalized by their surface modifications. These modifications alter 

the pharmacokinetics of the magnetic NW systems, adjust the cytotoxicity, allow for 

attachments of biomolecules such as ligands, and allow for the conjugation or entrapment of 

drugs (77). Surface modifications are also used to input a responsive behaviour to the system 

usually to provide effects such as triggered drug release or hyperthermia. The stimuli used to 

initiate such behaviour include a change in pH and radiation. The coalescence of the magnetic 

NWs and stimuli-responsive surface coatings create multifunctional magnetic NW systems 

that have potential advantages over traditional cancer therapy. Figure 2.3 (a) depicts Co NWs 

while Figure 2.3 (b), (c) depicts Co NWs with surface modifications that were designed to 

increase the biocompatibility, enable drug loading using electrostatic means, and provide 

photothermal responsiveness from a stimulus (near-infrared irradiation). 
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Figure 2.3: (a) Microscopy of unfunctionalized Co nanowires (NWs) portraying a rough 

morphology. (b) Microscopy of stimuli responsive graphene oxide (GO) functionalized Co NW. 

(c) Microscopy of GO-polyethylene glycol (PEG)-functionalized Co NW. Reproduced with 

permission from (55). 

2.2.3.1 The Use of Magnetic Nanowire Magnetic-Chemo-Photothermal Systems in 

Cancer Therapeutics 

The use of a multifunctional system that is magnetically targeted to deliver a chemotherapeutic 

load to the tumour site, in addition to inducing a local hyperthermia in the tumour to induce cell 

death in synergy to the chemotherapeutic drug, is advantageous for the following reasons: it 

decreases drug adverse and side effects, enhances the efficacy of tumour destruction, and 

can potentially be used to combat multi-drug resistance in chemotherapy. This approach was 
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explored by Zhu et al. (55). They built this multifunctional nanowire system on Co nanowires 

treated with GO and PEG, which provided the desired responsiveness to pH, magnetic fields, 

and near-infrared irradiation. A template-free reduction method was used to synthesize the 

CO NWs in the presence of a magnetic field. This produced unordered, irregular, and rough 

NWs on which the PEG and GO were coated. Three different groups were produced, namely 

Co NWs, Co NWs-GO, and Co NWs-GO-PEG, and were characterized by their drug loading 

ability, toxicity magnetic, and photothermal properties, which are discussed in the relevant 

sections below. They produced a system that can potentially be magnetically targeted to a 

tumour site, thereafter, release the loaded drug due to the combined decrease in pH at the 

tumour site, and an application of near-infrared irradiation, which both stimulates drug release 

and local hyperthermia; thus, inducing cell death by both the drug and the local temperature 

increase. This is a promising model; however, further studies need to be carried out to 

determine the in vitro and in vivo magnetic targeting ability so that this system can be phased 

into clinical trials. 

2.2.3.2 The Use of Magnetic Nanowire Magnetic Actuation-Chemotherapeutic Systems 

in Cancer Therapeutics 

Martínez-Banderas et al. conducted a study, which used the combined chemotherapeutic 

effects of doxorubicin (DOX) and mechanical disturbances, induced by a low-frequency 

alternating magnetic field, of their magnetic NWs to prompt cancer cell death. Their system 

was built upon Fe NWs with an average length of 6.4 ± 1.3 μm and a diameter of 30 to 40 nm. 

The Fe NWs were coated with bovine serum albumin (BSA) and (3-aminopropyl) 

triethoxysilane (APTES) independently and additionally functionalized with DOX. The Fe NWs 

were synthesized using electrodeposition and formed NWs of a monocrystaline nature. An 

interesting aspect of these Fe NWs was that it was found to have a 4–10 nm thick layer of iron 

oxide on its surface (monocrystaline Fe NW surface oxide layer caps at 10 nm) (78) as 

compared to completely oxidized, which occur to polycrystalline Fe NW over time. This 

ensures that an Fe core will remain. The oxidation most likely occurred when dissolving the 

template in sodium hydroxide (NaOH) as the NaOH provides very good oxidizing conditions 

for Fe. The Fe oxide interphase is important for two reasons. The first being that the remnant 

magnetizations and magnetic saturation depend on the oxide thickness. The second being it 

provides a site for the covalent attachment of surface coating. Martínez-Banderas and 

colleagues thus created a system in which cell death was caused by the cytotoxic effect of 

DOX and structural damage to the cells by the magneto-mechanical disturbances as shown 

when tested on MDA-MB-231 cells (13,79). 
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2.2.3.3 The Use of Magnetic Nanowire as a Theragnostic System in Cancer 

It is important to note the role of magnetic NWs in theragnostic, a paradigm shift promoting 

personalization of treatment through the combination of diagnostics and therapeutics. The role 

of magnetic NW platforms in therapeutics encompasses targeted and triggered release drug 

delivery, photothermal therapy, and magnetic actuation systems as discussed above (80). In 

terms of diagnostics, the large surface area of NW increases the efficacy of fluorescence 

labelling while in terms of magnetic NWs, it increases the magnetic moment, making it 

attractive in fluorescence imaging and MRI, respectively. Contrast agents for MRI are grouped 

into two categories, namely T1 and T2. The distinguishing factor between T1 and T2 agents is 

that T1 is based on longitudinal magnetization recovery while T2 is based on transverse 

magnetization decay (81). In this regard, Fe and Ni NW have been shown to be useful 

T2 contrast agents with Ni NW being comparable to commercial agents (82,83). The 

effectiveness of NW in both therapeutics and diagnostics makes NW and magnetic NWs an 

attractive prospect for designing theragnostic systems for cancer. 

2.3 NW Fabrication and Synthesis of Magnetic Nanowire Drug Delivery Systems 

2.3.1 Fabrication Methods of Magnetic Nanowires 

There are two main approach strategies for the fabrication of NW. Namely, the bottom-up and 

top-down approaches. The bottom-up approach involves the spontaneous assembly of small 

substrates (atoms or molecules) into the desired nanostructure while the top-down approach 

involves the breakdown of a suitable starting material until the desired nanostructure is formed 

(84). 

A common top-down technique is lithography. Lithography is further divided into various 

techniques including photolithography and electron beam lithography. The main principle of 

these techniques is that a pattern is engraved onto an underlying substrate and the desired 

material is transferred onto the pattern. Therefore, these techniques are a hybrid of the top-

down and bottom-up approaches. 

These techniques have the advantage of easily being scaled up and can be used for the 

production of one- and two-dimensional particles that has at least one lateral dimension in the 

nanoscale range, however the resolution achieved is low and has etching and coating 

constraints, thus making it impractical for the use in drug delivery (84,85). 
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Bottom-up techniques enable the synthesis of complex structures such as non-straight vertical 

structures, structures made up of multiple components, and structures that have changes in 

the chemical composition. The main advantage provided by bottom-up techniques is the ability 

to synthesize structures with high aspect ratios. Bottom-up techniques employ chemical 

(55,86), physical (87), and electrochemical (88) methods to produce nanowires. 

The NW fabrication techniques are summarized in Table 2.1, noting the advantages and 

disadvantages of each while selected fabrication techniques of promising methods used for 

the NW synthesis in drug delivery are discussed in further detail below, further highlighting the 

advantages and disadvantages of the technique and evaluating the potential for each 

technique to advance drug delivery. 

Table 2.1: Overview of fabrication techniques applied for the synthesis of Magnetic NWs. 

Fabrication 
Technique 

Top-
Down/
Botto
m-Up 

Magnetic NW 
Composition Achievable 
by This Technique 

Remarks on 
Technique 

References 

Electrodeposition Bottom
-up 

Fe and Fe-based 
compounds 
Co and Co-based 
compounds 
Ni and Ni-based 
compounds 

Cost effective. 
Enables synthesis of 
accurate dimensions 
and complex structure. 
Individualistic growth on 
non-planar surfaces 

(89–91) 

Atomic Layer 
deposition 

Bottom
-up 

Fe and Fe oxides 
Co and Co oxides 
Ni and Ni oxides 

Cost effective. 
Enables complex 
structure synthesis. 
Slow deposition rate 

(91,92) 

Chemical vapor 
deposition 

Bottom
-up 

Single-crystalline Ni and 
Ni alloys 
single-crystalline Co and 
Co alloys 
single-crystalline Fe and 
Fe alloys 

Cost effective. 
Enables complex 
structure synthesis. 
Difficult to deposit 
multicomponent 
constituents. 

(91,93) 

Pulsed laser 
deposition 

Bottom
-up 

Fe and Fe oxides 
Co and Co oxides 
Ni and Ni oxides 

Cost effective. 
Enables complex 
structure synthesis. 
Difficult to control 
dimensions of NW. 

(91,94) 

Focused Electron 
Beam Induced 
Deposition 

Bottom
-up 

Fe deposits 
Co deposits 

Cost effective 
Enables complex 
structure synthesis. 
Lack of control in final 
composition of NW. 

(91,95) 

Chemical 
reduction 

Bottom
-up 

Fe and Fe-based 
materials 

Cost effective. 
Difficult to control NW 

(91,96) 
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Ni and Ni-based 
compounds 

dimensions and 
morphology. 

Solvothermal Bottom
-up 

Co and Co-based 
compounds 
Ni and Ni-based 
compounds 
Fe and Fe-based 
compounds 

Difficult to control NW 
dimensions and 
morphology. 
Requires high 
temperatures and 
pressures. 

(91,96) 

Hydrothermal Bottom
-up 

Fe and Fe-based 
compounds 
Co and Co-based 
compounds 
Ni and Ni-based 
compounds 

One step synthesis. 
Difficult to control NW 
dimensions and 
morphology. 

(91,96) 

Sol-Gel Bottom
-up 

Fe and Fe-based 
compounds 
Co and Co-based 
compounds 
Ni and Ni-based 
compounds 

Cost effective. 
Scalable. 
Can form defects in 
products. 

(91,97) 

Lithography 
Techniques 

Top-
down 

Fe and Fe-based 
compounds 
Co and Co-based 
compounds 
Ni and Ni-based 
compounds 

Flexible in designing 
nanoparticles. 
Low resolution. 
High cost. 

(91,98) 

 

2.3.1.1 Electrodeposition of Magnetic Nanowires 

A very convenient and common method for nanoparticle synthesis is electrodeposition. It was 

traditionally used as a conventional surface modification method for adjustments of surface 

morphology and characteristics and can be used to fabricate nanoparticles of single or multiple 

composition (99–102). Electrodeposition is the formation and deposition of solids through 

electrochemical reactions. These solids are usually formed by the reduction of an electroactive 

species contained in an electrolyte by applying a potential. This distinguishes it from 

electroless deposition in which a reducing agent replaces the applied potential (103). 

A further distinction can be made in the electrodeposition of NW; deposition using templates 

and template-less deposition (91). There are two types of templates, soft templates, and hard 

templates. Soft templates are non-rigid structures that are used to control the direction of 

growth and therefore resultant shapes of nanoparticles produced. Soft templates include 

surfactant aggregates, micelles, and co-block polymers, and can be used to generate porosity 

and texture control of the resultant NW. The downside of soft templates is that the baths 

containing the soft templates usually express a low conductivity, which in turn hinders the 

electrodeposition process. Hard templates are rigid structures that are conductive on one end 
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and regulate the size and shape of the synthesized nanoparticles by the shape of the template 

itself. The pioneering work of Possin first demonstrated this principle of fabricating small 

diameter NW in porous membranes (104). Hard templates are extremely versatile, convenient, 

and are recurrently used in the synthesis of NW. The most common hard templates are 

anodized alumina, polycarbonate membranes, and mesoporous materials (105). Hard 

templates allow for the synthesis of freestanding NW as well as both orientated and non-

orientated NW. They also facilitate the synthesis of complex one-dimensional NW (91). The 

downside of using hard templates include the removal of the template as it can affect the NW, 

diffusion of the electroactive species through the narrow diameter pore channels, difficulty in 

upscaling due to the difficulty of producing large templates with homogenous pore distribution 

(with small pore diameters), and the difficulty of producing templates with uniform pore 

diameters. When no physical template is used for controlling the morphology and shape of the 

produced nanoparticle, deposition rates are used in its place. Control of deposition rates is 

achieved by the modification of current density concentration of the electroactive species, 

temperature, and applied potentials. 

Electrodeposition therefore has the potential of producing NW for effective drug delivery 

systems as precise control of the NW dimensions can be achieved, which is essential for 

positive cell interaction, control of magnetic ability, and drug loading. This technique can 

produce a variety of non-toxic, biocompatible NW including iron oxide, iron, and iron–palladium 

NWs, as well as segmented NWs in a convenient, scalable, and reproducible way; thus, 

providing a stable platform in which drug delivery systems can be engineered onto while 

keeping the inherent benefits of a NW for multifunctional systems. 

2.3.1.2 Pulsed Laser Deposition of Magnetic Nanowires 

Another common and valued growth mechanism for the synthesis of nanowires is pulsed laser 

deposition (PLD) (106–109). A pulsated high-powered laser beam is used to excite the surface 

energies of a target substrate in a controlled atmosphere producing an ejected plume. The 

vapor is then deposited onto a sample stage producing thin films or nanoparticles with the 

same composition as the target. PLD allows for synthesis of nanoparticles with a 

monocrystalline nature, high purity, and low defects to be synthesized. Other advantages of 

PLD are that it has a fast production rate, and it is scalable. 

Shkurmanov and co-workers studied the growth of zinc oxide (ZnO) nanowires via PLD in 

order to understand the mechanism in which the nanowires are formed (110). They observed 
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that the NW growth was non-linear and can be explained in terms of the number of laser 

pulses applied and its interaction with four distinct flows of particles. The first flow forms the 

nuclei in which the NW will grow from, while the second flow is responsible for the vertical 

growth of the nanowire. The third flow was found to cause a backflow and decreased the 

length of the NW. Lastly, the fourth flow was responsible for the lateral growth of the NW. This 

proved that geometric parameters can be controlled when using PLD. 

An exemplary study of Nikov et al. paved the way for the formation of magnetic NWs using 

PLD by employing the aid of a magnetic field (108). This study provided a simple method of 

producing magnetic NWs, which increases its industrial value. This method also produces 

NWs composed of smaller nanoparticles. This property can be exploited to affect drug loading 

capabilities of drug delivery systems potentially positively. Furthermore, Nikov and co-workers 

used this method to fabricated iron oxide NW (111). This study further demonstrated that the 

pressure and surrounding gas can be used to manipulate the type of oxide formed. Another 

interesting effect of the magnetic field is that it allowed the deposition of the iron oxides in 

arranged nanowire structures at a low pressure and a target substrate distance of 40 mm. 

PLD provides an effective method of producing NW arrays, which are especially promising in 

implantable and transdermal drug delivery systems. It excels in producing NW composed of 

magnetic materials, which is a property that can be exploited in the development and 

commercialization of multifunctional drug delivery systems. 

2.3.1.3 Other Synthetic Techniques of Magnetic Nanowires 

There are various other fabrication techniques in which NWs can be synthesized. However, 

the most promising fabrication technique is electrodeposition due to its precise dimension 

control. These techniques are commented on in Table 2.1 and include atomic layer deposition, 

chemical vapor deposition, pulsed laser deposition, focused electron beam induced 

deposition, chemical reduction, solvothermal, hydrothermal, sol-gel, and lithography 

techniques such as photolithography and electron beam lithography. 
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2.3.2 Magnetic Properties and Advantages of Nanowires in Drug Delivery Systems 

NW are synthesized from both magnetic and non-magnetic substrates. Both NW and magnetic 

NWs offer potential advantages over nanoparticles and magnetic nanoparticles due to their 

larger surface area to volume ratio (high aspect ratio), which allows for greater drug loading, 

increased attachment sites, for decorations such as proteins, peptides, and polymers, and 

increased binding to cells. Magnetic NWs have greater advantages when compared to 

magnetic nanoparticles due to their strong shape anisotropy and energetically favourable 

magnetization. They provide greater magnetic moments and in the presence of an alternating 

magnetic field, can either provide mechanical motion by aligning to the magnetic moment with 

an applied low-frequency alternating magnetic field or induce a local hyperthermia at a high-

frequency (~100 kHz) alternating magnetic field (13). 

The most frequently used materials for synthesizing the magnetic components of magnetic 

NWs for drug delivery systems are Fe, Ni, Co, as well as their compounds and alloys. Magnetic 

NWs display specific advantages when compared to spiracle and other nanoparticles as well. 

The increased aspect ratio of ferromagnetic NWs provides stronger magnetic moments per 

unit volume and large remnant magnetizations without decreasing the mobility of the 

nanoparticles. The larger remnant magnetization allows the NW to be used in low-field 

environments, which in turn translates into NWs being able to target deeper tissues with 

smaller and weaker magnets as the geometry of NWs has an increasing effect on force applied 

by the magnetic field. NWs with aspect ratios greater than three show larger magnetic dipoles 

when compared same volume spherical nanoparticles (22). This results in the potential of a 

more efficient magnetic system to be designed for magnetic drug targeting for cancer 

therapeutics. 

2.3.3 Stabilization and Functionalization of the Magnetic Nanowires 

The surface area of NWs are decorated with coatings mainly for three intended purposes: To 

increase the biocompatibility of the NW, stabilize the NW (prevent NW agglomeration), and to 

functionalize the NW in order to tailor the NW to excel in the niche of interest (64). 

The work by Zhu et al. used a coating of PEG and GO to both stabilize and functionalize their 

Co NW, thereby increasing its drug loading capacity and biocompatibility. Both the PEG and 

GO were attached to the Co NW by electrostatic adsorption using an ultrasonic dispersion 

method. The GO played a dual role; to enhance the photothermal therapy efficacy, as it is a 
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known photothermal agent, and to provide attachment points for the loaded drug (Doxorubicin) 

(55). When irradiated with an 808 nm laser for six minutes, the Co NW and GO-functionalized 

CO NW heated to a temperature of 39.1 °C and 40.6 °C, respectively, indicating the ability of 

GO to improve the excellent photothermal effect of Co NW. 

Magnetic NWs can also be functionalized by the attachment of antibodies to target specific 

cells, thus increasing its selectivity. Contreras et al. successfully functionalized their Ni NWs 

with EGFR antibody (ab62 abcam®). This was achieved by first modifying the antibody with N-

Succinimidyl S-acetyl thioacetate. Thereafter, it was further modified to introduce sulfhydryl 

groups so that it could attach to the Ni NW (112). 

The NW system of Martínez-Banderas and research group was tested with three distinct 

coatings, BSA, APTES, and APTES-PEG. The BSA and APTES were covalently bonded to 

the surface Fe2O3 interphase of the Fe NW while they functionalized APTES with PEG by 

activating the APTES with sulfhydryl groups and the reacting with the thiol group in thiol-PEG, 

thus achieving disulfide bonds. The three coatings were compared using MDA-MB-231 breast 

cancer cells, which were incubated with the coated Fe NW and added cyanide Fe salt. Bright 

field imaging was used to determine the distribution, size, and morphology of the Fe NW 

agglomerates. All three coatings reduced the size of the agglomerates, thus ensuring a greater 

homogeneity of the Fe NW distribution across the sample. APTES-PEG had the least efficacy 

of this effect (13). Figure 2.4 A and B depicts the transmission electron microscopy image of 

the APTES-NW and BSA-NW respectively, visualizing the coating on the NW. 

 

Figure 2.4: Figure showing surface modifications on magnetic NWs for stabilization. (A) (3-

aminopropyl) triethoxysilane (APTES)-coated Fe NW. (B) Bovine serum albumin (BSA)-

coated Fe NW. Reproduced with permission from (13). Scale bars: 50 nm. 
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Contreras and co-workers did not stabilize their Ni NWs with any coating, which thus caused 

the aggregation of the Ni NW. The Ni NW zeta potential was measured to be a low value of 

−15.1 mV (113). This value infers a weak electrostatic repulsive force which correlates with 

Contreras’ observation of released Ni NW aggregating. This study highlights the efficacy of 

surface coatings to stabilize NW in terms of aggregation of the NW. Preventing the NW 

tendency to aggregate is essential as particle aggregates in the bloodstream can cause an 

embolism, while in tissue it can cause heterogeneous cytotoxic activity. Martínez-Banderas 

and research group managed to reduce the aggregation of Fe NWs, which is known to have 

higher remnant magnetization, which makes it inherently unstable. The stability of the Ni NW 

can be increased with surface modification such as coating with charged polymers or non-

magnetic metal such as Au. The increase in magnetic NW stability increases its desirability in 

drug delivery as it will allow for safer therapy a formulation with a longer shelf life. 

Stabilizing NW is therefore indispensable in the design and formulation of NW drug delivery 

systems as it prevents the aggregation of magnetic cored NW caused by their remnant 

magnetization. This, in turn, reduces the probability of mechanical obstruction in the circulatory 

system caused by NW aggregation. Therefore, NW coatings allow for the optimal design of 

multifunctional systems, which is essential in potentially improving cancer therapeutic 

outcomes. 

2.3.4 Chemotherapeutic Drug Loading and Release of Magnetic Nanowire Systems 

Large surface area has a positive influence on the drug loading capacity of nanosystems. 

Thus, NW morphology has a direct impact on drug loading capacity. Although NWs inherently 

have large surface areas, their surface area can be increased further by changing their 

morphology to include rough surfaces (114,115) or by synthesizing porous NWs (116,117). 

Guo and co-workers achieved a high drug loading of 2000 mg/g using porous NW while Zhu 

and co-workers achieved a high drug loading capacity of 992.91 mg/g with their Co NW, which 

had a rough morphology. The GO in the functionalized Co NW of Zhu and research group 

provided attachment points for DOX or other therapeutic agents as it is decorated with many 

functional groups on its surface such as hydroxide radicals. In the case of DOX, it is 

hypothesized that it is also able to absorb directly onto the GO via π-π interactions. Their NW 

system also exhibited a higher drug release profile in acidic environments and after near 

infrared radiation when compared to the control (55). The decrease in PH made the DOX more 

hydrophilic and soluble due to the protonation of the NH2 group on it, thus causing the release 
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from the Co NW-GO. They also proved a direct correlation between drug release and laser 

power intensity. 

The BSA and APTES coated Fe NW of Martínez-Banderas and colleagues were 

functionalized using PH responsive covalent bonds. This was achieved by introducing free 

thiol groups to the coated Fe NW by reacting 2-IT and amine groups on the coated Fe NW. 

The free thiol groups were then reacted to the maleimide group of a DOX derivative (5-

Maleimidovaleroyl) hydrazone of Doxorubicin in order to attach it. This yielded low loading 

capacities of 50 µmol DOX/g Fe (27 mg/g) for the DOX-APTES-Fe NW and 25 µmol DOX/g 

Fe (13.6 mg/g) in the case of DOX-BSA-Fe NW (13). The low loading was due to the relatively 

smooth surface of the Fe NW, highlighting the importance of morphology on drug loading. 

2.4 Cellular Interactions and Toxicity Between Magnetic Nanowires and Cells 

2.4.1 Cellular Internalization of Magnetic Nanowires 

Cellular internalization of NW supports the NW utilization and efficacy. There are three main 

potential uptake mechanisms for nanoparticles; receptor-mediated endocytosis, pinocytosis, 

and phagocytosis (118). NW suffers an inherent disadvantage when compared to spherical 

nanoparticles in terms of cell internalization. It is speculated that the different curvatures 

between the two shapes have a direct effect on cell binding. When the longitudinal axis of NW 

is bound to the cell membrane, the larger surface contact area blocks available membrane 

receptors, thus reducing cell internalization. There are many factors that govern cell 

internalization of nanoparticles besides shape. These are extensively discussed in a review 

conducted by Murugan et al. of the Wits Advanced Drug Delivery Platform, South Africa (119). 

Briefly, in order to design smart nanosystems, an understanding of physicochemical properties 

is essential. Other determinant factors in terms of cell internalization include uptake pathways 

and interaction of the nanoparticles with receptors. Neutral and cationic nanoparticles have 

higher transport efficiency into the cells when compared to negatively charged nanoparticles 

(120,121). This phenomenon is the result of anionic particles having smaller binding efficiency 

to cell surfaces when compared to cationic and neutral particles, leading to a reduction in 

membrane-wrapping phenomena resulting in a decrease in cellular internalization 

(120,122,123). Hydrophilic outer protective layers increase circulation time while nanoparticles 

functionalized with proteins or peptides directly increase cellular uptake by localizing the 

nanoparticle at the targeted site, receptor-mediated endocytic pathways, and direct cell 

penetration. Nanoparticle size also plays an important role in cellular uptake; 95–200 nm is 
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the ideal size according to the literature for increased cellular uptake (124). In terms of NWs, 

high aspect ratio NWs can also be internalized (125). 

Fe NW also have good cell internalization as shown by (126) and further demonstrated by 

Martínez-Banderas and co-workers. Martínez-Banderas and co-workers had a total cell 

internalization for their APTES-Fe NW and BSA-Fe NW of 19% and 15%, respectively. These 

values were determined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

measurements on their incubated cells with the coated Fe NWs. The results yielded no 

significant difference for the APTES-Fe NW and BSA-Fe NWs in the cellular internalization 

(13). Figure 2.5 (A) and Figure 2.5 (B) shows the cellular uptake using HeLa cells of 

uncoated, positively charged, non-uniformly sized Fe NWs of Song and co-workers. The 

weakly negatively charged Ni NW of Contreras and research group also had a high affinity to 

cell internalization. Similar results were achieved for other Ni NWs, including those with large 

lengths (127). The cellular uptake of FePd NW of Guo and co-workers was studied on 

RAW264.7 and HeLa cells. Both cell lines took up both single NW and NW clusters with 

RAW264.7 cells having greater cell internalization, suggesting rapid removal from blood 

stream. 

 

Figure 2.5: Cellular internalization and accumulation of magnetic NWs into cells. (A, B) 

Internalized Fe NW in HeLa cells. Adapted with permission from (126). Scales bars: 10 µm. 

 



29 
 

2.4.2 Cellular Toxicity of Magnetic Nanowires and Drug Loaded Magnetic Nanowires 

Toxicity is important when designing nanosystems. The coatings used in NW systems are 

usually well-known biocompatible molecules used to counter the toxicity of toxic inorganic NW. 

Common NWs used in NW systems are silicon, Au, silver, Co, Fe, and Ni, amongst which Co, 

Fe, and Ni and their compounds produce magnetic NWs. From these, Co and Ni are the most 

toxic while Fe and silicon are deemed biocompatible. However, in comparison to Fe NW, a 

large number of studies have been conducted on Ni NW despite Ni’s known cytotoxicity, 

carcinogenicity, and genotoxicity (128,129), and the literature reveals that Fe is less toxic. The 

reason for this is that the large remnant magnetization of Fe NWs causes stronger aggregation 

and thus limits its use in the single NW form. Metal alloys are also used to synthesize NWs, 

such as iron palladium (FePd) NWs. FePd NWs are non-toxic and do not readily undergo 

oxidation (14,130). Si NWs are also known to be non-toxic, have high biocompatibility, improve 

hydrophilicity, and can be made magnetic by decorating with Fe oxide nanoparticles. In terms 

of the effect of the NW length on cellular toxicity, Donaldson et al. reviewed the effect of fiber 

like particles and found that longer fibres were more toxic then shorter fibers (131). However, 

Song et al. showed that at the same concentration, Fe NWs of shorter lengths (2 μm) were 

more toxic then longer lengths (5 μm) of Fe NWs (126). According to Song et al., this was 

attributed to smaller size particles having greater cellular internalization (132). 

The toxicity of magnetic NWs can be altered by surface modifications of the NW. Zhu et al. 

conducted biocompatibility tests of their GO and PEG decorated Co NW by determining its 

cytotoxicity using 3T3 and 4T1 cells and hemocompatibility by determining if the Co NWs, Co 

NWs-GO, and Co NWs-GO-PEG caused thrombosis or haemolysis. The Co NW itself was 

found to be very toxic. However, the addition of GO and PEG decreased the cytotoxicity of the 

system to a great extent. The cell viability of 3T3 and 4T1 cells after culturing with the NW was 

35% and 32%, respectively, for the Co NW, while it increased to 96% and 89%, respectively, 

for the Co NWs-GO-PEG for both at 50 μg/mL concentration. Their results also show no 

significant difference in the thrombosis time and did not cause haemolysis (55). 

Applying an alternating magnetic field to magnetic NWs while it is incubated with cells 

increases the toxicity of the NW. When incubating their Ni NW with HCT116 cells, Contreras 

and co-workers measured no significant drop in cell viability using 2.4 μg/mL of Ni NW without 

the presence of an alternating magnetic field, while at a concentration of 12 μg/mL, the cell 

viability dropped to slightly below 90%. When an alternating magnetic field is applied at 1 Hz, 

0.5 mT for 1 h, the cell viability for 2.4 μg/mL drops to around 75% while using a concentration 
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of 12 μg/mL causes the cell viability to drop to slightly below 70%. This shows that higher 

concentrations of magnetic NWs have a greater effect at inducing cell death (64). 

The cellular toxicity of magnetic NWs increases when functionalized with cytotoxic agents both 

with and without the presence of an alternating magnetic field. Martínez-Banderas and co-

workers conducted cell studies for their Fe NW systems using Alamar Blue assay and MDA-

MB-231 cells to determine their systems ability to induce cell death in cancer by combining 

the cytotoxicity of DOX and the mechanical motion provided by the low-frequency alternating 

magnetic field. Their results showed that alternating magnetic field without the Fe NW systems 

had no effect on the cell viability and cytotoxicity of DOX. The coated Fe NW systems without 

the alternating magnetic field present had no significant decrease in the cell viability, which is 

testament to its biocompatibility while when in the presence of an alternating magnetic field 

produced a significant decrease in cell viability of 23% and 28% for the and APTES- Fe NW 

(26 μg of Fe/mL) and BSA-Fe NW (28 μg of Fe/mL), respectively, showing possible cancer 

cell death by magnetic actuation. For the DOX-Fe NW systems, they showed a decrease in 

cell viability of 54% and 58% for DOX-APTES-Fe NW (26 μg of Fe/mL, 1.3 μM DOX) and 

DOX-BSA-Fe NW (28 μg of Fe/mL, 0.73 μM DOX), which is indicative of their selective 

intracellular drug release and the efficacy of Fe NW as nanocarriers. The addition of an 

alternating magnetic field to the DOX loaded Fe NW systems yielded a further 10% and 8% 

reduction in cell viability for DOX-APTES-Fe NW (26 μg of Fe/mL, 1.3 μM DOX) and DOX-

BSA-Fe NW (28 μg of Fe/mL, 0.73 μM DOX), respectively, showing a weak additive effect 

instead of a synergistic effect for the combination of chemotherapy and magneto-mechanically 

induced cancer cell death (13). 

It is interesting to note that although the BSA-Fe NWs had a lower drug loading capacity 

compared to APTES-Fe NWs, their efficacy in cytotoxic activity was similar. This was 

attributed, according to Martínez-Banderas and research group, to the greater cell 

internalization of the BSA-Fe NWs. Another point of interest is that NW can be used for the 

separation of biomolecules, their purification, and manipulation, which is applicable in the 

development of biosensors. This technology can lead to the ability to effectively detect 

circulating tumour cells leading to a better prognosis for cancer patients (133). 
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2.4.3 Cellular Degradation of Magnetic Nanowires 

Understanding carrier degradation or metabolism is important in nanoparticle drug delivery to 

ensure high therapeutic efficacy (134). The innovative work by Safi et al. revealed that cells 

are able to degrade NWs as well as decrease the size of the aggregates with their remains 

found directly dispersed in the cytosol or in vesicular compartments. Singular NWs, on the 

other hand, were found in endosomal compartments only (135). Fe NWs and Ni NWs have 

oxidized surfaces and continue to be oxidized, degraded, and dissolved intracellularly by the 

lysosomal compartments. Perez et al. reported that ~2% of the Ni NWs dose was dissolved 

intracellularly after 71 h (136) and Fe experienced the same fate with the lysosomes without 

cytotoxic contribution. The fate of both the degraded and non-degraded NWs is potentially 

renal clearance. High aspect ratio nanoparticles have been found to be renally clearable with 

high efficiency of elimination. This is caused by the flow orientation of high aspect ratio 

nanoparticles, which aligns the long axis of the nanoparticle to point to the glomerular capillary 

pore openings (137). 

2.5 Conclusions and Future Prospects 

The application of magnetic NWs has great potential for improving therapeutic outcomes for 

cancer therapy. They provide the benefits of traditional nanoparticles in addition to the inherent 

advantages of NW, thus making NW an ideal platform to build multifunctional nanosystems 

upon. However, the full potential of magnetic NWs in drug has yet to be reached as further 

applications and functionalisation’s that can be moulded onto the versatile magnetic NWs 

platform such as Wnt inhibitor delivery systems, attachment of ligands in order to increase the 

selectivity, and a theragnostic system that includes the attachment of fluorescent compounds, 

chemotherapeutic drugs, and modifications that increase cancer cell selectivity, require further 

research. Effective in vivo studies for multifunctional NW nanosystems are essential for the 

progression of this technology into the pre-clinical phase. The magnetic applications of NWs 

such as magnetic hyperthermia, magnetic actuation, and magnetic drug targeting has shown 

great potential for improving cancer therapeutics and therefore requires further research to 

optimize an efficacious multifunctional therapeutic system that will better the prognosis and 

increase the quality of life for cancer patients. The control of induced temperature change in 

hyperthermia therapy needs to be studied and optimized in in vivo studies. Improvements can 

be made in tumour targeting so that magnetic NWs can be accumulated into the tumour using 

a three-dimensional targeting model. This will be beneficial in the development of alternate 

treatment strategies for TC that will have lower associated adverse reactions and is testicular 
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saving. This potential benefit of using NWs in the treatment of TC warrants the further study 

of these platforms. 
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CHAPTER 3.                                                                                                                      

Synthesis, Characterisation and Cytotoxic Evaluation of Fe NWs and Pt NWs 

3.1 Introduction 

Magnetically active systems incorporating nanoparticles is a promising approach in aligning 

cancer therapeutics towards the paradigm shift transitioning to the personalisation of 

medicine. Magnetic nanoparticles can be engineered to create actively targeted delivery 

systems. MTD physically guides the drug or drug carrier to the localised disease site with the 

aid of an external magnetic field, increasing the concentration of the nanosystem at the target 

site (138).  

In MTD, nanosystems are introduced at an appropriate vessel to the bloodstream that will 

allow for the expedient transportation of the nanosystems to the target area utilising systemic 

blood flow. An external magnetic field is then used to trap and remove the nanosystem in the 

capillary system where there are weaker forces for the nanosystem to overcome (14). The 

nanosystem is then accumulated in the target area through the external magnetic field. Iron 

oxide nanoparticles have been extensively studied regarding MTD as well as a variety of other 

biomedical applications including MRI contrast agents due to their unique magnetic properties 

(139). 

Nanowires (NWs) have significant advantages compared to nanoparticles for MTD and allows 

for additional biomedical functionalities (12). Magnetic NWs have intrinsic magnetic 

advantages due to their shape anisotropy, provide greater coercivity values, and high 

magnetic moments per volume. This allows for the application of greater force and torque 

values applied during MTD and magnetic actuation therapy for bioactive accumulation and  

mechanical cell death (140,141).  

One-dimensional magnetic NWs creates better heating efficiencies when compared to 

magnetic nanoparticles due to the provision of greater frictional reactive areas in magnetic 

NWs (140). As a foundation in the design of a therapeutic platform, magnetic NWs allow for 

the attachment of multiple functionalities such as selective bioactive release, active targeted 

drug delivery, magnetic actuation, hyperthermic agent, MRI contrast agents, and MTD (12). 

Magnetic NWs have been well studied and are attractive in biotechnological applications such 

as cell manipulation (142) and separation (143).  
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This chapter focused on the synthesis and characterisation of elemental Fe and Pt NWs. The 

synthesised NWs were subsequently characterised to determine their structural properties 

and composition. The inherent cytotoxic activity was then evaluated on two cell lines i.e., Tera-

1 and 3T3.  

3.2 The Concept of Magnetic Biomaterials: Magnetic Properties and Hysteresis 

3.2.1 Magnetism 

Flowing electric currents produce magnetic fields. This current flow can be provided from the 

flow of current in a conductor, the motion of electrons spinning around its own axis, or the orbit 

of electrons around an atom. The total magnetic field (B) also known as magnetic flux density 

or magnetic induction is defined by Lorentz force law in terms of a force on a moving charge.  

When a generated magnetic field passes through a magnetic material, the magnetic material 

contributes to the magnetic field. The magnetic field strength (H), also known as magnetising 

force, is a magnetic quantity that specifically describes the magnetic field derived from the 

external current (144). The magnetic quantity H is independent of the response of the 

magnetic material. The SI unit for H is A/m. However, H is sometimes represented as oersted 

(Oe). 1 Oe = 79.5774715459 A/m. 

Another important concept is magnetization (M). M is a vector quantity which quantifies the 

density of the induced or permanent magnetic dipole moments in a material. Magnetisation 

can be expressed in terms of either mass or volume. The SI unit for mass magnetisation is 

A.m2 /kg or Wb·m/kg. it can also be expressed as emu/g. Volume magnetisation can be 

expressed as emu/cm3 and the SI unit is A/m.  

The relationship between B, H, and M can be expressed as shown in Equation 3.1 (145). 

Equation 3.1: Equation showing the relation between B, H and M. 

𝐵 = µ0(𝐻 + 𝑀) 

µ0 is a constant known as magnetic permeability of free space. The exact value of which is 4π 

× 10-7 N/A2. Therefore, the total magnetic field (B) inside of a material is related to the 
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combination of the applied external magnetic field (H) and the magnetisation of the material 

(M). 

The measure of the magnetisation value at a given applied magnetic field (H) for a material is 

given by the magnetic quantity, magnetic susceptibility (Χ). Magnetic susceptibility is 

dependent on a material and can be expressed as shown in Equation 3.2 where M is the 

magnetisation of the material and H is the external magnetic field strength. This relation is 

specifically for volume susceptibility (146). 

Equation 3.2: Equation defining volume susceptibility. 

Χ =
𝑀

𝐻
 

3.2.2 Magnetic Properties of Biomaterials 

Biomaterials can be characterised by the response that they exhibit in the presence of an 

applied magnetic field. The main types of magnetic materials can be classified as either 

ferromagnetic, diamagnetic, or paramagnetic. Figure 3.1 summarises the behaviour of 

magnetic materials in the presence of an external magnetic field (H≠0) and when the external 

magnetic field is removed (H=0).  
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Figure 3.1: Summary of the basic types of magnetic behaviour in the presence (H≠0) and 

absence (H=0) of a magnetic field at a given orientation. Arrows represent spin orientation. 

Thicker spin arrows for ferromagnetic materials at H≠0 indicate a stronger magnetisation. 

When the internal magnetization created by the applied magnetic field opposes the applied 

field, the material is characterised as diamagnetic. Diamagnetic materials have very small and 

negative susceptibility (Χ) values. Their atoms exhibit no magnetic moments, they are weakly 

repelled in the presence of a magnet and once the applied magnetic field is removed, 

diamagnetic materials do not retain their magnetic properties (145). 

When the internal magnetization created by the applied magnetic field aligns with the applied 

field, the material is either paramagnetic or ferromagnetic. Paramagnetic materials have very 

small and negative susceptibility values as well. Their atoms exhibit magnetic moments that 

are randomly orientated (145). Paramagnetic materials are weakly attracted by an external 

magnetic field and their magnetic properties are not preserved when the external magnetic 

field is removed.  

Ferromagnetic materials have large and positive susceptibility values. Their atoms exhibit 

magnetic moments parallel to the applied field and ferromagnetic materials are strongly 

attracted by an external magnetic field (145). However, when the external magnetic field is 

removed, ferromagnetic materials retain some of their magnetic properties as shown in Figure 

3.2.  



37 
 

 

Figure 3.2: Ordering phenomenon of magnetic domains in ferromagnetic material. Domain 

walls are represented by the solid lines. The arrows depict the orientation of the magnetic 

moment.  

Ferromagnetic materials have a characteristic ordering phenomenon (147). The spin of 

unpaired electrons lines up in a parallel orientation in small volume regions resulting in 

magnetic moments within these regions being aligned. These regions are called magnetic 

domains. Magnetic domains are separated from each other by domain boundaries.  

If a ferromagnetic material has not been previously magnetized by an external magnetic field, 

the alignments of the magnetization of adjacent magnetic domains are randomly arranged to 

result in a zero net magnetization. When an external magnetic field is applied to a 

ferromagnetic material, the magnetization of these domains gradually lines up parallel to the 

applied magnetic field. When the magnetisations in all the domains line up, magnetic 

saturation (MS) is achieved. In ferromagnetic materials that were previously exposed to an 

external magnetic field, the net magnetisation of the material does not return to zero. The 

fraction of retained magnetisation is termed as remnant magnetisation (MR). This phenomenon 

will be further discussed in the section titled magnetic hysteresis. 

A similar type of magnetic property to ferromagnetism is ferrimagnetism and anti-

ferromagnetism. Ferrimagnetic materials comprise of adjacent magnetic moments that are 

unequal. Their atoms exhibit magnetic moments anti-parallel to the applied field. When 

ferrimagnetic materials are exposed to an applied magnetic field below Curie temperature, the 

induced magnetisation is permanent as in ferromagnetic materials. At temperatures greater 

than Curie temperature, the magnetic moments can be randomised by thermal agitation. Anti-
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ferromagnetic materials have atoms that exhibit mixed magnetic moments parallel and anti-

parallel to the applied field.  

An additional type of magnetic property is relevant to this work, superparamagnetic (139). 

Superparamagnetic materials display similar behaviour to paramagnetic materials. In terms of 

nanoparticles, superparamagnetic occurs when ferromagnetic or ferrimagnetic nanoparticles 

are reduced in size. The susceptibility of superparamagnetic materials is much larger 

compared to paramagnetic materials. They are magnetised in the presence of a magnetic field 

and when the external magnetic field is removed, thermal fluctuation flips the magnetization 

creating a zero net magnetisation. Thus, making remnant magnetisation non-existent in 

superparamagnetic materials. 

3.2.3 Magnetic Properties of NWs 

NWs are cylindrical nanoparticles with large aspect ratios. This shape anisotropy (aspect ratio) 

is a vital feature of magnetic NWs. This is a main contributor to the high coercivity (Hc) and 

magnetic moments that magnetic NWs display compared to magnetic nanoparticles 

(142,148). An important property of magnetic NWs is the tunability of their magnetic properties 

including MS, MR, Hc, Curie temperature, and orientation of magnetic easy axis. This can be 

achieved by adjusting the length, diameter, crystalline properties, or composition of the NWs 

(84,140,149,150). NWs can be synthesised as alloys, multi-layered with materials of different 

properties, and core shelled.  

3.2.4 Magnetic Hysteresis 

After a ferromagnetic material is magnetised along a given direction in an external applied 

magnetic field, the magnetization of the ferromagnetic material will not relax back to zero when 

the magnetising field is removed (remnant magnetisation). The magnetising field needs to be 

reversed for the magnetisation of the ferromagnetic material to reach zero. Ferromagnetic 

materials can be manipulated using an external magnetic field and are therefore useful in 

targeted gene and drug delivery (151). Figure 3.3 shows a typical hysteresis loop when a 

ferromagnetic material is placed in an alternating magnetic field (150). 
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Figure 3.3: Representation of a hysteresis loop typical of ferromagnetic material. Adapted 

from (152).  

If a ferromagnetic material is exposed to a magnetic field and then the applied magnetic field 

is reversed, reducing the magnetic field from saturation, a hysteresis loop develops. The Loop 

starts from the origin (Point 1) when a non-magnetised ferromagnetic material is exposed to 

an applied magnetic field. The magnetisation value rises until it plateaus at point 2. At this 

point, all magnetic moments within the ferromagnetic material align with the applied magnetic 

field and the magnetisation reaches MS (Point 2).  

The magnetic field is then reversed and as the field decreases, the alignment of the magnetic 

moments begins to become disordered. When the applied magnetic field reaches zero, the 

magnetisation of the ferromagnetic material does not reach the origin. The magnetisation 

when the field is equal to zero is known as remnant magnetisation (MR) (Point 3). When the 

magnetic field is applied in the negative direction, the ordering of the magnetic moments 

continues to decrease until the magnetisation reaches zero. This point is known as coercivity 

(Hc) (Point 4).  

The magnetic field continues increasing in the negative direction which cause the magnetic 

moments to align yet again until saturation is reached (Point 5). When the magnetic field is 
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now applied in the positive direction, the same magnetic behaviour is observed but in a 

symmetrical fashion, points 6 and 7 correspond to points 3 and 4 respectively. The shape of 

hysteresis loops tends to be distinct depending on the magnetic material type being measured. 

Figure 3.4 shows the M-H curves for common types of magnetic materials. 

 

Figure 3.4: M-H loops of different behaviours of magnetic materials. A) represents 

diamagnetic materials, B) represents paramagnetic materials, C) represents 

superparamagnetic materials, and D) represents ferromagnetic materials. Adapted from 

Contreras (153,154)  

Ferromagnetic and ferrimagnetic biomaterials are suitable in magnetic hyperthermia. 

Magnetic hysteresis is a suitable measurable characteristic for biomaterials. Hysteresis loss 

is represented by the energy lost during the oscillation of the biomaterial between the positive 

and negative magnetic fields. This energy loss can be dispersed as heat during hyperthermia 

therapy. Although superparamagnetic particles do not exhibit hysteresis losses, they can 

dissipate heat for hyperthermia applications through Neel relaxation (155). Ferromagnetic, 

ferrimagnetic and superparamagnetic biomaterials are applicable in the use of MTD. This is 

due to their ability to be manipulated using an external magnetic field (external force) which 

allows for targeted delivery to the required zone (155). The application of MTD in TC will allow 

for an increase in the concentration of actives in the targeted cells while decreasing the 

concentration of the active in healthy cells. Thus, potentially leading to greater therapeutic 

outcome and a decrease in adverse reactions.    
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3.3 Process of Electrodeposition  

One of the most widely used techniques to synthesise magnetic NWs is electroplating the 

desired material into an insulating membrane that is nano porous (156). The membrane acts 

as a template which controls and contains the growth of the NWs creating a high aspect ratio 

one-dimensional structure by providing limited space for nucleation growth within the 

nanopores of the template. This constrained area of growth can give rise to consistent 

production of uniform NWs. This is advantageous for reproducibility and consistency of dosing. 

Anodic Aluminium Oxide (AAO) templates are extensively used in the production of 

nanostructures due to the self-organization nature of the nanoporous structure and high 

customisation ability in terms of the nanopores length and diameter. This creates great 

flexibility of the templates that allow for nanopores with small diameters (~10 nm) to larger 

diameters (~250 nm) and high pore densities.  

The thickness of the AAO templates depends on the oxidation time during the multi-step 

anodic oxidation used the fabricate the AAO templates. This allows for membrane thicknesses 

of between ~1 µm to ~100 µm. This membrane thickness controls the maximum length of the 

synthesised NWs. The fabrication process of AAO templates have been well established and 

their production has already reached commercialisation. 

Template electrodeposition allows for the fabrication of a wide variety of NWs from metals and 

alloys to electroactive polymers as well as a composite between them. This technique has 

been first described by Possin et al in 1970 (104). In 1987 the pioneering work of Penner et 

al. introduced template synthesis to synthesise one-dimensional NW in polycarbonate 

membranes (157). After years of successful achievements and optimisation, template 

electrodeposition has currently become a cheap and straightforward method for synthesising 

one-dimensional NWs.  

Template electrodeposition of NWs consists of two phases, the electrochemical reduction of 

the positive cations from an electrolyte bath in the nanopores of the template, and thereafter 

the removal of the NW from the template by dissolving the template. The electrodeposition of 

NW is usually carried out in a three-electrode system consisting of the working electrode 

(cathode), counter electrode (anode), and the reference electrode. 



42 
 

During electrodeposition, cations are transferred from the bulk solution (electrolyte) to the 

cathodic interface which is the template coated on one side with a conductive material. The 

ions are adsorbed onto the cathodic surface and after complete charge transfer form atoms 

that diffuse to vacant lattice sites through growth and nucleation mechanisms until complete 

pore filling has been achieved.  

The ions are transferred through three main mechanisms, diffusion, migration, and convection. 

Diffusion takes place when the cations from a higher concentration in the electrolyte bulk travel 

to the lower concentration inside the template and is the main contributor of mass transport 

during NW growth. The cations diffuse from the electrolyte towards the cathodic surface. 

Migration occurs due to a potential gradient caused by a strong electric field. The positive 

cations travel towards the negatively charged cathode. Convection arises from the motion of 

the ions in the electrolyte and is dependent on the cell design. 

Template electrodeposition follows a well-defined sequence following four stages which can 

be illustrated on a Current vs Time graph for potentiostatic electrodeposition (Figure 3.5) and 

diffusion phases that facilitate mass transport (Figure 3.6) (156,158). In stage one, which is 

the pre-growth phase, a sudden drop of current is observed when a potential is applied to the 

electrochemical cell. This current reduction is attributed to the limitations of the mass transfer 

of the ions in the electrochemical cell. The main mass transport mechanism in this phase is 

the first phase of diffusion where the diffusion front is one-dimensional and is inside of the 

AAO nanopores. In this stage, nucleation starts within the nanopores at the cathodic surface 

(conductive layer connecting the template to the circuit).  
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Figure 3.5: Image of a standard Current vs Time graph depicting the different stages of NW 

growth. 

In stage two, The NW growth continues within the nanopores one-dimensionally and a steady 

slope of increasing current is observed until the nanopores have been filled. Two mechanisms 

of diffusion occur in this stage, phase two of diffusion where there is still linear diffusion in the 

nanopores of the template. However, the diffusion front reaches the opening of the nanopores, 

and a three-dimensional hemispheric front is created. Thereafter phase three diffusion starts 

where linear diffusion continues inside the one-dimensional nanopores. However, the three-

dimensional hemispheric diffusion front across each nanopore on the template merge and 

form a planner diffusion outside the pore (Figure 3.6).  
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Figure 3.6: Representation of diffusion phases during NW growth within a nanopore: A) linear 

diffusion, B) linear diffusion with three-dimensional hemispheric diffusion front outside the 

nanopore, C) linear diffusion with planar diffusion front outside the nanopore (Adapted from 

Blanco et al. (159)) 

In stage three of the NW growth. The growth of the NWs extends beyond the nanopores, and 

a hemispherical cap is formed on each NW which join forming a film which covers the surface 

of the template. In the last stage of the NW growth, a rapid increase in current is observed due 

to the increase of the effective area of the cathode. 

3.4 Experimental Setup for Electrodeposition 

The experimental setup used (Figure 3.7) was a three-electrode electrochemical cell 

consisting of a connected sense and working electrode, a counter electrode, and a reference 

electrode which all potentials were measured with respect to. The working electrode was an 

AAO holder which the Au coated AAO template was placed in (1). The Au coat maintained 

electrical contact with the holder which was connected to the circuit while the open pores were 

exposed to the electrolyte to enable mass transfer of the metallic ions within the nanopores. 

The counter electrode was a small Pt plate (2), and the reference electrode was Ag/AgCl 

reference electrode (Metrohm) using 3 M KCl (3).  

The electrodes were connected to a Autolab PGSTAT302N to provide a constant potential as 

measured between the reference electrode and sense electrode. The current was measured 

between the counter electrode and the working electrode. The reference electrode was placed 
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≤1cm to the working electrode to decrease the uncompensated resistance and ohmic losses 

arising from the uncompensated resistance.  

 

Figure 3.7: Two-dimensional representation of the electrochemical cell setup for NW 

electrodeposition. 1) Holder for AAO template, 2) Reference electrode, 3) Counter electrode.  

3.5 Rationale for Selecting Elemental Fe and Pt to Synthesise a Magnetic NW 

Advanced Delivery System 

Magnetic NWs are well studied and traditionally composes of magnetic materials of Iron (Fe), 

Cobalt (Co), and Nickel (Ni). Fe magnetic NWs in particular have favourable characteristics 

which make them desirable in biomedical applications such as magnetically active targeted 

therapeutic systems. Fe is a well-known material that possesses ferromagnetic behaviour. 

Polycrystalline bulk Fe has a high Ms of 217.6 emu/g or ~1.7 Χ 106 A/m and thus favourable 

for MTD. They exhibit ferromagnetic behaviour, are biocompatible and their magnetic 

properties can easily be altered by manipulating the thickness of the outer oxide layer of the 

core shell Fe NWs (82,149).  

Fe NWs are regarded to have low toxicity as high concentrations are required for them to 

exhibit cytotoxic effects. Their toxicity has been tested in HeLa cells by Song et. al. and found 

to have low overall toxicity at high concentrations of 10000 NW per cell (126). Fe NWs have 

been traditionally surface functionalized with chemotherapeutic drugs to provide cytotoxic 

activity against cancerous cells due to the low inherent cytotoxicity of Fe NWs.   
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Platinum (Pt) nanoparticles have high potential in biomedical applications. They are used in 

nanomedicine (160), radiation dose enhancement (161), and photothermal therapy (162). Pt 

nanoparticles have shown low toxicity to noncancerous cell lines such as peripheral blood 

mononuclear cells (PBMC) at concentrations of 200ug/ml (163). However, they exhibited a 

dose dependent toxic effect on cancerous cell lines such as prostate cancer cells (LNCaP), 

ovarian teratocarcinoma (PA-1), lung adenocarcinoma (A549), pancreatic cancer (Mia-Pa-Ca-

2), breast cancer cells (MDA-MB-231), and human neuroblastoma cancer cells (SH-SY5Y) 

(163,164).  

The toxicity of platinum (Pt) nanoparticles depends on multiple factors. This includes their size, 

shape, zeta potential and structure design (165). Needle-like nanoparticles like NW causes 

greater cell death when compared to nanoparticles due to their ability to damage cells upon 

direct contact (165,166). Pt nanoparticles are also found in alloys with other metals or in 

combination with metallic nanoparticles, which affects their toxicity (167). Pt containing yolk-

shell nanocrystals have been found to have greater killing potency against HeLa cells (168). 

Jacob et. al. suggested that pure Pt nanoparticles cause cell death through apoptosis 

(SiHa/U251) and bimetallic (Au-Pt) mechanism of cell death (SiHa) was cell shrinkage, 

chromatin condensation and intra-nucleosomal DNA fragmentation (169). Zeng et. al. 

suggested that Pt nanoparticles can act as anticancer agents and be effective against 

chemotherapy-resistant tumours through activating apoptosis and decreasing intracellular 

glutathione (170).  

Most studies on Pt cytotoxicity against cancer cells has been done on Pt nanoparticles (171). 

Cytotoxicity studies of Pt NWs attached to devises for neural signal detection have been 

studied with no significant cytotoxic effects of the Pt NWs found (172,173). The effect of free-

standing Pt NWs structure design on toxicity has not been studied to the best of the authors 

knowledge. The toxicity of Pt NWs cannot be assumed to be the same as Pt nanoparticles as 

shown by the example of asbestos (174). Hence this study focused on the design of Pt-NWs 

as an alternative to enhance the bioactivity of Pt as a cytotoxic agent. 
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3.6 Basis of Cytotoxicity Studies 

Cell based assays can be used to quantify cell proliferation or show cytotoxic effects that leads 

to cell death caused by test compounds. Cell viability assays such as tetrazolium reduction-

based assays and resazurin reduction assay make use of markers to measure the enzymatic 

activity or general metabolism of viable cells.  

Tetrazolium reduction-based assays employ tetrazolium compounds to detect and quantify 

viable cells. These compounds can be broken into two categories: a positively charged 

tetrazolium, MTT, which is can easily penetrate cells; and negatively charged tetrazolium’s 

such as MTS, XTT, and WST-1 which do not readily penetrate cells. The negatively charged 

tetrazolium’s use an intermediary compound due to them not being able to penetrate cells. 

This compound is usually cell permeable. Inside the cell this compound acts as an electron 

acceptor. The electron is then transferred to the tetrazolium to facilitate its reduction to the 

measurable formazan product which is florescent. The quantity of formazan product produced 

is directly proportional to the number of viable cells. The formazan product can therefore be 

easily measured using a microplate reader to quantify the cell viability (175). 

Resazurin is a redox indicator dye that is cell permeable. It can be used to measure the viable 

cell number with protocols like that of tetrazolium reduction-based assays. Physiological 

buffers are used to dissolve the resazurin creating a deep blue solution. Cells with active 

metabolisms reduce the resazurin to a resorufin product that is fluorescent and pink in colour. 

As resazurin is cell permeable, an intermediate electron acceptor is not necessary for cellular 

resazurin reduction to occur. The fluorescent resorufin product produced which is proportional 

to the number of metabolically active cells (viable cells) can be measured using a microplate 

reader as well. Hence, the cell viability can be determined (175).  

The cell viability assay chosen for this research was the tetrazolium reduction based XTT. The 

advantages of XTT include safe, easy to follow protocols, high accuracy, the ability to detect 

metabolic activity in low cell counts, and fast results achieved (176).  
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3.7 Materials and Methods 

3.7.1 Materials 

Commercially available AAO membrane with a stated diameter of 40 nm was used as a 

template to control the growth of the NWs and purchased from InRedox (Longmont, United 

States). FeSO4.7H2O, Na2SO4, H3BO3, ascorbic acid, H2PtCl6, HClO4, NaOH, HCL, and HNO3 

was purchased from Sigma-Aldrich (Missouri, United States). 

3.7.2 Chemical Electrodeposition Prototype for NW Synthesis 

3.7.2.1 Synthesis of Fe NW 

Core-shell Fe NWs were synthesised using a templated electrodeposition approach in a 

conventional tri-electrode setup. The AAO template used had a thickness of 50±2 µm, an 

average pore diameter of 40±4 nm, a density of 1×1010 cm -2 for the nanopores, and a porosity 

of 12±2%.  

 

Figure 3.8: Schematic of the longitudinal cross-section of the prototype Fe NWs depicting the 

layout of the core shell structure  

Firstly, a 30 nm gold (Au) layer was sputtered on to free standing AAO membrane with patent 

pores at both ends to create a conductive layer using a turbomolecular pumped coater 

(Quorum Q150T ES) in an argon (Ar) atmosphere. The Au layer acted as working electrode 

in the electrochemical deposition process. A Pt plate was used as counter electrode and 

Ag/AgCl in 3 M KCl (Metrohm Auto lab) was used as the reference electrode.  

The cell design remained constant, and all electrical potentials were measured with respect to 

the reference electrode. The electrodes were connected to a potentiostat (Autolab 

PGSTAT302N). The electrolyte used comprised of 12% w/v FeSO4(7H2O), 7.5% w/v Na2SO4, 

2.5% w/v H3BO3 (to prevent hydroxide formation) and 1% w/v ascorbic acid. Fe NWs were 

deposited in the AAO template using a constant potential of -1.1V.  
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3.7.2.2 Synthesis of Pt NW 

Pt NWs were synthesized using the same tri-electrode setup as described for Fe NWs. The 

Pt NWs was grown in a AAO template of 50±2 µm thickness, 40±4 nm average pore diameter, 

a pore density of 1×1010 cm-2 and a porosity of 12±2%.  

 

Figure 3.9: Schematic of the longitudinal cross-section of the prototype Pt NW. 

The template was coated with a 30 nm Au layer using a turbomolecular pumped coater 

(Quorum Q150T ES). The Au on the coated AAO membrane acted as the cathodic surface on 

the working electrode in the electrochemical cell. The electrolyte used comprised of 1% w/v 

H2PtCl6 and 7% HClO4 and the Pt NWs were deposited at a constant voltage of -0.35 V. 

3.7.3 Removal of the NWs from the AAO template, storage, and preparation for 

cytotoxic analysis 

The sputter coated Au layer was removed using Aqua Regia (3:1 mixture of HCl:HNO3), 

minimising contact time to prevent the dissolution of the synthesised NWs. The AAO templates 

were then dissolved using 1 M NaOH and sonicated for set periods (three 60 s intervals) to 

ensure the release of the NWs at the appropriate NW size from the AAO template. The 

released NWs were then collected using an external magnet or centrifugation for the non-

ferromagnetic Pt NWs, washed thrice and suspended in ethanol for storage to preserve their 

magnetic properties (177).  

To prepare the NWs for cytotoxic assessment, an appropriate concentration (as indicated in 

Chapter 3, Section 3.8.6) of NWs in suspension was aliquoted into a 2 mL Eppendorf tube 

prior to cell treatment. The ethanol was removed from the suspended NWs and washed thrice 

with deionised water.  
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3.7.4 Characterisation of the synthesised Fe NWs and Pt NWs 

3.7.4.1 Quantification of the Synthesised NW Using ICP-OES  

The Fe and Pt content of the NWs were quantified against external calibration curves using 

Inductively coupled plasma - optical emission spectrometry (ICP-OES) (Shimadzu ICPE-

9820) so that accurate in vitro studies could be performed. Briefly, the sample preparation 

involved 100 µl of NW suspension aliquoted into a volumetric flask together with 300 µl of 32% 

HCl for Fe-NWs and Aqua Regia for the Pt-NWs. The HCl solution was then heated at 80°C 

for 40 minutes to ensure complete dissolution. The solution was then diluted to 20 mL and ran 

using the ICP-OES. Pt-NWs was digested using 300 µl of aqua regia instead of HCL and left 

at room temperature for 60 minutes. The solution was thereafter diluted to 20mL for ICP-OES 

analyses. The wavelength used to determine the concentration for Fe and Pt was 259.94 nm 

and Pt 203.646 nm respectively. 

3.7.4.2 Morphological Characterisation of the Synthesised NWs 

The TEM sample was prepared by diluting the magnetic NWs in suspension with absolute 

ethanol and then ultrasonicating it for two minutes using sonic vibra cell, (Newtown, United 

States). A drop of this suspension was absorbed onto a carbon coated copper grid with a filter 

paper being used to absorb excess sample. The copper grid was then left overnight to air dry. 

The samples were then analysed using a TEM (FEI Tecnai T12 TEM) at MMU and HRTEM 

(JEM-2100). The dimensions of the NWs were analysed using ImageJ software. The standard 

error of the mean (HRTEM, TEM) has been used to specify the statistical uncertainty.  

3.7.4.3  Quantification of the surface charge of the synthesised NWs 

Surface charge affects the physical stability and the cellular interactions of the synthesised 

NWs. The NWs from the ethanol dispersion was first removed from the dispersion using an 

external magnet or centrifugation for the non-ferromagnetic Pt NWs, rinsed three times with 

deionised water and then redispersed and diluted with deionised water as well. The resultant 

NW suspensions were then placed into a consumable cell (DTS1070) and the zeta potential 

was measured using Malvern Zetasizer Nano. 
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3.7.4.4 Determination of the Crystalline Properties of the Synthesised NWs  

The crystal structure of the synthesised NWs affects both the magnetic properties of the NWs 

and the cellular toxicity. The X-ray diffraction patterns were acquired for analysing crystalline 

phases by employing a MiniFlex 600 benchtop X-ray diffractometer (Rigaku, Tokyo, Japan) 

with Cu Kα radiation (λ = 1.54060 Å). The X-ray tube was set at a voltage of 40kV and a 

current of 15mA. The region of analysis 30° ≤ 2 θ ≤ 90° was evaluated. 

3.7.4.5 Determination of the Outer Surface Composition of the Synthesised NWs  

Different forms of Fe oxides present with different magnetic behaviours. To ensure desirable 

magnetic properties, the outer surface composition was determined to ensure that a 

ferromagnetic Fe oxide was formed.  

The ethanol suspended NWs were pipetted onto a clean glass microscope slide and allowed 

to air dry. Thereafter it was analysed using a Horiba LabRAM HR Raman spectrometer with 

an Olympus BX41 microscope attachment. A low laser power of 0.4 mW was used so that the 

magnetite will not be converted to haematite as shown by de Faria et. al. (178). The 514.5 nm 

laser wavelength used was from a Lexel Model 95-SHG argon ion laser. 

3.7.4.6 Characterisation of the Magnetic Properties of the Synthesised NWs  

A vibrating sample magnetometer (VSM) (Quantum Design DynaCool, 12 T Physical Property 

Measurement System (PPMS)) was employed to study the magnetic properties of the 

synthesised NW. The readings were taken with the applied field parallel and transverse to the 

wire axis of the NWs embedded in the AAO template. The magnetic moments measurements 

were taken at 300 K and the magnetic field was swept in the range of ± 10000 Oe. 

3.7.4.7 Evaluation of the Biocompatibility, Cytotoxicity, and Cellular Internalisation of 

Fe NWs and Pt NWs 

Two testicular cancer cell lines were employed in this study viz. Tera-1 (Germ Cell Derived 

Testicular cancer) and 3T3 (Fibroblasts) and all experiments were carried out in triplicate. 

Tera-1 cells were obtained from Cellonex (Johannesburg, South Africa) and revived using 

McCoy’s 5A supplemented with 20% foetal bovine serum (FBS) incubated at 37°C and 5% 

CO2.  
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Tera-1 was first grown in a T-25 culture flask and then transferred to a larger T-175 culture 

flask. Tera-1 and 3T3 were cultured using RPMI 1640 supplemented with 10% foetal bovine 

serum (FBS) and 1% penicillin-streptomycin incubated at 37°C and 5%. The growth media 

was changed two to three times a week while simultaneously washing with phosphate buffered 

saline (PBS).  

After the cells grew to a confluency of 70-80%, the cultured cells were dislodged from the T-

175 culture flask using 2 mL of TrypLE™ while being incubated at 37°C and 5% CO2 until they 

released from the flask. Once the cells were confirmed to be dislodged using an Olympus 

CKX53 Microscope the enzyme was diluted using cell specific growth medium to inhibit its 

activity and the suspension was centrifuged at 1000 rpm for five minutes at room temperature 

to collect the cells.  

The supernatant was carefully removed making sure not to dislodge the pallet. The pallet was 

then redispersed up-to 15 mL using specific growth medium for each cell line. The suspension 

was then appropriately diluted, and the cells were stained using trypan blue and left for five 

minutes, to stain cells with damaged cell membranes.  

The cells were then counted using a haemocytometer excluding the dead cells which were 

dyed blue. The experimental cells were then seeded into a 96-well plate using the following 

concentration in each well: Tera-1 (6000 cells/well), 3T3 (5000 cells/well) and A549 (3000 

cells/well). The 96-well plates were then incubated for 24 hours at 37°C and 5% CO2 allowing 

the cells to attach to the bottom of the plates.  

The wells were then separated into groups and treated with 10 µL of either positive control 

(cisplatin/5-FU/DMSO); negative control (PBS); or with Fe NWs or Pt NWs. The 96 well plates 

were again incubated at 37°C and 5% CO2 for 24 and 48 hours to assess the cell viability so 

that biocompatibility or cytotoxicity can be determined.  

The % viability of the cells was determined using the (sodium 3´- [1- (phenylaminocarbonyl)- 

3,4- tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid hydrate) (XTT) assay. Briefly, 5 

mL XTT labelling reagent was mixed with 0.1 mL electron coupling reagent for each 96-well 

plate immediately before use. 50 µL of the XTT labelling mixture was added per well and 

incubated for four hours at 37°C and 5% CO2.  
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Spectrophotometric analyses were carried out for each well using a microplate (ELISA) reader. 

The absorbance was measured using a wavelength of 450 nm and the reference wavelength 

was measured at 690 nm. The % viability was calculated using the following formula shown 

in Equation 3.3: 

Equation 3.3: Equation for the calculation of % Cell Viability 

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%)

=
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 − 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 𝑐𝑒𝑙𝑙𝑠 − 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
× 100 

To determine if the NWs were internalised by the 3T3 and Tera-1 cells, The Cell lines were 

cultured, seeded, and treated as previously mentioned in a 96-well plate. After 48 hrs, the cells 

were washed thrice with PBS to remove the free floating non-internalised NWs. The interaction 

between the synthesised NW Platforms and the Cells were then investigated and imaged 

using phase contrast system (Olympus CKX53). 

3.8 Results and Discussion 

The synthesis of nanowires required rigour and precise laboratory practices. These practices 

included: a) environmental, b) controlling of oxidation, c) high quality voltameter, d) 

maintenance of a constant distance between electrodes, and e) adherence to developed 

protocols. The temperature of the laboratory was recorded and maintained at 22-20 C. Table 

3.1 identifies the critical material attributes with the corresponding critical process parameters 

and critical quality attributes. 

Table 3.1: Critical material attributes with the corresponding critical process parameters and 

critical quality attributes of the synthesised NWs. 

Critical material attribute Critical process 
parameters 

Critical quality attribute 

• Diameter size of NWs. • Use of AAO templates 
with appropriate 
diameters of the 
nanopores. 

 

• Uniform diameter 
distribution. 

• Magnetic behaviour and 
strength. 

• Potency. 

• Biocompatibility. 

• Toxicity. 
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• Length of synthesised 
NWs (high aspect ratio). 

Pre-wetting of AAO 
template: 

• sonication time.  

• Sonication frequency. 

• Sonication power. 

• wetting time. 
 
Electrodeposition Process:  

• Deposition time. 

• Deposition voltage. 

• Composition of 
electrolytic bath. 

• Temperature control. 

• pH control. 
 
Release of NWs from AAO 
template: 

• Template dissolving 
time. 

• Etchant temperature, 
concentration, and 
composition. 

• Sonication time. 

• Sonication frequency. 

• Sonication power. 

• Consistent length 
distribution of NWs.  

• Magnetic behaviour and 
strength.  

• Potency. 

• Biocompatibility. 

• Toxicity. 
 

• Consistent morphology. 

• Composition.  

• Crystal structure.  

• Extensive control of 
deposition voltage. 

• Design of electrolytic 
cell. 

• Consistency and 
formulation of 
electrolyte. 

• Temperature control. 

• pH control. 

• Potency. 

• Biocompatibility. 

• Toxicity. 

• Magnetic behaviour and 
strength. 

 

 

Oxidation of Fe content in the synthesised NWs naturally occurs when exposed to the template 

dissolution environment and air. This oxidation impacts the properties of the synthesised NWs. 

Therefore, synthesis protocols were strictly abided by to maintain consistency when 

synthesising the NWs. A high current, high end calibrated galvanostat (PGSTAT 302n) was 

used. The electrochemical cell used during synthesis was designed to allow ion migration. 

This design remained consistent throughout all experimentation.  

Preliminary synthesis performed involved the use of aluminium (Al) plated AAO templates 

which served as the working electrode. The Al served as the contact interface between the 

working electrode and the external circuit. In addition, the initial AAO templates used contained 

a thin barrier layer which increased the resistance of the cells as there was no direct contact 
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between the Al contact layer and the nanopores of the template. This resulted in poor nanowire 

growth, morphology and yield as shown in Figure 3.10. To prevent this from happening the 

membrane was switched to a more conductive Au plated AAO template with an etched barrier 

layer. 

Adequate wetting of the AAO template was a major contributor to the formation of uniform 

length NWs throughout the template. The nanopore diameters of the AAO template created a 

challenge in achieving sufficient pore-wetting. The consequence of poor pore-wetting was the 

formation of air bubbles in the nanopores which resulted in either no NW growth, regional NW 

growth, heterogenous NW growth, or regional overgrowth of NWs of the template. Hydrogen 

evolution and ion migration at the working electrode also posed a significant challenge in the 

production of uniform NWs. This challenge was addressed during the design of the electrolytic 

solutions used during synthesis and choosing the appropriate deposition voltage and 

methods. To produce high-quality NWs, the prementioned conditions were optimised. The 

proceeding discussion presents the optimised formulation and protocol used in the NW 

synthesis in this study.  

 

Figure 3.10: A and B) Images of preliminary NWs of inconsistent dimensions and structure 

synthesised during this study. Scale bar: 500 nm 
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3.8.1 Synthesis, Morphological Analysis, and Stability of Fe NWs 

The electrolyte bath prepared for the syntheses of Fe NWs contained the following: 12% w/V 

FeSO4(7H2O), 7.5% w/V Na2SO4, 2.5% w/V H3BO3 and 1% w/V C6H8O6
 (ascorbic acid). 

FeSO4(7H2O) provided the desired Fe2+ ion for the deposition of Fe NW. Na2SO4 acted as a 

supporting electrolyte, increasing the conductivity of the electrolyte. Boric acid was added to 

prevent the formation of hydroxide and increase hydrogen evolution overpotential while the 

ascorbic acid was added for its pro-oxidant activity which reduces unwanted Fe3+ to Fe2+ 

(179,180).  

Cyclic voltammetry (CV) is a suitable technique to identify a metals growth potential from an 

electrolytic bath and was then used to determine the deposition potential where the Fe (II) will 

undergo reduction and form Fe (0) for the electrolyte of Fe NWs. A scan range for the CV 

analysis chosen was between 0 V to -3 V with a scan rate of 0.1 mVs-1. 5 mL of the above 

electrolytic bath was analysed using a DropSens electrode (Metrohm DRP-C110) at 25 °C. 

Typically, the potential chosen for deposition was at a reducing potential where the current 

density begins to decrease.  

Figure 3.11 is the CV analyses of the electrolyte used in the deposition of Fe NWs. As seen 

by the cathodic branch, the deposition potential starts to occur at -0.9 V. A deposition potential 

of -1.1 V was then chosen for the electrodeposition of Fe NWs which was well established in 

literature (78). There were two observed crossovers of the anodic and cathodic branches’ 

current, which is typical of the nucleation process.  

 

Figure 3.11: Graph of CV analyses of electrolytic bath of Fe NWs 
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Fe NWs was then synthesised and released using the methods and electrolytic cell previously 

described. The Current Vs Time profile measured for Fe NWs is shown in Figure 3.12. The 

electrodeposition of Fe NWs was halted before overgrowth from the nanopores in the AAO 

were observed to assist the release process of Fe NWs from the AAO template.  

 

Figure 3.12: Image showing Current vs Time graph monitoring the growth of Fe NWs 

The length of Fe NWs was then analysed using TEM microscopy. The desired length of Fe 

NWs was between 1 µm and 5 µm as it was intended for TC therapeutics. The obtained TEM 

images (Figure 3.13) were analysed using ImageJ software and a minimum of 100 NWs were 

measured to determine the average length. Fe NWs had an average length of 2.8 µm. 

However, it had a large standard deviation of 2.765 µm (Min= 0.313 µm /Max= 10.792 µm). 

Although standard error of the mean NW length for Iron core-shell NWs has been reported to 

in the range of 1.3 µm, as reported by Martínez-Banderas et al. (181). 
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Figure 3.13: TEM image of Fe NWs showing large length variance of Fe NWs. Scale bar: 9 

µm 

Fe NWs was then analysed using HRTEM to determine the structural properties and 

morphology of the NWs. The low magnification images (Figure 3.14) clearly showed that NW 

were successfully synthesised with nominal diameters. The image illustrates that Fe NWs was 

less electron dense compared to Pt NWs (Figure 3.19). The images also show the 

fragmentation of Fe NWs. This was caused by the sonication step undergone during the 

releasing process of the NWs from the AAO template.  

 

Figure 3.14: HRTEM image of Fe NWs depicting its morphology. Scale bar: 0.5 µm 
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The high magnification images of Fe NWs (Figure 3.15) depicted a clear core-shell structure 

with a core of Fe and an outer shell of amorphous Fe oxide which correlates to previous 

studies. This was due to the basic NaOH environment that the Fe from Fe NWs was exposed 

to during the releasing process which causes the outer layer of Fe NWs to oxidise. ImageJ 

was used to determine the average diameter and the thickness of the outer oxide layer using 

a minimum of 50 measurements for each. The outer amorphous shell had an average 

thickness of 3.9±0.5 nm and the average NW diameter of Fe NWs was 40±5.0 nm which was 

consistent with the average pore diameter of the AAO template.  

 

Figure 3.15: High magnification HRTEM image showing core shell structure of Fe NWs. Scale 

bar: 20 nm. 

As seen in Figure 3.14, the Fe NWs tends to accumulate in clusters which was consistent 

with previous reports of magnetic NWs and has pharmaceutical ramifications. The clustering 

of Fe NWs impacted on its physical stability as the small NW clusters aggregated and 

sedimented in a brief period. This effect was undesirable as it affects dosing consistency, and 

the clusters can cause occlusions in the vascular system. However, this sedimentation effect 

was reversible as agitating the ethanol suspended Fe NWs, redispersed the suspension. 

The physical stability of the NWs was analysed by measuring the surface charge (Zeta 

potential). The sample was prepared by aliquoting a determined amount of ethanol suspended 

Fe NWs in a 2 mL Eppendorf tube. The ethanol was then removed by collecting the 

ferromagnetic Fe NWs using an external magnet and removing the ethanol with a 

micropipette. Fe NWs was then redispersed in deionised water after three washes in deionised 
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water and then adequately diluted. The zetapotential measured for Fe NWs was -6.9±1.2 mV 

which is very close to neutral. Thus, Fe NWs was not electrostatically stable. The strong 

ferromagnetic behaviour of Fe NWs and the almost neutral zetapotential pronounced the 

sedimentation effect of Fe NWs.  

3.8.2 Synthesis, Morphological Analysis, and Stability of Pt NWs. 

The electrolytic bath for Pt NWs contained 1% w/v H2PtCl6 and 7% HClO4. The chloroplatinic 

acid provided the Pt4+ ions desired for the deposition of Pt NWs. Perchloric acid acted as a 

supporting electrolyte by increasing the conductivity of the electrolytic bath and control the pH 

of the electrolytic bath. CV analyses was performed on the electrolyte used to deposit Pt NWs 

in the nanopores of the AAO template to determine the growth potentials for Pt using a scan 

rate of 0.1 V/s (Figure 3.16).  

 

Figure 3.16: CV analyses for electrolytic bath of Pt NWs. A) Pt4+ reduction, B) hydrogen 

evolution 

It was observed that the reduction potential range for the electroactive species, Pt4+, started 

at ~-0.10 V (A). The reduction of Pt4+ at this potential was controlled by the electron transfer 

rate. The current steadily decreased for an increasing negative potential until it plateaued at 

~0.40 V. This indicates that the additional Pt centres were deposited on the electrode which 
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was regulated by the mixed control process. The observed plateaued region between ~0.40 

V and ~-0.48 V indicating that Pt centres were still being deposited and regulated by mass 

transfer process. Beyond the plateaued region at negative potentials greater then ~-0.48 V 

(B), there was a sharp current decrease for an increasing negative potential. At this point, a 

great deal of bubbles was observed being generated by the DropSens electrode which can 

be attributed to hydrogen evolution. The desired growth potential for Pt4+ in the electrolyte 

used to deposit Pt NWs can therefore be concluded to be between ~-0.10 V and ~-0.48 V. the 

potential chosen for the potentiostatic deposition of Pt NWs was -0.35 V which was previously 

used in the literature (182).  

Pt NWs was then synthesised, released from the AAO template using the methods and 

electrolytic cell design previously described. The Current vs Time graph measured for Pt NWs 

is shown in Figure 3.17. The electrodeposition of Pt NWs was stopped before overgrowth 

from the nanopores were observed to facilitate the release process from the AAO template. 

 

Figure 3.17: Current vs Time graph monitoring growth of Pt NWs 

The length of Pt NWs was then analysed using TEM with the same target length as for Fe 

NWs. The obtained TEM images of Pt NWs (Figure 3.18) were measured for NW length using 

ImageJ software and a minimum of 100 NWs. Pt NWs had an average length of 2.2±1.2 µm.  
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Figure 3.18: TEM image showing length distribution of Pt NWs. Scale Bar: 10 µm. 

Figure 3.19 corresponds to low magnification HRTEM images of the synthesised Pt NWs. It 

clearly depicts the successful synthesis of NW with smooth consistent morphology with 

nominal diameters. The image also shows the fragmentation of Pt NWs which is accounted 

for by the breakup of Pt NWs during sonication process. Pt NWs also displays a greater 

electron density compared to Fe NWs.  
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Figure 3.19: HRTEM images of Pt NWs depicting the morphology of Pt NWs. Scale bar: 500 

nm. 

Higher magnification images of Pt NWs were also studied using HRTEM corresponding to 

Figure 3.20. Interestingly, Pt NWs was observed to have a polycrystalline structure as shown 

with the planes randomly arranged and nonconstant interplanar spacing. The grains are not 

well defined due to the high electron density of Pt. An average NW diameter of Pt NWs was 

39±2.0 nm which was consistent with the average pore diameter of the AAO template was 

measured using ImageJ. No outer oxide layer was observed for Pt NWs. 
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Figure 3.20: High magnification HRTEM image of Pt NWs showing the polycrystalline nature 

of Pt NWs. Scale bar: 20 nm. 

Pt NWs was macroscopically observed to have greater physical stability compared to Fe NWs. 

However, they still formed a sediment which was easily reversible with slight agitation. Pt NWs 

was prepared for zetapotential analyses as previously described. Pt NWs had a moderate 

zetapotential of -22.3±1.1 mV and no remnant magnetization acting on it. 

3.8.3 Analysis of the Crystalline Structure, Crystallite Size and Interplanar Spacing of 

Fe NWs and Pt NWs Using Powder XRD 

Magnetic anisotropy is dependent on the crystallographic orientation which results in preferred 

orientations of magnetic moments. The crystal structure of the synthesised NWs affects the 

cellular toxicity of the NWs. The crystallite structure of the synthesised NWs was therefore 

confirmed, and the crystallite size and d-value were estimated by studying the XRD patterns 

of the synthesised NWs. Figure 3.21 (A) and Figure 3.21 (B) respectively depicts the obtained 

diffractograms for Fe NWs and Pt NWs; and Table 3.2 summarises the calculated crystallite 

size (Scherrer equation) (183) and d-value (Bragg's law) (184).  
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Figure 3.21: Powder XRD diffractograms of Fe NWs and Pt NWs embedded in AAO template. 

(A) Fe NWs, (B) Pt NWs. 

Fe NWs showed an intense singular peak at 2 θ value 44 ,56° indicating that Fe NWs preferred 

the (110) plane in a cubic crystal system. A single crystal structure is preferable in harsh 

environment applications such as at a tumour site. This is due to the naturally formed outer 

oxide layer around a polycrystalline Fe NW continuously grows in harsh environments until 

the disappearance of the Fe core. The outer oxide layer of Single crystal Fe NWs on the other 

hand grow a finite amount (~10nm) and the Fe core is maintained (78). Thus, increasing the 

stability of the magnetic properties of Single crystal Fe NWs which is favourable in MTD.  

Pt NWs was indexed to five main peaks at 2 θ values of 39.75°, 46.20°, 67.56°, 81.31°, and 

85.90° corresponding to planes (111), (200), (220), (311), and (222) in a Pt cubic crystal 

system. This corresponds to the polycrystalline nature of Pt NWs imaged by the high 

magnification HRTEM image of Pt NWs. This was advantageous for a therapeutic system as 

polycrystalline Pt NWs have been shown to be chemically stable as the composition of the Pt 

NWs was not altered with intense pH changes (185). 

Equation 3.4: Bragg’s equation used to calculate d spacing: 

𝑛𝜆 = 2𝑑 sin θ 
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Equation 3.5: Scherrer equation used for the calculation of crystallite size:  

𝐷 =
𝐾𝑠𝜆

𝛽 cos θ
 

Braggs law was used to calculate the inter-planar spacing (Equation 3.4) where n is the 

diffraction order, λ is the wavelength of the X-ray source, d is the inter-planar spacing, and θ 

is the peak position (radians). Scherrer equation (Equation 3.5) was used to estimate the 

crystallite sizes in the deposited NWs. Ks is the shape factor, 0.9 as used by Terohid et. al. 

for tungsten oxide nanowires (183), λ is the wavelength of Cu Kα, β is the full width at half 

maxima (FWHM) in radians of the observed peaks, θ is the peak position in radians, and D is 

the crystallite size in nm.  The estimated crystallite sizes were smaller than the diameter of Pt 

NWs (39 nm) indicating that these NWs are polycrystalline as well as confirmed by the 

HRTEM. Since individual crystallites have a minimum of one magnetic domain, Pt NWs, Fe 

coated Pt NWs, and Fe-Pt NWs can be considered to have a complex multi-domain state. 

Table 3.2: Analyses and interpretation of obtained powder XRD diffractograms using Scherrer 

equation for crystallite size and Braggs law for d-value. 

NW 
Platform 

Composition 2 θ β (FWHM) Crystallite 
Size (nm) 

d (Å) h k l 

Fe NWs Fe 44.6 0.88795 8.28 2.03 110 

Pt NWs Pt 39.7 1.05578 7.08 2.27 111 

Pt 46.2 1.33413 5.48 1.97 200 

Pt 67.6 1.49182 4.43 1.39 220 

Pt 81.3 1.82394 3.30 1.18 311 

Pt 85.9 1.33386 4.36 1.13 222 
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3.8.4 Analysis of the Outer Surface Composition of Fe NWs and Pt NWs Using Raman 

Spectroscopy 

An outer oxide layer on Fe NWs was developed during the release process of the NWs from 

the AAO template as observed by the HRTEM. This layer was naturally formed when the Fe 

from each type of NW was in the presence of NaOH and air. The oxides formed during this 

process has implications on the magnetic properties and the attachment potential for coatings 

and small molecules used in engineered smart delivery nanoparticle systems for active drug 

targeting. It was therefore necessary to determine the composition of the outer oxide layer 

which was accomplished using Raman Spectroscopy (Figure 3.22). 

 

Figure 3.22: Raman spectrums of the initial scan of Fe NWs with a high laser power, Fe NWs, 

a reference scan for heating magnetite with a laser, magnetite, and haematite.  

It is a well-known fact that when magnetite is heated, it forms haematite (186). The initial 

Raman scans for the Fe NWs showed the presence of both haematite and magnetite 

characteristic peak. The haematite characteristic peaks are located at 217 cm -1 (A1g), 275 cm 

-1 (Eg), 386 cm -1 (Eg), 583 cm -1 (Eg), and 1304 cm -1 (Eg) while the magnetite characteristic 

peak can be seen at 669 cm -1 (A1g) (178). When the laser intensity was decreased and larger 

agglomerates of Fe NWs were analysed to decrease the effect of laser heating of Fe NWs on 

haematite formation, only peaks characteristic of magnetite was found. The spectrum obtained 

from Fe NWs in the Raman spectroscopy measurements displayed peaks located at 322 cm  
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-1 (Eg), 528 cm -1 (T2g), and 667 cm -1 (A1g). These peaks correspond to a typical Raman 

spectrum of magnetite which was desired due to its magnetic properties, good 

biocompatibility, and attachment potentials of biomaterials.   

3.8.5 Evaluation of the Magnetic Properties and MTD Potential of Fe NWs and Pt NWs 

Using VSM. 

The efficacy for MTD is directly proportional to the ability of the NWs to be coupled to an 

external magnetic field. For successful MTD, the magnetic force on the synthesised NWs will 

need to overcome the forces present in the capillary system, mainly the viscous drag force, 

where the NWs will be trapped and removed from the vascular system and guided to the target 

area. It is well known that shape anisotropy and crystallinity influence the magnetic properties 

of nanomaterials. The magnetic properties of Fe NWs and Pt NWs was therefore studied by 

employing a VSM at 300 K.  

Figure 3.23 represents the normalised M-H loops for Fe NWs within the AAO template with 

the applied magnetic field parallel and transverse to the long axis of the NWs. As shown, the 

normalised M-H loops predominantly shows ferromagnetic behaviour. Ferromagnetic 

materials are strongly attracted to a magnetic field. The normalised M-H loop measured 

parallel to the NW long axis shows a more rectangular structure and has a squareness ratio 

of MR/MS = 0.50 compared to a more tilted M-H loop with the applied field transverse to the 

NW long axis with a MR/MS = 0.02. It can therefore be seen that the magnetic easy direction 

was along the long axis of the NW which was consistent with previous reports (78,140,187). 

This was due to the strong shape anisotropy of Fe NWs. The MS of Fe NWs parallel to the 

long axis was 2.2 Χ 106 A/m and the Hc was determined to 713 Oe, indicative of soft 

magnetisation. A high MR of 1.1 Χ 106 A/m was measured which was characteristic of single 

crystal Fe NW consistent also with single diffraction peak [110] of Figure 3.21 (78). The Ms of 

Fe NWs was larger than that of bulk polycrystalline Fe which was 1.7 Χ 106 A/m (188). A similar 

observation was found by Al Sharif et. al. who synthesised Fe NW using pulsed 

electrodeposition employing −60 mA pulses of a duration of 2 ms for an hour. They measured 

a Ms of 427 Am2/kg or ~3.4 Χ 106 A/m when testing Fe NW embedded in the AAO template 

using a VSM (11). Fe NWs also required a low magnitude applied field strength to reach 

saturation of 2600 Oe which can easily be supplied by modern magnets which is advantages 

in a MTD systems.  
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Figure 3.23: Normalised M-H Loop of Fe NWs with the long axis of the NW parallel and 

transverse to the direction of the applied field.  

Figure 3.22 shows the normalised M-H loops for Pt NWs. Pt NWs was analysed with the field 

both parallel and transverse to the long axis of the NW. Interestingly, along the parallel axis, 

Pt NWs displayed diamagnetic properties where magnetisation decreased for increasing field 

strength. Along the transverse axis, Pt NWs showed superparamagnetic properties. 

Superparamagnetic materials are attracted to external magnetic fields. 

 

Figure 3.24: Normalised M-H Loop of Pt NWs with the long axis of the NW parallel and 

transverse to the direction of the applied field. 
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As the goal of this study was to synthesise a NW platform capable of MTD. Therefore, a 

platform that will be attracted towards a magnetic field with a sufficient Ms at low H was 

desired. This will allow the NW platform to be trapped and extracted from the bloodstream and 

transported to the target site. The magnetic properties of Fe NWs fit this profile and was 

therefore suitable as a MTD platform. Pt NWs on the other hand, displayed both diamagnetic 

behaviour and superparamagnetic behaviour. This competing property does not allow Pt NWs 

to be attracted by a magnet as the orientation of the NW cannot be controlled when released 

from the AAO template, thus making Pt NWs not suitable for MTD. The use of Pt NW would 

necessitate large magnetic field which may have adverse effects on the human tissue. 

3.8.6 Cytotoxicity and Cellular Internalisation of the Synthesised NW Platforms 

3.8.6.1 Cytotoxicity of NW Platforms on Mouse Fibroblasts 

The biocompatibility of Fe NWs and Pt NWs was assessed by observing the effect of the 

synthesised NW platforms on % viability 24 hours (hrs) and 48 hrs after treatment on a non-

cancerous fibroblast 3T3 cell cultures using the XTT assay (Figure 3.25). The concentrations 

for treatment used for Fe NWs were 32, 16, 8, 4, and 2 µg/mL while the concentrations used 

for the Pt NWs was 320, 160, 80, 40, and 20 µg /mL.  

 

Figure 3.25: % cell viability of 3T3 cells A) after 24 hrs treatment with Fe NWs, B) after 48 hrs 

treatment with Fe NWs, C) after 24 hrs treatment with Pt NWs, D) after 48 hrs treatment with 

Pt NWs 
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This corresponds to a concentration of ~2400, ~1200, ~600, ~300, ~150 NWs/cell for Fe NWs 

and the concentrations for Pt NWs corresponded to ~11200, ~5600, ~2800, ~1400, ~700 

NWs/cell. These concentrations are much greater compared to the targeted concentrations in 

potential biomedicine applications. These high concentrations were chosen to investigate the 

effects of the NW composition on the NW platforms short-term acute toxicity. 

Fe NW and Fe-Fe3O4 NW have been assessed in the literature for biocompatibility and was 

considered to have low toxicity. Song et. al. tested high concentrations (10000 NWs/Cell) of 

polycrystalline Fe NWs (50 nm diameter and 5 µm length) over a 72 hrs period on HeLa cells 

and found a high cell viability of 80% (126). However, after 24 hrs and 48 hrs treatment, Fe 

NWs displayed a significant decrease in cell viability of 3T3 cells, 30% and 20% respectively 

at the highest tested concentration of 32 µg/ml (2400 NWs/Cell).  

This could be accounted for due to the difference in cell lines tested, the difference in 

crystallinity (single crystal) and the different dimensions of Fe NWs (40nm diameter and 2.8µm 

length) as smaller particles tend to have greater cytotoxicity (136). Single crystal Fe NWs was 

shown to have greater toxicity compared to polycrystalline Fe NWs by Ivanov et. al. likely due 

to the prevention of intracellular dissolution of the NWs due to the passivation provided by the 

Fe oxide shell (78,177). 

Using phase contrast microscopy, the morphology of the 3T3 cells showed shrinkage and a 

change in shape to round and oval which was not present in untreated cells after 24 hrs and 

48 hrs (Figure 3.26). It can be concluded that Fe NWs significantly decreased the % cell 

viability of 3T3 cells and can therefore be considered cytotoxic at these relatively high 

concentrations. The image clearly shows that Fe NWs was internalised by the cells.  
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Figure 3.26: Phase contrast images of 3T3 cells after A) 48 hrs treatment with Fe NWs, B) 

48 hrs treatment with Pt NWs. Scale bar: 20 µm 

Pt (II) complexes such as cisplatin have been widely used for cancer therapeutics with good 

effect. They do however have major drawbacks due to their non-selectivity bringing about 

severe adverse effects and drug resistance. Pt (0) such as in nanoparticles have also been 

examined to evaluate their cytotoxicity and was suggested to cause oxidative stress which 

leads to a loss in cell viability (189).  

The effect of the change in morphology of Pt (0) nanoparticles towards a NW anisotropy on 

cytotoxicity was evaluated in this research as well. The cell viability for 3T3 cells treated with 

Pt NWs showed no significant decrease and stayed at ≥90% except at the highest 

concentration of 320 µg/mL at the 24 hrs time point. At 48 hrs, the cells at the same 

concentration showed significant recovery with a cell viability of >90 % and cell morphology 

looking healthy as shown in Figure 3.26 indicating that Pt NWs was not cytotoxic to 3T3 cells 

at these high concentrations even though they were clearly internalised by the cells. 

3.8.6.2 Cytotoxicity Assessment of the Synthesised NWs  

To assess the cytotoxic activity of the synthesised NWs against testicular cancer. Tera-1 cells 

treated with the synthesised NW platforms were incubated with varying concentrations for 24 

hrs and 48 hrs and the %viability was tested using XTT assay (Figure 3.27). The 

concentrations chosen for treatment with Fe NWs was 32, 16, 8, 4, and 2 μg/mL while the 

concentrations chosen for the Pt NWs was 320, 160, 80, 40, and 20 μg/mL. The same 

concentrations as used for 3T3 was chosen to have comparative results to the cytotoxic 



73 
 

activity for the different cell lines. These concentrations expressed as NWs/Cell for Fe NWs 

are: ~1600, ~800, ~400, ~200, and ~100 NWs/Cell; Pt NWs: ~8800, ~4400, ~2200, ~1100, 

~550 NWs/Cell. 

 

Figure 3.27: % cell viability of Tera-1 cells A) after 24 hrs treatment with Fe NWs, B) after 84 

hrs treatment with Fe NWs, C) after 24 hrs treatment with Pt NWs, D) after 48 hrs treatment 

with Pt NWs. 

Both Fe NWs and Pt NWs clearly demonstrated that they are internalised by the Tera-1 cells 

(Figure 3.28). Pt NWs displayed inherent toxicity against the Tera-1 cell in a dose dependent 

manner for higher concentrations. Fe NWs however, displayed a constant decrease of cell 

viability of ~20% at both 24 hrs and 48 hrs. The cells treated with Fe NWs also showed a slight 

change in morphology of the treated cells displaying a more rounded shape.  
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Figure 3.28: Phase contrast images of Tera-1 cells after A) 48 hrs treatment with Fe NWs, B) 

48 hrs treatment with Pt NWs. Scale bar: 20 µm 

Pt NWs revealed significant cytotoxic activity at a high concentration of 320 µg/mL and had a 

high IC50 of 354 µg/mL at 48 hrs. Pt NWs also showed a slight cell recovery at 48 hrs for lower 

concentrations (Figure 3.27). It should be noted that the chosen concentrations tested for both 

3T3 and Tera-1 are far greater than what was the envisioned concentrations in the 

bloodstream and healthy tissue. However, due to the nature of MTD, it was anticipated that 

these concentrations will be reached at the target site. 

3.9 Concluding Remarks 

Fe and Pt NWs were successfully synthesised. Fe NWs displayed Single Fe crystal structure 

with an amorphous magnetite coating creating a core shelled structure. Fe NWs presented 

the most promising magnetic properties for MTD. Fe NWs displayed clear ferromagnetic 

behaviour with large MS and Hc. However, Fe NWs was not bioactive against Tera-1. 

Therefore, the most promising application of Fe NWs is in the future development of a 

nanocarrier for a selective release actively targeted drug delivery system. Pt NWs exhibited a 

polycrystalline structure and displayed inherent bioactivity against Tera-1 cells at high 

concentrations. Pt NWs displayed a high IC50 of 354 µg/mL at 48 hrs. Pt NWs however, 

displayed unfavourable competing magnetic characteristics that were not suitable for MTD. 
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CHAPTER 4.                                                                                                              

Modulation of Fe NWs and Pt NWs to enable multifunctionality through the 

Development of Fe/Pt Composite NWs  

4.1 Introduction 

Despite recent advances in cancer therapeutics, cancer retains high mortality and incidence 

rates (27,190). Most chemotherapeutic approaches primary targets are intracellular (191). 

Current chemotherapy delivery methods widely disperse the drugs throughout the body. Thus, 

leading to severe and a high quantity of adverse reactions experienced by patients (192). This 

drawback elicits a change in strategies used for cancer therapeutics. Moving towards image-

guided (80,193), targeted delivery systems (194), which concentrate actives at required sites. 

Thus, steering away from extensively dispersing the actives throughout the body, which leads 

to a wide range of severe adverse reactions.  

The previous chapter discussed the synthesis of Fe and Pt NWs with the aim of creating a 

magnetically active NW that was selectively active against TC. Pt NWs displayed inherent 

selective cytotoxic activity against Tera-1 cells, but their magnetic properties were not suitable 

for MTD. Fe NWs on the other hand were not bioactive against Tera-1 cells and were cytotoxic 

to 3T3 cells. Their magnetic properties were however advantages towards MTD.  

This chapter will briefly review the contemporary methods used in the modulation of regular 

NWs. Thereafter this chapter will explore two modulation methods with the aim of modulating 

Pt NWs with Fe creating Pt/Fe composites. The purpose being the coalescence of the inherent 

cytotoxic activity of Pt (0) NWs on Tera-1 cells with the ferromagnetic behaviour of Fe NWs. 

The first modulation method was a cost-effective novel synthesis technique not requiring ALD 

by utilising template electrodeposition to synthesise a Fe/Pt composite with a core shell 

structure. This Fe/Pt composite will consist of a Pt core and Fe shell (Fe coated Pt NW). The 

second type of Fe modulation to create a Fe/Pt composite evaluated in this chapter was an 

alloy consisting of both Fe and Pt (Fe-Pt NW). The NWs will be characterised to determine 

their structure and magnetic properties. Their cytotoxic activity will then be evaluated on Tera-

1 and 3T3 cells.  
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4.2  Basis for the Synthesis of Regular and Modified NWs Using Template 

Electrodeposition as Established in the Literature 

Magnetic NWs can be synthesised in various forms, from regular NWs with a single element 

and consistent diameters to multi-layered NWs alternating between a magnetic element and 

a non-magnetic element. Each form of NWs possesses their own unique properties which can 

be tailored to a desired application. 

Although the method and synthesis of regular NWs of a single element was discussed in 

chapter three, regular NWs can also comprise of metallic alloys. Though multiple synthesis 

techniques can be used to synthesise regular Magnetic NWs, template electrodeposition 

remains a simple cost-effective technique. Alloy Magnetic NWs can be synthesised in a single 

electrolytic bath and its composition and crystal structure can be tailored by adjusting the 

electrodeposition conditions such as adjusting the concentration, temperature, and pH of the 

electrolytic bath or the deposition current or potential (195). One of the primary advantages of 

regular Magnetic NWs is that the shape anisotropy aligns the magnetic moments along the 

long axis of the magnetic NWs, positively influencing the magnetic properties.  

Multi-layered Magnetic NWs holds distinctive physical properties which make them 

advantages in biomedical applications. There are two main methods of synthesising multi-

layered magnetic NWs using template electrodeposition. Namely, using single or dual 

electrolytic baths, the latter of which has a longer history that goes back to 1921 (196,197). In 

a dual electrolytic bath system, each bath was used to deposit a singular element (layer) and 

the template was rotated between the two. The disadvantage of this method was the 

continuous transfer of the template between the two baths introduces contaminates. In the 

single bath method, both layers are deposited from a single electrolyte that contain the ions 

needed to be reduced to form each layer (156). In this method, the layers are formed using 

pulsed electrodeposition techniques by pulsing either current or potential. Each ion that needs 

to be reduced has their own reduction potential with one being more positive (element A) than 

the other which is more negative (element B). When element A is reduced at its reduction 

potential a pure layer of element A will be formed as the potential is not sufficient to reduce 

element B. When the system is pulsed at the reduction potential of element B, both element 

A and B will be deposited forming an alloy. The composition of this alloy can be tailored by 

adjusting the concentration of element A so that the layer is element B rich (140). Multi-layered 

NWs such as Ni/Cu and Fe/Au have been successfully synthesised using single bath template 

electrodeposition (198,199). 
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Core-shell Magnetic NWs consist of an inner central structure (core) encapsulated with 

another material (shell). Multiple methods have been used to synthesise core-shell Magnetic 

NWs including ALD, Vapour-Liquid-Solid (VLS) and template electrodeposition. There are 

multiple strategies used to synthesise core-shell Magnetic NWs using template 

electrodeposition. One strategy is to use ALD to create the shell in the nanopores and then 

electrodeposition to deposit the core (200). Another strategy that uses a two-step process as 

well is to coat the inner surface of the nanopores in a AAO template creating nanotubes using 

methods such as sol-gel or electrodeposition. Thereafter the core is electrodeposited 

completing the core-shell structure (201,202). A third strategy used to synthesise core-shell 

Magnetic NWs is to electrodeposit metallic NWs and thereafter release them from the AAO 

template. The released NWs are thereafter coated with a metal using chemical reactions 

(203).  

Diameter modulated NWs are NWs whose diameters are intentionally changed in a controlled 

manner to create NWs with alternating larger and smaller diameters along the long axis of the 

NW. This type of modulation is achieved by modifying the diameter of the nanopores in the 

AAO template during the adonisation process creating areas with larger and smaller 

diameters. Electrodeposition is thereafter carried out in these modulated AAO templates 

(204).        

4.3 Methods and Materials 

4.3.1 Materials  

The experimental materials used during this chapter are the same as those listed in Chapter 

3, Section 3.7.1. 

4.3.2 Synthesis of Fe coated Pt NW 

A novel three step synthesis method was used to create an Fe coated core-shell NW. A 

distinctive advantage of this method described was greater control of the diameters of the core 

of the NW. This property can be exploited in tailoring the magnetic and cytotoxic properties of 

the NW.  
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Figure 4.1: Schematic of the longitudinal cross-section of the prototype Fe coated Pt NWs 

depicting the layout of the core shell structure 

4.3.2.1 Step One of Fe Coated Pt NW Synthesis: Deposition of Pt into the Channels of 

the AAO Template 

Fe coated Pt NWs was synthesised in a multistep process. The first step involved synthesising 

Pt NWs through the deposition of Pt into the AAO template as explained in Chapter 3, Section 

3.7.2.2.  

4.3.2.2 Step Two of Fe Coated Pt NW Synthesis: Pore Widening of the AAO Template 

Nanopores with Deposited Pt 

The diameter of the nanopores within the AAO template was then increased utilising the 

method employed by Liyuan et. al. (149). The Pt Deposited AAO templates thoroughly cleaned 

and wetted by sonicating them for 10 s. The AAO templates were then submerged in 5% 

H3PO4 for a given time at 25°C to partially dissolve the AAO template creating a wider pore 

diameter. 

4.3.2.3 Step Three of Fe Coated Pt NW Synthesis: Deposition of Fe in the Space 

Created During the Pore Widening Step 

The space created between the Pt NW and AAO nanopores was then deposited with Fe using 

pulsed templated electrodeposition in the following electrolytic bath: 12% w/v FeSO4(7H2O), 

7.5% w/v Na2SO4, 2.5% w/v HBO3 and 1% w/v ascorbic acid. 

4.3.3 Synthesis of Alloy Fe-Pt NW 

Fe-Pt NWs was prepared by pulsed template electrodepositing in an electrolytic bath 

containing both Pt (IV) and Fe (II) ions. The electrolyte was composed of the following: 12% 

w/v FeSO4(7H2O), 7.5% w/v Na2SO4, 2.5% w/v H3BO3, 1% w/v C6H8O6, 1% w/v H2PtCl6 and 
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7% HClO4. The NW were synthesized using pulsed electrodeposition alternating between -

1.1V and -0.35V. 

 

Figure 4.2: Schematic of the longitudinal cross-section of the prototype Fe-Pt NWs depicting 

the layout of the core shell structure 

4.3.4 Release of the Synthesised Fe/Pt Composite NW Platforms from AAO Template  

The NWs were released from the AAO template using the method previously described. 

Briefly, the Au contact layer was removed using 32% HCl, minimising contact time. The AAO 

templates were then dissolved using 1M NaOH for 1.5 hrs and sonicated to ensure the 

complete release the synthesised NWs. The released NWs were then collected using 

centrifugation, washed three times with ethanol before finally storing in ethanol as well to 

prevent further oxidation of Fe. 

4.3.5 Quantification of Synthesised Fe/Pt Composite NW Platforms Using ICP-OES 

ICP-OES (Shimadzu ICPE-9820) was used to quantify the concentration of the prepared stock 

solutions of Fe coated Pt NWs and Fe-Pt NWs used during in vitro studies. The same protocol 

described in Chapter 3; Section 3.7.4.1 was used. In brief, 100ul of NW suspension was 

aliquoted together with 300 µl of Aqua Regia into a volumetric flask and left at room 

temperature for 60 minutes to ensure complete dissolution. The solution was then diluted to 

20 ml and ran using the ICP-OES.  

4.3.6 Morphological Characterisation of Synthesised Fe/Pt Composite NW Platforms 

Using TEM and HRTEM 

Pt NWs and Fe coated Pt NWs were prepared for TEM analyse as described previously in 

Chapter 3, Section 3.7.4.2. In summary, the sample was diluted with ethanol from the stock 

solution the magnetic NWs and then ultrasonicating it for 30 s using sonic vibra cell, (MO, 

USA). A drop of this suspension was adsorbed onto a carbon coated copper grid with a filter 
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paper being used to absorb excess sample. The copper grid was then be left overnight to air 

dry. The samples were then analysed using a TEM (FEI Tecnai T12 TEM) at MMU and 

HRTEM (JEM-2100). EDX analyses was also performed on the FEI Tecnai T12 TEM to 

determine elemental composition. 

4.3.7 Determination of the Crystalline Properties of the Synthesised Fe/Pt Composite 

NW Platforms Using Powder XRD 

The crystalline phases of Fe coated Pt NWs and Fe-Pt NWs was analysed within the AAO 

template by studying the powder X-ray diffraction patterns taken from a MiniFlex 600 benchtop 

X-ray diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54060 Å). The X-ray 

tube was set-up at a voltage of 40kV and a current of 15mA. The region 30° ≤ 2 θ ≤ 90° was 

evaluated. 

4.3.8 Determination of the Outer Surface Composition of the Synthesised Fe/Pt 

Composite NW Platforms Using Raman Spectroscopy 

Raman spectroscopy was used to determine the composition of the outer oxide amorphous 

layer. The obtained peaks were referenced against known Fe oxide peaks from the literature. 

The Fe coated Pt NWs and Fe-Pt NWs was pipetted onto a clean glass microscope slide and 

allowed to air dry. Thereafter it was analysed using a Horiba LabRAM HR Raman 

spectrometer with an Olympus BX41 microscope attachment using a 0.4mW power laser. A 

514.5 nm wavelength used from a Lexel Model 95-SHG argon ion laser. 

4.3.9 Study of the Effects of Fe Modulation on the Magnetic Properties of the Fe/Pt 

Composite NW Platforms Using VSM 

A vibrating sample magnetometer (VSM) (Quantum Design DynaCool, 12 T Physical Property 

Measurement System (PPMS)) was employed to study the magnetic properties of the Fe/Pt 

composite NWs. The readings will be taken with the applied field parallel and transverse to 

the wire axis of the NWs embedded in the AAO template as previously done. The magnetic 

moments measurements were taken at room temperature, 300 K and the magnetic field was 

swept across a range of ± 10000 Oe. 
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4.3.10 Cytotoxicity and Cellular Internalisation Analysis of the Fe/Pt Composite NW 

Platforms 

Cell viability was measured using XTT assay as discussed previously. Briefly, The Cell lines 

were cultured, seeded, and treated as in 96-well plates at the following densities: 3T3-5000 

Cells/Well and Tera-1-6000 Cells/Well. After treatment with five concentrations of Fe coated 

Pt NWs or Fe-Pt NWs, the cells were incubated at 37°C and 5% CO2 for 24 hrs and 48 hrs for 

XTT analyses. For cellular internalisation, the cells were incubated for 48 hrs. Thereafter, the 

cells were washed with PBS thrice to remove the free floating non-internalised NWs. The cells 

were then imaged using phase contrast system (Olympus CKX53) to investigate the 

interactions of the NWs on the cells. 

4.4 Results and Discussion  

4.4.1 Synthesis, Morphological Analysis, and Stability of Fe Coated Pt NWs 

The novel synthesis method adopted to synthesise Fe coated Pt NWs consisted of three 

stages. In stage one, Pt NW arrays embedded in the nanopores of the AAO template was 

synthesised. This was achieved employing method described for synthesising Pt NWs in 

Chapter 3, Section 3.7.2.2. Figure 4.3 is the Current vs Time graph monitoring the growth of 

Fe coated Pt NWs in stage one. The graph indicates no overgrowth has occurred.  

 

Figure 4.3: Image of Current vs Time graph monitoring the growth of Pt in the nanopores of 

the AAO template. 
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Stage two of the synthesis of Fe coated Pt NWs entailed the partial dissolution of the AAO 

template resulting in the widening of the nanopores within the AAO template. The structural 

integrity of the AAO template and Au contact layer was maintained in this stage. Figure 4.4 

clearly depicts the successful controlled dissolution of the AAO template. The surface image 

of the AAO template portraying the nanopore diameter after deposition of Pt and after 

exposure to the phosphoric acid resulting in pore widening. 

 

Figure 4.4: SEM image showing surface view of AAO template A) after Pt deposition, B) after 

controlled AAO dissolution for nanopore widening. Scale bar: A) 200nm, B) 200nm.  

In stage three of Fe coated Pt NWs synthesis. The area exposed by the partial dissolution of 

the AAO template was filled with Fe. A pulsed electrodeposition technique was employed to 

achieve this. The voltage was pulsed at -1.1 V for 15 s and spaced between 30 s at 0 V (Figure 

4.5). Pulsed electrodeposition was chosen to allow for the recovery of the Fe2+ ions within the 

nanopores. The NWs were then further processed by releasing the NWs using 1 M NaOH to 

completely dissolve the AAO template. A stock solution of Fe coated Pt NWs was prepared 

by washing the released NWs thrice and storing them in 99% ethanol. 
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Figure 4.5: Image of Current vs Time graph monitoring the growth of Fe coating the Pt NWs 

in the widened nanopores of the AAO template. 

TEM and HRTEM images of Fe coated Pt NWs was analysed using ImageJ software to assess 

its dimensions (Figure 4.6). An average length of 2.2 µm (SD= 1.0/ Min=0.303 µm /Max= 

5.827 µm) and average diameter of 54±4.0nm (SD= 4.0 / Min=41.929 nm /Max= 69.121 nm) 

was found. The diameter of Fe coated Pt NWs was significantly larger compared to Pt NWs 

(39±2.0). This was due to the pore widening step after the initial Pt deposition in the AAO 

template which created the space necessary to deposit the Fe in a controlled manner. 

 

Figure 4.6:Image of A) HRTEM, B) TEM; low magnification images of Fe coated Pt NWs 

showing its morphology and length distribution. Scale Bar: A) 0.5 µm, B) 10 µm (red scale 

bar)  
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Figure 4.6 (A) depicts the low magnification HRTEM image of Fe coated Pt NWs. It clearly 

depicts the successful synthesis of NW with large aspect ratios, variable lengths, and nominal 

diameters. The average length of 2.2 µm was ideal for the intended biomedical application. 

Some unwashed contaminants from the AAO template are seen as well (Figure 4.6 (B)). 

The variation in length was accounted for by the inconsistent breakage of the NWs when 

sonicating. The observed morphology along the diameters of the Fe coated Pt NWs shows a 

non-uniform surface. This discrepancy in the diameters was likely due to minor imperfections 

in the AAO template caused by the controlled dissolution when widening the nanopores.  

The High magnification HRTEM and TEM images of Fe coated Pt NWs correspond to Figure 

4.7 (A) and Figure 4.7 (B) respectively. The surface of the NW showed an undulating form 

which was advantages for coating adherence and increasing drug loading capacity due to the 

increased attachment points and surface area respectively. The image depicts a clear 

polycrystalline nature with no clear grain boundaries due to the high electron density. The 

boundary between the Pt and Fe was not visible likely due to Pt sharing its electron density 

with the Fe. Fe coated Pt NWs consisted of an outer amorphous shell caused by the oxidation 

of Fe. The outer shell of Fe coated Pt NWs was not smooth and continuous as Fe NWs 

described in chapter three. The amorphous layer was very rough and resembled amorphous 

spots on the NW surface. 

 

Figure 4.7: Image of A) HRTEM, B) TEM; high magnification images of Fe coated Pt NWs 

showing its morphology, outer oxide layer, core shell and polycrystalline structure. Scale bar: 

A) 20 nm B) 20 nm (red bar)  
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As the Pt and Fe components were not distinct from each other, EDX analysis was performed 

to confirm the coating of the Pt NWs with Fe. The EDX spectrum was acquired from a single 

NW that was isolated on the grid and not a clumped together with other NWs (Figure 4.8 (A)). 

The EDX spectrum detected Fe, Pt, O, C, and Cu (Figure 4.8 (B)). The C and copper can be 

accounted for as it come from the grid that Fe coated Pt NWs was dispersed on for EDX 

analyses. The O would likely be present on the observed outer amorphous layer while the Pt 

and Fe would form part of the NW structure. 

 

Figure 4.8: A) TEM image where EDX spectrum was taken for Fe coated Pt NWs, B) EDX 

spectrum of Fe coated Pt NWs showing the presence of Pt, Fe, and O from Fe coated Pt NWs 

and C and Cu from the grid used in sample preparation. 

The zeta potential of Fe coated Pt NWs was measured to assess its physical stability. The 

NWs need to stay uniformly dispersed for a sufficient period to ensure correct and uniform 

dosing during future treatments. The zeta potential of Fe coated Pt NWs was -34.6±1.1 mV 

which was considered as physically stable (205). Fe coated Pt NWs however, sedimented 

after a few hours. This was likely due to the competing electrostatic, gravitational, and 

magnetic forces. This effect was reversible through light agitation of the NW suspension. 

4.4.2 Synthesis, Morphological Analysis, and Stability of Fe-Pt NWs 

An Fe-Pt alloy NW was synthesised by combining the electrolytic baths of Fe NWs and Pt 

NWs and pulsing the deposition voltage between -1.1 V and -0.35 V. The previously 

established electrochemical cell set up as described in Chapter 3, Section 3.4 was used to 

deposit Fe-Pt NWs as it fabricated reproducible uniform NW growth. Figure 4.9 is the Current 

vs Time graph monitoring the growth of Fe-Pt NWs. The pulse stages in synthesis of Fe-Pt 
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NWs are shown, and the graph depicts no overgrowth occurred during synthesis. Fe-Pt NWs 

was then released from the AAO template by submerging the template in 1 M NaOH and 

sonicating it to ensure complete release of nanowires. 

 

Figure 4.9: Current vs Time graph monitoring the growth of Fe-Pt NWs in the nanopores of 

the AAO template. 

TEM images of Fe-Pt NWs (Figure 4.10 (B)) was then analysed to determine the average 

length and diameter of Fe-Pt NWs. Fe-Pt NWs displayed the largest average length of 3.1 µm 

(SD= 1.8 / Min= 0.557 µm /Max= 8.446 µm) compared to Fe NWs, Pt NWs, and Fe coated Pt 

NWs. The average length was within the desired range making it suitable for the intended 

biomedical purpose. The average diameter of Fe-Pt NWs was 41±3.0 nm (SD= 2.6 / Min=35.4 

nm /Max= 48.3 nm).  
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Figure 4.10: A) HRTEM, B) TEM; low magnification images of Fe coated Pt NWs showing its 

morphology and length distribution. Scale bar: A) 500 nm, B) 10 µm. 

The low magnification HRTEM image (Figure 4.10 (A)) shows the successful synthesis of Fe-

Pt NWs as a high aspect ratio NW with nominal diameters. Fe-Pt NWs had the highest electron 

density compared to Fe NWs, Pt NWs, and Fe coated Pt NWs. Some contaminate residues 

can be seen, however, these will most likely be removed in the six washing steps prior to cell 

treatment. The NWs displayed a smooth surface and a variation of NW length due to the NW 

release process. Fe-Pt NWs showed one NW that had a change in diameter. However, most 

of the NWs maintain their nominal diameter along their length.  

The high magnification images of Fe-Pt NWs (Figure 4.11) depicted a core shell structure. 

Fe-Pt NWs displayed a polycrystalline structure with a thin amorphas layer coating the NW. 

The crystallite planes were randomly arranged and the interplanar spacing was nonconstant. 

The average thickness of the outer oxide layer was 2.3±0.4 nm which was thinner than that of 

Fe NWs (3.9±0.5nm). 
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Figure 4.11: High magnification HRTEM image of Fe-Pt NWs showing its morphology, outer 

oxide layer, core shell and polycrystalline structure. 

The physical stability of Fe-Pt NWs was then assessed by measuring its zeta potential. A 

uniformly dispersed suspension was vital to safe and consistent biomedical applications. The 

zetapotential was measured at -24.6±1.7 mV. Given the smaller magnetic moments and larger 

zetapotential, Fe-Pt NWs displayed greater stability compared to Fe NWs. 

4.4.3 Analysis of the Crystalline Structure, Crystallite Size, and Interplanar Spacing of 

Fe/Pt Composite NWs Using Powder XRD 

The crystallite structure of Fe coated Pt NWs and Fe-Pt NWs was analysed by studying the 

powder XRD patterns of the Fe/Pt Composite NW platforms. The crystal structure was 

confirmed, and the crystallite size and d-value were estimated using the obtained data. Figure 

4.12 (A) and Figure 4.12 (B) shows the XRD diffractograms obtained from the Fe Coated Pt 

NWs and Fe-Pt NWs respectively, and Table 4.1 summarises the calculated crystallite size 

(Scherrer equation) and d-value (Bragg's law). 
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Figure 4.12: Image showing powder XRD diffractogram obtained for A) Fe coated Pt NWs 

and B) Fe-Pt NWs. 

Fe coated Pt NWs which contained both Fe and Pt showed only five peaks which correspond 

to a cubic crystal system for Pt as was observed for Pt NWs in chapter three. This can be 

accounted for due to Pt being the majority constituent of Fe coated Pt NWs and that the first 

step in the synthesis of Fe coated Pt NWs was identical to Pt NWs causing the same crystal 

structure to occur. The observed peaks for Fe coated Pt NWs were at 2 θ values of 39.80°, 

46.26°, 67.66°, 81.39° and 85.9° corresponding to hkl values of (111), (200), (220), (311), and 

(222).  

Fe-Pt NWs was deposited in an electrolyte bath containing Pt (IV) and Fe (II) leading to an 

alloy formation indexed to Iron Platinum ((Fe3Pt17)0.2). The key peaks observed in the data 

for Fe-Pt NWs were at 2 θ values of 40.09°, 46.50°, 68.10°, 81.95°, and 86.67° corresponding 

to (111), (200), (220), (311), and (222) planes of a cubic crystal system. Fe coated Pt NWs 

and Fe-Pt NWs had minor peaks at ≈77° due to the presence of Au coated onto the back of 

the AAO template.  

The estimated crystallite sizes were smaller than the diameter of Pt NWs (39 nm), Fe coated 

Pt NWs (50 nm), and Fe-Pt NWs (41 nm) indicating that these NWs are polycrystalline as well 

as confirmed by the HRTEM. Since individual crystallites have a minimum of one magnetic 

domain Fe coated Pt NWs, and Fe-Pt NWs can be considered to have a complex multi-domain 

state. 
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Table 4.1: Summary of obtained XRD data and interpretation using Scherrer equation 

for crystallite size and Braggs law for d-value. 

NW 
Platform 

Composition 2 θ β 

(FWHM) 

Crystallite 
Size (nm) 

d (Å) h k l 

Fe coated 
Pt NWs 

Pt 39.8 1.06482 7.02 2.26 111 

Pt 46.3 1.38333 5.28 1.96 200 

Pt 67.7 1.2606 5.23 1.38 220 

Pt 81.4 1.83388 3.28 1.18 311 

Pt 85.9 1.47306 3.95 1.13 222 

Fe-Pt 
NWs 

(Fe3 Pt17)0.2 40.1 1.46095 5.11 2.25 111 

(Fe3 Pt17)0.2 46.5 2.03405 3.59 1.95 200 

(Fe3 Pt17)0.2 68.1 2.42422 2.72 1.38 220 

(Fe3 Pt17)0.2 81.9 2.47224 2.43 1.17 311 

(Fe3 Pt17)0.2 86.7 1.79009 3.23 1.12 222 

 

4.4.4 Analysis of the Outer Surface Composition of the Fe/Pt Composite NWs Using 

Raman Spectroscopy 

An outer oxide layer was observed on both Fe coated Pt NWs and Fe-Pt NWs as observed 

by the HRTEM. This oxide layer was developed during the release process of the NWs from 

the AAO template. This layer was naturally formed when the Fe from Fe coated Pt NWs and 

Fe-Pt NWs was in the basic NaOH solution or exposed to air. The oxide coating formed 

impacts the magnetic properties and the attachment potential for coatings and small molecules 

used in engineered smart delivery. The composition of the oxide layer was then determined 

using Raman Spectroscopy by referencing the obtained peaks with the known peaks of Fe 

oxides found in the literature. 
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Figure 4.13: Raman spectrum obtained for Fe coated Pt NWs and Fe-Pt NWs. 

Fe coated Pt NWs was very Fluorescent which made it difficult to obtain a clear Raman 

spectrum (Figure 4.13). This was due to the florescence masking the low Raman scattered 

photons which leads to a low signal to noise ratio. However, peaks at 309 cm -1 (Eg) and 658 

cm -1 (A1g) were observed. Combined with the presence of O on the EDX analyses (Figure 

4.8) of Fe coated Pt NWs; this indicates that the imaged outer amorphous layer was 

proposedly magnetite as was in Fe NWs.  

Fe-Pt NWs presented very low intensity peaks at 310 cm -1 (Eg) and 658 cm -1 (A1g) suggesting 

the outer oxide layer comprising of magnetite as well (Figure 4.13). The low intensity of the 

peak could have been brought about by the oxide layer thickness (2.3 nm) which was below 

the detection limit of the Horiba LabRAM HR Raman spectrometer with an Olympus BX41 

microscope attachment. 

4.4.5 Study of Magnetic Properties and Determination of MTD Suitability of Fe Coated 

Pt NWs and Fe-Pt NWs Using VSM 

The goal of this study was to engineer a NW platform capable of MTD. This necessitates that 

the synthesised NW platform be attracted towards a magnetic field with a sufficient Ms at low 

magnetic fields. The nanowire platform therefore needs to display either ferromagnetic or 
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superparamagnetic behaviour. This would allow the NW platform to be entrapped and 

removed from the capillary system and transferred to the target area as desired. 

Fe coated Pt NWs was analysed for its response to a magnetic field. Figure 4.14 shows the 

normalised M-H loops focused on the hysteresis loops of Fe coated Pt NWs parallel and 

transverse to the applied magnetic field. Figure 4.14 is zoomed in to 5000 Oe to facilitate the 

viewing of the magnetic behaviour at a higher resolution.  In the parallel orientation, the long 

field scan  10000 Oe showed a combination of competing interactions, that being 

diamagnetism and ferromagnetism. Ferromagnetism was responsible for the hysteresis loop 

while the diamagnetism was attributed to the Au coated AAO template. The diamagnetism 

causes a decrease in the induced magnetisation with increasing applied magnetic field and 

vice versa. Clear soft magnetic behaviour was evident in the hysteresis loop for the parallel 

orientation for field sweeps in the range 4000 Oe. A square ratio of MR/MS = 0.62 was 

observed. For the transverse orientation a hysteresis loop was also found with a square ratio 

of MR/MS = 0.2. The magnetic easy axis of Fe coated Pt NWs was therefore in the parallel axis 

as was in Fe NWs. The following values have been deduced for Fe coated Pt NWs using the 

combined mass of Fe and Pt in the unit conversions, MS= 7.62 Χ 102 A/m, MR 4.21 Χ 102 A/m, 

and Hc = 476 Oe. Both Fe and Pt were assumed to contribute to the dipole moment. The 

magnetisation of Fe coated Pt NWs was fully saturated at a low field of 1800 Oe in the 

magnetic easy axis. The low Ms was due to the low proportion of Fe compared to Pt in Fe 

coated Pt NWs (206). The proportion of Pt to Fe for Fe coated Pt NWs as determined using 

ICP-OES was 132:1. The ratio of Fe to Pt, hence Ms can be easily increased by increasing 

the nanopore size of the AAO template by increasing the contact time with the phosphoric acid 

in the pore widening step during Fe coated Pt NWs synthesis. And thereafter increasing the 

total deposition time for Fe in the third step of Fe coated Pt NWs synthesis. 
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Figure 4.14: M-H loop of Fe coated Pt NWs within the AAO template in the parallel and 

transverse orientation.  

Figure 4.15 shows the M-H loops of Fe-Pt NWs. The transverse orientation shows 

paramagnetic behaviour. Paramagnetic materials are slightly attracted to a magnetic field. The 

parallel orientation shows a very interesting response as the M-H loop resembles that of two 

competing ferromagnetic grains or nanowires of varying dimensions. The M-H loop for the 

parallel orientation has the same profile as a superconductor reported by Gokhfeld et al  (207). 

Superconductors are repelled from magnetic fields making. The combination of the competing 

interactions makes Fe-Pt NWs not suitable for MTD due to fidelity in the signal to noise ratio 

and response.  



94 
 

 

Figure 4.15: M-H loop of Fe coated Pt NWs within the AAO template in the parallel and 

transverse orientation. 

The modulation of Pt NWs with Fe was successful in changing the magnetic properties. Fe 

coated Pt NWs displayed ferromagnetic behaviour in the parallel and transverse orientation 

and thus behaved as a soft magnetic material for a polycrystalline ferromagnetic material. The 

magnetic properties of Pt NWs were thus successfully changed to ferromagnetic behaviour 

with the coating of the Pt with Fe. 

4.4.6 Cytotoxicity Evaluation and Cellular Internalisation of the Fe/Pt Composite NW 

Platforms 

The biocompatibility of Fe coated Pt NWs and Fe-Pt NWs was assessed by the colorimetric 

XTT assay which was used to measure the %viability of cells. This was achieved by the 

tetrazolium salt in the XTT assay being bio-reduced only in the presence of metabolically 

active cells to the formazan dye. Allowing for the precise measurement of viable cells. The 

change in cell viability between treated and untreated cells was used to determine the toxicity 

of the NW platforms. 
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4.4.6.1 Cell Viability After Fe Coated Pt NWs and Fe-Pt NWs Treatment on Mouse 

Fibroblasts (3T3) to Determine Biocompatibility 

The %viability was measured 24 hrs and 48 hrs after treatment on a non-cancerous mouse 

fibroblast. The concentrations for treatment used for Fe coated Pt NWs, and Fe-Pt NWs were 

320, 160, 80, 40, and 20 µg /mL. This corresponds to a concentration for Fe coated Pt NWs 

of ~6400, ~3200, ~1600, ~800 and ~400 NWs/Cell while Fe-Pt NWs corresponded to ~7200, 

~3600, ~1800, ~900, and ~450 NWs/Cell. These concentrations are much greater compared 

to the targeted concentrations in potential biomedicine applications. High concentrations of Fe 

coated Pt NWs and Fe-Pt NWs were chosen to investigate the effects of Fe alloy and Fe 

coating on the NW platforms short-term acute toxicity 

 

Figure 4.16: % cell viability of 3T3 cells treated with Fe coated Pt NWs and Fe-Pt NWs after 

A) 24 hrs, B) 48 hrs.  

Coating Pt nanowires with Fe had a slight influenced the cell viability of treated cells as shown 

by the results for Fe coated Pt NWs (Figure 4.16). At 24 hrs after treatment with Fe coated Pt 

NWs, the cell viability significantly decreased at concentrations 160 and 320 µg/mL. After 48 

hrs, the cells treated with 160 µg/mL of Fe coated Pt NWs rebounded to ≥90%. At 

concentration 320 µg/mL however, the cell viability stayed below 70% although there was an 

increase in %viability compared to 24 hrs. Fe coated Pt NWs was also shown to be internalised 

by the cells.  

NWs composed of an Fe-Pt alloy showed the greatest cytotoxic activity as shown by the 

results for Fe-Pt NWs even though the phase contrast images suggest that they internalised 

the least number of NWs. At both time intervals, Fe-Pt NWs displayed greater toxicity at the 

higher concentrations of 160 and 320 µg/mL. At concentrations 80, 40, and 20 µg/mL, for both 
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24 hrs and 48 hrs incubation after treatment with Fe-Pt NWs, there was a negligible decrease 

in cell viability indicating that at these concentrations, Fe-Pt NWs was biocompatible. 

4.4.6.2 Determination of the Suitability of Fe Coated Pt NWs and Fe-Pt NWs as a 

Therapeutic Agent for TC by Evaluating Cell Viability Employing Tera-1 Cells 

The cytotoxic activity Fe/Pt composite NW was assessed against testicular cancer. Fe coated 

Pt NWs and Fe-Pt NWs treated Tera-1 cells were incubated with varying concentrations for 

24 hrs and 48 hrs. The concentrations chosen for treatment was 320, 160, 80, 40, and 20 µg 

/mL. The same concentrations as used for 3T3 was chosen to have comparative results to the 

cytotoxic activity for the different cell lines. These concentrations expressed as NWs/Cell for 

Fe coated Pt NWs: ~5600, ~2800, ~1400, ~700, ~350 NWs/Cell; and Fe-Pt NWs: ~6400, 

~3200, ~1600, ~800 and ~400 NWs/Cell. 

 

Figure 4.17: % cell viability of Tera-1 cells treated with Fe coated Pt NWs and Fe-Pt NWs 

after A) 24 hrs, B) 48 hrs. 

Both Fe coated Pt NWs and Fe-Pt NWs demonstrated cellular internalised by the Tera-1 cells 

(Figure 4.18) and displayed inherent toxicity against the Tera-1 cell in a dose dependent 

manner. Fe coated Pt NWs had the best performing cytotoxic activity and had the lowest IC50, 

of 165 µg/mL at 48 hrs, when compared to the Pt NWs and Fe coated Pt NWs. The toxicity of 

Fe coated Pt NWs showed a dose and time dependent trend with the cell viability decreasing 

for increasing concentrations and incubation time (Figure 4.17).  
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Figure 4.18: Phase contrast images of Tera-1 cells after A) 48 hrs treatment with Fe NWs, B) 

48 hrs treatment with Pt NWs. Scale bar: A) 20 µm, B) 20 µm 

Fe-Pt NWs presented an IC50 of 207 µg/mL at 48 hrs which was superior to Pt NWs but was 

inferior when compared to Fe coated Pt NWs. The cell viability did not appear to be influenced 

by a longer exposure but showed dose dependent toxicity. As previously mentioned, it should 

be noted that the concentrations tested for both biocompatibility and cytotoxicity are much 

larger than what was the projected concentrations in the bloodstream and healthy tissue. 

However, due to the nature of MTD, it was anticipated that these concentrations will be 

reached at the target site. 

4.5 Concluding Remarks 

A novel synthesis method for coating Pt NW with Fe was explored and successfully 

synthesised to form Fe coated Pt NWs. Fe coated Pt NWs displayed desirable ferromagnetic 

properties with a significant Ms. Fe coated Pt NWs was deemed biocompatible when tested 

against mouse fibroblasts. Fe coated Pt NWs displayed the most significant cytotoxic activity 

against Tera-1 cells with an IC50, of 165 µg/mL at 48 hrs which was around twice the potency 

of Pt NWs. Fe-Pt NWs composed of a polycrystalline Fe-Pt alloy NW that was majority Pt. M-

H hysteresis loop resembled that of a superconductor which was not ideal for MTD. Fe-Pt 

NWs displayed an IC50 of 207 µg/mL at 48 hrs against Tera-1 cells which was superior then 

Pt NWs as well.  
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CHAPTER 5.                                                                                                           

CONCLUSIONS, RECOMMENDATIONS, AND FUTURE PROSPECTS 

5.1 Conclusions 

The application of Magnetic NWs in cancer therapeutics has great potential for improving 

cancer therapeutics. Four NW platforms were developed during this research each with their 

unique properties. Fe coated Pt NWs has proven to be a promising option in improving TC 

therapeutics as shown by the cytotoxicity and VSM analyses. Template electrodeposition was 

successfully utilised in the synthesis of NW platforms. A single Fe crystal structured NW core 

with an outer magnetite shell was synthesised creating Fe NWs. Fe NWs demonstrated clear 

ferromagnetic behaviour with large MS and HC. The single crystal Fe comprised Fe NWs 

revealed significant cytotoxic activity against mouse fibroblast. This contrasts the behaviour of 

the polycrystalline counterpart which is biocompatible at high concentrations as shown in 

literature.  

A polycrystalline structured Pt NW (Pt NWs) was the second platform synthesised using 

template electrodeposition. Pt NWs showed inherent bioactivity against Tera-1 cells at high 

concentrations with a calculated IC50 of 354 µg/mL at 48 hrs. Pt NWs however, displayed 

unfavourable magnetic characteristics. When the applied field was parallel to the long axis of 

Pt NWs, diamagnetic behaviour was observed. Interestingly, when the magnetic field was 

applied transverse to the long axis of the NW, Pt NWs displayed superparamagnetic behaviour 

with large moments. Due to the competing behaviours, Pt NWs was deemed not suitable for 

MTD.  

The next platform synthesised employed a novel synthetic method developed in this research. 

Pt NWs were coated with Fe creating Fe coated Pt NWs. Fe coated Pt NWs was deemed 

suitable for MTD application due to the desirable ferromagnetic properties and significant Ms. 

When tested against mouse fibroblasts Fe coated Pt NWs was deemed biocompatible. Fe 

coated Pt NWs presented the most considerable cytotoxic activity against Tera-1 cells with an 

IC50 of 165 µg/mL at 48 hrs which was around twice the potency of Pt NWs. Fe coated Pt NWs 

can therefore be regarded as a selective, targeted multifunctional potential therapeutic option 

for TC. 



99 
 

The fourth platform synthesised (Fe-Pt NWs) composed of a polycrystalline Fe-Pt alloy NW 

with a majority Pt composition. The M vs H hysteresis loop of Fe-Pt NWs did not resemble any 

basic magnetic properties. It however resembled that of a superconductor. Fe-Pt NWs was 

therefore deemed not suitable for MTD as well. When treating Tera-1 cells, Fe-Pt NWs 

displayed an IC50 superior to Pt NWs of 207 µg/mL at 48 hrs.  

5.2 Recommendations and Future Prospects  

The use of magnetic NWs in cancer therapeutics is increasing in interest. The potential 

applications of Magnetic NWs include magnetic hyperthermia, magnetic actuation, contrast 

agents for MRI and MTD (15,57,65,208). Due to the high MS of Fe NWs, a promising 

application is for Fe NWs to act as a nanocarrier for active targeted drug delivery systems. 

The agglomeration caused by the high MR and low zeta potential can be combated by an 

engineered coating. The potential application utilising the magnetic properties of Fe NWs 

besides MTD involve magnetic hyperthermia, magnetic actuation, and as contrast agents for 

MRI. Magnetic hyperthermia and magnetic actuation will allow for multimodal cell death 

inducing system independent of chemotherapeutic drugs. Combined with the potential of Fe 

NWs to act as a MRI contrast agent, a complete theragnostic system can be designed aligning 

to the paradigm shift towards personalised medicine. 

Pt NWs demonstrated inherent cytotoxic activity towards Tera-1 cells at high concentrations. 

Pt is a well-known photosensitiser and can convert energy from NIR laser irradiation to heat. 

The cytotoxic efficacy of Pt NWs can therefore be enhanced through the application of 

photothermal therapy for a bimodal cell death inducing system combining the inherent activity 

of Pt NWs and hyperthermia. 

Although Fe coated Pt NWs displayed effective inherent cytotoxic capabilities against Tera-1 

cells, biocompatibility when tested against mouse fibroblasts and applicable magnetic 

properties for MTD, it also possesses the greatest potential as a platform to base future 

therapeutic systems upon. Due to the presence of Fe and Fe oxide, which is a T2 contrast 

agent, Fe coated Pt NWs possesses potential as an MRI contrast agent allowing for 

theragnostic systems to be designed.  

As Fe NWs, Fe coated Pt NWs also has great potential as a nanocarrier for chemotherapeutic 

agents and for applications such as magnetic hyperthermia and magnetic actuation. The large 

surface area and undulating surface is suitable and advantages for coating and drug loading. 
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The shape anisotropy and ferromagnetic properties of Fe coated Pt NWs are advantages for 

both magnetic hyperthermia and magnetic actuation. As in Pt NWs, the presence of Pt allows 

for the application of photothermal therapy as well.  

As Fe coated Pt NWs, Fe-Pt NWs displayed significant inherent cytotoxic capabilities against 

Tera-1 cells and biocompatibility when tested against mouse fibroblasts. Due to the 

superconducting properties of Fe-Pt NWs, it was not suitable for MTD. The superconducting 

nature of Fe-Pt NWs make it an attractive option in nanophotonics. 

To advance this research, the inherent multifunctionalities (contrast agent efficiency, induced 

cell death through hyperthermia and magnetic actuation, and cellular internalisation efficiency) 

need to be characterised for each of the synthesised platforms. The multifunctional NW 

platforms can be used to treat any solid tumour cancers or localised diseases. The exact 

mechanism of action for the Pt NWs and Fe/Pt NW composites will need to be determined. 

Comprehensive preclinical studies in an in vivo model needs to be undertaken for the 

progression of this research. The aim of which is to assess the effectiveness of the platforms 

to accumulate the NWs at the desired site trough MTD and to determine the pharmacokinetics 

of the platforms. A biocompatibility assessment is also required in the preclinical studies to 

ascertain the safety of the NW platforms during treatment.  
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